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Abstract

Diabetes mellitus is a chronic, life-threatening metabolic
disorder that occurs worldwide. Despite an increase in
the knowledge of the risk factors that are associated
with diabetes mellitus, its worldwide prevalence has co-
ntinued to rise; thus, necessitating more research into
its aetiology. Recent researches are beginning to link
a dysregulation of the circadian rhythm to impairment
of intermediary metabolism; with evidences that ci-
rcadian rhythm dysfunction might play an important
role in the aetiology, course or prognosis of some cases
of diabetes mellitus. These evidences thereby suggest
possible relationships between the circadian rhythm
regulator melatonin, and diabetes mellitus. In this re-
view, we discuss the roles of the circadian rhythm in
the regulation of the metabolism of carbohydrates and
other macronutrients; with emphasis on the importance
of melatonin and the impacts of its deficiency on car-
bohydrate homeostasis. Also, the possibility of using
melatonin and its analogs for the “prophylaxis” or ma-
nagement of diabetes mellitus is also considered.

Key words: Chronobiology; Dysmetabolism; Insulin;
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Core tip: Diabetes mellitus is a chronic, life-threatening
metabolic disorder with a huge disease burden and
rising global prevalence that is nearing epidemic pr-
oportions. Research has continued to reveal the imp-
ortance of circadian rhythm and the neurohormone me-
latonin in the regulation of carbohydrate metabolism.
More studies are also revealing the potential roles of
melatonin in the pathogenesis, management and mod-
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ulation of the course of diabetes mellitus; especially
type 2 diabetes mellitus. Presently, an array of potential
mechanisms exists for melatonin’s roles in diabetes
mellitus; however, a complete picture of this is yet to
emerge.
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INTRODUCTION

Diabetes mellitus is a chronic, life-threatening metabolic
disorder with a huge disease burden and rising global
prevalence that is nearing epidemic proportions™. According
to the World Health Organisation (WHO) diabetes factsheet
(which was updated in November 2017), in 2014, 8.5% of
adults aged 18 years and older had diabetes mellitus; also,
diabetes mellitus accounted directly for about 1.6 million
deaths in 2015, There have also been projections that
diabetes mellitus will be the seventh leading cause of
death by 2030™%. As a disorder, diabetes mellitus is
associated with increasing morbidity; accounting for a
two- to three-fold increase in the risk of cardiovascular
and cerebrovascular disease amongst adults™. About
2.6% of global blindness has been attributed to diabetes
mellitus', and it has also been reported to be a leading
cause of chronic kidney disease.

Presently, management of type 1 diabetes mellitus
(T1DM) relies largely on insulin replacement, while th-
at of T2DM is largely dependent on the use of drugs
belonging to classes such as biguanides, sulfonylure-
as, meglitinides, intestinal brush border glucosidase
inhibitors and thiazolidinediones. However, cost is a
major limitation to the use of drugs (especially in low-
income countries); also, there is the risk of side-effects
like weight gain, heart failure and gastrointestinal dis-
turbances®. The need to drastically reduce the global
prevalence of T2DM necessitates a widening of the
search for aetiological factors; and over the last two
decades, a growing body of evidence has increasingly
suggested the role of the biological clock and multiple
clock genes in metabolic homeostasis. Data from ep-
idemiological studies have also shown a correlation
between circadian dysregulation (due to urbanisation
and/or shift-work) and an increase in the prevalence of
cardiovascular disease, cancers, inflammatory disorders,
obesity, and diabetes mellitus”®. Along this line, both
human and rodent studies have demonstrated such
relationships. Scheer et al™® examined the effects of
circadian misalignment between the behavioural cycle
(feeding/fasting, sleep/wake) and the endogenous
circadian rhythm, on metabolic and endocrine predi-
ctors of obesity, diabetes, and cardiovascular risk in
humans; in their study, they demonstrated that circ-
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adian misalignment that occurs acutely (with jet lag)
or chronically (with shift-work) was associated with an
increased cardiometabolic risk™®. Genetic polymorphi-
sms involving circadian clock genes and/or circadian
locomotor output cycles kaput genes have been linked
to the development of metabolic syndrome, obesity,
T2DM and hypertension™**.. In-vivo or in-vitro rodent
studies have also demonstrated a possible link between
the disruption of the circadian rhythm™ or disruption
of certain components of the clock genes!'® and the de-
velopment of hypoinsulinaemia and T2DM.

Evidences demonstrating the importance of chr-
onobiology in intermediary metabolism and the dev-
elopment of diabetes mellitus have also raised que-
stions about the impact that melatonin (a regulator
of the circadian rhythm) and its receptors may have
on the aetiology, prognosis, prevention and treatment
of diabetes mellitus. Certain studies in rodents have
reported that melatonin inhibits insulin secretion from
beta-cells via its interactions with MT1 and/or MT2 re-
ceptors on the beta cell-surface™”’; however, in humans,
studies using reverse transcription-polymerase chain
reaction demonstrated that human islets expressed
mRNAs coding for both melatonin (MT1 and MT2) re-
ceptors!'®, Results of single-cell microfluorimetry have
also suggested that the expression of MT1 receptor
mRNA occurred only on alpha-cells and not on beta-
cells™. An infusion of exogenous melatonin into dis-
sociated human islet cells and perfused human islets,
increased intracellular calcium and glucagon secretion
respectively™. Genetic mapping and genome-wide
association studies have also demonstrated strong
associations between the gene for melatonin type 2
receptor (MTNR1B) which is expressed in the pancreat-
ic beta-cells (amongst other tissues), and an increased
risk for T2DM!"#2%*11 Again, there have been reports of
impaired glucose tolerance following acute melatonin ad-
ministration'??). However, a few other studies have also
demonstrated that melatonin receptor signalling in p-cell
reduced oxidative stress response, militated against
proteotoxicity-induced B-cell apoptosis, and restored
glucose-stimulated insulin secretion in normal islets ex-
posed to chronic hyperglycaemia or in type 2 diabetes
islets™,

There is a growing body of knowledge associating
alterations in circadian rhythms, circadian genes, me-
latonin and melatonin receptors with derangement of
intermediary metabolism and the development of dia-
betes mellitus. While the implication of this advance
in knowledge for the prevention and therapeutic man-
agement of diabetes mellitus is evolving, there are
strong indications that B-cell melatonin receptor 2 sig-
nalling is relevant for the regulation of p-cell survival and
function; and by extension, may also be important in
T2DM®., In this review, we examine relevant literature
for the roles of the circadian rhythm in the physiologic-
al regulation of carbohydrates, with emphasis on the
importance of melatonin in this capacity. The impacts
of melatonin deficiency on carbohydrate homeostasis
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Figure 1 Pathophysiology of type 2 diabetes mellitus.

are also discussed. Finally, the possibility of utilising
melatonin and its analogues for the “prophylaxis” and
treatment of diabetes mellitus are also considered.

Pathogenesis and molecular basis of T2DM

T2DM, which is characterised by impaired insulin sec-
retion (or sensitivity) and hyperglycaemia, has been
reported to account for greater than 90% of the to-
tal diabetes mellitus case-load®***!. It is a polygenic
metabolic disorder that results from the interaction of
environmental and genetic factors (Figure 1). These
factors include obesity®®?”), sedentary lifestyle, high-
calorie diet® and sleep deprivation'®®!, Recently, reports
from epidemiological and animal studies have suggest-
ed that increased presence of endocrine disruptors like
pesticides, dioxins and bisphenol A in the environment
may predispose to insulin resistance, alteration of p-cell
function and impairment of glucose homeostasis®®®.
While reports from genome-wide association studies
have demonstrated strong associations between T2DM
and over 100 gene variants that are located at four
loci®; the peroxisome proliferator-activated receptor
gamma gene (PPARG), which encodes the nuclear rec-
eptor PPAR-y was the first candidate gene associated
with T2DMP?, Variants of this gene that are expressed
in adipose tissue have also been linked to increased tr-
anscriptional activity, increased insulin sensitivity and
protection against T2DM®**4, A number of candidate
gene variants including the E23K polymorphisms in KC-
NJ11 and P12A in PPARG (that have been associated
with an increased risk for T2DM)*! have also been
discovered through candidate association studies®**.,
Studies have also shown that loss-of-function mutations
involving KCNJ11 and ABCC8 candidate genes are im-
plicated in hyperinsulinemia in infancy™®.

There have been reports that gut microbiota are im-
portant in the maintenance of gastrointestinal mucosa
permeability, metabolism of dietary polysaccharides (to
produce short-chain fatty acids) and the regulation of
fat accumulation®”. These functions make them crucial
to the development of obesity and obesity-related di-
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seasest. Differences in gut microbiome between lean
and obese subjects have also been reported™; with su-
ggestions that an important role exists for gut bacteria
(and possibly their end-products) in intermediary me-
tabolism. Studies have also demonstrated that alterat-
ion in gut microbiota is associated with the development
of T2DM and its complications*”’. The importance of
gut microbiome to T2DM is affirmed by studies that
have shown that transplantation of faecal microbiome
from lean donors to subjects with insulin-resistance
results in beneficial metabolic changes™". Studies in
rodents have also demonstrated that modulation of
the gut microbiome may also be beneficial in T2DM ma-
nagement*?.

A growing body of evidence suggests an important
role for adipose tissue and lipotoxicity in T2DM. Presently,
adipose tissue is considered an endocrine organ wh-
ich influences lipid and glucose metabolism**4, Dys-
functional adipose tissue (characterised by adipocyte
hypertrophy, impaired insulin signalling and insulin
resistance) results in the release of inflammatory ad-
ipokines and large amounts of free fatty acids; causing
fat accumulation and lipotoxicity in organs involved in
glucose metabolism such as liver, muscle and pancreatic
beta cells!*>*”), Reports from a number of human and
animal studies have also demonstrated the importance
of brown adipose tissue in glucose homeostasis and the
regulation of energy expenditure; with the possibility of
brown adipose tissue becoming a therapeutic target!*®>",

Another area of extensive research into the pat-
hophysiology of T2DM is the role that oxidative stress
plays in the pathogenesis of micro- and macro-vascular
diabetic complications™". It is believed that oxidative
stress (via a common mechanism that involves the pr-
oduction of superoxide, and the inactivation of endothel-
ial nitric oxide synthase and prostacyclin synthase)
leads to the development of B-cell dysfunction, insulin
resistance, impaired glucose tolerance, and T2DMP*,
There have also been suggestions of the involvement
of this common mechanism in the development of bo-
th microvascular and macrovascular complications as-
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sociated with T2DMP***, Studies have also shown that
T2DM associated increase in oxidative stress occurs as
a consequence of hyperglycaemia, hyperinsulinaemia,
insulin resistance, and dyslipidaemia™".

CIRCADIAN RHYTHM

The circadian rhythms can be defined as endogeno-
us rhythms (with behavioural and physiological co-
mponents) that have a periodicity of about 24 h, and
are synchronised through both photic and nonphotic
stimuli®. These rhythms are known to control impo-
rtant biological processes, including sleep-wake cycle,
hormone secretion, body temperature regulation, fe-
eding/energy homeostasis, and cell-cycle regulation.
The circadian system is composed of a master clock
which is located in the suprachiasmatic nucleus (SCN)
of the hypothalamus and a number of peripheral clo-
cks, which together regulate daily variations in many
biological processes™. The suprachiasmatic nucleus is
responsible for generating the circadian rhythms and
as such is referred to as the endogenous biological pa-
cemaker™”, Daily adjustments of the timing of the SCN
following exposure to stimuli (zeitgebers) which signals
time of day helps to achieve synchrony with the earth’
s rotation. A loss of the coordination of these rhythms
is known to negatively impact body physiology and
behaviours™,

Anatomically, the SCN is a bilateral structure that
contains over 20000 neurons and is a central compo-
nent of the circadian timing system™®. It receives
input pathways for light and other stimuli that are im-
portant in the synchronisation of the pacemaker to the
environment; output rhythms are in turn regulated by
the pacemaker™. Direct (retinohypothalamic) and ind-
irect (retinogeniculate) photic information to the SCN
comes from the retina™®. Retinohypothalamic photic
information originates from the ganglion cells of the
retina (which contain melanopsin, and are regarded as
the primary photoreceptors for the circadian system),
nonphotic information comes from the raphe nuclei, wh-
ile other afferents come from the pons, medulla, basal
forebrain and posterior hypothalamus™.. Arising from
the SCN, major efferents project to areas such as the
hypothalamus (dorsomedial, subparaventricular zone
and the paraventricular nucleus), thalamus, preoptic/
retrochiasmatic areas, stria terminalis, lateral septum,
and intergeniculate nucleus®!. Gamma-amino butyric
acid is the dominant neurotransmitter that is found in
the SCN; however, the SCN core contains vasoactive
intestinal polypeptide, gastrin-releasing peptide and
bombesin-containing neurons, while somatostatin and
neurophysin are predominant within the shell®®.

Circadian timing is affected by several zeitgebers
including light, feeding schedules, activity, and the ho-
rmone melatonin; of these, light is considered of utmost
importance, and the most potent stimulus®. Light also
modulates pineal gland melatonin secretion through
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regulation by the SCN, with peak secretion occurring in
the middle of the night™”. Another important marker of
internal time (especially during periods of low ambient
light) is the circadian rhythm of pineal melatonin. The
timing of the endogenous circadian rhythm can be de-
termined by dim light melatonin onset (DLMO) which is
regarded as a stable marker of the circadian phase™”.
Melatonin is also associated with the maintenance of
sleep propensity rhythm in humans, and as such, it is
considered a modulator of internal sleep®. There is al-
so evidence suggesting that exogenous melatonin can
induce phase shifts in the circadian clock™.

The genetic control of the circadian rhythms is de-
termined by a core set of clock genes which interact
with their own products to form a number of molecular
feedback loops, which regulate the circadian rhythm™®®.
These genes include three period (Per) homolog genes
(Perl; Per2; Per3), two plant cryptochrome gene ho-
mologs (Cryland Cry2), the circadian locomotor output
cycles kaput gene (Clock) and the cycle gene (Bmal1)*°.
The interactions of these genes and their products fo-
rm transcription-translation (molecular) feedback loops
that generate the circadian rhythm, and also controls
the temporal expression of a number of clock-controlled
genes®,

Circadian rhythm dysregulation and intermediary
metabolism
The circadian rhythm is a conserved timing system that
modulates behavioural and physiological process to
24-h environmental cycles® %, 1t is generally accepted
that the circadian rhythm depends on zeitgebers or cues
for the daily adjustments of its timing; as such, daily
cycles of activity/feeding and the biological/molecular
rhythm assist in the maintenance of energy homeostas-
is, linking the circadian clock to metabolic systems™,
It is known that the molecular clock is present in all
metabolic tissues including the liver, intestine, adipose
tissue, heart, and retina®?. This master clock in the
SCN works in synchrony with the peripheral clocks,
and together, they regulate cellular and physiological
functions™. Some of these functions which include
metabolism and energy homeostasis occur through
organs such as the liver, and other peripheral tissues.
A part of this task is achieved by regulating the ex-
pression and/or activity of certain key metabolic en-
zymes and transport systems that are involved in the
lipogenic and adipogenic pathways®®®*!, However, this
relationship is bidirectional, with the metabolic enzym-
es and transcription activators also interacting with and
affecting the clock mechanism. An understanding of this
relationship is crucial to appreciating how abnormalities
such as mutations in clock genes can disrupt cellular
rhythmicity and metabolic homeostasis. Also, clinical
studies that focus on shift workers and obese patients
further illuminate the link between the circadian clock
and energy metabolism®*®*!,

There are strong indications that circadian misa-
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lignment (or dysfunction) is an emerging risk factor
for metabolic diseases'®”. Studies have shown that
variations in diet or dietary intake may influence the
circadian rhythm of feeding/activity; and this in turn
modulates the biological or molecular clock!®®. A numb-
er of studies have also associated circadian rhythm
disruption and sleep loss/deprivation with obesity™*®”.,
Studies in humans who are on night-time shift work
also demonstrated that strong associations exist bet-
ween alterations in circadian rhythm and metabolic
parameters such as increased body mass, increased
plasma lipid, and glucose levels'® ", Karatsoreos et af’™
reported that chronically housing mice in an environment
with shortened light/dark cycle resulted in weight gain,
alteration of body temperature rhythms, and increased
plasma levels of leptin and insulin”*. Several disorders
relating to human psychology and sleep have also been
associated with abnormal functioning of the master bi-
ological clock. A number of the core hormones that are
involved in nutrient metabolism (including insulin, glucagon,
adiponectin, corticosterone, leptin and ghrelin) have been
shown to undergo circadian oscillation in their levels and
activities”*”*. Studies have also demonstrated that the
molecular clock controls mitochondrial posttranslational
modification and oxidative metabolism"”>. The molecul-
ar clock controls cellular metabolism through its ability
to direct the rhythmic synthesis of nicotinamide adeni-
ne dinucleotide (NAD"), which is a metabolic cofactor.
NAD"* subsequently modulates the activity of the protein
deacetylase, sirtuin 1 (SIRT1), which controls cellular
metabolism via a feedback loop"”®”®. These nutrient
sensors relay information about the cellular nutrient st-
atus to the circadian clock, and modulate the activity of
clock genes. For example, while the oxidised forms of
sodium dehydrogenase (NAD") redox co-factor inhibits
the activity of heterodimers of circadian clock genes like
Clock/Bmall and Npas2/Bmall; the reduced forms
(NADH) increases their activity””®’. Others, like AMP
kinase have also been shown to regulate expression of
clock genest®®, Studies in which deletions or mutations
in the clock genes result in disruption of the cellular
rhythm also provide strong evidence of the cross-talk
that occurs between the circadian clock and metabolism.

There are also reports suggesting that key proteins
may be involved in the regulation of the core clock me-
chanism and adipose tissue metabolism; thereby linking
the circadian rhythms with lipid metabolism'®. The role
of the circadian clock in the regulation of adipose tissue
differentiation has been considered™. In-vitro and in-
vivo studies have also been used to examine the role of
the circadian rhythm in adipocyte physiology. Studies
involving cell lines in which clock genes transcription
factors like Bmall or Rev-Erbo. (a nuclear receptor wh-
ich suppresses Bmall expression) were knocked out
reported inhibition of adipocyte differentiation®>®;
while those involving mutations of clock components
like Per2®® or retinoid orphan receptor o/*°” were as-
sociated with an increase in adipogenesis, with these
effects mediated by PPARy®"*?), Studies in male mice
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have also demonstrated that the rhythm of expression
of the clock genes and adipose PPARy are decreased by
the consumption of high-fat diet™?.

Circadian rhythm and glucose control: Like all oth-
er aspects of intermediary metabolism, blood glucose
homeostasis is also under circadian regulation; with
variations in blood glucose levels occurring with the ch-
anges in external synchronisers (activity/feeding and
resting/starvation)®*. During the activity/feeding phase,
blood glucose levels are maintained from dietary intake;
whereas, during the resting/starvation period, there is
a progressive recruitment of glucose from endogeno-
us glucose sources in the liver to maintain blood levels
within a relatively narrow margin®". The liver also alte-
rnates between glycogenolysis and glycogenesis®®>®°,
Studies have also shown that daily blood glucose co-
ntrol is also modulated by both the central circadian
clock in the SCN as well as by peripheral clocks in the
pancreas, liver, muscle and white adipose tissue. This
is affirmed by studies in humans, that have observ-
ed differences in glycaemic response between meal
studies conducted in the morning and those in the
evening®” ¥, This alteration in glycaemic control had
been attributed to circadian variations in insulin secre-
tion and an increase in hepatic or peripheral insulin re-
sistance®™*!, Studies using animal models have also
shown that insulin secretion follows a rhythmicity that
is regulated by peripheral pancreatic p-cell clocks™®. In
humans there have been reports that the set-point for
the regulation of the 24-h pulsatile secretion of insulin
is higher in obese subjects, T2DM subjects, and their
non-diabetic first degree relative!’®'®! compared to
the general population. Studies using different animal
models of circadian clock gene dysfunction (ClockA19,
Cry1 and Cry2, Bmall) have also reported evidence of
hyperglycaemia, increased insulin sensitivity or impaired
insulin secretion™®*%*1%%,

Gut hormones which are very important in mod-
ulating gastric emptying and maintaining glucose ho-
meostasis, like the anorexigenic peptides (glucagon,
insulin, glucose inhibitory peptide, glucagon-like pep-
tide-1, amylin, peptide YY) and the orexigenic hormone
ghrelin have also been shown to fluctuate with activity/
feeding and resting/starvation periods. The variations in
their activity pattern are also under circadian control and
as such may be altered by circadian disruptors, including
altered meal times, dietary compositions and constant
light exposure!!®®7,

There are evidences supporting the existence of a
relationship between gut microbiota and the circadian
system; and presently, it is known that intestinal mi-
crobiome is regulated by circadian rhythms through
the intrinsic circadian clocks™®, This regulation affects
host metabolic function through alteration of microbial
community structure as well as their metabolic activit-
ies. Up to one-fifth of human gut bacteria exhibit diurnal
variations in their activities and abundance; and some
species, like Enterobacter aerogenes had been shown
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to be responsive to the circadian fluctuations in the
hormone melatonin™®, Alterations in the balance of
this relationship can lead to changes in the activities
and relative composition of gut microbiota. Finally, abn-
ormalities in composition and activities of gut microbi-
ota had been linked to insulin resistance and diabetes
mellitus through several mechanisms, such as regulation
of adiposity/obesity, regulation of the immune system,
modulation of inflammatory processes, and extraction of
energy from the diet"®,

Circadian rhythm dysfunction, sleep and T2DM

A number of studies have demonstrated that a dy-
sregulation of the internal circadian clock system or
discordance with the external environmental cues has
deleterious health consequences, with an associated
increase in morbidity and mortality in humans®. Incre-
asingly, results from epidemiological'****! and animal®>**’
studies continue to show associations between circadian
rhythm dysfunction (that occur due to sleep loss, shift
work or nocturnal lifestyle) and the development of T2-
DM®** (Figure 2). An in-vitro study using rat pancreatic
islets revealed that exposure of the islets to continuous
light was associated with a disruption of the circadian cl-
ock function and reduction in glucose-stimulated insulin
secretion, due to a decrease in insulin secretory pulse
mass!''?. Also, there have been reports that a disruption
of circadian rhythm could induce abnormal insulin re-
lease in people at risk of developing T2DM. Gale et af*
examined the metabolic and physiological changes
associated with T2DM following circadian rhythm dy-
sfunction in wild-type, Sprague Dawley and diabetes-
prone human islet amyloid polypeptide transgenic rats
that were exposed to prolonged episodes of normal light
(or experimental disruption in the light-dark cycle), and
reported that circadian rhythm disruption accelerated
the development of diabetes in diabetes-prone rats,
but not in wild-type rats™!; an effect that has been
attributed to pancreatic B-cell loss and dysfunction'™.
Marcheva et af'® reported that disruption of the clock
gene components (Clock and Bmall) was associated
with delays in the phase of oscillation of islet genes that
were involved in islet cell growth, glucose metabolism
and insulin signalling; resulting in impaired glucose tol-
erance, reduction in insulin secretion, and alterations in
the size and proliferation of pancreatic islets!®.. They also
demonstrated that conditional ablation of the pancreatic
clock resulted in the development of diabetes mellitus
via alteration in B-cell function®. Also, there have been
suggestions and experimental evidence to show that the
mammialian islet clock was responsible for regulating the
expression of genes that are involved in sensing glucose
levels, insulin secretion, as well as islet cell growth and
development{*¢**3,

While we gain new insights into the pathophysiology
of T2DM, and continue to understand the roles played
by the circadian rhythm!*>*%***!: there is ample scientific
evidence to show that a disruption of circadian rhythms
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alters not only the body weight and adiposity, but it
also affects glucose metabolism and glycaemic control.
While the magnitude of these effects (as it relates to
the development and progression of T2DM) continues
to be studied, it is also important to continue to in-
vestigate their precise mechanisms, and to determine
the relevance of this new knowledge to the therapy and
prevention of T2DM.

There appears to be strong relationships between
certain sleep parameters and the risk of development of
diabetes mellitus. Along this line, numerous evidences
from both epidemiological and laboratory studies have
continued to reveal and support the fact that poor sleep
is strongly associated with the development of glucose-
intolerance, insulin resistance, and ultimately T2DM!"*,

In a community-based study of adults of both sexes
in Xuzhou, China; it was found that after adjustment
for a large number of possible aetiological factors, po-
or sleep-quality and short (< 6h) sleep duration were
significantly associated with increased prevalence of
diabetes mellitus, when compared with the group of
people with good quality of sleep and longer (6-8 h) ov-
ernight sleep duration™™!. Again, poor sleep has been
known to be associated poor glycaemic control in T2DM
patients. In a Japanese study involving 3249 patients
with T2DM; an assessment of sleep, using the Pittsburgh
Sleep Quality Index (PSQI) showed that (independent of
potential confounders) poor subjective sleep quality was
associated with less-than-optimal glycaemic control™*®,

MELATONIN

Melatonin is a tryptophan-derived indoleamine which is
primarily secreted by the pineal gland, with contributio-
ns from a number of other tissues including the retina,
bone marrow, gastrointestinal tract, skin, ovary and pl-
acenta™”'*®l, The extra-pineal contribution to melatonin
production is small when compared to secretion from the
pineal gland; with suggestions that it is only triggered
by some specific impulses*?), Melatonin secretion is
regulated by the central circadian clock, as well as by
seasonal variations in length of daylight. Production is
acutely suppressed by exposure to light, with increased
secretion occurring at night in both nocturnal and diurnal
species. Plasma concentrations of endogenous melatonin
also vary considerably with age!*®**??!, Melatonin is a
multifunctional molecule that is capable of intracrine,
paracrine or autocrine signalling™'”. It can cross all ph-
ysiological barriers and exert widespread regulatory ef-
fects on numerous body tissues. Melatonin is important
in the regulation of biologic rhythms!**®!; and numerous
studies in humans and rodents have reported melatonin’s
widespread influence on varied biological and behaviou-
ral processes''**'?*), Melatonin plays important roles in
neurogenesis, neuroprotection and the maintenance of
oxidant/antioxidant balance™ ¥, A few studies have
also reported its role in diabetes control™®,
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Melatonin’s role in intermediary metabolism

There is increasing scientific evidence to suggest that
a derangement of melatonin rhythmicity may have ad-
verse health implications, especially as it relates to its
importance in modulating a variety of metabolic functions,
as well as its role as a regulator of epigenesis™*”. Studies
have demonstrated the presence of high concentrations
of extra-pineal melatonin in the gastrointestinal tract
(GIT) of a number of mammals**!, There had also be-
en reports suggesting that extra-pineal melatonin from
the GIT contributes significantly to circulating blood mel-
atonin levels (mostly during the day)!**"; although there
are evidences to suggest that some of the melatonin
in the GIT may be pineal in origin. However; there are
reports suggesting that the release of GIT melatonin
may be related to the periodicity of food intake rather
than being photoperiodic, as occurs with melatonin from
the pineal gland™Y, These evidences are stimulating in-
terest in investigating the possible relationship that may
exist between melatonin in the GIT and metabolism;
especially, since a number of studies in vertebrates had
demonstrated exogenous melatonin‘s ability to modulate
appetite, energy metabolism, anorexigenic hormone/
peptide concentration, and body weight™*™"*%. Earlier
studies evaluating melatonin’s relationship with the GIT
and intermediary metabolism reported alterations in the
overall food consumption in mice following administrat-
ion of exogenous melatonin; while a few other studi-
es also demonstrated an increase in tissue and blood
melatonin levels with food intake and prolonged food
deprivation!****!, Studies in zebrafish (Danio rerio) had
also demonstrated that melatonin administration ind-
uced a decrease in food intake, it also modulated the
stimulation of satiety and anorexigenic signals in the liv-
er and intestine*!, However, a number of studies have
suggested that melatonin’s roles in appetite modulation
may arise from different mechanisms; with suggestions
that its anorexigenic effects could be as a result of
its ability to delay gastric emptying™”**® or via its sti-
mulatory activity on fat mobilisation™***°!, A humber of
other studies in fish have also reported that melatonin's
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ability to reduce food consumption may be related to
circadian rhythm stimulation (i.e., its ability to promote
sleep), and not necessarily due to a direct effect of the
hormone™*!..

Melatonin, melatonin receptors, glucose metabolism
and T2DM

A number of studies have provided evidence that
melatonin influences glucose metabolism. In healthy
subjects, glucose homeostasis is controlled within a
narrow margin via a complex pathway of regulatory
mechanisms that involves multiple organs and tissues
(Figure 3). Therefore, a disruption of normal glucose ba-
lance usually results from a sustained reduction in both
pancreatic beta-cell function and insulin secretion™****3,
In rodents, melatonin has been shown to regulate blood
glucose concentration through its ability to bind directly
to melatonin receptors on hepatocytes**! and regulate
the uptake of glucose in adipocytes, by modulating the
expression of the glucose uptake transporter™*!, Ab-
normalities of the nocturnal melatonin profile have also
been described in diabetic patients, especially in those
suffering from diabetic neuropathy™®. Low melatonin
secretion is also independently associated with a high-
er risk of developing T2DM; an association that further
establishes the roles of melatonin in glucose metaboli-
sm and insulin sensitivity™*”). Post mortem studies
have also indicated an association between diabetes
mellitus and decreased melatonin secretion™*!; while
some in-vivo and in-vitro studies have demonstrated
melatonin’s ability to inhibit the secretion of insulin by
pancreatic beta-cells*!. Presently, a growing body of
evidence suggests a relationship between disturbances
in melatonin production and impairment of insulin, gluc-
ose and lipid metabolism!****”: and that of antioxidant
capacity™******?, Results from both in-vivo and in-vit-
ro studies have shown that in patients with metabolic
syndrome, night-time melatonin level is related to night-
time insulin concentrations'***!. There have also been
reports of lower elevations in night-time melatonin levels
in diabetic subjects; raising interests in the link between
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melatonin and hyperglycaemia/diabetes mellitus™**.

Also, melatonin has been reported to stimulate the se-
cretion of glucagon, another hormone that is important
in glucose metabolism!*>!,

Melatonin receptors (MT1 and MT2) have been ob-
served to be present in rodent™****® and humant&%*
pancreatic islets. The expression of these receptors also
varies with the circadian rhythm and feeding status!®”.
In humans, several genetic studies have associated
MT2 receptor polymorphisms with an increased risk of
developing T2DM™, Associations between single nu-
cleotide polymorphisms that are situated close to (or
within) the gene that encodes MT2 (MTNR1B), and an
increased risk of developing T2DM[*8*¢*1621 " diminished
B-cell function!*****" and impaired glycaemic control!**>*”}
have all been reported in cohorts of different regions and
ethnicities. Studies have also demonstrated an increase
in the expression of MT1 and MT2 receptors in the pan-
crease of diabetic rats and in subjects with T2DM!*¢®!,

Melatonin’s potential roles in prophylaxis or tre-
atment: Experimental and clinical data continue to
suggest that both endogenous as well as exogenously-
administered melatonin play crucial roles in the impr-
ovement of diabetes control. In a rat model of diab-
etes mellitus, long-term administration of melatonin
(1.1 mg/d for 30 wk) attenuated the development
of hypertriglyceridaemia, hyperinsulinaemia and hyp-
erleptinaemia*®®. In a study among community-dwe-
lling diabetics, the effect of administration of 2 mg of
prolonged-release melatonin (at 9-11 pm for 3 wk) on
glucose and lipid metabolism was investigated™*®. This
initial administration was followed by an extended period
of five months of open-label, prolonged-release melato-
nin administration to evaluate the effects of prolonged-
release melatonin on glycosylated haemoglobin (HbA1c)
levels!**®), The results established the safety of prolonged-
release melatonin with regards to parameters such as
glucose, lipid metabolism, and other routine biochemical
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indices; also, there were no adverse interactions with
routinely-used anti-diabetic drugs, or insulin release!**,
In an earlier study involving twenty-two postmenopausal
non-diabetic women, the results suggested that glucose
tolerance and insulin sensitivity are reduced following
a single oral administration of melatonin 1 mg"”®". Ho-
wever, in diabetic women, use of prolonged-release mel-
atonin (in the short term or long term) did not impair
insulin action or glucose tolerance; on the contrary, there
was improved glycaemic control upon long-term use™*,
A few other studies have demonstrated that melatonin
plus zinc acetate alone, or in combination with metformin
improved both fasting and postprandial glycaemic control
in T2DM patientst”",

Presently, research continues to unravel the muilt-
ifaceted effects of melatonin on intermediary metabol-
ism, especially that of glucose; with direct evidences of
melatonin’s effects on insulin secretion, pancreatic beta
cell activity, hepatic glucose metabolism and insulin sen-
sitivity!’?. Apart from these, melatonin also combats
cellular/tissue oxidative stress and inflammation. Therefo-
re, by the modulation of several intracellular signalling
pathways and tissue targets, melatonin is emerging to
occupy a central role in the understanding of the aet-
iology and management of diabetes mellitus!'’!.

Melatonin receptors (MT1 and MT2) have been sh-
own to be present on human pancreatic islets, and
the effects of melatonin on insulin secretion are med-
iated through these receptors!”’. Melatonin is able to
affect insulin secretion in two ways, decreasing it by
inhibiting cAMP and cGMP pathways, and increasing it
by activating the phospholipase C/Inositol triphosphate
pathway, which mobilises calcium ions from organelles,
consequently increasing insulin secretion. Melatonin also
induces production of insulin growth factor and promotes
insulin receptor tyrosine phosphorylation; while its sup-
plementation attenuates glucose intolerance and insulin
resistance!”’,

The use of melatonin in the pharmacotherapy of
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diabetes mellitus may confer additional benefits over
what is obtainable with conventional drugs alone. This
is due to its ability to affect several pathways that may
be involved in the pathogenesis or progression of the
disease. In an experimental model designed to express
obese T2DM phenotype, rats with concomitant circadian
disruption and diet-induced obesity were treated daily
with oral melatonin, metformin, or a combination of the
two for 12 wk!’%. It was observed that melatonin alone
improved circadian activity/rhythms, attenuated inducti-
on of beta-cell failure, and enhanced glucose tolerance.
Use of metformin alone only enhanced insulin sensitivity
and glucose tolerance. However, combining melatonin
with metformin attenuated progression of metabolic
dysfunction by improving adiposity, circadian activity,
insulin sensitivity, and islet cell failure™. The results su-
ggest that attenuation or arrest of circadian dysfunction
may be crucial to managing metabolic dysfunction and
altering the course of the disease in T2DM. In mice that
were given high-fat diet (HFD), oral melatonin at 100
mg/kg per day (for 10 wk) led to a significant reduction in
body weight-gain (compared to the HFD controls) and it
also reduced hepatic steatosis. Also, there was improved
insulin sensitivity and glucose tolerance, with down- re-
gulation of fetuin-A (a hepatokine that is associated with
insulin resistance and T2DM) and endoplasmic reticulum
stress markers in the liver and serum!*”.

One of the ways by which melatonin may be beneficial
in the management of T2DM and metabolic syndrome
is through its ability to reduce adiposity by modulation of
the gut microbiota. In mice that were fed high-fat diet,
melatonin treatment significantly reversed gut microbiota
dysbiosis, increasing the ratio of the bacteria that are
known to be associated with a healthy mucosa while also
improving markers of adiposity and inflammation™’®’,

Some studies have also assessed the impact of me-
latonin supplementation on the development of microv-
ascular and macrovascular complications of diabetes me-
llitus and concluded that melatonin has beneficial effects
in repairing cardiac injury due to diabetes mellitus!’”’.
Zhou et a'”® reported that inhibition of the splenic tyr-
osine kinase (which is activated by hyperglycaemia and
contributes significantly to the development of diabetic
cardiomyopathy) by melatonin supplementation revers-
ed diabetes-related loss of myocardial function, decreas-
ed cardiac fibrosis and preserved the viability of cardiac
myocytest'’®.,

There have been studies that had reported the infl-
uence of melatonin on mitochondrial bioenergetics due
to its ability to regulate mitochondrial fission/fusiont”®'"!
and regulate mitophagy/autophagy"®. In view of the
above, Ding et al'*®" examined the possible effects of
melatonin supplementation on the development of my-
ocardial contractile dysfunction (which has been linked
to an increase in mitochondrial fission in subjects with
diabetes mellitus), and reported that melatonin at-
tenuated diabetes-induced myocardial dysfunction by
decreasing the expression of dynamin-related protein
1, leading to the prevention of mitochondrial fission™®".
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Melatonin administration also prevented mitochondrial
fragmentation, decreased oxidative stress, and reduced
apoptosis of the cardiomyocyte in streptozotocin-induced
diabetic mice; however, these were not replicated in the
protein deacetylase sirtuin 1 (SIRT1)”" diabetic mice!*®!..
Thus, suggesting that melatonin’s cardioprotective effects
were exerted through its effects on SIRTI™",

Melatonin’s antioxidant or oxidative stress-reduction
effect is one of the benefits that have increased intere-
sts in its possible use in the management of diabetes
mellitus and its complications. Studies in rodents have
demonstrated that intraperitoneal administration of
melatonin (3 mg/kg per day for 4 wk) reduced lipid
peroxidation marker (malonyldialdehyde) and increas-
ed glutathione levels in the bone tissue of diabetic rats
subjected to acute swimming exercise™®, Mehrzadi
et al"'® also examined the effects of melatonin sup-
plementation on the development of diabetes-related
retinal injury in rats. Their results showed that while
induction of diabetes increased oxidative stress and
inflammation, treatment with melatonin for a period
of seven weeks attenuated the development of retinal
injury; largely through reduction of oxidative stress and
inflammation™®*. Studies in human subjects have also de-
monstrated that melatonin’s cardioprotective effects can
be attributed to its ability to reduce oxidative stress and
improve cardiometabolic risk!®*. In a randomised, double-
blind, placebo-controlled trial, two groups of subjects
were administered either melatonin (10 mg) or placebo,
once daily for 12 wk™®. Results of this study showed that
(compared to subjects that were administered placebo)
melatonin supplementation (in addition to its beneficial
effects on glycaemic control, reduction of insulin resistance
and improvement of insulin sensitivity) was associated
with an increase in the plasma concentration of glutathio-
ne, nitric oxide, high density lipoprotein; and a decrease
in the levels of malondialdehyde and serum C-reactive
protein!'®¥,

A few studies in rodents have also explored the po-
ssible use of melatonin as an adjunct to insulin therapy.
Oliveira et a'® reported that 8 weeks of administration
of melatonin in drinking water at 0.2 mg/kg body weig-
ht (either alone or in combination with insulin (NHP, 1.5
U/100 g/d) improved glycaemic control, increased insulin
sensitivity and reduced the expression of hypothalamic
genes that are related to reproductive function™®.

CONCLUSION

Research has continued to reveal the importance of
circadian rhythm regulation, and the neurohormone me-
latonin in the regulation of carbohydrate metabolism. More
studies are also revealing the potential roles of melatonin
in the pathogenesis, management and modulation of
the course of diabetes mellitus, especially T2DM; and as
shown by these studies, an array of possible mechanisms
exists for melatonin’s effects.

However, a complete picture of the role(s) of melaton-
in in the management of DM is yet to emerge. Also, we
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are yet to get to the point where melatonin and melato-
nin receptor agonists may be prescribed as adjuncts or
alternatives to already-existing orthodox medications. Fi-
nally, we are just beginning to understand how melatonin
may be used to prevent or delay the occurrence of diabet-
es mellitus.
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