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Abstract

Purpose of review: This review investigates the potential bi-directional relation between sleep
and diet in considering their contribution to cardiovascular health. We further explore the
involvement of the gut microbiome in the relationships between poor sleep and dietary intakes and
increased cardiovascular disease (CVD) risk.

Recent findings: There is strong evidence that sleep restriction leads to unhealthy food choices
and increased energy intake. The diet may impact sleep, as well. Epidemiological studies show
that higher adherence to a Mediterranean dietary pattern predicts healthier sleep. One factor that
could underlie these relationships is the gut microbiome. Although data are mixed, there is some
evidence that sleep restriction can influence the composition of the gut microbiome in humans.
Similarly, Mediterranean diets and other plant-rich diets are related to increased diversity of the
microbiota. At present, few studies have investigated the influence of the microbiome on sleep;
however, limited evidence from epidemiological and intervention studies suggest that the
composition of the microbiome may relate to sleep quality. More research is needed to better
understand the role of the microbiome in the multi-directional relationship between sleep, diet and
CVD.

Summary: There is growing evidence of a bi-directional relationship between sleep and the diet,
which could act in concert to influence CVD risk. Diets such as the Mediterranean diet, comprised
of high intakes of fruits, vegetables, and other plant-based foods, may promote healthy sleep and
beneficial gut microflora. The gut microbiome may then underlie the relation between diet, sleep,
and CVD risk.
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Introduction

Cardiovascular disease (CVD) is a primary public health concern. Despite efforts to promote
awareness and develop effective strategies to treat and prevent CVD (1), it remains the
leading cause of mortality in both men and women in the United States (2). Given the
relation between CVD and obesity (3), with the prevalence of the latter continuing to
escalate (4), it is likely that CVD will remain a principal barrier to health and longevity for
years to come. Lifestyle behaviors to reduce both obesity and CVD risk are therefore
critical. Diet and physical activity have traditionally been the primary targets of lifestyle
interventions for obesity and CVD risk reduction, but sleep has recently garnered significant
interest. Importantly, sleep is related to cardiovascular health (5), partially attributable to its
influence on obesity risk via alterations in energy intake and food choice (6). It is also
notable that recent research strongly suggests multi-directional relations among diet, sleep,
and CVD risk. Thus, the purpose of this review is to elaborate on the roles of sleep and diet
on CVD risk, and to examine the potential mechanisms underlying the complex relation
between these two lifestyle factors as they relate to cardiovascular health. We use this
information to propose a model by which sleep and the diet interact to affect CVD risk with
the microbiome moderating these relationships.

Diet, Sleep and CVD Risk

Sleep and

The effect of diet on the risk of developing CVD is well-established (7). Overall dietary
patterns that are high in fruits and vegetables (FV) (7-10 servings/day) and favor intakes of
unsaturated over saturated fats, such as the Mediterranean diet, have been dubbed as “heart-
healthy” diets (8). Indeed, the Mediterranean diet and others with overlapping concepts (e.g.
increased FV intake) promote weight loss (9-11). Beyond this, higher adherence to a
Mediterranean diet has been shown to directly reduce CVD risk and events compared to a
lower fat diet (12).

Just as diet can influence the risk of CVD, short sleep duration and poor sleep quality are
also associated with increased CVD risk (5). Briefly, epidemiological and experimental
evidence demonstrate relationships between inadequate sleep and other modifiable risk
factors including: blood pressure (13,14), lipid levels (15,16), type 2 diabetes (17), and
inflammation (18). Given that these CVD-related outcomes can also be influenced by the
diet (7), we argue that a pathway by which sleep increases CVD risk may be via alterations
in food choice and dietary intakes. This will be discussed in the following sections.

the diet

Cross-sectional studies support a relation between sleep and diet. Short sleepers (those with
sleep <7 h/night) report lower intakes of FV (19) and fiber (20) and higher saturated fat
intake (20) than adequate sleepers (those sleeping at least 7 h/night). For example,
individuals who slept 7-8 h/night consumed approximately 12% more FV per day than those
sleeping less than 7 h/night (19). Associations are also found between food intake and sleep
quality, which includes higher self-reported consumption of FV (e.g. 132.8 vs 121.7 g/day)
(21) as well as oily fish (188 g/day vs 164 g/day) (22) by those who describe their sleep as
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being of good quality compared to those with poor sleep quality. These observations helped
to establish a sleep-diet relation, but questions are raised regarding the direction and
causality of the relationship, given the epidemiological nature of the studies.

To support a direct impact of sleep on the diet, sleep restriction studies have clearly shown
increases in food intake relative to adequate sleep (5,23). In fact, a meta-analysis of 11
randomized controlled sleep restriction studies concluded that the average increase in daily
energy intake following partial sleep deprivation (sleep ranging from 3.75 h to 5.5 h/night
for several days) relative to adequate sleep (7-9 h/night) was 385 kcal/d (24). Greater energy
intake during a period of sleep restriction can be attributed to increased eating frequency
(25) as well as greater intakes of total and saturated fats (6) and snacks (26,27). Given that
these eating behaviors can contribute to weight gain (28-30), it is likely that changes to
dietary patterns as a result of sleep restriction are one mechanism underlying the relation
between sleep duration and CVD risk. At present, the impact of short sleep duration on CVD
risk is not fully understood, since no study has tested sleep restriction beyond 3 wk (31). We
are currently working to fill this gap by assessing the influence over a 6-wk period.

While sleep clearly affects food choice and energy intake, whether the diet can influence
sleep duration and quality is less certain. Intervention studies, which can establish causality,
have been conducted for some specific foods: milk fortified with Horlicks powder (32) and
melatonin-rich milk (33); cherry juice (34); B vitamins (35,36); and Kiwifruit (37). The
results of these studies have been summarized elsewhere (38,39) with the conclusion that
these foods likely improve sleep quality. However, further studies are needed to elucidate the
magnitude and long-term impact of specific dietary patterns on sleep health, particularly in
adults with poor sleep quality.

The scope of studies has been expanded slightly to focus on the effects of carbohydrate
intake on sleep health (40-43). It is difficult, however, to interpret the clinical impact of the
macronutrient composition of the diet on sleep architecture from the studies available. This
is due in part to the finding that increased carbohydrate had a positive influence on rapid-eye
movement sleep, but reduced slow-wave sleep (40,41). In addition, whether effects on sleep
resulted from the increase in carbohydrate or the concomitant reduction in fat is rather
difficult to isolate. These studies are also limited by their short duration, substantial
heterogeneity in the extent to which macronutrients were varied, and study of populations
with generally healthy sleep. Although these experiments were a progression from studying
single foods, they did not address the complete diet, which would be more informative and
likely have a more positive impact on sleep (38).

Importantly, the field of nutrition has moved away from specific macronutrient
recommendations to offer greater focus on whole foods and overall dietary patterns. As an
example, the Dietary Guidelines for Americans 2015-2020 recommend following a healthy
eating pattern that includes FV, whole grains, dairy, lean unprocessed protein sources, and
vegetable oils and limits saturated and trans fats, added sugars, and sodium (44). Data on the
relation between complete dietary patterns and sleep are rather limited, but there is a
growing body of literature on the Mediterranean diet and sleep, particularly insomnia
symptoms, sleep duration, and sleep quality (Table 1).
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The first study to investigate whether adherence to the Mediterranean diet was related to
sleep outcomes was conducted in French men and women taking part in the Three-City
Study (45). Results showed that greater conformity to a Mediterranean diet predicted
reduced risk (by approximately 20%) for self-reported insomnia symptoms in women, but
not men. These findings were extended by the Sleep ancillary to the Multi-Ethnic Study of
Atherosclerosis (MESA): individuals with higher adherence to a Mediterranean-style diet
had a lower likelihood of experiencing insomnia symptoms (OR: 0.81) or insomnia
symptoms with short sleep duration (OR: 0.65) than those with low adherence (46).

Associations between the Mediterranean diet and sleep duration have also been observed,
although results are somewhat less straightforward. Data from a study in Spain indicated that
those most adherent to the Mediterranean diet had more stability in sleep duration over a 3-y
period than did those that were least adherent, exemplified by a 42% lower risk of losing
more than 2 hours of sleep per night (47). Moreover, the majority of those individuals
conforming closely to the Mediterranean diet also tended to achieve adequate sleep. Further
support for a role of the Mediterranean diet on sleep duration was provided in a study of 11—
14 y-olds (48). In contrast, a study of older adults in Greece showed no relation between
Mediterranean diet score and sleep duration (49). Discordance in results can likely be
explained by differences in study populations and measures of diet adherence and sleep
across studies.

The MESA Sleep ancillary study was the first to show a relationship between the
Mediterranean diet and objectively-measured sleep duration; higher adherence to a
Mediterranean-type diet was associated with a 43% greater likelihood of achieving 6-7 h of
sleep/night compared to 6 h/night (46). Although not an experimental study, there is some
indication of directionality given that increases in adherence over a period of time were also
associated with measures of healthier sleep; this included an increased likelihood of
achieving more adequate sleep duration (OR: 1.36) and reduced probability of experiencing
insomnia symptoms with short sleep duration (OR: 0.70). Based on these findings, it would
be warranted to experimentally test whether adopting a dietary pattern closely resembling
the Mediterranean diet can improve sleep health and, in particular, promote adequate sleep
duration.

When examining sleep quality as an outcome, we again find evidence of a relation with the
Mediterranean diet. In addition to decreased risk for insomnia symptoms (45,46), data from
the Seniors-ENRICA and Hellenic Longitudinal studies both indicate a lower likelihood of
poor sleep quality for those who more closely follow a Mediterranean diet (47,49). Results
from a study in our lab may provide insight into a potential mechanism. A secondary
analysis of sleep quality (using polysomnography) following a day of ad /ibitum food intake
revealed that time spent in slow-wave sleep was positively associated with fiber and
negatively associated with saturated fat intakes (50). For every 10 g increase in fiber intake,
there was a 2.6% increase in percent of total sleep time spent in slow-wave sleep; in contrast,
time in slow-wave sleep was reduced by 7.1% for every 10% increase in energy intake from
saturated fat. Given that the Mediterranean diet is comprised of foods high in fiber and low
in saturated fat, such as FV, whole grains, olive oil and nuts (51), these data would support a
potential causal influence of this particular dietary pattern for sleep health.

Curr Atheroscler Rep. Author manuscript; available in PMC 2020 February 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

St-Onge and Zuraikat Page 5

The studies described above are some of the first to examine the relation between a heart-
healthy diet and sleep but are not without limitations. Well-designed clinical trials are
needed to determine a causal relation between consumption of a Mediterranean diet and
objective measures of sleep duration and quality. Studies would also benefit from consistent
use of a standard assessment of adherence to the Mediterranean diet, which would improve
homogeneity of classification across studies. Nevertheless, data from the studies available
provide further support of a bi-directional relationship between the diet and sleep and extend
previous work by investigating the complete diet. Maybe more importantly, the biochemical
and physiological consequences of diets rich in FV, whole grains, and fiber and low in
saturated fat could be used to explain the mechanisms underlying an effect of diet on sleep
as described in a review by St-Onge et al. (2018) (52).

Potential mechanisms underlying the relations between sleep, diet and
CvVvD

Few mechanisms have been put forth to explain the relation between sleep and CVD risk. In
a recent review, we posited that sleep may influence CVD risk via changes in diet, which
could also help to explain the potential bi-directional relationship between sleep and the diet
(52). As described in sections above, sleep restriction increases overall food intake with a
preference towards high-carbohydrate, high-fat foods, which are associated with an adverse
cardiometabolic health profile (53-55). We suggested that plant-rich diets, such as the
Mediterranean diet, may reduce CVD risk by improving sleep via changes in tryptophan
intakes (52). Diets with a preponderance of plant foods, as recommended by the Dietary
Guidelines and exemplified by the Mediterranean diet, are rich in tryptophan, which is a
precursor to melatonin and serotonin, both of which influence sleep duration and quality.
The sleep improvements may act to reduce CVD. Herein, we propose another mechanism by
which such diets may improve sleep and reduce CVD risk: via the gut microbiome (Figure
1).

Relation between gut microbiome and cardiovascular disease risk

Increased microbial richness has been associated with reduced lifetime CVD risk (56). In
particular, genera from Prevotellaceae (including Bacteroidetes), taxa from Firmicutes, and
genus from Proteobacteria have been associated with CVD risk, often with opposing
relations of different genera within the same phylum. Gut microbiota metabolize nutrients,
with the main end products being trimethylamine N-oxide (TMAO) and short-chain fatty
acids (SCFA) (57), which have been associated with increased and reduced CVD risk,
respectively (58). Dietary intakes of choline, phosphatidylchoine, and L-carnitine lead to
increased trimethylamine production by gut bacteria which is then oxidized in the liver to
TMAQO and excreted in the urine (57). Trimethylamine N-oxide reduces reverse cholesterol
transport and enhances platelet responsiveness, contributing to the development of
atherosclerosis. Vegans and vegetarians have reduced capacity to form trimethylamine from
carnitine, which may contribute to their lower risk of CVD (59).

Short-chain fatty acids, on the other hand, have been shown to promote cardiovascular health
via maintenance of the intestinal barrier, which prevents translocation of bacterial pro-
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inflammatory molecules, such as lipopolysaccharides, and promaotion of regulatory T cells
expansion and immunity (60). The SCFA act as natural ligands for G-protein coupled
receptors that may play a role in inflammation and blood pressure regulation (57,59,60).

In terms of dietary patterns, the Mediterranean diet may reduce CVD risk via the
mechanisms highlighted above. Vegetarian protein sources increase SCFA while red meat
intakes are associated with increased TMAO (61). Polyphenols in red wine, a key
component of the Mediterranean diet, increase abundance of Bacteroides and reduce
pathogenic Clostridium species (61), further contributing to its health benefits.

Role of sleep on gut microbiome

The gut microbiome may be susceptible to changes in sleep patterns. It has been proposed
that sleep loss itself acts as a stressor that shifts the gut microbial composition to a profile
that is indicative of metabolic dysfunction (62). However, in a small study of sleep
restriction with a controlled diet, Benedict et al. showed that 2 nights of 4.25 h bedtimes
tended to increase the Firmicutes to Bacteroidetes ratio compared to 2 nights of adequate
sleep (63). Moreover, inadequate sleep resulted in lower counts from Tenericutes phylum
and greater counts from the Coriobacteriaceae and Erysipeltrichacaea families. Species from
these bacterial families are positively correlated with liver fat content and obesity (64,65).
On the other hand, another experiment performed in rats and humans showed no overt
effects of 2 cycles of 5 nights of sleep restriction, separated by 5 nights of recovery sleep, on
microbial beta diversity with no population shifts in neither humans nor rats (66). These
studies had small sample sizes (n=9-11) and may have been too short in duration for an
influence on gut microbiome composition to be observed; nevertheless, the available data do
not point to a strong effect of short sleep on the gut microbial content. Rather, given the
known impact of severe sleep restriction on food intake and diet quality, it may be that any
influence of inadequate sleep on the gut microbiome is the result of shifts in dietary intakes.
Alternatively, it may be that inappropriate changes in the timing of sleep or reductions in
sleep quality (including insomnia and obstructive sleep apnea), may be of importance in
influencing shifts in gut microbiome. Additional research is needed, however, to clearly
determine the influence of inadequate sleep on the gut microbiome.

Influence of diet on gut microbiome

It is well known that diet has a profound influence on the composition and diversity of the
gut microbiome (61). Plant-based diets, and, in particular, the Mediterranean diet, have
attracted much attention for their potential effects on the microbiome. A recent review
summarized studies comparing the gut microbiome of individuals based on their level of
adherence to the Mediterranean diet (58); results of these studies indicate that adults who
follow the Mediterranean dietary pattern more closely, as well as those with a largely
vegetarian diet, have a lower ratio of Firmicutes to Bacteroidetes and a shift in more
beneficial bacterial flora than adults who are less adherent to theses dietary patterns.

Several observational studies support the notion that the gut microbiome of adults following
vegetarian and Mediterranean diets differs from that of adults consuming more omnivorous
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diets. For example, De Filippis et al. (67) compared the gut microbiome of vegetarians,
vegans, and omnivores living in Italy. In this population, high adherence to the
Mediterranean diet was noted in 88% of vegans, 65% of vegetarians, and 30% of omnivores.
Microbiota alpha diversity, which is positively correlated with cardiometabolic health (68),
did not differ by diet type or Mediterranean adherence. However, Bacteroidetes were more
abundant in vegetarians and vegans than omnivores and omnivores had higher Firmicutes to
Bacteroidetes ratio. Fecal content of Roseburia, Lachnospira, and Prevotella correlated with
plant-based diet composition while L. Ruminococcus and Streptococcus were associated
with animal-based nutrients (67). Others have also found that higher Mediterranean diet
adherence scores were associated with abundance of Bacteroidetes and Prevotellaceae and
inversely associated with Firmicutes and Ruminococcaceae families (69) and were related to
lower Firmicutes to Bacteroidetes ratio (70). On the other hand, Mitsou et al. (2017) failed to
observe any relation between Mediterranean diet scores and Prevotella, Bacteroides, and
Roseburia in 116 adults from Greece (71). These findings have important health implications
given that Bacteroides, Prevotella, Roseburia, Faecalibacterium, and Ruminococcus and
higher Streptococcus and Clostridium genera have been observed in patients with obesity
and metabolic syndrome compared to individuals without metabolic syndrome or obesity
(72). Differences between studies may be due to method of collection of dietary information,
participant characteristics, or study location.

There are only a few intervention studies that have tested the effects of plant-based foods
and diets on the gut microbiome. For example, provision of 3-d diet consisting only of fruit
juice decreased fecal content of Firmicutes while increasing Bacteriodetes and
Cyanobacteria compared to baseline (73). These changes were related to changes in body
weight, which was decreased following the diet. As a result, and because there was no
control group, it is unclear if changes to the microbiome were due to the diet or the weight
loss.

Another study compared the effects of a Mediterranean diet versus a low-fat diet on the gut
microbiome of men at varying levels of cardiometabolic risk: metabolic syndrome with
obesity; obesity alone; or no obesity nor metabolic syndrome (72). Participants received
intensive dietary counseling to either consume a Mediterranean diet (35% of energy from
fat, <10% of energy from saturated fat) or a low-fat diet (American Heart Association Step |
diet: <30% of energy from fat and <10% from saturated fat) and were followed for 2 y.
Groups did not differ with respect to bacterial diversity at baseline or follow-up. However,
there were differences at the phylum level between groups at baseline: participants with
metabolic syndrome and obesity had a higher Firmicutes to Bacteroidetes ratio and lower
Actinobacteria and Bacteroidetes. At the genus level, this group had lower P. distanosis and
F. prausnitzii. Interestingly, in participants with the metabolic syndrome, both dietary
interventions increased Bacteroides, Prevotella, Faecalibacteria, and the low-fat diet
increased Bacteroidetes and decreased the Firmicutes to Bacteroidetes ratio, Streptococcus,
and Clostridium relative to baseline whereas the Mediterranean diet increased Roseburia and
Ruminococcus genera and P. distanosis and F. prausnitzii species (72). The authors proposed
that chronic consumption of a healthy dietary pattern restores gut dysbiosis depending on the
degree of metabolic dysfunction.
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Finally, a study in non-human primates evaluated the effects of a Mediterranean diet, versus
a Western diet, on gut microbiome over a 30 mo period (74). The Mediterranean diet
consisted of fish oil, olive oil, fish meal, butter, eggs, black and garbanzo bean flours, wheat
flour, V-8, fruit puree and sucrose (31% of energy from fat, 25% of fat as saturated fat, 13%
fiber) whereas the Western diet consisted of lard, beef tallow, butter, eggs, cholesterol,
casein, lactalbumin, dextrin, high fructose corn syrup and sucrose (31% of energy from fat,
39% of fat as saturated fat, 9% fiber). At end point, macaques fed the Mediterranean diet had
higher microbial diversity, higher Bacteroidetes, Proteobacteria, Fibrobacteres, Spirochaetes,
and lower Firmicutes and Verrucomicrobia (lower Firmicutes to Bacteroidetes ratio) than
those fed the Western diet. These studies clearly lend support to an impact of the
Mediterranean diet in producing a gut microbiome profile that is representative of better
health status.

Diet, the microbiome and sleep quality

Given that diet may influence sleep quality, we sought to query the literature on the role of
the microbiome on sleep health. We found few studies examining the relation between gut
microbiome and sleep health. In a small cohort of elderly adults, Anderson et al. observed
inverse relations between Lentisphaerae and Verrucomicrobia and scores on the Pittsburgh
Sleep Quality Index questionnaire, indicating that these phyla are related to better sleep
quality (75). In a double-blind, placebo-controlled study of young adults subjected to
academic stress, Takada et al. tested the effect of an 8 wk dietary supplementation of
fermented milk containing the probiotic Lactobacillus casei Shirota on sleep measured prior
to and 3 weeks after an exam. Results showed that probiotic milk suppressed the increase in
sleep onset latency observed in the placebo milk group (76). Additionally, in comparison to
controls, participants in the intervention arm exhibited better sleep quality and intensity,
assessed through EEG, as the exam approached. Although microbiota was not assessed in
this study, that provision of probiotics can have beneficial effects on sleep could indicate a
role of the microbiome in sleep quality. Effects could depend on the strain of probiotic or
age of the host; supplementation with Lactobacillus helveticus-fermented milk for 3 wk had
similar effects as a non-fermented milk placebo in elderly adults (77). It is important to note
that gut microbiome composition and function were not assessed in the latter two
intervention studies and, consequently, it is unknown whether colonization with the probiotic
was achieved or whether any changes in the gut microbiome were obtained as a result of
probiotic consumption to effect changes in sleep quality. It is also possible that milk placebo
could also cause changes in gut microbiome that may have attenuated the findings. An
adequate control for such studies of fermented milk is often difficult to choose.

Conclusion

Based on the studies reviewed here, we propose a cyclical pattern implicating sleep, diet,
and the gut microbiome in determining the risk of CVVD. On the one hand, poor sleep (low
quality and/or quantity) affects dietary patterns towards ones that would predispose to a shift
in gut microbiome associated with increased CVD risk: higher Firmicutes:Bacteroidetes
ratio, Prevotellae, and Proteobacteria that generate higher TMAQ and less SCFA. These
metabolites in turn promote inflammation which contributes to the development of
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atherosclerosis. In addition, SCFA have been shown, in animal models, to have important
functions in circadian clock rhythmicity (78,79), which may be important for
cardiometabolic health. We also have accumulating evidence that poor dietary quality is
associated with poor sleep. However, there is currently insufficient evidence to suggest that
inadequate sleep affects the gut microbiome directly but this could propel a cycle of poor
sleep, leading to an unhealthy dietary pattern/microbiome, further reinforcing inadequate
sleep and increased CVD risk.
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Figure 1:
Recent evidence suggests a bi-directional relationship between sleep and the diet, both of

which impact CVD risk. We propose that the microbiome contributes to the relationship
between sleep and the diet and, consequently, their influence on CVD risk.
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