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Abstract
Extracellular vesicles (EVs) are emerging as key players in intercellular communica-
tion. Few studies have focused on EV levels in subjects with sleep disorders. Here, 
we aimed to explore the role of acute sleep deprivation on the quantity and func-
tionality of circulating EVs, and their tissue distribution. EVs were isolated by ultra-
centrifugation from the plasma of volunteers and animals undergoing one night of 
sleep deprivation. Arterio- venous shunt, FeCl3 thrombus test and thrombin- induced 
platelet aggregation assay were conducted to evaluate the in vivo and in vitro bio-
activity of small EVs. Western blotting was performed to measure the expression 
of EV proteins. The fate and distribution of circulating small EVs were determined 
by intravital imaging. We found that one night of sleep deprivation triggers release 
of small EVs into the circulation in both healthy individuals and animals. Injection 
of sleep deprivation- liberated small EVs into animals increased thrombus formation 
and weight in thrombosis models. Also, sleep deprivation- liberated small EVs pro-
moted platelet aggregation induced by thrombin. Mechanistically, sleep deprivation 
increased the levels of HMGB1 protein in small EVs, which play important roles in 
platelet activation. Furthermore, we found sleep deprivation- liberated small EVs are 
more readily localize in the liver. These data suggested that one night of sleep depriva-
tion is a stress for small EV release, and small EVs released here may increase the risk 
of thrombosis. Further, small EVs may be implicated in long distance signalling during 
sleep deprivation- mediated adaptation processes.
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1  |  INTRODUC TION

Extracellular vesicles (EVs) are a heterogeneous group of cell- 
derived membranous structures. They are present in biological 
fluids and are involved in multiple physiological and pathological 
processes. Extracellular vesicles are now considered as an addi-
tional mechanism for intercellular communication, allowing cells to 
exchange proteins, lipids and genetic material.1,2 Peripheral blood 
contains a substantial amount of circulating EVs and their amount, 
composition and molecular profile reflects the physiological and 
pathophysiological condition of the body. Thus, EVs received rec-
ognition as potential biomarkers in semi- invasive diagnostics.3 It is 
well documented that the number of EVs in the blood varies be-
tween individuals, and that EVs sub- populations can originate from 
several tissues and are highly dynamic.4 In fact, the majority (about 
25%) of blood- derived EVs are thought to originate from the mega-
karyocytes, that is, either from circulating platelets or directly from 
platelet precursor cells, which reside in the bone marrow,5– 8 and, to 
a lesser extent, from erythrocytes, endothelial cells, lung epithelial 
cells and cardiomyocytes.9

Currently, EVs are commonly classified based on their intracel-
lular origin. Thus, three principal populations of EVs are consid-
ered: apoptotic bodies, microvesicles (MVs) and exosomes.10 The 
apoptotic bodies (size between 50– 5000 nm) are released by cells 
undergoing apoptosis and characterized by permeable membrane. 
MVs are directly shed from the plasma membrane of cells with a 
particle size of approximately 100– 1000 nm.10 Exosomes (around 
100 nm) are secreted from multivesicular endosomes.10 EVs act in 
cell- to- cell communication, delivering cargo from donor to recipient 
cells and modulating their physiological condition. In addition to a 
set of common EV proteins utilized for their characterization, EVs 
carry a pattern of biomolecules related to their mother cell. Their 
content includes protein, lipids, as well as nucleic acids, largely in the 
form of small RNAs. MV and exosome secretion occurs in constitu-
tive and regulated fashion, controlled by Ca2+ signalling in response 
to extracellular signals such as ATP (monocytes), neurotransmitters 
(oligodendrocytes), depolarization (neurons), thrombin receptor 
activation (platelets), lipopolysaccharides (dendritic cells) or by cell 
stress.6,11– 15

Poor or insufficient sleep is a major public health problem af-
fecting millions of people of all ages.16 Sleep deprivation and de-
ficiency have a high prevalence in modern societies. The National 
Sleep Foundation reported that less than half (44%) of all Americans 
receive a good night's sleep almost every night.17,18 According to the 
National Institute of Health, sleep deficiency is a broad concept that 
occurs (a) if an individual does not get enough sleep (sleep depriva-
tion), (b) if an individual's sleeping habits are out of sync with the 
body's natural circadian rhythm (sleeping during the wrong time of 
the day), and (c) if the quality or quantity of sleep is diminished due 
to a sleep disorder or external factors.18 Therefore, there are mainly 
four specific variations of sleep deficiency: insomnia, acute total 
sleep deprivation (TSD), partial sleep deprivation (PSD) and night 
shift workers. PSD refers to the reduction in the total sleep time 

relative to one's usual baseline during a 24- h period. PSD is the most 
common form of sleep deprivation encountered in everyday life in 
modern societies.18 Lack of sleep increases risk of obesity,19 diabe-
tes,20 cancer21 and cardiovascular disease,22 but we know little about 
the underlying mechanisms that link sleep to disease. Given the fact 
that circulating EVs reflect physiological and pathophysiological 
conditions of the body and are of striking numbers on the order of 
1010 ml−123 and EVs have pro- coagulant activity which may make the 
cases vulnerable to thrombotic or cardiovascular events,24 we aimed 
to explore the role of acute sleep deprivation on the quantity of cir-
culating EVs, and then determine the functionality, including platelet 
activation and thrombotic events, of sleep deprivation- induced EVs, 
and their subsequent tissue distribution.

2  |  METHODS

2.1  |  Subjects

All human studies were conducted in accordance with the 
Declaration- of- Helsinki and approved by the Human Ethics 
Committee of Shandong First Medical University. The identifier of 
Clinical Trial Registry was ChiCTR2000035490 (http://www.chictr.
org.cn). All participants recruited from the graduate school stu-
dents aged 23– 28 years old provided written informed consent to 
participate before enrolment in the study. Exclusion criteria were 
diagnosed chronic cardiovascular or metabolic disease, psychiatric 
condition, sleep disorder or any other condition known to affect 
sleep including stressful condition; current or recent use of sleep 
medication (past 2 months). Descriptive characteristics of the par-
ticipants are presented in Table 1. The subjects were asked to have 
habitual sleep 2 weeks before the experiment. In the sleep depriva-
tion night, subjects were asked not to go to bed before 3 a.m. and 
not to wake up after 6 a.m. They were not allowed to consume caf-
feinated beverages and to smoke cigarettes before and during the 
task. Blood samples were collected before (7:00 a.m.) and after the 
sleep deprivation (7:00 a.m.).

2.2  |  Experimental animals

Wistar rats and BALB/c- nu nude mice were purchased from Beijing 
Weitong Lihua Experimental Animal Technology Co, Ltd. Wild- type 

TA B L E  1  Subject characteristics (n = 20)

Characteristic Mean ± SD

Age (years) 27 ± 1.24

Height (m) 1.63 ± 0.028

Weight (kg) 54.3 ± 3.29

BMI (kg/m2) 20.3 ± 0.57

Mean systolic BP (mmHg) 121.3 ± 3.39

Mean diastolic BP (mmHg) 83.6 ± 8.65

http://www.chictr.org.cn
http://www.chictr.org.cn
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C57BL/6 mice were bred by the Institute of atherosclerosis, Shandong 
First Medical University. Age-  and sex- matched animals were used 
starting at 7– 8 weeks of age. This study was approved by the ethics 
committee of Shandong First Medical University.

2.3  |  Establishment of one night of sleep 
deprivation animal models

For sleep deprivation (SD) studies, Wistar rats were placed in a 
sleep fragmentation chamber (Dichuangzhongshi). The sweep bar 
was shut off and stationary during the dark cycle (20:00– 08:00), 
and the sweep bar moved along the bottom of the cage every 
2 min during the light cycle (08:00– 20:00). Sleep control (SC) rats 
that received undisturbed sleep were placed in sleep fragmenta-
tion chambers with stationary sweep bars. Blood samples were 
collected at 20:00.

2.4  |  Isolation and identification of plasma 
extracellular vesicles

Plasma extracellular vesicles were obtained by differential centrifu-
gation as previously described with slight modifications.25– 27 Briefly, 
cells and cell debris were gradually removed from plasma at the speed 
of 300 g 10 min and 2000 g 10 min. Then, platelets and apoptotic bod-
ies were removed at 10,000 g 10 min. Based on others' experiences, 
the MVs can be clearly pelleted down at the minimum “g” forces 
of 20,000– 30,000 g (2 times 30 min),28,29 accordingly, the 10,000 g 
10 min in our protocol can only settle down platelets and apoptotic 
bodies. Then, the supernatants were filtered through a 0.2- μm mem-
brane (Thermo Fisher Scientific) and transferred to the ultracentrifu-
gation tube, centrifuged for 70 min at the speed of 100,000 g to retain 
the precipitate which contains small EVs and contaminating proteins. 
Then, the pellet was washed in PBS and centrifuged for another 
70 min at the speed of 100,000 g to get small EVs. Each resultant pel-
let was finally re- suspended in PBS buffer for use or stored at −80°C. 
The size and number of small EVs were determined by nanoparti-
cle tracking analysis (NTA) with NTA analyzer (Zetaview). The small 
EVs were identified by transmission electronic microscope analysis. 
Briefly, small EVs were fixed with 2.5% glutaraldehyde at 4°C over-
night. After washing, vesicles were loaded onto formvar- coated grids, 
then negatively stained with aqueous phosphotungstic acid for 60 s 
and imaged with a transmission electron microscope (Jeol).

2.5  |  Western blot analysis

For EV marker protein analysis, the small EVs isolated from equal 
volumes of plasma of volunteers and rats were subjected to Western 
blot analysis which was performed according to the standard protocol 
as previously described.30 The following antibodies were used: rab-
bit anti- HSC70 (Proteintech; 10645- 1- AP; 1:3000), rabbit anti- Alix 

(Sigma; ab186429; 1:5000), rabbit anti- TSG101 (Proteintech; 28283- 
1- AP; 1:2000), rabbit anti- CD63 (Sigma; ab216230; 1:1000), mouse 
anti- Integrin αIIb (SC- 59923; Santa Cruz, 1:1000). For HMGB1 pro-
tein analysis, equal amounts of EV proteins (20 μg) were loaded and 
rabbit anti- HMGB1 (Proteintech; 10829- 1- AP; 1:2000) antibody was 
used.

2.6  |  Arterio- venous shunt thrombosis model

The small EVs, isolated from equal volumes (2 ml) of plasma in in-
dividuals pre-  or post- SD and re- suspended in 200 μl of PBS, were 
injected into WT rats by tail vein injection. Two hours after the in-
jection, rats were anaesthetised with pentobarbital sodium (40 mg/
kg body weight, i.p.) and fixed in a supine position. The toe pinch 
reflex, muscular relaxation and respiration rates were monitored 
to determine that adequate anaesthesia was administered. An 
arterio- venous shunt tube was inserted between the left jugular 
vein and right carotid artery. The shunt was assembled from two 
4- cm polyethylene tubes (0.6-  and 0.9- mm inner and outer diameter, 
respectively) connected to a central tube (6- cm long, 0.9- mm inner 
diameter) containing a 5- cm- long cotton thread. The central tube 
was filled with NS and the 4- cm polyethylene tubes were filled with 
a heparin saline solution (25 U/ml). Extracorporeal circulation was 
maintained for 15 min, and a thrombus adhered to the thread during 
this period. Then, the shunt was removed and the thread with its 
associated thrombus was withdrawn. The thrombus dry weight was 
determined 6 h later at room temperature by subtracting the weight 
of the dry 5 cm thread measured previously.31,32

2.7  |  FeCl3 thrombus test

The small EVs, isolated from equal volumes (1 ml) of plasma in individ-
uals pre- or post- SD and re- suspended in 100 μl of PBS, were injected 
into WT C57BL/6 mice by tail vein injection. Two hours after the 
injection, a ferric chloride (FeCl3)- induced carotid artery thrombosis 
model was established as described previously.33 Briefly, mice were 
anaesthetised with 1% Pentobarbital Sodium for 0.5– 1 h to separate 
bilateral common carotid arteries. 5% FeCl3 solution was dripped on 
the filter paper, which covered the separated common carotid artery 
without damaging the surrounding tissues. After 15 min, the filter 
paper was removed, and the proximal common carotid artery was li-
gated. The common carotid artery was carefully cut- off with scissors 
and immediately embedded with OCT (Japanese Cherry Blossom). 
Sections were stained with haematoxylin eosin. Observe and take 
pictures with IX51 microscope (Olympus).

2.8  |  Platelet aggregation test

To determine the effect of SD- induced small EVs on platelet activa-
tion, we first prepared platelet rich plasma (PRP) from rats. In brief, 
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after general anaesthesia, blood was collected from abdominal vein 
of male Wistar rats and anticoagulated with EDTA. The blood was 
centrifuged at 25°C for 10 min at 100 g to obtain the supernatant of 
PRP. Then, the blood was centrifuged at 25°C for 10 min at 1000 g, 
and platelet poor plasma (PPP) was obtained at room temperature. 
Then, the platelet count of each PRP sample was measured using an 
automated blood cell analyser (PE- 6800vet, Zibo) and adjusted to 
2.5 × 108/ml platelet by PPP. The effect of exosomes on thrombin- 
induced platelet aggregation was performed using PRP prepared 
above and exosomes isolated from individuals pre-  (pre- exos) or 
post (pre- exos)- sleep deprivation. The maximum platelet aggrega-
tion rate was recorded within 5 min by using a LBY- NJ4 platelet ag-
gregation meter (Pulisheng). A total of 250 μl PRP was added to the 
reaction cup. Then, 1.75 μl of Thrombin (final concentration is 3.5 U), 
15 μl of pre- exos or post- exos, isolated from equal volume of plasma 
(500 μl) of individuals, were added, respectively, and incubated at 
37°C for 5 min. ADP (10 μl, 10 μM final concentration) or collagen 
(10 μl, 15 μg/ml final concentration) was used as agonist.

2.9  |  Intravital imaging of transplanted EVs

Donor Wistar male rats were randomly assigned to either SD or 
SC groups. One night of sleep deprivation rat models were estab-
lished as described above. Both SC and SD rats were sedated by 
isoflurane inhalation and blood was collected from abdominal vein 
followed by euthanasia via cervical dislocation. Small EVs isola-
tion from the plasma of SC or SD rats was carried out as described 
above and labelled in 1 mM lipophilic carbocyanine DiOC18(7) (DiR). 
51 mg of washed, labelled small EVs from SC or SD donor rats were 
injected via tail vein into male, 8 weeks old BALB/c- nu recipients. 
Recipient animals and untreated controls were sedated by 1% pento-
barbital sodium and imaged at 8– 12 h post injection by whole- body 
intravital imaging on a Yena UVP chemstudio plus multifunctional 
imaging system (Yena). For tissue analysis, recipient mice were eu-
thanized by cervical dislocation and tissues dissected and imaged by 
Yena UVP chemstudio plus multifunctional imaging system (Yena). 
Cryosections of 8 μm thickness were cut with a cryostat (Thermo 
Fisher) at −20°C and immediately perform fluorescence imaging 
by confocal microscopy (FV1200, Olympus). Fluorescence was de-
tected using excitation and emission filters at 745 nm and 800 nm, 
respectively.

2.10  |  Statistical analysis

The normality of all values was conducted by using the Shapiro– 
Wilk test. The values of normality distributions were expressed as 
mean ± SEM. Median and interquartile range (IQR) were used for 
non- normally distributed data. The differences between two groups 
for animal studies were tested by independent t- test for normally 
distributed data and Mann– Whitney U test for non- normally distrib-
uted. The differences between the pre-  and post- SD experiments 

were tested by paired t- test for normally distributed data and 
Wilcoxon signed ranks test for non- normally distributed. All of the 
statistical tests were performed with the GraphPad Prism software 
version 8.0, and p < 0.05 was considered to be statistically significant.

3  |  RESULTS

3.1  |  Acute SD triggers release of small EVs into 
the circulation

To investigate the influence of one night of SD on the levels of cir-
culating small EVs in plasma, we recruited 20 healthy (10 females, 
age 25 ± 5 years old) individuals who undergo one night of sleep dep-
rivation. We collected venous blood samples (EDTA- anticoagulated 
blood) before (pre) and after (post) SD, and prepared plasma. To 
analyse the levels of small EVs in the plasma samples, we performed 
differential centrifugation at 10,000 g removing platelet remnants 
and apoptotic bodies, followed by filtration of the supernatant and 
ultracentrifugation at 100,000 g to collect small vesicles of a size 
below 200 nm, which include exosomes (here defined as small EVs). 
Vesicles ~30– 150 nm in diameter were observed by Transmission 
electron microscopy (TEM), which was consistent with previously 
reported characteristics of small EVs (Figure 1A). The collected small 
EVs were analysed by NTA revealing particles with a mean size of 
120 (SEM ± 1.3) nm in diameter (Figure 1B,D). The total amount of 
particles increased in average 3.0 times directly after one night of 
SD (Figure 1C). Next, we investigated the small EVs of 6 subjects 
by Western blotting with antibodies against the EV marker proteins 
(Figure 1E) and quantified signal intensities (Figure 1F). The num-
bers of the 4 universal EV marker proteins increased on average 
3.9 times after SD. It is worth mentioning that we detected integ-
rin αIIb found on platelets indicating the presence and increment 
of platelet- derived small EVs, based on the fact that the majority 
(about 25%) of blood- derived EVs are thought to originate from the 
megakaryocytes.5

Next, we performed controlled animal experiments in rats to 
further confirm the effect of SD on the amount of small EVs in the 
circulation. As shown in Figure 2A,B, the amounts of small EVs in-
creased in average 2.7 times in SD group compared with SC control 
group, and particle size was not altered in 2 groups (Figure 2C). The 
EV marker proteins increased on average 2.1 times in SD group com-
pared with control (Figure 2D,E). The data was in consistent with 
human study and indicates that acute SD leads to an increase in cir-
culating small EVs.

3.2  |  Injection of sleep deprivation- liberated small 
EVs increased thrombus formation and weight in 
thrombosis models

Sleep disruptions were associated with prothrombotic changes and 
might be an independent risk factor for arterial thrombosis, which is 
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associated with high cardiovascular morbidity and mortality.34 Here, 
we investigated the effects of SD- liberated small EVs on thrombosis. 
We collected venous blood samples before (pre) and after (post) SD 
from 8 participants, and isolated small EVs. Pre- exos and post- exos 
isolated from equal volumes of plasma were then intravenously ad-
ministered to recipient animals. First, an arteriovenous shunt throm-
bosis model was used. As shown in Figure 3A, tail vein injection of 
SD post- liberated small EVs resulted in an increased thrombus dry 
weight compared with the control group injected with pre- liberated 
small EVs. Next, in order to further examine in vivo prothrom-
botic activities of SD- liberated small EVs, the FeCl3- induced arte-
rial thrombosis model was used, which is sensitive to antiplatelet 
drugs.35 As shown in Figure 3B, the formation of thrombus is in-
creased in SD- liberated small EV group. These data suggested that 

sleep deprivation- liberated small EVs increased thrombus formation 
and weight in thrombosis models.

3.3  |  Sleep deprivation- liberated small EVs 
promoted platelet aggregation induced by thrombin

To determine whether the prothrombotic effect of sleep deprivation- 
liberated small EVs was related to alterations in platelet aggregation, 
we observed platelet aggregation induced by thrombin in vitro. We 
isolated plate- rich plasma and incubated with small EV, followed by 
activating it by thrombin. As shown in Figure 4, sleep deprivation- 
liberated small EVs clearly promoted thrombin- induced rat platelet 
aggregation.

F I G U R E  1  Effect of acute sleep deprivation on plasma small extracellular vesicles (EVs) in healthy participants. Plasma samples were 
collected from 20 healthy participants before (pre) and after (post) sleep deprivation, and 100,000 g pellets were prepared. (A) Particles 
were visualized by cryoelectron microscopy. (B– D) Particle concentration and size were measured by nanoparticle tracking analysis. n = 20. 
(E) Protein content of the particles was analysed by Western blotting (n = 6) and (F) the signals were quantified. Pre: pre- sleep deprivation; 
Post: post- sleep deprivation. Data are presented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.4  |  Sleep deprivation increased the levels of 
HMGB1 protein in small EVs

Proteins from EVs are known to play important roles in various 
cellular functions. In this study, we evaluated the protein level of 
HMGB1, which is critical for regulating platelet activation, gran-
ule secretion, adhesion and spreading.36 As shown in Figure 5, the 
levels of HMGB1 protein increased on average 3 times in SD post- 
liberated small EVs compared with pre- liberated small EVs. The data 
suggested that the platelet aggregation and thrombus formation 

induced by SD- liberated small EVs might be attributable to the el-
evated HMGB1 protein level in small EVs.

3.5  |  Sleep deprivation- liberated small EVs 
demonstrate tropism to the liver

It is reported that small EVs communicate a wide range of informa-
tion to target cells.37 Here, we hypothesized that small EVs par-
ticipate in tissue crosstalk during sleep deprivation is the uptake of 

F I G U R E  2  Effect of acute sleep deprivation on plasma small extracellular vesicles (EVs) in rats. Plasma samples were collected from rats 
carrying out one night of sleep deprivation and control group, and 100,000 g pellets were prepared. (A– C) Particle concentration and size 
were measured by nanoparticle tracking analysis. n = 10. (D) Protein content of the particles was analysed by Western blotting (n = 6) and (E) 
the signals were quantified. SC, Sleep control group; SD, Sleep deprivation group. Data are presented as mean ± SEM, *p < 0.05, ***p < 0.001.

F I G U R E  3  Effects of sleep deprivation- liberated small EVs on thrombus formation and weight in thrombosis models. Blood samples 
were collected before (pre) and after (post) SD from 8 participants, and isolated small extracellular vesicles (EVs). These small EVs were 
then intravenously administered to recipient rats and mice. (A) Thrombus weight in a rat arterio- venous shunt thrombosis model, n = 8. 
(B) Thrombosis formation in a ferric chloride- induced arterial thrombosis model in mice, n = 8. Pre: pre- sleep deprivation; Post: post- sleep 
deprivation. Data are represented as means ± SEM, *p < 0.05.
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these vesicles in recipient tissues. To investigate the biodistribution 
of small EVs once they are liberated into circulation during sleep 
deprivation, we isolated small EVs from rats undergoing one night of 
sleep deprivation (SD group) and control rats (SC group) and labelled 
them with DiR. These labelled small EVs were then intravenously 
administered to recipient mice, which were then analysed by whole- 
body intravital imaging. Eight hours after injection of a 150 μg dose 

of labelled small EVs, we detected fluorescence in mice receiving 
small EVs from SC and SD groups, respectively (Figure 6A), indicat-
ing that small EVs liberated into circulation by sleep deprivation 
more readily concentrate in tissues in the abdominal viscera, with a 
small amount in the brain. We then carried out repeat experiments 
in mice receiving labelled small EVs from a single donor at a one- 
to- one ratio and observed fluorescent signal in the liver and brain 
(Figure 6B). Importantly, we observed a significant increase in fluo-
rescence in the livers of mice receiving small EVs from SD group ver-
sus control donors 8 h after injection (Figure 6B,C), indicating that 
small EVs liberated into circulation during sleep deprivation more 
readily localize in the liver.

4  |  DISCUSSION

Sleep is integral to life.38 Insufficient or disrupted sleep increases the 
risk of multiple pathological conditions, including acute myocardial 
infarction and coronary artery disease.39,40 EVs emerge as compre-
hensive signalling entities mediating adaptive responses over large 
distances with widespread implications in physiology.2,41 In this 
study, we investigated whether one night of sleep deprivation af-
fects the level of EVs in the circulation with focus on small EVs. The 
results show that one night of sleep deprivation triggers release of 
small EVs into the circulation, which promote thrombosis formation 
and platelet activation, and more readily localize in the liver. These 
data suggested that small EVs may be implicated in long distance sig-
nalling during sleep deprivation- mediated adaptation processes, and 
small EVs released here may increase the risk of thrombosis, prob-
ably by the increased HMGB1 protein levels.

Sleep deprivation is a condition that occurs if you do not get 
enough sleep. Sleep deficiency is a broader concept, which in-
cludes insomnia, acute sleep deprivation, sleep- disordered breath-
ing, restless legs syndrome, etc.42 Several reports have shown the 
alterations of EVs in sleep- disordered condition. Abdelnaby et al. 
reported the plasma exosome might contribute to adipocyte met-
abolic dysfunction in patients with sleep- disordered- breathing 
(SDB), which is characterized by chronic intermittent hypoxia 
and sleep fragmentation.43 Plasma exosomes in obstructive sleep 
apnea syndrome (OSA) patients promote endothelial senes-
cence.44 Also, increased microparticle levels in middle- aged and 
elderly patients with insomnia may be involved in the pathogen-
esis of arteriosclerosis. But no studies have reported the effect 
of acute sleep deprivation on the alterations of circulating small 
EVs. Our findings provide preliminary evidence for the role of one 
night of SD on the levels of small EVs in the circulation. Our find-
ings are consistent with previous reports of the significant rises 
of small EVs in healthy individuals after a single bout of physical 
exercise.37,45 Given the fact that one night of SD and a single bout 
of exercise are both stressful conditions for the body, it is possible 
that small EV is an emerging factor in stress stimulation and prob-
ably play roles in intercellular communications subsequently.46 
It has been reported that there is a trend for platelet- derived 

F I G U R E  4  Sleep deprivation- liberated small extracellular 
vesicles (EVs) promoted platelet aggregation in vitro. (A) Typical 
platelet aggregation tracing. Thrombin (10 μM) was used to 
induce platelet aggregation and the maximum aggregation rate 
of platelets was recorded within 7 min by turbidimetry using a 
LBY- NJ4 aggregometer. (B) Platelet aggregation Lag time/s: Time of 
platelet aggregation after adding inducer. (C) Platelet aggregation 
(AUC/AU): Area of platelet aggregation in curve per unit time. 
Pre: pre- sleep deprivation; Post: post- sleep deprivation. Data are 
represented as means ± SEM, *p < 0.05, **p < 0.01.



5040  |    WANG et al.

microparticles to increase after cardiac stress,47 as well as a 
marked rise of microparticles in healthy individuals after a high- 
fat meal,48 suggesting that larger EVs may have a physiological or 
pathophysiological function to promote or remove stress- induced 
cellular by- products.49 Looking at a total population of larger 
EVs by semi- quantitative means, we did not find evidence for in-
creased total levels of large EVs in the present study; however, this 

analysis is probably not powerful enough to resolve the dynamics 
of EV sub- populations derived from distinct cells.

Examination of the αIIb integrin subunit indicated that platelet- 
derived vesicles are among small EVs released in response to 
one night of SD. Platelets are known to produce pro- coagulant 
EVs including exosomes as a result of different activation stim-
uli.6,50 It should be noted that plasma processing affects platelet 

F I G U R E  5  Sleep deprivation increased the levels of HMGB1 protein in small extracellular vesicles (EVs). Plasma samples were collected 
from 20 healthy participants before (pre) and after (post) sleep deprivation, and 100,000 g pellets were prepared. Protein content of the 
particles was analysed by Western blotting (n = 6) and the signals were quantified. Pre: pre- sleep deprivation; Post: post- sleep deprivation. 
Data are presented as mean ± SEM, ***p < 0.001.

F I G U R E  6  Sleep deprivation- liberated small extracellular vesicles (EVs) demonstrate tropism to the liver. Intravital imaging of recipient 
mice treated intravenously with DiR- labelled small EVs from rats undergoing one night of sleep deprivation and control mice. (A) Whole- 
body fluorescence imaging of animals treated with a 200 μl dose of small EVs from 6 sleep deprivation or sleep control donor rats. Images 
were taken 12 h after tail vein injection. (B– D) Quantitative fluorescent imaging of liver, brain, heart and kidney taken from recipient mice 
receiving 200 μl dose of labelled small EVs from sleep deprived or sleep controlled donors. Images were taken at 30 min. Data are mean 
percentage fluorescence ± SD; ***p < 0.001; n = 6. (E– G) Rapid frozen section fluorescent imaging of liver and brain taken from recipient mice 
receiving 200 μl dose of labelled small EVs from sleep deprived or sleep controlled donors. ***p < 0.001; n = 6.
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vesiculation and fractionation, which may contribute to the recov-
ery of platelet EVs in MV and small EV fractions.51,52 However, 
the pre- analytical parameters were identical for all subjects in this 
study. Most likely, other cells such as endothelial cells, red blood 
cells, monocytes and neutrophils can release exosomes into the 
circulation. Further detailed studies are required to decipher the 
cellular source and the full complexity of small EVs released during 
sleep deprivation.

The interaction between small EVs and haematological sys-
tem offered new insight into the coagulation and thrombosis. 
Disordered coagulation contributes to the formation of thrombosis 
in pathological conditions. Thrombosis is usually the final stage of 
atherosclerosis, and it can lead to severe results, including stroke, 
myocardial infarction and venous thromboembolism.53 Recently, 
proteomic study revealed that EVs in smoke people have a higher 
level of tissue factor, which may be correlated with thrombosis 
and atherosclerosis,54 providing evidences that high level of cir-
culating EVs may trigger thrombosis.55 In the present study, we 
found that SD- liberated small EVs increased thrombus formation 
and platelet aggregation in vivo and in vitro, further confirming 
that the amount of circulating EVs was increased by SD. In the 
following experiments, we found HMGB1 protein level in small 
EVs was elevated by sleep deprivation, suggesting one night of 
sleep deprivation promotes the release of small EVs along with 
the modification of small EV- carried proteins. Platelet HMGB1 has 
a distinctive role in platelet thrombotic functions. After release 
from first- responding platelets, HMGB1 attains concentrations 
that activate and aggregate other platelets and thereby, initiate a 
cascade of platelet thrombogenesis.36 The induction in EV level of 
HMGB1 by one night of SD suggests that this may be one mech-
anism by which such SD may promote platelet contributions to 
thrombosis and atherosclerosis.

Small EVs are heterogeneous nano- sized vesicles with unique 
protein, lipid and nucleic acid compositions capable of eliciting dif-
ferent effects on recipient cells.56 This heterogeneity which might be 
coordinated during sleep disorder is a meaningful concept. Elemental 
to this is the directed transport of vesicles to specific tissues. In sup-
port of this we herein show, at least in transplanted rodents, that the 
biodistribution of vesicles following one night of SD differs from that 
seen in the absence of SD stimulus. Since blood flow in recipient ani-
mals would be equal, and the same amount of small EVs from SC and 
SD samples were injected, the observed difference in localization 
must be driven by factors intrinsic to the vesicles. The target spec-
ificity of small EVs is thought to be mediated by adhesion proteins 
such as integrins and tetraspanins on the surface of the vesicles.57 
Further studies are needed to illustrate the components of small 
EVs. On the contrary, EV levels in the circulation depend on speed 
of the clearance, currently thought to involve direct receptor binding 
of liver or spleen phagocytes to phosphatidylserine or opsonization 
protein on the EVs.58 Another report shows that macrophages in 
the liver play a crucial role in the clearance of the exosomes from 
the circulation.59 In our study, we observed that small EVs liberated 
into circulation during sleep deprivation are more readily localize in 

the liver, suggesting the elevated small EV numbers induced by the 
sleep- disordered stress might have a trend to be cleared in the liver 
to maintain the homeostasis of the body.

The present study has two limitations. First, the cellular source, 
comprehensive cargo alterations, targets and signalling components 
of SD- induced small EVs were not validated to uncover the mecha-
nism of their potential role as mediators of health- injurious effects 
associated with sleep deprivation. Second, although we determined 
the subsequent distribution of small EVs, based on the fact that the 
release of small EVs in this study is an acute event, the dynamic 
changes of circulating small EVs remain to be elucidated.

5  |  CONCLUSIONS

In summary, we demonstrated one night of sleep deprivation trig-
gers release of small EVs into the circulation, which promote throm-
bosis formation and platelet activation, and more readily localize 
in the liver. These data suggested that one night of sleep depriva-
tion is a stress for small EV release, and EVs released here may in-
crease the risk of thrombosis. Further, EVs may be implicated in long 
distance signalling during sleep deprivation- mediated adaptation 
processes.

AUTHOR CONTRIBUTIONS
Chongyue Wang: Conceptualization (equal); data curation (equal); 
formal analysis (equal); investigation (lead); methodology (lead); 
resources (lead); supervision (lead); validation (lead). Lulu Li: Data 
curation (equal); formal analysis (equal); investigation (lead); meth-
odology (lead); resources (lead); validation (lead). Chao Yang: Project 
administration (equal); resources (equal). Zhaoqiang Zhang: Project 
administration (equal); resources (equal). Xiao Li: Project admin-
istration (equal); resources (equal). Yun Wang: Project administra-
tion (equal); resources (equal). Xiang Lv: Project administration 
(equal); resources (equal). Xufeng Qi: Project administration (equal); 
resources (equal). Guohua Song: Conceptualization (lead); data 
curation (lead); formal analysis (lead); funding acquisition (lead); 
investigation (equal); methodology (equal); project administration 
(equal); resources (equal); software (lead); supervision (lead); valida-
tion (equal); visualization (lead); writing –  original draft (lead); writing 
–  review and editing (lead).

FUNDING INFORMATION
This study was supported by the National Natural Science Foundation 
of China (no. 81873517, 81670422, 81770240), Young Taishan 
Scholars Program of Shandong Province (tsqn20161045), and the 
academic promotion program of Shandong First Medical University 
(Shandong Academy of Medical Sciences) (no. 2019rc011), and 
National Innovation and Entrepreneurship Training Program for col-
lege students (no. 201910439009).

CONFLIC T OF INTERE S T
We declare that we have no conflict of interest.



5042  |    WANG et al.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Xufeng Qi  https://orcid.org/0000-0002-5911-071X 
Guohua Song  https://orcid.org/0000-0002-3799-8420 

R E FE R E N C E S
 1. van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology 

of extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19:213- 228.
 2. Yanez- Mo M, Siljander PR, Andreu Z, et al. Biological properties of 

extracellular vesicles and their physiological functions. J Extracell 
Vesicles. 2015;4:27066.

 3. Sundar IK, Li D, Rahman I. Small RNA- sequence analysis of plasma- 
derived extracellular vesicle miRNAs in smokers and patients with 
chronic obstructive pulmonary disease as circulating biomarkers. J 
Extracell Vesicles. 2019;8:1684816.

 4. Rodosthenous RS, Coull BA, Lu Q, Vokonas PS, Schwartz JD, 
Baccarelli AA. Ambient particulate matter and microRNAs in extra-
cellular vesicles: a pilot study of older individuals. Part Fibre Toxicol. 
2016;13:13.

 5. Spakova T, Janockova J, Rosocha J. Characterization and therapeu-
tic use of extracellular vesicles derived from platelets. Int J Mol Sci. 
2021;22:9701.

 6. Heijnen HF, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated 
platelets release two types of membrane vesicles: microve-
sicles by surface shedding and exosomes derived from exo-
cytosis of multivesicular bodies and alpha- granules. Blood. 
1999;94:3791- 3799.

 7. Harding CV, Heuser JE, Stahl PD. Exosomes: looking back three de-
cades and into the future. J Cell Biol. 2013;200:367- 371.

 8. Arraud N, Linares R, Tan S, et al. Extracellular vesicles from blood 
plasma: determination of their morphology, size, phenotype and 
concentration. J Thromb Haemost. 2014;12:614- 627.

 9. Revenfeld AL, Baek R, Nielsen MH, Stensballe A, Varming K, 
Jorgensen M. Diagnostic and prognostic potential of extracellular 
vesicles in peripheral blood. Clin Ther. 2014;36:830- 846.

 10. Malloci M, Perdomo L, Veerasamy M, Andriantsitohaina R, Simard 
G, Martinez MC. Extracellular vesicles: mechanisms in human 
health and disease. Antioxid Redox Signal. 2019;30:813- 856.

 11. Savina A, Furlan M, Vidal M, Colombo MI. Exosome release is regu-
lated by a calcium- dependent mechanism in K562 cells. J Biol Chem. 
2003;278:20083- 20090.

 12. Fruhbeis C, Frohlich D, Kuo WP, et al. Neurotransmitter- triggered 
transfer of exosomes mediates oligodendrocyte- neuron communi-
cation. PLoS Biol. 2013;11:e1001604.

 13. Heijnen HF, Debili N, Vainchencker W, Breton- Gorius J, Geuze HJ, 
Sixma JJ. Multivesicular bodies are an intermediate stage in the for-
mation of platelet alpha- granules. Blood. 1998;91:2313- 2325.

 14. Nolte- 't Hoen EN, van der Vlist EJ, de Boer- Brouwer M, 
Arkesteijn GJ, Stoorvogel W, Wauben MH. Dynamics of den-
dritic cell- derived vesicles: high- resolution flow cytometric anal-
ysis of extracellular vesicle quantity and quality. J Leukoc Biol. 
2013;93:395- 402.

 15. Obregon C, Rothen- Rutishauser B, Gitahi SK, Gehr P, Nicod LP. 
Exovesicles from human activated dendritic cells fuse with resting 
dendritic cells, allowing them to present alloantigens. Am J Pathol. 
2006;169:2127- 2136.

 16. Hafner M, Stepanek M, Taylor J, Troxel WM, van Stolk C. Why sleep 
matters- the economic costs of insufficient sleep: a cross- country 
comparative analysis. Rand Health Q. 2017;6:11.

 17. Ford ES, Cunningham TJ, Croft JB. Trends in self- reported sleep du-
ration among US adults from 1985 to 2012. Sleep. 2015;38:829- 832.

 18. Kohansieh M, Makaryus AN. Sleep deficiency and deprivation lead-
ing to cardiovascular disease. Int J Hypertens. 2015;2015:615681.

 19. Cappuccio FP, Taggart FM, Kandala NB, et al. Meta- analysis of 
short sleep duration and obesity in children and adults. Sleep. 
2008;31:619- 626.

 20. Shan Z, Ma H, Xie M, et al. Sleep duration and risk of type 2 diabetes: a 
meta- analysis of prospective studies. Diabetes Care. 2015;38:529- 537.

 21. Blask DE. Melatonin, sleep disturbance and cancer risk. Sleep Med 
Rev. 2009;13:257- 264.

 22. McAlpine CS, Kiss MG, Rattik S, et al. Sleep modulates haematopoie-
sis and protects against atherosclerosis. Nature. 2019;566:383- 387.

 23. Caby MP, Lankar D, Vincendeau- Scherrer C, Raposo G, Bonnerot 
C. Exosomal- like vesicles are present in human blood plasma. Int 
Immunol. 2005;17:879- 887.

 24. Boulanger CM, Loyer X, Rautou PE, Amabile N. Extracellular vesi-
cles in coronary artery disease. Nat Rev Cardiol. 2017;14:259- 272.

 25. Matusek T, Wendler F, Poles S, et al. The ESCRT machinery reg-
ulates the secretion and long- range activity of hedgehog. Nature. 
2014;516:99- 103.

 26. Thery C, Amigorena S, Raposo G, Clayton A. Isolation and charac-
terization of exosomes from cell culture supernatants and biologi-
cal fluids. Curr Protoc Cell Biol. 2006;Chapter 3:3.22.1- 3.22.29.

 27. Haraszti RA, Didiot MC, Sapp E, et al. High- resolution proteomic 
and lipidomic analysis of exosomes and microvesicles from differ-
ent cell sources. J Extracell Vesicles. 2016;5:32570.

 28. Hosseini E, Beshkar P, Ghasemzadeh M. Reverse correlations 
of collagen- dependent platelet aggregation and adhesion 
with GPVI shedding during storage. J Thromb Thrombolysis. 
2018;46:534- 540.

 29. Hosseini E, Ghasemzadeh M, Nassaji F, Jamaat ZP. GPVI modula-
tion during platelet activation and storage: its expression levels and 
ectodomain shedding compared to markers of platelet storage le-
sion. Platelets. 2017;28:498- 508.

 30. Qi Y, Wang W, Chen J, et al. Sphingosine kinase 1 protects hepato-
cytes from lipotoxicity via Down- regulation of IRE1alpha protein 
expression. J Biol Chem. 2015;290:23282- 23290.

 31. Su XL, Su W, He ZL, Ming X, Kong Y. Tripeptide SQL inhibits platelet 
aggregation and thrombus formation by affecting PI3K/Akt signal-
ing. J Cardiovasc Pharmacol. 2015;66:254- 260.

 32. Chen Z, Luo B, Cai TQ, et al. Proof- of- concept studies for siRNA- 
mediated gene silencing for coagulation factors in rat and rabbit. 
Mol Ther Nucleic Acids. 2015;4:e224.

 33. Jin M, Jin G, Huang W, Gao Z. PEGylation of lumbrokinase im-
proves pharmacokinetic profile and enhances antithrombotic 
effect in a rat carotid artery thrombosis model. Mol Med Rep. 
2017;16:4909- 4914.

 34. von Kanel R, Loredo JS, Ancoli- Israel S, Mills PJ, Natarajan L, 
Dimsdale JE. Association between polysomnographic mea-
sures of disrupted sleep and prothrombotic factors. Chest. 
2007;131:733- 739.

 35. Zheng Z, Miller MS, Jennings IG, Thompson PE. Mechanisms of 
PI3Kbeta- selective inhibition revealed by reciprocal mutagenesis. 
ACS Chem Biol. 2013;8:679- 683.

 36. Vogel S, Bodenstein R, Chen Q, et al. Platelet- derived HMGB1 is a 
critical mediator of thrombosis. J Clin Invest. 2015;125:4638- 4654.

 37. Whitham M, Parker BL, Friedrichsen M, et al. Extracellular vesicles 
provide a means for tissue crosstalk during exercise. Cell Metab. 
2018;27:237- 251.e4.

 38. Hublin C, Partinen M, Koskenvuo M, Kaprio J. Sleep and mor-
tality: a population- based 22- year follow- up study. Sleep. 
2007;30:1245- 1253.

 39. Cappuccio FP, Cooper D, D'Elia L, Strazzullo P, Miller 
MA. Sleep duration predicts cardiovascular outcomes: a 

https://orcid.org/0000-0002-5911-071X
https://orcid.org/0000-0002-5911-071X
https://orcid.org/0000-0002-3799-8420
https://orcid.org/0000-0002-3799-8420


    |  5043WANG et al.

systematic review and meta- analysis of prospective studies. Eur 
Heart J. 2011;32:1484- 1492.

 40. Lian X, Gu J, Wang S, et al. Effects of sleep habits on acute myo-
cardial infarction risk and severity of coronary artery disease in 
Chinese population. BMC Cardiovasc Disord. 2021;21:481.

 41. Ludwig AK, Giebel B. Exosomes: small vesicles participating in in-
tercellular communication. Int J Biochem Cell Biol. 2012;44:11- 15.

 42. Wang Q, Wang X, Yang C, Wang L. The role of sleep disor-
ders in cardiovascular diseases: culprit or accomplice? Life Sci. 
2021;283:119851.

 43. Khalyfa A, Gozal D, Masa JF, et al. Sleep- disordered breathing, cir-
culating exosomes, and insulin sensitivity in adipocytes. Int J Obes 
(Lond). 2018;42:1127- 1139.

 44. Khalyfa A, Marin JM, Qiao Z, Rubio DS, Kheirandish- Gozal L, Gozal 
D. Plasma exosomes in OSA patients promote endothelial senes-
cence: effect of long- term adherent continuous positive airway 
pressure. Sleep. 2020;43:zsz217.

 45. Fruhbeis C, Helmig S, Tug S, Simon P, Kramer- Albers EM. Physical 
exercise induces rapid release of small extracellular vesicles into 
the circulation. J Extracell Vesicles. 2015;4:28239.

 46. Beninson LA, Fleshner M. Exosomes: an emerging factor in stress- 
induced immunomodulation. Semin Immunol. 2014;26:394- 401.

 47. Augustine D, Ayers LV, Lima E, et al. Dynamic release and clear-
ance of circulating microparticles during cardiac stress. Circ Res. 
2014;114:109- 113.

 48. Ferreira AC, Peter AA, Mendez AJ, et al. Postprandial hypertri-
glyceridemia increases circulating levels of endothelial cell micro-
particles. Circulation. 2004;110:3599- 3603.

 49. Dignat- George F, Boulanger CM. The many faces of endothelial mi-
croparticles. Arterioscler Thromb Vasc Biol. 2011;31:27- 33.

 50. Aatonen MT, Ohman T, Nyman TA, Laitinen S, Gronholm M, 
Siljander PR. Isolation and characterization of platelet- derived ex-
tracellular vesicles. J Extracell Vesicles. 2014;3:24692.

 51. White JG, Krivit W. An ultrastructural basis for the shape changes 
induced in platelets by chilling. Blood. 1967;30:625- 635.

 52. Lacroix R, Judicone C, Poncelet P, et al. Impact of pre- analytical pa-
rameters on the measurement of circulating microparticles: towards 
standardization of protocol. J Thromb Haemost. 2012;10:437- 446.

 53. Furie B, Furie BC. Mechanisms of thrombus formation. N Engl J Med. 
2008;359:938- 949.

 54. Benedikter BJ, Bouwman FG, Heinzmann ACA, et al. Proteomic 
analysis reveals procoagulant properties of cigarette smoke- 
induced extracellular vesicles. J Extracell Vesicles. 2019;8:1585163.

 55. Chen YT, Yuan HX, Ou ZJ, Ou JS. Microparticles (exosomes) and 
atherosclerosis. Curr Atheroscler Rep. 2020;22:23.

 56. Willms E, Cabanas C, Mager I, Wood MJA, Vader P. Extracellular 
vesicle heterogeneity: subpopulations, isolation techniques, and di-
verse functions in cancer progression. Front Immunol. 2018;9:738.

 57. Soe ZY, Park EJ, Shimaoka M. Integrin regulation in immunological 
and cancerous cells and exosomes. Int J Mol Sci. 2021;22:2193.

 58. Davila M, Amirkhosravi A, Coll E, et al. Tissue factor- bearing micro-
particles derived from tumor cells: impact on coagulation activa-
tion. J Thromb Haemost. 2008;6:1517- 1524.

 59. Imai T, Takahashi Y, Nishikawa M, et al. Macrophage- dependent 
clearance of systemically administered B16BL6- derived exosomes 
from the blood circulation in mice. J Extracell Vesicles. 2015;4:26238.

How to cite this article: Wang C, Li L, Yang C, et al. One night 
of sleep deprivation induces release of small extracellular 
vesicles into circulation and promotes platelet activation by 
small EVs. J Cell Mol Med. 2022;26:5033-5043. doi: 10.1111/
jcmm.17528

https://doi.org/10.1111/jcmm.17528
https://doi.org/10.1111/jcmm.17528

	One night of sleep deprivation induces release of small extracellular vesicles into circulation and promotes platelet activation by small EVs
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Subjects
	2.2|Experimental animals
	2.3|Establishment of one night of sleep deprivation animal models
	2.4|Isolation and identification of plasma extracellular vesicles
	2.5|Western blot analysis
	2.6|Arterio-venous shunt thrombosis model
	2.7|FeCl3 thrombus test
	2.8|Platelet aggregation test
	2.9|Intravital imaging of transplanted EVs
	2.10|Statistical analysis

	3|RESULTS
	3.1|Acute SD triggers release of small EVs into the circulation
	3.2|Injection of sleep deprivation-liberated small EVs increased thrombus formation and weight in thrombosis models
	3.3|Sleep deprivation-liberated small EVs promoted platelet aggregation induced by thrombin
	3.4|Sleep deprivation increased the levels of HMGB1 protein in small EVs
	3.5|Sleep deprivation-liberated small EVs demonstrate tropism to the liver

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


