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Abstract

The last decade has witnessed a revival of the interest in the hormone melatonin, partly attributable 

to the discovery that variance in MTNR1B—the melatonin receptor 1b gene—is a risk factor for 

impaired fasting glucose and type-2-diabetes. Despite intensive investigation, there exists 

considerable confusion and seemingly conflicting data on the metabolic effects of melatonin and 

MTNR1B variation, and disagreement on whether melatonin may be metabolically beneficial or 

deleterious, a critical question for melatonin-agonist/antagonist drug development, and dosing 

time. We provide a conceptual framework—anchored in the dimensions of “time”—to reconcile 

paradoxical findings in the literature. We propose that the relative timing between elevated 

melatonin concentrations and glycemic challenges should be considered in order to better 

understand the mechanisms and therapeutic opportunities of melatonin signaling in glycemic 

health and disease.

Highlights

Melatonin has been investigated mostly for its role in sleep and circadian regulation. The recent 

discovery of MTNR1B as a novel type 2 diabetes (T2D) gene has sparked great interest in the role 

of melatonin in glucose control among diabetologists and basic researchers alike.

Despite intensive research, there exist conflicting data regarding the effects of melatonin and 

MTNR1B genotype on glucose control, and disagreement on whether melatonin may increase or 

decrease fasting glucose, glucose tolerance and T2D risk.
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The concurrence of elevated melatonin concentrations with food intake decreases glucose 

tolerance, while high melatonin during fasting may facilitate β-cell recovery.

Shift workers, night eaters, and melatonin users are susceptible to the adverse effect brought by the 

concurrence of food intake and high melatonin levels.
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INTRODUCTION

Despite intensive research, there exists conflicting human data regarding the effects of 

melatonin and MTNR1B on glucose control, and disagreement on whether melatonin may 

be metabolically ‘beneficial’ or ‘deleterious’. These conflicting data are not limited to one 

research field or methodology, but span across controlled trials and genome-wide association 

studies (GWAS), in vivo and in vitro approaches. As a result, currently there are opposing 

recommendations for the use of melatonin, melatonin agonists, and melatonin antagonists 

for the purposes of glycemic management. Even so, companies are already initiating 

programs to develop melatonin-based therapies in the fight against type 2 diabetes (T2D). 

We thus believe clarification is urgently needed in this fast-moving field.

Melatonin has been investigated mostly for its role in sleep and circadian regulation, 

including acute effects as well as circadian phase-shifting effects (Box 1). However, in 

recent years its role in glucose control and in T2D risk or treatment has received increasing 

attention. This is partly due to the discovery of T2D risk variants in MTNR1B, and partly 

because of the compelling evidence for the adverse impact of circadian disruption on 

glucose metabolism [1]. Melatonin, as a circadian hormone, peaks during the nighttime. In 

humans, the nighttime rise in circulating melatonin levels coincides with the trough of the 

endogenous circadian rhythm in glucose tolerance (Box 1), which also happens to be a 

naturally fasting period. This raises the question whether melatonin contributes to the 

circadian regulation of glucose metabolism. Despite the substantial scientific effort to 

understand this role of melatonin, different studies reach conflicting conclusions which have 

not been reconciled [2]. Laboratory rodent models are usually nocturnal and eat when their 

endogenous melatonin levels are high. Moreover, the widely-used mice models often have 

severe defects in melatonin synthesis [3]. Thus, it is not surprising that it can be very 

difficult to translate melatonin research from laboratory rodent models into human. 

Unexpectedly, even among human research, seeming contradictions exist with studies 

showing that elevated melatonin concentrations are associated with improved glucose 

control and others with impaired glucose control. While the most common hypothesis is 

based on the action of melatonin on impairing glucose homeostasis by inhibiting insulin 

secretion, an explanation is still missing for the contradictory results [2]. Some have 

proposed the ‘equilibrium hypothesis’ which submits that either exaggerated or dampened 

melatonin signaling in common and rare variant carriers, respectively, becomes detrimental 

for glucose homeostasis [4]. Others suggest an ‘age-related chronobiological hypothesis’ 

that emphasizes the importance of the circadian system and the deterioration with age [5], 
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and others have defended the ‘loss of function hypothesis’ and the indirect effect of 

melatonin on glucose metabolism through its role on the central biological clock [2]. 

However, none of these hypotheses are currently satisfying.

Here we provide a conceptual framework—in which “time” plays a central role—with the 

goal of reconciling those paradoxical findings. In this framework, we consider differences in 

study conditions with respect to time of day, duration of melatonin exposure, circadian 

phase-shifting effects of melatonin, or concurrence of elevated melatonin concentrations and 

glycemic challenge, among others.

MELATONIN IMPACT ON GLUCOSE TOLERANCE

In the following section, we summarize the key studies that have advanced our 

understanding, but at the same time have fueled this controversy.

Is melatonin beneficial for T2D?

Several lines of evidence support a beneficial role of melatonin in glucose tolerance, 

including human epidemiologic studies, clinical trials and genetic studies (Table 1). 

Furthermore, prolonged melatonin treatment (>12h) enhances post-exposure glucose-

stimulated insulin secretion from cultured non-diabetic human islets [6]. It has been also 

suggested melatonin stimulates both glucagon and insulin release from cultured human islets 

[7]. Low urinary levels of the primary metabolite of melatonin, 6-sulfatoxy melatonin, have 

been prospectively associated with increased insulin resistance and risk of T2D [8, 9]. Also, 

in patients with T2D and insomnia, a significant decrease in glycated hemoglobin (HbA1c) 

levels was found after a 5-month open label trial of repeated nighttime melatonin 

administration, although HbA1c levels were not affected in the preceding 3-week 

randomized, double blind, crossover trial [10]. Moreover, a genetic study together with a 

recent functional genomics study has reported that rare coding variants in the melatonin 

receptor gene MTNR1B, that inhibit melatonin binding or signaling, are collectively 

associated with increased risk of T2D [11, 12]; although recent well-powered analysis of 

coding variants from exome and genome sequencing studies do not support these initial 

findings [13, 14].

Is melatonin deleterious for T2D?

While the studies mentioned above suggest a beneficial effect of melatonin on glycemic 

control, multiple controlled trials, genetic experimental studies and GWAS support a 

deleterious role of melatonin in glucose control and T2D risk (Table 1). First, GWAS have 

shown that the rs10830963 risk variant of MTNR1B, which confers increased expression of 

the receptor in human pancreatic islets [15], is associated with impaired fasting glucose, 

measures of decreased insulin secretion and increased T2D risk [15–20]. Furthermore, in 
vitro, melatonin administration stimulates secretion of somatostatin—an insulin-inhibitory 

hormone—in human pancreatic islets[21, 22]. Also, placebo-controlled human experimental 

studies have demonstrated that acute melatonin administration worsens glucose tolerance, 

both in aged women [23] and in young women [24], and both in the morning and in the 
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evening [24]. More importantly, this effect is exacerbated in carriers of the MTNR1B 
rs10830963 diabetes risk variant as opposed to non-carriers[25].

Consistently, using a randomized, cross-over design, we have shown that consuming a late 

versus an early dinner, which was associated respectively with elevated and low melatonin 

concentrations, impairs glucose tolerance in MTNR1B risk allele carriers but not in non-

carriers [26]. The interaction of dinner timing with MTNR1B genotype supports a causal 

role of endogenous physiological melatonin concentrations in the impairment of glucose 

tolerance[24]. These results suggest that increased melatonin signaling is a risk factor for 

T2D.

MTNR1B may not only influence insulin release, but may also impact other aspects related 

to glucose homeostasis. The common MTNR1B risk allele has one of the strongest effects of 

any of the >243 known T2D risk single nucleotide polymorphisms (SNPs) on lowering the 

disposition index, which is the product of insulin secretion and insulin sensitivity and 

captures β-cell function in the context of concomitant insulin resistance [18, 27, 28]. The 

molecular mechanisms underlying genotype-specific changes in MTNR1B expression and 

their impact on insulin secretion—and possibly insulin sensitivity—are currently being 

unraveled [29]. However, it is already described that T2D risk allele for this SNP increases 

FOXA2-bound enhancer activity in islet- and liver-derived cells [29]. Several studies have 

reported that rs10830963 is associated with increased MTNR1B mRNA levels in human 

pancreatic islets [30]. However, the true presence of MT2 protein (the product of MTNR1B) 

in islets remains uncertain [31].

THE IMPORTANCE OF TIMING: A CENTRAL HYPOTHESIS

The seemingly contradictory effects of melatonin on glucose metabolism may appear 

difficult to reconcile at first glance, but they are consistent with the Timing Model proposed 

here. We hypothesize that the concurrence of a) elevated melatonin concentrations and b) 

food intake adversely influences glucose metabolism in humans, i.e., impairs glucose 

tolerance.

This concurrence can be due to eating at night, or elevated melatonin levels during the day. 

Under both circumstances, the high melatonin levels may suppress insulin release and/or 

insulin sensitivity, resulting in impaired glucose tolerance (Figure 1A, bottom right). By the 

same token, if we eat during the day, when melatonin levels are low, glucose tolerance is 

expected not to be negatively affected (Figure 1A, bottom left).

We also hypothesize that at night, during fasting, the naturally high melatonin levels may be 

physiologically beneficial to maintain normoglycemia as compared to that during the 

biological day [15, 32] (Figure 1A, top right and top left). Melatonin has also been shown 

to be able to restore β-cell function in human T2D islets [6].

In this Timing Model, low melatonin (during eating) supports high glucose tolerance, while 

high melatonin (during fasting) would facilitate β-cell recovery. Therefore, the abnormal 

state of high melatonin concurrent with food intake, as seen in nocturnally feeding 

populations, shift-workers or users of exogenous melatonin, may result in dysregulation of 

Garaulet et al. Page 4

Trends Endocrinol Metab. Author manuscript; available in PMC 2020 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glucose metabolism leading to increased risk of T2D. Furthermore, abnormally low 

melatonin levels or decreased melatonin receptor signaling during the night (as might occur 

in carriers of rare loss-of-function mutations in MTNR1B), may limit β-cell recovery, and 

chronically raise T2D risk.

Thus, it is critical to consider the timing of the physiological melatonin cycle relative to the 

daily feeding-fasting cycle in order to understand the impact of melatonin on glucose 

metabolism.

REVISITING CONFLICTING RESULTS

With this new hypothesis of a central role of the concurrence of food intake/glycemic load 

with elevated melatonin levels, we can revisit the seemingly conflicting results in the 

literature (Table 1). We will also address other aspects to be considered (Boxes 2 & 3).

Potential explanations by the Timing Model:

1- Studies that have shown beneficial effects of melatonin on glucose 
tolerance have generally examined the role of melatonin during fasting 
conditions at night.—Under these conditions, in addition to the already described 

improved β-cell recovery, melatonin at night is known to be beneficial for sleep and thereby 

it may improve glucose control [33, 34]. Indeed, it has been shown that sleep restriction can 

affect glucose control, either indirectly through increases in hunger, in appetite, and in time 

availability to eat, that can lead to an increase in body weight; or more directly affecting 

glucose tolerance and insulin sensitivity. Both excess body weight or impaired glucose 

metabolism can increase the risk of developing T2D [35]. On the other hand, nighttime 

melatonin may improve circadian coordination and alignment among the multiple peripheral 

clocks [36–38].

2- Studies that have shown deleterious effects of melatonin on glucose 
tolerance have generally examined the relationship between increased 
melatonin signaling concurrent with food intake.—Normally, melatonin levels 

decline over the first few hours after awakening and increase in the last hours prior to sleep, 

creating two windows of risk if one eats at those times with high endogenous melatonin 

levels [26]. A third time window is when people eat during the habitual sleep episode or 

biological night itself, as is true in night-eating and typically in night workers. Of interest, in 

carriers of the common MTNR1B T2D risk variant (Figure 2), not only is signaling 

enhanced because of increased receptor expression, but also the duration of elevated 

melatonin levels may be extended, with a delayed decline in the morning; this effect 

increases the probability of concurrence with food intake in the morning[39]. These findings 

are consistent with a detrimental effect of elevated melatonin signaling concurrent with food 

intake or another glycemic challenge.

The Timing Model proposed in this Opinion piece is hypothetical, and while it is consistent 

with the reported results it has not been fully tested. Future studies are needed to test the 

different hypotheses following from our model (see Outstanding Questions).
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Outstanding Questions

• Given the central hypothesis that elevated melatonin signaling during 

glycemic challenges (e.g., meal, OGTT, ivGTT) inhibits insulin release and 

impairs glucose tolerance, does daytime melatonin administration impair 

glucose tolerance less in rare loss-of-function MTNR1B variants? Similarly, 

do glycemic challenges at night, when endogenous melatonin concentrations 

are elevated, impair glucose tolerance less in rare loss-of-function MTNR1B 
variants?

• Given the central hypothesis that elevated melatonin signaling while fasting 

suppresses insulin release and enhances beta-cell recovery, does nighttime 

melatonin suppression impair beta-cell recovery, worsening next day glucose 

tolerance? Does the common gain-of-function MTNR1B variant enhance next 

day glucose tolerance if fasting overnight? Consistently, do rare loss-of-

function MTNR1B variants, decrease beneficial effect of fasting overnight on 

next day glucose tolerance?

• Given that the endogenous melatonin rhythm varies between individuals and 

possibly by time of year can be influenced by photoperiod, what are the 

potential roles of chronotype, season, and latitude in the effects of melatonin 

on glucose control?

• Given that melatonin is widely used for its chronobiotic and soporific 

properties, what is the optimal dose and formulation to maximize efficacy 

while minimizing adverse metabolic side effects?

SOCIETAL RELEVANCE

If this hypothesis is confirmed, a large proportion of society may be adversely affected by 

the concurrence of food intake and high melatonin levels. Some potential examples are listed 

below.

Shift workers:

In the developed world a large percentage of the work force (14% in the US) perform night 

shifts, either permanently or in rotating shifts, or on irregular schedules [40, 41]. There is 

convincing epidemiological data documenting that night shift work is a risk factor for 

developing T2D [42–45]. Compared to nurses reporting no shift work, nurses who report 

rotating or permanent night shift work had increased risk of T2D dependent on duration of 

shift work [43]. Furthermore, a recent study has shown that an increased intensity of night 

work (number of nights working per month) correlates with increased T2D risk [45]. Indeed, 

night work is generally associated with chronic and recurrent ‘misalignment’ between the 

endogenous circadian timing system and the daily sleep/wake, fasting/feeding, and 

metabolic cycles [33, 41, 46, 47]. This chronic misalignment is thought to be a primary 

cause of the increased risk for diabetes in shift workers [42, 46, 48].
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In early work with real shift workers, evidence for glucose intolerance (and other metabolic 

abnormalities) was shown following a meal during a night shift when circadian 

misalignment was assessed and confirmed [49]. Metabolic abnormalities were also present 

in simulated shift work studies, notably in fat metabolism (triglycerides) [41]. Eating a night 

time meal while melatonin levels are high during night shifts, was thus considered a possible 

mechanism for an increased risk of heart disease and diabetes.

Our recent in-laboratory studies of experimental circadian misalignment provide further 

direct evidence for the adverse impact of misalignment between the endogenous circadian 

timing system and the fasting/feeding and sleep/wake cycle on cardiometabolic functions, 

including glucose control [50–54]. Even in mild forms of circadian misalignment, such as 

with social jet lag and later chronotype, there is evidence for increased risk of metabolic 

alternations [55, 56].

Night eaters:

Eating at the wrong times of the 24-h day for human physiology (such as eating late at night) 

is associated with increased hyperglycemia and increased risk for T2D [57, 58]. While many 

factors may be implicated in the increased T2D risk when eating late at night, MTNR1B 
genetic studies show that the effect of late eating was stronger in MTNR1B T2D risk allele-

carriers than in non-carriers [26], suggesting a contribution of melatonin signaling to this 

deleterious effect.

Melatonin users:

An estimated 3 million adult Americans have used melatonin in the last 30 days, mainly to 

treat sleeping problems and without medical prescription; and the rates of consumption have 

doubled in recent years [59]. Our finding of a significant reduction in glucose tolerance, 

insulin sensitivity, and disposition index following melatonin administration in the evening 

[24] is particularly relevant for those populations that use melatonin to address sleep 

complaints. Indeed, the evening is the main time for the use of melatonin administration for 

the improvement of sleep. In addition, melatonin is used in the evening to phase-advance the 

circadian system in the treatment of delayed sleep phase syndrome (DSPS) and non-24-hour 

sleep-wake disorder (“Non-24h”)[60]. The timing of melatonin administration is typically 

several hours before bedtime in these conditions [61], and thus elevated melatonin 

concentrations would adversely affect glucose tolerance primarily in people eating in the 

evening and at night. Moreover, for people taking melatonin for the treatment of DSPS, even 

eating dinner many hours before bedtime may adversely affect glucose control because the 

most effective timing of melatonin administration is approximately 5–7 h prior to habitual 

bedtime in this population [62].

Of further concern would be the dose of melatonin. In healthy adults, oral administration of 

melatonin (0.05mg) causes plasma melatonin concentration to peak close to its nocturnal 

physiological level. A more commonly used dose, i.e., 5 mg oral fast release, is enough to 

cause plasma melatonin levels to remain 10 times higher than physiological peak levels even 

6 hours after administration [63], which could results in elevated melatonin levels in the 

following morning. Some publications have even advocated much larger than 5 mg doses for 
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various potential treatments [64]. Such doses will lead to continuously high circulating 

melatonin. The range of melatonin circulating concentrations which affect glucose tolerance 

should be carefully delimited, although even physiologic melatonin concentrations appear 

sufficient to result in impaired glucose tolerance [26].

Nevertheless, these recommendations may change depending on the ethnicity, and may be 

applicable for Caucasian, Japanese, African American, Mexican American or Chinese, but 

perhaps less applicable for Asian Indian people whereas moderate effects have been reported 

for the genetic variant. Importantly, the effect is apparent at early ages so these 

recommendations should be applicable for children and adolescents [2].

USING TIMING TO IMPROVE HEALTH

In this Opinion article, we suggest that the concurrence of melatonin with food has a 

deleterious effect on glycemic control. If these results are confirmed in large clinical trials it 

would be advisable in the general population 1) to change food timing to avoid concurrence 

of food with elevated melatonin levels (both endogenous production at night and exogenous 

melatonin administration). Potential solutions could be moving dinner to an earlier time that 

may result in better glucose tolerance, especially in MTNR1B carriers [26]. Or, moving 

breakfast slightly later, to not occur immediately upon awakening, which may limit the 

concurrence of elevated circulating melatonin concentrations with food intake and thereby 

improve glycemic control, especially in MTNR1B risk allele carriers [25, 26, 65, 66]. The 

potential benefit of postponing breakfast may surprise some, especially given that glucose 

tolerance is higher in the morning [50, 54], as long as it is not so early that melatonin is still 

high, which would correspond to the biological night. Of interest, apart from interindividual 

variations in morning melatonin levels, different times of the year with different 

photoperiods may affect morning melatonin levels [67] especially in carriers of the common 

MTNR1B risk variant; thus further studies should assess the potential role of season and 

latitude when studying glucose control. 2) Suppression of endogenous melatonin by light 
- an alternative approach to avoid concurrence of food with high endogenous melatonin may 

be to suppress endogenous melatonin production by light during critical temporal windows. 

However, we should consider that the suppression of melatonin has been hypothesized to 

lead to other adverse health consequences, so timing, duration, dose, light history, and 

wavelength would need to be carefully examined [68]. Furthermore, these effects of light 

exposure on circadian phase should be taken into account [69], given the effect of the 

circadian system on glucose control [33]. 3) Timing of melatonin administration may be 

also considered, particularly in vulnerable populations, such as patients with T2D using 

exogenous melatonin [62]. For these people, it could be recommended to separate melatonin 

administration at least two hours from food intake to limit concurrence of melatonin with the 

glycemic challenge. Individual chronotype or circadian rhythm disorder may be also 

considered to correctly advise the timing of melatonin administration. Indeed, the effect of 

melatonin on glucose control depends on the timing relative to the endogenous circadian 

phase, not clock time [70–72].
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Several levels of society may be affected by this Timing Model (Figure 2). Once the central 

hypothesis is fully tested, in the general population, it may be better to avoid eating meals, 

especially high glycemic meals, close to exogenous melatonin intake or during the night 

when the endogenous melatonin levels are normally high. For clinical practice, since most 

glycemic assessments are performed in the morning, clinicians may find that people have 

better glucose tolerance in the absence of melatonin. However, if the test is done very early 

in the morning or if patients display late chronotypes – i.e., in both cases testing would occur 

especially early relative to their circadian phase – then melatonin may be still elevated and 

thereby impair glucose control. Therefore, this aspect may be considered when interpreting 

the glycemic test results. For research into glycemic control, internal circadian time - 

whether melatonin levels are high or low - should be considered, and perhaps even whether 

the melatonin signaling is influenced by genetic variants of the MT2 receptor. Up to now, the 

search for the optimal dose and formulation (e.g., fast/slow-release) of melatonin is mostly 

focused on its chronobiotic and soporific properties. However, future studies may also 

consider the potential adverse effects of these different dosages and formulations on glucose 

metabolism to maximize efficacy and minimize adverse metabolic side effects. An 

integrated approach to study the role of melatonin, the melatonin receptors, and their 

genetics on glucose control should include in vitro mechanistic studies, interventional 

laboratory studies and both observational and interventional studies in real-life settings, such 

as shift work, late-night eating and exogenous melatonin use, to successfully translate these 

scientific observations into targeted guidelines or therapies for at-risk individuals (see 

Outstanding Questions).

In this Opinion, we have proposed timing as a new factor to consider in the clinic, for the 

diagnosis, prevention and treatment of T2D. Moreover, timing can help unravel the 

confusion and apparent contradictions in the epidemiologic, clinical and basic investigations. 

For society, timing is also a relevant factor, especially in vulnerable populations, including 

late-night eaters, shift workers, and individuals using exogenous melatonin, who together 

constitute a large proportion of our society.

Glossary

Circadian rhythm
term originating from the Latin words circa meaning “around” and dies meaning “day”; 

endogenous biological rhythm with period of approximately 24 hours that is self-sustaining 

and that persists independent of external environmental and behavioral influences.

Glucose tolerance
the ability of the body to uptake glucose (sugar) from the circulation system into organs and 

tissues, such as muscle and adipose tissue.

Insulin resistance
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resistance to the effects of insulin on glucose uptake, metabolism, or storage; is manifested 

by decreased insulin-stimulated glucose transport and metabolism in adipocytes and skeletal 

muscle and by impaired suppression of hepatic glucose output.

Melatonin
a natural hormone mainly synthesized and released into blood stream by the pineal gland in 

a circadian manner: causing high circulating concentrations at night and near-undetectable 

concentrations during the day in both diurnal and nocturnal mammals. It is well known as a 

phase marker of the timing of the central clock, for its central role in the entrainment of the 

circadian system and for its soporific properties.

MTNR1B
the gene encoding the high affinity melatonin receptor 1B (also known as MT2), a member 

of the melatonin receptor family expressed in many tissues, including pancreatic islets. 

Single nucleotide polymorphisms in MTNR1B have been revealed to be associated with 

increased fasting blood glucose levels and type 2 diabetes incidence according to several 

genome-wide association studies.

Pancreatic β-cells
a type of cells found in pancreatic islets that synthesize insulin and thereby play a dominant 

role in the regulation of glucose metabolism. When the blood glucose concentration is 

increasing, e.g., after a meal, the β-cells secrete the hormone insulin to reduce blood 

glucose.

Pancreatic β-cell recovery
Recovery of β-cell function (i.e., insulin secretion), which can be achieved by temporary 

suppression of insulin secretion, e.g., by reducing the peripheral insulin demand. This 

appears to confer a certain degree of β-cell protection by replenishing insulin secretory 

capacity and reducing oxidative/ER stress.

Type 2 diabetes
a metabolic disorder resulting from the interaction between a genetic predisposition and 

behavioral and environmental risk factors that is characterized by insulin resistance and 

subsequent progressive loss or dysfunction of pancreatic insulin-producing β-cells, resulting 

in multiple long-term complications and organ damage.

Hyperglycemia
high blood sugar. This is a major medical concern, and affects people with both type 1 and 

type 2 diabetes. There are two main kinds: 1) fasting hyperglycemia (blood sugar above 130 

mg/dL after 8 hours of no eating or drinking); 2) post-prandial hyperglycemia (blood sugar 

higher than 180 mg/dL 2 hours after eating). Chronic high blood sugar can cause damage to 

nerves, blood vessels and organs, which are common complications of diabetes.

Shift work
a work schedule that differs from the traditional 9:00 am–5:00 pm day. It can involve 

evening or night shifts, early morning shifts, or rotating shifts.
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Box 1.

The organization of the circadian system, melatonin, and glucose metabolism.

The circadian system is evolved to generate approximately 24-h rhythms in behavioral 

and physiological processes. This allows the organism to anticipate and adapt to the 

predictable rhythmic changes in the environment (e.g., light-dark cycle) brought about by 

the earth’s rotation. In mammals, endogenous circadian rhythms are produced by a multi-

oscillator system composed of the central circadian pacemaker, located in the 

hypothalamic suprachiasmatic nucleus (SCN), as well as peripheral clocks in virtually 

every organ, tissue, and cell. The SCN is primarily entrained by light through direct 

photic inputs received from the retina and transmitted via the retino-hypothalamic tract. 

Then it functions to synchronize peripheral clocks via a combination of neuronal, 

behavioral, and endocrine outputs. One of the most well-known endocrine outputs from 

the SCN is melatonin.

Melatonin, or N-acetyl-5-methoxy tryptamine, is a hormone synthesized and released 

into the circulation at night [38]. The primary physiological function of melatonin is to 

convey information on the timing and length of the night to the rest of the body [73]. The 

main source for circulating melatonin is the pineal gland. In mammals, the production of 

melatonin from the pineal gland is regulated by a multi-synaptic sympathetic projection 

from the SCN. Circulating melatonin is regulated by two primary factors, i.e., circadian 

phase and light exposure. In diurnally-entrained individuals, melatonin levels start to rise 

a few hours prior to habitual bedtime, remain high during the night, decline in the first 

few hours after the habitual wake time, and remain very low during the rest of the day. 

Light exposure during the night causes an acute and dose-dependent reduction of 

melatonin (while darkness during the day does not raise melatonin production). Both the 

circadian rhythm and light suppression mechanisms are mediated through the SCN, 

which receives visual input from intrinsically photosensitive retinal ganglion cells via the 

retino-hypothalamic tract.

There is a diurnal rhythm in glucose tolerance in healthy humans, with a decrease in 

glucose tolerance across the waking day [74, 75]. Such rhythm persists when the 

influence of the environmental/behavioral cycles are removed, indicating circadian 

regulation [33]. Melatonin, with the nighttime rise and its inhibitory action on glucose 

tolerance, can contribute to the nighttime reduction in glucose tolerance in human [24]. 

Some other generally accepted regulatory pathways include autonomic nerve system 

[76], oscillating hormones (e.g. glucocorticoids [77]) and the cell-autonomous peripheral 

clocks that can influence organ function (e.g., insulin section in pancreatic islets [78], 

insulin sensitivity of adipocytes [79]).
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Box 2.

Potential explanations of controversies by melatonin signaling specifics

Melatonin doses and formulation.

Many cellular, model organism or human studies do not consider whether the impact on 

glucose metabolism of physiologic doses of melatonin (nighttime circulating melatonin 

concentrations are typically ~10–100 pg/ml) differs from that of much higher, 

pharmacologic doses (peak levels after typical OTC oral dose of 1–5 mg are ~500–

10,000 pg/mL, depending on the dose, formulation, and interindividual variability), these 

considerations may reveal important biology of therapeutic relevance[80]. Further studies 

are required to test whether different melatonin formulations (i.e., slow-release or fast 

release forms of pharmacologic dosing) exhibit differential effects on glucose 

metabolism.

Tissue-specificity.

In vitro studies performed in different cell types and tissues, such as α or β cells in 

pancreatic islets, liver or adipose tissue may reveal different effects of melatonin on 

factors related to glucose control that might explain some of the conflicting results found 

on whole body glucose control[81]. Furthermore, melatonin’s effect on glucose control 

could partially be mediated through effects on the suprachiasmatic nucleus (SCN), which 

has an important role in glucose control[33].

Melatonin receptor subtypes.

The existence of two high-affinity receptor subtypes (MT1 and MT2) for melatonin may 

also explain differential effects of melatonin on glucose control. Melatonin effects on 

both the organellar and organismal level are likely to be well orchestrated composites of 

signaling through one, both (MT1 and MT2 receptors), or hetero-dimeric receptor 

types[82]. Furthermore, melatonin is highly lipophilic and easily crosses cell membranes, 

and may also affect metabolism without involving the receptors[83, 84].

Intron versus exon.

The single nucleotide polymorphisms (SNP) near the MTNR1B receptor gene may affect 

glucose control quite differently depending on whether the SNP is located in a regulatory 

(intron) or coding (exon) region. A coding loss-of-function variant would be expected to 

affect melatonin receptor signaling in all tissues where it is expressed, whereas a 

regulatory loss-of-function variant may only be operative in specific tissues, depending 

on the enhancer element and transcription factors involved.
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Box 3.

Potential explanations of controversies by study design

In vitro vs. in vivo.

In vitro approaches allow for the testing of mechanisms under controlled conditions. 

However, in vitro studies are by nature reductionistic and do not give a full picture of the 

complex reciprocal interaction between the tissues and the whole organism through 

circulating and nervous system signaling present in the in vivo system.

Population characteristics.

Population characteristics such as sex, age, ancestry, BMI, T2D risk, other comorbidities, 

and medication use could also contribute to the controversial results. Furthermore, the 

common MTNR1B risk variant appears to affect the transition from a normoglycemic to 

prediabetic status more strongly than the transition from prediabetes to diabetes[85]. 

Therefore, the selection of the population may affect the results of the study.

Observational vs. experimental approaches.

Reconciling the differential effects of melatonin on glucose control may also relate to the 

type of study, e.g., because they address different mechanistic pathways, they are limited 

by the associational nature of the study, or there is limited generalizability to real life. 

Observational studies can relatively easily obtain large data sets, reveal associations 

between factors, and may point to relevant human biology. However, only subsequent 

rigorous experimental and interventional studies under controlled conditions can 

definitively test causality and direction of effect and physiologic mechanisms across 

multiple tissues. Therefore, results may seem contradictory, which may be due to residual 

or unmeasured confounding or reverse causality in observational studies. A possible 

exception in this regard applies to observational genetic studies, where the arrow of time 

is unidirectional (the genetic variant is present at conception) and there is no reverse 

causality of the phenotype on germline genetic variation. Currently, new analysis 

methods such as Mendelian Randomization are helping in testing causality.
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Figure 1. Effect of melatonin on glucose metabolism – importance of timing, and relevance for 
the general population, clinical practice, and research.
(A) The two columns represent the situations when circulating melatonin levels are low 

(left) or high (right). Left: the SCN inhibits the pineal gland to produce melatonin during the 

circadian day (Circadian day); or light inhibits endogenous melatonin production from the 

pineal gland (Light exposure). Right: the SCN stimulates the pineal gland to produce 

melatonin during the circadian night (Circadian night); or exogenous melatonin 

administration increases melatonin concentrations. The two rows describe whether the 

high/low melatonin levels concur with fasting (top) or feeding (bottom). The subsequent 

impacts of the four scenarios on glucose metabolism are indicated: the arrows indicate 
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whether there is an increase (↑) or decrease (↓) of the effect under the corresponding 

situation. Color represents whether the effect improves (green) or impairs (red) glucose 

tolerance. (B) This schematic diagram summarizes the different insights provided by our 

current understanding on the effects of melatonin (green) on glycemic control and its 

interaction with food timing (blue) and other factors (orange). It also summarizes the 

unanswered key research questions (inner colored circle) in this field that could have further 

implications for clinical practice (middle colored circle) and the general population (outer 

colored circle). “Food Timing” in the white outer ring refers to either food timing or—more 

generally—other glycemic challenges. The concurrence between food timing and melatonin 

signaling is central to our Timing Model. The white arrows indicate that the factors in the 

outer circles also apply to the inner circles.
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Figure 2. Effect of melatonin timing on glucose metabolism; interaction with common genetic 
variant in MTNR1B.
This figure shows the diurnal pattern of melatonin receptor type 2 (MT2) signaling in 

homozygous carriers of the C allele (grey solid line; non-risk carriers) or G allele carriers 

(black dotted line; risk carriers) at the common MTNR1B risk single nucleotide 

polymorphism rs10830963. The X-axis indicates the clock time with black box representing 

sleep episode in an example individual with a habitual bedtime of 11 PM. With the increased 

melatonin production at night, both genotypes have enhanced MT2 signaling at night as 

compared to the day. Since the G allele is the gain-of-function receptor variant, G carriers 

have higher MT2 signaling in general. It is likely that the inhibitory effect of melatonin on 

glucose-induced insulin secretion from pancreatic islets is enhanced in G carriers. Thus, G 

carriers have a higher risk to experience postprandial hyperglycemia when the endogenous 

melatonin level is high during the biological night. However, the inhibition of insulin 

secretion by melatonin activation of MT2 receptor is mostly shown in in-vitro experiments 

with rodent β-cell. Further studies with human islets are required to confirm such effect. The 

two green-red gradient bars on the top of the panel indicate the risk of glucose intolerance 

(red as high, green as low) when food intake happens at the given MT2 signaling level 

(dependent both on genotype and circadian phase).
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Table 1.
Controversies in the literature and potential explanations by the Timing Model.

This table captures the published literature through multiple human controlled trials, genetic experimental 

studies, and genome wide association studies (GWAS) which support either the beneficial or deleterious roles 

of melatonin in glucose control and T2D risk. It includes the hypothesized mechanism that explains this 

apparent contradiction based on the Timing Model.

Study design/
model

Seemingly beneficial 
effects on glucose control

Hypothesized 
mechanism (circadian 

model)

Seemingly deleterious effects 
on glucose control

Hypothesized mechanism 
(circadian model)

Association study

low nighttime melatonin 
(urinary 6-sulphatoxy 
melatonin) prospectively 
associated with increased 
insulin resistance and T2D 
risk 6,7

low nighttime 
melatonin signaling 
during fasting impairs 
beta-cell recovery 
and/or sleep

Open label study

long term (5mo) nighttime 
administration in T2D w/
insomnia decreased HbA1C 
(however, no effect in RCT) 
8

high nighttime 
melatonin signaling 
during fasting improves 
beta-cell recovery 
and/or sleep

Genetics

rare loss-of-function 
MTNR1B variation 
associated with increased 
T2D risk (observation has 
not been replicated)9,11,81

low nighttime 
melatonin signaling 
during fasting impairs 
beta-cell recovery 
and/or sleep

common gain-of-function 
MTNR1B variant impairs 
insulin secretion and increases 
T2D risk 12–17

high melatonin signaling 
and longer window of 
melatonin production with 
gain-of-function variant 
impair glucose tolerance if 
eating in late evening, night, 
or early morning

Placebo-
controlled study

daytime melatonin 
administration impairs glucose 
tolerance 12,20,21

high (exogenous) melatonin 
impairs glucose tolerance

Placebo-
controlled genetic 

study

daytime melatonin 
administration impairs glucose 
tolerance more in carriers of 
common MTNR1B variant 
12,22

high (exogenous) melatonin 
with gain-of function 
variant impairs glucose 
tolerance

Experimental 
study

late dinner timing, when 
endogenous melatonin 
concentrations elevated, 
impairs glucose tolerance 
(RCT) 23

high (endogenous) 
melatonin impairs glucose 
tolerance

Experimental 
genetic study

late dinner timing, when 
endogenous melatonin 
concentrations elevated, 
impairs glucose tolerance more 
in carriers of common 
MTNR1B variant (RCT) 23

high (endogenous) 
nighttime melatonin with 
gain-of function variant 
impairs glucose tolerance

T2D: Type 2 Diabetes; RCT: Randomized controlled trial.
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