
Statement of Significance 

Obstructive sleep apnea (OSA), short sleep duration, and obesity are associated with increased risk of several highly prevalent disorders, 

which can be viewed as resulting from accelerated aging. The functional integrity of endothelial cells is fundamental for cardiovascular 

system homeostasis, and vascular senescence is an important contributor to cardiovascular dysfunction. Exosomes are released ubiqui- 

tously into the circulation, and transfer their cargo to target cells facilitating both physiological and pathological processes. We show that 

circulating exosomes in untreated OSA induce significant increases in senescence in naïve endothelial cells, which are only partially re- 

versible after adherent continuous positive airway pressure (CPAP) treatment. Thus, OSA either directly or indirectly via exosomes may 

initiate and exacerbate cellular aging, possibly via oxidative stress-related pathways. 
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Abstract 

Obstructive sleep apnea (OSA) is associated with increased risk for end-organ morbidities, which can collectively be viewed 

as accelerated aging. Vascular senescence is an important contributor to end-organ dysfunction. Exosomes are released 

ubiquitously into the circulation, and transfer their cargo to target cells facilitating physiological and pathological processes. 

Plasma exosomes from 15 patients with polysomnographically diagnosed OSA at baseline (OSA-T1) after 12 months of 

adherent continuous positive airway pressure (CPAP) treatment (OSA-T2), 13 untreated OSA patients at 12-month intervals 

(OSA-NT1, OSA-NT2), and 12 controls (CO1 and CO2) were applied on naïve human microvascular endothelialcells-dermal 

(HMVEC-d). Expression of several senescence gene markers including p16 (CDKN2A), SIRT1, and SIRT6 and immunostaining 

for β-galactosidase activity (x-gal) were performed. Endothelial cells were also exposed to intermittent hypoxia (IH) or 

normoxia (RA) or treated with hydrogen peroxide (H 2O2), stained with x-gal and subjected to qRT-PCR. Exosomes from OSA-T1, 

OSA-NT1, and OSA-NT2 induced significant increases in x-gal staining compared to OSA-T2, CO1, and CO2 (p-value < 0.01). 

p16 expression was significantly increased (p < 0.01), while SIRT1 and SIRT6 expression levels were decreased (p < 0.02 and p 

< 0.009). Endothelial cells exposed to IH or to 

H2O2 showed significant increases in x-gal staining (p < 0.001) and in senescence gene expression. Circulating exosomes in 

untreated OSA induce marked and significant increases in senescence of naïve endothelial cells, which are only partially 

reversible upon long-term adherent CPAP treatment. Furthermore, endothelial cells exposed to IH or H2O2 also elicit similar 

responses. Thus, OSA either directly or indirectly via exosomes may initiate and exacerbate cellular aging, possibly via 

oxidative stress-related pathways. 
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Introduction 

Obstructive sleep apnea (OSA) is characterized by increased 

upper airway resistance and recurrent upper airway obstruc- 

tion during sleep. The recurrent narrowing or collapse of the 

upper airway leads to episodic hypoxemia, hypercapnia, and 

arousals, all of which have been associated with increased risk 

of multisystem morbidity and overall mortality. Among the sev- 

eral important morbid consequences of OSA, increased risk for 

cardiovascular disease (CVD) such as hypertension, atheroscler- 

osis, ischemic heart disease, peripheral vascular disease, myo- 

cardial infarction, and stroke have all been reported, leading 

to increased long-term overall mortality [1–6]. Several inter- 

mediary mechanisms, such as sympathetic activation, endo- 

thelial dysfunction, vascular oxidative stress, inflammation, 

increased coagulation, and metabolic dysregulation, link OSA 

to vascular disease [7]. Endothelial dysfunction is an important 

consequence of OSA [8, 9], and is frequently measured as im- 

paired endothelium-dependent vasodilatation [10]. Endothelial 

dysfunction has been linked to a variety of diseases, including 

atherosclerosis, diabetes mellitus, coronary artery diseases, 

hypertension, and hypercholesterolemia [11–13]. 

Cell senescence has been widely reported to occur during or- 

ganismal aging and aging-related diseases, and increased num- 

bers of senescent cells are recognized as a hallmark of aging, and 

as an important contributor to aging-related diseases [14–16]. 

For example, cellular senescence has been shown to play a role 

in cardiac fibrosis after myocardial infarction, as well as being 

increasingly linked to the development of vascular pathologies, 

in particular atherosclerosis [17–20]. Cell senescence can be trig- 

gered by a variety of senescence stressors, such as replicative 

stress, oxidative stress, and DNA instability, which affect gene 

expression and activate multiple signaling pathways that give 

rise to various senescence phenotypes [21]. Oxidative stress 

is not only strongly associated with aging and aging-related 

diseases, but also plays a crucial role in the development of 

endothelial dysfunction [22], since it is now clear that the endo- 

thelium represents not only a physical barrier between circu- 

lating blood and the underlying tissues, but also constitutes an 

important cellular system with autocrine, paracrine, and endo- 

crine functions that are highly relevant to vascular homeostasis 

[23, 24]. 

Several studies have investigated the potential of extracel- 

lular vesicles (EVs) to serve as biomarkers for various diseases 

including cancer, neurodegenerative, metabolic, and immuno- 

logic disorders [25–29]. Cell-to-cell communication is pivotal 

for all multicellular organisms, and cells exchange information 

through the secretion of soluble factors or by direct interaction. 

Most eukaryotic cells release membrane-derived vesicles that 

can have an impact on both neighboring and distant cells [30]. 

EVs are classified based on their cellular origin and/or biological 

function or based on their biogenesis. Exosomes are a subtype 

of EVs secreted into the extracellular space through fusion of 

multivesicular bodies with the plasma membrane [31]. We have 

previously shown that plasma exosomes from children with 

endothelial dysfunction induce substantial alterations in naïve 

endothelial cells, and that targeted modifications of their cargo 

can abrogate some of these effects [32]. Interestingly, it was rec- 

ognized that circulating exosomes are able to produce reactive 

species during pathological conditions [33, 34]. Thus, it is reason- 

able to posit that OSA is a condition that facilitates senescence 

[35, 36] and that OSA-induced changes in circulating exosomes 

could be involved in promoting aging-related oxidative stress 

[37, 38]. Our hypothesis is that circulating exosomes from pa- 

tients with OSA will induce senescence in endothelial cells. We 

aimed to examine the effect of plasma exosomes derived from 

healthy controls and untreated OSA patients, as well as OSA 

patients before and after long-term adherent continuous posi- 

tive airway pressure (CPAP) treatment on senescence markers in 

naïve human endothelial cells in vitro. 

 

Methods 

Human subjects 

Human studies were conducted at the Sleep Clinic of the 

Hospital Universitario Miguel Servet, a large teaching hospital in 

Zaragoza, Spain, as part of the EPIOSA study (NCT02131610) as 

previously described [39]. Selection criteria in the EPIOSA study 

are reported in detail in Supplementary Table 1, and the selection 

process for the present study is illustrated in Figure 1. Age range 

of participants was 18–60 years, and all underwent an overnight 

in-lab polysomnographic evaluation. For patients with symp- 

tomatic OSA, CPAP therapy was offered, and when accepted by 

the patient, titration was performed using either conventional 

polysomnography or an automatic CPAP following a validated 

protocol [39]. The initial 15 patients with polysomnographically 

diagnosed OSA at baseline (OSA-T1) and after 12 months of ad- 

herent CPAP treatment (6.16 ± 0.88 hours/night throughout the 

duration) (OSA-T2) were selected into this study. The adequate 

adherence to CPAP was >4 hours/night. As untreated OSA, 

subjects who were diagnosed with OSA (OSA-NT1) but who opted 

for not receiving treatment for 12 months (OSA-NT2) were also 

included (n = 13) [39]. In addition, nonsnoring controls (CO1) with 

similar age and body mass index (BMI) to OSA patients whose 

overnight polysomnography (PSG) was normal (apnea-hypopnea 

index (AHI) < 5 events/hour sleep) were enrolled, and reevaluated 

after 12 months (CO2; n = 12). Mean age of CO subjects was 36.2 ± 

5.4 years and for OSA 41.7 ± 8.3 years, while BMI for CO was 27.3 ± 

2.6 kg/m2 and for OSA was 30.1 ± 0.6 kg/m2. The participants 

closest in age and BMI to each of the patients in the OSA group 

treated with CPAP were identified and selected. The criteria used 

to select subjects from the control group and from the untreated 

OSA group consisted in matching them for age (±2 years) and 

BMI (± 2 kg/m2) with each of the initial 15 patients in the OSA- 

T1 group. Data from all sleep studies were scored using AASM 

guidelines [40] by trained personnel that were blinded to the 

aims or nature of the study. Optimal titration of CPAP is obtained 

by using auto-CPAP (Autoset-T; ResMed, Sydney, Australia), ac- 

cording to the guidelines of the Spanish Sleep and Breathing 

Group [41]. Adherence to CPAP therapy was measured using the 

machines’ internal timers. 

At baseline and at every annual visit, smoking status was 

evaluated with co-oximetry and questionnaire. The number of 

smokers was as follows: for CO there were three smokers and 

three heavy smokers and the average of smoking tobacco was 

20 pack/year. For OSA-NT, there were three smokers and three 

heavy smokers and the average of smoking was 8 pack/year. For 

OSA-T, there were four smokers and four heavy smokers and the 

average of smoking was 10 pack/year. 

Blood samples were drawn at baseline and after 12 months 

(for OSA subjects only) using a 21-G butterfly needle into 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz217#supplementary-data


 

 

 
 

Figure 1. Flow chart illustrating subject enrollment. From January 1, 2014 to March 30, 2017, 2,855 individuals were referred to the sleep clinic, and 174 were recruited 

to the EPIOSA study. As untreated OSA, subjects who were diagnosed with moderate–severe OSA (OSA-NT1) but who opted for not receiving treatment for 12 months 

(OSA-NT2) were also included (n = 13). In addition, we also included a nonsnoring control group whose overnight PSG was normal (AHI < 5 events/hour sleep) at baseline 

(CO1) and who were reevaluated after 12 months (CO2; n = 12). 

 

ethylenediaminetetraacetic acid (EDTA) (PreAnalytix GmbH, 

Switzerland). Serum glucose, triglycerides, total cholesterol, and 

high-density lipoprotein cholesterol were measured by spectropho- 

tometry (Chemical Analyzer ILAB 650, Instrumentation Laboratory). 

Plasma was separated by centrifugation and stored at −80°C. 

 

Circulating plasma exosome isolation and 

quantification 

Human plasma exosomes were isolated using the Total Exosome 

Isolation Kit according to the manufacturer’s standard protocol 

(Life Technologies, Grand Island, NY) [42]. We implemented all ne- 

cessary steps to characterize the purity of the exosomes as pre- 

viously reported [43]. The number of human exosomes in each 

of the samples was determined using an enzymatic fluorescent 

assay (FluoroCet #FCET96A quantitation kit; System Biosciences, 

Mountain View, CA) as described by the manufacturer’s guidelines. 

 

Flow cytometry 

Human plasma exosomes were incubated with Exo-Flow kits 

(System Biosciences) to identify selective subpopulations of 

exosome surface markers utilizing FACS analysis (FACSCalibur, 

BD Biosciences, San Jose, CA). For more details, please see 

Supplementary Methods. 

 

 

Endothelial cell culture 

Human microvascular endothelial cells-dermal (HMVEC-d) 

were purchased from Lonza (Allendale, NJ; catalog # CC-2543). 

Cells (0.3 × 106 cells/well) were grown in endothelial growth me- 

dium (EGM-2-MV; Clonetics) supplemented with 5% fetal bovine 

serum (FBS; Clonetics), and further incubated at 37°C and 5% 

CO
2 
in cell culture incubator. The cells were trypsinized and cen- 

trifuged at 220 × g for 7 min, diluted, and replated at appropriate 

densities. All cells were used before passage 4. 

 

 

Exosome cellular uptake 

Human exosomes were labeled using PKH26 (Sigma-Aldrich, St. 

Louis, MO), and images were captured using a confocal micro- 

scope. Exosomes were labeled for 10 min at 37°C. To remove un- 

bound dyes, samples were filtered through a microspin column 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz217#supplementary-data


 

 

G-25 (Sigma-Aldrich). For more details, please see Supplementary 

Methods. 

 

Intermitted hypoxia in vitro 

Human microvascular endothelial cells-dermal (HMVEC-d) were 

grown and maintained in growth medium (EGM-2-MV; Clonetics) 

containing depleted FBS and further incubated at 37°C and 5% 

CO
2 

in cell culture incubator. Cells were grown in T-25 flasks 

and incubated either in hypoxia (0.1%–21% O
2
, balance N

2
) or 

normoxia (RA; 21%–21% O
2
) every 30 min for 1–6 days. 

 

 

Hydrogen peroxide treatment in vitro 

Human microvascular endothelial cells (HMVEC-d) were grown 

in 12-well plates and hydrogen peroxide (H
2
O

2
) (prepared in PBS) 

was added to the cells at final concentration of 0, 10, 30, 60, 80, 

100, and 120 µM at 37°C in 5% humidified CO
2
. For more details, 

please see Supplementary Methods. 

 

 

Senescence-associated β-galactosidase activity 

assay in vitro 

HMVEC-d cells were grown in 12-well plates for 24 hours and 

cells were treated with either exosomes from healthy subjects, 

OSA diagnosed OSA at baseline (OSA-T1) and after 12 months 

of adherent CPAP treatment (>4 hours/day) (OSA-T2) were 

obtained, or untreated OSA (OSA-NT1) for 24 hours in depleted 

FBS. In parallel, two additional experiments were also pursued. 

Endothelial cells were exposed to intermittent hypoxia (IH) or 

treated with different doses of H
2
O

2
. Senescence-associated 

b-galactosidase (SA-b-gal) activity was measured using a senes- 

cence B-galactosidase staining kit, SA-β-Gal, activity (BioVision 

Inc., Milpitas, CA). For more details, please see Supplementary 

Methods. 

 

 

qRT-PCR 

Total RNA was isolated from HMVEC-d cells and prepared 

using RNeasy Mini Kit (Qiagen, Valencia, CA) as described by 

the manufacturer’s protocol. qRT-PCR analysis was performed 

for selected mRNAs using ABI PRISM 7500 System (Applied 

Biosystems, Foster City, CA). For more details, please see 

Supplementary Methods. 

 

 

Data analysis 

Data are expressed as means ± standard error (SE) unless other- 

wise indicated. Statistical analyses were performed using SPSS 

statistical software (version 21.0; Chicago, IL). Comparisons be- 

tween exosome-treated and untreated cells were performed using 

with either one- or two-way analysis of variance (ANOVA) test for 

multiple comparison tests. A value of p < 0.05 was considered a 

statistically significant difference unless otherwise indicated. 

 

 

Results 

Subject characteristics 

A total of 40 subjects were recruited in this study, and the 

subjects were classified into three groups: (A) healthy controls 

(CO; n = 12), (B) subjects with OSA but untreated (OSA-NT; 

n = 13), and (C) OSA subjects (OSA-T; n = 15) treated with CPAP for 

a period of 12 months, as shown in Figures 1 and 2, and Table 1. 

There were no significant differences in age or BMI between the 

three groups. However, AHI was markedly higher among OSA-T 

subjects (70.1 ± 16.7 events/hour) compared to OSA-NT (32.9 ± 

17.3 events/hour; p < 0.01), and CPAP treatment resulted in nor- 

malization of their AHI (OSA-T2: 2.7 ± 2.1/events/hour; p = 0.001; 

Table 1). In addition, significant differences emerged in dia- 

stolic blood pressure (dBP) between OSA-T1 (82.3 ± 5.3 mmHg) 

and OSA-T2 (73.6 ± 10.2 mmHg; p = 0.01). In contrast, OSA-NT 

subjects, who were of similar age, gender, and BMI, showed no 

improvements in either AHI or blood pressure after 12 months 

(Table 1). As indicated in Table 1, the SpO
2 
during wake state was 

statistically significantly lower in OSA-T1 (90.50 ± 2.87%) com- 

pared to OSA-T2 (94.70 ± 1.60%; p = 0.01); however, no significant 

differences emerged in CO or OSA-NT. 

 

 

Exosomes characterization and cellular 

internalization 

First, we purified exosomes and characterized them using elec- 

tron microscopy (EM) to determine the size of the plasma iso- 

lated vesicles, which were in the 30–120 nm range as shown in 

Supplementary Figure 1A [27, 42, 44]. Next, using different estab- 

lished human exosome markers including tetraspanins (CD63; 

for exosome formation and secretion), targeting/adhesion 

(CD31; for exosome maturation and target cell binding), antigen 

presentation (HLA-G; for immune modulation), and membrane 

transport (Rab5b; for exosome biogenesis, secretion, and cell fu- 

sion) (see Supplementary Figure 1B), we confirmed the purity and 

specificity of the isolation procedures. Furthermore, exosomes 

were quantified, and used in equal numbers (Supplementary 

Figure 1C), whereby the average number of exosomes across all 

groups and all experiments was 4.48 × 10e8/mL ± 0.42 × 10e8/mL. 

In order to ascertain that human plasma-derived exosomes 

are incorporated into human naïve endothelial cells, the cul- 

ture media of the cells was supplemented with PKH26-labeled 

exosomes (Figure 3), and was readily detected in the lipid cell 

membrane, whereas no signal was observed in cells grown in 

medium supplemented with PKH26 but without exosomes 

(Figure 3). 

 

 

Effects of exosomes on senescence markers 

We examined the effects of exosomes derived from all six sub- 

ject groups on naïve human endothelial cells and evaluated 

the expression of the senescence markers in p16, and Sirt1 and 

Sirt6 and also the changes in X-Gal (Figures 4 and 5). Compared 

to controls (CO1, CO2), the expression of p16 was significantly 

increased in untreated OSA untreated (OSA-T1, OSA-NT1, 

OSA-NT2; p < 0.01) and was reduced following adherent CPAP 

treatment (OSA-T2; Figure 4A), albeit to levels that remained 

significantly higher than CO (p < 0.01). Such findings were also 

corroborated with the quantification of cellular senescence- 

associated expression of SA-β-Gal activity (Figure 5A). Indeed, 

the ratio of positive SA-β-Gal/DAPI for healthy subjects was 5.8 ± 

0.25 compared to OSA-NT or OSA-T1 (7.02 ± 0.35), with signifi- 

cant improvements in OSA-T2 (6.1 ± 0.36; p = 0.02 vs. OSA-T1, 

OSA-NT1, OSA-NT2; p < 0.05 vs. CO2). 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz217#supplementary-data
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Figure 2. Schematic diagram illustrating subject recruitment and experimental design. Plasma samples were isolated from each subject twice in 1-year interval 

including CO, OSA-T, and OSA-NT. 

 

 

Table 1. Characteristics of healthy controls before and after 12 months, and OSA subjects before and following adherent CPAP treatment for 

12 months 
 

 
CO (n = 12) 

 
OSA-NT (n = 13) 

 
OSA-T (n = 15) 

 

CO1 CO2 OSA-NT1 OSA-NT2 OSA-T1 OSA-T2 

Age 36.17 ± 5.37 37.17 ± 5.37 38.36 ± 8.27 39.36 ± 8.27 41.71 ± 8.27 42.38 ± 7.0 

BMI, kg/m2
 27.30 ± 2.61 27.28 ± 2.23 28.46 ± 2.85 28.47 ±2.26 30.11 ± 0.59 32.25 ± 3.41 

Cigarette, smokers/heavy smokers/ 3/3/20  3/3/8  4/4/10  

mean packs/year       

AHI, events/hour 1.57 ± 1.18 2.25 ± 1.09* 32.87 ± 17.33 31.20 ± 12.67 70.13 ± 16.77* 2.71 ± 2.05** 

Triglycerides (mg/dL) 109.57 ± 49.58 111.21 ± 32.04 160.93 ± 56.57 170.31 ± 92.97 222.54 ±74. 86 148.59 ± 78.76** 

Total cholesterol (mg/dL) 212.93 ± 45.25 189.13 ± 29.33 216.8 ± 36.69 213.75 ± 45.41 234.77 ± 20.48 212.88 ± 33.87* 

HDL cholesterol (mg/dL) 49.78 ± 8.39 48.4 ± 7.08 51.67 ± 10.47 44.56 ± 7.63 47.15 ± 10.76 42.82 ± 7.83* 

LDL cholesterol (mg/dL) 141.36 ± 38.45 118.47 ± 28.27 139..21 ± 31.53 134.67 ± 32.53 135.69 ± 13.87 151.64 ± 33.96 

Glucose (ng/mL) 91.71 ± 10.89 91.27 ± 9.88 104.13 ± 58.84 103.75 ± 12.76 101.62 ± 11.76 94.59 ± 14.48* 

SysBP 122. 64 ± 9.19 119. 54 ± 8.66 125.79 ± 10.90 123.57 ± 12.86 126.75 ± 10.57 125.12 ± 15.55 

DyBP 73.93 ± 8.38 71.85 ± 9.48 77.07 ± 9.83 78.57 ± 8.76 82.31 ± 8.53 73.63 ± 10.15* 

SpO2 during wake (%) 94.67 ± 0.98 94.55 ± 1.18 93.42 ± 1.50 94.70 ± 1.60 90.50 ± 2.87 94.70 ± 1.60** 

*(p value <0.05); **(p value < 0.01). 

HDL = high-density lipoprotein; LDL = low-density lipoprotein. 

 

Considering the protective role of sirtuins in endothelial cell 

senescence [18], we examined changes in SIRT1 and SIRT6 ex- 

pression in naïve endothelial cells treated with exosomes from 

the six study groups (Figure 4). RT-PCR analyses revealed that 

compared to CO1 or CO2, mRNA levels of SIRT1 and SIRT6 de- 

creased after addition of exosomes from OSA-T1, OSA-NT1, 



 

 

 
 

Figure 3. Uptake of fluorescently labeled exosomes by human microvascular endothelialcells-dermal (HMVEC-d). Confluent cell monolayers were grown on 12 cover 

slips for 24 hours in appropriate medium containing 10% FBS, after which cells were washed with medium containing depleted FBS (System Biosciences). Exosomes 

were isolated from plasma and labeled with the PKH26 Red Fluorescent (lipophilic). To remove unbound dyes, samples were filtered through a microspin column 

G-25 (Sigma-Aldrich). The labeled exosomes were added to human HMVEC-d cells for 24 hours in a cell culture incubator at 37°C. The cells were washed, and nuclei 

(blue) were stained with DAPI. Representative images of labeled exosomes applied into a naïve HMVEC-d cells grown on coverslips for 24 hours, and images of PKH26 

exosome uptake were measured using confocal laser scanning microscopy, n = 8, scale bar in 10 µm. As controls, no exosomes were used, but PKH26 was added. 

 

and OSA-NT2 (Figure 4). Furthermore, despite improvements in 

SIRT1 and SIRT6 expression in OSA-T2, the latter still exhibited 

significant reductions when compared to CO2 (p = 0.01; Figure 4). 

 

 

Effect of H
2
O

2 
and IH on senescence markers 

To further expand on the role of oxidative stress and IH in 

endothelial senescence, we exposed endothelial cells to H O 

increases in endothelial cell senescence markers with recip- 

rocal decreases in sirtuin expression, which are only partially re- 

versed upon long-term adherent CPAP treatment. Furthermore, 

two different paradigms that encompass constitutive perturba- 

tions associated with OSA, namely IH and oxidative stress, elicit 

similar responses further reinforcing the conceptual framework 

that OSA-induced accelerated senescence underlies, at least in 

part, the cardiovascular morbidity associated with this common 
2  2 

condition [46, 47]. Therefore, OSA might either directly or indir- 
(0–500 µM), and to a previously reported IH profile [45] for 
1–6 days (Figures 4 and 5). Cells exposed to H O showed dose- ectly via exosomes trigger or exacerbate cellular aging, possibly 

2  2 
via oxidative stress-related pathways. 

dependent significant increases in p16, which peaked at 80 µM 

(p = 0.001) and corresponding decreases in SIRT1 (n = 8; p = 0.01), 

and SIRT6 (n = 8; p = 0.02) (Figure 3). We also found significant 

increases of positively labeled cells for SA-β-Gal/DAPI ratio with 
optimal H O concentration (80 µM; p = 0.003; Figure 5). At higher 

Before we address the potential implications of our find- 

ings, several methodological issues deserve comment. First, 

we carefully identified overweight to mildly obese patients to 

minimize as much as possible the potential impact of obesity 
2  2 

on our results [48]. Secondly, we matched as best as possible all 
concentrations of 150–500 μM H

2
O

2
, excessive cell death resulted 

in spurious decreases in cell senescence markers. 

Endothelial cells exposed to IH for 3 days showed significant 

increases in p16 expression compared to RA (n = 8; p = 0.004; 

Figure 4). The number of SA-β-Gal positive cells was significantly 

higher in cells exposed to IH for 3 days (11.8 ± 0.53) versus RA 

(10 ± 0.61; n = 8; p = 0.02). However, cells exposed to IH for longer 

periods of time showed reductions in SA-β-Gal positive cells 

that were attributable to cell death. Similarly, IH exposures for 

3 days resulted in significant decreases in SIRT1 and SIRT6 ex- 

pression (n = 8; p = 0.03 and p = 0.01, respectively, vs. RA). 

 

 

Discussion 

This study provides initial evidence that circulating exosomes 

derived from untreated patients with OSA induce significant 

subjects, and even if the overall severity of the patients with 

OSA-T was higher, both OSA-T and OSA-NT were in the severe 

category, while the BMI of CO was within the range of the OSA 

groups. Thus, it is unlikely that the significant differences be- 

tween the effects of exosomes from untreated OSA patients 

and CO can be exclusively explained by obesity-related contri- 

butions, and furthermore, there were no significant differences 

in the senescence-promoting effects of exosomes from OSA-T1 

and OSA-NT1. Third, all subjects were followed for 12 months 

after their initial recruitment to ascertain that changes in 

exosome function were specifically related to adherent CPAP 

therapy rather than just time-related effects. We should men- 

tion that the changes in the levels of triglycerides, choles- 

terol, and dBP could partially account for the improvements in 

senescence markers found in the group of patients with OSA 

treated with CPAP; however, this explanation is speculative at 



 

 

 
 

Figure 4. Effects of exosomes derived from CO, OSA-NT, and OSA-T at 1-year interval and applied into naïve human endothelial cells (HMVEC-d). Similarly, HMVEC-d 

exposed to IH as well as cells treated with H2O2 (dose-response). qRT-PCR analysis was utilized to investigate the expression of senescence genes (p16, SIRT1, and SIRT6). 

Panel (A) shows mean mRNA expression of senescence markers from experiments involving plasma-derived exosomes. Panel (B) shows changes in mRNA expression 

of senescence markers following in vitro exposures to IH (1%–21% O2) or to RA (21%–21% O2) for 1–6 days (n = 8/condition). Panel (C) shows mean changes in mRNA ex- 

pression of senescence markers following H2O2 treatment (n = 8/treatment). * Indicates statistical significance, p < 0.05, and ** indicates statistical significance, p < 0.01. 

 

this point. We should also point out that all six groups were al- 

ways concurrently evaluated for any of the measures of interest 

to prevent potential differences related to target endothe- 

lial cell passage, potential variances in medium from batch to 

batch, or any other intrinsic variability factors associated with 

in vitro experiments. We should also mention that it was ne- 

cessary to evaluate the course of the control group over time 

(i.e. not only during the recruitment initial visit, but also after 

1-year follow-up) to ascertain that the changes or lack thereof 

in the other groups were not a function of time but rather re- 

flected real findings. Accumulation of senescent cells with age 

has been observed in the context of cardiovascular diseases 

[49], and oxidative stress induced by H
2
O

2 
induces premature 

senescence in human and mouse cells [50–52], such that our 

findings expand the senescence-inducing effect of both IH and 

H
2
O

2 
to human endothelial cells. Furthermore, cell senescence 

involves chromatin remodeling, endoplasmic reticulum stress, 

autophagy, and increased β-galactosidase activity that can be 

readily detected by histochemical staining of cells grown in 

culture or in vivo tissue sections [53, 54]. In addition, EVs se- 

creted from senescent cells have unique characteristics and 

contribute to modulating the phenotype of naïve recipient cells 

by inducing accelerated senescence, inflammation, and cancer 

progression in tumoral cells [55–58]. Here, we used equivalent 

numbers of carefully characterized plasma exosomes based on 

their distinctive expression of tetraspanins at their membrane 

surface, as well as by using EM. We have previously examined 

exosomes in patients with OSA in both children and adults, 

and shown that exosomes trigger signaling pathways by trans- 

ferring their cargos into the target endothelial cells, ultimately 

changing their phenotypes [28, 44, 59, 60]. Present data show 

that exosomes derived from OSA patients increase the expres- 

sion of the senescence markers in p16, and β-galactosidase 

along with reciprocal decreases in SIRT1 and SIRT6, and that 

adherent treatment with CPAP reduces these effects, but does 

not completely abrogate them when compared to the effects of 

exosomes originating from CO subjects. Considering that adher- 

ence was deemed per convention to encompass a proportion 

of the sleep duration rather than its totality, it remains unclear 

whether applying more stringent adherence criteria would have 

resulted in more prominent trends toward normalization of the 

exosomal effects on naïve endothelial cells. We should point 

out that p16 increases are viewed as robust reporters of aging in 

most mammalian tissues [61]. Stress-induced senescence works 

mainly through the activation of the cyclin-dependent kinase 

inhibitor and tumor suppressor protein CDKN2A (also known as 

p16INK4a) through Cyclin D/Cdk4,6 inhibition, which results in 

the inactivation of the E2F transcription factor and target genes 



 

 

 
 

Figure 5. Changes in senescence-associated expression of β-galactosidase (SA-β-Gal) activity induced exosomes derived from CO, OSA-NT, and OSA-T at 1-year interval 

and applied into naïve human endothelial cells (HMVEC-d). Similarly, HMVEC-d exposed to IH as well as cells treated with H2O2 (dose-response). At least five fields of vi- 

sion were counted. The number of β-galactosidase stained cells versus unstained cells was counted and used to calculate a final average ratio of the number of stained 

to unstained cells in each well. * Indicates statistical significance, p < 0.05, and ** indicates statistical significance, p < 0.01. 

 

[62], leading to increased expression of p16 [63]. In this study, 

the link between senescence and oxidative stress, which would 

require measuring reactive oxygen species (ROS) signaling fol- 

lowing treatment of naïve endothelial cells with exosomes de- 

rived from OSA patients, was not determined, primarily due to 

constraints related to the availability of sufficient exosomes to 

conduct such studies. 

Endothelial cells play critical roles in the regulation of vas- 

cular functions, and therefore increased senescence of these 

cells will adversely impact on vascular aging and related diseases 

[64]. Stresses such as hypoxia dramatically increase their repli- 

cation rate without inducing much denudation, suggesting that 

in the context of either short-term or mild stress, the replication 

or regeneration of the adjacent endothelial cells may be suffi- 

cient to replace the impaired or dysfunctional endothelial cells, 

or to cover the segments where endothelial cells are denudated 

[65, 66]. It is now well accepted that OSA can result in endo- 

thelial dysfunction, and ultimately lead to arterial disease [8, 9]. 

Thus, the current findings support the concept that increased 

senescence of endothelial cells either directly or via exosome- 

mediated effects contributes to vascular aging and age-related 

vascular diseases, particularly atherosclerosis and hypertension 

[67]. At this point, we do not know which components of the 

exosomal cargo are playing a role in the induction of endothelial 

senescence. We hypothesize that exosomal miRNAs are likely to 

mediate major components of such functional signals to naïve 

endothelial cells. 

Data from several studies have shown that CPAP treatment 

might improve endothelial function in patients with OSA [68–71], 

likely by reducing oxidative stress [22], but also by reducing 

OSA-associated genomic instability, epigenetic alterations, de- 

regulated nutrient sensing, mitochondrial dysfunction, cellular 

senescence, and altered intercellular communication [35]. 

A growing evidence suggests that elevated sirtuin activity 

can have beneficial effects on aging and aging-related diseases 

in mammals [72, 73]. These actions may be related to sirtuin- 

mediated modulation of DNA and metabolic damage [72]. A crit- 

ical role of SIRT1 in preventing endothelial cells from replicative 

senescence or stress-induced premature senescence has been 

reported recently [74]. Conversely, SIRT1 expression and ac- 

tivity decrease with age in the vasculature, which is likely to 

contribute to endothelial dysfunction [75]. We also included 

assessments of SIRT6 in our studies because in addition to 

Sirt1, this protein is well characterized for its protective roles 

against inflammation, vascular aging, heart disease, and ath- 

erosclerotic plaque development [76]. At the vascular level, the 



 

 

physiological functions of SIRT1 and SIRT6 in the control of the 

cellular redox state are mediated by deacetylation of multiple 

targets, including histones, transcription factors (FOXO, NF-kB, 

p53, and Nrf2), and enzymes involved in the vascular protection 

[77]. SIRT6 plays beneficial roles in heart failure and in the con- 

trol of cardiac fibrosis, a pathological condition critical in the 

development of heart failure [78]. SIRT6 negatively regulates car- 

diac fibroblast differentiation into myofibroblasts, its depletion 

increases cardiac fibroblast proliferation and extracellular ma- 

trix deposition, and upregulates focal adhesion-related genes 

and fibrosis-related genes through NF-kB signaling [78]. Several 

studies reported that SIRT6 involvement in vascular protection 

is predicated on observation indicating that SIRT6 deficiency 

raises the expression of endothelial pro-inflammatory cyto- 

kines and increases NF-kB transcriptional activity [77, 79]. The 

protective effect of SIRT6 against premature endothelial senes- 

cence is exerted through a fine control of the expression of inter- 

cellular adhesion molecule-1 (ICAM-1), PAI-1, p21Cip1/Waf1, and 

eNOS [80]. Accordingly, studies also show that pharmacological 

activation of SIRT1 significantly improves endothelial function 

in aged mice [81]. In current experiments, SIRT1 and SIRT6 were 

downregulated by exosomes from untreated OSA patients, as 

well as cells exposed to IH or to low dose H
2
O

2
, with significant 

improvements after 1-year adherent CPAP treatment, but not 

after 1 year without receiving any treatment. Thus, it is con- 

ceivable that OSA patient stratification conducted by relying 

on the properties of circulating exosomes as reporter assays of 

underlying vascular morbidity may contribute improved patient 

initial assessment and monitoring during treatment under a 

management umbrella aimed at personalized medicine. Indeed, 

accurate detection of the magnitude of senescence-promoting 

activity in each OSA patient and their response to therapy might 

halt or slow down the progression of cellular and molecular 

changes contributing to aging progression and age-related dis- 

orders (Figure 6). 

Overall, we cannot conclude that exosomes are directly and 

causally involved in eliciting an oxidative stress in endothelium 

without measuring ROS. Unfortunately, due to the restricted 

volume of plasma samples for exosome isolation in those 

groups, such additional experiments were precluded. In light 

of our current observations showing that exosomes from un- 

treated OSA patients have effects on SIRT1 and SIRT6 expression 
that are similar to those of IH or H O , it is possible that some 

 

 
 

Figure 6. Hypothetical pathway illustrating how exosomes released by inter- 

mitted hypoxia (IH) during sleep in patients with OSA can affect endothelial  

cells and induce cellular senescence and vascular aging. 

 

treatment of OSA with adherent CPAP. Thus, it is highly likely 

that OSA, a systemic disease which activates a multiplicity of 

pathophysiological pathways, will exert its detrimental endo- 

organ effects via a large number of mechanisms. Among those 

mechanisms, exosomes and their functional cargo appear to 

be implicated. 

 

 

Conclusions 

Cellular senescence is complex biological phenomenon and 

common cellular stresses yield senescent cells that accumulate 

in various tissues over time and may contribute to tissue dys- 

function. Under the conceptual framework that OSA-induced 

morbidities are mediated by accelerated cellular senescence, we 

have shown here that exosomes derived from OSA patients in- 

duce senescence markers in vitro on naïve human endothelial 

cells, a process that is at least partially reversible, and possibly 

related to increased oxidative stress. Identification of critical 

elements within exosomal cargo in OSA patients underlying the 

accelerated senescence may enable development of therapeutic 

strategies. Alternatively, more precise phenotyping of exosome 

senescence-inducing properties among patients being diag- 
2  2 

nosed with OSA may provide accurate reporting of OSA disease 
of the effects of exosomes are mediated by increasing oxidative 

stress. However, measures of oxidative stress were not specific- 

ally assessed. 

Since previous studies have shown that OSA and its as- 

sociated IH induce oxidative stress, we evaluated in parallel 

whether H
2
O

2 
and IH would induce senescence changes in 

endothelial cells, such as to infer that (1) there is a direct effect 

of IH and H
2
O

2 
on senescence and (2) that exosomes from OSA 

patients induce senescence possibly via induction of similar 

oxidative stress processes. Second, we were intent on exploring 

whether there could be common pathogenic pathways in the 

presence or absence of exosomes. Based on current findings, 

it is likely that circulating exosomes contribute to senescence 

of endothelial cells as induced by direct exosome cargo effects 

that are either additive or synergistic with the effects of the dis- 

ease via alternative pathways. The important finding is there- 

fore that circulating exosomes contribute to the senescence of 

endothelium in OSA, and are amenable to improvements after 

activity and response to treatment, thereby improving individu- 

alized outcomes. 
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Table S1. Inclusion and exclusion criteria used in the 

EPIOSA study. 

Figure S1. Exosome characterization and quantification. Panel 

(A) shows the size distribution of exosomes as assessed by 

electron microscopy. Panel (B) is a representative image of flow 

cytometry for exosomes as derived from the study subjects, and 

showing forward scatter versus FITC intensity for beads with no 

exosomes (negative), and beads with exosomes (positive). Flow 

cytometry analysis of purified exosomes following isolation with 

magnetic beads coated with anti-CD63, CD31, HLA-G, and Rab5b, 

using FACS analysis (FACSCalibur). The Exo-Flow magnetic stand 
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http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsz217#supplementary-data


 

 

for exosome separation and FACS analysis showing the absence 

of exosomes (negative, blue color) and the presence of exosomes 

(positive, red color) beads are displayed on the FACS plot. The 

FITC flow cytometric intensities are then plotted versus the 

number of exosome particles input into the flow reaction. Panel 

(C) shows quantification of absolute exosome counts in plasma, 

illustrating that the in vitro studies performed and reported in- 

cluded equivalent numbers of exosomes for each experiment. 
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