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The Metabolic Syndrome is a cluster of cardio-
metabolic risk factors and comorbidities conveying
high risk of both cardiovascular disease and type 2
diabetes. It is responsible for huge socio-economic
costs with its resulting morbidity and mortality in
most countries. The underlying aetiology of this
clustering has been the subject of much debate.
More recently, significant interest has focussed on
the involvement of the circadian system, a major
regulator of almost every aspect of human health

and metabolism. The Circadian Syndrome has now
been implicated in several chronic diseases includ-
ing type 2 diabetes and cardiovascular disease.
There is now increasing evidence connecting dis-
turbances in circadian rhythm with not only the
key components of the Metabolic Syndrome but
also its main comorbidities including sleep distur-
bances, depression, steatohepatitis and cognitive
dysfunction. Based on this, we now propose that
circadian disruption may be an important under-
lying aetiological factor for the Metabolic Syndrome
and we suggest that it be renamed the ‘Circadian
Syndrome’. With the increased recognition of the
‘Circadian Syndrome’, circadian medicine, through
the timing of exercise, light exposure, food con-
sumption, dispensing of medications and sleep, is
likely to play a much greater role in the mainte-
nance of both individual and population health in
the future.

Keywords: circadian clock, diabetes, metabolic syn-
drome.

Introduction

The circadian clock and metabolic derangement

The circadian system is the major regulator of
almost every aspect of human health and metabo-
lism. The human brain has a master ‘Body Clock’
which resides in the suprachiasmatic nucleus
(SCN) of the hypothalamus and it determines our
daily rhythms, a phenomenon also widely
described in nature in almost all living organisms
[1,2]. This master clock regulates the body’s
metabolism through controlling body functions,
and synchronizing peripheral clocks in almost all
cells in the body, including the body’s key tissues

such as the heart, liver, muscle and adipose tissue
[3–6].

Circadian rhythms are affected by environmental
signals. Light is the main cue influencing the SCN
master circadian clock, turning on or off genes that
control the individual’s internal clock function.
Other environmental factors include temperature
change and nutritional intake, which mainly affect
peripheral clocks [4,7].

An important background perspective to this sce-
nario is the escalating global epidemics of type 2
diabetes mellitus (T2DM) [8] and cardiovascular
disease (CVD) [9] against the dramatic changes
that have occurred in Western and even tradi-
tional-living societies over recent decades with*These authors contributed equally.
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globalization and modernization [10]. This includes
changes in light exposure resulting from the exten-
sive use of artificial light (‘light pollution’) [11–13],
controlled ambient temperature and constant food
availability [14], societal and workplace stresses,
increasing shift work in the workplace and indus-
try, jet travel with time zone changes and changes
in nutrition. In the light of this, it has been
suggested that the resulting circadian rhythm
disturbances may be a major contributor to the
contemporary global epidemics of T2DM, CVD and
obesity [3,5–7,11,15–,19].

The circadian system is one of the major regulators
of human health and metabolism [3,4,20]. It reg-
ulates gene expression, release of various hor-
mones, body temperature, activity pattern, energy
expenditure and other important body functions.
This being the case, it is not surprising that there
has been significant interest in the relationship of
circadian disruption with glucose metabolism
[5,13,15,16,18,21,22] and other components of
the Metabolic Syndrome [6,17,19,22,23].

Metabolic syndrome components and circadian dis-
ruption
The Metabolic Syndrome, the cluster of cardio-
metabolic risk factors and comorbidities, is respon-
sible for large health and socio-economic costs in
most nations mainly for the resulting morbidity
and mortality from noncommunicable diseases
(NCDs) including obesity, T2DM, CVD, cancer
and mood disorders [8]. It can create a ‘perfect
storm’ that is likely to cripple health budgets in
many nations. This cardio-metabolic risk cluster is
commonly associated with comorbidities including
sleep disturbances and depression [24–26], cogni-
tive disorders [27,28] and nonalcoholic fatty liver
disease (NAFLD) [29]. Abnormal circadian rhythms
have been associated with obesity, T2DM, CVD and
hypertension [3,23,30], all components of the
Metabolic Syndrome. Shift workers or people who
sleep poorly are more likely to develop obesity and
T2DM due to circadian clock disruption [31–37].

There is continuing debate and dispute as to
whether there is a common underlying aetiology
that could explain this clustering of cardio-meta-
bolic risk determinants, and indeed the associated
comorbidities. Suggestions on aetiology have
included insulin resistance [38], a central obesity
driven proinflammatory state [39] and genetics
[40] but little consensus on aetiology exists. Note-
worthy are the earlier suggestions that

disturbances in circadian rhythm might play a
role [23,41,42], and we are now proposing the
concept of the Circadian Syndrome as the Meta-
bolic Syndrome and more.

In his 2011 paper ‘The Metabolic Syndrome: time
to get off the merry-go-round’ [43], Gerry Reaven
agreed with our criticism of the syndrome for the
lack of consistency of the components of the
syndrome, their diagnostic criteria/cut-off points
and the number of components needed to make a
diagnosis as suggested by different organizations
and researchers [39,44,45]. Despite this consen-
sus, he questioned the value of the Metabolic
Syndrome as an effective way to identify apparently
healthy individuals at an increased risk to develop
CVD and T2DM. In addition, he did not move away
from the clustering of the different components
occurring more than by chance alone. He argued
that little of the vast published information per-
taining to the Metabolic Syndrome had provided
new pathophysiological insight, nor supported the
clinical utility of this syndrome as a diagnostic
category. In making these points, Reaven actually
strengthened our argument for the establishment
of the Circadian Syndrome, which we discuss
below.

The Metabolic Syndrome only recognizes a few of
the aetiological components of what constitutes
those of our proposed Circadian Syndrome and it
says virtually nothing about its actual aetiology. By
including the comorbidities as new components
and bringing in the role of the circadian system, we
now move towards a much stronger aetiological
basis. In addition, it provides a more logical
pathophysiological construct and a clinical plat-
form for intervention and prevention of a variety of
noncommunicable diseases, and not just CVD and
T2DM.

The late Gerry Reaven made landmark contribu-
tions in the better understanding of the role of
insulin resistance in the aetiology of the cardio-
metabolic cluster. In his 2011 contribution to the
Journal of Internal Medicine [43], he asked if there
was any reason why the Metabolic Syndrome
should not be given its well-deserved send-off?

With this suggestion, we can agree as we believe
the Circadian Syndrome provides a much more
rational substitute for the controversy that has
surrounded the Metabolic Syndrome for several
decades. And by this action, it has an important
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rationale for intervention and prevention through a
better understanding of the role of circadian dys-
rhythmia.

More recently, epigenetics has been suggested to
be involved as the driver of the cardio-metabolic
cluster [46–48]. DNA methylation provides a mech-
anism by which environmental factors like diet and
exercise can modify genetic predisposition to dis-
ease. Reviewing DNA methylation in metabolic
disorders, Barries and Zierath noted that it is a
major epigenetic modification that controls gene
expression in physiologic and pathologic states
cluster [47]. They pointed out that metabolic dis-
orders such as diabetes and obesity are associated
with profound alterations in gene expression
through DNA methylation caused by genetic and
environmental factors.

Epigenetic changes such a DNA methylation and
histone modification may be transmitted across
generations either directly by persisting through
meiosis or indirectly through replication in the next
generation of the environmental conditions in
which the epigenetic change occurred [46,49].
Furthermore, Gluckman and his colleagues point
out that the current environment increases the risk
of chronic metabolic diseases and CVD [39]. This
underlines that epigenetic processes are a key
mechanism that alter the individual’s susceptibil-
ity to the development of NCDs like T2DM and CVD
[46,50]. It is noteworthy that these epigenetic
modifications can be transmitted intergenera-
tionally. For example, studies in Psammomys obe-
sus have shown parental diet regulates DNA and
RNA methylation and the expression of genes
implicated with the increased risk of obesity in
offspring [51,52].

The potential role of circadian dysrhythmia and
epigenetics will be discussed in more detail later.

The Metabolic Syndrome: the controversy on its
relevance and definition
The term Metabolic Syndrome remains the most
widely accepted name to describe this cluster of
metabolically related CVD risk factors [40] despite
vigorous attempts to discard the syndrome as a
clinical entity [43,53]. In 2005, a joint statement of
the American Diabetes Association (ADA) and the
European Association for the Study of Diabetes
(EASD) ‘The Metabolic Syndrome: time for a critical
appraisal’ [54] raised several questions regarding
the status of the Metabolic Syndrome, further

driving the debate as to whether it existed as an
entity in its own right. The conclusion was that:
‘. . .. . .. while there was no question that certain CVD
risk factors are prone to cluster, they found that the
Metabolic Syndrome had been imprecisely defined,
there is a lack of certainty regarding its pathogen-
esis, and there is considerable doubt regarding its
value as a CVD risk marker. Our analysis indicates
that too much critically important information is
missing to warrant its designation as a syndrome’
[54].

Quite independent of this, several separate and
conflicting components and diagnostic criteria for
the Metabolic Syndrome had been proposed by
different organizations and individuals over past
decades. This created a lot of confusion, affecting
adversely attempts to obtain universal consensus
on the aetiopathogenesis, the key components of
the syndrome for its definition and diagnostic
criteria, and the expected longer-term outcomes
[43,44].

In 2009, to clarify issues regarding the agreed
essential components and their diagnostic criteria,
a joint statement, ‘Harmonizing the Metabolic
Syndrome’ [45] was issued by a consortium com-
prising the International Diabetes Federation (IDF)
Task Force on Epidemiology and Prevention, the
National Heart, Lung, and Blood Institute, the
American Heart Association, the World Heart Fed-
eration, the International Atherosclerosis Society;
and International Association for the Study of
Obesity.

The objective was to provide the basis for confirm-
ing the key components that defined the Metabolic
Syndrome (Table 1). The authors concluded
that. . .. ‘A cluster of risk factors for cardiovascular
disease and type 2 diabetes mellitus, which occur
together more often than by chance alone, have
become known as the Metabolic Syndrome. The risk
factors include raised blood pressure, dyslipi-
daemia (raised triglycerides and lowered high-den-
sity lipoprotein cholesterol), raised fasting glucose,
and central obesity’. Furthermore, they stated that:
‘A single set of cut points would be used for all
components except waist circumference, for which
further work is required. In the interim, national or
regional cut points for waist circumference can be
used’ [45].

Nevertheless, an important issue still remained as
to the uncertainty whether there is a common and
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central aetiological feature to explain the clustering
of these risk factors. Not only this but also the
accompanying commonly associated comorbidities
of sleep disturbance, depression and NAFLD.
Whilst numerous suggestions have been put for-
ward as discussed earlier, none have provided an
acceptable explanation.

This provides the basis for our proposal discussed
below relating on the evidence that links not only
the cardio-metabolic cluster but also its associated
comorbidities. Increasing research links them with
disturbances of circadian rhythm and epigenetics.
Therefore, we now propose that combined,
that is, the Metabolic Syndrome cluster and the
comorbidities should be recognized together
and designated as the ‘Circadian Syndrome’
(Fig. 1).

There is mounting evidence to link these cardio-
metabolic risk factors and the comorbidities with
circadian rhythm disturbances which suggests all,
or the majority, of the cluster components could
have a common aetiology. It suggests that
disturbances of the body’s circadian rhythm can
play a central role. Thus, it is reasonable to
propose circadian disruption may drive this fre-
quently seen cluster of risk factors and disorders
that include T2DM, CVD, ageing, hypertension,
sleep apnoea, NAFLD and depression as well as
some other CVD risk factors including dyslipi-
daemia [3,17–19,23].

Because of this and increasing evidence of linkage
to the body’s circadian rhythm, we are proposing
that the existing ‘harmonized’ version of the Meta-
bolic Syndrome (Table 1) be modified by including
the associated comorbidities and it be renamed the
‘Circadian Syndrome’ and the associated comor-
bidities be included (Fig. 1).

Table 1 The ‘harmonized’ Metabolic Syndrome: criteria for clinical diagnosisa

Measure Categorical cut points

Elevated waist circumferenceb Population - and country-specific

definitions

Elevated triglycerides (drug treatment for elevated triglycerides is an alternate

indicator

≥150 mg dL�1 (1.7 mmol L�1)

Reduced HDL-C (drug treatment for reduced HDL-C is an alternate indicator) <40 mg dL�1 (1.0 mmol L�1) in males;

<50 mg dL�1 (1.3 mmol L�1) in females

Elevated blood pressure (antihypertensive drug treatment in a patient with a

history of hypertension is an alternate indicator)

Systolic ≥ 130 and/or

diastolic ≥ 85 mm Hg

Elevated fasting glucosec (drug treatment of elevated glucose is an alternate

indicator)

≥100 mg dL�1 (5.6 mmol L�1)

aAdapted from reference [49].
bIt is recommended that the IDF cut points be used for non-Europeans and either the IDF or AHA/NHLBI cut points used
for people of European origin until more data are available.
cMost patients with type 2 diabetes mellitus will have the Metabolic Syndrome by the proposed criteria.

Fig. 1 Components of the proposed Circadian Syndrome.
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What is the justification for this proposal? The
review below provides the basis for our suggestion
that disturbances in circadian rhythm may be the
basis for the clustering of what might on the
surface appear to be separate biological phenom-
ena. Recent developments in epigenetics may also
provide the basis for a better understanding of the
pathophysiological mechanisms underlying what
to date we have called the Metabolic Syndrome
[4,47].

Interest in this concept of the critical role of
circadian rhythm in human health and disease is
not new. In 2006, Staels, in his paper ‘When the
clock stops ticking, Metabolic Syndrome explodes’,
drew attention to studies, recent at that time,
showing altering circadian rhythmicity also
resulted in pathophysiological changes resembling
the Metabolic Syndrome [23]. In 2008 in an edito-
rial, ‘The clock stopped, never to go again. . .. . .. . .’
Grant suggested that a full understanding of the
endogenous body clock’s role might have major
implications regarding ‘our view of complex body
disorder such as diabetes and cardiovascular dis-
ease’[41]. This statement was prophetic given that
circadian rhythms are so closely entwined with the
sleep–wake cycle, feeding behaviour, body temper-
ature and a variety of endocrine functions and key
organs including the heart, kidney and liver.

Clearly then, disruption of the central body clock
and consequently the peripheral clocks with the
resulting metabolic disruptions could have impor-
tant implications for human health.

Mentioned earlier was the potential association
between the escalating global epidemics of CVD
and T2DM and the dramatic changes that have
occurred in societies over recent decades. We see
this scenario as pivotal in the pathogenesis of
obesity, T2DM and CVD and in the light of the
modern epidemics of NCDs [8,55]. Additionally,
despite the long-standing focus on the role of gene–
environment influences in NCD aetiology, a more
contemporary view is now the importance of epi-
genetics [4,8,20,46,47]. For example, DNA methy-
lation, an important determinant of epigenetic
change regulates tissue-specific expression of
genes described recently in adipose tissue after
one night of sleep loss [56]. The implications of
these findings suggest new regulatory mechanisms
involved in chronic sleep loss may promote weight
gain.

Circadian disruption and associations with risk factors

Herein we discuss research findings relating to the
proposed Circadian Syndrome risk components
and comorbidities (Table 2).

Table 2 Circadian system involvement in key cardio-metabolic risk factors and outcome

Human Sand rats

Cardiovascular-related

components

Arrhythmia

Onset of myocardial infractions

Sudden cardiac death [19,61]

Hypertension Lack of nocturnal decline in blood pressure [30,62] High blood pressure [22]

Lipids Disrupted lipid homeostasis [69,70]

Obesity Disrupted diurnal rhythms in the white adipose

tissue transcriptome [73]

Obesity [22]

Blood glucose levels Disrupted daily rhythms in blood glucose levels and

glucose intolerance [17,21,75]

Disrupted daily rhythms in

blood glucose levels and

glucose intolerance [22]

Fatty liver Disrupted triglyceride accumulation, inflammation,

oxidative stress and mitochondrial dysfunction [29]

Depression Circadian disruption increases the incidences of

depression [86,87]

Circadian disruption increases

the incidences of depression

[22,83,84,105–110]

Sleep disturbances Circadian disturbances result in sleep loss and

mistimed sleep [56,97]
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Cardiovascular-related components
Circadian oscillations have been reported for both
physiological CVD regulation including heart rate
and blood pressure [57], for cardiac disorders
including arrythmias [58,59], and there is circa-
dian variation in frequency of onset of myocardial
infarction and sudden cardiac death [19,60].

Human and animal studies suggest that circadian
clocks are not only important drivers of rhythms in
CVD physiology and pathology but also for disease
prevention and management [19,61]. It has been
suggested that that clock genes likely influence
cardiac physiology and pathophysiology [19,61].
The basis being the close association between
obesity, diabetes mellitus and CVD as key compo-
nents of the Metabolic Syndrome, as well as the
direct effects that the circadian clock imposes on
myocardial function. The effect is direct through
the cardiomyocyte circadian clock and indirect
through central and peripheral clock effects on
behaviour and the neurohumoral environment.

Hypertension
In most healthy subjects, there is diurnal variation
in blood pressure with systolic and diastolic blood
pressures which parallels, in general, the circadian
variation of blood pressure regulating systems
such as sympathetic activity, cortisol and aldos-
terone [62]. Blood pressure dips at night, typically
at the end of the night, and on arousal, blood
pressure surges [30]. Lack of nocturnal decline in
blood pressure, in the form of nocturnal hyperten-
sion or ‘nondipping’, carries a significant risk of
cardiovascular morbidity and mortality which
largely exceeds that of office-based hypertension
[30,63]. Nondipping hypertension has been asso-
ciated with insulin resistance, obesity, the Meta-
bolic Syndrome and type 2 diabetes [64]. Sleep
apnoea may be one important common denomina-
tor linking obesity and the Metabolic Syndrome to
nondipping hypertension. Further, better oxygena-
tion through night-time continuous positive air
pressure reduces nocturnal hypertension [65] and
reduces catecholamines and aldosterone secretion
[66]. Timing of treatment to body rhythms is a
means of individualizing and optimizing the treat-
ment of hypertension and may a constitute an
effective option to reduce CVD risk [67]. Further-
more, variation in the day–night blood pressure
pattern appears to be an important predictor of
both target organ damage and cardiovascular
events [68].

Lipids
Lipids have a critical role in cardiovascular and
metabolic disorder risk and management includ-
ing their role as components of the Metabolic
Syndrome. As a result, mounting evidence now
suggests that circadian clocks play a major role
in lipid homeostasis both in humans and ani-
mals, particularly in relation to CVD but also
nutrition and other body functions. Detailed
reviews of this subject are available elsewhere
[69,70].

Obesity
Apart from the central hypothalamic clock, there are
peripheral clocks in key tissues including adipose
tissue. Given the close linkage of obesity, especially
central (abdominal) as a key component of the
Metabolic Syndrome, obesity plays an important
role in risk of T2DMand insulin sensitivity aswell as
CVD [39]. A role for circadian rhythms, including the
circadian clock within the adipocytes, in the devel-
opment of obesity was described [17,71–73]. As
noted earlier, there is also a close relationship with
obesity in terms of risk for obstructive sleep apnoea,
a key comorbidity.

Blood glucose levels, glucose tolerance and circa-
dian effect
That glucose tolerance has a diurnal pattern has
been known for many years. In 1974, we reported
on diurnal variation in oral glucose tolerance,
plasma insulin and nonesterified fatty acid levels
[74]. Blood glucose levels were higher in the after-
noon indicating that glucose tolerance is impaired
during the evening hours because of the body’s
circadian rhythm. Plasma glucose concentration
results from the balance between glucose input
(from food or hepatic glucose production) and its
uptake by muscle and adipose tissue. The concen-
tration is controlled by the SCN both indirectly, via
controlling feeding rhythms (which effect glucose
and insulin rhythms), and directly, by affecting
glucose production and utilization and insulin
sensitivity in tissues like liver, muscle and pan-
creas [17,21,75]. This rhythm is independent of
food availability and depends on a functioning
central clock [21,76,77]. This indicates that dis-
rupted circadian rhythms will disrupt glucose
homeostasis, and that diabetes testing with the
oral glucose tolerance test, and indeed the fasting
glucose, should always be performed in the morn-
ing otherwise a false diagnosis of diabetes may be
the outcome [74].
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Comorbidities and the Circadian Syndrome

Fatty liver
Circadian disruption may play a role in the
pathogenesis of nonalcoholic fatty liver disease,
which is now the commonest chronic liver dis-
ease in Western nations [78]. It is strongly
associated with the Metabolic Syndrome and its
prevalence continues to rise along with that of
the obesity and Metabolic Syndrome epidemics.
Metabolic homeostasis is linked to the circadian
clock with the clock involved in regulation of
hepatic triglyceride accumulation, inflammation,
oxidative stress and mitochondrial dysfunction
[29], all of which may contribute to the patho-
genesis of NAFLD.

Depression
Depression is a well-established comorbidity asso-
ciated with T2DM [79–82]. Nearly all patients with
affective disorders including depression show sig-
nificant disruptions in circadian rhythms [83–87].
Depression is related to disturbances of the circa-
dian clock, and light therapy and other treatment
affecting the circadian clock are used as a therapy
for depression [83,88–96]. It is likely that these
treatments allow resynchronization of circadian
rhythm.

Sleep disturbances
Risk of obesity, T2DM and Metabolic Syndrome is
elevated in people who suffer from chronic sleep
loss or are shift workers. Almoosawi and her
colleagues suggest these situations result in
misalignment between the sleep–awake, fasting–
feeding cycles, and the light–dark cycle [97]. This
results in physiologic processes affected by
circadian imbalance including glucose, lipid
metabolism and blood pressure. These manifests
then heightened risk of developing T2DM and
CVD.

A recent study by Cedernaes et al. [56] demon-
strated epigenetic changes in DNA methylation in
the clock genes. This only occurs in conditions
like obesity and T2DM. Whilst DNA methylation
modifications are believed to confer ‘metabolic
memory’ other studies indicate histone modifica-
tions regulate the expression of genes implicated
in diabetic complications [98,99]. The findings
may contribute to a better understanding of how
sleep deprivation and the associated circadian
disruption may contribute to the risk of develop-
ing obesity.

Conclusion

The accumulating evidence linking circadian
rhythm disruption to lifestyle changes in our
society calls for a greater emphasis on this rela-
tionship in NCD prevention. Whilst until now the
Metabolic Syndrome has been the focus until now,
we should not ignore that its comorbidities such as
have been discussed earlier are potentially linked
as well through disruption of the circadian system
and/or epigenetic modifications.

It has long been a challenge for researchers to
establish whether the Metabolic Syndrome compo-
nents and comorbidities have a common aetiolog-
ical origin. Yet to date, no explanation has revealed
a potential mechanism that could explain the
possible factor/s. Taking a holistic overview, it
seems more than a coincidence that each of the
cardio-risk components and the key comorbidities
can be directly linked to circadian disruption
involving disturbances of the central and periph-
eral body clocks. Whilst it is not necessary to have
all the cluster components or comorbidities pre-
sent in an individual, it can enhance both clinical
recognition, indeed management and awareness of
risk of future CVD and metabolic disease. In
addition, recognizing the link with circadian dis-
ruption provides the opportunity to dig deeper into
understanding the aetiopathogenic pathways lead-
ing to what we now suggest as the ‘Circadian
Syndrome’. This connection to lifestyle behavioural
risk factors has important implications for man-
agement of NCDs and prevention.

The Metabolic Syndrome is responsible for huge
socio-economic costs in most countries but often it
is not addressed more aggressively despite the
health and social costs of the impact of its comor-
bidities to individuals and society. Therefore, pre-
sented in the perspective of the ‘Circadian
Syndrome’ and relationship to our present modern
way of living may help provide a greater focus on
evidence-based prevention of the global burden of
NCDs. This involves a concerted and global attack,
particularly on ‘diabesity’ (the twinning of type 2
diabetes and obesity) and CVD, arguably the most
important public health issues of our times.

Recognizing the link between lifestyle behavioural
risk factors and circadian disruption, risk and
aetiology of key NCDs including T2DM and CVD,
has important implications for nonpharmacologi-
cal prevention and therapeutic strategies. With the
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recognition of the ‘Circadian Syndrome’, circadian
medicine through the timing of light exposure,
exercise, food consumption, dispensing of medica-
tions and sleep, is likely to play a much greater role
in the maintenance of both individual and popula-
tion health in the future (Box 1).
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