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Abstract

Chronobiology is a word derived from three Greek
stems: kronos for time, bios for life and logos for study.
From microarrays studies, now it is accepted that 10-30 %
of the human genome is under the control of circadian
molecular clocks. This implies that most behavioral, phy-
siological and biochemical variables display circadian
rhythms in their expression. In its simplest form, circadian
clocks are composed of a set of proteins that generate self-
sustained circadian oscillations. The molecular clock com-
prises two transcription factors, CLOCK and BMALIL,
whereas PERs and CRYs are responsible for the negative
limb. One of the most important questions related to the
circadian system and obesity, was to elucidate if adipose
tissue displayed circadian rhythmicity or whether it had
an internal peripheral clock. Our group of research has
provided an overall view of the internal temporal order of
circadian rhythms in human adipose tissue.

A new concept related to illness is Chronodisruption
(CD). It is defined as a relevant disturbance of the internal
temporal order of physiological and behavioral circadian
rhythms. In our modern society, CD may be common in
several conditions such as jet lag, shift work, light at night,
or social jet lag. In addition clock gene polymorphisms
and aging may have also chronodisruptive effects. Our
group has also demonstrated that Obesity and CD are
also highly interconnected. With the help of chronobio-
logy we can reach a new view of obesity considering not
only “what” are the factors involved in obesity, but also
“when’ these factors are produced.
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CRONOBIOLOGIA Y OBESIDAD

Resumen

Cronobiologia es una palabra de origen griego: kronos
significa tiempo, bios, vida y logos, estudio. A partir de los
estudios de microarrays, se acepta en la actualidad que
del 10 al 30% del genoma humano queda bajo el control
de relojes moleculares circadianos. Este implica que la
expresion de la mayor parte de las variables de la con-
ducta, psicologicas y bioquimicas muestran ritmos circa-
dianos. En su forma mas sencilla, los relojes circadianos
estan compuestos por un conjunto de proteinas que gene-
ran oscilaciones circadianas auto-mantenidas. El reloj
molecular comprende dos factores de trascripcion,
CLOCK y BMALL1, mientras que los PERs y los CRYs
son responsables de la fraccion negativa. Una de las pre-
guntas mas importantes relacionadas con el sistema cir-
cadiano y la obesidad fue dilucidar si el tejido adiposo
mostraba un ritmo circadiano o si poseia un reloj perifé-
rico interno. Nuestro grupo de investigacion proporcion6
una visién de conjunto del orden temporal interno de los
ritmos circadianos del tejido adiposo humano.

Un nuevo concepto relacionado con la enfermedad es el
de cronodisrupcion (CD). Se define como una alteracion
relevante del orden temporal interno de los ritmos circa-
dianos fisiologicos y conductuales. En nuestra sociedad
moderna, la CD podria ser frecuente en diversos trastor-
nos como el jet lag, el trabajo a turnos, la luz nocturna o el
Jjet lag social. Ademas, los polimorfismos de los genes
horarios y el envejecimiento también podrian tener efec-
tos de cronodisrupcion. Nuestro grupo también ha
demostrado que la obesidad y la CD estan muy interco-
nectadas. Con la ayuda de la cronobiologia podemos lle-
gar a un nuevo enfoque de la obesidad, considerando no
solamente “cuales” son los factores implicados en la obe-
sidad, sino también “cuiando” se producen estos factores.
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114



Abbreviations

AT: adipose tissue.

BMI: body mass index.

LEP: leptin.

LEPR: leptin receptor.

V: visceral.

S: subcutaneous.

MetS: Metabolic Syndrome.

SCN: suprachiasmatic nucleus.

CLOCK: circadian locomotor output cycles kaput).

BMALI: brain- and muscle- ANRT-like protein.

PER: period.

CRY: cryptocrome.

REV-ERBa: reverse erythroblastosis virus o.

RORa: retinoic acid receptor-related orphan recep-
tor ol

ADIPOQ: adiponectin.

RHT: retino-hypothalamic tract.

CCG: clock-controlled genes.

CD: Chronodisruption.

Introduction

Chronobiology is a word derived from three Greek
stems: kronos for time, bios for life and logos for study,
which is a relatively new science which was first dis-
covered in the eighteenth century. It came out with Li-
nnaeus, who designed a beautiful “floral clock™ that
represented the hours of the day depending on the time
that flowers open their petals.' It is a scientific field
which studies the timing processes (the biological
rhythms) which occur in the living organisms at their
different levels of organization. Circadian rhythms are
those biological rhythms whose frequency is close to a
day (period between >20 and <28 h) such as the rhy-
thms of secretion of some hormones (cortisol, melato-
nin, etc.). Ultradian rhythms refer to those rhythms
whose frequency is higher than one cycle per day (pe-
riod less than 20 h) such as breathing, heart beats,
intestinal movements, etc. while, infradian rhythms are
those whose frequency is lower than one cycle per day
(period more than 28 h) such as the circalunar rhythms
or the menstrual cycle in humans. All these types or
rhythms characterize the biological function in diffe-
rent animal species including humans.

Circadian control of glucose metabolism has also
been recognized from studies demonstrating variation in
glucose tolerance and insulin action across the day. In
humans, it has been repeatedly shown that glucose tole-
rance is impaired in the afternoon and evening compared
with the morning hours. This situation has been ascribed
to the impaired insulin sensitivity of the peripheral
tissues and to a relative decrease in insulin secretion du-
ring the evening hours.?

How molecular clocks coordinate metabolism

From microarrays studies, now it is accepted that 10-
30% of the human genome is under the control of circa-
dian molecular clocks.’ This implies that most behav-
ioral, physiological and biochemical variables display
circadian rhythms in their expression. The rhythms of
cortisol, growth hormone, leptin, and melatonin are
some examples.* However, together with the existence
of circadian rhythmicity it has been demonstrated the
importance of the maintenance of an adequate internal
temporal order between different variables. According
to this, the peaks and troughs of every variable have to
be finely tuned by the circadian system to keep a health
status as occurred in a music orchestra when plays a
classical music. As occurred in a symphony orchestra,
the circadian orchestra is hierarchically organized, being
its conductor, the suprachiasmatic nucleus (SCN) of
hypothalamus.

Circadian rhythms, under artificially constant envi-
ronmental condition, run with a period slightly diffe-
rent from 24 h. However, under natural conditions, the
SCN is reset every day by light-dark alternance through
the retino-hypothalamic tract (RHT).> Each of its neu-
rons acts as an individual oscillator based on clock ge-
ne feedback loop, composed by positive (CLOCK and
BMALI) and negative limbs (PER and CRY). Although
the photic input is the main SCN entraining signal,
other periodical cues such as feeding time and sched-
uled exercise can also entrain the mammalian circadian
system.*’ Furthermore, outputs pathways are respon-
sible for the coordination of circadian rhythm between
different functions and most peripheral tissues and or-
gans. These are the result of humoral mediators such as
prokineticin-2, which is able to generate the rhythm of
locomotor activity,* and neural outputs, such as the
rhythmic change in the parasympathetic/sympathetic
balance,’ or the pineal release of melatonin during
darkness."

The biological clock at a molecular level

In its simplest form, circadian clocks are composed
of a set of proteins that generate self-sustained circadian
oscillations through positive and negative transcrip-
tional/translational feedback loops. Although the whole
picture of the clock model is continuously evolving, the
positive limb of the molecular clock comprises two
transcription factors, CLOCK and BMALI, whereas
PERs and CRYs are responsible for the negative limb.
In addition to these core clock genes, other genes of
SCN neurons, which are not components of the circa-
dian mechanisms, but whose expression is regulated by
clock genes, oscillate with a periodicity close to 24 h.
They are the so-called clock-controlled genes (CCG) or
circadian output genes (fig. 1).""'? These genes orches-
trated by the SCN in due time, are necessary for creating
and sustaining rhythms of 24 h. In addition, posttransla-
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Fig. 1.—Molecular machinery of circadian clock. The core of the circadian clock is composed of two basic helix—loop—helix transcrip-
tion factors, CLOCK and BMALL, which act as positive limb in the feedback loop. The heterodimer CLOCK-BMALI binds in the pro-
moter of some target genes, driving the transcription of several repressor encoding genes: three period genes (PER1, PER2 and
PER3), two cryptocrome (CRY 1 and CRY?2) and the transcription factor REV-ERBo. gene, and one promoting gene, RORa. In addi-
tion, the product of PPAR«. gene, one of the clock controlled gene regulated by the circadian oscillator (CCG), induces BMALI and
REV-ERBa. transcription. PER and CRY proteins dimerize and are then translocated into the nucleus counteracting the positive effect
of CLOCK-BMALI and thereby inhibit their own transcription. In addition, BMALI rhythm is also regulated by rhythmical changes in
RORE occupancy by REV-ERBo. (activating) and RORo. (inhibiting).

tional mechanisms such as protein phosphorylation,
affect stabilization, degradation, and subcellular local-
ization of clock proteins, thus contributing to the mole-
cular clockwork.”'* However, one of the most inter-
esting outcomes in the chronobiological field has been
the discovery of different peripheral clocks in many
tissues and organs such as liver, oral mucosa, heart and
kidneys among other.'

Chronodisruption: causes and consequences

Circadian disruption or Chronodisruption (CD) is
defined as a relevant disturbance of the internal tem-
poral order of physiological and behavioral circadian
rhythms. It is also a breakdown of the normal phase
relationship between the internal circadian rhythms
and 24-h environmental cycles. In our modern society,
CD may be common in several conditions such as jet
lag, shift work, light at night, or social jet lag.'® In addi-
tion clock gene polymorphisms and aging may have
also chronodisruptive effects.

Thus, CD can be induced by factors related to the
following: 1) Impairment of the inputs to the circadian
pacemaker: low contrast between day and night syn-
chronizing agents (continuous light, frequent snacking,
low levels of physical exercise, etc.); exposure to zeit-
gebers of different periods or unusual phasing (i.e.,
light at night, nocturnal feeding, nocturnal physical
exercise) or by frequent shifts in the time provided by
zeitgebers (i.e., jet lag, shift work). 2) Circadian oscil-
lators: the uncoupling between different subpopula-
tions of oscillators inside the SCN caused by aging or
clock gene alterations and the uncoupling between
central pacemaker and peripheral oscillators also result
in chronodisruption. 3) Outputs: the suppression of
nocturnal melatonin and the loss of cortisol rhythm are
also chronodisrupters.

Clinical and epidemiological studies have shown
that certain situations such as shift work, eat during
night-time, exposure to bright light or sleep deprivation
are contributing to CD and this situation is related to
the increasing risk of developing certain diseases and
with the impairment of preexisting pathologies such as
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such as cancer, obesity, metabolic syndrome,
insomnia, cognitive and affective disorders and prema-
ture ageing.

Interesting results have arisen from studies relating
sleep duration and metabolic risk. The time we sleep has
declined by 1.5 h over the past century, accompanied by
an important increase in obesity. Moreover, a third of
adults sleep less than six hours a night."” Different
causes could explain the association between sleep loss
and obesity. Studies with adults have shown associa-
tions between inadequate sleep and alterations in leptin
and/or ghrelin indicative of increased appetite.'*!* Mo-
reover, short sleep duration could lead to weight gain
and obesity by increasing the time available to eat and
has also been theorized to decrease energy expenditure
by increased fatigue as well as changes in thermoregu-
lation which could explain obesity.

Adipose tissue changes during the day

One of the most important questions related to the
circadian system and obesity, was to elucidate if adipo-
se tissue displayed circadian rhythmicity or whether it
had an internal peripheral clock. Analysis of murine
adipose tissue revealed robust 24h rhythms of clock ge-
ne expression. The relative phasing of genes in adipose
tissue is consistent with SCN rhythms and the molecular
model of the circadian clock.?** Moreover, use of micro-

arrays suggests that up of 20% of the murine and the
human adipose transcriptome is expressed according to
diurnal rhythm].2!#

Therefore, a recent study performed by our group of
research has provided an overall view of the internal
temporal order of circadian rhythms in human adipose
tissue represented in a phase map.* The data included
various genes implicated in metabolic processes such as
energy intake and expenditure, insulin resistance, adi-
pocyte differentiation, dyslipidemia, and body fat dis-
tribution, and indicated that circadian rhythmicity of
the genes studied followed a predictable physiological
pattern, particularly for subcutaneous depot. As expec-
ted, leptin, a peripherally synthesized hormone which
acts as an anorexigenic hormone in the brain, showed its
achrophase (maximum expression) during the night (at
02:00 hours). The expression of adiponectin (ADIPOQ)
achieved its zenith (maximum) during the morning (at
10:00 hours) which could be implicated in the maximal
withdrawal of fatty acids, and the improvement in
glucose tolerance and that time.* PPAR7ycould be also
related to ADIPOQ circadian pattern. In fact, the high
expression of PPARYyand glucocorticoides related ge-
nes during the morning (08:00 hours), located at the
beginning of the of the daily activity, is consistent with
results obtained in nocturnal mammals* and could be
influencing the further increase in ADIPOQ expression
and the increase in insulin sensitivity during this time of
the day. Moreover, our investigation group has demon-
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strated that these clock also changes with different factors
including sex,” menopause,” stress® and obesity. 3!

The time is important
Time of food

Many factors have been recognized to influence the
success of a dietary intervention in obesity.*>* Indeed,
obesity is a heterogeneous condition and individual
responses to standardized protocols targeting weight
loss are highly variable.? In real life settings such as obe-
sity treatment programs, physiological and psycholog-
ical factors, some of which may carry a strong genetic
influence, interact with environmental factors in a com-
plex manner.** Recent studies link energy regulation to
the circadian clock at the behavioural, physiological,
and molecular levels,*® emphasizing that the timing of
food intake itself may play a significant role in weight
regulation.'

In this regards, our group of investigation has per-
formed the first prospective longitudinal study sho-
wing that timing of food intake relates with weigh loss
effectiveness in humans. In 420 overweight/obese
patients undergoing a 20-week weight-loss diet, those
who ate their main meal late (after 15:00 h) lost signifi-
cantly less weight than early eaters (before 15:00 h).*
The current findings may help in the development of
novel therapeutic strategies incorporating not only the
caloric intake and macronutrient distribution —as is
classically done— but also the timing of food.

Chronobiology and Genetic aspects

From the genetic epidemiology point of view, the
study of single nucleotide polymorphisms (SNPs) is
contributing to the identification of the genetic back-
ground of chronotypes (morningness or eveningness),
sleep alterations, or seasonal mood disorders. All these
advances have allowed researchers to find the relevant
link which exists between chronobiology and obesity.

Genetic polymorphisms in human clock genes have
been associated with increased incidence of obesity in
epidemiological studies. Different authors are curren-
tly investigating the role of clock gene variants and
their predicted haplotypes in human obesity and MetS
alterations.”* From studies of our own group and others
we deduce that CLOCK gene SNPs rs3749474, 14580704
and rs1801260 (3111T>C) polymorphisms, are partic-
ularly interesting, since they seem to be associated with
BMLI, energy intake and different obesity-related vari-
ables.*¥ Moreover, different psychological traits have
been related to CLOCK 3111T>C SNP.*## The associ-
ation with psychological illnesses is related to the fact
that minor allele carriers of CLOCK 3111TC display
sleep disorders and eveningness,* characteristics that,
in addition, make these subjects susceptible to obesity.

Moreover a recent study shows the association of the
CLOCK 3111T/C SNP with obesity and weight loss. In
this work, C genetic variants in CLOCK 3111T/C display
a less robust circadian rhythm than TT and a delayed
acrophase, which characterizes “evening-type” subjects.*
We also found different effects across CLOCK 3111T/C
genotypes for saturated fatty acid intake (% of energy)
and the deleterious effect of gene variants on waist
circumference was only found with high saturated fatty
acid intakes.*

Epigenetics, Chronobiology and Obesity

Epigenetic research shows that we are not predeter-
mined by our genome. What we eat, how much we
sleep, if we exercise or even how we use our mind may
change our epigenome, and our fate. Moreover, these
changes are not restrained to us but can pass down to
our children or even to our grant children. In other words,
epigenetics does not change the DNA but decides how
much or whether some genes are expressed in different
cells in our bodies.

The molecular basis of epigenetics is complex. It
involves modifications of the activation of certain genes,
but not the core DNA structure. One way that gene
expression is regulated is by the remodeling of chromatin
(the complex of DNA and histones). Chromatin proteins
associated with DNA may be activated or silenced.
Histones can change how tightly or loosely the DNA
wraps around them by modifying their amino acids. If the
amino acids that are in the chain are changed, the shape of
the histone sphere might be modified.

A second way of chromatin remodeling is the addi-
tion of methyl groups to the DNA, mostly at CpG sites,
which are regions of DNA where a cytosine nucleotide
occurs next to a guanine nucleotide. “CpG” is short-
hand for “—C—phosphate—G—", that is, cytosine
and guanine separated by only one phosphate. Methy-
lation converts cytosine to S-methylcytosine. Some
areas of the genome are methylated more heavily than
others, and highly methylated areas tend to be less tran-
scriptionally active.

In 2011, it was demonstrated for the first time that
the methylation of mRNA had a critical role in human
energy homeostasis. Obesity associated FTO gene was
shown to be able to demethylate N6-methyladenosine
in RNA. This opened the related field of RNA epige-
netics and its relation to obesity.

Despite this conceptual knowledge, data about the
connection between this circadian epigenome and
obesity are still scarce. Nevertheless, recently our group
has demonstrated an association between the methyla-
tion status of CpG sites located in clock genes (CLOCK,
BMALI and PER?2) with obesity, Metabolic Syndrome
and weight loss.*! Our research unveils new epigenetic
mechanisms involving clock genes that may contribute
to better obesity prevention, as well as better prediction
of successful weight reduction. Of note, these new data
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related to DNA methylation are consistent with previous
results related to CLOCK genetic variants, which de-
monstrated that sleep reduction, changes in ghrelin va-
lues, alterations of eating behaviors and evening prefer-
ence are all connecting genetics, chronodisruption and
obesity.* These results support the hypothesis that the
influence of the clock genes may be extended to a broad
range of variables linked with human behavior and
metabolism. Moreover, our data pave the way to the
study of epigenetic mechanisms in the regulation of
circadian rhythms in relation to obesity and weight loss.

Genetic, Chronotype, and Psychological Traits:
Towards a deepest approach on their connections

Initially, the emphasis of chronobiology genetics
was placed on the study of the association between
chronotype and different psychological illnesses such
as depression, anxiety, or bipolar disorder. Other mood
features that have been associated with clock genes are
stress, seasonality, and personality traits related to the
chronotype such as the morningness/eveningness profile.

Taking into account that obesity is related to beha-
vior and also with personality traits, and considering
that the chronotype is behind some of these relation-
ships, an obvious step was to link these psychological-
related SNPs with obesity-related traits. Proof of this
hypothesis is the case of CLOCK and PER2 SNPs that
were firstly associated with mood disorders and then to
obesity and Metabolic Syndrome (MetS) (fig. 3).

Conclusion

The study of circadian rhythms of the individual is of
great use in medicine today. The development of this
new science is being vertiginous and its applications in

the prevention of certain diseases such as cancer or
obesity could be innumerable. Still further studies are
needed to reach decisive conclusions.
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