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Abstract Sleep deprivation is highly prevalent and is
associated with increased cardiovascular disease (CVD)
morbidity and mortality. Age-related alterations in sleep
and chronobiology may exaggerate CVD susceptibility
in older individuals. The mechanisms responsible for
the association between sleep deprivation and CVD are
not fully understood, but endothelial dysfunction may
play a central role. Our objective was to conduct a
systematic literature review to evaluate the evidence
on the effects of sleep deprivation on endothelial func-
tion (EF). This review adhered to the PRISMA guide-
lines and was pre-registered with PROSPERO
(#CRD42020192485, 07/24/2020). We searched
PubMed, Web of Science, Embase, and Cochrane Li-
brary for articles published through May 1, 2020. Eligi-
bility criteria included publication in English and use of
well-established EF methodologies in adult humans.
Two investigators independently performed the litera-
ture search, study selection, data extraction, risk-of-bias
assessment, and qualitative data synthesis. Out of 3571
articles identified, 24 articles were included in the sys-
tematic review. Main findings include the following: (1)
shorter sleep duration is associated with lower
macrovascular EF; (2) not sleeping 7–9 h/night is linked
with impaired microvascular EF; (3) sleep restriction
impairs micro- and macrovascular EF; (4) acute total

sleep deprivation impairs micro- and macrovascular EF
but data onmacrovascular EF are less consistent; and (5)
shift work impairs macrovascular EF. In conclusion,
sleep deprivation impairs EF, which may explain the
link between insufficient sleep and CVD. Future inves-
tigations should fully elucidate the underlying mecha-
nisms and develop strategies to combat the adverse
endothelial effects of sleep deprivation across the
lifespan.
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Introduction

Sleep deprivation is one of the top modifiable risk
factors to human health. The American Heart Associa-
tion and CDC advocate that adults receive at least 7 h of
sleep each night to promote optimal health and reduce
the risk for disease [1, 2]. In agreement with this, the
National Sleep Foundation recommends that adults ob-
tain 7–9 h of sleep per night [3], yet nearly 50% fail to
meet this recommendation [4]. Sleep deprivation is also
an important issue in the elderly, over half of whom
report sleep complaints including a diminished ability to

https://doi.org/10.1007/s11357-020-00312-y

B. J. Holmer : S. S. Lapierre :D. D. Christou (*)
Department of Applied Physiology and Kinesiology, College of
Health and Human Performance, University of Florida, 1864
Stadium Road, Gainesville, FL 32611-8205, USA
e-mail: ddchristou@ufl.edu

D. E. Jake-Schoffman
Department of Health Education and Behavior, College of Health
and Human Performance, University of Florida, 1864 Stadium
Road, Gainesville, FL 32611-8205, USA

/ Published online: 9 February 2021

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-020-00312-y&domain=pdf
http://orcid.org/0000-0002-9710-6666


GeroScience (2021) 43:137–158

achieve sufficient sleep duration and quality [5], which
is likely secondary to the effects of age-related chrono-
biological disruption [6–8]. The consequences of insuf-
ficient sleep are far from benign. Indeed, there is com-
pelling evidence that reduced sleep duration and poor
sleep quality both dramatically increase the morbidity
and mortality associated with cardiovascular disease
(CVD) [2, 9–12], the leading cause of death in the
USA [13]. Importantly, aging, a recognized CVD risk
factor [14], may act in concert with insufficient sleep to
accelerate cardiovascular aging and increase CVD risk.
Promoting successful cardiovascular aging may start
with extending the same consideration to sleep as has
been given to other traditional CVD risk factors (e.g.,
hypertension, dyslipidemia, obesity, and physical inac-
tivity) [15].

That sleep is ubiquitous among all organisms implies
that it is indispensable [16]. Adequate sleep at the appro-
priate biological time is also critical for homeostatic
maintenance. Endogenous chronobiological rhythms
evolved to synchronize physiological processes with en-
vironmental and behavioral stimuli (e.g., day and night,
feeding and fasting, activity and rest) [17]. The human
cardiovascular system is not exempt from chronobiolog-
ical influence. Circadian clocks are present in cardiac,
smooth muscle, and endothelial cells, regulating process-
es such as heart rate, blood pressure, and endothelial
function [18], all of which exhibit diurnal fluctuations.
Unfortunately, modern lifestyles encourage living out of
sync with our circadian biology [19], which leads to
chronobiological disruption and is likely the cause of
many preventable diseases including CVD [20].

The burden of chronobiological disruption and sleep
deprivation on CVD risk may be exacerbated in the
aging population which is expected to grow dramatical-
ly in the coming decades [21]. Aging is independently
associated with chronobiological disruptions and alter-
ations in sleep duration and quality that ultimately pre-
dispose older individuals to sleep deprivation [22]. Even
though aging is associated with a reduced amount and
quality of sleep, there is no evidence to conclude that the
need for sleep decreases with age [22]. As such, the
dysfunctional circadian rhythms in older individuals
may impair sleep and exacerbate their predisposition to
CVD by negatively impacting cardiovascular health.
Given that sleep is largely a voluntary behavior, raising
awareness about the interaction of sleep and health may
support prioritizing healthy sleep behaviors to promote
optimal cardiovascular health across the lifespan [2].

Humans experience insufficient sleep in a variety of
ways, all of which likely have acute negative physio-
logical effects and when experienced chronically, pre-
dispose to disease. Chronic sleep restriction occurs
when an individual receives less sleep than their optimal
sleep duration for days, weeks, months, or even years,
and is likely the most prevalent form of sleep depriva-
tion. Humans also experience insufficient sleep due to
shift work which affects more than 15% of the work-
force [23]. Shift workers frequently experience sleep
restriction concomitant with abnormal sleep schedules
that are often out of line with human biological rhythms
[24–26]. Finally, extended wakefulness of 24 h or more,
termed total sleep deprivation (TSD), can have dramatic
physiological effects, although this form of sleep insuf-
ficiency is perhaps less prevalent, as the majority of
individuals do not routinely stay awake for 24 h or more
at a time. Regardless of how sleep deprivation is expe-
rienced, the resulting chronodisruption may impair car-
diovascular function and increase the risk for CVD.

Identifying the mechanisms underlying the role of
insufficient sleep in the pathogenesis of CVD could
facilitate the development of therapeutic strategies to
attenuate the adverse effects of sleep deprivation on
human cardiovascular health. While various cardiomet-
abolic risk factors have been proposed [2], a compelling
but understudiedmechanism bywhich sleep deprivation
may be associated with CVD is endothelial dysfunction.
Endothelial dysfunction is the initiating event in the
development of atherosclerosis, detectable before clini-
cal manifestations of CVD [27], and therefore an ideal
target for investigating the early effects of sleep depri-
vation on cardiovascular health. Furthermore, endothe-
lial function measured in coronary and peripheral arter-
ies predicts future CVD events (i.e., myocardial infarc-
tion and stroke) and death [28–30]. Endothelial dysfunc-
tion is a hallmark of cardiovascular aging, even in the
absence of other CVD risk factors [31]. Importantly,
age-related impairments in micro- and macrovascular
endothelial function contribute to increased susceptibil-
ity to CVD in the elderly (reviewed in Ghebre et al.
[32]). Therefore, elucidating the role of sleep in preserv-
ing endothelial functionmay be paramount to successful
vascular aging.

Sleep deprivation may accelerate the development of
age-associated endothelial dysfunction and through this
mechanism contribute to the pathogenesis and progres-
sion of CVD. Reviewing the evidence on how sleep
deprivation impacts endothelial function may offer a
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lens into how sleep and chronobiological disruptions
throughout life may negatively impact the trajectory of
cardiovascular aging. This could aid in the development
of recommendations for healthy lifestyle behaviors for
successful aging. It could also stimulate the design of
experimental studies to define the mechanisms bywhich
sleep deprivation affects vascular aging. Therefore, we
aimed to conduct a systematic review of the literature to
evaluate the observational and experimental evidence
on the effects of sleep deprivation on endothelial func-
tion. We also sought to discuss the potential underlying
mechanisms and construct a conceptual model linking
sleep deprivation to CVD.

Methods

This review was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) [33] and adhered to the PRISMA stan-
dards and checklist. The protocol for this systematic re-
view was pre-registered online through the PROSPERO
International Prospective Register of Systematic Reviews
(registration #CRD42020192485) and can be accessed at
https://www.crd.york.ac.uk/prospero/display_record.
php?RecordID=192485.

Eligibility criteria

We sought to provide a comprehensive synthesis of the
current state of knowledge; therefore, we did not restrict
our systematic review to specific study designs. Articles
were included if they (1) were full-length peer-reviewed
primary research articles (i.e., no reviews, dissertations,
or conference abstracts were considered); (2) focused on
adult humans; and (3) assessed micro- or macrovascular
endothelial function using well-established methodolo-
gies. Articles were excluded if they (1) focused exclu-
sively on animal models due to confounders associated
with experimental sleep deprivation (e.g., stress) which
may limit their relevance to humans; (2) included indi-
viduals younger than 18 years of age due to potential
developmental differences in sleep and cardiovascular
physiology; and (3) focused on sleep disorders because
these conditions are associated with other comorbidities
that could confound the association between sleep and
endothelial function.

This review evaluated diverse lines of evidence based
on observat ional and experimental s tudies .

Observational studies compared endothelial function in
adults who receive short vs. normal sleep duration or
assessed the association of sleep duration with endothe-
lial function. Experimental studies manipulated sleep
duration and compared endothelial function following
normal sleep and sleep deprivation. Sleep deprivation
models included (1) TSD, where participants were de-
prived of sleep for 24 h or more; (2) prolonged sleep
restriction, where nightly sleep was limited to a fraction
of the participants’ habitual sleep duration for several
days to weeks; and (3) shift work, where participants
worked an overnight or extended shift of 24 h or more.

Primary outcome

The primary outcome of this systematic review was
micro- and macrovascular endothelial function includ-
ing assessments of blood vessels in the coronary circu-
lation, periphery, or skin using vasodilation or blood
flow responses to physiological or pharmacological
stimuli.

Information sources

Studies were identified by two investigators (BJH and
SSL) from independent computerized literature searches
of the following databases: PubMed, Web of Science,
Embase, and Cochrane Register of Controlled Trials.
Each database was searched using a customized search
string to optimize results. Searches were restricted to (1)
human studies and (2) studies published in the English
language. Additional articles were identified by scan-
ning the references of identified articles. All searches
were conducted between the earliest available search
date for each database and the last search date of
May 1, 2020.

Search strategy

The search strategy used for this systematic review is
provided below. The following customized search string
and limits were used: (sleep deprivation OR sleep re-
striction OR insufficient sleep OR sleep curtailment OR
short sleep durationOR sleep loss) AND (brachial artery
flow-mediated dilation OR brachial artery flow-
mediated vasodilation OR brachial artery OR vasodila-
tion OR vascular reactivity OR microvascular function
OR vascular function OR endothelial function OR FMD
OR vascular health OR microvascular OR vascular tone
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OR arterial stiffness OR pulse wave velocity OR PWV
OR hemodynamics OR wave reflection OR augmenta-
tion index OR vascular stiffness OR aortic stiffness).
Filters: Humans, English.

Study selection

Search results from each database were downloaded and
imported into EndNote X9 to identify and remove du-
plicates. Two review team members (BJH and SSL)
independently screened the titles and abstracts of all
records to identify additional duplicates. After removal
of duplicate articles, BJH and SSL reviewed the title and
abstract of each record to determine its potential for
inclusion based on the participants, intervention, com-
parison, outcomes, and study (PICOS) types. Relevant
articles were downloaded as full-text and further
screened to determine eligibility based on our specific
inclusion and exclusion criteria. Any discrepancies be-
tween the two reviewers were reconciled through dis-
cussion and consultation with a third review team mem-
ber (DDC) was sought if a consensus could not be
reached. Included and excluded records were tracked
within EndNote, and reasons for exclusion were docu-
mented in a Microsoft Excel spreadsheet.

Data collection and data items

Data collection and extraction were performed indepen-
dently by BJH and SSL, while a third review team
member (DDC) was available for mediation. Extracted
data were inputted into a pre-formatted Microsoft Excel
spreadsheet using open-text responses. If data were
missing or clarifications were needed, the study’s cor-
responding author was contacted with a request to ob-
tain unreported data or additional details. Following data
extraction, review team members discussed and recon-
ciled any discrepancies. The following variables were
extracted from each study: authors, publication year,
participant characteristics (average age, # of males/fe-
males), study design, sample size, method used for
evaluating/manipulating sleep and assessing endothelial
function, and key results.

Data synthesis

Data on study selection and inclusion are presented
quantitatively in the text and in a flow diagram (Fig. 1)
and include number of articles identified at each stage,

number of articles included/excluded, and reasons for
exclusion. Study characteristics are summarized in text
and presented in Tables 1 and 2. Outcome data were
organized by study design consisting of observational
and experimental studies and within each study design,
data were summarized based on sleep deprivation mod-
el. Data were then qualitatively synthesized to examine
similarities and differences in key findings. When find-
ings conflicted, subject characteristics and other meth-
odological aspects were closely examined as potential
explanatory factors. There was no plan to conduct a
meta-analysis due to the diverse methodologies used to
implement sleep deprivation and assess sleep and endo-
thelial function. The mechanisms responsible for the
adverse effects of sleep deprivation on endothelial func-
tion were investigated only in some of the studies in-
cluded in this systematic review. Although not a formal
objective of our review, mechanistic data are discussed
in the text and incorporated in a conceptual model
linking sleep deprivation to CVD.

Risk of bias

Risk of bias was assessed independently by BJH and
SSL and any discrepancies between reviewers were
resolved through discussion. Risk of bias was conducted
for each study at the outcome level for the effect of
assignment to intervention. For observational and non-
randomized experimental studies, the risk of bias was
assessed using the Risk of Bias in Non-Randomized
Studies—of Interventions (ROBINS-I) [58] that focuses
on 7 domains which include bias arising from (1) con-
founding; (2) selection of participants; (3) classification
of interventions; (4) deviations from intended interven-
tions; (5) missing outcome data; (6) measurement of
outcome; and (7) selection of the reported result. For
randomized experimental studies, the risk of bias was
assessed using the Revised Cochrane Risk of Bias Tool
for Randomized Trials (RoB 2) [59] that focuses on 5
domains which include bias arising from (1) randomi-
zation process; (2) deviations from intended interven-
tions; (3) missing outcome data; (4) measurement of
outcome; and (5) selection of the reported result. Deter-
mination of risk of bias was aided using the Cochrane
Risk of Bias Tools [58, 59]. Risk of bias for each
domain and overall risk of bias across all domains for
each study were graphically presented using the Risk-
of-bias VISualization (robvis) software [60]. Addition-
ally, risk of bias for each domain were graphically
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presented across all observational/non-randomized ex-
perimental studies and across all randomized experi-
mental studies using the same software.

Results

Study selection

Detailed information regarding study identification,
screening, eligibility, exclusion from and inclusion in
the review is presented in the flow diagram (Fig. 1). The
initial literature search produced 5563 articles which
after removal of duplicates yielded 3571 articles. After
an initial screening, 3527 articles were excluded based
on title and abstract and 44 articles were assessed for
eligibility based on full-text using our inclusion and
exclusion criteria. Following full-text screening, a total

of 20 articles [61–80] were excluded for the following
reasons: no measure of endothelial function (n = 15), no
measure of sleep duration (n = 3), and inclusion of chil-
dren or adolescents (n = 2). In total, 24 articles were
included in this systematic review. Excluded articles
and reasons for exclusion can be found in Supplemen-
tary table 1 in the Online Supplementary Material.

Study characteristics

Our search resulted in 7 observational [34–40] (Table 1)
and 17 experimental [41–57] (Table 2) studies involving
a total of 1598 participants (51.3% female) ranging from
20 to 60 years of age. Eleven studies (45.8%) enrolled
both males and females, 11 (45.8%) enrolled only
males, and 2 (8.3%) enrolled only females. Study char-
acteristics are presented in Tables 1 and 2.

Fig. 1 Flow chart summarizes the results of the screening process and final article selection
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Observational studies

General characteristics Seven observational studies
were included which enrolled a total of 1250 partic-
ipants (58% female) ranging from 20 to 60 years of
age. Methodologies to assess endothelial function
differed widely across studies and included
macrovascular function using brachial artery flow-
mediated dilation (FMD) [38–40] and microvascular
function using forearm blood flow (FBF) response to
acetylcholine (ACh), bradykinin (BK), or a selective
endothelin 1 (ET-1) receptor A antagonist (BQ-123)
[35–37], and capillary recruitment response to reac-
tive hyperemia [34]. Methodologies to assess sleep
duration also varied widely with the majority of stud-
ies using self-reported methods based on validated
sleep questionnaires (Stanford Physical Activity
Questionnaire, Pittsburgh Sleep Quality Index, and
Epworth Sleepiness Scale) [34–37, 40] while 2 stud-
ies used objective sleep tracking (actigraphy or over-
night polysomnography) [38, 39]. Observational
studies assessed the cross-sectional [39, 40] or pro-
spective [38] association of habitual sleep duration
with endothelial function, or compared endothelial
function in individuals with short vs. normal habitual
sleep duration [34–38].

Sleep duration and endothelial function Three studies
examined the association of sleep duration with
macrovascular endothelial function assessed by brachial
artery FMD. In a cohort of men and women, shorter
sleep duration assessed by polysomnography was pro-
spectively associated with reduced FMD ~ 18 years later
[38], though not after adjusting for known CVD risk
factors. However, in another study in men and women,
there was no significant association between self-
reported sleep duration and FMD [40]. Similarly, in a
study in women, no association was observed between
actigraphy-assessed sleep duration and FMD [39]. No
studies examined the association of sleep duration with
microvascular endothelial function. Collectively, these
studies show that sleep duration is directly associated
with macrovascular endothelial function, but this asso-
ciation is not consistently observed and the association
with microvascular endothelial function remains
unexplored.

Four studies examined differences in microvascular
function between adults with short and normal self-
reported sleep duration. In adults who did not receiveT
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the recommended amount of sleep (≥ 7 h), vasodilation
to ACh was reduced by 20% [35]. Additionally, adults
who did not receive the recommended 7 h of sleep/night
had a ~ 3-fold greater dilator response to infusion of an
ET-1 receptor A antagonist [37]. One study also found
that women with short sleep duration (< 7 h) had im-
paired capillary recruitment in response to reactive hy-
peremia, while the results in men were not significant
[34]. Lastly, no differences were found in forearm blood
flow responses to BK between adults with short (< 7 h)
and normal sleep duration [36]. No studies have com-
pared macrovascular endothelial function between short
and normal sleepers. Collectively, these studies consis-
tently demonstrate that adults who do not meet the
recommended amount of sleep have reduced microvas-
cular endothelial function, but whether they also have
reduced macrovascular endothelial function remains
unknown.

Experimental studies

General characteristics Seventeen experimental stud-
ies were included, which enrolled a total of 348
participants (26% female) ranging from 20 to 40 years
of age. Endothelial function was assessed using cor-
onary artery flow velocity reserve response to aden-
osine triphosphate [47], brachial artery FMD [41, 42,
48–50, 52–57], FBF and forearm vascular conduc-
tance (FVC) response to reactive hyperemia [46],
venodilation to ACh [50], and cutaneous vascular
conductance (CVC) to ACh, MCh, insulin, heat,
cold, and/or cathode current [43–45, 51]. Methods
used to manipulate sleep duration included TSD last-
ing 24–40 h [41–46], sleep restriction lasting 1–8
nights [47, 48, 50, 51] or 4 weeks [49], and shift
work involving overnight [54–56] and extended
shifts of 24–30 h [52, 53, 57].

Effects of TSD on endothelial function Two studies
examined the effect of supervised TSD on
macrovascular endothelial function assessed by brachial
artery FMD. Compared to 7–8 h of sleep, FMD was
attenuated following 24 h of TSD in men and women
[41] but remained unchanged after 30.5 h of TSD in
men [42]. Four studies investigated the effects of TSD
on microvascular function, with 3 studies reporting im-
paired microvascular function after TSD compared to 7–
8 h of sleep. CVC to ACh, insulin, and heat was reduced
after 40 h of TSD in men [44]. Similarly, CVC to ACh

was reduced after 29 h of TSD in men [43]. CVC in
response to cold-water immersion was impaired after
29 h of TSD in men, although no impairments were
found prior to cold-water immersion [45]. One study
found that FBF and FVC in response to reactive hyper-
emia did not change after 24 h of TSD in men and
women [46]. Collectively these studies indicate that
macrovascular and skin but not forearm microvascular
endothelial function may be impaired in response to
acute TSD.

Effects of sleep restriction on endothelial function Two
studies investigated the effects of sleep restriction on
macrovascular endothelial function assessed by brachial
artery FMD. FMD was reduced after 4 weeks of sleep
restriction to < 80% of habitual sleep duration in men
[49] and following 8 nights of sleep restricted to ~ 5 h
per night in men and women [48]. Interestingly,
endothelium-independent dilation measured in response
to sublingual nitroglycerin did not change after sleep
restriction [48, 49], indicating that vascular smooth
muscle responsiveness to nitric oxide (NO) was pre-
served. Three studies investigated the effects of sleep
restriction on microvascular endothelial function. Mi-
crovascular function assessed by CVC to MCh and heat
was reduced after 6 nights of sleep restricted to < 4 h per
night in men, while CVC in response to cathode current
did not change [51]. Venous endothelium-dependent
dilation to ACh was also attenuated following 5 nights
of sleep restricted to 4.5 h per night in men [50]. Coro-
nary flow velocity reserve to ATP was reduced follow-
ing a single night of sleep restricted to ≤ 4 h in men [47].
Collectively, these studies demonstrate that sleep re-
striction negatively impacts endothelial function regard-
less of vascular bed or sleep restriction duration.

Effects of shift work on endothelial function Six studies
investigated the effects of shift work on macrovascular
endothelial function using brachial artery FMD. FMD
was reduced after working for a 24- [52, 57] and 30-h
shift [53] and following a single night shift in medical
staff [54, 55]. Similarly, FMD was reduced following 3
sequential night shifts in female nurses compared to a
day with no previous night shift [56]. No studies inves-
tigated the effect of shift work on microvascular func-
tion. Collectively, these studies provide consistent evi-
dence that macrovascular function is negatively impact-
ed by shift work, but the effect on microvascular endo-
thelial function remains unknown.
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Risk of bias

Risk of bias for each observational and non-randomized
experimental study is presented in Fig. 2. Additionally,
risk of bias for each domain is presented across all
observational/non-randomized experimental studies in
Fig. 3. Risk of bias arising from confounding was seri-
ous in 6, moderate in 1, and low in 8 studies and resulted
from inclusion of participants who were shift workers
[42] or who had comorbidities [38, 57] and from not
controlling important factors known to influence endo-
thelial function (e.g., food and caffeine intake during
sleep deprivation, changes in weight during sleep re-
striction, and standardization of menstrual cycle phase)
[50, 51, 57]. Risk of bias due to selection of participants
was serious in 1, moderate in 1, and low in 13 studies.
Risk of bias arising from classification of interventions
was serious in 5, moderate in 1, and low in 9 studies and
was mainly due to intervention groups being non-
explicitly defined. Risk of bias due to deviations from

the intended intervention was serious in 4 and low in 11
studies and this was mainly related to the confounding
effects of physical work and mental stress during shift
work. However, we recognize that these are not indica-
tive of flaws in the study designs per se, but rather that
they introduce a minor bias in interpreting the results on
the independent effects of sleep deprivation on endothe-
lial function. Risk of bias due to the selection of the
reported results was moderate in 2 and low in 13 studies.
For all observational and non-randomized experimental
studies, the risk of bias due to missing data and mea-
surement of outcome was low. Overall, none of the
observational and non-randomized experimental studies
had flaws that prevented them from significantly con-
tributing to this review.

For randomized experimental studies, risk of bias for
each study is presented in Fig. 4. Additionally, risk of bias
for each domain is presented across all randomized ex-
perimental studies in Fig. 5. Risk of bias arising from the
randomization process was high in 6 and low in 3 studies

Fig. 2 Risk of bias for
observational and non-
randomized experimental studies.
Domain 1: bias due to confound-
ing; domain 2: bias due to selec-
tion of participants; domain 3: bi-
as in classification of interven-
tions; domain 4: bias due to devi-
ations from intended interven-
tions; domain 5: bias due to
missing outcome data; domain 6:
bias in measurement of outcomes;
domain 7: bias in selection of the
reported result
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and was mainly due to lack of information on the method
of sequence generation and allocation concealment. We
acknowledge that although this information was not re-
ported it does not mean that the methodology was inap-
propriate. Risk of bias due to deviations from the

intended intervention was assessed in regard to the scope
of this review, which was to investigate the independent
effects of sleep deprivation on endothelial function. Three
studies which focused on shift work included highmental
stress or physical work, in addition to sleep deprivation,

Fig. 3 Risk of bias domains across all observational/non-randomized experimental studies

Fig. 4 Risk of bias for randomized experimental studies. Domain
1: bias arising from the randomization process; domain 2: bias due
to deviations from intended intervention; domain 3: bias due to

missing outcome data; domain 4: bias in measurement of the
outcome; domain 5: bias in selection of the reported result
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and were therefore deemed to have high risk of bias for
this domain. In addition, 1 study raised some concerns
and 5 had low risk of bias. Although deviations regarding
this domain could introduce bias into the results of the
current review, they were not deviations inherent to the
study methods. None of the randomized experimental
studies had missing outcome data and thus had low risk
for this domain. All randomized experimental studies
except 1 were deemed to have low risk of bias due to
measurement of the outcome and bias from the awareness
of outcome assessors to the intervention. When blinding
of the assessor was not reported, studies were considered
low risk. When blinding of participants could not occur,
studies were also considered low risk because this would
not have influenced the endothelial function measure.
Risk of bias arising from selection of the reported results
was low in all studies. Overall, none of the randomized
experimental studies had flaws that prevented them from
significantly contributing to this review.

Discussion

This is the first systematic review to focus on the effects
of sleep deprivation on endothelial function. Our main
findings include the following: (1) receiving less sleep is
associated with reduced macrovascular endothelial
function, but data are inconsistent and the association
with microvascular endothelial function remains unex-
plored; (2) not meeting the sleep recommendations for
adults (i.e., 7–9 h/night) is linked to impaired microvas-
cular endothelial function, but the effect on
macrovascular endothelial function remains unknown;
(3) sleep restriction impairs both micro- and
macrovascular endothelial function; (4) acute TSD im-
pairs micro- and macrovascular endothelial function,

but data on macrovascular endothelial function are less
consistent; and (5) extended or overnight shift work
impairs macrovascular endothelial function, but the ef-
fect on microvascular endothelial function remains
unknown.

Observational studies

Correlational data on the association of sleep duration
with macrovascular endothelial function are inconsis-
tent and the association with microvascular endothelial
function remains unexplored. This is likely due to the
inclusion of a limited range of sleep duration in some
studies and the challenges associated with quantifying
long-term habitual sleep duration. Cross-sectional data
consistently demonstrate that short sleepers have re-
duced microvascular endothelial function. These data
complement epidemiological data showing that habitu-
ally receiving insufficient sleep is associated with great-
er risk for future CVD events [81] and highlight endo-
thelial dysfunction as a potential mediator of CVD
pathogenesis in short sleepers. Observational evidence
provides preliminary support for insufficient sleep as a
potential modifiable CVD risk factor, but well-
controlled adequately powered studies are needed to
provide definitive evidence. Our review supports cur-
rent recommendations from leading health organiza-
tions that adults obtain between 7 and 9 h of sleep each
night [82].

Experimental studies

The perils of pulling an all-nighter The negative effects
of TSD on macro- and microvascular function were
consistent across most experimental studies, providing
strong evidence that endothelial function is directly

Fig. 5 Risk of bias domains across all randomized experimental studies
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impacted by an acute lack of sleep. The exception to
these findings is two studies which found no effect of
TSD on brachial artery FMD [42] or FVC [46]. One of
these studies included a group of shift workers who had
reduced baseline endothelial function compared with
non-shift workers, which likely influenced the impact
of TSD on endothelial function [42]. The second study
assessed endothelial function following TSD in combi-
nation with mental stress and a cold-pressor test; there-
fore, it is unknown how TSD impacted endothelial
function per se [46]. Notwithstanding these two studies,
the cumulative evidence supporting that a single day of
acute TSD has detrimental endothelial effects is
alarming.

While the TSD model may not be as generalizable to
real-world settings as sleep restriction or shift work
models, TSD is a well-established experimental model
to understand the acute effects of insufficient sleep on
physiological function in humans and animals. Even
though TSD-related endothelial dysfunction is likely
reversible in the near-term with adequate recovery sleep,
repeated bouts of TSD-induced endothelial dysfunction
could lead to the development of CVD. Indeed, endo-
thelial dysfunction is one of the primary initiating events
in the development of atherosclerosis [27]. Furthermore,
endothelial function governs blood flow to the heart,
brain, skeletal muscle, and skin [83], impacting quality
of life, activities of daily living, and exercise tolerance.
Therefore, our review underscores the importance of
receiving an adequate amount of sleep for optimal func-
tion and warns of the perils of pulling an all-nighter.

Restricting sleep has vascular consequences Our re-
view demonstrates that moderately restricting sleep,
equivalent to ~ 2–3 h per night, impairs endothelial
function throughout the vascular tree. This includes
endothelial function impairments in coronary, peripher-
al, and skin vasculature, which hold strong prognostic
value for future CVD and CVD events [84–87]. While
only one study assessed coronary endothelial function
[47], the finding that a single night of < 4 h of sleep
reduces coronary artery function is a cause for concern.
A night of insufficient sleep could significantly elevate
the risk for acute myocardial ischemia and other cardio-
vascular events, especially in the morning when this risk
is already elevated [88]. Furthermore, peripheral endo-
thelial dysfunction is evident in all experimental studies
included in our review independent of the vascular bed
or the duration or magnitude of sleep restriction.

While the effects of experimental sleep restriction are
acute and likely reversible once a normal and consistent
sleep pattern is resumed, findings have relevance to
adults who are chronically not meeting the recommend-
ed sleep duration. As our review shows, habitually
receiving less than the recommended 7 h of sleep/night
is associated with micro- and macrovascular endothelial
dysfunction. Therefore, experimental sleep restriction
data align with observational data and provide a poten-
tial mechanism for explaining the association of short
habitual sleep duration and CVD.

Working the night shift Shift work is common among >
15% of the workforce [23], with potentially wide-
ranging effects on cardiovascular health. Indeed, our
review finds compelling evidence that extended or over-
night shift work impairs macrovascular endothelial
function assessed by brachial artery FMD, a measure
that is highly predictive of future CVD events [28–30,
86]. While multiple mechanisms have been proposed
for the increased CVD risk in shift workers including
psychosocial stress, circadian misalignment, weight
gain, smoking, and increased prevalence of metabolic
syndrome [25], our review identifies endothelial dys-
function as a novel potential mechanism by which long-
term shift work may increase the risk for CVD. In
support of this, a longer duration of shift work is asso-
ciated with a lower brachial artery FMD [42, 57, 89],
suggesting that acute endothelial dysfunction likely pro-
gresses along a continuum to persistent endothelial dys-
function, atherosclerosis, and CVD as the duration of
shift work increases. These findings are cautionary for
individuals involved in professions where extended or
night shift work is common. Shift workers do not appear
to adapt to chronic sleep deprivation and chronobiolog-
ical disruption. Indeed, evidence supports that < 3% of
night-shift workers ever experience a complete adapta-
tion of endogenous circadian rhythms to this schedule
[90]. Adequate physical activity, proper nutrition, and
strategic timing of these circadian time-givers [91] may
have increased importance in shift workers to mitigate
the CVD risk imposed by their work schedule.

Mechanisms

The mechanisms responsible for sleep deprivation–
induced impairments in endothelial function have not
been fully elucidated. This section will discuss direct
mechanistic evidence focusing on inflammation and
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oxidative stress and autonomic nervous system dysreg-
ulation, the main areas investigated in the studies in-
cluded in this systematic review. Novel potential mech-
anisms related to chronobiological disruption, a rapidly
evolving area of research, will also be discussed.

Inflammation and oxidative stress Sleep is an important
modulator of the immune system and thus, sleep depri-
vation may cause endothelial dysfunction in part by
increasing vascular inflammation and reactive oxygen
species (ROS) production [92]. Inflammation due to
acute or chronic sleep deprivation could be the result
of a chronically elevated sympathetic stress response
and increased blood pressure. While blood pressure
normally dips 10–20% during nighttime sleep, absence
of dipping or elevations in blood pressure during sleep
deprivation activate the endothelium, causing the re-
lease of inflammatory mediators, vascular adhesion
molecules, and factors promoting coagulation that con-
tribute to endothelial dysfunction [93]. This would also
explain why chronic sleep deprivation, by preventing
resolution of this inflammatory response, is associated
with chronic low-grade inflammation and inflammatory
diseases [93, 94].

Sleep deprivation has been shown to cause acute
changes in inflammatory biomarkers including C-
reactive protein (CRP), tumor necrosis factor-alpha
(TNF-α), and interleukin-6 (IL-6). In some studies,
endothelial dysfunction was accompanied by acute ele-
vations in inflammatory biomarkers. CRPwas increased
after a 30-h work shift [53] and 10 days of chronic sleep
restriction [95]. TNF-αwas elevated following 1, 2, and
6 days of sleep restriction [51, 96, 97]. IL-6 was also
increased after a 30-h work shift [53], a single night of
sleep restriction [96, 97], and 24-h TSD [44]. Interest-
ingly, 7 weeks of aerobic exercise training prior to TSD
abolished the inflammatory response and preserved en-
dothelial function after TSD [44], suggesting a causal
role of inflammation in endothelial dysfunction and
highlighting exercise as a promising intervention that
may prevent sleep deprivation–induced endothelial
dysfunction.

Acute inflammation causes endothelial dysfunction
by promoting oxidative stress within the vasculature and
by reducing the bioavailability of NO [98]. ROS cause
endothelial damage, apoptosis, and cell proliferation
and directly/indirectly reduce NO bioavailability [98].
Superoxide anions (O2

−) rapidly react with NO and
form peroxynitrite (ONOO−), both of which may cause

lipid, protein, and DNA damage [99]. This reaction
reduces NO bioavailability while also raising ROSwith-
in the endothelium [99]. ROS further reduce NO bio-
availability by causing endothelial nitric oxide synthase
(eNOS) uncoupling, a process that results in the para-
doxical eNOS formation of ROS, rather than NO [99].
Reduced NO bioavailability impairs endothelium-
dependent vasodilatory capacity. There is some evi-
dence based on studies included in our review that
reduced NO bioavailability, perhaps a result of in-
creased oxidative stress, may be an underlying cause
of sleep deprivation–induced endothelial dysfunction.
Men who reported sleeping < 7 h per night had a re-
duced contribution of NO to endothelium-dependent
dilation compared to men sleeping > 7 h each night,
suggesting that sufficient sleep is necessary for adequate
NO availability/action [35]. Additionally, after working
3 consecutive night shifts, female nurses had reduced
levels of NO metabolites [56], though whether this was
due to altered NO production or increased degradation
was not investigated.

Opposing the actions of NO is ET-1, which when
bound to endothelial ETA receptors induces vascular
smooth muscle constriction. ETA receptor binding also
increases ROS production and interferes with NO pro-
duction and actions [100, 101], thereby implicating ET-
1 in the pathogenesis of endothelial dysfunction. One
study in our review found that short sleepers had greater
ET-1-mediated vasoconstrictor tone [37]. Acute sleep
deprivation may also impair NO/ET-1 balance. One
study found that acute TSD increased plasma ET-1
without altering levels of plasma nitrites [43], thus fa-
voring vasoconstriction and promoting endothelial dys-
function. Therefore, low-grade inflammation, increased
ROS, and their influence on the vasodilator/
vasoconstrictor balance likely play a major role in en-
dothelial dysfunction associated with acute and chronic
sleep deprivation.

Autonomic nervous system dysregulation With the ex-
ception of REM sleep, parasympathetic nervous system
activity is dominant during the majority of sleep dura-
tion [102]. Thus, acute sleep deprivation may induce
autonomic dysregulation, characterized by a state of
sympathetic nervous system (SNS) hyperactivity
[102]. SNS stimulation causes augmented vascular
smooth muscle tone, alters NO bioavailability and ac-
tivity, elevates ROS production, and stimulates vaso-
constrictor pathways, predisposing to endothelial
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dysfunction [103]. Indeed, there is an inverse relation-
ship between measures of endothelial function and sym-
pathetic activity, and acutely raising SNS activity re-
duces endothelial function [103], potentially triggering
the negative effects of short- and long-term sleep
deprivation.

Several studies included in this systematic review
reported evidence of TSD-induced SNS elevation oc-
curring in tandem with endothelial dysfunction. SNS
activity measured using heart-rate variability (HRV)
was shown to increase after 32 and 40 h of TSD [43,
104], and 5 nights of partial sleep restriction [50], while
other studies found no change in HRV after 24 h of TSD
[42, 61]. One of these studies observed no change in
HRV after TSD, but shift workers in this study had
lower baseline HRV indicating higher SNS activity in
these individuals [42]. Other measures known to be
associated with SNS activity including epinephrine
[49], norepinephrine [43, 50, 53], cortisol [47], and
blood pressure [41, 43, 46, 47, 49, 52] increase in
response to sleep deprivation. However, some studies
found no increase in blood pressure [50, 51], catechol-
amines [45, 51], or muscle sympathetic nerve activity
[46] after acute sleep deprivation, or found that endo-
thelial dysfunction preceded sympathetic activation
[43], suggesting that endothelial dysfunction can occur
in the presence or absence of elevated SNS activity.

Chronobiological disruption Human experimental da-
ta on the effects of acute or chronic sleep deprivation
on endogenous circadian clock gene expression, cir-
cadian rhythmicity, or chronobiological function are
limited. As this is an emerging field of research, we
believe it is worthwhile to speculate on the potential
ways sleep deprivation may contribute to chronobio-
logical disruption of endothelial function predispos-
ing to CVD development. Acute overnight sleep dep-
rivation has been shown to alter epigenetic and tran-
scriptional circadian clock gene profiles in humans
[105]. The presence of circadian clocks in vascular
cells and time-of-day variance in vascular tone and
endothelial function [106–108] likely function to an-
ticipate external and internal stimuli. The specific
time-of-day release of circulating metabolites includ-
ing NO and ET-1 [109] likely helps to promote
optimal vascular function. Sleep deprivation may
promote endothelial dysfunction by altering circadi-
an release profiles of NO, ET-1, and endothelial and
vascular smooth muscle cell sensitivity to these

vasoactive stimuli. Indeed, animal models of circadi-
an disruption show evidence of vascular senescence,
endothelial dysfunction, and loss of diurnal variation
in endothelial function and blood pressure [110].

Reductions in blood pressure and shear stress dur-
ing sleep, when cellular turnover is active, suppress
pro-hypertrophic stimuli, thereby favoring repair
mechanisms (reviewed in Rana et al. [17]). An ab-
sence of the nocturnal blood pressure dip and other
regenerative functions during the night is likely to
impair vascular remodeling in humans, increase vas-
cular and endothelial inflammation and oxidative
stress, and promote cell senescence, mechanisms im-
plicated in the pathogenesis of vascular aging [111].
Furthermore, sleep deprivation and shift work require
being awake at night when, according to human
biology, one should be sleeping, likely causing cir-
cadian rhythm desynchrony. Being awake during the
night also exposes one to time cues known as zeitge-
bers (e.g., light, food, and physical activity) that
disrupt normal circadian rhythms [112–114]. Shift
workers who suffer from chronic insufficient sleep
have disrupted circadian clocks, as evidenced by a
lack of complete entrainment of their circadian
rhythms to the night shift [115], which may promote
endothelial dysfunction.

Conceptual model on link of sleep deprivation to CVD

The current systematic review demonstrates that sleep
deprivation impairs endothelial function. Chronic sleep
deficiency across the lifespan may have cumulative
adverse effects on endothelial function, thus accelerat-
ing vascular aging and promoting CVD development
(Fig. 6). Human experimental evidence supports the role
of inflammation, oxidative stress, and autonomic ner-
vous system dysregulation in endothelial dysfunction
associated with acute and chronic sleep deprivation.
However, other mechanisms may be involved and
should be elucidated in future investigations. Human
evidence on the role of chronobiological disruption is
limited but presents an exciting new direction for future
studies. Long-term exposure to sleep deprivation may
have devastating chronobiological consequences and
provides an attractive target for the development of
therapeutic strategies focusing on clock re-entrainment
by optimizing timing of cues such as light, food intake,
and physical activity to preserve/restore endothelial
function.
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Implications for human aging

Adequate sleep should be encouraged in individuals of all
ages given that chronic sleep deficiency likely has cumu-
lative adverse cardiovascular effects that may lead to ac-
celerated vascular aging. The evidence summarized in this
review clearly demonstrates that achieving adequate sleep
should be considered indispensable to promote optimal
cardiovascular health. Whether insufficient sleep impairs
endothelial function to the same extent in individuals older
than 60 years of age remains to be determined because all
studies that were included in this review focused on indi-
viduals 20 to 60 years of age. The well-documented age-
related biological changes in sleep characteristics and chro-
nobiology including reductions in sleep duration and qual-
ity [5–8] are concerning considering the evidence from our
review that even amoderate amount of sleep restriction has
adverse vascular consequences. As individuals age and

receive a reduced amount of sleep, this could have
compounding effects on vascular aging. Therefore, healthy
sleep behaviors should be encouraged in older individuals.
Future research in the field of gerontology and aging
chronobiology should investigate the influence of sleep
deprivation on chronobiological disruption and develop
interventions to reduce the negative effects of sleep depri-
vation on endothelial health in this population.

Limitations

It was not possible to conduct a meta-analysis on the
effects of sleep deprivation on endothelial function due to
the significant heterogeneity in the methods used to eval-
uate endothelial function. However, this has resulted in a
comprehensive assessment of the effects of sleep depriva-
tion on endothelial function across the vascular tree. We
included both observational and experimental studies to

Fig. 6 Conceptual model of the
link between sleep deprivation
and cardiovascular disease. Sleep
deprivation leads to
inflammation, oxidative stress,
autonomic nervous system
dysregulation, and
chronobiological disruption,
which impair endothelial function
and may lead to accelerated
vascular aging and cardiovascular
disease. SNS, sympathetic
nervous system; PNS,
parasympathetic nervous system;
CVD, cardiovascular disease.
Created with BioRender.com
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maximize the impact of our review but realize the limita-
tions of observational data in informing conclusions about
causation. Observational studies that rely on self-reported
sleep duration are limited in their ability to make definitive
conclusions about the association of sleep duration with
endothelial function, especially given that self-reported
sleep duration is only moderately correlated with objec-
tively measured sleep duration [112, 113]. Shift work
studies also have some limitations. These investigations
rarely controlled for work stress, sleep time, and food and
beverage consumption. Although this maximizes external
validity, it limits direct comparisons with well-controlled
sleep deprivation studies. Some studies in this review
included women varying in menopausal status [34, 37,
38, 41, 46, 48, 52–54, 56, 57], individuals who smoked
[53, 57], or who had hypertension, diabetes, major depres-
sive disorder, and obesity [38], which could confound the
association of short sleep duration with endothelial func-
tion. Limitations notwithstanding, the inclusion of obser-
vational and shift work studies greatly complements evi-
dence of well-controlled experimental studies.

Conclusions

We present the first systematic review of the literature on
the effects of sleep deprivation on endothelial function.
Taken together, evidence from observational and experi-
mental studies link sleep deprivation to endothelial dys-
function, which may be the link between insufficient sleep
and CVD. Current guidelines state that adults should get
between 7 and 9 h of sleep each night, and the current
review supports this recommendation in the context of
reducing CVD risk. Given the pervasiveness of sleep
deprivation, interventions to combat its adverse effects on
endothelial health are urgently needed.Getting an adequate
amount of sleep should become a priority for cardiovascu-
lar health across the lifespan.
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