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In recent years, there has been an increased prevalence of type 2 diabetes mellitus (T2DM) and depression
across the world. This growing public health problem has produced an increasing socioeconomic burden
to the populations of all affected countries. Despite an awareness by public health officials and medical
researchers of the costs associated with these diseases, there still remain many aspects of how they
develop that are not understood. In this article, we propose that the circadian clock could be a factor that
coordinates both the neurobehavioral and metabolic processes that underlie depression and T2DM. We
propose further that this perspective, one which emphasizes the regulatory effects of clock gene activity,
may provide insights into how T2DM and depression interact with one another, and may thus open a new

pathway for managing and treating these disorders.
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Type 2 diabetes mellitus (T2DM) and depression are both
significant public health problems whose worldwide
prevalence is increasing [1]. Recent surveys show that
diabetes affects about 425 million people or about 8.8%
of the global population, thus making it one of the
most common of all non-communicable diseases [2].
Additionally, about 300 million people globally report
having gone through depressive episodes, and nearly
800,000 people end their lives as a result of suicidal mood
states [3]. In 2017, $727 billion was spent on health care
expenditures for diabetic patients aged between 20 and
79 years. Additionally, in the most recent year surveyed
(2017), 4 million people among the global population
died due to complications related to diabetes [2].

The prevalence of depression and type 2
diabetes mellitus is underappreciated

The bidirectional relationship between diabetes and
depression is well established [1, 4]. T2DM is known to
cause depression, and depression can act as an important
risk factor for T2DM. These relationships can complicate
and increase the challenge of managing these disorders.
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Further, evidence-based on epidemiological studies has
shown that the occurrence of depression among patients
with T2DM is nearly twice as great as that in the general
population [4]. Additionally, the incidence of diabetes
among patients with depression is 14% greater than
that of the general populace [4]. These two observations
provide indirect support for the suggestion that the two
conditions often thought to be separate and independent
entities may have reciprocal or mutually facilitating effects,
and further, that there may be a common factor which
underlies their pathogenesis. A greater understanding
of the relationship between T2DM and depression could
contribute significantly to the development of strategies
for their treatment. In this article, we consider the
associations which exist between clock gene activity and
the occurrence of these two disorders. We further consider
the practical implications of these associations.

The complexity of the factors that contribute to the
development of depression, and indeed of the high
prevalence of depression, is generally not appreciated by
the public, nor have steps been taken in the educational
sector, nor in the form of governmental policies, to
increase awareness of the health impact of depression.
Further, considerable work remains to be done to assist
depressed individuals with more care, support, and
service. A similar situation exists with respect to diabetes.
The contribution of lifestyle factors to the development
of diabetes is well known [5], however, the high incidence
of depression among diabetic patients, and, further, the
contribution of depression as a predisposing factor in
T2DM, is less well-appreciated. Additionally, the mental
health difficulties associated with diabetes have received
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far less attention than efforts to deal with T2DM's linkage
to, e.g., sedentary lifestyle factors and diet [6].

Evidence pointing to the importance of clock
genes in the development of type 2 diabetes
mellitus and depression

An accumulating amount of studies has shown that the
circadian clock system is involved in regulating both
glucose metabolism [7, 8, 9, 10, 11, 12] and mood
behavior [13, 14, 15, 16, 17]. An argument has been made
that circadian clock gene activity produces a regulatory
network which, when it is functioning normally, maintains
the natural rhythms that underlie optimal health.
However, when the rhythms of this network are interfered
with, through, e.g.,, poor sleeping habits or disrupted
sleep, certain pathological conditions, such as diabetes
and depression, may develop [18]. An assumption which
has traditionally guided clinical practice and research is
that poor nutrition and sedentary lifestyles are primary
contributors to conditions such as T2DM, and are
associated, at least in a correlative way, with depression.
The relatively new circadian model of depression points
strongly however to the possibility that disturbed sleep
may be a major influence in the development of mood
disorders such as depression [14, 19] and indirectly,
through its weakening of immune system activities, in
diabetes [20, 21]. These sleep-associated factors include
dysregulation of the immune system, prolonged sleep
perturbations and sleep deprivation [1]. Importantly, all
these disorders have a bidirectional relationship with
the circadian clock. Misalignment of circadian clock
leads to insulin resistance [10, 12] as well as to abnormal
neurochemical changes involved in the regulation of
mood [13, 19, 22, 23]. Although the key roles played by
the circadian timekeeping system in insulin synthesis
and sensitivity is well known, studies focusing on the
metabolic aspects of sleep and circadian rhythms have
only appeared in recent decades [7]. Rhythmic changes,
also regulated by circadian clock functioning, are observed
in metabolic processes involved in glucose homeostasis;
these include changes in circulating plasma glucose levels,
insulin synthesis and sensitivity, food intake, adipogenesis,
immune responses, and genomic expression in both liver
and pancreas [24, 25]. Master clock activities, as well as
peripheral clock activity in liver and pancreas, rhythms
of food intake, and other circadian activities, such as the
release of melatonin and cortisol, profoundly influence
the machinery associated with glucose homeostasis
[26]. Current evidence shows that shift workers, whose
circadian alignment may be adversely affected for as much
as several years after they terminate their nighttime work
schedules, also have an increased prevalence of diabetes
[27]. A recent study of the effects of nighttime shift
work has demonstrated that disrupted circadian clock
functioning affects glucose tolerance by interfering with
functional properties of the pancreatic cell during the
biological evening [28]. Reduced levels of melatonin are
observed in T2DM; further indicating that sub-optimal
functioning of the circadian clock is responsible for
aberrant glucose activity [29]. Insulin RNA and protein
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activity have been correlated with the release of clock
gene products [11]. Further, evidence has been provided
that the reduced expression of clock genes in patients
with T2DM is associated with a dampening of circadian
clock functioning [30]. Deletion of clock genes in mice has
been shown to produce abnormal glucose metabolism
resembling T2DM [8, 9, 10, 12]. The experimental
disruption of circadian rhythm activity through clock
gene deletion was found to increase insulin resistance in
mice due to the absence of the clock component [12]. The
contribution of clock gene activity to the elevated insulin
resistance was subsequently proven by the restoration of
insulin resistance following the substitution of the clock
gene product by its analogue [12].

Temporal adaptation of the nervous system and its
components is essential for maintaining health in all
mammals. An increasing amount of evidence has now
been provided that circadian disruption may be an
important cause of depressed mood [13, 14, 17, 22]. It
is known that in conditions such as seasonal affective
disorder (SAD), in which depressed mood is associated with
sunlight restriction and indoor confinement during the
winter months, that circadian disruption and melatonin
concentrations may be principal mediating factors [31].
Sleep quality influences neurobehavioral activities which
prevail during the day time [32]. Considerable evidence has
shown for instance that lack of sleep or sleep disruption
not only alter mood, but can produce impulsivity,
judgment errors, and impaired motor coordination [33].
Similarly, molecular activities which correlate with the
regulation of mood, including the functioning of the
hypothalamic-pituitary-adrenal (HPA) axis, sleep, and
nervous system activity, all exhibit 24 h periodicities
[17]. In addition, monoamines, endogenous opioids,
and metabolic peptides demonstrate rhythmic patterns
in their functioning [17]. Consistent with this evidence
have been the findings of post-mortem investigations
of the brains of patients who had suffered from major
depressive disorder, and which, when compared to the
brains of healthy subjects, exhibited reduced levels of
clock gene expression due to shifted peak timing [34].
A weak association between the phase relationship of
the circadian clock and environmental zeitgebers has
been hypothesized to interfere with brain-regulated
behavior [35, 36]. Evidence from clinical studies is in
line with these post-mortem findings. It has been shown
for instance that disruption of circadian functioning is
frequently correlated with depressive symptoms, and,
conversely, that a common overt symptom of depression
is sleep disturbance [13, 15, 19, 22, 23]. Additionally,
it has been shown that depressive symptoms can be
reduced by restricting the sleep of patients who exhibit
simultaneously the symptoms of depressed mood and
disturbed sleep [37, 38, 39]. All these findings support
the view that the biological clock is strongly associated
with normal and abnormal mood states of individuals,
and, further, that this association may be mediated by
clock gene activity, including regulation of carbohydrate
homeostasis [24, 25] and neurobehavioral processes [17].
This evidence supports the conclusion that disruption
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of circadian clock activity could be a major contributor
to both diabetes and depression, and additionally that
factors that interfere with this activity, such as disturbed
sleep, may be a common denominator in the underlying
pathogenesis of these debilitating disorders [18]. It is
suggested here that greater efforts must be undertaken
to develop awareness among researchers and health
professionals regarding the important contribution of
sleep hygiene to circadian clock activity, and, ultimately, to
illnesses which depend on the maintenance of its normal
functioning.

Lifestyle effects on clock functions

Modern unhealthy lifestyles contribute in numerous ways
to circadian disruption. The pressures of contemporary
living are often accompanied by a lack of adequate
physical activity, chronic sleep insufficiency, inappropriate
sleep/wake schedules, exposure to artificial lighting
at unusual times and diminished exposure to natural
sunlight (duration and timing), occupational stressors (e.g.
shift work, late night work), jet lag, poor eating habits (e.g.
skipping breakfast, inconsistent timing of food intake), all
of which can potentially disrupt the circadian clock and
thus increase the risk of metabolic [24, 25] and mental
pathologies [17]. This is evident in the many health-related
changes which have occurred in countries such as India,
following the adoption of increasingly non-traditional and
globalized social trends since the early nineteen-nineties.
In 1990, the population incidence of diabetes was 15
million, a figure which doubled in 2010 and then doubled
again by 2013 [40]. We believe that an argument could
be made that the increasing complexity and pressures
of modern “24/7" lifestyles are disruptive to normal
biological clock functioning and that this phenomenon,
in turn, has contributed to the ever-growing prevalence of
mental illness in recent decades [17, 41].

Chronotherapeutic management of diabetes
and depression

Clock genes affect neurobehavioral activities as well as the
balance of glucose concentration in all cells. The broad-
ranging influence of clock genes, with their functional role
as a peripheral oscillator within neurons [42, 43], brain
[34], liver [44], pancreas [10], stomach [45, 46] as well
as their other molecular and cellular activities, provide
compelling support for the hypothesis that they promote
the development of both diabetes and depression.
This point of view has led to the recent introduction of
innovative treatments in which the timing of various
therapies is carefully controlled. This treatment system,
known as chronotherapeutics, is being increasingly used
in clinical settings for treating depressed patients as well
as those with avariety of sleep disorders. It has been shown
for instance that resynchronization of environmental
time cues with the circadian clock can improve the mood
states of depressed patients, as well as those with other
psychiatric disorders [47]. Light therapy [48, 49], sleep
deprivation [39, 49], and social rhythm therapy [50] are
some of the chronobiological therapies which are applied
to enhance the mood of depressed patients. The various
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applications of chronotherapy have in common the
goal of targeting clock genes and seeking to reset the
clock in the suprachiasmatic nucleus, thus altering their
functioning by abruptly changing the timing of sleep
schedules of affected patients. This goal is achieved by
the strategic scheduling of “zeitgebers” (environmental
timekeepers) that occur in patients’ daily routines.
Although chronotherapy is still a relatively new treatment
approach and one whose application to conditions such
as diabetes remains exploratory, it continues to attract a
growing amount of interest among health professionals.
This approach, which has been demonstrated to alter the
expression of clock genes and, subsequently, to restore
circadian rhythms to normal functioning, has now shown
its effectiveness in enhancing the mood of depressed
patients [16, 51]. This innovative therapeutic strategy thus
represents a potentially valuable non-drug alternative
for treating mood disorders. Additionally, it may show
promise for treating a broader range of conditions,
including diabetes [25]. It is known for instance that
melatonin can mediate the function of insulin [52] and,
further, that administration of melatonin improves the
function of insulin responsiveness [53].

In terms of basic research, many questions still
remain about how clock genes exert control over mood
expression and glycaemic functioning [1]. The basic
mechanism appears to involve the activity of clock genes
via circadian regulation of the sleep/wake cycle and
by extension the control of melatonin synthesis. These
activities, in turn, can dictate both the molecular and
cellular processes associated with glucose metabolism
and with the expression of mood. To characterize the
association of how circadian clock disruption promotes the
development of both depression and diabetes, more basic
and clinical studies are needed. In particular, studies of
the pathogenesis, morbidities, effects of pharmacological
agents, and inter-individual differences in both disorders
are needed [1]. Investigations of the chronic effects
of circadian system and how its multiple components
interact with each other to regulate insulin synthesis and
psychological mood may provide new insights into the
treatment of these important pathologies.

Considerable work remains to be done to develop further
applied therapy programs for treating mood disorders
and diabetes. Some efforts have been undertaken in this
regard in a limited number of hospitals, however, a broad-
ranging adoption of these newer treatment strategies into
health institutions has not occurred, nor has the advocacy
of this approach been incorporated into government
policy in developed countries. Taken together, the findings
cited above support advocacy of chronotherapy use not
simply for clinical treatment but also as a common sense
strategy that the general public may use for daily health
maintenance. It is suggested that public health programs
should emphasize practical steps that can be taken to
ensure optimal functioning of the circadian clock. These
could include recommendations that individuals receive
adequate but not excessive amounts of sunlight exposure,
that they schedule a reasonable amount of daily physical
activity, and that they maintain a regular sleep/wake
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schedule. When adopted as part of one's daily routine,
these activities can significantly contribute to support
normal energy balance and proper functioning of cell
processes which are vital for sustaining optimal health.

Agenda for the future and work that remains
to be done

In view of the continuing personal and public health
costs involved, there exists an urgent need to elucidate
the pathogenic origin and treatment of depression and
diabetes. Additionally, a continuing focus should be
maintained on the fact that patient, family, and caretaker
education is a pivotal component in the management of
these disorders. Hence a multi-stakeholder perspective is
necessary to analyze and meaningfully apply the results of
basic research. The development of animal model studies
as well as human clinical trials regarding the application
of chronotherapeutic interventions may provide fresh
insights into the inter-connectedness of circadian clock
activity, mood behavior and glucose metabolism [24, 25].
In summary, therefore, we advocate the adoption of a
conceptual framework which emphasizes the importance
of chronobiological effects in human health and disease.
We believe that this is essential for enabling the global
prevention, management, and treatment of T2DM and
depression. It is suggested that this approach, one which
emphasizes the key role of circadian clock activity, represents
a relatively unexplored pathway for treating and reducing
the suffering caused by depression and diabetes.
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