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KEYWORDS Abstract Aims: Over the past years, interest in chrono-nutrition has grown enormously as the
Chrono-nutrition; fundamental role of circadian rhythms in regulating most physiological and metabolic processes
Chronotype; has become clearer. Recently, the influence of circadian rhythms on the gut microbiota (GM)
Microbiome; composition has also emerged, as more than half of the total microbial composition fluctuates
Dietary habits; rhythmically throughout the day. At the same time, other studies have observed that the GM it-
Health status self synchronises the host’s circadian biological clock through signals of a different nature. There-

fore, it has been hypothesised that there is a two-way communication between the circadian
rhythms of the host and the GM, but researchers have only just begun to identify some of its ac-
tion mechanisms. The manuscript aim is, therefore, to gather and combine the latest evidence in
the field of chrono-nutrition with the more recent research on the GM, in order to investigate
their relationship and their potential impact on human health.

Data synthesis: Considering current evidence, a desynchronization of circadian rhythms is closely
associated with an alteration in the abundance and functionality of the gut microbiota with conse-
quent deleterious effects on health, such as increased risk of numerous pathologies, including car-
diovascular disease, cancer, irritable bowel disease, and depression. A key role in maintaining the
balance between circadian rhythms and GM seems to be attributed to meal-timing and diet quality,
as well as to certain microbial metabolites, in particular short-chain fatty acids.

Conclusions: Future studies are needed to decipher the link between the circadian rhythms and
specific microbial patterns in relation to different disease frameworks.

© 2023 The Italian Diabetes Society, the Italian Society for the Study of Atherosclerosis, the Italian
Society of Human Nutrition and the Department of Clinical Medicine and Surgery, Federico Il Uni-
versity. Published by Elsevier B.V. All rights reserved.

1. Introduction
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research has also highlighted the influence of circadian
rhythms on the gut microbiota (GM) composition and
function.

The gut microbiota is widely considered the largest
endocrine organ playing a crucial role in maintaining host
homeostasis. This colony of trillions of microorganisms
achieves many essential and beneficial physiological pro-
cesses, like the digestion of macronutrients, synthesis of
some vitamins and especially the immunity modulation
[3,4]. To date, some studies have demonstrated that GM
composition and function fluctuate throughout the day
under the regulation of circadian rhythms [5,6]. At the
same time, Flower et al. have recently observed that the
GM itself synchronises the host’s circadian biological clock
by releasing signals of a different nature [7].

Thus, there seems to be a two-way communication be-
tween the circadian rhythms of the host and the gut micro-
biota. A focal point of this communication network is
occupied by food consumption. Indeed, diet is one of the
environmental factors that most influences the peripheral
clocks [8]; similarly, diet quality and mealtimes have an
impact on both composition and function of gut microbes [9].

So far, researchers hypothesize that a disruption of
circadian rhythms can lead to a functional and structural
dysbiosis, favouring the onset of pathological mechanisms.
Considering that currently we live in a society that
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encourages the disruption of circadian rhythms through
continuous work shifts, unregulated eating and light pollu-
tion [10], it is increasingly crucial to understand the rela-
tionship between biological rhythms, gut microbiota, and
diet. The aim of our review is, therefore, to gather and
combine the latest evidence in the field of chrono-nutrition
with the more recent research on the gut microbiota, in
order to investigate this relationship and their potential
impact on human health.

2. Circadian rhythms

Human nature is characterised by temporal components
marked by circadian rhythms. These rhythms are a series
of endogenous oscillators generated by the circadian clock
system that coordinates nearly all the physiological pro-
cesses with the external environment. This endogenous
clock system works over a period of about 24 h and is
called “circadian” from the Latin word circa and diem,
which can translate as “about a day” [11].

2.1. Circadian clock system

In mammals, the circadian system consists of a hierarchi-
cal network of clocks where the master circadian clock,

| |
@ oiet

15 Temperature  lp-

Heart Liver

, ® Physical Activity

por o O

:
Central clock .

: Automatic innervations

Body temperature

Pancreas Endocrine signaling

- Peripheral Clock System - -------cmocmmcm e cieaeeaeaaee '

<+

Cytoplasm Nucleus

Nucleus Cytoplasm

Molecular Clock

Figure 1 The human circadian clock system. The retinal cells of the eye perceive light stimuli from the external environment and convey them to
the hypothalamic superchiasmatic nucleus. The central biological clock located in the hypothalamus sends different type of signals to peripheral
clocks located in various organs, such as the heart, liver, pancreas and gastro-intestinal tract (GI). In addition to being synchronised by the central
clock, these peripheral clocks are synchronised by other environmental stimuli such as nutrition, temperature, and physical activity. At the cellular
level, circadian oscillations are controlled by a molecular clock that consists of cell-autonomous transcriptional/translational feedback loops.
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located in the suprachiasmatic nucleus (SCN) of the hy-
pothalamus, synchronises clocks in peripheral tissues to
drive behavioural and humoral rhythms (Fig. 1). The
location of the SCN, which is adjacent to the optic chiasm,
makes it ideal for receiving light input that is detected by
retinal ganglion cells, that contain photopigment mela-
nopsin, and sent to the master clock via the reti-
nohypothalamic tract [12]. Although the light is the main
driving agent for the master clock in the SCN, other
external cues, also called “synchronizers” or “zeitgebers”,
can influence the circadian rhythm synchronization [8].
These include body temperature, mealtimes, social in-
teractions, and physical exercise, and are particularly
important for the circadian clock system in peripheral
tissues that cannot perceive daylight signals [13]. The
master circadian clock processes a neurohumoral output
after receiving external timing cues to control physiolog-
ical activity in numerous tissues and organs [11].

The linking between the master circadian clock and
peripheral tissues involves numerous mediators, including
circulating hormones, cytokines, metabolites, and sympa-
thetic activation [8]. At the cellular level, the circadian
oscillations are controlled by cell-autonomous transcrip-
tional/translational feedback loops (TTFLs). At the cycle
beginning, two transcription activators included in the
core clock genes, CLOCK and BMALI1, produce a hetero-
dimer, bind to the cis-acting promoter element E-box (5’-
CACGTG-3'), and activate the transcription of the PER and
CRY genes [8]. After translation, PER and CRY proteins
accumulate, dimerise, and produce complexes that trans-
locate back to the nucleus and inhibit the transcriptional
activity of the CLOCK/BMAL1 heterodimer [11]. Another
loop is coupled to the core TTFLs to complete the oscilla-
tion. This loop comprises RORs and REV-ERB, two proteins
that are positive and negative regulators of BMAL1 tran-
scription, respectively. Together, these two interlocking
transcriptional feedback loops make an oscillatory
expression pattern over a period of approximately 24 h,
regulating numerous physiological processes including
immune responses, hormone secretion and digestion
[14,15].

The presence of a circadian transcriptional clock in
almost every cell of the body suggests that the rhythmicity
of metabolic functions is a key health component. When
behaviours such as sleep or eating are not synchronised
with the surrounding environment (e.g., dark/light cycles),
an alteration of circadian rhythms occurs. This condition is
defined as chrono-disruption, i.e. a major disturbance in the
circadian organization of physiology, endocrinology, meta-
bolism and behaviour, with consequent negative effects on
the body’s homeostasis [10]. In particular, numerous studies
have shown that an alteration in circadian rhythms leads to
an inflammatory state and impaired immune system func-
tion [16,17], promoting the onset of several cardiometabolic
diseases and cancer [18,19]. More recently, a chrono-
disruption has also been associated with the development
of age-related neurodegenerative diseases such as Alz-
heimer’s and Parkinson’s disease [20]. However, further
investigations are needed to better prove this link.

2.2. Chronotype

Individual expression of circadian rhythmicity is defined
as ‘chronotype’, a complex phenotype that reflects indi-
vidual differences in sleep timing and activity prefer-
ences [21]. There are three chronotypes expressed as a
continuum between two extremes, from morningness to
eveningness [22]. People with a morning chronotype
tend to wake up early and perform activities better in the
early hours of the day. In contrast, the evening chro-
notype is characterised by a propensity to perform ac-
tivities better in the afternoon or evening and by a later
bedtime and wake-up time [23]. Finally, intermediate
subjects report intermediate habits between the two
chronotypes.

2.2.1. Chronotype assessment

Chronotype can be measured by a variety of methods,
ranging from questionnaires based on self-reported in-
formation to biological measures such as the Dim Light
Melatonin Onset (DLMO). Currently, the administration of
questionnaires remains the most widely used measure to
define the chronotype. In particular, the most used in
literature seems the Morningness-Eveningness Ques-
tionnaire (MEQ), which specifically measures psycholog-
ical preference for behaviour [22]. The MEQ also exists in
a reduced form (rMEQ), in which the 19 questions of the
original format are reduced to only five questions [24].
Other diffuse questionnaires are the Composite Scale of
Morningness (CSM), the Preferences Scale, and the
Munich Chronotype Questionnaire (MCTQ). The latter
offers the advantage of collecting detailed information on
sleep-wake behaviour that allows the evaluation of the
“social jet lag”, quantified by the difference between the
median sleep points on work days and free days in hours
[25,26].

In spite of the ease and inexpensiveness of question-
naires, the greatest reliable measure of the circadian
phase of the human master clock is the DMLO [27]. It
consists of measuring melatonin secretion in blood or
saliva samples collected under low-light conditions in the
hours before the onset of usual sleep. Other potential
innovative approaches range from metabolomic and
transcriptomic approaches to non-invasive techniques
that combine data of motor activity, body position and
body temperature [28,29]. More interesting is the actig-
raphy that is to say the study of sleep through the use of
an actigraph, a three-dimensional movement sensor
placed on the wrist like a watch and that allows the
movements made by the patient’s body to be recorded for
a duration of one or more days [30]. Recent evidence has
found that acrophasic activity in evening subjects occurs
almost 2:20 h later than in morning subjects [31]. In fact,
evening subjects reach peak activity in the late afternoon
versus morning subjects who reach it in the early after-
noon [31]. However, to date there is still no optimal
method to objectively measure the chronotype and future
research is certainly needed to establish the validity of
more innovative approaches.
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2.2.2. Factors influencing chronotype

The distribution of chronotypes in a given population is
defined by numerous factors, both genetic and environ-
mental. In general, the 60% of the population shows an
intermediate chronotype, with the remaining 40% shifted
between the morning and evening chronotypes [21]. In
recent years, several genome-wide association studies
have characterised important polymorphisms in clock
genes that might underlie some of the inter-individual and
inter-ethnic differences in chronotype [32,33]. In addition,
demographic characteristics, such as gender and age, also
appear to moderate the morningness-eveningness trait.
Regarding the gender, although not all studies agree, a
higher prevalence of morningness has been found in
women than in men, who reported higher eveningness
[34]. Interestingly, having children has been found to be a
strong determinant of morningness in women [34]. Age is
another factor that influences the time preferences, which
vary throughout human life. Children predominantly show
a morning chronotype that changes to eveningness during
adolescence [35], and then returns to morningness again
around the 50 age [36]. These variations are probably due
to changes in gonadal hormone secretion and societal and
lifestyle demands [37,38]. For example, while artificial
light prolongs daylight and allows humans to work at
night, favouring a change in subjects’ chronotype towards
the eveningness, school and certain work schedules that
begin early in the morning may favour a shift of the eve-
ning chronotype towards the morningness [39].

3. Gut microbiota

The gut microbiota is an ecosystem composed of trillions of
microbes, including bacteria, viruses, fungi, archaea and
some parasites. It functions as a host ‘organ’, fully inter-
connected with the other vital systems of body, with which
it interacts to regulate various physiological systems,
including the immune, metabolic, and nervous systems
[40]. It is therefore clear that an alteration in the balance of
intestinal flora can favour the onset of various chronic dis-
eases, such as obesity, diabetes and other metabolic syn-
dromes, cancer and autoimmune diseases [41—43].

3.1. Gut microbiota and circadian rhythms

Although disruption in both circadian rhythmicity and GM
eubiosis is known to underlie many pathological processes,
Thaiss and colleagues were among the first to demonstrate a
link between the two [5]. They found that an abundance of
60% of the microbiota composition oscillates over a 24 h-
period, as the 20% of the microbial functional pathways [5].
Further studies in mice confirmed these findings, showing
that although gut microbes are not exposed to light, diurnal
host signals induce oscillations in both abundance and GM
function [6,44]. Interestingly, functions involved in energy
metabolism, DNA repair, and cell growth appear to be opti-
mally performed during the dark phase (active phase of
mice), while the light phase is characterised by functions
involved in detoxification, motility, and environmental

sensing [5]. Moreover, mice with genetic mutations in clock
genes, such as BMAL1 and PER1/2, exhibit significantly
altered microbial community profiles and loss of rhythms in
specific microbial taxa [5,44]. In addition to mutations in
canonical clock genes, other alterations in the host’s organ-
ism influence fluctuations in the gut microbiome, such as
feeding times, mucus and metabolite production [45]. It is
hypothesised that these factors influence microbial con-
centration throughout the day by acting on the adhesion of
bacteria to the intestinal mucosa [46]. A key role is played by
REG3y, an antimicrobial peptide secreted by enterocytes
that binds to the peptidoglycan layer on the surface of Gram-
positive pathogens by reducing the adhesion of mucosal
bacteria to intestinal epithelial cells [47]. Predictably, the
diurnal rhythmicity of mucosa-associated bacteria was not
observed in Reg3y-deficient mice [46]. Further in-
vestigations in mice have shown that the adhesion of bac-
teria to the intestinal mucosa is also influenced by the
thickness of the intestinal mucus, which follows diurnal
dynamics [46].

At the same time, the GM itself synchronises the host’s
circadian biological clock by releasing different natural sig-
nals [7]. Studies evaluating the synchronizing GM function
towards the circadian system have shown that mice lacking
gut microbes exhibit completely different transcriptional
patterns of the liver and SCN, particularly regarding circa-
dian and major metabolic pathways [6]. A similar effect was
observed in intestinal epithelial cells of antibiotic-treated or
germ-free mice, in which the expression of clock and
metabolism genes was reduced [48,49]. The synchronizing
action of gut microbiota on the host’s circadian clock system
is mediated by hundreds of bacterial metabolites. Among the
few identified so far are short-chain fatty acids (SCFA) that
show diurnal oscillations in their abundance and, as re-
ported by several studies, promote a significant shift in the
expression pattern of circadian clock genes [45]. For
instance, a study in mice observed that butyrate and acetate
produced by the microbiota regulate hepatic circadian gene
expression [6]. In particular, an alteration in the circadian
production of these SCFAs was associated with an alteration
in both the rhythmicity and amplitude of circadian clock
genes such as PER2, PER230 and ARNTL (encoding BMALT1).
Interestingly, SCFA production is highly dependent on host
diet, as the study authors observed that mice fed a high-fat
diet had a reduced oscillation of certain SCFA-producing
microbial families, such as Lachnospiraceae, compared to
mice fed a low-fat diet [6]. These results suggest that diet
influences the production and fluctuation of SCFAs with a
subsequent impact on the expression of some circadian
clock genes. Further research has suggested that unconju-
gated bile acids are another mediator through which the gut
microbiota regulates the host’s peripheral circadian clocks.
Bile acids are largely secreted as conjugated compounds by
the liver and are then deconjugated by gut microorganisms
[50]. One study observed that in the Caco-2 intestinal
epithelial cell line model, in which cells were synchronised
to have the same circadian rhythms, treatment with un-
conjugated bile acids significantly altered the amplitude and
cyclic behaviour of circadian clock genes including CLOCK,
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Figure 2 The central role of diet in the communication between
circadian rhythms and gut microbiota.

ARNTL, PER, CRY, RORA, NRID1 (encoding REV-ERBa) [51].
Recently, other bacterial metabolites involved in GM-
circadian clock communication, such as polyamines, amino
acids, biotin, vitamin K, and lipopolysaccharide have been
identified [52]. Of particular interest are polyamines, a group
of metabolites produced by both the mammalian host and
the gut microbiota. Polyamines are known to regulate
circadian oscillations by influencing interactions between
clock proteins, PER2 and CRY1 in mice [53]. Indeed, it has
been observed that a diet low in polyamines alters the he-
patic circadian transcriptome, with changes comparable to
those observed in antibiotic-treated mice [46]. On the other
hand, the polyamine oscillation in serum is affected by the
gut microbiota, as its absence has been associated with a
reduction in the production of polyamines [46].

4. Diet as a link between circadian rhythms and gut
microbiota

As shown in Fig. 2, diet plays a central role in the microbial-
circadian communication network, as eating habits directly
influence both circadian rhythms and gut microbiota.
Although most research in the field of chrono-nutrition fo-
cuses on the temporal aspects of diet, particularly timing,
frequency, and regularity of food intake, some studies have
also reported an association with diet quality [54 Mazri].

4.1. Meal timing

Since food is the main synchronizer of the peripheral
clocks located in the liver, pancreas, and gastrointestinal
tract, which cannot perceive light as a synchronization
stimulus, eating late can lead to a misalignment of circa-
dian clocks and altered hormone secretion [8]. The daily
physiology of the human being consists of an active phase,
which begins at 10 a.m., and a resting phase, which starts
at 10 p.m. The alternation of these two phases regulates
the oscillations of several hormones involved in metabolic
regulation, many of which peak during the active phase
[54]. For this reason, the early hours of the day seem to be
better for food intake than the evening hours, when food
intake is at odds with the rhythm of the internal clock and
may cause chrono-disruption [55].

A recent review comprising 36 studies showed that
evening subjects had later meal timing and distributed a

greater amount of energy and nutrient intake to the later
day part [56]. The delay in meal consumption between the
morning and evening subjects was quantified at approxi-
mately 1-1.5 h. As observed by Wirth et al. in the NHANES
dataset, each 1-h increase in the time of the last meal of
the day is associated with an increase in C-reactive protein,
insulin, glucose, glycated haemoglobin (HbA1lc) and a
reduction in HDL levels [57]. A significant association was
also found between the meal time and energy utilisation,
with different effects on weight loss. In the study by
Garaulet et al., subjects who ate lunch late lost signifi-
cantly less weight than those who ate lunch early [58].

In this scenario, it is more interesting the “time
restricted feeding” (TRF), defined as the consumption of
the desired amount of food by a person or animal during a
specific window of time. The TRF introduction in high-fat
diet experiments has been shown to reverse many detri-
mental metabolic consequences and to positively affect gut
microbial community structure in mice [59,60]. In partic-
ular, the restriction of food access time was associated
with a decrease in the relative abundance of several pre-
sumed obesogenic microbes, such as Lactobacillus and
Lactococcus species, and abundance increase of docu-
mented protective bacteria, such as Oscillibacter and other
Ruminococcaceae species [61]. A common hypothesis for
the observed benefits of TRF is that it mimics natural
eating patterns based on circadian rhythms [9].

Further proof of the importance of meal timing on the
composition of the intestinal flora was provided by the re-
sults of the first study that analyzed the GM composition
according to chronotype. Carasso and colleagues observed
that evening subjects reported a higher concentration of
Lachnospira [62]. This higher concentration has recently
been associated with the consumption of higher amounts of
energy after 2 p.m., a typical characteristic of evening sub-
jects [9].

4.2. Meal frequency and regularity

The concepts of meal frequency and regularity are closely
associated, as meal frequency indicates the number of times
macronutrients are introduced during the day, while meal
regularity indicates the constancy with which meals are
introduced throughout the day, thus reflecting circadian
rhythms [63]. Previous studies have shown that skipping a
meal or eating it irregularly throughout the day can cause
an exacerbation of circadian misalignment [10]. This is due
to the fact that the central hypothalamic biological clock
uses light as its main synchronizer, while peripheral clocks
use food intake. When food is taken outside the usual time,
peripheral clocks are activated while the central clock re-
mains synchronised according to the light/dark cycle.

To date, evening subjects have been associated with
irregular eating habits and the tendency to skip some
meals more than other chronotypes [56]. This is particu-
larly true for breakfast, as highlighted in a recent scoping
review by Phoi and colleagues, in which 5 out of 6 studies
showed a greater tendency to skip breakfast in evening
subjects [64]. This association has also been observed in
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some younger peoples, such as university students [65,66]
and school-age children [67]. Furthermore, evening sub-
jects tend to skip lunch and/or dinner more frequently
than the other chronotypes, although this relationship has
been examined by fewer studies [68—70]. In a recent study
of 1267 Italian adults, it was observed, for the first time,
that evening subjects had a significantly higher frequency
of skipping even the mid-morning snack [71].

The meal skipping observed in evening people may be
related to their sleeping habits, especially about breakfast.
Since evening types are more frequently associated with
social jet lag, which forces them to adapt their biological
rhythms to the schedules imposed by society, they tend to
accumulate a sleep debt during the week, which is then
recovered at the weekend [26,72]. Thus, evening subjects
sleep less than required and they may prefer to sleep a
little longer in the morning instead of having breakfast
[65]. A further hypothesis is that meal skipping observed
in evening subjects is linked to a genetic predisposition, as
shown in a study of 53 pairs of female twins which found
that the time and consumption of breakfast and lunch are
significantly influenced by genetic factors [73].

To our knowledge, only one study, which was conducted
on horses, has investigated the effect of meal frequency on
the GM composition. According to the results, a higher
feeding frequency has been associated with a decreased
relative abundance of Prevotella, Lactobacillus, Streptococctus,
Coprococcus, and Phascolarctobaterium [74]. Additional
research in humans is needed to determine whether meal
frequency and regularity affect the microbial taxa.

4.3. Diet quality

Based on the available literature, it is not clear whether
chronotype is a determinant of dietary patterns or
simply a reflection of a complex set of behaviours that
also influence diet. The few available studies suggest a
potential influence of chronotype on the quality of the
diet. Regarding the intake of micro- and macronutrients,
most studies have not reported significant differences
between chronotypes in the daily consumption of car-
bohydrates, proteins and fats [56]. Even more limited
evidence is available for fibre and micronutrients [54.
The greatest concordance of results is for sucrose con-
sumption, which is significantly higher in evening sub-
jects [75,76].

Analysing the consumption of specific food groups, a
higher intake of sweet food and beverages was observed in
evening subjects [75,76]. The latter usually joint with other
unhealthy eating practices, such as lower consumption of
vegetables and higher intake of caffeine and alcohol.
Interestingly, some studies have revealed that alcohol and
caffeine consumption may increase the predisposition to
the evening chronotype [77,78], probably because subjects
who go to bed later are more likely to engage in “evening
habits”, including drinking [79]. Some studies also
revealed that evening chronotypes consume significantly
more alcoholic beverages after 8 p.m. than morning and
intermediate chronotypes [76].

During the past two years, research has also begun to
assess whether there is a chronotype influence on adher-
ence to specific dietary patterns such as the Mediterranean
diet (MD). MD is characterised by high consumption of
plant foods, moderate consumption of fish, dairy products,
and eggs, and low consumption of meat and meat products
[80]. Thanks to its composition, it is globally recognized as
one of the best diets to prevent cardiometabolic diseases
and reduce morbidity and mortality from all causes [81].
Most of the studies that have recently evaluated the rela-
tionship between chronotype and MD have been conducted
in Spain and Italy [66,71,82—84]. All of these studies asso-
ciated morning subjects with a higher adherence to MD,
mainly due to a high consumption of fruit, legumes, olive oil
and a reduced consumption of meat and meat products. Of
particular interest are the results of De Amicis et al., who
associated morning people with significantly higher
adherence to MD and lower waist circumference and
visceral fat values than evening subjects [83]. There are
several potential mechanisms that may predispose evening
persons to be less adherent to a healthy diet, including
social jet lag [26,79], and different personality traits among
chronotypes. In fact, it was observed that evening subjects
tend to be less conscientious and have less self-control than
the other chronotypes [76].

Regarding the link between diet quality, microbiota and
circadian rhythm, Leone et al. were among the first to sug-
gest that “what we eat” can disrupt the circadian oscillations
[6]. In fact, they observed that a high-fat diet alters the
chronobiology of intestinal microbes. These altered GM os-
cillations led to an altered production of microbial metabo-
lites, affecting both circadian rhythms and metabolism of the
host [6]. In another study, experimental mice exposed to a
high-fat diet experienced a more significant decrease in
richness and abundance of some GM microbes following
weekly light-dark phase reversals than mice given a normal
meal [85]. More specifically, mice that consumed the high-
fat diet showed a higher ratio of Firmicutes and Bacter-
oidetes, a typical imbalance associated with obesity in both
rodents and humans [86]. It was also found that consump-
tion of ad libitum high-fat diet in mice determine a shift in
food intake, with a higher percentage of total calories
consumed during the normal resting period [87]. The sum-
mary of animal studies that analyzed the effect of diet
quality on circadian rhythms and GM is reported in Table 1.

5. Impact on health status

The multiple mechanisms linking diet to circadian rhythm
and GM structure and function provide a novel framework
to understand the development of numerous chronic dis-
eases associated with diet-related chrono-disruption and
dysbiosis, as showed in Fig. 3.

5.1. Cardiovascular risk
Cardiovascular disease (CVD) is a globally leading cause of

high morbidity and mortality. It is a complex disease with
a multifactorial aetiology, and the potential role of
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Table 1 Summary of animal studies that analyzed the effect of diet quality on circadian rhythms and gut microbiota.

Study Animal model information Type of diet Circadian Outcomes
manipulation
Leone et al., 2015 [6] 9 Male mice High fat diet No circadian Induction of Bmall and Clock
C57BL/6] manipulation gene expression during the dark
Germ free, conventionalized, phase
conventionally raised SPF Reduction of microbial oscillation
8—10 week old Reduction of SCFAs prosecution
and increase of hydrogen
sulphide
Kohsaka et al.,, 2007 [87] 10 Male mice High fat diet 12 h light/12 h dark Higher percentage of daily food
C57BL/6] intake during the rest period
6 week old Expression of Bmall and Per2
was reduced, in both fat and liver
Tahara et al., 2018 [88] 167 Male mice SCFAs and high fibre 12 h light/12 h dark SCFAs caused phase advance in
C57BL/6] the peripheral clock

High fibre diet speeds the clock
entrainment induced by feeding

Voigt et al., 2014 [85] 33 Male mice High fat and high 12 h shift of the Reduction of microbial diversity
C57BL/6] sugar diet light-dark cycle Alteration of microbial composi-
Wild type tion:
6—8 week old Firmicutes and
Ruminococcacea

Bacteroidetes and

Lactobacillus
Zarrinpar et al., 2014 [61] 24 Male mice High fat diet Time restricted Higher percentage of daily food
C57BL/6 Wild type feeding (TRF) intake during the rest period
12 week old Reduction of microbial oscillation

Alteration of microbial
composition:Ruminococcacea
Lactobacillus and Lactocossus

SCFAs=short fatty acids; SPF=specific-pathogen-free
Increase ODecrease

Depression

: / Cardiovascular diseases
: ) / / Obesity, dyslipidemia, diabetes
E N E:entral clol:kr f
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. Diet |
i Chronodisruption O
,\/\O Bacterial E ‘ . . .
& metaboltes Gastrointestinal diseases
. Dyspepsia, irritable bowel syndrome,
! inflammatory bowel disease
E y - x N
; et \ ; Mental ilinesses

\
“.._Gut microbiota

Figure 3 Chronic diseases associated with an alteration of circadian rhythms and gut dysbiosis.
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circadian rhythms and microbial composition in its path-
ogenesis has only recently been hypothesised.

The latest evidence in chrono-nutrition associated
evening subjects with a worse cardiometabolic profile
compared to other chronotypes. Recent meta-analysis re-
sults associated subjects with an evening chronotype with
higher concentrations of LDL-cholesterol, triglycerides,
fasting blood glucose and glycated haemoglobin compared
to morning people [89]. As previously reported, evening
subjects tend to eat later than morning subjects and this
has a significant impact on the lipid profile, particularly on
triglyceride concentrations [90]. In addition to eating
meals late, evening persons have been associated with
skipping some meals, especially breakfast, which may
result in poorer glycaemic control and an increased risk of
type 2 diabetes [91].

Another more recent hypothesis suggests that in a
condition of disruption of circadian rhythms due to irreg-
ularity and late consumption of meals, the rhythmicity of
the gut microbiota is altered. As Reitmer et al. showed in a
study of a large German cohort, this loss of intestinal mi-
crobial rhythmicity is strongly associated with type 2
diabetes [92].

5.2. Cancer risk

A growing body of evidence has associated evening sub-
jects with an increased risk of different cancer types, such
as breast, prostate and colon [19,93,94]. The most
accredited theory is that i) the direct functions’ disruption
of circadian clock genes that control cell proliferation, or ii)
the disruptions of clock-controlled settings such as sleep
disturbances, may increase the cancer risk [93,95].
Furthermore, the circadian disruption may promote the
survival of cancer cells by making them more adept at
utilising available energy sources [96]. A dysbiosis condi-
tion, often associated with the chrono-circadian alteration
as seen above, can also have a significant impact on
carcinogenesis [97]. As noted recently by Gui and col-
leagues, patients with lung cancer show low levels of
butyrate-producing bacteria, such as Clostridium leptum,
Faecalibacterium prausnitzii, Ruminococcus and Clostridial
cluster [98]. In fact, the anti-tumor function performed by
short-chain fatty acids is well documented and it has
recently been defined that even bile acids can reduce
tumor cells’ proliferation by 10—20% and inhibit the
epithelial-mesenchymal cell transition [98].

5.3. Irritable bowel syndrome (IBS)

Reduced production of SCFAs by gut microbes and an
alteration of circadian rhythms may also favour the onset
of several gastrointestinal diseases, including gastric
dyspepsia, IBS and inflammatory bowel disease (IBD). As
suggested by the study conducted by Swanson and col-
leagues on 57 patients with IBD, a misalignment of the
circadian clock may be associated with aggressive IBD
phenotype and altered GM composition. In particular, a
significant decrease in butyrate-producing commensal

taxa and an increase in pro-inflammatory bacteria
emerged in subjects with a chronically altered and
aggressive IBD profile [99].

5.4. Mental disorders

Some mental illnesses, especially depression, are associ-
ated with an imbalance between GM and circadian
rhythms. A meta-analysis of 36 studies identified a sig-
nificant positive correlation between evening subjects and
depression [100]. This was confirmed by our meta-analysis
that reported a significantly higher depression risk of 14%
in evening people, compared to morning ones [89]. The
probable reason is the altered rhythmic activity of neuro-
transmitter systems involved in mood regulation,
including dopamine and serotonin secretion [101]. More
recently, a depression-specific bacterial pattern was iden-
tified. It was characterised by a higher abundance of pro-
inflammatory species, such as Enterobacteriaceae and
Desulfovibrio, and lower SCFA producing-bacteria, such as
Faecalibacterium, that may have an impact on the regula-
tion of circadian rhythms, as these metabolites regulate
the expression of circadian clock genes [102].

6. Conclusions

In conclusion, there are numerous communication path-
ways between the circadian host rhythms and the gut
microbiota that contribute to this complex two-way sys-
tem, but researchers have only just begun to identify some
of its action mechanisms. Diet appears to play a funda-
mental role in this interplay, especially the timing of meal
consumption and the quality of the dietary regimen. Of
course, future studies are needed to better investigate the
effect of meal frequency and regularity on the gut micro-
biota, a field that has been little explored to date.

Considering the current evidence, an alteration of
circadian rhythms is closely associated with an alteration
of microbial rhythmicity with consequent deleterious ef-
fects on host health. In particular, cardiometabolic dis-
eases, certain cancers, irritable bowel disease and
depression seem to be strongly influenced by the balance
between circadian rhythms and gut microorganisms. A key
role in maintaining this balance seems to be attributed to
certain microbial metabolites, especially the short-chain
fatty acids.

The research that has so far focused on studying the
relationship between circadian rhythms and the GM has
some limitations, first and foremost the fact that most
studies have been conducted on animal models. Therefore,
to obtain more conclusive evidence, future studies should
be conducted on humans. Moreover, being an emerging
field of research, the number of works is rather limited and
some studies tend to evaluate the circadian rhythms and
the GM separately. However, the results obtained so far are
promising and make this area of research interesting to
explore to obtain evidence associating chronotype with
specific microbial patterns in relation to different patho-
logical frameworks.
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