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INTRODUCTION
OSA is a highly prevalent disorder affecting 4% to 10% of 

all adults and 2% to 4% of all children, and has emerged as an 
important health problem due to the extensive cardiovascular, 
metabolic, and CNS morbidities that have been associated with 
this disease when left untreated.1-4 OSA is characterized by re-
petitive obstructions of the upper airway during sleep that re-
sult in intermittent hypoxia (IH), increased inspiratory efforts, 
and sleep fragmentation (SF). Initial studies using IH in animal 
models led to recognition of the major role played by episodic 
events of hypoxia and re-oxygenation in OSA-induced cardio-
vascular morbidity.5-7 However, the potential role of SF has not 
been explored as extensively, such that it still remains unclear 
to what extent the recurring arousals and sleep disruption that 
characterize OSA contribute to the cardiovascular phenotype of 
this frequent disorder.8,9

We have recently developed a rodent model in which SF is 
implemented using an automated system that is not associated 
with increases in stress hormones, and that enables preservation 
of the spontaneous social and feeding behaviors in a human 
contact-free environment.10-12 Using this approach, it became 
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apparent that chronic SF during the daylight hours, i.e., the 
preferential period during which sleep occurs in mice leads to 
increased sleep propensity in the absence of sleep curtailment 
and to cognitive deficits via activation of inflammatory and 
oxidative pathways.13-15 We reasoned that since such pathways 
are intimately involved in endothelial dysfunction and athero-
genesis, long-term SF may promote the occurrence of vascular 
injury. Here, we show that indeed prolonged SF induces altera-
tions in systemic blood pressure (BP) and in post-occlusive vas-
cular reactivity and changes in arterial wall cellular substrates 
and overall structure.

MATERIALS AND METHODS

Animals
Adult male C57BL/6J mice from Jackson Laboratories 

(8-week old, ~22 g; Bar Harbor, ME, USA), were housed in 
groups of 5 (to prevent isolation stress) in standard clear poly-
carbonate cages and allowed to acclimatize to their surround-
ings. Mice were fed normal chow diet and water ad libitum and 
maintained in a 12-h light/dark cycle (light on 07:00 to 19:00) 
at a constant temperature (24 ± 1°C). A total of 30 mice (15/
experimental group) were randomly assigned to SF exposures 
or CTL conditions for a period of 20 weeks. Expression of 
senescence-associated markers and other localized structural 
changes were examined in excised aortas after 20 weeks of 
SF exposures. Endothelial function was assessed weekly, and 
aorta lumen area, wall thickness, elastic fiber disruption grade, 
atherosclerotic plaques, and immune cell recruitment blood 
pressure over 20 weeks of SF using telemetry. At the end of 
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the experimental procedures, mice were sacrificed by cervical 
dislocation. A separate set of mice served to test systolic and 
diastolic BP at several time points during the SF experimental 
period. Animal experiments were performed according to 
protocols approved by the IACUC of the University of Chi-
cago and are in close agreement with the National Institutes of 
Health Guide in the Care and Use of Animals. All efforts were 
made to minimize animal suffering and to reduce the number 
of animals used.

Sleep Fragmentation
The SF device used to induce sleep disruption events has 

been previously described.10,11,16 Briefly, it employs intermit-
tent tactile stimulation using a near-silent motorized horizontal 
bar sweeping just above the cage floor from one side to the 
other. Since on average, 30 episodes of arousal per hour occur 
in patients with severe OSA (i.e., every 2 min), our aim was to 
mimic closely the severe disease condition, and thus, a 2-min 
interval between each sweep was implemented during the light 
period (07:00 to 19:00). SF was performed by switching on the 
sweeper to a timer mode in the cage. In this mode, the sweeper 
required around 9 sec to sweep the floor of the cage one way. 
When it reached the end of the cage, a relay engaged the timer 
which paused for ~110 sec before enabling the sweeper to 
move in the opposite direction. Between the 2 intervals, the 
animal remained undisturbed. During sweeper motion, animals 
would need to step over the sweeper, and then continue with 
their unrestrained behavior. SF exposure lasted for 20 weeks, 
during which mice had ad libitum access to food and water. Of 
note, this method prevents the need for human contact and in-
tervention, minimizes physical activity during the entire sleep 
disruption procedure, does not require social isolation, and is 
associated with unchanged levels of stress hormones.10,11,16

Endothelial Function
Endothelial function was assessed weekly using a modified 

hyperemic test after 5-min cuff-induced occlusion of the dorsal 
tail vein. All tests were performed at the same time of the day 
(middle of the light period). A laser Doppler sensor (Periflux 
5000 System, Perimed AB, Järfälla, Sweden) was applied on 
the dorsal tail vein, and the tail was gently immobilized. This 
site was chosen to minimize the effects of motion artifacts and 
includes a very vascular core that enables appropriate detection 
of the laser Doppler signal. Once blood flow in the tail became 
stable, 5 min of baseline blood flow were registered. Then, the 
pressure within an inflatable cuff placed at the origin of the 
tail was raised to suprasystolic values for 5 min, during which 
blood flow was reduced to undetectable levels. After the occlu-
sion period, the cuff was rapidly deflated and the hyperemic 
response was measured. Although vascular perfusion slightly 
varies from mouse to mouse, all blood flow measurements were 
extrapolated to baseline perfusion values before cuff occlusion, 
such that analysis of reperfusion kinetics was based on tem-
poral trajectory. Commercially available software (Perimed AB, 
Järfälla, Sweden) allowed for unbiased estimates of the time 
to peak regional blood flow response after the occlusion pe-
riod and time to reach baseline levels after occlusion, the latter 
being considered as representative of the post-occlusion hyper-
emic response, an index of endothelial function.17,18

Implantation of Telemetric Transmitters for Blood Pressure 
Measurements

Surgical implantation of telemetric device for recordings of 
systemic BP was performed under sterile conditions and general 
anesthesia with isoflurane. The HD-X11 telemetric transmitter 
(Data Sciences International, St. Paul, Minnesota, USA; 2.2 
g weight, 1.4 cc and 5 cm pressure catheter length) was used. 
With mice positioned in dorsal recumbency, a 1-cm incision was 
made through the skin along the ventral neck midline. The pres-
sure catheter was introduced through the carotid artery to the 
aortic arch. The transmitter body was then placed subcutane-
ously inside a pocket created on the dorsal aspect of the animal, 
allowing for comfortable and unobtrusive motion range. After 
verification of systemic BP signals, the incision was closed using 
4-0 non-absorbable suture with a simple interrupted pattern.

Acclimatization, Blood Pressure Recordings, and Sleep 
Fragmentation

After recovery from surgery for ≥ 10 days, mice were trans-
ferred to the sleep fragmenter device for habituation to the cage 
and the sweeper bar. The recording cages were mounted on a 
DSI telemetry receiver (RPC-1), which was in turn connected to 
an acquisition computer through a data exchange matrix. After at 
least an additional week of acclimatization, the magnetic switch 
of the transmitter was activated, and BP recordings were begun 
at 07:00 (shown as time 0 in Figure 1). Systolic and diastolic data 
were continuously acquired for 24 h using Dataquest ART acqui-
sition software (DSI, St Paul, Minnesota, USA; version 3.1) at 
multiple intervals until 20 weeks SF exposures were completed.

Food Consumption
Food consumption per cage was registered daily, always at 

the same time of the day (middle of the light period). Animal 
food consumption was then calculated by dividing the daily 
cage chow utilization by the number of mice in the cage

Elastic Fiber Disruption and Disorganization in Aorta Wall
Cross-sections of aortas were performed (n = 10 for the aortic 

arch and n = 10 for the thoracic aorta) and embedded in paraffin. 
Sections were stained with hematoxylin and eosin (H&E) for 
morphology overview, and with Elastica Van Gieson (EVG) for 
elastic fiber analysis. All sections were captured with a digital 
color camera mounted on a microscope (Nikon E300, Nikon USA, 
Melville, NY). The grade of elastic lamina disruption and disor-
ganization of the aorta was evaluated using the following criteria: 
disruption referred to the complete fragmentation of one elastic 
fiber area; disorganization referred to the inability to count the 
amount of organized elastic fibers. These patterns were quantified 
by an investigator who was blinded to the identity of the sections.

Aortic Lumen Area and Aortic Wall Thickness Quantification
ImageJ software was used to analyze the relative lumen area 

and the relative wall thickness in both arch and thoracic aorta 
sections. Similarly, these analyses were performed by a blinded 
investigator.

Quantitative Analysis of Aortic Atherosclerotic Lesions
Aorta dissection and preservation was carried out as previ-

ously described by Subbarao and colleagues.19 Briefly, the 
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aortas of 5 mice in each experimental group were en face 
pinned-out and stained with Sudan IV for evaluation of gross 
atherosclerotic lesions.

Immune Cells and Senescence Markers Detection in Aortic Tissue
Senescent cells differ from other non-dividing (quiescent, 

terminally differentiated) cells in several ways, although no 
single feature of the senescent phenotype is exclusively spe-
cific. Hallmarks of senescent cells include among others, 
irreversible growth arrest, reduced expression of telomerase re-
verse transcriptase (TERT) and increased expression of cyclin-
dependent kinase inhibitor 2A (p16INK4a), as well as robust 
secretion of numerous growth factors and cytokines, such as 
keratinocyte chemoattractant/chemokine (C-X-C motif) ligand 
1 (KC/CXCL1) and interleukin 6 (IL-6), proteases, and other 
proteins, such as cyclin D1, cyclin A, or insulin-like growth 
factor-binding protein 3 (IGFBP3), the latter also designated 
as senescence-associated secretory phenotypes (SASPs). To as-
sess for the presence of SASPs, aortic roots were embedded in 
OCT, snap-frozen in liquid nitrogen and serial 5-μm thick cryo-
sections were performed before immunostaining. Histological 
localization of immune cells and senescence markers was per-
formed under bright field microscope. Ascending aorta cryo-
sections were stained with Oil Red O and counterstained with 
hematoxylin for foam cell detection. Sections used for macro-
phage and senescence markers detection were fixed in acetone 
for 6 min at room temperature, air dried for 30 sec, rinsed with 

distilled water, and boiled for 30 min in 0.01M citrate buffer 
(pH 6.0). Adjacent sections were incubated for 1 h at room tem-
perature with rat anti-F4/80 (Biolegend, San Diego, CA, USA; 
1:500) for macrophage detection; rabbit anti-P16-INK4A, 
rabbit anti-cyclin D1, rabbit anti-TERT (Bioss Inc, Woburn, 
MA, USA; 1:500), or rabbit anti-cyclin A (Abcam, Cambridge, 
MA, USA; 1:500) antibody for senescence cell phenotype de-
tection in PBS containing 1% BSA and 0.2% Triton X-100. 
Antibodies were detected with a peroxidase-chromogen system 
(Vector Laboratories, Burlingame, CA, USA), and finally sec-
tions were counterstained with hematoxylin and eosin. All aorta 
images were captured with a digital color camera mounted on a 
microscope (Nikon E300, Nikon USA, Melville, NY).

KC/CXCL1, IL-6, and IGFBP3 Plasma Levels
After 20 weeks of SF exposure or CTL conditions, plasma 

samples were analyzed for senescence markers using enzyme-
linked immunosorbent assay (ELISA) kits according to the 
manufacturer’s protocol. The appropriate range of the KC/
CXCL1 assay (RayBiotech, Inc. Norcross, GA, USA) was 
1 pg/mL to 150 pg/mL, with detection limit at 1 pg/mL, and 
intra- and inter-individual coefficients of variation up to < 10% 
and < 12%, respectively. Similarly, the minimum detectable 
concentration of IL-6 (Biolegend, San Diego, CA, USA) was 2 
pg/mL, with an intra-assay precision up to 5.7% and an inter-
assay precision up to 10.7%. Finally, IGFBP3 mouse ELISA 
kit (Abcam, Cambridge, MA, USA) presented a minimum 

Figure 1—Food intake, endothelial function and blood pressure. (A) SF-induced hyperphagic behavior. C57BL/6J mice exposed to SF consumed more 
food on a daily basis over the 20-week period in comparison with CTL (n = 15/group). Data are expressed in grams of chow consumed per mouse per day. 
(B) Post-occlusive hyperemic response. Time to reach baseline perfusion levels during the post-occlusive period at time points 8, 9, 10, and 19 weeks of SF 
exposure (ratio between SF and CTL groups at each time point; SF vs. CTL – P < 0.03) (n = 15/group). (C) Representative 24-h blood pressure recordings 
in mmHg (upper tracing – systolic BP and lower tracings – diastolic BP at baseline (red lines) and following 20-week SF-exposures (black lines). Time 12-24 
indicates daylight period. Bar graph indicates mean increases in systolic and diastolic BP in 3 mice following SF (P < 0.05 SF vs. baseline or CTL). (D) Post-
occlusive hyperemic response. Representative example for the 3 phases of a laser Doppler post-occlusive hyperemic response test in mice exposed to SF 
and CTL conditions. AO, occlusion area; AH, hyperemia area; TL, time to latency; TR, time to recovery; TH1, time to half before hyperemia; TH2, time to half 
after hyperemia; TM, time to max; PF, peak flow; RF, rest flow; BZ, biological zero; PU, perfusion units.
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detectable concentration < 45 pg/mL with an appropriate detec-
tion range of 55 pg/mL to 40,000 pg/mL. The intra-assay varia-
tion coefficient (CV) was up to 10% and < 12% of inter-assay 
CV. All ELISA kits used showed no cross-reactivity with wide 
range of cytokines, as tested by the manufacturer.

Statistical Analysis
All values are expressed as mean ± standard error (SEM). 

Analyses of variance procedures followed by post hoc tests and 
Student t-tests were used to compare the results between SF 
and CTL groups. In all cases, two-tailed P value of < 0.05 was 
considered to achieve statistical significance.

RESULTS

Food Intake
As previously reported,20 mice exposed to SF exhibited in-

creased food intake that began within a few days after the ini-
tiation of SF and was sustained throughout the duration of the 
20 weeks SF exposure (Figure 1A). At the end of SF exposures, 
the overall incremental weight changes associated with SF 
were 3.2 ± 1.2 g when compared to CTL (P < 0.05).

Endothelial Function Testing
Laser-Doppler analysis of dorsal tail vein blood flow did 

not reveal significant differences in resting blood flow between 
SF and SC groups at any of the weekly time points. The time 
latency between occlusion release and peak reperfusion flow 
(Tmax) did not change over time. However, both peak flow (as 
% of baseline) and time to return to baseline perfusion values 
were altered in SF-exposed mice. Indeed, SF mice showed 
increased duration of post-occlusive hyperemic responses, 
starting at week 8 of exposure and thereafter (Figure 1B and 
1C; n = 10/group; P < 0.03).

Systemic Blood Pressure and Heart Rate Measurements
Systolic and diastolic BP were measured for 24 h period at 

baseline (before starting SF) and after 2, 6, 8, 12, 16, 18, and 20 
weeks of SF exposures in an separate group of animals (n = 6). 
As shown in Figure 1C, starting at week 8 and concluding at 
week 12, all mice exposed to SF exhibited higher systolic and 
diastolic BP values throughout the day, particularly during the 
daylight hours (shown as time 0-12 hours) when compared to 
pre-SF conditions or to CTL mice (data not shown). The mean 
increment in systolic BP associated with SF was 5.7 ± 1.8 
mm Hg and 3.4 ± 1.3 mm Hg for diastolic BP (P < 0.05). Of 
note, increases in heart rate (HR) were apparent after induced 
arousals during the initial phases of SF (mean HR increases 
of 32 ± 12 bpm during the first week of SF) but were usually 
void of concomitant increases in BP. Furthermore, progressive 
disappearance of the chronotropic effect of arousals was noted 
over time, such that no significant changes in HR were notice-
able following 4 weeks of SF and thereafter.

Atherosclerotic Lesion Formation
En face analysis of SF-exposed and CTL aortas showed no 

evidence of macroscopically recognizable lesion formation (ei-
ther atherosclerotic plaques or lipid accumulation) (Figure 2A; 
n = 5/group). However, significant elastic fiber disruption (arch 

aorta: 2.75 ± 0.25 in CTL vs. 16.38 ± 1.89 in SF, P < 0.01; tho-
racic aorta: 4.67 ± 1.67 in CTL vs. 13.75 ± 1.20 in SF, n = 10/
group; P < 0.01) and fiber disorganization were apparent in SF-
exposed mice (Figure 2B and 2E; P < 0.01). Despite the elastic 
fiber alterations, no significant differences emerged in either 
aortic wall thickness (aortic arch: 39.66% ± 1.63% in CTL 
vs. 36.49% ± 1.42% in SF; thoracic aorta: 36.80% ± 0.25% in 
CTL vs. 38.33% ± 1.70% in SF) or in aortic lumen (aortic arch: 
60.35% ± 1.63% in CTL vs. 63.51% ± 1.42% in SF; thoracic 
aorta: 63.20% ± 0.25% in CTL vs. 61.67% ± 1.70% in SF; 
Figure 2C and 2D).

Immune Cells Recruitment into the Aorta Wall
Mice exposed to SF showed increased infiltration of foam 

cells and macrophages in the aortic wall compared to CTL mice, 
particularly in the aortic root sections (Figure 3A). Unbiased 
counts over 3 sections/animal revealed a 3.7 fold increase in 
F4/80 cells (n = 7 mice/group; P < 0.01) and a 4.3 fold increase 
in foam cell counts (n = 7 mice/group; P < 0.01).

Senescence Markers
In SF-exposed mice, increases in p16INK4a expression 

(Figure 3A) in aortic root sections, as well as significantly in-
creased plasma IL-6 levels (Figure 3C) emerged in 20 weeks 
SF-exposed mice compared to CTL animals. Compatible with 
increased senescence, SF-exposed mice also showed decreased 
expression in TERT and cyclin A (Figure 3A), whereas no dif-
ferences in cyclin D1 (Figure 3A) expression or in KC/CXCL1 
(Figure 3B) and IGFBP3 (Figure 3D) plasma levels occurred.

DISCUSSION
This study shows that long-term SF exposures imposed 

during the circadian time window associated with the prefer-
ential sleep period in mice lead to the emergence of endothe-
lial dysfunction emerging around week 8-9 of SF exposures, 
and manifesting as delayed post-occlusive reperfusion kinetics. 
Furthermore, minor, albeit significant, increases in systemic BP 
emerge around the same timeframe. Analysis of aortas after 20 
weeks of SF revealed that no increases in fat deposition were 
apparent in the macroscopic assessments of en face aorta using 
Sudan IV staining and increased in the number of foam cells 
were located in the vessel walls. Furthermore, increased num-
bers of activated macrophages along with elevated IL-6 levels, 
and altered expression of SASPs were present in SF-exposed 
mice, and are suggestive of an increased propensity for an ac-
celerated atherosclerosis phenotype. Strikingly, the overall 
collagen fiber structural arrangement of the vascular wall was 
markedly disrupted with both increased disorganization and fre-
quency of disrupted continuity of the fibrillar structures, com-
patible not only with potential alterations in collagen subtypes, 
but also with the increased senescence of the cellular substrate 
in the vessel wall, as evidenced by increased expression of 
p16INK4a and reduced expression of TERT and cyclin A.21-25

Before we discuss the potential implications of our findings, 
some methodological considerations merit particular mention. 
First, the sleep fragmentation procedures used herein afford 
several advantages, namely reproducibility, lack of measur-
able increases in stress hormones, absence of human contact, 
and preserved social setting and food and water access,16 all of 
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which could independently contribute to vascular dysfunction. 
Furthermore, we have also shown that the current model of SF 
does not curtail sleep duration, and that the episodic arousals in 
the context of preserved sleep duration primarily manifest as 
increased sleep propensity, a major clinical symptom in OSA 
patients.11 However, neither the current SF paradigm, nor other 
existing SF-inducing methodologies exactly mimic the arousal 
processes operative during apneic episodes. Furthermore, we 
are unaware of any other studies in which the duration of SF 
exceeded 2 weeks. This is an important issue since even though 
altered glucose homeostasis is present after 2 weeks of SF, no 
changes in body weight are apparent.20,26 We should also point 
out that chronic SF induces increases in central nervous system 
levels of tumor necrosis factor-α (TNF-α),11,27 and it is possible 
that increased systemic levels of this cytokine may operate also 
as a potent atherogenic pro-inflammatory agent, most likely via 
its TNF p75 receptor.28,29 Similarly, we have previously shown 
that long-term SF induces activation of NADPH oxidase and 
increased oxidative stress,10,30 both of which are major patho-
physiological mechanisms underlying vascular dysfunction 
and atherosclerosis.31-33 Therefore, it is possible that upstream 
processes such as inflammation and oxidative stress may ini-
tiate endothelial dysfunction through activation of monocyte-
endothelial interactions, leading to the increased formation of 

foam cells observed here.34 Additionally, the intra- and inter-
individual reproducibility of the post-occlusive hyperemic 
responses was assessed in preliminary experiments, and exhib-
ited highly satisfactory consistency with high intra-class cor-
relation coefficients (data not shown). Thirdly, we should stress 
that we opted not to implement administration of an athero-
genic diet or to employ transgenic mice with heightened sus-
ceptibility to atherogenesis, since we wished to examine the 
isolated contribution of SF on the vasculature. In this context, 
Savransky and colleagues adopted a similar approach when 
they examined the role of chronic intermittent hypoxia, another 
key feature of sleep apnea, on the generation and propagation 
of atherosclerosis in mice.35 Furthermore, exposures to high 
cholesterol diet in the absence of other perturbations were not 
associated with increased atherogenesis in mice. We are also 
unaware of any studies in which the incremental weight gain 
that occurred in current SF-exposed mice can be accomplished 
using normal chow diet, such that the relative absence of ex-
tensive atheromatous lesions in the aortic wall was overall an-
ticipated. Fourthly, the increased orexigenic behaviors during 
SF were sustained throughout the exposures and accompanied 
by modest, albeit significant weight gain. Although we cannot 
determine with certainty whether the changes in body weight 
underlie the vascular changes reported herein, we are unable 

Figure 2—Aortic structural changes associated with long-term SF. (A) Representative en face analysis of aortas from mice after 20-weeks SF exposures and 
CTL conditions (n = 5/group) using Sudan IV staining. (B) EVG staining for detection of elastic fiber disorganization and elastic fiber disruption on aorta arch 
from SF and CTL exposed mice. (C) Relative vessel luminal area in aortic arch and thoracic aorta after 20 weeks of SF exposures or CTL conditions (%). 
(D) Relative aortic wall thickness in aortic arch and thoracic aorta after 20 weeks SF exposures vs. CTL mice (%). (E) Number of fragmented elastic fibers 
per section after 20 weeks of SF and CTL exposures. * P < 0.01, SF vs. CTL.
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to either confirm or dispel such possibility under the current 
study design. However, we should remark that no evidence of 
atherosclerotic lesions emerged after 20 weeks of feeding with 
high cholesterol diet in mice,36 leading us to postulate that the 
changes in vascular functions are most likely ascribable to SF, 
rather than to the increased weight induced by SF while feeding 
the mice with regular chow. Finally, the observational nature of 
the present study is acknowledged, even though efforts were 
made to identify potential leads on mechanisms that will have 
to be explored in the future.

Our experiments conclusively show that long-term sleep 
fragmentation, as might occur in multiple sleep disorders, par-
ticularly in sleep disordered breathing, is potentially an im-
portant contributor to the cardiovascular morbidity of these 
conditions.37,38 Indeed, we found the presence of altered endo-
thelial function as represented by delayed post-occlusive hy-
peremia, and such findings are remarkably analogous to those 
reported by our group and by others in both children and adults 
with sleep apnea.39-43 It is possible that the recurrent arousals 
may promote enhanced sympathetic activation that will in turn 
lead to elevations in systemic BP along with disruption of endo-
thelial integrity.44-48 Future exploration on the roles of disrupted 
central and peripheral autonomic nervous system function and 
their potential pathways to deregulate BP control and vascular 
integrity in the context of fragmented sleep are clearly justified 
based on current results.

The integrity of the elastic properties and structural arrange-
ments in the vessel wall is an integral component to the pres-
ervation of vascular health. Perturbations in the continuity of 
the internal elastic lamina with disruption of the elastic fiber 

arrangements have been previously implicated in the early 
phases of atherosclerosis in apolipoprotein E null mice.49 Po-
tential imbalances in the extracellular matrix elements of the 
vessel, and of elastic fibers in particular, are apparent even 
during early atherogenesis, with elastin emerging as a critical 
regulatory molecule that regulates the phenotypic modulation, 
proliferation, and migration of smooth muscle cells in the vessel 
wall.49 Furthermore, denatured arterial elastin by cholesterol ac-
cumulation becomes susceptible to proteolytic enzymes such as 
elastase and matrix metalloproteinases, thereby reducing vessel 
wall elasticity and potentially promoting hypertension.22 Here 
we show that in the absence of alterations in aortic wall thick-
ness or luminal patency, long-term SF induced major disruption 
of elastic fiber architecture, highly suggestive of early features 
of atherosclerosis, despite preservation of normal chow diet in 
a priori a relatively susceptible wild-type mouse strain (i.e., 
C57/Bl6).50-54

Cellular senescence, the irreversible growth arrest of mitotic 
cells has been proposed as a common mechanism underlying 
vascular dysfunction associated with aging processes.55,56 Im-
proved understanding of the molecular changes associated with 
cellular senescence has yielded panels of robust biomarkers for 
detecting senescence in cells, such as changes in the expres-
sion of telomere-dependent (e.g., TERT) and telomere-inde-
pendent markers (e.g., p16INK4a and cyclin A).6 The degree 
of global transcriptional alteration during senescence leads 
to altered secretomes, termed the SASPs as evidenced by in-
creases in the secretion of pro-inflammatory cytokines, prote-
ases, and growth factors, all of which coordinate a sustained 
low-grade inflammatory state that further accelerates vascular 

Figure 3—Inflammatory cell recruitment and cell senescence markers in aorta following long-term SF. (A) SF and CTL root aortas were cryosectioned and 
stained with H&E for morphology and Oil Red O for foam cell detection. Consecutive cryosections were immunostained with monoclonal antibodies for 
detection of macrophages (F4/80) and senescence markers (TERT, p16INK4a, cyclin D1, cyclin A). Arrows indicate examples of labeled cells for each of the 
selected markers. (B) Plasma levels of SASPs KC/CXCL1 (pg/mL), (C) IL-6 (pg/mL) and (D) IGFBP3 (pg/mL) after 20 weeks of SF. * P < 0.01, SF vs. CTL.
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dysfunction.21-25,57,58 In our studies, long-term SF was associated 
with not only increased plasma levels of IL-6, a frequent occur-
rence in both adult and pediatric patients with OSA,59,60 but also 
with increased evidence for SASPs, suggesting that chronic 
sleep perturbations induced increased senescence of cells 
within the vessel wall that may further contribute to vascular 
dysfunction. Taken together, current findings support the no-
tion that diseases associated with substantial and prolonged SF, 
such as OSA, induce and accelerate atherogenesis via multiple 
pathways that involve recruitment of inflammatory processes, 
disruption of structural vessel wall integrity, and activation of 
senescence secretomes, all of which may coordinate vascular 
aging and dysfunction.

Significance
The results of the present study demonstrate that long-term 

sleep fragmentation induces vascular endothelial dysfunc-
tion and it is also associated with morphologic vessel changes 
characterized by elastic fiber disruption and disorganization. 
Furthermore, the increased recruitment of inflammatory cells 
to the wall and altered expression of senescence markers are 
further supportive of a putative mechanism for the effects of 
sleep fragmentation on endothelial dysfunction and structural 
vascular changes. These findings may have substantial implica-
tions for the understanding of vascular regulation and deregula-
tion in diseases associated with sleep fragmentation, such as in 
sleep apnea.
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