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Abstract: Circadian (daily) rhythms are pervasive in nature, and expressed in nearly every 

behavioral and physiological process. In mammals, circadian rhythms are regulated by the 

master brain clock in the suprachiasmatic nucleus of the hypothalamus that coordinates the 

activity of “peripheral” oscillators throughout the brain and body. While much progress has 

been made in understanding the basic functioning of the circadian clock at the level of genes, 

molecules, and cells, our understanding of how these clocks interact with complex systems is 

still in its infancy. Much recent work has focused on the role of circadian clocks in the etiology 

of disorders as diverse as cancer, diabetes, and obesity. Given the rapid rise in obesity, and the 

economic costs involved in treating its associated cardiometabolic disorders such as heart disease 

and diabetes mellitus, understanding the development of obesity and metabolic dysregulation 

is crucial. Significant epidemiological data indicate a role for circadian rhythms in metabolic 

disorders. Shift workers have a higher incidence of obesity and diabetes, and laboratory studies 

in humans show misaligning sleep and the circadian clock leads to hyperinsulinemia. In animal 

models, body-wide “clock gene” knockout mice are prone to obesity. Further, disrupting the 

circadian clock by manipulating the light–dark cycle can result in metabolic dysregulation and 

development of obesity. At the molecular level, elegant studies have shown that targeted disrup-

tion of the genetic circadian clock in the pancreas leads to diabetes, highlighting the fact that 

the circadian clock is directly coupled to metabolism at the cellular level.
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Introduction
Obesity and its comorbid pathologies cardiovascular disease and diabetes mellitus are 

significant and growing public health problems. Currently, 68% of US adults have a 

body mass index .25 kg/m2, which is the definition of “overweight”, and account for 

an estimated 10% of annual health care costs (estimated at ∼$147 billion in 2008).1 

This phenomenon is not restricted to the US. Obesity, and its associated health con-

sequences, is on the rise in several developing countries, demonstrating the global 

nature of this “epidemic”. It is obvious from the epidemiological data that there has 

been an acceleration of obesity rates worldwide.

Although there are complex and sometimes multiplicative influences on metabolic 

processes, the causes of obesity fundamentally involve an imbalance between food 

intake and energy expenditure. While seemingly simplistic, this calculus is at the core 

of the problem, and similarly at the core of the solution. Obvious solutions would be 

to decrease caloric intake and increase physical activity, to bring this equation back 

into balance. However, for many reasons, these solutions may not always be possible. 
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In addition, significant gaps still exist in our  understanding of 

body weight control, which continue to limit progress toward 

the goal of reducing obesity, and thus also reducing associated 

pathologies such as type 2 diabetes (T2D). New approaches 

and new ideas are needed to help bridge these gaps, and pro-

vide new methods to prevent, treat, or otherwise mitigate the 

effects of obesity and the metabolic syndrome.

While most people do not usually consider obesity as a 

“brain disorder”, it is important to emphasize that the brain 

has a central role in the development of obesity. In addi-

tion, the brain is also affected by obesity, with peripheral 

physiological changes directly impacting molecular, cellular, 

and circuit functions, with implications for behavioral pro-

cesses. As such, the brain and body are part of the “two-way 

street” of obesity. Work exploring the brain mechanisms that 

contribute to obesity, as well as the effects of obesity on cen-

tral processes, could provide the transformative knowledge 

to contribute to novel solutions to this epidemic.

Over the past two decades, researchers and clinicians have 

taken a more integrative approach to the study of numerous 

disorders, particularly psychiatric and metabolic disease. 

Several expert reviews in the past year have explored the 

complex and changing landscape of our understanding of the 

relationship between circadian rhythms, sleep, and metabolic 

function.2–6 These reviews highlight the integrative explora-

tions, at multiple levels of study, in several species, that 

have revealed a complex interaction between genetics and 

environment, showing how both play a role in the develop-

ment of health problems. I would like to make it clear that by 

discussing gene–environment interactions I do not mean to 

invoke the nature versus nurture debate. Instead, when I refer 

to gene–environment interactions, I imply that both genetic 

predispositions and/or environmental processes may alter the 

“normal” trajectory of development, thus leading to altered 

physiological and behavioral function. In this spirit, this 

review explores how biological rhythms and external envi-

ronmental pressures influence metabolic function, and what 

this may mean for our understanding of obesity and diabetes, 

and lead to ways to fight this growing disease.

Circadian clocks: a primer
As previously noted, obesity fundamentally stems from an 

imbalance between the intake of calories and the expenditure 

of energy. These processes are strongly controlled by circadian 

(daily) rhythms, and as such, circadian rhythms may be an 

important component to measure and manipulate in the study 

of obesity and diabetes. The circadian timing system controls 

all physiological and behavioral rhythms, synchronizes them 

to the external environment, and ensures temporal isolation of 

incompatible physiological or behavioral processes.7–9 This phy-

logenetically ancient system has many molecular components 

conserved between diverse species, from Drosophila to mouse 

to human.10 Over the past 25 years, remarkable progress has 

been made in our investigation of the molecular components of 

the clock, and in mammals we have gained a good understand-

ing of how the circadian system is organized. A brain clock 

in the hypothalamic suprachiasmatic nucleus (SCN) is the 

master clock that synchronizes the organism to the light–dark 

cycle, and regulates nearly all circadian rhythms.11–15 The SCN 

receives information from the photic environment via the retino-

hypothalamic tract, which terminates within the SCN to impact 

cellular function of independent cellular oscillators within this 

brain structure. Neurons in the SCN have the properties of 

independent oscillators that are synchronized to each other to 

provide a cohesive output. These cell autonomous oscillators 

keep time using a transcription–translation feedback loop that 

has been well characterized over the past two decades. Briefly, 

the molecular clock consists of two interlocking coregulatory 

feedback loops. In the primary loop, CLOCK and Bmal1 pro-

teins heterodimerize and bind to E-box sequences, mediating 

transcription of many genes, including members of the Period 

(Per) family and  Cryptochrome (Cry) family. Per and Cry con-

stitute part of the negative arm of the primary loop, and their 

protein products inhibit CLOCK:Bmal1-mediated transcription. 

A  secondary loop complements the first, with Bmal1 transcrip-

tion regulated by reverse erythroblastosis virus α (Rev-erbα), 

retinoic acid receptor-related orphan receptor α (RORα), 

and peroxisome proliferator-activated receptor α (PPARα). 

These further regulate a series of  “clock-controlled genes” 

that impact a variety of cellular functions.16–18  Intriguingly, 

Rev-erbα, RORα, and PPARα play roles in the regulation of 

lipogenesis, lipid metabolism, and glucose homeostasis. It is 

clear that there are intimate links between the circadian and 

metabolic systems at the cell/molecular level as well as at the 

level of the whole organism. This relationship has led to the 

hypothesis that disruption of the circadian clock, through either 

genetic or environmental means, can lead to altered metabolic 

function, and ultimately to obesity and comorbidities such as 

diabetes. This review explores the evidence that disrupting the 

circadian clock can lead to diabetic-like states and the meta-

bolic syndrome.

Circadian rhythms  
and metabolic function
Modern industrialized society and the ubiquity of electric light-

ing have resulted in a fundamental alteration in the  relationship 
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between our endogenous circadian (daily) clock and the external 

environment. Thus, our circadian timing system, coordinated by 

the SCN brain clock, but present in nearly all cells and tissues, 

is now constantly under pressure from changes in light cycles, 

behavioral patterns, and new social norms. The American 

 Medical Association has adopted a policy statement on the 

adverse health effects of nighttime lighting, acknowledging 

a direct link between disrupted circadian rhythms and cell 

cycle regulation, DNA damage responses, and metabolism.19 

How disrupted clocks lead to these problems is an active 

area of research, but mechanisms remain elusive. A logical 

place to start this search is at the molecular level: in the genes 

and molecules that drive the circadian clock or provide links 

between the circadian clock and metabolic processes.

Many lines of evidence demonstrate that metabolism and 

circadian rhythms are intimately linked at the physiological 

and cellular levels.20–26 While disruption of the circadian 

clock is observed in numerous mental and physical disor-

ders, from depression27,28 to obesity,22,29 it is unclear whether 

disruption of the circadian clock is a symptom, or a cause, 

of metabolic dysregulation.  Molecular work has begun 

to address this question by disrupting “clock” genes and 

observing the effects on metabolism, with marked success 

in demonstrating that genetic disruption of circadian clocks 

precipitates the development of obesity. In whole-body 

CloCk mutant mice where the circadian clock is altered 

from birth, development of obesity occurs as a result of 

a decrease in metabolic rate (∼10%) and a reorganization 

of feeding rhythms when measured grossly; specifically 

CloCk mice eat more during the light period than do 

wild-type (WT) mice.30 This genetic animal model clearly 

demonstrates the link between defects in clock function and 

metabolic dysregulation. However, these large-scale changes 

in metabolic rate and feeding rhythms need to be elaborated 

with a cell and molecular investigation. Specifically, links 

need to be uncovered between the molecular clock and the 

glucose homeostasis and insulin pathways. In mice, knockout 

of CloCk and Bmal1 leads to impaired glucose tolerance 

and blunted insulin insensitivity.30–32 Mice with mutated 

Per2 show increased plasma insulin as well as impaired liver 

gluconeogenesis.33,34 Similarly, Cry1/2 double knockout mice 

demonstrate a hyperglycemic response to acute feeding and 

impaired glucose tolerance.35 Taken together with the CloCk 

knockout mouse, these data demonstrate the primacy of the 

molecular clock and the regulation of metabolic output at 

the whole organism and cellular levels.

How is it possible that altering clock gene expression can 

lead to such marked changes in various systems underlying 

complex metabolic processes? The molecular components of 

the circadian clock (eg, core “clock genes” such as CloCk, 

Bmal1, and the Period and Cryptochrome families of genes) 

are also found to oscillate in many different brain regions 

and peripheral tissues. A current model in the field suggests 

that the SCN sits at the top of a “circadian web”, regulating 

rhythms throughout the brain and body by both direct (eg, 

neural) and indirect (eg, humoral, behavioral, or metabolic) 

mechanisms.36,37 In this model, the SCN synchronizes 

“peripheral” oscillators in the body to the light–dark cycle, 

and to each other, ensuring optimal physiologic function. 

Thus, while the central clock in the SCN is clearly impor-

tant in the regulation of metabolic processes, changes in the 

peripheral clocks may also modulate “local time”, and hence 

local organ function. For instance, disrupting the circadian 

clock by altering Bmal1 specifically in pancreatic beta cells 

results in hyperinsulinemia and a diabetic phenotype.21 

Peripheral tissues throughout the body show rhythms in the 

expression of not only canonical “clock” genes, but also in 

thousands of other genes governing myriad cellular processes. 

Between 10% and 20% of genes in the liver transcriptome 

are rhythmic,38 and proteomic analyses estimate circadian 

rhythmicity in 15%–20% of soluble proteins in the liver.39 

Groundbreaking bioinformatics work by Eckel-Mahan et al 

has elegantly demonstrated that there is coherence between 

the circadian transcriptome, proteome, and metabolome.40,41 

This makes it clear that the circadian clock is a central regu-

lator of tissue function in the liver, and leads to the predic-

tion that if this clock were to be disrupted, several aspects 

of tissue function, and hence metabolic function, would be 

severely impacted.

Molecular links between circadian 
rhythms and metabolic function:  
a two-way street
The circadian clock and metabolism are intimately linked, from 

the organization of feeding rhythms to cellular  metabolism. 

At the molecular level, defects in clock function have been 

linked to metabolic dysregulation, particularly to alterations 

in liver function and glucose metabolism (for a thoughtful 

review, see Kalsbeek et al).42 Groundbreaking work in the 

previous decade showed the wide reach of circadian rhythms 

in the regulation of hepatic gene expression and the hepatic 

proteome.38,39 Mechanistic studies further demonstrate that, 

in mice, knockout of CloCk and Bmal1 leads to impaired 

glucose tolerance and blunted insulin insensitivity.30–32 Mice 

with mutated Per2 show increased plasma insulin as well as 

impaired liver gluconeogenesis.33,34 Similarly, Cry1/2 double 
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knockout mice demonstrate a hyperglycemic response to 

acute feeding and impaired glucose tolerance.35 At the systems 

level, elegant work demonstrates the role of the SCN in the 

regulation of liver function and glucose homeostasis.43–45 In 

humans, the links between the circadian clock and glucose 

metabolism is also clear.  Epidemiological studies show that 

shift workers have an increased risk of developing T2D, and, 

in both humans and mice, polymorphisms in both CloCk and 

Bmal1 have been implicated in the development of T2D.46–49 

As it is doubtful our round-the-clock society will be chang-

ing, it will become necessary to discover ways to counteract 

the health problems introduced by modern conveniences 

and social norms. Thus, it is essential to determine whether 

interventions can be devised to mitigate or protect against the 

negative effects of circadian disruption.

While the focus of this review has been on the phenom-

enology and mechanisms by which disrupted circadian clocks 

contribute to metabolic disorder, it is also important to note 

that a “two-way street” exists and that metabolic factors – 

 particularly those involved in the development of obesity 

and/or diabetes – can also modulate circadian and sleep sys-

tems. In humans and nonhuman animals, obesity is linked to 

disrupted sleep and circadian rhythms. This is likely due to a 

variety of factors, including clinical disorders such as sleep-

disordered breathing, which can lead to sleep disruption,50–53 

and can be more prevalent in obese or overweight individuals. 

 Sleep-disordered breathing is clearly related to obesity, but 

several studies have uncovered a relationship between sleep-

disordered breathing and the insulin gene variable number 

of tandem repeats phenotype,54 suggesting the relationship is 

more complex than a simple association between the obese 

phenotype and a direct effect on airways. Intriguingly, there 

are reports that obesity in humans, even without sleep apnea, 

can lead to altered amounts of sleep and wake.55 Animal stud-

ies have also contributed to the findings that obesity can lead 

to altered circadian and sleep parameters, including a change 

in the amount of time spent in wake or sleep.56,57 Furthermore, 

genetically obese models, such as in leptin-deficient mice58–60 

and Zucker rats,61,62 also show disruption in the amount of sleep 

and sleep timing. Taken together, these findings suggest that 

there is likely a bidirectional relationship between sleep and 

circadian disruption and obesity.

Environmental circadian disruption 
contributes to metabolic 
dysregulation
While this work illustrates the proximate link between cir-

cadian timing and metabolic function, clock gene mutations 

and tissue-specific knockouts do not directly address the 

ultimate causes of circadian disruption-induced metabolic 

dysregulation. To explore this, it is necessary to manipulate 

the circadian environment (ie, the light–dark cycle) and 

ascertain the effects on metabolic systems. Elegant studies 

demonstrate that the molecular circadian clock is coupled to 

metabolism at the cellular level, and that circadian mutant 

animals develop metabolic dysregulation and obesity. That 

said, the physiological and cellular mechanisms translating 

environmental circadian disruption to increased weight 

gain and metabolic syndrome remain unknown. This gap 

limits our mechanistic understanding of the role of circadian 

rhythms in the development of metabolic dysregulation. 

 Epidemiologically, the current “obesity epidemic” is cor-

related with a gradual decrease in sleep time and quality 

(reviewed by Van Cauter et al),63 and a causal link is plausible. 

The causes of this decrease in sleep time and quality are likely 

due to the significant lifestyle changes that have occurred with 

industrialization, modern changes in work behavior, and the 

advent of electric lighting. Obvious circadian disruption is 

found in shift workers (eg, airline crews, truck drivers, medi-

cal doctors, law enforcement, and the military).  However, 

the general public is exposed to light late into the night 

(eg, electronic devices), work schedules that conflict with an 

individual’s chronotype (endogenous circadian preference), 

and “social jet lag” (changes in sleep patterns from the work 

days to nonwork days such as weekends).64 The ramifications 

of this desynchronization for mental and physical health are 

not fully understood. However, several lines of evidence link 

defects in circadian timing with negative health outcomes,37,65 

including obesity and diabetes. Individuals reporting poor 

sleep show increased incidence of diabetes and risk factors 

for the development of cardiovascular disease.63,66 Social jet 

lag has been associated with a higher BMI,64 indicating that 

this phenomenon is not restricted only to shift workers or 

individuals with repeatedly altered sleep–wake schedules. 

The specific mechanisms for these changes remain obscure; 

however, in humans a relationship between misaligned sleep 

and glucose homeostasis has been found, and misaligned 

sleep can lead to plasma glucose levels approaching those of 

diabetics.67 Thus, a link between environmental circadian dis-

ruption and metabolic dysregulation is evident. Investigating 

this link experimentally requires the use of animal models to 

probe connections between disruption of the circadian clock 

and metabolic output.

Understanding the precise mechanisms by which the 

master circadian clock (ie, the SCN) is able to reset peripheral 

clocks and how such regulation is able to affect downstream 
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pathways, such as glucose and lipid metabolism, has been a 

major focus for researchers in this area over the last decade. 

Animal model systems have been useful tools to unravel the 

complex connections between environmental stimuli, circa-

dian rhythms (and sleep), and metabolic dysregulation. This 

approach is possible because circadian rhythms in physiology 

and behavior are both phylogenetically ancient and incred-

ibly well conserved between species. Altering the light–dark 

environment of experimental animals has proven to be an 

elegant and simple way to begin to probe how disruption of 

the circadian clock by light can affect various physiologi-

cal systems and brain function. One approach is to expose 

animals to light at inappropriate times of the day. Studies 

in mice show that exposure to dim light at night results in 

statistically significant increases in body weight without 

overall increases in food consumption, but, rather, shifts to 

more food consumed during the daytime.68,69

Since most rodents studied in the laboratory are nocturnal 

(eg, rats, mice, hamsters), results of these types of studies 

are sometimes difficult to interpret, given that light is an 

“inhibiting” stimulus in these species, while in humans, 

light is arousing. The use of diurnal or crepuscular species 

can help with this problem. Several findings indicate that 

reducing light during the day in the diurnal grass rat leads 

to depression-like behaviors, and related changes in neural 

pathways that are known to modulate emotional behaviors.70,71 

Together, this work highlights the significant link between 

the photic environment and mental and physical health in 

animal models.

Another approach used by several groups relies on 

rapid or repeated changes in the normal light–dark cycle, 

inducing a kind of “internal desynchrony”, perhaps more 

closely resembling the effects of rotating shift work or 

unpredictable work hours. By using a very short (7 hour) 

light–dark cycle, LeGates et al have shown clear effects on 

learning and memory, and these effects are modulated by 

the directly SCN-projecting melanopsin containing retinal 

ganglion cells.72 Karatsoreos et al used a 10-hour light–dark 

cycle and found that this type of circadian disruption led to 

atrophy of pyramidal neurons in the medial prefrontal cortex 

(mPFC) and an associated reduction in cognitive flexibility 

and altered behavior in novel environments.73 While this 

article was one of the first to demonstrate disruption of the 

circadian clock by light leads to extrahypothalamic changes 

in neural morphology, the authors also showed that mice in 

the 10-hour light–dark cycle gained more weight than con-

trols, had elevated levels of leptin and triglycerides in their 

blood, and also demonstrated an increased insulin:glucose 

ratio, suggesting a prediabetic or diabetic state,73 clearly 

demonstrating that environmental circadian disruption leads 

to metabolic dysregulation and potential diabetic states. 

Intriguingly, the metabolic effects occur even though there is 

no difference in overall food consumption between disrupted 

and nondisrupted mice. This effect on glucose balance is sup-

ported by work from human studies, in which it was found 

that even short-term misalignment of sleep rhythms could 

lead to postprandial plasma glucose levels that were in the 

diabetic range.67 The molecular and cellular mechanisms of 

these effects, and their anatomic pathways, are as yet unclear, 

but several lines of evidence point to a substantial role for 

circadian regulation of glucose metabolism.

While laboratory studies on altered sleep cycles and cir-

cadian timing in humans are clearly important in elucidating 

the specific parameters that may directly impact metabolic 

function, patterns of human settlement on the earth can pro-

vide an additional level of information on the link between 

the external environment, circadian/sleep disruption, and 

metabolism. High (polar) latitudes present an interesting 

set of challenges for all life, with extreme climate and stark 

changes in the photic environment based upon season. In 

several species, circadian adaptations to living in these 

temporal environments include almost constant ultradian 

behavioral patterns.74–76 For humans, living in polar latitudes 

has significant effects on several aspects of mental and 

physical health, including mood, sleep timing, and metabolic 

 function.77–80 However, as discussed by Arendt, there are 

significant differences between resident native populations 

and visiting temporary populations, suggesting possible 

adaptive responses over the long-term, or inherited genetic 

differences.80 Focusing only on temporary visitors to the 

Arctic or Antarctic, it is clear that several physiological and 

behavioral markers are altered by this extreme environment,80 

including energy dynamics and aerobic fitness,81 as well as 

melatonin, cortisol, and electrolytes.82 A recent longitudinal 

study demonstrated that there were significant changes in 

body weight and body fat during the Antarctic winter, but no 

observed seasonal effects on food intake, activity, and aerobic 

fitness.83 However, circadian metabolic data are sparse. Two 

studies show that oral glucose tolerance was greater in March 

and December in the Antarctic.84,85 The mechanisms mediat-

ing these effects remain mysterious, with one study suggest-

ing that the timing of meals may be the most salient cue in 

the perpetual daylight of the Arctic summer.86  However, the 

clear effects of circadian and sleep disruption on metabolism 

discussed in this review, and the fact that sleep in Antarctic 

visitors is disrupted but can be improved by timed exposure 
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to light,87–89 suggest that at least some of the metabolic effects 

are mediated by circadian processes.

Conclusion
While work linking circadian function and metabolism 

at the cellular level is clearly bearing fruit by elegantly show-

ing the role of the circadian clock in metabolic function even 

at the cellular level, determining pathways by which envi-

ronmental disruption affects myriad organ systems remains 

an area of intense study. The “circadian-web” model37 can 

be used as a good springboard to explore the many pathways 

by which circadian rhythms, and circadian disruption, affect 

such a wide array of organ systems. In this model, “peripheral 

oscillators” throughout the brain and body are responsible 

for setting “local time” in various organs and tissues, and are 

synchronized by numerous inputs. These inputs may include 

rhythms of circulating glucocorticoids,90,91 feeding,92 and 

body temperature.93 As such, these synchronizing pathways 

may serve as appropriate methods to resynchronize disrupted 

clocks, potentially preventing the metabolic cost incurred by 

chronic circadian disruption.

Since the advent of electric lighting and modern industry, 

humans have broken the once-tight connection between the 

external solar day and our daily activities. These changes 

have happened rapidly over the past 100–150 years, and 

thus represent an incredibly fast environmental change 

when viewed in the context of the evolution of the circadian 

clock. Epidemiological evidence supports the hypothesis that 

changes in “circadian hygiene”, such as work schedules, light 

exposure at night, and new societal norms in industrialized 

society are contributing to the rapid increase in obesity and 

cardiometabolic disorders such as T2D. There is a grow-

ing body of work, in both human and nonhuman animal 

models, that links changes in circadian light–dark cycles to 

physiological and psychological disorders, and more work 

is necessary to explore the mechanisms by which these 

altered cycles affect metabolic function. Elegant molecular 

work exploring the role of circadian clock genes at the tissue 

level has uncovered an important role in the development 

of obesity and diabetes. Investigating how environmental 

mediators affect the development and trajectory of dys-

regulated metabolic function and obesity is an important 

complement to the molecular and genetic work, as specific 

genetic mutations are less likely to be direct mediators of 

obesity in human populations while environmental mediators 

are more pertinent contributing factors. Linking findings in 

the fields of obesity and diabetes to other areas of research, 

such as aging research showing similar changes in both 

circadian rhythms94–98 and metabolism,99–101 will also prove 

fruitful, as this may provide novel synergies as well as reveal 

 commonalities. How disruption of central and peripheral 

clock function (as measured by metabolic hormone and clock 

gene rhythms) contributes to the development of obesity and 

diabetes remains unknown, but probing the mechanisms by 

which synchronizing factors such as feeding schedules or 

glucocorticoid rhythms modulate circadian-driven metabolic 

dysregulation both in the periphery and in the brain should 

yield important insights.
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