
Chapter 21

Circadian Regulation of Metabolism

in Health and Diseases

Breanna Sarkisian, Neelu Jain Gupta, and Satchidananda Panda

Abstract The importance of circadian rhythm has been established through its

evolutionary conservation and its connection to many health conditions. Circadian

deregulation has emerged as an important risk factor for metabolic disruption and

related chronic diseases. Chronic diseases are on the rise worldwide, and emerging

evidence points toward restoration of circadian rhythms as a propitious approach to

preventing and improving prognosis of many chronic disorders. This review will

outline the evidence supporting the importance of the circadian system in metab-

olism by debriefing the molecular basis for the interaction between circadian timing

and metabolic health and behavioral, genetic, and human epidemiological studies

indicating the health implications of chrono-disruption.

21.1 Introduction

Metabolic homeostasis is central to a healthy lifespan. Traditionally, homeostasis is

described as the property of a living system to establish and maintain a condition of

equilibrium in its internal environment, even when faced with acute changes. As

most plants, animals, and microbes in this planet have evolved to adopt to the

predictable changes in light, temperature, humidity, and food availability, mecha-

nisms maintaining metabolic homeostasis have also evolved to adapt to this diurnal

changes. Accordingly, a major function of the circadian clock is to anticipate the

daily cycle of nutrient intake and nutrient expenditure and maintain an internal

equilibrium within a defined range of parameters. As a large number of metabolites

and cellular contents are to be maintained at equilibrium in different organs, the

circadian oscillator makes intricate connection with homeostatic mechanisms in a

tissue-specific manner. Disruption to this homeostasis of a given metabolite can
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occur due to chronic changes in the availability, storage, or use of the metabolite or

due to disruption to the circadian modulation of homeostatic regulation.

Metabolic disruption leads to many chronic diseases, including cardiovascular

diseases, obesity, diabetes, and related comorbidities. As of 2012, it is estimated

that half of adult population in the USA has one or more chronic health conditions

[1], and 35% suffer from metabolic syndrome [2]. To be diagnosed with metabolic

syndrome, one should have at least three of the five metabolic risk factors: large

waistline, high triglyceride level, low HDL cholesterol, high blood pressure, and

high fasting glucose [3]. As of now, 60% of deaths worldwide are due to

noninfectious chronic diseases, and it is estimated that as much as 80% of prema-

ture stroke, heart disease, and diabetes could be prevented [4]. An important

approach to preventing these consequences involves restoring healthy lifestyle.

As the daily rhythm in activity-sleep and feeding-fasting and the dependent

rhythms in energy metabolism are integral part of lifestyle, it is becoming increas-

ingly apparent that circadian regulation of metabolism has a central role in both

prevention and prognosis of chronic metabolic diseases.

From an evolutionary perspective, for most part of human history, humans have

lived with a robust daily rhythm in activity-rest and the associated rhythm in

feeding-fasting. Early hunter-gatherer populations often ate sparingly mostly dur-

ing the daytime, and, even today, these populations rarely suffer from cardiovas-

cular diseases and other metabolic complications [5]. Accordingly humans and

animals have developed adaptations for an intermittent food supply. This adaptive

mechanism includes organs for the uptake and storage of rapidly mobilizable

glucose and longer-lasting energy substrates, such as fatty acids in adipose tissue.

Biochemical programs have also evolved to adapt to intermittent food intake:

anabolic metabolism during feeding and catabolic metabolism during fasting.

With the predictable nature of feeding-fasting cycle tied to the daily cycle of

activity-rest, circadian oscillators have evolved to integrate ~24 h rhythms to

anabolic and catabolic metabolism from single cell to the whole organism.

Hence, organisms have evolved to go through the cycles of feeding, energy storage,

use of stored energy during fasting, and trigger of hunger to reinitiate the cycle with

a bout of feeding. As modern humans are untethered from the natural light-dark

cycle and food is plentiful, chronic disruption of this genomic program of going

through intermittent daily cycle of feeding and fasting is emerging as an important

disruptor of metabolic homeostasis.

21.2 Organization of Circadian System in Mammals

21.2.1 Core Clock Players

The circadian clock circuitry acts to produce rhythms in behavior and physiology in

anticipation of environmental changes. For metabolic functions, this can be

444 B. Sarkisian et al.

drneelujgupta@hotmail.com



accomplished via rhythmic expression of genes encoding regulators and enzymes

of important metabolic pathways. The core components of the circadian clock

network include transcription factors CLOCK and BMAL1, which heterodimerize

and bind to the E-box motifs on clock-controlled genes (CCGs) to drive their

transcription. Two such CCGs include PER and CRY genes which, when activated

throughout the day, cause accumulation of PER and CRY proteins by the night and

form heterotypic complexes with additional proteins [6]. These complexes associ-

ate with CLOCK-BMAL1 heterodimers and repress their transcription activation

potential. The autorepression of Per1/2 and Cry1/2 genes by their own PER/CRY

proteins leads to a decrease in accumulation of these proteins, eventually allowing a

new cycle of Per1/2 and Cry1/2 transcription to occur [6].

Similarly, another feedback loop of the clock system involves proteins

REV-ERB, whose levels increase during the day and bind ROR-REVERB-response

elements (RREs) within Bmal1 promoter, thus inhibiting Bmal1 transcription. At

night, REV-ERBα protein amounts are low, allowing Bmal1 transcription to rise.

The repressive effects of REV-ERB are in constant competition with the retinoic

acid related orphan receptors (RORs) (a, b, g), which also bind to RRE on Bmal1

promoter to activate transcription [7, 8]. These transcriptional-translational regula-

tory loops operate in most tissues and control a notable fraction of the mammalian

genome, with many of them also being implicated in metabolic pathways [9–11].

This modulation of transcription and subsequent feedback based on protein

accumulation allows the circadian system to fine-tune its regulation based on

internal and external factors. In addition to self-regulation via product accumula-

tion, the clock system can be affected by feeding timing and other stimuli.

21.2.2 Local vs. Systemic Control

Every cell in an animal must adapt to the daily rhythm of food availability. At the

same time, metabolic homeostasis involves tight coordination among several met-

abolic organs and neuroendocrine tissues. Furthermore, this complex coordination

for energy homeostasis needs to be coupled to the organism’s activity-rest cycle.
The circadian regulatory system functions to temporally coordinate these complex

mechanisms. The circadian system in mammals has a hierarchical architecture,

with a central oscillator in the hypothalamic suprachiasmatic nucleus and periph-

eral clocks in almost all organs in the body. The SCN oscillator is entrained to the

ambient light to be in sync with the 24 h light/dark cycle [12]. The cell-autonomous

molecular circadian oscillator has nearly the same makeup in the SCN as well as in

the periphery, but cells in the SCN are coupled via synaptic and paracrine signals.

Coupling among the individual SCN neurons constitute a robust oscillator and

makes it less susceptible to mild perturbations [13]. Peripheral oscillators do not

appear to communicate with each other through tight local communications.

Rather, they rely on systemic signals for phase coherence. Indeed, in

SCN-lesioned mice, peripheral tissues gradually become out of phase with the
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external light-dark cycle and with circadian oscillations in other tissues [14]. Sim-

ilarly, synchronization is gradually lost in tissue explants and transiently synchro-

nized fibroblasts [15, 16].

The SCN imparts temporal information to the peripheral clocks via systemic

cues [14]. The peripheral oscillators are also sensitive to nutritional cues. In this

way, circadian physiology gets modulated systemically from the central clock or

locally via tissue-specific clocks in response to local metabolites. The discrimina-

tion between these two routes has been seen in mouse liver, in a circadian

transcriptome analysis in mice with or without functional hepatocyte clocks

[17, 18]. These studies have shown the liver circadian transcriptional rhythms are

partly mediated by the cell-autonomous clock and “driven” by systemic rhythmic

signals generated elsewhere in the body. Multiple systemic candidate signals have

been suggested including steroid hormones and fluctuation in core body tempera-

ture [19]. In experiments relevant to circadian coordination of metabolism, daytime

feeding of naturally nocturnal rodent can shift the phase of circadian gene expres-

sion in the liver, regardless of lighting conditions, leaving the phase of cyclic gene

expression in the SCN unaffected. Thus, changes in feeding timing can uncouple

peripheral oscillators from the central pacemaker [20–22].

Feeding modulation of peripheral clock suggests that time of eating is a strong

zeitgeber (entraining cue) for peripheral clocks and might even supersede the

synchronization cues received from the SCN clock. Under optimal conditions, the

periphery and SCN are synchronized: the SCN imposes feeding rhythms by driving

rest-activity cycles using food-dependent zeitgebers in addition to other cyclic cues

(like body temperature or blood-borne signals) to set the phase in the periphery.

However, alteration of metabolism, whether through food content or feeding

timing, can lead to desynchronization of circadian clocks and a reciprocal disrup-

tion of metabolic pathways that seems to underlie the resulting adverse health

effects to be termed as chrono-disruption. The mechanisms underlying this cross

talk between food consumption and clock-driven metabolic control are complex

[23] and require further elucidation; essential components of this system are

discussed in the sections to follow.

21.3 Cross Talk: Molecular Basis of Circadian Oscillator-

Metabolism Interface

There is extensive interplay between the clock system and metabolic inputs and

outputs. Many clock target genes are directly involved in metabolic pathways,

including lipid metabolism and the regulation of metabolic timing in peripheral

tissues. One general example is the action of CLOCK/BMAL on the set PAR bZIP

proteins DBP, HLF, and TEF, which causes these proteins to be transcribed with

robust circadian rhythms in the SCN and peripheral tissues such as the liver.

PARbZIP proteins have been found to target various enzymes involved in major
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xenobiotic metabolic pathways [24]. Additionally, the metabolic states can be

communicated to and modulated by glucose-sensing pathways, NAD+ sensing

pathways, and nuclear receptor pathways.

21.3.1 Glucose Homeostasis

CLOCK/BMAL1 plays an integral role in glucose homeostasis. The clock circuitry

can both act on and respond to glucose levels. BMAL1 itself promotes hepatic

gluconeogenesis [25, 26], and there are many additional indirect pathways by

which clock is involved in glucose regulation. As previously stated, CLOCK/

BMAL1 activates CRY and PER genes, which are heavily implicated in glucose

sensing and regulation, via interactions with AMPK, CREB, KLF10, and insulin

pathways.

AMP-activated protein kinase (AMPK) serves as a sensor for the ratio of

AMP/ATP within cells, putting it at the center of cellular energy homeostasis

[27]. Increase in this ratio will lead to phosphorylation and activation of AMPK.

AMPK activation leads to increased glucose uptake and decreased gluconeogene-

sis. It is also implicated in hepatic fatty acid oxidation, mitochondrial biogenesis,

and insulin sensitivity. There is a consensus motif for phosphorylation of AMPK

within CRY, so that phosphorylation of AMPK leads to phosphorylation and

destabilization of CRY/PER complexes, disrupting their accumulation and thus

derepression of the CLOCK complex [28]. This provides one pathway that com-

municates metabolic state to the CLOCK circuitry.

CREB also acts in glucose regulation via its action on gluconeogenesis. Fasting

state leads to glucagon binding to its membrane receptor in hepatocytes, which

activates a downstream G protein Gs and increases intracellular cAMP levels,

leading to the phosphorylation of CREB [29]. pCREB shows robust rhythmic

expression in the liver and acts to increase gluconeogenesis. CRY can also interact

with Gs or adenylate cyclase to regulate temporal expression of pCREB and thus

temporal regulation of gluconeogenesis [30]. In this way, clock genes provide

important regulation in glucose homeostasis.

Conversely, there are also pathways by which glucose levels can affect clock

action. The mRNA accumulation of KLF10, a negatively acting Zn2+ finger tran-

scription factor, follows a diurnal rhythm in mouse liver that may be driven by

intracellular glucose concentrations. Increased glucose upregulates KLF10, which

binds to BMAL1 promoter and dampens BMAL transcription [31].

21.3.2 NAD+ Sensing Pathways

NAD+ levels fluctuate with metabolic state. Glycolysis oxidizes NADH to NAD+

during the reduction of pyruvate to lactate. Fatty acid synthesis also produces
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higher NAD+ levels. NAD+ level shows daily oscillations in the liver, likely due to

oscillations in Nampt transcription [32, 33]. NAD+ levels also vary in response to

DNA damage, via damage-induced poly(ADP-ribose) polymerase-1 (PARP1),

which acts to reduce NAD+ levels [34]. PARP normally has rhythmic accumulation

in the liver. Additionally, in day-fed rodents, PARP oscillation is inverted,

suggesting circadian patterns of PARP are food dependent. In the absence of

PARP activity, the hepatic clock takes a long time to readjust to a shifted feeding

window, suggesting PARP plays an important role in the phase entrainment of liver

oscillators [35]. PARP activity directly impacts NAD+ levels, which can subse-

quently affect sirtuins, a family of NAD+-dependent deacetylases that impact a

multitude of metabolic pathways and the circadian clock.

SIRT1 participates in cross talk with FoxO genes, providing a mechanism by

which SIRT impacts metabolic pathways. During long-term fasting, NAD+ levels

increase, which upregulates SIRT activity. This leads to deacetylation and activa-

tion of FoxO, which in turn impacts an array of metabolic pathways [36–38].

Additionally, NAD+-activated SIRT1 deacetylates and destabilizes sterol regu-

latory element-binding protein (SREBP), a transcription factor that upregulates

synthesis of enzymes involved in sterol biosynthesis. The destabilization causes

SREBP to build up and increase fatty acid and cholesterol synthesis [39]. The

increase in sterols and fatty acids means an increase in ligands for nuclear receptors

like PPAR and ROR (discussed in more detail in the next section). These can act on

the CLOCK/BMAL system directly or via effects on PER/CRY accumulation,

modulating the feedback pathway.

Worth noting, there are many other pathways by which SIRT can influence

metabolism. Sirt1 can act on STAT3 in gluconeogenesis, NFKB in insulin secretion

and sensitivity, LXR in lipid metabolism, CRTC2 in gluconeogenesis, and PGC1a

in gluconeogenesis and fatty acid oxidation (reviewed in [40]). SIRT1 acts both as a

sensor and regulator of metabolic pathways. The fact that it is regulated by

circadian expression of NAD+, combined with its ability to influence pathways

that regulate the core clock system, puts SIRT1 at an important node of the cross

talk between metabolism and circadian circuitry [41].

21.3.3 Nuclear Receptor Pathways: PPAR, Reverb, ROR

In the mouse genome, 20 of the 49 nuclear receptor genes are expressed in a

circadian manner, and nearly all of these nuclear hormone receptors implicated in

metabolic processes [42]. Several of these are also implicated in clock machinery,

either directly or indirectly. These include, among others, PPAR, REVERB

and ROR.

As mentioned earlier, ROR proteins are activators of Bmal1 transcription.

REVERB inhibits ROR function by competing for the same DNA binding site

and thus inhibits Bmal1 transcription, thereby producing rhythmic levels of Bmal1

mRNA. Functionally active ROR-REVERB-response elements (RREs) are also
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found to regulate the accurate temporal expression of additional circadian oscillator

components [43–45].

Nuclear receptor corepressor (NCoR) and HDAC3 complex is recruited to

enhance resident REVERB where it is tethered to DNA by tissue-specific tran-

scription factors. Given the Reverb is strongly circadianly expressed, rhythmic

repressive action of NCoR/HDAC3-REVERB exerts circadian regulation of

tissue-specific outputs that are independent of ROR regulation [46].

Peroxisome proliferator-activated receptors (PPARs) are a group of nuclear

receptors that function as transcription factors for numerous target genes, especially

those encoding enzymes important for metabolic pathways. All three PPAR

isoforms are expressed in a circadian manner in mouse tissue, and PPARα and

PPARγ are direct regulators of core clock components, Bmal1 and Reverbα.
Conversely, PPARα is also a direct Bmal1 target gene. PPAR lipid regulators

continue to express with daily rhythms even when clock-disrupted mice are subject

to daily eating-fasting rhythms [47, 48]. This data implicates rhythmic PPAR

expression is supported by both the circadian clock and the feeding-fasting cycle.

21.4 Health Implications of Circadian Disruption

In the last century, the leading causes of morbidity and mortality in modern

societies have shifted from infectious diseases to noninfectious chronic diseases

including hypertension, hyperlipidemia, coronary artery disease, diabetes, cancer,

and diseases of chronic inflammation [49]. Chronic disruption of circadian rhythm

in experimental animals or as commonly experienced among shift workers raises

the risk for many of these diseases. These correlative observations have catalyzed a

rapidly expanding research into understanding the mechanism underlying the

connection between circadian disruption and chronic diseases. We will discuss a

few examples here and encourage the readers to explore these connections in

several recently published excellent reviews [23, 41, 47, 50, 51].

21.4.1 Genetic Perturbations

Genetic perturbation of circadian oscillator in mice predisposes to metabolic

pathologies. Such genetic perturbation models have been invaluable in understand-

ing the mechanistic link between the circadian clock proteins and metabolic

homeostasis. A comprehensive summary of metabolic diseases in circadian pertur-

bation mouse models has been published recently [51]. Here we will cite a few

examples. The simultaneous inactivation of Cry1 and Cry2 results in hyperglyce-

mia [52], while liver-specific BMAL1 knockout mice show hypoglycemia

[25]. Altered glucose homeostasis is a hallmark of insulin resistance and type

2 diabetes. ClockΔ19 mutant mice exhibit greatly attenuated daily feeding rhythm,
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with increased caloric intake during the day. These mice are obese and develop a

metabolic syndrome [53]. Likewise, adipocyte-specific Bmal1-null mice exhibit

increased food intake during the light phase and increased body weight [54]. These

experiments provide a link between disruption of clock components and metabolic

pathologies.

21.4.2 Inflammation

A common feature of a vast majority of chronic diseases is an increase in local or

systemic inflammation marked by increased sensitivity of immune system to

antigens and elevated levels of cytokines, lymphocytes, or macrophages in circu-

lation or in specific tissue types. Circadian regulation in immune function is

supported by observations in both animals and humans. Experimentally induced

circadian disruption alters innate immune responses, with heightened release of

pro-inflammatory cytokines in response to endotoxic shock in shifted mice vs. -

non-shifted controls [55, 56]. In humans, dysregulation of the sleep/wake cycle

affects the number of circulating lymphocytes [57]. These immune changes are

likely mediators in many of the adverse health effects seen from circadian disrup-

tion, as inflammatory responses have been implicated as risk factors in multiple

diseases including obesity, diabetes, IR, cancers, neurodegeneration, and cardio-

vascular complications.

Both immune cell proliferation (maturation, activation, trafficking) and immune

cell function may be affected by circadian clock components. Proliferation and

release of mature lymphocytes from bone marrow have been shown to be circadian

[58]. Several trafficking factors including CXCL1 and SDF1 are also regulated in a

circadian manner, and this regulation is likely mediated by JARID1a [59], which

also modulates CLOCK/BMAL1 function [60]. Additionally, transcriptional regu-

lators DEC1 and ROR-gamma have been implicated in both circadian regulation

and lymphocyte maturation [61]. In differentiated cells, the function of the major

immune regulator NF-kappaB is inhibited by CRY proteins, so that Cry-deficient

mice show elevated levels of IL6 and succumb to LPS challenge [62]. Circadian

regulation of immune function is not limited to a handful of genes. Genome-wide

transcriptome studies have found hundreds of genes that are expressed in a circa-

dian manner in mature macrophages [63].

21.4.3 Cardiovascular Complications

Similar to other systems, the cardiovascular system exhibits daily and seasonal

rhythms. Heart rate, cardiac output, and blood pressure show daily rhythms

[64]. Genes encoding core clock components and CCGs relevant to heart function

show oscillations in heart tissues and in the aorta [65–69]. The SCN also stimulates
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the pineal gland to produce melatonin at night. A relationship has been reported

between melatonin and light/dark variations in inflammatory systemic markers

[70]. Melatonin may act as a potent antioxidant, reducing myocardial damage

induced by ischemia reperfusion. Patients with lower nocturnal concentrations of

melatonin appear to have a higher chance of developing heart failure or cardiac

death [71]. Circadian regulation of a key transcription factor KLF15 in mammalian

heart sustains cardiac electrical properties. Disruption (either deficiency or

overexpression) of KLF15 causes loss of rhythmic QT variation, abnormal repo-

larization, and enhanced susceptibility of arrhythmia [72].

21.4.4 Cancer

Epidemiological observations have linked circadian rhythms with cancer risk.

Women with more hours per week and years working at night have a moderate

increase in breast cancer. Shift work is also increasingly associated with elevated

risk for cancer to a point that WHO has recognized shift work as a “potential

carcinogen” [73]. After cancer diagnosis, prognosis is poorer in patients with

disrupted circadian rhythms, while chronotherapy, where timing of drug adminis-

tration is considered during treatment, has been shown to increase efficacy of some

chemotherapeutic agents [74, 75]. These observations in humans support an inti-

mate connection between circadian rhythm and cell cycle regulation; however, the

mechanism appears to be more complex.

At least three different connections between circadian clock and cancer have

been described: circadian regulation of cell cycle regulators, shared components

between DNA damage response and circadian rhythm, and circadian regulation of

metabolism. Circadian regulation of genes related to the cell cycle creates a

compelling case for the involvement of circadian timing in cancer development.

Circadian expression of WEE1 (G2/M transition) and MYC (G0/G1 transition) and

cyclin D1 (G1/S transition) in mammals [76] can partly explain circadian gating of

cell cycle regulation. Accordingly, partial hepatectomy-induced liver regeneration

is slowed down in Cry1�/�;Cry2�/� mice, indicating CRY is an important link

between circadian physiology and cell proliferation [76]. PER1 and PER2 have

been shown to be tumor suppressors in mice, and expression of all three PER genes

is deregulated in breast cancer [77]. Some of the effects of PER proteins in cancer

may relate to DNA damage response. PER1 protein can interact with DNA-damage

response kinases ATM and CHK2 [78], which offer a direct link between clock

component and cancer. Another immediate responder to DNA damage is PARP

protein that rapidly synthesizes poly(ADP-ribose) polymers and thereby depletes

cellular NAD store. The intimate connection between NAD, SIRT, and circadian

clock and the demonstration that genetic perturbation of PARP or SIRT pathway

affects both circadian clock and DNA damage response offer another link between

cancer and clock. Recently, DNA damage response has been shown to alter the

circadian clock via Hausp-dependent stabilization of CRY1 protein [79].
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As cancer cells have an anabolic demand and are known to depend on glycolysis

and autophagy to meet their energy requirement, circadian regulation of metabo-

lism and autophagy underlies one connection. Cancer cells show an altered energy

metabolism, using glycolysis rather than oxidative phosphorylation for energy,

known as the Warburg effect [80]. In multiple tissue types, components of both

mitochondrial oxidative phosphorylation and of glycolysis show daily rhythms

[11]. Furthermore, diurnal rhythm in nutrient availability also modulates glycolytic

pathway and mitochondria [22]. Therefore, for cancer cells to adapt a different

energy metabolism strategy, the circadian rhythm regulation of metabolism must be

disrupted. Similarly, some cancers become increasingly dependent on autophagy to

recycle their cellular constituents, and many circadian clock components directly or

indirectly regulate autophagy. Circadian expression of C/EBP beta [81], a potent

activator of autophagy, and Rev-erb regulation of autophagy gene expression in the

liver offer a temporal regulatory mechanism for autophagy [44]. Therefore, similar

to energy metabolism, the cancer cells addiction to autophagy must override the

circadian regulation of autophagy.

21.4.5 Obesity, Diabetes, Insulin Resistance

Association between disruption of circadian timekeeping and risk of metabolic

syndrome, obesity, and type 2 diabetes has been extensively established [82]. Obe-

sity, diabetes, and insulin resistance maintain close cause and effect relationships.

BMAL knockout mice show reduced insulin and lack rhythmicity in insulin activ-

ity. When rhythmicity is rescued via expression of BMAL2, insulin action and

activity is restored. Mice whose circadian function has been compromised – either

via BMAL knockout or WT exposure to constant light – are more obese-prone

when on a high-fat diet than normal controls [82]. In humans, circadian disruption

may increase diabetes risk via inflammatory mechanisms independent of sleep loss,

leading to decreased insulin sensitivity without compensatory increase in insulin

secretion [83].

21.5 Relevance of Circadian-Eating Pattern Interactions

Given the extensive reciprocal interaction between circadian oscillator and meta-

bolic regulators, simple change in daily eating pattern will likely perturb the

temporal regulation of metabolic homeostasis and result in altered body composi-

tion, weight gain, and metabolic diseases. Experimental results in both animals and

humans support this notion. Laboratory male mice typically consume a major

portion of their daily diet during the dark phase of the light-dark cycle. However,

mice housed in constant bright/dim light eat more than usual during the light phase

[84]. Overall caloric intake and level of motor activity remain similar to that of
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mice under standard conditions, but the shift of consumption to the light phase leads

to weight gain and glucose intolerance [84]. In wild-type mice under nighttime-

restricted feeding of regular chow, total caloric intake is unaffected, but hepatic

triglyceride content decreases by 50% [85].

Daily rhythm of feeding-fasting alone can drive rhythmic expression of hepatic

mRNAs and metabolites in mice. Feeding rhythms could phase-entrain the accu-

mulation of over 600 mRNAs and several metabolites in the liver of oscillator-

deficient Cry1/Cry2 double-knockout mice [22]. These results indicate the power-

ful influence of feeding timing on circadian regulation of metabolism [86, 87]. The

imposed daily eating-fasting rhythm may counteract some of the adverse metabolic

effects of genetically perturbed circadian clock. In a Per1 phosphorylation mutant

mouse, increased daytime eating predisposes to weight gain. However, this genetic

predisposition to weight gain can be countered without reducing caloric intake by

imposing a daily rhythm of feeding-fasting [88]. These results are highlighting that

the circadian regulation of metabolic homeostasis is a synergistic product of direct

cell-autonomous regulation and indirect feeding-fasting regulated processes.

Moreover, few human studies have indicated managing the daily pattern of

eating-fasting might be a new approach to controlling obesity and metabolic

disease. In a weight loss study in Spain, subjects who ate earlier lunch showed

higher weight loss than those who ate later – even when both groups were con-

trolled for total caloric intake and physical activity [89]. In an evidence-based

eating time survey, majority of adult non-shift workers were found to spread their

daily nutrient intake >14 h. A small subset of volunteers, after adopting a 10–11 h

eating schedule, reported sustained weight loss of ~4% over a year with associated

improvement in subjective measure of energy level during the day and sleep quality

at night [90]. The impact of daily eating-fasting rhythm on health may be pleiotro-

pic. In a retrospective analyses of self-reported 24 h food recall, a correlation

between overnight fasting of �13 h and reduction in blood biomarkers of cancer

risk has been found [91]. This raises the possibility that daily pattern of feeding-

fasting even under the modern lifestyle of extended illumination can provide

protection against several chronic diseases.

21.6 Conclusions and Future Directions

The importance of circadian timing has been demonstrated both through evolution-

ary relevance and observed health implications of disrupted clock systems. While

the pathways that lie in the clock-metabolism interface are extensive and require

further elucidation, molecular connections between the two are well established and

provide an important gateway by which circadian disruption contributes to meta-

bolic syndrome and related pathologies.

Promising studies have shown alteration in circadian rhythm to have therapeutic

effects. The timing of feeding and fasting, irrespective of total caloric intake, can

reduce weight gain and improve metabolic parameters. It has been shown that time-
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restricted feeding can have long-term effects against preexisting obesity even when

applied only 5 days per week [86]. These results underlie the importance of further

study of the function and regulation of internal clocks and the integral role these

mechanisms play in human health and behavior.
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