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Abstract In mammals, the circadian timing system drives

rhythms of physiology and behaviour, including the daily

rhythms of feeding and activity. The timing system coordinates

temporal variation in the biochemical landscape with changes

in nutrient intake in order to optimise energy balance and main-

tain metabolic homeostasis. Circadian disruption (e.g. as a re-

sult of shift work or jet lag) can disturb this continuity and

increase the risk of cardiometabolic disease. Obesity and met-

abolic disease can also disturb the timing and amplitude of the

clock in multiple organ systems, further exacerbating disease

progression. As our understanding of the synergy between the

timing system and metabolism has grown, an interest has

emerged in the development of novel clock-targeting pharma-

ceuticals or nutraceuticals for the treatment of metabolic dys-

function. Recently, the pineal hormone melatonin has received

some attention as a potential chronotherapeutic drug for meta-

bolic disease. Melatonin is well known for its sleep-promoting

effects and putative activity as a chronobiotic drug, stimulating

coordination of biochemical oscillations through targeting the

internal timing system. Melatonin affects the insulin secretory

activity of the pancreatic beta cell, hepatic glucose metabolism

and insulin sensitivity. Individuals with type 2 diabetes mellitus

have lower night-time serum melatonin levels and increased

risk of comorbid sleep disturbances compared with healthy

individuals. Further, reduced melatonin levels, and mutations

and/or genetic polymorphisms of the melatonin receptors are

associated with an increased risk of developing type 2 diabetes.

Herein we review our understanding of molecular clock control

of glucose homeostasis, detail the influence of circadian disrup-

tion on glucose metabolism in critical peripheral tissues, ex-

plore the contribution of melatonin signalling to the aetiology

of type 2 diabetes, and discuss the pros and cons of melatonin

chronopharmacotherapy in disease management.
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Introduction

The economic and health burdens of type 2 diabetes mellitus

are set to reach near pandemic proportions in the next 30 years.

It is predicted that by 2050, nearly 30% of the US adult popu-

lation will have type 2 diabetes [1, 2]. Clinical management of

type 2 diabetes includes rigorous lifestyle modifications, insu-

lin therapy, drug treatments that promote insulin sensitisation

(such as metformin) and insulin secretion, novel glucagon-like

peptide-1 (GLP-1) receptor agonists, dipeptidyl peptidase

(DPP)-4 inhibitors, and sodium glucose cotransporter 2

(SGLT2) inhibitors [3]. These approaches are designed to man-

age the symptoms of insulin resistance/beta cell dysfunction

and are either used alone or in combination. Many drug thera-

pies for diabetes are costly and in some cases have been asso-

ciated with adverse events, including possible pancreatitis,

hypoglycaemia and osteoporosis [4]. Thus, there remains a

palpable need for new and cost-effective pharmacotherapies

for diabetes that have limited additional health risks.

The internal timing system and metabolic dysfunction

In the last decade, there has been a considerable increase in our

understanding of the cellular andmolecular factors that contrib-

ute to diabetes development [5]. Without question, poor diet,

lack of exercise, obesity and chronic insulin resistance are ma-

jor contributing factors. One basic function that appears to be

heavily influenced by (and also influences) obesity and meta-

bolic disease is the internal timing system [6–10]. The timing

system drives daily rhythms of physiology and behaviour, in-

cluding the alternating pattern of feeding and fasting [11]. It

also regulates daily rhythms of insulin secretion and glucose

metabolism, either in a direct or indirect manner. In both

humans and rodents, there are robust daily rhythms of glucose

tolerance and insulin sensitivity [8, 12, 13]. Disturbances of the

sleep/wake cycle, reduced sleep duration/quality and altered

sleep architecture can impair these rhythms, likely contributing

to the development of metabolic disease [14–18]. Likewise,

dissociation of activity/feeding patterns from internal rhythms

of hormone release andmetabolic function, known as ‘environ-

mental circadian disruption’ or ‘circadian misalignment’, can

also have negative impacts on metabolism [19, 20]. Circadian

disruption is commonly associated with reduced sleep quality

but can occur independent of sleep loss, resulting in metabolic

deficits such as hyperinsulinaemia and impaired glucose toler-

ance [21]. It is the prevailing view that the timing system syn-

chronises the biochemical landscapewith daily variations in the

environment in order to optimise energy utilization [22].

Conversely, tipping the balance (e.g. obesity) can disturb this

temporal continuity and perpetuate metabolic dysfunction [23,

24]. Thoughmost animal studies suggest a marked influence of

obesity and insulin resistance on clock function [25] , not all

human clinical studies confirm this assertion [26].

What defines the crossroads between metabolic

homeostasis, endocrine physiology and the timing system?

In addition to leptin and adrenal steroids, evidence reveals that

pineal melatonin is a clock-driven factor that is able to mod-

ulate daily patterns of glucose metabolism [27]. Recent clini-

cal studies have determined that melatonin can exert a marked

influence on glycaemic control [28, 29]. Melatonin falls into a

special class of compounds, referred to as chronobiotics, that

can simultaneously affect both the timing system and metab-

olism, possibly via direct influence on the molecular clock

[30–32]. Herein we briefly review our current understanding

of molecular clock-control of glucose homeostasis, the influ-

ence of circadian disruption on glucose management and the

role of melatonin as a regulator of the timing system in the

aetiology of type 2 diabetes. We also detail the evidence for

use of melatonin or melatonin receptor agonists in the preven-

tion and/or management of type 2 diabetes.

The circadian timing system in mammals:

from genes to hormones

Clock genes and cellular metabolism

In mammals, the circadian timing system includes the coordi-

nated activity of the central neural pacemaker, the suprachias-

matic nucleus (SCN), with target oscillators in both the brain

and periphery [33]. The SCN is persistently entrained to the

external environment, and the ablation of this nucleus disrupts

sleep/wake, body temperature and hormonal rhythms [34, 35].

At the cellular level, rhythms depend on the activity of the

molecular clock, an autoregulatory feedback loop oscillator

of interacting transcription factors known as clock genes

(Fig. 1) [36]. This family of transcriptional regulators includes

circadian locomotor output cycles kaput (CLOCK), brain and

muscle aryl hydrocarbon receptor nuclear translocator-like

protein-1 (BMAL1, also known as ARNTL1), period circadi-

an protein (PER1, PER 2, PER 3), cryptochrome (CRY1 and

CRY 2), and the nuclear receptors retinoic acid receptor-like

orphan receptor alpha (RORα) and reverse thyroid receptor α

(REV-ERBα). CLOCK and BMAL1 form a complex that

drives Per, Cry, Rev-erbα (also known as Nr1d1) and Rora

transcription. The protein products of the Per and Cry genes

heterodimerise to form PER–CRY and repress BMAL1–

CLOCK activity (Fig. 1). REV-ERBα and RORα synergistical-

ly control the timing and amplitude of Bmal1 (also known as

Arntl) expression and provide additional stability to the

molecular oscillator. Rhythmic post-translational modifications

of clock proteins, including phosphorylation of the PER–CRY

complex by casein kinase 1 ε/δ (CKIε/δ) (Fig. 1), introduces

temporal delays that contribute to the 24 h period of the clock

[37]. At the cellular level, the clock influences, and is influenced
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by, circadian rhythms in metabolism; daily variations in glucose

uptake and metabolism influence the clock through metabolic

sensors, such as adenosine monophosphate-activated protein

kinase (AMPK) [38]. Further, REV-ERBα is activated by

haem, levels of which vary greatly in response to nutrient avail-

ability [39]. The synergy between clock function and cellular

metabolism is beyond the scope of this review and has

previously been described in detail (see [22, 40]).

The chronobiotic hormone, melatonin, influences

metabolism

In the brain, SCN neurons receive environmental timing cues

from the retina and respond by coordinating the activity of

oscillators in the brain with those in the periphery [33]. It is

known that this coordination is carried out in an intricate and

tissue-specific manner. However, further details of the mech-

anisms underlying this process are poorly defined.

Glucocorticoids [41], melatonin [42, 43] and direct autonomic

innervation [44, 45] are endogenous signalling mechanisms

by which the SCN maintains alignment of central and periph-

eral oscillators. Among these, melatonin is the most well stud-

ied humoral factor that affects the SCN, whilst also being

affected by this region of the brain.

Melatonin is considered the primary ‘chronobiotic’ hor-

mone, regulating coordination within the timing system [46].

It is secreted from pinealocytes during the night in both noc-

turnal and diurnal mammals [47]. It has been proposed that

this hormone may have a potential role as a therapeutic agent

for metabolic disease, given its established influence on glu-

cose homeostasis (see Fig. 2) [48]. The impact of melatonin

on metabolism is almost global; amongst other processes, it

influences the secretory activity of pancreatic islet cells, glu-

cose metabolism in the liver and insulin sensitivity at target

tissues [48, 49]. Strikingly, a reduced level of night-time mel-

atonin, as assessed by 6-sulfatoxymelatonin in morning uri-

nary void, is positively associated with an increased risk of

type 2 diabetes (Fig. 2) [50]. There is an emerging link be-

tween melatonin secretion, insulin secretion and abnormal

glucose metabolism, and, thus, it is reasonable to hypothesise

that altered/reduced melatonin levels may contribute to the

development and severity of both metabolic and sleep distur-

bances in patients with type 2 diabetes.

The timing system and glucose homeostasis

In mammals, glucose homeostasis is one of the most funda-

mental physiological processes that is driven by the timing

system [10, 51] since it is heavily dependent on the predictive

capacity of the system to coordinate metabolic function with

daily variation in nutrient uptake (feeding vs fasting) [52].

Both rodent and human studies confirm that daily rhythms

of blood glucose and insulin secretion are regulated by the

timing system [53–55], whilst lesions of the SCN or environ-

mental circadian disruption can lead to insulin resistance and

obesity [56, 57]. The molecular clock is essential for glucose

metabolism, as evidenced by the impairment of glucose toler-

ance and insulin sensitivity upon disruption of core clock gene

expression [51, 58–63]. Though SCN-driven neuroendocrine

and autonomic outflow influence glucose homeostasis [64],

peripheral clocks in the liver and pancreas also play a role in

glucose management [10, 65–69].We will avoid discussion of

SCN-driven cues here, as their contribution has been reviewed

elsewhere [10, 56, 64, 70, 71]. Instead, we will focus on clock

function within the liver and pancreas as it relates to direct

tissue level control of glucose homeostasis.

Molecular clock function in the liver and pancreas:

contribution of peripheral oscillators to glucose

homeostasis

Clock function in the mammalian liver, particularly in relation

to glucose homeostasis, has been well described ([72, 73]). In

hepatocytes, the clock contributes to gluconeogenesis, glu-

cose transport and lipid metabolism (Fig. 1) [74]. Global and

liver-targeted Bmal1 knockout mice demonstrate impaired

gluconeogenesis and insulin-induced hypoglycaemia [51,

72]. Additionally, global deletion of Bmal1 results in glucose

intolerance and impaired insulin secretion; however, this phe-

notype is not observed in mice with liver-specific

Bmal1deletion. In fact, compared with mice with global

Bmal1 deletion, liver-specific Bmal1 knockout mice have rel-

ative hypoglycaemia, in line with impaired gluconeogenesis

[72]. Similarly, Per2Brdm1 mutant mice (lacking a functional

PER2 protein) display reduced glucose levels compared with

wild-type mice during periods of fasting, indicating that PER2

can also influence glucose synthesis [10, 75]. PER2 is known

to interact with PPARα and REV-ERBα, both of which reg-

ulate the expression of the gluconeogenic enzyme, glucose-6-

phosphatase (G6Pase) [11]. Daily rhythms of the glucose

transporter, GLUT2, in the liver are also eliminated in both

Bmal1−/− and Per2Brdm1 mutant mice [72, 75].

Molecular clock function has been linked to the timing and

amplitude of pancreatic insulin secretion [59, 76]. In the pan-

creas, the clock regulates target genes involved in insulin se-

cretion, beta cell proliferation and growth, oxidative stress

defences, and metabolism (Fig. 1) [77]. The insulin secretion

rate (ISR) from beta cells displays a circadian rhythm and

serum insulin levels vary across the 24 h day in both rodents

and humans, reaching a peak during the latter half of the

feeding period [53, 55, 78]. Mice with targeted disruption of

the clock in beta cells present with glucose intolerance and

impaired glucose-stimulated insulin secretion [59, 76].

However, beta cell mass and insulin content are normal in
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these mice, implicating abnormal insulin secretion over defi-

cits in synthesis [69].

It is worth noting that single gene mutation of clock genes,

particularly BMAL1 and CLOCK, are likely to have pleiotropic

effects unrelated to clock function per se. Therefore, knockout

studiesmust be considered in light of these potentially confound-

ing off-target effects. Moreover, a majority of mouse studies are

conducted using C57BL6/J mice, a congenic strain that fails to

produce significant amounts of melatonin due to a genetic deficit

in the rate liming enzyme for melatonin synthesis [79].

Metabolic disease and sleep

The link between sleep and diabetes/diabetic

comorbidities

The most salient rhythm regulated by the internal timing system

inmammals is the sleep/wake cycle [80, 81]. For some time it has

been appreciated that those suffering from metabolic disease, in-

cluding obesity, impaired glucose tolerance or diabetes also dis-

play comorbid sleep difficulties [82]. Most common among these

conditions is sleep-disordered breathing, including obstructive

sleep apnoea [83]. Insufficient sleep and/or poor sleep quality

are potent risk factors for obesity and cardiometabolic disease

[81, 84–86]. A large proportion of patients with insomnia (over

50%) present with comorbidities including cardiovascular dis-

ease, mental illness, obesity and diabetes [85]. Conversely,

patients with type 2 diabetes often report higher rates of insomnia,

with studies indicating that roughly 50% of adult diabetic individ-

uals have insomnia compared with roughly 30% of individuals

without diabetes [87].Other sleep disorders, such as reduced sleep

times/insufficient sleep, have been reported among individuals

with type 2 diabetes [88]. Recently it was reported that sleep

duration is a strong predictor of cardiometabolic risk score in

obese adolescents [89]. A large nurses’ health study found that

individuals who slept less than 5 h per night had a greater risk of

being diagnosed with symptomatic diabetes [90]. If indeed short

or fragmented sleep is an independent risk factor for obesity and

poor glycaemic control, there is potential for improved sleep qual-

ity to ameliorate these outcomes. The reverse may also be true;

treating glucose intolerancemay improve sleep. In fact, data show

that the insulin-sensitising drug metformin is associated with im-

proved sleep efficiency in individuals with type 2 diabetes [91].

Sleep disturbance, circadian disruption and altered

glucose metabolism

Thoughmany studies have examined the effects of sleep disrup-

tion or deficiency on metabolism, not all sleep disorders can be

considered disorders of the timing system per se. Recent efforts

have been made to differentiate the effects of circadian disrup-

tion or circadian misalignment from other forms of sleep distur-

bance [18, 20, 21, 92]. Evidence from a clinical study of circa-

dian disruption in controlled-laboratory conditions revealed that

exposure tomisalignment, as occurs during shift work or chronic

jet lag, leads to hyperinsulinaemia, hyperleptinaemia and

misaligned cortisol rhythms [21]. Strikingly, only 4–5 days of

‘misalignment’ was required to produce a significant increase in

2 h postprandial glucose, with almost half of the participants

being categorised by the authors as prediabetic during misalign-

ment (plasma glucose >8.06 mmol/l) relative to baseline

(aligned) [21]. These effects appear to be independent of sleep

loss or diminished sleep quality, suggesting that disruption of the

timing system alone can lead to metabolic dysfunction [19, 20].

In support of this notion, the probability of a genetic polymor-

phism in the PER3 genetic locus was greater among individuals

with type 2 diabetes, suggesting that altered activity of the PER3

protein, and thus the molecular clock, may be an independent

risk factor for metabolic disease [93]. Finally, data show that the

amount of social jet lag (a delay in mid-sleep time on ‘off days’

relative to work days) experienced is positively correlated with

elevated BMI, independent of nightly sleep duration [94].

Melatonin signalling: tissue-dependent influences

on glucose homeostasis and molecular clock function

As previously noted, melatonin secretion during the night (in

both nocturnal and diurnal mammals) is regulated by SCN

pacemaker neurons [47]. Melatonin has established and

�Fig. 1 A schematic of the mammalian molecular clock showing clock-

controlled hepatocyte- and pancreatic beta cell-specific transcripts

associated with the regulation of glucose homeostasis and metabolism. A

schematic of the core molecular clock is shown, including the BMAL1–

CLOCK activator complex and its targets, including the PER and CRY

family of repressors, REV-ERBα, RORα and clock-controlled output

genes. In the hepatocyte, in addition to Glut2 (also known as Slc2a2)

expression, the clock regulates genes that control: glucose metabolism

and gluconeogenesis (hexokinase [Hk2], phosphoenolpyruvate

carboxykinase [Pepck] and 6-phosphofructo-2-kinase/Fructose-2,6-

biphosphatase 3 [Pfkfb3]); lipid metabolism (Rev-erbα, peroxisome

proliferator-activated receptor gamma [Pparg], peroxisome proliferator-

activated receptor gamma and coactivator 1, alpha [Pgc1α, also known

as Ppargc1a]); and nuclear receptor subfamily 1, group H, member 3

(Lxr, also known as Nr1h3). In pancreatic beta cells, the clock regulates

insulin secretory activity and GLUT2 (Slc2a2) expression rhythms, and

also genes that control: vesicular docking and release (vesicle associated

membrane protein 3 [Vamp3], syntaxin-1A (Stx1a) and syntaxin binding

protein [Munc18, also known as Stxbp]); and beta cell proliferation and

survival (hepatocyte nuclear factor 4 alpha [Hnf4a], insulin receptor [Insr],

cyclin D1 [Ccnd1] and pancreatic and duodenal homeobox 1 [Pdx1]). The

(+) and green line indicate transcriptional activation function, whereas the

(−) and red lines indicate transcriptional repression. Black arrows with sine

waves indicate rhythmic translation; red/green arrowhead indicates nuclear

translocation of REV-ERBα and RORα; yellow circles indicate

phosphorylation. B, BMAL1; C, CLOCK; CKIε/δ, casein kinase 1 ε/δ;

CCG, clock-controlled genes; E-box, enhancer box; P, phosphate group;

REV-ERB/ROR response element, RORE
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significant sleep-promoting effects [95–98]. It can also act

directly on hepatocytes and pancreatic beta cells to regulate

glucose homeostasis, though the precise mechanisms for these

influences remain unclear.

The hepatic response to melatonin

Improvements in hepatic insulin sensitivity Melatonin re-

ceptor type 1 (MT1) and type 2 (MT2) are expressed on he-

patocytes, allowing melatonin to bind to these cells with high

affinity [99, 100]. On the one hand, melatonin has been shown

to induce hyperglycaemia in mice 1 h after systemic injection

[99]. However, similar to metformin, melatonin can increase

the activity of AMPK and potentially enhance insulin sensi-

tivity in the liver [101]. Accordingly, in aged rats, chronic

melatonin supplementation in drinking water for 8–12 weeks

increased insulin sensitivity by more than twofold without

changing hepatic insulin receptor expression, suggesting that

these insulin-sensitising effects were mediated by target tis-

sues outside of the liver [102].

Receptor-specific regulation of the hepatic molecular clock

Regarding the direct influence of melatonin signalling on the

molecular clock, evidence demonstrates that deletion of

MT1 and/or MT2 alters the timing and amplitude of clock

gene expression in hepatocytes. Specifically, Muhlbauer and

colleagues revealed that MT1 knockout and MT1/MT2 dou-

ble knockout mice have dampened rhythms of Per1 expres-

sion, whereas single gene MT2 knockout mice have elevated

Per1 mRNA in the liver [100]. This data suggests that mel-

atonin acts differentially through MT1 and MT2 receptors to

modulate liver clock gene expression. In contrast with these

findings, Owino and colleagues found that deletion of mel-

atonin receptors dampened the daily rhythm of plasma glu-

cose in mice, though rhythms of clock gene expression in

the liver were not affected [103]. Finally, Nogueira and

Adipose:

Leptin

GLUT4

Pancreas:

Insulin

Glucagon

Liver:

GLUT2

RHT

Pineal
hv

SCG

Normal melatonin

Adipose:

Leptin

Pancreas:

Insulin

Glucagon

Liver:

GLUT2

RHT

SCN Pineal
hv

SCG

Reduced melatonin

?

?

Plasma:

Glucose

Triacylglycerol

LDL-cholesterol

a b

SCN

?
?

? ? ?

Fig. 2 Relationship between melatonin signalling and metabolic dys-

function in type 2 diabetes. Both in individuals (a) without diabetes and

(b) with diabetes, light entrains the activity of a central pacemaker in the

SCN. Timing cues are relayed from the SCN to the pineal or directly to

peripheral targets via β-adrenergic autonomic nervous signalling. The

pineal secretion of melatonin during the night is attenuated in type 2

diabetes and is associated with hyperglycaemia and dyslipidaemia. (a)

In non-diabetic individuals, night-time melatonin helps to maintain

euglycaemia by sensitising the pancreas to the morning bolus of glucose.

Melatonin may also regulate the release of glucagon and indirectly con-

trol the timing of GLUT2 expression in hepatocytes through its influence

on the molecular clock. These melatonin-induced effects are associated

with stable serum glucose, triacylglycerol and LDL-cholesterol levels. (b)

In contrast, in individuals with type 2 diabetes, melatonin secretion is

reduced and/or arrhythmic (indicated by oval with horizontal line) and

these individuals also have reduced insulin production, excess glucagon,

hyperleptinaemia and reduced GLUT2 expression in the liver. It is un-

clear, however, whether the depletion of melatonin directly effects the

timing of the molecular clock in the SCN or peripheral tissues in these

individuals. Nonetheless, these combined effects result in

hyperglycaemia, insulin resistance and dyslipidaemia. Red arrows indi-

cate the negative impacts of hypomelatonaemia on selected biomolecules

and the directionality of the effect (upward pointing for enhanced and

downward pointing for suppressed); question marks indicate suggested

(but not proven) mechanisms. hv, light; RHT, retinohypothalamic tract;

SCG, superior cervical ganglion. In both (a) and (b), black lines with

square ends indicate neural signalling pathways, whereas lines ending

in circles indicate hormonal signalling. Ovals containing sine waves

indicate tissues/cells with autonomous clock function or rhythmic

signalling processes (e.g. rhythmic output of the SCG)
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colleagues determined that surgical removal of the pineal

(i.e. pinealectomy [PINX]) from mice shifted the endoge-

nous rhythm of RAC-alpha serine/threonine-protein kinase

(Akt) phosphorylation (a marker of insulin receptor activity)

and disrupted the acute liver response to insulin [104].

Although they did not examine clock gene expression, they

did find that PINX altered the timing and amplitude of the

known clock-regulated genes, Pepck (also known as Pck1)

and Foxo1. The global response of the clock-regulated tran-

scriptome in the liver (shown in Fig. 1) to melatonin has not

been determined. Additional genome-wide studies are need-

ed to address this gap in our knowledge. Further, a detailed

examination of the influence of melatonin on transcripts di-

rectly associated with insulin signalling, glucose metabolism

and beta cell function in human liver is warranted.

The pancreatic response to melatonin

Receptor-specific impact on beta cell function MT1 and

MT2 receptor expression has been detected in both rodent

and human pancreatic tissue with reports suggesting that

MT1 is enriched in alpha cells, whereas MT2 is limited to

beta cells [105, 106]. High-throughput analysis of mRNA

abundance with RNA sequencing (RNA-seq) has confirmed

MT1 andMT2 expression in human islets, though equal abun-

dance of transcript for each was reported in alpha and beta

cells [107]. In the pancreatic islet, melatonin regulates a bevy

of cellular activity and gene expression [108–111]. The obser-

vation that melatonin has sleep-promoting effects occurred

almost in parallel with the discovery that this hormone had

‘insulin-like’ activity. Subsequent work characterised the im-

pacts of melatonin and PINX on glucose homeostasis (for a

detailed review see [109]). Data from these experiments sug-

gest an influence of melatonin on beta cell function, although

they must be interpreted with caution given the potential im-

pact of PINX on neural substrates that regulate glucose me-

tabolism. Nonetheless, evidence reveals that the effects of

melatonin on pancreatic insulin secretion are receptor subtype

dependent [109].

Insulin-stimulatory and -inhibitory effectsUsing rat INS-11

insulinoma cells it was determined that activation of inhibitory

G-protein coupled (Gi-coupled) MT1/MT2 receptors leads to

significant reduction of cAMP synthesis, reduced activation of

protein kinase A and, presumably, reduced insulin secretion

[112]. Melatonin can also act through Gi-coupled MT2 recep-

tors in INS-1 cells to lower intracellular Ca2+ levels [110, 113],

which is also predicted to reduce insulin secretion. Finally,

melatonin can act through Gq-coupled MT2 receptors to stim-

ulate phospholipase C (PLC) and inositol triphosphate (IP3)

activity [114], which is expected to boost insulin secretion.

Together, these data suggest that melatonin can have both stim-

ulatory and inhibitory influences on insulin secretion. Notably,

in vitro melatonin administration protects beta cells from the

deleterious effects of glucose toxicity, improving beta cell sur-

vival, and reducing oxidative stress responses in both INS-1

832/13 rodent beta cells and isolated human islets from indi-

viduals with type 2 diabetes [115, 116]. In vivo, chronic treat-

ment with melatonin (10 mg kg−1 day−1) was also able to

partially restore beta cell mass in a rat model of streptozotocin

(STZ)-induced diabetes [117]. Moreover, insulin can boost

melatonin synthesis indirectly by modulating adrenergic input

to the pineal [118], suggesting that elevated insulin secretion

during the day, as seen in humans, primes increases in night-

time melatonin levels. Subsequently, night-time melatonin may

sensitise the beta cell for the morning increase in glucose up-

take [48]. Evidence for a direct influence of circulating mela-

tonin on the molecular clock in the beta cell is exceedingly

limited, but long-term treatment with theMT2 receptor agonist,

ramelteon, boosted the expression of both Bmal1 and Rev-erbα

mRNA in rat INS-1 cells [119].

Pre-clinical and clinical evidence for melatoninergic

influences on insulin secretion and glucose

metabolism: where does the clock fit in?

Preclinical evidence

Rodent models: evidence for a role for melatonin in obesi-

ty, beta cell viability and glucose homeostasis Studies using

rodent models of diabetes support a functional link between

melatonin secretion, glycaemic control and pancreatic insulin

secretion [109]. Reiter’s group showed that treatment with al-

loxan or STZ, drugs that destroy beta cells and induce diabetes,

also abolishes the night-time increase in melatonin [120]. A

decline in serum melatonin levels was also detected in the

non-experimentally induced Goto–Kakizaki rat model of diabe-

tes [121]. In agreement with these studies, data show that PINX

in rats increased circulating glucose levels by reducing insulin

concentration and increasing glucagon levels [122]. Glucose

tolerance was also impaired following PINX and could be

corrected by exogenous melatonin [122]. PINX reduced

GLUT4 expression and responsiveness to insulin in rat adipose

tissue [123] and altered the timing of gluconeogenesis, insulin

sensitivity and melatonin receptor expression rhythms (especial-

ly of the core clock gene and putativemelatonin receptor RORα)

in the liver [124]. In a recent study, Bibak and colleagues

confirmed that 6 weeks of melatonin administration (5, 10 or

20 mg/kg) reduced serum glucose and triacylglycerol levels in

STZ-treated rats [125]. Additionally, melatonin treatment for

6 weeks at a concentration of 10 mg/100 ml (10% wt/vol.) in

drinking water also normalised serum glucose levels in rat

models of diabetes [126]. Though several rodent models have

been developed, diet-induced obesity (DIO) using a high-fat diet

(HFD) induces insulin resistance and gradual beta cell failure,
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recreating several of the phenotypic features of adult onset type

2 diabetes. Accordingly, treatment of DIO rats with melatonin

attenuated weight gain and reduced glucose, leptin and triacyl-

glycerol levels [127]. Daily injection of DIO rats with melatonin

or the melatonin agonist Neu-P11 (piromelatine) also inhibited

weight gain and improved insulin sensitivity, in effect counter-

ing the negative influence of DIO [128]. Finally, Sartori and

colleagues reported a significant improvement in glucose toler-

ance in DIO mice treated with melatonin for 8 weeks [129].

These data strongly support the notion that melatonin supple-

mentation can ameliorate obesity, attenuate beta cell depletion

and improve glucose homeostasis. As described above, melato-

nin affects clock function in both beta cells and hepatocytes, but

it is unknown if the influences of melatonin on body weight,

blood glucose levels and insulin sensitivity depend on changes

in clock function. Failure of exogenous melatonin to improve

metabolic function in DIO mice carrying a global or conditional

clock gene mutation (e.g. Bmal1 null) might suggest that the

hormone’s effects are mitigated indirectly and/or independent

of a direct influence on the molecular clock.

Treatment of healthy 10-month-old rats with melatonin

(4 μg/ml in drinking water) for 12 months attenuated age-

induced hyperleptinaemia and hyperinsulinaemia [130].

Tresguerres’ group also reported that melatonin reduced

age-associated increases in HOMA-IR [131]. Similar studies

suggest that melatonin reduces mitochondrial dysfunction

[132], inhibits oxidative enzyme activity [133], decreases

apoptosis [134], improves dyslipidaemia [135] and reduces

diabetes-induced oxidative stress [135]. Together, these ro-

dent studies strengthen the assertion that reductions in mel-

atonin promote insulin resistance and hyperglycaemia, and

that these conditions can be corrected with exogenous mel-

atonin administration.

Caveats to the preclinical evidence: is melatonin a viable

option for glycaemic control? The answer to this question

may depend on when you eat and sleep relative to the

timing of melatonin secretion. Results from preclinical

study of melatonin’s effect on glucose homeostasis should

be interpreted with caution. For one, the effective dose of

melatonin is often exceedingly high (>5 mg/kg) and well

above the recommended dosage used for the clinical treat-

ment of sleep disorders (2–4 mg/day; [136]). Further, a

caveat to studies in rodents is the obvious species diver-

gence in the timing of melatonin secretion relative to food

intake, peak insulin secretion and serum glucose. In both

humans and rodents, melatonin levels rise during the eve-

ning, peak in the middle to latter half of the night and

decline by morning [137, 138]. Of course, the dark phase

is a time of energy intake in rodents, coincident with a

peak in insulin sensitivity [11, 52], while in humans, the

dark phase is a time of energy deficit or fasting, wherein

glycogen breakdown, gluconeogenesis are elevated and

insulin sensitivity is decreased [9, 139]. This temporal re-

lationship presents a unique challenge to understanding

the mechanisms whereby melatonin affects glucose metab-

olism. In addition to this dichotomy, we find that melato-

nin can have conflicting impacts on target tissues, such as

the pancreatic beta cell, in both rodents and humans [49,

111, 140], and highly variable effects on systemic glucose

homeostasis and insulin sensitivity [28, 29, 111, 141, 142].

In vitro, melatonin inhibits insulin secretion by lowering

cAMP and cGMP production [27, 49, 143–145]. This

effect is logical in humans, presuming that melatonin

acts to suppress insulin during the night, effectively

sensitising the beta cell in preparation for breakfast, but

is more difficult to rectify in night-time eating rodents.

Though useful for defining mechanisms of action at the

cellular level, nocturnal rodent models may be unsuitable

for the study of metabolic responses to melatonin [29].

However, study of diurnal rodent species, such as the

Nile grass rat, may hold the answers to many of these

questions [146]. Using these diurnal rodent models, it

may be possible to more effectively examine the influ-

ence of melatonin on glucose homeostasis in a pre-

clinical model with features more comparable with

humans.

Clinical evidence

Melatonin levels are reduced in diabetic individuals

Though the relationship between melatonin secretion, glucose

homeostasis and diabetes risk have been studied in animal

models for some time, the clinical study of melatonin’s influ-

ence on these factors is less well documented. As with

pre-clinical research, data from clinical studies generally

support a correlation between reduced night-time melatonin

and increased diabetes risk (see text box: Melatonin adminis-

tration in diabetes). Studies show that normal daily rhythms

of melatonin secretion are altered and/or abolished in

individuals with type 2 diabetes, particularly those with

autonomic neuropathy [147, 148]. Similar decrements in

plasma melatonin levels during the night were also reported

in diabetic patients with proliferative retinopathy relative to

individuals without diabetes and diabetic individuals

without retinopathy [149]. Though considerable evidence

supports a positive correlation between lower night-time

melatonin and increased risk of type 2 diabetes [50, 139],

not all data fully support this claim. Mantele and colleagues

demonstrated that night-time melatonin levels were, in fact,

elevated in obese individuals (compared with lean

non-diabetic individuals) and unaffected in type 2 diabetic

participants [150]. However, in the same study they

determined that melatonin levels were suppressed in

individuals with type 2 diabetes when compared with

weight-matched obese non-diabetic participants [150].
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The pros and cons of melatonin therapy for glycaemic

control in humans With regard to treatment of type 2 diabetes

with melatonin, the number of controlled clinical trials is some-

what limited, and the results are often mixed, with both positive

and negative effects on glycaemic control being reported [27,

145, 151, 152]. Evidence from animal and human studies indi-

cates that melatonin or synthetic melatonin receptor agonists can

alter glucose homeostasis [5, 145, 153]. The study of isolated

human islets from both healthy and type 2 diabetic donors has

revealed that melatonin can normalise glucose-stimulated insulin

secretion following exposure to hyperglycaemia [115].Moreover,

recent randomised controlled trials suggest that chronic treatment

with melatonin in combination with oral blood glucose lowering

agents improves fasting and postprandial glycaemic control and

reduces HbA1c levels [152, 154]. Contrary to these studies, re-

ports show thatmelatonin can actually impair glucose tolerance in

young healthy individuals [28, 29]. These studies suggest that

melatonin may be detrimental for glycaemic control and poten-

tially advance the onset of type 2 diabetes. However, as the au-

thors state, these studies should be interpreted with caution given

that the participants were ad libitum-fed, young healthy individ-

uals given acute melatonin treatment. Similar experiments that

apply chronic melatonin treatment to obese individuals, those

with impaired glucose tolerance or full type 2 diabetes are neces-

sary to confirm and extend these observations.

Current status of melatonin/melatonin receptor agonist

therapeutic use Melatonin is available ‘over the counter’ as a

non-Food and Drug Administration (FDA) regulated supplement

in preparations that often contain additional components (gam-

ma-aminobutyric acid [GABA], L-5-hydroxytryptophan [L-5-

HTP], etc.), designed to enhance sleep and have a short half-

life in serum [136, 155]. However, to target the melatonin signal-

ling pathway with greater efficiency, several long-lasting high

affinity MT1/MT2 receptor agonists have been developed

[155–158]. These drugs, including tasimelteon (Hetlioz; [159]),

ramelteon (Rozerem; [160]) and piromelatine (Neu-P11; [128]),

are highly potent and selective agonists. Additionally, the com-

pound IIK7 has been developed as a melatonin receptor agonist

with 90-fold higher affinity for the MT2 receptor [161]. Like

IIK7, both ramelteon and tasimelteon have a greater affinity for

the MT2 receptor [162].

Clinical support for a positive (or negative) influence of

these drugs on glucose homeostasis, insulin secretion and di-

abetes risk is lacking. While piromelatine may positively af-

fect both insulin resistance and lipid metabolism in rodent

models of type 2 diabetes [128, 162], these findings have

not yet been confirmed in a controlled clinical trial. Thus, it

remains to be elucidated whether melatonin or melatonin re-

ceptor agonists can be used clinically as an effective means for

improving glycaemic control and normalising sleep patterns

among type 2 diabetic patients, or perhaps as a preventative

treatment to halt the progression of metabolic disease.

Melatonin receptor variants in humans: links

with metabolic disease and risk of type 2 diabetes

The MNTR1B risk allele

Additional evidence for a clinical relationship between insulin

resistance, glucose homeostasis and melatonin signalling has

grown out of the search for genetic polymorphisms associated

with diabetes risk. It has been reported that genetic variants of

MNTR1B, which encodes the MT2 receptor, are linked to in-

creased risk of type 2 diabetes [9] (see text box: Melatonin ther-

apy: assess the risks!). Genome-wide association studies

(GWAS) and functional cloning studies support this claim, sug-

gesting that genetic variants of the MT2 receptor are strongly

linked to impaired glucose-stimulated insulin secretion, abnor-

mal early insulin response and increased risk of type 2 diabetes

[9, 100, 106, 163, 164]. In vitro characterisation of these variants

determined that many of the receptor products had diminished

melatonin binding capacity [9]. In another study, theMT2 recep-

tor variant rs10830963 (CC to CG or GG point mutation;

Melatonin administration in diabetes

The evidence:

Melatonin levels are reduced in diabetes

Preclinical evidence suggests that melatonin 

treatment prevents obesity and beta cell deple-

tion and improves glucose homeostasis

In humans, melatonin/melatonin receptor 

agonists alter glucose homeostasis

Melatonin normalises insulin secretion by 

isolated human islets (from diabetic patients) 

exposed to hyperglycaemia

In combination with oral glucose lowering 

agents, melatonin improves fasting and 

postprandial glycaemic control and HbA1c

Therapeutic agents:

Melatonin supplements are available to buy in

most countries  

MT1/MT2 receptor agonists (tasimelteon, 

ramelteon and piromelatine) target the mela-

tonin signalling pathway with greater efficiency 

than melatonin supplements

Clinical support for a positive (or negative) 

influence of these drugs on glucose homeosta-

sis, insulin secretion and diabetes risk is lacking 

but evidence from their use in animal models of 

diabetes is promising

levels
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referred to as the MNTR1B risk allele), was found in ∼30% of

individuals who were at risk for type 2 diabetes. Importantly,

carriers of this variant also displayed impaired glucose tolerance

following an acute exposure to melatonin [28].

The adverse effects of excess melatonin signalling:

the need for a personalised medicine approach

One mechanism for these melatonin-induced negative effects

in individuals with the MNTR1B risk allele was initially pro-

posed by Lyssenko et al [106] and independently confirmed

by others [165]. Tuomi and colleagues determined that over-

expression of MNTR1B in carriers of the risk allele leads to

elevated MT2 in pancreatic beta cells [165]. This increase in

MT2 levels is proposed to heighten the insulin-inhibitory ef-

fect of melatonin. On the other hand, the same study con-

firmed that global deletion of the MT2 receptor in mice results

in hyperinsulinaemia in response to glucose administration

and reduced insulin sensitivity in the liver [165].

One can conclude from these studies that excessive or inad-

equate melatonin signalling via the MT2 receptor can have

equally negative influences on insulin secretion and glucose

homeostasis. Interestingly, Lane et al determined that, in addi-

tion to a direct influence onmelatonin signalling at the beta cell,

carriers of the MNTR1B risk allele have a longer period of

elevated melatonin secretion during the night and that diabetes

risk was greater among those carriers defined as ‘early risers’ or

‘larks’ [138]. They reasoned that a longer duration of melatonin

secretion and earlier wake time may lead to melatonin-

suppressed insulin secretion during times of elevated glucose

intake (breakfast) and that this may dampen glucose clearance,

resulting in hyperglycaemia and promoting the onset of diabe-

tes [138]. Together, these data suggest that genetic assessment

may be useful for the avoidance of potentially devastating neg-

ative impacts of melatonin or MT2 agonists on glucose metab-

olism, particularly among individuals with type 2 diabetes suf-

fering from sleep disturbances.

A clinical perspective on the future of chronotherapy

for metabolic disease

Multiple studies have thus far demonstrated an association

between circadian disturbances or misalignment with obesity,

insulin resistance and type 2 diabetes. Insulin targets, such as

fat, liver and muscle, function as metabolic rheostats and de-

pend on cell-autonomous clock function. Existing first-line

drug therapies for metabolic disease and type 2 diabetes, such

as the commonly used insulin sensitiser, metformin, are

known to modulate molecular clock function in insulin-

sensitive tissues [166–168]. Sleep disturbances predispose in-

dividuals to obesity and diabetes, and obesity predisposes in-

dividuals to sleep disturbances, instigating a vicious cycle [18,

169]. So what can we do about this? We should counsel pa-

tients destined for shift work, or already in this type of work,

and those exposed to frequent trans-meridian travel, as if they

were at high risk for (or already have) impaired glycaemic

control, especially if they are overweight. As clinicians, we

should be more mindful of sleep habits in these patients and

advise them on sleep hygiene.

Central to our discourse is the following question: could

melatonin, a putative central clock-dependent mediator of

synchrony in the timing system, be used as a treatment for

glucose dysregulation and comorbid sleep disturbances? We

face a paradox here since melatonin can acutely decrease in-

sulin secretion and enhance glucagon release [48, 49, 151] but

preliminary clinical data suggest that chronic melatonin treat-

ment improves glycaemic control and reduces HbA1c in dia-

betic patients [152, 154], the implication being that normal-

isation of circadian glucose homeostasis by chronically ad-

ministered melatonin could outweigh the acute effects of mel-

atonin. Because much of the data showing a positive effect of

melatonin is pre-clinical and generated using nocturnal ro-

dents that were administered exceedingly high concentrations

of melatonin at a time of heightened food intake, it is difficult

to draw solid conclusions regarding its potential efficacy in a

clinical setting. Enthusiasm for melatonin in the management

of diabetes is dampened by reports that melatonin impairs

glucose tolerance among healthy individuals and can increase

Melatonin therapy: assess the risks!

The MNTR1B risk allele

Genetic variants of the MT2 receptor are 

strongly linked to impaired glucose-stimulated 

insulin secretion, abnormal early insulin 

response and increased type 2 diabetes risk 

The MT2 receptor variant rs10830963 (the 

MNTR1B risk allele), was found in ~30% of 

people at risk for type 2 diabetes

Carriers of this variant display impaired glucose 

tolerance following acute exposure to melatonin 

A need for personalised medicine 

Excessive or inadequate melatonin signalling 

via the MT2 receptor both negatively influence 

insulin secretion and glucose homeostasis

Carriers of the MNTR1B risk allele have  longer 

periods of high nocturnal melatonin secretion 

and diabetes risk is greater among  ‘early risers’ 

Genetic assessment may help to avoid nega-

tive impacts of melatonin or MT2 agonists on 

glucose metabolism in diabetic individuals or 

those at risk of diabetes
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the risk of developing diabetes among those carrying the

MNTR1B risk allele [28, 29, 138, 165]. Thus, care should

likely be taken when providing melatonin to individuals with

sleep disturbances, especially those patients who are obese, at

high risk for the development of diabetes or carriers of the

MNTR1B risk allele, since these individuals may be at greater

risk for experiencing the negative effects of the hormone.

Conclusions

Herein, we have presented the evidence for the critical input

from the timing system in the aetiology of metabolic disease,

and salient evidence in support of (and against) the use of the

sleep aid melatonin as a pharmacotherapy in patients with type

2 diabetes. It is clear that melatonin secretion is associated with

insulin resistance in diabetic individuals and that a decline in

circulating melatonin could underlie both an increased risk of

type 2 diabetes and comorbid sleep disturbances. However, it is

unclear whether a large clinical trial exploring the use of mel-

atonin receptor agonists as therapeutic agents for type 2 diabe-

tes, grossly impaired glucose tolerance and perhaps even obe-

sity is warranted. Although the use of melatonin or melatonin

agonists may eventually be ruled out as viable options, other

compounds with similar antioxidant and/or clock-targeting

properties may yet prove valuable for the treatment of diabetes.

It is unquestionably true that the time has come for more ded-

icated study of chronopharmacological agents, including mel-

atonin, in the treatment of metabolic diseases.
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