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Internal temporal organisation properly synchronised to the environment is crucial for health

maintenance. This organisation is provided at the cellular level by the molecular clock, a macro-

molecular transcription-based oscillator formed by the clock and the clock-controlled genes that

is present in both central and peripheral tissues. In mammals, melanopsin in light-sensitive reti-

nal ganglion cells plays a considerable role in the synchronisation of the circadian timing system

to the daily light/dark cycle. Melatonin, a hormone synthesised in the pineal gland exclusively at

night and an output of the central clock, has a fundamental role in regulating/timing several

physiological functions, including glucose homeostasis, insulin secretion and energy metabolism.

As such, metabolism is severely impaired after a reduction in melatonin production. Furthermore,

light pollution during the night and shift work schedules can abrogate melatonin synthesis and

impair homeostasis. Chronodisruption during pregnancy has deleterious effects on the health of

progeny, including metabolic, cardiovascular and cognitive dysfunction. Developmental program-

ming by steroids or steroid-mimetic compounds also produces internal circadian disorganisation

that may be a significant factor in the aetiology of fertility disorders such as polycystic ovary

syndrome. Thus, both early and late in life, pernicious alterations of the endogenous temporal

order by environmental factors can disrupt the homeostatic function of the circadian timing

system, leading to pathophysiology and/or disease.
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Time as a variable is frequently neglected when we consider the inter-

action between the organism and the environment. However, life on

Earth means that we are under the geophysical cycles that impose

approximately 12 h of light and approximately 12 h of dark, the old-

est and major environmental time-cue on Earth. Organisms would

have faced natural selection in intervals of opportunity and adversity

that recur with precise and predictable frequencies, generating an

innate temporal programme responsible for circadian oscillations.

These are responsible for orchestrating physiology and behaviour and

allow organisms to anticipate daily environmental changes (1). The

presence of a circadian component in this temporal organisation is

also implied in the way that abnormal entraining cycles often impair

homeostasis. This can be observed from the simplest and most famil-

iar stress imposed by rapid travel across time zones or, more dramati-

cally, from the high frequency of cardiovascular disease, metabolic

syndrome and insomnia observed in workers subjected to night (shift)

work schedules (2–4). We begin our discourse with a discussion of

the molecular basis for circadian oscillations and how robustly con-

served temporal organisation is among organisms. This will lay the

framework for a more comprehensive discussion of how chronodis-

ruption impacts the aetiology of disease in our 24/7 society.

Molecular basis of endogenous biological clocks

Temporal organisation is codified at the genetic level because single

gene mutations can lead to changes in circadian rhythm of activity



or even complete arrhythmia (5). This was first observed in Dro-

sophila melanogaster with mutation of one gene located in chro-

mosome X (6); and, later, in mammals such as the tau-mutant

hamsters (7). Now, we have expanded our view of how evolution

has worked to regulate temporal organisation. A molecular machin-

ery is present in organisms as diverse as cyanobacteria (Synecchus),

fungi (Neurospora), insects (Drosophila), fish (8) and mammals

(9,10). This consists of a set of very-well conserved macromolecules,

known as clock proteins, which function as transcription factors in

a positive and a negative auto-regulatory loop that generates circa-

dian rhythms of clock-controlled gene expression. In mammals, the

proteins CLOCK and BMAL1 (brain and muscle Arnt-like protein 1)

form heterodimers, and enhance the expression of period [Per] and

cryptochrome [Cry] genes (11). PER and CRY dimerise and are phos-

phorylated by casein kinase (12). PER-CRY dimers are then trans-

ported to the cell nucleus where they inhibit their own

transcription (13,14). In parallel, the expression of the transcription

regulators REV-ERBa and RORa is driven by BMAL1:CLOCK and

suppressed by PER and CRY proteins (15). When REV-ERBa is

absent, Bmal1 gene (and probably Clock) is released from its inhibi-

tion, starting a new circadian cycle (16). REVERBa and RORa are

not core components of the transcriptional oscillator but act as a

‘stabilising loop’ to facilitate robustness within the core clock

machinery.

Entrainment of the circadian timing system

Among the environmental clues, light/dark cycles appear to be one

of the most important daily synchronisers or ‘Zeitgebers’ (as used

by Aschoff) of endogenous circadian oscillators (17). When one

oscillator is coupled to and driven by another, it assumes its period;

this coupling guarantees changes of the circadian period of an

organism to precisely 24 h and establishes a functional phase-rela-

tionship between them (1). In insects, mollusks, reptiles, birds and

mammals, there is a clear association between endogenous oscilla-

tors and photoreceptors, stressing the predominance of cycles of

light in the entrainment of circadian rhythms (18). This relationship

may indicate a co-evolution of these systems (perception of light

and endogenous circadian clock) to the same selective pressure.

This is the basis for the evolution of the ‘escape from light’ hypoth-

esis: high temperatures found in the light phase of the day would

have been hazardous for the stability of enzymes and physiological

processes, as much as ultraviolet radiation would have been for

DNA structure (19). This idea the of co-evolution of these systems

has been confirmed by the recent study of Shen et al. (20), who

demonstrated that rhodopsin, a photopigment found in visual pho-

toreceptors, is required for temperature discrimination in D. mela-

nogaster. Furthermore, the photopigment melanopsin, expressed in

intrinsic light sensitive cells of the mammalian retina, also appears

to participate in this response. Expression of melanopsin in rhodop-

sin-null mutants effectively rescues temperature discrimination (20).

By contrast to basal vertebrates, which possess extra-ocular pho-

toreceptors (pineal complex and deep brain photoreceptors) (21),

mammals rely only on their eyes for light perception (22). Surpris-

ingly, classical photoreceptors for image forming visual function

(i.e. the rods and cones) are not essential for light-entrainment

(23). A subset of retinal ganglion cells, referred to as intrinsically-

photosensitive retinal ganglion cells (ipRGC), are capable of captur-

ing light radiation (24) and conveying this information to the sup-

rachiasmatic nucleus (SCN) (25). IpRGCs express the photopigment

melanopsin (24), which was first cloned in Xenopus laevis melano-

phores (26) and is now known to be present in the retina of all

vertebrates, including humans (27). The melanopsin positive ipRGCs

are fundamental for light entrainment of the circadian system

(25,28). Visual photoreceptors, although not essential, have a per-

missive effect on this process (29).

Peripheral clocks

In the classic view of biological clock functioning, a light signal

detected either by retinal photoreceptors or by extra-retinal photo-

receptors is transmitted to a central oscillator (the SCN in mam-

mals) and, subsequently, temporal information is disseminated to

the remainder of the organism by the output of the central oscilla-

tor (30). However, Plautz et al. (31) elegantly demonstrated that

Per1 is rhythmically expressed in the legs, wings and antennas from

a transgenic fly expressing the enzyme luciferase under the control

of Per1 gene promoter. This oscillatory profile is synchronised by

light/dark cycles, suggesting that these tissues are able to indepen-

dently detect light and translate this signal to the molecular clock.

These results point to the existence of multiple oscillators, an idea

suggested long ago by Aschoff from his study in humans, in which

sleep–wake cycles can be dissociated from body temperature oscil-

lations (32). In agreement with this decentralised view of the bio-

logical clock, the core molecular clock machinery is expressed in

almost all cells and tissues (33,34). Robust cell-autonomous

rhythms of clock gene and clock-controlled gene expression have

been detected in isolated cell cultures from both mammals (35,36)

and non-mammalian vertebrates (37–40). Together, these data

strengthen the notion that, in addition to a central clock, there are

multiple circadian oscillators throughout the mammalian body col-

lectively referred to as peripheral clocks.

The identification of the central clock in mammals was based in

large part on SCN transplant experiments. Transplants of this region

reinstated rhythms in SCN lesioned animals (41,42) and Clock or

Cry1-2 double mutant-mice (43,44). Furthermore, SCN lesions abol-

ish rhythmic Per2 gene expression in rat peripheral tissues (45).

These results suggest that peripheral clocks are dependent or ‘slave’

to the SCN for the appearance of circadian oscillations (46). This

notion was supported by the fact that the SCN generates its own

rhythm and isolated SCN explants show sustained rhythms for

more than 30 cycles, whereas peripheral clocks were attenuated

after a few days in culture (33). This assertion was subsequently

rejected based on the independence of the oscillator in many

peripheral tissues (34,36,47,48). Furthermore, disruption of clock

gene function in the liver abolishes the circadian regulation of

clock-controlled genes (49,50), reinforcing the idea that peripheral

tissues possess their own rhythm-generating machinery. It was thus

determined that cultured organs from SCN lesioned mice retain

their rhythmic expression of clock genes when isolated, although
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with different phases from the intact animal, indicating the loss of

synchronisation (34). It is now known that the rhythm attenuation

of cultured cells (33,51) is a function of phase coherence among

individual isolated cells. That is, when clock gene rhythms are anal-

ysed in populations of uncoupled cells, although clock gene oscilla-

tions persist in each cell, the rhythm appears damped because each

cell oscillates in its own phase. This was demonstrated in elegant

studies by Welsh et al. (36) in rat fibroblasts and by Carr and Whit-

more (52) in a zebrafish embryonic cell line. These data indicate

that circadian organisation begins at the cellular level and may be

functionally dependent on cell-to-cell communication within a net-

work of oscillators in each tissue.

The organisation of circadian timing, from interlocked loops of

gene expression to coordinated timing of cell and tissue physiology,

represents a sophisticated and precise system of temporal order.

Understanding the basic mechanism and organisation of the circa-

dian timing system is critical to advancing exploration of its com-

plex role in metabolism, endocrine and neuroendocrine physiology.

Disturbances to this program can often result in pathophysiology

and disease.

Environment, biological rhythms, melatonin and energy
metabolism

The circadian temporal structure of mammalian organism divides

the 24-h day into one period of activity and another of rest, defin-

ing the daily rest/activity cycle. All physiological functions are

accordingly distributed to be the effective support for the proper

articulation of all the behavioural expressions typical of the rest/

activity cycle. As an intrinsic part of this circadian temporal struc-

ture, energy metabolism is temporally distributed to maintain

energy balance and to synchronise metabolism with the rest/activity

cycle. In this way, the acquisition of energy through feeding is

restricted to the activity phase, whereas fasting, or burning of the

stored energy, is associated with the rest phase of the daily cycle.

An exception to this distribution of the physiological functions syn-

chronised to the rest/activity cycle is the synthesis and secretion of

pineal melatonin. Pineal melatonin production is always allocated

to the dark or night portion of the day, no matter what the

behavioural distribution of the activity/rest cycle (i.e. in either diur-

nal or nocturnal species).

Melatonin is considered to be a potent chronobiotic because it is

the interface between the light/dark environmental cycle and the

organism so that its plasma profile is able to indicate whether it is

light or day outside, by its absence or negligible blood concentra-

tion, or whether it is night, by its presence or high blood concen-

tration (53). In addition, the neuroendocrine system that regulates

the synthesis of pineal melatonin is such that the nocturnal plasma

melatonin secretory episode reflects exactly the duration of the

dark phase of the day or, in other words, the duration of the pho-

toperiod or the season of the year (53). The conspicuousness of

melatonin production and its strict association with the dark phase

of the light/dark daily cycle is such that melatonin is an important

element in the setting of the circadian temporal order. Thus, it is

no surprise that melatonin is able to regulate most of the physio-

logical systems in the mammalian organism such as the sleep/wake

cycle, reproduction, the cardiovascular system and blood pressure,

including energy metabolism and energy balance (54).

Melatonin regulates energy intake [feeding (55–57)] so that pine-

alectomised or aged animals (that have no or sharply reduced mel-

atonin production, respectively) display increased food intake that is

restored to normal when the animals are treated with melatonin on

a daily basis [56,57]. In addition, melatonin promotes the mainte-

nance of brown adipose tissue and the browning of white adipose

tissue and also activates the thermogenic function in these tissues

promoting energy expenditure (58). Thus, melatonin is able to regu-

late energy balance and body weight such that an absence or

reduction in melatonin production induces obesity, whereas melato-

nin treatment is able to reduce body weight (56,57).

One of the main roles for melatonin in regulating energy metab-

olism is its synergism with insulin signalling (54). Melatonin, acting

through its membrane receptors, is able to phosphorylate the insu-

lin receptor and potentiate the insulin signalling cascade (59). In

addition, melatonin promotes the synthesis of glucose transporter

GLUT4 in muscle and adipose tissues (60,61). It should be stressed

that the daily distribution of energy metabolism is dependent on

the rhythmic production of melatonin because melatonin deficiency

causes increased hepatic gluconeogenesis and hepatic insulin resis-

tance during the active phase of the rest/activity cycle (62). This is

largely detrimental because both metabolic processes should peak

during the fasting period and not during the time of feeding. The

absence or reduction of melatonin production leads to a metabolic

scenario that involves insulin resistance, glucose intolerance, dyslip-

idaemia and obesity (60). This metabolic dysfunction is completely

restored if the animal is treated with melatonin (61). As a corollary,

metabolic diseases such as diabetes (either type 1 or type 2 diabe-

tes) lead to a reduction in melatonin production aggravating the

metabolic picture (Amaral et al., submitted).

It is worth noting that light during the night and the nocturnal

use of electronic devices with LED screens emitting light in the

blue–green wavelength is one of the most powerful blockers of

melatonin synthesis through the activation of the melanopsinergic

retinal system projecting to the hypothalamus (28). The use of such

LED screen technology, so predominant in our contemporary soci-

ety, may reduce melatonin production and, as a consequence, con-

tribute to the appearance of insulin resistance, glucose intolerance

and obesity.

Impact of gestational chronodisruption on foetal and
postnatal physiology

Epidemiological and experimental evidence suggests that there are

deleterious effects for human health with respect to working under

‘light-at-night’ conditions. Given that, in our 24/7 society, shift

work affects approximately 20–25% of the workforce, even a mod-

est detrimental impact upon health may have important public

health implications (63). Data from the International Labor Organi-

zation indicate that 160 million workers are becoming ill because of

workplace hazards; with approximately 36 million of them being

subjected to chronodisruption. The term chronodisruption was
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coined by Reiter and colleagues in 2003, to define ‘a relevant dis-

turbance of the circadian organization of physiology, endocrinology,

metabolism and behavior’ (64); which is characterised by plasma

melatonin suppression under ‘lights on’ conditions (65). In 2007,

the International Agency for Research on Cancer reclassified work-

ing at night from a possible to a probable human carcinogen, with

the proof of principle being an increased prevalence of breast can-

cer in nurses and flight attendants (66). Recently, a link between

shift work and type 2 diabetes has been inferred from statistical

analyses of a large nurses cohort; whereas the poor diet frequently

observed in shift workers was suggested as one weight gain factor

predisposing to diabetes (63,67). Further epidemiological evidence

together with studies of clock gene mutants also indicates the

adverse effects of shift work on adult physiology: an increased risk

of chronic diseases such as cardiovascular, metabolic and gastroin-

testinal disorders, some types of cancer and mental disorders

including depression (68–70).

Regarding the effects of chronodisruption on pregnancy out-

come, an increased risk of miscarriage, preterm delivery and low

birth weight have been consistently reported in female shift work-

ers (71–73); it is notable that both factors are strong predictors of

chronic disease later in life (74). Against this background, a number

of studies have established a relationship between antenatal delete-

rious environments (e.g. foetal undernutrition and/or hypoxia) and

the onset of adult diseases including hypertension, coronary heart

disease, stroke, as well as metabolic and neurological disorders (74).

It is conceivable that, in the physiological context of pregnancy,

both the maternal and developing foetal circadian system may

become targets of chronodisruption. Indeed, several organs appear to

operate as peripheral oscillators in foetuses from different species,

despite their SCN not yet being a functional master clock (75). Indeed,

we have recently identified day/night changes in clock gene expres-

sion in the foetal rat heart, hippocampus, pineal and adrenal already

entrained to the light/dark (LD) cycle at 18 days of gestation (75).

The possibility of foetal rhythms being entrained by transplacental

and/or biophysical cues is in line with our recent study in primates

on the effects of constant light (LL) exposure during late gestation on

rhythms of body temperature in newborns (76). This study showed

that gestational chronodisruption affected newborn body tempera-

ture rhythms. This rhythm was entrained in control LD newborns,

whereas LL newborns showed a random distribution of temperature

acrophase over 24 h (i.e. a free-running circadian period). In mice,

the perinatal photoperiod was shown to have a long-lasting effect

on the molecular clockwork in the SCN and on neurobehavioural dis-

orders (77). In rats, Varcoe and colleagues exposed dams to chronic

phase shifts (CPS) in their photoperiod every 3–4 days throughout

gestation and the first week after birth. The offspring of CPS rats dis-

played poor glucose tolerance and increased insulin secretion in

response to an i.p. glucose tolerance test (78). Interestingly, this was

also associated with increased anxiety in the CPS rat, supporting an

influence of circadian disruption on deep brain structures involved in

depression, including the hippocampus (78). Further experiments in

murine models include a recent report using mice subjected to

repeated shifting of the LD cycle, which showed both increased non-

productive mating and decreased term pregnancies (79).

We recently characterised the foetal rat adrenal gland as a

strong peripheral clock entrained by maternal melatonin (80). In

further experiments, exposure of pregnant rats to LL (along the sec-

ond half of gestation) induced intrauterine growth retardation, as

well as changes in the relative expression of clockwork and steroi-

dogenic genes and a reduced content of corticosterone (which in

turn did not have a circadian rhythm) in the foetal adrenal, with

no change in maternal plasma corticosterone (81). On the other

hand, in the LD foetal rat hippocampus, we found oscillatory

expression of different clock and clock-controlled genes, which was

suppressed under LL conditions. Strikingly, we also found a signifi-

cant spatial memory deficit in adult offspring that had been ges-

tated under LL conditions (82). Of note, all these changes were

reversed when the LL mother received melatonin during the subjec-

tive night, supporting the idea that the maternal plasma melatonin

rhythm may drive the foetal circadian system (81,82).

We compared the LL and LD foetal heart using a microarray-

based functional genomics approach (83). Differential expression

was found for 383 transcripts in the LL foetal heart; with 42 dis-

playing a ≥ 1.5-fold change in expression. Deregulation of several

markers of cardiovascular disease may contribute to the observed

alteration of diverse gene networks in the LL foetal heart, including

local steroidogenesis, vascular calcification, cardiac hypertrophy,

stenosis and necrosis/cell death. Indeed, gestational chronodisrup-

tion markedly inhibited the transcription not only of enzymes

involved in cardiac steroid hormone synthesis (Hsd3b1, Cyp21a1,

Star, Cyp11a1 and Cyp11b1), but also of vascular calcification-

related genes (Gas6 and Mgp). Transcription of several additional

markers of cardiovascular disease was either up-regulated (Mdk,

Cited1 and Slc2a1) or down-regulated (Adra1a and Lrrc10) in the

foetal heart by gestational chronodisruption (83). Integrated analy-

sis of significant pathway enrichment for pathological processes in

the LL foetal heart is shown in Fig. 1. In addition, several gene

ontology categories related to DNA integrity were over-represented

(such as DNA metabolism, function and maintenance), including a

2.1-fold increase of Hmga1 mRNA, which encodes for an abundant

architectural transcription factor. At the epigenetic level, microRNA

analysis revealed up-regulation of miRNAs 218-1 and 501 and con-

current down-regulation of their validated target genes (83).

Among them, the nuclear factor, interleukin 3 regulated (Nfil3) gene

appears to be under the negative control of both miRNA 218-1 and

miRNA 501. Nfil3 is a transcription factor that binds to the pro-

moter region of interleukin-3. Regarding the remaining transcripts

potentially targeted for degradation by increased miRNA 218-1

under gestational chronodisruption, Sarcalumenin (Srl) and Xin

repeat-containing protein 2 (Xirp2 or Xinb) have been reported as

being relevant for cardiac development and function (83).

The alteration in the transcription level of several disease markers

in the foetal heart subjected to chronodisruption prompted us to

examine any long-term effect on cardiomyocyte or whole heart

morphology. In 90-day-old rats that had been gestated under con-

stant light, we observed an altered left ventricle phenotype, as

defined by an increased cardiomyocyte nuclear and cell diameter, as

well as increased wall thickness, accompanied by a reduced cavity

area (83). Next, we investigated whether the early onset of altered
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transcription of cardiovascular disease markers may persist into

adulthood for 10 selected transcripts in the LL versus LD heart of

foetal and adult offspring. A lasting and significant alteration was

found only for Kcnip2 mRNA, which was decreased at both develop-

mental stages. KCNIP2 is a calcium-binding protein acting as a sub-

unit of the voltage gated potassium Kv4 channel complex, which is

crucial for the conduction system to regulate calcium-dependent A-

type currents. This result is particularly relevant given that studies in

humans and mice have linked mutation of the Kcnip2 gene with ar-

rhythmogenesis and heart failure. Moreover, there is solid evidence

accounting for a significant decrease of Kcnip2 gene expression in

hypertrophy, particularly in the left ventricle wall (83).

In conclusion, recent findings in murine models of gestational

chronodisruption indicate persistent metabolic, cognitive and car-

diovascular alterations in the adult offspring. These results support

epidemiological data obtained in humans, suggesting that circadian

misalignment during gestation may have detrimental consequences

for pregnancy outcome. Collectively, these data raise challenging

questions about the consequences of shift work during pregnancy.

Chronodisruption and fertility: a role for the timing
system in reproductive pathophysiology

In mammals, reproductive physiology and metabolism are both

directly and indirectly regulated by the circadian timing system

(2,3,84). Circadian disruption as a result of chronic sleep distur-

bances, shift-work or persistent transmeridian travel (jet-lag) can

produce irregular menstrual cycles in women (85). Furthermore,

genetic or environmental manipulations that alter or abolish clock

function have significant negative impacts on both fertility and

metabolic homeostasis (2,78,86,87). Central circadian pacemakers,

including the SCN, play established and well-described roles in

female reproductive physiology (88–90). Recently, cellular clocks

outside the brain, including those in the pituitary gland, oviduct,

uterine and ovarian cells, have been implicated in reproductive

function (91). It has been suggested that the clock in the ovary

may play a significant role in the timing of ovulation, steroid hor-

mone synthesis and follicular maturation (92–95). Furthermore,

clocks in the female reproductive tract have been implicated in the

processes of embryo maturation, implantation and parturition (96–

101). Together, these data suggest that circadian clock function at

the cellular level appears to be critical for normal reproductive

physiology.

Fertility disorders represent a considerable health issue world-

wide, with fertility rates dropping by almost 45% in the USA alone

in the past 40 years (102,103). Although some of this decline in

fertility can be related to socioeconomic factors, the impacts of

environmental contaminants and metabolic disease are considerable

(102–106). Early developmental exposure to steroid-mimetic endo-

crine disrupting compounds (e.g. bisphenol A), maternal obesity and

endocrinopathies such as polycystic ovary syndrome (PCOS) have

been linked to infertility and adverse metabolic function (107–109).

PCOS is particularly common and devastating, affecting approxi-

mately 10% of unselected women during their childbearing years

(110). Despite the frequency of diagnosis and the intense focus of

scientific research, the aetiology of the disease remains largely

unknown (111). The primary symptoms of the disease include

abnormal ovarian physiology, specifically anovulation and a poly-

cystic ovarian morphology (112,113). The disease is often co-morbid

with a metabolic syndrome characterised by hyperinsulinaemia,

obesity, and an increased risk of type-2 diabetes and cardiovascular

disease (112–114). Developmental programming as a result of

excess androgen exposure in utero is considered to be a significant

factor (114–116). In several animal models, prenatal androgenisa-

tion produces a PCOS phenotype in adult female offspring

(106,117). Much of the reproductive dysfunction of PCOS, from

altered gonadotrophin secretion to anovulation, has been directly or

indirectly linked to excess foetal or pubertal androgen (118–120).

It is widely considered that synchronisation among central and

peripheral oscillators (e.g. SCN, ovary, liver, etc.) is a fundamental

property of physiological homeostasis (11). Thus, internal circadian

organisation is broadly defined as the coordinated and synchronised

timing of central and peripheral clocks, as well as the timing of

each tissue clock relative to the environment (Fig. 2A, top). A

decline in internal circadian organisation, coincident with, and

potentially caused by chronodisruption (as seen during chronic jet-

lag, rotating shift-work and non-24-h entrainment), can lead to

health issues, including pre-diabetes, cancer and cardiovascular dis-

ease (121–124). Although chronodisruption is most commonly asso-

ciated with nonstandard lighting conditions and altered sleep–wake

Threshold

Cardiac pulmonary embolism

Cardiac hypertrophy

Cardiac stenosis

Cardiac necrosis/cell death

Cardiac arrythmia

Cardiac damage

Cardiac degeneration

Cardiac enlargement

Tachycardia

0 1

–Log (P-value)

2 3

Fig. 1. Impact of gestational chronodisruption on foetal cardiac genomics.

Identification of over-represented pathways by functional genomics analysis

of foetal rat heart gestated under constant light (LL) relative to control pho-

toperiod (LD). RNA isolated from foetal heart at 18 days of gestation was

subjected to microarray analysis (Affymetrix platform for 28 000 genes; Af-

fymetrix, Santa Clara, CA, USA). Significant differential expression was found

for 383 transcripts in LL relative to LD foetal heart (for details, see text).

Integrated transcriptional changes were assessed using INGENUITY PATHWAY

ANALYSIS (IPA) software (Qiagen, Valencia, CA, USA). IPA was set to pinpoint

pathological processes predictably affected by the interaction of the whole

set of differentially expressed genes in the foetal rat heart subjected to the

LL condition. The threshold (blue) line indicates P = 0.05. A similar set of

results was reported by Galdames et al. (83).
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cycles (e.g. shift-work), other factors may have an equally dramatic

impact upon internal circadian organisation (125). We have deter-

mined that exposure to excess androgen (hyperandrogenaemia)

during foetal development [prenatal androgenisation (PNA)] disrupts

reproductive function and causes a considerable decline in internal

circadian organisation (Fig. 2B). Developmental programming by

excess androgen alters reproductive function and metabolism in

adult female offspring, producing a rodent model of the PCOS

(117). Measurement of peak PERIOD2::LUCIFERASE expression in the

SCN and peripheral tissues from PNA transgenic mice reveals a sig-

nificantly reduced phase synchrony among peripheral oscillators,

with the most pronounced effects apparent in tissues of the hypo-

thalamic-pituitary-ovarian (HPO) axis and the liver. The reduction in

phase-coherence among oscillators is striking given that these mice

remained under a standard 12 : 12 h light/dark cycle and appear

to have completely normal SCN phase (Fig. 2B). The observed

decline in circadian organisation is quite similar to the established

effect of SCN lesions on internal circadian organisation (126). This

is notable because it was recently shown that lesions of the SCN

produce insulin resistance and metabolic disease in mice, a meta-

bolic phenotype similar to that of PCOS animals (127). Although

the number of explants in the control group is smaller, relative to

the PNA mice, we failed to detect a single tissue from control mice

peaking more than 4–5 h away from the mean phase. This is in

dramatic contrast to PNA mice, in which we see several tissues

peaking during the relative day, in some cases 8–12 h out of phase

Control

SCN

WAT

Oviduct

Follicle

Pituitary

Cornea

Lung

Liver

0

PNA

4 8 12 16 20 24

Relative ZT (h)

Relative ZT (h)

Kidney

SCN

WAT

Oviduct

Follicle

Pituitary

Lung

Liver

0
06.00 h06.00 h 18.00 h

4 8 12 16 20 24 4

Kidney

Normal internal circadian organization

Internal circadian disruption

(A) (B)

Fig. 2. Chronodisruption and fertility: impact of androgen-dependent developmental programming on the circadian timing system. (A) Synchronisation among

central and peripheral oscillators [e.g. suprachiasmatic nucleus (SCN), ovary] is a fundamental property of physiological homeostasis. Coordination of gene

expression and cellular physiology among oscillators and phase synchrony between oscillators and the environment (e.g. entrainment) are critical features of

internal circadian organisation. (B) In control animals, phase synchrony among central and peripheral oscillators of both the hypothalamic-pituitary-ovarian

and metabolic axes is robust and cohesive (n = 2–5 explants/tissue). After prenatal androgenisation, phase distribution within several tissues, including follicles

and liver, increases dramatically, resulting in considerable internal circadian disruption (n = 8–12 explants/tissue). This decline in circadian organisation is coin-

cident with abnormal reproductive cycles, a hallmark of polycystic ovary syndrome. (B) Each symbol represents a tissue from a different animal and tissues

from the same animal are connected by a solid line. The peak phase of PER2::LUC expression is plotted as a function of ‘relative Zeitgeber Time (ZT)’ where

ZT0 = the time of lights on for the animal before euthanasia. The 12-h dark phase is shaded in grey. PNA, prenatal androgenisation; WAT, white adipose tissue.
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with other tissues from the same animal. This result is parallel to

our finding in rats exposed to excess androgen during late adoles-

cence and puberty (125). It is also worth noting that the impact of

PNA on internal circadian organisation is not ubiquitous and may

correlate with the degree of hyperandrogaemia, metabolic disease

and/or reproductive dysfunction in each animal. It will be critical to

establish the strength of correlation between the severity of disease

progression and the degree of internal circadian disorganisation.

Nonetheless, these data suggest a direct influence of androgen

on target oscillators in the HPO axis and/or disruption of the sys-

temic cues needed to mediate adequate synchronisation among

peripheral oscillators (30). How might androgens influence the tim-

ing of the circadian clock? There is considerable evidence linking

androgen signalling to circadian clock function in mammals. Andro-

gens affect circadian rhythms of locomotor activity (128–132) and

can directly affect clock gene expression in prostate cancer cells

(133). These data reveal that PER1 interacts with the androgen

receptor (AR), PER1 expression is altered by androgen exposure and

PER1 directly suppresses the transactivation of AR gene expression

(133). Our preliminary data suggest that androgen may alter the

period of the clock in target tissues, such as the ovarian granulosa

cell, in a tissue-dependent manner. Although the site of the effects

of androgen is unclear, the fact that androgens can alter the timing

of the clock in multiple cell types and under various conditions

suggests that developmental programming by androgen may medi-

ate its affects in part by its impact upon the circadian timing sys-

tem. A more comprehensive and focused examination of the

interaction between androgen signalling and the clock, particularly

as it relates to diseases of androgen excess, will provide additional

insights and perhaps lead to new therapeutic targets for the treat-

ment of common fertility disorders such as PCOS.

Summary and conclusions

The circadian timing system is a complex and integral regulator of

physiological homeostasis, particularly in the endocrine and neuro-

endocrine systems. The timing system is evolutionarily conserved,

with distinct mechanisms of parallel function across phylum. In

mammals, the central pacemaker in the SCN receives direct retinal

input and synchronises or entrains central and peripheral clocks to

the external environment. The means of this synchronisation are

multifaceted and integrative; incorporating both hormonal (e.g.

glucocorticoids, melatonin) and neural cues (e.g. sympathetic

nerves). Disruption of temporal order within the circadian system,

or chronodisruption, as a result of abrupt and/or chronic changes

in lighting condition (i.e. shiftwork, jet-lag) can have devastating

impacts on physiology. Chronodisruption is associated with an

increased risk of cancer, metabolic, cardiovascular and mental dis-

ease. As an output of the central clock, melatonin is a potent chro-

nobiotic that modulates a number of physiological functions,

including energy metabolism. A decline or even absence of normal

melatonin secretion as a result of ‘light at night’ and/or shift work

schedules is a salient feature of chronodisruption. Chronodisruption

during pregnancy has considerable effect on gene expression (both

clock and clock-controlled genes) with negative consequences for

the life of the progeny, including persistent metabolic, cognitive

and cardiovascular dysfunction. Although aberrant light exposure

(e.g. light at night) is the most established and well-characterised

form of chronodisruption, other environmental influences can also

produce circadian disruption. As an example, steroid hormone-

dependent developmental programming produces a polycystic ovary

and reduces fertility with a parallel decline in internal circadian

organisation. Thus, chronodisruption may be a common feature of

fertility and metabolic diseases arising from foetal exposure to dis-

ruptive lighting conditions or an irregular hormonal milieu. Life in a

24/7 society together with the evidence discussed in the present

review emphasises that there is the need for a continued and pro-

found discussion regarding chronodisruption and its consequences

for human health.

Acknowledgements

This work was supported by grants 1110220 from FONDECYT and

ACT1116 from CONICYT, Chile (to HGR); Fundac�~ao de Amparo a

Pesquisa do Estado de S~ao Paulo (FAPESP) and Conselho Nacional

de Desenvolvimento Tecnol�ogico e Cient�ıfico (CNPq; Brazil, to AMC,

FGA and JCN); Pro-Reitoria de Pesquisa Universidade Federal de

Minas Gerais, Brazil (to MOP); fellowship 21120472 from CONICYT

(Chile) to (NM) and an NIEHS sponsored Pilot Grant from the

Department of Environmental Medicine at the University of Roche-

ster School of Medicine to MTS.

Received 6 November 2013,

revised 19 February 2014,

accepted 6 March 2014

References

1 Pittendrigh CS. Temporal organization: reflections of a Darwinian

clock-watcher. Annu Rev Physiol 1993; 55:16.

2 Bass J, Takahashi JS. Circadian integration of metabolism and energet-

ics. Science 2010; 330: 1349–1354.

3 Huang W, Ramsey KM, Marcheva B, Bass J. Circadian rhythms, sleep,

and metabolism. J Clin Invest 2011; 121: 2133–2141.

4 Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E, Lapo-

sky A, Losee-Olson S, Easton A, Jensen DR, Eckel RH, Takahashi JS,

Bass J. Obesity and metabolic syndrome in circadian Clock mutant

mice. Science 2005; 308: 1043–1045.

5 Hall JC, Rosbash M. Mutations and molecules influencing biological

rhythms. Annu Rev Neurosci 1988; 11: 373–393.

6 Konopka RJ, Benzer S. Clock mutants of Drosophila melanogaster. Proc

Natl Acad Sci USA 1971; 68: 2112.

7 Ralph MR, Menaker M. A mutation of the circadian system in golden

hamsters. Science 1988; 241: 1225.

8 Kobayashi Y, Ishikawa T, Hirayama J, Daiyasu H, Kanai S, Toh H, Fuku-

da I, Tsujimura T, Terada N, Kamei Y, Yuba S, Iwai S, Todo T. Molecular

analysis of zebrafish photolyase/cryptochrome family: two types of

cryptochromes present in zebrafish. Genes Cells 2000; 5: 725–738.

9 Dibner C, Schibler U, Albrecht U. The mammalian circadian timing sys-

tem: organization and coordination of central and peripheral clocks.

Annu Rev Physiol 2010; 72: 517–549.

10 Albrecht U. Timing to perfection: the biology of central and peripheral

circadian clocks. Neuron 2012; 74: 246–260.

© 2014 British Society for NeuroendocrinologyJournal of Neuroendocrinology, 2014, 26, 603–612

Chronodisruption and the circadian timing system 609



11 Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian

clocks in mammals. Annu Rev Neurosci 2012; 35: 445–462.

12 Yagita K, Yamaguchi S, Tamanini F, van Der Horst GT, Hoeijmakers JH,

Yasui A, Loros JJ, Dunlap JC, Okamura H. Dimerization and nuclear

entry of mPER proteins in mammalian cells. Genes Dev 2000; 14:

1353–1363.

13 Young MW, Kay SA. Time zones: a comparative genetics of circadian

clocks. Nat Rev Genet 2001; 2: 702.

14 Okamura H, Yamaguchi S, Yagita K. Molecular machinery of the circa-

dian clock in mammals. Cell Tissue Res 2002; 309: 47–56.

15 Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht

U, Schibler U. The orphan nuclear receptor REV-ERBalpha controls cir-

cadian transcription within the positive limb of the mammalian circa-

dian oscillator. Cell 2002; 110: 251.

16 Albrecht U, Eichele G. The mammalian circadian clock. Curr Opin Genet

Dev 2003; 13: 271–277.

17 Hastings MH. Neuroendocrine rhythms. Pharmacol Ther 1991; 50: 35.

18 Zordan M, Costa R, Fukuhara C, Tosini G. The molecular biology of

the mammalian circadian clock. Chronobiology International 2000; 4:

433–51.

19 Bruce VG, Weight F, Pittendrigh CS. Resetting the sporulation rhythm

in Pilobolus with short light flashes of high intensity. Science 1960;

131: 728–730.

20 Shen WL, Kwon Y, Adegbola AA, Luo J, Chess A, Montell C. Function of

rhodopsin in temperature discrimination in Drosophila. Science 2011;

331: 1333–1336.

21 Menaker M, Moreira LF, Tosini G. Evolution of circadian organization in

vertebrates. Braz J Med Biol Res 1997; 30: 305–313.

22 Menaker M, Roberts R, Elliott J, Underwood H. Extraretinal light per-

ception in the sparrow. 3. The eyes do not participate in photoperiodic

photoreception. Proc Natl Acad Sci USA 1970; 67: 320–325.

23 Foster RG, Provencio I, Hudson D, Fiske S, De Grip W, Menaker M. Cir-

cadian photoreception in the retinally degenerate mouse (rd/rd). J

Comp Physiol A 1991; 169: 39–50.

24 Provencio I, Rollag MD, Castrucci AM. Photoreceptive net in the mam-

malian retina. This mesh of cells may explain how some blind mice

can still tell day from night. Nature 2002; 415: 493.

25 Berson DM, Dunn FA, Takao M. Phototransduction by retinal ganglion

cells that set the circadian clock. Science 2002; 295: 1070–1073.

26 Provencio I, Jiang G, De Grip WJ, Hayes WP, Rollag MD. Melanopsin:

an opsin in melanophores, brain, and eye. Proc Natl Acad Sci USA

1998; 95: 340–345.

27 Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF, Rollag MD. A

novel human opsin in the inner retina. J Neurosci 2000; 20: 600–605.

28 Panda S, Sato TK, Castrucci AM, Rollag MD, DeGrip WJ, Hogenesch JB,

Provencio I, Kay SA. Melanopsin (Opn4) requirement for normal light-

induced circadian phase shifting. Science 2002; 298: 2213.

29 Panda S, Provencio I, Tu DC, Pires SS, Rollag MD, Castrucci AM, Plet-

cher MT, Sato TK, Wiltshire T, Andahazy M, Kay SA, Van Gelder RN,

Hogenesch JB. Melanopsin is required for non-image-forming photic

responses in blind mice. Science 2003; 301: 525–527.

30 Menaker M, Murphy ZC, Sellix MT. Central control of peripheral circa-

dian oscillators. Curr Opin Neurobiol 2013; 23: 741–746.

31 Plautz JD, Kaneko M, Hall JC, Kay SA. Independent photoreceptive cir-

cadian clocks throughout Drosophila. Science 1997; 278: 1632–1635.

32 Aschoff J, Wever R. Human circadian rhythms: a multioscillatory sys-

tem. Fed Proc 1976; 35: 236–32.

33 Yamazaki S, Numano R, Abe M, Hida A, Takahashi R, Ueda M, Block

GD, Sakaki Y, Menaker M, Tei H. Resetting central and peripheral circa-

dian oscillators in transgenic rats. Science 2000; 288: 682.

34 Yoo SH, Yamazaki S, Lowrey PL, Shimomura K, Ko CH, Buhr ED, Siepka

SM, Hong HK, Oh WJ, Yoo OJ, Menaker M, Takahashi JS. PERIOD2:

LUCIFERASE real-time reporting of circadian dynamics reveals persis-

tent circadian oscillations in mouse peripheral tissues. Proc Natl Acad

Sci USA 2004; 101: 5339.

35 Balsalobre A. Clock genes in mammalian peripheral tissues. Cell Tissue

Res 2002; 309: 193–199.

36 Welsh DK, Yoo SH, Liu AC, Takahashi JS, Kay SA. Bioluminescence

imaging of individual fibroblasts reveals persistent, independently

phased circadian rhythms of clock gene expression. Curr Biol 2004;

14: 2289–2295.

37 Bluhm AP, Obeid NN, Castrucci AM, Visconti MA. The expression of

melanopsin and clock genes in Xenopus laevis melanophores and their

modulation by melatonin. Braz J Med Biol Res 2012; 45: 730–736.

38 Farhat FP, Martins CB, De Lima LH, Isoldi MC, Castrucci AM. Melanop-

sin and clock genes: regulation by light and endothelin in the zebrafish

ZEM-2S cell line. Chronobiol Int 2009; 26: 1090–1119.

39 de Lima LH, dos Santos KP, de Lauro Castrucci AM. Clock genes, mela-

nopsins, melatonin, and dopamine key enzymes and their modulation

by light and glutamate in chicken embryonic retinal cells. Chronobiol

Int. 2011; 28: 89–100.

40 Whitmore D, Foulkes NS, Strahle U, Sassone-Corsi P. Zebrafish Clock

rhythmic expression reveals independent peripheral circadian oscilla-

tors. Nat Neurosci 1998; 1: 701–707.

41 Guo H, Brewer JM, Lehman MN, Bittman EL. Suprachiasmatic regula-

tion of circadian rhythms of gene expression in hamster peripheral

organs: effects of transplanting the pacemaker. J Neurosci 2006; 26:

6406–6412.

42 LeSauter J, Lehman MN, Silver R. Restoration of circadian rhythmicity

by transplants of SCN ‘micropunches’. J Biol Rhythms 1996; 11: 163.

43 Sujino M, Masumoto KH, Yamaguchi S, van der Horst GT, Okamura H,

Inouye ST. Suprachiasmatic nucleus grafts restore circadian behavioral

rhythms of genetically arrhythmic mice. Curr Biol 2003; 13: 664–668.

44 McDearmon EL, Patel KN, Ko CH, Walisser JA, Schook AC, Chong JL,

Wilsbacher LD, Song EJ, Hong HK, Bradfield CA, Takahashi JS. Dissect-

ing the functions of the mammalian clock protein BMAL1 by tissue-

specific rescue in mice. Science 2006; 314: 1304–1308.

45 Pando MP, Morse D, Cermakian N, Sassone-Corsi P. Phenotypic rescue

of a peripheral clock genetic defect via SCN hierarchical dominance.

Cell 2002; 110: 107.

46 Davidson AJ, Yamazaki S, Menaker M. SCN: ringmaster of the circadian

circus or conductor of the circadian orchestra? Novartis Found Symp.

2003; 253: 110–121; discussion 21–5, 281–4.

47 Bartell PA, Miranda-Anaya M, Menaker M. Period and phase control in

a multioscillatory circadian system (Iguana iguana). J Biol Rhythms

2004; 19: 47–57.

48 Davidson AJ, London B, Block GD, Menaker M. Cardiovascular tissues

contain independent circadian clocks. Clin Exp Hypertens 2005; 27:

307–311.

49 Kornmann B, Schaad O, Reinke H, Saini C, Schibler U. Regulation of

circadian gene expression in liver by systemic signals and hepatocyte

oscillators. Cold Spring Harb Symp Quant Biol 2007; 72: 319–330.

50 Kornmann B, Schaad O, Bujard H, Takahashi JS, Schibler U. System-dri-

ven and oscillator-dependent circadian transcription in mice with a

conditionally active liver clock. PLoS Biol 2007; 5: e34.

51 Balsalobre A, Damiola F, Schibler U. A serum shock induces circadian

gene expression in mammalian tissue culture cells. Cell 1998; 93: 929.

52 Carr AJ, Whitmore D. Imaging of single light-responsive clock cells

reveals fluctuating free-running periods. Nat Cell Biol 2005; 7: 319–321.

53 Reiter RJ. The pineal gland: an intermediary between the environment

and the endocrine system. Psychoneuroendocrinology 1983; 8: 31–40.

54 Campos LA, Cipolla-Neto J, Amaral FG, Michelini LC, Bader M, Baltatu

OC. The angiotensin–melatonin axis. Int J Hypertens 2013; 2013:

521783.

© 2014 British Society for Neuroendocrinology Journal of Neuroendocrinology, 2014, 26, 603–612

610 F.G. Amaral et al.



55 Wolden-Hanson T, Mitton DR, McCants RL, Yellon SM, Wilkinson CW,

Matsumoto AM, Rasmussen DD. Daily melatonin administration to

middle-aged male rats suppresses body weight, intraabdominal adipos-

ity, and plasma leptin and insulin independent of food intake and total

body fat. Endocrinology 2000; 141: 487–497.

56 Zanuto R, Siqueira-Filho MA, Caperuto LC, Bacurau RF, Hirata E, Pelic-

iari-Garcia RA, do Amaral FG, Marcal AC, Ribeiro LM, Camporez JP,

Carpinelli AR, Bordin S, Cipolla-Neto J, Carvalho CR. Melatonin

improves insulin sensitivity independently of weight loss in old obese

rats. J Pineal Res. 2013; 55: 156–65.

57 Mendes C, Lopes AM, do Amaral FG, Peliciari-Garcia RA, Turati Ade O,

Hirabara SM, Scialfa Falcao JH, Cipolla-Neto J. Adaptations of the

aging animal to exercise: role of daily supplementation with melatonin.

J Pineal Res. 2013; 55: 229–39.

58 Tan DX, Manchester LC, Fuentes-Broto L, Paredes SD, Reiter RJ. Signifi-

cance and application of melatonin in the regulation of brown adipose

tissue metabolism: relation to human obesity. Obes Rev 2011; 12:

167–188.

59 Anhe GF, Caperuto LC, Pereira-Da-Silva M, Souza LC, Hirata AE, Velloso

LA, Cipolla-Neto J, Carvalho CR. In vivo activation of insulin receptor

tyrosine kinase by melatonin in the rat hypothalamus. J Neurochem

2004; 90: 559–566.

60 Lima FB, Machado UF, Bartol I, Seraphim PM, Sumida DH, Moraes SM,

Hell NS, Okamoto MM, Saad MJ, Carvalho CR, Cipolla-Neto J. Pinealec-

tomy causes glucose intolerance and decreases adipose cell responsive-

ness to insulin in rats. Am J Physiol 1998; 275: E934–E941.

61 Zanquetta MM, Seraphim PM, Sumida DH, Cipolla-Neto J, Machado UF.

Calorie restriction reduces pinealectomy-induced insulin resistance by

improving GLUT4 gene expression and its translocation to the plasma

membrane. J Pineal Res 2003; 35: 141–148.

62 Nogueira TC, Lellis-Santos C, Jesus DS, Taneda M, Rodrigues SC, Amaral

FG, Lopes AM, Cipolla-Neto J, Bordin S, Anhe GF. Absence of melatonin

induces night-time hepatic insulin resistance and increased gluconeo-

genesis due to stimulation of nocturnal unfolded protein response.

Endocrinology 2011; 152: 1253–1263.

63 Kivimaki M, Batty GD, Hublin C. Shift work as a risk factor for future

type 2 diabetes: evidence, mechanisms, implications, and future

research directions. PLoS Med 2011; 8: e1001138.

64 Erren TC, Reiter RJ, Piekarski C. Light, timing of biological rhythms, and

chronodisruption in man. Naturwissenschaften 2003; 90: 485–494.

65 Richter HG, Torres-Farfan C, Rojas-Garcia PP, Campino C, Torrealba F,

Seron-Ferre M. The circadian timing system: making sense of day/night

gene expression. Biol Res 2004; 37: 11–28.

66 Erren TC, Reiter RJ. Light hygiene: time to make preventive use of

insights–old and new–into the nexus of the drug light, melatonin,

clocks, chronodisruption and public health. Med Hypotheses 2009; 73:

537–541.

67 Pan A, Schernhammer ES, Sun Q, Hu FB. Rotating night shift work and

risk of type 2 diabetes: two prospective cohort studies in women. PLoS

Med 2011; 8: e1001141.

68 Gamble KL, Motsinger-Reif AA, Hida A, Borsetti HM, Servick SV,

Ciarleglio CM, Robbins S, Hicks J, Carver K, Hamilton N, Wells N, Sum-

mar ML, McMahon DG, Johnson CH. Shift work in nurses: contribution

of phenotypes and genotypes to adaptation. PLoS ONE 2011; 6:

e18395.

69 Garaulet M, Madrid JA. Chronobiological aspects of nutrition, metabolic

syndrome and obesity. Adv Drug Deliv Rev 2010; 62: 967–978.

70 Wyse CA, Selman C, Page MM, Coogan AN, Hazlerigg DG. Circadian de-

synchrony and metabolic dysfunction; did light pollution make us fat?

Med Hypotheses 2011; 77: 1139–1144.

71 Knutsson A. Health disorders of shift workers. Occup Med (Lond) 2003;

53: 103–108.

72 Croteau A, Marcoux S, Brisson C. Work activity in pregnancy, preven-

tive measures, and the risk of delivering a small-for-gestational-age

infant. Am J Public Health 2006; 96: 846–855.

73 Abeysena C, Jayawardana P, De ASR. Maternal sleep deprivation is a

risk factor for small for gestational age: a cohort study. Aust N Z J

Obstet Gynaecol 2009; 49: 382–387.

74 Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero

and early-life conditions on adult health and disease. N Engl J Med

2008; 359: 61–73.

75 Seron-Ferre M, Forcelledo ML, Torres-Farfan C, Valenzuela FJ, Rojas A,

Vergara M, Rojas-Garcia PP, Recabarren MP, Valenzuela GJ. Impact of

chronodisruption during primate pregnancy on the maternal and new-

born temperature rhythms. PLoS ONE 2013; 8: e57710.

76 Seron-Ferre M, Mendez N, Abarzua-Catalan L, Vilches N, Valenzuela FJ,

Reynolds HE, Llanos AJ, Rojas A, Valenzuela GJ, Torres-Farfan C. Circa-

dian rhythms in the fetus. Mol Cell Endocrinol 2011; 349: 68–75.

77 Ciarleglio CM, Axley JC, Strauss BR, Gamble KL, McMahon DG. Perinatal

photoperiod imprints the circadian clock. Nat Neurosci 2010; 14: 25–

27.

78 Varcoe TJ, Wight N, Voultsios A, Salkeld MD, Kennaway DJ. Chronic

phase shifts of the photoperiod throughout pregnancy programs glu-

cose intolerance and insulin resistance in the rat. PLoS ONE 2011; 6:

e18504.

79 Summa KC, Vitaterna MH, Turek FW. Environmental perturbation of the

circadian clock disrupts pregnancy in the mouse. PLoS ONE 2012; 7:

e37668.

80 Torres-Farfan C, Mendez N, Abarzua-Catalan L, Vilches N, Valenzuela

GJ, Seron-Ferre M. A circadian clock entrained by melatonin is ticking

in the rat fetal adrenal. Endocrinology 2011; 152: 1891–1900.

81 Mendez N, Abarzua-Catalan L, Vilches N, Galdames HA, Spichiger C,

Richter HG, Valenzuela GJ, Seron-Ferre M, Torres-Farfan C. Timed

maternal melatonin treatment reverses circadian disruption of the fetal

adrenal clock imposed by exposure to constant light. PLoS ONE 2012;

7: e42713.

82 Vilches NSC, Mendez N, Abarzua-Catalan L, Galdames HA, Hazlerigg

DG, Richter HG, Torres-Farfan C. Gestational chronodisruption impairs

hippocampal expression of NMDA receptor subunits Grin1b/Grin3a and

spatial memory in the adult offspring. PLoS ONE. 2014; in press.

83 Galdames HAT-FC, Spichiger C, Mendez N, Abarzua-Catalan L, Alonso-

Vazquez P, Richter HG. Impact of gestational chronodisruption on fetal

cardiac genomics. J Mol Cell Cardiol 2013; 66: 1–11.

84 Kennaway DJ, Boden MJ, Varcoe TJ. Circadian rhythms and fertility.

Mol Cell Endocrinol 2012; 349: 56–61.

85 Mahoney MM. Shift work, jet lag, and female reproduction. Int J Endo-

crinol 2010; 2010: 813764.

86 Kennaway DJ. The role of circadian rhythmicity in reproduction. Hum

Reprod Update 2005; 11: 91.

87 Arble DM, Ramsey KM, Bass J, Turek FW. Circadian disruption and met-

abolic disease: findings from animal models. Best Pract Res Clin Endo-

crinol Metab 2010; 24: 785–800.

88 de la Iglesia HO, Schwartz WJ. Minireview: timely ovulation: circadian

regulation of the female hypothalamo-pituitary-gonadal axis. Endocri-

nology 2006; 147: 1148–1153.

89 Chappell PE. Clocks and the black box: circadian influences on gonado-

tropin-releasing hormone secretion. J Neuroendocrinol 2005; 17: 119–

130.

90 Tonsfeldt KJ, Chappell PE. Clocks on top: the role of the circadian clock

in the hypothalamic and pituitary regulation of endocrine physiology.

Mol Cell Endocrinol 2012; 349: 3–12.

91 Sellix MT. Clocks underneath: the role of peripheral clocks in the timing

of female reproductive physiology. Front Endocrinol (Lausanne) 2013;

4: 91.

© 2014 British Society for NeuroendocrinologyJournal of Neuroendocrinology, 2014, 26, 603–612

Chronodisruption and the circadian timing system 611



92 Yoshikawa T, Sellix M, Pezuk P, Menaker M. Timing of the ovarian cir-

cadian clock is regulated by gonadotrophins. Endocrinology 2009; 150:

4338–4347.

93 Sellix MT, Yoshikawa T, Menaker M. A circadian egg timer gates ovula-

tion. Curr Biol 2010; 20: R266–R267.

94 Gras S, Georg B, Jorgensen HL, Fahrenkrug J. Expression of the clock

genes Per1 and Bmal1 during follicle development in the rat ovary.

Effects of gonadotropin stimulation and hypophysectomy. Cell Tissue

Res 2012; 350: 539–548.

95 He PJ, Hirata M, Yamauchi N, Hashimoto S, Hattori MA. Gonadotropic

regulation of circadian clockwork in rat granulosa cells. Mol Cell Bio-

chem 2007; 302: 111–118.

96 Ratajczak CK, Boehle KL, Muglia LJ. Impaired steroidogenesis and

implantation failure in Bmal1�/� mice. Endocrinology 2009; 150:

1879–1885.

97 Ratajczak CK, Herzog ED, Muglia LJ. Clock gene expression in gravid

uterus and extra-embryonic tissues during late gestation in the mouse.

Reprod Fertil Dev 2010; 22: 743–750.

98 Ratajczak CK, Asada M, Allen GC, McMahon DG, Muglia LM, Smith D,

Bhattacharyya S, Muglia LJ. Generation of myometrium-specific Bmal1

knockout mice for parturition analysis. Reprod Fertil Dev 2012; 24:

759–767.

99 Akiyama S, Ohta H, Watanabe S, Moriya T, Hariu A, Nakahata N, Chi-

saka H, Matsuda T, Kimura Y, Tsuchiya S, Tei H, Okamura K, Yaegashi

N. The uterus sustains stable biological clock during pregnancy. Tohoku

J Exp Med 2010; 221: 287–298.

100 Kennaway DJ, Varcoe TJ, Mau VJ. Rhythmic expression of clock and

clock-controlled genes in the rat oviduct. Mol Hum Reprod 2003; 9:

503–507.

101 Uchikawa M, Kawamura M, Yamauchi N, Hattori MA. Down-regulation

of circadian clock gene period 2 in uterine endometrial stromal cells of

pregnant rats during decidualization. Chronobiol Int 2011; 28: 1–9.

102 Crain DA, Janssen SJ, Edwards TM, Heindel J, Ho SM, Hunt P, Iguchi T,

Juul A, McLachlan JA, Schwartz J, Skakkebaek N, Soto AM, Swan S,

Walker C, Woodruff TK, Woodruff TJ, Giudice LC, Guillette LJ Jr. Female

reproductive disorders: the roles of endocrine-disrupting compounds

and developmental timing. Fertil Steril 2008; 90: 911–940.

103 Zama AM, Uzumcu M. Epigenetic effects of endocrine-disrupting

chemicals on female reproduction: an ovarian perspective. Front Neu-

roendocrinol 2010; 31: 420–439.

104 Franks S. Genetic and environmental origins of obesity relevant to

reproduction. Reprod Biomed Online 2006; 12: 526–531.

105 Fernandez M, Bourguignon N, Lux-Lantos V, Libertun C. Neonatal expo-

sure to bisphenol a and reproductive and endocrine alterations resem-

bling the polycystic ovarian syndrome in adult rats. Environ Health

Perspect 2010; 118: 1217–1222.

106 Padmanabhan V, Veiga-Lopez A. Developmental origin of reproductive

and metabolic dysfunctions: androgenic versus estrogenic reprogram-

ming. Semin Reprod Med 2011; 29: 173–186.

107 Savabieasfahani M, Kannan K, Astapova O, Evans NP, Padmanabhan

V. Developmental programming: differential effects of prenatal

exposure to bisphenol-A or methoxychlor on reproductive function.

Endocrinology 2006; 147: 5956–5966.

108 Rubin BS. Bisphenol A: an endocrine disruptor with widespread exposure

and multiple effects. J Steroid Biochem Mol Biol 2011; 127: 27–34.

109 Hamilton-Fairley D, Kiddy D, Watson H, Paterson C, Franks S. Associa-

tion of moderate obesity with a poor pregnancy outcome in women

with polycystic ovary syndrome treated with low dose gonadotrophin.

Br J Obstet Gynaecol 1992; 99: 128–131.

110 Franks S, McCarthy MI, Hardy K. Development of polycystic ovary syn-

drome: involvement of genetic and environmental factors. Int J Androl

2006; 29: 278–285; discussion 86–90.

111 Xita N, Tsatsoulis A. Review: fetal programming of polycystic ovary

syndrome by androgen excess: evidence from experimental, clinical,

and genetic association studies. J Clin Endocrinol Metab 2006; 91:

1660–1666.

112 Dunaif A. Insulin resistance and the polycystic ovary syndrome: mecha-

nism and implications for pathogenesis. Endocr Rev 1997; 18: 774–800.

113 Ehrmann DA. Polycystic ovary syndrome. N Engl J Med 2005; 352:

1223–1236.

114 Dumesic DA, Abbott DH, Padmanabhan V. Polycystic ovary syndrome and

its developmental origins. Rev Endocr Metab Disord 2007; 8: 127–141.

115 Padmanabhan V, Manikkam M, Recabarren S, Foster D. Prenatal testos-

terone excess programs reproductive and metabolic dysfunction in the

female. Mol Cell Endocrinol 2006; 246: 165–174.

116 Franks S, Berga SL. Does PCOS have developmental origins? Fertil Steril

2012; 97: 2–6.

117 Walters KA, Allan CM, Handelsman DJ. Rodent models for human poly-

cystic ovary syndrome. Biol Reprod 2012; 86: 149, 1–12.

118 Gilling-Smith C, Story H, Rogers V, Franks S. Evidence for a primary

abnormality of thecal cell steroidogenesis in the polycystic ovary syn-

drome. Clin Endocrinol 1997; 47: 93–99.

119 Franks S. Polycystic ovary syndrome. Arch Dis Child 1997; 77: 89–90.

120 Franks S, Gharani N, Waterworth D, Batty S, White D, Williamson R,

McCarthy M. Genetics of polycystic ovary syndrome. Mol Cell Endocri-

nol 1998; 145: 123–128.

121 Litinski M, Scheer FA, Shea SA. Influence of the circadian system on

disease severity. Sleep Med Clin 2009; 4: 143–163.

122 Ruger M, Scheer FA. Effects of circadian disruption on the cardiometa-

bolic system. Rev Endocr Metab Disord 2009; 10: 245–260.

123 Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and

cardiovascular consequences of circadian misalignment. Proc Natl Acad

Sci USA 2009; 106: 4453–4458.

124 Buxton OM, Cain SW, O’Connor SP, Porter JH, Duffy JF, Wang W,

Czeisler CA, Shea SA. Adverse metabolic consequences in humans of

prolonged sleep restriction combined with circadian disruption. Sci

Transl Med. 2012; 4: 129ra43.

125 Sellix MT, Murphy ZC, Menaker M. Excess androgen during puberty dis-

rupts circadian organization in female rats. Endocrinology 2013; 154:

1636–1647.

126 Pezuk P, Mohawk JA, Yoshikawa T, Sellix MT, Menaker M. Circadian

organization is governed by extra-SCN pacemakers. J Biol Rhythms

2010; 25: 432–441.

127 Coomans CP, van den Berg SA, Lucassen EA, Houben T, Pronk AC, van der

Spek RD, Kalsbeek A, Biermasz NR, Willems van Dijk K, Romijn JA, Meijer

JH. The suprachiasmatic nucleus controls circadian energy metabolism

and hepatic insulin sensitivity. Diabetes 2013; 62:1102–1108.

128 Karatsoreos INWA, Silver R. Androgens Restructure Circadian Behavior

and the Brain Clock. Atlanta, GA: Society for Neuroscience, 2006.

129 Karatsoreos IN, Wang A, Sasanian J, Silver R. A role for androgens in

regulating circadian behavior and the suprachiasmatic nucleus. Endo-

crinology 2007; 148: 5487–5495.

130 Iwahana E, Karatsoreos I, Shibata S, Silver R. Gonadectomy reveals sex

differences in circadian rhythms and suprachiasmatic nucleus andro-

gen receptors in mice. Horm Behav 2008; 53: 422–430.

131 Karatsoreos IN, Butler MP, Lesauter J, Silver R. Androgens modulate

structure and function of the suprachiasmatic nucleus brain clock.

Endocrinology 2011; 152: 1970–1978.

132 Daan S, Damassa D, Pittendrigh CS, Smith ER. An effect of castration

and testosterone replacement on a circadian pacemaker in mice (Mus

musculus). Proc Natl Acad Sci USA 1975; 72: 3744.

133 Cao Q, Gery S, Dashti A, Yin D, Zhou Y, Gu J, Koeffler HP. A role for

the clock gene per1 in prostate cancer. Cancer Res 2009; 69: 7619–

7625.

© 2014 British Society for Neuroendocrinology Journal of Neuroendocrinology, 2014, 26, 603–612

612 F.G. Amaral et al.


