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a b s t r a c t
Background: Sleep loss may induce endothelial dysfunction, a key factor in cardiovascular risk. We examined the
endothelial function during one week of sleep restriction and a recovery period (from 3-to-13 days) in healthy
subjects, and its link to autonomic, inﬂammatory and/or endocrine responses.
Methods: 12 men were followed at baseline (B1, 8-h sleep), after 2 (SR2) and 6 (SR6) days of SR (4-h sleep:
02:00–06:00) and after 1 (R1) and 12 (R12) recovery nights (8 h sleep). At 10:00, we assessed changes in:
arm cutaneous vascular conductance (CVC) induced by local application of methacholine (MCh), cathodal current (CIV) and heat (44 °C), ﬁnger CVC and skin temperature (Tﬁ) during local cold exposure (5 °C, 20-min)
and passive recovery (22 °C, 20-min). Blood samples were collected at 08:00.
Results: Compared with baseline (B1), MCh and heat-induced maximal CVC values (CVCpeak) were decreased at
SR6 and R1. No effect of SR was observed for Tﬁ and CVC during immersion whereas these values were lower during passive recovery on SR6 and R1. From SR2 to R12, plasma concentrations of insulin, IGF-1 (total and free) and
MCP-1 were signiﬁcantly increased while those of testosterone and prolactin were decreased. Whole-blood
blood mRNA concentrations of TNF-α and IL-1β were higher than B1. No changes in noradrenaline concentrations, heart rate and blood pressure were observed.
Conclusions: These results demonstrate that SR reduces endothelial-dependent vasodilatation and local tolerance
to cold. This endothelial dysfunction is independent of blood pressure and sympathetic activity but associated
with inﬂammatory and metabolic pathway responses (ClinicalTrials-NCT01989741).
© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Chronic decreased sleep time is notably associated with the development of cardiovascular and metabolic diseases [1,2]. However, the biological mechanisms that link short sleep duration and these diseases
Abbreviations: MCH, metacholine chloride; B, baseline (i.e., 8 h time in bed per night);
CIV, cathodal induced vasodilation; COX, cyclooxygenase; DAP, diastolic arterial pressure;
EDHF, endothelium-derived hyperpolarizing factors; HR, heart rate; MAP, mean arterial
pressure; NO, nitric oxide; NOS, nitric oxide synthase; PU, perfusion unit; SAP, systolic arterialpressure;SR, sleep restriction (i.e.,4 h time inbedper night); SkBF, skin blood ﬂow; Tarm,
arm skin temperature; TIB, time in bed; TST, total sleep time; Tco, body temperature; Tﬁ, ﬁnger temperature.
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☆☆ Grants: Research support was provided by the French General Directorate for
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biomédicale des armées (IRBA), BP 73, 91223 Brétigny sur Orge, France.
E-mail address: fabien.sauvet@gmail.com (F. Sauvet).
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are unknown [3], and little is known about the early effects of acute
sleep restriction on vascular function. In a recent study, we showed
that 29 h of continuous wakefulness is a sufﬁcient stress to decrease
endothelial-dependent cutaneous vasodilation [4] in healthy humans.
Other authors have conﬁrmed this endothelial dysfunction in healthy
subjects after acute sleep deprivation [5,6] or restriction [6,7]. All
these ﬁndings suggest that acute exposure to sleep loss could represent
a sufﬁcient stimulus to trigger endothelial dysfunction [1].
Endothelial dysfunction is known to be an early key factor and marker in the development of atherosclerosis and is associated with numerous risk factors for cardiovascular disease, including hypertension,
coronary artery disease, vascular calciﬁcation, sudden death and the
metabolic syndrome [8].
With regards the possible mechanisms linking sleep disorders to
cardiovascular disease, it is thought that activation of the sympathetic
nervous system induces an increase in blood pressure [9] and an endothelial dysfunction [7], probably via an increase in inﬂammatory
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markers, as observed after acute or chronic sleep loss in healthy subjects
[10–12]. However, results conﬂict regarding the effects of acute sleep
restriction on sympathovagal balance [9,10,12]. In previous studies
with healthy humans we observed that 40 h of wakefulness caused endothelial dysfunction before any increase in sympathetic activity and
blood pressure [4,13], and more recently, that this endothelial dysfunction is also demonstrable in sympathectomized rats [14]. In other
words, the available data still do not provide a clear picture of the role
of sympathetic activation in the development of endothelial dysfunction during sleep loss and the mechanisms involved are still unclear.
Moreover, little is known about the recovery kinetics of vascular dysfunction after a period of sleep loss.
As the skin is readily accessible in humans and rodents, it is ideal for
assessing peripheral microvascular endothelial function and vascular
reactivity using non-invasive methods [15]. The purposes of this study
was to characterize the effects of sleep restriction (7 days with 4 h
Time in bed, TIB), and subsequent recovery on i) vascular function,
heart rate, blood pressure and sympathetic activity and ii) inﬂammatory
and endocrinal responses.

2. Methods
2.1. Subjects
Twelve healthy men, aged 29.3 ± 5.2 yrs (mean ± SD), with a body
mass index (BMI) of 23.8 ± 2.1 kg/m2, were included in the study after
giving their written informed consent. The ethics committee of the
Hotel Dieu — Ile de France 1 (Paris) and the Agence National pour la
Sécurité du Médicament (Drug safety national agency, ANSM) approved
the protocol (N°ID RCB: 2012_A00399634), which was conducted according to the principles laid out in the Declaration of Helsinki of
1975, as revised in 2001.

All subjects gave a detailed medical history and underwent a full
medical examination. Exclusion criteria were: shift-workers, smokers,
daily consumption of alcoholic beverages and those consuming more
than 400 mg of caffeine per day, subjects with a BMI greater than
30 kg/m2, and those taking medication. Subjects with excessive daytime
somnolence (Epworth Sleepiness Scales ≥ 9) [16] or sleep complaints
(Pittsburg sleep quality index (PSQI) b 31, or N 69) [17] were also excluded as was any volunteer not considered as an intermediate
chronotype using the Horne and Orstberg questionnaire [18]. Sleep/
wake patterns were checked using wrist actigraphy (Actiwatch TM,
Cambridge Neurotechnology, Cambridgeshire, UK) one week before
the experiment. The subjects' mean total sleep duration was 432 ±
15 min (mean ± SD).

2.2. Sleep restriction protocol (Fig. 1)
Subjects were accommodated individually in temperaturecontrolled bedrooms (24 ± 1 °C) in our laboratory at the Hôtel-Dieu
APHP Hospital (Paris, France) for 13 days (Fig. 1). During the ﬁrst day
(B0), they were familiarized with the laboratory procedures and
equipped for continuous polysomnography. On B0 and the day after
(B1), the subjects went to bed at 23:00 and were awoken at 07:00
(mean TST = 420 ± 18 min). The sleep restriction (SR) started on the
3rd day (SR1) and ﬁnished after 7 nights of sleep restriction (02:00 to
06:00) (mean TST = 221 ± 11 min). The subjects left the hospital
after 3 recovery nights (R1 to R3; 23:00–07:00, mean TST = 447 ±
15 min) and they returned for a further 2 nights (R12, R13) after
9 days of recovery at home.
Blood samples were collected via an intravenous forearm catheter at
08:00 on B1, SR2, SR4, SR6, R1, R3 and R12. Blood samples were immediately centrifuged at 1100 G and plasma aliquots frozen and stored at
−80 °C.
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Cardiovascular measurements were made after a 10-minute stabilization period and recorded for 10 min at 10:00 on B1, SR2, SR6, R1 and
R12. Body mass (W in kg) was assessed at 07:45 on B1, SR2, SR4, SR6,
R1, R3 and R12 using electronic scales (SECA se, Modèle 920,
precision ± 0.2 kg). Skin folds were assessed [tricipital (Pct),
underscapular (Pcs)], on B1, SR6, R3 and R12, using a Holtain skin fold
caliper (Crymich, UK) (mean of ﬁve measurements of each), and the
umbilical perimeter measured. Body fat and lean mass were calculated
with Lohman's formula [19].
Laboratory illumination was maintained at 150–200 lx during the
entire period of sleep deprivation. When not engaged in any speciﬁc
testing or meals, subjects were allowed to read, watch videos, play
games, or converse with the staff or visitors. Subjects were prohibited
from exercise, caffeine, tobacco, alcohol, and other psychoactive substances 24 h before and during the study. Meals and caloric intake
were standardized for all subjects (2400 kcal/day). Water was allowed
ad libitum.
During the experiment the polysomnographic variables (3 electroencephalograms, electrocardiograms, 2 electrooculagrams and 2 electromyogram derivations) were continuously monitored (Actiwave®,
CamNtech Ltd England) and analyzed ofﬂine (Somnologica TM,Medcare,
Reykjavik, Iceland).

with a 5 min control period before the heat (44 °C) was applied and continued for 40 min. Ten minutes after the recordings began, MCh and cathodal current were administered simultaneously, in 4 bursts (10-second)
of iontophoretic currents of 0.1 mA with a two-minute interval between
each current burst. This validated iontophoretic procedure, gives no blood
ﬂow return to baseline between sequential current applications [21]. For
each probe, the electrical charge density was 2.5 mC/cm2 and the total
electrical dose administered was 4 mC. This protocol was designed to
avoid non-speciﬁc hyperemic effects resulting from the anodal current
[20].
The SkBF signal (expressed in arbitrary perfusion units — PU) from
each laser-Doppler probe was averaged every 10 s to reduce instantaneous variability owing to vasomotion. To take into account the possible
changes in systemic hemodynamic conditions, cutaneous vascular conductance (CVC expressed in PU/mmHg,) was calculated as the ratio of
SkBF to mean blood pressure (MBP). Baseline values were obtained by
averaging values for the last 2 min of the 5-min control period. Finally,
all results were expressed as a percentage of the basal CVC value (%
Baseline) [24]. The CVCpeak was deﬁned as the maximal value recorded
after the start of heat application for iontophoretic stimulation. The area
under the curve (AUC) was also calculated from the end of the control
period to the end of the test.

2.3. Cardiovascular measurements

2.3.2. Local tolerance to cold (ﬁnger cold immersion test)
The skin temperature and SkBf of the pulp of the index ﬁnger on the
left hand (Tﬁ2) were continuously recorded using, respectively, a thermocouple (MLT 422/A, 0 °C to 50 °C, accuracy ± 0.1 °C, Ad instruments,
United Kingdom) and a submersible laser-Doppler probe (PF 405,
Perimed, Jarfalla, Sweden) ﬁxed with adhesive tape (Blenderm, 3 M,
USA).
The subject then immersed his left index in a cold water bath maintained at 5 °C (Ministat 125, Huber, Illkirch, France) for 20 min (Finger
Cold Water Immersion, CWI). Following CWI the subject removed his
hand from the water bath and dried it with a towel before the 20-min
passive rest rewarming period (Recovery) began.
The main vasoconstrictor response of the human skin exposed
to cold is mediated by a rapid and selective increase in α2adrenoreceptor (α2-AR) activity mediated by the Rho-associated kinase
pathways [25].
All of the signals were recorded using the same method as described
for Endothelial function. The baseline was obtained by averaging values
for the last 2 min of the 5-min control period. For each subject CVC and
temperatures (Tco, Tarm and Tﬁ) were calculated for the last 2 min of
the control period, for the 20-min CWI period and for the 20-min
rewarming period in ambient temperature (passive recovery). Local tolerance to cold, assessed by examining the following variables [13]: minimal Tﬁ value and maximal value observed during all the CWI period
(Tﬁmin, Tﬁmax), the number of occurrences of cold induced vasodilation
(CIVD) deﬁned as a 0.5 °C change in skin temperature, the Tﬁ value at
the end of the rewarming period (Tﬁrecov) and ﬁnally, the Tﬁ and CVC
area under the curve (TﬁAUC and CVCAUC) were determined for the
20-min CWI and rewarming periods.
During the test the volunteers were asked to rate their pain using a
continuous pain scale from 0 (“no pain at all”) to 10 (“unbearable
pain”) every 5 min.

The tests were performed in a temperature-controlled room [23 ±
2 °C; 30–50% relative humidity] throughout the experiment. The subjects wore only shorts, socks and a T-shirt and rested quietly in a sitting
position in a comfortable armchair.
2.3.1. Endothelial function (endothelial-dependent vasodilation) (Fig.2.)
Skin blood ﬂow (SkBF) changes were monitored using three laserDoppler ﬂowmetry probes (481-1, Perimed AB) connected to a laserDoppler unit (PF5000, Perimed AB, Stockholm, Sweden). The three
probes were ﬁxed on the ventral aspect of the right forearm with a
double-sided adhesive patch.
Two laser-Doppler probes were coupled to an iontophoretic annular
electrode with an embedded sponge (1.2 cm2) ﬁlled with the drugs and
connected to a closed current intensity-regulated iontophoretic generator (PeriIont 382, Perimed AB). Before the experiment, the ﬁrst sponge
was wetted with 0.2 ml of a freshly prepared 1% (10 mM) methacholine
chloride solution (MCh, TCI Europe, Zwijndrecht, Belgium), dissolved in
de-ionized water. The second probe was wetted with 0.2 ml of ionized
water (ph = 6.5). The MCh was delivered at the anode while the ionized
water was delivered at the cathode. The vascular response to MCh administration [20], a synthetic and stable ester of achetylcholine, induces
cutaneous vasodilatation via endothelium-dependent releases of a variety of vasoactive substances such as nitric oxide (NO), prostacyclin
(PGI2) and endothelium-derived hyperpolarizing factors (EDHF) [21,
22]. Iontophoretic cathodal current administration, although not painful, induces current-induced vasodilation (CIV) dependent on COX-1
activation [23].
The 3rd laser Doppler probe was heated at 44 °C for 30 min. Local
heat application induces cutaneous vasodilation caused initially by the
axonal reﬂex and, for the late, part by local NO production. Low MCh
and heat-induced cutaneous vasodilation are used as a surrogate marker of cardiovascular risk and endothelial dysfunction [22].
The surface temperature of the arm (Tarm) at the recording sites
was monitored by thermocouples attached to the skin, 3 cm distant
from the probes (MLT 422/A, 0 °C to 50 °C, accuracy ± 0.1 °C, Ad instruments, United Kingdom).
All SkBF and Tarm signals were digitized (1000 Hz sampling frequency) using a computerized acquisition system (PowerLab, ADIinstruments
Ltd, Oxford, UK). Experiments were performed at stable skin temperatures ranging from 33 °C to 34 °C [24]. Recordings started only if the
SkBf control values were between 20 and 100 PU. Data collection began

2.3.3. Heart rate and blood pressure measurements
During the experiment, arterial blood pressure (BP) was continuously recorded from the ring ﬁnger of the right arm using a digital
servo-photoplethysmograph (Portapres, Finapres Medical Systems,
Amsterdam, The Netherlands). The photoplethysmograph was automatically calibrated and the systolic and diastolic blood pressures
were controlled with a brachial cuff device before each test. Electrocardiogram (ECG) was assessed by electrocardiography using a CM5 conﬁguration (BioAmp, AdInstruments). ECG and BP waveforms were
analyzed using Matlab software (Matlab V7.3, The MathWorks Inc.,
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Natick, MA, USA) to obtain temporal and frequency domain components, in accordance with established standards [26]. R-wave peaks
were automatically detected from ECG signals using a validated algorithm [27] and mean HR was calculated. Power in the low-frequency
(LF; 0.04–0.15 Hz), and high-frequency (HF; 0.15–0.40 Hz) ranges
were computed for HR variability (HRV) and expressed in absolute
(ms2) and normalized units (nu, in %), according to the following formula: [absolute power of the component / (LF + HF)] × 100. The normalized HF component of the HRV (HFRR nu) provides an estimate of
the vagal tone, with both sympathetic and vagal tone contributing to
the normalized LF component (LFRR nu) [26].
2.4. Biological measurements
Whole blood was collected from each subject into clot activator/
plastic serum, K2EDTA (EDTA) (Vacutainer) and PAXgene Blood RNA
(PreAnalytiX) tubes using a standard phlebotomy technique.
2.4.1. Hormone and cytokine assays
Plasma and serum samples were assayed using commercially available ELISA kits. IL-6 (R&D, ref HS600B), TNF-α (R&D, HSTA00D), PGE2 (Assays Design, ADJ-900-001), IL-8 (Invitrogen, ref KHC008), IGF-1 (IDS AC27 F1), free IGF1 (R&D DPG100), testosterone (IBL, RE52151), insulin (IBL
RE53171), noradrenaline (LDN, BA E 54400) and adrenalin (LDN, BAE
5400) levels were assessed from plasma. Lower detection limits were
0.039 pg/ml, 0.106 pg/ml, 13.4 pg/ml, 0.1 pg/ml, 3.1 ng/ml, 0.015 ng/ml,
0.22 ng/ml, 2 ng/ml, 0.015 ng/ml, 0.243 nmol/l, 1,76 μU/ml and
0.243 nmol/l respectively. sE-Selectin (R&D, DSLE00), growth hormone
(IBL, DB59121), MIP-1α (Invitrogen, KAC2201), MCP-1 (R&D, DCP00)
and sICAM (R&D, DCD540) levels were also assessed from serum. Lower
limits of detection were 0.009 ng/ml, 0.1 pg/ml, 2 pg/ml, 1.7 pg/ml and
0.096 ng/ml, respectively.
2.4.2. Whole-blood mRNA isolation and reverse transcription
RNA from blood collected in PAXgene tubes was extracted using the
PAXgene Blood RNA Kit (PreAnalytiX) according to the manufacturer's
instructions. RNA from EDTA blood was extracted using acidic organic
phenol extraction and silica membrane clean-up. RNA was immediately
stored at −80 °C. RNA quantity was measured with a Nanodrop spectrophotometer ND-1000 (Thermo Scientiﬁc). Reverse transcription
was performed using the RT2 HT First Strand kit (Qiagen). The reaction
was carried out using 1 μg of RNA. The cDNA was stored at −80 °C until
use.
2.4.3. Real time PCR
PCR was carried out with custom RT2 Proﬁler Arrays in combination
with RT2 SYBR Green mastermix (SA Biosciences Qiagen, Venlo,
Netherlands) using 1 μL of cDNA in a ﬁnal volume of 25 μL. The cDNA sequences (human) for IL-1β, TNF-α, IL-6 and IGF-1 were from GenBank
(accession numbers NM_000576, NM_000594, NM_000600 and
NM_000618, respectively), as were those of the two reference genes
Hprt1 and RPLP0 (accession numbers NM_000194 and NM_001002).
Reactions were performed on a LightCycler 480 (96-well block) and
the crossing point values were calculated using LightCycler Software
v3.5 (Roche Applied Science, Mannheim, Germany). Ampliﬁcation speciﬁcity was checked using melting curve analysis following the
Vascular tests
a
1 Iontophoresis MCh

5

manufacturer's instructions. The genomic DNA control (GDC), the
reverse-transcription control (RTC) and the positive PCR control (PPC)
were tested for each sample for genomic DNA contamination, reverse
transcription efﬁciency and the polymerase chain reaction, respectively.
Assays for two housekeeping genes included in the arrays enabled normalization of data. The mean normalized mRNA (i.e., mRNA/
mRNAhousekeeping genes) values are presented.
2.5. Statistical analysis
All statistical analyses were conducted using Matlab software
(Matlab V7.3. The MathWorks Inc. Natick. MA. USA). Biological and cardiovascular variables were analyzed using non-parametric Friedman's
analysis of variance (2 factors: time and day) followed, when appropriate, by pairwise comparisons using a Wilcoxon's test. For all statistics
the signiﬁcance level was set at p b 0.05. Variations from B1 (Δ) were
calculated as [(value − B1)/ B1]. Spearman rank order correlations between Δ values were then made. All data are presented as means ± SE.
3. Results
We observed a signiﬁcant change in body weight (X2 = 35.1.
p b 0.001) with higher values after 6 and 7 days of sleep restriction compared to baseline (SR6: +0.8 ± 0.2 Kg and SR7: +0.7 ± 0.2 Kg. p b 0.05
for all). No changes in % fat mass or umbilical perimeter were observed.
3.1. Endothelial function (endothelial-dependent vasodilation)
Sleep restriction (Fig. 3) had a signiﬁcant effect on MCh-induced vasodilation (Friedman X2 = 33. 7. p b 0;001) with lesser values of CVCpeak
compared to baseline (B1) at 10:00 on SR6 (p b 0.05) and R1 (p b 0.05).
We also observed a decrease in heat-induced vasodilation (CVCpeak)
after 6 nights of sleep restriction (SR6) and after 1 recovery night
(R1). No changes in cathodal current-induced vasodilation were observed during sleep restriction or recovery. Sleep restriction had no signiﬁcant effect on baseline CVC values.
3.2. Local tolerance to cold (ﬁnger cold immersion test)
No effect of SR (Fig. 4) was found for Tﬁ and CVC parameters during
the control period at ambient temperature or during the 20 min of immersion in the 5 °C cold water. Nevertheless, when compared to B1,
lesser values of Tﬁr and AUC at SR6 and R1 (p b 0.05) were observed
during the passive recovery period. No effect of sleep restriction and recovery was observed on Tarm or Tco values. There was a strong correlation between the maximal Tﬁ value in recovery (Tﬁrecov) and the
CVCpeak induced by local heat application (Heat 44 °C) (R2 = 0.5.
p b 0.001) and a signiﬁcant increase in subjective pain was also observed during immersion of the ﬁnger in cold water (0.3 ± 0.3 vs.
3.3 ± 0.5. p b 0.01. Friedman Chi-square = 385.2. p b 0.001) but no effect of sleep restriction was observed.
3.3. Heart rate and blood pressure measurements
An increase of BP, HR, LFnu and LF/HF and a decrease of HFnu, SDNN
and RMSSD were seen 3 min after immersion in cold water although no
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R12 (Friedman Chi-square = 23.7, p b 0.0) and an increase in free
IGF-1 between SR2 and SR6 (Friedman Chi-square = 31.3. p b 0.05).
Compared to B1, prolactin plasma concentrations were lower from
SR to SR6 and testosterone from SR4 to SR6 (Friedman Chi-square =
50.4 and 42.3, respectively, p b 0.01). No effect of SR on noradrenaline,
sE-selectin, GH, VEGF, PGE2, MIP-1 and sICAM was observed (Table 1).
Delta (Δ) values [(SR6 values − B1value) / B1value] Spearman rank
order correlations coefﬁcients are presented in Table 2. No correlations
were found with prolactin or GH.

effect of SR was observed in the control or cold water immersion values
(data not shown).
3.4. Cytokine assays
MCP-1 plasma concentrations were higher on SR2, SR6 and R1 compared to B1 (p b 0.05, Friedman chi-square = 66.9, p b 0.001). We
observed a signiﬁcant decrease of TNF-α only on SR6 (Friedman Chisquare = 58.7, p b 0.001). No effect of SR on IL-6 and IL-8 plasma concentrations was observed (Fig. 5).
3.5. Hormone assays (Fig. 6)

3.6. Whole-blood mRNA expression (Fig. 7)

Insulin plasma concentrations were higher during SR2 to R3 compared to B1 (p b 0.05, Friedman chi-square = 133.8, p b 0.001) . We
also showed an increase of total IGF-1 after SR2 which continued to

TNF-α and IL-1β whole blood mRNA concentrations increased from
SR2 to R13 compared to B1 (Friedman Chi-square = 18.1, p b 0.01 and
15.9, p = 0.01, respectively). For IL-6 mRNA concentrations, we
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observed a signiﬁcant “day” effect (Friedman Chi-square = 15.9, p =
0.001) but no signiﬁcant post-hoc result compared to B1.
4. Discussion
Using an integrative approach, the present report describes the
mechanisms by which the bioavailability of the endothelium-derived
vascular reactivity is altered during acute sleep loss in healthy subjects.
To our knowledge this is the ﬁrst report to show that this endothelial
dysfunction persists even after a recovery night. Two major ﬁndings
have emerged: i) the microvascular dysfunction occurred even without
changes in systolic blood pressure, heart rate and sympathetic activity
as reported in the literature; ii) this was associated with important
and persistent changes in metabolic and endocrine responses.
We observed a blunted vascular response to MCh and local heat application during the 6 days of SR and also during recovery after the cold
exposure test, suggesting that endothelium-dependent microvascular
reactivity had been altered [15,20]. This result conﬁrms the Dettoni
et al. [7] description of a decrease in ACh-induced vasodilation and the
decrease of ﬂow-mediated dilation (FMD) described by Calvin et al.
[28] after one week of sleep restriction. Takase et al. [6] reported the
same results in healthy students after 4 weeks of chronic sleep deprivation during an examination period. In addition, Amir et al. [5] also observed a decrease in vascular reactivity after a single 24-hour shift,
particularly in subjects with a long history of working night shifts.. For
the ﬁrst time, we have shown that this endothelial dysfunction persists
after one 8-hour night of sleep recovery. The endothelial dysfunction

could in part explain the higher risk of exercise-related injuries observed after sleep restriction in healthy subjects [29]. Moreover this result also reinforces the idea that endothelial dysfunction could be an
independent predictor of cardiovascular events [30].
Since both heat and MCh-induced vasodilation were decreased, but
not the COX-1, our results suggest that the NO and EDHF pathways are
altered by sleep restriction. The NO pathway is the main pathway for
heat and MCH-vasodilation in the micro-vascular cutaneous vessels
[24] although in vivo studies have indicated that EDHF may serve as a
back-up and compensatory mechanism in conditions associated with
altered bioavailability of NO particularly in the elderly [31].
It has been suggested that the endothelial dysfunction observed
after SR could be triggered by factors such as inﬂammation or increased
sympathetic activity [32]. In our study, we found both increased MCP-1
plasma concentrations and whole-blood mRNA production of IL-1β and
TNF-α pro-inﬂammatory cytokines after 2 and 6 nights of sleep restriction and after one night of sleep recovery, but no effect on the
circulating IL-1β and TNF-α concentrations that signal a low-grade inﬂammatory response. Recently Irwin et al. [33] observed that a single
night of sleep restriction (4 h of sleep) activates cellular inﬂammation
(IL-6 and TNF-α monocyclic spontaneous expression) and the monocyte intra-nuclear signal transducer and activator of the transduction
family protein (STAT 1 and 5) expression. These changes persist after
a recovery night (8 h of sleep).
The results presented here differ from previous studies on total sleep
deprivation in which authors observed a higher inﬂammatory response
with increased concentrations of circulating markers of endothelial cell

Table 1
Changes in circulating concentrations of sE-selectin, VEGF, PGE2, MIP-1α and sICAM.

sE-selectin,
ng/ml
VEGF,
pg/ml
PGE2,
pg/ml
MIP-1α,
pg/ml
sICAM,
ng/ml

B1

SR2

SR4

SR6

R1

R3

R12

17.0 ± 1.9

17.6 ± 2.2

16.1 ± 2.3

16.1 ± 2.1

19.1 ± 2.6

16.6 ± 1.7

17.6 ± 2.1

18.8 ± 4.0

17.9 ± 3.4

15.5 ± 3.3

16.2 ± 3.6

15.7 ± 3.1

17.9 ± 3.8

18.2 ± 3.5

389 ± 57

369 ± 68

374 ± 49

392 ± 69

421 ± 91

337 ± 67

397 ± 66

1.3 ± 0.2

1.4 ± 0.3

1.3 ± 0.3

1.3 ± 0.3

1.7 ± 0.4

1.5 ± 0.4

1.5 ± 0.3

196 ± 25

203 ± 25

199 ± 21

205 ± 24

206 ± 24

206 ± 23

199 ± 22

Values are mean ± SE. Abbreviations: VEGF = Vascular endothelial growth factor, PGE2 = Prostaglandin E2, Macrophage inﬂammatory protein 1 alpha = MIP-1α, sICAM = intercellular
adhesion molecule 1.
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Table 2
Delta (Δ) values Spearman rank order correlation coefﬁcients.

Δ MChpeak
Δ Heatpeak
ΔTrecov
Δ Weight
BMI, kg.m−2
Fat mass, %
Δ Total IGF-1
Δ FreeIGF-1
Δ MCP-1
Δ Testosterone

Δ . Heatpeak

Δ Trecov

Δ Weight

BMI

Fat mass

ΔTotal IGF-1

ΔFree IGF-1

Δ MCP-1

Δ Testost.

Δ Insulin

0.22

0.42⁎
0.52⁎

−0.46⁎
−0.39⁎

−0.36
0.21
−0.24
0.35

−0.61⁎
−0.23
−0.16
0.57⁎
0.50⁎

0.55⁎
0.18
0.41⁎
0.23
−0.43⁎
−0.26

0.40⁎
−0.44⁎
−0.10
−0.37⁎
−0.62⁎
−0.36
0.87⁎

0.37
0.17
−0.20
−0.11
−0.61⁎
−0.17
0.35
0.29

−0.63⁎
0.25
−0.12
0.40⁎
0.66⁎
0.57⁎
−0.59⁎
−0.52⁎
−0.65⁎

0.25
0.18
0.61⁎
0.11
−0.15
−0.22
0.34
0.15
−0.14
0.14

0.21

N = 48. *pb0.05. Δ = (SR6value − B1value) / B1value. NO correlation was found with prolactin.

Growth Hormon

*

* *

*

0.6

*
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Fig. 6. Changes in circulating concentrations of insulin, GH, total IGF-1, free IGF-1, adrenaline, noradrenaline, testosterone and prolactin at baseline (B1), during the 6 days of sleep restriction (SR2 to SR6) and the 12 days of recovery (R1 to R12). *difference with B1 (p b 0.05).
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activation such as ICAM-1 and E-selectin [4,34] and in pro- and antiinﬂammatory cytokines such as TNF-α, IL-1β, interleukin-1 receptor antagonist (IL-1Ra) and interleukin-6 (IL-6) [29,34,35]. We can thus suggest that 4 h of sleep per night seems to limit inﬂammatory response.
As several cytokines (i.e., IL-6, TNF-α. IL1-β…) modulate arterial vascular tone via endothelial receptors, it has been suggested that inﬂammation is an important trigger of endothelial dysfunction [36,37] and it was
suggested that the inﬂammatory response observed after acute total
sleep deprivation or restriction [35,38] was implicated in endothelial
dysfunction [4,14]. In the present study we have shown that 6 days of
sleep restriction in healthy subject induce endothelial dysfunction, independent of any marked inﬂammatory responses.
We also observed increased circulating concentrations of insulin and
IGF-1 (total and free) during the sleep restriction period, and for the ﬁrst
time we have demonstrated the persistence of increased insulin concentrations even after 3 recovery nights. Many studies have demonstrated that acute sleep restriction induces an insulin resistance
associated with increased basal and post-prandial concentrations of circulating glucose [39,40]. Taken together, theses ﬁndings suggested the
existence of a robust link between decreased slow wave sleep (SWS)
and glucose tolerance. Decreased glucose tolerance appears to result
from decreased glucose utilization both by the brain and by the peripheral tissues associated with an increased food intake [41]. Indeed sleep
loss increases leptin and ghrelin plasma concentrations and hunger
[40,41]. As proposed by Copinschi et al. [41], increased insulin concentrations are probably an adaptive response to increased insulin resistance and hyperglycemia.
Recent studies have demonstrated that IGF-1 receptors are a critical
negative regulator of insulin sensitivity and NO bioavailability in the endothelium [42]. The effects of sleep restriction on IGF-1 are not well
known. Contrary to our results, a decrease in IGF-1 plasma concentration after total sleep deprivation or chronic sleep restriction [38,43,44]
has been observed. We could therefore hypothesize that, as with insulin, the increased concentrations of IGF-1 (both total and free) observed
after one week of sleep restriction are linked to an adaptive response to
IGF-1 receptor resistance.
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Our results also show that metabolic responses are associated with
changes in testosterone and prolactin concentrations that could favor
endothelial dysfunction. As observed previously, we conﬁrm that ﬁve
nights of sleep restriction decrease morning testosterone and prolactin
concentrations [45,46] although Reynolds et al. [47] observed no change
(p = 0.09) in total testosterone after 5 nights of sleep restriction (4 h of
sleep: 04:00–08:00).
Low testosterone concentration is an independent determinant of
endothelial dysfunction in men via its direct effect on the endothelium
through sex hormone receptors in the cytosol and nuclear compartment
[48,49]. This explains the signiﬁcant correlation observed in our study
between the variation in testosterone plasma concentrations and
MChpeak (R2 = 0.62. p b 0.05). Testosterone is also an important modulator of insulin sensitivity and mitochondrial function in men and low
testosterone concentrations are known to be associated with high insulin resistance though deregulation of fatty acid metabolism [50,51].
The circadian rhythm of prolactin is altered by total sleep deprivation and sleep restriction [46,52]. We observed decreased prolactin concentrations after SR, whereas other authors observed increased
concentrations [53]. Diurnal ﬂuctuations of prolactin concentrations
are associated with decreased endothelial function occurring early in
the morning in men with hypertension [54].
Few studies have assessed the effect of acute sleep restriction on
blood pressure and autonomic activity in healthy subjects. Contrary to
total sleep deprivation that induces increased HR, blood pressure [4]
and altered cardiovascular reactivity to acute stressors in humans [55],
we observed no effect of sleep restriction on the vascular parameters
during rest measurements or the response to local cold exposure. An increased HR has been observed after a longer sleep restriction protocol
(10 nights) [11]. However, after one [56] or 5 [7] nights of sleep restriction in real life conditions in the workplace, these authors observed an
increase in catecholamine concentrations and the HRV sympathetic
index whereas we showed no changes in adrenaline and decreased concentrations of noradrenaline in our laboratory-controlled conditions.
Increased sympathetic activity is a well-known trigger for endothelial dysfunction [57] and increased plasma concentration markers of

Fig. 7. Changes in IL-6, TNF-α, IL1-β, and IGF-1 whole-blood mRNA concentrations observed at baseline (B1), during the 6 days of sleep restriction (SR2 to SR6) and the 12 days of recovery
(R1 to R12). *difference with B1 value at (p b 0.05).
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endothelial cell activation [11]. However, in this study (in humans) and
a previous study with rodents we have shown that endothelial dysfunction and decreased local tolerance to cold occur after sleep deprivation
without any increased sympathetic activity and/or increase in blood
pressure [4,13,14]. So our results conﬁrm that in healthy subjects
6 days of sleep loss are a sufﬁcient stress to induce a sympatheticindependent endothelial dysfunction. Nevertheless, increased sympathetic activity, as observed in real-life sleep restriction in a stressful condition could be an aggravating factor for endothelial dysfunction.
5. Conclusions
Our data suggest that acute SR is a stimulus of sufﬁcient strength to
trigger dysfunction in the peripheral resistance vasculature of healthy
subjects. This short-term response could initially result from metabolic
and moderate inﬂammatory responses to sleep deprivation. Even if vascular dysfunction induced by acute SR is mild and subclinical, our results
point to possible interference with thermoregulatory defense mechanisms. Furthermore, we hypothesize that chronic repetition of transient
sleep loss could elevate basal inﬂammatory mediators and insulin resistance, thereby priming the development of cardiovascular and metabolic diseases [11,58]. Further studies are needed to elucidate the precise
mechanisms of the vascular dysfunction and metabolic response induced by sleep restriction and their recovery proﬁle. This is important
for improved understanding of the deleterious cumulative effects of
sleep loss and also the link between cardiovascular diseases and sleep
disorders.
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