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Background: Sleep deprivation is a risk factor for
cardiovascular disease. Cocoa flavonoids exert
cardiovascular benefits and neuroprotection. Whether
chocolate consumption may mitigate detrimental effects of
sleep loss on cognitive performance and cardiovascular
parameters has never been studied.

Aim: We investigated the effects of flavanol-rich chocolate
consumption on cognitive skills and cardiovascular
parameters after sleep deprivation.

Methods: Thirty-two healthy participants underwent two
baseline sessions after one night of undisturbed sleep and
two experimental sessions after one night of total sleep
deprivation. Two hours before each testing session,
participants were randomly assigned to consume high or
poor flavanol chocolate bars. During the tests were
evaluated, the Psychomotor Vigilance Task and a working
memory task, office SBP and DBP, flow-mediated dilation
and pulse-wave velocity.

Results: Sleep deprivation increased SBP/DBP. SBP/DBP
and pulse pressure were lower after flavanol-rich treatment
respect to flavanol-poor treatment (SBP: 116.9�1.6 vs.
120.8� 1.9 mmHg, respectively, P¼ 0.00005; DBP:
70.5�1.2 vs. 72.3�1.2 mmHg, respectively, P¼0.01;
pulse pressure: 46.4�1.3 vs. 48.4�1.5 mmHg,
P¼0.004). Sleep deprivation impaired flow-mediated
dilation (5.5� 0.5 vs. 6.5�0.6%, P¼0.02), flavanol-rich,
but not flavanol-poor chocolate counteracted this
alteration (flavanol-rich/flavanol-poor chocolate: 7.0�0.6
vs. 5.0�0.4%, P¼0.000001). Flavanol-rich chocolate
mitigated the pulse-wave velocity increase (P¼0.001).
Flavanol-rich chocolate preserved working memory
accuracy in women after sleep deprivation. Flow-mediated
dilation correlated with working memory performance
accuracy in the sleep condition (P¼ 0.04).

Conclusion: Flavanol-rich chocolate counteracted vascular
impairment after sleep deprivation and restored working
memory performance. Improvement in cognitive
performance could be because of the effects of cocoa
flavonoids on blood pressure and peripheral and central
blood flow.
pyright © 2016 Wolters Kluwer Health, Inc. Unau
urnal of Hypertension
Keywords: arterial stiffness, blood pressure, cognitive
function, endothelial function, executive functions,
flavonoids, nutrition, sleep deprivation

Abbreviations: AIx, augmentation index; APP, aortic pulse
pressure; ASP, aortic systolic pressure; BP, blood pressure;
FMD, flow-mediated dilation; PVT, psychomotor vigilance
task; PWV, pulse-wave velocity
INTRODUCTION
S
leep loss has an important yet underestimated impact
on life quality. The estimated prevalence of excessive
daytime sleepiness ranges between 4 and 20% in the

general population [1]. Increasing interest has been recently
addressed to sleep-related problems and the effects of sleep
deprivation on neurocognitive processes. Sleep deprivation
leads to an instability of normal cognitive functioning,
which is often manifested as variability in performance
and lapses of attention, with significant declines in alertness
and vigilance, along with an overall slowing of psychomo-
tor responses and cognitive processing [2,3]. Moreover,
sleep deprivation may also have a selective impact, inter-
fering with the functioning of specific brain areas [4].
Accordingly, growing evidence suggests that sleep depri-
vation produces deficits in important cognitive functions,
namely, the so-called executive functions [5–9] believed to
draw heavily upon the resources of prefrontal cortex, a
thorized reproduction of this article is prohibited.
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cortical area particularly vulnerable to the detrimental effect
of sleep deprivation [4].

Furthermore, sleep has a profound effect on the cardio-
vascular system. Sleep alters the autonomic nervous system
functioning [10,11] and thus modifies cardiovascular regu-
lation [12]. Sleep disorders may prevent the physiological
drop in blood pressure (BP) occurring during sleep. An
increased prevalence of hypertension and drug-resistant
hypertension in those with sleep loss has been reported
[13,14]. Coronary lesions, systemic inflammation, oxidative
stress, and endothelial dysfunction appear associated with
both sleep duration and sleep disorders; persistent insom-
nia, as well as short sleep duration and experimental sleep
deprivation, are associated with increased BP and increased
hypertension [15]. Endothelial dysfunction has been con-
sidered an important link between sleep deprivation and
cardiovascular disease [16], indeed, reduced flow-mediated
dilation (FMD) has been observed after chronic stress with
sleep restriction [17] as well as after a single 24-h work shift
[18]. Also, moderate sleep restriction during 8 days was
associated with a significant FMD impairment, of a magni-
tude similar to that seen in smokers or patients at high
cardiovascular risk [16]. According to this, it has been
suggested that sleep loss is a widespread phenomenon
in Western societies associated with increased cardio-
vascular morbidity and mortality [15].

Growing interest has been recently addressed to the
potential cardiovascular benefits of flavonoids (a group
of plant-derived compounds with antioxidant and anti-
inflammatory properties) from dark chocolate and cocoa
[19–21]. Benefits of cocoa and chocolate consumption for
the cardiovascular system are now well established and
include endothelium-dependent vasodilation, which con-
tributes to the maintenance of normal blood flow [22–25].
Clinical studies have shown that consumption of flavonoid-
rich cocoa can reduce platelet aggregation [26], improve BP,
and ameliorate endothelial function [22–27].

Substantial evidence exists supporting the important link
between cardiovascular risk factors and cognition [28]. In
particular, high BP has been linked with the pathophysi-
ology of vascular dementia, mild cognitive impairment and
Alzheimer disease; the relationship between cardiovascular
and cognitive health may be mediated by endothelial
dysfunction and microvascular diseases, leading to an
impairment of vascular reserve [28,29]. Indeed, endothelial
dysfunction is thought to play a pivotal role in the develop-
ment and progression of cardiovascular diseases implicated
in cognitive decline [29,30].

In this context, the potential neuromodulatory and
neuroprotective properties of flavonoids seem to be
also related to a decreased risk of dementia [31], a lower
prevalence of cognitive impairment [32], a better cognitive
evolution over a 10-year period [33], and better dose-
dependent performance of several cognitive abilities in
elderly patients [34–36]. Of particular interest is the ability
of flavonoids to improve endothelial function by increasing
the nitric oxide bioavailability, leading to relaxation of the
endothelial smooth muscle, which in turn may positively
affect vascular tone and BP regulation [19,21,27,37]. Nitric
oxide plays a key role in cerebral blood flow and cognitive
function, mediating the neurovascular coupling of neuronal
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
2 www.jhypertension.com
activity to increased blood supply [29,38]. Therefore,
increased nitric oxide bioavailability after flavanol-rich
cocoa consumption may improve peripheral blood flow
that, in turn, might facilitate more efficient cerebral blood
flow, resulting in cognitive improvements [39]. Consist-
ently, results of a pilot study showed that an acute dose
of flavanol-rich cocoa caused an increase in cerebral blood
flow 2h posttreatment in response to a cognitive task (the
task-switching paradigm), in healthy young participants;
thus, suggesting an increased brain perfusion induced by
nitric oxide-dependent vasodilation [40].

Furthermore, in animal studies, flavanols and their metab-
olites have been suggested to cross the blood–brain barrier
at physiological concentration and directly interact with
different cellular and molecular targets [41,42], suggesting
a powerful impact on mammalian brain, including neuro-
protection and neuromodulation [42]. The beneficial effects
of flavonoids in the brain appear mediated by the ability to
protect vulnerable neurons, enhance neuronal function, and
stimulate regeneration via interaction with neuronal intra-
cellular signalingpathways controllingneuronal survival and
differentiation, long-term potentiation, and memory [39].
Flavanols may thus exert positive effects onhumancognition
in two major ways: via direct interaction at the central
nervous system level, or through their potential to induce
changes in peripheral and consequently central blood flow [39].

Studies in human, evaluating the effects of flavonoids on
cognitive function suggest some interesting putative mech-
anisms of neuroprotection from flavonoids. The majority of
results showed significant improvements in measures of
general cognition, processing speed, executive functions,
and memory, thus supporting previous epidemiological,
longitudinal, and observational findings [43]. According to
this, it has been reported that regular consumption of cocoa
flavanols can positively affect cognitive functions in elderly
patients with early memory decline, along with significant
improvements in BP and insulin sensitivity [35]. In addition, a
3-month high flavanols dietary intervention has been
recently shown to significantly enhance hippocampal func-
tion, as measured by functional magnetic resonance imaging
and by cognitive testing, in healthy aged individuals [44].

Taken together, these data provide strong evidence on
cocoa flavanols consumption with positive impact on
human cognition, particularly among patients at risk. How-
ever, despite the promising evidence in support of a
beneficial role of cocoa in counteracting many aspects of
cognitive decline, to date it is not known whether cocoa
consumption can also mitigate the cognitive impairment
specifically induced by sleep loss.

Therefore, in this study we evaluated, for the first time,
the effects of an acute administration of flavanol-rich choc-
olate on cognitive performance and cardiovascular
parameters in healthy individuals who underwent one
night of sleep deprivation. In particular, we investigated
the effects of one night of sleep loss on endothelial func-
tion, BP, arterial stiffness as well as on behavioral measures
of vigilance and cognitive skills, also evaluating the effec-
tiveness of a single flavanol-rich chocolate administration in
counteracting the negative consequences of sleep loss on
the aforementioned cardiovascular measures and in sus-
taining alertness and cognitive performance.
thorized reproduction of this article is prohibited.
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Week 1

Test Test Test Test

Flavanol-rich Flavanol-poor Flavanol-poorFlavanol-rich

Week 2 Week 3 Week 4

FIGURE 1 Experimental protocol. Schematic representation of a sequence of the four testing sessions scheduled in the experimental protocol. The two baseline sessions
(gray bars) were performed after one night of undisturbed nocturnal sleep, whereas the two experimental sessions (black bars) followed one night of total sleep
deprivation; 1 week was interposed between each testing session. Ninety minutes before each testing session, the participants were randomly assigned to consume a
flavanol-rich chocolate or a flavanol-poor chocolate bar. Each testing session started at 1000 h.

TABLE 1. Nutritional characteristics of the chocolate bars

Flavanol rich Flavanol poor

Energy (kcal) 510 480

Cocoa (%) 80% 50%

Total flavanols (mg) 520 88.5

Epicatechin (mg) 447 66

Catechin (mg) 59 21.9

Quercetin (mg) 14 0.6

Theobromine (mg) 1200 419

Caffeine (mg) 108.8 48.98

Na (mg) 17 60

K (mg) 240 262

Mg (mg) 7.8 30.1

Carbohydrates (g) 58.6 53.6

Protein (g) 10.4 4.1

Total fat (g) 26 27.3

Effects of flavanol-rich chocolate
MATERIALS ANDMETHODS

Participants
Thirty-two healthy individuals participated in this study (16
women and 16 men; mean age� standard deviation:
25.31� 3.60 years). None of the individuals had a history
of medical, neurological, or psychiatric disorders. Partici-
pants had a sitting SBP/DBP less than 140/90 mmHg and
BMI at least 19 and less than 30 kg/m2. Individuals reporting
chronic–acute disease, including any kind of metabolic
abnormality or major cardiovascular risk factor, or both,
as well as any type of medication or dietary supplement and
intolerance to cocoa-based products were excluded from
participation in the study. Current smokers and habitual
consumers of chocolate or other cocoa products (daily
consumption of any amount) were also excluded. To
further avoid confounding factors, daily intense sporting
activities (>10 h/week), weight change (>10% body
weight) within the last 6 months and participation in
another study 3 months before entering the study were
also exclusion criteria. Quality and quantity of participant’s
usual sleep was assessed by the Pittsburgh Sleep Quality
Index [45]; by self-report, all of them showed habitual sleep
duration of 7–8 h per night. Participants also completed the
Beck Depression Inventory-II and the Spielberger Trait
Anxiety Inventory to exclude individuals with depression
and anxiety.

The entire investigation was approved by the local
Institutional Review Board and was conducted at the
Laboratory of Sleep Psychophysiology and Cognitive
Neurosciences, Department of Life, Health and Environ-
mental Sciences of the University of L’Aquila, according to
the principles established by the Declaration of Helsinki.
Signed informed consent was obtained from all participants
before the investigation.

Study design
Each participant was asked to maintain a regular sleep-
wake cycle in the 3 days before each experimental session;
each morning, participants completed a sleep diary to
assess their subjective report of sleep quantity and quality.

Volunteers participated to the study in groups of four
participants. Each participant underwent four testing ses-
sions, according to a randomized double-blind crossover
design: two baseline sessions, performed after one night of
undisturbed nocturnal sleep, and two experimental ses-
sions, performed after one night of total sleep deprivation.
All participants presented an educational level higher than
high school (mean years of education� standard deviation:
16.53� 1.58).
opyright © 2016 Wolters Kluwer Health, Inc. Unau
Journal of Hypertension
A schematic of the experimental protocol is depicted in
Fig. 1. One week was interposed between each testing
session. Each testing session started at 1000 h; after a cocoa-
free run-in phase of 7 days and an overnight fast of 12 h,
participants were randomly assigned to consume, 90min
before each testing session, 100 g of a flavonoid-rich dark
chocolate (Cioccolato Bonajuto, Antica Dolceria Bonajuto)
[46] or a flavonoid-poor chocolate (Ritter Sport Halbbitter;
Alfred Ritter GmbH & Co.) [24,47]. Flavonoid-rich and
flavonoid-poor dark chocolate contained similar amounts
of energy and macronutrients and similar in taste and
appearance. The nutritional content of the chocolates is
detailed in Table 1. Chocolate doses for each participant
were rolled in aluminum foil and administered in dated,
sequentially numbered, nontransparent boxes that were
not labeled regarding content. All the involved physicians
and staff were blinded to the group assignment. Participants
did not receive any information regarding the chocolate.

In the total sleep deprivation condition, participants were
continuously kept awake in the sleep laboratory under full
supervision and constant environmental conditions; during
this time patient activities were limited to short walks, read-
ing, playing board games, using computer. Caffeine and
other stimulants consumption were carefully prevented.

At the beginning of each session, participants were given
the Karolinska sleepiness scale (KSS) to assess subjective
sleepiness on a scale ranging from 1 (very alert) to 9 (very
sleepy). Participants were tested individually in a dimly lit
room. The test battery, administered on a 21-inch computer
monitor with patients sitting at a distance of 50 cm, includ-
ing the psychomotor vigilance task (PVT) and a 2-back task.
Task instructions were both explained verbally and
thorized reproduction of this article is prohibited.
www.jhypertension.com 3
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displayed on the screen at the beginning of each
testing session.

After 30 min of cognitive assessment, at 2 h from choc-
olate intake, participants were conducted into a quiet,
temperature-controlled (248C) room and were subjected
to the medical assessment included FMD and arterial stiff-
ness measurements, always determined in the same order
and by the same trained physicians, who were blind about
the study protocol.

Behavioral tasks

Psychomotor vigilance task
The PVT [48] is a measure of behavioral alertness via
sustained attention demands. The PVT has become the
most widely used measure of behavioral alertness because
of its high sensitivity to sleep loss and its high reliability [49].
We used a computerized custom-made version of the task
programmed in LabVIEW (LabVIEW version 6 for Windows
Xp; National Instruments, Newbury, UK). In this task, a time
display appeared (initially set to ‘000’), and patients pressed
a response key on the computer keyboard as soon as the
time display began to increment. A response stopped the
time display and initiated the next trial. The delay between
the patient’s response and the next time display was
selected randomly across trials. The task duration was
5min. The following PVT outcome metrics were assessed
and included in our analyses: mean 1/reaction times as a
measure of response speed (in milliseconds, ms), mean
slowest 10% 1/reaction time and the number of lapses,
defined as reaction times of 500 ms or more [49].

The 2-back task
The N-back task [50] is a commonly used measure of
working memory. The task requires online monitoring,
updating, and manipulation of remembered information,
and is therefore assumed to place great demands on a
number of key processes within working memory. Partici-
pants performed a letter 2-back task. During the task, a
series of 100 consonants were visually presented for 500 ms
each, with an interstimulus interval of 2500 ms. Participants
were asked to press the ‘Z’ button whether the currently
presented stimulus was the same as the one presented two
trials previously (target stimulus, e.g., N-A-N). In any other
case, they had to push the ‘M’ button.

The consonant list in 2-back tasks contained 33% targets
(i.e., correct responses) was presented in a random
sequence. The participants were instructed to be as fast
and accurate as possible. Stimuli were administered by
means of a custom software (SuperLab 4.5 for Mac). A
discrimination index (d prime: d’), as the measure of the
ability to discriminate target from nontarget stimuli, was
obtained by subtracting the z-transformed false alarm rate
from the z-transformed hit rate. Therefore, higher d0 values
indicate a better discrimination performance. D0 was used
as dependent variable.

Endothelial function
FMD of the brachial artery of the dominant arm was
measured by ultrasonography (General Electric) after a
15-min rest period. The transducer was held at the same
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
4 www.jhypertension.com
point throughout the scan by a stereotactic clamp. The
arterial diameter was measured at approximately 5–10 cm
above the elbow. After a 1-min baseline measurement, a
cuff placed at the forearm below the elbow was inflated at
300 mmHg for 5min and then released, resulting in a brief
period of reactive hyperemia. The maximal dilation of the
brachial artery was measured. The brachial artery diameter
changes in response to increased blood flow were assessed
for a further 3min after cuff deflation. Using FMDStudio
system (QUIPU - Institute of Clinic Physiology, National
Research Council, Pisa, Italy) the approximate position of
the edges of the vessel was manually located before starting
the examination. After this procedure, an automatic math-
ematical contour tracking operator locates and tracks the
edges, supplying information about quality and time course
of measurements in real time. On completion of the
analysis, the device automatically generated a report, with
all the recorded measurements. The FMDStudio system is
composed of a special-purpose hardware/software device,
which can be directly connected with any ultrasound
equipment enabling the FMD assessment in real time.
FMD is expressed as percentage change from baseline
diameter [51].

Blood pressure measurements
Office BP measurements were recorded by means of
a validated oscillometric device with appropriately
sized cuffs (Omron 705 CP; Omron Matsusaka Co. Ltd.,
Matsusaka-City, Japan) on the dominant upper arm. For this
purpose, participants rested 15min in seated position.
Then, the first BP measurement was discarded and the
subsequent three consecutive BP readings, taken at 5 min
intervals, were recorded. The average of these latter
measures was considered for statistical analysis.

Central and peripheral arterial stiffness
Carotid–femoral pulse wave velocity (PWV) was measured
by the ‘gold standard’ [52] technique with the individual in a
quiet, temperature-controlled room (248C) after 15min in
supine position. Arterial tonometry was performed by one
trained operator according to the international recommen-
dations [52]. A hand-held probe was placed on the artery
and 10–15 subsequent images were recorded. Aortic PWV
was assessed (SphygmoCor; AtCor Medical, Sydney, Aus-
tralia) by recording waveforms at the femoral and carotid
site sequentially as distance-to-time ratio. Surface distance
between the two recording sites and simultaneously
recorded ECG were used to calculate wave transit time.
Three consecutive recordings were obtained, and measure-
ments were repeated if the waveforms did not pass the
automatic quality controls by the software. During each
measurement, BP was also assessed.

Statistical analysis
Repeated measure analyses of variance (ANOVA) with
‘Condition’ (sleep vs. deprivation) and ‘Treatment’ (flavanol
rich, vs. flavanol poor) as within factors and ‘Gender’ (men
vs. women) as between factor, were performed on the
following dependent variables: subjective sleepiness scores
(KSS); mean 1/reaction times, mean slowest 10% 1/reaction
thorized reproduction of this article is prohibited.
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(F1.30¼5.16; P<0.05) on 2-back task d0 (accuracy measure). In the female sub-
sample, the accuracy in the deprivation condition was higher after the flavanol-
rich treatment in comparison to the flavanol-poor treatment (�P<0.05). Instead,
after the flavanol-poor treatment, females’ performance accuracy was lower in
the deprivation condition compared with the sleep condition (��P<0.01). On the
other hand, male patients showed higher accuracy in the sleep condition com-
pared with the deprivation condition after both flavanol-rich (���P<0.001) and
flavanol-poor treatments (�P<0.05).

Effects of flavanol-rich chocolate
time and the number of lapses for the PVT, d0 of the 2-back
task.

The same ANOVA design was also performed on the
following cardiovascular dependent variables: office BP,
FMD, PWV, aortic systolic pressure (ASP), aortic pulse
pressure (APP), and augmentation index (AIx).

To test whether the accuracy in the 2-back task was
associated to changes in levels of FMD and PWV after the
flavanol-rich treatment, correlations (Pearson’s r) between
these measures were calculated.

For all the analyses, in case of significant effects Fisher
LSD post-hoc tests were carried out; the level of significance
was always set at P less than 0.05.

RESULTS

Subjective sleepiness (Karolinska sleepiness
scale)
The ANOVA on KSS scores did not show a significant main
effect for ‘Gender’ (F1.30¼ 2.04; P¼ 0.16) and ‘Treatment’
(F1.30¼ 0.01; P¼ 0.89). Instead, the effect of the ‘Condition’
was significant (F488.28¼ 136.78; P¼ 0.0000001). Subjective
levels of sleepiness were higher in the sleep deprivation
[mean� standard error (SE): 6.93� 0.37] compared with
the sleep condition (mean� SE: 3.03� 0.35). The inter-
actions Condition�Gender, Treatment�Gender, and
Condition�Treatment were not significant. Moreover,
the three-way interaction Condition�Treatment�Gender
Gender was significant (F1.30¼ 4.95; P¼ 0.03). Post-hoc
comparisons indicated nonsignificant difference (P¼ 0.06)
between men and women after flavanol-rich treatment in
the deprivation condition.

Behavioral measures

Psychomotor vigilance task

Mean 1/reaction time
Regarding the sustained vigilance (PVT), the analyses on
mean 1/reaction time showed no significant main effect
of ‘Gender’ (F1.30¼ 0.004; P¼ 0.94) and ‘Treatment’
(F1.30¼ 1.73; P¼ 0.19). However, the ANOVA showed
a significant effect of the ‘Condition’ (F1.30¼ 25.26;
P¼ 0.00002).

Average reaction times were significantly slower in
the deprivation condition (mean� SE: 0.005� 0.0001) com-
pared with the sleep condition (mean� SE: 0.006� 0.0001).
All interactions were not significant.

Mean slowest 10% 1/reaction time
ANOVA showed no significant main effect of ‘Gender’
(F1.30¼ 0.55; P¼ 0.46) and ‘Treatment’ (F1.30¼ 1.07;
P¼ 0.30). However, the effect of ‘Condition’ was significant
(F1.30¼ 25.92; P¼ 0.00001), suggesting that a slowing
occurred in the deprivation condition (mean� SE:
0.003� 0.0002) compared with the sleep condition (mean
� SE: 0.004� 0.0001). All interactions were not significant.

Number of lapses
No significant changes were observed.
opyright © 2016 Wolters Kluwer Health, Inc. Unau
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2-Back task: d0 (accuracy measure)
The ANOVA on d0 showed no significant effect of ‘Gender’
(F1.30¼ 1.81; P¼ 0.18) and ‘Treatment’ (F1.30¼ 2.51;
P¼ 0.12). Instead, the effect for the ‘Condition’ was signifi-
cant (F1.30¼ 14.84; P¼ 0.0005). The participants reported
higher d0 mean scores in the sleep condition (mean� SE:
2.31� 0.20) than in the deprivation condition (mean� SE:
1.87� 0.18). The double-way interactions were not
significant. Instead, the three-way interaction Condition�
Treatment�Gender (F1.30¼ 5.16; P¼ 0.03) was significant.
Post-hoc comparisons (Fig. 2) indicated that in the female
subsample, the accuracy in the deprivation condition was
higher after the flavanol-rich treatment in comparison to
the flavanol-poor treatment (mean� SE: flavanol rich ¼
2.30� 0.18; flavanol poor¼ 1.91� 0.21; P¼ 0.04). Instead,
after flavanol-poor treatment, the performance accuracy of
the women was lower in the deprivation condition (mean
� SE: 1.91� 0.21) compared with the sleep condition
(mean� SE: 2.51� 0.2; P¼ 0.003). On the other hand,
the men showed higher accuracy in the sleep condition
compared with the deprivation condition after both
flavanol-rich (mean� SE: 2.40� 0.25 and 1.70� 0.29;
P¼ 0.0009) and flavanol-poor treatment (mean� SE:
2.01� 0.21 and 1.58� 0.21; P¼ 0.03) (Fig. 2).

Cardiovascular measures

Office blood pressure

Systolic blood pressure
ANOVA on SBP showed a significant main effect for
‘Gender’ (F1.30¼ 32.38; P¼ 0.000003). Women had a sig-
nificantly lower SBP than men (mean� SE: 111.94� 1.73
and 125.86� 1.73 mmHg, respectively).

The effect of ‘Condition’ was significant (F1.30¼ 12.62;
P¼ 0.001): SBP was higher in the deprivation condition
thorized reproduction of this article is prohibited.
www.jhypertension.com 5
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compared with the sleep condition (mean� SE:
125.86� 1.73 and 116.49� 2.04 mmHg, respectively).
The effect of ‘Treatment’ was also significant
(F1.30¼ 22.32; P¼ 0.00005). In fact, SBP was lower after
flavanol-rich treatment (mean� SE: 116.98� 1.63 mmHg)
in comparison to the flavanol-poor treatment (mean� SE:
120.83� 1.99 mmHg).

Finally, the interaction Condition�Treatment
(F1.30¼ 5.87; P¼ 0.02) was significant (Fig. 3). Post-hoc
comparisons showed that, in the sleep deprivation con-
dition, SBP was lower after flavanol-rich treatment (mean
� SE: 118.41� 1.35 mmHg) compared with flavanol-poor
treatment (mean� SE: 124.21� 1.50; P¼ 0.00002 mmHg).
On the other hand, in the sleep condition the flavanol-rich
and flavanol-poor treatments did not differentially affect
SBP (mean� SE: 115.54� 1.45 and 117.44� 1.70 mmHg,
respectively; P¼ 0.11).

Moreover, SBP was higher in the deprivation condition
compared with the sleep condition both after flavanol-
rich treatment (mean� SE: 118.41� 1.35 and 115.54�
1.45mmHg; P¼ 0.02) and flavanol-poor treatment (mean�
SE: 124.21� 1.50 and 117.44� 1.70mmHg; P¼ 0.0000001).
The interactions were not significant.
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Diastolic blood pressure
ANOVA on DBP showed a significant main effect for
‘Gender’ (F1.30¼ 4.28; P¼ 0.04). Women had a significantly
lower DBP than men (mean� SE: 69.74� 1.16 and
73.15� 1.16 mmHg, respectively).

The effect of ‘Condition’ was significant (F1.30¼ 14.21;
P¼ 0.0007). The DBP was higher in the sleep deprivation
condition compared with the sleep condition (mean� SE:
72.96� 1.16 and 69.93� 1.41 mmHg, respectively).

The effect of ‘Treatment’ was also significant
(F1.30¼ 6.86; P¼ 0.01): the level of DBP was lower after
flavanol-rich treatment (mean� SE: 70.54� 1.25 mmHg) in
comparison to the flavanol-poor treatment (mean� SE:
72.35� 1.27 mmHg). The interactions were not significant.
Flow-mediated
dilation-rich

Flow-mediated
dilation-poor

FIGURE 4 Means (and SE) of the Condition� Treatment interaction (F1.30¼5.11
P

Pulse pressure
ANOVA on pulse pressure showed a significant main effect
for ‘Gender’ (F1.30¼ 30.03; P¼ 0.000006). Women had a
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
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significantly lower pulse pressure than men (mean� SE:
42.20� 1.35 and 52.71� 1.35 mmHg, respectively).

The effect of ‘Condition’ (F1.30¼ 2.20; P¼ 0.14) was not
significant. Instead, the effect of ‘Treatment’ was significant
(F1.30¼ 9.23; P¼ 0.004). The PP was lower after flavanol-
rich treatment (mean� SE: 46.44� 1.30 mmHg) in compari-
son to the flavanol-poor treatment (mean� SE: 48.47�
1.55 mmHg). All the interactions were not significant.

Flow-mediated dilation
The analyses on FMD showed no significant effect of
‘Gender’ (F1.30¼ 1.51; P¼ 0.22). Instead, the effect for the
‘Condition’ (F1.30¼ 5.84; P¼ 0.02) and ‘Treatment’
(F1.30¼ 35.79; P¼ 0.000001) were significant. The partici-
pants showed higher levels of FMD in the sleep condition
(mean� SE: 6.53� 0.63%) compared with the deprivation
condition (mean� SE: 5.52� 0.53%). Moreover, the level of
FMD was higher after flavanol-rich treatment (mean� SE:
7.04� 0.62%) in comparison to the flavanol-poor treatment
(mean� SE: 5.00� 0.49%). The interactions were not
significant.

Pulse-wave velocity
The ANOVA on PWV showed a close-to-significance main
effect of ‘Gender’ (F1.30¼ 3.81; P¼ 0.06), because of a
tendentially higher PWV in males, whereas the effect of
‘Treatment’ was not significant (F1.30¼ 0.05; P¼ 0.80).
Instead, the effect of ‘Condition’ was significant (F1.30¼
8.25; P¼ 0.007). The interactions Condition�Gender,
Treatment�Gender and Condition�Treatment�Gender
were not significant. Finally, the interaction Condition�
Treatment (F1.30¼ 5.11; P¼ 0.03) resulted significant
(Fig. 4). Post-hoc comparison showed that PWV was higher
in the deprivation condition (mean� SE: 5.98� 0.17 m/s)
compared with the sleep condition (mean� SE: 5.43�
0.14 m/s; P¼ 0.001), but only after flavanol-poor treatment.

Aortic systolic pressure
ANOVA on ASP showed a significant main effect for
‘Gender’ (F1.30¼ 13.05; P¼ 0.001). Women had a signifi-
cantly lower systolic aortic pressure than men (mean� SE:
F¼ 98.37� 1.81; M¼ 107.63� 1.81). The effect of ‘Con-
dition’ was also significant (F1.30¼ 8.64; P¼ 0.006). The
systolic aortic pressure was higher in deprivation condition
compared with the sleep condition (mean� SE:
thorized reproduction of this article is prohibite
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105.26� 2.34 and 100.75� 1.84, respectively). The effect of
‘Treatment’ (F1.30¼ 0.01; P¼ 0.91) was not significant. All
the interactions were not significant.

Aortic pulse pressure
ANOVA on APP showed a significant main effect for
‘Gender’ (F1.30¼ 15.27; P¼ 0.0004). Women had a signifi-
cantly lower APP than men (mean� SE: 28.38� 0.87 and
33.80� 0.97, respectively). The effect of ‘Condition’ was
also significant (F1.30¼ 4.59; P¼ 0.04). The APP was higher
in the deprivation condition compared with the sleep
condition (mean� SE: 32.55� 1.79 and 29.63� 0.75,
respectively). The effect of ‘Treatment’ (F1.30¼ 0.22;
P¼ 0.63) was not significant. No significant interactions
were observed.

Augmentation index The ANOVA on the AIx showed a
main effect of ‘Gender’ (F1.30¼ 8.38; P¼ 0.007). Women
had a significantly higher AIx than men (mean� SE:
F¼ 7.06� 1.87%; M¼�0.60� 1.87%). No significant
changes or interactions were observed.

Relationships between working memory
performance accuracy and cardiovascular
measures
Pearson’s r coefficients were calculated to assess the
relationships between the 2-back task accuracy, FMD
and PWV.

Significant coefficients were found both in the whole
sample and in the female subsample between the FMD and
the accuracy measure (d0) of the 2-back task. In the whole
group, higher levels of FMD are related to better perform-
ance accuracy (r¼ 0.41; P¼ 0.01) in the sleep condition
(Fig. 5a). Moreover, in females higher levels of FMD are
associated to higher accuracy in the sleep condition
(r¼ 0.52; P¼ 0.03, Fig. 5b). No significant correlation
emerged between working memory performance accuracy
and PWV.

DISCUSSION
In this study, we investigated the effects of a single flavanol-
rich chocolate administration on cardiovascular parameters
opyright © 2016 Wolters Kluwer Health, Inc. Unau
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and cognitive performance in healthy individuals who
underwent one night of total sleep loss. Sleep deprivation
negatively affected BP, endothelial function, and arterial
stiffness as well as psychomotor vigilance and working
memory performance. We also demonstrated that a single
flavanol-rich chocolate administration can acutely improve
cardiovascular measures and counteract negative effects
of sleep deprivation in healthy individuals. Interestingly,
our results also show that cocoa flavanols are effective in
sustaining working memory performance, which is specifi-
cally impaired by one night of total sleep deprivation.

Cardiovascular measures
Our findings suggest that sleep deprivation negatively
affected SBP and DBP levels and the consumption of
flavanol-rich chocolate was able to counteract the increase
in BP induced by this psychophysics stress. Accordingly, we
also showed that PWV is negatively affected by sleep
deprivation. However, it is of note that higher PWV values,
indicative of increased arterial stiffness, are evident only
after the flavanol-poor chocolate intake. On the other hand,
the flavanol-rich chocolate administration maintained PWV
stable in the deprivation condition. These results are in line
with previous demonstration of impaired arterial stiffness
parameters after experimental acute sleep deprivation in
healthy individuals [53] and suggest the effectiveness of an
acute administration of cocoa flavanols at reversing sleep
deprivation-related increase in arterial stiffness.

Similarly, we found that a single night of sleep depri-
vation negatively affects FMD, ASP, and APP. Altogether
these findings strongly suggest the relationship between
sleep loss and cardiovascular disease. Specifically, FMD
was significantly lower after sleep deprivation compared
with baseline levels obtained after a night of undisturbed
sleep. Impaired FMD appears to link a variety of cardio-
vascular risk factors with the development and progression
of vascular disease [16,30]. Thus, our data are consistent
with the idea that sleep loss may be related to cardiovas-
cular events through dysregulation of vascular function,
suggesting that a significant reduction in FMD levels can be
observed acutely even after as little as one night of total
sleep deprivation, even in healthy young individuals.
thorized reproduction of this article is prohibited.
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Notably, flavanol-rich treatment significantly improved
FMD levels, confirming previous demonstrations of
increased endothelium-dependent FMD after both flava-
nol-rich cocoa acute and chronic administration [24,25]. In
line with these findings, we recently showed that cocoa
dose-dependently improved FMD and decreased PWV and
ET-1 also by ameliorating office and monitored BP, with
effects on BP only for higher levels of flavanols [25].
Psychological stress has been described to promote meas-
urable changes in sympathetic-parasympathetic balance
and the tone of the hypothalamic–pituitary–adrenal axis,
which might negatively affect the cardiovascular system
both acutely, by increasing BP and negatively affecting
endothelial function and thus, precipitating myocardial
infarction, left ventricular dysfunction, or dysrhythmia;
and chronically, by accelerating the atherosclerotic process
[54]. Therefore, putative mechanisms involved in the
beneficial effects of flavanol-rich chocolate in BP and
arterial function might be related to positive changes
induced in the biosynthesis and secretion of cortisol and
catecholamines. Indeed, Wirtz et al. [55] reported that
flavanol-rich dark chocolate was able to significantly
attenuate cortisol and epinephrine reactivity to psychoso-
cial stress compared with the placebo group. Furthermore,
they also showed that higher epicatechin plasma levels
significantly related to lower stress reactivity of the adrenal
gland hormones cortisol and epinephrine regardless of age,
BMI, and mean arterial pressure [55].

Endothelial dysfunction has been directly linked with
future cardiovascular events, with stronger association in
diseased populations compared with asymptomatic popu-
lations [56]. Moreover, endothelial dysfunction and arterial
stiffness could be considered relevant for classifying indi-
viduals in terms of cardiovascular risk. Indeed, because
endothelial dysfunction may reflect the overall vascular
burden of traditional atherosclerotic risk factors, it may
represent different pathophysiological conditions depend-
ing on the patients’ health status, which may consequently
translate into different risk estimates. Furthermore, Modena
et al. [57] reported that the improvement in endothelial
function by antihypertensive therapy identified individuals
with a more favorable cardiovascular prognosis in hyper-
tensive postmenopausal women. Accordingly, other inves-
tigators observed that persistent impairment in FMD after
optimized therapy was an independent predictor of events
in patients with coronary artery disease [58]. Therefore, the
improvement in arterial function and the blunting effects of
flavanol-rich chocolate intake on the vascular impairment
induced by sleep deprivation may be of clinical relevance.

Behavioral and cognitive measures
In line with the well documented negative consequences of
sleep deprivation on both general levels of alertness [3] and
specific cognitive functions [4], after total sleep deprivation,
we found an impairment of sustained vigilance as well as of
higher order working memory performance. In fact, PVT
reaction times were significantly slower after sleep depri-
vation in comparison with the sleep condition. Further-
more, sleep deprivation had a significant adverse impact on
the accuracy measure (d0) of the 2-back task: the required
ability to discriminate the target from nontarget stimuli was,
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
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in fact, significantly lower after sleep deprivation than after
one night of undisturbed sleep. This result appears in line
with previous findings concerning the negative effects of
sleep loss on working memory performance [59].

The main behavioral result is highlighted by the
crucial Condition�Treatment�Gender interaction for
the accuracy measure (d0) of the 2-back task: in the female
subsample, working memory accuracy in the deprivation
condition was higher after the flavanol-rich in comparison
to the flavanol-poor treatment. This evidence suggests that
in young women, flavanol-rich chocolate is effective at
sustaining cognitive performance impaired by sleep loss,
restoring working memory performance at levels similar to
those observed after a night of normal sleep at home.

A growing evidence strongly support a beneficial role of
cocoa flavanols in counteracting many aspects of cognitive
decline [35,43]. It has been recently reported that regular
cocoa flavanols consumption can also support healthy
cognitive functions in cognitively intact elderly patients
[36]. A few studies have also demonstrated the efficacy of
acute cocoa flavanol administration in ameliorating cogni-
tive performance in healthy young individuals. Scholey and
co-workers [60] reported cognitive improvements following
the consumption of a drink containing 520 mg cocoa fla-
vanol in healthy adults, a dose similar to that used in the
present study. Specifically, the cocoa flavanol drink was
beneficial in improving performance on a serial subtraction
task and in reducing subjective mental fatigue ratings [60].
Interestingly, the authors noted that, although the mech-
anisms underlying the effects are unknown, they may be
related to the well-known effects of cocoa flavanols on
endothelial function and blood flow. Moreover, Field et al.
[61] reported that the acute administration of 720 mg cocoa
flavanols improved spatial memory and performance on
some aspects of a choice reaction time task.

Here we demonstrated, for the first time, that cocoa
flavanols may also counteract cognitive impairment specifi-
cally induced by sleep loss in healthy young women. An
acute flavanol-rich treatment indeed improved perform-
ance accuracy on the 2-back task that is assumed to place
great demands on working memory [50], the limited
capacity to store and manipulate information during cog-
nitive activity [62]. This result, if confirmed, would provide a
new interesting tool to sustain performance during periods
of sleepiness, prolonged wakefulness, or shiftwork.

On the contrary, flavanols administration had no signifi-
cant effect on simple psychomotor vigilance, as indexed by
PVT performance. This finding suggests a specific effective-
ness of flavanol-rich treatment in sustaining higher order
cognitive performance. Although further confirmations are
needed, a plausible explanation may emerge from some
previous findings concerning the effects of stimulant medi-
cations on sleep-deprived people [63]. In this regard, it has
been previously reported that stimulants commonly used to
counteract the effects of sleep loss such as caffeine, mod-
afinil, and amphetamine, can act selectively and produce
differential advantages on various aspects of executive
functioning and working memory. Stimulant medications
and neuromodulatory compounds may therefore not
restore all aspects of cognition equally, depending on
the cognitive demands of the task or on a variety of causes
thorized reproduction of this article is prohibited.
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not yet entirely known, possibly related to their different
mechanisms of action and specific metabolic profiles [63].

Furthermore, although experimental results in mice
showed that a diet rich in polyphenols and polyunsaturated
fatty acids, and particularly theobromine, was able to affect
the levels of acetylcholine-related enzymes, dopamine, and
specially noradrenalin confirming a possible beneficial role
of this diet on the ‘cognitive reserve’ [64], a recent clinical
study in humans by Lamport et al. [65] reported that
significant increases in regional perfusion across the brain
were observed following acute single dose consumption of
the high-flavanol drink relative to the low flavanol drink
(matched for caffeine, theobromine, taste, and appear-
ance), particularly in the anterior cingulate cortex and
the central opercular cortex of the parietal lobe. Moreover,
in our recent studies, we also observed that cognitive effects
of cocoa were particularly related to the flavonoid content
regardless of the content in theobromine and caffeine, in
cognitively intact as well as in mild cognitive impaired
elderly patients [35,36]. It should be considered that caffeine
administration exert an acute adverse effect on BP and FMD
levels [66]; conversely, in our study we showed that, in the
whole sample, higher FMD levels were related to better
performance accuracy, in the sleep condition, suggesting a
possible link between cognitive performance improve-
ments and flavanols-mediated acute changes in endothelial
function. Further, our choice on chocolate was also based
on previous evidence in literature, in particular, although
we know that possible additional mechanisms of action
from cocoa flavanol appear to exist, one study of theobro-
mine from dark chocolate found no hemodynamic or
electrophysiological effects in young adults [67]; another
found the caffeine and theobromine content of flavanol-
poor chocolate were similar to that of flavanol-rich choc-
olate, although only dark chocolate affected vascular func-
tion and nitric oxide bioavailability [68]; finally, van den
Bogaard and co-workers [69] reported that natural dose
theobromine cocoa did not significantly change either 24-h
ambulatory or central SBP compared with placebo.

In line with our findings, also supporting the possible
hormonal involvement in the cognitive responses to the
stress, Stranges et al. [70] reported that sleep deprivation
was associated with a significant increased risk of hyper-
tension only among women. Of interest, the subgroup
analyses by menopausal status indicated that the effect
was stronger among premenopausal than postmenopausal
women. Therefore, we may speculate that premenopausal
women in our study could have had the maximal protective
effects by flavanol-rich chocolate intake.

In an experimental study by Arola-Arnal et al. [71], it was
suggested a possible influence of hormonal patterns in
flavonoids distribution in female rats. Moreover, a clinical
evidence by Ostertag et al. [72] showed that flavan-3-ols in
dark chocolate can improve platelet function, dependent
on gender, and may thus beneficially affect atherogenesis in
different manners. On the other hand, Tabatadze and
colleagues [73] reported sex differences in both E2-depend-
ent and E2-independent regulation of the endocannabinoid
system and suggested that manipulation of endocannabi-
noids in vivo could affect physiological and behavioral
responses differently in each sex. Tabatadze et al. [73]
opyright © 2016 Wolters Kluwer Health, Inc. Unau
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showed that intrinsic sex differences in molecular regula-
tion of a key neuromodulatory system as the endocanna-
binoid system (involved in diverse aspects of physiology
and behavior that involve the hippocampus, including
cognitive and motivational state, responses to stress, and
neurological disorders) in the hippocampus could be
involved in different responses differing between the sexes
and suggesting mechanisms through which experiences or
therapeutics may engage endocannabinoids could affect
males and females differently. According with this, di
Tomaso et al. [74] demonstrated that chocolate contains
three unsaturated N-acylethanolamines that could act as
cannabinoids mimics directly (by activating cannabinoid
receptors) or indirectly (by increasing anandamide levels).
Therefore, we might affirm that brain disorders vary
between the sexes, yet the degree to which this variation
arises from differential experience vs. intrinsic biological
sex differences is unclear. The differences in efficacy by
which flavanols affecting working memory could be only
partially explained by different concentrations of flavanols
and their metabolites. Our findings open also new windows
on future research on these fascinating issues. Nevertheless,
the putative pathophysiological mechanisms involved in
the brain after chocolate intake by gender are unclear as yet
and merit further research.
Relationships between working memory
performance accuracy and cardiovascular
measures
Correlations in the whole sample between behavioral and
cardiovascular measures showed that, in the sleep con-
dition, higher levels of FMD are related to better working
memory performance accuracy. It is, therefore, plausible to
hypothesize a link between improved endothelial function
and cognitive functioning. Flavonoids and their metabolites
are thought to beneficially affect human cognition in two
major ways: exerting neuroprotective effects via direct
interaction at the central nervous system level, or through
their potential to induce changes in peripheral and con-
sequently central blood flow [39]. Although cognitive
benefits associated with long-term flavonoids intake are
more likely to involve morphological changes induced by
the direct actions on neuronal signaling, acute cognitive
improvements resulting from a single administration could
be due on increased cerebrovascular blood flow [42]. In
fact, flavanol-rich cocoa has been shown to significantly
increase cerebral blood flow 1–2h postintervention in
humans [40,75]. Although direct cerebral blood flow
measurements were not included in this study, our result
may suggest that a single flavanol-rich chocolate adminis-
tration could be able to exert beneficial effects on cognitive
performance through the capability to induce acute
changes in peripheral and central blood flow induced by
nitric oxide-dependent vasodilation [40].
CONCLUSION
Acute administration of a flavanol-rich chocolate may coun-
teract the negative effects of total sleep deprivation on
working memory performance in healthy young people.
thorized reproduction of this article is prohibited.
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This effect is accompanied by a remarkable effectiveness of
cocoa flavanols at reversing some of the typical negative
effects of sleep deprivation on BP, endothelial function,
and arterial stiffness. Our findings also suggested a possible
link between improved endothelial function and cognitive
responses. Flavanol-rich chocolate intake would provide a
new interesting tool to sustain cognitive performance
during periods of sleep deprivation and psychophysics
stress, also favoring cardiovascular protection.
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M, et al. Catecholaminergic and cholinergic systems of mouse brain are
modulated by LMN diet, rich in theobromine, polyphenols and poly-
unsaturated fatty acids. Food Funct 2015; 6:1251–1260.

65. Lamport DJ, Pal D, Moutsiana C, Field DT, Williams CM, Spencer JP,
Butler LT. The effect of flavanol-rich cocoa on cerebral perfusion in
healthy older adults during conscious resting state: a placebo con-
trolled, crossover, acute trial. Psychopharmacology (Berl) 2015;
232:3227–3234.

66. Buscemi S, Verga S, Batsis JA, Donatelli M, Tranchina MR, Belmonte S,
et al. Acute effects of coffee on endothelial function in healthy subjects.
Eur J Clin Nutr 2010; 64:483–489.

67. Baron AM, Donnerstein RL, Samson RA, Baron JA, Padnick JN, Gold-
berg SJ. Hemodynamic and electrophysiologic effects of acute choc-
olate ingestion in young adults. Am J Cardiol 1999; 84:370–373.

68. Fisher ND, Hollenberg NK. Aging and vascular responses to flavanol-
rich cocoa. J Hypertens 2006; 24:1575–1580.

69. van den Bogaard B, Draijer R, Westerhof BE, van den Meiracker AH,
van Montfrans GA, van den Born BJ. Effects on peripheral and central
blood pressure of cocoa with natural or high-dose theobromine: a
randomized, double-blind crossover trial. Hypertension 2010; 56:839–
846.

70. Stranges S, Dorn JM, Cappuccio FP, Donahue RP, Rafalson LB, Hovey
KM, et al. A population-based study of reduced sleep duration and
hypertension: the strongest association may be in premenopausal
women. J Hypertens 2010; 28:896–902.

71. Arola-Arnal A, Oms-Oliu G, Crescenti A, del Bas JM, Ras MR, Arola L,
Caimari A. Distribution of grape seed flavanols and their metabolites in
pregnant rats and their fetuses. Mol Nutr Food Res 2013; 57:1741–1752.

72. Ostertag LM, Kroon PA, Wood S, Horgan GW, Cienfuegos-Jovellanos E,
Saha S, et al. Flavan-3-ol-enriched dark chocolate and white chocolate
improve acute measures of platelet function in a gender-specific way–a
randomized-controlled human intervention trial. Mol Nutr Food Res
2013; 57:191–202.

73. Tabatadze N, Huang G, May RM, Jain A, Woolley CS. Sex differences in
molecular signaling at inhibitory synapses in the hippocampus.
J Neurosci 2015; 35:11252–11265.

74. di Tomaso E, Beltramo M, Piomelli D. Brain cannabinoids in chocolate.
Nature 1996; 382:677–678.

75. Fisher ND, Sorond FA, Hollenberg NK. Cocoa flavanols and brain
perfusion. J Cardiovasc Pharmacol 2006; 47:S210–S214.
Reviewers’summary evaluations

Reviewer 1
An acute administration of flavanor-rich chocolate in
healthy young people rescues the negative effects of sleep
deprivation on blood pressure, endothelial function and
arterial stiffness and exercises beneficial effects on
cognitive performance.
thorized reproduction of this article is prohibited.
www.jhypertension.com 11

https://www.researchgate.net/publication/301528839

	REFERENCES

