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Study Objectives: Obstructive sleep apnea (OSA) is a chronic and widely prevalent disease associated with multiple health disorders. Current diagnostic strate-
gies for OSA are limited because of cost, time, and access. Epigenetic signatures offer insight into the relationships between disease and environment and could
play a significant role in developing both diagnostic and therapeutic tools for OSA. In the current study, a systematic literature search was conducted to investigate
the existing evidence of OSA-associated epigenetic modifications.
Methods: A systematic literature search was performed using electronic academic databases including PubMed, CINAHL, Scopus, Embase, EBM Reviews, and
Web of Science. However, the current study focused on screening for original, English-language articles pertaining to OSA and associated epigenetic mecha-
nisms. To produce unbiased results, screening was performed independently by authors.
Results: We identified 2,944 publications in our systematic search. Among them, 65 research articles were related to OS A-associated differential gene expres-
sion, genetic variation, and epigenetic modifications. Although these 65 articles were considered for full manuscript review, only 12 articles met the criteria of
OSA-associated epigenetic modifications in human and animal models. Human patients with OSA had unique epigenetic changes compared to healthy control
patients and, interestingly, epigenetic signatures were commonly identified in genes associated with metabolic and inflammatory pathways.
Conclusions: Although the available studies are limited, this research provides novel insights for the development of epigenetic markers for the diagnosis and
treatment of OSA. Thorough genome-wide investigations will be required to develop cost-effective, robust biomarkers for the identification of OSA among children
and adults. Here, we offer a study design for such efforts.
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INTRODUCTION

Next-generation diagnostics and therapeutics could provide
safe and effective health care that improves patient outcomes
and reduces the cost of medical care. Although there are some
political, economic, and educational challenges in the develop-
ment and implementation of alternative diagnostics and treat-
ments in health care, it has been shown that newer methods,
such as gene therapy, hold promise for better outcomes of
highly prevalent disorders such as cancer, heart disease, and
diabetes. Furthermore, the results of genetic tests including
gene expression changes, genetic variation, and epigenetic sig-
natures potentially serve as biomarkers for disease. Although
sleep disorders are highly prevalent in modern society, alterna-
tive diagnostics are not readily available. Health care providers
still predominantly rely on polysomnograms for diagnosis.
Because of the limited availability of sleep medicine providers,
there is an increased demand for alternative diagnostic instru-
ments for sleep disorders, especially for children and vulnerable
populations.

Obstructive sleep apnea (OSA) has been reported in 2%–5% of
children1 and in 35% of adults between ages 30 and 69 years.2 The
financial weight of OSA is significant, especially because of the
lifetime health burden in undiagnosed patients. In 2015, the esti-
mated cost to the U.S. health care system for adults with undiag-
nosed OSA was 12 times greater ($149.6 billion) than the cost for
diagnosis and treatment of OSA ($12.4 billion).3 Untreated OSA
is associated with increased major adverse cardiac events, coro-
nary heart disease, stroke, cardiac death, and all-cause mortality.4

The reasons are poorly understood. However, the existing litera-
ture suggests that these risks for patients with OSA could be
caused by the dysregulation of multiple biological pathways,
including those that lead to the dysregulation of sympathetic acti-
vation,5 vascular endothelial dysfunction,6,7 systemic inflamma-
tion,8 and oxidative stress.9 Although polysomnograms are the
gold standard for the diagnosis of OSA, this method does not allow
clinicians to stratify chronic risks from OSA or to delineate the
systems that could be primarily affected, depending on the vari-
ability in underlying pathologies. With these elements in mind,
genetic and genomic markers may serve as an alternative and
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more descriptive diagnostic tool to identify OSA and the associ-
ated health risks.

Recent omics studies suggest that patients with OSA show a dif-
ferential expression of genes in the oxidative stress response and
inflammatory pathways.10,11 Coordinated, parallel observations of
disease-specific DNA methylation in the genomes of pediatric and
adult patients with OSA suggest that epigenetic modifications
could play a significant role in OSA diagnosis and treatment.6,12,13

Epigenetic modifications are functionally relevant changes to the
genome that impact the regulation of gene expression without alter-
ation of the original DNA sequence. These epigenetic signatures
have served as potential biomarkers for cancer14,15 and neurode-
generative disorders,16 among other diseases. We hypothesize that
epigenetic signatures could serve as cost-effective diagnostic
instruments for the diagnosis of OSA-associated health conditions.
In this study, we conducted a systematic review of the literature to
investigate whether epigenetic signatures could serve as potential
biomarkers for OSA.

METHODS

Literature selection
Our systematic literature review was conducted using estab-
lished Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines. A combination of keywords was
used to retrieve the available literature on OSA and associated
genetic studies using 6 of the most commonly used academic
databases/search engines: PubMed, CINAHL, Scopus, Embase,
EBM Reviews, and Web of Science. The search was conducted
for manuscripts published through September 2020. This search
included 2 primary components:

(1) obstructive sleep apnea (OR) OSA (OR) sleep-
disordered breathing (OR) OSAHS (OR) sleep apnea
hypopnea syndrome (OR) obesity hypoventilation
syndrome (OR) sleep apnea, obstructive
(AND)

(2) RNA (OR) ribonucleic acid (OR) RNA expression
(OR) RNA expression signature (OR) genetic transcrip-
tion (OR) transcriptome (OR) epigenetic (OR) epige-
nomics (OR) epigenetic modification (OR) epigenetic
alteration (OR) transcription, genetic

Study inclusion and exclusion criteria
A systematic literature search was conducted independently by 2
authors (BAL and DFS) to produce unbiased results. After remov-
ing duplicates, we identified 2,944 articles from the 6 databases
used in the current study. Included or excluded studies were initially
screened based on the titles and abstracts. For the current study, we
focused on English-language studies involving human and animal
models. Studies not in English or pertaining to unrelated diseases
were excluded. After this preliminary screening, all authors
reviewed the findings together and came to a consensus on which
articles should be included or excluded. Based on the initial screen-
ing, another thorough screening was performed by authors indepen-
dently by reading individual article abstracts. Review articles and
individual abstract publications were excluded in the systematic lit-
erature search. Sixty-five articles were considered for full

manuscript review, and 12 among them were prospective articles
associated with OSA and epigenetics.

Data extraction
The data were extracted by independent investigators after a thor-
ough screening and discussion by all coauthors. We identified 12
eligible articles in humans and rodents. The data from eligible
articles were extracted and discussed in the manuscript review,
including author names, year of publication, specimen informa-
tion, study population, analysis technique, extent of epigenetic
evaluation (specific vs whole genome), and major findings
(Table 1 andTable 2).

RESULTS

Systematic literature search
Our systematic literature search for OSA and associated genetic
studies through PubMed, CINAHL, Scopus, Embase, EBM
Review, and Web of Science identified 2,944 articles. After
applying our inclusion and exclusion criteria, we selected 65
articles for full manuscript review, and 12 of them met our pri-
mary criteria. The flow diagram outlining this systematic
review search process is outlined in Figure 1.

Epigenetic modifications occurring fromOSA or animal mod-
els representing OSA were studied in 12 different articles (6
human, 6 rodents). Five of the human studies utilized peripheral
blood samples,6,12,17–19 and 1 used visceral fat samples13 to
understand the epigenetic signatures in OSA (Table 1). Simi-
larly, in rodent studies (Table 2), 3 articles showed intermittent
hypoxia-associated epigenetic modifications in peripheral blood
samples:20–22 1 in visceral fat,23 1 in adipocytes of perivascular
adipose tissue,24 and 1 in aorta-specific macrophages.25 Among
the 12 articles, 9 articles reported genome-wide epigenetic signa-
tures, whereas 3 articles focused on DNA surrounding individual
candidate genes. An overview of these studies with key observa-
tions, including target genes and other associated clinical condi-
tions, is reported inTable 1 andTable 2.

Metabolism
Metabolism is one of the most common biological pathways
affected by epigenetic modification as a result of chronic inter-
mittent hypoxia/OSA. In patients with OSA, Chen, Yang, and
colleagues13 identified differential promoter methylation in
genes associated with metabolism including actin alpha 1, his-
tone deacetylase 2, and small ubiquitin-related modifier 1. Sim-
ilarly, in rodent models, late gestational intermittent hypoxia
was associated with differential promoter methylation in 1,520
gene regions.23 Subsequent pathway analysis suggested that
these genes are involved in metabolic regulation and inflamma-
tion. In addition, rodent hypoxia studies have shown significant
modification of circulating DNA and their association with glu-
tamate metabolism and transport mechanisms.21,22 Upon hyp-
oxia exposure, these xenografted mice have showed less
cellular organization compared to those who were not exposed
to intermittent hypoxia, and systems biology analyses revealed
an association with dysregulated molecular pathways and can-
cer progression.
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Inflammation
A majority (8/12) of OSA epigenetic studies showed hyper-
methylation of genes associated with inflammation. Studies
in humans with OSA suggested that differential gene expres-
sion of actin alpha 1 could play a significant role in the reg-
ulation of adipocyte inflammation.13 Hypermethylated
interferon regulatory factor 1 and interleukin-1 receptor type
2 could potentially serve as biomarkers for OSA-associated
inflammation.12,17 Although forkhead box P3 hypermethyla-
tion has been suggested as a potential biomarker for OSA-
associated inflammation in pediatric patients,17 a recent
study showed unaltered methylation and expression of fork-
head box P3 in adult patients with OSA.19 Therefore, the

role of forkhead box P3 in OSA-associated inflammation is
unclear.

Similar to human studies, epigenetic modifications have
been identified in inflammatory pathways using animal models
of OSA. An increase in the number of aortic macrophages was
observed in mice exposed to chronic intermittent hypoxic con-
ditions, and the transcription of several genes in these mice was
altered to a proinflammatory state.25 Nanduri and colleagues20

discovered elevated reactive oxygen species and downregula-
tion of antioxidant enzyme gene expression. Chronic intermit-
tent hypoxia increased the DNA methylation of the antioxidant
enzyme genes superoxide dismutase 1 and 2, thioredoxin reduc-
tase 2, and peroxiredoxin 4. Interestingly, these changes were

Table 1—Epigenetic studies of hypoxia or OSA in humans.

Study Number of
Participants Specimen Method Altered

Mechanism
Key Observations With

Hypoxia or OSA

Other Clinical Disorders
With These Target

Genes

Kim et al, 201217 Control = 31,
OSA = 47

Blood Quantitative PCR Inflammation Hypermethylation of
FOXP3 and IRF1 in

children; high CRP levels
in children; multiple
regression models
suggest AHI was

independently associated
with FOXP3 methylation

levels

Atherosclerosis, acute
coronary syndrome,

cancer

Kheirandish-
Gozal et al,
20136

Control = 35,
OSA = 36

Blood Pyrosequencing Cardiovascular
dysfunction

Hypermethylation levels at
171 positioned CpG sites
of eNOS, and low mRNA
expression; endothelial
dysfunction, higher

diastolic BP, increased
serum lipids

Diabetes, obesity,
migraine, hypertension

Chen et al,
201513

Control = 8,
OSA = 10

Visceral fat Microarray Metabolism,
inflammation

Hypermethylation of
promoter regions of
ACTA1, HDAC2, and
SUMO1; proteolysis

Congenital myopathy,
orofacial cleft

Chen et al,
201612

Control = 15,
OSA = 6

Blood Microarray Inflammation,
cardiovascular
dysfunction

Differential methylation of
IL1R2, AR, NPR2, and
SP140; increased

vasoconstriction, higher
BP, increased catabolism

Acromesomelic dysplasia,
Maroteaux type,

epiphyseal
chondrodysplasia, miura

type

Cortese et al,
201618

OSA = 15 Blood Microarray Inflammation Increased methylation at
peroxisome proliferation-

activated receptors
including ABCA1, ABCG1,
CD36, FABP4, HMOX,
NOS2, PEPCK, and

ADIPOQ

Tangier disease, familial
hypoalphalipoproteinemia,
platelet glycoprotein IV
deficiency, malaria,
cancer, adiponectin

deficiency

Sanz-Rubio
et al, 202019

Control = 38,
OSA = 90

Blood PCR, quantitative
PCR

— Unaltered methylation and
gene expression of
FOXP3 in adults with

OSA

Diabetes, atherosclerosis,
acute coronary syndrome

ABCA1 = ATP binding cassette subfamily A member 1, ABCG1 = ATP binding cassette subfamily G member 1, ACTA1 = actin alpha 1, ADIPOQ =
adiponectin, C1Q, and collagen domain containing, AHI = apnea-hypopnea index, AR = androgen receptor, BP = blood pressure, CD36 = CD36 molecule,
CpG = cytosine and guanine separated by 1 phosphate group, CRP = C-reactive protein, eNOS = endothelial nitric oxide synthase, FABP4 = fatty acid binding
protein 4, FOXP3 = forkhead box P3, HDAC2 = histone deacetylase 2, HMOX = heme oxygenase, IL1R2 = interleukin-1 receptor type 2, IRF1 = interferon
regulatory factor 1, NOS2 = nitric oxide synthase 2, NPR2 = natriuretic peptide receptor 2, OSA = obstructive sleep apnea, PCR = polymerase chain reaction,
PEPCK = phosphoenolpyruvate carboxykinase, SP140 = SP140 nuclear body protein, SUMO1 = small ubiquitin-related modifier 1.
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preventable. When these mice were given decitabine, an inhibi-
tor of DNA methylation, the antioxidant enzyme gene expres-
sion for superoxide dismutase 1, superoxide dismutase 2,
thioredoxin reductase 2, and peroxiredoxin 4 was restored and
the reactive oxygen species levels returned to baseline.20 Fur-
thermore, hypermethylated peroxisome proliferation-activated
receptors, receptors associated with immune responses, have
been identified under hypoxic conditions.18

Cardiovascular dysfunction
Many genes with OSA-dependent expression were associated
with cardiovascular dysfunction in OSA. In human patients, chil-
dren with OSA had hypermethylated sites of cytosine and gua-
nine separated by 1 phosphate group at the endothelial nitric
oxide synthase gene promoter and 6 adjacent sites of cytosine
and guanine separated by 1 phosphate group. As a result, the
endothelial nitric oxide synthase mRNA levels were significantly

Table 2—Epigenetic studies of hypoxia or OSA in animal models.

Study Number
of Animals Specimen Method Altered

Mechanism
Key Observations with

Hypoxia or OSA

Other Clinical
Disorders with These

Target Genes

Cortese et al,
201522

Control = 3,
IH group = 3

Blood Microarray Metabolism Higher cirDNA modification Diabetes, stroke,
cancer, fetal disorders,
sickle cell disease

Cortese et al,
201521

Control = 3, IH
group = 3

Blood Microarray — Differential cirDNA modification
with high variability regions
especially in chromosomes

7,13,14, and 3.

—

Nanduri et al,
201720

Control
experiments =

3, IH
experiments =

3

Blood PCR Inflammation,
cardiovascular
dysfunction

Long-term intermittent hypoxia
increases DNA methylation and
persistent downregulation of

genes encoding for antioxidant
enzymes including Sod1, Sod2,
Txnrd2, and Prdx4; elevated
reactive oxygen species;
increased BP, plasma
norepinephrine levels,
persistent carotid body
chemosensory reflex

Amyotrophic lateral
sclerosis, type 1;

diabetes,
cardiomyopathy,

neurodevelopmental
disorders

Cortese et al,
201725

Control = 8, IH
group = 8

Aorta
macrophages

MicroChip
analysis

Inflammation,
cardiovascular
dysfunction

Activation of proatherogenic
pathways involving histone

modifications with inflammation
and oxidative stress; vascular
dysfunction; increased intima-

media thickness

Atherosclerosis

Khalyfa et al,
201723

Control = 8, IH
group = 8

Visceral fat Methylated DNA
immunoprecipitation

Metabolism,
inflammation,
cardiovascular
dysfunction

Differential methylation; hyper
DNA methylation with late

gestational intermittent hypoxia
mainly associated with

molecules of inflammatory
responses and signaling

pathways like IL-4, IL-12, ILK,
and NFkB; late-gestation

intermittent hypoxia leads to
increased body weight, food
intake, insulin resistance, and

higher cholesterol

Immunodeficiency,
cardiomyopathy,
osteomyelitis

Badran et al,
201924

Control = 4–5,
IH group = 4–5

PVAT mature
adipocytes

Pyrosequencing Metabolism,
inflammation,
cardiovascular
dysfunction

Increased body weight, food
consumption, oxidative stress,
and endothelial dysfunction in
adult male offspring; increased
TNF levels in plasma upon

gestational intermittent hypoxia;
hypermethylation of adiponectin

in male pups

Vascular dementia,
Alzheimer disease,
psoriatic arthritis,
Crohn disease,

rheumatoid arthritis

BP = blood pressure, cirDNA = circulating DNA, IH = intermittent hypoxia, IL-4 = interleukin-4, IL-12 = interleukin-12, ILK = integrin linked kinase, NFkB =
Nuclear Factor Kappa B, OSA = obstructive sleep apnea, PCR = polymerase chain reaction, Prdx4 = peroxiredoxin 4, PVAT = perivascular adipose tissue,
Sod1 = superoxide dismutase 1, Sod2 = superoxide dismutase 2, Txnrd2 = thioredoxin reductase 2, TNF = tumor necrosis factor.
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reduced, which likely accounts for the impaired peripheral vascu-
lar function observed in pediatric patients with OSA.6 Pediatric
patients with OSA also have higher diastolic blood pressure (BP)
and greater serum lipids compared to healthy control patients.6

In adults, there was an association between an increased oxy-
gen desaturation index and excessive daytime sleepiness with
differential methylation in the promoter regions for the
interleukin-1 receptor type 2, androgen receptor, natriuretic
peptide receptor 2, and SP140 nuclear body protein genes.12

This finding suggests that epigenetic programming may play a
role in excessive daytime sleepiness in patients with OSA.
Hypomethylation occurred in 5 differentially methylated loci
involved with the natriuretic peptide receptor 2 pathway, which
may play a crucial role in the development of the excessive day-
time sleepiness phenotype characterized by increased catabo-
lism, higher BP, and increased vasoconstriction.12

In animal models, late gestational intermittent hypoxia led to
increased body weight, food intake, visceral and subcutaneous
mass, insulin resistance, and cholesterol.23 Interestingly, the
effects of maternal late gestational intermittent hypoxia were
only seen in male mice but not in female mice. Similarly, male
mice had altered macrophage populations and changes in DNA
methylation of the visceral white adipose tissue not seen in
female mice. Furthermore, a recent study suggested that gesta-
tional intermittent hypoxia causes endothelial dysfunction and
hypermethylation of the adiponectin gene promoter in adult
male offspring.24 These observations have been correlated with
increased body weight and inflammatory responses in male
offspring.

When exposed to chronic intermittent hypoxia, rodents indi-
cated vascular dysfunction with increased intima-media

thickness and disruption in the integrity of the elastic laminae.25

Moreover, there was an increase in the number of macrophages
observed in the aorta with differential gene transcription to a
proatherogenic state. In addition, chronic intermittent hypoxia
leads to elevated BP, elevated norepinephrine levels, and per-
sistent activation of the carotid body chemosensory reflex.
However, when mice were treated with decitabine, an inhibitor
of DNA methylation, their cardiorespiratory functions (BP)
normalized, norepinephrine levels stabilized, and carotid body
sensory activity improved.20

DISCUSSION

Polysomnograms are the current gold-standard instruments for
the diagnosis of OSA,26 but they are time-consuming, costly,
and not always easily accessible.27 These factors are especially
challenging in the pediatric population, given the limited num-
ber of pediatric sleep centers.27,28 Fewer than 10% of children
with sleep-disordered breathing undergo a polysomnogram
before surgical intervention with an adenotonsillectomy.29 It is
imperative to identify a better way to diagnose and monitor
OSA severity given the significant burden it imposes on the
health care system. In 2015, an estimated $12.4 billion was
spent on diagnosing and treating OSA.3 However, because of
the large number of patients who are undiagnosed, with a preva-
lence of greater than 30% of adults between ages 30 and 69
years,2 the yearly cost for undiagnosed OSA and the associated
morbidities is estimated to be $150 billion. These facts high-
light the importance of identifying reliable, inexpensive, and
readily available biomarkers, especially for those patients with
less access to medical care.

Genomic markers are currently being used as a screening
tool in other diseases including gastrointestinal cancer,30 ovar-
ian cancer,31 eosinophilic esophagitis,32 Alzheimer disease,33

asthma,34 and inflammatory bowel disease.35 Building on this
development, epigenetic modifications have been used to iden-
tify changes in other conditions such as amyotrophic lateral
sclerosis,36 cancer,15 prenatal tobacco smoke exposure,37 and
food allergies.38 These same principles could be used to study
OSA.

Recent studies have begun to search for biomarkers of OSA
that could serve as diagnostic instruments. One potential nonin-
vasive method is screening urine. Becker and colleagues39 per-
formed protein analysis of urine from children with OSA and
healthy control patients. They identified 192 candidate bio-
markers of pediatric OSA. In a similar study for biomarkers of
OSA among urine samples from children, 2 distinct proteins
from the OSA group were identified.40 Breath condensate has
been evaluated as another noninvasive sample. Interleukin-10
is an anti-inflammatory cytokine that regulates normal sleep
patterns, and interleukin-10 levels from breath condensate have
corresponded with the severity of OSA.41–44 Two studies inves-
tigated gene expression profiling from blood in patients with
OSA, 1 in adults and the other in children. Adult patients with
OSA were found to have sleep-associated upregulation of oxida-
tive stress response genes, such as superoxide dismutase 2 and

Figure 1—PRISMA diagram of systematic review for epi-
genetics and obstructive sleep apnea.

Overview of the number of studies that were included or excluded in each
phase of the study selection procedure, as outlined in the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses guidelines. OSA =
obstructive sleep apnea.
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catalase, and downregulation of superoxide dismutase 1.11

Among pediatric patients, numerous differentially expressed
genes were identified in those with OSA, including those
involved in inflammatory pathways.45 In studies screening the
entire genome for OSA and obesity, 2 candidate regions on chro-
mosomes were identified among patients of European ancestry,
suggesting that there is an association between OSA severity
when controlling for body mass index.46 Similar findings have
been identified among Black patients with OSA.47 Finally, telo-
mere shortening, a consequence seen in multiple systemic dis-
eases, may provide another screening avenue. Patients with OSA
were found to have significantly shortened telomere length in
peripheral blood leukocytes.48,49 However, this hypothesis is
somewhat controversial; for example, Polonis et al50 found that
moderate to severe OSA was associated with telomere lengthen-
ing in genomic DNA from peripheral blood samples.

Our systematic review revealed limited research on epigenetic
modification and associated changes in gene expression in OSA.
Despite this result, several studies showed unique changes in
methylation among patients with OSA compared to healthy con-
trol patients. When assessed, the genes with epigenetic changes
corresponded with differences in protein expression in the path-
ways most frequently associated with metabolism and inflamma-
tion.12,13,17,20,23 Similar information has been gleaned from
analyses of whole-gene expression. For example, up- and down-
regulation of specific genes have been identified in patients with
OSA, findings that normalize after treatment with continuous
positive airway pressure.51 The expression of specific genes in
whole blood has even predicted apnea-hypopnea index scores.52

Tissue-specific genetic analysis of soft palate tissue in patients
with OSA showed differential expression of genes related to the
pathophysiology of OSA.53 This supports the important role that
genetic markers could provide in both disease screening and
monitoring response to treatment.

By looking at epigenetic modification, disease presence and
disease severity may be able to be identified and monitored.
Chen, Yang, and colleagues13 found that differentially expressed
genes could significantly distinguish OSA samples from normal
control samples, suggesting that this characteristic could provide
a future screening mechanism for OSA. Along these lines,
changes in FOXP3 have been independently associated with the
apnea-hypopnea index, showing how epigenetic modification
may be able to serve as a marker of disease severity.17 Genomic
markers could provide a novel, inexpensive, efficient, and widely
accessible tool to diagnose and screen for OSA. This tool would
facilitate ease of diagnosis among patients, which would be espe-
cially important for underserved patient populations.

Studies of epigenetic modification may even provide new
options for treatment. When Nanduri and colleagues20 treated
mice with an inhibitor of DNA methylation, all the negative
effects of chronic intermittent hypoxia resolved, including
increased BP, norepinephrine levels, and carotid body sensory
activity. Because epigenetic alterations are potentially revers-
ible, they are currently being investigated in other diseases.54 In
fact, there are currently 2 DNA methyltransferase inhibitors
that are approved by the U.S. Food & Drug Administration for
the treatment of acute myeloid leukemia and myelodysplastic
syndrome.55 Epigenetic drugs have also been shown to help

reduce infarct size after stroke,56 improve memory formation
and retention with promising results for Alzheimer disease,57,58

and improve recovery after myocardial infarction.59 Targeting
these epigenetic modifications may reduce or reverse the com-
plications associated with OSA.

Limitations
There are several limitations to our study worth discussing. Dur-
ing our literature search, we excluded those studies not written in
the English language or without available full texts, potentially
resulting in a selection bias. It is possible that our search terms did
not allow for the inclusion of all studies associated with epigenetic
modification in models of or patients with OSA; however, an
exhaustive search was performed in 6 of the most commonly used
academic databases, including PubMed, CINAHL, Scopus,
Embase, EBM Reviews, and Web of Science. Overall, there are a
limited number of studies directly addressing epigenetic modifi-
cation in OSA. In addition, these limited studies are conducted
across heterogeneous populations and in different animal models.
However, it is clear that future work should focus on the potential
role of epigenetic modification in the diagnosis and treatment of
OSA and those associated medical comorbidities.

Future directions
Gene expression patterns are commonly used molecular bio-
markers for disease diagnosis, prognosis, and therapy for sev-
eral health conditions including the modern global pandemic,
COVID-19.60 However, the recent development in biomarker
technology suggests that epigenetic modifications (DNA meth-
ylation, histone modifications, and changes in noncoding RNA)
could potentially serve as next-generation biomarkers mainly
because of their ability to buffer with environmental variation,
population diversity, and disease state.61 By considering the
advantage of epigenetic plasticity with a disease condition,
health care professionals may find that epigenetic signatures
may serve as next-generation diagnostic tools for a highly prev-
alent disorder like OSA. However, there is a gap in understand-
ing the use of epigenetic signatures for clinical diagnostics.

Here, we describe how epigenetic biomarkers may be used in
next-generation diagnostics. So far, the studies that have evalu-
ated epigenetic signatures in patients with OSA or animal mod-
els representing OSA have used an array of methods (eg,
quantitative polymerase chain reaction, polymerase chain reac-
tion, microarray, microchip, methylated DNA immunoprecipi-
tation, and pyrosequencing) for rodent and human samples.
However, the use of heterogeneous study populations has made
these methods very difficult to compare equally. Based on the
variability with techniques and analyses, these results cannot be
applied to all patients with OSA. Therefore, it is important to
discern how epigenetic modifications present in different phe-
notypes and how different investigative methods affect find-
ings. For these reasons, large prospective studies that use
standardized techniques among homogeneous populations are
necessary.

There are a few important factors to be considered for testing
OSA epigenetic markers, including (1) selection of patients, (2)
tissue type, and (3) technology and data analysis. Unlike the
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genome, the epigenome is not stable and varies with age, sex,
and environmental conditions. A precise description of patient
demographics and clearly defined pre-existing health condi-
tions are important for epigenetic association studies. The con-
trol group must be precisely selected based on the diagnostic
criteria. Another key factor for epigenetic studies is tissue selec-
tion. Epigenome markers are tissue-specific and differ across
tissues and organs.61 So far, the majority of human epigenome
studies have used body fluids (ie, saliva, blood, and urine).
However, the selection of inappropriate tissues may raise false-
positive results. Therefore, tissue selection must be accurately
defined with pathogenesis specific to those patients with OSA.
Several methods have been developed to understand epigenetic

modifications including pyrosequencing, bisulfite sequencing,
methylation arrays, and quantitative reverse transcription poly-
merase chain reaction.62 Among these methods, the candidate
gene approach methods, like quantitative reverse transcription
polymerase chain reaction, are cost-effective for OSA diagnos-
tics in a larger population. However, this approach misses the
vast majority of information from the entire genome. Although
genome-level studies are not economical for diagnostics in a
larger population, focused, systematic epigenome studies in
animal models and humans may provide strength for establish-
ing cost-effective epigenetic biomarkers for use in patients with
OSA. Here, we offer a study design for developing OSA bio-
markers with a list of available epigenetic methods (Figure 2).

Figure 2—A prospective study design for the development of OSA-specific epigenetic biomarkers.

To develop OSA-specific epigenetic biomarkers, DNA, RNA, or proteins should be purified from tissue samples of both healthy patients and patients with OSA. The
listed epigenetic methods may be used for understanding the OSA-specific epigenetic signatures. ChIP = chromatin immunoprecipitation, ELISA = enzyme-linked
immunosorbent assay, HITS = high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation, OSA = obstructive sleep apnea, PCR = polymer-
ase chain reaction.
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CONCLUSIONS

We found that there are differential changes in epigenetic modifi-
cation and gene expression in patients with OSA. These findings
highlight the potential significance of epigenetic studies for use
in diagnosing OSA. More important, they may also further our
understanding of the pathophysiologic progression of diseases
commonly associated with this complex disorder.

ABBREVIATIONS

BP, blood pressure
OSA, obstructive sleep apnea
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41. €Ozdaş S, €Ozdaş T, Acar M, et al. Association of interleukin-10 gene promoter
polymorphisms with obstructive sleep apnea. Sleep Breath. 2016;20(2):855–866.
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