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Abstract

Synchrony of biological processes with environmental
cues developed over millennia to match growth, repro-
duction and senescence. This entails a complex interplay
of genetic, metabolic, chemical, light, hormonal and
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hedonistic factors across life forms. Sleep is one of
the most prominent rhythms where such a match is
established. Over the past 100 years or so, it has been
possible to disturb the synchrony between sleep-wake
cycle and environmental cues. Development of electric
lights, shift work and continual accessibility of the
internet has disrupted this match. As a result, many non-
communicable diseases such as obesity, insulin resistance,
type 2 diabetes, coronary artery disease and malignancies
have been attributed in part to such disruption. In this
presentation a review is made of the origin and evolution
of sleep studies, the pathogenic mediators for such
asynchrony, clinical evidence and relevance and suggested
management options to deal with the disturbances.

Key words: Insulin resistance; Chronotype; Obesity;
Evolution; Clock; Shift work
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Core tip: Humans evolved to match external environment
with internal metabolism. Day-night cycle is an important
rhythm to achieve synchrony. A central clock interacts
with peripheral clocks in various parts of the body.
Reduced sleep, shift work and inappropriate exposure
to light during sleep hours disturb this rhythm leading to
abnormalities such as obesity, insulin resistance and type
2 diabetes. Understanding the complex interactions of
the various factors involved in this system can help in the
prevention and in treatment of such adverse effects.

Sridhar GR, Sanjana NSN. Sleep, circadian dysrhythmia, obesity
and diabetes. World J Diabetes 2016; 7(19): 515-522 Available
from: URL: http://www.wjgnet.com/1948-9358/full/v7/i119/515.
htm DOI: http://dx.doi.org/10.4239/wjd.v7.i119.515

BACKGROUND

Sleep is the most pronounced human rhythmic activity
in humans. Rhythmicity of biological systems developed
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over the course of evolution so that adaptation occurred
to changes of environment with the physiology of
organisms!?!. Such alignment ensured their survival,
and is a powerful evolutionary pressure. While it was
recognized that altered core circadian clock genes alters
sleep architecture and duration, targeted deletion of
BMAL1/Mop3 gene, which is a partner to CLOCK resulted
in disturbances in generation of sleep and wakefulness.
These were in addition to wakefulness and the timing of
vigilance™. Besides, the CLOCK transcription factor is a
key component of the circadian clock in the hypothalamic
suprachiasmatic nucleus, that leads to attenuation in
feeding rhythm leading to hyperphagia, obesity and
metabolic syndrome in mice having mutant homozygous
CLOCK genes™. The interaction between genes of the
circadian clock and of metabolic genes is mediated by
the remodeling of histone proteins™.

Despite human beings now having the ability to alter
the light-dark cycle, the strong role of circadian clock is
still evident on the social and metabolic effects. From
the first human experimental work of Jurgen Ashoff
emerging studies suggest the role of lunar cycles could
also be involved, operating through changes in physical
activity™®”,

Such asynchrony of social and biological clocks
leads to obesity, diabetes, cardiovascular disease and
cancer'®, Disturbed daily rhythms reflect in expression
of different gene groups as well, suggesting a close
relation between rhythmicity and biological well-being™.

The relation of CLOCK transcription factor and various
metabolic abnormalities has been reported in the past
few years. Gene variants of the CLOCK transcription
factor was shown to be associated with nonalcoholic
fatty liver disease (NAFLD), a condition linked to insulin
resistance®. Among 136 subjects with NAFLD and 64
controls, rs11932595 and rs6843722 showed a sig-
nificant association with NAFLD. This suggests a potential
relation between CLOCK polymorphisms and NAFLD. A
more recent study showed that variants of the CLOCK
gene could have a role in the expression of obesity and
other metabolic traits. Unrelated subjects who were
lean (n: 715) and obese (n: 391) were recruited from a
cross sectional population based cohort. SNPs with minor
allele frequency were genotyped. Four tag SNP genotype
frequencies (rs1554483, rs6843722, rs6850524 and
rs4864548 showed associations with overweight or
obesity!®. The fine-tuning of the body’s clock evolved
to conserve energy and to improve efficiency. Such
synchronization allows one to anticipate and respond to
environmental alterations™".

Obesity and type 2 diabetes have become leading
causes of disease and death world-wide. Part of the
reason for the epidemic appears to be desynchrony
over the last 100 years between the body’s endogenous
clock located in the anterior hypothalamic suprachiastic
nuclei, which responds to the dark-light cycle and the
iatrogenic disturbance of such rhythmicity. The central
clock is aided by similar clocks in the periphery at the
liver, fat tissue and gastrointestinal tract, which together,
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regulate energy metabolism via enzymatic activation or
suppression'*, The integration of clock mechanism with
metabolism occurs through hormones, nutrients and
meal timings.

Recent evidence has shown that variation in genes
related to circadian rhythm is associated with extreme
obesity, which can be modified by variants in CLOCK
genes. Mutations of genes in hypothalamus, a key
regulator of energy intake, result in early life obesity.
To identify gene variants in the background of obesity,
a selected phenotype with extreme obesity was taken.
One hundred and sixty-six genes functionally related to
the hypothalamus, were subjected to complete exome
sequencing in 30 extremely obese subjects, for novel
rare indel, nonsense and missense variants. The authors
identified six novel rare deleterious missense variants (in
genes for BAIAP3, NBEA, PRRC2A, RYR1, SIM1 and TRH;
a novel indel variant was found in LEPR). Both rare and
common variants of genes thus regulate circadian food
intake and hypothalamic signal process are involved in
extreme obesity!*.,

Similarly there was an association of habitual sleep
duration, BMI, nutrient intake and CLOCK variants. In an
“inverse-variance weighted, fixed-effect meta-analysis
of adjusted associations of sleep duration and BMI and
macronutrient intake as percentages of total energy”
interactions were studied with CLOCK variants!**!, Data
were obtained from nine cohort subjects (n: 14896).
Interestingly there was a significant association of lower
intake of saturated fatty acids and sleep duration among
younger adults, and with a lower intake of carbohydrates,
higher total fats, higher PUFA intake in older women. In
addition interactions were seen between sleep duration
and rs12649507 on PUFA intake and with sleep duration
and rs6858749 on protein intake. The results imply
suggest that longer duration of sleep can attenuate
genetic predisposition to obesity acting through intake of
appropriate diet™.

Along the same lines, associations of circadian clock
and SIRTUIIN1 (SIRT1) dependent functions may lead
to evening preference of food intake and resistance to
weight loss. SIRT1 (rs1467568) and CLOCK (3111T > C,
rs1801260) were genotyped in a large cohort of subjects
who were overweight or obese (n: 1465). On follow up
for weight loss via behavior therapy, those with minor
alleles of SIRT1 and CLOCK loci had higher resistance to
weight loss compared to homozygotes. Subjects carrying
the R genotype had elevated levels of plasma ghrelin,
which could modulate the gene variants in the resistance
to weight loss!*.,

In addition to their putative role in sleep timing,
depression and obesity, variant CLOCK genes could also
influence the duration of sleep. From a sample of 77000
subjects administered Munich ChronoType questionnaire,
a subsample on follow up was evaluated by a two-stage
design, linkage disequilibrium based association study
with short sleep (< 7 h) and long (> 8.5 h) sleep. In the
discovery sample (n: 283) 194 SNPs were genotyped
covering 19 candidate clock genes. In the confirmation

November 15, 2016 | Volume 7 | Issue 19 |



Sridhar GR et a/. Sleep, circadian dysrhythmia, obesity and diabetes

sample, two of the best association signals as analyzed
by linear regression model were examined"®. Asso-
ciations ere found in a CLOCK gene intronic region
(rs12649507 and rs11932595). Significance persisted
for the multiple-marker association signal of rs1264905/
rs11932595 haplotype GGAA with long sleep. The
authors surmised that an association exists between
human CLOCK gene variants and sleep duration.

SLEEP IN HUNTER-GATHERERS

One can hypothesize that before the advent of the
electric bulb and the concept of shift-work, humans
slept at sunset and awoke at sunrise, but evidence
is hard to come by. A recent study on societies from
Tanzania, Nambia and Boivia, who are hunter-gathers/
horticulturalists has provided information on their
sleep pattern. These communities do not have access
to electric light, television internet, nor do they use
caffeine beverages. The principal findings are that
their sleep duration averaged 6.9-8.5 h, with variation
occurring due to changes in going to sleep, rather
than their wake up time. Interestingly they slept on
an average, 3.3 h after sunset, but generally woke up
before sunrise!'”. Environmental temperature played a
major part in regulating sleep, with falling temperatures
associated with sleep. It is intriguing to consider
whether temperature control in industrialized societies
could be contributing, at least partly, to the disturbances
of the sleep cycle.

In addition comparative analyses across species is
possible by studying the genomic changes in the visual
and olfactory ability of the kiwis*®!. Sequencing of the
kiwi genome provided information about evolutionary
changes in genomic sequences that allowed it to adopt
to a nocturnal lifestyle.

BURDEN OF DISEASE

Studying the global burden of acute and chronic diseases
between 1990 and 2013 from 188 countries, non-
communicable diseases were responsible for leading
chronic sequelae™. Long working hours (defined as
working more than 55 h/wk) were associated with
increased risk of cerebrovascular disease™. The asso-
ciation with coronary artery disease was weaker; the
strength of association with cerebrovascular disease was
greater.

Type 2 diabetes mellitus, obesity and metabolic
syndrome are known predisposing factors to vascular
disease, both cardiovascular and cerebrovascular.
Longer working hours entail both exposure to greater
stress and a potential abbreviation of sleep duration and

quality.

SLEEP STUDIES: ORIGIN AND PROGRESS

Sleep has evolved from being considered a single
uniform state!””!. However, epidemiological studies of
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sleep disturbances appeared from the 1980’s. Interest
arose initially from sleep problems being associated with
accidents and errors of human performance; in addition
they were common, likely to increase in number, and
recognition that sleep problems had immediate and long
term consequences such as risk of premature death,
cardiovascular disease, hypertension, inflammation,
insulin resistance, type 2 diabetes and psychiatric dis-
orders®,

While short sleep duration and long sleep duration
had greater risk of developing type 2 diabetes, the
Whitehall study evaluated whether a change in duration
of sleep altered the risk of incident diabetes mellitus.
Computation of sleep duration was made at four cycles
of 5-years each: 1985-1988 to 1991-1994, 1991-1994
to 1997-1999, 1997-1997-1999 to 2002-2004 and
2002-2004 to 2007-2009. When compared to those who
persistently slept 7 h, an increase of sleep of 2 h or more
per night was associated with increasing risk of diabetes;
similar increased risk was also observed in those who had
persistent short duration of sleep. This is new evidence
that individuals whose duration of sleep increased over
time could be at risk of type 2 diabetes mellitus, which
may be related in part, to weight gain'®. The concept
arises that sleep duration and disease risk must be
interpreted in light of potential confounding factors such as
physical debility. What is evident is that otherwise healthy
adults do not habitually extend their sleep duration beyond
optimal levels®*,

Meanwhile a meta-analysis of sleep duration and risk
of type 2 diabetes mellitus showed a U-shaped relation
between duration of sleep and the risk of developing
T2DM™), Among 482502 subjects who were followed
up for periods between 2.5 and 16 years, there were
18483 who developed incident diabetes. Lowest risk of
diabetes was found among those who slept 7-8 h a day.
In comparison pooled relative risk for T2DM was 1.09 for
each 1-h shorter sleep duration among those who slept
less than 7 h/d; it was 1.14 for each 1-h increase of sleep
duration among those who slept longer. This underscores
the fact that optimal sleep duration, viz neither less nor
more, is important in delaying or even preventing the
onset of type 2 diabetes mellitus?®..

MEDIATORS OF ADVERSE
CONSEQUENCES

A coupled relation exists between circadian and meta-
bolic systems™, known mechanisms postulated include
hormonal and hedonic causes, alteration in cardio-
vascular autonomic reactivity, exposure to ambient light,
and shift work!”. The basic concordance of the internal
physiological system with external environment results
from a natural selection process. Recent evidence from a
rodent model suggested that those with 24-h “resonant”
rhythms lived longer and produced more litter than
those whose rhythms were shortened by a mutation
of circadian Ck1: allele®”. This could have important
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consequences in abnormal work or lighting schedules.

Shift work is a more common cause of rhythmic
misalignment in modern society, which is associated
with adverse health consequences. It is associated
with a misalignment of behavioural and environmental
cycles relative to endogenous circadian system. Short-
term misalignment of circadian rhythm led to adverse
cardiovascular risk factors in healthy adults®®®. The
mediators involved increased blood pressure during
sleep, decreased cardiac vagal modulation, increased
serum levels of interleukin-6, C-reactive protein, resistin
and tumour necrosis factor-alpha®. A putative link
between shift work and hypertension, inflammation and
cardiovascular risk may exist.

The concept of a “sleep connectome” can help
understand how transition among the various stages
of sleep occurs: Vigilance, non-REM sleep and REM
sleep. A population of neuronal populations in medial
cells which expressed Atohl in embryonic life may be
important for switching between sleep stages non-REM
and REM™,

CLINICAL RELEVANCE

How do all these genomic and biochemical alterations
translate into human disease? A variety of sleep dis-
turbances have been shown to parallel an increasing
prevalence of non communicable diseases, particularly
obesity and type 2 diabetes. The interaction may occur
through changes in hormones that mediate appetite,
altered responses to metabolic signals by peripheral
tissues as well as to changes in energy intake and
expenditure®®”, Increased prevalence of sleep disturbances
in type 2 diabetes has been recognized which can impair
metabolic control, and must be corrected®*2.

UNDERLYING MECHANISMS OF THE
CIRCADIAN CLOCK INTERACTIONS

Recent evidence has thrown light on the underlying
mechanism of circadian clock disturbances (Figure 1).
An interesting observation links the coordination of a
peripheral clock gene with pancreatic islet function and
the etiology of T2DM™*. Glucose induced secretion of
insulin follows a circadian pattern, with transcriptional
control over insulin secretory pathway™*. A specific
circadian clock which is found in the B cell of pancreas
releases insulin which is dependent on the time of the
day™.

The hepatic glucose output is also similarly regulated
by a circadian rhythm™®. An “inverse-variance weighted,
fixed-effect meta-analysis of results of adjusted asso-
ciations and interactions between dietary intake/sleep
duration...” and variants on cardiometabolic traits was
carried out from 15 cohort studies. Of the clock genes,
known MTNR1B associations were seen with higher
fasting glucose. Nominally significant interactions occurred
with carbohydrate ingestion and MTNR1B-rs1387153 for
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fasting glucose. Of practical interest, lower carbohydrate
ingestion and normal sleep were suggested to reduce
adverse cardiometabolic traits resulting from circadian-
related variants of the gene™”.

OTHER MECHANISMS, AND CLOCK
DYSREGULATION IN OTHER REGIONS

As already mentioned, shift work rather than primary
sleep loss, is the more prevalent sleep disturbance in
modern societies. An experimental study mimicking shift
work was carried out to evaluate changes of dock genes in
the peripheral tissues at the epigenetic and transcriptional
level®™®. A randomized 2-period, 2-condition, crossover
clinical study was performed in 15 healthy men. With
acute sleep deprivation, adipose tissue showed greater
methylation in the promoter region of CRY1 and in two
promoter-interacting enhancer regions of PERI1. In the
skeletal muscle, there was a reduction in gene expression
of BMAL1 and of CRY1. Thus shift workers may have
tissue specific alteration of clock genes which may mediate
adverse health effects”.

Sub-chronic sleep restriction alters insulin sensitivity at
the liver, the peripheral tissues and of substrate utilization.
Fourteen subjects were recruited to a randomized
crossover study. As expected, sub-chronic sleep restriction
was associated with decreased whole body insulin
sensitivity, and of peripheral insulin sensitivity"®”. There
was a modest increase of stress hormones (cortisol,
metanephrine and normetanephrine), along with fasting
non esterified fatty acids (NEFAs) and p-hdroxy butyrate.
This suggests that there was peripheral insulin resistance
following sub-chronic sleep restriction, with contributions
from elevated NEFAs, cortisol and metanephrines®™; the
latter increase lipolysis and NEFA levels, leading to insulin
resistance.

Sleep can influence the sympathetic nervous system,
which in turn affects not only the cardiovascular system,
but also the B cells of the pancreas™”. Tasali et a/*"
reported that even three nights of disrupted slow wave
sleep impaired glucose clearance after a glucose load
due to sympathetic dominance. Both environmental
and genetic polymorphisms can result in disturbances in
sympathetic activity and slow wave sleep.

It is well known that sleep homeostasis is undisturbed
in young women during their menstrual cycles. Because
adverse metabolic effects begin in the peri-menopausal
women, EEG patterns of women in mid-life were assessed
in the laboratory (20 women in the early menopausal
transition) and were compared with 11 women having
insomnia. The study was performed in the follicular and
luteal phase of the menstrual cycle. Both groups had more
awakenings and a low percentage of slow wave sleep™”.
Midlife women, whether or not they were insomniac, had
greater sleep disruption in the luteal phase, attributed to
the effect of progesterone affecting the sleep regulatory
circuits.

Another interesting mechanism for artificial light
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Figure 1 Newer players in circadian clock interactions.

induced obesity has been proposed: Disruption of
the central clock mechanism can induce obesity by
decreasing the energy expenditure. By increasing the
number of hours exposed to light, attenuated brown
adipose tissue activity increased body fat™*®. Prolonged
light exposure reduces the sympathetic stimulation of
brown adipose tissue and the B3-adrenergic intracellular
signal. These lower the uptake of fatty acids from
triglyceride-rich lipoproteins, and of plasma glucose by
brown adipose tissue'**.

How do all these translate clinically? At baseline (year
2000), the Nurses’ Health Study, recruited 59031 women
without diabetes. On follow up until 2012, decreases in
duration of sleep was associated with adverse changes
in physical activity and quality of diet"**. Therefore
lifestyle measures must also be prescribed in preventing
obesity and diabetes. An animal study showed that
circadian disruption synergizes with diet-induced obesity
leading to pancreatic p-cell failure. Wild type Sprague
Dawley rats and Period-1 luciferase reported transgenic
rats were studied for 10 wk. Circadian disruption by
continuous exposure to constant light acted together
with diet-induced obesity to p-cell failure; the proposed
mechanism was impaired function of the pancreatic islet
clock function via impaired amplitude phase and inter-
islet synchrony of clock transcriptional oscillation™.

In women of perimenopausal age, reproductive
hormones influence physiological sleep. Thirty three
perimenopausal women underwent a cross-sectional
lab study for assessing interaction between sleep and
reproductive hormones. Seventeen reported no sleep
complaints while 16 had clinical insomnia. In the group
without sleep complaints, follicular stimulating hormone
(FSH) was positively associated with wakefulness after
sleep onset and number of awakenings and arousals; the
latter were defined using polysomnography™*. On the
contrary among those with known insomnia, sleep was
correlated with anxiety and depression, but not with FSH
level.

Iron may be another dietary regulator of circadian
hepatic glucose metabolism. Little information is available
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about the specific dietary agents that can influence hepatic
glucose output. In an experimental method to assess
the effect of iron in diet on circadian gluconeogenesis,
dietary iron affected circadian glucose metabolism™”’.
Iron modulates peroxisome proliferator-activated rece-
ptor gamma coactivator 1 alpha (PGC-1 alpha), which
affects hepatic heme through transcriptional activator of
aminolevulinic acid synthase 1. Iron has a pivotal role
in circadian rhythmicity through being bound to many
circadian transcription factors. The levels of hepatic iron
were kept within the physiological limits to avoid the
known adverse effects of pathological hepatic overload
as in hemochromatosis. Higher (physiological range)
intake of iron altered the circadian rhythm of glucose and
gluconeogenesis mediated through oxidative stress™®,

In addition to iron, dietary fat and carbohydrate
content also influence human clock genes. To clarify
whether common dietary components can influence
circadian rhythms, diurnal patterns of clone and other
genes were studied in 29 non-obese healthy subjects. A
baseline and one and six week switch of diets was studied
(high carbohydrate-low fat diet and low carbohydrate-
high fat isocaloric diet)*”’. Salivary cortisol showed a
phase delay one and six weeks after dietary switch.
Alterations were found in core clock genes by this switch
(PER1, PER2, PER3 and TEF) along with inflammatory
genes (CD14, CD180, NFKBIA, IL-1B)*". Non-oscillating
genes involved in energy and fat metabolism were also
altered (SIRT1, ACOX3, IDH3A). Dietary carbohydrate
and fat were thus shown to alter clock and other genes
involved in energy metabolism (Table 1).

SHIFT WORK

In the modern context, shift work is by far the most
common cause for disturbed sleep and the consequent
adverse health consequences. The effects may not
be reversible, with persistent adverse cardiovascular
outcomes documented on follow up™. As alluded to
earlier, light-dark asynchronization accelerates weight
gain in both animal models and in humans. The me-
chanistic explanations involved alteration in eating
behavior, changes in hormones, alterations of melatonin,
stress response due to lack of proper sleep. In addition
recent evidence suggests that dysregulation of human
transcriptome and metabolome could also contribute to
adverse outcomes in shift workers™,

Another possible target in treatment strategies is the
serotonin and serotonin transporter gene variant. Platelet
5-HT, 5-hydroxyindoleacetic acid (5-HIAA) and functional
polymorphism of serotonin transporter gene (SLC64A)
promoter were studied in rotating shift workers (n: 246)
and in controls (n: 437 workers in day shift). There was
a difference in platelet 5-HT between the two groups.
5-HIAA was higher in day workers®®., Similar differences
in genotype distribution were found in SLCA4 promoter.
It is possible to design drugs that can act at the serotonin
pathway to manage adverse effects of shift work.
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Table 1 Other pathways influencing sleep

Stress hormones

Cortisol, metanephrine, normetanephrine
Sympathetic nervous system
Menstrual cycle
Decreased energy expenditure by artificial light
Reproductive hormones in women
Dietary iron

SLEEP CHRONOTYPE

The concept of chronotype has been applied in humans
to the onset of sleep. It is defined as a “construct that
captures an individual’s preference for being a ‘morning’
or ‘evening’ person”™!, A recent study from Korea
showed that at the level of population, an evening
chronotype was associated with metabolic syndrome
and diabetes, independent of other factors®™?. This was
attributed to disturbed circadian rhythm impacting on
metabolic regulation.

Improved work efficiency comes with the cost of
adverse health outcomes, which must therefore be
carefully balanced so that the risks do not outbalance
the advantages®..

SLEEP HYGIENE

Considering the overriding importance of adequate
quality and quantity of sleep, a variety of ways have
been devised to tackle this problem. They essentially
involve avoiding stimulants at bedtime, proper sleep
environment and in attempting to keep a regular sleep
time!®!. In addition exercise if performed later in the day
must be at least two hours before bedtime. Sleeping
environment must be undisturbed, quiet, dark and
comfortable.

CONCLUSION

Sleep has multifactorial “*macro” dimensions involving
work and sleep hours, socioeconomic and health habits
in addition to health®™, Such cross disciplinary studies
extend to interesting observation in black bears during
hibernation, which conserve energy and bone mass.
A reciprocal balance between bone resorption and
formation during hibernation of bears was suggested to
contribute to conservation of energy™. From a macro
perspective, multilevel analyses in genomics have
been proposed to study circadian rhythms in relation
to mood™!, Ultimately the concept of homeostasis has
evolved from being a constant steady-state to a “constant
steady rhythm”, linked by a network of mechanisms
involving molecular clocks spanning gene transcription,
metabolism, reproduction and behavior*®®, Establishment
of this steady rhythm by balancing health vs productivity
requires search further research. Currently it is a work in
progress.
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