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Abstract: Obstructive sleep apnea (OSA) is chronic disorder which is characterized by recurrent
pauses of breathing during sleep which leads to hypoxia and its two main pathological sequelae:
oxidative stress and chronic inflammation. Both are also associated with cellular senescence. As
OSA patients present with higher prevalence of age-related disorders, such as atrial hypertension or
diabetes mellitus type 2, a relationship between OSA and accelerated aging is observable. Further-
more, it has been established that these OSA are associated with telomere shortening. This process in
OSA is likely caused by increased oxidative DNA damage due to increased reactive oxygen species
levels, DNA repair disruptions, hypoxia, chronic inflammation, and circadian clock disturbances.
The aim of the review is to summarize study outcomes on changes in leukocyte telomere length (LTL)
in OSA patients and describe possible molecular mechanisms which connect cellular senescence and
the pathophysiology of OSA. The majority of OSA patients are characterized by LTL attrition due
to oxidative stress, hypoxia and inflammation, which make a kind of positive feedback loop, and
circadian clock disturbance.
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1. Introduction

Obstructive sleep apnea (OSA) is a common chronic sleep-related breathing disorder
characterized by recurrent pauses in breathing, which are caused by collapsing upper
airways [1]. The prevalence of OSA in the general population reaches up to 50% in men
and 23% in women, and the risk of the disorder increases with advancing age, male sex
and higher body mass index (BMI) [2]. OSA is commonly associated with age-related
disorders such as hypertension [3,4], cardiovascular disorders [3,4], metabolic abnormalities
like obesity or type 2 diabetes mellitus [5,6], and according to some studies it is also
associated with some cancers [7]. The curtail complication of OSA is intermittent hypoxia,
which is a main pathophysiological mechanism leading to oxidative stress and chronic
inflammation [1]. Both are implicated in cellular senescence [8].

Cellular senescence is the arrest of normal cell division among others in response to
multicausal oxidative stress, which leads to the overproduction of reactive oxygen species
(ROS) [8]. ROS causes DNA damage and a proinflammatory response [9]. All these changes
impair intracellular processes and promote irreversible tissue remodeling [10]. Cellular
senescence is likely the main reason for the development of age-related diseases which
have high prevalence among OSA patents [11]. That is why the cellular senescence process
is closely linked to the mechanism of intermittent hypoxia in OSA patients.

Telomeres are regions of repetitive 5′-TTAGGG-3′ sequences at the ends of chromo-
somes. Their main function is DNA protection by the prevention of the degradation of
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genes near the end of chromosome arms as a result of incomplete DNA replication. Each
division of cell leads to telomere shortening, due to muted expression of telomerase, an
enzyme which needs to be activated to recreate chromosome endings. After multiple
divisions, telomere reduction is detected as a DNA damage and leads to cell cycle ar-
rest [12]. Considering the above, telomere shortening is one of main mechanisms of cellular
senescence [12] and in vast number of studies it was used as a marker of aging.

The aim of the review is to summarize available knowledge regarding changes in
leukocyte telomere length (LTL) in OSA patients and describe possible molecular mecha-
nisms which connect the cellular senescence to the pathophysiology of OSA.

This article is narrative review and consists of a critical examination of the literature.
Papers were acquired via PubMed using the following keywords or items in indexed
fields: obstructive sleep apnea and telomere. The inclusion criteria included published
in peer-reviewed journals, studies in humans, reviews on the related topic and English
language. The exclusion criteria were: abstracts from conferences and commentaries. In
addition, further articles were chosen from the reference lists of primary articles or the
purpose of the investigation of pathophysiological mechanisms. The majority of studies
had a cross-sectional design.

2. Sleep Quality and Telomere Length

Low sleep quality is a vital problem nowadays [13] and is one of the more frequent
symptoms in OSA [1]. As a consequence of apneas and hypopneas, OSA patients suffer
from numerous arousals which cause sleep fragmentation and which may influence the
aging process [13]. Therefore, the first step of the review is to summarize available research
on the influence of sleep quality on leukocyte telomere length.

Prather et al. studied the influence of sleep duration on LTL in 245 healthy women
in midlife and found that poorer subjective sleep quality was associated with shorter LTL
adjusted for age, BMI, race, perceived stress, and income [14]. It is important to emphasize
that in the full sample, levels of perceived stress accounted for variance in the relationship
between sleep quality and LTL. However, there were no correlations between LTL and
measures of time in bed sleep and sleep onset latency [14]. Nevertheless, the study gave
the first evidence of a connection between sleep quality and LTL shortening.

Another study, carried out among women under 50 years old from the Nurses’ Health
Study (n = 4117), found a positive association between sleep duration and LTL [15]. Such
a relationship was not reported for women above 50 years old, which might be caused
by continuously progressive telomere shortening escalating with age. On the other hand,
Cribbet et al. did not find any correlations between low sleep quality, sleep duration and
LTL [16].

Furthermore, Jackowska et al. reported a linear association between sleep duration
and LTL in men from the Whitehall II cohort study (n = 434). Subjects reporting shorter
sleep duration had shorter LTL adjusted for age, BMI, smoking, educational attainment,
current employment, cynical hostility scores and depressive symptoms. In contrast to
earlier reports, this study did not offer any significant correlation for women [17]. This
could be caused by higher age in this group, as all included individuals were at least
64 years old.

Garland and colleagues studied the influence of insomnia on LTL in women with
breast cancer (n = 70), but they found only a non-significant shortening of LTL in insomnia
patients, due to low number of participants [18].

Sleep quality in all these studies was measured by the Pittsburgh Sleep Quality Index
(PSQI), which is a validated questionnaire and a useful supporting tool in diagnosis of
patients with various sleeping disorders, including OSA. However, it is important to
remember that PSQI is mostly a subjective instrument, therefore there is a limitation to its
comparison to objective molecular measures such as LTL.
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3. OSA and Telomere Length
3.1. Telomere Lengthening in OSA

The available literature offers contradicting data on LTL changes in OSA patients,
with only a few studies indicating that OSA is associated with LTL lengthening. One of
these studies investigated LTL in children with OSA. Despite their hypothesis, they found
a tendency to the lengthening of LTL in this specific group of patients (n = 213). Moreover,
LTL was positively and independently associated with apnea-hypopnea index (AHI), which
strongly suggested that OSA severity had an impact on LTL [19]. Moreover, two studies
by Polonis et al. showed a J-shaped association between LTL and OSA severity, while a
comparison between patients with moderate-to-severe OSA and mild OSA demonstrated
longer LTL in the former group [20,21]. Additionally, in one of the studies (n = 210) LTL
was found to be significantly longer in the moderate-to-severe OSA group than the control
group independently from age, sex, BMI, hypertension, dyslipidemia, and depression [21].

3.2. Telomere Shortening in OSA

Many more studies report LTL shortening in OSA. Barceló et al. were the first to find
shorter LTL in OSA patients (n = 256) compared to a healthy control group (n = 148) [22].
What is more, these results were adjusted for age and cardiovascular risk factors such as
hypertension, obesity, smoking status, cholesterol, glucose, and uric acid. Furthermore, an
investigation by Savolainen showed that individuals with OSA diagnosis (n = 44), who
required hospitalization, had shorter LTL than patients without OSA history (n = 1875) [23].
Nonetheless, it has to be pointed out that subjects were allocated to the groups based only
on the OSA diagnosis in their medical history, without polysomnography examination
(PSG) data. Due to the lack of PSG data, more detailed analysis, for example between OSA
severity and LTL, was not possible in this study. Furthermore, Kwon et al. suggested that
shorter LTL might contribute to the association between reduced sleep stability and OSA
severity through the stress of chronic sleep fragmentation or invariant sympathetic activity
by respiratory chemoreflex activation. Their study was based on cardiopulmonary coupling
analysis (sleep quality) and its main limitation was the study group (n = 381), which
consisted only of healthy individuals, allowing for limited interpretation of the results.
They found an association between LTL and sleep stability (assessed by cardiopulmonary
coupling) in subjects with AHI≥ 15, elevated narrow-band low frequency coupling (marker
of periodic breathing or sleep fragmentation) was predicted to increase by 0.008% during
sleep as LTL was shortened by 0.1. Additionally, in the same subjects, the marker of stable
sleep (evaluated by high-frequency coupling band) decreased [24].

Another report showed that LTL shortening was significantly correlated with AHI
and the oxygen desaturation index (ODI) after correction for age. It should be noted that
the study included only men (n = 161). What is more, after division into groups according
to OSA severity, the authors observed significant differences in LTL between them. A
comparison of non-OSA and severe OSA groups showed that the latter had shorter LTL
than former. Subsequently, the authors divided the participants into three groups by ODI
rate, into low, middle, and high ODI tertiles, and observed significantly shorter LTL in
the high ODI group compared to low and middle ODI tertiles [25]. These results indicate
the influence of severity of OSA through hypoxia and oxidative stress on telomere length.
Additionally, the authors found a negative correlation between LTL and carotid-femoral
pulse wave velocity, which is used as a surrogate marker of arterial stiffness (arterial
aging), possibly suggesting LTL shortening as one of the development and progression
mechanisms of OSA comorbidities [25].

Kim et al. focused on the association between oxidative stress and LTL in OSA patients.
They found that OSA patients (n = 43) had higher plasma levels of hydrogen peroxide than
controls (n = 34), which was positively correlated with the severity of OSA (assessed by the
RDI–respiratory disturbance index). Additionally, this study revealed that OSA patients
had shorter LTL than healthy individuals independently from BMI and age. This study was
the first to offer a foundation for oxidative stress as one of the LTL shortening mechanisms
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in OSA patients [26]. Moreover, moderate-to-severe OSA patients with shorter LTL (n = 24)
had about 6 times higher risk of occurrence of brain white matter abnormalities than
patients with longer LTL and the same OSA severity (n = 36). These findings emphasize
the clinical importance of early identification and treatment of OSA for brain white matter
changes in elderly people [27]. Another study found that African American women with
high risk of OSA have shorter LTL compared to those with low risk in a total group of
184 women. These differences were not observed in men [28]. Several studies have shown
an association between LTL and PSG parameters other than OSA severity. It has been
observed that LTL was significantly shorter in OSA patients (n = 315) compared to controls
(n = 613) and LTL was negatively correlated with AHI, RDI, ODI and wake time after sleep
onset. What is more, results revealed positive correlation between LTL and sleep efficiency,
total sleep time, basal, minimum as well as maximum oxygen saturation [29]. Furthermore,
study by Caroll et al. (n = 672) confirmed that OSA patients has shorter LTL. Collaterally,
the authors found that individuals with high arousal frequency had greater LTL attrition
over the prior decade, suggesting sleep fragmentation as a possible mechanism of LTL
shortening [30]. In a recent prospective, an observational study by Pinilla et al. (n = 599)
evaluated the hallmarks of ageing in OSA patients, dividing them in groups younger and
older than 50 years old. A relationship has been found between the AHI, the arousal index,
time during the night spent with an oxygen saturation less than 90%, and the following
hallmarks: alteration of cellular communication (assessed by serum C-reactive protein
concentration), deregulation of nutrient sensing (through insulin resistance), mitochondrial
dysfunction (leukocyte mitochondrial DNA copy number), and genomic instability (urinary
8-hydroxy-2-deoxyguanosine concentration) [31]. Interestingly, no such link was found
between the aforementioned PSG variables and telomere attrition evaluated by LTL. Based
on the results of the study, it can be argued that OSA in individuals below 50 years old
is associated with an increase in specific hallmarks of aging irrespective of confounding
factors [31].

Not much is known on the effect of OSA treatment on the LTL. One of the reports
evaluated the usage of a mandibular advancement device in OSA individuals on markers
of aging like LTL and sirtuin 1 (SIRT1), which is a signaling protein involved in metabolic
regulation. It has been found that, after 3 months of the treatment, participants had longer
LTL and higher levels of SIRT1 compared to the baseline results, suggesting that successful
treatment of OSA can inhibit accelerated aging [32]. Similar results have been reported by
Khalyfa et al., who also found increased SIRT1 expression after 12 months of continuous
positive airway pressure (CPAP) treatment in OSA patients [33]. Only the last two studies
had longitudinal designs.

4. Mechanism of OSA Influence of Cellular Senescence

The previously described research points to three possible mechanisms of LTL short-
ening in OSA: oxidative stress, inflammation, and hypoxia.

4.1. Oxidative Stress and Telomere Length

Oxidative stress is the state of increased level of ROS in cells. One of the main sources
of ROS in OSA patient cells is intermittent hypoxia [34]. Numerous studies of human
tissues, mouse models and cell cultures provided evidence that oxidative stress is associated
with accelerated LTL shortening, as was reviewed by Barnes et al. [35]. However, only one
study evaluated and revealed the association between oxidative stress and LTL in OSA
patients [26].

ROS can react with DNA, causing oxidative damage [36] (Figure 1). Telomeres, which
are repeats of the 5′-TTAGGG-3′ sequence, are sensitive to guanine oxidation in cases of
increased iron binding to these sequences [37]. The accumulation of 8-oxoG at the end of
chromosomes due to long exposure to ROS causes a high frequency of single-strand break
formation in the DNA backbone. Moreover, oxidative damage to the end of chromosomes
may inhibit telomerase activity. The oligonucleotide ending in 8-oxoG (5′-TTA-8oxoG-3′)
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cannot be extended by a telomerase [38] (Figure 1A). It has been shown that urinary 8-
hydroxy-2-deoxyguanosine (a marker of genomic instability) is increased in patients with
OSA [39], which supports the validity of the hypothesis.
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Figure 1. Oxidative telomere damage or single-strand telomere damage prevents the binding of
telomerase and OGG1. Accumulation of oxidative damage on single-strand fragments of telomeres
causes a conformation change of the end of chromosome so it cannot be recognized by telomerase
(A). OGG1 cannot repair damage on single strand fragments of telomere because it does not have any
template for DNA synthesis (B). OGG1–8–oxoguanine DNA glycosylase; ROS–reactive oxygen species.

Barns et al. indicated a possible role of the disturbance of DNA repair mechanisms
in telomere attrition–8-oxoguanine DNA glycosylase (OGG1), which is stimulated by
APE1 (apurinic/apyrimidinic endodeoxyribonuclease (1), XPC (DNA damage recognition
and repair factor) and NEIL1 (Nei like DNA glycosylase 1), activity of MTH1 (nudix
hydrolase 1) and the abase excision repair (BER) pathway [35]. BER is a cellular DNA
repair mechanism which recognizes DNA damage, excises fragment of DNA, and then
inserts the correct sequence [40]. BER can only repair dsDNA fragments, so damage to
single-strand fragments of telomeres cannot be repaired (Figure 1B). OGG1 glycosylase
binds only to 8-oxoG in front of C, and then removes a pair of bases, but it is not able
to repair oxidative damage to ssDNA [35,40]. MTH1 hydrolyzes oxidized dNTPs before
they can be incorporated into the genome by DNA polymerases during replication [35].
Interestingly, acute MTH1 depletion increases telomere shortening in cancer cells [41].

None of these pathways and mechanisms were studied in biological material from
OSA patients. The possibility that they influence LTL shortening in OSA is only a hypothe-
sis. The available data-evidenced relationship between ROS and telomeric instability is
very likely to be present in OSA patients since oxidative stress is one of the key patho-
physiological mechanisms of the disorder. Nevertheless, there is a need for studies of this
phenomenon in this particular group of patients to verify this hypothesis.
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4.2. Inflammation and Telomere Length

The destructive features of ROS are the cause of inflammation in patients with
OSA [42] including DNA and lipid damage. Low-density lipoprotein (LDL) oxidates
to oxLDL, which is known to be involved in atherosclerosis development. The oxLDL
binds to the CD36 on the leukocyte surface and, by the Src/p38/MAPK pathway, leads to
activation of the Iκβ kinase (IKK). The phosphorylation of the inhibitor κβ (Iκβ) causes its
deactivation and dissociation from the nuclear factor-κβ (NF-κβ) complex, which allows
NF-κβ translocation to the nucleus, where can act as an active transcription factor. DNA
damage (such as oxoG) has a similar effect on NF-κβ activation, but uses another pathway.
DNA damage leads to overexpression of GATA binding protein 4 (GATA4) and inter-
leukin (IL) 1α. IL-1α binds to specific receptors and activates NF-κβ by the IRAK/MAPK
pathway [43] (Figure 2).
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Figure 2. Molecular pathways of telomere shortening and SASP expression. Intermittent hypoxia generates a increased
amount (↑) of ROS and develops oxidative stress. ROS damages many cellular components such as lipids or DNA,
which activate the NF-κβ complex. NF-κβ is translocated to the nucleus where its function is the translation of many
genes including SASP phenotypes. Oxidative DNA damage causes telomere shortening directly by interference with the
DNA structure. CD36—scavenger receptor; CXCLs—C-X-C motif chemokine ligands; GATA4—GATA binding protein 4;
GM-CSF—granulocyte-macrophage colony-stimulating factor; ICAM-1—intercellular adhesion molecule 1; IKK—kinase
of Iκβ; IL1—interleukin 1; IL6—interleukin 6; IL8—interleukin 8; MMPs—metalloproteinases; NF-κβ—nuclear factor
κβ; oxoLDL—oxidative law-density lipoprotein; ROS—reactive oxygen species; SASP—senescence associated secretory
phenotype; TGFB1—transforming growth factor β1; TNF—tumor necrosis factor; MMPs—metalloproteinases; GM-CSF—
granulocyte-macrophage colony-stimulating factor.
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NF-κβ targets many genes whose protein products include the senescence associated
secretory phenotype (SASP) elements–IL-1, IL-6, IL-8, tumor necrosis factor α, transform-
ing growth factor β1, metalloproteinases, C-X-C motif chemokine ligands, granulocyte-
macrophage colony-stimulating factor and intercellular adhesion molecule 1 [44]. All these
factors have immunomodulatory effects, and they lead to overproduction of ROS in a
chronic inflammation mechanism, which works as positive feedback loop [45–47]. Studies
have confirmed this mechanism in OSA patients [48] but not in terms of LTL.

4.3. Hypoxia and Telomere Length

Intermittent hypoxia has also direct impact on LTL in addition to its impact through
oxidative stress and inflammation. A factor that mediates hypoxia and hypoxia-dependent
response is hypoxia inducible factor 1 (HIF-1), a heterodimer composed of subunits α
and β. HIF-1α is the oxygen-dependent subunit which is stabilized during hypoxia or
degraded during normoxia [49]. HIF-1 exhibits increased activity in OSA patients [50–53].
HIF-1 does double duty as a PER-ARNT-SIM (PAS) transcription factor and influences
many processes in its targets [54]. One of them is telomerase reverse transcriptase (TERT),
which is the catalytic unit of telomerase.

It is hard to draw conclusions from the literature because no research of TERT in OSA
patients has been performed. The available knowledge from various studies of cancer
and other cell cultures suggests that overactivation of HIF-1 leads to overexpression of
TERT, increased level of telomerase in cells and telomere stabilization [55–59]. Hence, it
should be expected to find increased expression levels of TERT in OSA patients. However,
the aforementioned results mostly show LTL shortening. One possible reason for this
inconsistency can be oxidative stress. Intermittent hypoxia in OSA generates much more
ROS than sustained hypoxia (e.g., in cancers) [60]. It affects DNA, leading to damage,
and disturbs the T-loop structure of telomeres. Conformation change prevents telomerase
binding and the regeneration of telomeres [38]. These mechanisms can also explain LTL
lengthening in childhood OSA [19]; the DNA damage in these cases is not as advanced as
in adulthood, which is probably enabled by telomerase binding. There is also evidence of
the influence of TERT on the increased activation of NF-κβ by the stepped-up translocation
of this protein to the nucleus [61].

5. Circadian Clock Disturbances and Accelerated Aging

The frequent arousals present in OSA are responsible for circadian clock disturbances,
making them an integral part of the disorder. The human molecular circadian clock is
based on a transcriptional negative feedback loop between activators and repressors [53,62].
Among the activators brain and muscle ARNT-like 1 (BMAL1) and clock circadian regulator
(CLOCK) [63], which bind together, are worth mention as they create an active transcription
complex [64]. BMAL1:CLOCK recognizes E-box motifs (5′CACGTC-3′) in promotors of
targeted genes, including repressors, and leads to their transcription, including period
proteins (PER) and cryptochromes (CRY) [65,66]. Next, the repressor proteins heterodimer-
ize in the cytoplasm. PER:CRY undergoes phosphorylation due to casein kinases (CKIδ
and CKIε) and translocation to the nucleus, where the complex can act as an inhibitor of
BMAL1:CLOCK-dependent transcription [67,68]. The cytoplasm and nucleus levels of
circadian clock repressors are regulated by the E3 ubiquitin ligase complex (SCF-Fbxl3
complex) and the proteasome-dependent pathways of protein degradation [69–72]. In
investigation of the relationship between the circadian clock and hypoxia in OSA patients,
positive correlations between evening PER1, CRY1, and CLOCK proteins and evening
HIF-1α protein levels have been found [73], which offer a possible molecular mechanism
of circadian clock disturbance in OSA.

It is commonly known that aging changes circadian behavior and metabolism, as
has been clearly described [74]. Presumably, the basis of this process is the disruption of
the molecular mechanism of circadian clocks and changes in the neuroendocrine activity
of the suprachiasmatic nucleus. Senescence impairs clock gene expression in vivo and
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in vitro through reduced BMAL1 and PER2 expression [75]. Knockout of BMAL1 can cause
sarcopenia, cataracts, slowed hair growth and a significantly shorter lifespan in mice [76].
Similar outcomes of lifespan were obtained in Drosophila [77]. Park et al. found that
BMAL1 is associated with telomere length in zebrafish as well as mice; it is characterized by
rhythmical binding to the ends of chromosomes, which may lead to the conclusion that the
circadian clock components are greatly involved in telomere homeostasis regulation [78].
Moreover, the rhythms in the heterochromatin at the telomeres in zebrafish and mice
support this hypothesis [78]. Furthermore, BMAL1 probably takes part in the rhythmical
epigenetics of telomeres and regulates the expression of a long non-coding RNA called
telomeric repeat-containing RNA (TERRA), which is implicated in telomere protection by
the recruitment of epigenetic factors [78]. BMAL1-/- mice are characterized by premature
aging in cases of increased ROS production and cardiac telomere shortening. However,
antioxidant therapy improved telomere length and oxidative telomere damages [79]. A
study by Khapre et al. showed increased amount of senescence cells in different tissues
in BMAL1−/− mice and increased sensitivity to oxidative stress [80]. Another study
was conducted on the senescence of hematopoietic progenitor cells (HPC) in patients
infected by HIV, whose outcomes showed that the low proliferative rate of HPC was
correlated with increased PER2 expression. Furthermore, SIRT1, a negative regulator of
PER2, was downregulated. Interestingly, after treatment with resveratrol, which is a phenol
compound possessing antioxidant properties, SIRT1 levels increased and PER2 expression
decreased [81]. Additionally, Chen et al. verified that telomerase activity and TERT
expression oscillate with an endogenous circadian rhythm. What is more, they also found
CLOCK−/− mice were characterized by opposite outcomes and telomere shortening [82].
In the case of the presence of a E-box motif in the TERT promotor, they also confirmed that
it as one of BMAL1:CLOCK complex targets [82].

6. Conclusions

The molecular mechanisms connecting OSA and accelerated aging are very compli-
cated. They are based on oxidative stress, which is dependent on intermittent hypoxia and
inflammation. These mechanisms create a positive feedback loop which accelerates oxida-
tive telomere damage and leads to premature cellular senescence. Additionally, circadian
clock disruption most likely also takes part in this process.

Given the increased prevalence of OSA and its age-related complications, it seems
to be important to explore the pathomechanism of cellular senescence and, especially in
terms of the clinical use of antioxidant and CPAP treatments, monitoring their effectiveness
and assessing the occurrence of OSA complications.
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