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ABSTRACT

This review summarizes the available data about
genetic factors which can link ischemic stroke
and sleep. Sleep patterns (subjective and objec-
tive measures) are characterized by heritability
and comprise up to 38–46%. According to
Mendelian randomization analysis, genetic lia-
bility for short sleep duration and frequent
insomnia symptoms is associated with ischemic
stroke (predominantly of large artery subtype).
The potential genetic links include variants of
circadian genes, genes encoding components of

neurotransmitter systems, common cardiovas-
cular risk factors, as well as specific genetic fac-
tors related to certain sleep disorders.
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Key Summary Points

Mendelian randomization analysis
showed that genetic liability for short
duration and frequent insomnia
symptoms are associated with the risk of
large artery subtype of ischemic stroke,
however, the relation was not found for
chronotype.

Sleep patterns are characterized by high
heritability (comprising up to 38–46%),
and the genetic factors may underlie the
susceptibility to both sleep disturbances
and cerebrovascular events. However, the
associations might differ with regard to
stroke subtypes (with more evidence
confirming links between sleep disorders
and large artery and cardioembolic
subtypes of ischemic stroke).

The uneven double-peak 24-h distribution
of stroke onset can be explained by the
involvement of circadian genes and
alterations in circadian regulation. Other
common genetic factors mediating
sleep–stroke interaction can include genes
encoding components of
neurotransmitter systems, specific genetic
factors related to certain sleep disorders
and their impact on common
cardiovascular risk factors.

Sleep disorders can also affect post-stroke
recovery via modulation of genes involved
in inflammatory, oxidative responses,
neuroplasticity processes thus affecting
the stroke outcomes.

Genetic studies provide new insights into
the association between cerebrovascular
disease and sleep patterns as well as into
the potential approaches for personalized
health care. However, the data of genetic
studies should be taken with caution
considering multifactorial nature of
ischemic stroke and sleep patterns,
potential environmental modulation,
epigenetic effects, methodology of the
studies, etc.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14769723.

INTRODUCTION

The development of genetic studies has broad-
ened our understanding of the underlying cau-
ses and factors of various pathologies.
Moreover, the integration of data from different
databases, implementation of various analysis
techniques (fine-mapping FINEMAP, MAGMA,
linkage analysis, tissue enrichment, cluster
analysis, Mendelian randomization analysis,
etc.) allowed the identification of novel gene
loci and novel gene associations and unraveled
unexpected relations between various physio-
logical and pathological states and processes [1].

However, the interpretation of genetic stud-
ies should be careful, in particular, in multifac-
torial diseases such as stroke. The potential
multiple genetic factors can interact with each
other as well as with other factors (environ-
mental, behavioral, epigenetic modification).
Moreover, there can be population differences
in genetic variation, as suggested by several
studies [2], therefore, the results generalization
should be made with caution.

This review presents some insights into
genetic factors potentially linking ischemic
stroke and sleep patterns. These include circa-
dian genes, genes encoding components of
neurotransmitter systems, as well as specific
genetic factors related to certain sleep disorders.
This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

Heritability of sleep patterns and stroke

The large genome-wide association studies
(GWAS) (SiGN [3], METASTROKE [4], NINDS
[5], and others) established a number of genes
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associated with stroke with relation to stroke
types and subtypes (Table 1). Some of them can
also be linked to sleep–wake regulation and
sleep disorders.

By Mendelian randomization analysis, Cai
et al. [6] showed an association between large
artery stroke and genetic liability for short sleep
duration and frequent insomnia symptoms,
with no effect of chronotype. On the other
hand, Lu et al. [7] analyzing UK Biobank and
MEGASTROKE databases did not find any cau-
sative association between sleep duration (ei-
ther total duration or short/long sleep) and
stroke risk. The authors of the latter analysis
note that there was a weak association between
short sleep and the risk of cardioembolic stroke,
as well as between long sleep and the risk of
large artery stroke, however, these associations
were mainly caused by multiple comparisons
and disappeared after Bonferroni correction was
applied. The differences in the results can be
explained by the various methods and instru-
ments applied, as well as by the choice of sleep
traits and characteristics and definitions.

Fan et al. [26] analyzed the data of a
prospective arm of the large-scale UK Biobank
study, which included 385,292 participants free
of cardiovascular disease (CVD) at baseline and
found that higher values of healthy sleep score
correlated with a lower risk of CVD, including
stroke (highest vs. lowest score for stroke risk:
hazard ratio 0.66 95% confidence interval (CI)
(0.58–0.75)). Interestingly, out of five measures
of healthy sleep score (early chronotype
‘‘morning’’ or ‘‘morning than evening’’); sleep
7–8 h per day; reported no or rare insomnia
symptoms; no self-reported snoring; and no
frequent daytime sleepiness), only sleep dura-
tion appeared to be protective against stroke.
Using polygenetic score (based on the data of
GWAS) the authors established that the com-
bination of high genetic score and low healthy
sleep score is characterized by 1.5-fold greater
risk of stroke (1.49 (0.90, 2.47)). Subjects with
high genetic score and ideal sleep pattern have a
lower risk of stroke 1.30 (1.10, 1.54). However,
the authors emphasize that there is no direct
significant interaction between healthy sleep
score and genetic susceptibility to CVD [26].

Although characterized by substantial
heterogeneity, tens of cohort cross-sectional
and prospective studies demonstrate an associ-
ation between sleep duration and cardiovascu-
lar events. Both short (RR 1.32 (1.18–1.47),
p\0.001) and long sleepers (RR 1.48
(1.31–1.68), p\0.001) demonstrate a greater
risk of stroke compared to subjects with normal
sleep duration [27]. Based on a prospective
study, this association is present even in sub-
jects without any comorbidities at baseline [28].
Moreover, sleep duration is associated with
telomere length considered as a biomarker of
aging, as well as a factor associated with higher
stroke risk (although the data are controversial
and reported mostly in Asian populations) [29].
This association is evident in both children and
adults, and shorter telomeres are found in
individuals sleeping less [30].

The heritability of sleep patterns has been
investigated since the 1990s and comprises up
to 38–46%, as shown in the Australian twin
study [31]. These include subjective measures—
diurnal sleep preferences, usual bedtime, and
usual sleep duration, sleepiness, chronotype
and objectively measured parameters [32]—to-
tal sleep time, sleep efficiency, number of noc-
turnal sleep episodes, sleep timing, total time of
slow-wave sleep, EEG spectral characteristics—
delta power, theta power, and sigma power [33].

GWAS studies identified a wide spectrum of
candidate genes involved in sleep–wake regula-
tion and heritability of sleep patterns, some of
them can play role in stroke occurrence and/or
recovery, although populational differences
should be noted. Based on UK Biobank data
(n = 446,118), Dashti et al. [34] identified 76
independent gene loci associated with habitual
subjective and objectively measured (by
accelerometer) sleep duration, 27 and eight loci
related to self-reported short and long sleep,
respectively, which implicate links to multiple
signal pathways. The PAX8 locus is the most
consistent for various sleep patterns, across
various GWAS and different cohorts. PAX8
expression was observed in a number of metas-
tating tumors manifesting as stroke [35–37],
however no direct evidence linking PAX8 and
stroke risks or outcomes is available. Jones et al.
[32] analyzed a subset of the UK Biobank
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Table 1 Association between GWAS-identified genes (by stroke type) related to stroke and their potential relation to sleep,
sleep patterns, and/or sleep disorders

Stroke type Gene Relation to sleep/sleep disorders/circadian rhythms

Large artery HDAC9 [3] Sleep deprivation can increase expression of histone deacetylases

(HDACs) leading to suppression of brain-derived

neurotrophic factor (BDNF) (modulation of BDNF

promoter) thus affecting neuroplasticity and recovery after

brain injury [8]

9p21 [4] LINGO2 (Leucine-Rich Repeat And Ig Domain Containing 2)

(intronic) 9p21.1 is a shared loci between sleep duration and

coronary artery disease [9]

TSPAN2 (rs12122341) [3] Significant changes in expression of TSPAN2 (Tetraspanin 2)

were observed after sleep deprivation and antidepressant

treatment in experiment [10]

CDKN2B-AS1 [3] Lack of data*

ABO [3] Lack of data*

ABO rs579459 polymorphism is associated with the levels of

intercellular adhesion molecules in obstructive sleep apnea

(OSA) suggesting a potential link to increased risk of CVD

[11]

ALKBH8 [4] Lack of data*

Cardioembolic ZFHX3 [4] Few animal studies

PITX2 Pituitary homeobox 2 (PITX2) encodes pituitary transcriptional
factor, which is important for pituitary early development and

is involved in regulation of circadian and seasonal rhythms

[12]

It could be associated with ocular disorders and related sleep

problems [13]

ABO [3] Lack of data*

ABO rs579459 polymorphism is associated with the levels of

intercellular adhesion molecules in OSA, suggesting a potential

link to increased risk of cardiovascular disease (CVD) [11]

SLC12A2, rs72794386 [3] Expression of SLC12A2 is regulated by circadian genes and is

characterized by circadian rhythmicity. It modulates ion

transport in retinal pigment epithelium, and can be involved

in retinal disorders [14]

chr4q25 [15] Lack of data*

Potential link via OSA-related risks of atrial fibrillation
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Table 1 continued

Stroke type Gene Relation to sleep/sleep disorders/circadian rhythms

Small-artery

disease

PRKCH * (Asian population) [4] Lack of data*

FOXF2 Potential association with ocular disorders and related sleep

problems [13]

Association with daytime sleepiness [16]

SH3PXD2A [17] Lack of data*

MMP12 [17] Lack of data*

EDNRA [17] Suspected association with OSA, however, data are rather

negative [18, 19]

1q22 [17] Lack of data*

rs13407662 on chromosome 2p16.2

[4]

Lack of data*

Undetermined Rs74475935 in ABCC1 on
chromosome 16 * (African

cohorts) [15]

ABCC1 deficiency is associated with sleep–wake disruption in

mice [20]

Any type of

stroke

ERRF11 Lack of data*

NAA25 (C12orf30) [4] Lack of data*

12q24�12 locus near ALDH2 [3] In Japanese population, variant in ALDH2 at 12q24, rs671 is

associated with usual sleep duration possibly via alcohol

consumption [21]

In Parkinson disease, allele rs671 (A) in ALDH2 SNP rs671

(reduced enzyme activity) is associated with excessive daytime

sleepiness and insomnia symptoms (sleep-maintenance

difficulties) potentially via impact on monoamine

neurotransmitter system [22]

chr6p25�3, lead SNP rs12204590

[15]

Lack of data*
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database and found 47 loci associated with a
number of accelerometer-derived sleep charac-
teristics, some of them overlapping with sleep
disorder genetics. One can hypothesize that all
the identified genes can mediate the association
between sleep patterns, sleep disorders, and
cardio/cerebrovascular events. However, the
mechanisms are not so evident and the data are
controversial.

CIRCADIAN REGULATION, CLOCK
GENESAND STROKE

The uneven double-peak 24-h distribution of
stroke onset [38] suggests the involvement of
circadian system. Although a number of exter-
nal factors can be responsible for such patterns,
the alterations or imbalance in circadian regu-
lation should be considered.

At the molecular level, the circadian system
implies a transcription–translation feedback
loop that oscillates with 24-h rhythmicity and is
regulated by a number of circadian genes. This
is a self-regulated system based on the interac-
tion between clock genes (the main are CLOCK
and BMAL1 genes forming self-regulatory feed-
back loop) and their protein products. In
mammals, the circadian system comprises

plenty of organ- and tissue-specific cellular
clocks, which are synchronized by the master
pacemaker located in the suprachiasmatic
nucleus (SCN) [39]. Circadian genes are
involved in multiple metabolic pathways as
well as in circadian variations in cardiovascular
risk factors (blood pressure, heart rate, coagula-
tion factors, platelet aggregability, hormone
concentrations, and insulin sensitivity, etc.)
[40], which may be responsible for the day–-
night distribution and early morning onset of
cardio- and cerebrovascular events [41–43]. The
interpretation of the clock genes studies should
be done with care, as many factors can affect the
results [44].

The genetic variants [single nucleotide
polymorphisms (SNPs)] and haplotypes of the
CLOCK gene are associated with various meta-
bolic traits [45], including weight regulation,
hyperglycemia, hyperinsulinemia, and higher
risk of type 2 diabetes mellitus (T2DM), which
can increase the risk of cerebro/cardiovascular
diseases. In a longitudinal study by Corella et al.
[46], which involved 7098 participants of the
PREDIMED trial (PREvención con DIeta MEdi-
terránea), CLOCK gene rs4580704 SNP was
associated with stroke risk (G-allele being pro-
tective: HR 0.61; 95% CI 0.40–0.94; p = 0.024)
in subjects with T2DM [46], but not with

Table 1 continued

Stroke type Gene Relation to sleep/sleep disorders/circadian rhythms

Hemorrhagic and

ischemic stroke

1q22 [17] Lack of data*

COL4A2 [17] Association with sleep duration (daytime napping) [23]

EDNRA [17] Suspected association with OSA, however, data are rather

negative [18, 19]

LINC01492 [17] Lack of data*

MMP12 [17] Lack of data*

SH3PXD2A [17] Lack of data*

CDK6 [17] Circadian genes (PER1, BMAL1) are involved in the regulation

of CDK6 gene expression in various tissues, regulating cell

apoptosis [24], and differentiation (in particular, neurogenesis

in hippocampus) [25]

*No consistent available data to the knowledge of the author

354 Cardiol Ther (2021) 10:349–375



myocardial infarction. This association was
present in T2DM subjects and was not found in
non-diabetics.

Among a number of chronotype-associated
gene loci (PER1, CRY1, ARNTL, RGS16, PER2,
PER3, PIGK/AK5, INADL, FBXL3, HCRTR2,
HTR6, etc.) [47, 48], a relation to cerebrovascu-
lar events has been studied only for a few of the
genes (PER genes, CRY1, ARNTL/BMAL1,
HCRTR2) [49–53].

Not only occurrence but also the size of brain
lesion volume can depend on the time of stroke
onset as suggested by the experimental data
from mice models of ischemic and hemorrhagic
stroke [49]. The authors explain the time-of-the-

day dependent tolerability to brain injury by
the changes in clock gene expression (PER-
2, PER-1, CLOCK, BMAL-1, and NPAS-2) in the
brain, which are associated with microglia
activation and neuroinflammation [50]. Beker
et al. [49] showed that stroke induced at night
(mid-dark period) was associated with higher
levels of AKT and ERK survival kinases corre-
lating with lower infarct area and brain swelling
and improved neurological function compared
to daytime (early light). According to Lembach
et al. [51], both the ischemia vulnerability and
the recovery after stroke show sex-dependent
association with circadian disruption (Bmal1-
deficient mice). The latter can be explained by

Table 2 Genetic associations between different sleep disorders and stroke

Sleep disorder Candidate genes Potential
mechanism/pathway

Sleep-disordered breathing Circadian genes (BMAL1) [147] Circadian regulation (oxidative

pathways)

HO-1 [150, 154–156] Oxidative (redox) pathways

Hp [158–162] Oxidative (redox) pathways

ET-1 [164] Oxidative (redox) pathways

EPO [167] Oxidative (redox) pathways,

synaptic plasticity

Insomnia, abnormal sleep duration,

circadian disorders

Circadian genes (PER-2, PER-1, CLOCK,
BMAL-1, NPAS-2, etc.) [50]

Circadian regulation

ALDH2 [3, 21, 22] Monoamine neurotransmitter

system

ADORA1, ADORA2A [108] Adenosine signaling pathway

LMOD1 [95, 138] Atherogenesis

Restless leg syndrome/Periodic limb

movements

MEIS1 [32, 181] Dopaminergic system

BTBD9 [32] Dopaminergic system, circadian

regulation

KNG1 [184] Coagulation regulation

SERPINA1 [187, 189] Atherogenesis

Bruxism DRD2, DRD3, DRD5 [85] Dopaminergic system

Narcolepsy, sleepiness Pmch, OxA, Mchr1, Ox1R, Ox2R [101] Orexin/hypocretin system,

neuroplasticity
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the interaction between circadian genes and
genes involved in the sex hormone regulation
[51, 52]. Earlier experimental studies demon-
strated selective impact of global ischemia on
circadian genes: global ischemia had no effect
on Bmal1 or Cry1 circadian expression, while it
caused a significant phase advance in the Per1
rhythm in the hippocampus [53].

PER1 and PER2 genes demonstrate a protec-
tive role against ischemia. The cytoprotective
effects are tightly linked to the adenosine path-
way and regulation of hypoxia-inducible factor
(HIF). In the model of kidney ischemia–reper-
fusion injury, the CO-induced Per-2 mediated
protection is implemented via up-regulation of
EPO (erythropoietin) [54].

Neurotrophic factors (in particular, brain-
derived neurotrophic factor, BDNF) which reg-
ulate neuronal proliferation and differentiation
and neuroplasticity in ischemic brain injury,
demonstrate a clear individual circadian rhyth-
micity in various tissues including brain tissue
[55]. In its turn, BDNF can regulate plasticity of
SCN and modulate circadian rhythms [56, 57].
Few BDNF polymorphisms are described; in
particular, Val66Met is associated with lower
BDNF expression, which can be related to
alterations in neuronal recovery after injury.
Sleep disorders can affect BDNF expression
[58, 59]. Acute sleep deprivation was shown to
induce an increase in BDNF expression, which
can be used for ischemic pre/postconditioning
[60] in brain injuries, although this needs fur-
ther examination.

The genes encoding nuclear receptors Rev-
erba and RAR-related orphan receptors (RORa)
are known as clock genes. They are tightly
connected and compete for binding of the
promoter of BMAL1 gene, so forming a regula-
tory loop that enables circadian rhythms and
regulates circadian genes. At the same time,
they control energy homeostasis, lipid metabo-
lism, fibrinolysis, inflammatory processes in a
circadian-dependent manner. Their role is
described by Duez and Staels [61]. Moreover, in
the experiment, Rev-erba regulates mitochon-
drial function and protects cells against oxida-
tive and environmental stress by upregulating
antioxidant enzymes (FoxO1, MnSOD,
Hmox1, and catalase) and decreasing ROS

production [62]. These effects can be involved
in inflammatory response of microglia [63],
neuroprotection, and brain recovery after acute
damage. However, the evidence regarding the
role of Rev-erba and RORa in stroke is lacking.
This hypothesis is confirmed by experimental
observations of RORa-deficient mice that
developed greater cerebral infarct size, brain
edema, and cerebral apoptosis compared to
wild-type animals. The authors explain these
effects by the abrogation of RORa-modulating
effects on melatonin neuroprotective activity
[64].

Melatonin is also a key component and reg-
ulator of circadian system; its effects are medi-
ated via melatonin receptors. In experimental
stroke, MT2 melatonin receptors activation
promotes antioxidative and anti-inflammatory
effects [65]. The GWAS studies demonstrated an
association between genetic variants of mela-
tonin receptors 2 and the risk of car-
diometabolic disorders (T2DM, insulin
resistance [66, 67], which may increase the risk
of cerebrovascular disease).

Several other factors should be mentioned in
relation to circadian regulation and brain
injury. The gene of the zinc finger homeobox 3
(Zfhx3), a transcription factor that is highly
expressed in the SCN in hypothalamus, is
strongly associated with the cardioembolic type
of ischemic stroke [4]. On the other hand, it is
known to maintain and regulate circadian
rhythms confirmed by the experiments in Zfhx3
mutant mice [68]. Mice with the G ? T
transversion mutation of this gene show sig-
nificantly shorter circadian periods, altered
sleep architectures, more fragmented sleep, and
reduced delta power [69].

The disruption in circadian system and cir-
cadian misalignment can result from the dam-
age to photoreceptors. Clusterin-associated
protein 1 (CLUAP1) is involved in the develop-
ment of photoreceptors and its mutations are
associated with cilial early degeneration [70].
The variants at CLUAP1 locus are associated
with the number of nocturnal sleep episodes
[32] and the levels of a-synuclein in cere-
brospinal fluid, which is known to play role in
synaptic plasticity and to be involved in neu-
rodegenerative diseases [71]. However, no clear
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data on its association with stroke risk and post-
stroke recovery are available.

SLEEP-REGULATING
NEUROTRANSMITTER SYSTEMS
AND STROKE

Several neurotransmitter systems are involved
in sleep–wake regulation and include wake-
promoting substances [serotonin, nore-
pinephrine (NE), histamine, hypocretins,
acetylcholine (ACh), dopamine, glutamate, and
gamma-aminobutyric acid (GABA)] and sleep-
promoting factors (melanin-concentrating hor-
mone, adenosine, and several cytokines) [72].
The genes encoding the components of these
neurotransmitter systems are compelling can-
didates linking sleep disorders and cerebrovas-
cular disease.

In this context, genes in the dopaminergic
signaling pathways are potential candidates
including the dopamine receptors DRD1-4
genes, the dopamine transporter gene (DAT),
the catechol-O-methyl transferase gene (COMT)
and the monoamine oxidase A gene (MAOA).
The components of the dopaminergic system
are involved in neuroplasticity processes.
Experimental studies suggest that changes in
expression of the DRD2 gene differ in ipsi- and
contralesional motor cortex, can affect post-
stroke recovery [73], and (as well as Adora2a and
Pde10a-mediated signaling) may be important
for spontaneous recovery after stroke. These
effects can evolve via DRD2-mediated modula-
tion of astroglia-induced neuroinflammation
[74]. However, small human trials provide
controversial results and do not confirm the
role of DRD(1,2,3) genes in post-stroke neuro-
plasticity, which can be related to national dif-
ferences (Korean population, n = 60). COMT
gene (Val158Met) was shown to be associated
with post-stroke functional recovery, and
Met allele has a prognostic value in Korean
population with the better prognosis for COMT
Met (–) (Val/Val alleles carriers). Substitution of
Val to Met leads to the decreased enzyme
activity of COMT and accumulation of synaptic
dopamine [72].

Dopaminergic system interacts with the cir-
cadian PER genes, normal rhythmic expression
of PER2 in the striatum depends on the dopa-
mine and dopamine receptors (D2), and can be
involved in circadian rhythm disruption in
neurological disorders. At the same time, it has
no effect on the PER2 expression in SCN [75].
Involvement of circadian genes can explain the
association between dopamine-related genes
and sleep duration. A large-scale genetic study,
which included 25,465 individuals from seven
ethnically diverse cohorts, identified an associ-
ation between SNP rs17601612 (C allele) within
intron 1 of DRD2 and shorter sleep duration, as
well as polysomnography-measured shorter
sleep latency [76]. This was further confirmed in
the UK Biobank study, which also found a cor-
relation between sleep duration and another
DRD2 variant rs11214607 (G), as well as with
two correlated SNPs of DAT1—rs464049 and
rs460000 without epistatic interaction between
the associated SNPs in DAT1 and DRD2 [77].
COMT genotype is associated with the different
increase in sleep duration between workdays
and rest days (so-called social jet lag) [78]. The
heterozygous Val/Met allele carriers showed
lower difference, which can have a protective
effect. Although these data cannot be general-
ized due to the potential ethnic differences, one
can speculate that genetic variants in the
dopaminergic system components can underlie
the association between sleep duration and
cardio/cerebrovascular disease.

Moreover, interaction between genetic vari-
ants of DRD2 and DAT1 mediates the neurobe-
havioral consequences of sleep deprivation [79].
The studies led by Prof. H.P. Landolt’s group
showed that the DRD2 polymorphism is
involved in homeostatic sleep–wake regulation,
and the DRD2 C-allele is associated with a
greater slow-wave activity after sleep depriva-
tion [80]. As slow-wave sleep is related to neu-
roprotection, these mechanisms can be
involved in post-stroke recovery and can be
partly responsible for the individual differences
in functional outcomes after stroke.

The dopaminergic system is also involved in
stress response and related sleep dysfunction.
The homozygous A1A1 carriers of DRD2 can be
more susceptible to stress-related sleep
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dysfunction [81] that hypothetically can result
in deleterious consequences in acute events.

In addition, the dopamine system can be
responsible for unhealthy behaviors indirectly
increasing the risk of cardio-cerebrovascular
events. Thus, DRD2-4 genotypes are associated
with cigarette smoking and severity of smoking
withdrawal symptoms suggesting dopamine-re-
lated responses to nicotine [82]. Unhealthy
dietary habits, overeating, and higher risk of
obesity are related to the genetic variants
in DRD2 and ANKK1 (the ANKK1 gene is closely
linked to the DRD2 on chromosome band
11q23.1 and can influence the expression of
DRD2 receptors) which modulate the dopa-
mine-mediated reward circuitry in the brain
and are associated with sleep disorders. In a
7-year prospective study in American children
5–11 years old, the G allele in rs1799978 and
the A allele in rs4245149 in DRD2, and the G
allele in rs4938012 in ANKK1 were associated
with greater association between sleep problems
and being overweight reported by children’s
mothers. The authors concluded that sleep
problems might specifically influence reward-
driven eating, which can be targeted by inter-
vention in genetically susceptible individuals
[83]. In a rather small study (n = 73), the TaqI
DRD2 A1 allele was associated with more severe
obesity and carbohydrate preference, although
the number of homozygous cases was too low.
At the same time, no association with other
cardiovascular factors including lipid levels was
found [84]. Body mass index (BMI) is also asso-
ciated with the COMT genotype [78] (Val158-
Met polymorphism) being the lowest in Val/
Met heterozygotes who also demonstrated the
most regular circadian rhythm.

The involvement of the dopaminergic sys-
tem seems to be responsible for the develop-
ment of diurnal/nocturnal bruxism after brain
injury, including stroke [85, 86].

The main genes encoding the components of
the serotoninergic system are the serotonin
receptor genes 5HT2A and 5HT2C and the
serotonin transporter gene (SERT). They exhibit
various physiological effects, which have an
impact on sleep–wake regulation and sleep dis-
orders (OSA [87] and bruxism [88]), the cardio-
vascular system, and mental health. At the same

time, they interact with the brain-derived neu-
rotrophic factor BDNF gene and are related to
the development of depression in acute stroke
phase, which can affect post-stroke recovery
[89]. Limited data evidences higher risk of
ischemic stroke associated with 5HT receptors
polymorphisms (102 T/C polymorphism of the
5-HT2A receptors gene) [90].

The GABA-signaling pathway is involved in
sleep regulation, as well as neuronal plasticity
[91] after stroke via modulation of the endoge-
nous BDNF expression [92] and, on the other
hand, can be affected by exogenous BDNF
administration [93]. The inhibition of GABAer-
gic neurons and synapses can increase post-
stroke neuronal plasticity. This association
involves modulation of different types of GABA
receptors (GABAA, GABAB), mitogen-activated
protein kinase (MAPK) signaling pathways, and
the c-Jun N-terminal kinase (JNK) pathway, and
can also be dependent on the expression of the
ATP2B1 gene, which plays a role in ischemic
preconditioning via stabilization of cellular
Ca2? level, and anti-apoptotic gene BCL2L11
[94]. The GABRA2 gene was shown to be asso-
ciated with daytime sleepiness [95], and the
expression of GABAA receptor b1-subunit [96]
predicts slow-wave sleep and power spectrum,
which is related to clearance (glymphatic) sys-
tem functioning [97, 98].

GABA-signaling was suggested to mediate
ischemic preconditioning effects. Pre-stroke
sleep deprivation exhibits ischemic precondi-
tioning effects, providing neuroprotection [99]
and reducing brain lesion volume [100] that was
associated with favorable effects of sleep
rebound and increased REM sleep duration
[101]. On the other hand, pre-ischemia acute
sleep deprivation was shown to ameliorate
inflammatory response by decreasing expres-
sion of pro-inflammatory cytokines [tumor
necrosis factor alpha (TNF-alpha) and inter-
leukin 6 (IL6)] and increased chaperon Hsp70
expression in heart in the model of myocardial
infarction. This effect is mediated by the acti-
vation of GABAA receptors in amygdala, which
supports the hypothesis that the GABA-signal-
ing pathway is involved in ischemic precondi-
tioning [102].
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The orexin/hypocretin system is a wake-
promoting system and the dysfunction of
orexinergic neurons leads to hypersomnias, first
of all narcolepsy. However, recent findings
show that orexin system plays important role in
other neurologic disease [103]. Transgenic
orexin/ataxin-3 mice, which develop degenera-
tion and loss of hypocretin neurons at young
age, demonstrate a phenotype similar to nar-
colepsy including sleep–wake dysregulation,
metabolic, electrophysiological, and behavioral
patterns [104, 105]. At the same time, these
mice develop larger brain lesion volume and
worse neurological deficits in the model of
ischemic stroke [106]. In clinical studies, a
decrease in SNF orexin levels was found in acute
stroke, which inversely correlated with brain
lesion volume, however, the relation of these
changes to genetic variants or altered gene
expression needs elucidation.

Orexin system and melanin-concentrating hor-
mone (MCH) are upregulated (an increase in
gene expression of MCH precursor
Pmch and OxA and their recep-
tors Mchr1, Ox1R, and Ox2R was shown in
experimental stroke) during the acute phase of
ischemic stroke and might be involved in post-
stroke neuroplasticity [101].

The components of adenosine signaling path-
ways are also involved in both sleep–wake reg-
ulation (playing sleep promoting role [107]) and
in brain plasticity and strongly interact with
dopaminergic and other neurotransmitter sys-
tems. The products of the ADORA2A gene
modulate endothelial–leukocyte interactions,
and ADORA2A suppression inhibits endothelial
inflammation. Thus, Adora2a-deficient mice
(Adora2a-/-) show smaller infarct lesions and
lower neurological deficits suggesting a protec-
tive role of Adora2a deletion in acute throm-
boembolic stroke. Moreover, the local
endothelial Adora2a was shown to be a key
player inducing neuroinflammation, as animals
deficient in endothelial Adora2a (and so lacking
endothelial A2A receptors) demonstrated lower
post-stroke neuroinflammation that is mediated
via suppression of the activity of the NLRP3
inflammasome [108]. On the other hand, the
lack of adenosine receptors leads to enhanced
anxiety in A2aR-knockout (A2aR-/-) mice

[109]. In humans, genetic variants in
ADORA1 and ADORA2A genes interacting with
DRD2 are also associated with anxiety and panic
disorders [110] and can be associated with
higher risk of hyperarousal state and insomnia.

Adrenergic neurotransmission should also be
mentioned. ADRB2 gene variations are associ-
ated with cardiovascular risks. Although the
data regarding stroke are scarce and conflicting
[111–113], a meta-analysis of just three cohort
studies confirms [113] that Gln27Glu polymor-
phism (rs2400707) of ADRB2 gene is associated
with increased risk of ischemic stroke. In
another study, the A allele of the b2-AR
rs2400707 variant was associated with higher
risk of non-dipping blood pressure daily profile
associated with increased cardiovascular risks
and a common feature of OSA and other sleep
disorders [114]. We can speculate that genetic
variants in adrenergic signaling can mediate
higher cardiovascular risks in sleep distur-
bances, however, more data are needed.

Neurotransmitter systems are intercon-
nected, and the associations and interactions
between polymorphisms in these systems can
influence clinical manifestations and medica-
tion effects in patients with neurological and
sleep disorders [115].

STROKE RISK FACTORS, SLEEP
TRAITS AND GENES

Recent GWAS identified a number of gene loci
associated with main risk factors for stroke (el-
evated blood pressure (BP), dyslipidemia, glu-
cose metabolism), which interact with various
sleep traits. These include sleep duration, sleep
timing, day napping, night-shift work, evening
chronotype, EEG spectrum power during sleep.
In particular, the latter (delta power in the first 6
h of sleep) was shown to be associated with
insulin secretion rate in an analysis of a large
European pedigree (n = 48) [33]. These findings
suggest potential modulation effects of sleep
traits on the risk factors of stroke via genetic
modification. Some of these effects might be
mediated by melatonin and circadian genes [66]
and can involve various metabolic pathways.
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One analysis, comprising 30 cohorts of five
ancestry groups (European, African, Asian, His-
panic and Brazilian), provided evidence on the
interactions between sleep duration and BP-
regulating genes [116]. It should be noted that
the interactions were different for short and
long sleep. While short sleep interacted with
rs73493041 (SNORA26/C9orf170), which is
associated with self-reported chronotype, and
rs10406644 (KCTD15/LSM14A), long sleep was
associated with rs7955964 (FIGNL2/ANKRD33),
as well as other loci near BP genes (NME7,
FAM208A, MKLN1, CEP164, and RGL3/
ELAVL3). Some of these genes are involved in
regulation of neuronal functions, however,
currently there is no evidence on direct impact
on stroke risk.

In a Swedish study (the Malmö Diet and
Cancer Study, MDC), the variant of the phos-
phodiesterase 11A (PDE11A) gene [stop-codon
C ? T substitution on position 307 (R307X)]
was associated with BP elevation (5 and
3 mmHg higher systolic and diastolic BP,
respectively), obesity, and ischemic stroke (OR
1.73 95% CI 1.06–2.82; p = 0.028). The associa-
tion was stronger for females [117]. At the same
time, another PDE11A gene variant (a missense
variant p.Tyr727Cys) was shown to be related to
objective sleep duration and sleep efficiency.
Therefore, the PDE11A gene can mediate the
link between sleep characteristics, cerebrovas-
cular risk factors, and stroke risk, in particular,
in females.

Over 50 various gene loci associated with
lipid metabolism and lipid traits were identified
in European and non-European cohorts in
relation to sleep duration, once again suggest-
ing the potential role of sleep in modulating
cardiovascular risk factors [118]. Sleep duration
interacts with the gene variant of CRY2
(rs11605924) modifying HDL-C levels (a
0.010 mmol/l higher HDL-C with each addi-
tional hour of sleep in the presence of the
effect A allele) [119].

Apolipoprotein E (ApoE) regulates choles-
terol deposition and transport. The APOE gene
variants (e2, e3, and e4) have been investigated
in relation to the cardiovascular risks. Among
three alleles, the e4 allele is associated with
reduced levels of ApoE, resulting in alterations

in cellular membrane stability and increased
susceptibility to neuronal injury and other
neurological risks [120–122]. The data on the
relation between APOE and its variants and
sleep parameters are rather contradictory
[123–125]. The results of the UK Biobank GWAS
study confirm the association between the
APOE e4 allele with the number of accelerome-
ter-derived indices, e.g., a reduced number of
nocturnal sleep episodes (rs429358; - 0.13
sleep episodes; 95% CI - 0.16, - 0.11;
p = 4 9 10-8), sleep timing (L5, - 1.8 min per
allele, p = 4 9 10-6), sleep midpoint (- 0.6 min
per allele; p = 0.002), sleep duration (- 1.1 min
per allele, p = 7 9 10-4), and diurnal inactivity
(- 1.0 min per allele, p = 2 9 10-5) [32]. In
intermittent hypoxia associated with OSA,
APOE mutations can be associated with
increased risks of large artery atherosclerosis
[126].

Circadian genes, and in particular genetic
variants of CLOCK gene, were shown to be
involved in body weight regulation and meta-
bolic syndrome development [127, 128],
although the CLOCK gene haplotypes did not
correlate with the levels of adiponectines par-
ticipating in the metabolism regulation (leptin
and adiponectin [45]). However, in GWAS, a
variant of CLOCK gene (rs1801260) had no
effect on glycemic traits [119].

Kinase Suppressor of Ras 2 (KSR2) (12q24),
involved in systemic and local brain metabo-
lism regulation [129] and BP control, is associ-
ated with sleepiness and sleep duration [95].
This might be mediated via sleep disorders
associated with obesity as some rare KSR2
mutations were reported to be associated with
early onset obesity and insulin resistance related
to abnormal feeding behaviors in animals [130]
and humans [131], while some variants are
associated with metabolic syndrome [132].

Several self-reported sleep characteristics
independently modify the association between
genetic predisposition to obesity (genetic profile
risk score for obesity) and BMI and waist cir-
cumference, so both short and long sleep
duration, day napping, night-shift work, and
evening chronotype enhance the association
between anthropometric parameters and
genetic predisposition to obesity [133].
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Moreover, sleep duration is associated with food
preferences and consumption (carbohydrates,
saturated fatty acids, total fat, etc.) but in an
age- and sex-dependent manner, which corre-
lated with the BMI. In addition, dietary con-
sumption weakly correlated with CLOCK gene
variants, but specifically to the geographic
region of the studied cohort (United States vs.
northern Europe vs. Mediterranean [134]). Short
and long sleep duration interacts with gene
variant of MTNR1B (rs1387153) modifying BMI
suggesting 0.25 and 0.60 kg/m2 higher BMI
with short (\ 7 h) and long sleep (C 9 h) dura-
tions versus normal sleep duration in the pres-
ence of the effect T allele [119]. In another
study, sleep duration modified the car-
diometabolic effects of the variants of adipo-
nectin-related gene CDH13 (encodes
T-cadherin, 16q24, rs4783244) [135], while the
GG genotype of the same rs4783244 CDH13 is
associated with the higher risk of stroke in the
Chinese population [136]. These data suggest
that normal sleep duration should be recom-
mended as a factor of healthy lifestyle in order
to ameliorate cardiometabolic changes related
to the genetic variants.

The onset and progression of carotid
atherosclerosis as well as the vulnerability of
atherosclerotic plaques can be modulated by
gene expression. In a culture of vascular smooth
muscle cells derived from the carotid plaques,
the levels and rhythms of the clock gene
expression (BMAL1, PER, CRY, and Rev-erba)
were attenuated compared with normal human
carotid vascular smooth muscle cell culture
[137]. Circadian disruption induced by a CLOCK
gene mutation (ClkD19/D19 mice) leads to the
development of atherogenic hyperlipidemia
with greater levels of total cholesterol, very low-
density/low-density lipoproteins and triglyc-
erides, increased ApoB100 and ApoB48, reduced
ApoA1 and ApoE, and higher ApoB/ApoAI
ratios. As a result, extensive aortic and bra-
chiocephalic atherosclerotic lesions develop
characterized by higher amounts of lipids,
necrosis, inflammatory factors, smooth muscle
cells and collagen independently of the Apoe
effects. A clear downregulation of LMOD1 (as-
sociated with insomnia, short sleep duration,
and sleepiness [95]) was found in advanced

carotid plaques obtained during surgery for
symptomatic or asymptomatic disease in the
Biobank of Karolinska Endarterectomy (BiKE)
study [138].

SLEEP DISORDERS AND RISK
OF STROKE

OSA

OSA is a multifactorial disease with the under-
lying multiple genetic factors, which can at
least partly explain the heterogeneity of this
pathology [139]. It is considered a risk factor for
cardiovascular diseases and is associated with
brain damage that manifests as structural (at-
rophy of amygdala, hippocampus, insula) and
functional (cognitive and emotional dysfunc-
tion) disorders [140–142]. The underlying
mechanisms include intermittent hypoxemia-
hypercapnia, sleep fragmentation, hemody-
namic changes, damages in synaptic plasticity
processes. The analysis of the FinnGen study
data (a large Biobank study comprising 218,792
samples) showed a strong BMI-independent
genetic correlation between OSA and stroke,
which seems to be mediated via car-
diometabolic genetic correlates [143]) (Table 2).

However, randomized clinical trials (RCT)
investigating the effects of CPAP therapy on
outcomes in stroke patients showed mixed or
negative results [144]. Thus, the routine
screening for OSA in acute ischemic stroke for
the secondary prevention of cardiovascular
events or death is not currently recommended
[145]. If passing over methodological issues of
the mentioned RCT, a speculative explanation
can include several points, i.e., potential pre-
conditioning effect of repetitive apneas-hypop-
neas associated with intermittent hypoxemia-
hypercapnia, and individual variability in sus-
ceptibility and vulnerability to ischemia–reper-
fusion (oxidative) injury. Both of these factors
can be mediated by genetic variations, in par-
ticular, in the genes and their products involved
in redox pathways. The main ‘‘coordinators’’ of
the physiological responses to hypoxia are
hypoxia-inducible factors 1 and 2 [146]. One of
the genes regulated by the activity of HIF-1a is
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the HO-1 gene, which encodes heme oxygenase-
1, which via degradation of heme, producing
carbon monoxide, biliverdin, and iron, and
inducing various cytokines, provides anti-in-
flammatory and antioxidative effects. Heme
oxygenase 1 interacts with clock genes (BMAL1)
[147] and is a component of the system of cir-
cadian factors involved in redox pathways
(NRF2/ARE) and is activated in ischemia–reper-
fusion injury [148]. In moderate–severe OSA,
peripheral blood levels of HO-1 were decreased
and correlated with hypoxemia burden (time
with O2 saturation\90%, mean and lowest O2
saturation, oxygen desaturation index, etc.) as
well as with cognitive dysfunction [149]. How-
ever, the expression of HO-1 and related effects
in response to ischemia–reperfusion can vary in
various tissues and organs (and even in different
parts of the brain) and depend on the duration
and burden of hypoxia exposure [150].

A Chinese study (n = 961) demonstrated a
protective role of A allele in rs2071746 poly-
morphism in the promoter of the HO-1 gene
with regard to secondary cardio/cerebrovascular
events in patients surviving atherosclerotic
ischemic stroke. The authors suggested that the
protective factor can be related to a higher
expression and levels of HO-1 associated with
greater antioxidative effects [151]. The protec-
tive effects of higher HO-1 expression were
proven in endothelial cell culture exposed to
intermittent hypoxia [150] (as a model of OSA)
and experimental stroke models with gene
modulation [152] and included the suppression
of cytotoxicity, cell apoptosis, and inflamma-
tion [153], and reduction in brain lesion volume
[154–156].

The Hp gene (16q22.2) encodes the protein
haptoglobin, which binds released hemoglobin
(before it is degraded to heme and later con-
verted by HO-1) and possesses antioxidant
activities, and can play a protective role in
oxidative stress and immunomodulation. Out
of three alleles of Hp, Hp 2–2 is associated with
the higher risk of cardiovascular disease in OSA
patients of younger age (\55 years old [157]).
Although conflicting, several studies [158–160]
provide evidence on the association of Hp vari-
ants and different types of stroke, with Hp 2–2
being more often found in unstable carotid

atherosclerotic plaques with higher HO-1
expression [161, 162]. These findings suggest a
potential role of the haptoglobin system in
cardiovascular risks in susceptible patients with
sleep disorders who can benefit more from cer-
tain preventive therapies (e.g., antioxidant
properties of vitamin E supplementation [163]).

The hypoxia responses are mediated via
hypoxia-inducible factor 1, which is activated
in OSA associated with intermittent hypoxia/
hypoxemia. HIF-1alpha modulates expression
of a number of factors, and in particular
upregulates the ET-1 gene [164] and increases
the expression of endothelin-1, a known strong
vasoconstrictor, which can be involved in the
regulation and remodeling of cerebrovascular
circulation [165, 166].

Another gene involved in hypoxia-induced
responses is the EPO gene [167] (encodes ery-
thropoietin which regulates erythrocyte pro-
duction). Its expression is modulated by HIF-
1alpha and the upregulation of EPO and EPOR
(EPO receptors) expression is associated with
decreased neuronal apoptosis, enhanced neu-
rogenesis (increased number in pyramidal cells),
and neuroplasticity (enhanced dendritic spine
density and neuronal differentiation) [168]. EPO
is also regulated by circadian genes BMAL1 and
PER2, showing circadian variation both in nor-
mal conditions and in acute cerebrovascular
events and may correlate with survival [169]. In
its turn, EPO modulates genes involved in
synaptic plasticity already at very early stages of
brain ischemia (upregulates
Arc, BDNF, Ccl7, Dusp5, Egr2, Egr4, Egr1, Fosl2,
and Nr4a3 and downregulates Trem1 and Atp7a)
when no effect on genes related to inflamma-
tion or apoptosis is yet exhibited [170]. Modu-
lation of EPO /EPOR expression or EPO
administration in OSA may exhibit neuropro-
tective effects [171, 172]. At the same time,
some authors suggest that the protective effects
of EPO are mediated via the FAIM2 gene and
upregulation of Faim 2 expression [173] (both
in animal models and in humans) and are
abrogated in Faim2-deficient mice [174].
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RESTLESS LEG SYNDROME (RLS)/
PERIODIC LIMB MOVEMENTS
(PLMS)

The genes regulating dopaminergic neuro-
transmission and iron metabolism can mediate
the observed association between RLS/PLMS
and cardiovascular risks [175–179]. However,
the direct evidence is rather scarce. GWASs
have identified gene variants of the following
genes associated with RLS/PLMs: MEIS1 (2p),
LBXCOR1/MAP2K5 (15q), BTBD9 (6p), neuronal
nitric oxide synthase (NOS1) (12q) and protein
tyrosine phosphatase receptor type delta (9p)
genes [180]. BTBD9 (rs9369062), associated
with sleep duration and MEIS1 associated with
objective sleep efficiency and sleep duration
(rs113851554) [32], seem to be the most potent
candidates linking RLS/PLMs and cerebrovas-
cular risks. MEIS1 (rs2300481) was also shown to
be related to metabolic changes (body mass
index), which can be an additional linking fac-
tor [181].

Proteomic analysis studies elucidated the
potential role of several molecules in severe
symptomatic RLS. Among these, downregula-
tion of alpha-1-antitrypsin (A1AT) and upregu-
lation of kininogen-1 (KNG1) are associated
with increased cardiovascular risks [182, 183].
The variants in the KNG1 gene were shown to
affect the susceptibility to ischemic stroke in a
Chinese cohort [184]. This can be mediated by
the genetic interactions with plasma coagula-
tion factors (FXI), activated partial thrombo-
plastin time and increased risk of thrombosis
[185, 186].

As for alpha-1-antitrypsin (A1AT), MM
homozygote of A1AT producing gene (SER-
PINA1) is more prevalent among patients with
acute ischemic stroke [187]. SERPINE1 activa-
tion can exacerbate apoptosis and inflamma-
tion, contributing to progression of stroke
injury [188] and can also be associated with
arterial remodeling and atherosclerosis pro-
gression. It is supposed to be specific to large-
artery subtype of ischemic stroke [189], and
patients with large-artery ischemic stroke
demonstrate higher expression of the SERPINE1
gene compared to healthy controls [190].

Insomnia

Larsson and Markus [191] applied Mendelian
randomization analysis and found that the
SNPs related to insomnia complaints are asso-
ciated with significantly increased odds ratios
for ischemic stroke subtypes: large artery stroke
1.13 (95% CI 1.03–1.24; p = 0.010), small artery
stroke 1.08 (95% CI 0.99–1.17; p = 0.080), and
cardioembolic stroke 1.06 (95% CI 0.99–1.14;
p = 0.080).

Bruxism

As mentioned before, the development of
bruxism related to brain injury appears to
depend on dopaminergic dysfunction. Resis-
tance to common treatment and high response
to D2 dopamine receptor blockade (by meto-
clopramide) confirms the dopaminergic
involvement as the underlying cause of this
disorder and can be explained by the recovery
of dopaminergic flow due to a selective block-
ade of the hypersensitive presynaptic dopamine
receptors [86]. Additional mechanisms include
modulation of various neurotransmitters, e.g.,
NMDA, glutamate, and GABA. Genetic variants
in the dopaminergic system can be associated
with circadian differences in manifestations
(diurnal/sleep/combined) of bruxism [85], with
the G allele (vs. A allele) of DRD2 rs1800497
polymorphism being protective against com-
bined bruxism. The C allele of the DRD3 rs6280
SNP (Gly)Ser) was associated with an increased
risk of sleep bruxism. The C allele of the DRD5
rs6283 polymorphism was associated with
decreased risk of diurnal and combined brux-
ism. However, the association between genetic
variants and different response to treatment is
not yet established.

GENE MODULATION IN STROKE:
EVIDENCE AND PROSPECTS

An important clinical issue is the potential
modulation of genetic factors by external and
behavioral factors in order to influence the
prognosis. The evidence is rather scarce.
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Corella et al. [46] demonstrated the modu-
lation effect of the Mediterranean diet on the
CLOCK gene and its association with glucose
metabolism (lower fasting glucose, lower T2D
incidence) and prognosis.

Among non-pharmacological interventions,
pre-ischemia sleep deprivation was shown to
play a neuroprotective role, leading to smaller
brain infarct size [99] that can be mediated via
the GABA signaling pathway [192] and modu-
lation of gene expression of inflammatory
factors.

Genetic modulation effects of pharmacolog-
ical agents and chemicals are also being inves-
tigated. Sleep-promoting substances, which
targeting various neurotransmitter systems,
draw attention, as sleep may play a neuropro-
tective role in post-stroke patients. Exogenous
modulation of adenosine receptors enhancing
the A2AR signaling pathway promotes slow-
wave sleep in experiments, which can [193] be
favorable in the post-stroke period [194].

The upregulation of the signaling pathway of
peroxisome proliferator-activated receptor
(PPAR)a and PPARc has a protective effect
against deleterious consequences of
ischemia–reperfusion brain and other tissue
injury. The activation of peroxisome prolifera-
tor activated receptor (PPAR)c coactivator-1a
(PGC-1a) by glucagon-like peptide-1 (GLP-1)
receptor agonists was shown to prevent cell
apoptosis, reduce brain damage, and improve
outcomes [195, 196]. These effects can be even
more favorable in conditions of chronic inter-
mittent hypoxia observed in OSA.

Melatonin is a promising neuroprotective
agent [197] and can target a number of genes in
hypoxia-mediated signaling pathways [198]. In
experiments, exogenous melatonin supple-
mentation is associated with the modulation of
circadian gene expression and gene expression
of redox enzymes (in particular, NOS-2 and HO-
1, but also NOS-1, HO-2, GPx, GSR, Mn-SOD) in
the pituitary gland [199]. Although, there were
no changes in pituitary lipid peroxidation,
hypothetically, the changes in expression of
redox enzymes can modulate post-stroke
ischemia–reperfusion injury in other brain
regions and need further investigation. Similar
changes were also observed in vehicle-treated

animals, suggesting that physical training can
be another behavioral approach for gene
modification.

In experimental models of ischemia–reper-
fusion, pretreatment with carbon monoxide CO
(inhaled, orally, or as a prodrug) led to lower
inflammation (decreased TNF, MCP-1, and IL-
1b, increased IL-10, inhibited ROS generation)
and tissue injury, which are mediated via up-
regulation of CD39 (ectonucleotidase) gene and
modulation of adenosine receptors [54] and
Per2-signaling pathway. Thus, clock gene Per2
might be involved in ischemic preconditioning
and providing neuroprotection in acute cere-
brovascular events.

Gene therapy is a promising approach and is
being investigated in stroke models. Modula-
tion of HO-1 gene has a neuroprotective effect
in mice model of ischemic stroke [152] and is
associated with the reduction of infarct volume
[154–156].

CONCLUSIONS

The data of genetic studies provide new insights
into association of sleep patterns and brain
injury, recovery, and outcomes after ischemic
stroke.

One of the clinical applications of these
results implies the selection of higher-risk
groups as well as identification of those who are
at lower risk of unfavorable outcomes in similar
circumstances and to implement preventive or
treatment strategies [46]. However, the results
of genetic studies should be interpreted care-
fully considering their heterogeneity, gene
interactions, environmental influences, and
multifactorial nature of cerebrovascular disease
and sleep disorders.

Therefore, genetic screening can be imple-
mented in personalized medicine for life-style
modification, professional choices, work
schedule planning, individual sleep–wake
schedule, and bedtime recommendations, etc.,
in order to reduce cardio/cerebrovascular risks.
Healthy sleep (achieved by healthy lifestyle and
sleep hygiene, as well as by treating sleep dis-
orders) may play a crucial role in the primary
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and potentially secondary prevention of car-
diometabolic and cerebrovascular disease.
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