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  Pref ace   

 Biological rhythms play pivotal roles in both physical and mental health. Spatiotemporal 
oscillations have been identifi ed at different levels, from mitochondria to transmem-
brane potentials, from heart excitation waves to neural activities. The circadian clock is 
involved in gene expression regulations and various cellular processes including 
metabolism, proliferation, and senescence. This book provides an overview of the 
cellular rhythms and networks with the emphasis on the systems biology under-
standing of their roles in the practice of personalized and systems medicine. 

 The disruption of circadian rhythms has been associated with many complex 
diseases including insomnia, depression, heart disease, cancer, rheumatoid arthritis, 
and neurodegenerative disorders. The multi-scale view of circadian systems on the 
basis of systems biology would empower the discovery of novel therapeutic strate-
gies such as chronotherapy (see Chap.   1    ). Depending on the feedback loops with 
multiple pathways and protein–protein interactions involved, the circadian clocks 
form the essential cellular timing mechanisms that synchronize vital physiological 
processes (see Chap.   2    ). For example, the multi-factorial circadian-neuroendocrine- 
immune networks may be involved in various disorders including the lung, heart, 
and gastrointestinal diseases (see Chap.   3    ). 

 Depression and circadian disruptions may share a common etiology with lower 
cellular resilience and reduced resistance to stressful events. The pattern analysis of 
systemic circadian profi les can be useful for the prediction and prevention of vari-
ous psychiatric disorders (see Chap.   4    ). The cardiovascular system responds to 
environmental stimuli with circadian patterns. Such patterns are mediated via the 
complex interactions between the extracellular factors such as neuro-humoral ele-
ments and intracellular factors such as the clock genes with impacts on the pharma-
cokinetics and pharmacodynamics of drugs (see Chap.   5    ). Studies at molecular, 
cellular, and clinical levels have demonstrated the critical role of the circadian clock 
in carcinogenesis and anticancer treatments. The understanding of the circadian-cell 
cycle interaction may contribute to the optimization of drug delivery (see Chap.   6    ). 
Robust biomarkers based on chronobiology and systems biology can be used for the 
establishment of rhythmic profi les toward more precise diagnosis and  individualized 
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treatment. Personalized chronotherapy may help improve the treatment of various 
diseases including hypertension, cancer, depression, and rheumatoid arthritis 
(see Chap.   7    ). 

 By covering topics from cellular networks to complex diseases, from novel con-
cepts to emerging fi elds, this book intends to provide a state-of-the-art and inte-
grative view of cellular rhythms and networks with potential clinical applications in 
personalized and systems medicine. Frameworks on the basis of systems biology 
and chronobiology are introduced for understanding the complexity in health and 
diseases. 

 I would like to thank the editors from Springer for their support in this exciting 
project.  

  Santa Clara, CA, USA     Qing     Yan     
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    Chapter 1   
 Introduction: Cellular Rhythms and Networks 
in Systems and Dynamical Medicine       

1.1                   The Importance of Temporal Factors in Personalized 
Medicine 

 There are several key elements in the practice of  personalized medicine  . The explo-
ration of the  “variations”   in the responses to pathogenic and therapeutic factors may 
lead to more accurate diagnosis and the right interventions for “the right people with 
the right dosages and intensities at the right time” (Yan  2014 ). Specifi cally, the 
“variations” should include not just the differences among individuals.    The accu-
racy should also come from the recognition of temporal and periodic differences in 
each individual. 

  Temporal elements   such as rhythms and oscillations are the essential properties 
of biological organisms. With the environmental changes caused by the movements 
of the sun, the moon, and the earth, endogenous biological clocks provide the mech-
anisms for adaptation to the constant cycles. These internal clocks enable the organ-
ism to make psychophysiological adjustments in accordance with the outside 
variations, such as having more effi cient usages  of   energy resources (Zhang and 
Kay  2010 ). Such adaptive strategies are necessary for health and well-being. 

  Chronological factors   have fundamental roles in physical and chemical pro-
cesses. Composed of complex interactive networks, various organs in the human 
body are under the infl uence of temporal factors, especially the central nervous 
system (CNS) (Kopec and Carew  2013 ; Gulsuner et al.  2013 ). If measured at vari-
ous temporal scales, the physiological components and functional conditions at one 
time-point are usually very different from those at another time-point. 

 For example, the  circadian clock   is an intrinsic oscillator in charge of the daily 
rhythms in physiological responses and psychological behaviors (Baggs and 
Hogenesch  2010 ). Another obvious example is aging, an evolutionary progression 
over time with changes at various spatial levels, from cell cycles to cell motility, 
from genetic expression patterns to physiological complexity (Manor and Lipsitz 
 2013 ; Jonker et al.  2013 ). 
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 However, the  temporal factors   have often been ignored in clinical practice and 
basic scientifi c studies. As an example, up to now epidemiologic studies about dis-
ease risks have been mostly about the “average” patterns in the spatial context 
(Zhang et al.  2011 ). Only recently has such trend been changed to embrace the 
spatiotemporal factors in the analyses of disease risks.  

1.2     Temporal Patterns and Oscillations:    A Systems Biology 
Perspective 

  Rhythmic physiological and psychological activities   are maintained on the basis of 
complex interactions among components at various spatiotemporal levels. A sys-
tems biology perspective is necessary to understand the dynamical patterns and to 
characterize their functions, targets, and interactions.    Figure  1.1  shows a framework 
for studies in systems and dynamical medicine at various levels in the temporal 
(e.g., days and seasons) and spatial (e.g., cells and organs) dimensions. Dynamical 
networks and feedback loops can be analyzed in different hierarchies. To under-
stand the impacts of the temporal factors on health and diseases, nonlinear time-
series investigations may provide insights into the system dynamics using different 
time scales at different spatial levels (Yan  2014 ).

   Analyses at various  time scales   are important, including nanoseconds, seconds, 
hours, 24-h cycle, days, weeks, seasons, years, and even decades (see Fig.  1.1 ). To 
give an example, the ion channel gating activities may be assessed at the microsecond 
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  Fig. 1.1    A framework for studies in systems and dynamical  medicine   at  various   spatiotemporal levels       
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scale (Huang and Wikswo  2006 ). At a higher level, the depolarization of the heart 
organ may be examined at the millisecond scale. The stability of the cardiac cycle 
may be tested at the second scale. Moreover, the longevity and aging of the whole 
organism may be evaluated at the gigasecond scale (Yan  2014 ). 

 As shown from these examples,  physiological and pathological patterns   can be 
explored with different rhythms and cycles. For instance, circadian clocks running 
about 24-h play crucial roles in many physiological variations. Up to now among all 
of the rhythms, the circadian rhythm is the most thoroughly studied type (da Silva 
Lopes et al.  2013 ). This book will also focus on the roles of the circadian variations 
in psychophysiological responses, pathological changes, and therapeutic strategies 
(see Chaps.   2    –  7    ). 

 Other rhythms are also crucial and deserve more investigations. Specifi cally, 
infradian rhythms last longer than 24 h. One relevant physiological example is  the 
  menstrual cycle (Halberg et al.  2009 ; da Silva Lopes et al.  2013 ). Seasonal cycles 
often have epidemiological meanings, such as infl uenza infections in winter.  Ultradian 
rhythms   are the cycles that are shorter than 24 h. Many physiological patterns fall 
into this category,    including heartbeats and the fi ring frequency of neurons. Besides 
biomedical and ecological rhythms, social cycles also have important impacts. 
Examples include the weekly working cycle and the cycle of school years. To have a 
relatively holistic view of the psychosocial and physiological patterns, all of these 
cycles including biological, environmental, and social factors need to be studied. 

 Moreover, a systemic understanding of the biomedical rhythms requires the iden-
tifi cation of the patterns across different spatial scales from genes to cells to organs. 
At the  molecular and cellular levels  , regulatory motifs and metabolic pathways can 
be identifi ed as  potential   biomarkers (see Fig.  1.1 ). For example,  genome- wide anal-
yses   may help identify the biomolecules and regulatory networks associated with 
circadian rhythms (De Haro and Panda  2006 ). In addition, studies about the oscilla-
tions in the transcript and protein contexts have pictured cell cycle as an evolving 
procedure (Klevecz et al.  2008 ). Periodic dynamics have been identifi ed as the fea-
tures of the gene expression patterns associated with the cycles of  cell division and 
cellular redox variations   (Yan  2014 ). 

 Considering cellular organelles, the properties of spatiotemporal dynamics and 
oscillations have been found in  mitochondria and transmembrane potentials   (Kurz 
et al.  2010 ; Stephane et al.  2012 ). Looking up to the levels of organs and the whole 
organism, rhythmic patterns have the essential roles in neural events, brain activi-
ties, heart excitation waves, cognitive processes, as well as  the   working memory 
(Kurz et al.  2010 ; Stephane et al.  2012 ). 

 Systems biology approaches including  gene expression profi ling and perturba-
tion assessment   may be useful for evaluating the spatiotemporal properties (Zhang 
and Kay  2010 ; Baggs and Hogenesch  2010 ). Proteomic studies, cell-based screen-
ing assays, and computational modeling would enable the examination of the  feed-
back loops and clock regulators   (Baggs and Hogenesch  2010 ; Goldbeter et al. 
 2012 ). Different oscillatory processes in the cellular rhythms can be explored at 
different  time scales  , including the daily circadian pattern, segmentation cycles, and 
synthetic rhythms (Goldbeter et al.  2012 ). The  oscillations   in various networks can 

1.2  Temporal Patterns and Oscillations:    A Systems Biology Perspective
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also be characterized, such as those of the p53 and NFκB pathways (see Chap.   2    ). 
Such discoveries using systems methods may lead to the development of novel 
diagnostic and therapeutic strategies. 

 Although this book focuses mainly on the  cellular level  , an understanding on the 
basis of systems biology requires the holistic view of the collective or “emergent” 
features across various spatial levels and temporal scales (Yan  2014 ). Such  cross- 
scale analyses   in all ranges would enable a better understanding of the interrelation-
ships among the oscillating behaviors, health, and diseases (see Fig.  1.1 ). For 
instance, during the formation processes of memory, the  growth factor (GF) signal-
ing   has a critical role in both structural and behavioral plasticity (Kopec and Carew 
 2013 ). A more complete understanding of the processes requires the establishment 
of both spatial and temporal profi les of the GF signaling to describe the interactive 
elements in the complex network. The integrative profi ling approaches covering 
multiple spatiotemporal scales would allow for the construction of systemic net-
works to be applied for preventive and precision medicine (Yan  2014 ).  

1.3      Cellular Rhythms and   Dynamical Diseases 

 Studies  of   biological rhythms at various levels such as the cellular level may have 
profound implications for health care. The so called “dynamical diseases” have the 
features of varied dynamical complexity and rhythms that are different from those 
in the normal conditions (Yan  2014 ). Many common diseases have already been 
confi rmed to have such properties, including depression, schizophrenia, Parkinson’s 
disease, as well as aging and age-associated disorders (Pezard et al.  1996 ; An der 
Heiden  2006 ; Schiff  2010 ). In the problem of obesity, a nonlinear association has 
been found between diurnal cortisol production and the pathogenesis of the disorder 
(Kumari et al.  2010 ). 

 Although depression is categorized in the mental disorder area, it has physiologi-
cal variables that are featured with oscillations. These variables have nonlinear 
interrelationships, forming the complexity in the disease (Tretter et al.  2011 ). 
Because the nervous system is characterized with “a hierarchy of oscillatory pro-
cesses” (Milton and Black  1995 ), such oscillations have profound impacts on vari-
ous tissues, organs, and systems. On the other hand, altered oscillatory activities of 
gene expressions have been related to  the   distorted  rhythmic   manners in psychiatric 
disorders (Gebicke-Haerter et al.  2013 ). More discussions of the connections 
between circadian rhythms  and mental disorders   can be found in Chap.   4    . 

 The dynamical property is remarkable in chronic diseases such as cancer (see 
Chap.   6    ). For instance, the close relationship between B cell cycles and chronic lym-
phocytic leukemia (CLL) has made the disorder a typical dynamical disease (Damle 
et al.  2010 ). Recent advancements in the research of microRNAs (miRNAs) have 
identifi ed their close relationships with the regulation of cell cycles. Such correla-
tions emphasize their roles in the complex disorders including cancer and highlight 
the dynamical features in health and diseases (Stahlhut Espinosa and Slack  2006 ). 

1 Introduction: Cellular Rhythms and Networks in Systems and Dynamical Medicine
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 These examples support the fact that “everything oscillates” (Klevecz et al. 
 2008 ). Such oscillations can be observed at various levels, from mitochondria to cell 
cycles, from heartbeats to cognition. Based on such perspectives, all diseases are 
“dynamical diseases” that require dynamical analyses at every step of medical prac-
tice, from diagnostic approaches to therapeutic strategies. Methods in “dynamical 
medicine” need to be established, such as the investigations of bifurcations and 
nonlinear time-series analyses (Yan  2014 ). 

 Such approaches would enable the establishment of systemic models for psycho-
physiological and pathological oscillations and feedback loops in order to achieve 
personalized medicine. For instance, in psychiatrics, models of dynamical systems 
have been applied to characterize systematic oscillations in the patterns of mental 
symptoms (Odgers et al.  2009 ). Biomarkers and symptoms related to temporal com-
plexity and alterations have been studied in a wide spectrum of diseases such as 
asthma (Frey et al.  2011 ). In prostate cancer, therapeutic sensitivity and resistance 
during various stages in its progression have been associated  with   molecular and 
cellular elements in the tumor cells (Shaffer and Scher  2003 ). 

 Because the dynamical  properties   have essential roles in health and diseases, it is 
necessary to recognize the systemic biomarkers as the shifting targets, such as the 
interactive  molecules and cellular   pathways at various time points or stages (also 
see Chap.   7    ). Such identifi cation would allow for more accurate diagnosis and more 
effective therapies. In addition, to address the oscillatory features of dynamical dis-
eases, frequent follow-ups are needed to prevent disease progression and potential 
recurrence. For example in depressive disorders, preventive intervention strategies 
can be developed for those patients with potential recurrence (Pezard et al.  1996 ). In 
the following section, the importance of systems and dynamical biomarkers will be 
reviewed to elucidate their roles in dynamical diseases.  

1.4     Systems and Dynamical Biomarkers 

 Representing  physiological and pathological conditions  , biomarkers have signifi -
cant roles in the diagnosis and prognosis of diseases. As indicators of abnormal 
functions and treatment responses, biomarkers are useful for the prediction and pre-
vention of the development of diseases. The disease profi ling and classifi cation on 
the basis of biomarkers may also contribute to the discovery of novel therapeutics. 

 However, because diseases have the complexity and dynamical properties, it is 
often challenging to accurately characterize and validate biomarkers.  Conventional 
methods   for biomarker identifi cation including the symptom checklists often fail to 
recognize the multifaceted conditions and dynamical stages for precise and timely 
diagnosis and prognosis (Yan  2014 ). Even the genetic tests developed in recent 
decades are mostly based on the detection of single biomolecules or single nucleo-
tide polymorphisms (SNPs) that cannot represent the composite malfunctions or 
complex networks. In addition to the theoretical aspect, the advancement in tech-
nologies also calls for novel approaches in the identifi cation of biomarkers. 

1.4  Systems and Dynamical Biomarkers

http://dx.doi.org/10.1007/978-3-319-22819-8_7


6

For instance, limitations have been discussed in using the pathology-type  immuno-
histochemical markers (IHCM)   in clinical pathology (Abu-Asab et al.  2011 ). 

 With the recognition of the importance of the  oscillations and networks   in 
 complex diseases, methods emphasizing systems and dynamical investigation are 
needed to identify both precise and robust biomarkers. Systems biology and 
“omics”-based strategies can be developed for the classifi cation of patient  subgroups 
for individualized medicine. Different factors need to be considered at various 
levels. 

 At the  molecular level  , factors such as genomic variations and epigenetic altera-
tions need to be included. At the cellular level, high content phenotypic tests can be 
used to detect the cellular alterations quantitatively. The profi ling of the changes in 
cells’ whole transcriptome or  proteome   can be developed (Dunn et al.  2010 ). 
Libraries of  peptides and poly-nucleotides   such as siRNA can be established to 
assess the perturbing elements associated with the proteomic and cellular markers. 
Relevant cellular pathways and networks may also be analyzed (see Chap.   2    ). At 
higher levels, changes in the structure–function correlations, etiologic heterogeneity, 
psychosocial status, and environmental infl uences can be incorporated (Filiou and 
Turck  2011 ). 

 In addition to the examinations at various levels in the spatial dimension, bio-
markers with predictive powers need to be discovered to represent the robust status 
and disease stages in the  temporal dimension   (see Fig.  1.1 ). For example, biomark-
ers describing the temporal evolutionary stages have been applied to evaluate the 
clinical initiation and progression of symptoms in Alzheimer’s disease (AD) (Jack 
et al.  2013 ). Dynamical models may address the temporal factors including cellular 
rhythmic networks for depicting disease progressions, which are more accurate than 
using the clinical symptom severity as biomarkers. 

 The advancement of technologies in recent years may enable the cross-scale 
investigations at various spatiotemporal levels. Specifi cally,  high-throughput (HTP) 
technologies   can be applied for the dynamical assessments of systems-wide geno-
type–phenotype correlations with time-series examinations (Chen et al.  2012 ). 
Before using such technologies, the traditional genetic markers could only differen-
tiate disease from healthy samples in static conditions that may lead to imprecise 
drug design and adverse clinical outcomes. However, the new technologies may 
help avoid these inadequacies. 

 As an example, the relapses of complex diseases often happen suddenly at a tip-
ping point with a forthcoming bifurcation. The capture of this critical stage with the 
recognition of early-warning signals would be meaningful for early diagnosis and 
prognosis toward preventive medicine. The HTP gene expression methods have been 
suggested useful for the detection of such  dynamical network biomarkers (DNBs)      
(Chen et al.  2012 ). Tissue-specifi c molecular and cellular markers in  DNBs   can be 
determined for the transition from the normal to disease conditions (Li et al.  2014 ). 

 For instance,  cancer   has progressive stages featured with dynamical patterns of 
proteomic changes and shift tendencies of carcinogenesis. Such properties make 
early detection and interventions as the optimal method to lower the mortality of 
solid cancers (Li et al.  2011 ). Conventionally, cancer screening models have classi-

1 Introduction: Cellular Rhythms and Networks in Systems and Dynamical Medicine
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fi ed at-risk people into three groups, i.e., normal people, those without symptoms, 
and patients with detectable symptoms. However, such static categorization has not 
been helpful for reducing the mortality rate. To make improvements,    models such 
as those embracing the dynamic clonal evolution can be very useful for systemic 
biomarker discovery (Li et al.  2011 ). 

 In summary, the discovery of the clusters of robust  biomarkers   such as cellular 
rhythmic networks may help improve the accuracy in the risk identifi cation and the 
prediction of disease progression. Such approaches may allow for the stratifi cation 
of different at-risk patient groups for timely therapies and individualized care that 
are essential in personalized medicine. More discussions on systems and dynamical 
biomarkers for various diseases will be available in Chap.   7    .  

1.5     Bioinformatics Support for Spatiotemporal Studies 

 The development of systems biology relies on both experimental and computational 
approaches. The  cross-scale dynamical analyses   for spatiotemporal studies may 
become the basis for the practice of personalized, predictive, and preventive medi-
cine (Yan  2014 ). An indispensable method toward the achievement of these goals is 
bioinformatics. For instance,  mathematical and computational models   have been 
found useful to simulate neuron–neuron communications, neuron–glia gap junc-
tions, and various  neurobehavioral   functions (Kronauer et al.  2007 ; Gebicke-Haerter 
et al.  2013 ). Laboratory tests and computational algorithms can be designed for 
time-series analyses of the cellular rhythmic networks and individual differences in 
such  complex processes  . 

 Figure  1.2  provides a schematic summary of the bioinformatics approaches to sup-
port the development of  systems and dynamical medicine  . By using methods of data 
integration, data mining, knowledge discovery, and decision support, systems models 
can be established for the identifi cation of dynamical biomarkers based on the spatio-
temporal profi les. Such approaches would enable the understanding of the  mecha-
nisms   at various levels, including the analyses in functional genomics, proteomics, 
epigenomics, pharmacogenomics, chronobiology, and systems biology. On the basis 
of the systems models and spatiotemporal profi les, more accurate diagnosis and prog-
nosis may be achieved for predictive, preventive, and personalized medicine.

   Many bioinformatics resources are available for the assessment of genomic and 
proteomic dynamics, as shown in the examples  in   Table  1.1 . For instance, DNAtraffi c 
is an annotated database about protein structures, functions, and DNA damage 
response pathways (Kuchta et al.  2012 ). The database can be used to study genome 
dynamics and DNA networks during the cell life. The Membrane Builder in the 
CHARMM-GUI website can be used for molecular dynamics and mechanics simula-
tions (Jo et al.  2007 ).  CellFinder   provides an ontological platform for genotype–phe-
notype analyses in various cell types (Seltmann et al.  2013 ). It can be used to 
characterize cells in different developmental stages and their roles in tissues, organs 
and organisms. Cyclebase is a database about cell-cycle regulation (Santos et al.  2015 ). 

1.5  Bioinformatics Support for Spatiotemporal Studies

http://dx.doi.org/10.1007/978-3-319-22819-8_7
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Another site, Arena3D hosts a visualization tool for the analyses of the  time- driven 
phenotypic patterns and morphological layers   (Secrier et al.  2012 ).

   The  Conformational Dynamics Data Bank (CDDB)         is about the dynamics of 
proteins with emphasis on the conformational transitions (Kim et al.  2011 ; also see 
Table  1.1 ).  Dynameomics   is for the dynamics simulation of protein folding and 
pathways (Van der Kamp et al.  2010 ). The  Dynamic Proteomics   is about the dynam-
ics of endogenous proteins in living human cells including protein dynamics fl uo-
rescence movies (Frenkel-Morgenstern et al.  2010 ). The Eurexpress atlas is a 
database and map of the transcriptome in the mouse embryo for the analysis of 
spatiotemporal gene expression patterns (Diez-Roux et al.  2011 ). The  MitoGenesisDB   
is a database about the spatiotemporal dynamics of mitochondrial protein formation 
including the time-course of mRNA generation (Gelly et al.  2011 ). 

 At the tissue and organ levels, the Allen Brain Atlas is for spatiotemporal studies 
of the CNS including genome-wide maps (Sunkin et al.  2013 ; also see Table  1.1 ). 
The  Cerebellar Development Transcriptome Database (CDT-DB)         is about spatio-
temporal gene expression patterns in mouse cerebellar development (Sato et al. 
 2008 ). EpiScanGIS utilizes a Geographical Information System (GIS) for the map-
ping of the spatiotemporal data of meningococcal disease (Reinhardt et al.  2008 ). 

 In addition, The  EUCLOCK Information System (EUCLIS)         is about circadian 
biology  and chronobiology   (Batista et al.  2007 ). DBBR is a database to support 
systems biology studies in biological rhythms (DBBR  2015 ; also see Table  1.1 ). 
CircaDB provides a collection of circadian gene expression data based on experi-
ments (Pizarro et al.  2013 ).  CircadiOmics   is about circadian genomics, transcrip-
tomics, and metabolomics (Patel et al.  2012 ).  

Analyses at Various
Spatiotemporal Levels

Biomedical
Informatics

Methods

Systems and
Dynamical Medicine

Functional Genomics
Proteomics

Transcriptomics
Epigenomics

Metabolomics
Pharmacogenomics

Chronobiology
Systems Biology

Data integration

Data mining

Knowledge-
discovery

Decision support

Systems  models

Systems & dynamical
biomarkers

Spatiotemporal profiles

Diagnosis
Prognosis
Prediction
Prevention

Personalized care

  Fig. 1.2     Bioinformatics   support for systems and dynamical medicine       
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1.6     Conclusion: Systems and Dynamical Medicine 

  The    objectives    of   personalized  medicine   require systemic and cross-scale analyses 
of spatiotemporal patterns, from molecules to cells and organisms, from seconds to 
days and years. On the basis of such understanding, the development of systems 
and dynamical medicine addressing timely changes in the whole systems would 
be possible. 

 While the term “ systems medicine     ” emphasizes the perception of holism, the 
phrase of “ dynamical medicine     ” underscores the adaptations of the interwoven spatio-
temporal elements in the complex biological systems (see Fig.  1.1 ). Specifi cally, the 
analyses of the nonlinearity and interconnectivity in cellular rhythmic networks and 
feedback loops may contribute to a more integrative and proactive care in the clinic. 

 For example, at the cellular level, the nonlinear dynamical behavior of mito-
chondria plays a critical role in controlling energy metabolism within liver cells 
(Ramanujan and Herman  2007 ). Variations in this process have been associated 
with the mechanisms of aging and abnormal functions of various organs. 

      Table 1.1    Examples of  bioinformatics resources   for spatiotemporal studies   

 Tools  URLs a   Contents 

 Allen 
Brain Atlas 

   http://www.brain-map.org      A spatiotemporal platform 
for the CNS 

 Arena3D    http://arena3d.org      Time-driven phenotypes 
 CellFinder    http://cellfi nder.org      Systematic cell types 
 CircaDB    http://bioinf.itmat.upenn.edu/circa/      Circadian gene expressions 
 CircadiOmics    http://circadiomics.igb.uci.edu/      Circadian genomics, 

transcriptomics, metabolomics 
 CHARMM-GUI    http://www.charmm-gui.org/      Macromolecular dynamics 
 CDDB    http://www.cdyn.org/      Protein conformational 

dynamics 
 CDT-DB    http://www.cdtdb.neuroinf.jp/CDT/Top.jsp      Spatiotemporal mouse brain 

gene expressions 
 Cyclebase    http://www.   cyclebase.org/CyclebaseSearch      Cell-cycle regulation 
 DBBR    http://pharmtao.com/health/

biological-rhythms-database/     
 Systems biology of biological 
rhythms 

 DNAtraffi c    http://dnatraffi c.ibb.waw.pl/      Genome dynamics 
 Dynameomics    http://www.dynameomics.org      Protein dynamics 
 Dynamic 
Proteomics 

   http://www.weizmann.ac.il/mcb/UriAlon/
DynamProt/     

 Protein dynamics 

 EpiScanGIS    http://www.episcangis.org      Spatiotemporal disease clusters 
 EUCLIS    http://www.   bioinfo.mpg.de/euclis/      Circadian biology 
 Eurexpress atlas    http://www.eurexpress.org      Mouse embryo transcriptomes 
 MitoGenesisDB    http://www.dsimb.inserm.fr/dsimb_tools/

mitgene/     
 Spatiotemporal mitochondrial 
dynamics 

   a Resources accessed May 15, 2015  

1.6  Conclusion: Systems and Dynamical Medicine

http://www.brain-map.org/
http://arena3d.org/
http://cellfinder.org/
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http://www.Bioinformaticsresources, spatiotemporal studiescyclebase.org/CyclebaseSearch
http://pharmtao.com/health/biological-rhythms-database/
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Going up to the organ level, the examinations of the nonlinear dynamics of heart 
rates have revealed the importance of multifaceted factors such as the circadian 
clocks and age (Vandeput et al.  2012 ). 

 In conclusion, the investigation of biological rhythms would bring a better insight 
into dynamical diseases and ultimately dynamical medicine. Many factors are 
involved in dynamical diseases, from genetic mutations to epigenetic and environ-
mental changes. The incorporation of these factors from a wide spectrum is neces-
sary to allow for a more comprehensive understanding of health and diseases. Such 
spatiotemporal understanding can then be translated into the clinical practice of 
personalized and preventive medicine.     
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    Chapter 2   
 Circadian Rhythms and Cellular Networks: 
A Systems Biology Perspective       

2.1                   Systems Biology of Circadian Rhythms: 
A Schematic Overview 

 The emerging fi eld of systems biology represents the switch of the gear from reduc-
tionist approaches toward the recognition and understanding of complex systems 
and behaviors. Systems biology emphasizes the interactions among individual ele-
ments such as  genes and proteins  . Such focus makes the circadian timekeeping 
systems a valuable model. This is because the  circadian oscillating systems   have the 
features of robustness, periodicity, nonlinearity, adaptation, temperature compensa-
tion, as well as synchronization (Ueda  2007 ; Hogenesch and Ueda  2011 ). As an 
essential adaptive function, the organism’s internal physiological and behavioral 
rhythms can be entrained and synchronized to environmental signals. 

 Figure  2.1  provides a schematic overview of the roles of  the   clock systems in 
various psychophysiological processes at different levels. Specifi cally, the environ-
ment (e.g., the light/dark cycle) and lifestyles (e.g., sleep patterns) may infl uence 
the central and peripheral clocks. While the suprachiasmatic nucleus (SCN) of the 
hypothalamus harbors the master clock, the peripheral clocks in the heart, lung, 
liver, kidney, and muscles also regulate the behavioral and physiological activities. 
The central SCN clock may orchestrate the circadian oscillators in peripheral tis-
sues with light signals as the foremost synchronizer.

   In addition, various rhythmic signals from the  hypothalamic–pituitary–adrenal 
(HPA)      axis and immune–endocrine systems such as hormones (e.g., melatonin) and 
 cytokines   (e.g., TGFβ) also participate in the oscillations. At the  molecular and cel-
lular levels  , the circadian  genes   and  pathways interact   with multiple  cellular net-
works   in the regulation of cell cycle, transcription, metabolism, electrical activities, 
DNA repair, and stress responses (see Fig.  2.1 ). More details of these processes and 
their relevant pathogenesis will be discussed in Chaps.   3    –  7    . 

 As illustrated in Fig.  2.1 , the 24-h cycle systems are critical for understanding 
the biomedical complexity across various spatiotemporal scales (see Chap.   1    ). 

http://dx.doi.org/10.1007/978-3-319-22819-8_3
http://dx.doi.org/10.1007/978-3-319-22819-8_7
http://dx.doi.org/10.1007/978-3-319-22819-8_1
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The endogenous oscillators control daily rhythms from cis elements to genes, from 
transcriptional circuits to cellular pathways, from the SCN network to behaviors in 
various timeframes (Yamada and Forger  2010 ; Ukai and Ueda  2010 ; Baggs and 
Hogenesch  2010 ). Such intrinsic clocks allow for the adaptation to environmental 
changes and effi cient utilization of energy sources (Zhang and Kay  2010 ). The adap-
tive advantages are pivotal for health maintenance and recovery from illnesses. 

 At the molecular  and   cellular levels, biological rhythms come from the feedback 
loops generated in the regulatory networks. Table  2.1  shows some examples of the 
proteins with core roles in the regulation of the circadian clocks.    The relevant inter-
actions and diseases are also included. A more complete list can be found in the 
Database of Biological Rhythms (DBBR  2015 ). For example, the  protein PER1   is an 
essential member of the PER/CRY and CLOCK/BMAL1 feedback loops. It is criti-
cal for circadian-associated locomotor activity, metabolism, and behaviors. Abnormal 
functions of PER1 have been associated with pancreatic cancer (Sato et al.  2009 ), 
prostate cancer (Cao et al.  2009 ), buccal squamous cell carcinoma (BSCC) (Zhao 
et al.  2013 ), and skin tumorigenesis (Lengyel et al.  2013 ) (see Table  2.1 ).

   Studies of such  rhythmic proteins and networks   would help elucidate a 
 spectrum of oscillatory processes including those of p53 and NFκB, as well as the 
associations between the dynamics of  cyclin-dependent kinases   and cell cycle 
(Goldbeter et al.  2012 ; also see Sects.  2.2  and  2.3 ). Furthermore,  cell-based 
 screening and proteomics examinations   would enable the identifi cation of  novel 
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  Fig. 2.1    The roles of the  clock systems   in psychophysiological activities at different levels       
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  clock components and modifi ers (Baggs and Hogenesch  2010 ). The multi-scale 
view of circadian rhythms on the basis of systems biology would empower the 
 discovery of novel therapeutic strategies such as  chronotherapy      (see Chap.   7    ).  

2.2      Circadian Rhythms, Protein–Protein  Interactions  , 
and  Cellular   Networks 

 As the internal timekeepers,    the circadian clocks enable the organisms to adapt to 
the cyclic environmental fl uctuations of light and temperature (Schöning and Staiger 
 2005 ). They form the essential cellular  timing   mechanisms that synchronize vital 
physiological processes. The major  molecular clock elements   have periodic expres-
sion patterns that are driven by cell-autonomous transcriptional feedback loops. 
Such oscillation is kept in the central clockwork and transmitted to the downstream 
genes. Post-transcriptional and post-translational processes are critical for main-
taining the normal functions of the clock proteins that interact with other proteins. 
In another word, the circadian rhythm circuitry depends on the interlocked tran-
scription–translation feedback loops with multiple molecules and complex protein–
protein interactions involved. 

 One of such loops is a positive feedback loop operated by the  CLOCK/BMAL1 
heterodimer   that may start the transcription of target genes with elements of the E-box 
cis-regulatory enhancer sequences (Ko and Takahashi  2006 ). In addition, a negative 
feedback loop contains the rhythmic transcription of the clock genes PER1, PER2, 
and PER3, as well as the cryptochrome genes CRY1 and CRY2. The combination of 
PER and CRY proteins can construct a heterodimer that may interact with the 
CLOCK/BMAL1 heterodimer to inhibit its own transcription (Ko and Takahashi 
 2006 ). PER and CRY proteins can be phosphorylated by casein kinase epsilon 
(CKIepsilon) and result in the starting over of the cycle. Another regulatory loop 
involves the interactions between the CLOCK/BMAL1 heterodimers and the retinoic 
acid-related orphan nuclear receptors (RORs). While RORs may activate the tran-
scription of BMAL1, REV-ERBs (also known as NR1Ds) may inhibit the transcrip-
tion process, forming both positive and negative regulations (Ko and Takahashi  2006 ). 

 The activation of  several   signal transduction cascades may be involved in the 
 circadian   regulation, such as the cAMP signaling pathways and  mitogen-activated 
protein kinase (MAPK)      signaling pathways (Zhang et al.  2010a ; Goldsmith and Bell-
Pedersen  2013 ). These pathways are associated with essential physiological func-
tions such as  hepatic gluconeogenesis and stress responses   (see Table  2.2 ). Another 
important phase shifting-associated component is melatonin that may provide the 
feedback of the immune responses on circadian timing (Fernandes et al.  2006 ).

   Table  2.2  lists some  examples   of the protein–protein interactions (PPIs)       and cel-
lular pathways associated with the regulation of circadian rhythms. The relevant 
diseases are also included. A more complete list can be found from the Database of 
Biological Rhythms (DBBR  2015 ). The processes and timing of the PPIs are 
 essential for all biological activities and normal regulatory functions. Using systems 
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biology approaches and systematic circadian phenotyping, recent studies have found 
that dynamic circadian PPIs and networks are the key connections among various 
cellular processes from signal transductions to cell cycles (Wallach et al.  2013 ). 

 As shown in the examples in Table  2.2 , the temporal regulations of cellular phys-
iology and pathology rely on these dynamical networks. For instance, the proteins 
CRY, p53, TNFα, NFκB, and GSK3β kinase may be involved in the NFκB signaling 
pathways associated with apoptosis. Abnormal functions in these interactive net-
works have been related to cancers (Lee and Sancar  2011 ; also see Chap.   6    ). In 
another example, the leptin signaling pathway is involved in the circadian regulation 
of metabolic activities with malfunctions related to metabolic disorders and obesity 
(Hsuchou et al.  2013 ; Merino et al.  2008 ).  

2.3      Two Essential Cellular Rhythms: The Circadian–Cell 
 Cycle   Interactions 

 The two essential cellular rhythms are the cell division cycle and the 24-h circadian 
pattern. These two coupled oscillators are tightly connected in multiple manners. 
The ‘gating’ controls of the circadian systems at different checkpoints of the cell 
cycle and the impact of cell cycle on the biological rhythms indicate that these inter-
twined bidirectional circuits are critical in physiological and pathological processes 
(Masri et al.  2013 ). Multiple regulatory steps and complex feedback loops are 
involved to warrant such timekeeping. Studies using temperature, genetic, and phar-
macological perturbations have suggested that the two interacting cellular oscilla-
tors may adopt robust synchronization over a broad range of parameters (Bieler 
et al.  2014 ). The circadian regulation of the cell cycle may cover various stages 
including S, G1 and G1/S, G2 and G2/M (Weigl et al.  2013 ). The G1/S transition 
may also infl uence the local clocks in the proliferating tissues. 

 Many molecular elements of the cell cycle network are regulated in a circadian 
way (Gérard and Goldbeter  2012 ; El Cheikh et al.  2014 ). The circadian clock is 
involved in the regulation of the cell cycle  and check-point-associated proteins  , 
which in turn also participate in the regulation of the circadian proteins. For instance, 
the network of  cyclin-dependent kinases (CDKS)      controls the development of the 
consecutive stages of the cell cycle (Gérard and Goldbeter  2012 ). In this network, 
the generation of the kinase WEE1 that suppresses the G2/M transition can be pro-
moted by CLOCK-BMAL1, the complex essential in the circadian rhythm network. 
Another element in the circadian network, REV-ERBα (also known as NR1D1), 
may suppress the production of the CDK inhibitor p21. The CLOCK-BMAL1 com-
plex may also inhibit the generation of the oncogene c-MYC, while c-MYC may 
enhance the production of G1 cyclin (Gérard and Goldbeter  2012 ). 

 In addition, the multifunctional nuclear protein NONO serves as not only a part-
ner of the circadian PER proteins, but also the linkage between the circadian gating 
and the cell cycle. Such connection has been found essential for wound healing in 
mice (Kowalska et al.  2013 ). NONO may interact with the p16-Ink4A cell cycle 
checkpoint gene and be involved in the circadian activation that is PER-dependent. 
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On the other hand, this activation as well as the circadian cell cycle gating may not 
happen with the depletion of NONO or PER (Kowalska et al.  2013 ). The loss of 
NONO may lead to defective wound repair. Such effects indicate that NONO may 
have a key role in the coupling of  the   cell cycle to the circadian clock. 

 The circadian–cell cycle interactions may also affect the cell population growth 
rates. The coupling of the circadian clock and cell cycle may be mediated via the 
protein WEE1 and involved in a proliferating cell population (El Cheikh et al.  2014 ). 
Mutations in the  clock genes CRY1 and CRY2   may lower the growth rate of cells, 
while PER2 mutations and BMAL1 knockouts may promote it for autonomous 
stages of the cell cycle shorter than 21 h (El Cheikh et al.  2014 ). The combination of 
a molecular model with a population model has been proposed to explain the impacts 
of the circadian system on the cell population growth (El Cheikh et al.  2014 ). 

 Furthermore, alterations such as DNA damage may affect both of the circadian 
patterns and the cell cycle. The circadian proteins PER1 and TIMELESS (TIM) 
may interact with the cell cycle checkpoint components including ataxia telangiec-
tasia mutated (ATM)-checkpoint kinase 2 (CHK2) and ataxia telangiectasia and 
Rad3-related (ATR)-CHK1. Such interactions are critical for the activation of 
CHK1 and CHK2 in DNA damage (Kondratov and Antoch  2007 ). In addition, in 
both normal and stress states, the complex of TIM and TIM-interacting protein 
(TIPIN) may interact with the DNA replication components to control the DNA 
replication activities (Kondratov and Antoch  2007 ). 

 The circadian regulation of cell cycle may provide the molecular and cellular con-
nections between the rhythmic patterns and problems such as aging and cancer. Factors 
such as the circadian effects on cell proliferation, metabolism, stress responses, as well 
as DNA repair may all be involved in the cellular pathogenesis of aging-associated 
disorders and carcinogenesis (Khapre et al.  2010 ; also see Fig.  2.1 ). The circadian genes 
including PERs, BMAL1, and CRYs may have pivotal roles in such mechanisms. 

 For example, transgenic mice with mutations in the clock genes have been found 
to develop cancer and premature aging, as genome integrity and cell proliferation 
are critical in such disorders (Khapre et al.  2010 ). In addition, studies have identi-
fi ed circadian variations in the expression of genes associated with genotoxic stress 
responses (Kondratov and Antoch  2007 ).  These   mechanisms may have implications 
 for   chronotherapy to promote drug effi cacy and tolerance by adjusting the adminis-
trative time (see Chap.   7    ).  

2.4     Systems Biology Approaches for Modeling 
 the   Circadian Networks 

 In conclusion, systems biology studies would allow for the integrative description 
of the individual elements and interactive networks within and among cells toward 
the understanding of the dynamical principles (Ueda  2007 ; De Haro and Panda 
 2006 ). Both experimental and theoretical modeling methods can be applied to map 
the interactions at the genome-wide scale to explore the regulatory networks under-
pinning cellular rhythms. 

2.4  Systems Biology Approaches for Modeling  the   Circadian Networks
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 Systems biology methods such as genetic perturbations and computational 
 modeling within each scale may contribute to the advancement  of   systems and 
 dynamical medicine   (see Chap.   1    ). Approaches including gene expression profi ling 
and proteomic analyses are re-shaping our understanding of the circadian system. 
Perturbation analysis and synthetic methods may enhance our knowledge of the 
mechanisms underlying the transcriptional regulations and robustness of the oscil-
lators (Baggs and Hogenesch  2010 ). 

 Such approaches can be applied to identify patterns at various levels including 
the expression patterns of circadian genes. For example, by analyzing RNA data, 
promoter elements, and phase information, a circadian transcriptional network was 
developed with the discovery of the gene-expression patterns around the 24-h clock 
(Hayes et al.  2005 ). Factors associated with circadian expression were presented in 
the network, especially the transcriptional circuits including the REV-ERB/ROR- 
regulatory element (RRE). 

 In addition to experimental methods, theoretical frameworks can be applied for 
studying the dynamical systems using systems theory and nonlinear dynamics. 
Such frameworks can be useful for modeling the dynamic properties of the 
“network motifs” and interactions in the molecular and cellular circuits (Zhang 
et al.  2010b ). The network motifs of the feedback and feedforward loops such as 
those described above are essential for cellular functions including  homeostasis and 
oscillations  . The elucidation of the functional networks may help improve the 
understanding of the complex cellular responses to environmental changes and ther-
apeutics (Zhang et al.  2010b ).    Such understanding may contribute to the discovery 
of systemic biomarkers and strategies  in   chronotherapy (see Chap.   7    ).     
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    Chapter 3   
 The Circadian–Immune Crosstalk 
and Infl ammation: Implications for Disease 
Treatment       

3.1                   A Systemic Overview of  the   Bidirectional Circadian–
Immune Interactions 

 Chronic infl ammation is an important risk factor for many diseases including cardio-
vascular disease and cancer. Chronic and systemic infl ammatory conditions are char-
acterized with the entrance of infl ammatory macrophages into various tissues. Cellular 
transformation has been closely related to infl ammation via factors such as  cyclooxy-
genase-2 (COX-2)      and reactive oxygen intermediate (ROI)       (Baldassarre et al.  2004 ). 
The malfunction of  cyclooxygenase and nitric oxide synthase   may affect the expres-
sion of proteins controlling the cell cycle progression. Complex cellular pathways 
may be involved in the infl ammatory responses and abnormal  cell   cycle progression. 

 Circadian disruptions may have an essential role in infl ammation. Signifi cant 
daily rhythms have been detected among various immune factors including the 
monocyte chemotactic protein, granulocyte-macrophage colony-stimulating factor, 
interleukin 8 (IL8), and tumor necrosis factor α (TNFα) (Rahman et al.  2014 ). The 
disturbance of circadian rhythms may lead to a broad range of pathophysiological 
and clinical states, from infl ammation to type 2 diabetes (Sato et al.  2014 ). 

 Figure  3.1  provides a schematic overview of the interactions between the circa-
dian clocks and immune mediators at various levels in association with infl amma-
tory responses. The environmental factors such as light serve as the external cues 
that may entrain the circadian rhythms. The hypothalamic suprachiasmatic nucleus 
( SCN)      hosts the central clock controlling the synchronization of the rhythms. 
Working together with the hypothalamic–pituitary–adrenal (HPA) axis, the humoral 
and neural output systems regulate the oscillations in the peripheral tissues includ-
ing the spleen, liver, and bone marrows (see Fig.  3.1 ).

   At the system level, the HPA axis has a critical role in the complex circadian–
immune interactions. Hormones such as melatonin from the pineal gland and gluco-
corticoids from the adrenal gland participate in the regulation of  the   rhythmic 
patterns (see Fig.  3.1 ). At the molecular and cellular levels, the circadian and 
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immune pathways have reciprocal impacts on each other. For example, the clock 
proteins including REV-ERBα (also known as NR1D1) may have a negative control 
on the cytokine gene expressions. On the other hand, proinfl ammatory cytokines 
may convey feedback to the  circadian molecular clocks      and cell cycles (Arjona 
et al.  2012 ; also see Fig.  3.1 ). In another example, the highly conserved serine- 
threonine kinase casein kinase 2 (CK2) has a key role in the regulation of various 
activities including circadian rhythms, cell cycle progression, apoptosis, and infl am-
matory responses (Singh and Ramji  2008 ). 

3.1.1     The Circadian–Immune Interactions at  the   Molecular 
and Cellular Levels 

 In accordance with the environmental cycle, the circadian clock arranges the tempo-
ral patterns of physiology and psychological activities via the integration of the 
rhythms in cells and tissues all over the body. Physiologically, the circadian rhythms 
are vital for normal immune functions and responses. The entrainment of the clock-
work in the SCN may supply essential signals for the robust rhythms in the immune 
cells for maintaining processes including immune-surveillance and memory T-cell 
activities (Prendergast et al.  2013 ). 

Environment & Life Style

Circadian Rhythms
at Organ/System
Levels

Circadian Rhythms
at Molecular/Cellular Levels

Circadian & Cell Cycle
Pathways

(E.g., NR1D1, CK2)

Inflammatory Pathways
(E.g., Proinflammatory

Cytokines)

SCN
(Central Clock) &

Other Parts of the
Nervous System

HPA Axis
(E.g., Glucocorticoids)

Spleen, Liver, Bone Marrow,
& Other Peripheral Tissues

Shift Work, Jet Lag,
Sleep Patterns

Pineal Gland
(Melatonin)

  Fig. 3.1     The   circadian–immune interactions at various levels in association with infl ammation       
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 As mentioned earlier, the interconnections between the immune system and the 
circadian oscillating systems are bidirectional at multiple levels. The immune sys-
tem is controlled by circadian rhythms in various aspects including the quantity of 
red blood cells and peripheral blood mononuclear cells (Cermakian et al.  2014 ). 
The concentrations of essential immune mediators such as cytokines have daily 
oscillation patterns. Furthermore, the crosstalk between the circadian system and 
immune tissue cells involves the daily patterns of autonomic and endocrine oscilla-
tions. The cytokine levels may also have impacts on the clock, indicating the com-
plex communication of circadian information between the neuroendocrine and 
immune cells (Cermakian et al.  2014 ). 

 In addition, the relationships between infl ammation and genetic alterations in the 
regulation of cell cycle checkpoints may be crucial for decreasing the malignant 
transformation of the infl ammatory disorders (Baldassarre et al.  2004 ). Different 
endogenous and extrinsic factors may be involved in infl ammatory  responses   and 
cell cycle alterations. In human cumulus granulosa cells, adiposity has been related 
to the abnormal expressions of the genes  associated   with cell cycle progression and 
infl ammation. These changes include the up-regulation of protein phosphatase 
1-like (PPM1L) and down-regulation of  cell division cycle 20 (CDC20)      (Merhi 
et al.  2015 ). In another example, cigarette smoke may lead to the activation of pro-
infl ammatory pathways, the altered expressions of p53 and p21, and the abnormal 
progression of the cell cycle in lung fi broblasts (D’Anna et al.  2015 ). Furthermore, 
the  high mobility group A1 (HMGA1) protein      may activate infl ammatory pathways 
during the early stages of lymphoid tumorigenesis, and the pathways associated 
with cell cycle progression in established tumors (Schuldenfrei et al.  2011 ). 

 These observations indicate that various molecules and pathways are involved in 
the circadian–immune interactions. For example, in response to infl ammatory signals, 
USP2a, the circadian-regulated deubiquitinating enzyme, may interact with the clock 
protein cryptochrome1 ( CRY1)         and promote its stability (Tong et al.  2012 ). In addi-
tion, the proinfl ammatory cytokine TNFα may also interact with the CRY1 protein in 
an USP2a-associated manner. More examples will be given in the next section.  

3.1.2     Examples of Molecular Factors and Cellular Networks 

 Table  3.1   lists   some examples of circadian-associated molecular factors and cellular 
networks that may have important roles in infl ammation and relevant diseases. 
Some of these factors are discussed in details below. A more complete list can be 
found in the Database of Biological Rhythms (DBBR  2015 ).

3.1.2.1       CRY1 and Associated Networks 

  The   circadian-oscillator components such as CRY1 have essential roles in the regu-
lation of immune responses. CRY1 may be involved in NFκB and TNFα pathways 
associated with chronic infl ammation. Lower levels of CRY proteins may lead to 

3.1  A Systemic Overview of  the   Bidirectional Circadian–Immune Interactions
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lower inhibition on cAMP and higher levels of PKA activation (Narasimamurthy 
et al.  2012 ). Such changes may result in the phosphorylation of p65 at S276 and 
NFκB activation. On the other hand, higher levels of CRY1 expression may sup-
press sleep deprivation-caused vascular infl ammation associated with the NFκB and 
cAMP/PKA pathways (Qin and Deng  2015 ). 

 In the early stages of sepsis, altered melatonin production and lower expressions 
of CRY1 and PER2 have been observed together with higher expressions of proin-
fl ammatory cytokines TNFα and IL6 (Li et al.  2013 ). PER2 has been found as an 
essential regulator of the functions of NK cells, serving as the direct connection 
between the circadian systems and innate immune responses (Liu et al.  2006 ). 

 The interactions between CRY1 and TNFα have been associated with various 
diseases such as rheumatoid arthritis (Hashiramoto et al.  2010 ). Together with other 
circadian genes including CLOCK, PER3, and RORA, the genetic alterations in 
peripheral blood leukocytes represent a feature of acute systemic infl ammation that 
is uncoupled from the activity of the central clock (Haimovich et al.  2010 ). 

 Moreover, factors such as chronic sleep deprivation may disturb the circadian 
pathways involving CRY1 and lead to higher susceptibility to chronic infl ammatory 
diseases including diabetes, obesity, and cancer (Narasimamurthy et al.  2012 ). As 
higher infl ammation is the common link among these chronic diseases, the key roles 
of the  circadian   genes and pathways make them the potential therapeutic targets.  

3.1.2.2     SIRT1 and Associated Networks 

 Sirtuin 1 ( SIRT1)      is involved in a wide range of cellular physiological and patho-
logical processes via the deacetylation of transcription factors and histones. These 
processes include mitochondrial biogenesis, cellular survival and senescence, apop-
tosis, endothelial functions, infl ammation, as well as circadian rhythms (Hwang 
et al.  2013 ; Yamakuchi  2012 ). As a metabolic sensor in various tissues, SIRT1 pro-
vides the linkage among the cellular metabolism, gene expression regulation, and 
stress responses (Li  2013 ). Involving in the circadian oscillations in peripheral tis-
sues, it may serve as the molecular, cellular, and functional connection among 
energy homeostasis, chromatin modifi cation, and circadian physiology (Bellet and 
Sassone-Corsi  2010 ). 

 For example, in oxidative stress-associated chronic infl ammation and aging, 
lower levels of SIRT1 have been observed. Such decrease may disturb its regulation 
of the acetylation of target proteins including p53, RELA/p65, and FOXO3 (Hwang 
et al.  2013 ). These changes may promote the infl ammatory and stress responses, as 
well as the processes of cellular senescence and endothelial dysfunction. 

 Furthermore,  SIRT1   has a key role in metabolic pathways associated with dis-
eases such as diabetes, cardiovascular diseases, and cancer (Kitada and Koya  2013 ). 
It has been suggested as the therapeutic target for type 2 diabetes and cancer (Kitada 
et al.  2013 ). It is involved in the regulation of glucose and lipid metabolism in the 
liver, fat mobilization in white adipose tissue, nutrient availability senses in the hypo-
thalamus, insulin production in the pancreas, and obesity-associated infl ammation in 
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macrophages (Li  2013 ). In addition, environmental factors such as tobacco/cigarette 
smoke may induce circadian disruptions via the SIRT1- BMAL1   pathway, leading to 
lung infl ammation and injury in the obstructive lung diseases (Hwang et al.  2014 ).   

3.1.3     The  Circadian–Immune Crosstalk at the   Tissue 
and Organism Levels 

 The mechanisms of the circadian–immune crosstalk suggest potential strategies in 
reprogramming biological rhythms and adjusting homeostatic oscillations to pro-
mote therapeutic outcomes (Mavroudis et al.  2013 ). The design of better treatment 
methods require investigations at various levels from molecular factors to cellular 
pathways, from alterations in various tissues to environmental interactions. 

 Systemic studies have shown that internal circadian clockworks are running 
autonomously in the spleen, lymph nodes, and peritoneal macrophages (see 
Fig.  3.1 ). These clocks control the rhythms associated with the infl ammatory 
responses. For instance, in isolated spleen cells, the stimulation of bacterial endo-
toxin at different time-of-day was associated with the circadian rhythms in TNFα 
and IL6 productions (Keller et al.  2009 ). Such oscillations may be driven by a local 
circadian clock in splenic macrophages. Some parts of the macrophage transcrip-
tome such as the regulators for pathogen detection and cytokine production may 
oscillate in a circadian manner (Keller et al.  2009 ). 

 The circadian-associated factors can be affected by immune challenges at differ-
ent temporal, genetic, and tissue-specifi c scales, as well as by body temperature at 
the organismal level (Cermakian et al.  2014 ). A broad spectrum of rhythmically 
regulated humoral elements may be associated with the infl ammatory pathways, 
including glucocorticoids, prostaglandins, melatonin, and leptin. Other factors also 
have critical roles, such as the neuronal associations between the brain and periph-
eral tissues, as well as the rhythmic activities of cytokines and their  receptors   
(Cermakian et al.  2014 ). 

 Complex networks and feedback loops among the circadian–neuroendocrine–
immune interrelationships are involved in the immune responses in different tissues 
and organs. However, such endogenous synchronization can often be disturbed by 
environmental factors such as chronic stress. For example, chronically stressed 
patients often show diminished rhythmic properties of endocrine signals (Cermakian 
et al.  2014 ). A systemic understanding incorporating psychological and environmen-
tal interactions  is   necessary to achieve the integrative view of the complex crosstalk.   

3.2     The Circadian–Infl ammation Associations in Diseases 

 As discussed above, the circadian–immune crosstalk is critical for understanding 
the temporal factors in pathophysiological immune responses. Circadian disrup-
tions may have critical roles in the development and progression of many diseases 
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including infl ammatory, metabolic, and alcohol-related disorders. For example, cir-
cadian misalignment alone even without sleep loss (such as the condition in shift 
work) has been found to elevate infl ammatory markers and insulin resistance with 
higher risks for diabetes (Leproult et al.  2014 ). The multi-factorial interactions 
among circadian patterns, immune responses, metabolism processes, and epigenetic 
activities may be involved in these processes (Voigt et al.  2013 ). In the following 
sections, the circadian–immune crosstalk and systemic infl ammatory factors will be 
discussed in various diseases. 

3.2.1      Lung   Disorders 

 Patients with  lung disorders   such as obstructive lung diseases often have abnormal 
circadian patterns in the lung functions (Hwang et al.  2014 ). As the immune func-
tions are regulated by circadian rhythms, infl ammatory lung diseases often show 
circadian alterations in symptom seriousness. Local and systemic circadian clocks 
may interact with each other in both physiological and pathological conditions. As 
indicated in a study using a mice model, a pulmonary epithelial cell clock is involved 
in the regulation of neutrophil gathering to  the   lungs in association with the lung 
infl ammation (Thompson et al.  2014 ). 

 At the molecular and cellular levels, systemic infl ammation may alter the 
expression of clock genes. For example, a genome-wide study using a mice model 
with endotoxin treatment showed that the circadian patterns of leukocyte counts 
in the lung were changed in a BMAL1-dependent way (Haspel et al.  2014 ). 
In addition, the granulocytes rather than lymphocytes became the major oscillat-
ing cell type. Such analysis indicates that the cellular circadian rhythms may be 
changed and re- organized by the infl ammatory processes in association with the 
lung injury. 

 The interactions between cytokines  and circadian genes   may have crucial roles 
in the lung infl ammation with complex immune-endocrine mechanisms involved. In 
epithelial club (Clara) cells, the circadian clocks are involved in pulmonary antibac-
terial responses, while the chemokine CXCL5 is associated with the circadian neu-
trophil recruitment to the lung (Gibbs et al.  2014 ). Among the bronchiolar cells, the 
disruption of rhythmic CXCL5 expression may be caused by alterations in the clock 
gene BMAL1. Such changes may lead to higher infl ammatory responses to lipo-
polysaccharide and compromised host reactions to the infections caused by 
Streptococcus pneumoniae. Furthermore, the adrenal axis and glucocorticoid hor-
mones are involved in the time-of-day alterations, the responses to bacterial infec-
tions, and the pulmonary infl ammation (Gibbs et al.  2014 ). 

 In another example, the transcription of the circadian gene REV-ERBα (also 
known as NR1D1) may be affected by oxidative stress and infl ammation in the 
mouse neonatal lung (Yang et al.  2014 ). Because of the involvement of REV-ERBα 
in cellular metabolism and its interaction with NFκB, such mechanisms have been 
associated with the cellular dysfunction of the lung and lung injury. 
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 As mentioned earlier,  the   gene–environment interactions are also pivotal. 
Environmental tobacco/cigarette smoke (CS) may disrupt the circadian clocks 
mediated by the SIRT1-BMAL1 pathway and result in lung injury. In the mice 
exposed to CS and among patients with chronic obstructive pulmonary disease 
(COPD), altered expressions of SIRT1 and BMAL1 were observed in the lung epi-
thelial cells with higher infl ammatory levels (Hwang et al.  2014 ). In another exam-
ple, sub-chronic secondhand tobacco smoke exposure caused higher levels of lung 
neutrophils and pulmonary CYP1A1,     indicating   higher levels of oxidative stress 
and lung infl ammation (Gentner and Weber  2012 ).  

3.2.2      Cardiovascular      Diseases 

 The elucidation of the kinetics of infl ammation and the diurnal variations may 
contribute to the discovery and validation of useful biomarkers for cardiovascular 
diseases. Systemic infl ammation has been closely related to the alterations of 
 cardiac autonomic modulation (CAM) and risks for cardiac disease. Studies 
using middle- aged samples found that systemic infl ammation may be adversely 
associated with the circadian patterns of CAM (Li et al.  2011 ). Circadian 
 disruptions have been linked to arterial infl ammation and the occurrence of cardio-
vascular accidents including acute coronary syndrome (Dominguez-Rodriguez 
et al.  2011 ). More discussions on the circadian-cardiovascular interactions can be 
found in Chap.   5    . This section will focus on infl ammation as the important 
connection. 

 For example, as a key element of the circadian system, REV-ERBα (also known 
as NR1D1) has key roles in the regulation of metabolism, blood pressure, cardiac 
homeostasis, and infl ammation (Ramakrishnan and Muscat  2006 ). The REV-ERB 
(NR1D) subgroup including REV-ERBα/NR1D1 and REV-ERBβ/NR1D2 are 
abundant in peripheral tissues with heavy energy consumptions including the skel-
etal muscle, brown and white adipose, liver, kidney, and brain. In vascular smooth 
and skeletal muscle cells, the NR1D subgroup is involved in the infl ammatory 
responses via the regulation of NFκB associated pathways (Ramakrishnan and 
Muscat  2006 ). 

 Furthermore, lifestyle and environmental factors may also have critical roles. 
For instance, circadian disruptions and higher risks for metabolic, hepatic, cardio-
vascular and neurodegenerative disorders have been reported among shift workers 
(Summa et al.  2013 ). These conditions may be caused by the pathologic infl amma-
tory states. In addition, changes caused by tobacco smoke have been associated 
with not only arterial stiffness, but also altered circadian patterns of both heart rate 
and blood pressure. Tobacco smoke exposure may be a risk factor for cardiovascu-
lar diseases with infl ammatory damages in both of  the      structural and functional 
properties in the arteries (Gentner and Weber  2012 ).  
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3.2.3      Gastrointestinal      Disorders 

 The physiological functions of the gastrointestinal tract are also controlled by the 
circadian clocks. Circadian disruptions may elevate the permeability of the intesti-
nal epithelial barriers including gut leakiness (Summa et al.  2013 ). Such changes 
may lead to the penetration of proinfl ammatory bacterial materials (such as endo-
toxin) through the intestinal wall to enter the systemic circulation. 

 For example, studies using a model of chronic alcohol consumption observed 
that genetic and environmental circadian disruptions were associated with intestinal 
hyperpermeability (Summa et al.  2013 ). Such mechanisms are involved in the 
higher levels of alcohol-caused gut leakiness as well as endotoxemia and fatty liver 
disease. At the molecular level, such states have been related to the tight junction 
protein occluding (Summa et al.  2013 ). 

 These fi ndings suggest that circadian integration is essential for the health of the 
gastrointestinal tract. On the other hand, circadian disruptions have been considered 
an important risk factor for alcoholic liver disease, intestinal hyperpermeability, 
and other illnesses involving endotoxin-associated infl ammatory conditions 
(Summa et al.  2013 ).  

3.2.4     Aging, Arthritis,  Cancer  , and Other Complex Diseases 

  The   circadian–   immune crosstalk may have essential roles in aging, cancer, and 
other complex diseases. As mentioned earlier, one of the key mediators in such 
mechanisms is REV-ERBα (also known as NR1D1) (Sato et al.  2014 ). Specifi cally, 
REV-ERBα (NR1D1) may be associated with the regulation of infl ammatory activi-
ties of macrophages via the inhibition of the CCL2 expression. Many elements may 
be involved in this process, including a REV-ERBα-binding motif in the CCL2 
promoter, the inhibition of cell adhesion and migration in the infl ammatory 
responses, and the  ERK- and p38-signaling   pathways (Sato et al.  2014 ).    Because it 
may facilitate the circadian control of innate immunity via the modulation of cyto-
kines, REV-ERBα (NR1D1) has been suggested as a therapeutic target for the treat-
ment of infl ammation-associated diseases (Gibbs et al.  2012 ). 

 The interactions between the clock genes and infl ammatory cytokine pathways 
have crucial roles in the pathogenesis of rheumatoid arthritis (RA). For instance, 
joint stiffness is one of the common complaints of RA that often reaches the most 
serious point in the morning. In the meantime, the secretion of proinfl ammatory 
cytokines such as IL6 also reaches the highest level early in the morning, serving 
as the main factors contributing to the morning stiffness (Yoshida et al.  2014 ). 
The understanding of such mechanisms is useful for strategies in chronotherapy 
(see Chap.   7    ). 
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 In cancer patients, the cancer cachexia syndrome with involuntary weight loss 
has been associated with the loss of skeletal muscle and adipose tissues, as well as 
the higher levels of acute phase proteins and infl ammatory cytokines including IL6 
(Tsoli et al.  2014 ). Concurrent disruptions in circadian rhythms and lipid metabo-
lism associated networks such as the AMPK/mTOR pathways may have major roles 
in these processes (Tsoli et al.  2014 ). 

 Moreover, lifestyle is a  pivotal   factor in the circadian–immune associated com-
plex diseases. For instance, total sleep deprivation may lead to chronic circadian 
misalignment, affecting the levels of cortisol and pro- and anti-infl ammatory pro-
teins. Specifi cally, circadian misalignment may lead to the elevation in the plasma 
levels of TNFα and  C-reactive protein (CRP)      (Wright et al.  2015 ). These factors 
have been considered as potential biomarkers for many diseases and  treatment   
responses, as well as for chronotherapy.   

3.3     Potential Strategies in  Chronotherapy      for Infl ammation 

 In conclusion, together with environmental and behavioral cycles, the internal cir-
cadian systems may coordinate the temporal constitutions of immune responses 
(Rahman et al.  2014 ). The alterations in these complex processes such as circadian 
disruptions and sleep misalignment may have profound effects on immune func-
tions with implications for disease treatment. These mechanisms indicate that dis-
ease predisposition and therapeutic effectiveness may also have such patterns in 
accordance with the time-of-day (Rahman et al.  2014 ). 

 For example, as the primary immune cell type in the central nervous system, 
microglia has a critical role in the diurnal variations during sickness responses 
involving infl ammatory pathways. Experiments using rat models showed that hip-
pocampal microglia have robust rhythmical expressions of infl ammatory factors 
and clock genes including TNFα, IL1β, and IL6 (Fonken et al.  2015 ). Peak cytokine 
gene expressions were observed during the middle of the light phase. These fi ndings 
suggest that the time-of-day is a key factor in infl ammatory interventions, especially 
when planning for immunotherapies or surgeries (Fonken et al.  2015 ). 

 In the example of  multiple sclerosis (MS)     , infl ammatory serum parameters 
have been considered important biomarkers for the indication of disease condi-
tions and therapeutic responses. However, the measurements often have contradic-
tory results because of the diurnal changes in the serum concentrations of the 
infl ammatory biomarkers. Such mechanism makes the blood collection time an 
important factor although it is often neglected (Wipfl er et al.  2013 ). Specifi cally, 
elevated levels of soluble TNF-Receptor-1 (TNF-R1) and TNF-R2 are normally 
observed in the morning, with lower levels of soluble intercellular adhesion mol-
ecule-1 (ICAM-1) and soluble vascular adhesion molecule-1 (sVCAM-1) in the 
afternoon (Wipfl er et al.  2013 ). However among MS patients with active disease, 
elevated serum levels of VCAM-1 were observed around noon and in the early 
afternoon (Wipfl er et al.  2013 ). 
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 Furthermore,    some of the integrative interventions may have their effects 
 mediated through the circadian regulation of infl ammation. For example, long term 
restricted feeding (RF) that limits the duration of food availability without calorie 
restriction has been found to entrain the circadian clocks in peripheral tissues 
(Sherman et al.  2011 ). A study based on mouse models evaluated the circadian 
expressions of clock genes as well as metabolic, infl ammatory, and allergy biomark-
ers. The study found that under RF, the circadian rhythmicity became more robust 
with lower levels of infl ammatory biomarkers including IL6, TNFα, and NFκB 
(Sherman et al.  2011 ). Meanwhile, higher levels of the anti-infl ammatory cytokine 
IL10 were detected in the liver and jejunum. 

 In  another   example, a study using a rat model observed that melatonin may have 
robust chronobiotic effects via the promotion of circadian synchronization in ani-
mals with chronic infl ammation (Laste et al.  2013 ). These studies indicate that the 
interventions such as RF and melatonin may have benefi cial effects via their impacts 
on the circadian–infl ammation interactions. A more detailed discussion of chrono-
therapy for various diseases will be provided in Chap.   7    .     

   References 

    Alten R (2012) Chronotherapy with modifi ed-release prednisone in patients with rheumatoid 
arthritis. Expert Rev Clin Immunol 8:123–133  

    Arjona A, Silver AC, Walker WE, Fikrig E (2012) Immunity’s fourth dimension: approaching the 
circadian–immune connection. Trends Immunol 33:607–612  

     Baldassarre G, Nicoloso MS, Schiappacassi M, Chimienti E, Belletti B (2004) Linking infl amma-
tion to cell cycle progression. Curr Pharm Des 10:1653–1666  

    Bellet MM, Sassone-Corsi P (2010) Mammalian circadian clock and metabolism – the epigenetic 
link. J Cell Sci 123:3837–3848  

    Bonda T, Kaminski KA, Kozuch M, Kozieradzka A, Wojtkowska I, Dobrzycki S, Kralisz P, Nowak 
K, Prokopczuk P, Musial WJ (2010) Circadian variations of interleukin 6 in coronary circula-
tions of patients with myocardial infarction. Cytokine 50:204–209  

    Bruzzone S, Parenti MD, Grozio A, Ballestrero A, Bauer I, Del Rio A, Nencioni A (2013) Rejuvenating 
sirtuins: the rise of a new family of cancer drug targets. Curr Pharm Des 19:614–623  

        Cermakian N, Westfall S, Kiessling S (2014) Circadian clocks and infl ammation: reciprocal regu-
lation and shared mediators. Arch Immunol Ther Exp (Warsz) 62:303–318  

    D’Anna C, Cigna D, Costanzo G, Ferraro M, Siena L, Vitulo P, Gjomarkaj M, Pace E (2015) Cigarette 
smoke alters cell cycle and induces infl ammation in lung fi broblasts. Life Sci 126:10–18  

   DBBR (2015) The database of biological rhythms.   http://pharmtao.com/health/biological-
rhythms- database/    . Accessed 1 June 2015  

    Dominguez-Rodriguez A, Tome MC-P, Abreu-Gonzalez P (2011) Interrelation between arterial 
infl ammation in acute coronary syndrome and circadian variation. World J Cardiol 3:57–58  

      Fonken LK, Frank MG, Kitt MM, Barrientos RM, Watkins LR, Maier SF (2015) Microglia infl am-
matory responses are controlled by an intrinsic circadian clock. Brain Behav Immun 45:171–179  

    Geiss A, Rohleder N, Anton F (2012) Evidence for an association between an enhanced reactivity 
of interleukin-6 levels and reduced glucocorticoid sensitivity in patients with fi bromyalgia. 
Psychoneuroendocrinology 37:671–684  

     Gentner NJ, Weber LP (2012) Secondhand tobacco smoke, arterial stiffness, and altered circadian 
blood pressure patterns are associated with lung infl ammation and oxidative stress in rats. 
Am J Physiol Heart Circ Physiol 302:H818–H825  

References

http://dx.doi.org/10.1007/978-3-319-22819-8_7
http://pharmtao.com/health/biological-rhythms-database/
http://pharmtao.com/health/biological-rhythms-database/


36

     Gibbs J, Ince L, Matthews L, Mei J, Bell T, Yang N, Saer B, Begley N, Poolman T, Pariollaud M 
et al (2014) An epithelial circadian clock controls pulmonary infl ammation and glucocorticoid 
action. Nat Med 20:919–926  

    Gibbs JE, Blaikley J, Beesley S, Matthews L, Simpson KD, Boyce SH, Farrow SN, Else KJ, Singh 
D, Ray DW et al (2012) The nuclear receptor REV-ERBα mediates circadian regulation of 
innate immunity through selective regulation of infl ammatory cytokines. Proc Natl Acad Sci U 
S A 109:582–587  

    Guess J, Burch JB, Ogoussan K, Armstead CA, Zhang H, Wagner S, Hebert JR, Wood P, Youngstedt 
SD, Hofseth LJ et al (2009) Circadian disruption, Per3, and human cytokine secretion. Integr 
Cancer Ther 8:329–336  

    Haimovich B, Calvano J, Haimovich AD, Calvano SE, Coyle SM, Lowry SF (2010) In vivo endo-
toxin synchronizes and suppresses clock gene expression in human peripheral blood leuko-
cytes. Crit Care Med 38:751–758  

     Hashiramoto A, Yamane T, Tsumiyama K, Yoshida K, Komai K, Yamada H, Yamazaki F, Doi M, 
Okamura H, Shiozawa S (2010) Mammalian clock gene cryptochrome regulates arthritis via 
proinfl ammatory cytokine TNF-alpha. J Immunol 184:1560–1565  

    Haspel JA, Chettimada S, Shaik RS, Chu J-H, Raby BA, Cernadas M, Carey V, Process V, 
Hunninghake GM, Ifedigbo E et al (2014) Circadian rhythm reprogramming during lung 
infl ammation. Nat Commun 5:4753  

      Hwang J, Yao H, Caito S, Sundar IK, Rahman I (2013) Redox regulation of SIRT1 in infl ammation 
and cellular senescence. Free Radic Biol Med 61:95–110  

       Hwang J-W, Sundar IK, Yao H, Sellix MT, Rahman I (2014) Circadian clock function is disrupted 
by environmental tobacco/cigarette smoke, leading to lung infl ammation and injury via a 
SIRT1-BMAL1 pathway. FASEB J 28:176–194  

     Keller M, Mazuch J, Abraham U, Eom GD, Herzog ED, Volk H-D, Kramer A, Maier B (2009) A 
circadian clock in macrophages controls infl ammatory immune responses. Proc Natl Acad Sci 
U S A 106:21407–21412  

     Kitada M, Koya D (2013) SIRT1 in type 2 diabetes: mechanisms and therapeutic potential. 
Diabetes Metab J 37:315–325  

     Kitada M, Kume S, Kanasaki K, Takeda-Watanabe A, Koya D (2013) Sirtuins as possible drug 
targets in type 2 diabetes. Curr Drug Targets 14:622–636  

    Laste G, Vidor L, de Macedo IC, Rozisky JR, Medeiros L, de Souza A, Meurer L, de Souza ICC, 
Torres ILS, Caumo W (2013) Melatonin treatment entrains the rest-activity circadian rhythm 
in rats with chronic infl ammation. Chronobiol Int 30:1077–1088  

    Leproult R, Holmbäck U, Van Cauter E (2014) Circadian misalignment augments markers of insu-
lin resistance and infl ammation, independently of sleep loss. Diabetes 63:1860–1869  

      Li X (2013) SIRT1 and energy metabolism. Acta Biochim Biophys Sin (Shanghai) 45:51–60  
     Li C-X, Liang D-D, Xie G-H, Cheng B-L, Chen Q-X, Wu S-J, Wang J-L, Cho W, Fang X-M 

(2013) Altered melatonin secretion and circadian gene expression with increased proinfl amma-
tory cytokine expression in early-stage sepsis patients. Mol Med Rep 7:1117–1122  

    Li S, Lu A, Li B, Wang Y (2004) Circadian rhythms on hypothalamic–pituitary–adrenal axis hor-
mones and cytokines of collagen induced arthritis in rats. J Autoimmun 22:277–285  

    Li X, Shaffer ML, Rodríguez-Colón SM, He F, Bixler EO, Vgontzas AN, Wolbrette DL, Wu C, 
Ball RW, Liao D (2011) Systemic infl ammation and circadian rhythm of cardiac autonomic 
modulation. Auton Neurosci 162:72–76  

    Liu J, Malkani G, Mankani G, Shi X, Meyer M, Cunningham-Runddles S, Ma X, Sun ZS (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  

    Mavroudis PD, Scheff JD, Calvano SE, Androulakis IP (2013) Systems biology of circadian–
immune interactions. J Innate Immun 5:153–162  

   Merhi Z, Polotsky AJ, Bradford AP, Buyuk E, Chosich J, Phang T, Jindal S, Santoro N (2015) 
Adiposity alters genes important in infl ammation and cell cycle division in human cumulus 
granulosa cell. Reprod Sci pii:1933719115572484  

3 The Circadian–Immune Crosstalk and Infl ammation…



37

    Millet P, McCall C, Yoza B (2013) RelB: an outlier in leukocyte biology. J Leukoc Biol 94:941–951  
    Möller-Levet CS, Archer SN, Bucca G, Laing EE, Slak A, Kabiljo R, Lo JCY, Santhi N, von 

Schantz M, Smith CP et al (2013) Effects of insuffi cient sleep on circadian rhythmicity and 
expression amplitude of the human blood transcriptome. Proc Natl Acad Sci U S A 
110:E1132–E1141  

      Narasimamurthy R, Hatori M, Nayak SK, Liu F, Panda S, Verma IM (2012) Circadian clock pro-
tein cryptochrome regulates the expression of proinfl ammatory cytokines. Proc Natl Acad Sci 
U S A 109:12662–12667  

    Perez-Aso M, Feig JL, Mediero A, Aránzazu M, Cronstein BN (2013) Adenosine A2A receptor 
and TNF-α regulate the circadian machinery of the human monocytic THP-1 cells. Infl ammation 
36:152–162  

    Perry MG, Kirwan JR, Jessop DS, Hunt LP (2009) Overnight variations in cortisol, interleukin 6, 
tumour necrosis factor alpha and other cytokines in people with rheumatoid arthritis. Ann 
Rheum Dis 68:63–68  

    Prendergast BJ, Cable EJ, Patel PN, Pyter LM, Onishi KG, Stevenson TJ, Ruby NF, Bradley SP 
(2013) Impaired leukocyte traffi cking and skin infl ammatory responses in hamsters lacking a 
functional circadian system. Brain Behav Immun 32:94–104  

     Qin B, Deng Y (2015) Overexpression of circadian clock protein cryptochrome (CRY) 1 alleviates 
sleep deprivation-induced vascular infl ammation in a mouse model. Immunol Lett 163:76–83  

     Rahman SA, Castanon-Cervantes O, Scheer FAJL, Shea SA, Czeisler CA, Davidson AJ, Lockley 
SW (2014) Endogenous circadian regulation of pro-infl ammatory cytokines and chemokines in 
the presence of bacterial lipopolysaccharide in humans. Brain Behav Immun 47:4–13  

     Ramakrishnan SN, Muscat GEO (2006) The orphan Rev-erb nuclear receptors: a link between 
metabolism, circadian rhythm and infl ammation? Nucl Recept Signal 4:e009  

      Sato S, Sakurai T, Ogasawara J, Takahashi M, Izawa T, Imaizumi K, Taniguchi N, Ohno H, Kizaki 
T (2014) A circadian clock gene, Rev-erbα, modulates the infl ammatory function of macro-
phages through the negative regulation of Ccl2 expression. J Immunol 192:407–417  

    Schug TT, Li X (2011) Sirtuin 1 in lipid metabolism and obesity. Ann Med 43:198–211  
    Schuldenfrei A, Belton A, Kowalski J, Talbot CC, Di Cello F, Poh W, Tsai H-L, Shah SN, Huso 

TH, Huso DL et al (2011) HMGA1 drives stem cell, infl ammatory pathway, and cell cycle 
progression genes during lymphoid tumorigenesis. BMC Genomics 12:549  

     Sherman H, Frumin I, Gutman R, Chapnik N, Lorentz A, Meylan J, le Coutre J, Froy O (2011) 
Long-term restricted feeding alters circadian expression and reduces the level of infl ammatory 
and disease markers. J Cell Mol Med 15:2745–2759  

    Singh NN, Ramji DP (2008) Protein kinase CK2, an important regulator of the infl ammatory 
response? J Mol Med 86:887–897  

    Straub RH, Buttgereit F, Cutolo M (2011) Alterations of the hypothalamic–pituitary–adrenal axis 
in systemic immune diseases – a role for misguided energy regulation. Clin Exp Rheumatol 
29:S23–S31  

        Summa KC, Voigt RM, Forsyth CB, Shaikh M, Cavanaugh K, Tang Y, Vitaterna MH, Song S, 
Turek FW, Keshavarzian A (2013) Disruption of the circadian clock in mice increases intestinal 
permeability and promotes alcohol-induced hepatic pathology and infl ammation. PLoS One 
8:e67102  

    Thompson AAR, Walmsley SR, Whyte MKB (2014) A local circadian clock calls time on lung 
infl ammation. Nat Med 20:809–811  

    Tong X, Buelow K, Guha A, Rausch R, Yin L (2012) USP2a protein deubiquitinates and stabilizes 
the circadian protein CRY1 in response to infl ammatory signals. J Biol Chem 287:
25280–25291  

     Tsoli M, Schweiger M, Vanniasinghe AS, Painter A, Zechner R, Clarke S, Robertson G (2014) 
Depletion of white adipose tissue in cancer cachexia syndrome is associated with infl ammatory 
signaling and disrupted circadian regulation. PLoS One 9:e92966  

    Voigt RM, Forsyth CB, Keshavarzian A (2013) Circadian disruption: potential implications in 
infl ammatory and metabolic diseases associated with alcohol. Alcohol Res 35:87–96  

References



38

      Wipfl er P, Heikkinen A, Harrer A, Pilz G, Kunz A, Golaszewski SM, Reuss R, Oschmann P, Kraus 
J (2013) Circadian rhythmicity of infl ammatory serum parameters: a neglected issue in the 
search of biomarkers in multiple sclerosis. J Neurol 260:221–227  

    Wirtz PH, Ehlert U, Emini L, Suter T (2008) Higher body mass index (BMI) is associated with 
reduced glucocorticoid inhibition of infl ammatory cytokine production following acute psy-
chosocial stress in men. Psychoneuroendocrinology 33:1102–1110  

   Wright KP, Drake AL, Frey DJ, Fleshner M, Desouza CA, Gronfi er C, Czeisler CA (2015) 
Infl uence of sleep deprivation and circadian misalignment on cortisol, infl ammatory markers, 
and cytokine balance. Brain Behav Immun 47:24–34  

    Yamakuchi M (2012) MicroRNA regulation of SIRT1. Front Physiol 3:68  
    Yang G, Wright CJ, Hinson MD, Fernando AP, Sengupta S, Biswas C, La P, Dennery PA (2014) 

Oxidative stress and infl ammation modulate Rev-erbα signaling in the neonatal lung and affect 
circadian rhythmicity. Antioxid Redox Signal 21:17–32  

    Yoshida K, Hashiramoto A, Okano T, Yamane T, Shibanuma N, Shiozawa S (2013) TNF-α modu-
lates expression of the circadian clock gene Per2 in rheumatoid synovial cells. Scand J 
Rheumatol 42:276–280  

    Yoshida K, Hashimoto T, Sakai Y, Hashiramoto A (2014) Involvement of the circadian rhythm and 
infl ammatory cytokines in the pathogenesis of rheumatoid arthritis. J Immunol Res 2014:282495    

3 The Circadian–Immune Crosstalk and Infl ammation…



39© Springer International Publishing Switzerland 2015 
Q. Yan, Cellular Rhythms and Networks: Implications for Systems Medicine, 
SpringerBriefs in Cell Biology, DOI 10.1007/978-3-319-22819-8_4

    Chapter 4   
 Circadian Rhythms and Cellular Networks 
in Depression and Associated Disorders       

4.1                    The Systemic Roles of Circadian Rhythms  in Depression   
and Associated Disorders 

 As a common disorder in primary care, depressive disorders affect about 5 % people 
in developed countries every year (Friedman et al.  2011 ). Increasing evidences have 
indicated that circadian disruptions may be an essential factor in the  pathophysiol-
ogy   of  anxiety  , major depressive disorder (MDD), bipolar disorders, and seasonal 
affective disorder (SAD) (Logan et al.  2015 ; Kronfeld-Schor and Einat  2012 ; 
Gorwood  2010 ; Pandi-Perumal et al.  2009 ). The severity of depressive symptoms 
has been closely related to the misalignment between the timing of sleep and the 
 circadian pacemakers   in patients with unipolar disorder (Courtet and Olié  2012 ). 

 The common  symptoms   in depression include diffi culties in falling asleep, early 
morning awakenings, shorter sleep time and lower sleep effi ciency, and changes in 
the rapid eye movement sleep. Other observations include the  diu  rnal mood changes 
and  alterations   in the timing of temperature nadir and cortisol levels, which all indi-
cate the associations between sleep disorders and depression (Kronfeld-Schor and 
Einat  2012 ; Boyce and Barriball  2010 ; Pandi-Perumal et al.  2009 ). Because it is a 
complex and multifactorial disease with multiple pathways involved, the simple 
modulation of  serotonergic and noradrenergic neurotransmission   has been found 
insuffi cient (Gorwood  2010 ). Studies at various levels on the basis of systems biol-
ogy may help improve the understanding of such complexity. 

 Figure  4.1  provides a schematic illustration of the relevant pathways across vari-
ous levels, from the  environmental and life style factors   to the change of mood 
including depression. These factors can affect the central clock in the suprachias-
matic nucleus (SCN) of the hypothalamus, rhythmic behaviors, metabolic pro-
cesses, hypothalamus–pituitary–adrenal (HPA) axis, as well as immune responses. 
At the molecular and cellular levels, the networks of circadian genes may interact 
with  neuro-endocrine-immune   pathways, providing feedback to the higher levels 
(see Fig.  4.1 ). Circadian oscillations are produced and regulated via transcriptional, 



40

translational, and posttranslational feedback loops. Molecular circadian clocks 
in the cells control the timing of the expressions in a wide range of tissues in 
  association   with psychophysiological activities (Turek  2007 ). Such rhythms are 
coordinated all over the body through the functions of SCN (see Fig.  4.1 ).

4.1.1        Molecular Factors and Cellular Mechanisms   
of the Circadian–Mood Interactions 

 Depression and circadian disruptions may share a common etiology with lower 
  cellular resilience and resistance   to stressful events (Jakovljević  2011 ). Chronic 
stress may lead to the loss of rhythmic synchronization in the brain and provide the 
direct linkage between circadian disruptions and depressive behaviors. Circadian 
dysfunctions may have serious consequences with altered physiological functions 
in the brain and other tissue cells (Turek  2007 ). For example, lower amplitudes of 
molecular rhythms were observed in the extra-SCN brain areas among MDD 
patients (Logan et al.  2015 ). Unpredictable chronic mild stress (UCMS) may reduce 
the circadian amplitudes of activities and body temperature (Logan et al.  2015 ). 

 Older adults with a history of depression may have altered expressions of circa-
dian genes including CLOCK, PER1, and  BMAL1   (Gouin et al.  2010 ). Studies using 
mouse models showed that a selective decrease of CRY2 expression in the hippo-
campal tissue may be an important link between depression and circadian disrup-
tions (Griesauer et al.  2014 ). Table  4.1  lists some examples of circadian- associated 

Environment

Life Style and Mood

Circadian Rhythms
at Organ/System Levels

Circadian Rhythms
at Molecular/Cellular Levels

Pathways of
Circadian

Genes

Neuro-Endocrine-
Immune Pathways

SCN & Other
Brain Regions HPA Axis

MetabolismImmune
Responses

Stress,
Depression

Shift Work, Jet Lag,
Sleep Patterns

  Fig. 4.1    A schematic illustration of the circadian–mood interactions across various levels       
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molecular factors and cellular  network   s      that may have important roles in depression 
and chronotherapy. Some of these factors are discussed in details below. A more 
complete list can be found in the Database of Biological Rhythms (DBBR  2015 ).

4.1.1.1       PER2 and Associated Networks 

 The  PER2 protein   has been considered an integrator and mediator on both of the 
input and output sides of the circadian clock (Ripperger and Albrecht  2012 ). The 
PER proteins interact with many other proteins to transfer the oscillator timing 
information. They are involved in the synchronization of many rhythmic processes. 
Chronic unpredictable stress (CUS) has been found to induce lower levels of PER2 
expression in the SCN (Jiang et al.  2011 ). This  change    may be associated with the 
development of depressive-like behaviors. 

 Genetic variants in PER2, PER3, CLOCK, and NPAS2 have been related to vari-
ous behavioral changes including alcohol/caffeine consumptions, sleepiness, altered 
sleep phases, as well as inertia (Gamble et al.  2011 ). The gene–environment interac-
tions may contribute to these alterations as often seen in the cases of shift work 
(Gamble et al.  2011 ; also see Fig.  4.1 ). In a study among a Swedish population, a 
PER2 genetic variation was closely related to the vulnerability to depression 
(Lavebratt et al.  2010b ). Such genetic risk seemed to be independent from negative 
life events that are often associated with the risks for depression. In addition, studies 
using mouse models found that mice having mutations in the CLOCK or PER2 
genes spent less time immobile in swim tests, indicating behaviors mimicking 
mania (Kennaway  2010 ). In humans, changes in such clock genes may have impor-
tant roles in depression. 

 These mechanisms indicate that novel antidepressant drugs can be designed to 
target the altered structures and functions in the circadian timing systems (Kennaway 
 2010 ). Such correlations may also help explain the mechanisms of the antidepressant 
effects of some drugs. For example, the antipsychotic drug quetiapine (QTP) has 
been accepted as a potential therapeutic agent for depression with unclear mecha-
nisms. A study using a mouse model found that QTP could promote the PER2 expres-
sion in the mouse amygdala (Moriya et al.  2014 ). Such  fi ndings   indicate the potential 
effects of QTP on the circadian systems with impacts on the mood symptoms.  

4.1.1.2      RORA and Associated Networks   

 The genes RAR-related orphan receptors A (RORA), B (RORB), and voltage-gated 
sodium channel type 1 (SCN1A) may have the key roles in the regulation of the 
circadian clocks. Studies have found the linkages between circadian genes and gen-
der-dependent depression with sleep disturbance. For example, together with the 
clock genes TIMELESS, ARNTL (also  known    as BMAL1), and NR1D1, altered 
RORA has been related to depression with early morning awakening among male 
subjects (Utge et al.  2010 ). 

4 Circadian Rhythms and Cellular Networks in Depression and Associated Disorders
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 In addition, genetic variants in RORA and RORB have been associated with the 
susceptibility to autism and depression (Haerian et al.  2015 ). A meta-analysis about 
genotypes and psychological phenotypes found a strong correlation between the 
RORA SNP rs12912233 and trait depression (Terracciano et al.  2010 ). Such analy-
ses support the correlation between certain genotypes and various phenotypes from 
common personality traits to psychiatric disorders. 

 In another example, the associations between depression and the genetic variants 
of RORA (rs2028122) and CRY1 (rs2287161) were established (Partonen  2012 ). 
Furthermore, a study among Malaysian Chinese samples found that the RORA 
SNPs rs12912233, rs880626, and the SCN1A SNP rs3812718 may have a synergis-
tic effect in the risks for epilepsy (Haerian et al.  2015 ). 

 Certain individuals have higher risks for the development of depression including 
the feelings of guilt, sadness, and hopelessness. The genetic variants such as those 
in the RORA associated pathways can be identifi ed to recognize such individual 
 differences  i  n psychiatric  disorders   for the practice of personalized medicine.   

4.1.2      Systemic Factors   in the Circadian–Mood Interactions 

 On the basis of systems biology, factors at various levels can be identifi ed in the 
correlation between  circadian disruptions and depression  . Specifi cally, depression 
has been closely related to the alterations in the HPA axis (Gudmand-Hoeyer et al. 
 2014 ). A study using the chronic mild stress (CMS) rat model of depression identi-
fi ed abnormal diurnal rhythms and corticosterone levels among stress-susceptible 
animals in comparison with stress-resilient animals (Christiansen et al.  2012 ). Such 
disturbance of the HPA axis rhythmicity was observed during the beginning stages 
of depression. 

 As suggested by a  mechanistic nonlinear model  , both circadian and ultradian 
oscillations of the hormone concentrations (such as ACTH and cortisol) are associ-
ated with the activities of the HPA-axis (Gudmand-Hoeyer et al.  2014 ). While the 
ultradian rhythm originates from the hippocampus region, the 24-h oscillations are 
regulated by the central and peripheral clocks. The analyses of such mechanisms at 
various levels may be helpful for the identifi cation of more precise biomarkers and 
therapeutic targets (Gudmand-Hoeyer et al.  2014 ). 

 Moreover, factors such as aging, shift work, and human–environment interac-
tions are also important. For instance, altered lighting conditions and lifestyles may 
lead to the disturbance in circadian rhythms with higher risks for mood disorders 
such as impulsivity, mania, and depression (Salgado-Delgado et al.  2011 ). A study 
of 1714 middle-aged and elderly participants showed that the fragmentation of the 
24-h activity rhythm is closely related to aging, depression and anxiety (Luik et al. 
 2015 ). Disorganization in the circadian systems caused by these factors may con-
tribute to neurobiological dysfunctions (Turek  2007 ). Together with altered endo-
crine and metabolic functions, all of these factors need to be considered in studying 
depression and associated disorders (see Fig.  4.1 ).   

4.1  The Systemic Roles of Circadian Rhythms  in Depression   and Associated Disorders



44

4.2      Depression and Systemic Circadian Profi les: 
Implications for Personalized Medicine 

4.2.1      Prediction  , Prevention, and Personalized  Interventions   
for Depression 

 The analysis of systemic circadian profi les in mood changes  would   be helpful for the 
prediction of not only the risks but also therapeutic responses. Because circadian dis-
turbances are signifi cant in many patients with major depression, the identifi cation of 
such subgroups may be meaningful for personalized diagnosis and treatment (Hickie 
et al.  2013 ). Objective measurements can be used to establish the systemic circadian 
profi les including various components such as daytime activities, nighttime sleep pat-
terns, the timing of circadian-dependent physiology, as well as the sleep–wake cycles. 

 Specifi cally, the  sleep–wake cycle   is an essential component of the circadian 
profi les. People with disruptions in circadian patterns and sleep–wake cycles often 
have mental problems (Jakovljević  2011 ). Insomnia and circadian disturbances are 
remarkable properties of MDD, referring to the critical role of the altered melatonin 
production (Pandi-Perumal et al.  2009 ). These observations indicate that disturbed 
circadian and sleep–wake cycles may be the key risk factors for the development, 
exacerbation, recurrence, and unfavorable outcomes of depression and other mental 
problems (Jakovljević  2011 ; Turek  2007 ). 

 The  pattern analysis   of the circadian profi les can be very useful for the prediction 
and prevention of various psychiatric disorders. For example, the circadian profi les 
of patients with MDD and panic disorder (PD) have been found different from those 
of healthy people even several years before the clinical onset of the disorders 
(Bersani et al.  2012 ). Such behavioral changes often occur during the premorbid age 
 bet  ween 12 and 20 years old, including alterations in the patterns of falling asleep, 
awakening, and cognitive functioning. The early detection of such changes in the 
circadian profi les may be helpful  for   taking preventive measures among  those   with 
 high    psychiatric vulnerabilities (Bersani et al.  2012 ).  

4.2.2     The Circadian–Mood Interactions in Cancer 
and Other Complex Diseases 

 The  circadian profi les   may also provide the  linkages   between mood disorders and 
other complex diseases. For instance, cancer patients often have abnormal circadian 
rhythms associated with low quality of life. A study of 68 breast cancer patients in 
Japan confi rmed that compared to the cancer-free controls, the patients had more 
disrupted circadian patterns, worse sleep quality, more symptoms of depression, 
and more fatigue (Ancoli-Israel et al.  2014 ). 

 In another study of 219 US patients with breast cancer (stages I–IIIA),  circadian 
disruptions   were found as a common feature (Berger et al.  2010 ). In addition, such 
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alterations were related to stress, fatigue, and symptoms of depression not only  during 
chemotherapy but also in the recovery stages. On the other hand, effective interven-
tions led to more robust rhythms with reductions in fatigue and depression-associated 
symptoms, as well as better body mass index and performance (Berger et al.  2010 ). 

 In addition to cancers, circadian profi les and depression have been associated 
with other complex disorders such as coronary heart disease. In a study of 88 
patients with suspected coronary artery disease (CAD), the association was evalu-
ated between depression and cortisol because cortisol has a critical role in the devel-
opment of CAD (Bhattacharyya et al.  2008 ). The study found that the cortisol slope 
over the day was fl atter among CAD patients who were more depressed. These 
patients had reduced levels of cortisol early in the day with increased levels of cor-
tisol in the evening (Bhattacharyya et al.  2008 ). The study indicates that the fl atter 
cortisol rhythms may result in the progression of coronary atherosclerosis among 
the more depressed CAD patients. 

 Furthermore, altered circadian profi les have been related to  aging-associated dis-
orders  . A study of 48 community-dwelling older adults observed signifi cant lower 
levels of salivary cortisol, awakening response, and a fl atter diurnal rhythm (Heaney 
et al.  2010 ). Such changes were also correlated with anxiety  and depression  . In the 
neurodegenerative disorder  Huntington’s disease  , the properties of night-time sleep 
impairment and delayed sleep phases have been linked to circadian alterations, 
lower cognitive and functional performance, as well as depression (Aziz et al. 
 2010 ). Because circadian disruptions have been deemed as one of the risk factors 
for depression and associated disorders, the adjustment of the altered rhythms may 
provide novel avenues for more effective  therapeutic strategies  .  

4.2.3     Systemic Circadian Profi les and  Chronotherapy   
for Depression 

 Currently, available  antidepressant therapies   such as the selective serotonin reup-
take inhibitors are unsatisfactory with remarkable limitations. They are effective in 
just about half of the patients, with slow onset of action while the delayed responses 
may take several weeks to achieve (Friedman et al.  2011 ; Lader  2007 ). Other prob-
lems include the low rates of tolerability, withdrawal symptoms, compliance prob-
lems, and high rates of recurrence (Gorwood  2010 ; Lader  2007 ). 

 Systemic circadian profi les can be established on the basis of the parameters at 
various levels, including molecular, cellular, and lifestyle factors (see Sects.  4.1  and 
 4.2 ). Such method would enable the discovery of more accurate  biomarkers   for 
diagnosis and prognosis, early prediction, and personalized treatment. For example, 
the circadian rhythms of heart rate, locomotor activity, and temperature have been 
suggested as potential parameters for the objective diagnosis of depression and 
early prediction of therapeutic  response  s (Friedman et al.  2011 ). 

 Conventional studies of the treatment of  depression   have been focusing on the 
neurotransmitter disturbances. However, recent discoveries about chronotherapeutics 
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and the resynchronizing properties of  antidepressants   on the circadian rhythms may 
offer innovative approaches for more integrative therapies. Antidepressants may 
have effects on sleep deprivation, insomniac depressives, and circadian patterns 
(Kronfeld-Schor and Einat  2012 ; Lader  2007 ). Chronotherapy such as  scheduled 
medication   may also affect the therapeutic effi ciency, showing that the circadian 
systems may be a crucial target for the better treatment of depression (Quera Salva 
et al.  2011 ; Lader  2007 ). 

 For instance, chronobiotic agents and  bright light therapy      have been suggested 
helpful for the treatment of seasonal affective disorders and mood disturbances via 
the regulation of the circadian systems (Quera Salva et al.  2011 ; Boyce and Barriball 
 2010 ). Interpersonal and social rhythm therapy (IPSRT) focuses on the manage-
ment of interpersonal relationships as well as the regulation of social cues including 
the adjustment of the timing of sleep/wake and meals (Boyce and Barriball  2010 ). 
IPSRT has been considered both a preventive and an acute intervention for  bipolar 
depression   (Frank  2007 ). 

 Moreover, potential  pharmaceutical medications   may be developed as antide-
pressants via the regulation of the circadian systems. For example, the novel mela-
tonergic compounds including the  melatonin agonist agomelatine   have effects on 
sleep quality and alertness at awakening (Quera Salva et al.  2011 ). They may benefi t 
those with MDD, SAD, or bipolar disorder (Quera Salva et al.  2011 ; Gorwood 
 2010 ; Pandi-Perumal et al.  2009 ). Experiments in animal models and placebo- 
controlled trials about agomelatine have shown quick responses and rapid onset of 
action (Gorwood  2010 ; Pandi-Perumal et al.  2009 ). Other benefi ts include high tol-
erability, low rates of relapse, as well as remarkable improvements of the major 
symptoms of anxiety and depression. It has also been found to help reconstruct the 
amplitude of the circadian rhythms and the sleep–wake cycle (Gorwood  2010 ; 
Pandi-Perumal et al.  2009 ). Such compounds with chronobiotic features of  resyn-
chronization   may provide more effective therapeutic strategies for depression and 
other mental problems with similar etiology.      
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    Chapter 5   
 Circadian Rhythms and Cellular Networks 
in Cardiovascular Diseases       

5.1                   A Systemic Overview of the Circadian–Cardiovascular 
Interactions 

 The elucidation of  cellular processes and rhythms   are critical for understanding the 
mechanisms of cardiovascular diseases (CVDs). The operative confi guration of the 
cardiovascular system displays evident circadian rhythmicity. Circadian rhythms 
have critical roles in both of the cardiovascular physiological and pathological pro-
cesses. For example, diurnal oscillations are apparent in heart rates, blood pressure, 
and endothelial functions. Diurnal variations are also the properties of the onset of 
many CVDs including  acute coronary syndrome  , atrial  arrhythmia  , and subarach-
noid  hemorrhag  e (Takeda and Maemura  2011 ). The disruption of the circadian pat-
terns, the loss of the synchronization, and the dysfunctions in relevant pathways 
may disturb the  adaptive tissue responses      to stimuli. Such changes may lead to 
cardiovascular disorders including hypertension, myocardial infarction, and athero-
sclerosis (see Fig.  5.1 ).

   Figure  5.1  provides a systemic overview of the interactions between the circa-
dian  system   and the cardiovascular system, as well as the possible pathways toward 
 CVDs   at various levels. The  environmental factors   such as the light/dark cycles and 
psychosocial/physiological stress may infl uence the central clock in the suprachias-
matic nucleus (SCN) of the hypothalamus and other parts of the neuroendocrine 
systems. In addition, cardiovascular tissues have their own peripheral clocks that 
can directly control the circadian oscillations of cardiovascular functions. Together 
with metabolic cycles and factors, autonomic and/or hormonal factors may synchro-
nize and regulate the peripheral oscillations in the cardiovascular tissues including 
the heart and arteries (see Fig.  5.1 ). 

 At the  molecular and cellular levels  , the circadian pathways including clock 
genes CLOCK/BMAL1, PER/CRY, RORA, and REV-ERBα (also known as 
NR1D1) may interact with other  physiological   pathways (see Fig.  5.1 ). The associ-
ated networks include the lipid metabolic pathways involving  PPARs   and the 
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 cellular redox conditions involving NAD +  (Kohsaka et al.  2012 ). A more detailed 
discussion on some examples of the genes and pathways involved in the circadian–
cardiovascular interactions will be provided in the following sections. 

5.1.1     The Circadian–Cardiovascular Interactions at 
the Molecular and Cellular Levels 

 The cardiovascular system responds to  environmental stimuli   with circadian pat-
terns. Such patterns are mediated via complex interactions between the extracellular 
factors such as neuro-humoral elements and intracellular factors such as the clock 
genes (Dominguez-Rodriguez et al.  2010 ). To maintain the normal cardiac organ 
functions, the synchrony between the endogenous and outside clocks and the 
orchestration among molecular rhythms in the cells are necessary. Diurnal varia-
tions have been observed in gene expressions in the heart and blood cells. These 
molecular and cellular factors can become potential targets with implications for 
more effective chronotherapy. 

 For example, one factor with a critical role in the cardiovascular functions is 
 melatonin  . It is a neuro-hormone that exhibits a diurnal oscillation with chronobi-
otic and epigenetic regulatory functions. As an antioxidant with anti-infl ammatory 
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effects, melatonin is essential in the synchronization of molecular circadian rhythms 
in both SCN and peripheral tissues (Dominguez-Rodriguez et al.  2010 ). The blood 
melatonin rhythm is crucial in the maintenance of various cardiovascular functions 
such as the daily oscillations in blood  pressure  . 

 Another important modulator of the circadian rhythmicity in the  heart   is the neu-
ropeptide vasoactive intestinal peptide ( VIP). VIP   is involved in many circadian- 
associated activities, including the SCN electrical processes and wheel running 
behaviors in mice (Schroeder et al.  2011 ). SCN neurons expressing VIP may be 
involved in the circadian control of cardiac operations via the interactions with the 
autonomic centers. In VIP-defi cient mice in the light–dark conditions, weak rhythms 
in the heart rate, body temperature, and cage activity were observed (Schroeder 
et al.  2011 ). Such mice also lost the regular circadian rhythms in the heart rate in the 
condition of constant darkness. 

 Other molecules have signifi cant impacts too. For instance, the  PER2 gene   is one 
of the core elements of the molecular circadian clocks. Studies using mouse models 
found that mutations of the PER2 gene may lead to an altered dipping of blood pres-
sure (BP) and heart rate under the conditions of both light–dark cycles and constant 
darkness (Vukolic et al.  2010 ). The changes also led to shorter circadian periods 
under the condition of constant darkness. Such observations demonstrate the impor-
tant roles of the molecular connections between the circadian modulation and car-
diovascular pathogenesis. 

 In addition, the expression cycles of  metabolic genes   in cardiovascular tissues 
may interact with the transcriptional regulation of the circadian genes in a bidirec-
tional manner. While the metabolic cycles have impacts on the circadian rhythms of 
cardiovascular functions, the circadian systems may integrate both metabolic and 
cardiovascular functions (Kohsaka et al.  2012 ; also see Fig.  5.1 ). 

 Furthermore, networks such as the  oxidative stress pathways   may also be critical. 
For example, disrupted cardiovascular circadian patterns have been widely observed 
in chronic heart failure (CHF). A study using a post myocardial infarction (MI)  CHF 
mouse model   showed circadian disruptions in arterial pressure, heart rate, and baro-
refl ex sensitivity after MI (Mousa et al.  2014 ). Such changes occurred together with 
the upregulation of the angiotensin II type 1 receptors (AT1R) and gp91(phox) pro-
teins in the brainstem. These changes indicate that central oxidative stress may be 
involved in the circadian cardiovascular alterations (Mousa et al.  2014 ). In the next 
section, more examples of the molecular and cellular factors will be provided.  

5.1.2     Examples of  Circadian-Associated Molecular Factors   
and Cellular Networks 

 Table  5.1  lists some examples of circadian-associated molecular factors and cellular 
networks that may have important roles in CVDs and chronotherapy. Some of these 
factors are discussed in details below. A more complete list can be found in the 
Database of Biological Rhythms (DBBR  2015 ).

5.1 A Systemic Overview of the Circadian–Cardiovascular Interactions
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5.1.2.1       ACE and  Chronotherap  y 

 Circadian rhythms are critical for cardiovascular physiology and the timing of 
adverse cardiovascular events (Martino et al.  2007 ). Because the angiotensin- 
converting enzyme (ACE) is one of the core genes in the hypertrophic pathways, 
ACE inhibitors may have key roles in the circadian regulation of BP and 

   Table 5.1    Examples of circadian-associated genes and pathways involved in cardiovascular 
diseases   

 Genes  Changes/interactions 
 Roles in cardiovascular 
diseases  References 

 ACE  Cardiovascular rhythms, 
PER2 

 Locomotor activity, 
hypertension 

 Herichová et al. 
( 2013 ) 

 DD genotype  Impaired BP variations in 
type 2 diabetes 

 Czupryniak et al. 
( 2008 ) 

 D allele  Left ventricular mass index 
in hypertension 

 Kulah et al. ( 2007 ) 

 D allele  Hypertension  Spiering et al. 
( 2005 ) 

 ACE inhibitors  Hypertension, 
chronotherapy 

 Hermida et al. 
( 2011 ) 

 ACE inhibitor dosing time  Chronotherapy, cardiac 
hypertrophy in hypertension 

 Ohmori and 
Fujimura ( 2005 ) 

 ADIPOQ  Low adiponectin levels  Liver steatosis, insulin 
resistance, hypertension 

 Fallo et al. ( 2008 ) 

 Hypoxic stress, nocturnal 
reduction in adiponectin 
levels 

 Obstructive sleep apnea- 
hypopnea syndrome, 
atherosclerotic diseases 

 Nakagawa et al. 
( 2008 ) 

 NR1D1  Deletion  Atherosclerotic lesions  Ma et al. ( 2013 ) 
 Ligands targeting the 
circadian rhythms 

 Sleep disorders, obesity, 
dyslipidemia, 
hyperglycemia 

 Solt et al. ( 2012 ) 

 Interactions with other 
nuclear receptors 

 Abnormal lipid metabolism, 
vascular infl ammation 

 Duez and Staels 
( 2008 ) 

 Interactions with other 
nuclear receptors 

 Atherosclerosis, 
cardiovascular risks 

 Wang et al. ( 2006 ) 

 PPARG  Cardiovascular rhythms, 
BMAL1, Wnt/beta-catenin 
pathways 

 Arrhythmogenic right 
ventricular cardiomyopathy, 
type 2 diabetes 

 Lecarpentier et al. 
( 2014 ) 

 Deletion  Suppressed oscillations in 
food intake, cardiovascular 
functions 

 Yang et al. ( 2012 ) 

 Plasminogen activator 
inhibitor-1 (PAI-1) 

 Ketogenic diet (KD)-
induced hypofi brinolysis 

 Oishi et al. ( 2010 ) 

 Dysfunctions of clock genes  Hyperphagia, obesity, 
myocardial infarction, 
sudden cardiac death 

 Lecarpentier et al. 
( 2010 ) 

 Cardiovascular rhythms, 
BMAL1 

 Altered oscillations in BP 
and heart rate 

 Wang et al. ( 2008 ) 
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chronotherapy (Martino et al.  2007 ; Hermida et al.  2011 ). The insertion/deletion 
(ACE I/D) polymorphisms may be closely associated with the 24-h BP profi les in 
hypertensive patients (Spiering et al.  2005 ). Genetic variants in ACE may have key 
roles in the impaired circadian BP variation, endothelial dysfunction, and higher 
mortality rate among normotensive type 2 diabetes patients (Czupryniak et al. 
 2008 ). In a study among the Turkish hypertensive population, the ACE polymor-
phisms were found to affect the 24-h ambulatory BP measurement values and the 
risk for left ventricular mass (Kulah et al.  2007 ). 

 On the basis of such observations, frequent measurements of the ambulatory BP 
monitoring (ABPM) have been suggested. The 24-h BP patterns have been con-
nected to the progressive damages of target tissues and higher risks of cardiac and 
 cere  brovascular events (Hermida et al.  2011 ). Specifi cally, blunted asleep BP 
decline may be associated with higher rates of fatal and nonfatal cardiovascular 
disorders. These mechanisms indicate that better descriptions  o  f the 24-h BP pat-
terns and better BP control during nighttime sleep may be helpful for the prevention 
of cardiovascular events. 

 Because the dosing of ACE inhibitors in the inactive span may be more effective 
with lower adverse reactions, chronotherapy has been suggested as a cost-effective 
method for hypertension and other cardiovascular disorders (Hermida et al.  2011 ). 
The applications of ACE inhibitors in the treatments of hypertension and heart fail-
ure may have adverse effects including angioedema and dry cough. However, 
changing the dosing time from morning to evening may lower the severity and fre-
quency of the drug-caused dry cough (Ohmori and Fujimura  2005 ). Moreover, 
administered at different time-of-day in the morning or in the evening, different 
effects have been observed for the ACE inhibitors including benazepril, captopril, 
enalapril, perindopril, and quinapril (Hermida et al.  2011 ).  

5.1.2.2     NR1D1 and  A  ssociated Networks 

 The synchronization of the rhythms in behaviors and metabolic activities is critical 
for the maintenance of cardiovascular health. NR1D1 has an integral role in the 
regulation of the operating rhythms in both behaviors and metabolism. It is a key 
gene in circadian timing, lipid and  lipoprotein   metabolism, adipogenesis, as well as 
vascular infl ammation (Ma et al.  2013 ; Duez and Staels  2008 ). 

 As a regulator of cardiovascular risk factors, NR1D1 interacts with other nuclear 
receptors in the energy homeostasis pathways (Duez and Staels  2008 ; Wang et al. 
 2006 ). Such interactions have an essential role in the synchronization of metabolic 
processes and circadian activities. For instance, NR1D1 may be a modulator of 
atherogenesis in hematopoietic cells as its defi ciency has been associated with ath-
erosclerotic lesions (Ma et al.  2013 ). In addition, the disturbance of sleep homeosta-
sis may cause the circadian disruption and various disorders including CVDs, 
obesity, and cognitive destruction. Many circadian genes can be affected by insuf-
fi cient sleep, including NR1D1, NR1D2, PER1, PER2, PER3, CRY2, CLOCK, and 
RORA (Möller-Levet et al.  2013 ). 

5.1 A Systemic Overview of the Circadian–Cardiovascular Interactions
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 The  underst  anding of the roles of NR1D1 in metabolic and cardiovascular activ-
ities may contribute to the development of novel therapeutics. For example, a 
NR1D1 agonist was found to reduce fat mass and hyperglycemia in diet- induc  ed 
obese mice (Solt et al.  2012 ). Synthetic NR1D1 ligands may have effects on the 
circadian expression patterns of the clock genes in the hypothalami, as well as the 
metabolic genes in the liver, skeletal muscles and adipose tissues (Solt et al.  2012 ). 
Leading to higher energy expenditure, synthetic NR1D1 ligands targeting the circa-
dian patterns may be useful for the treatment of both metabolic and cardiovascular 
disorders.   

5.1.3     The Cell Cycle  Interactions and Pathway  s 

 Together with the circadian rhythms, cell  cycle   also has an essential role  in cardio-
vascular functions  . Various elements are involved in such processes, such as the 
cyclins, the cyclin-dependent kinases (CDKs) and the cyclin-dependent kinase 
inhibitors (CKIs) (Boehm and Nabel  2003 ). These cell cycle regulatory molecules 
are the downstream targets of the mitogen-activated kinase (MAPK) and endothe-
lin- 1 (ET-1) pathways. These pathways are critical in the pathogenesis of CVDs 
caused by various factors including hypoxia, infections, and  cardiomyopath  y 
(Petkova et al.  2000 ). The elucidation of the circuitries such as the cyclin-CDK-CKI 
interactions may be helpful for the development of more effective therapeutic agents 
for CVDs (Boehm and Nabel  2003 ). 

 In addition, the cell cycle marker p53 in epicardial stromal  cells   may have impor-
tant roles in adipocyte enlargement among obese patients with CVDs (Agra et al. 
 2014 ). Cell cycle checkpoint signal transduction  cascades   have been found impor-
tant for the  e  arly diagnosis of cellular senescence, cardiovascular and neurodegen-
erative diseases, as well as cancer (Golubnitschaja  2007 ). The reprogramming of 
the cell cycle machinery has been suggested as effective strategies for the treatment 
of CVDs including coronary  artery   disease (Bicknell and Brooks  2008 ).  

5.1.4     The  Central and Peripheral Clocks   Associated 
with the Cardiovascular Functions 

 Rhythmic cardiovascular  functions   such as the 24-h BP patterns are mainly oper-
ated by the circadian clock systems (Kohsaka et al.  2012 ). The light/dark cycle- 
entrained central pacemaker in the SCN can convey the orchestrating signals to the 
peripheral clocks in tissues including the heart and blood vessels (see Fig.  5.1 ). The 
environmental factors that have the strongest impacts on mammalian circadian 
clocks include light, sound, temperature, physical activities such as the sleep/wake 
transitions, shift work, as well as food intake (Young and Bray  2007 ). 
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 The peripheral clocks exist in various cardiovascular tissues and cells with their 
own intrinsic biological rhythms, including the cardiomyocyte, aortic tissue, vascu-
lar smooth muscle cells, and vascular endothelial cells (Takeda and Maemura  2011 ). 
The peripheral rhythms are also infl uenced by the temporal alterations in energy 
homeostasis (Kohsaka et al.  2012 ). 

 The fact that the clock genes are regulated by circadian oscillations not just in the 
SCN but also in the peripheral tissues indicates the importance of the peripheral 
clocks at various levels. For example, the plasminogen activator inhibitor-1 (PAI-1) 
may be an important output gene of the peripheral clocks (Maemura et al.  2007 ). A 
screening using cDNA microarray identifi ed more than 20 target genes of the 
peripheral clocks including transcription factors and membrane receptors. These 
genes were upregulated by CLOCK/BMAL (Maemura et al.  2007 ). 

 Moreover, studies based on genetically engineered mice indicated the involve-
ment of these peripheral  clocks   in the development of cardiovascular disorders 
(Takeda and Maemura  2011 ). The loss of synchronization in both inter- and intra- 
organs caused by the alterations in the peripheral circadian clocks may contribute to 
higher cardiovascular risks and  cardiometabolic syndrome   (Young and Bray  2007 ). 
In addition, the inconsistency in the phases between the central and peripheral 
clocks may have crucial roles in disease development and progression (Takeda and 
Maemura  2011 ). In the next section, the roles of circadian patterns in CVDs will be 
discussed in more details.   

5.2     Circadian Patterns and Potential Biomarkers 
for Cardiovascular Diseases 

5.2.1     The Circadian Patterns of Cardiovascular Events 

 The maintenance of the normal circadian time  structure   at various levels is critical 
for promoting cardiovascular health, including the cardiomyocyte level and the 
organ  leve  l (Portaluppi et al.  2012 ). For example, the feature of morning peak has 
been observed in arterial pressure, heart rate, and vascular tone (Shaw and Tofl er 
 2009 ). Such variation may increase plaque rupture and platelet reactivity. Associated 
with various cardiovascular morbidity and mortality, arterial hypertension may be 
related to the altered circadian patterns of BP. 

  Epidemiological studies   have confi rmed that adverse cardiovascular events often 
peak in the morning between 6 a.m. and noon (Morris et al.  2012 ). Such events 
include myocardial ischemia, acute myocardial infarct, and sudden cardiac death 
(Portaluppi et al.  2012 ). In addition, certain day–night patterns have been observed 
in supraventricular and ventricular cardiac arrhythmias of different types (Portaluppi 
et al.  2012 ). Higher frequencies during the day rather than night are the common 
properties of atrial arrhythmias with atrial fi brillation, fl utter, premature beats, and 
tachycardias. Ventricular fi brillation and ventricular  prematur  e beats occur more 
often in the morning and during the daytime, respectively (Portaluppi et al.  2012 ). 
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 Adverse cardiovascular  events   are associated with the high levels of certain bio-
markers including  cortisol  , nonlinear dynamic heart  rate  , and platelet  activatio  n 
(Morris et al.  2012 ). These biomarkers are modulated by the  internal circadian tim-
ing systems  . The circadian variations in the  hemostatic system   such as increased 
platelet aggregation and coagulation may elevate the incidence of cardiovascular 
events in the morning (Chrusciel et al.  2009 ). 

 Furthermore, the circadian systems may interact with external stressors such as 
 physical activities  , resulting in the morning peak in adverse cardiovascular events 
(Morris et al.  2012 ). Studies have shown that the circadian systems regulate various 
cardiovascular risk markers not only at rest, but also during exercise. Such interac-
tions have been considered responsible for the diurnal patterns of many cardiovas-
cular disorders (Scheer et al.  2010 ).  

5.2.2     The Circadian Link Between Cardiovascular and Other 
Disorders 

 In addition to the cardiovascular function itself, circadian variations may have a 
critical role in aging-associated disorders. In older adults, disturbed circadian rest/
activity rhythms (RARs) have been associated with higher risks for CVDs-related 
mortality. For instance, in a study of 2968 men aged 67 years and older, lower levels 
of circadian robustness such as lower amplitude were related to higher risks for 
CVDs especially coronary heart disease (CHD), stroke, and peripheral vascular dis-
ease (PVD) (Paudel et al.  2011 ). In another analysis of a total of 874,495 elderly 
patients, a remarkable peak in the morning was observed in the occurrence of CVDs, 
cardiopulmonary arrest (CPA), and heat stroke (Kawakami et al.  2008 ). In a study 
of 559 elderly patients in India, the circadian variability was observed in acute coro-
nary events as a feature among the aging patients in comparison with their younger 
counterparts (Bhalla et al.  2006 ). 

 Furthermore, circadian rhythms may be one of the key connections linking car-
diovascular events with other diseases such as chronic kidney disease (CKD). For 
example, the ‘non-dipper’ pattern has been observed in patients with the  salt- sensitive 
type of hypertension or CKD (Kimura et al.  2010 ). Among these patients, the night-
time BP does not drop as in healthy people, showing an abnormal pattern of BP 
rhythms. Such nocturnal hypertension and the non-dipper pattern are associated 
with both cardiovascular events and renal damages at the same time, serving as the 
pathogenesis of the cardio-renal link. In addition, salt sensitivity and excess salt 
intake can cause higher glomerular capillary pressure, leading to glomerular sclero-
sis and fi nally renal failure (Kimura et al.  2010 ). The correlations between  salt sen-
sitivity and abnormal circadian BP rhythms   may provide the basis for understanding 
the linkages between cardiovascular and renal complications.  
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5.2.3     Shift Work,  Chronic Circadian Disruptions  , 
and Cardiovascular Risks 

 For a systemic understanding of the circadian–cardiovascular interactions,  life style   
may also have a key role. The loss of the  synchronization   between the internal 
rhythms and external stimuli may lead to damages in the cardiovascular organs. 
Alterations in sleep patterns and the loss of circadian rhythmicity have been consid-
ered risk factors for CVDs. The connections among shift work,  metabolic risks  , and 
CVDs have been well established, representing the pathways from circadian stress 
to morbidity (Oishi and Ohkura  2013 ; also see Fig.  5.1 ). 

 The misalignment between the behavioral cycles and the circadian  rhythms   has 
been associated with both cardiovascular and metabolic diseases  am  ong the popula-
tion of shift workers (Morris et al.  2012 ). Such connections may be explained via 
interrelated psychosocial, behavioral, and physiological processes. The psychoso-
cial changes include higher diffi culties in controlling working and resting hours, 
lower work-life balance, and inadequate recovery after work (Puttonen et al.  2010 ). 
The behavioral factors include the occurrence of weight gain and smoking. 
Physiologically, shift work and circadian misalignment may cause altered  lipid and 
glucose   metabolism, higher levels of infl ammation, and higher risks for atheroscle-
rosis (Morris et al.  2012 ; Puttonen et al.  2010 ). These changes have also been asso-
ciated with obesity and diabetes. 

 At the cellular  level  , the loss of the synchronization between the endogenous 
clocks and behavioral cycles may affect the metabolic and proinfl ammatory path-
ways with higher cardiovascular risks (Machado and Koike  2014 ). For example, 
atherosclerosis is a chronic infl ammatory state with increased cellular proliferation 
of vascular smooth muscle cells and endothelial cells that may result in myocardial 
infarction and stroke. 

 At the molecular level, shift work  and chronic circadian disruptions   may induce 
higher expression of the plasminogen activator inhibitor-1 (PAI-1), a  crucia  l regula-
tor of fi brinolysis (Oishi and Ohkura  2013 ). Such change may lead to higher risks 
of CVDs. The shift work schedule has also been related to higher plasma resistin 
levels, which may be associated with the pathogenesis of early metabolic syndrome 
(Burgueño et al.  2010 ).   

5.3      Chronotherapy for   Cardiovascular Diseases 

 The understanding of the  circadian–cardiovascular interactions   on the basis of sys-
tems biology refers to the importance of the temporal factors in the prevention and 
treatment of  CVDs  . The circadian rhythms may have a fundamental role in the 
pharmacokinetics and pharmacodynamics of drugs for CVDs and other disorders 
(Portaluppi et al.  2012 ). Chronotherapy has been recognized as an effective method 
for promoting the effi cacy and decreasing the adverse reactions of these drugs. 

5.3 Chronotherapy for Cardiovascular Diseases
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 Ambulatory BP monitoring may be especially useful for the evaluation of the 
circadian pharmacodynamics of antihypertensive drugs. For instance, a greater level 
of BP decrease was observed with telmisartan for the last 6 h of the 24-h dosing 
interval when it was compared with valsartan (Giles  2005 ). In another example, a 
study of 2156 hypertensive patients showed that bedtime chronotherapy had better 
BP control effects compared to the conventional upon-waking treatment (Hermida 
et al.  2010 ). Such strategy also resulted in signifi cantly lower morbidity and mortal-
ity in CVDs. 

 These studies address the remarkable impacts of the treatment time for CVDs. 
With further understanding of the oscillatory patterns in cardiovascular tissues and 
cells, novel chronotherapeutic approaches may be developed in accordance with the 
central and peripheral clocks (Takeda and Maemura  2011 ). A more detailed discus-
sion on chronotherapy for CVDs will be provided in Chap.   7    .     

   References 

    Agra RM, Fernández-Trasancos Á, Sierra J, González-Juanatey JR, Eiras S (2014) Differential 
association of S100A9, an infl ammatory marker, and p53, a cell cycle marker, expression with 
epicardial adipocyte size in patients with cardiovascular disease. Infl ammation 37:1504–1512  

    Bhalla A, Sachdev A, Lehl SS, Singh R, D’Cruz S (2006) Ageing and circadian variation in car-
diovascular events. Singapore Med J 47:305–308  

    Bicknell KA, Brooks G (2008) Reprogramming the cell cycle machinery to treat cardiovascular 
disease. Curr Opin Pharmacol 8:193–201  

     Boehm M, Nabel EG (2003) The cell cycle and cardiovascular diseases. Prog Cell Cycle Res 
5:19–30  

    Burgueño A, Gemma C, Gianotti TF, Sookoian S, Pirola CJ (2010) Increased levels of resistin in 
rotating shift workers: a potential mediator of cardiovascular risk associated with circadian 
misalignment. Atherosclerosis 210:625–629  

    Chrusciel P, Goch A, Banach M, Mikhailidis DP, Rysz J, Goch JH (2009) Circadian changes in the 
hemostatic system in healthy men and patients with cardiovascular diseases. Med Sci Monit 
15:RA203–RA208  

     Czupryniak L, Młynarski W, Pawłowski M, Saryusz-Wolska M, Borkowska A, Klich I, Bodalski 
J, Loba J (2008) Circadian blood pressure variation in normotensive type 2 diabetes patients 
and angiotensin converting enzyme polymorphism. Diabetes Res Clin Pract 80:386–391  

   DBBR (2015) The database of biological rhythms.   http://pharmtao.com/health/biological-
rhythms- database/    . Accessed 1 June 2015  

     Dominguez-Rodriguez A, Abreu-Gonzalez P, Sanchez-Sanchez JJ, Kaski JC, Reiter RJ (2010) 
Melatonin and circadian biology in human cardiovascular disease. J Pineal Res 49:14–22  

      Duez H, Staels B (2008) The nuclear receptors Rev-erbs and RORs integrate circadian rhythms 
and metabolism. Diab Vasc Dis Res 5:82–88  

    Fallo F, Dalla Pozza A, Sonino N, Federspil G, Ermani M, Baroselli S, Catena C, Soardo G, 
Carretta R, Belgrado D et al (2008) Nonalcoholic fatty liver disease, adiponectin and insulin 
resistance in dipper and nondipper essential hypertensive patients. J Hypertens 26:2191–2197  

    Giles T (2005) Relevance of blood pressure variation in the circadian onset of cardiovascular 
events. J Hypertens Suppl 23:S35–S39  

    Golubnitschaja O (2007) Cell cycle checkpoints: the role and evaluation for early diagnosis of 
senescence, cardiovascular, cancer, and neurodegenerative diseases. Amino Acids 32:359–371  

5 Circadian Rhythms and Cellular Networks in Cardiovascular Diseases

http://dx.doi.org/10.1007/978-3-319-22819-8_7
http://pharmtao.com/health/biological-rhythms-database/
http://pharmtao.com/health/biological-rhythms-database/


59

    Herichová I, Šoltésová D, Szántóová K, Mravec B, Neupauerová D, Veselá A, Zeman M (2013) 
Effect of angiotensin II on rhythmic per2 expression in the suprachiasmatic nucleus and heart 
and daily rhythm of activity in Wistar rats. Regul Pept 186:49–56  

    Hermida RC, Ayala DE, Mojón A, Fernández JR (2010) Infl uence of circadian time of hypertension 
treatment on cardiovascular risk: results of the MAPEC study. Chronobiol Int 27:1629–1651  

        Hermida RC, Ayala DE, Fernández JR, Portaluppi F, Fabbian F, Smolensky MH (2011) Circadian 
rhythms in blood pressure regulation and optimization of hypertension treatment with ACE 
inhibitor and ARB medications. Am J Hypertens 24:383–391  

    Kawakami C, Ohshige K, Tochikubo O (2008) Circadian variation in cardiovascular emergencies 
among the elderly. Clin Exp Hypertens 30:23–31  

     Kimura G, Dohi Y, Fukuda M (2010) Salt sensitivity and circadian rhythm of blood pressure: the 
keys to connect CKD with cardiovascular events. Hypertens Res 33:515–520  

       Kohsaka A, Waki H, Cui H, Gouraud SS, Maeda M (2012) Integration of metabolic and cardiovas-
cular diurnal rhythms by circadian clock. Endocr J 59:447–456  

     Kulah E, Dursun A, Aktunc E, Acikgoz S, Aydin M, Can M, Dursun A (2007) Effects of 
angiotensin- converting enzyme gene polymorphism and serum vitamin D levels on ambulatory 
blood pressure measurement and left ventricular mass in Turkish hypertensive population. 
Blood Press Monit 12:207–213  

   Lecarpentier Y, Claes V, Hébert J-L (2010) PPARs, cardiovascular metabolism, and function: near- 
or far-from-equilibrium pathways. PPAR Res 2010:783273  

    Lecarpentier Y, Claes V, Duthoit G, Hébert J-L (2014) Circadian rhythms, Wnt/beta-catenin path-
way and PPAR alpha/gamma profi les in diseases with primary or secondary cardiac dysfunc-
tion. Front Physiol 5:429  

      Ma H, Zhong W, Jiang Y, Fontaine C, Li S, Fu J, Olkkonen VM, Staels B, Yan D (2013) Increased 
atherosclerotic lesions in LDL receptor defi cient mice with hematopoietic nuclear receptor 
Rev-erbα knock-down. J Am Heart Assoc 2:e000235  

    Machado RM, Koike MK (2014) Circadian rhythm, sleep pattern, and metabolic consequences: an 
overview on cardiovascular risk factors. Horm Mol Biol Clin Invest 18:47–52  

     Maemura K, Takeda N, Nagai R (2007) Circadian rhythms in the CNS and peripheral clock disor-
ders: role of the biological clock in cardiovascular diseases. J Pharmacol Sci 103:134–138  

     Martino TA, Tata N, Belsham DD, Chalmers J, Straume M, Lee P, Pribiag H, Khaper N, Liu PP, 
Dawood F et al (2007) Disturbed diurnal rhythm alters gene expression and exacerbates cardio-
vascular disease with rescue by resynchronization. Hypertension 49:1104–1113  

    Möller-Levet CS, Archer SN, Bucca G, Laing EE, Slak A, Kabiljo R, Lo JCY, Santhi N, von Schantz 
M, Smith CP et al (2013) Effects of insuffi cient sleep on circadian rhythmicity and expression 
amplitude of the human blood transcriptome. Proc Natl Acad Sci U S A 110:E1132–E1141  

        Morris CJ, Yang JN, Scheer FAJL (2012) The impact of the circadian timing system on cardiovas-
cular and metabolic function. Prog Brain Res 199:337–358  

    Mousa TM, Schiller AM, Zucker IH (2014) Disruption of cardiovascular circadian rhythms in 
mice post myocardial infarction: relationship with central angiotensin II receptor expression. 
Physiol Rep 2:e12210  

    Nakagawa Y, Kishida K, Kihara S, Sonoda M, Hirata A, Yasui A, Nishizawa H, Nakamura T, 
Yoshida R, Shimomura I et al (2008) Nocturnal reduction in circulating adiponectin concentra-
tions related to hypoxic stress in severe obstructive sleep apnea-hypopnea syndrome. Am 
J Physiol Endocrinol Metab 294:E778–E784  

     Ohmori M, Fujimura A (2005) ACE inhibitors and chronotherapy. Clin Exp Hypertens 
27:179–185  

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

    Oishi K, Uchida D, Ohkura N, Horie S (2010) PPARα defi ciency augments a ketogenic diet- 
induced circadian PAI-1 expression possibly through PPARγ activation in the liver. Biochem 
Biophys Res Commun 401:313–318  

References



60

    Paudel ML, Taylor BC, Ancoli-Israel S, Stone KL, Tranah G, Redline S, Barrett-Connor E, 
Stefanick ML, Ensrud KE (2011) Rest/activity rhythms and cardiovascular disease in older 
men. Chronobiol Int 28:258–266  

    Petkova SB, Ashton A, Bouzahzah B, Huang H, Pestell RG, Tanowitz HB (2000) Cell cycle mol-
ecules and diseases of the cardiovascular system. Front Biosci 5:D452–D460  

        Portaluppi F, Tiseo R, Smolensky MH, Hermida RC, Ayala DE, Fabbian F (2012) Circadian 
rhythms and cardiovascular health. Sleep Med Rev 16:151–166  

     Puttonen S, Härmä M, Hublin C (2010) Shift work and cardiovascular disease – pathways from 
circadian stress to morbidity. Scand J Work Environ Health 36:96–108  

    Scheer FAJL, Hu K, Evoniuk H, Kelly EE, Malhotra A, Hilton MF, Shea SA (2010) Impact of the 
human circadian system, exercise, and their interaction on cardiovascular function. Proc Natl 
Acad Sci U S A 107:20541–20546  

     Schroeder A, Loh DH, Jordan MC, Roos KP, Colwell CS (2011) Circadian regulation of cardio-
vascular function: a role for vasoactive intestinal peptide. Am J Physiol Heart Circ Physiol 
300:H241–H250  

    Shaw E, Tofl er GH (2009) Circadian rhythm and cardiovascular disease. Curr Atheroscler Rep 
11:289–295  

      Solt LA, Wang Y, Banerjee S, Hughes T, Kojetin DJ, Lundasen T, Shin Y, Liu J, Cameron MD, 
Noel R et al (2012) Regulation of circadian behaviour and metabolism by synthetic REV-ERB 
agonists. Nature 485:62–68  

     Spiering W, Zwaan IM, Kroon AA, de Leeuw PW (2005) Genetic infl uences on 24 h blood pres-
sure profi les in a hypertensive population: role of the angiotensin-converting enzyme insertion/
deletion and angiotensin II type 1 receptor A1166C gene polymorphisms. Blood Press Monit 
10:135–141  

        Takeda N, Maemura K (2011) Circadian clock and cardiovascular disease. J Cardiol 57:249–256  
    Vukolic A, Antic V, Van Vliet BN, Yang Z, Albrecht U, Montani J-P (2010) Role of mutation of 

the circadian clock gene Per2 in cardiovascular circadian rhythms. Am J Physiol Regul Integr 
Comp Physiol 298:R627–R634  

     Wang J, Yin L, Lazar MA (2006) The orphan nuclear receptor Rev-erb alpha regulates circadian 
expression of plasminogen activator inhibitor type 1. J Biol Chem 281:33842–33848  

    Wang N, Yang G, Jia Z, Zhang H, Aoyagi T, Soodvilai S, Symons JD, Schnermann JB, Gonzalez 
FJ, Litwin SE et al (2008) Vascular PPARgamma controls circadian variation in blood pressure 
and heart rate through Bmal1. Cell Metab 8:482–491  

    Yang G, Jia Z, Aoyagi T, McClain D, Mortensen RM, Yang T (2012) Systemic PPARγ deletion 
impairs circadian rhythms of behavior and metabolism. PLoS One 7:e38117  

     Young ME, Bray MS (2007) Potential role for peripheral circadian clock dyssynchrony in the 
pathogenesis of cardiovascular dysfunction. Sleep Med 8:656–667    

5 Circadian Rhythms and Cellular Networks in Cardiovascular Diseases



61© Springer International Publishing Switzerland 2015 
Q. Yan, Cellular Rhythms and Networks: Implications for Systems Medicine, 
SpringerBriefs in Cell Biology, DOI 10.1007/978-3-319-22819-8_6

    Chapter 6   
 Circadian Rhythms and Cellular Networks 
in Cancer       

6.1                   The Circadian Clocks and Cancer: 
Potential Molecular and Cellular Biomarkers 

6.1.1     The  Circadian–Cancer Correlations  : 
A Systems Biology Perspective 

 Studies based on  systems biology   would allow for an integrative understanding of 
the circadian–cancer correlations. At the molecular level, the circadian clocks are 
driven by the feedback loops of proteins with periodic activation and repression 
(Soták et al.  2014 ; also see Chap.   2    ). At the cellular level, the clocks regulate the 
daily activities in cell cycles, proliferation, metabolism, DNA repair, as well as 
apoptosis.  Peripheral autonomous circadian rhythms   in various tissues are synchro-
nized via the master regulator in the suprachiasmatic nucleus (SCN) (Kelleher et al. 
 2014 ). The coordination of the central and peripheral clocks is associated with 
rhythmic and tissue-specifi c gene expressions in the responses to cyclic environ-
mental changes (Fu and Kettner  2013 ). At the organismal level, the clocks are cor-
related with energy homeostasis, neuroendocrine and immune functions, as well as 
various physical activities (Kettner et al.  2014 ). Many causes may lead to the distur-
bance of the endogenous circadian homeostasis, such as alterations in lifestyle in 
the current industrialized society (Kettner et al.  2014 ; Soták et al.  2014 ). 

 As an important risk factor, the disruption of the  clock functions   at different lev-
els may contribute to the development and progression of cancer. Molecular, cellu-
lar, and clinical studies have identifi ed biological and behavioral factors associated 
with circadian patterns as potential biomarkers (Eismann et al.  2010 ). Further 
understanding of the mechanisms underlying the clock-modulated tumor suppres-
sion may promote personalized prevention and treatment of cancer. For example, 
various studies have confi rmed that those with strong and robust circadian rhythms 
have less signs of tumor progression as measured by the biomarkers including 
VEGF and TGFβ (Cash et al.  2015 ). On the other hand, among those with active and 
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aggressive breast tumors, circadian disruptions and higher levels of cortisol 
 awakening response (CAR) may  contribute   to tumor development and progression. 

 Alterations in the clock genes such as  mutations and epigenetic silencing   have 
been related to higher risks for cancer (Kettner et al.  2014 ). These genes include 
CLOCK, BMAL1 and NPAS2 that trigger the transcriptions of PER1, PER2, as well 
as CRY1 and CRY2 (Kelleher et al.  2014 ). Such changes in the circadian genes may 
also contribute to aging-associated phenotypes (Yu and Weaver  2011 ). Specifi cally, 
studies in mice models have indicated that mutations in CRY1 and CRY2 may lead 
to circadian disruptions and accelerated growth of implanted tumors (Kelleher et al. 
 2014 ). Lower levels of CRY2 have been observed in breast cancer tissues (Mao 
et al.  2015 ). In addition, CRY2 may be involved in the  breast cancer progression and 
prognosis   via altered methylation in cancer-associated pathways. 

 The circadian clocks are transcriptional systems controlled by epigenetic factors 
including histone modifi cations and DNA methylation, which may connect the clocks 
with cancer cells initiation and progression (Masri et al.  2015 ; Joska et al.  2014 ). 
 Abnormal DNA methylation   has been suggested as a potential biomarker for cancer. 
For example, one of the core circadian genes ARNTL (also known as BMAL1) is 
epigenetically silenced in ovarian cancer (Yeh et al.  2014 ). On the other hand, the 
overexpression of ARNTL (BMAL1) has been found to suppress cell growth, promote 
the chemosensitivity of cisplatin, and reestablish the rhythmic processes of c-MYC in 
cancer cells. These fi ndings suggest that normal ARNTL (BMAL1) may have  tumor 
suppressor functions   (Yeh et al.  2014 ). In the next section, more examples and detailed 
discussions of circadian-associated genes and pathways will be provided.  

6.1.2     Examples of Circadian-Associated Molecular Factors 
and Cellular Networks 

 Table  6.1  lists some examples of  circadian-associated molecular factors and cellular 
networks   that may have important roles in cancer and chronotherapy. Some of these 
factors are discussed in details below. A more complete list can be found in the 
Database of Biological Rhythms (DBBR  2015 ).

6.1.2.1       TIMELESS and Associated Networks 

 The circadian gene  TIMELESS (TIM)   has been found vital for replication protection 
and genomic stability (Yoshida et al.  2013 ). It may also have critical roles in human 
tumorigenesis and malignancies. Studies using expression profi ling have suggested 
it as a potential biomarker for cancer risks and prognosis with implications as a 
therapeutic target (Yoshida et al.  2013 ). For example, in breast cancer and lung can-
cer samples, the overexpression of TIMELESS has been related to more advanced 
tumor stages and poorer prognostic outcomes (Mao et al.  2013 ; Yoshida et al.  2013 ). 
On the other hand, its knockdown inhibited proliferation and clonogenic growth, and 
promoted apoptosis in cancer cells. 
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 The circadian clocks and cell cycle are general  regulatory systems   with physio-
logical effects on normal cells and pathological impacts on cancer cells. As a regu-
lator of both circadian and cell cycles, TIMELESS may serve as the key connection 
between these two systems. Specifi cally, it has been found necessary for the ATR- 
mediated CHK1 activation and S-phase arrest, as well as for ATM-mediated CHK2 
activation and G2/M checkpoint regulation (Yang et al.  2010 ). It is also involved in 
the signaling of doxorubicin-mediated DNA double strand breaks. Its depletion may 
promote the doxorubicin-mediated cytotoxicity in cancer cells (Yang et al.  2010 ). 
These mechanisms indicate that it can become a potential anticancer target. 

 In additio   n, TIMELESS may serve as the link between circadian patterns and 
breast cancer risks with genetic and epigenetic correlations. It may be involved in 
various pathways associated with  cancer   including the hormone regulation network. 
Genetic and epigenetic association studies have identifi ed the relationships between 
two SNPs (rs2291738 and rs7302060) in the TIMELESS gene and lower risks of 
breast cancer among ER- or PR-positive patients (Fu et al.  2012 ). Links have also 
been established between breast cancer in the stages II, III, and IV and TIMELESS 
promoter hypomethylation (Fu et al.  2012 ). These fi ndings confi rm its role as a 
potential biomarker for breast cancer.  

6.1.2.2     P53 and Associated Networks 

 The  p53 tumor suppressor gene   has a key role in cancer as it is mutated in about 
50 % of human cancers (Mullenders et al.  2009 ). In most of the cancer cases the  p53   
pathways are functionally inactivated. The elucidation of the mechanisms underly-
ing the insensitivity to p53 activation among tumor cells would be necessary for 
better treatment of cancer. For instance, studies using mouse models showed that 
the circadian clocks may be pivotal in the regulation of sunburn apoptosis and ery-
thema (Kettner et al.  2014 ). In normal conditions, the levels of p53 that regulates the 
process of sunburn apoptosis are maximally induced in the morning. However, the 
mutational inactivation of p53 may be associated with the higher susceptibility to 
skin cancer induction after chronic irradiation in the morning (Kettner et al.  2014 ). 
Furthermore, studies of tumors in jet lagged mice showed that circadian disruptions 
may lead to lower levels of p53 with the overexpression of c-MYC, the two effects 
that may enhance cancer growth (Filipski et al.  2006 ). 

 In addition, the circadian clock gene ARNTL (also known as BMAL1) may be 
involved in the p53 tumor suppressor pathway. ARNTL ( BMAL1  ) may serve as the 
linkage connecting circadian rhythms with cell cycle and cancer (Mullenders et al. 
 2009 ). The loss of ARNTL (BMAL1) has been found to decrease the expression of 
PER1, PER2, PER3, WEE1, as well as p53 (Zeng et al.  2010 ). Cells with lower 
levels of ARNTL (BMAL1) may lose the ability to arrest mediated by the inability 
to trigger the p53 target genes (Mullenders et al.  2009 ). The interrelationship 
between ARNTL (BMAL1) and p53 further supports the connection between circa-
dian rhythms and cancer. 

 Most  chemotherapeutic drugs   may cause DNA damages and cell death via the p53 
associated pathways. However, the sensitivity of cancer cells to chemotherapeutic 
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agents may alternate in accordance with the circadian oscillations. Specifi cally, the 
transcription factor and circadian gene ATF4 may be  in  volved in the circadian accrual 
of the p53 protein in tumor cells via the regulation of the p19ARF-MDM2 pathway 
(Horiguchi et al.  2013 ). This circadian rhythmic regulation indicates that the cancer 
cell sensitivity to chemotherapeutic agents may be promoted during certain time-of-
day with the accumulation of the p53 protein.    

6.2     The  Circadian–Cell Cycle Interactions   and Cancer 

 As mentioned earlier, circadian rhythms and cell cycle progression are the two most 
basic  biological rhythmic activities   with bidirectional interactions. While circadian 
oscillations support the temporal regulation in the 24-h cycle, the cell cycle is 
involved in  cellular growth and division  . Because the circadian systems are tightly 
interconnected with cell proliferation and apoptosis, the disruptions of the 
circadian–cell cycle interactions may be associated with cancer development and 
progression (Soták et al.  2014 ). 

 Figure  6.1  shows a schema of some typical interactions between circadian path-
ways and cellular processes associated with cancer, including cell cycle checkpoints, 
cell proliferation and apoptosis, DNA repair, metabolism, and stress responses. Each 
process may have complex and multiple pathways involved. Specifi cally, the posi-
tive/negative feedback loops of proteins with periodic activation and inhibition are 
involved in the regulation of both cell cycle progression and circadian rhythms 
(Soták et al.  2014 ). The elucidation of these interrelationships may be helpful for the 
development of novel preventive and therapeutic strategies for cancer.

Cell Cycle
Checkpoints

(E.g., p21, WEE1)

Apoptosis
(E.g., p53, BCL2)

Circadian Pathways
(E.g., BMAL1/

CLOCK & PER/CRY
Feedback Loops,

MT1, etc.)

Cell
Proliferation
(E.g., c-MYC)

Cell Cycle
Progression
(E.g., CDK2)

DNA Repair
(E.g., BRCA1,

BRCA2)Metabolism
(E.g., IGF-1R)

Stress &
Immune

Responses
(E.g., NF-κB
pathway)

  Fig. 6.1    The interactions between circadian pathways and cellular processes in cancer       
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   The expression of cell cycle genes can be infl uenced by various factors. For 
example, a  microarray analysis   showed that light pulses administered during the 
circadian dark phase may affect the transcription levels of the genes directly regulat-
ing the cell  cycle   and result in cell cycle arrest (Ben-Shlomo and Kyriacou  2010 ). In 
the meantime, alterations were also observed in the transcription levels of the genes 
involved in tumorigenesis and metastasis. In addition, abnormal expression of the 
circadian genes may result in genomic instability and enhanced cellular prolifera-
tion with impacts on the cell cycle genes including c-MYC, WEE1, cyclin D and 
p21 (Kelleher et al.  2014 ). For example, altered PER2 may cause the upregulation 
of c-MYC with a higher tumor incidence (Kelleher et al.  2014 ). 

 In a study among patients with chronic lymphocytic leukemia (CLL), downregu-
lated expressions of the circadian genes BMAL1, PER1, and PER2 were observed 
(Rana et al.  2014 ). In the meantime, the expressions of the cell cycle genes MYC 
and cyclin D1 were upregulated. Furthermore, the expressions of these genes were 
more aberrant among shift-workers than non-shift-workers in the CLL patients. 
Decreased serum melatonin levels were also observed, and even lower among shift- 
workers (Rana et al.  2014 ). 

 Such observations demonstrate the complex interactions among life style, circa-
dian patterns, and cell cycles. The abnormal expressions of the clock genes may 
result in the alterations of their downstream targets associated with cell proliferation 
and apoptosis in cancer patients. In addition,  life style factors   such as shift work and 
low melatonin levels may be involved in the circadian disruptions and contribute to 
the disease development (Rana et al.  2014 ). 

 In another study, the mutation S662G in the circadian protein PER2 was found to 
have a key role in cell cycle progression and tumorigenesis (Gu et al.  2012 ). This 
mutation has also been related to familial advanced sleep phase syndrome. In cancer 
therapy, this mutation may promote the resistance to X-ray-induced apoptosis and 
higher levels of E1A- and RAS-mediated oncogenic transformation (Gu et al.  2012 ). 
Furthermore, the analysis of the clock-regulated cell cycle genes showed that the 
mutation may lead to alterations in the relative phases between p21 and cyclin D 
expression profi les in mouse embryonic fi broblasts (Gu et al.  2012 ). Such PER2- 
associated phase change of p21 has been suggested as an essential mechanism 
underlying the cell cycle progression and therapeutic resistance in cancer. 

 The understanding of the circadian–cell  cycle   interactions may also contribute to 
the optimization of drug  delivery   via chronotherapy. For example, the anticancer 
drug 5-fl uorouracil (5-FU) kills cells in the S phase. A study using a cell cycle 
automaton model found that the cytotoxicity of 5-FU may reach the lowest level for 
the circadian delivery peaking at 4 a.m., and the highest level for the continuous 
infusion or the circadian pattern peaking at 4 p.m. (Altinok et al.  2007 ). The 
 automaton model illustrated the transitions through the continuous stages of the cell 
cycle and the entrainment of the cell cycle by the circadian oscillation. Considering 
different phases of the cell cycle, such models based on cell cycle automaton may 
be useful for the prediction of the cytotoxic effect of anticancer drugs (Altinok et al. 
 2007 ). More discussions of cancer chronotherapy can be found in Chap.   7    .  
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6.3     Alterations in Circadian Patterns in Various Cell  Type  s 

 As the circadian systems regulate cellular metabolism and proliferation, the distur-
bance may accelerate cancer development and progression in different tissues and 
cell types. Clinical studies have indicated that circadian disruptions are associated 
with suppressed cellular immunity and increased infl ammatory responses (Eismann 
et al.  2010 ). Such changes may lead to the promotion of tumor growth, angiogene-
sis, and metastasis. 

 In addition,  tissue culture studies   have shown that biological or behavioral fac-
tors may cause alterations in the circadian pathways and faster growth of tumor 
cells. In certain cancers such as breast cancer, the involvement of psychoneuroendo-
crine and psychoneuroimmune pathways has been emphasized (Eismann et al. 
 2010 ). In kidney cancer, close interrelationships have been identifi ed between the 
hypoxic response pathways and circadian pathways (Mazzoccoli et al.  2014 ). 
Dysfunctions in the circadian genes and abnormal hypoxia reactions have been 
associated with the development of carcinogenesis in kidney cancer patients. 

 Being the fi rst line  of   guard against environmental and stress impacts, the skin 
tissues are infl uenced by diurnal oscillations in solar ultraviolet (UV) radiation and 
temperature. The functional circadian clocks have been identifi ed in most of the 
skin cell types. Connections have been established between the circadian clocks and 
skin cancers, especially the modulation of UVB-induced DNA damages (Plikus 
et al.  2015 ). Because the skin also provides the protection against microorganisms, 
the circadian clocks in the skin tissues may be closely associated with immune func-
tions. For example, the links have been found between the circadian clocks and 
psoriasis, an immune-mediated skin disease (Plikus et al.  2015 ). In addition to diur-
nal rhythms, many animal models have obvious seasonal hair molt cycles, indicat-
ing the importance of the clocks in seasonal organismal behaviors. 

 Epidemiological analyses such as “The Nurses’ Health Study” have suggested 
that women working rotational night shifts may have higher risks for breast cancer 
(Kelleher et al.  2014 ). In addition to cancer, the circadian disruption may cause jet-
lag- like symptoms in short terms and lead to obesity, metabolic syndrome, type 2 
diabetes, as well as cardiovascular disease in the long run (Haus and Smolensky 
 2013 ). The mechanisms underlying the connection between shift work  and cancer 
development   include circadian disruptions, melatonin suppression, immune dys-
function, and metabolic alterations. The increase of  proinfl ammatory reactive oxy-
gen species   may also have a role (Haus and Smolensky  2013 ). 

 At the molecular level, the loss of circadian genes such as CRY2 and PER3 has 
been related to tumor progression and worse prognosis in breast cancer (Cadenas 
et al.  2014 ). Among shift workers, the  gene-shift work interactions   were observed 
for the melatonin signaling gene MTNR1B with the key transcriptional factors 
NPAS2 and ARNTL (also known as BMAL1) (Rabstein et al.  2014 ). Multivariable 
models involving clock gene polymorphisms have been suggested to affect breast 
cancer risks, chrono-types, and light sensitivity (Rabstein et al.  2014 ; Truong et al. 
 2014 ). For example, genetic variations in the circadian pathway such as the SNPs in 
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RORA (rs1482057 and rs12914272) and rs11932595 in CLOCK have been related 
to breast cancer risks among postmenopausal women (Truong et al.  2014 ). 

 In addition, melatonin is  in  volved in not only the control of circadian clocks, but 
also the integration of molecular, dietary, and metabolic signaling activities associ-
ated with breast cancer growth. The anti-proliferative functions of melatonin may 
be mediated via its interactions with MT(1) melatonin receptors in human breast 
cancer cell lines (Blask et al.  2011 ). Melatonin may be involved in a variety of inter-
actions and pathways including the estrogen receptor pathway, especially the sup-
pression of cAMP levels and growth factor pathways associated with cell 
proliferation (Blask et al.  2011 ). 

 Studies have confi rmed that dim light at night (LAN) may cause lower melatonin 
levels, the circadian-mediated host-cancer imbalance, and higher breast cancer risks 
among shift workers and other individuals with higher exposure to LAN (Blask 
et al.  2011 ,  2014 ). Such alterations may result in hyperglycemia and hyperinsu-
linemia in the host. Other results include abnormal aerobic glycolysis, lipid signal-
ing and proliferative processes in the tumors (Blask et al.  2014 ). Further studies 
would be needed to elucidate the roles of circadian control in various cell prolifera-
tion and carcinogenesis to support better strategies in chronotherapy.     
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    Chapter 7   
 Circadian Biomarkers and Chronotherapy: 
Implications for Personalized and Systems 
Medicine       

7.1                   From Circadian Rhythms to Chronotherapy: 
The Roles of Systems Biology 

7.1.1     A Systemic Framework for Chronobiology-Based 
Personalized Medicine 

 As an  emerg  ing concept,  chronotherapy   refers to the adaptation of the timing of 
 drug administration   to promote the overall effi cacy of the treatment and to minimize 
the possible side-effects (Kaur et al.  2013 ). Although still in the conceptualization 
or early experimental  stages  , the fast development in chronotherapy is promising for 
enriching the practice of personalized and  systems medicine  . 

 Figure  7.1  provides a systemic framework for chronobiology-based  personalized 
medicine  . It shows the pathways of how the circadian systems such as the  BMAL1/
CLOCK   and PER/CRY feedback  loops   can be applied for personalized diagnosis 
and treatment. First of all, biomarkers based on chronobiology and systems biology 
can be used for the establishment of  systemic rhythmic profi les      toward more precise 
diagnosis, prognosis, and individualized treatment. For better clinical practice, the 
temporal factors such as the circadian rhythmicity are essential in the  drug absorp-
tion  , distribution, metabolism, and excretion (ADME).  Strategies   in chronotherapy 
can be applied for the optimized timing, amount, and composition of drug adminis-
tration to promote the effi cacy and minimize the toxicity (see Fig.  7.1 ).

   Furthermore, novel drugs based on chronobiology can be designed to target the 
relevant circadian mechanisms and chrono-biomarkers associated with pathogene-
sis such as infl ammation (see Chaps.   3    –  6    ). On the basis of the robust chrono- 
biomarkers and chronotherapy, personalized medicine may be achieved via the 
 systems and dynamical approaches   (see Fig.  7.1  and Chap.   1    ). 

  Preliminary screening   of novel therapeutics for their potentials in chronotherapy 
may become an innovative strategy for promoting the quality of medical practice. 

http://dx.doi.org/10.1007/978-3-319-22819-8_3
http://dx.doi.org/10.1007/978-3-319-22819-8_6
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Together with the development in systems biology  and pharmacogenomics  , studies 
in chronotherapy should embrace systemic factors including molecular, cellular, 
age, gender, and lifestyle associated differences.  

7.1.2      Systems Biology Approaches   in Chronotherapy 

 With the  oscillation   of the circadian system, various cellular functions from cell 
cycle to proliferation, from DNA repair to apoptosis, from pharmacology to toxi-
cology also oscillate hierarchically by the time-of-day (Lévi et al.  2007 ,  2010 ). At 
the organ and tissue levels, the suprachiasmatic nucleus (SCN) of the hypothala-
mus hosts the “master clock” coordinating physiological activities and behaviors 
(Dallmann et al.  2014 ). Other brain areas and body tissues are also involved in the 
regulation of various oscillations (see Chaps.   2    –  6    ). These oscillations infl uence 
the drug absorption, metabolism, transportation, and detoxifi cation. The analysis 
of these processes requests the understanding in chronopharmacology and 
 specifi cally, circadian pharmacokinetics (PK) and pharmacodynamics (PD) 
(Dallmann et al.  2014 ). 

 In addition to the temporal  e  lements such as the circadian rhythms, the optimal 
chronotherapy scheduling can be infl uenced by other factors including genetic 
 settings, cell cycle, gender, and lifestyle. For example, a large clinical trial indicated 
that gender was associated with the survival outcome and  chronotherapeutic delivery   
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  Fig. 7.1    A systemic framework for chronobiology-based personalized medicine       
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among cancer patients (Lévi et al.  2007 ).  Mathematical models   also revealed that 
certain delivery profi les can be useful for the optimization of the therapeutic index 
of chemotherapeutic drugs. Such profi les may include various factors such as the 
initial conditions of the host and tumor, the variability in circadian entrainment, as 
well as the length of cell cycle (Lévi et al.  2007 ). 

  Methods   in systems biology are necessary for the elucidation of the chrono- 
interactions among various oscillating systems in order to provide accurate predic-
tions of drug responses and optimal therapeutic strategies. Factors from multiple 
dimensions need to be included, such as the  chronopharmacology networks and 
pathways   and the synchronized cell cultures (Ortiz-Tudela et al.  2013 ). The vari-
ability among circadian entrainment and cell cycle is especially important, as the 
two systems interact at various levels from genes to proteins to pathways (Lévi et al. 
 2007 ; also see Chaps.   2    –  6    ). Specifi cally, systems biology models may help explain 
the concurrence between  chrono-tolerance and chrono-effi cacy   to incorporate the 
variations in the circadian and cell cycle  dynamics   between  the   normal and disease 
cells. Such approaches would promote both tolerability and effi cacy of the drugs and 
allow for personalized chronotherapy not only to inhibit the disease progression, but 
also to promote the quality of life (Ortiz-Tudela et al.  2013 ; Lévi et al.  2010 ).   

7.2     Potential Circadian-Associated Biomarkers 
at Various Levels 

7.2.1     Circadian-Associated Biomarkers at the Molecular 
and Cellular Levels 

 Because the circadian patterns are strongly associated with psychophysiological 
and pathological activities, the identifi cation of biomarkers in circadian dysregula-
tions can be applied in scientifi c, clinical, and translational studies. Circadian- 
associated  biomarkers   can provide dynamic and precise detections for both diagnosis 
and therapeutic outcome assessments. 

 At the molecular and cellular  levels  , genes regulating circadian rhythms are often 
involved in controlling other cellular pathways including cell cycles, cell prolifera-
tion, and apoptosis (Zhu et al.  2005 ). As circadian genes play critical roles in  tumori-
genesis   and tumor  growth   via their involvement in cancer-associated pathways, they 
have been considered potential biomarkers for cancer  risk detection  , diagnosis, and 
 prognosi  s (Yi et al.  2010 ). Table  7.1  provides examples of some potential circadian- 
associated biomarkers at the molecular and cellular levels for various conditions and 
diseases. A more complete list can be found in the Database of Biological Rhythms, 
including genomic, proteomic, as well as metabolomics biomarkers (DBBR  2015 ).

   For example, polymorphisms in the circadian gene  NPAS2   have been related to 
breast cancer development. A genotypic analysis of 348 breast cancer tissue  samples 
showed that higher expression of NPAS2 was related to disease free survival and 

7.2 Potential Circadian-Associated Biomarkers at Various Levels

http://dx.doi.org/10.1007/978-3-319-22819-8_2
http://dx.doi.org/10.1007/978-3-319-22819-8_6


74

overall survival (Yi et al.  2010 ). In addition, various polymorphism genotypes were 
differentially correlated with the tumor severity. In another example, the analysis of 
389 Caucasian breast cancer cases showed that a PER3 variant was related to higher 
risks for breast cancer among premenopausal women (Zhu et al.  2005 ). These fi nd-
ings indicate that the circadian genotypic profi les can become potential diagnostic 
and  prognostic biomarkers   for breast cancer. 

 In psychiatric problems, altered circadian genes may serve as potential biomark-
ers for bipolar disorders, including ARNTL1 (also known as BMAL1), CLOCK, 
NPAS2, NR1D1, and PER3 (Milhiet et al.  2011 ,  2014 ). Based on the analysis of 
disrupted circadian patterns, systemic biomarker profi les for bipolar susceptibility 
can be established using various parameters such as melatonin levels and the record 
of sleep/wake patterns (Milhiet et al.  2014 ). 

   Table 7.1    Examples of potential circadian- associated   biomarkers at the molecular and cellular 
levels   

 Potential biomarkers  Associated conditions  Applications  References 

 ARNTL (also known 
as BMAL1) 

 Breast cancer, 
colorectal cancer 

 Prognosis, lymph node 
metastasis 

 Zeng et al. ( 2014 ) and 
Kuo et al. ( 2009 ) 

 BDNF  Stress-associated 
conditions 

 Personality traits, mood  Tirassa et al. ( 2012 ) 

 CLOCK  Breast cancer  Prognosis (survival)  Kuo et al. ( 2009 ) 
 CRY1  Colorectal cancer  Prognosis (lymph node 

metastasis, TNM 
stages, overall survival) 

 Yu et al. ( 2013 )) 

 CRY2  Colorectal cancer, 
non-Hodgkin’s 
lymphoma (NHL) 

 Prognosis, risk 
predictions 

 Fang et al. ( 2015 ) and 
Hoffman et al. ( 2009 ) 

 NPAS2 (variants)  Breast cancer, 
colorectal cancer 

 Prognosis (TNM 
stages, tumor 
metastasis, tumor size, 
overall survival) 

 Xue et al. ( 2014 ) and 
Yi et al. ( 2010 ) 

 PER1  Non-small cell lung 
cancer (NSCLC) 

 Prognosis  Liu et al. ( 2014 ) 

 PER2  Breast cancer, gastric 
cancer, NSCLC 

 Prognosis, lymph node 
metastasis 

 Zhao et al. ( 2014 ), 
Liu et al. ( 2014 ), and 
Kuo et al. ( 2009 ) 

 PER3 (variants)  Breast  cancer    Risk detections  Zhu et al. ( 2005 ) 
 RORA  Depression  Antidepressant 

treatment responses 
 Hennings et al. ( 2015 ) 

 TIMELESS  Breast cancer  Cancer risks, prognosis 
(tumor stages) 

 Mao et al. ( 2013 ) 

 NPSR1 pathways 
(MAPK, TGFβ) 

 Neuroendocrine 
tumors (NETs) 

 Diagnosis  Pulkkinen et al. ( 2014 ) 

 Serotonin-N- 
acetylserotonin- 
melatonin pathway 

 Autism spectrum 
disorders (ASDs)    

 Diagnosis  Pagan et al. ( 2014 ) 
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 In addition to the core clock genes, the circadian rhythmicity of other  proteins   
such as cytokines may also be important biomarkers. For instance, the diurnal serum 
changes of infl ammatory biomarkers are signifi cant in patients with multiple sclero-
sis (MS) (Wipfl er et al.  2013 ). Elevated serum levels of soluble vascular adhesion 
molecule-1 (sVCAM-1) around noon and in the early afternoon have been found in 
MS patients with active disease (Wipfl er et al.  2013 ). 

 Furthermore,  neuroendocrine factors   such as melatonin and cortisol have essen-
tial roles in cellular metabolism. The daily profi les of abnormal circadian patterns 
of salivary melatonin and cortisol levels may be potential biomarkers associated 
with metabolic syndrome elements (Corbalán-Tutau et al.  2014 ). These metabolic 
syndrome elements include blood pressure, glucose and plasma lipids, ghrelin, as 
well as adipocyte-generated hormones including leptin and adiponectin. Such com-
plex factors and elements may provide the  connecti  ons across the molecular, cellu-
lar, and organism levels (see the next section).  

7.2.2     Circadian-Associated Biomarkers at the Tissue 
and Organism  Level  s 

 Together with molecular and cellular biomarkers, circadian-associated factors at 
the tissue and organism levels may provide more complete views for systems-
based studies. With multi-directional connections across various levels, these fac-
tors can be integrated in comprehensive profi les. For example in bipolar disorders, 
circadian deregulations are prominent properties during both acute mood episodes 
and euthymic phases as potential markers (Milhiet et al.  2011 ). Such circadian 
disruptions can be detected both quantitatively and qualitatively using various 
tools including polysomnography and blood melatonin monitoring. Other altered 
circadian parameters include the activities of fi broblasts and the core temperature 
(Milhiet et al.  2011 ). 

 In Parkinson disease (PD), patients with depression may have abnormal circa-
dian patterns of the core body temperature as a potential biomarker (Suzuki et al. 
 2007 ). In addition, studies using rodent models showed that alterations in circadian 
profi les including the body temperature and locomotor activity may be biomarkers 
of the aging process (Mailloux et al.  1999 ). 

 Furthermore, the circadian rhythm “chaos” has been considered a prominent 
marker of breast cancer risks even before the mammographic proof of neoplasm or 
the detection of a palpable tumor (Keith et al.  2001 ). For instance, abnormal mela-
tonin levels have been related to nightshift work and exposure to light-at-night in 
both experimental and clinical settings (Mirick and Davis  2008 ). It has been sug-
gested as a robust biomarker of circadian disruptions under various environmental 
impacts. The direct and indirect measurements of the metabolites of melatonin in 
urine, blood, and saliva have been found reliable in epidemiologic research and 
studies of cancers with long inactive stages (Mirick and Davis  2008 ). 
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76

 The circadian-associated biomarkers are also valuable in the assessment of thera-
peutic outcomes. In anticancer therapy, the circadian timing of medications may 
promote the therapeutic tolerability up to fi vefold with double effi cacy in both labo-
ratory and clinical settings (Scully et al.  2011 ). Many factors may infl uence the 
effects of the chronotherapeutic schedule, including the molecular elements of the 
circadian timing system (CTS), gender, and drug dosages. Robust circadian bio-
markers based on non-invasive methods such as the varied skin surface temperature 
rhythms can be used to monitor the CTS for  dynamic   assessments in personalized 
chronotherapy (Scully et al.  2011 ).   

7.3     Clinical Applications of Chrono-Biomarkers 
and Personalized Chronotherapy 

7.3.1     Chrono-Biomarkers and  Chronotherapy in Cance  r 

 At the molecular and cellular levels, the circadian clocks have impacts on nucleo-
tide excision repair, DNA damage checkpoints, and apoptosis (Sancar et al.  2015 ; 
also see Chap.   6    ). The disruptions of the clocks may cause alterations in these pro-
cesses and lead to cancer regression. Factors in these processes such as the activities 
of DNA repair enzymes may also infl uence the pharmacokinetics, pharmacodynam-
ics, and the overall effi cacy of anti-cancer drugs (Sancar et al.  2015 ). 

 Models of the circadian transcriptional loops can be useful for the personaliza-
tion of cancer chronotherapy. For example, as a topoisomerase I inhibitor against 
colorectal cancer, irinotecan has circadian toxicity patterns (Li et al.  2013 ). The 
host-specifi c analysis of liver and colon expressions of NR1D1 and BMAL1 in the 
circadian transcriptional loops may be useful for detecting the chronotoxicity pat-
terns to promote the drug tolerability (Li et al.  2013 ). In addition, P-glycoprotein 
(P-gp) has been considered a crucial factor in the circadian balance between toxicity 
and effi cacy of irinotecan (Filipski et al.  2014 ). The inhibition of P-gp has been sug-
gested applicable for the optimization of irinotecan chronotherapy. 

 As another example, the transcription factor hepatic leukemia factor (HLF) is 
involved in the regulation of circadian rhythms and cell death with abnormal expres-
sion in human cancers (Waters et al.  2013 ). A microarray analysis showed that HLF 
is associated with a complex transcriptional network involving the upregulation of 
anti-apoptotic genes together with the downregulation of pro-apoptotic genes 
(Waters et al.  2013 ). Because the altered expression of HLF has been correlated 
with both circadian patterns and higher resistance to cell death, it can be an impor-
tant biomarker and target for chronotherapy. 

 In addition, endocrine therapeutic  resistance   is an important obstacle to the effec-
tive treatment of breast cancer. Melatonin has been found as a suppressor of tumor 
metabolism and a circadian-controlled kinase suppressor that may restore the sensi-
tivity of breast tumors to tamoxifen (Dauchy et al.  2014 ). However, light exposure 
at night (LEN) may inhibit the nocturnal generation of melatonin and result in 
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tumors insensitive to tamoxifen. Such interconnections among the circadian and 
melatonin disruptions, LEN, and tamoxifen resistance may be critical for improving 
the effi cacies of cancer treatment. 

 Studies using both  e  xperimental models and cancer patients have shown that the 
circadian timing of drug administration may have remarkable effects on cancer chemo-
therapies (Ortiz-Tudela et al.  2013 ). Analyses of both single-agent and combination 
chemotherapies have indicated that the optimal antitumor effi cacy often occur when 
the drugs are administered close to the periods with the best tolerability. The tolerabil-
ity of the anticancer chemotherapies may fl uctuate from two to tenfolds caused by 
circadian timing (Lévi et al.  2010 ). According to some international randomized clini-
cal trials, signifi cant improvement in tolerability can be achieved when cancer patients 
are given the same sinusoidal chronotherapy schedule over 24 h (Ortiz-Tudela et al. 
 2013 ). Such results were observed when the groups were compared to those who were 
given constant-rate infusions or incorrectly timed treatments.  

7.3.2     Personalized Chronotherapy in  Hypertensio  n 

 The  application   of chronotherapy may provide benefi ts for the  treatment   of various 
diseases, especially hypertension. Chronotherapy has been deemed as a cost- 
effective strategy for improving  blood pressure (BP) control   during both nighttime 
sleep and daytime activities (Smolensky et al.  2010 ). For example, for patients with 
hypertension, bedtime dosing of the  antihypertensive medications   have been found 
to decrease cardiovascular morbidity (Schillaci et al.  2015 ). In resistant hyperten-
sion, the timing of treatment in accordance with the circadian BP pattern has been 
considered more important for the effectiveness than the simple adjustment of drug 
combinations (Hermida et al.  2008 ). 

 The  treatment-time differences   have been found clinically meaningful in various 
classes of medications. Specifi cally, calcium channel blockers may be more effec-
tive with bedtime than morning dosing. For instance, the bedtime dosing of dihy-
dropyridine derivatives may remarkably decrease the risks of edema (Smolensky 
et al.  2010 ). Bedtime rather than morning dosing of angiotensin II receptor blockers 
and angiotensin-converting enzyme inhibitors may enhance the decline of the sleep- 
time BP and decrease the urinary albumin production with improved renal functions 
(Smolensky et al.  2010 ). 

 Better effi cacies can also be achieved with evening dosing for various combinations 
of antihypertensive drugs. Such combinations include calcium channel blocker with 
angiotensin-receptor blocker, calcium channel blocker with diuretic, as well as angio-
tensin-receptor blocker with diuretic (Potúcek and Klimas  2013 ). In essential hyper-
tension, chronotherapy of the  valsartan/hydrochlorothiazide (HCTZ) combination   and 
the valsartan/amlodipine  combination   given at bedtime may improve the sleep-time 
BP control (Hermida et al.  2010 ,  2011 ). For refractory arterial hypertension (RAH) 
associated with a non-dipping BP pattern and a poor clinical prognosis, adjusting the 
treatment time to evening has also been found more effective (Almirall et al.  2012 ). 

7.3 Clinical Applications of Chrono-Biomarkers and Personalized Chronotherapy
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 Personalized chronotherapy is necessary for the optimization of the drug 
effects via different timing along the  circ  adian scales. For example, some studies 
showed that bedtime administration of antihypertensive medications such as the 
renin-angiotensin- aldosterone system blockers may lower both cardiovascular 
and cerebrovascular risks (Hermida et al.  2013 ,  2014 ). However, in some other 
studies, the optimal treatment time varied signifi cantly among different patients 
(Watanabe et al.  2013 ).  

7.3.3     Chronotherapy in Other Diseases 

 As a rapidly developing area, chronotherapy has been applied in many diseases 
including psychiatric disorders. For instance, triple chronotherapy is a combination 
of total  sleep deprivation   (wake therapy), sleep phase advance, and bright light ther-
apy (Sahlem et al.  2014 ). It has shown quick and continuous antidepressant effects 
(Gottlieb and Terman  2012 ). A recent study found that the adjunctive triple chrono-
therapy is practical and tolerable for quickly improving mood and reducing suicid-
ality among acutely suicidal and depressed patients (Sahlem et al.  2014 ). Such 
adjunctive chronotherapy may also quicken and maintain antidepressant responses, 
supporting a safer and sustainable therapy for bipolar disorder (BPD) (Wu et al. 
 2009 ). In addition to depression, adjunctive chronotherapy may promote the effects 
of cognitive-behavioral therapy for patients with treatment-resistant obsessive com-
pulsive disorder (OCD) (Coles and Sharkey  2011 ). 

 In rheumatoid arthritis (RA), circadian patterns have been associated with the 
occurrence and severity of chronic symptoms as well as morbid and mortal states 
(Haus et al.  2012 ). The severity of the symptoms of pain, stiffness and functional 
disability often reaches the peak in the early morning, which may be associated with 
the higher levels of proinfl ammatory cytokines especially IL6 (Spies et al.  2011 ). 
The practice of RA chronotherapy in the United States and Europe has a history of 
more than 50 years. Such practice included the administration of nonsteroidal anti- 
infl ammatory drugs ( NSAIDs  ), disease modifying antirheumatic drugs ( DMARDs  ), 
and synthetic corticosteroid  medication  s (Haus et al.  2012 ). 

 For example,  low-dose prednisone   chronotherapy using a modifi ed-release (MR) 
formulation together with the DMARDs may lead to quick and signifi cant reliefs in 
RA symptoms such as morning joint stiffness (Buttgereit et al.  2013 ; Spies et al. 
 2011 ). In this paradigm, prednisone is released about 4 h following ingestion, 
around 2 a.m. if the drug is taken at 10 p.m. in the evening (Spies et al.  2011 ). The 
MR prednisone administered in accordance with the biological rhythms may have 
benefi cial effects on the HPA axis and the regulation of proinfl ammatory cytokines 
such as IL6 (Alten  2012 ). 

 Furthermore,  prednisone   chronotherapy using the MR tablet was found safe with 
higher tolerability, providing a continuous improvement with a better benefi t-to-risk 
ratio for at least 12 months (Buttgereit et al.  2010 ). Studies using mouse models and 
RA patients showed that bedtime chronotherapy of Methotrexate (MTX) had better 
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effects in improving RA symptoms and functional capacity than the standard dosing 
methods (To et al.  2011 ). The methods in such chronotherapy may reduce the levels 
of infl ammation and plasma TNFα. With more studies in the relevant areas, more 
strategies in personalized chronotherapy can be developed to support the practice of 
personalized and systems medicine.      
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