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Chapter 15
Effects of Circadian Disruption on Physiology 
and Pathology: From Bench to Clinic 
(and Back)

Juan J. Chiesa, José M. Duhart, Leandro P. Casiraghi, Natalia Paladino, 
Ivana L. Bussi, and Diego A. Golombek

Abstract Nested within the hypothalamus, the suprachiasmatic nuclei (SCN) 
 represent a central biological clock that regulates daily and circadian (i.e., close to 
24 h) rhythms in mammals. Besides the SCN, a number of peripheral oscillators 
throughout the body control local rhythms and are usually kept in pace by the cen-
tral clock. In order to represent an adaptive value, circadian rhythms must be 
entrained by environmental signals or zeitgebers, the main one being the daily 
light–dark (LD) cycle. The SCN adopt a stable phase relationship with the LD cycle 
that, when challenged, results in abrupt or chronic changes in overt rhythms and, in 
turn, in physiological, behavioral, and metabolic variables. Changes in entrainment, 
both acute and chronic, may have severe consequences in human performance and 
pathological outcome. Indeed, animal models of desynchronization have become a 
useful tool to understand such changes and to evaluate potential treatments in human 
subjects. Here we review a number of alterations in circadian entrainment, including 
jet lag, social jet lag (i.e., desynchronization between body rhythms and normal 
time schedules), shift work, and exposure to nocturnal light, both in human sub-
jects and in laboratory animals. Finally, we focus on the health consequences 
related to circadian/entrainment disorders and propose a number of approaches 
for the management of circadian desynchronization.

15.1  Circadian Entrainment

The circadian clock located in the hypothalamic suprachiasmatic nucleus (SCN) is 
the central oscillator that regulates daily rhythms in mammals. Peripheral oscillators 
coupled to the SCN are synchronized by neural and humoral pathways and are able 
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to achieve stable temporal relationships with the environment. Moreover, internal
temporal order ensures synchronization among the diverse oscillators in the body 
(Mohawk et al. 2012). This means that most, if not all, physiological, behavioral, 
and cognitive variables will be fine-tuned with cyclic environmental resources, in 
order to ultimately optimize metabolic processes and energy use (Menaker 2006). 
Since the period of the circadian clock (τ) spontaneously deviates from 24 h, daily 
synchronization of its oscillation is required for the temporal adjustment of the 
organism with the 24 h light:dark (LD) cycle (i.e., τ = 24 h). Photic information from 
the LD cycle induces daily changes in circadian period and/or phase, either by 
responding to the complete photoperiod and/or to acute light stimulation during the 
light–dark transitions. Indeed, short light exposition (i.e., a light-pulse) during the 
night can either delay or advance the clock during the early or late night, respec-
tively. This “phase-dependent” changes of clock activity configure a phase response 
curve (PRC), which has a similar pattern both for nocturnal and diurnal animals 
(reviewed in Johnson et al. 2003). Under normal conditions, this entrainment 
process (reviewed in Roenneberg et al. 2003) is limited by the amplitude of the PRC. 
Changes in this phase-relationship are environmentally imposed both by abrupt 
LD shifts (e.g., as in jet lag), or by shifting the activity–rest cycle in relation to the 
LD cycle (i.e., as in shift work). Such conflicts lead to a transient desynchroniza-
tion of the circadian clock, which gradually tends to recover its normal phase- 
relationship with the environment. Changes in circadian entrainment may have 
severe consequences in human performance and pathological outcome. Indeed, 
animal models of desynchronization have become a useful tool to understand such 
changes and to evaluate potential treatments in human subjects. In this chapter we 
discuss human and experimental models of entrainment and desynchronization, 
focusing on their effects on health and, ultimately, quality of life for human and 
animal subjects.

15.1.1  Physiology of Entrainment

Most of the individual SCN cells contain autoregulatory transcription–translation
loops that drive circadian oscillations in metabolic and electrical activity (Reppert 
and Weaver 2001). The positive arm protein components, Circadian Locomotor 
Output Cycles Kaput (CLOCK), and brain-muscle aryl hydrocarbon receptor 
nuclear translocator-like one (BMAL1) heterodimerize and bind to E-boxes in the
promoter region of period (per) genes, Cryptochrome (Cry) genes and Rev-Erbα, 
activating their transcription. As PER and CRY proteins accumulate in the cyto-
plasm, they dimerize and translocate to the nucleus where they inhibit the activity 
of CLOCK–BMAL, thus inhibiting their own transcription. At the tissue level, each
bilateral SCN is generally composed of two separate regions with neurons express-
ing different neurotransmitter phenotypes (Antle and Silver 2005; Welsh et al. 
2010). A ventral “core” region receives retinal efferents and is composed of cells
expressing vasoactive intestinal peptide (VIP), calretinin, and gastrin-releasing 
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peptide (GRP), which project densely to a dorsal-medial “shell”-shaped region.
In this shell region most neurons exhibit oscillatory properties and many express argi-
nine–vasopresin peptide (AVP). All SCN neurons also express gamma-aminobutyric
acid (GABA). Although these cellular oscillators exhibit a distribution of periods
when dispersed in culture, they are synchronized in the whole SCN to maintain a 
coherent circadian output, by both chemical (VIP, AVP, and GABA-ergic) and electri-
cal (gap-junctional) synapses, as well as paracrine calcium and nitric oxide signaling 
(Aton and Herzog 2005; Honma et al. 2012; Plano et al. 2010).

Photic stimuli from the environment are transmitted to the ventral region of the 
SCN from intrinsically photoreceptive retinal ganglion cells, through efferents in the 
retinohypothalamic tract, releasing glutamate, substance P, and pituitary adenylyl 
cyclase activating peptide (PACAP) (Golombek and Rosenstein 2010). Phase- 
advancing or delaying light-pulses are differentially transduced in these retinorecipi-
ent neurons. Downstream from the glutamate–NMDA interaction, an intracellular
cascade of second messengers is activated, involving extracellular calcium inflow 
and the sequential increase in the catalytic activity of calmodulin kinase and nitric 
oxide (NO) synthase (increasing NO levels). The pathway then bifurcates and can 
lead to guanilyl-cyclase (increasing cyclic-guanosyl monophosphate, cGMP levels)
and cGMP-dependent protein-kinase (PKG) activation, in the case of light-induced
phase advances (Golombek et al. 2004). NO can also activate both types 1 and 2 
ryanodine channels in the endoplasmic reticulum membrane, leading to an intracel-
lular calcium increase and delaying the phase of the circadian clock (Mercado et al.
2009). In addition, the mitogen-activated protein kinase (MAPKs) pathway is also
activated in response to light, involving cyclic-adenosin monophosphate (cAMP),
cAMP-responding element (CRE), and CRE-binding protein (CREB) (Butcher et al.
2005; Dziema et al. 2003; Obrietan et al. 1999; Pizzio et al. 2003). Transcription fac-
tors (e.g., CREB) are ultimate effectors changing the expression of period 1–2 and 
other clock genes, regulators of circadian phase. Photic resetting is integrated by the 
communication of this molecular change to the whole SCN by neurotransmitter 
release (VIP, GABA, GRP) and paracrine signals (NO) from the ventral to the dorsal
region (Golombek and Rosenstein 2010). Furthermore, the SCN controls overt 
rhythms such as activity–rest, body temperature, feeding, and hormone release by 
both humoral and autonomic neuronal outputs (Li et al. 2012), which can in turn 
synchronize peripheral body clocks. Coordination at both the molecular and sys-
tems level is important for circadian function, as is entrainment to the 24 h environ-
mental and local time (Takahashi et al. 2008). One of the main outputs of the 
circadian system, which is an increasing challenge for life in contemporary society, 
is the sleep–wake cycle.

The circadian system interacts closely with the sleep–wake cycle in order to 
control the levels of alertness and fatigue and sleep architecture, which are deter-
mined by a dual circadian-homeostatic regulation (Borbely and Achermann 1999). 
These two processes interact in such a way that nocturnal sleep onset is strongly 
determined by the circadian clock, while sleep duration depends more on the 
homeostatic demand. The homeostatic sleep drive increases with the duration of 
prior wakefulness, in relation to acute sleep deprivation or chronic short sleep 
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schedules. Higher homeostatic sleep drive results in impaired cognition, increased 
sleepiness, and increased propensity for sleep (Reid et al. 2011). In general, an altered 
sleep–wake rhythm affects the activation of the hypothalamic–pituitary–adrenal 
(HPA) axis, a major neuroendocrine component regulating cardiometabolic responses
and the immune system (Morris et al. 2012a, b). Importantly, these circadian and 
homeostatic processes interact to influence the quality of both wake and sleep.

15.1.2  Entrainment of Peripheral Oscillators

Upon the discovery of the molecular components of the central biological clock, it 
became evident that several tissues and cells outside the SCN could function as 
autonomous circadian oscillators. Indeed, the molecular oscillator of peripheral 
clocks shares most of its components with the one found in SCN cells. Robust cir-
cadian oscillations in clock gene expression has been described in a variety of tis-
sues explants, including liver, lung, kidney, spleen, pancreas, heart, stomach, 
skeletal muscle, cornea, thyroid gland, adrenal gland, esophagus, and thymus 
(Davidson et al. 2009; Dibner et al. 2010), as well as in circulating peripheral blood 
mononuclear cells and peritoneal macrophages (Boivin et al. 2003; Hayashi et al. 
2007). Noteworthy, circadian rhythms in redox status has been described in erythro-
cytes, which lack transcriptional activity, setting the basis for noncanonical circa-
dian clocks in mammalian tissues (O’Neill and Reddy 2011). Besides oscillating 
clock gene expression, several physiological functions in peripheral tissues are 
under circadian control, such as carbohydrate and lipid metabolism in the liver, 
muscle, and adipose tissue (Lamia et al. 2008; Shostak et al. 2013), detoxification 
metabolism in the liver and kidney (Gachon et al. 2006), immune response 
(Scheiermann et al. 2013), and cardiovascular functions (Morris et al. 2012b).

It is generally accepted that in order to maintain phase coherence among the dif-
ferent oscillators throughout the body, and of all these clocks with the light–dark 
cycle, the SCN must orchestrate synchronizing signals to the peripheral “slave” 
oscillators. This can be achieved through indirect pathways such as rhythmic feed-
ing and temperature, which are controlled by the SCN and serve as synchronizing 
cues to peripheral oscillators. Daily feeding seems to be the strongest zeitgeber in 
the liver, kidney, pancreas, and heart, modulating clock gene expression in this tis-
sue. Interestingly, restricted daytime feeding in mice (which feed mostly during the 
dark phase) inverts the rhythm of clock gene expression in peripheral organs 
(Damiola et al. 2000). Similarly, inverted temperature cycles (warm during the 
night, cold during the day) resulted in inverted clock gene expression in the liver, 
while SCN oscillations remained unaltered (Brown et al. 2002).

In addition, the SCN also utilizes direct control pathways, such as neural and 
endocrine signaling, to coordinate circadian timing in peripheral oscillators. 
Hypothalamic–pituitary axis control of adrenal glucocorticoid release is tightly 
controlled by the SCN, resulting in robust plasma corticosterone oscillations. 
Glucocorticoid signaling has been shown to reset circadian timing in peripheral
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tissues, thus transmitting the time cues originating from the SCN (Balsalobre et al. 
2000). In addition, although the SCN does not express glucocorticoid receptors, 
indirect feedback signals might reach the central oscillators, since glucocorticoid 
rhythms have been described to influence photic entrainment, as well as rhythms in 
the expression of the glial-specific protein GFAP in the SCN (Becquet et al. 2008; 
Kiessling et al. 2010; Sage et al. 2004). The SCN can also communicate timing 
signals to peripheral tissues through the autonomic nervous system. The hormone 
melatonin, synthesized and released mainly by the pineal gland, presents clear diur-
nal and circadian rhythms in its synthesis and circulating levels. These rhythms are 
regulated by the SCN through autonomic PVN neurons that project to pre- 
ganglionic neurons in the spinal cord, which in turn project to noradrenergic neu-
rons in the superior cervical ganglion (Golombek 2012). Moreover, besides the
neuroendocrine control of the adrenal cortex by the SCN described above, an 
important neuronal SCN–PVN–sympathetic nervous system–adrenal cortex axis 
also controls corticosterone release by modulating the responsiveness to ACTH
(Buijs et al. 1999). Finally recent work indicates that the circadian control on leuko-
cyte migration is regulated locally by sympathetic nerves, and, although direct par-
ticipation of the SCN in this process has not been proved, rhythms in leukocyte 
trafficking are altered by photic cues, suggesting a central orchestration of these 
rhythms (Scheiermann et al. 2012).

15.2  Alterations in Circadian Entrainment

An entrained sleep–wake pattern will be phase-locked to a diurnal activity–rest
cycle, with predictive circadian functions: a morning increase of corticotrophin and 
cortisol, together with an increase in core body temperature, heart rate, blood pres-
sure, and behavioral activity. Conversely, a decrease in these variables during the 
night is followed by a rise in melatonin, contemporary with minimal core tempera-
ture values. Alterations in normal circadian entrainment and its consequences in
human health underscore the importance of maintaining a strict internal temporal 
order, i.e., the normal 24 h phase-relationships between physiological rhythms 
(Moore-Ede and Sulzman 1981). In general, these alterations are due to (1) the fail-
ure to process the LD cycle information, as in blindness (Skene and Arendt 2007) or 
senescence (Gibson et al. 2009) or (2) the conflict between the circadian phase and 
the LD cycle. This conflict can be originated by:

 (a) Exogenous alterations, which might be achieved by shifting LD cycles with 
respect to the activity–rest cycle (i.e., in jet lag), by shifting the spontaneous 
phase-relationship between the social pressure and endogenous circadian rhyth-
micity (i.e., in “social” jet lag), or by continuously shifting the activity–rest 
cycle with respect to the normal LD (i.e., in shift work)

 (b) Endogenous alterations of the normal phase-relationship, as in genetic  disorders 
of the circadian clock.
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We will focus on both exogenous and endogenous alterations, in real-world 
situations as well as in laboratory experiments. Figure 15.1 depicts several experi-
mental models of circadian desynchronization, while Table 15.1 summarizes the 
effects on health of circadian disruption protocols and clock gene mutations in 
animal models.

15.2.1  Exogenous Disruption of Circadian Rhythms

15.2.1.1  Alterations Related to Human Activities

Jet lag Transmeridian flights produce a mismatch between the circadian timing at 
destination respect to that of the departure location or, in other words, a transient 
desynchronization between internal and external time. Depending upon the time 
zones crossed, travelers might experience an inversion of the LD cycle with respect 
to their normal sleep schedule. This will result in conflictive light information 
appearing at the subjective night, forcing the circadian clock to be gradually re- 
entrained to the new local LD schedule. During the immediate days after arrival, a 
disruption of the sleep–wake pattern is generated, with decreasing alertness and 
increasing fatigue during the day, and even gastrointestinal symptoms (Sack 2009). 
In addition, internal desynchronization between physiological rhythms might per-
sist for several days (Harrington 2010; Sellix et al. 2012). As a general rule, it typi-
cally requires one day to adjust for each time zone crossed, but more days to 
re-entrain are needed when traveling in the Eastward direction. The extent and 
severity of jet lag can be also worsened by age and affected by a host of personal 
and experiential factors (Arendt 2009; Waterhouse et al. 2007). Although jet lag is
a temporary inconvenient for occasional travelers, it can be a health concern for 
frequent travelers as airline workers if flight schedules are not planned considering 
circadian factors, as well as enough time to allow for sleep recovery.

Social Jet lag Humans exhibit large differences in their temporal preferences (i.e., 
the “chronotype”), with extreme morning larks and evening owls and most people 
falling in between these extremes (Roenneberg et al. 2012). However, social sched-
ules impose temporal demands on most individuals without considering their circa-
dian preferred timing. This alteration in the phase-relationship between the activity–rest 
rhythm (synchronized by social zeitgebers) and the sleep–wake rhythm (synchronized 
by the circadian clock) is called “social jet lag” (Foster 2012; Wittmann et al. 2006). 
Population studies indicate that sleep timing in late chronotypes is subjected to the 
largest differences between work and free days (Wittmann et al. 2006). In addition, 
social jet lag can be a risk factor for several health troubles, including depression 
(Levandovski et al. 2011) and obesity (Roenneberg et al. 2012).

Shift work The International Labour Organization defines working in shifts as “a 
method of organization of working time in which workers succeed one another at the 
workplace so that the establishment can operate longer than the hours of work of 
individual workers” (IARC 2010). Several types of shift work exist and can be 
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Table 15.1 Observed effects on health of protocols of circadian disruption and circadian genes 
mutations in animal models

Model Observed alterations References

Rats under CJL 8/2 • Accelerated development of osteosarcoma
and hepatocarcinoma tumors

• Altered locomotor activity, temperature,
and corticosterone rhythms

Filipski et al. (2004, 
2009)

Mice under CJL 8/2 • Fast development of Lewis lung and lung
metastasis

Wu et al. (2012)
Hadden et al. (2012)

• Altered lung mechanics
Mice under CJL 4/1 • Increased body weight

• Altered blood levels of leptin and insulin
• Decreased prefrontal cortex neurons

complexity and impaired cognitive 
abilities

Karatsoreos et al. 
(2011)

Rats under CJL 6/2 • Accelerated growth of lung tumors
• Disrupted rhythms of NK cells function

Logan et al. (2012a)

Mice under CJL 6/2 • Increased body weight and diverse
metabolic alterations

Casiraghi et al. 
(unpublished)

wt, cry1/2−/−, 
per1/2−/− mice under 
CJL ± 8/3

• High rates of spontaneous and
γ-radiation-induced tumors

• Hyperplasia of the salivary and preputial
gland.

• Spontaneous lymphoma development and
liver and ovarian cancer

Lee et al. (2010)

p53−/− mice under 
CJL ± 8/3

• Liver and salivary gland hyperplasia
• Accelerated development of lymphoma

and osteosarcoma
• Kidney failure

Lee et al. (2010)

Hamsters under CJL 6/3 • Decreased hippocampal neurogenesis
• Impaired learning and memory formation

Gibson et al. (2010)

HIP rats under CJL 6/3 • Increased beta cell apoptosis and diabetes
development

Gale et al. (2011)

Mice under CJL 6/7 • Increased lipopolysaccharide induced
mortality and cytokines expression

Castañon-Cervantes 
et al. (2010)

Aged mice under CJL
6/7 or 6/4

• Lifespan shortened Davidson et al. 
(2006)

Rats under CJL 6/7 • Reduced hippocampal neurogenesis Kott et al. (2012)
Mice under Chronic LD
inversions

• Accelerated growth of carcinoma and
sarcoma tumors

Li and Xu (1997)
Preuss et al. (2008)

• Dramatic worsening of dextran sulfate-
induced colitis

Rats under LL • Higher rates of hepatocarcinoma
development

van den 
Heiligenberg et al. 
(1999)

Rats chronically 
exposed to light at night

• Accelerated aging process
• Increased spontaneous tumor

development

Vinogradova et al. 
(2010)

(continued)
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described as follows: (a) permanent: people work regularly on one shift only, i.e. 
morning or afternoon or night; or rotating: people alternate more or less periodically 
on different shifts; (b) continuous: all days of the week are covered; or discontinuous: 
interruption on weekends or on Sundays; (c) with or without night work: the working 
time can be extended to all or part of the night, and the number of nights worked per 
week/month/year can vary considerably. Moreover, the definition of “period of night
work” varies from country to country, i.e., in some countries it ranges from 8, 9, or 
10 pm to 5, 6, or 7 am, and in many others from 11 or 12 pm to 5 or 6 am (IARC
2010). Types of shift work that affect normal rest hours will interfere with the circa-
dian and homeostatic regulation of sleep, leading to cardiovascular disease, acci-
dents, and even cancer (Knutsson 2003). It is generally observed that although most 
shift workers can behaviorally adapt in order to be awake at night and asleep during 
the day, they manifest reduced alertness and sleep efficiency (Akerstedt and Wright
2009). Furthermore, the majority of shift workers do not display a corresponding 
shift in core temperature and melatonin rhythms (Folkard 2008).

Nocturnal Lighting Light pollution during the night is a feature of the industrial-
ized urban environment where the major of human population resides. Light at night 
might induce acute effects in the human, including alterations in sleep, alertness, 
and melatonin levels. Recent work indicates that even low levels of illumination at 
night can reset circadian phase and suppress melatonin release in humans (Gooley

Table 15.1 (continued)

Model Observed alterations References

• Faster xenograft tumor growth Blask et al. (2009)
Mice chronically
exposed to light at night

• Increased body weight
• Impaired glucose tolerance

Fonken et al. (2010)

Rats forced to be active 
during light phase

• Disrupted rhythms of plasma glucose,
TAG, and corticosterone

• Increased weight gain

Salgado-Delgado 
et al. (2008, 2010a, b)

SCN lesion in mice • Accelerated development of osteosarcoma
and adenocarcinoma tumors

Filipski et al. (2003)

tau mutant hamster • Cardiac and renal disease Martino et al.
(2008)

per1 (Brd) mutant mice • Altered glucocorticoid rhythms Dallmann et al. 
(2006)

bmal−/−, clock mutant 
mice

• Altered glucose regulation Rudic et al. (2004)

mper2 mutant mice • Accelerated tumorigenesis Wood et al. (2008)
• Increased cancer development after

γ-irradiation
Fu et al. (2002)

Clock mutant mice and 
mper1/2/3 triple 
deficient mice

• Symptoms of metabolic syndrome Turek et al. (2005),
Dallmann and 
Weaver (2010)

cry1/2−/−, 
per1/2−/− mice

• Increased spontaneous and radiation-
induced tumorigenesis

Lee et al. (2010)
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et al. 2011; Zeitzer et al. 2000), suggesting that the relatively common exposure to 
artificial light may in fact affect circadian function. Even the use of low levels of 
artificial lighting at home and work may alter circadian function. These consider-
ations are of importance since exposure to chronic nocturnal lighting will occur in 
shift work with nighttime work. However, the use of artificial light at circadian night 
in humans might compensate photoperiod shortening in higher latitudes, reducing 
depression symptoms in people suffering seasonal affective disorder (SAD)
(Howland 2009).

15.2.1.2  Exogenous Alterations in the Laboratory

Acute and chronic jet lag schedules, constant light conditions and counter-phase
forced activity, which may be considered model paradigms for shift- and night- 
work conditions in humans, as well as rodent circadian mutants, have been employed 
to study circadian disruption and its consequences on physiology, health, and dis-
ease development (see Fig. 15.1). 

Simulated Jet Lag Experimental jet lag is a standard protocol designed for study-
ing circadian re-entrainment dynamics in the laboratory, by advancing or delaying 
the LD cycle (simulating Eastward or Westward flights, respectively). LD-advancing 
schedules usually require more days for the re-entrainment of circadian rhythms 
both in humans (Aschoff et al. 1975) and rodent models (Reddy et al. 2002; 
Yamazaki et al. 2000). In murine models, simulated jet lag induces transient internal 
desynchronization at all physiological levels. At the SCN clock, shifts in the LD
cycle produce transient desynchrony between the dorso-medial and the ventro- 
lateral regions, revealing differential capabilities of each region to resynchronize to 
the new LD cycle (Davidson et al. 2009; Nagano et al. 2003; Nakamura et al. 2005; 
Sellix et al. 2012). LD-shifts also lead to uncoupling between electrical activity and 
clock gene expression in the SCN (Reddy et al. 2002; Vansteensel et al. 2003). 
Outputs downstream from the SCN show a differential re-entrainment rate accord-
ing to its relationship with the activity–rest cycle; for example, the pineal melatonin 
peak takes 5 days to re-entrain after an 8 h LD-advance of the LD cycle (Drijfhout 
et al. 1997). Moreover, shifts in the LD cycle also produce a desynchronization
between peripheral oscillators and the SCN, with differential clock gene expression 
pattern and speed of re-entrainment between organs (Davidson et al. 2009; Kiessling 
et al. 2010; Yamazaki et al. 2000). Of particular attention is the role of the adrenal 
circadian clock which regulates the speed of resynchronization after advances of 
the LD cycle through glucocorticoid secretion. Indeed, chronopharmacological 
manipulation of glucocorticoid secretion accelerated re-entrainment to the new LD 
cycle in mice (Kiessling et al. 2010), suggesting a possible therapy for ameliorat-
ing the effects of jet lag.

In addition, we have developed a chronic jet lag schedule consisting of a 6 h 
LD-advance each two days, which generated a stable desynchronization of two 
activity components in mice (Casiraghi et al. 2012) and exerted severe metabolic 
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alterations (unpublished results). Moreover, animals under similar chronic jet lag
protocols showed biphasic corticosterone rhythms (Filipski et al. 2004), attenuated 
AVP and Pk2 expression in the SCN (Yan 2011), and alterations in PER2 expression 
rhythms in the SCN, thymus, and liver (Castañon-Cervantes et al. 2010). These 
persistent alterations due to chronic desynchronization have important conse-
quences in health (see below) and might reflect the risks to which individuals work-
ing in frequent rotating shifts are subjected.

Experimental Shift Work The physiological effects of working schedules involving 
night shifts have been assessed in an animal model in which rats were forced to stay 
awake and active for 8 h during their resting phase (i.e., lights-on period) for five con-
secutive days, alternating with two “weekend” days with no disturbance. Rats under 
this protocol exhibited a progressive decrease of their nocturnal activity, and a phase 
shift in food intake and in circulating triacylglycerols rhythm toward the working hours 

Fig. 15.2 Behavioral models of desynchronization: effects in the SCN. (a) Constant-light (LL) 
induced behavioral arrhythmicity in the mouse. Individual SCN cells (depicted in different colors 
in the middle-panel cartoon and in the representation of their activity in the lower panel) express 
their own rhythmic pattern, with different periods and phases, which results in an arrhtyhmic out-
put such as locomotor activity (after Ohta et al. 2005). (b) Under chronic LL schedules, hamster 
might exhibit “split” locomotor activity rhythms, with two independent components of different 
circadian periods. These components represent the activity of each SCN which tend to be active in 
opposite phase to each other (middle and lower panels) (after De la Iglesia et al. 2000). (c) Rats 
under a T = 22 cycle might develop a spontaneous dissociation into two locomotor activity compo-
nents, one following the T cycle and the other one related to the endogenous clock. This reflects 
the activity of the dorsomedial (depicted in green) or ventrolateral (blue) areas of the SCN (middle 
and lower panels) (after De la Iglesia et al. 2004)
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(Salgado-Delgado et al. 2008). In addition, this schedule induced uncoupling between 
rhythms in hypothalamic nuclei involved in metabolic homeostasis, wakefulness, and 
arousal (which are shifted by the shift-work protocol), and the SCN, which remained 
locked with the LD cycle (Salgado-Delgado et al. 2010b). This internal desynchrony 
might contribute to the metabolic disorders that arises in both animals subjected to this 
type of protocols and workers under shifting schedules, which are discussed later.

LD Cycles Outside the Range of Entrainment LD cycles with a T period (i.e., 
T cycles) can be experimentally set outside the entrainment limits, where the τ − T 
difference is not normally compensated with a given phase-relationship (Plano et al. 
2010; Schwartz et al. 2011). Classical experiments in humans used these T-cycle 
protocols in order to evidence endogenous circadian regulation (Aschoff and Wever
1981). In rats, imposing a T cycle of 22 h outside the limits of entrainment led to the 
appearance of two rhythmic components of locomotor activity with different peri-
ods, one coincident with the LD period, and the other free running with a period 
>24 h (Campuzano et al. 1998). Each component was linked with clock gene expres-
sion in different regions of the SCN: the light-entrained component was related to 
the ventro-lateral region and the free running component to the dorso-medial region 
(de la Iglesia et al. 2004; see Fig. 15.2c). Moreover, under this desynchronization
paradigm several physiological variables, such as temperature rhythms, rapid-eye 
movement sleep, and melatonin rhythms could be uncoupled from the LD scheme 
(Cambras et al. 2007; Lee et al. 2009; Schwartz et al. 2009).

Abnormal Lighting Chronic light exposure has been shown to induce internal 
desynchrony of the activity-rest and core body temperature rhythms (Aschoff 1965). 
In nocturnal rodents, constant lighting lengthens circadian period, and when 
prolonged it can cause arrhythmia of behavioral (Chiesa et al. 2010) hormonal (i.e., 
corticosterone, Waite et al. 2012) and physiological rhythms with desynchronized 
SCN neurons (Ohta et al. 2005; see Fig. 15.2a). Moreover, in some animals sub-
jected to constant light, activity rhythms become “splitted” into two components 
separated 12 h from each other, and each of them correlated with left- or right-sided 
SCN clock gene oscillations (de la Iglesia et al. 2000; Ohta et al. 2005; see 
Fig. 15.2b). Recent studies have emphasized the effects of nocturnal light pollution 
by providing rodents with low levels of light at night (typically ~5 lux) under an 
otherwise normal LD cycle (Bedrosian et al. 2011; Fonken et al. 2010).

In humans, light-pulses at night induced acute melatonin suppression and sub-
jective sleepiness in a dose-dependent response to light exposure duration (Chang 
et al. 2012).

15.2.2  Endogenous Alterations in Human and Animal Models

Correct entrainment of the circadian clock can be disturbed due to genetic alterations, 
producing sleep-wake disorders. For instance, in advanced sleep-phase syndrome, 
specific mutations in the human clock gene Per2 and in Casein kinase Iδ (CKIδ) leads 
to daytime somnolence and difficulties to sleep and night. These problems arise due 
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to the misalignment between the internal clock and environmental conditions, with 
persistent 3–4 h advanced sleep onsets and awakening times relative to conventional 
and desired times (Dauvilliers and Tafti 2008; Reid and Zee 2009; Toh et al. 2001; Xu 
et al. 2005). The alteration of the activity of CKIε and CKIδ produce changes in the 
period of the circadian rhythms in mammals (Lowrey et al. 2000; Meng et al. 2008; 
Ralph and Menaker 1988; Xu et al. 2005) due to the accumulation of PER-CRY
dimers (Akashi et al. 2002; Eide et al. 2002; Lee et al. 2001).

Current treatment for this syndrome includes phototherapy and the use of chronobi-
otics such as melatonin (or its analogs ramelteon and tasimelton) or armodafinil (Hirai 
et al. 2005; Revell and Eastman 2005; Zisapel 2001). The hamster is an animal model 
for this syndrome and presents a single autosomal mutation in the enzyme CKIε, which 
leads to a shorter period in activity (Ralph and Menaker 1988) and endocrine rhythms 
(Lucas et al. 1999) from 24 to about 20 h. This mutation accelerates the degradation of 
both nuclear and cytoplasmatic PER proteins (Dey et al. 2005).

Another disorder associated with endogenous factors is the delayed sleep phase
syndrome, which has been associated with a polymorphism in PER3 (Archer et al.
2003; Ebisawa et al. 2001; Pereira et al. 2005). In this syndrome the timing of the 
sleep episode occurs later than desired and is associated with problems to fall asleep 
and awakening in the mornings (e.g., to meet work or school obligations), and day-
time sleepiness, with a particularly higher prevalence among adolescents and young 
adults (Okawa and Uchiyama 2007). Current treatments for this disorder include 
melatonin administration and bright light exposure during the morning. In addition, 
it should be noted that mouse mutants of other clock genes, such as Clock, Cry1, 
Cry2, Npas2, Dbp, and Bmal1, also have alterations in sleep duration and/or homeo-
stasis (Reviewed in Takahashi et al. 2008), adding examples in which circadian clock 
genes can clearly affect the circadian and homeostatic control of sleep.

15.3  Health Consequences of Circadian Disruption

Misalignment between circadian oscillators and the 24 h LD cycle promote a wide
set of health alterations, in general dominated by disruptions in the sleep–wake pat-
tern. A recent study in humans shows that insufficient sleep at night generates circa-
dian alterations in multiple genes in the blood transcriptome, including those 
associated with circadian rhythms (e.g., Per1–3, cry, clock, rora), sleep homeostasis 
(e.g., interleukin-6), oxidative stress (peroxyredoxin 2 and 5), and metabolism (e.g., 
ghrelin, glucose transporter 2, glucose/fructose transporter 5, cholesterol efflux 
regulatory protein), thus affecting several processes including chromatin modifica-
tion, gene expression, macromolecular metabolism, and inflammatory, immune and 
stress responses (Moller-Levet et al. 2013). Indeed, several of such alterations 
depend on the deynchrony between the central (SCN) and peripheral clocks, as sug-
gested in Fig. 15.3. Moreover, chronic desynchrony, such as the one observed in
shift work schedules, might result in profound health disorders, as represented in 
Fig. 15.4.
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15.3.1  Metabolic Alterations

Although it has been known for several decades that many metabolic processes,
such as glucose and cholesterol metabolism, are regulated by the circadian clock, it 
is only in the past few years that the severe metabolic consequences of circadian 
disruption have emerged. The SCN exerts a hierarchical daily control on metabolic 
rhythms by neurohumoral efferents to other brain regions (mainly several hypotha-
lamic nuclei) and to autonomic centers, which drive hormones (e.g., glucocorti-
coids) and behavior (e.g., feeding) producing a set of physiological signals that 
synchronize peripheral tissues (reviewed in Delezie and Challet 2011; Huang et al. 
2011). In addition, food-entrainable oscillators exert a secondary daily control on 
peripheral clocks (reviewed in Delezie and Challet 2011) and fine-tune the balance 
between energy intake and expenditure. Pancreatic (Marcheva et al. 2010) and thy-
roid hormones regulating carbohydrate and lipid metabolism (and thus basal meta-
bolic rate) are under circadian control, as well as rate-limiting enzymes of metabolic 
pathways (Panda et al. 2002). Several molecular clock components are found to be 
regulators of cell metabolism through the so-called nuclear receptor transcription 
factors (as Retinoic acid-related orphan receptor α, RORα, reverse viral 

Fig. 15.3 Circadian desynchronization in peripheral organs. Left panel: Schematic representation 
of circadian entrainment in peripheral tissues. The suprachiasmatic nuclei (SCN) are entrained by 
photic cues, while peripheral organs receive time cues from the SCN through the autonomous 
nervous system and the hypothalamo–pituitary–adrenal (HPA) axis. In addition, food availability
acts as a strong zeitgeber in several organs. Right panel: Schematic representation of the effects of 
circadian desynchrony in peripheral organs and its consequence in health status. Under circadian 
desynchronization, such as shift-work, the activity-rest cycle adopts a changing phase relation with 
the light–dark cycle. The SCN might remain synchronized by the light–dark cycle; however, expo-
sure to light at night and feedback from downstream outputs might alter circadian timing. On the 
other hand, feeding behavior sets time cues for peripheral organs that are in conflict with the SCN 
circadian control, leading to desynchronization within peripheral clocks, and between these and 
the SCN. This alterations might lead to metabolic, cardiovascular, endocrine, and gastrointestinal 
malfunctions
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erythroblastis oncogene products, REV-ERBα, and peroxisome proliferator-acti-
vated receptors, PPAR) which sense metabolites such as fat-soluble hormones, vita-
mins, lipids, oxysterols, bile acids, and xenobiotics. For instance, CLOCK and 
BMAL1 act as transcription factors of PPAR (α, γ, δ) and estrogen-related receptor 
(ERR) family members (α, β, γ). Conversely, REV-ERBα and PPARα directly regu-
late BMAL1 expression, and relevant cellular (nutrient-redox) metabolic sensors
are able to interact with clock genes (Sahar and Sassone-Corsi 2012). For instance 
NADH/NAD + balance regulates CLOCK/BMAL1 and NPAS2/BMAL1 heterodi-
mer activity (Rutter et al. 2001) and, in addition, the NAD +-deacetylase dependent
SIRT1 induced by food restriction can directly bind to CLOCK/BMAL1 (Nemoto
et al. 2004). This physiological and molecular cross-talk of both clockwork and 
metabolic networks provides a mechanistic framework to understand how system-
atic circadian disruption will lead to metabolic alterations (Eckel-Mahan and
Sassone- Corsi 2009). For example, circadian Clock mutant mice develop obesity 
(Turek et al. 2005), and diabetes was found in Clock-Bmal1 double-mutants due to 
impaired insulin secretion (Marcheva et al. 2010) and gluconeogenesis suppression 

Fig. 15.4 Schematic representation of a typical shift work situation, with nocturnal working 
hours, and its expected disruptions on circadian rhythms and health. The horizontal top bar repre-
sents the relative light intensity perceived by the subjects, exposed to artificial light during the 
night. Black lines represents activity (grey on “days-off”), while white triangle represents a circa-
dian marker (e.g., melatonin or core body temperature). Acute exposure to nightwork, with subse-
quent sleep deprivation, incoherent feeding/fasting timing, nocturnal light exposure, and increased 
sleep drive during the day, will lead to disrupted circadian rhythms in melatonin, cortisol, tempera-
ture, activity/rest, sleep/wake, and metabolism. Chronic exposure to abnormal entraining condi-
tions might increase the risk of several health disorders
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(Rudic et al. 2004). Moreover, liver-specific deletion of Bmal1 in mice confirmed its
strong involvement in hepatic glucose metabolism (Lamia et al. 2008).

Impaired entrainment in the laboratory also generates metabolic alterations, as 
when exposing mice to T cycles of 20 h, leading to larger body mass gain and 
increased insulin/glucose ratio (Karatsoreos et al. 2011). In human subjects exposed 
to controlled 28 h sleep–wake cycles under dim light, misalignment between the 
free-running central circadian pacemaker and the behavioral sleep–wake and fast-
ing/feeding rhythms, resulted in increased plasma glucose and insulin concentra-
tions, increased blood pressure, and decreased plasma leptin concentrations (Scheer 
et al. 2009). In addition, constant exposure of mice to bright or dim light led to 
increased body mass and reduced glucose tolerance as compared to mice housed 
under a normal LD cycle, despite equivalent levels of caloric intake and total daily 
activity output (Fonken et al. 2010). There is a well-documented increased risk for 
metabolic syndrome in humans subjected to shift work (reviewed in Zimberg et al. 
2012) perhaps as the result of pathological adaptation to chronically sleeping and 
eating at abnormal circadian times. Disrupted sleep must be taken as an important 
factor in glucose metabolism alterations increasing the risk for obesity (Gangwisch
2009; Nedeltcheva et al. 2009; Spiegel et al. 2009) as show in a recent study with 
humans provided with 5 days with insufficient sleep, showing weight gain due to 
increased food intake exceeding energy needs (Markwald et al. 2013). On the other 
hand, a “night-eating” syndrome was detected in women, with a delayed circadian 
pattern of melatonin and food intake, presenting evening hyperphagia and frequent 
awakenings accompanied by food intake, while retaining a normal sleep–wake 
cycle. This alteration in feeding behavior is accompanied by delayed and low- 
amplitude rhythms in cortisol and several nutrients intake, and altered rhythms of 
metabolic hormones as insulin, ghrelin, and leptin (Goel et al. 2009). In addition, a 
failure to manage cholesterol in shift workers could lead to cardiovascular altera-
tions (Ha and Park 2005) such as the ones discussed in the following section.

15.3.2  Cardiovascular Alterations

Autonomic nuclei that regulate the cardiovascular system are directly controlled by
neural efferents from SCN and/or by circadian hypothalamic–pituitary factors act-
ing on corticoid stress hormones, as well as by neurohumoral effectors on vascular 
tone. Cardiovascular risk markers as cortisol, nonlinear dynamic heart rate control, 
and hemostatic factors are higher during the morning, when adverse cardiovascular 
events are most likely to occur (reviewed in Morris et al. 2012b; Ruger and Scheer 
2009). These circadian acute cardiovascular events are also suggested to be depen-
dent on specific phase-relationship between peripheral oscillators at cardiovascular 
tissues (Davidson et al. 2005). Epidemiological studies show a consistent associa-
tion for shift work as a factor for cardiovascular disease (reviewed in Knutsson and 
Boggild 2000), such as coronary failure (Nakamura et al. 1997; Tenkanen et al. 
1997) or increased blood pressure in night workers (Lo et al. 2010; Su et al. 2008). 

J.J. Chiesa et al.



305

A meta-analysis study of almost 2,000,000 shift workers detected higher risk for
coronary events (especially myocardial infarct) in the nocturnal shift (Vyas et al. 
2012). It is suggested that cardiovascular risk markers might respond unfavorably to 
exogenous stressors such as increased nocturnal activity (Morris et al. 2012b), pro-
moting alterations in shift workers with misalignment between the circadian and the 
activity–rest cycles.

Disruption of circadian regulation in the laboratory increases several risk factors 
of cardiovascular disease. Chronic LD-shifts increased plasmatic plasminogen acti-
vator inhibitor-1 (PAI-1) levels (Oishi and Ohkura 2013), which promotes hypofi-
brinolysis. The aforementioned study of Scheer et al. (2009) in humans forced to 
follow a 28 h sleep–wake cycle indicated increased blood pressure during wakeful-
ness. Altered cardiovascular functions are found in the 22 h short-period hamster τ, 
with a point mutation in Ck1ε circadian regulatory gene, which exhibits abnormal 
24 h LD behavioral entrainment and disrupted rhythms. These animals had cardio-
myopathy, extensive fibrosis, and severely impaired contractility with shortened life- 
expectancy (Martino et al. 2008), while under T22 cycles (i.e., their normal 
endogenous period) behavioral rhythms and cardiac phenotype are normalized. 
Several vascular dysfunctions were found in clock gene-deficient mice. In Bmal1 
knock-out mice, abnormal thrombosis and vascular remodeling responses were 
found, while Clock mutants showed impeded responses to vascular injury; moreover, 
in Bmal1, Clock, and Per2 mutant mice, vascular endothelial dysfunction was found 
(Anea et al. 2009; Viswambharan et al. 2007). Also, blood pressure was altered in
Cry 1–2 null mice, showing hypertension due to deregulation of salt homeostasis 
caused by abnormal high synthesis of adrenal mineralocorticoid aldosterone 
(Doi et al. 2010).

15.3.3  Gastrointestinal Alterations

The gastrointestinal tract (GT) displays circadian rhythms in several functions and
variables, such as motility, maintenance and replacement of the protective barrier, 
absorption rates, and enzyme secretion rhythms (reviewed in Konturek et al. 2011). 
Furthermore, rhythmic clock gene expression has been found in peripheral oscillators 
throughout the GT, which can be shifted, or entrained, by timed meals (Hoogerwerf
et al. 2007; Mazzoccoli et al. 2012; Polidarova et al. 2011). The correct phase-
relationship between feeding time and the activity–rest cycle led to normal entrain-
ment of the GT, by a myriad of neural and humoral signals related with the interplay
between SCN activity, food-entrainable oscillators, and metabolism (Stenvers et al. 
2012). There are evidences showing that circadian disruption leads to alterations in 
gastrointestinal physiology. Increased general symptoms for gastrointestinal disor-
ders were more prevalent among shift workers as compared with day workers 
(Koller 1983), and aircrew members, especially those on long-distance flights, had 
more upper-GT symptoms than ground staff (Enck et al. 1995). The consequences 
on gastrointestinal functions of shifting working schedules might be related to an 
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increase in food consumption during the rest cycle, since time of feed has been 
shown to be the strongest Zeitgeber in gastrointestinal oscillators (Malloy et al.
2012; Polidarova et al. 2011), resulting in a misalignment between circadian clocks 
among the body. There is a higher prevalence on peptic ulcer among shift workers 
(Higashi et al. 1988; Segawa et al. 1987), which might be related to higher inci-
dences in Helicobacter pylori infections in shift workers (Pietroiusti et al. 2006; 
Zober et al. 1998). Irritable bowel disease prevalence was also higher in nurses 
working rotating shifts (Nojkov et al. 2010).

Circadian disruption by chronic lighting in rats fed ad libitum abolished rhyth-
mic clock gene expression in the liver and colon, while a restricted feeding sched-
ule restored these rhythms (Polidarova et al. 2011). Similar results were found in 
SCN- ablated mice, where restricted feeding re-established locomotor, feeding, and 
stool output rhythms (Malloy et al. 2012). Per1–2 double knockout mice exhibited 
abolished rhythms in colonic functions, such as motility, intracolonic pressure 
changes, stool output, and circular muscle contraction (Hoogerwerf 2010).

15.3.4  Immune Alterations

The circadian system exerts a tight control over the immune system and its function, 
which in turn feedbacks over the circadian clock (reviewed in Cermakian et al. 2013; 
Scheiermann et al. 2013). Robust rhythms in the number of immune cells, plasmatic 
levels of proinflammatory cytokines, and immune cell-produced peptide hormones, 
as well as in major humoral responses, have been described vastly, in humans and 
animal models (Fortier et al. 2011; Haus and Smolensky 1999; Silver et al. 2012). In 
addition, circadian disruption has profound effects on the immune system, which has 
been evidenced both in animal models and in human studies. Female nurses working 
in a three-shift rotating system showed a progressive decrease in natural killer (NK) 
cell activity and CD16+ CD56+ cells number (Nagai et al. 2011). Shift working has 
also been linked to a higher risk for common infections, with the highest risk in 
workers going through three different shifts (Mohren et al. 2002). Impeding normal 
LD-entrainment by chronic jet lag under weekly 6 h phase-advances altered the 
inflammatory response of mice to an experimental challenge with lipopolysaccha-
ride (LPS). After four consecutive shifts, jet lagged mice displayed a fivefold increase
in mortality and severe hypothermia due to LPS, as compared to LD-entrained con-
trols. In this chronic jet lag the expression of the cytokines IL-1β, IL-10, IL-12, 
IL-13, GM-CSF, and TNF-α was significantly increased 24 h after LPS injection, and 
in vitro macrophage stimulation with LPS produced higher levels of IL-6 (Castañon-
Cervantes et al. 2010). Chronic jet lag also impaired NK cells cytolytic activity, as 
well as altered rhythms in clock gene and cytokine expression (Logan et al. 2012b). 
Deleterious effects of abnormal entrainment were also reported in a mice model of 
experimental colitis, where chronic inversions of the LD cycle every 5 days led to 
increased symptoms as reduced body mass, abnormal intestinal histopathology, and 
potentiated inflammatory response (Preuss et al. 2008).
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Changes in the sleep–wake rhythm, which are frequently concomitant with 
circadian disruption also have profound effects on the immune system. An altered
sleep–wake pattern changed the HPA axis activity increasing cortisol, and conse-
quently affecting the expression of proinflammatory cytokines, such as IL-6 or 
TNF-α (Vgontzas and Chrousos 2002). Additionally, NK cell activity, antigen
uptake, circulating immune complexes, and secondary antibody responses were 
altered by sleep loss (Krueger et al. 2003), while IL-1β and TNF-α levels increased 
during sleep deprivation (Majde and Krueger 2005). In addition, sleep deprivation 
leads to the suppression of immune surveillance, which may permit the establish-
ment and/or growth of malignant clones.

Alterations of clock genes, especially those of the period family, disrupt immune 
functions. Per3 clock gene polymorphisms have also been associated with circadian 
disruption and with increased cancer risk together with elevated IL-6 concentrations 
(Guess et al. 2009). Homozygous Per1 mutant mice exhibited altered cytokine 
rhythms (e.g., interferon-γ) and cytolytic factors (e.g., perforin and granzyme B) in 
splenic NK cells (Logan et al. 2013). On the other hand, Per2-deficient mice were 
more resistant to LPS-induced endotoxic shock than control wild-type mice. 
Moreover, serum levels of IFN-α and IL-1β were dramatically decreased in Per2−/− 
mice following an LPS challenge, attributable to defective NK and NKT cell func-
tion (Liu et al. 2006). In addition mice carrying hematopoietic Cry1−/− Cry2−/− mutant 
cells presented a potentiated immune response to LPS administration, with higher 
levels of circulating proinflammatory cytokines (Narasimamurthy et al. 2012).

Chronodisruption may result in altered immune responses, such as aberrant 
immune cell trafficking and abnormal cell proliferation cycles, which can lead to 
cancer (Mormont and Levi 1997). Per2 mutant mice have been shown to present 
enhanced cancer susceptibility (Fu et al. 2002; Wood et al. 2008), along with dis-
rupted circadian rhythms of NK cell gene expression and function.

15.3.5  Endocrine Alterations

There is an intimate connection between the circadian clock and multiple endocrine 
axes, which involve several aspects of the daily regulation of hormonal release. 
A highly specialized organization configures the SCN neural output to both
hypothalamic neuroendocrine neurons (i.e., cells containing or releasing 
corticotrophin- releasing hormone, CRH, tyrotrophin-releasing hormone, TRH, or 
gonadotrophin-releasing hormone GnRH) and pre-autonomic neurons, as well as
to other brain structures (Kalsbeek and Fliers 2013). Such output ensures the coor-
dination between behavioral, endocrine, and metabolic rhythms needed for the cir-
cadian adjustment of the organism. For instance, glucose homeostasis is tightly 
regulated in order to predict the energy needs for the circadian onset of behavioral 
activity, by increasing hypothalamic CRH and adrenal cortisol release, and by acti-
vating hypothalamic orexins at the right time of day (Kalsbeek et al. 2011).

15 Effects of Circadian Disruption on Physiology and Pathology…



308

One of the best known examples of endocrine circadian regulation is represented 
by the synthesis and release of pineal melatonin, which is under the control of sym-
pathetic autonomic efferents commanded by the SCN (Moore 1996). Blood melato-
nin increases during the night, it is suppressed by light (Zawilska et al. 2009), and 
its amplitude and duration are proportional to photoperiod duration (Hazlerigg 
2012). Indeed, melatonin can be considered a daily and calendar signal which com-
municates circadian and circannual cues to the body. In recent years, additional 
evidence suggested an antioxidant role for this hormone, which falls outside the 
scope of this chapter (Reiter et al. 2010).

It is well known that sleep disruption affects autonomic and endocrine responses. 
A representative example is the fact that cortisol rhythms are altered in night-
working emergency physicians (Machi et al. 2012), shift-working nurses (Korompeli 
et al. 2009) and in police officers working night or afternoon shifts than day shifts, 
with maximal differences occurring after 5 days of shift work (Wirth et al. 2011). 
Moreover, flights involving 7 h of jet lag produced a decrease in cortisol levels that
lasted for 9 days after the flight (Pierard et al. 2001). Furthermore, in laboratory 
conditions, in which subjects were kept in a 28 h forced desynchronization protocol, 
cortisol was more strongly coupled to the circadian endogenous component than to 
the environmental “day.” Indeed, an inverted pattern of cortisol secretion was 
observed when sleep–wake and circadian cycles were misaligned. On the other 
hand, leptin rhythm followed only the sleep–wake cycle component, with conflict 
phases of misalignment between the circadian and behavioral component resulting 
in suppression of circulating leptin levels (Scheer et al. 2009). More information is
needed (and on the way) regarding the role of disturbed hormonal cycles on circa-
dian synchronization, both at central and peripheral level.

15.3.6  Cognitive Effects of Circadian Disruption

Cognitive and mood-related behaviors vary with time of day. Brain and behavioral 
mechanisms underlying this variation include prior amount of wakefulness, prior 
sleep history, and internal circadian timing (Wright et al. 2012). Indeed, circadian 
rhythms can be affected by several factors such as alteration on ambient conditions 
and genetic factors which lead to impaired cognitive and affective functions.

Animal models with mutations or disruptions in the circadian machinery show
changes in mood and cognition (see Table 15.1). For example, clock mutant mice 
showed a behavioral profile similar to human mania including hyperactivity, low 
anxiety levels, and an increased reward response to cocaine and sucrose 
(Roybal et al. 2007). Deficiency of the transcription factor BMAL1 in mice pro-
duced hyperactivity in novel environments and defects in short- and long-term 
memory formation (Kondratova et al. 2010). Npas2-deficient mice exhibited defi-
cits in the acquisition of long-term memory and contextual fear task (García et al.
2000). In addition, CRY1,2 knockout mice were unable to learn time-place associa-
tions (Van der Zee et al. 2008).
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In humans, mood spectrum disorders are generally accompanied by circadian 
rhythm dysfunction (Aydin et al. 2013). In addition, single nucleotide polymor-
phisms found in clock genes were associated with these mood-related diseases. 
In particular, polymorphisms found in CRY1 were correlated with major depression
(Soria et al. 2010). Seasonal affective disorder was associated with polymorphisms 
in Npas2, Bmal1, and Per2 genes (Partonen et al. 2007). Moreover, Bmal1 and Per3
are related with bipolar disorder (Nievergelt et al. 2006). Even though there are 
multiple evidences indicating cognitive performance and learning are influenced by 
circadian processes (Wright et al. 2012), there are still no clear correlations between 
these processes and clock genes polymorphisms in humans.

In the laboratory, animals can be exposed to experimental conditions which 
affect circadian rhythms in order to study their effect on cognitive and affective 
functions. For example, animals under altered entrainment conditions such as a T7 
cycle (3.5 h/3.5 h LD) showed a disability in establish long term potentiation and an 
increased depression-like behavior (LeGates et al. 2012). Accordingly, mice under
a T20 cycle revealed a decrease in cognitive flexibility and increased anxiety-like 
behavior (Karatsoreos et al. 2011). Moreover, chronic exposure to dim light at night
had deleterious effects on learning abilities and memory consolidation and  produced 
depression-like behaviors in nocturnal and diurnal rodents (Fonken et al. 2012). A
6 h LD-advance produced a decrease in hippocampal cell proliferation and neuro-
genesis, which was associated with deficits in memory and learning in hamsters and 
mice (Gibson et al. 2010; Kott et al. 2012) and altered memory consolidation in 
mice (Loh et al. 2010). A chronic jet lag schedule with 3 h phase advances per day
during six days induced alteration in context memory formation in rats (McDonald
et al. 2013). Additionally, constant light conditions, which lead to arrhythmicity in
the SCN, temperature, and behavioral outputs, produced impaired spatial memory 
in rats (Ma et al. 2007).

Humans are subjected periodically to changes in environmental conditions or 
social factors that alter circadian rhythms, including subjective-day lengthening in 
social jet lag, rotating shift-work schedules, and transmeridian travels, with frequent 
fluctuations in the timing of the sleep–wake schedule, inducing sleep deprivation and 
exposure to nighttime lighting. These alterations will produce circadian misalign-
ment between biological rhythms and the environment, thus resulting in mood and 
cognitive disorders (LeGates et al. 2012). For example, it was shown that chronic jet 
lag produced by consecutive transmeridian flights produced temporal lobe atrophy 
and impairment in short-term memory and cognitive processing in flight attendants 
(Cho et al. 2000). In addition, shift workers showed lower cognitive scores in mem-
ory and attention tests, as compared to nonrotating controls (Rouch et al. 2005). 
Accordingly, a decrease in cognitive performance (especially in short-term memory)
was found in emergency physicians during the course of both day and night shifts 
(Machi et al. 2012). Meanwhile, sleep deprivation affected learning, attention and
decision-making, increasing impulsivity toward negative stimuli (Anderson and
Platten 2011; Wright et al. 2006).
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15.4  Treatment of Circadian Desynchronization

Our current productive system depends on maximization of temporal resources. 
Indeed, circadian pressure as exemplified by social jet lag and shift work clearly 
reduce quality of life and might be accompanied by health hazards and pathologies. 
In general, strategies to achieve a better adaptation to such conflicts depend on mini-
mizing the number of days needed to re-entrain the clock, along with the concurrent 
internal desynchronization in the organism (reviewed in Arendt 2009, 2010). Short- 
term night shift can be managed by maintaining daytime circadian phase, while 
using strategies such as alerting stimulants (caffeine and possibly modafinil), as 
well quiet and dark sleeping rooms (and possibly hypnotics) to preserve sleep and 
performance. In terms of transmeridian flights, for short stopovers (1–2 days) there 
is no real benefit of a complete adjustment of the circadian clock, while this is obvi-
ously necessary if an extended permanence at the destination is planned. Importantly, 
the human clock phase can be modified by light stimuli of adequate intensity (in the 
order of 102 lux) and wavelength (480-500 nm), with largest phase delays and 
advances at the beginning and end of the subjective night, respectively (Czeisler and 
Dijk 1995; Paul et al. 2009; Revell and Eastman 2005). Consequently, light expo-
sure should be managed in an adequate and timely fashion in order to allow (or 
avoid) the desired phase-changes. Also melatonin, a chronobiotic drug modulating
SCN clock activity, can be used to advance the circadian phase (Paul et al. 2010; 
Revell and Eastman 2005), induce daytime sleep (Rajaratnam et al. 2004) or even 
synchronize circadian activity in blind subjects (reviewed in Skene and Arendt
2007). Chronic nocturnal work is the worse situation, since it involves uncontrolled 
nocturnal lighting exposure, forced arousal and nocturnal feeding, with a myriad of 
psychophysiological variables out of normal phase. Schedules should be designed 
and administered based on chronotypes and circadian typology, including light- 
therapy and efficient sleep hygiene, which tend to stabilize sleep–wake rhythm to 
nocturnal activity/diurnal rest (reviewed in Adan et al. 2012). By controlled manip-
ulation of the sleep–rest schedule and light exposure both in laboratory and field 
studies, an adequate circadian phase management (i.e., a complete shift of melato-
nin onset) was found in shift workers, improving fatigue, nocturnal performance, 
mood, and late nighttime sleep on days off (Boivin and James 2002; Lee et al. 2006; 
Smith et al. 2009a, b). In general, avoidance of early morning light and exposure to 
late-morning and afternoon light alone or in conjunction with bedtime melatonin, 
can accelerate re-entrainment by phase advances following Eastward travel. For 
Westward travel, a circadian phase delay can be achieved after arrival with after-
noon and early-evening light with bedtime melatonin (Kolla and Auger 2011; Zee 
and Goldstein 2010). A combination of afternoon melatonin, morning intermittent
bright light, and a gradually advancing sleep schedule advanced circadian rhythms 
by almost 1 h/day (Revell et al. 2006; Revell and Eastman 2005).

Modulation of light input can be a promising strategy. This can be done either
indirectly, for instance by enhancing serotonergic transmission from the raphe 
nuclei to the SCN (Lall et al. 2012), which accelerates the re-entrainment to a 6 h 
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LD-advance (Kessler et al. 2008) or directly by pharmacological targeting of photic 
second messengers, as increasing the cGMP-GC-PKG signal transduction by inhib-
iting cGMP enzymatic degradation, which accelerates re-entrainment after an
abrupt 6 h LD-advance (Agostino et al. 2007; Plano et al. 2012).

In summary, circadian entrainment is an important feature of environmental 
adaptation. Disruption of such synchronization leads not only to circadian disrup-
tion but also to diverse pathological situations, especially when entrainment is com-
promised chronically. The use of animal models, as well as controlled laboratory 
studies of human studies, is fundamental for a deep understanding of the profound 
consequences of messing up with biological timing, which at this point of civilization 
can be considered with justice a sign of the times.

References

Adan A, Archer SN, Hidalgo MP et al (2012) Circadian typology: a comprehensive review.
Chronobiol Int 29:1153–1175

Agostino PV, Plano SA, Golombek DA (2007) Sildenafil accelerates reentrainment of circadian
rhythms after advancing light schedules. Proc Nat Acad Sci USA 104:9834–9839

Akashi M, Tsuchiya Y, Yoshino T et al (2002) Control of intracellular dynamics of mammalian
period proteins by casein kinase I epsilon (CKIepsilon) and CKIdelta in cultured cells. Mol
Cell Biol 22:1693–1703

Akerstedt T, Wright KP Jr (2009) Sleep loss and fatigue in shift work and shift work disorder.
Sleep Med Clin 4:257–271

Anderson C, Platten CR (2011) Sleep deprivation lowers inhibition and enhances impulsivity to
negative stimuli. Behav Brain Res 217:463–466

Anea CB, Zhang M, Stepp DW et al (2009) Vascular disease in mice with a dysfunctional circadian
clock. Circulation 119:1510–1517

Antle MC, Silver R (2005) Orchestrating time: arrangements of the brain circadian clock. Trend
Neurosci 28:145–151

Archer SN, Robilliard DL, Skene DJ et al (2003) A length polymorphism in the circadian clock gene
Per3 is linked to delayed sleep phase syndrome and extreme diurnal preference. Sleep 26:413–415

Arendt J (2009) Managing jet-lag: Some of the problems and possible new solutions. Sleep Med
Rev 13:249–256

Arendt J (2010) Shift work: coping with the biological clock. Occup Med (Lond) 60:10–20
Aschoff J (1965) Circadian rhythms in man: a self-sustained oscillator with an inherent frequency

underlies human 24-hour periodicity. Science 148:1427–1432
Aschoff J, Wever R (1981) The circadian system of man. In: Aschoff J (ed) Handbook of Behavioral

Neurobiology. Plenun Press, New York, pp 311–350
Aschoff J, Hoffmann K, Pohl H et al (1975) Re-entrainment of circadian rhythms after phase-shifts

of the Zeitgeber. Chronobiol 2:23–78
Aton SJ, Herzog ED (2005) Come together, right…now: synchronization of rhythms in a

mammalian circadian clock. Neuron 48:531–534
Aydin A, Selvi Y, Besiroglu L et al (2013) Mood and metabolic consequences of sleep deprivation

as a potential endophenotype' in bipolar disorder. J Affect Dis 150:284–294
Balsalobre A, Brown SA, Marcacci L et al (2000) Resetting of circadian time in peripheral tissues

by glucocorticoid signaling. Science 289:2344–2347
Becquet D, Girardet C, Guillaumond F et al (2008) Ultrastructural plasticity in the rat suprachias-

matic nucleus. Possible involvement in clock entrainment Glia 56:294–305

15 Effects of Circadian Disruption on Physiology and Pathology…



312

Bedrosian TA, Fonken LK, Walton JC et al (2011) Chronic exposure to dim light at night suppresses
immune responses in Siberian hamsters. Biol Lett 7:468–471

Blask DE, Dauchy RT, Brainard GC et al (2009) Circadian stage-dependent inhibition of human
breast cancer metabolism and growth by the nocturnal melatonin signal: consequences of its 
disruption by light at night in rats and women. Int Cancer Ther 8:347–353

Boivin DB, James FO (2002) Circadian adaptation to night-shift work by judicious light and darkness 
exposure. J Biol Rhyth 17:556–567

Boivin DB, James FO, Wu A et al (2003) Circadian clock genes oscillate in human peripheral
blood mononuclear cells. Blood 102:4143–4145

Borbely AA, Achermann P (1999) Sleep homeostasis and models of sleep regulation. J Biol Rhyth
14:557–568

Brown SA, Zumbrunn G, Fleury-Olela F et al (2002) Rhythms of mammalian body temperature
can sustain peripheral circadian clocks. Curr Biol 12:1574–1583

Buijs RM, Wortel J, Van Heerikhuize JJ et al (1999) Anatomical and functional demonstration of a
multisynaptic suprachiasmatic nucleus adrenal (cortex) pathway. Eur J Neurosci 11:1535–1544

Butcher GQ, Lee B, Cheng HY et al (2005) Light stimulates MSK1 activation in the suprachiasmatic
nucleus via a PACAP-ERK/MAP kinase-dependent mechanism. J Neurosci 25:5305–5313

Cambras T, Weller JR, Angles-Pujoras M et al (2007) Circadian desynchronization of core body
temperature and sleep stages in the rat. Proc Nat Acad Sci USA 104:7634–7639

Campuzano A, Vilaplana J, Cambras T et al (1998) Dissociation of the rat motor activity rhythm
under T cycles shorter than 24 hours. Physiol Behav 63:171–176

Casiraghi LP, Oda GA, Chiesa JJ et al (2012) Forced desynchronization of activity rhythms in a
model of chronic jet-lag in mice. J Biol Rhythm 27:59–69

Castañon-Cervantes O, Wu M, Ehlen JC et al (2010) Dysregulation of inflammatory responses by
chronic circadian disruption. J Immunol 185:5796–5805

Cermakian N, Lange T, Golombek D et al (2013) Crosstalk between the circadian clock circuitry
and the immune system. Chronobiol Int 30:870–888

Chang AM, Santhi N, St Hilaire M et al (2012) Human responses to bright light of different dura-
tions. J Physiol 590:3103–3112

Chiesa JJ, Cambras T, Carpentieri AR et al (2010) Arrhythmic rats after SCN lesions and constant
light differ in short time scale regulation of locomotor activity. J Biol Rhythm 25:37–46

Cho K, Ennaceur A, Cole JC et al (2000) Chronic jet-lag produces cognitive deficits. J Neurosci
20:RC66–RC78

Czeisler CA, Dijk DJ (1995) Use of bright light to treat maladaptation to night shift work and
circadian rhythm sleep disorders. J Sleep Res 4:70–73

Dallmann R, Weaver DR (2010) Altered body mass regulation in male mPeriod mutant mice on
high-fat diet. Chronobiol Int 27:1317–1328

Dallmann R, Touma C, Palme R et al (2006) Impaired daily glucocorticoid rhythm in Per1 ( Brd ) 
mice. J Comp Physiol A 192:769–775

Damiola F, Le Minh N, Preitner N et al (2000) Restricted feeding uncouples circadian oscillators
in peripheral tissues from the central pacemaker in the suprachiasmatic nucleus. Genes Develop
14:2950–2961

Dauvilliers Y, Tafti M (2008) The genetic basis of sleep disorders. Curr Pharmaceut Des
14:3386–3395

Davidson AJ, London B, Block GD et al (2005) Cardiovascular tissues contain independent circa-
dian clocks. Clin Exp Hypertens 27:307–311

Davidson AJ, Sellix MT, Daniel J et al (2006) Chronic jet-lag increases mortality in aged mice.
Curr Biol 16:R914–916

Davidson AJ, Castañon-Cervantes O, Leise TL et al (2009) Visualizing jet-lag in the mouse supra-
chiasmatic nucleus and peripheral circadian timing system. Eur J Neurosci 29:171–180

de la Iglesia HO, Meyer J, Carpino A Jr et al (2000) Antiphase oscillation of the left and right
suprachiasmatic nuclei. Science 290:799–801

de la Iglesia HO, Cambras T, Schwartz WJ et al (2004) Forced desynchronization of dual circadian 
oscillators within the rat suprachiasmatic nucleus. Curr Biol 14:796–800

J.J. Chiesa et al.



313

Delezie J, Challet E (2011) Interactions between metabolism and circadian clocks: reciprocal dis-
turbances. Ann New York Acad Sci 1243:30–46

Dey J, Carr AJ, Cagampang FR et al (2005) The tau mutation in the Syrian hamster differentially
reprograms the circadian clock in the SCN and peripheral tissues. J Biol Rhythm 20:99–110

Dibner C, Schibler U, Albrecht U (2010) The mammalian circadian timing system: organization
and coordination of central and peripheral clocks. Ann Rev Physiol 72:517–549

Doi M, Takahashi Y, Komatsu R et al (2010) Salt-sensitive hypertension in circadian clock-
deficient Cry-null mice involves dysregulated adrenal Hsd3b6. Nat Med 16:67–74

Drijfhout WJ, Brons HF, Oakley N et al (1997) A microdialysis study on pineal melatonin rhythms
in rats after an 8-h phase advance: new characteristics of the underlying pacemaker. 
Neuroscience 80:233–239

Dziema H, Oatis B, Butcher GQ et al (2003) The ERK/MAP kinase pathway couples light to
immediate-early gene expression in the suprachiasmatic nucleus. Eur J Neurosci 17: 
1617–1627

Ebisawa T, Uchiyama M, Kajimura N et al (2001) Association of structural polymorphisms in the
human period3 gene with delayed sleep phase syndrome. EMBO Rep 2:342–346

Eckel-Mahan K, Sassone-Corsi P (2009) Metabolism control by the circadian clock and vice versa.
Nat Struc Mol Biol 16:462–467

Eide EJ, Vielhaber EL, Hinz WA et al (2002) The circadian regulatory proteins BMAL1 and cryp-
tochromes are substrates of casein kinase Iepsilon. J Biol Chem 277:17248–17254

Enck P, Muller-Sacks E, Holtmann G et al (1995) Gastrointestinal problems in airline crew mem-
bers. Zeit Gastroenterol 33:513–516

Filipski E, King VM, Li X et al (2003) Disruption of circadian coordination accelerates malignant
growth in mice. Pathol Biol 51:216–219

Filipski E, Delaunay F, King VM et al (2004) Effects of chronic jet-lag on tumor progression in
mice. Cancer Res 64:7879–7885

Filipski E, Subramanian P, Carriere J et al (2009) Circadian disruption accelerates liver carcino-
genesis in mice. Mut Res 680:95–105

Folkard S (2008) Do permanent night workers show circadian adjustment? A review based on the
endogenous melatonin rhythm. Chronobiol Int 25:215–224

Fonken LK, Workman JL, Walton JC et al (2010) Light at night increases body mass by shifting 
the time of food intake. Proc Natl Acad Sci USA 107:18664–18669

Fonken LK, Kitsmiller E, Smale L et al (2012) Dim nighttime light impairs cognition and provokes 
depressive-like responses in a diurnal rodent. J Biol Rhythm 27:319–327

Fortier EE, Rooney J, Dardente H et al (2011) Circadian variation of the response of T cells to 
antigen. J Immunol 187:6291–6300

Foster RG (2012) Biological clocks: who in this place set up a sundial? Curr Biol 22:R405–407
Fu L, Pelicano H, Liu J et al (2002) The circadian gene Period2 plays an important role in tumor 

suppression and DNA damage response in vivo. Cell 111:41–50
Gachon F, Olela FF, Schaad O et al (2006) The circadian PAR-domain basic leucine zipper tran-

scription factors DBP, TEF, and HLF modulate basal and inducible xenobiotic detoxification. 
Cell Met 4:25–36

Gale JE, Cox HI, Qian J et al (2011) Disruption of circadian rhythms accelerates development of
diabetes through pancreatic beta-cell loss and dysfunction. J Biol Rhythm 26:423–433

Gangwisch JE (2009) Epidemiological evidence for the links between sleep, circadian rhythms
and metabolism. Obes Rev 10:37–45

García JA, Zhang D, Estill SJ et al (2000) Impaired cued and contextual memory in NPAS2-
deficient mice. Science 288:2226–2230

Gibson EM, Williams WP 3rd, Kriegsfeld LJ (2009) Aging in the circadian system: considerations
for health, disease prevention and longevity. Exp Gerontol 44:51–56

Gibson EM, Wang C, Tjho S et al (2010) Experimental 'jet-lag' inhibits adult neurogenesis and
produces long-term cognitive deficits in female hamsters. PloS One 5:e15267

Goel N, Stunkard AJ, Rogers NL et al (2009) Circadian rhythm profiles in women with night eat-
ing syndrome. J Biol Rhythm 24:85–94

15 Effects of Circadian Disruption on Physiology and Pathology…



314

Golombek DA (2012) Chapter 32 – Circadian rhythms and autonomic function. In: David R, Italo
B, Geoffrey B, Phillip AL, Julian FR, Paton A, David R, Julian FRP (eds) Primer on the auto-
nomic nervous system, 3rd edn. Academic, San Diego, pp 157–159

Golombek DA, Rosenstein RE (2010) Physiology of circadian entrainment. Physiol Rev
90:1063–1102

Golombek DA, Agostino PV, Plano SA et al (2004) Signaling in the mammalian circadian clock:
the NO/cGMP pathway. Neuroch Int 45:929–936

Golombek DA, Casiraghi LP, Agostino PV et al (2013) The times they’re a-changing: effects of
circadian desynchronization on physiology and disease. J Physiol Paris 107:310–322

Gooley JJ, Chamberlain K, Smith KA et al (2011) Exposure to room light before bedtime sup-
presses melatonin onset and shortens melatonin duration in humans. J Clin Endocrinol Met
96:463–472

Guess J, Burch JB, Ogoussan K et al (2009) Circadian disruption, Per3, and human cytokine secre-
tion. Int Cancer Ther 8:329–336

Ha M, Park J (2005) Shiftwork and metabolic risk factors of cardiovascular disease. J Occup
Health 47:89–95

Hadden H, Soldin SJ, Massaro D (2012) Circadian disruption alters mouse lung clock gene expres-
sion and lung mechanics. J Appl Physiol 113:385–392

Harrington M (2010) Location, location, location: important for jet-lagged circadian loops. J Clin
Invest 120:2265–2267

Haus E, Smolensky MH (1999) Biologic rhythms in the immune system. Chronobiol Int
16:581–622

Hayashi M, Shimba S, Tezuka M (2007) Characterization of the molecular clock in mouse perito-
neal macrophages. Biol Pharm Bull 30:621–626

Hazlerigg D (2012) The evolutionary physiology of photoperiodism in vertebrates. Progr Brain 
Res 199:413–422

Higashi T, Sakurai H, Satoh T et al (1988) Absenteeism of shift and day workers with special refer-
ence to peptic ulcer. Asia-Pacific J Public Health/Asia-Pacific Academic Consortium for Public
Health 2:112–119

Hirai K, Kita M, Ohta H et al (2005) Ramelteon (TAK-375) accelerates reentrainment of circadian
rhythm after a phase advance of the light-dark cycle in rats. J Biol Rhythm 20:27–37

Honma S, Ono D, Suzuki Y et al (2012) Suprachiasmatic nucleus: cellular clocks and networks.
Progr Brain Res 199:129–141

Hoogerwerf WA (2010) Role of clock genes in gastrointestinal motility. Am J Physio (Gast Liver
Physiol) 299:G549–G555

Hoogerwerf WA, Hellmich HL, Cornelissen G et al (2007) Clock gene expression in the murine
gastrointestinal tract: endogenous rhythmicityandeffectsofa feedingregimen.Gastroenterology
133:1250–1260

Howland RH (2009) An overview of seasonal affective disorder and its treatment options. Phys
Sport Med 37:104–115

Huang W, Ramsey KM, Marcheva B et al (2011) Circadian rhythms, sleep, and metabolism. J Clin
Invest 121:2133–2141

IARC WHO (2010) Monographs on the evaluation of carcinogenic risks to humans Painting, fire-
fighting, and shiftwork. Lyon, France

Johnson CH, Elliott JA, Foster R (2003) Entrainment of circadian programs. Chronobiol Int
20:741–774

Kalsbeek A, Fliers E (2013) Daily regulation of hormone profiles. Handb Exp Pharmacol
217:185–226

Kalsbeek A, Scheer FA, Perreau-Lenz S et al (2011) Circadian disruption and SCN control of
energy metabolism. FEBS Lett 585:1412–1426

Karatsoreos IN, Bhagat S, Bloss EB et al (2011) Disruption of circadian clocks has ramifications 
for metabolism, brain, and behavior. Proc Natl Acad Sci USA 108:1657–1662

Kessler EJ, Sprouse J, Harrington ME (2008) NAN-190 potentiates the circadian response to light
and speeds re-entrainment to advanced light cycles. Neuroscience 154:1187–1194

J.J. Chiesa et al.



315

Kiessling S, Eichele G, Oster H (2010) Adrenal glucocorticoids have a key role in circadian
resynchronization in a mouse model of jet-lag. J Clin Invest 120:2600–2609

Knutsson A (2003) Health disorders of shift workers. Occup Med 53:103–108
Knutsson A, Boggild H (2000) Shiftwork and cardiovascular disease: review of disease mecha-

nisms. Rev Environ Health 15:359–372
Kolla BP, Auger RR (2011) Jet-lag and shift work sleep disorders: how to help reset the internal

clock. Cleveland Clin J Med 78:675–684
Koller M (1983) Health risks related to shift work. An exam of long time-contingent effects of

long-term stress. Int Arch Occup Environ Health 53(1):59–75
Kondratova AA, Dubrovsky YV, Antoch MP et al (2010) Circadian clock proteins control adapta-

tion to novel environment and memory formation. Aging 2:285–297
Konturek PC, Brzozowski T, Konturek SJ (2011) Gut clock: implication of circadian rhythms in

the gastrointestinal tract. J Physiol Pharmacol 62:139–150
Korompeli A, Sourtzi P, Tzavara C et al (2009) Rotating shift-related changes in hormone levels in

intensive care unit nurses. J Adv Nurs 65:1274–1282
Kott J, Leach G, Yan L (2012) Direction-dependent effects of chronic “jet-lag” on hippocampal

neurogenesis. Neurosci Lett 515:177–180
Krueger JM, Majde JA, Obal F (2003) Sleep in host defense. Brain Behav Immun 17(Suppl

1):S41–S47
Lall GS, Atkinson LA, Corlett SA et al (2012) Circadian entrainment and its role in depression: a

mechanistic review. J Neural Transm 119:1085–1096
Lamia KA, Storch KF, Weitz CJ (2008) Physiological significance of a peripheral tissue circadian

clock. Proc Natl Acad Sci USA 105:15172–15177
Lee C, Etchegaray JP, Cagampang FR et al (2001) Posttranslational mechanisms regulate the 

mammalian circadian clock. Cell 107:855–867
Lee C, Smith MR, Eastman CI (2006) A compromise phase position for permanent night shift

workers: circadian phase after two night shifts with scheduled sleep and light/dark exposure. 
Chronobiol Int 23:859–875

Lee ML, Swanson BE, de la Iglesia HO (2009) Circadian timing of REM sleep is coupled to an
oscillator within the dorsomedial suprachiasmatic nucleus. Curr Biol 19:848–852

Lee S, Donehower LA, Herron AJ et al (2010) Disrupting circadian homeostasis of sympathetic
signaling promotes tumor development in mice. PloS One 5:e10995

LeGates TA, Altimus CM, Wang H et al (2012) Aberrant light directly impairs mood and learning
through melanopsin-expressing neurons. Nature 491:594–598

Levandovski R, Dantas G, Fernandes L et al (2011) Depression scores associate with chronotype
and social jetlag in a rural population. Chronobiol Int 28:771–778

Li JC, Xu F (1997) Influences of light-dark shifting on the immune system, tumor growth and life 
span of rats, mice and fruit flies as well as on the counteraction of melatonin. Biol Signal 
6:77–89

Li JD, Hu WP, Zhou QY (2012) The circadian output signals from the suprachiasmatic nuclei.
Progr Brain Res 199:119–127

Liu J, Malkani G, Shi X et al (2006) The circadian clock Period 2 gene regulates gamma interferon
production of NK cells in host response to lipopolysaccharide-induced endotoxic shock. Infect 
Immun 74:4750–4756

Lo SH, Lin LY, Hwang JS et al (2010) Working the night shift causes increased vascular stress and
delayed recovery in young women. Chronobiol Int 27:1454–1468

Logan RW, Zhang C, Murugan S et al (2012a) Chronic shift-lag alters the Circadian Clock of NK
cells and promotes lung cancer growth in rats. J Immunol 188:2572–2582

Logan RW, Zhang C, Murugan S et al (2012b) Chronic shift-lag alters the circadian clock of NK
cells and promotes lung cancer growth in rats. J Immunol 188:2583–2591

Logan RW, Wynne O, Levitt D et al (2013) Altered circadian expression of cytokines and cytolytic
factors in splenic natural killer cells of Per1(−/−) mutant mice. J Interf Cytok Res 33:108–114

Loh DH, Navarro J, Hagopian A et al (2010) Rapid changes in the light/dark cycle disrupt memory
of conditioned fear in mice. PloS One 5:e18540

15 Effects of Circadian Disruption on Physiology and Pathology…



316

Lowrey PL, Shimomura K, Antoch MP et al (2000) Positional syntenic cloning and functional
characterization of the mammalian circadian mutation tau. Science 288:483–492

Lucas RJ, Stirland JA, Darrow JM et al (1999) Free running circadian rhythms of melatonin,
luteinizing hormone, and cortisol in Syrian hamsters bearing the circadian tau mutation. 
Endocrinology 140:758–764

Ma WP, Cao J, Tian M et al (2007) Exposure to chronic constant light impairs spatial memory and
influences long-term depression in rats. Neurosci Res 59:224–230

Machi MS, Staum M, Callaway CW et al (2012) The relationship between shift work, sleep, and
cognition in career emergency physicians. Acad Emerg Med 19:85–91

Majde JA, Krueger JM (2005) Links between the innate immune system and sleep. J Allerg Clin
Immunol 116:1188–1198

Malloy JN, Paulose JK, Li Y et al (2012) Circadian rhythms of gastrointestinal function are regu-
lated by both central and peripheral oscillators. Am J Physiol Gastrointest Liver Physiol
303:G461–473

Marcheva B, Ramsey KM, Buhr ED et al (2010) Disruption of the clock components CLOCK and
BMAL1 leads to hypoinsulinaemia and diabetes. Nature 466:627–631

Markwald RR, Melanson EL, Smith MR et al (2013) Impact of insufficient sleep on total daily
energy expenditure, food intake, and weight gain. Proc Natl Acad Sci USA 110:5695–5700

Martino TA, Oudit GY, Herzenberg AM et al (2008) Circadian rhythm disorganization produces
profound cardiovascular and renal disease in hamsters. Am J Physiol Reg Integ Compar Physiol
294:R1675–1683

Mazzoccoli G, Francavilla M, Pazienza V et al (2012) Differential patterns in the periodicity
and dynamics of clock gene expression in mouse liver and stomach. Chronobiol Int 29: 
1300–1311

McDonald RJ, Zelinski EL, Keeley RJ et al (2013) Multiple effects of circadian dysfunction
induced by photoperiod shifts: Alterations in context memory and food metabolism in the same
subjects. Physiol Behav 118:14–24

Menaker M (2006) Circadian organization in the real world. Proc Natl Acad Sci USA 103: 
3015–3016

Meng QJ, Logunova L, Maywood ES et al (2008) Setting clock speed in mammals: the CK1 epsi-
lon tau mutation in mice accelerates circadian pacemakers by selectively destabilizing PERIOD 
proteins. Neuron 58:78–88

Mercado C, Díaz-Muñoz M, Alamilla J et al (2009) Ryanodine-sensitive intracellular Ca2+ chan-
nels in rat suprachiasmatic nuclei are required for circadian clock control of behavior. J Biol 
Rhythm 24:203–210

Mohawk JA, Green CB, Takahashi JS (2012) Central and peripheral circadian clocks in mammals.
Ann Rev Neurosci 35:445–462

Mohren DC, Jansen NW, Kant IJ et al (2002) Prevalence of common infections among employees
in different work schedules. J Occup Environ Med/Am Coll Occup Environ Med
44:1003–1011

Moller-Levet CS, Archer SN, Bucca G et al (2013) Effects of insufficient sleep on circadian rhyth-
micity and expression amplitude of the human blood transcriptome. Proc Natl Acad Sci USA
110:1132–1141

Moore RY (1996) Neural control of the pineal gland. Behav Brain Res 73:125–130
Moore-Ede M, Sulzman F (1981) Internal temporal order. In: Aschoff J (ed) Biological rhythms.

Springer, New York, NY, pp 215–241
Mormont MC, Levi F (1997) Circadian-system alterations during cancer processes: a review. Int J

Cancer 70:241–247
Morris CJ, Aeschbach D, Scheer FA (2012a) Circadian system, sleep and endocrinology. Mol Cell

Endocrinol 349:91–104
Morris CJ, Yang JN, Scheer FA (2012b) The impact of the circadian timing system on cardiovas-

cular and metabolic function. Progr Brain Res 199:337–358
Nagai M, Morikawa Y, Kitaoka K et al (2011) Effects of fatigue on immune function in nurses

performing shift work. J Occup Health 53:312–319

J.J. Chiesa et al.



317

Nagano M, Adachi A, Nakahama K et al (2003) An abrupt shift in the day/night cycle causes
desynchrony in the mammalian circadian center. J Neurosci 23:6141–6151

Nakamura K, Shimai S, Kikuchi S et al (1997) Shift work and risk factors for coronary heart dis-
ease in Japanese blue-collar workers: serum lipids and anthropometric characteristics. Occup 
Med (Lond) 47:142–146

Nakamura W, Yamazaki S, Takasu NN et al (2005) Differential response of Period 1 expression
within the suprachiasmatic nucleus. J Neurosci 25:5481–5487

Narasimamurthy R, Hatori M, Nayak SK et al (2012) Circadian clock protein cryptochrome
regulates the expression of proinflammatory cytokines. Proc Natl Acad Sci USA 109: 
12662–12667

Nedeltcheva AV, Kessler L, Imperial J et al (2009) Exposure to recurrent sleep restriction in the
setting of high caloric intake and physical inactivity results in increased insulin resistance and 
reduced glucose tolerance. J Clin Endocrinol Metabol 94:3242–3250

Nemoto S, Fergusson MM, Finkel T (2004) Nutrient availability regulates SIRT1 through a
forkhead- dependent pathway. Science 306:2105–2108

Nievergelt CM, Kripke DF, Barrett TB et al (2006) Suggestive evidence for association of the cir-
cadian genes PERIOD3 and ARNTL with bipolar disorder. Am J Med Gen Part B
141B:234–241

Nojkov B, Rubenstein JH, Chey WD et al (2010) The impact of rotating shift work on the preva-
lence of irritable bowel syndrome in nurses. Am J Gastroenterol 105:842–847

Obrietan K, Impey S, Smith D et al (1999) Circadian regulation of cAMP response element-
mediated gene expression in the suprachiasmatic nuclei. J Biol Chem 274:17748–17756

Ohta H, Yamazaki S, McMahon DG (2005) Constant light desynchronizes mammalian clock neu-
rons. Nat Neurosci 8:267–269

Oishi K, Ohkura N (2013) Chronic circadian clock disruption induces expression of the cardiovas-
cular risk factor plasminogen activator inhibitor-1 in mice. Blood Coag Fibrinol 24:106–108

Okawa M, Uchiyama M (2007) Circadian rhythm sleep disorders: characteristics and entrainment
pathology in delayed sleep phase and non-24 h sleep-wake syndrome. Sleep Med Rev
11:485–496

O'Neill JS, Reddy AB (2011) Circadian clocks in human red blood cells. Nature 469:498–503
Panda S, Antoch MP, Miller BH et al (2002) Coordinated transcription of key pathways in the

mouse by the circadian clock. Cell 109:307–320
Partonen T, Treutlein J, Alpman A et al (2007) Three circadian clock genes Per2, Arntl, and Npas2

contribute to winter depression. Ann Med 39:229–238
Paul MA, Miller JC, Love RJ et al (2009) Timing light treatment for eastward and westward travel

preparation. Chronobiol Int 26:867–890
Paul MA, Miller JC, Gray GW, Love RJ, Lieberman HR, Arendt J (2010) Melatonin treatment for

eastward and westward travel preparation. Psychopharmacol 208:377–386
Pereira DS, Tufik S, Louzada FM et al (2005) Association of the length polymorphism in the

human Per3 gene with the delayed sleep-phase syndrome: does latitude have an influence upon 
it? Sleep 28:29–32

Pierard C, Beaumont M, Enslen M et al (2001) Resynchronization of hormonal rhythms after an
eastbound flight in humans: effects of slow-release caffeine and melatonin. Eur J Appl Physiol
85:144–150

Pietroiusti A, Forlini A, Magrini A et al (2006) Shift work increases the frequency of duodenal
ulcer in H pylori infected workers. Occup Environ Med 63:773–775

Pizzio GA, Hainich EC, Ferreyra GA et al (2003) Circadian and photic regulation of ERK, JNK
and p38 in the hamster SCN. Neuroreport 14:1417–1419

Plano SA, Golombek DA, Chiesa JJ (2010) Circadian entrainment to light-dark cycles involves
extracellular nitric oxide communication within the suprachiasmatic nuclei. Eur J Neurosci 
31:876–882

Plano SA, Agostino PV, de la Iglesia HO et al (2012) cGMP-phosphodiesterase inhibition enhances
photic responses and synchronization of the biological circadian clock in rodents. PloS One 
7:e37121

15 Effects of Circadian Disruption on Physiology and Pathology…



318

Polidarova L, Sladek M, Sotak M et al (2011) Hepatic, duodenal, and colonic circadian clocks
differ in their persistence under conditions of constant light and in their entrainment by 
restricted feeding. Chronobiol Int 28:204–215

Preuss F, Tang Y, Laposky AD et al (2008) Adverse effects of chronic circadian desynchronization
in animals in a “challenging” environment. Am J Physiol (Reg Int Comp Physiol) 295: 
R2034–2040

Rajaratnam SM, Middleton B, Stone BM et al (2004) Melatonin advances the circadian timing of
EEG sleep and directly facilitates sleep without altering its duration in extended sleep opportu-
nities in humans. J Physiol 561:339–351

Ralph MR, Menaker M (1988) A mutation of the circadian system in golden hamsters. Science
241:1225–1227

Reddy AB, Field MD, Maywood ES et al (2002) Differential resynchronisation of circadian clock
gene expression within the suprachiasmatic nuclei of mice subjected to experimental jet-lag.  
J Neurosci 22:7326–7330

Reid KJ, Zee PC (2009) Circadian rhythm disorders. Sem Neurol 29:393–405
Reid KJ, McGee-Koch LL, Zee PC (2011) Cognition in circadian rhythm sleep disorders. Progr

Brain Res 190:3–20
Reiter RJ, Tan DX, Fuentes-Broto L (2010) Melatonin: a multitasking molecule. Progr Brain Res

181:127–151
Reppert SM, Weaver DR (2001) Molecular analysis of mammalian circadian rhythms. Ann Rev

Physiol 63:647–676
Revell VL, Eastman CI (2005) How to trick mother nature into letting you fly around or stay up all 

night. J Biol Rhythm 20:353–365
Revell VL, Burgess HJ, Gazda CJ et al (2006) Advancing human circadian rhythms with afternoon

melatonin and morning intermittent bright light. J Clin Endocrinol Metabol 91:54–59
Roenneberg T, Daan S, Merrow M (2003) The art of entrainment. J Biol Rhythm 18:183–194
Roenneberg T, Allebrandt KV, Merrow M et al (2012) Social jetlag and obesity. Curr Biol

22:939–943
Rouch I, Wild P, Ansiau D et al (2005) Shiftwork experience, age and cognitive performance.

Ergonomics 48:1282–1293
Roybal K, Theobold D, Graham A et al (2007) Mania-like behavior induced by disruption of

CLOCK. Proc Natl Acad Sci USA 104:6406–6411
Rudic RD, McNamara P, Curtis AM et al (2004) BMAL1 and CLOCK, two essential components

of the circadian clock, are involved in glucose homeostasis. PLoS Biol 2:e377
Ruger M, Scheer FA (2009) Effects of circadian disruption on the cardiometabolic system. Rev

Endocrine Met Dis 10:245–260
Rutter J, Reick M, Wu LC et al (2001) Regulation of clock and NPAS2 DNA binding by the redox

state of NAD cofactors. Science 293:510–514
Sack RL (2009) The pathophysiology of jet-lag. Travel Med Infect Dis 7:102–110
Sage D, Ganem J, Guillaumond F et al (2004) Influence of the corticosterone rhythm on photic

entrainment of locomotor activity in rats. J Biol Rhythm 19:144–156
Sahar S, Sassone-Corsi P (2012) Regulation of metabolism: the circadian clock dictates the time. 

Trends Endocrinol Metabol 23:1–8
Salgado-Delgado R, Angeles-Castellanos M, Buijs MR et al (2008) Internal desynchronization in

a model of night-work by forced activity in rats. Neuroscience 154:922–931
Salgado-Delgado R, Angeles-Castellanos M, Saderi N et al (2010a) Food intake during the normal

activity phase prevents obesity and circadian desynchrony in a rat model of night work. 
Endocrinology 151:1019–1029

Salgado-Delgado R, Nadia S, Ángeles-Castellanos M et al (2010b) In a rat model of night work,
activity during the normal resting phase produces desynchrony in the hypothalamus. J Biol 
Rhythm 25:421–431

Scheer FA, Hilton MF, Mantzoros CS et al (2009) Adverse metabolic and cardiovascular conse-
quences of circadian misalignment. Proc Natl Acad Sci USA 106:4453–4458

Scheiermann C, Kunisaki Y, Lucas D et al (2012) Adrenergic nerves govern circadian leukocyte
recruitment to tissues. Immunity 37:290–301

J.J. Chiesa et al.



319

Scheiermann C, Kunisaki Y, Frenette PS (2013) Circadian control of the immune system. Nature
Rev Immunol 13:190–198

Schwartz MD, Wotus C, Liu T et al (2009) Dissociation of circadian and light inhibition of mela-
tonin release through forced desynchronization in the rat. Proc Natl Acad Sci USA
106:17540–17545

Schwartz WJ, Tavakoli-Nezhad M, Lambert CM et al (2011) Distinct patterns of Period gene
expression in the suprachiasmatic nucleus underlie circadian clock photoentrainment by 
advances or delays. Proc Natl Acad Sci USA 108:17219–17224

Segawa K, Nakazawa S, Tsukamoto Y et al (1987) Peptic ulcer is prevalent among shift workers.
Dig Dis Sci 32:449–453

Sellix MT, Evans JA, Leise TL et al (2012) Aging differentially affects the re-entrainment response
of central and peripheral circadian oscillators. J Neurosci 32:16193–16202

Shostak A, Meyer-Kovac J, Oster H (2013) Circadian regulation of lipid mobilization in white
adipose tissues. Diabetes 62:2195–2203

Silver AC, Arjona A, Walker WE et al (2012) The circadian clock controls Toll-like receptor
9-mediated innate and adaptive immunity. Immunity 36:251–261

Skene DJ, Arendt J (2007) Circadian rhythm sleep disorders in the blind and their treatment with
melatonin. Sleep Med 8:651–655

Smith MR, Fogg LF, Eastman CI (2009a) A compromise circadian phase position for permanent
night work improves mood, fatigue, and performance. Sleep 32:1481–1489

Smith MR, Fogg LF, Eastman CI (2009b) Practical interventions to promote circadian adaptation
to permanent night shift work: study 4. J Biol Rhythm 24:161–172

Soria V, Martínez-Amoros E, Escaramis G et al (2010) Differential association of circadian genes
with mood disorders: CRY1 and NPAS2 are associated with unipolar major depression and
CLOCK and VIP with bipolar disorder. Neuropsychopharmacol 35:1279–1289

Spiegel K, Tasali E, Leproult R et al (2009) Effects of poor and short sleep on glucose metabolism 
and obesity risk. Nat Rev Endocrinol 5:253–261

Stenvers DJ, Jonkers CF, Fliers E et al (2012) Nutrition and the circadian timing system. Progr 
Brain Res 199:359–376

Su TC, Lin LY, Baker D et al (2008) Elevated blood pressure, decreased heart rate variability and
incomplete blood pressure recovery after a 12-hour night shift work. J Occup Health 
50:380–386

Takahashi JS, Hong HK, Ko CH et al (2008) The genetics of mammalian circadian order and dis-
order: implications for physiology and disease. Nature Rev Gen 9:764–775

Tenkanen L, Sjoblom T, Kalimo R et al (1997) Shift work, occupation and coronary heart disease over 
6 years of follow-up in the Helsinki Heart Study. Scand J Work Environ Health 23:257–265

Toh KL, Jones CR, He Y et al (2001) An hPer2 phosphorylation site mutation in familial advanced
sleep phase syndrome. Science 291:1040–1043

Turek FW, Joshu C, Kohsaka A et al (2005) Obesity and metabolic syndrome in circadian Clock
mutant mice. Science 308:1043–1045

van den Heiligenberg S, Depres-Brummer P, Barbason H et al (1999) The tumor promoting effect 
of constant light exposure on diethylnitrosamine-induced hepatocarcinogenesis in rats. Life Sci 
64:2523–2534

Van der Zee EA, Havekes R, Barf RP et al (2008) Circadian time-place learning in mice depends
on Cry genes. Curr Biol 18:844–848

Vansteensel MJ,Yamazaki S, Albus H et al (2003) Dissociation between circadian Per1 and neuronal
and behavioral rhythms following a shifted environmental cycle. Curr Biol 13:1538–1542

Vgontzas AN, Chrousos GP (2002) Sleep, the hypothalamic-pituitary-adrenal axis, and cytokines:
multiple interactions and disturbances in sleep disorders. Endocrinol Metabol Clin North Am
31:15–36

Vinogradova IA, Anisimov VN, Bukalev AV et al (2010) Circadian disruption induced by light-
at-night accelerates aging and promotes tumorigenesis in young but not in old rats. Aging
2:82–92

Viswambharan H, Carvas JM, Antic V et al (2007) Mutation of the circadian clock gene Per2 alters
vascular endothelial function. Circulation 115:2188–2195

15 Effects of Circadian Disruption on Physiology and Pathology…



320

Vyas MV, Garg AX, Iansavichus AV et al (2012) Shift work and vascular events: systematic review
and meta-analysis. BMJ 345:e4800

Waite EJ, McKenna M, Kershaw Y et al (2012) Ultradian corticosterone secretion is maintained in
the absence of circadian cues. Eur J Neurosci 36:3142–3150

Waterhouse J, Reilly T, Atkinson G et al (2007) Jet-lag: trends and coping strategies. Lancet
369:1117–1129

Welsh DK, Takahashi JS, Kay SA (2010) Suprachiasmatic nucleus: cell autonomy and network
properties. Ann Rev Physiol 72:551–577

Wirth M, Burch J, Violanti J et al (2011) Shiftwork duration and the awakening cortisol response
among police officers. Chronobiol Int 28:446–457

Wittmann M, Dinich J, Merrow M et al (2006) Social jetlag: misalignment of biological and social
time. Chronobiol Int 23:497–509

Wood PA, Yang X, Taber A et al (2008) Period 2 mutation accelerates ApcMin/+tumorigenesis.
Mol Cancer Res 6:1786–1793

Wright KP Jr, Hull JT, Hughes RJ et al (2006) Sleep and wakefulness out of phase with internal 
biological time impairs learning in humans. J Cognit Neurosci 18:508–521

Wright KP, Lowry CA, Lebourgeois MK (2012) Circadian and wakefulness-sleep modulation of
cognition in humans. Front Mol Neurosci 5:50–62

Wu M, Zeng J, Chen Y et al (2012) Experimental chronic jet-lag promotes growth and lung
metastasis of Lewis lung carcinoma in C57BL/6 mice. Oncol Rep 64:256–262

Xu Y, Padiath QS, Shapiro RE et al (2005) Functional consequences of a CKIdelta mutation caus-
ing familial advanced sleep phase syndrome. Nature 434:640–644

Yamazaki S, Numano R, Abe M et al (2000) Resetting central and peripheral circadian oscillators
in transgenic rats. Science 288:682–685

Yan L (2011) Structural and functional changes in the suprachiasmatic nucleus following chronic
circadian rhythm perturbation. Neuroscience 183:99–107

Zawilska JB, Skene DJ, Arendt J (2009) Physiology and pharmacology of melatonin in relation to
biological rhythms. Pharmacol Rep 61:383–410

Zee PC, Goldstein CA (2010) Treatment of shift work disorder and jet-lag. Curr Treat Opt Neurol
12:396–411

Zeitzer JM, Dijk DJ, Kronauer R et al (2000) Sensitivity of the human circadian pacemaker to
nocturnal light: melatonin phase resetting and suppression. J Physiol 526:695–702

Zimberg IZ, Fernandes-Junior SA, Crispim CA et al (2012) Metabolic impact of shift work. Work
41:4376–4383

Zisapel N (2001) Circadian rhythm sleep disorders: pathophysiology and potential approaches to 
management. CNS Drugs 15:311–328

Zober A, Schilling D, Ott MG et al (1998) Helicobacter pylori infection: prevalence and clinical
relevance in a large company. J Occup Environ Med/Am College Occup Environ Med
40:586–594

J.J. Chiesa et al.


	Chapter 15: Effects of Circadian Disruption on Physiology and Pathology: From Bench to Clinic (and Back)
	15.1 Circadian Entrainment
	15.1.1 Physiology of Entrainment
	15.1.2 Entrainment of Peripheral Oscillators

	15.2 Alterations in Circadian Entrainment
	15.2.1 Exogenous Disruption of Circadian Rhythms
	15.2.1.1 Alterations Related to Human Activities
	15.2.1.2 Exogenous Alterations in the Laboratory

	15.2.2 Endogenous Alterations in Human and Animal Models

	15.3 Health Consequences of Circadian Disruption
	15.3.1 Metabolic Alterations
	15.3.2 Cardiovascular Alterations
	15.3.3 Gastrointestinal Alterations
	15.3.4 Immune Alterations
	15.3.5 Endocrine Alterations
	15.3.6 Cognitive Effects of Circadian Disruption

	15.4 Treatment of Circadian Desynchronization
	References


