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INTRODUCTION
Over the past century, there has been a dramatic fall in av-

erage sleep duration in the United States, from approximately 
9.0 hours in 1910 to 6.8 hours in 2005.1,2 While the behavioral 
and cognitive consequences of this reduced sleep time are well-
documented,3 it has become increasingly apparent that chronic 
short sleep duration also adversely affects cardiovascular health. 
Indeed, a number of epidemiological studies have reported that 
short sleep duration is associated with an increased risk of ath-
erothrombotic vascular disease and its clinical consequences.4-7 
For example, in a recent meta-analysis that included almost 
500,000 adults, habitual sleep duration of less than 7 h/night 
was independently associated with an increased risk of stroke 
and coronary artery disease.8 Although the factors underlying 
the link between chronic short sleep duration and cardiovascular 
risk remain poorly understood, there is emerging evidence that 
vascular endothelial dysfunction is an important contributing 
mechanism. Data from our laboratory9 and others10 indicate that 
adults who chronically sleep less than 7 h/night exhibit endothe-
lial vasomotor dysfunction that may contribute to the develop-
ment and progression of atherosclerotic vascular disease.

In addition to contributing to the regulation of blood flow, 
the vascular endothelium plays a central role in the control 
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of fibrinolysis, the primary endogenous defense mechanism 
against thrombosis.11 Endothelial cells are the site of synthe-
sis and release of tissue-type plasminogen activator (t-PA), 
the main plasminogen activator in fibrinolysis.12 The ability of 
endothelial cells to release t-PA resulting in the activation of 
plasminogen on the surface of a developing clot is critical to 
the fibrinolytic process.13,14 Impaired endothelial t-PA release 
contributes to the initiation, progression, and severity of athero-
thrombotic vascular disease.15-18 Although it has been suggested 
that alterations in the balance between coagulation and fibri-
nolysis are involved in the pathogenesis of short sleep-related 
vascular disease,19,20 it is unclear if chronic short sleep duration 
is associated with a diminished capacity of the endothelium to 
release t-PA. If so, this would represent a novel mechanism that 
may underlie the increased risk of atherothrombotic events in 
adults with habitual short sleep.

To determine whether short sleep duration is associated with 
impaired endothelial t-PA release, we utilized an isolated fore-
arm model to assess endothelial t-PA release in vivo in adults 
who were classified into two groups based on self-reported av-
erage nightly habitual sleep duration. We hypothesized that the 
capacity of the endothelium to release t-PA is lower in adults 
with habitual sleep duration < 7 h/night compared with adults 
with habitual sleep duration between 7 and 9 h/night.

METHODS

Subjects
Thirty sedentary adult men participated in the study, 15 

with normal habitual sleep duration (range: 7.0-8.1 h/night) 
and 15 with short habitual sleep duration (5.0-6.9 h/night). 
All subjects were free of hypertension (arterial blood pressure 
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≥ 140/90 mm Hg) and overt cardiovascular disease as assessed 
by medical history, physical examination, fasting blood chem-
istries, electrocardiograms, and blood pressure at rest and dur-
ing incremental exercise performed to exhaustion. None of the 
subjects smoked, were taking medications (including vitamins), 
or performed regular physical exercise for ≥ 1 year before the 
start of the study. Prior to participation, all of the subjects had 
the research study and its potential risks and benefits explained 
fully before providing written informed consent. All of the pro-
cedures were performed per institutional guidelines and were 
approved by the Institutional Review Board of the University 
of Colorado (Boulder, CO).

Sleep Duration
Sleep duration was measured as a component of the Stanford 

Physical Activity Questionnaire21 as previously described by 
our laboratory.9,22 Subjects were asked the number of hours per 
night they had slept over the past 7 days and were asked sepa-
rately about sleep duration on weeknights (Sunday-Thursday) 
and weekend nights (Friday, Saturday). Consistent with pre-
vious studies,23-25 nightly average reported sleep duration was 
calculated as the weighted average of weeknights and weekend 
values [(5 × weekday sleep duration) + (2 × weekend sleep du-
ration)/7]. Subjects were divided into 2 groups based upon their 
reported sleep duration: 7 to 9 h/night = “normal sleep dura-
tion” and < 7 h/night = “short sleep duration.” These criteria 
were chosen based on previously published reports that indi-
cate that habitual sleep duration < 7 h/night is associated with 
increased health risks, including hypertension, coronary artery 
disease, and stroke.4,6,7,26-28

Body Composition and Metabolic Measurements
Body mass was measured to the nearest 0.1 kg using a medi-

cal beam balance. Percent body fat was determined by dual en-
ergy X-ray absorptiometry (Lunar Corp., Madison, WI). Body 
mass index (BMI) was calculated as weight (kilograms) divided 
by height (meters) squared. Minimal waist circumference was 
measured according to published guidelines.29 Fasting plasma 
lipid, lipoprotein, glucose, and insulin concentrations were de-
termined using standard techniques as previously described.30

Intra-Arterial Infusion Protocol
All studies were performed between 07:00 am and 10:00 am 

after a 12-h overnight fast in a temperature-controlled room as 
previously described by our laboratory.30,31 Briefly, an intra-
venous catheter was placed in a deep antecubital vein of the 
non-dominant arm. Thereafter, a 5-cm, 20-gauge catheter was 
inserted into the brachial artery of the same arm under local 
anesthesia (1% lidocaine). Heart rate and arterial blood pres-
sure were continuously measured throughout the infusion pro-
tocol. Forearm blood flow (FBF) at rest and in response to each 
pharmacologic agent was measured using strain-gauge venous 
occlusion plethysmography (DE Hokanson, Bellevue, WA) and 
presented as mL/100 mL tissue/min. Following the measure-
ment of resting blood flow for 5 min, bradykinin was infused 
intra-arterially at rates of 12.5, 25, and 50 ng/100 mL tissue/
min and sodium nitroprusside at 1.0, 2.0, and 4.0 μg/100 mL 
tissue/min for 5 min at each dose as previously described.30 To 
avoid an order effect, the sequence of drug administration was 

randomized. Forearm volume was determined by the water dis-
placement method.

Net endothelial release of t-PA antigen and PAI-1 antigen 
in response to bradykinin and sodium nitroprusside was cal-
culated according to Jern et al.32 using the following equation:

Net release = (CV – CA ) × (FBF × [101 – hematocrit / 100])

where CV and CA represent the concentration in the vein and ar-
tery, respectively. For both t-PA and PAI-1, a positive difference 
indicated a net release and a negative difference, net uptake. 
Arterial and venous blood samples were collected simultane-
ously at baseline and at the end of each drug dose to determine 
t-PA and PAI-1 antigen concentrations. All samples were col-
lected into tubes containing 0.45 M sodium citrate buffer, pH 
4.3 (Stabilyte, Biopool AB, Sweden), aliquoted, and stored for 
analysis. Plasma concentrations of t-PA and PAI-1 antigen were 
determined by enzyme immunoassay. Hematocrit was mea-
sured in triplicate using the standard microhematocrit technique 
and corrected for trapped plasma volume within the trapped 
erythrocytes.33 The total amount of t-PA antigen released across 
the forearm in response to all 3 doses of bradykinin was calcu-
lated as the total area under each curve above baseline using a 
trapezoidal model. To avoid confounding effects from potential 
infection/inflammation-associated fibrinolytic changes, all sub-
jects were free of recent infection/inflammation (< 2 wk), as 
determined by questionnaire.34

Statistical Analysis
Differences in subject baseline characteristics and area under 

the curve data were determined by between-groups analysis of 
variance (ANOVA). Group differences in FBF and endothelial 
t-PA and PAI-1 antigen release in response to bradykinin and 
sodium nitroprusside were determined by repeated-measures 
ANOVA. When indicated by a significant F value, a post hoc 
test using the Newman-Keuls method was performed to identi-
fy differences between the groups. Relations between variables 
of interest were assessed by means of Pearson correlation coef-
ficient and linear regression analysis. All data are expressed as 
means ± SE. Statistical significance was set a priori at P < 0.05.

RESULTS
Selected subject characteristics are presented in Table 1. 

By design, average habitual sleep duration was significantly 
lower (~20%) in the short (6.1 ± 0.2 h/night) compared with 
the normal (7.6 ± 0.1 h/night) sleep duration group. There were 
no differences in anthropometric, hemodynamic, or metabolic 
variables between the groups.

Forearm blood flow responses to bradykinin were not dif-
ferent between the normal (4.7 ± 0.3 to 16.1 ± 0.8 mL/100 mL 
tissue/min) and short (4.6 ± 0.2 to 14.9 ± 0.9 mL/100 mL tissue/
min) sleep duration groups (Figure 1). Similarly, there were 
no group differences in the FBF responses to SNP (Figure 1). 
Forearm blood flow in the non-infused arm remained constant 
throughout the infusion protocols and did not differ significantly 
between groups.

Basal endothelial t-PA antigen release was not significantly 
different between groups. However, compared with the normal 
sleep duration group, the capacity of the endothelium to release 
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t-PA in response to bradykinin was significantly blunted in the 
short sleep duration group (Figure 2). Net release of t-PA anti-
gen was ~25% lower (P < 0.05) in the short (from 0.4 ± 0.8 to 
41.5 ± 4.3 ng/100 mL tissue/min) compared with the normal 
(from 0.4 ± 0.5 to 64.9 ± 6.7 ng/100 mL tissue/min) sleep dura-
tion group. As a result, the total amount of t-PA antigen released 
(area under the bradykinin curve) was markedly lower (~30%; 
P < 0.05) in adults with short (220 ± 26 ng/100 mL tissue) com-
pared with normal (299 ± 25 ng/100 mL tissue) sleep duration 
(Figure 2). There was a significant positive relation between 
average nightly sleep duration and peak t-PA release to brady-
kinin (r = 0.36; Figure 3). Sodium nitroprusside did not signifi-
cantly affect t-PA release in either the normal (from -0.6 ± 0.8 
to 5.4 ± 3.3 ng/100 mL tissue/min) or short (from -1.6 ± 0.8 to 
1.0 ± 3.2 ng/100 mL tissue/min) sleep duration groups. Neither 
bradykinin nor sodium nitroprusside elicited significant chang-
es in PAI-1 antigen release in either group (data not shown).

DISCUSSION
The novel finding of the present study is that the capac-

ity of the endothelium to release t-PA is impaired in middle-
aged, healthy men with short daily sleep duration compared 
with those with normal daily sleep duration. Consistent with 
our hypothesis, we observed significantly lower t-PA release 
to bradykinin in men who report sleeping less than 7 hours/
night compared with men who report sleeping 7-9 hours/night. 
Furthermore, a modest, but significant, positive correlation was 
observed between mean nightly sleep duration and endothelial 
t-PA release in the overall study population. To our knowledge, 
this is the first study to examine the influence of habitual sleep 
duration on endothelial fibrinolytic function.

Several large observational studies have reported an asso-
ciation between short habitual sleep duration and increased 
cardiovascular morbidity and mortality resulting from athero-

thrombotic events.4-8 Recent data from over 30,000 partici-
pants in the National Health Interview Survey indicate that, 
compared with sleep duration of 7 hours/night, short sleep 
duration is associated with an increased risk of myocardial in-
farction and stroke.35 Although the mechanisms underlying the 
link between chronic short sleep duration and thrombotic risk 
are unclear, it has been suggested that abnormalities in the bal-
ance between coagulation and fibrinolysis may play a role.19 
This notion is largely supported by data demonstrating elevated 
plasma levels of pro-thrombotic markers, such as von Wille-
brand factor and soluble tissue factor antigen, in adults with 
short or disrupted habitual sleep patterns.19,20 However, plasma 
concentrations of these proteins provide an indirect and non-

Table 1—Selected subject characteristics

Variable

Normal Sleep 
Duration
(n = 15)

Short Sleep 
Duration
(n = 15)

Age, y 50 ± 3 50 ± 2
Sleep Duration (h/night) 7.6 ± 0.1 6.1 ± 0.2*
Body mass, kg 86.5 ± 3.8 90.7 ± 3.9
BMI, kg/m2 28.1 ± 1.1 28.6 ± 1.3
Body fat, % 26.9 ± 2.3 28.9 ± 2.2
Waist circumference, cm 99.1 ± 3.5 99.6 ± 3.1
Systolic BP, mm Hg 122 ± 3 124 ± 2
Diastolic BP, mm Hg 78 ± 2 81 ± 2
Total cholesterol, mmol/L 4.6 ± 0.2 4.8 ± 0.3
LDL-cholesterol, mmol/L 2.9 ± 0.2 2.9 ± 0.2
HDL-cholesterol, mmol/L 1.1 ± 0.1 1.1 ± 0.1
Triglycerides, mmol/L 1.3 ± 0.1 1.5 ± 0.2 
Glucose, mmol/L 5.2 ± 0.1 5.1 ± 0.2 
Insulin, pmol/L 37.0 ± 4.4 43.1 ± 5.9

Values are means ± SEM. *P < 0.05 vs. normal sleep duration. BMI, body 
mass index; BP, blood pressure; LDL, low-density lipoprotein; HDL, high-
density lipoprotein.

Figure 1—Forearm blood flow responses to bradykinin (A) and sodium 
nitroprusside (B) in the normal and short sleep duration groups. Values 
are mean ± SEM.
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specific assessment of coagulation and fibrinolytic balance.32,36 
The present results significantly extend these findings by dem-
onstrating that short habitual sleep duration is associated with 
an impaired capacity of the endothelium to acutely release t-PA, 
the primary determinant of endogenous fibrinolytic activity.11 
Disruption of endothelial t-PA release is considered an impor-
tant antecedent to atherothrombotic disease. For example, mice 
deficient in t-PA exhibit enhanced macrovascular fibrin deposi-
tion and accelerated atherogenesis,37 and impaired endothelial 
t-PA release predicts the future risk of atherothrombotic events 
in humans with coronary artery disease.18 Therefore, a reduc-
tion in endothelial fibrinolytic potential may play an important 
role in the pathogenesis of atherothrombotic vascular disease in 
adults who habitually sleep fewer than 7 hours/night. Previous 
studies have demonstrated alterations in endothelial vasomo-
tor function with acute and chronic sleep restriction. In a study 
population similar to the present study, we observed enhanced 
endothelin-1-mediated vasoconstrictor tone in adults who re-

ported habitually sleeping fewer than 7 hours/night.9 Also, Sau-
vet et al.10 recently reported that acute sleep deprivation results 
in impaired microvascular endothelium-dependent vasodilation 
in healthy men. Interestingly, the forearm blood flow responses 
to bradykinin were not different between groups in the present 
study. Bradykinin-induced vasodilation is primarily mediated 
by endothelial hyperpolarizing factor and not nitric oxide. As 
such, it appears that habitual short sleep duration does not com-
promise this vasodilator pathway. Moreover, considering there 
were no significant group differences in the FBF responses to 
either bradykinin or sodium nitroprusside, it is important to 
emphasize that the sleep-related deficit observed in endothelial 
t-PA release is not a blood flow related phenomenon.

The mechanisms responsible for the impaired endothelial t-PA 
release in adults with habitual short sleep duration are unclear. 
Chronic sleep restriction has been linked to metabolic changes 
that promote the development of obesity and the metabolic syn-
drome, such as alterations in plasma leptin concentrations and 
reduced glucose tolerance.38-41 As a result, it has been suggested 
that a large portion of the cardiovascular risk associated with 
short sleep duration is attributable to increased adiposity,42 a 
condition itself that is associated with impaired endothelial t-PA 
release.30 However, in the present study, there were no differ-
ences in body mass, body mass index, body fat percentage, or 
waist circumference between groups, suggesting that short sleep 
duration is associated with endothelial fibrinolytic dysfunction 
independent of adiposity. Also, it is possible that short sleep-
related impairments in endothelial t-PA release are mediated by 
dysfunction of vascular repair processes that restore endothelial 
function after injury.43 This is unlikely, however, in light of the 
recent finding that short sleep duration is not associated with 
a reduction in the number or function of endothelial progeni-
tor cells, an integral component of endogenous vascular repair 
processes.22 Other potential mechanisms include inflammation, 
oxidative stress, and sympathetic nervous system activation; 
each of these factors are associated with chronic short sleep 
duration39,44,45 and are known to adversely influence endothelial 

Figure 2—Net release (A) and total amount (area under the curve; B) 
of tissue-type plasminogen activator (t-PA) antigen released across the 
forearm in response to bradykinin in the normal and short sleep duration 
groups. Values are mean ± SEM; *P < 0.05 vs. normal sleep duration.
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fibrinolytic function.46-49 In the present study, plasma concentra-
tions of C-reactive protein (normal sleep: 1.2 ± 0.6 mg/L vs. 
short sleep: 1.3 ± 0.4 mg/L) and oxidized LDL (normal sleep: 
49.9 ± 4.0 U/L vs. short sleep: 56.4 ± 4.9 U/L) were not dif-
ferent within a subset of individuals in the normal (n = 12) and 
short (n = 8) sleep duration groups. Although this argues against 
their potential role in fibrinolytic dysfunction with chronic short 
sleep, it is possible that other inflammatory and/or oxidative 
mediators may be involved. We did not assess sympathetic ner-
vous system activity, which can be elevated with sleep depriva-
tion50,51; thus, future studies will be necessary to elucidate the 
possible contribution of sympathetic activation to habitual short 
sleep-related impairments in endothelial t-PA release.

There are three experimental considerations regarding the 
present study that should be mentioned. Firstly, to minimize the 
potentially confounding effects of lifestyle behaviors besides 
habitual sleep duration, we studied nonsmoking adults who 
were similar in age and not taking vitamins or medications. 
Nevertheless, we cannot completely exclude the possibility 
that other behavioral differences or genetic factors may have 
influenced our results. Secondly, we acknowledge that assess-
ment of habitual sleep duration by self-report has the potential 
to introduce bias and experimental error. However, previous 
studies have reported a strong correlation between self-reported 
sleep duration and that obtained objectively through actigraphic 
monitoring.52,53 Moreover, self-reported sleep duration has been 
used to assess habitual sleep duration in several previous stud-
ies examining the relation between sleep duration and indices 
of cardiometabolic risk.23-25 Finally, it is important to emphasize 
that the present study involved only men. We have previously 
reported a marked difference in the capacity of the endothelium 
to release t-PA between middle-aged men and women, and it is 
possible that these gender differences may exist with chronic 
sleep restriction.54 Consequently, the present results should be 
viewed within the context of the study population.

In conclusion, the results of the present study indicate that 
the capacity of the endothelium to release t-PA is impaired in 
adults who report habitually obtaining fewer than 7 hours of 
sleep per night. These findings extend previous studies dem-
onstrating endothelial dysfunction with chronic sleep restric-
tion and identify a novel mechanism that may contribute to the 
elevated atherothrombotic risk associated with habitual short 
sleep duration.
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