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Preface

The evolution of life on Earth has a unique anticipatory quiddity that is intended to 
prepare and coordinate most living organisms to the daily environmental changes 
driven by the rotation of the planet. The constant transition from light to dark 
imposes sleep-wake patterns, but in addition to that, there are fluctuations in 
nutrient availability that impose supplementary pressure on the circadian cycle.

Most of the cells in complex organisms contain molecular clocks that control the activity 
of important signalling pathways. The synchronisation of these clocks to the circadian 
environment assures a physiologic pattern of the structure and functioning of all cells 
and tissues. Many physiological processes within the human organism are influenced 
by this circadian entrainment system in which the suprachiasmatic nucleus located in 
the brain acts as a master pacemaker that synchronises subsidiary clocks in peripheral 
cells. These biological clocks are assembled around gene expression, release modulation 
of signalling molecular triggers, and interlocking endocrine regulatory patterns, all in 
perfect coordination with rhythmical physiological and behavioural outputs.

Starting from an initial emphasis on sleep-wake cycles, feeding behaviour, and 
metabolism, continuing with the confirmation that circadian oscillations play a critical 
role in foremost physiological mechanisms, we are now witnessing a revolutionary 
step in chronobiology, namely, the establishment of new research realms that consider 
all exploratory approaches for the optimal pharmacological management of circadian 
oscillators and apply circadian principles to drug delivery strategies for therapeutic 
benefits. The book addresses these topics from the perspective of the implications 
of circadian rhythm in determining daily human activities, the chronobiologic echoes 
felt at the metabolic and endocrine levels, and in modulating pathologies outbursts 
and rationalising pharmacotherapy principles in a coherent individualised circadian 
pattern. The subject is of overwhelming importance, both for its unique applicability 
in everyday human life as well as for its extraordinary physio-pathological premises 
of being widely used to modulate environmental, nutritional, and pharmacological 
factors to improve quality of life and therapeutic results in perfect accordance with 
the unique biological rhythm of each individual. This book is a useful resource for 
healthcare professionals both clinically and academically interested in and impacted 
by research on circadian rhythms.

Cristina Manuela Drăgoi, Alina Crenguța Nicolae and Ion-Bogdan Dumitrescu
Faculty of Pharmacy,

Department of Biochemistry,
“Carol Davila” University of Medicine and Pharmacy,

Bucharest, Romania
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Chapter 1

Introductory Chapter: Untangling 
the Essential Links among the 
Circadian Rhythm, Homeostasis 
of the Human Body, and the 
Nutritional, Behavioural, and 
Pathological Interferences
Cristina Manuela Drăgoi, Ion-Bogdan Dumitrescu  
and Alina Crenguța Nicolae

1. Introduction

The vast majority of living entities are subject to unavoidable and predictable 
conditions of 24-hour changes in their environment, having the ability to adjust to 
the day-night cycle. To manage these daily changes in periods of light and darkness, 
almost every living organism has developed an internal system of synchronisation 
or circadian clock. This tremendous discovery dates back to the beginning of the 
eighteenth century when Jean-Jacques d’Ortous de Mairan performed the first chro-
nobiology experiment on Mimosa pudica, a plant that visibly responds to circadian 
changes [1, 2].

2. Circadian, infradian, and ultradian rhythms

Each living organism carries out its activity for approximately 24 hours by:

• obtaining energy (nutrients);

• optimising energy consumption by using it for daily activities and storing the rest 
for future needs;

• protection from predators;

• regeneration or growth processes;

• reproduction.
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All these functions are channelled by a circadian rhythm, which adjusts the 
body’s ability to perform the demanded tasks by assigning each role at an appro-
priate time of day or night. Even isolated from solar triggers, the biological clock 
keeps unaltered its endogenous period of about 24 hours under constant condi-
tions. In actual life, circadian clocks are permanently entrained by external signals, 
the most significant being light, which also directs the daily rhythmicity of all 
other environmental cues.

Furthermore, bearing the utmost importance for humans, biological timing is 
essential for coordinating homeostasis, physiological processes, from gene expression 
to drug metabolism, and behaviour, in the same way as the disruption of biological 
synchronising mechanisms are evoked in significant pathological surges. The tempo-
ral information is mainly driven by the Earth’s rotational cycle of 24 hours, imposing 
an equivalent rhythmic profile in almost every living entity, as profoundly engaged as 
the molecular level should be considered [1, 2].

In addition to circadian rhythms, the periodicity of certain events is described 
in more extended time frames, called generically infradian rhythms, which can last 
from several days, as is the case of the menstrual cycle, to annual cycles mainly found 
in animals that display infradian patterns in reproduction, hibernation or seasonal 
migration. Contrary-wise, the biological paces with a period shorter than 24 hours, 
starting from seconds or minutes to a few hours, are called ultradian rhythms. One 
of the most accurately described and studied ultradian rhythms is the 40 minutes 
cycle of cellular respiration displayed by Saccharomyces cerevisiae in aerobic culture 
conditions. Besides that, an interesting and early revealed human ultradian rhythm 
is the REM-NREM sleep sequence with an extent of 90 minutes and an occurrence 
of 3–5 cycles during normal sleep, also reflected on the recurrent functional pattern 
of muscles tone, brain electrical and oculomotor activity and nevertheless of energy 
utilisation. These rhythms are ubiquitously expressed in all biological systems and 
established in all organisms, from unicellular ones to mammals, from single cells to 
complex biological mechanisms.

3.  The three time-setting entities: circadian endogenous clock—the solar 
clock—the social clock

The rhythms of all organisms are self-sustained, they synchronise with the 
environment, are subjected to permanent entrainment, but are driven endogenously. 
The human organism is nowadays considered to be at the crossroads of three different 
timers: the circadian endogenous clock—the solar clock—the social clock [3, 4].

The circadian clock is a highly convoluted and outstandingly designed network 
of regulators that interplay throughout 24-hour periods to generate, sustain and 
synchronise the circadian pattern. This hierarchical biological setup has in its core the 
central clock that identifies a series of input signals from the environment, having 
the unique feature of perpetual entrainment, output pathways that interconnect with 
the endocrine system and the autonomic nervous system, and the most profoundly 
expressed and intimately embodied circadian machinery, the molecular clock present 
in every cell. Through a plethora of genes, transcriptional factors, and proteins, this 
molecular clock undergoes a series of modulations at the level of mRNA and proteins 
by regulatory transcriptional-translational feedback loops, driven in a tissue-specific 
manner with the outcome of physiological homeostasis [5, 6].
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The solar clock emerges from the Earth’s daily rotation, as its surface is sequen-
tially exposed to and respectively deprived of light, basically a geophysical light-dark 
timetable set by the Sun.

The social clock refers to local time, as it is displayed on a watch and is derived 
from a combination of solar time and societal responsibilities. Mainly arousing at the 
age of educational integration of the individual in a strict schedule institution, as it is 
the case of schools and universities, but also comprising elements regarding feeding 
times, television and internet spending time, video games for teens, social gatherings 
with family and friends, the social regulatory pattern is of paramount prominence in 
understanding the new circadian pattern of modern human organisms [7–9].

4. The circadian topology of humans

The interplay between these three time-setting foundations concealed under a veil 
of secrecy governs the individual physiologic and behavioural patterns of human-
kind. As the embodiment of this time-regulatory trinity, humans belong to different 
chronotypes, depending on their genetic clock mechanisms, as well as their living 
environment, sex, and age. The circadian topology of humans is mainly depicted by 
three different characters, the early risers or the morning chronotype, the late risers 
that express an evening chronotype, and an intermediate or neither type that has 
rather oscillatory outlines. These typologies are reported to be modulated during 
the life course, the evening type having a predilection in adolescence and in young 
adults, a fact that is dramatically changed in later developmental stages, the morn-
ing type overlapping to physiological ageing. In addition, gender is quite important 
in portraying the chronotype, as men are usually reported as being mostly late riser 
chronotypes. As the rhythmic functioning of the organism is scientifically reasoned, 
the prevalence of many diseases was causatively linked with circadian disruption. 
We are nowadays witnessing a tremendous incidence of metabolic disorders, essen-
tially obesity and diabetes, cardiovascular disorders in their outstanding diversity, 
neurodegenerative impediments, psychiatric imbalances, major sleep conditions, and 
even cancer and immune system diseases, which are all originating primarily in the 
misalignment of the inner biochemical circadian state of an individual with the outer 
environmental liabilities [8–17].

Considering the circadian phenotype, the interindividual differences should 
be carefully considered when administering drugs, with the particular purpose of 
augmenting the therapeutic effect and reducing their side effects, in agreement with 
the 24 hour driven hormones synthesis, blood pressure, body temperature, heart and 
respiratory rates, central nervous system activity. Clinical chronobiology is a new 
emerging realm that merges chronopharmacology and chronotherapeutics as areas of 
medical and pharmaceutical interest, adjusting the treatment time per chronophar-
macokinetics and chronopharmacodynamics parameters and the circadian biological 
unique pattern displayed by a certain patient [18–21].

5. The hierarchical organisation of the human circadian system

In mammals, the central clock, also called pacemaker, that essentially orchestrates 
the circadian behaviour, resides in the suprachiasmatic nucleus (SCN), located near 
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optic nerves. Even though many theories were issued regarding the mechanisms 
behind the mammalian circadian clock, today it is generally accepted that after light 
perception, the SCN sends regulatory outputs toward subsequent CNS levels, and in 
a cascade of immediate events, it regulates the clock genes expressed in periphery, 
coordinating the local physiological milieu by rhythmically triggering tissue-specific 
transcriptional pathways. The hierarchical organisation of this system endorses an 
orchestrated control imprinted by the central pacemaker, which simultaneously per-
ceives information from the exogenous stimuli and communicates the processed data 
to downstream effector networks as accurately as cellular mechanisms are envisioned 
to align the physiological characteristics to the circadian pattern. The endogenous 
circadian machinery is self-sustained, independent of the presence of external inputs, 
but in the meantime permanently subjected to alignments by their occurrence, 
initiating a so-called “photoentrained system” [22–24].

The day-night phase alternation ignites a congregation of signals, mainly light, 
but also temperature or feeding triggers, which can act as prompts, called zeitgebers, 
meant to synchronise endogenous circadian systems. Fundamentally, the circadian 
clock is entrained by direct retinal innervation. Light is detected exclusively by the 
eyes, by a particular arrangement of specific cells and the retinal photopigment, 
melanopsin. This photic information is conducted by photosensitive ganglion cells 
expressed at the retina level through the retinohypothalamic tract, directly to the 
pacemaker, acquiring the entrainment and alignment with the solar clock. Through 
its rhythmic outputs, the SCN harmonises all the cellular circadian clocks present 
in every cell of the body organs and tissues to adapt their physiologic features to the 
external circadian signals [25].

The molecular circadian clock consists briefly of auto-regulated transcriptional 
and translational feedback loops that are impressed by the oscillatory gene expression 
controlled by their protein products. The gene expression profiling is under the direct 
control of the circadian transcriptome, aligning this pattern with the one present in 
the SCN and peripheral tissues. Circadian transcriptional fluctuations are manda-
tory for the connected metabolic and functional interplay among various levels of 
organisation inside a cell, in a particular tissue, and throughout the entire body for the 
individual roles to be integrated into the complex biological universe of the human 
organism. A single conductor orchestrates the circadian equilibrium, but every cell 
has a clear view of the data received from it, not allowing any desynchronisation, nor 
interferences, in a healthy entity [24, 26].

Several mechanisms may contribute to the complex circadian tissue reprogram-
ming in close relationship with the modulation of the transcription process. The 
first one is presumably established by epigenetic frames having echoes in the DNA 
structure that undergoes serious chemical modifications simultaneously with histone 
proteins. All these amendments command, in their turn, the specific binding of tran-
scription factors to regulatory regions upon the genes, remodelling the transcriptional 
scenery according to the circadian pattern. The clock genes imprint circadian fluctua-
tions at the epigenome level, correlated with the rhythms exhibited by the transcrip-
tome. The tissue-specific epigenetic arrangements are crucial for setting up cellular 
identity. In addition, another essential feature regards the interactions established 
between circadian regulatory proteins and transcriptional factors with characteristic 
individual profiling, a supplementary regulatory pathway after gene expression 
regulatory transactions. In line with the previous remarks, the transcriptional expres-
sion of regulatory RNA fragments also illustrates a rhythmic profile. Emphasising the 
cellular machinery synchronisation, the complementary transcriptome regulation 
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through systemic signalling is conducted directly from the SCN or indirectly by the 
central pacemaker output signals [27, 28].

The SCN is also sensitive to other non-photic inputs from adjacent cerebral regions 
or the environment, mainly feeding and temperature cues. The feeding time has 
intense rhythmic reverberations at the level of hepatic transcriptome and the 24-hour 
body temperature cyclic pattern adjusts the eventually occurring misalignments of 
the peripheral clock conveyed by various tissues.

Consistent with these clarifications, it should be acknowledged that the health 
state of an organism is highly dependent on the interplay between circadian molecular 
and systemic mechanisms, and the extent of its implementation at the peripheral 
transcriptional level. The most abrupt discrepancies are registered by humans who 
experience jet lag when travelling between different time zones or the more prevalent 
case of shift workers. The latter endangers their circadian synchronisation pattern 
by having a permanently dysregulated light-dark routine and a misaligned feeding 
schedule. All these aspects are triggering unusual signalling pathways to the inner 
pacemaker. Consequently, the solar clock and the biological one is completely out of 
phase, resulting in a disequilibrium generally accredited with the designation “inter-
nal desynchronisation” [29–32].

This disturbed state is associated with malfunctioning in transcriptional pro-
cesses, altered peripheral tissue sensitivity by corrupted input-output transitions, 
mainly transcribed to chronic disorders located in the most vulnerable territories of 
the body [33].

To a more profound analysis, the transcriptome disruptions are also of great inter-
est for drugs metabolism, as the cytochrome P450 isoforms and several other enzymes 
that are relevant for the biologic transformations conducting to toxic metabolites 
or an amplified structural alteration of the therapeutically active molecules are 
synthesised based on rhythmically expressed genes. This advances a relevant con-
cern upon the efficacy-toxicity balance of a therapeutic molecule or a xenobiotic, 
based on its chronopharmacokinetic profile, raising a genuine concern on the time 
of administration and the specific circadian pattern of a patient (Figure 1), which 

Figure 1. 
Global view upon the human circadian clock.
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should be considered when special treatment schemes are applied, mainly comprising 
 chemotherapy, cardiovascular and endocrine targeting drugs [34–36].

A significant limitation in designing personalised time-targeted therapies is the 
absence of relevant biomarkers able to replicate with fidelity the individual circadian 
features in the highly variable human population. Even though the assessment of a 
series of hormones levels, namely melatonin, cortisol, DHEA or the body tempera-
ture, on a 24-hour basis, can presume roughly the circadian outlines, or that a few 
transcriptomic and metabolic data can be corroborated and statistically inferred to 
give a more accurate image of this unique array, no readily available and perfectly 
concluding techniques can be applied for comprehending the degree of internal 
desynchronisation. A more desired and attainable perspective would be the actual 
restoration of the inner state of synchrony by using gradually employed procedures, 
transcriptomic and environmental triggers to reset timers profoundly endorsed at the 
molecular level. The outcome should immediately be visible in physiologic sleep-wake 
cycles, with normally displayed temporal behaviour and the general health state 
reestablished or at least partially recuperated [37–39].

The circadian machinery is organised in a hierarchy of multiple oscillators, 
the suprachiasmatic nucleus (SCN) being the central pacemaker at the top of the 
pyramid. It is synchronised by the 24-hour cycle external signals (the primary input 
is light and other secondary cues as temperature and feeding), and sequentially, it 
coordinates the physiological outputs. The multi-oscillator network is synchronised 
through multiple lines of communication. Peripheral oscillators, present in everybody 
cell, are reset by timing cues from the SCN, which regulate local circadian physiol-
ogy. The molecular clock comprises several interconnected transcription feedback 
loops. The intercellular synchronisation within the SCN is essential for the optimum 
functioning of the entire body clock.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Circadian Sensation and Visual 
Perception
Michael Jackson Oliveira de Andrade

Abstract

The physiology of living beings presents oscillations that are known as  biological 
rhythms. The most studied rhythm is called circadian (circa = circa, dies = day), 
because it varies with a period close to 24h. Most functions of the body have circa-
dian variations, one can mention, for example, metabolism, body temperature, the 
activity of the nervous system, secretion of hormones such as melatonin and cortisol. 
Circadian rhythms were also found in human behavior, for example: in sensory 
activity, motor activity, reaction time, visual perception, auditory perception, time 
perception, attention, memory, arithmetic calculus, and executive functions. The 
present work reviews the visual path that participates in the synchronization of 
circadian rhythms, as well as the evidence that exists about the presence of circadian 
rhythms in the sensation and visual perception of the human being.

Keywords: circadian rhythms, sensation, visual perception

1. Introduction

1.1 Circadian rhythms

Circadian rhythms have several characteristics that are important to analyze. 
Under constant environmental conditions, these rhythms persist in a period close to 
24 h. However, some of the physiological functions have different periods, so that 
circadian rhythm are considered as part of a multioscillative system [1]. However, 
the circadian rhythms of the different functions remain synchronized by a central 
pacemaker, located in the suprachiasmatic nucleus of the hypothalamus [2]. A set of 
genes involved in the generation and modulation of these rhythms was verified [3]. It 
was found that some environmental events keep circadian rhythms synchronized with 
environmental cycles. These synchronization agents are lighting cycles, room temper-
ature, food availability, exercise, and social stimulation. Ambient lighting cycles are 
the most effective synchronize circadian rhythm, both in animals and in humans [4].

Three neurophysiological pathways participate in the responses of humans to light. 
The first clue includes two types of receptors in the retina, rods and cones, which 
respond to the intensity and frequency of light. These receptors are connected with 
bipolar and amharic cells, and ganglion cells that connect to neurons in the lateral 
geniculate nucleus of the thalamus and neurons in the occipital cortex. This nervous 
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path participates in the analysis of shapes, colors, and images. The second pathway 
involves ganglion cells in visual connections with nuclei of the superior colliculus 
of the thalamus midbrain, pulvinar nuclei, and the inferior temporal cortex. This 
nervous path participates in the identification of space. The third visual pathway 
includes a group of retinal ganglion cells that respond to light, have connections to 
the suprachiasmatic nucleus and participate in the mechanism of synchronization of 
circadian rhythms. These retinal neurons are known as intrinsically photosensitive 
retinal ganglion cells (ipRGCs), retinal ganglion cells give photosensitive (CGRP), or 
retinal ganglion cells that contain melanopsin (mRGCs) [5, 6].

2.  Visual pathway that participates in the synchronization of circadian 
rhythms

Photosensitive ganglion cells are located in greater quantity in the center of the 
retina with a decrease towards the periphery, their axons protrude into the suprachi-
asmatic nucleus and other subcortical visual areas involved in the entrainment of light 
Dacey et al. [7]. It is important to note that only 3% of the total ganglion cell popula-
tion is photosensitive. Morphologically ipRGCs present large receptive fields and their 
depolarization (inverse process of rod neurons and hyperpolarized cones) happens 
in dendrites and axons. They can be classified into five cell subtypes [8]: cells type M1 
(have higher neuronal density and higher levels of opsin expression), cells type M2 
and M3, (have levels of expression of medium opsin), and cells of type M4 and M5 
(have low levels of expression of opsin). Ecker et al. [9] showed that M2 and M4 cells 
send neural information to various regions of the brain, including areas involved in 
visual processing through dorsal and ventral areas of the lateral geniculate nucleus of 
the hypothalamus.

The dendrites of ipRGCs receive photoreceptor inputs (cones and rods) via 
bipolar and amharic cell connections [10]. These findings hypothesized that ipRGC 
cells relay luminosity-sensitive visual input signals in sustained circadian time. Since 
these pathways integrate with the nervous system responsible for visual processing, 
it is possible that some ipRGCs axons carry output signals derived from various 
 photopigments [11].

Provencio et al. [5] identified and defined a model of regulation of circadian 
rhythms through ipRGCs. Initially, this model discusses that light excites a group of 
photosensitive opsins in ipRGC s cells and later induces the opening of glutamatergic 
receptors in the suprachiasmatic nucleus. At complex levels, a lasting expression 
of genes occurs by the joining of some proteins that fit in a period of approximate 
de 24 h [6, 12, 13].

IpRGCs contain opsins called melanopsins act as light-sensitive photopigments 
[14, 15]. Melanopsin has signaling time properties in ipRGCs distinct from cones and 
rods [7, 16, 17], being associated with circadian, neuroendocrine and neurobehavioral 
functions, besides influencing some imaging functions [18]. Electrophysiological 
records of ipRGCs have shown lower sensitivity to light in relation to photorecep-
tor cones and rods [13]. According to the standard view, this photopigment has low 
sensitivity to light but is able to integrate sustained photic energy.

The peak visual sensitivity of ipRGCs (420 to 480 nm) crosses with the light inten-
sity absorbed by rods and cones (380–650 nm and 440–560 nm, respectively), mainly 
related to short wavelength and intensity 430 nm (Figure 1). Melanopsin adaptation 
contributes to the relative gain of spectral sensitivity of photoreceptor responses 
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to cones and rods in the retina [20]. However, the individual contribution of each 
class of photoreceptors to irradiance responses is complex [19]. That is, the circadian 
rhythm system is part of a complex visual system [21].

According to Berson (2003) the photosensitivity of ipRGCs requiring melanopsin 
conduct various visual functions in the absence of rods and cones. Studies by Tosini 
[22] and Tosini, Pozdeyev, Sakamoto and Luvone [23] suggest that the retina also has 
a circadian clock capable of controlling visual processing functions. Numerous stud-
ies have shown that visual sensitivity, defined by means of visual contrast thresholds, 
has a circadian behavior in several species, among them: zebras [24], Larval Xenopus 
[25], rats [26], and humans [27–30]. These results, in general, culminate the idea that 
the filtering of properties of human visual processing occurs according to the circa-
dian variation of visual sensitivity. Therefore, ipRGCs cells constitute a third class 
of photoreceptors, in addition to rod cells and cones, which are responsible for the 
formation of the image or visual scene during a 24-hour rhythm.

Remember that rods and cones ingrate ipRGCs and, consequently, circadian 
behaviors may be associated with these mechanisms. Recent findings have shown that 
mechanisms that process the contrast of luminance and color are associated with the 
circadian timing pattern [27, 31].

3. Circadian rhythms of sensation and visual perception

Circadian rhythms modulate the physiology and behavior of animals and humans, 
so it is important to analyze which aspects of visual perception present circadian 
variations. Next, we describe the evidence that exists about circadian rhythms in the 
sensation and perception of contrast, as well as the sensation and perception of the 
contrast of luminance and colors.

Figure 1. 
Discovery of ipRGCs: Approximate spectral sensitivity by opsin nanogram with peak human sensitivity for 
long-length cones (red line, lmax = 556 nm), peak spectral sensitivity of a rod rat (black line, lmax = 498 nm), 
melanopsin (blueline, lmax = 480 nm), and cones of short wavelength (purple line, lmax = 360 nm) and medium 
(dotted line, lmax = 511 nm). Adapted from [19].
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3.1 Daily variation of sensation and perception of contrast of luminance

Melanopsin can contribute by balancing spatial and temporal resolution and 
optimizing visual sensitivity performance, even at low response levels [32]. Studies on 
the relationship between circadian mechanisms and visual sensitivity of luminance 
are still considered contradictory. However, electrophysiological and psychophysi-
cal studies have raised preliminary hypotheses about the circadian influence on the 
discrimination of the visual threshold of luminance contrast. Spatial variation in 
light intensity, called spatial contrast, comprises much of the visual information 
perceived by mammals, and the relative ability to detect contrast is called contrast 
sensitivity [33].

As previously seen, Turner and Mainster [34] argue that retinal ganglion cell 
photopigments contribute to the circadian modulation of visual sensory function 
[35, 36]. O’Keefe and Baker [37] used the psychophysical method of constant stimu-
lus to measure diurnal variations in visual sensitivity in photon and scotopic lumi-
nance conditions. This study showed higher visual sensitivity in photon conditions 
compared to scotopic sensitivity. In addition, the visual sensitivity of the individuals 
varied according to the daily time, presenting greater visual sensitivity at night. Using 
a similar psychophysical method, Tassi et al. [30] suggested that human sensitivity 
changes during the 24-hour period and that circadian rhythm has an influence on 
visual sensitivity in both scotopic and mesopic luminance conditions (0.007 and 
0.021 cd/m2).

Tassi et al. [30] used a daily routine chronobiological protocol that provides a 
schematic representation of the subject’s responses during the peaks inactivity. The 
authors scored eight measurement points with alternation of 2 h during the period 
from 08:00 to 20:00 hours, and showed changes in visual sensitivity throughout the 
day, with decreased sensitivity in the morning and progressive increase throughout 
the day, reaching its peak at 22:00. It was also observed that the sensitivity remained 
high during the first half of the night and progressively decreased after 04:00 in the 
morning.

Bassi and Powers [28] argued that temporal visual sensitivity also exhibits varia-
tion during the day. The authors measured the visual thresholds of seven subjects 
between 20 and 38 years old using the psychophysical paradigm of equalization by 
flashing photometry (flicker) during the periods of (12:00–14:00 and 00:00–02:00). 
Bassi and Powers noticed a small fluctuation in visual sensitivity and concluded that 
the ability to detect light varied systematically according to the periods indicated, 
showing minimal sensitivity during 12:00–14:00 and presenting maximum sensitiv-
ity at 00:00–02:00.

Although the findings indicated visual circadian alterations, the studies did not 
pay attention to verifying whether this variation differed according to the circadian 
typology of the participants, that is, whether the circadian modulation of visual 
sensitivity has different characteristics between subjects with behavioral patterns of 
morning activity and rest, intermediates and afternoons. In 1997 Tassi and Pins used 
the Horne and Ostberg Questionnaire to characterize the circadian typology of seven 
subjects and measured binocular visual sensitivity with a psychophysical method of 
adaptation between 08:00 and 18:00. The authors observed that visual sensitivity was 
low during the morning shift and increased progressively from 10:00 am, remaining 
constant until 18:00 hours.

The results for low sensitivity in the morning shift were only for three subjects 
with intermediate chronotype, while the sensitivity that remained constant was for 
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the subjects with morning and afternoon chronotype. Still, Tassi and Pins argued that 
visual reaction time is significantly longer during the night period, and the propor-
tion of responses between the sexes indicates that men have greater stability than 
women. In general, the authors suggest that this phenomenon of sensitivity variation 
is not a general rule since subgroups could be isolated in samples considering their 
circadian typology, in addition several mechanisms can contribute to fluctuation of 
visual sensitivity, such as the rhythmic expression of melatonin and dopamine in rods 
and photoreceptors and cones.

3.2 Daily variation in contrast sensitivity

The ability to detect and interpret details of a visual scene is determined by the 
visual system’s ability to distinguish contrast patterns [38]. Contrast can also be 
understood as the physical property of the visual stimulus, and the magnitude of 
the variation of luminance in the stimulus related to the total luminance of adjacent 
areas [38].

In this sense, the visual system (SV) has high sensitivity when a pattern needs little 
contrast to be detected. The reverse, low sensitivity, when the SV needs high contrast 
value to detect the stimulus. The contrast sensitivity curve represents the sensitivity 
of the SV in being more or less sensitive at certain spatial frequencies [33, 39]. The 
frequency of a sine wave in a visual experiment is described by visual angle degree 
cycles, which corresponds to the number of grid cycles that subtend 1 degree of 
angle to the human eye [40]. The Contrast Sensitivity Function (CSV) of numerous 
thresholds describes an inverted U-shaped curve with low frequency inclination and 
a steep slope in high frequencies [38]. From a practical point of view, CSV can be 
measured through psychophysical or behavioral criteria [41]. Physiologically, these 
channels refer to neuronal populations involved in the selective processing of spatial 
frequency bands [42]. Thus, it is believed that the process of detecting visual contrast 
is due to the activity of one or more spatial frequency channels, the variations of 
these frequencies are broken down into bands tuned to low, medium and high spatial 
frequencies.

Thus, it is possible to discriminate the minimum amount of contrast that the SV 
needs to individually detect each range or spatial frequency band since the response 
of one channel is not affected by the response of the other. So far, the big question dis-
cussed is whether there is a circadian rhythm of CSV, that is, that there is a circadian 
SV of contrast sensitivity of spatial frequencies.

Struck, Rodnitzky, and Dobson [43] used sine wave grid stimuli to measure CSV. 
Struck et al. [43] evaluated the contrast sensitivity of 12 participants with Parkinson’s 
disease (PD) using low, medium and high spatial frequencies (1, 5, 3, 6, 12 and 18 
cpg). The authors found punctual circadian fluctuations with lower dysfunction in 
the early morning compared to the afternoon. At 8:30 a.m., sensitivity in participants 
did not differ from healthy subjects, but as hours passed, the results were signifi-
cantly worse at 3 or more spatial frequencies (3 and 6 cpg). CSV for healthy subjects 
remained constant over time, unlike the findings on visual circadian fluctuations 
found by Bassi and Powers [28], O’Keefe and Baker [37], Tassi and Pins [29], and 
Tassi et al. [30]. For Struck et al. [43], the variation in contrast sensitivity in spatial 
frequencies was related to dopamine deficiency caused by PD.

Recent studies prepared by Andrade, Silva, and Santos [44] and Andrade et al. 
[27, 31] evaluated CSV circadian fluctuation in healthy adult subjects according to 
circadian typology at different times of the day. These studies indicate that CSV 
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curves have minimum sensitivity at 09:00, progressive increase from 13:00 to 17:00 
and maximum sensitivity at 21:00. During the periods of 13:00 and 17:00 the mea-
surements remain constant. Also, morning subjects present peak sensitivity in the 
morning, but are less sensitive than afternoon subjects throughout the day.

Andrade et al. [44] measured the CSV of 18 male subjects using the daily routine 
chronobiological protocol and the psychophysical method of the ladder to measure 
stimuli of vertical sine grid in a condition of photopic (41.9 cd/m2). The results 
showed that morning subjects have maximum sensitivity at 7:00 a.m. when compared 
to the 3:00 and 11:00 times, mainly at the spatial frequency of 3.1 cpg; intermediate 
and vespertine subjects presented maximum sensitivity at 23:00 for spatial frequen-
cies of 0.6 and 3.1, 6.1 and 8.8 cpg, respectively. It is possible to observe a fluctuation 
in CSV as seen by Bassi and Powers [28]. Thus, in addition to the variation in daily 
luminance contrast, the findings also indicated differences in sensitivity according to 
circadian typology in relation to specific spatial frequencies. This study demonstrated 
that visual contrast adaptation depends on behavioral and cognitive factors such 
as sleep latency, drowsiness levels, alertness and visual attention. From this point, 
Andrade et al. [44] highlight the needs of psychophysical research that evaluates basic 
visual functions in terms of chronobiological rhythms, such as the measurement of 
CSV in circadian time [45].

Andrade et al. [27, 31] also evaluated CSV according to circadian typology and 
measurement time of adult men (M = 23.42 ± 2.6 years) during a daily period. The 
authors observed that CSV curves had decreased sensitivity for low and high spatial 
frequencies [46] and peak sensitivity for average spatial frequencies [42]. The results 
did not show variation in CSV of morning subjects, but detected fluctuation in CSV 
for night subjects with greater sensitivity in the period of 21:00 in spatial frequencies 
of 1.0, 3.1 and 13.2 cpg, and fluctuation in CSV for intermediate subjects in spatial 
frequencies of 0.2 and 15.6 cpg. Furthermore, the study by Andrade et al. [27, 31] 
pointed out that intermediate subjects have maximum sensitivity in spatial frequency 
0.2 cpg at 17:00 when compared to 9:00 and 13:00 times. There was an attenuation 
in visual sensitivity during the morning in all groups, except for morning subjects. 
In general, the study by Andrade et al. [27, 31] proposes greater visual sensitivity in 
the CSV curve during the night period (21:00) and a decrease in sensitivity at 09:00. 
According to Viola et al. [47] it is common to observe greater variation in behavioral 
measures of venous subjects due to evolutionary traits and circadian genetic expres-
sion of these subjects, i.e., venous subjects have a genetic repeat polymorphism 
PER34/4 more vulnerable to daily fluctuation, when compared to the genetic expres-
sion of morning subjects PER35/5 and intermediate subjects PER34/5. Furthermore, 
evening subjects have a tendency to sleep delay (2 h) in relation to other subjects, thus 
night vision adapts melatonin production and masks the significant effect of spatial 
resolution of photoreceptors rods and cones [48].

Both results described by Andrade et al. [44] indicate maximum sensitivity at 
07:00/09:00 compared to 15:00 and 23:00 for morning subjects and maximum 
sensitivity in the periods of 15:00 and 23:00 for intermediate and vespertine subjects, 
characterizing possible patterns of behavior of CSV according to circadian typology.

Daily changes in visual sensitivity can explain many factors about the effects of 
light on visual contrast perception. In fact, the visual system is not linear and the 
visual sensitivity curve presents daily variations according to visual space and time 
[44], however these variations may be related to circadian behavior of CSV (Figure 2). 
Thus, the relationship between homeostatic and circadian variables establishes a daily 
control of the detection of visual thresholds of luminance contrast [27, 31].
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3.3 Daily variation of sensation and perception of colors

In recent decades, the study of color perception has stood out due to its functional 
role in the visual perception process of subjects with normal vision and deviations in 
the axes of color confusion. In general, the human view of color is considered trichro-
matic and its modification results from congenital defects or is acquired by adverse 
situations [49]. A set of photoreceptor cells in several visual sensitivity levels can 
absorb and combine wavelengths to form three-dimensional color perception at any 
point in the visual field [50, 51].

The variability of light absorption in the retina by cones shows that opsins are sensitive 
to wavelengths in the range of 400 to 700 nm; their absorption intensity varies according 
to the selectivity of the three classes or wavelength peaks, that is, to red (559 nm), green 
(531 nm) and blue (419 nm). It is appropriate to refer to the three types of cone as long, 
medium and short wave, respectively. According to Figueiro, Bullough, Parsons and Rea 
[52], the physiological aspects of retinal imaging are still subject to a biological change in 
time caused by circadian rhythm. Psychophysical studies show that color perception can 
be evaluated based on the capacity of equality and discrimination of thresholds [51, 53]. 
Studies have investigated the circadian mechanisms of color perception [54, 55].

Figure 2. 
Circadian behavior of the visual contrast curves: (A) contrast sensitivity curves obtained during the 24-hour 
period according to the time: (A1) represents the variation of the contrast in spatial frequencies for the moderately 
morning participants (MM); represents the variation of the contrast in the spatial frequencies for the participants 
of the moderately afternoon (MV); (B) contrast sensitivity curves obtained during the 24-hour period for 
participants MM, MV and intermediates (I): (B1) represents the variation of contrast in spatial frequencies at 
9 am; (B2) represents the variation of contrast in spatial frequencies at 9 pm. Taken from Andrade et al., [27, 31].
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Pauers et al. [55] suggest that the color opposition mechanism is evolutionarily 
adapted to the spectral changes of sunlight during the earth’s rotation. In addition, the 
spectral positioning of the short wavelength S (absorption for blue color perception) 
may be directly related to the determination of these patterns of activity.

According to a study conducted by Danilenko et al. [56], a greater capacity of 
activity of cones during the night and a decrease in response in the early morning 
was reported through an electroretinogram during a constant follow-up of 24 hours 
of white light. The data indicate that there is a change in the perception of color 
during a circadian rhythm, but it is not clear in relation to the period, amplitude and 
phase in which it occurs. For Ebihara and Tsuji [57] and Mrosovsky [58], melanopsin 
also contributes to the synchronization of circadian rhythm activity of visual color. 
However, it is possible that a number of behavioral and physical variables, such as the 
light/dark cycle, exposure to light and circadian typology determine variations in the 
axes of color confusion [59]. Thus, studies start from hypotheses that there is a daily 
modulation of visual color perception in the long, medium and short wavelength 
confusion axes [31].

Andrade et al. [27, 31] measured the circadian rhythm of the color confusion axes 
of 28 young male adults aged between 20 and 28 years according to their circadian 
typology using the Cambridge Color Test (CCT) and the Lanthony Desaturated 
D-15d test). This study suggested that the neural processing of color perception in 
the green-red axis has a daily fluctuation, especially for night subjects. In addition, 
the vespertine subjects presented higher visual sensitivity in the protan, deutan and 
tritan axes, especially in the periods of 9:00 and 21:00 and morning subjects had 
lower visual sensitivity at 13:00 and 17:00. To Archer et al. [60], morning subjects are 
more stable in relation to fluctuations in behavioral responses. It is normal that there 
is a variation of the visual thresholds during the day, and that they present normal 
parameters for trichromatic subjects [61], however it is possible that this variation has 
characteristics according to circadian typology and measurement times.

The modulation in the operation of the green-red and blue-yellow confounding 
axes may be related to the interactions of wavelength absorption by ipRGC cells (420 
to 480 nm) that intersect with the light intensity absorbed by the rods and cones 
(380-650 nm and 440–560 nm, respectively). Thus, Tritan axis stability is intrinsi-
cally related to the constant absorption of melanopsin and stability of the daily 
fluctuation of the blue wavelength [22, 62, 63]. Danilenko et al. [56] suggest that 
the spectral position of the medium and long wavelength suffers less influence of 
melanopsin pigment activity, allowing the daily fluctuation of chromatic sensitivity. 
According to Walmsley et al. [64] the variation of these spectral changes is necessary 
for circadian alignment of information, keeping natural conditions constant. It is a 
note point that the daily entrainment of sleep capacity can contribute significantly to 
the daily adaptation of visual perception [27, 31].

Thus, it is possible to characterize chromatic rhythmic changes of the visual 
system according to exposure to light, however the results for color perception are 
considered preliminary [65].

4. Final considerations

In the present work, we reviewed the theoretical and experimental knowledge 
discovered about the interaction between the visual system and the circadian sys-
tem. A visual path was found that participates in the synchronization of circadian 
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rhythms. Light produces synchronization of circadian rhythms by activating intrin-
sically photosensitive retinal ganglion cells (ipRGCs). These cells use melanopsin 
as a photopigment and modulate the activity of the suprachiasmatic nucleus of 
the hypothalamus, which acts as a central pacemaker of circadian rhythms. The 
analysis of the functioning of the visual path that synchronizes circadian rhythms is 
important to understand how the human being adapts to schedule changes, such as 
transnational air travel, night work, or rotating shifts. This visual path is also relevant 
to understanding changes in response to light, which have been observed in patients 
with circadian rhythm disorders, such as: circadian rhythm sleep disorder, seasonal 
depression or manic-depressive disorder. In addition, knowledge of this visual path-
way is important to analyze the physiological effects of light (phototherapy), when 
used as a treatment for circadian rhythm disorders, as well as other neurological and 
psychiatric disorders.

On the other hand, circadian rhythms were found in submodality of visual 
sensation and perception, such as contrast of luminosity, color discrimination and 
perception of objects, and images. These rhythms in visual perception are modulated 
by people’s chronotypes. The study of circadian rhythms in visual perception can be 
important for the learning of visual and visuospatial tasks, as well as for performance 
in school or work activities that require more specific visual processes, such as con-
trast of magnifying detail or color perception. In the meantime, it is also important 
to analyze the interaction of circadian rhythms in visual perception with rhythms of 
other cognitive processes, such as attention, memory and executive functions; as well 
as the role of these rhythms in work performance.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine synthesized by the 
pineal gland in the dark phase of the photoperiod. Released melatonin into the pineal 
recess and the cerebrospinal fluid is the chemical signal that conveys information 
about the environmental illumination to the brain. In recent years, it was described 
that melatonin stimulates the neurodevelopment in the adult brain. During this com-
plex process, new neurons are formed and differentiate to form synaptic connections. 
Neuropsychiatric disorders are characterized by the loss of neuronal connectivity and 
diminished levels of melatonin, among other features. Importantly, these patients 
have impaired circadian rhythms. In recent years, evidence aroused indicating that 
neurodevelopment occurs in the adult brain, making important the study of chemical 
compounds and endogenous molecules that stimulate neurodevelopment to reestab-
lish synaptic connectivity. In this chapter, we will review the evidence that supports 
the circadian melatonin modulatory effects on neurodevelopment and its importance 
for the treatment of neuropsychiatric diseases.

Keywords: circadian rhythms, melatonin, neurodevelopment, dendritogenesis, 
axogenesis, neuropsychiatric diseases

1. Introduction

The rotation of the Earth on its axis is the root of the 24-h light-dark cycle and 
all of the astronomical phenomena that are measured concerning the plane of the 
horizon—the sunrise and sunset, twilight periods, photoperiod, solar eclipses, 
movement of the tides, and the lunar perigee and apogee. These phenomena all have 
the common denominator that they cause variations in the periods of light versus 
darkness. This light-dark cycle and its variations directly influence the myriad of 
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activities of living organisms, including sleep and wakefulness, rest and activity, 
feeding, and body temperature changes [1].

The timing and pattern of mammalian behavioral activities are regulated by an 
evolutionarily optimized interplay between the genetically based biological (circadian) 
clock and superimposed environmental factors and thus mask the effects mediated 
by the clock. The main regulator in endogenous circadian rhythms is the suprachi-
asmatic nucleus, which sits above the optic chiasm and, in humans, is composed of 
approximately 20,000 neurons. The most important external synchronizing factors, or 
“Zeitgebers,” is the light-induced phase-setting of the circadian rhythmicity to the 24-h 
solar day. This influence results in a roughly 24-h activity-rest cycle in diurnal organ-
isms and the converse rest-activity cycle in nocturnal organisms.

Although the 24-h light-dark cycle is the most important Zeitgeber, there are many 
other modulators that further synchronize or mask circadian rhythms, including 
social stimuli, sounds, smells, or physical contact, which generate behavioral states 
that impact endogenous clocks [2]. Regarding the light-dark cycle as a Zeitgeber, 
the production of melatonin (5-methoxitriptamine), an indolamine secreted by the 
pineal gland, is dependent on the photoperiod. This hormone is released at night by 
the pineal gland and collected by the internal recess, the third ventricle. From this 
location, melatonin is distributed by the cerebrospinal fluid to the brain tissue acting 
as a synchronizing signal of the internal media with the environmental light [3]. The 
circadian production of melatonin by the pineal gland is controlled by the circadian 
clock through a multi-synaptic pathway and released melatonin carries the timing 
information to the peripheral oscillating structures to couple the oscillating functions 
(Figure 1).

The role of melatonin as circadian messenger, as well as the organization of the cir-
cadian system, has been described mainly using confined animals; however, studying 
biological rhythms under natural conditions allows us to understand how geophysi-
cal variables impact endogenous clocks. In this regard, initially, chronobiologists 
conducted their studies under experimental laboratory conditions, while behavioral 
ecologists have focused their research on observing the behavior of free-living organ-
isms. In the year 2000, in their book “Activity patterns in small mammals” Halle and 
Stenth of the University of Jena in Germany proposed the integration of behavioral 
ecology and chronobiology under natural and semi-natural conditions, founding the 
new discipline of “behavioral chrono ecology,” that is, the study of rhythms under 
natural conditions and the synchronization of rhythms with nature [4].

In behavioral field studies of primates’ activity rhythms and their modulation by 
environmental variables, the possible dual, synchronizing and/or masking effects 
of variables other than light-dark cycles are often ignored. However, there are some 
studies that addressed these issues. One of these was studied in the Mexican spider 
monkeys (Ateles geoffroyi) using long-term activity recordings with wearable accel-
erometer/data-logger devices (Figure 2). The relationship between astronomical 
and meteorological parameters and various parameters of the monkeys’ rest-activity 
rhythm under semi-natural conditions was analyzed. The monkeys were exposed to 
natural light, temperature, and humidity cycles. By recording the monkeys’ activity 
for 180 days, the monkeys rested during the night and were active throughout the day 
with two peaks in activity. Activity time, onset and end of activity, and the timing 
of their two activity peaks were significantly correlated with duration of the solar 
day and sunrise or sunset time. Beyond the light-dark cycle, weather, temperature, 
cloudiness, and artificial variables introduced by their interactions with humans also 
significantly influenced the duration and times of onset and end of activity [5].
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In other study, additional environmental variables such as the effect of housing 
conditions and season were incorporated to the daily timing and pattern of activity 
in this species. Thus, the activity patterns between monkeys living under natural 
lighting and climatic conditions in either a large wire netting cage or a 0.25-ha 
forest enclosure in the primatological field station of Veracruz State University near 
Catemaco, Mexico, were studied. Also, a pregnant female was followed in the forest 
enclosure, which gave us insight into the effect of late pregnancy and parturition on 
the monkey’s activity rhythm. Spider moneys are strictly diurnal, with 90% of their 
total activity occurring during daylight. Monkeys that lived in the forest enclosure 
had a higher second activity peak in the late afternoon compared to those living in 
the caged area, resulting in a more pronounced bimodal activity pattern. The spider 
monkeys kept there had an earlier activity onset and morning activity peak than their 
conspecifics in the cage; however, no differences were found in the phase-setting 
parameters of the circadian system to the environmental 24-h periodicity, either by 
comparison or correlation with the sunrise and sunset. The late pregnancy, parturi-
tion, and lactation induced a reduction on the activity level during the week of partu-
rition and the following week. The long days of the summer season and the short days 
of the winter season were decisive in the expression of the activity time of the morn-
ing and evening peaks. Together, data suggest that in Mexican spider monkeys, a weak 
circadian component and strong direct masking effects of multiple environmental 
factors are involved in the regulation of the daily activity rhythm [6].

The study of the monkeys under their natural environment may allow us to obtain 
evidence to highlight the importance of melatonin to modulate diverse oscillating 

Figure 1. 
Regulation pattern of melatonin synthesis. In the scheme is showed the principal structures involved in the 
circadian rhythm of melatonin synthesis, the suprachiasmatic nucleus and the pineal gland as well as the neuronal 
and the endocrine pathways to transmit the circadian information, the autonomous nervous system and the 
variation of circulating melatonin.
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functions and behavioral activities controlled by the circadian clock that can reper-
cuss on mental health. Hence, the main goal of this chapter is to review and discuss 
the evidence that supports the influence of melatonin on circadian physiology 

Figure 2. 
Circadian rhythm of motor activity in the Mexican spider monkeys Ateles geoffroyi. The motor activity was 
recorded continuously and plotted as an actogram. This scheme shows the diurnal circadian pattern in this 
species.
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focusing on its modulatory effects on neurodevelopment and brain plasticity as well 
as on the importance of this indole for the treatment of neuropsychiatric diseases.

2. Circadian rhythms can be modulated by melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is a biogenic amine synthesized from 
tryptophan (Figure 3) that was first isolated and characterized by Aaron B. Lerner 

Figure 3. 
Synthesis pathway of melatonin. The metabolic pathway for melatonin biosynthesis begins necessarily with 
tryptophan This synthesis consists of several enzymatic reactions; among them the hydroxylation by tryptophan 
hydroxylase (TPH) produces 5-hydroxytryptophan; in addition, serotonin is formed by the aromatic amino acid 
decarboxylase (AADC); at the end, N-acetylserotonin-O-methyltransferase (ASMT), produces melatonin.
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and coworkers in 1958, from more than 200,000 lyophilized bovine pineal glands. 
The amphiphilic nature of melatonin allows it to cross the cytoplasmic membrane and 
interact directly with intracellular proteins as calmodulin [7, 8] or nuclear receptors 
[9]. This indole can also bind to membrane receptors to trigger specific signaling path-
ways [10]. This variety of molecular targets distributed inside cells as soluble proteins 
and outside cells such as heptahelical receptors could explain the extensive participa-
tion of melatonin to modulate a great variety of key functions in cellular physiology.

As mentioned previously, circulating melatonin concentration oscillates following 
a circadian rhythm with a nocturnal peak in almost all studied species (Figure 4). 
This oscillation is regulated by light implying that the rhythm could be synchronized 
by the photoperiod, in the same manner as other functions [11]. The most ancient 
function of melatonin apparently is the protection against oxidative stress. Still, 
in animals, this indole regulates even complex behaviors such as daily activity and 
seasonal reproduction, some sleep properties, as well as retinal, hormonal, metabolic, 
and immune functions [12]. In contrast to non-mammalian vertebrates, pinealectomy 
in rat or mouse does not disrupt the circadian rhythmicity; instead, these animals 
retain most of their circadian rhythms, including the oscillating locomotor activity; 
however, a subtle uncoupling of several physiological functions occurs [13]. In mam-
mals, the melatonergic system has only a secondary rank in the circadian system [14]. 
Apparently, the temporal signal produced by SCN is distributed to peripheral clocks 
by both neural pathways through the hypothalamic nucleus and the autonomous 
nervous system [15, 16], and endocrine pathways mediated mainly through melatonin 
from the pineal gland. An example of the latter is the requirement of melatonin signal 
in the maintenance of circadian activity in the pars tuberalis of adenohypophysis [17].

Figure 4. 
Circadian rhythm of melatonin release. The hormone melatonin is released from the pineal gland in mammals at 
night. This molecule has been considered the signal of darkness to adjust the circadian system.
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To address the role of melatonin as a synchronizer molecule, several experi-
mental strategies have been developed. For example, the organisms are main-
tained under constant environmental conditions in which the circadian rhythms 
present a free-running period that could be shorter or longer than 24 h. In this 
condition, one stimulation with exogenous melatonin applied at different circa-
dian times can induce a phase shift in the oscillation; this change can be a delay 
or an advance of the rhythm phase. Also, under the same constant environmental 
condition, a daily melatonin stimulus is applied at a specific external time, so 
the rhythm becomes adjusted with respect to the periodic stimulation. Both the 
period and the phase of the rhythms change and are synchronized by melatonin. 
In both cases, the conclusion is that melatonin is a synchronizer acting on the 
circadian pacemaker.

In all vertebrates, melatonin membrane receptors seem to be involved in both 
the phase shifts induced in the circadian oscillations and in the synchronization of 
the rhythms by injected or infused melatonin [18–20]. It has been proposed that the 
pathway activated by melatonin is dependent on the subtype of membrane recep-
tors distributed in the SCN or in the pineal gland itself. In many non-mammalian 
vertebrates, melatonin receptors distributed in different tissues, including the SCN, 
seem to be involved in the transduction of the timing of circadian rhythms, but also in 
phase shifts and synchronization [20].

Melatonin shifts the phase of the locomotor activity rhythm and the firing rate of 
the mammalian SCN neurons. These actions can be mediated by MT2 receptors. The 
mammalian circadian pacemaker is sensitive to exogenous melatonin at the hours 
around day-night and night-day transitions [21, 22]. When melatonin is applied to 
male C3H/HeN mice at CT10, that is, two circadian hours before the onset of activity, 
the hormone induces dose-dependent phase advances [23]. This effect is significantly 
reduced by application of the selective MT2 antagonist 4P-PDOT. This antagonist also 
diminishes the melatonin-induced phase advances of the SCN neuronal firing rhythm 
in male Long-Evans rats [24]. In MT1 receptor-deficient mice, the application of 
melatonin at CT10 still produced phase advances [25]. A common example of circa-
dian rhythms phase shift is the so-called jet lag induced by traveling across several 
time zones. Melatonergic agonists such as ramelteon and tasimelteon (nonselective 
MT1/MT2 agonists) have been used as therapeutic options for alleviating the sleep 
disturbances associated with this transient perturbation in the temporal organization 
of the circadian system [26].

Melatonin synchronizes the locomotor circadian rhythm in Long-Evans rats, 
Wistar rats, and the diurnal rodent Arvicanthis ansorgei following a daily stimula-
tion procedure by injection or infusion of the indolamine [27–29]. Interestingly, in 
nocturnal rodents synchronized by melatonin, the activity onset is coincident with 
melatonin application, as expected considering that melatonin release is nocturnal; 
in contrast, in the synchronized diurnal species, melatonin application coincides with 
the beginning of the rest phase [30].

Even though pinealectomy does not induce apparent changes in the properties of 
most of the circadian rhythms in mammals, it has been observed that the decrease in 
melatonin levels affects some important circadian functions such as the sleep-wake 
cycle and triggers depressive-like symptoms; these disturbances have been improved 
with the administration of melatonin receptor agonists [31], suggesting that the role 
of this pleiotropic hormone in physiology might be underestimated. One important 
function of melatonin that can repercuss in the brain physiology is the modulation of 
neurogenic processes and circuit functioning as explained below.
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3. The neuroplastic changes show circadian rhythms

Similarly, to the behavioral studies of primates’ activity rhythms and their 
modulation by environmental variables, there are also studies about the regulation 
of molecular and cellular processes influenced by Zeitgebers that participate in the 
behavior. One example is the neurodevelopment in the hippocampus, which is the 
brain region where learning and memory are integrated [32]. This function plays a 
key role in the adaptation of the organism to the environment. Neurodevelopment 
implicates the formation of new neurons, cell migration, cell differentiation, and the 
formation of neuronal projections dendrites and axons as well as the formation of 
synaptic contacts that culminate in the establishment of neuronal connections that 
together constitute the structural network that underlies brain function.

In 1966, Altman found that new neuron formations occur in the adult brain, mak-
ing a breakthrough in the concept of that times that new neuron formation occurred 
only at embryonic stages [33]. However, Altman, for the first time, demonstrated by 
immunohistology and autoradiographic technique the incorporation of 3H-thymidine 
into the DNA of cerebellar cells of rats at postnatal age [33]. In the last decade of the 
past century, further contributions to this field emerged, and it was clear that neuro-
genesis continues throughout the entire life at various locations in the brain such as 
the subventricular zone, the olfactory bulb, and the dentate gyrus of the hippocam-
pus [34]. In an analogous manner to neurogenesis, dendrite and axonal formation as 
well as synaptic contact, establishment occurs during the entire life, making the brain 
a highly neuroplastic an adaptative organ.

Adult neurogenesis as well as neuroplasticity is conserved processes in all mam-
malian species studied so far including non-human primates and humans [35]. Both 
processes are mechanisms that allow the survival and the well adaptation of the 
organisms to environmental conditions. In this regard, melatonin, a phylogenetically 
conserved molecule, allows survival and adaptation acting as a free radical scavenger 
and enhancing the levels of antioxidant enzymes protecting the brain against stressful 
stimuli. Moreover, because the indolamine stimulates neurogenesis and new neuronal 
contact formation in the hippocampus, it makes the organism more competent for 
survival.

The evidence about circadian regulation of neurodevelopment in the adult brain 
was aroused by the observation that melatonin stimulates different stages of neuro-
development and because the indolamine is synthesized according to the photoperiod 
and synchronized the internal activity with the environmental light. In this regard, 
melatonin synchronizes the sleep-wake cycle, the body temperature, the cortisol 
release, among other functions.

The adult brain presents neuroplastic changes that follows a circadian rhythm; 
for instance, the maximal amplitude of neuroplasticity occurs during the scotophase 
regardless of the activity pattern of the species (diurnal or nocturnal). In the hip-
pocampal subgranular zone of murine adult, proliferation of immature neurons 
increases at the middle of the scotophase (Zeitgeber Time 18: ZT18) where the 
maximum amplitude of melatonin secretion occurs. By contrast, neuronal apoptosis 
decreases at that time having the maximal increase at the middle of the light time 
(ZT6). Interestingly, these rhythmic changes occur only in animals with functional 
melatonin MT1 and MT2 receptors [36].

In diurnal zebrafish, and in nocturnal mice, the stages of the cell cycle in stem 
cells of neurogenic niches show a circadian rhythm with nocturnal peak [37]. These 
rhythms correlate with the expression of Clock1 and Per1 in zebrafish [37] and with 
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Per2 and Bmal1 in mice [38]. These results suggest that cell proliferation is controlled 
by the clock genes in most mammalian species [39–41]; interestingly, melatonin can 
influence the level of clock gene expression [42] and the half-life of clock proteins by 
timing their degradation in the proteasome [43].

Neuroplastic changes in dendrites also follow a circadian pattern. In Siberian ham-
sters, the hippocampal dendritic structure of basilar dendrites of CA1pyramidal neurons 
revealed dendrite length increase that occurs during the dark phase [44]. Moreover, 
the number of branch points significantly increases during short days (8 h L: 16 h D), 
indicating a more complex dendritic arbor, while during long days (16 h L: 8 h D), the 
dendrites are longer. Administration of melatonin at the end of the light phase induces 
the nocturnal dendritic morphology in CA1 neurons within 4 h. In addition, in organo-
typic cultures of hippocampus incubated with melatonin 100 nM, dendrite formation 
in the hilar zone is evident after 6 h of incubation and increased formation of secondary 
and tertiary dendrites [45] (Figure 5). The changes in dendrite size and complexity are 
correlated with the increase in the expression of Per1 and Bmal1 in the hippocampus 
[46]. Hence, in short or long photoperiod schemes, the duration of endogenous mela-
tonin release would change respecting the length of the dark phase, providing seasonal 
information to neurogenic niches [47].

Synaptogenesis, the main event by which neurons are connected, is also regulated by 
the circadian rhythms. Two approaches have been used to study synaptic formation:  
(1) structural studies in which immunostaining of synaptic proteins by specific antibodies 
was used to label dendrite spines the site where synaptogenesis takes place and electro-
physiological approaches where long-term potentiation is studied (LTP). The former 
showed a circadian pattern reaching a maximum number or size of dendritic spines 
during the dark phase in the hippocampus and somatosensory cortex in mice [48, 49]. 
Moreover, increased synapses formation is observed in hippocampal organotypic cultures 

Figure 5. 
Neurogenesis in hippocampus and neuronal precursor cells. The neurogenesis process has been studied in 
organotypic cultures and in isolated precursors obtained from the olfactory epithelium to determine the 
stimulatory effect of melatonin.
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incubated with 100 nM melatonin and by staining with an anti-synapsin antibody, which 
labels synapsin a protein localized in the presynapsis [45]. Despite this information, 
studies in Siberian hamsters indicate a decrease in dendritic spine density during the dark 
phase in the dentate gyrus [44, 46]. Thus, it is necessary to study more deeply the rhyth-
micity of synapses formation and the factors that influence it.

On the other hand, electrophysiological studies have shown that synaptic strength 
measured through hippocampal LTP was more significant in magnitude and stability 
in slices obtained during the dark phase [50]. This pattern persisted even in constant 
darkness or in slices obtained at daytime and recording LTP at night; these results 
suggest an endogenous rhythm in synaptic plasticity that could persist ex vivo in the 
slices. Moreover, melatonin, perfused during the light phase, reduces the hippocam-
pal LTP at a wide range of concentrations (0.01–100 μM) [51, 52]. In summary, these 
results suggest that hippocampal neuroplasticity is controlled by the light/dark cycle 
and by melatonin. Other evidence concerning melatonin’s role as neuronal modula-
tor has been found in neuronal stem cells obtained from the olfactory epithelium, as 
mentioned in the next section.

4.  Melatonin stimulatory effects on structural neuroplasticity in a 
translational model

Current studies indicate that olfactory neuronal precursors are a subrogate 
model of the central nervous system to study neurotransmitter receptors expression, 
enzymes involved in neurotransmitter synthesis as well as the neurodevelopment in 
the adulthood.

Olfactory neurons have a common ectodermal embryonic origin with the CNS 
neurons and are derived from embryonic placodes and the neural crest, which are 
structures analogous to the neural tube [53, 54].

Gene expression profiles of olfactory neuronal precursors are similar to mesen-
chymal stem cells and can be differentiated into mature olfactory neurons and other 
types of neurons such as dopaminergic neurons [55, 56]. The expression of hundreds 
of genes such as CNS neurons has been shown in olfactory neuroepithelial cells. Some 
of these are the pituitary adenylate cyclase-activating peptide and the glutamate 
receptor, among others [57–59]. Moreover, in postmortem samples obtained from 
Alzheimer’s disease patients, paired helical filaments of tau protein and amyloid-β 
plaques similar to those found in cortical and subcortical neurons have been described 
in olfactory neuroepithelial cells characterized by cytokeratin-18 expression reflect-
ing its stromal epithelial cell nature, as well as in olfactory neurons characterized by 
III β-tubulin expression [60, 61]. Recently, neuronal precursors were obtained from 
alive patients with Alzheimer’s disease diagnosis and demonstrated the paired helical 
filaments, as well as increased levels of tau total and phospho-tau supporting that 
olfactory neuroepithelial cells are a mirror model that reflects molecular changes 
produced in the CNS and useful to study different stages of neurodevelopment in 
samples obtained from alive patients [62].

In this regard, it was demonstrated that spontaneous axogenesis occurs in olfac-
tory neuronal precursors derived from a clone obtained by unlimited dilution from 
a female of 55 years with no psychiatric history. Twelve percent of these cells main-
tained in primary culture the ability to form axons. In the presence of melatonin, 
axonal formation augmented by 15% in the primary cultures of olfactory neuronal 
precursors [63].
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In addition to these observations, spine and new neuron formation in a clone of 
human olfactory neuronal precursors stimulated by melatonin was demonstrated. 
Spines were labeled with Phalloidin-Rhodamine and an anti-spinophilin antibody and 
counted. The prelaminar results showed that melatonin increases spine formation in 
primary cultures of human olfactory neuronal precursors. Moreover, neurogenesis 
measured as clusters of proliferating neuronal precursors has been observed in the 
presence of 100 nM melatonin (manuscript in preparation). Altogether, evidence 
supports that melatonin stimulates three important stages of neurodevelopment, 
neurogenesis, spine formation, and axogenesis.

5. Chrono-disruption in neuropsychiatric diseases

In addition to natural Zeitgebers and masking factors, certain pathologies and the 
pharmaceuticals used to treat them can also alter activity patterns. It is well known 
that disruption of circadian cycles is a common feature in neuropsychiatric diseases. 
Among these, alterations in the sleep-wake cycle, core body temperature, appetite, 
and hormonal release cycles such as the cortisol secretion have been described in 
patients with neuropsychiatric alterations such as Alzheimer disease, bipolar disorder, 
major depression, and schizophrenia among other diseases. Importantly, all these 
functions are cyclically modulated by melatonin and in neuropsychiatric patients, the 
amplitude of melatonin secretion peak is blunted.

In human subjects, the pattern of motor activity in unmedicated schizophrenia 
patients and healthy subjects had been study to disclose whether the pattern was 
affected by treatment with typical and atypical antipsychotics (haloperidol and ris-
peridone). Twenty unmedicated schizophrenic patients wore a wrist actigraph that 
recorded activity at 1-min intervals for five days. The activity pattern of patients 
and healthy subjects was compared; then, the patients were randomly assigned to 
treatment with low-dose haloperidol or risperidone, and the effect of treatment on 
the activity was tested. Untreated patients were less active during morning, eve-
ning, and late-night periods compared with controls. Both haloperidol and risperi-
done induce significant effects on activity level (this effect was more prominent 
with haloperidol). The results suggest that unmedicated schizophrenic patients 
exhibit abnormally low levels of motor activity, which persists with antipsychotic 
treatment, even though symptoms improve. Future studies should clarify whether 
motor disturbances are a primary effect of the illness or related to the lifestyle 
effects [64].

In addition, some antidepressants flatten the amplitude of melatonin secretion, 
contributing to the alterations of biological rhythms inherent to major depression. 
Thus, it can be suggested the use of melatonin as a therapeutical adjuvant to regulate 
biological rhythms such as the sleep/wake cycle.

Recently, we explored if neuroplasticity is altered in schizophrenia. By using 
the translational experimental model of olfactory neuronal precursors, we found 
that these cells derived from a patient with schizophrenia were unable to form 
axons spontaneously. However, in the presence of melatonin, these cells formed 
axons with the same rate as cells derived from a healthy subject with no psychiatric 
history [63]. Thus, data suggest that besides the inherent disruption of biologi-
cal rhythms in schizophrenia patients and drug administration, they also have 
impaired axonal rhythm formation during adulthood that can be restored by 
melatonin.



Circadian Rhythm - New Insights into Physiological and Pathological Implications

36

6.  Importance of time administration of drugs in the treatment of 
neuropsychiatric diseases

As mentioned before, human beings have a rhythmic expression in their physiology 
and behavior. In homeostasis states, this endogenous rhythmicity is synchronized by 
cyclic environmental factors. This coupling provides several advantages: anticipating 
cyclical changes in the background and facilitating the organism’s adaptation to its envi-
ronment. This rhythmicity has systems that allow measuring the passage of time, and 
it is regulated by environmental signals (exogenous) that act as external synchronizers. 
These rhythms oscillate approximately every 24 h, and among these, the most impor-
tant is the light-dark cycle or cycle circadian. This concerted, internal, and external 
rhythmic expression is essential to maintain a healthy state. There is strong evidence 
that supports the idea that the disruption or chrono-disruption of this adaptive mecha-
nism is detrimental to health and has, among other consequences, sleep disorders, 
which can lead to cognitive deterioration. It has also been associated with an increased 
risk of cardiovascular disease, hypertension, metabolic conditions such as diabetes, 
cancer, obesity, and affective disorders such as anxiety and depression, increasing the 
prevalence of neuropsychiatric disorders such as schizophrenia and major depression.

The synchronization of circadian rhythms with pharmacotherapy is crucial for 
neuropsychiatric and affective disorders treatment since it is about combining the 
maximum benefit with the minimum time complexity of the treatments.

Adequate coordination between drug administration schedules to obtain an opti-
mal therapeutic response has been little explored and currently represents a challenge 
for chrono-pharmacology.

Desynchronization between the times of administration and the potential phar-
macological effects could be one of the reasons why a high percentage of patients with 
major and bipolar depression (MD) are resistant to treatment, as well as the chronic 
recurrence of depressive and seasonal disorders. Chronotherapeutic strategies that 
reset the internal clock may have a specific advantage for treating depression and 
other mental disorders.

For instance, seasonal affective disorder (SAD) is a sub-type of depression in 
which individuals experience depressive symptoms and show hypersomnia only in the 
winter months, in which the period of darkness is more extended than at other times 
of the year. In a pioneering study, Rosenthal and coworkers [65] found that treatment 
with bright environmental light suppresses the endogen melatonin secretion and 
reverses the winter depressive symptoms of patients with SAD. In contrast, light too 
dim to suppress endogen melatonin is therapeutically ineffective.

This same paper described the antidepressant effects of phototherapy in eight SAD 
patients by oral melatonin administration. However, in another study with 19 SAD 
patients, the authors did not find any therapeutic difference between the atenolol, a 
beta-adrenergic blocker, which inhibits melatonin secretion, and placebo. In contrast, 
research with seven SAD patients showed that the antidepressant effects of photo-
therapy were not photoperiodic and appeared to be independent of melatonin sup-
pression. Authors conclude that melatonin can mediate the effects of shortening days 
on the winter symptoms of SAD and that the modification of melatonin secretion 
by bright light mediates its antidepressant effects and gives evidence that melatonin 
secretion may be abnormal in SAD [65].

Multiple factors can disrupt this chronicity because of imbalances in the sleep-
wake cycle. Disruption of circadian cycles has also been associated with affective 
disorders.
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Depression disorders are characterized by a broad range of symptoms, including 
altered mood, loss of cognitive functions, and recurrent thoughts of death or suicide. 
The relationship between chrono-disruption and the etiology of depression is not yet 
clear. However, evidence suggests that existing pharmacotherapies such as lithium 
and antidepressants such as melatonin and agomelatine act on the circadian system.

Although it is known that melatonin is a mediator of photoperiodic changes on 
seasonal rhythms in animals, a gradual increase in circulating levels of melatonin 
occurs after lights off, reaching its maximum around the middle of the dark 
phase. There is contradictory evidence about the antidepressant effect of mela-
tonin itself. We found that the melatonin administration in mice at two Zeitgeber 
times (ZT = 0 lights on; 12:12 L/D), 1 h before the beginning (ZT11) and at the 
middle (ZT18) of the dark phase after either a single or a three-dose treatment, 
produces a robust antidepressant-like effect in the tail suspension and the forced 
swimming tests. When a single dose of melatonin (4 mg/kg) was administered at 
ZT 11 produced an antidepressant-like effect in two paradigms. However, when 
melatonin was administered at ZT 18, it was ineffective in the forced swimming 
test. Required a higher dose of melatonin (16 mg/kg) to observe their antidepres-
sant effect in the tail suspension test. In contrast, repeated doses of melatonin 
(ZT 18, ZT 11, and ZT 18) were necessary to produce the antidepressant effect in 
the forced swimming test. These results highlight the importance of the timely 
administration of melatonin could improve its antidepressant-like effect [66].

Agomelatine is an antidepressant that acts as an agonist on the melatonin receptors 
and as a 5HT2C receptor antagonist. Several studies suggest that the antidepressant 
effect caused by agomelatine results from the resynchronization of circadian rhythms 
that are disturbed in depressed patients ameliorating symptoms of depression. In 
contrast to other antidepressants, this has shown low relapse rates upon discontinu-
ation and high tolerability. Furthermore, agomelatine treatment improves the ampli-
tude of the circadian (rest/activity) sleep/wake cycle and diminishes the depression 
and anxiety symptoms in comparison with sertraline treatment [67].

There is strong evidence about the association between sleep disturbances and 
depression; in depressive disorder (MDD), the desynchronization of circadian 
rhythms occurs, producing disturbed sleep and insomnia, and these symptoms 
improve markedly with melatonergic (MT1 and MT2) and 5HT2C agonist treat-
ment such as melatonin and agomelatine, which act as modulating the circadian 
rhythmicity.

The foregoing gives evidence of the disruptions of the sleep-wake cycle  
(sleep architecture and timing) and residual symptoms may prevent the attainment 
of high-quality remission and delay recovery from MDD.

Benedetti and coworkers studied the effect of morning light therapy or placebo 
combined with the serotonin reuptake inhibitor citalopram in treating patients 
affected by a major depressive episode without psychotic features. They found that 
the combination of this antidepressant and light treatment was more effective than 
citalopram alone or placebo in the treatment of major depression, administered with 
an optimized timing of administration, and low-intensity light treatment that sig-
nificantly hastened and potentiated the effect of citalopram. This evidence provides 
the clinical psychiatrists with an augmenting strategy, effective and devoid of side 
effects [68].

Alterations in circadian rhythmicity have been little studied in patients with 
schizophrenia, in which sleep disorders are common, with an 80% prevalence that 
often responds to circadian disruption.
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This study showed that the variability of sleep-wake time is notably more signifi-
cant and more remarkable in the schizophrenia group than in the people without the 
disorder [69].

In addition, polysomnography studies have shown that these patients present a 
higher sleep latency, diminished total sleep time, lower efficiency, more interrup-
tions, a shorter duration, and latency of REM dreams, as well as a lower proportion 
of slow-wave sleep than people without this condition. Also, deficit sleep spindles in 
schizophrenia people could be an endophenotype of this disorder.

In a study of rest activity, a cohort of patients with schizophrenia matched with 
healthy subjects, Wulff and coworkers [69] showed that there is clear evidence of 
sleep and circadian rhythm disruption in schizophrenia patients, over half the cohort, 
tested showed severe circadian misalignment, including the melatonin cycle.

Compared rest-activity patterns in a cohort of patients with schizophrenia with 
matched healthy unemployed controls showed significant sleep/circadian disruption 
in all 20 patients studied. Of these, half showed severe circadian misalignment in 
sleep-wake and melatonin cycles, demonstrating that abnormal entrainment of the 
circadian system is prevalent in schizophrenia.

Although the results are not conclusive yet and more research is needed in this 
regard, chronotherapy is a relatively recent proposal to optimize pharmacological 
treatments based on the biological clock to maximize the pharmacological response 
or produce adjustments when there is a desynchronization in the biological functions 
that are affected in illnesses, including mental disorders. Therefore, it is necessary to 
adequately coordinate medication administration schedules to obtain the maximum 
pharmacological results and increase treatment adherence.

7. Conclusion

Evidence presented in this chapter indicates that neuroplasticity is modulated by 
an external Zeitgeber, the photoperiod, and synchronized by melatonin which is an 
endogenous synthesized molecule during the dark phase. Notably, functions such 
as neurogenesis, dendrite, axonal, and synaptogenesis are upregulated during the 
dark phase of the photoperiod and by 100 nanomolar concentrations of melatonin, 
which is the concentration reached in the cerebrospinal fluid during the dark phase 
of the photoperiod. Nowadays, neuroplasticity is considered an important tool for 
the treatment of neuropsychiatric diseases to repair damaged circuitry in the brain of 
these subjects. Therefore, since melatonin can increase all the stages of neuroplasti-
city at pharmacological concentrations, it is possible for the use of this indolamine as 
an adjuvant for the treatment of neuropsychiatric diseases where chrono-disruption 
is one of the main symptoms evidenced by alterations in the sleep/wake cycle, the 
motor activity and the pineal secretion of melatonin among other rhythms important 
for the good quality of life.
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Chapter 4

Circadian Synchrony between 
Mothers and Young in the European 
Rabbit: Or Not? A Cautionary Tale
Robyn Hudson and Gerard A. Kennedy

Abstract

The European rabbit Oryctolagus cuniculus, ancestor of all domestic breeds, has 
an unusual pattern of maternal care in which females briefly nurse their young just 
once approximately every 24 h, and where the pups anticipate and prepare for their 
mother’s arrival. Chronobiologists have seen this as a model mammalian system to 
study the physiological and neurobiological underpinnings of a biologically relevant 
circadian complex. However, observations of nursing in wild rabbits, together with 
studies of nursing in domestic breeds allowed free access to their young in laboratory 
settings, suggest that the rabbit’s pattern of daily nursing visits resembles an hourglass 
rather than a circadian process, well suited to the sudden starts and stops of natural 
nursing cycles. We consider whether there might be other such cases in the litera-
ture, including in human chronobiology, in which failing to consider the organism’s 
natural, evolved daily patterns of behaviour and prematurely studying these under 
artificially imposed laboratory time schedules might have also led to such patterns 
being erroneously considered circadian.

Keywords: daily rhythm, circadian, hourglass, maternal behaviour, mother-young 
synchrony, ontogeny, rabbit, Oryctolagus cuniculus

1. Introduction

“Oh dear! Oh dear! I shall be too late”. The White Rabbit in Alice’s Adventures in 
Wonderland, Lewis Carroll (1865) [1].

1.1 The rabbit as a model species in mammalian chronobiology

Timing is clearly of the essence in many aspects of the European rabbit’s behav-
ioural biology and contributes importantly to this species’ proverbial reproductive 
success. The European rabbit Oryctolagus cuniculus, the ancestor of all domestic breeds, 
has been widely used in the study of mammalian chronobiology. Consistent with vari-
ous well-studied rodent models, such as the white rat (Rattus norvegicus) and the golden 
hamster (Mesocricetus auratus), the rabbit shows circadian (or at least diurnal) rhyth-
micity in several important behavioural and physiological functions. These include 
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motor activity, feeding, drinking, urination, and defecation, as well as haematological 
parameters, serotonin concentration in the brainstem, content and absorption of vola-
tile fatty acids in the alimentary tract, visual evoked potentials, and intraocular pres-
sure (review in [2]). In addition, due to the rabbit’s abundance, size, and importance as 
an agricultural pest, it is one of the best-studied laboratory mammals in the wild.

Under natural conditions, the rabbit is a primarily nocturnal or crepuscular 
species, which is most active during the night with peaks in activity levels at dawn 
and dusk (in nature: [3–5]; in the laboratory: [6, 7]). Aschoff ’s rule states that the 
endogenous free-running circadian period observed in complete darkness (DD) 
will shorten for diurnal animals and lengthen for nocturnal animals when they are 
exposed to constant light [8]. Rabbits typically show free-running rhythms in several 
functions that lengthen in accordance with Aschoff ’s rule when they are transferred 
from DD to LL [9]. Furthermore, the phase-response curve of the rabbit’s daily pat-
tern of wheel-running activity in response to brief 1-hour light pulses [10] conforms 
to classic phase-response curves reported for nocturnal rodents [11].

2.  The rabbit’s unusually limited pattern of maternal care: once-daily 
nursing

Interest in the rabbit as a mammalian model in circadian studies has been reinforced 
by this species’ unusual pattern of maternal care. In the wild, rabbits give birth to litters 
comprising several altricial young in an underground nursery burrow that the mother 
digs either within or close to the communal “warren” [12, 13]. Shortly before giving 
birth, she constructs a nest in this burrow (or laboratory nest box) of dried grass and 
fur pulled from her chest and flanks (review in [14]). Parturition usually lasts only 
a few minutes [15, 16], after which the mother immediately leaves the young, closes 
and disguises the burrow entrance, and only returns to quickly re-open it and nurse 
the pups for a few minutes approximately once every 24 hours. The end of nursing is 
signalled by the mother jumping away from the pups, the pups dropping immediately 
from the nipples [16, 17], and the mother immediately leaving the burrow (or nest box) 
and closing the entrance after each visit until the approach of weaning [12, 13].

During nursing, the mother stands over the pups without giving them any direct 
assistance to locate the nipples and suckle (see 2.1). If the mother is pregnant with a 
subsequent litter, which is often the case due to post-partum oestrus and her mating 
again immediately after giving birth, she will abruptly stop nursing at around post-
partum day 26 and wean her young in preparation for the birth of the next litter sev-
eral days later ([18, 19], review in [20]). This pattern of brief once-daily nursing visits 
is shown both by wild rabbits and by domestic breeds in conditions of husbandry and 
the laboratory (wild rabbit: [13, 21, 22]; domestic rabbit: [23–26]; review in [27]), 
and has generally been interpreted as a strategy to reduce the risk of the rabbit’s many 
predators locating the open burrow and trapping the nursing mother and young 
there, and allowing the mother to forage more widely for food [18, 24, 27].

It is a pattern that can also be readily replicated in the laboratory by separating 
mothers from their pups and only allowing them access to the nest to nurse for a 
few minutes once each day. Mothers accept this regimen well and raise their young 
without apparent difficulty (but see Section 2.5). Furthermore, if mothers are given a 
second opportunity to nurse several hours after the first nursing of the day, they fail 
to do so [24, 25].
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2.1 Synchrony between mothers and young

Such limited maternal care, so different to the extensive care characteristic of 
most mammalian mothers, is only possible due to several adaptations on the part 
of the young, synchronising their behaviour with that of their mother. The pups 
anticipate their mother’s nursing visit 1 or 2 hours before her arrival with increased 
motor activity, resulting in them uncovering from the nest material and thereby 
gaining unimpeded access to her nipples [25, 28]. They also show an anticipatory 
rise in body temperature [29] and changes in several endocrine and metabolic 
parameters [30–33].

Mothers also show a pre-nursing rise in body temperature [34]. In addition, they 
emit chemical cues from their ventrum, a so-called nipple-search pheromone, which 
elicits an inborn, stereotyped and highly effective pattern of searching for, attaching 
to and sucking nipples by the pups immediately the mother positions herself over 
them ([17, 35]; review in [36]). While nursing, the mother remains motionless, during 
which she shows a large release of oxytocin into the bloodstream, stimulating a single 
large milk-ejection reflex, and enabling the pups to drink up to a quarter of their body 
mass in less than the 3 to 4 minutes, during which she remains positioned over them 
[17, 37, 38]. At the end of each of the first few visits, she also deposits several hard 
faecal pellets in the nest, which the pups start to consume after several days, although 
she never urinates there [19]. Following nursing, the pups simultaneously urinate, 
become wet, and vigorously dig back under the nest material, fluffing it up and in the 
process becoming dry again [25].

2.2 A model of circadian rhythmicity including during early development

This unusual pattern of behaviour in such an important aspect of mammalian 
reproductive biology has attracted the interest of chronobiologists both because of 
the practical advantages it offers for experimentation, and also as it provides such 
a clear example of a daily rhythm with a biologically relevant, adaptive function. 
Interest was soon accompanied by classical chronobiological experiments from 
various laboratories, seeming to confirm the circadian nature of the mother’s nurs-
ing rhythm and associated functions, and also of the pups’ anticipatory arousal 
([25, 28, 39]; reviews in [2, 14, 27]). As mentioned in Section 2.1, mothers allowed 
access to their pups to nurse at the same time each day show an anticipatory rise 
in body temperature, and the pups also, while the pups also show an anticipatory 
increase in motor activity and in uncovering from the nest material. Additionally, 
in the case of the pups, when the anticipated nursing visit is omitted (possible as 
pups readily survive missing one nursing, and at later ages even two nursings), 
they soon return to their baseline behavioural and physiological levels, and then 
approximately 24 h later (approximately 47 h after the last nursing) again show the 
usual anticipatory patterns, suggesting these are under the control of endogenous 
circadian processes ([25, 28, 29, 34]; review in [2]).

Excitement at the seeming evidence for circadian rhythmicity in the relation 
between mothers and young in the experimentally amenable rabbit quickly resulted in 
a series of demanding and sophisticated studies of the neural and molecular processes 
underlying such rhythms, that is, of the regulation of such endogenous biological 
“clocks”, both in mothers and young. These studies, however, have so far provided 
somewhat equivocal results.
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2.3 Mothers

In the case of the mothers, several studies have been undertaken to locate the 
nuclei of the neural circuits thought to represent the substrate for the mother’s nurs-
ing rhythm, although without finding strong support for this being regulated by the 
rabbit’s circadian system. Findings have included both the lack of nursing-induced 
expression of the “clock” gene protein PER1 [40, 41] or enhanced c-Fos expression 
in the suprachiasmatic nucleus of the hypothalamus [42], generally considered to be 
the master clock regulating circadian rhythms in mammals [43]. One reason for these 
equivocal findings might be that the rabbit’s nursing rhythm, despite early assump-
tions, is not part of the rabbit’s circadian system and is regulated by processes largely 
independent of this (see Section 2.5).

2.4 Young

Despite the value of a developmental approach to understanding biological systems, 
there have been relatively few studies of the development of circadian phenomena in 
neonatal mammals (but see [44–46]). One reason for this is the extensive maternal 
care shown by most mammals that makes it difficult to exclude the contribution of the 
mother, or other caregivers, to patterns of activity observed in the young. Partly for this 
reason, the behaviour of rabbit pups was early proposed as a model to study the ontog-
eny of the rabbit’s circadian system [28, 39, 47]. Again, various molecular biological 
techniques such as the expression of c-Fos and various “clock” genes in the pup hypo-
thalamus have been used in the attempt to identify the structures in the developing brain 
potentially regulating the anticipatory behaviour and physiological functions associated 
with the once-daily nursing, and the persistence of such patterns in the absence of the 
mother’s nursing visit [48–51]. Interesting though the findings of these studies are, their 
significance for an understanding of the development of the rabbit’s circadian system 
is unclear. This is because as outlined below (Section 2.5), the pups’ anticipation of and 
preparation for their mother’s daily visit seems to be the product of an hourglass mecha-
nism, reset at each nursing, rather than of an endogenous circadian process.

2.5 Truly circadian or rather an hourglass process?

Despite the circadian enthusiasm, reports started to emerge quite early suggesting 
that perhaps the female rabbit’s daily pattern of nursing and the accompanying daily 
pattern of pups’ anticipatory arousal were not, in fact, a circadian-regulated package. 
One cause for doubt were observations in wild rabbits that mothers did not return 
to their pups on a 24-hour basis, but rather during the days following parturition 
returned with a periodicity shorter than 24 hours, arriving a little earlier at each visit. 
As mothers typically give birth early in the day, this resulted in their nursing visits 
drifting back into the night ([13, 21, 22]; review in [27]). A second cause for doubt 
was the timing of nursing by mothers in the laboratory allowed free access to their 
young. They showed the same pattern as wild rabbits, giving birth in the daylight 
hours and arriving to nurse a little earlier on each visit, and so with their visits also 
drifting back into the night-time ([27]; cf. [52]). This gradual shift apparently does 
not disrupt the synchrony between mothers and their young, since the pups anticipate 
their mother’s arrival by an hour or so, allowing them to be prepared for her earlier 
arrival each time. Following nursing, they then apparently reset their “clock” a little 
earlier in anticipation of her next visit.
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Additional experiments then suggested why this gradual separation between 
the timing of birth and the timing of nursing might be physiologically important 
to mothers, and that nursing visits might be timed so as not to interfere with physi-
ological processes associated with pregnancy and parturition. Specifically, there is 
evidence [52] that this might be to avoid the large surge in the release of oxytocin 
into the mother’s bloodstream during nursing ([37]; see also ([18]) from provoking 
premature parturition in pregnant mothers at a time of day when the (pregnant) 
uterus is maximally sensitive to oxytocin [53], and when the swift parturition charac-
teristic of the rabbit [16] is made possible by a single large release of oxytocin into her 
bloodstream [15].

The above findings are consistent with the results of a further series of experi-
ments in which rabbit mothers maintained under controlled laboratory conditions 
were allowed scheduled or free access to their young, and their nursing visits com-
pared to the circadian pattern of their feeding behaviour. When allowed free nest box 
access, mothers’ nursing visits also had a periodicity shorter than 24 hours, cutting 
across, and apparently independent from the circadian regularity of their daily pat-
tern of feeding [54]. Furthermore, when the pups were permanently removed from 
the nest before the normal age of weaning and the box left open, mothers stopped 
visiting the nest within 1 or 2 days, showing little evidence of an endogenous, self-
sustaining circadian nursing rhythm.

Together, these findings suggest that rather than the mother rabbit’s nursing 
rhythm (and by implication the associated behaviour of her pups) being regulated by 
a circadian mechanism, it corresponds to an hourglass process more appropriate to, 
more adaptive for “stop and go” functions such as nursing and weaning than to the 
inertia of a self-sustaining rhythm. For certain functions, an hourglass mechanism, 
allowing a quick response to rapidly changing short-term contingencies may be 
more adaptive than an enduring, self-sustaining circadian mechanism. In the rabbit, 
such contingencies include the abrupt cessation of nursing visits in late lactation by 
mothers pregnant with a further litter [18, 19], or in response to nest mortality, in 
which mothers may lose an entire litter, for example, due to predation, infanticide or 
flooding [55–57]. Under such circumstances it would be presumably maladaptive for 
mothers to repeatedly return to raided or flooded nests, and when they should return 
to breeding as soon as possible.

2.6 What you get out is what you put in. Circularity?

To the extent that the above is correct, it suggests that supposed circadian rhyth-
micity in the rabbit’s daily pattern of nursing and associated patterns of behaviour in 
the young might be an artefact of protocols that have applied experimental procedures 
giving the animals little option other than to confirm the experimenters’ assumptions 
of the operation of circadian mechanisms in the regulation of the behaviour and 
physiology of mothers and young in the nursing context. Thus, when given no choice, 
mothers show anticipatory behaviour as reported previously, enter the nest box (some-
times somewhat frantically, e.g. [54]) to nurse their young every 24 hours, and the 
young anticipate this as previously reported. However, this line of evidence involves a 
certain circularity; mothers (and again by extension their young) are typically given 
no choice other than to confirm the assumption of circadian regulation upon which 
experimental protocols of limited, 24-hour access to the young have been based. When 
allowed free access to their young, whether under natural conditions in the field or 
the laboratory, mothers arrive with a period somewhat less than 24 hours and show a 
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nursing rhythm that drifts back, cutting across their well-established, approximately 
24-hour rhythm in feeding activity [54]. This is further confirmed by Apel et al. [54] in 
nursing mothers exposed to LD cycles at the limits of their range of entrainment [10], 
where nursing visits show a periodicity of around 23 hours irrespective of the LD cycle 
period. Furthermore, when the young pups are permanently removed from the nest, 
thereby removing feedback to the mother from stimuli associated with suckling such 
as stimulation of the nipples ([58, 59]; see also [19, 60, 61]), nursing visits abruptly 
cease within approximately 24 hours. As suggested in Section 2.4, the regular diurnal 
nursing visits of rabbit mothers thus correspond better to the operation of an hourglass 
than to a circadian process ([54]; see review in [62]).

3. Conclusions

The caution implied in our title refers to the danger of not considering a study 
species’ natural behaviour and the ecological conditions under which it evolved when 
designing experimental procedures under often highly artificial laboratory condi-
tions and in interpreting the results obtained from these within highly reductionist 
frameworks. In the present case of the rabbit’s unusual daily pattern of nursing, this 
has arguably involved jumping too quickly to assume that this and associated pat-
terns of behaviour and physiological and neural functions, including in the young, 
to have a circadian basis, and then investing considerable time and money to explore 
underlying physiological, neural and molecular mechanisms based on these possibly 
erroneous assumptions. At times, it has also involved an important confusion in 
the use of terminology between circadian and diurnal processes in article titles and 
abstracts, and thus in the interpretation of results. If our above historical analysis of 
the case of the rabbit’s nursing rhythm is correct, it raises the question that in how 
many other models of “circadian” function, including in humans, might such bias also 
be the case? In mammalian studies, and in contrast to studies in invertebrates, the 
adaptive advantages of flexible hourglass processes, set to start and stop by immediate 
environmental events, have been little considered in contrast to the benefits but also 
costs of the inertia, the lag in adjustment, of circadian processes (review in [62]). 
Speculatively, in the human case, one can think of the ease (and pleasure) with which 
many of us transition from workday routines to often very different weekend or 
holiday schedules. And to complicate things, since we are dealing with the regulation 
of biological functions in complex organisms leading complex lives, perhaps we need 
to consider that diurnal functions may be regulated by a combination of circadian and 
hourglass processes working in tandem?
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Disorders
Valery V. Gafarov, Elena A. Gromova, Vladimir N. Maksimov,
Igor V. Gagulin and Almira V. Gafarova

Abstract

The purpose of the study is to research the effect of polymorphism of genes such as
CLOCK, ARNTL, PER2, NPAS2, DRD4, DAT,TNF-α, and NPSR1 on sleep disorders
in an open population of 25–64-year-old men. We conducted screening studies of
representative samples of men aged 25–64 years. The general examination was carried
out according to the standard methods included in the WHO MONICA-Psychosocial
Program (MOPSY). Carriers of the C/T genotype of the CLOCK gene more often than
others reported having “satisfactory” or “poor” sleep. Carriers of the C/T genotype of
the ARNTL gene were more likely to experience anxiety dreams, and they woke up
exhausted. Carriers of the A/A genotype of the PER2 gene were more likely to wake
up two or more times per night, a total of four to seven times per week. In the
population, C/T and T/T genotypes of the NPAS2 gene were significantly more com-
mon in individuals with 7-hour sleep. Genotype 4/6 of the DRD4 gene and genotype
9/9 of the DAT gene were significantly associated with sleep disturbances. Carriers of
the heterozygous A/G genotype of the TNF-α-308 gene, compared with carriers of all
other genotypes, more often rated sleep as “satisfactory” (30%) than “good.”

Keywords: population, men, sleep disorders, CLOCK gene, ARNTL gene, PER2 gene,
NPAS2 gene, DRD4 gene, DAT gene,TNF-α gene, NPSR1 gene

1. Introduction

Sleep is a complex set of brain processes that support human physiological needs
[1]. Sleep is part of the sleep-wake cycle. This cycle, consisting of approximately
8 hours of sleep at night and 16 hours of daytime wakefulness in humans, is controlled
by a combination of two internal factors, that is, sleep homeostasis and circadian
rhythms [2]. Unlike wakefulness, sleep is a period of inactivity and restoration of
mental and physical functions. Sleep is thought to provide time for inputting infor-
mation gained during waking into memory and for reestablishing communication
between different parts of the brain. Sleep is also the time when other body systems
replenish their energy and repair their tissues [3], and it is the key to wellness and
optimal health [4–6]. People who get enough quality sleep have more energy, better
cognitive function, memory, alertness, attention, and performance during the day, as

57



well as a healthier immune system [7]. Quality healthy sleep is one of the basic needs
of people and is important for their health [8].

Circadian rhythms are a system that synchronizes all processes in living organisms
that provide temporary adaptation, including sleep and wakefulness. The study of
circadian rhythms and biological clocks progressed slowly until the methods that
anticipated the beginning of the genomic millennium came to the aid of scientists. At
the end of the last century, scientists found out that there is a biological “clockwork
mechanism” in the mammalian brain that coordinates the work of the entire organ-
ism. To be more precise, these clocks are located in the suprachiasmatic nucleus
(SCN) of the hypothalamus. Today we know that each SCN neuron is a miniature
clock counting the circadian rhythm, and all these thousands of clocks work in unison,
forcing the rest of the body’s systems to obey. The SCN receives information about the
illumination from special receptors located on the retina of the eye and sends
corresponding signals to other organs using hormones and nerve impulses. Some SCN
cells, as well as cells of many other organs, have individual molecular clocks. The
“gears” in these clocks are transcription factors, the activity of which changes over the
day. The synthesis of several different proteins depends on the activity of these key
transcription factors, which gives rise to the circadian rhythms of the vital activity of
individual cells and entire organs. A bright light turned on early at night can shift the
circadian rhythm, activating PER gene transcription, which usually occurs in the
morning. However, it should be understood that a nerve impulse represents the final
crescendo of the long processes unfolding in a neuron. To understand the nature of
these processes, one has to descend from the cellular to the gene level [9, 10].

In the 1960s and early 1970s, Seymour Benzer at the California Institute of Tech-
nology [11] and Ronald Konopka, one of his students, studied the genetics of Dro-
sophila behavior and the latter discovered the first circadian rhythm gene localized in
the X chromosome [12]. The gene was named period, or per (the protein encoded by
this gene was respectively named PER). Scientists have found three mutant alleles for
per, in addition to the normal “wild type.” With one of them, the daily cycle of the fly
was shortened to 19 hours, with the other, it was lengthened to 29 hours, while the
carriers of the third “did not observe hours” at all, that is, their periods of rest and
activity were of random duration [12]. The 2017 Nobel Prize in physiology or medi-
cine was awarded to Jeffrey C. Hall, Michael Rosbash, and Michael W. Young for
cloning and sequencing the period gene in 1984 [13, 14]. Michael Rosbash and his
colleagues also noticed that the concentration of messenger RNA (mRNA) of the per
gene increases and decreases within 24 hours. In mutants, these fluctuations acceler-
ated or slowed down [13]. In the 90s, new details of the mechanism were discovered—the
timeless genes, or tim genes, doubletime (Michael W. Young) [15], as well as Clock,
cycle, and Cryptochrome genes (Michael Rosbash group) [16].

The relationship between these genes and their products is seen in Figure 1 [17].
The clock mechanism is based on two proteins—CLOCK (CLK) and BMAL1 (-

ARNT-like protein 1 in the brain and muscle; also known as ARNTL or MOP3). By
dimerizing, CLOCK and BMAL1 activate the transcription of the Period (PER) and
Cryptochrome (CRY) genes. In nocturnal rodents, as well as in some diurnal animals,
the transcription of the PER1 and PER2 genes in the SCN peaks in the morning or
afternoon, while for CRY1 and CRY2 genes, the peak is observed closer to the evening.
An increase in the concentration of PER and CRY proteins in the cell triggers a
feedback mechanism that blocks further synthesis of these proteins. According to
recent studies, the main inhibitor of the CLOCK-BMAL1 complex is CRY, but it works
only when combined with PER. During the night, cellular enzymes gradually degrade
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PER and CRY, and when their concentration reaches a critically low point, transcrip-
tion is reactivated. The duration of the cycle depends on the degradation rate of PER
and CRY [18, 19].

An important question is what molecular mechanisms provide a link between the
light signal and the genes of the biological clock? Until recently, it was believed that
phototransduction—the conversion of a light signal into an electrical signal transmit-
ted through neurons—can only take place in the retina of the eye and only through the
retinal, an active component of rhodopsin. In 2011, Fogle K.J., Parson K., et al. found
that the CRY protein has the same ability, and it uses a mechanism independent of
TIM and PER [20]. If the neuron in which CRY is expressed is illuminated by blue
light, a complex cascade of reactions involving potassium membrane channels is
triggered and an action potential is generated, that is, the neuron produces an electric
signal under the direct influence of light. Control experiments have shown that this
reaction has nothing to do with opsin, the visual pigment in Drosophila. However, if
in the course of an experiment the other neurons not previously possessing photosen-
sitivity are forced to synthesize CRY, they also start generating signals in response to
flashes of light [20].

Mention should also be made of the NPAS2 gene, which is located on chromosome
2 in 2q11.2, one of the most important circadian genes. NPAS2 forms heterodimers
with BMAL1 and then activates the circadian genes PER and CRY, which are essential
for maintaining biological rhythms in many organisms. Animal studies have shown
that loss of normal function of the NPAS2 gene can cause defects in several aspects of
the circadian system, such as sleep patterns and behavior [21].

According to the current understanding of the neurophysiology of sleep, mono-
amines, one of which is dopamine, also play an important role [22]. Damage to central

Figure 1.
Direct and indirect outputs of the core clock mechanism [17].
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dopaminergic synaptic transmission plays an important role in the onset of severe
neuropsychiatric disorders [23]. People with these conditions have serious sleep dis-
turbances such as excessive daytime sleepiness [24], rapid eye movements disrupting
sleep behavior [25], a decrease in the period of paradoxical sleep, and disrupted sleep
architecture [26]. In general, all these observations suggest that dopamine plays an
important role in the regulation of the sleep-wake cycle [27]. The evidence that
increased extracellular dopamine is one of the key mechanisms of wakefulness acti-
vation also associates reduced dopamine metabolism with sleep disturbances [28].

TNF-α (tumor necrosis factor-) is a pro-inflammatory cytokine that contributes to
the formation of atherosclerotic plaque. Although early reviews showed a contradic-
tory association with CHD (coronary heart disease) [29], the replacement of G (gua-
nidine) by A (adenine) at position 308 in the promoter region is now associated with
increased TNF-α production [30], as well as with increased inflammatory response
after cardiac surgery [31], insulin resistance [32], CHD, in individuals with type II
diabetes [33] and increased C-reactive protein in individuals with vital exhaustion,
defined as a condition with excessive fatigue, difficulty falling asleep, general malaise,
apathy, irritability, and lack of energy [34]. In addition, it was suggested that vari-
ability in location 308 may affect the development of depressive symptoms, for
example, allele A is more common in depressed patients than in controls [35]. There is
an association between obstructive sleep apnea and the presence of the A allele [36].

The neuropeptide S receptor (NPSR1) is a metabotropic G protein receptor with
seven transmembrane helices [37]. The receptor was first described in 2002, and in
2004 neuropeptide S (NPS) was identified as a ligand [38, 39]. NPS refers to neuro-
peptides, a diverse group of neurons expressing signaling molecules involved in vari-
ous brain functions. Studies in rats have shown that administration of NPS greatly
induces wakefulness and reduces the occurrence of all stages of sleep [38, 40]. NPS
appears to be expressed only in certain brain regions [41–46]. The highest concentra-
tion of NPS precursor mRNA was found in brainstem neurons adjacent to the locus
coeruleus, in the parabrachial nuclei of the variolar bridge, and the sensory nucleus of
the trigeminal nerve [39, 40]. The locus coeruleus and parabrachial nuclei belonging
to the ascending activating reticular system, as well as the sensory nucleus of the
trigeminal nerve, are known for their contribution to modulating the sleep/wake cycle
[42, 43]. Compared to NPS, the expression pattern of NPSR1, a precursor of mRNA, is
more widely distributed in the brain. It covers important centers of the sleep/wake
system in the hypothalamus and thalamus and is also present in the cortex and
amygdala. In particular, it can be found in hypothalamic regions such as the peripheral
region (red band) and the tuberomammillary nucleus, which are known for their
expression of orexin and histamine, respectively [44–46]. In addition, NPSR1mRNAwas
found in key regions responsible for sleep induction. At the molecular level, the receptor
activates protein kinases and increases intracellular cAMP and Ca2+ levels [38]. Thus,
NPS is believed to modulate the neurotransmission of the expressing neurons NPSR1.
Although the NPS system appears to play a critical role in modulating sleep, most of the
conclusions have been drawn from rodent studies, and data on its effect on sleep in
humans are limited. A single rs324981 nucleotide polymorphism (lying at triplet position
107 of theNPSR1 gene on chromosome 7p14.3) provides an opportunity for a noninva-
sive study of the effect of NPS/NPSR1 in the human body. The SNP T allele leads to the
exchange of amino acids in the active center of the receptor binding site (Asn ≥ Ile) [47].
This, in turn, leads to an approximately tenfold increase in the sensitivity of neuropep-
tide S [47]. The T allele has already been identified as a risk factor for the development of
asthma and panic disorder [48–50]. Gottlieb et al. [51] conducted a whole-genome
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sequencing that examined sleep parameters—falling asleep time and sleep duration.
They found a connection between rs324981 and the time a person goes to bed. This study
showed a delay in the moment of falling asleep among T-allele carriers.

Thus, our study aimed to investigate the effect of polymorphism of circadian
rhythm genes (i.e., CLOCK, ARNTL, PER2, and NPAS2), dopamine receptor genes
(i.e., DRD4, DAT), pro-inflammatory cytokines (TNF-α gene), and the NPSR1 gene
on sleep disorders in an open population of 25–64-year-old men.

2. Materials and methods

We conducted screening studies of representative samples of the population aged
25–64 years in one of the districts of Novosibirsk city (the budget theme No.
АААА17–117112850280-2):

at screening II in 1988–1989, 725 men were examined, average age—43.4� 0.4 years,
the response rate was 71.3%;

at screening III in 1994–1995, 647menwere examined, average age—44.3� 0.4 years,
the response rate was 82.1%;

at screening IV in 2003–2005, 576menwere examined, average age—54.23� 0.2 years,
the response rate was 61%;

at screeningV in 2013–2016, 427menwere examined, the average age—34� 0.4 years,
the response rate was 71%;

at screening VI in 2016–2018, 275 menwere examined, average age—49� 0.4 years,
the response rate was 72%.

The general examination in 1988–1989, 1994–1995, 2003–2005, 2013–2016, and
2016–2018 was conducted according to standard methods included in the WHO
MONICA-Psychosocial Program (MOPSY) [52].

A standard Jenkins questionnaire was used to study sleep disorders. Statistical
analysis was performed using the SPSS software package version 20 [53].

Genotyping of the studied polymorphisms of circadian rhythm genes
(CLOCK, ARNTL, PER2, NPAS2 genes) (screening V), as well as those related
to the dopaminergic system (DRD4, DAT genes) (screening III) and inflammatory
pro-cytokines (TNF-α) (screening III) and NPSR1 gene (screening IV), was
performed in the Laboratory of Molecular Genetic Studies of the Research
Institute of Therapy and Preventive Medicine—Branch of ICG SB RAS,
Novosibirsk [Vladimir N. Maksimov, Doctor of Sciences (Medicine), is the head of
the laboratory].

The distribution of traits and their quantitative characteristics was analyzed. Sim-
ple relations between variables were analyzed (contingency tables). The hypothesis of
independence of factors A and B or homogeneity of factor B in relation to the levels of
factor A was tested using the method of contingency table construction. The reliability
of the independence of the factors was assessed by the criterion χ2 [54]. Reliability was
accepted at a significance level of p ≤ 0.05.

3. Results

In the male population under study, the rate of sleep disturbances (“poor” and
“very poor” sleep) in the group aged 25–34 years in 1988–1989 was 5.4%; in
1994–1995, it went down to 3.6%; and in 2013–2016, it reached 4.3%. In the group
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aged 35–44 years, the rate of sleep disorders in 1988–1989 was 9.5%; in 1994–1995, it
was 9.3%; in 2013–2016, it decreased to 4.2%; and later in 2016–2018, it grew dra-
matically to 11%. In the group aged 45–54 years, the rate of sleep disorders was 11% in
1988–1989, 9.8% in 1994–1995, in 2003–2005, it rose to 12.5%, and fall to 4.9% in
2016–2018. Among men in the older age group of 55–64 years, the rate of sleep
disturbance was the highest in 1988–1989—2020.8%; in 1994–1995, it plummeted to
12.1%; in 2003–2005, it showed a slight decrease to 11.8%; and finally, in 2015–2018, it
rose to 19.7% (Table 1).

3.1 Association of polymorphism of the rs2412646 CLOCK gene with sleep
disorders

Table 2 shows the frequency distribution of rs2412646 genotypes of the CLOCK
gene among men aged 25–44 years in Novosibirsk. In the studied population of
25–44-year-old men, the most common was the homozygous C/C genotype of the
CLOCK gene—50.3%, the heterozygous C/T genotype was found in 42.5% and the
T/T genotype in only 7.2%.

The respondents were asked how well they sleep. Among carriers of the C/T
genotype, the response “satisfactory” (36.8%) and “poorly” (5.3%) sounded more
often than among carriers of all other genotypes (χ2 = 9.44 df = 4 p < 0.05).
Carriage of the T/T and C/T genotype of rs2412646 CLOCK gene was most
frequently combined with carriage of the A/A genotype of rs934945 PER2 gene
among men aged 25–44 years in Novosibirsk (30.8% and 46.2%, respectively).
The carriers of the C/C genotype of rs2412646 CLOCK gene most often had A/G and
G/G genotypes of rs934945 PER2 gene (68.4% and 68.9%, respectively) (χ2 = 27.18
df = 4 p = 0.001).

3.2 Association of the polymorphism of the rs2278749 ARNTL gene with sleep
disorders

Table 3 shows the frequency distribution of rs2278749 genotypes of the ARNTL
gene among 25–44-year-old men in Novosibirsk.

The most common rs2278749 genotype of the ARNTL gene was the homozygous
C/C genotype—74.9%, the second most common was the heterozygous C/T
genotype—22.3%, while only 2.8% of individuals in the population had the
homozygous T/T genotype.

The question was asked: “How often in the last month have you had disturbing
dreams while sleeping?” Only C/T genotype carriers experienced such disturbances
for 22 days or more, that is, 7.5%; 27.5% of C/T genotype and 20% of T/T genotype
carriers reported having disturbing dreams 4–7 days per month, while C/C genotype
carriers more often than others responded that they had no disturbing dreams at all,
that is, 42.5% (χ2 = 16.35 df = 8 p < 0.05).

The question, “During the past month, how often did you wake up after a
normal sleep, feeling tired or exhausted?”, showed that 40% of T/T genotype carriers
experienced such problems one to three times a month, while C/T genotype carriers
(7.5%) experienced this problem more often than others, from 15 days to 3 weeks
(χ2 = 18.71 df = 8 p < 0.01). Men carrying the heterozygous C/T genotype (57.3%)
were more likely than others to wake up feeling exhausted and tired (χ2 = 19.52 df = 4
p = 0.001).
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Question/Attitude: Do you sleep well? Rate the
quality of your sleep.

25–34 35–44 45–54 55–64 25–64*

Screening N % N % N % N % N %

Screening II 1988–1989 1. Very good 35 17.2 16 8 10 5.8 8 5.4 69 9.5

2. Good 101 49.5 91 45.7 59 34.1 42 28.2 293 40.5

3. Satisfactory 57 27.9 73 36.7 85 49.1 68 45.6 283 39

4. Poor 10 4.9 17 8.5 15 8.7 30 20.1 72 9.9

5. Very poor 1 0.5 2 1 4 2.3 1 0.7 8 1.1

Total 204 100 199 100 173 100 149 100 725 100

χ2 = 68,611 df = 12 p < 0.001

Screening III 1994–1995 1. Very good 9 5.4 11 6.4 8 5.6 8 4.8 36 5.6

2. Good 97 58.1 72 41.9 55 38.5 75 45.5 299 46.2

3. Satisfactory 55 32.9 73 42.4 66 46.2 62 37.6 256 39.6

4. Poor 5 3 14 8.1 13 9.1 17 10.3 49 7.6

5. Very poor 1 0.6 2 1.2 1 0.7 3 1.8 7 1

Total 167 100 172 100 143 100 165 100 647 100

χ2 = 20,148 df = 12 p < 0.001

Screening IV 2003–2005 1. Very good 10 3.3 10 3.7 20 3.5

2. Good 104 34.2 73 26.8 177 30.7

3. Satisfactory 152 50 157 57.7 309 53.6

4. Poor 37 12.2 29 10.7 66 11.5

5. Very poor 1 0.3 3 1.1 4 0.7

Total 304 100 272 100 576 100

χ2 = 5720 df = 4 p > 0.05

Screening V 2013–2016 1. Very good 25 15.2 28 10.7 53 12.4

2. Good 78 47.6 126 48.3 205 48

3. Satisfactory 54 32.9 96 36.8 151 35.4

4. Poor 6 3.7 10 3.8 16 3.7

5. Very poor 1 0.6 1 0.4 2 0.5

Total 164 100 261 100 427 100

χ2 = 2200 df = 4 p > 0.05

Screening VI 2016–2018 1. Very good 6 8.3 3 3.7 0 0 9 3.3

2. Good 32 44.4 35 43.2 35 28.7 102 37.1

3. Satisfactory 26 36.1 39 48.1 63 51.6 128 46.5

4. Poor 8 11.1 4 4.9 24 19.7 36 13.1

5. Very poor 0 0 0 0 0 0 0 0

Total 72 100 81 100 122 100 275 100

χ2 = 24.636 df = 6 p < 0.001

Note *—for screening IV, 45–64 years old, for screening V, 25–44 years old, for screening VI, 35–64 years old.

Table 1.
Prevalence of sleep disorders in an open population of males 25–64 years of age for the period 1988–2018.
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3.3 Association of the polymorphism of the rs934945 PER2 gene with sleep
disorders

The prevalence of polymorphic variants of candidate gene of rs934945 PER2 gene
was as follows—homozygous genotype A/A—4.47%, heterozygous genotype A/G—
30.17%, and homozygous genotype G/G—65.36%. Table 4 shows the frequency dis-
tribution of the rs934945 PER2 gene among 25–44-year-old men in Novosibirsk.

Among individuals with the homozygous A/A genotype of the PER2 gene, there
was a growing tendency for anxiety dreams during sleep a total of 4–7 days per month
(12.5%), compared with A/G genotype carriers (7.4%) and G/G genotype carriers
(12%) (χ2 = 13.83 df = 8 p = 0.08).

The carriers of the G/G genotype of the PER2 gene were significantly less likely to
wake up at night (51.9%) compared to men carrying the A/G (38.5%) and A/A
(37.5%) genotypes. In contrast, men carrying the AA genotype were more likely
(25%) to wake up (two or more times per night), a total of four to seven times per
week, compared to the carriers of the A/G genotype (20.4%) and the G/G genotype
(13.2%) (χ2 = 25.76 df = 8 p = 0.004).

rs2412646 genotypes of the CLOCK gene N %

T / T 13 7.2

C/T 76 42.5

C/C 90 50.3

Total 179 100

The rs2412646 alleles of the CLOCK gene N %

T 102 28.5

C 256 71.5

Total 358 100

Hardy-Weinberg equilibrium χ2 = 0.0409, p = 0.7344 q = 0.2656

Table 2.
rs2412646 polymorphism of the CLOCK gene in a population of men aged 25–44 years (screening V).

Genotypes rs2278749 of the ARNTL gene N %

T / T 5 2.8

C/T 40 22.3

C/C 134 74.9

Total 179 100

Allele rs2278749 of the ARNTL gene N %

T 50 14

C 308 86

Total 358 100

Hardy-Weinberg equilibrium χ2 = 10.134 p = 0.8641 q = 0.1359

Table 3.
Polymorphism rs2278749 of the ARNTL gene in an open population of men aged 25–44 years (screening V).
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In the population of men aged 25–44 years, individuals carrying the A/A genotype
of the PER2 gene tended to have a shorter sleep duration of 5 hours or less (62.5%)
compared to carriers genotypes A/G (57.4%) and G/G (41.9%) (χ2 = 9.21 df = 10
p = 0.51).

3.4 Association of the polymorphism of the rs934945 PER2 gene with sleep
disorders

The prevalence of polymorphic variants of the candidate gene NPAS2 rs4851377 in
the population was as follows—homozygous C/C genotype in 13.4%, heterozygous
C/T genotype in 53.6%, and homozygous genotype T/T in 32.9%. The C allele of the
NPAS2 candidate gene was found in 40.3% of men, and the T allele was found in
59.7% of men (Table 5).

In the population, the C/C genotype of the NPAS2 rs4851377 gene was significantly
more common in those who slept at least 8 hours per night (33.3%) and 9 hours per
night (33.3%), and the C/T and T/T genotypes were in those with 7 hours of sleep
(50% and 53.3%, respectively) (χ2 = 18.425 df = 10 p < 0.05).

It was found that 6-hour sleep 4.5 times (95% CI 0.735–27.536) was significantly
more often observed among the carriers of the T allele than the C allele who had 9-
hour sleep (χ2 = 6.142 df = 1 p < 0.05); also 7-hour sleep versus 9-hour sleep was four
times more often (95% CI 0.66–24.245) in carriers of the T allele than in carriers of the
C allele (χ2 = 5.488 df = 1 p < 0.05).

3.5 Association of VNTR polymorphisms of the DRD4 gene and VNTR
polymorphism of the DAT gene with sleep disorders (screening III)

In an open population of men aged 25–64 years, the frequency of homozygous
genotype 4/4 of the dopamine receptor subtype 4 (DRD4) gene was 57.9%; genotype
2/2 was less frequent—6.1%, genotype 2/4—12.5%, and genotype 3/4—5.6%; even less
frequent were—genotype 4/6—4.2%, genotype 2/6, genotypes 4/7 and 6/6 were pre-
sent in equal proportions—2.1%. The frequency distribution of alleles showed that
allele 4 prevails—found in 70.7%, allele 2 was found in 14%, allele 6—in 6%. The
remaining alleles account for 0.8%–5.4% (Table 6).

Genotypes of rs934945 PER2 gene N %

A/A 8 4.47

A/G 54 30.17

G/G 117 65.36

Total 179 100

Alleles rs934945 of the PER2 gene N %

A 62 17.3

G 296 82.7

Total 358 100

Hardy-Weinberg equilibrium χ2 = 0.4852 p = 0.8128 q = 0.1872

Table 4.
Polymorphism of rs934945 PER2 gene in an open population of men aged 25–44 years (screening V).
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The sleep self-assessment distribution of VNTR carriers of DRD4 gene polymor-
phism is presented in Table 6. Carriers of genotype 2/4 of the DRD4 gene were more
likely to respond that their sleep was “good” (16.2%) than “satisfactory” (7.9%), both
compared with carriers of all other genotypes (χ2 = 5.626 υ = 1 p < 0.01) and compared
with carriers of genotype 4/4 (χ2 = 4.507 υ = 1 p < 0.05). Self-assessment of sleep as
“poor/good” revealed a significant difference between carriers of genotypes 2/4 and
4/6; in the former, self-assessment of sleep as “good” predominated (16.2%), and the
latter more often assessed their sleep as “poor” (28.6%) (χ2 = 5.714 df = 1, p < 0.05). For
the “good/very good” sleep self-assessment, the “very good” (15.4%) rather than
“good” (4.3%) responses were more common among genotype 3/4 carriers (χ2 = 5.199
υ = 1 p < 0.05). Among carriers of genotype 4/4, sleep is more often assessed as
“satisfactory” (61.8%) than “poor” (38.1%), as in comparison with carriers of all other
genotypes (χ2 = 7.687 υ = 1, p < 0.01), and in comparison with carriers of genotype
4/6 OR = 12.7 (95% CI 4.1–38.7); (χ2 = 26.941 υ = 1 p < 0.0001). A reliable result was
obtained when comparing carriers of genotype 4/4, in which the score “good sleep”
prevails (60%), with carriers of genotype 2/6, in which the score “poor sleep” prevails
(7.1%), OR = 10, 4 (95% CI 1.6–67.1); (χ2 = 8.772 df = 1 p < 0.01). Self-assessment of
sleep as “good” (60%) in carriers of genotype 4/4 is more common than assessment as
“very good” (40%) among carriers of all other genotypes (χ2 = 6.664 υ = 1 p < 0.01)
and in comparison with carriers of genotype 2/4 (15.4%) (χ2 = 5.223 υ = 1 p < 0.05).
Among carriers of genotype 4/6, there is an increase in responses of “poor sleep”
(28.6%) rather than “satisfactory” (3.6%) in comparison with carriers of all other
genotypes OR = 10.6 (95% CI 3.6–30.4); (χ2 = 26.217 υ = 1 p < 0.0001); with carriers of
genotype 2/4 OR = 5.2 (95% CI 1.2–21.5); (χ2 = 5.461 υ = 1 p < 0.05).

Carriers of allele 2 of the DRD4 gene more often assessed their sleep as “good”
(15.4%) than “poor” (9.5%), in comparison with carriers of all other alleles (χ2 = 5.739
υ = 1 p < 0, 01) as well as with carriers of allele 3 (χ2 = 4.790 υ = 1 p < 0.05). Carriers
of allele 4 were more “satisfied” (71.5%) with their sleep than carriers of all other
alleles (χ2 = 4.101 υ = 1 p < 0.05). Carriers of allele 5 rated their sleep as “very poor”
(7.1%) much more often than “satisfactory” (0.9%), in comparison with carriers of all
other alleles OR = 8.3 (95% CI 0.8–86.1); (χ2 = 4.541 υ = 1 p < 0.05).

Genotypes of rs4851377 NPAS2 gene N %

C/C 24 13.4

C/T 96 53.6

T/T 59 32.9

Total 179 100

Alleles of rs4851377 NPAS2 gene N %

C 144 40.3

T 214 59.7

Total 358 100

Hardy-Weinberg equilibrium χ2 = 0.2221 p = 0.6453 q = 0.3547

Table 5.
Polymorphism of rs4851377 NPAS2 gene in an open population of men aged 25–44 years (screening V).
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Genotype Population Sleep self-assessment

Very good Good Satisfactory Poor Very poor

n % n % n % n % n % n %

2/2 26 6.1 3 11.5 11 5.9 11 6.7 0 0 1 14.3

2/3 1 0.2 0 0 0 0 1 0.6 0 0 0 0

2/4 53 12.5 4 15.4 30 16.2 13 7.9 5 11.9 1 14.3

2/5 2 0.5 0 0 2 1.1 0 0 0 0 0 0

2/6 10 2.4 0 0 2 1.1 5 3 3 7.1* 0 0

2/7 1 0.2 0 0 1 0.5 0 0 0 0 0 0

3/3 8 1.9 0 0 4 2.2 4 2.4 0 0 0 0

3/4 24 5.6 4 15.4* 8 4.3 8 4.8 4 9.5 0 0

3/6 3 0.7 0 0 1 0.5 1 0.6 1 2.4 0 0

3/7 2 0.5 0 0 0 0 2 1.2 0 0 0 0

4/4 246 57.9 13 40 111 60 102 61.8*** 16 38.1 4 57.1

4/5 4 0.9 0 0 1 0.5 1 0.6 1 2.4 1 14.3

4/6 18 4.2 0 0 0 0 6 3.6 12 28.6** 0 0

4/7 9 2.1 0 0 6 3.2 3 1.8 0 0 0 0

4/8 1 0.2 0 0 0 0 1 0.6 0 0 0 0

5/5 3 0.7 0 0 2 1.1 1 0.6 0 0 0 0

5/6 2 0.5 2 7.7 0 0 0 0 0 0 0 0

6/6 9 2.1 0 0 5 2.7 4 2.4 0 0 0 0

7/7 3 0.7 0 0 1 0.5 2 1.2 0 0 0 0

χ2 = 161.067 df = 72 p = 0.0001

Allele Population Very good Good Satisfactory Poor Very poor

n % n % n % n % n % n %

2 26 6.1 10 19.2 57 15.4 41 12.4 8 9.5 3 2.4

3 9 2.1 4 7.7 17 4.6 20 6.1 5 6.0 0 0

4 323 76.0 34 65.4 267 72.2 236 71.5 54 64.3 10 71.4

5 9 2.1 2 3.8 7 1.9 3 0.9 1 1.2 1 7.1

6 42 9.9 2 3.8 13 3.5 20 6.1 16 19.0 0 0

7 15 3.5 0 0 9 2.4 9 2.7 0 0 0 0

8 1 0.2 0 0 0 0 1 0.3 0 0 0 0

χ2 = 46,555 df = 24 p = 0.004

*-p<0,05; **-p<0,01; ***-p<0,001

Table 6.
Frequencies of genotypes and alleles of VNTR polymorphism of the DRD4 gene in the population and their
association with sleep disorders (screening III).
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3.6 Carriers of allele 6 of the DRD4 gene more often rated their sleep as “poor”
(19%)

a. rather than “satisfactory” (6.1%) in carriers of all other alleles OR = 3.6 (95% CI
1.7–7.4); (χ2 = 14.224 υ = 1 p < 0.0001) and in comparison with carriers of allele 2
(χ2 = 8.097 υ = 1 p < 0.004), allele 3 (χ2 = 3.905 υ = 1 p < 0.05), allele 4 (χ2 = 12.665
υ = 1 p < 0, 00001);

b. rather than “good” (3.5%) compared to carriers of all other alleles OR = 6.4 (95%
CI 2.9–14); (χ2 = 27.626 υ = 1 p < 0.0001); carriers of allele 2 (χ2 = 19.379 υ = 1 p
< 0.0001), allele 3 (χ2 = 5.437 υ = 1 p < 0.05), allele 4 (χ2 = 5.048 υ = 1 p < 0.05), and
allele 5 (χ2 = 5.147 υ = 1 p = 0.05);

c. and also rather “very good” (3.8%) in comparison with carriers of all other
alleles OR = 5.8 (95% CI 1.2–26.7); (χ2 = 6.463 υ = 1 p < 0.01) (Table 6).

In the frequency distribution of VNTR genotypes of the DAT gene polymorphism
in a population of men aged 25–64 years with different self-assessed sleep, no signif-
icant differences were found. Positive sleep assessments were more common—41.9%
of carriers of genotype 9/10 had “good” sleep, among carriers of genotype 10/10,
“very good” sleep was observed in 61.5%. Among the carriers of the 9/9 genotype,
8.3% considered their sleep to be “poor” (χ2 = 25.486 υ = 32 p > 0.05). The distribution
of the remaining carriers of various DAT genotypes and self-assessment of sleep did
not exceed 3.8% (Table 7).

There were no significant differences in the frequency distribution of the DAT
gene alleles in a population of men aged 25–64 years, with different self-assessment of
sleep. There was a tendency for an increase in positive responses 78.8% of carriers of
allele 10 reported having “very good” sleep, while 26.4% carriers of allele 9 assessed
their sleep as “poor.” The distribution of the other alleles of the DAT gene did not
exceed 3.8% (χ2 = 16.777 υ = 20 p > 0.05) (Table 7).

3.7 Association of G308A polymorphism of TNF- α gene with sleep disorders

The frequency of genotypes G308A polymorphism of the tumor necrosis factor
TNF-α gene in the male population of Novosibirsk city is presented inTable 8. The G/G
genotype of the TNF-α gene was found in 79.1% of individuals, the A/G genotype was
found in 19% of cases, and finally, the A/A genotype was only found in 1.9% of men. In
the population, 88.6% of men had allele G and only 11.4% had allele A (Table 8).

There was a tendency that the G/G genotype of the TNF-α gene was more common
not only in individuals with very good (88.2%) and good (83.3%) sleep but also in the
group with sleep disorders: poor (84.2%) and very poor (100%) sleep. The genotype
A/G of the TNF-α gene was most often found among men who consider their sleep
“satisfactory” (30%). The A/A genotype of the TNF-α gene did not exceed 5.3%
among all categories of sleep disorders (χ2 = 12,012 df = 8 p = 0,151).

There was also a tendency toward a more frequent occurrence of the G allele of the
TNF-α gene among all categories of men with different assessments of their sleep, and
the A allele of the TNF-α gene in the group of men who rate their sleep as satisfactory
(17.5%) (χ2 = 9.451 df = 4 p = 0.051).

Comparative analysis in groups with various self-assessment of sleep showed that
among carriers of genotype G/G gene TNF-α, in comparison with carriers of all other
genotypes, assessment of sleep as “good” (98.3%) rather than satisfactory (67.5%)
χ2 = 36,943 df = 1 p = 0.0001; OR = 27,685 (95% CI 6339–120,906), and “good”
(98.3%), followed by “poor” (84.2%) χ2 = 9151 df = 1 p = 0.02; OR = 10,781
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(95% CI 1672–69,537) is much more common. On the contrary, among carriers of the
heterozygous A/G genotype of the TNF-α gene, in comparison with carriers of all
other genotypes, sleep was more often satisfactory (30%) than good (15.2%) χ2 = 6756
df = 1 p = 0.009. A comparative analysis between the carriers of different genotypes of
TNF-α helped to reveal that the carriers of the genotype G/G reported good sleep
(84.6%) rather than satisfactory (69.2%), more often, whereas in carriers of genotype
A/G, on the contrary, satisfactory sleep (30.8%), rather than good sleep (15.4%)
χ2 = 7013 df = 1 p = 0,008; OR = 2434 (95%CI 1247–4751) prevails. Comparative
analysis of carriers of the G and A alleles of the TNF-α gene among men with different
self-assessment of sleep did not show significant differences.

3.8 Association of polymorphism of the rs324981 NPSR1 gene with sleep
disorders (screening IV)

In an open population of men aged 45–64 years, the frequency of homozygous C/C
genotype of the neuropeptide S gene (NPSR1 rs324981 gene) was 19.4%, with a lower

Genotype Sleep self-assessment

Population Very good Good Satisfactory Poor Very poor

n % n % n % n % n % n %

8/8 4 1 1 3.8 1 0.6 2 1.2 0 0 0 0

9/9 15 3.7 0 0 2 1.1 10 6.2 3 8.3 0 0

6/10 3 0.7 0 0 1 0.6 2 1.2 0 0 0 0

8/10 1 0.2 0 0 1 0.6 0 0 0 0 0 0

9/10 149 36.6 9 34.6 75 41.9 51 31.7 13 36.1 1 20

10/10 223 54.8 16 61.5 90 50.3 94 58.4 19 52.8 4 80

10/11 4 1.0 0 0 3 1.7 1 0.6 0 0 0 0

10/12 1 0.2 0 0 1 0.6 0 0 0 0 0 0

11/11 7 1.7 0 0 5 2.8 1 0.6 1 2.8 0 0

χ2 = 25.486 df = 32 p = 0.786

Allele Sleep self-assessment

Population Very good Good Satisfactory Poor Very poor

n % n % n % n % n % n %

6 3 0.4 0 0 1 0.3 2 0.6 0 0 0 0

8 9 1.1 2 3.8 3 0.8 4 1.2 0 0 0 0

9 179 22 9 17.3 79 22.1 71 22 19 26.4 1 10

10 604 74.2 41 78.8 261 72.9 242 75.2 51 70.8 9 90

11 18 2.2 0 0 13 3.6 3 0.9 2 2.8 0 0

12 1 0.1 0 0 1 0.3 0 0 0 0 0 0

χ2 = 16.777 df = 20 p = 0.667

Table 7.
Frequencies of VNTR genotypes and alleles of the DAT gene polymorphism in the population and their association
with sleep disorders (screening III).
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frequency of T/T genotype—27.8%, the most common in men was the heterozygous
C/T genotype—52.8%. The frequency distribution of alleles showed that among men
the T-allele prevails—54.2% and C-allele was found in 45.8% of individuals (Table 9).

An associative analysis of the allele frequencies of the neuropeptide S polymor-
phism of the NPSR1 rs324981 gene in men with different self-assessment of sleep
revealed that T-allele carriers more frequently rated their sleep as “satisfactory”—in
69% of cases, while C-allele carriers did it only in 57.1% of cases. In addition, carriers
of the C-allele are more often satisfied with their sleep, rating it as “good”—28.6% and
“very good” than carriers of the T-allele who have “good” sleep only in 20.7% of cases
(χ2 = 15,713 df = 8, p < 0.05).

4. Discussion

Sleep plays an important role in promoting health. Studies conducted over the past
decade have confirmed that sleep disturbance has a powerful effect on the risk of
infectious diseases, the occurrence and progression of some major diseases, including

TNF-α-308G/A genotype n %

G/G 204 79.1

A/G 49 19

A/A 5 1.9

Total 258 100

Allele of TNF-α-308G/A gene n %

G 457 88.6

A 59 11.4

Total 516 100

Hardy-Weinberg equilibrium χ2 = 1.0964, p = 0.8878 q = 0.1122

Table 8.
Tumor necrosis factor TNF-gene α G308A polymorphism (screening III).

NPSR1 rs324981 genotype n %

C/C 7 19.4

C/T 19 52.8

T/T 10 27.8

Total 36 100

The allele of the NPSR1 gene rs324981 n %

C 33 45.8

T 39 54.2

Total 72 100

Hardy-Weinberg equilibrium χ2 = 0.1859, p = 0.6163 q = 0.3832

Table 9.
NPSR1 gene rs324981 polymorphism in 45–64-year-old male population (screening IV).
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cardiovascular diseases and cancer, as well as the incidence of depression [55, 56]. In
Russia, about 45% of adults are dissatisfied with their sleep, and almost 20% need
serious treatment for sleep disorders [57]. In our population, the level of sleep disor-
ders turned out to be high and had the following trend—it demonstrated a decrease
from 1988 to 1989 to 1994–1995 and an increase in 2003–2018. The increase in sleep
disturbance in 2003–2018 was observed mainly in the older age groups (45–64 years
old). Problems with sleep in the population can only get worse every year. The rapid
emergence of “24/7” communities, working 24 hours a day, 7 days a week, participation
in round-the-clock events, increased nighttime use of television, the internet, and
mobile phones, means that an adequate uninterrupted nighttime sleep is becoming rare.
The proportion of workers with circadian rhythm disturbances who are needed to
service “24/7” communities is likely to increase [58], which determined the feasibility of
studying biological determinants of sleep disorders.

The CLOCK gene encoding the positive transcription factor CLOCK is among the
major circadian rhythm genes. CLOCK protein with binding partner BMAL1, BMAL1
gene product, forms a transactivation dimer influencing the promoter of controlled
genes [59]. In our study, we examined the associative relationship between sleep
disorders and various polymorphic variants of the rs2412646 genotype of the CLOCK
gene among men aged 25–44 years. The response of having “satisfactory” sleep
(36.8%) and “poor” sleep (5.3%) was found to be more frequent among C/T genotype
carriers than among carriers of all other genotypes (χ2 = 9.44 df = 4 p < 0.05). The
frequency distribution of rs2412646 genotypes of the CLOCK gene depending on the
rs934945 genotype of the PER2 gene is also of interest. We found that carriers of the
rs2412646 genotype of the CLOCK C/T gene were most often carrying the A/A
rs934945 genotype of the PER2 gene in the male population of 25–44 years old. Our
results are supported by the findings obtained by other researchers regarding the
association of the CLOCK gene with insomnia [60, 61] and preference for a particular
sleep-wake cycle [62–64].

The ARNTL gene is a key element of the positive feedback loop of the molecular
circadian oscillator [65]. According to the activity of some genes, Jun Z. Li, et al. 2013
[66] were able to determine that in individuals suffering from affective disorders
circadian rhythms are interrupted, and “night” genes were expressed during the day.
It has been suggested that desynchronization may occur due to a disruption in the
connection between individual circadian genes. Considering the association of geno-
types of the rs2278749 ARNTL gene with affective disorders, we have identified
several components that have shown the strongest association with polymorphic
variants of the gene under study. It turned out that carriers of the genotype C/T had
problems with sleep, especially since they had much more anxiety dreams during
the month. Men, carriers of the T allele, both homozygotes (T/T genotype) and
heterozygotes (C/T genotype) were more likely to wake up tired or exhausted. Thus,
our results confirm the data of other researchers concerning the identification of
individual polymorphic variants of the ARNTL gene, leading to possible
desynchronization and disruption of the circadian rhythm and, accordingly, leading to
affective disorders [66].

Examining the association of PER2 gene genotypes with sleep characteristics, we
found that among carriers of the A/A genotype there is a tendency to have more
anxiety dreams in comparison with carriers of other genotypes. Moreover, A/A geno-
type carriers were more likely to wake up during the night, and the tightest sleep was
observed in men who were A/G and G/G genotype carriers. Sleep deprivation (5 hours
or less) also occurred more frequently in individuals whose genotype contained the
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homozygous A allele. Our results overlap in part with those obtained by Ojeda D.A.,
et al. [67], who studied the association of the PER2 gene (rs934945) with circadian
rhythms in healthy individuals, students at Columbia University. The PER2 gene
(rs934945) showed a statistically significant association with two subscales of the
morning sleepiness scale, that is, “activity planning” and “morning alertness.” The
association of rs934945 with “morning restlessness” was first shown.

The most common in the population was the heterozygous genotype of the candi-
date gene NPAS2 C/T—53.3%, followed by the homozygous genotype T/T, with both
variants of the candidate gene more common among men who had enough sleep for
only 7 hours a day. The C/C genotype of the NPAS2 candidate gene was significantly
more common in those who slept for at least 8 hours (33.3%) or 9 hours (33.3%) per
day. The major T allele of the candidate gene NPAS2 was 4.5 times more common in
men who sleep 6 hours a day and four times more common in men with 7 hours of
sleep. Thus, the obtained data indicate that rs4851377 of the candidate NPAS2 gene
determines whether men are night owls or early birds [21].

According to the literature devoted to genetic research, it has been established that
some mental and emotional characteristics of a person are associated with polymor-
phism of the 3rd exon of the gene of the neurotransmitter system of the dopamine
receptor, subtype 4 (DRD4) [68] and the dopamine transporter gene (DAT) [69].

When considering the occurrence of identified polymorphic variants of DRD4
candidate genes in people with sleep disorders, it was found that carriers of the
genotype 4/4 were more likely to believe that they had either good or satisfactory
sleep. Carriers of genotypes 2/4 and 3/4 were more likely to rate their sleep positively,
while men with genotypes 2/6 and 4/6, on the contrary, were dissatisfied with their
sleep and rated it as “poor” more often.

When comparing the “short” and “long” alleles of the DRD4 gene, we observed
approximately the same pattern: carriers of the “long” allele 6 more often evaluated
their sleep as “poor,” carriers of allele 2 believed that their sleep was “very good,” and
carriers of the most common in the population allele 4 mostly reported having “good”
sleep.

According to the current understanding of the biosynthesis of dopamine, it is
known that just one sleepless night is enough for its level in the brain to increase [70].
The findings of the study conducted by Nora Volkow et al. suggest that dopamine in
the human brain is involved in the so-called adaptation process, which leads to sleep
disturbance. The researchers also found that the amount of dopamine in the brain is
associated with feelings of fatigue and physical ability to perform cognitive tasks.
However, the study also found that increased levels of dopamine in the brain cannot
compensate for cognitive disorders caused by lack of sleep. On the other hand,
according to the literature, people with the “long” form of the DRD4 gene (six or
more repeat units) have a lowered affinity of dopamine receptors and a reduced
number of receptors. These individuals are less sensitive to dopamine. This means that
they need more stimulation to get the same reaction than people with a “short” gene
[71]. It can be assumed that “stimulating wakefulness,” for example, a sleepless night,
is one of the “ways” to naturally raise the level of dopamine, to receive a “reward” by
the brain, for which we later have to pay with insomnia.

When analyzing the frequency distribution according to the conjugation tables of
genotypes and alleles of the VNTP polymorphism of the DAT gene in a population of
25–64-year-old men, with different sleep self-assessment, no significant differences
were found. There was only a tendency toward an increased number in the positive
assessments of sleep-in carriers of genotype 9/10 and genotype 10/10 of the DAT
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gene. Negative sleep assessments were slightly more frequent in carriers of genotype
9/9 of theDAT gene. There was a tendency for an increase in the number of those who
reported their sleep to be “very good” among the carriers of allele 10 and “poor”
among the carriers of allele 9. Dopamine uptake is carried out through active trans-
membrane transfer using the dopamine protein transporter, it has been experimen-
tally established that disabling the DAT gene in mice leads to a reduction in the
paradoxical sleep phase (REM sleep) and promotes early awakening [28]. In individ-
uals containing a short variant of the DAT gene in the genome, the reuptake of
dopamine is altered [72], and there is reason to believe that an increase in free
dopamine contributes to an increase in the period of wakefulness, but, as mentioned
above, does not contribute to either physical or mental rest [70]. Probably, for this
reason, men carrying the genotype 9/9 of the DAT gene are more likely to evaluate
their sleep negatively.

In the Novosibirsk population, the most frequent genotype-G308A of the tumor
necrosis factor TNF-α gene polymorphism was the G/G genotype—it was observed in
almost 80% of men. Moreover, the same genotype was predominant in all groups
differing in sleep quality. Comparative analysis showed that individuals with
homozygous genotype G /G are much more likely to give positive assessments of their
sleep, unlike carriers of all other genotypes combined, who evaluate sleep as
satisfactory or even poor. In addition, heterozygous carriers with the A/G genotype
are less likely to positively assess sleep than carriers of the homozygous G/G genotype.
Although there are no direct analogous studies in the world literature, nevertheless,
studies devoted to the study of obstructive sleep apnea can provide indirect evidence.
According to various authors, insomnia occurs in 42%–54.9% of patients with sleep
breathing disorders [73]. A meta-analysis published in 2012 showed an association
between 308G/A and obstructive sleep apnea—the presence of the 308 A allele
increases the risk of developing obstructive sleep apnea by 65%, compared with
individuals with a homozygous G/G genotype (OR = 1.65, 95% CI = 1.02–2.68,
p = 0.04) [36].

In the study population, we found an association between some polymorphic
variants of the NPSR1 gene and sleep self-assessment among men. The presence of
the T allele in the genotype was found to contribute to poorer sleep quality among
men. Our results are confirmed by the results obtained by Spada J et al. [74], who
proved that the study participants with the homozygous T/T genotype had signifi-
cantly shorter sleep/rest times than individuals carrying the C allele in the genotype.
These findings are confirmed by the studies by G.W.A. Gottlieb et al. [51], who
found associations between rs324981 and sleep. Our conclusion about the relation-
ship between sleep quality and rs324981 is also consistent with studies on rats since
the direct introduction of NPS into the rat brain strongly affects sleep architectonics.
Already within the first hour after injecting NPS into the brain, wakefulness time
was lengthened, while the rapid eye movement phase, as well as the slow sleep
phase, were shortened [39]. Similar results were obtained by Zhao et al. [40], who
reported a decrease in sleep phases. These studies indicate that NPS can inhibit
different sleep phases that were previously thought to be independently regulated
[75]. However, the causal relationship can be much more complicated, as it is still
unknown how rs324981 polymorphism acts in ontogeny. There is a hypothesis that
various compensatory mechanisms may be induced simultaneously with the loss of
allele function, or there may be interaction with other unknown genetic or environ-
mental factors, which may explain the lack of association with sleep disturbances in
heterozygotes [76, 77].
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5. Conclusions

1.It was found that 25–64-year-old men scored high in sleep disturbance. We
observed the following trend—firstly, a decline from 1988 to 1989 to 1994–1995
(11% and 8.6%, respectively) and later growth in 2003–2018 (13.1%). The
increase in sleep disturbance in 2003–2018 was observed mainly in the older age
groups (45–64 years old).

2.The most common genotype in the population was C/C rs2412646 of the CLOCK
gene (50.3%), C/T was found in 42.5%, and the genotype T/T in 7.2%. Carriers of
the C/T genotype of the CLOCK gene more often than others reported having
“satisfactory” or “poor” sleep. Carriage of the rs2412646 genotype of the CLOCK
T/T and C/T gene was most often combined with carriage of the A/A rs934945
genotype of the PER2 gene. Carriers of the C/C rs2412646 genotype of the CLOCK
genotype most often had the A/G and G/G rs934945 genotypes of the PER2 gene.

3.The most common genotype rs2278749 of the ARNTL gene was the homozygous
C/C genotype (74.9%), the C/T genotype was found in 22.3% of individuals, and
2.8% were the carriers of the T/T genotype. Carriers of the C/T genotype were
more likely to experience anxiety dreams, and they woke up tired or exhausted;
on the contrary, carriers of the C/C genotype were much less likely to experience
anxiety dreams.

4.The prevalence of polymorphic variants of the candidate gene rs934945 of the
PER2 gene was as follows—genotype A/A—4.47%, genotype A/G—30.17%, and
genotype G/G—65.36%. Among individuals with the A/A genotype of the PER2
gene, there was a tendency of seeing a larger number of anxiety dreams for a
total of 4–7 days per month (12.5%), compared with carriers of the A/G
genotypes (7.4%) and carriers of the G/G genotype (12%). G/G carriers of the
PER2 genotype were significantly less likely to wake up at night (51.9%), and
men, carriers of the genotype A/A, on the contrary, woke up more often (25%)
twice or more times per night, in general, from four to seven times a week.
Individuals carrying the genotype A/A of the PER2 gene tended to have a shorter
sleep duration of 5 hours or less (62.5%), compared to carriers of the genotypes
A/G (57.4%) and G/G.

5.The prevalence of polymorphic variants of the candidate gene NPAS2 rs4851377
was as follows—C/C genotype was found in 13.3%, C/T genotype—in 53.3%, and
T/T genotype—in 33.3%. In the population, the C/C genotype of the NPAS2
rs4851377 gene was significantly more common in those who slept at least
8 hours a day (33.3%) and 9 hours (33.3%), and the C/T and T/T genotypes were
found in people with 7 hours of sleep (50% and 53.3%, respectively). It was
found that 6-hour sleep was 4.5 times significantly more often observed among
the carriers of the T allele than among the carriers of the C allele, who had 9-hour
sleep. Moreover, 7-hour sleep versus 9-hour sleep was four times more often
found in carriers of the T allele than in carriers of the C allele.

6.In the male population, homozygous genotype 4/4 of the dopamine receptor of
subtype 4 DRD4 gene is the most represented (57.9%). With the frequency
distribution of VNTR genotypes of DAT gene polymorphism, it was found that
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the homozygous genotype 10/10 is more common (54.8%), whereas the
heterozygous genotype 9/10 was less common (36.6%). Genotype 9/9 was
observed in 3.7%. The incidence of other genotypes was 1.7% or less. Genotype 4/
6 of the DRD4 gene and genotype 9/9 of the DAT gene were significantly
associated with sleep disorders.

7.The G/G genotype of the TNF-α-308 gene was found in 79.1% of individuals, the
A/G genotype in 19% of cases, and the A/A genotype was found in 1.9% of men.
In the population, 88.6% of men had the G allele and 11.4% had the A allele.
Carriers of the G/G genotype of the TNF-α-308 gene compared to carriers of all
other genotypes assessed their sleep as “good” (98.3%) much more often than as
“satisfactory” (67.5%) or “poor” (84.2%). Carriers of the heterozygous A/G
genotype of the TNF-α-308 gene, compared with carriers of all other genotypes,
more often rated sleep as “satisfactory” (30%) than “good” (15.2%).

8.The frequency of the homozygous C/C genotype of the neuropeptide S gene
(NPSR1 rs324981 gene) was 19.4%, T/T was less frequent (27.8%), and the most
common was the heterozygous C/T genotype (52.8%). A tendency of growing
dissatisfaction with the quality of their sleep among men with T/T genotype
carriers has been revealed—70%. Male T-allele carriers were more likely to
report sleep disturbances than C-allele carriers.
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Abstract

New scientific evidence raises awareness concerning the human-specific interplay 
among primary environmental conditions, such as the light–dark cycle, activity–rest 
alternation, nutritional patterns, and their reflection on the physiological and 
pathological characteristics that are displayed uniquely by every individual. One 
of the critical aspects in the clinic is to understand the role of circadian rhythms as 
remarkable modulators of the biological effects of drugs and to aim for an optimal 
overlapping of the time of administration of medicines with the physiologic release 
of certain hormones, the time-dependent expression of genes, or the key-regulatory 
protein synthesis, which are all circadian-driven processes. The pharmacokinetics 
and pharmacodynamics profiles, as well as the possible drug interactions of neuro-
tropic and cardiovascular agents, are intensely subjected to endogenous circadian 
rhythms, being essential to identify as much as possible the patients’ multiple risk 
factors, from age and gender to lifestyle elements imprinted by dietary features, 
sleep patterns, psychological stress, all the way to various other associated patho-
logical conditions and their own genetic and epigenetic background. This review 
chapter will highlight the involvement of biological rhythms in physiologic pro-
cesses and their impact on various pathological mechanisms, and will focus on the 
nutritional impact on the circadian homeostasis of the organism and neurologic and 
cardiovascular chronotherapy.
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1. Introduction

Chronopharmacology, in its broadest sense, is the science that studies drug 
effects according to the time of their administration. As the human organism 
portrays a set of biological rhythms, its response to drug administration depends 
on its particular conditions at the moment when the drug enters the system. 
Indeed, the existence of rhythmic variations in the body circumstances reflects in 
the response to drugs: chronopharmacology studies these phenomena by assessing 
the variations in the activity, toxicity, and kinetics of medicines. Chronotherapy 
is the application of chronopharmacology outcomes, whose aim is to improve the 
benefit/risk ratio of the drug by optimizing the time of administration [1–3].

Many physiological processes in the array of metabolic balance, hormones syn-
thesis, and release and nevertheless the sleep–wake behavior, are regulated by the 
circadian clock system, being closely related to everyday environmental inputs, such 
as the light–dark cycle, food consumption, and drug administration [4].

2. Chronobiology’s importance from the perspective of human health

Chronopharmacology is a punctual aspect of chronobiology, reflecting the varia-
tions in the activity or toxicity of a therapeutic agent according to the time of admin-
istration, but it also studies the modifications of biological rhythms as the length of 
their cycle and time of their greatest and weakest intensity due to drugs. Its goal is to 
improve therapeutic efficacy and reduce unsolicited effects [1].

Relevant to metabolic activity, chronopharmacology allows to preserve or improve 
the health state, while associating circadian modifications in the digestive, hepatic, 
and endocrine systems with the exact time of the patient’s meals. Studies show that 
sleep disorders or jet lag can be treated with drugs due to their beneficial impact 
on the adjustment of the circadian system. The connection between food and the 
circadian clock system has recently been encompassed in the term chrononutrition 
(Figure 1) [5, 6].

3.  Human circadian rhythms, entrainment mechanisms, and major 
regulatory pathways

For humans, the most prevalent circadian rhythm is represented by the sleep–
wake cycle, being at its turn in close relationship with the light–dark pattern, 
imprinted by environmental circumstances.

The central pivotal role in generating and maintaining basal circadian rhythms 
is played by the suprachiasmatic nucleus (SCN) located at the level of the anterior 
hypothalamus, which is the most important circadian pacemaker responsible for 
establishing the physiological cycles and nevertheless behavioral and endocrine 
circadian patterns displayed by human beings. The SCN function is highly important 
for daily rhythms that, when it is surgically removed, as has been experimentally 
performed in rodent studies, the animals lose their ability to temporally synchronize 
with the environment [3].
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The accumulated forfeits of different harmful events resident at the level of SCN 
essentially encountered in end-stage neurodegenerative diseases, translate into losing 
the sense of time: patients are going to sleep during the day or are remaining in a 
wakeful state in the dark period, they are feeling permanently hungry or going to the 
toilet at random intervals during the day or night [7, 8].

At this level, a link is established between the outer world and the interior one, 
considering the mechanisms of entrainment of the organism by sensing the light 
signals and transposing them into temporal information, and regulatory patterns 
disseminated to all downstream effector organs, tissues, and cells. The circadian 
regulatory pathway has remarkable profound echoes, implementing changes even 
in time-dependent genes, which modulate the expression of protein synthesis, 
resetting all other biological clocks present in the pineal gland, the pituitary gland, 
or the adrenal gland. Besides light, there are different important zeitgebers that 
coordinate the hepatic or gastrointestinal tract clocks, mainly by the time of meals 
or by drug administration. The flexibility of these internal clocks is mandatory, in 
terms of connecting the SCN signals to the hunger and satiety center located also in 
the hypothalamus, instructing the relevant organs to act at the solicited time. After 
a desynchronizing event, the downstream reverberations are perceived slowly, but 
firmly, and the system resets itself within a few days, for example, midnight nutrients 
ingestion resets the gut and liver clocks in less than a week, aligning the metabolic 
machinery to the new consumption pattern [9–12].

4.  Phase shift modulation in the context of disruptive versus 
resynchronizing events

The human circadian structures are conceptualized in three distinctive compo-
nents: a circadian oscillator with a rhythm of about 24 hours, pathways for the percep-
tion of light and other stimuli that synchronize the pacemaker with the environment, 

Figure 1. 
Illustration of chronopharmacological and chrononutritional interactions with human organism and behavior.
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through zeitgebers, and effector systems and proper activities determined by SCN 
refinement. In humans, light is the dominant synchronizing agent for the internal 
clock, the photic information being conducted by direct and indirect pathways to 
the circadian system. In addition to the photic signal, the suppression of melatonin 
synthesis at the level of the pineal gland is a complementary mechanism implicated in 
conducting phase shifts in human circadian rhythms [12, 13].

The circadian shifts have an impact on activities including drug or nutrient 
absorption, distribution, metabolism, and excretion. Acknowledging these param-
eters when prescribing a drug and establishing the posology, dose and individual 
chemical characteristics, or the interactions with food intake can help improve human 
health and disease by increasing the potency of pharmacological and functional food 
effects. Secondly, just like light stimulation, drugs and food may be used to alter the 
phase of circadian clocks [14–16]. Internal clock disruptive events can occur simply by 
changing the timing of meals. Accordingly, the term chrononutrition also includes the 
following two elements: the involvement of food components and meal timing in the 
preservation of the health state and the role of food components in rapidly changing 
or reorganizing the endogenous clocks [10].

The importance of well-established nutritional routines, considering mainly the 
time of meals and the dietary habits, is highly acknowledged by all research studies in 
the field of nutrition. The reveal of the biochemical mechanism by which biological 
clocks are operating, namely the negative feedback regulation for the transcriptional 
process by means of binding Clock/Bmal1 to the E-box, was solid proof for plead-
ing for stable eating habits. Circadian rhythms involve a clock regulated by negative 
transcriptional feedback. Clock/Bmal1, transcription factors, bind to E-box hexa-
nucleotides to activate transcription of Per and Cry clock genes. The complex formed 
by Per and Cry inhibits its transcriptional activation by Clock/Bmal1. Subsequently, 
decreased activation of Per and Cry in turn causes transcriptional activation. This 
cycle takes approximately 24 hours. Although small gaps appear between cells, these 
gaps are adjusted by synchronizers [3, 17, 18].

This stability assures a certain equilibrium in the regulation of lipid metabolism, 
but more importantly, regulates the expression of the liver clock genes and the 
CYP7A1 isoform [4, 14, 16].

As such, chrononutrition will become a standard technique for maintaining our 
health via circadian rhythm system modulation. Knowing all the mechanistic details 
of food entrainment of the circadian clock will support the development of chrono-
nutritional approaches for assuring nutritional optimal functionality.

5.  The involvement of nutritional inputs and patterns in maintaining the 
circadian homeostasis of the organism

It is now understood that all cells have their own autonomous 24-hour clocks 
that work together as organ clocks, collectively forming a factor-integrated clock 
that synchronizes all organs. The rhythm of the digestive system is reversed when 
meal times are reversed, indicating that the digestive system clock synchronizer is 
sometimes stronger than the primary stimulus, namely light. It has been concluded 
by certain researchers that meals are among the strongest synchronizers for all organs 
and systems [19, 20].

The clocks of the organs cooperate to control the functions of the whole body, 
which can be defined as healthy. Experiments using mice with the clock gene 
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removed show that its loss causes not only behavioral but also metabolic disorders. 
Experimental studies on circadian clock mutant mice exhibiting obesity or meta-
bolic syndrome received much attention. In addition to arrhythmia, which was 
originally predicted, metabolic disorders in mice revealed that the circadian clock 
is strongly linked to peripheral metabolism [7, 21, 22]. On the other hand, there is a 
report of familial advanced sleep phase syndrome due to Per2 mutations in humans.

Gastric and intestinal digestion and absorption follow a circadian rhythm, being 
affected by clock genes rhythmically produced in the intestine and by the daily food 
intake (Figure 2). Extensive research has been conducted on the circadian expres-
sion of clock genes in the gastrointestinal tract. The obtained results revealed an 
advanced phase characteristic for the upper gut, being entrained faster than the 
lower gut, which is translated into a modification of the nutritional delivery rate at 
this level [17, 23].

The gastrointestinal system is subjected to a series of influence factors that are 
under tight circadian control, performed through genes exhibiting circadian patterns, 
which in their turn represent a signaling pathway. The most pronounced influence 
is driven by the nutritional schedule, being able to advance the idea of nutritional 
signaling. The colonic motility displays a clear rhythm, being active during the light 
period of the day and extremely silent during the night, the nitric oxide synthase 
activity and the clock genes regulating this cyclic process. The intestinal enzymes that 
perform the digestion of nutrients at this level have a circadian modulated activity 
timetable, which intimately follows the meal ingestion patterns, predicting the ideal 
time for synthesizing or activating these molecules. Consequent to this, the intestinal 
absorption of nutrients and xenobiotics registers a circadian fluctuation in close 
relationship with specific transporters’ expression [16, 17, 24].

Figure 2. 
Circadian rhythmicity of nutrition-related processes regulators. AMPK, 5′ adenosine monophosphate-activated 
protein kinase; SIRT1, sirtuin 1 or silent mating type information regulation 2 homologue; PPAR, peroxisome 
proliferator-activated receptor; PGC1a, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; 
Sglt1, sodium-dependent glucose cotransporter 1; Glut2, glucose transporter 2; Pept1, human peptide transporter 1.
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The circadian system has an impact on food digestion, absorption, and metabo-
lism. Furthermore, epithelial cell motility and proliferation in digestive compart-
ments, particularly the colon, show diurnal rhythms. The absorption of glucose 
and water by the isolated small intestine is higher at night than during the day. The 
expression of sodium/glucose cotransporter 1 (Sglt1), glucose transporter 2 (Glut2), 
and glucose transporter 5 (Glut5) has clear circadian oscillations and is regulated 
by clock genes through E-box activity. Furthermore, PER1 activity regulates Sglt1 
independently of the E-box. Following a scheduled feeding experiment, it has been 
concluded that feeding circumstances directly impact these transporters [9].

Food-derived phenolic compounds can interact with clock genes, which regu-
late the biological rhythms. In addition, nutrient signaling can affect gut circadian 
systems. Many important transporters are under circadian regulation, and circadian 
disruption also leads to abnormal drug absorption [22].

6. Circadian molecular mechanisms modulating the lipid metabolism

It is well known that changing the phase shift by night feeding leads to obesity, 
the main hypothesis states that the extra energy flow during the rest time is easily 
converted into lipids accumulation in the adipose tissue. In laboratory practice, it is 
common to use a high-fat diet to create an animal model of obesity [21, 22]. Although 
these phenomena are easy to understand, the molecular mechanisms are not fully 
elucidated.

Abnormalities in the body clock functioning, driven by a high-fat diet, are 
initiating the weight gain process in mice. This dietary habit also changes the liver 
clock and the hepatic rhythmicity of lipid metabolism. The influence of meal timing 
on lipid metabolism is not considered highly significant, while the importance of 
well-regulated eating habits is recognized [9]. Therefore, the influence of meal 
timing was examined using genetically unmodified animals. A feeding protocol was 
developed in which animals ate continuously regardless of time; although restricted 
feeding (e.g., feeding only during the day) causes day/night reversal in nocturnal 
rats, they become accustomed to it. It was reported that irregular meals cause 
abnormalities in the liver circadian clock and increase blood cholesterol levels. It was 
indicated that differences in meal timing cause abnormalities in cholesterol metabo-
lism, even if the same quantity of food is provided [25]. Hypercholesterolemia was 
caused by advanced changes in the circadian rhythm and gene expression of CYP7A1, 
an isoenzyme that limits the rate of bile acid synthesis. Thus, cholesterol metabolism 
was profoundly altered and bile acid levels excreted decreased. These results indicate 
that well-regulated dietary habits normalize the liver clock gene and regulate the 
CYP7A1 rhythm and that blood cholesterol levels are better controlled due to a lower 
secretion of VLDL (very low-density lipoprotein), namely lowering LDL-cholesterol 
and raising HDL-cholesterol levels [19].

7.  Expanding the perspective of the interplay between chrononutrition 
and chronotherapy

Time-restricted feeding, a nutritional approach in which food consumption is 
limited to certain times of the day, allows a daily fasting period of 12 hours or more, 
thus conferring metabolic resting-frames used by the cellular machinery to initiate 
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and develop complex processes of repair, decreasing the level of accumulated errors 
due to oxidative stress injuries or aberrant mutations. Understanding the link between 
time, nutrients, and the benefits of fasting leads to the identification of chrononutri-
tional strategies that mimic fasting and achieve similar changes to those triggered by 
fasting [3].

Acknowledging the pervasive and constant benefits of time-restricted feeding and 
fast-mimicking diets, basic science and translational research are willing to transform 
time-managed fasting-related interventions into complex clinical approaches with a 
remarkable potential to improve human health.

In the clinical scenery, an accurate identification must be performed for all inter-
actions among drugs, drugs and food supplements, drugs and food and, nevertheless, 
drugs and genetic and epigenetic factors, all being able to impact the therapeutic 
outcome considerably. The absorption, distribution, metabolism, and elimination of 
drugs can be highly influenced by slight variations of the environmental factors and 
endogenous elements, mainly affecting their bioavailability, efficacy, and metabolism 
to toxic compounds [26].

The most exposed to this phenomenon are neurologic and cardiovascular patients 
due to the complexity of their pathology and the particularities of these anatomic 
and physiologic systems. Restricted scheduled food intake in experimental models 
determines the occurrence of food anticipatory activity in animals, which is observed 
approximately 2 hours before the feeding time. The learning process of specific times 
of feeding is acquired by the internal food-entrainable oscillator mechanism and this 
food-dependent entraining also encompasses clock gene expression rhythms in major 
cerebral and peripheral tissues, except the SCN. Several experimental studies dem-
onstrated that by scheduled feeding, the animals depicted Per1, Per2, D-site-binding 
protein, and cholesterol 7 alpha-hydroxylase mRNA expression rhythms that under-
went rapid phase shifting and entrainment at the hepatic level, and a slower rate in 
kidneys, heart, and pancreas and did not undergo at all scheduled feedings-phase 
shifting in the SCN [3, 5].

Regarding antihypertensive and neurotropic drugs, when evaluating their thera-
peutic efficacy, we have to equally consider the time of administration, their precise 
dose, and eventual matrix effects that can completely change their bioavailability 
profile. This is mainly due to their direct interdependence with biological rhythms, 
blood pressure physiologic oscillation during 24 hours, and nevertheless the circadian 
rate of metabolism at the hepatic level. The nutritional impact can also be displayed 
by food constituents that have additive or antagonist effects such as phenolic com-
pounds and peptides, in conjunction with blood pressure levels [27].

Chronotherapeutic-chrononutritional studies conducted by Matsunaga et al. 
are of unique relevance in this field assessing the circadian pattern of hepatotoxic-
ity and mortality rates after acetaminophen administration in mice subjected to 
ad libitum versus time-restricted feeding patterns, and food-entrained circadian 
rhythms modulated toxic effects through CYP2E1 and hepatic glutathione activities 
[28]. Analogous employments of food timing patterns on the chrono-pharmacoki-
netics were described in the activity of sodium valproate and the nephrotoxicity of 
gentamicin [29, 30].

Insulin signaling is one of the most important factors for food entrainment, as 
it directly induces Per2 expression in hepatic tissue and cultured hepatocytes [31]. 
AMPK, a fundamental cellular energy sensor, is another possible factor for food 
entrainment, being activated by fasting or low glucose levels. It undergoes phosphor-
ylation and destabilizes CRY1 protein. Nutritional ingredients such as caffeine, an 
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antagonist of the adenosine receptors and an inhibitor of phosphodiesterase, increas-
ing cAMP concentrations, can lead to considerable changes in the circadian system 
as it was reported to lengthen the circadian clock period in the SCN and peripheral 
tissues and modulates the behavioral rhythms [32]. Functional nutrition may soon 
become an increasing topic of relevance in future chronotherapeutic strategies.

In most animal species as in humans, the feeding frames alternate with fasting 
frames. This specific metabolic picture is predominantly dependent on ketone 
bodies after a prolonged fasting time, glucose, and glycogen being consumed in 
the first fragment of the fast. Based on this restricted availability of glucose at the 
cellular level, many hypotheses were formulated to understand the great impact 
of fasting in preventing a series of metabolic imbalances and also in accompany-
ing the treatment of chronic diseases, mainly cardiovascular, inflammatory, and 
oncological ones [16, 25, 33, 34].

8.  Chronotherapeutic approaches: recognizing the importance of timing 
factors in the treatment of neurological diseases and sleep disorders

The suprachiasmatic nucleus (SCN) acquires valuable information from the envi-
ronment, through input signals, such as the light–dark cycle, and nevertheless from 
other brain areas. There are several important chemical structures that were studied 
for their influence on the circadian entrainment mechanism of SCN, namely exog-
enous melatonin and ramelteon, a powerful selective melatonin MT1/MT2 receptor 
agonist. When administered during the active phase, they act as non-photic trainers 
that advance SCN circadian rhythms [35–37].

The field of neurology is an extremely complex one, reuniting a series of chronic 
neurological disabilities from insomnia, epilepsy, and neuromuscular disorders 
to degenerative diseases, dementia and brain tumors. As a highly prevalent and 
neurologic imbalance promoting affection, insomnia is affecting more than 30% of 
the general population, the sleep disturbances being a consequence of stressful life 
conditions, shift working, physiological aging, but nevertheless being the first clinical 
sign of a neurologic impairment stage. Its intimate connection with circadian mis-
alignment is undoubtedly approved, addressing an interesting scientific intersection 
point in chronopharmacology [38–40].

The barbiturates, namely phenobarbital, were among the first-generation drugs 
used for insomnia, but due to their high abuse potential and associated risks of 
overdosing, were replaced by benzodiazepines (lorazepam and triazolam).

This second generation of hypnotics displayed different side effects in the area 
of cognitive and psychomotor impairment, displaying also phenomena of addiction 
and tolerance, urging the need for a different therapeutic approach. Benzodiazepine 
receptor agonists (zolpidem and zopiclone) represented the following generation of 
hypnotics having non-benzodiazepine chemical structures and exhibiting reduced 
side effects. After extensive clinical studies, it was concluded that the major drawback 
of this class was that the sleep induced by these pharmacologic agents is electrophysi-
ologically different from the naturally prompted physiological sleep, as they are 
severely reducing the rapid eye movement (REM) phases of sleep [7, 41].

Melatonin, the pineal hormone discovered in 1958, is the major endogenous 
regulator of sleep–wake cycles, its synthesis being initiated by the diminishing photic 
signal, at sunset, and being stopped upon sensing the first light signal. The pineal 
synthesis pathway includes the essential amino acid tryptophan and most importantly 
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the neurotransmitter serotonin. It has exceptional characteristics, being highly 
soluble in lipid medium, simply diffusing through almost every cellular membrane, 
including the blood–brain barrier, the ultimate frontier for most molecules, even the 
endogenous ones [13, 36, 42].

The half-life of melatonin is extremely short, around 30 minutes, being immedi-
ately enzymatically transformed in a series of metabolites, with particular functions 
in the oxidative stress array, in order to be finally converted by the liver and then 
urinary excreted. No other endogenous molecule shares the same unique strong circa-
dian pattern of synthesis in healthy human organisms: the plasma level is detectable 
immediately after sunset, registering a peak around 3 a.m. and becomes untraceable 
in the early morning, a period superposable with the light signal initiation [43].

The intimate connection between melatonin and the utmost central nervous 
system structures is achieved through the specific receptors which are found in high 
densities in circadian regulatory entities, and in fact, to a certain extent, in most 
human organs. It is by this mechanism that it is understood the role of melatonin as a 
master hormone, endogenous synchronizer, and circadian modulator of all biologi-
cal internal systems. Melatonin mediates the information regarding the dark signals 
throughout the entire body, conducting chronobiotic and phase shift effects, hypnotic 
by imprinting sleep–wake robust cycles, but at the same time, having a versatile 
modulatory ability to adjust the circadian pattern in disruptive circumstances [35].

Considered the initiator and maintainer of sleep in humans, the darkness hormone 
has proved its sleep-inducing effects only concerning the endogenous molecule, as the 
exogenous supplementation has resulted in controversial conclusions, mainly due to 
its short half-life, increased first-pass metabolism, and weak receptors binding. As the 
major non-photic entrainer of the circadian rhythm, exogenous melatonin is a power-
ful pharmacologic tool in correcting circadian misalignments in patients [44].

Melatonin was subjected lately to modern pharmaceutical formulations that assure 
better bioavailability characteristics that were efficient for inducing sleep and increas-
ing the quality and length of sleeping time in elderly patients suffering from chronic 
insomnia, as it is acknowledged that the endogenous melatonin synthesis declines 
physiologically by aging, due to pineal gland calcification, decreased sensing of the 
light signal, or a decline in the SCN function [21].

Chronopharmacological approaches are of remarkable importance for a chro-
nobiotic agent such as melatonin. A series of experimental and clinical studies 
have assessed the relationship between the administered melatonin dose, the time 
of administration, and the occurrence of biological effects and their intensity, in a 
plethora of circadian rhythm-derived sleep disorders, from a jet lag sleep disorder, 
shift work sleep disorder, delayed sleep phase syndrome, primary insomnia occurring 
in various psychiatric illness. The conclusions are unanimous stating that the time of 
the day used for administering exogenous melatonin is indisputably determining the 
precise effect on the circadian rhythms: delaying them after the morning administra-
tion, and on the contrary, advancing the circadian phase and subsequent evening 
sleep induction, following a late afternoon or night drug administration [40, 45].

Based on the clinical data, but mostly on the evidence suggesting the tremendous 
therapeutic effect displayed upon selectively binding the melatoninergic receptors, 
the MT1/MT2 agonist ramelteon was assessed for its role in circadian re-entrainment 
and for inducing sleep in refractory insomnia. The time of administration is also an 
important issue, taken into consideration by Watanabe et al. study, which concluded 
on the efficiency of small doses of 1–2 mg taken at more than 5 hours before bed-
time, assumed as an early administration pattern [46]. In the vast majority of the 
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performed trials, ramelteon proved good effects, especially on refractory insomnia 
cases, often combined with serious disturbances in circadian rhythms of sleep–wake 
cycles. All scientific data indicate that ramelteon acts not only as a hypnotic agent but 
also at a molecular level it is mimicking all central effects of melatonin as a circadian 
entrainer [37, 47, 48].

Numerous other central nervous system-acting drugs are of utmost chronothera-
peutic importance due to their particular pharmacologic patterns in connection 
with their time of administration. For instance, the night-time administration of 
benzodiazepines down-regulates the expression of Per1 and Per2 genes, having a 
direct impact on the entrainment process at the level of SCN. Lithium, a classic mood 
stabilizer prescribed in manic episodes associated with bipolar disorder, inhibits 
glycogen synthase kinase-3 (GSK-3) in the suprachiasmatic nucleus, increasing the 
locomotor activity cycle [44, 49]. Anesthetic agents significantly influence circadian 
rhythms, causing either phase shifts, or diminishing the rhythmic amplitude of clock 
gene expression. Many central nervous system drugs, when administered together, 
can affect circadian rhythm via their target receptors and metabolism enzymes [2].

9.  Current understandings and future directions in the 
chronopharmacology management of cardiovascular chronic diseases

Circadian rhythms have tremendous importance in cardiovascular system 
functions in both healthy people and patients, being one of the first scientifically 
acknowledged physiopathologic areas interlinked by chronomodulatory mechanisms 
[25]. Heart rate and blood pressure (BP) rhythms are the most studied periodic func-
tions in the circulatory system, but lately, new evidence suggests blood flow, cardiac 
output, stroke volume, or peripheral resistance can furthermore trigger relevant 
circadian changes [50, 51].

Hypertension, the high systemic blood pressure, represents the major risk factor 
for a series of acute or chronic pathologic events, from myocardial infarction and 
ischemic events to chronic kidney failure and sudden death. Chronic high blood 
pressure is a silent condition since it progresses primarily asymptomatically, but has 
a devastating effect, conducting to cardiovascular disruptive events and end-organ 
damage, which leads to a reduction in the quality of life or events of life expectancy. 
The simple association between high blood pressure and cardiovascular diseases, 
which is largely controlled by our social and nutritional behavior, is also influenced 
by a circadian pattern. As a consequence, circadian rhythm plays an important role 
in blood pressure management, which is the reason for chronobiological studies to 
comprise chronopharmacology and chrononutrition aspects in the same research 
field [24, 52, 53].

Blood pressure registers circadian variations due to internal and external modula-
tory factors. Endogenous regulatory performers such as hematological and renal 
inputs, endocrine signals perceived by the circulatory system, and the autonomic 
nervous system activity, interact with environmental parameters like temperature and 
humidity, nutrients intake, vasoactive xenobiotics as alcohol and caffeine, and never-
theless with the physical activity, emotional status, and the sleep pattern. Despite the 
overabundance of parameters that influence it, circadian variations of blood pressure 
in normotensive patients are characterized by a decrease in both systolic and diastolic 
blood pressure during the night, on average by 10–20% compared with diurnal 
values, defining the normal pressure physiological profile [20, 33].
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The magnitude of the decrease in nocturnal BP values was mainly quantified by 
calculating the dipping index (relative nocturnal decrease in BP) which is defined 
as the percentage decrease in the value of the average night BP compared with the 
mean daily BP. This dipping index allowed the classification of the night profile of 
TA in dipper profile when the index is between 10 and 20%, non-dipper profile when 
the night decrease of TA is less than 10%, of extreme-dipper type when the decrease 
of nocturnal BP is over 20% of daytime values and riser profile when BP increases 
during sleep. The classification has acquired a great utility, especially from the point 
of view of the prognosis, especially since there are studies that demonstrate the 
reproducibility of the evolution of nocturnal values of BP, in the same individual, for 
several months [51].

The circadian rhythm of BP shows maximum values in the early hours of the 
morning, followed by a subsequent gradual decrease and with minimum nocturnal 
values, respectively. Explanations of this variability involve the influence of exog-
enous or environmental factors and endogenous factors.

The endogenous rhythm associated with the body’s clock determines amplitudes 
ranging from 5 to 10 mmHg. Blood pressure increases adjacent to waking time are 
associated with increases in catecholamine plasma levels: both norepinephrine and 
epinephrine are at peak levels in the morning and low levels at night [33]. At the 
moment, there are many drug classes that are used in the management of hyperten-
sion, the majority of therapeutic schemes comprising a combination of them, as they 
have different mechanisms of action and sometimes variable sites of action, being 
complementary: α- and β-adrenoceptor blocking drugs, calcium channel blockers, 
diuretics, angiotensin-converting enzyme (ACE) inhibitors, AT1-receptor blockers, 
etc. (Figure 3). Ambulatory blood pressure monitoring of hypertensive patients is 
of absolute importance as it can reveal abnormal variable patterns predicting super 
dipping and late-night angina crises [54, 55].

Furthermore, the pharmacokinetic profile, half-life, formulation, duration of 
pharmacological impact, and hence the dosing interval vary between antihyperten-
sive medication classes and individual compounds.

The primary steps in the processes that regulate blood pressure are reliant on 
the circadian phase, indicating that β-adrenoceptor antagonists have no effect on, 
diminish, or even abolish the rhythmic pattern in BP. β-adrenoceptor antagonists, on 
the other hand, have the property to reduce daytime BP levels and have little effect on 
night-time values, being not effective in lowering the early morning spike in BP. Heart 
rate declines caused by β-adrenoceptor antagonists are consistently more evident 
during the daytime hours [24, 56].

Taking into account numerous studies conducted conventionally, β-adrenoceptor 
antagonists—β1-selective, nonselective, or with intrinsic sympathomimetic activ-
ity do not modify or lessen the rhythmic pattern in blood pressure. Generally, it is 
estimated that adrenoceptor antagonists lower daytime blood pressure levels while 
having little or no effect on nocturnal values and are less effective in reducing the 
early morning escalation in blood pressure levels [56].

The effects of β-adrenoceptor antagonists on heart rate are consistently more 
evident during the daytime. Correspondingly, a fourfold crossover trial using 
propranolol in healthy adults revealed a more dramatic reduction in heart rate and 
blood pressure during the day than at night. Furthermore, it is demonstrated that the 
circadian phase can affect the dose–response relationship. Pindolol, a partial agonist, 
even raised the heart rate at night, which was a surprising finding [26, 34]. Thus, 
clinical evidence suggests that β-adrenoceptor-mediated blood pressure regulation is 
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more important during the day and less important at night and early in the morning. 
This is consistent with the circadian regularity in sympathetic tone, as evidenced by 
plasma noradrenaline and cAMP levels [56].

Calcium channel blockers’ effects were also investigated, primarily by the 
assessment of blood pressure profiles. The administration of non-retard verapamil 
three times a day did not significantly modify the blood pressure profile in primary 
hypertensive patients, however, it was less effective at night. A single morning dose 
of sustained-release verapamil provided good 24-hour blood pressure management, 
while a sustained-release diltiazem formulation was less effective at night [26, 52]. 
Different pharmacokinetics of dihydropyridine derivatives appear to decrease blood 
pressure to wide-ranging degrees during the day and night, the specific drug formula-
tion, and dose interval play a role [27].

In essential hypertensive patients (dippers), amlodipine, sustained-release 
isradipine and lacidipine, nifedipine gastrointestinal therapeutic system (GITS), and 
nisoldipine extended-release (ER), as well as in normotensives, immediate-release 
nifedipine had no impact on the 24-hour blood pressure profile after one dose taken 
in the morning and one in the evening, whereas, with nitrendipine, there was either 
no impact or a slight impact after the evening dose. Nifedipine, taken twice a day, 
reduced blood pressure over a 24-hour period in primary hypertension individuals. 
Most notably, isradipine only normalized the greatly disturbed blood pressure profile 
in secondary hypertensives (non-dippers) due to renal failure after the evening, but 
not the morning dosing. In contrast, amlodipine and nisoldipine ER normalized the 
disturbed blood pressure profile in non-dippers after both morning and evening 
dosing [20].

These studies clearly show that calcium channel blockers lower elevated blood 
pressure in both non-dippers and dippers without distorting the latter’s normal blood 
pressure profile or causing super dipping and can convert non-dipping behavior into 
dipping behavior, the dose administered in the evening being more appropriate.

Several crossover studies, assessing morning versus evening dose, with ACE 
inhibitors in essential hypertensive patients, revealed that among dipper patients, the 

Figure 3. 
The biological mechanisms of blood pressure (BP) and the therapeutic approaches that are subjected to circadian 
modulation. α1 ADR.ANT, α1-adrenoreceptor antagonists; β ADR.ANT, β-adrenoreceptor antagonists; ACE.
INH, ACE inhibitors; ALDO.ANT, aldosterone antagonists; AT1-REC.ANT, AT1-receptor antagonists; CAL.
CH.BL, calcium channel blockers; DIUR, diuretics; REN.INH, renin inhibitors; RES, reserpine; VASODIL, 
vasodilators.
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evening dosing of benazepril, enalapril, and perindopril resulted in a more dramatic 
overnight decline than the morning dose, resulting in a super dipping blood pressure 
profile. Evening quinapril doses had a stronger effect than the morning ones, but the 
blood pressure pattern was not significantly altered [57].

After either dosing time, ramipril had no visible effect on the 24-hour blood pres-
sure profile. An excessively severe nocturnal reduction in blood pressure, the super 
dipping pattern, following night-time dosage could be a possible risk factor for the 
development of ischemic events in individuals with hypertension, given their reduced 
cardiac reserve.

Other antihypertensive agents have been seldom explored in regard to probable 
circadian fluctuations. In essential hypertensive patients, once-daily morning doses 
of the diuretics xipamide and indapamide decreased blood pressure without affecting 
its 24-hour pattern [58].

Trials conducted on diuretics in salt-sensitive hypertensive patients (dippers and 
non-dippers), revealed that diuretics did not modify the circadian blood pressure 
profile in dippers, but did turn non-dippers into dippers [20, 27, 33].

The α-adrenoceptor antagonists indoramin and prazosin did not modify the 
blood pressure profile when administered twice daily. Throughout both day and 
night, a single night-time dose of the α-adrenoceptor antagonist doxazosin lowered 
equally systolic and diastolic blood pressure, however, the greatest decrease occurred 
in the morning hours. Recent research in dippers using doxazosin-gastrointestinal 
therapeutic system (GITS) as monotherapy demonstrated a slight but considerable 
reduction in blood pressure over the course of 24 hours without disrupting the normal 
blood pressure profile. These findings suggest the importance of α-adrenoceptor 
mediated BP regulation during the early morning hours because α-adrenoceptor 
blockade lowered peripheral resistance more efficiently during the early morning 
hours than at other times of the day.

The capacity of the night/day ratio of systolic BP to predict the risk of cardiovas-
cular events is more accurate than BP recorded once, according to studies conducted 
in recent years. Given that nocturnal blood pressures are most consistently associated 
with cardiovascular risk, they require closer monitoring for patient safety [53]. The 
circadian rhythm plays an important role in the regulation of blood pressure, and 
research conclusions suggest that time is one of the most important factors influenc-
ing cardiovascular risk management. As a result, chronopharmacotherapy is required 
for circadian disorders including hypertension.

It is obvious that circadian rhythms have a significant impact on cardiovascular 
disorders. Metabolic pathways, signal transduction cascades, transcriptional net-
works, protein turnover, and other processes are all timed to promote optimal cellular 
and organ functioning.

The disruption of the circadian governance almost always triggers pathology. 
In addition, it is more and more obvious that the persistence and augmentation of 
circadian rhythms might cause and aggravate CVD in vulnerable individuals. For that 
purpose, it is important to identify all the details regarding the mechanisms implied 
by the entrainment of the cardiovascular system, using the pattern of cell-to-cell syn-
chronization, and the particular points where the phase misalignment is transformed 
into pathological events (Figure 4).

By gathering as much chronobiologic data as possible for a single patient, it is 
conceivable to develop therapeutic strategies that specifically target circadian clock 
components and downstream mediators for the effective treatment and prevention 
of cardiovascular diseases, to adjust some significant lifestyle behaviors, as the timing 
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of eating, of performing exercise and environmental conditions, as the exposure to 
light and certain temperatures, that work in synchrony with circadian governance of 
cellular processes [2, 53].

Food and Drug Administration recommends that the vast majority of long-acting 
formulations are preferable to be administered in the evening, at bedtime. Exceptions 
are represented beta-blockers that are not specifically designed for chronotherapy 
or do not have a similar 24-hour effect from the point of view of heart rate reduc-
tion making sense to administer them in the morning when the sympathetic drive is 
predominant, diuretics have the same effect over 24 hours, but the discomfort from 
frequent night-time awakenings should be avoided. In addition, quinapril at doses of 
30–40 mg may register an excessive effect and doxazosin may provide an excessive 
decrease when administered in the evening. There are indications for the administra-
tion of antihypertensive drugs early in the morning, for the dipper patients, and for 
the non-dippers, it is necessary to add an evening dose or to switch to a single evening 
dose, in order to acquire a reduction in the blood pressure levels and a normalization 
of the 24-hour profile that is profoundly disturbed in these patients [33]. As cardio-
vascular drugs have vulnerable pharmacokinetic profiles that can be easily influenced 
by the circadian phase, it is of great importance to consider the half-life of the active 
components and the exact parameters of the employed pharmaceutical formula-
tion, in order to emit a sustainable conclusion regarding the best dosage time within 
24 hours [15, 26].

All the data converge to show that for the “non-dipper” type of patients and for 
“extreme dippers” the cardiovascular prognosis is rather poor. However, the only way 

Figure 4. 
The circadian imprint upon physiologic endocrine and metabolic parameters often reflected in the pathologic 
scenery of the human organism.
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to positively influence these unfavorable types of circadian variability of BP values 
can only be achieved by chronotherapy. It offers a way to personalize the treatment of 
hypertension considering each patient’s distinct circadian profile, providing a better 
perspective on optimal blood pressure control and decreasing the associated cardio-
vascular risk.

It must be acknowledged that the development of antihypertensive therapy 
provides an effective arsenal in the sense of chronotherapy: the evolution from 
short-acting drugs to drugs that release the active substance slowly, allowing them to 
be administered in such a way as to achieve maximum effectiveness, both in terms of 
ideal day-time blood pressure values and by inducing a dipper-like profile of circadian 
variability during night-time.

10. Conclusions

In essence, food intake performs a strong entrainable role in regard to human cir-
cadian rhythms. In addition, this entrainment modulates the timing of food digestion 
and metabolism by controlling clock-regulated output genes in the peripheral tissues, 
having tremendous effects on drug bioavailability and metabolism.

Understanding the mechanisms of food entrainment in the circadian system and 
the complexity of nutritional signals will contribute to chrono-nutritional therapy 
guidelines concerning the joint functionality of food and nutrition.

In the next period of time, further research will completely elucidate the inter-
actions along the remarkable time–nutrition–drug axis within the framework of 
chrononutrition modulated chronopharmacotherapy, becoming an essential tool for 
chronic pathologies management, by individualizing the chrono-pharmaco-therapeu-
tic approach for every single patient.
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