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SPECIAL SECTION

ON THE CLOCK

Our bodies’ internal timepieces drive daily
rhythms and infuence health

B
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enjamin Franklin, the sage of colonial America, advised that “Early to bed and early to
rise, makes a man healthy, wealthy, and wise.”
Recent studies in circadian biology bear him
out. Staying in synchrony with the 24-hour
light-dark cycle of Earth does indeed provide
beneﬁts, if not to the pocketbook, at least to
health and brain function.
Circadian biology is the study of the biochemical clocks that keep time in our brains and most
cells in our bodies. Evidence is accumulating that misalignment of these clocks with the daily light-dark
cycle of our environment can have profound efects on
physiology, raising the risk of disease. At the same time,
modern society generates pressures that tend to push
activity and sleep out of sync with circadian biology.
From extended work hours and shift work, to frequent
air travel across time zones, to consumption of digital
information late at night on electronic screens emitting
“daylight” cues, many of us are subject to some amount
of circadian disruption—including scientists whose research demands work at night. Learning how to have a
healthy life despite these circadian disruptions will require a new understanding of how biological clocks inﬂuence physiological processes, which could ultimately
lead to new applications in circadian medicine.

SCIENCE sciencemag.org

INSIDE
NEWS

The scientifc night shift p. 988
PERSPECTIVE

Circadian clocks: Not your
grandfather’s clock p. 992
REVIEWS

Circadian time signatures of ftness
and disease p. 994
Immunity around the clock p. 999
Mechanisms linking circadian clocks,
sleep, and neurodegeneration p. 1004
Circadian physiology of metabolism
p. 1008
RELATED ITEMS
c

LETTERS P. 964

c

PODCAST

c

VIDEO

It matters not only what, but when
you eat. These mice ate the same
amounts of a high-fat diet, but
the thinner one was restricted to
eating during the active phase of
its circadian cycle.

25 NOVEMBER 2016 • VOL 354 ISSUE 6315

Published by AAAS

987

Downloaded from http://science.sciencemag.org/ on February 23, 2018

By L. Bryan Ray and John Travis

CIRCA D IA N P HYS IO LOG Y

unknown, and no circadian clock genes had been
identified in higher organisms. Investigators
from that early era who now find themselves
old enough to be grandfathers or grandmothers
could not have predicted how rapidly the field
would advance to uncover the fundamental molecular mechanisms and networks of the clock
system that we now know regulates thousands
of circadian rhythms at the cellular, metabolic,
Fred W. Turek1,2,3*
physiological, and behavioral levels. Nor did we
ever imagine that this molecular clock would be
The last 20 years have seen the rapid evolution of our understanding of the
embedded in a vast array of cellular processes
molecular genes and networks that enable almost all forms of life to generate
that underlie health and disease. The circadian
24-hour—or circadian—rhythms. One finding has been particularly exciting:
clock we know today is indeed not your “grandthat the molecular circadian clock resides in almost all of the cells of the body and
father’s clock.”
that the clock regulates the timing of many cellular and signaling pathways associated
As discussed in detail in the four review
with multiple disease states. Such advances represent a new frontier for medicine:
articles in this special section of Science, dozens
circadian medicine.
of circadian clock genes are now known to regulate the cycling of mRNAs and proteins through
transcriptional and translational feedback loops.
The rapid pace of the discovery of the molecular
mammals, an apparent master circadian clock
he first time a biomedical researcher sees
clock was aided by the finding that the core clock
was found to be located in an area of the anterior
the locomotor activity record of a rodent
genes are remarkably conserved across species
hypothalamus, the suprachiasmatic nucleus
(e.g., mouse or hamster) that is “free
as diverse as flies, mice, and humans, allowing
(SCN), because lesioning the SCN abolished
running” without time cues such as a
for the integration of genetic and molecular discircadian rhythms (1, 2). Because even unicellight-dark cycle, they are awestruck at the
coveries across model species and humans. The
lular organisms generate circadian rhythms and
precise timing of the animal’s daily activity: an
use of a chemical mutagen coupled with phenobecause studying mutations in the DNA of flies,
almost invariant period close to 24 hours [i.e.,
typic screening led to the discovery of the Clock
fungi, or plants revealed that single genes somehow
circadian, from the Latin words circa (about)
mutant mouse, which expressed an abnormally
regulate the period of the clock, it was clear that
and dies (day)], day after day, week after week,
long circadian period of 27 to 28 hours (3). When
circadian rhythms were generated by intracellular
month after month. What is the internal timthis first mammalian clock gene was cloned in
events. However, the fundamental mechanisms
ing mechanism that enables a living organism
1997, it was a pleasant surprise to find that a
by which genes, proteins, and cellular processes
to keep such precise track of the geophysical
homologous gene, when mutated in the fly, also
could produce precise circadian oscillations was
day imposed by the rotation of the earth even
altered the circadian period (4).
when external entraining factors
Later in 1997, mammalian homo(primarily the 24-hour light-dark
logs of the first circadian clock gene
cycle) have been removed? Incloned in the fly in 1984 (per) were
deed, the precision of the rhythfound in mice and humans (5). Bindmic expression of a physiological
ing partners of the CLOCK and PER
or behavioral rhythm that varies
proteins (BMAL1 and CRY, respecas little as 1 to 2 min over 24 hours
tively) were soon discovered, and
for months is so remarkable it led
the scaffold of the driver (CLOCKto a school of thought in the 1950s
BMAL1) and repressor (PER-CRY)
and ’60s that concluded that an
limbs of the transcriptionalorganism could not keep such actranslational feedback oscillator
curate time, so the timing must
was now in place to allow an inin fact be coming from some undepth understanding of the core
known physical timing cue immolecular clock. The pace of dispinging on life from the cosmos.
covery surrounding circadian clocks
By the 1970s, the overriding conwas featured by Science in their yearsensus in the field was that the
end Breakthrough of the Year: The
“clocks” regulating circadian rhythms
Runners-Up selections in back-toin essentially all forms of life were
back years (1997 and 1998) when it
located within the organism. In
was noted that “a volley of rapid-fire
discoveries revealed the stunning uni1
Director, Center for Sleep and Circadian
versality of the clock’s working” (6).
Biology, Northwestern University, Cook
Although the discovery of the
Hall, 2220 Campus Drive, Evanston,
core clock genes and proteins was
Fig. 1. Leonardo da Vinci’s helical air screw. A blueprint, albeit an imperfect
IL 60208, USA. 2Charles E. and
of great importance in the field, a
Emma H. Morrison Professor of Biology,
and incomplete one, of how circadian disorganization at the cellular level can
Department of Neurobiology, Weinberg
corollary discovery had an equal
be linked to pathophysiological states is available and awaits explanation that
College of Arts and Sciences,
impact and was not expected: The
could lead to a new era for medicine: circadian medicine. Leonardo da Vinci
Northwestern University, Evanston,
clock genes are expressed in aldrew the blueprint of the helicopter about 450 years before a helicopter was
IL 60201, USA. 3Professor, Departments
most all of the cells of the body not
even built and could fly. The ongoing and expected rapid advances in circadian
of Neurology and Psychiatry and
Behavioral Sciences, Feinberg School of
just the SCN. Furthermore, expresmedicine should allow the present circadian blueprint to go from the bench to
Medicine, Northwestern University,
sion of the core circadian clock
the bedside to standard clinical care and a healthy lifestyle in a period of time
Chicago, IL 60611, USA.
genes is cyclical, and the molecuthat is an order of magnitude less than that needed to go from da Vinci’s blueprint
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lar clock regulated the timing of the
to flight.
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expression of hundreds—if not thousands—of
“clock-controlled genes” (CCGs). It is estimated
that almost half of the genes in the mouse
genome oscillate with a circadian period in one
or more organs of the body and that the cycling
RNAs and proteins vary in different organs (7).
Many of the CCGs are part of key cellular and
signaling pathways that regulate metabolism
and immune, hormonal, and neural functions.
Thus, circadian synchronization within the cell
and between organ systems of the whole organism is critical to health and well-being, and

the breakdown of this 24-hour temporal order
could lead to pathological conditions at many
levels of organization.
This rapid evolution of circadian biology has
led to unanticipated new avenues for understanding health and disease etiology. Although
disrupted circadian rhythms, including disturbed sleep-wake cycles, were thought to be
symptomatic of diseases, there is a growing
awareness that this disruption may contribute
to the development, progression, and severity
of disease states, including depression, neurological disorders, obesity, diabetes, cardiovascular
disease, and gastrointestinal disorders.
Circadian disorder can also occur when humans “voluntarily” disrupt the normal phase
relation between their internal circadian clock(s)
and the solar day. For many years it has been
known that shift workers live in a chronic state
of circadian misalignment and that they have
an increased prevalence of many adverse health
outcomes (8). Similarly, individuals flying across
multiple time zones experience the malaise of jet
lag, as it may take up to a week for the internal
clock to synchronize with the local time. More
recently, investigators have focused on a form
of chronic circadian misalignment, referred to
SCIENCE sciencemag.org

thousands—of circadian oscillating biomarkers
in body fluids on a routine basis. Data could
then be made available via remote-monitoring
medical servers to physicians and other health
care providers with the tools to continuously
track in real time the entire “circadianome” of
the individual. These data could be integrated
with precision medicine initiatives, which will
not be “precise” without the consideration of
the circadian profile over time in healthy individuals or of changes that occur with the
progression of a particular disease or disorder.
Just as Leonardo da Vinci sketched the blueprint
of a helicopter more than 400 years before one
was actually built that could fly (Fig. 1), we
have the blueprint of the molecular circadian
clock, albeit an incomplete and imperfect one,
to bring the advances in our understanding of
the circadian clock system and its relation to
multiple physiological and pathophysiological
cellular pathways to application in standard
clinical care. Given that advances in the circadian field and their implications for medicine are
anticipated to continue to evolve at a rapid pace,
it should not take 400 years to fully integrate
the complex circadian organization that exists
within health and disease states into a new
frontier for medicine: circadian medicine.

REFERENCES AND NOTES

1. F. K. Stephan, I. Zucker, Proc. Natl. Acad. Sci. U.S.A. 69,
1583–1586 (1972).
2. R. Y. Moore, V. B. Eichler, Brain Res. 42, 201–206
(1972).
3. M. H. Vitaterna et al., Science 264, 719–725
(1994).
4. R. Allada, N. E. White, W. V. So, J. C. Hall,
M. Rosbash, Cell 93, 791–804
(1998).
5. H. Tei et al., Nature 389, 512–516
(1997).
6. Science News and Editorial Staff, Science 282, 2157–2161
(1998).
7. R. Zhang, N. F. Lahens, H. I. Ballance, M. E. Hughes,
J. B. Hogenesch, Proc. Natl. Acad. Sci. U.S.A. 111, 16219–16224
(2014).
8. C. L. Drake, K. P. Wright, in Principles and Practices
of Sleep Medicine, M. Kryger, T. Roth, W. Dement,
Eds. (Elsevier, Philadelphia, ed. 6, 2016),
pp. 715–725.
9. T. Roenneberg, K. V. Allebrandt, M. Merrow, C. Vetter, Curr.
Biol. 22, 939–943 (2012).
10. D. M. Arble, J. Bass, A. D. Laposky, M. H. Vitaterna,
F. W. Turek, Obesity (Silver Spring) 17, 2100–2102
(2009).
11. C. B. Green, J. S. Takahashi, J. Bass, Cell 134, 728–742
(2008).
12. F. W. Turek et al., Science 308, 1043–1045
(2005).
13. K. Griffett, T. P. Burris, Bioorg. Med. Chem. Lett. 23,
1929–1934 (2013).
14. P. C. Zee et al., Sleep 37, 219–227
(2014).
15. K. L. Eckel-Mahan et al., Proc. Natl. Acad. Sci. U.S.A. 109,
5541–5546 (2012).
AC KNOWLED GME NTS

Thanks to M. Vitaterna, P. Jiang, K. Summa, and K. Lind for their
helpful editorial comments.

21 October 2016; accepted 25 October 2016
10.1126/science.aal2613

25 NOVEMBER 2016 • VOL 354 ISSUE 6315

993

Downloaded from http://science.sciencemag.org/ on August 31, 2017

“Thus, circadian
synchronization within
the cell and between
organ systems of the
whole organism is
critical to health
and well-being,
and the breakdown
of this 24-hour temporal
order could lead to
pathological conditions
at many levels of
organization.”

as “social jet lag,” whereby circadian disruption that is equivalent to traveling across 2 to
4 time zones twice a week occurs in individuals
who change the timing of their sleep-wake cycle
during the week to conform to work or school
compared with weekends when there are fewer
restrictions on sleep or wake time. An increase
in body mass index correlated with the magnitude of social jet lag has been found in large
epidemiological studies (9).
The implication of the misalignment of the
timing of food intake has received considerable
attention since it was discovered that mice eating
at the “wrong” time of day (during the light
period for nocturnal mice) gain more weight
than mice eating at the “right” time of day
(during the dark period for mice), despite taking
in similar amounts of calories and showing the
same amount of activity (10). In addition, the
normal rhythm of food intake in Clock mutant
mice, as well as in mice fed a high-fat diet, is
disrupted, such that mice eat about the same
amount during the day as they do during the
night and gain more weight than control animals
(11, 12). It is particularly noteworthy that the
temporal patterns of sleep and feeding behaviors, although they have little effect on the SCN
pacemaker, can entrain circadian oscillations
in peripheral organs; this leads to desynchronization between central and peripheral oscillators, the health implications of which could
well be involved in the etiology of multiple disease states.
A major issue that the circadian biomedical
community faces today is how to bring to clinical practice the enormous advances in linking
the molecular clock mechanisms to the numerous cellular and signaling pathways associated
with many disease states. Although some progress has been made in influencing clinical care
practitioners to take into account circadian
changes in pharmacokinetics when determining
optimal time of day and dose for drug treatment (13), there has been little progress in considering circadian disorganization as a clinically
relevant risk factor and/or a contributor to the
etiology of the disease state. There is a consensus
in the circadian community about the need for
biomarkers to assess circadian function, including
molecular, cellular, and physiological signals, in
health and disease (14); however, this is unlikely to occur until we can easily and routinely
measure, in some depth, the overall internal
circadian organization of an individual over the
24-hour day. For now, no single time point of
biomarkers at even the “omics” level (e.g., transcriptomics, metabolomics, or proteomics) (15)
is sufficient to differentiate and quantify the
exact nature of disease-relevant circadian reprograming or disruptions that may have occurred
(e.g., loss of rhythmicity of certain pathways
and internal desynchrony among organs).
It is anticipated that rapid advances in systems biology, information technologies, and the
development of a new generation of wearable
or implantable biosensors will make it possible
in the future to monitor hundreds—if not

