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M

elatonin plays a crucial role in the synchronization of internal biological events to external environmental cues. Its
rhythmic secretion by the pineal gland is regulated by the suprachiasmatic nucleus (SCN) of the anterior hypothalamus, with the
light-dark cycle being the main synchronizer. Melatonin secretion
is stimulated by darkness and inhibited by light, and in coordination with the SCN, it is centrally involved in maintaining circadian rhythmicity and regulating sleep. The SCN regulates the timing of melatonin release, while melatonin feeds back to the SCN
to decrease SCN neuronal ﬁring. This process is controlled by
two high-afﬁnity melatonin (MT) receptors located in the SCN:
MT1 and MT2.
The ability of melatonin to entrain, or synchronize, the circadian clock by its direct action on the SCN has led to the investigation of melatonin as a remedy for treating disordered circadian
rhythms that occur in jet lag, shift work, and certain types of insomnia. However, results on its effectiveness have not been conclusive. Ramelteon is a selective agonist at the MT1 and MT2 receptors and is approved by the US Food and Drug Administration
(FDA) for the treatment of insomnia. Other melatonin receptor
agonists that are currently being investigated for the treatment of
sleep disorders include agomelatine: a high-afﬁnity MT1 and MT2
receptor agonist; VEC-162; and LY 156735, a melatonin analog.

cycles range from minutes (eg, stages of sleep) to days (eg, the
menstrual cycle) and are governed by a biological “clock,” an
internal timekeeping system, located in the SCN of the hypothalamus that ensures that speciﬁc internal temporal changes take place
in coordination with one another. The internal circadian clock is in
turn synchronized with, or entrained to, the environmental lightdark cycle by external time cues, such as variations in intensity of
light.1 Circadian rhythms ensure that certain functions are held in
conformity with environmental needs so that maximal adaptation
occurs to the environment; these functions include reproduction,
hibernation, and migration. Disturbances in circadian rhythms in
humans, such as jet lag or shift work sleep disorder, can have a
negative impact on safety, performance, and productivity.2
For most mammals, the light-dark cycle is the major synchronizing stimulus for regulating the expression of 24-hour rhythms
at the behavioral, physiological, and biochemical levels.3 In humans, the free-running (“endogenous”) daily circadian cycle is
greater than 24 hours. The environmental light-dark cycle provides an accurate measurement of environmental time for the
SCN “master” clock which, in turn, resets the human daily cycle
each day so that it is in conformity with the 24-hour rhythm.4 The
circadian rhythm of sleep and wakefulness is dependent on both
positive and negative feedback mechanisms regulating the genetic transcription of a number of core circadian clock genes located
within the SCN neurons. Polymorphisms in three of these genes,
Clock, Per2, and Per3, have been shown to cause variations in
the circadian clock gene mechanism and have been implicated in
certain human sleep disorders.5, 6 These genes and their encoded
proteins are responsible for setting the length of periods of activity and inactivity within cells that regulate various physiological
processes throughout the body.

CIRCADIAN AND HOMEOSTATIC REGULATION OF SLEEP
The Circadian Clock – The Suprachiasmatic Nucleus (SCN)
In many living organisms, the main physiological functions
such as core body temperature, hormone production, heart rate,
and blood pressure ﬂuctuate in cycles lasting approximately 24
hours, also referred to as circadian rhythms. The sleep-wake cycle
is the most widely recognized circadian rhythm in humans. These

Homeostatic and Circadian Regulation of Sleep
The physiologic drive to obtain the required amount of sleep
is homeostatically regulated.7 Therefore, as the day progresses,
the need, or “pressure,” for sleep accumulates during wakefulness
and dissipates during sleep (Figure 1). The pressure for sleep is
opposed, however, by the circadian process, which is regulated
by the SCN. The latter process promotes wakefulness by transmitting stimulatory signals throughout the central nervous system
from the SCN. During the wake period, these alerting signals are
dominant, reaching a peak about 2-3 hours before one’s habitual
bedtime and serving to offset the homeostatic drive for sleep that
accumulates during waking hours. During the evening, this alert-
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Figure 1—Circadian and Homeostatic Regulation of Sleep. Adapted with permission from Kiduff and Kushida75 and Edgar et al.8 The circadian
cycle and the homeostatic drive interact to produce sleep and wakefulness at the appropriate times. The need for sleep (ie, sleep load) accumulates
during wakefulness and dissipates during sleep.

ing signal is diminished, in part, via increased melatonin levels,
eventually allowing sleep to occur.8 Sleep deprivation prolongs
the hours spent awake, during which the homeostatic sleep drive
continues to intensify as sleep debt builds which, in turn, results
in prolonged sleep on the subsequent night’s sleep opportunity.4
There are a number of other factors that affect sleep homeostatic
drive, including neuromodulators such as adenosine. Adenosine
levels accumulate in the brain during wakefulness periods, eventually activating sleep-promoting neurons and inhibiting neurons
promoting wakefulness.9

rhythms according to a phase-response curve that is nearly opposite in phase to that of light exposure.15 Endogenous circadian
rhythms can be delayed with melatonin treatment in the morning
and advanced with treatment in the evening.16 Therefore, melatonin reinforces the entraining effects of the photoperiod and acts
as a darkness signal, providing feedback to the SCN circadian
pacemaker, thereby facilitating the synchronization of circadian
rhythms.
In addition to its rhythm-synchronizing actions, melatonin may
have sleep-promoting or soporiﬁc properties, for which it has
been extensively studied.17 Melatonin has been found to induce
sedation and lower core body temperature.18-22 It is thought that
the endogenous cycle of melatonin is involved in the regulation
of the sleep-wake cycle by muting the SCN-alerting signals, or
wakefulness-producing mechanisms.23 In this capacity, increased
night-time melatonin levels allow the homeostatic drive to remain unopposed, resulting in sleep onset. Therefore, melatonin
not only plays a role in communication between the environmental light-dark cycle and the circadian-generating mechanisms, but
may also play a role in the mediation between the circadian pacemaker and sleep-wake behavior.23

MELATONIN AND ITS RECEPTORS
Melatonin and the Sleep-Wake Cycle
Melatonin (N-acetyl-5-methoxytryptamine), the primary neurohormone of the pineal gland, plays a fundamental role in circadian rhythmicity.10 The master clock is reset by the transmission
of photic information from the retina to the pineal gland through
the SCN (Figure 2). Photoreceptors in the eye are connected
through a retinohypothalamic tract (RHT) to the SCN.3,9 Ambient light stimulates ganglion cells in the retina, resulting in the
transfer of neural signals into the anterior hypothalamus and SCN.
The SCN relays retinal information to the pineal gland via a multisynaptic pathway with connections being made sequentially to
the paraventricular nuclei of the hypothalamus, the preganglionic
sympathetic neurons in the upper thoracic cord, the superior cervical ganglia, and ﬁnally to the pineal gland1 where norepinephrine
release stimulates the rate-limiting steps in melatonin synthesis.11
In vertebrates, melatonin synthesis and release are stimulated by
darkness and inhibited by light. In humans, the nocturnal rise of
melatonin begins after the onset of darkness, peaks in the middle
of the sleep period (between 2 and 4 a.m.), and gradually falls
during the second half of the night.12
The daily rhythm of melatonin secretion is dictated by signals
originating in the SCN and parallels the daily cycle of light and
darkness.13,14 In humans, melatonin shifts endogenous circadian
Journal of Clinical Sleep Medicine

SCN Melatonin Receptors and Sleep-Wake Regulation
The physiological actions of melatonin are mediated by two
G-protein coupled membrane receptors, MT124 and MT2,25 and the
MT3 binding site,26 which belongs to the family of the quinone
reductases. The majority of the high-afﬁnity MT1 and MT2 receptors are expressed in the SCN and have distinct functional roles
in sleep regulation. Activation of the MT1 receptor suppresses
neuronal ﬁring rate in the SCN, while MT2 acts mainly by inducing circadian rhythm phase shifts.27 Both MT1 and MT2 receptors
are also expressed in peripheral organs and cells and contribute
to other physiological functions. In animals, activation of MT1
receptors inhibits prolactin secretion from the pars tuberalis,28
regulates Per1 gene expression27 in the anterior pituitary, and
mediates vasoconstriction in cerebral and peripheral arteries.27
S18
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Figure 2—Melatonin Physiology. Melatonin synthesis and release by the pineal gland are inhibited by light and stimulated by darkness. Neural
signals from stimulated ganglion cells are transferred to the anterior hypothalamus and SCN via the retinohypothalamic tract (RHT), then to the
superior cervical ganglion, and ﬁnally to the pineal gland.

MT2 receptors are involved in retinal physiology, vasodilation,
inhibition of dopamine release in the retina, as well as enhancement of splenocyte proliferation.27 MT3 binding sites are widely
distributed in the brain, liver, heart, kidneys, and lungs.26,27 Recent
ﬁndings from animal studies suggest possible roles in the regulation of intraocular pressure29 and in inﬂammatory responses in the
microvasculature.30
Evidence for the distinct roles of MT1 and MT2 receptors in
sleep-wake regulation comes from studies in MT1- and MT2 – receptor-deﬁcient transgenic mice. In SCN slices from mice lacking
MT1 receptors, melatonin failed to acutely inhibit neuronal ﬁring,
but its phase-shifting effects remained intact.31 In contrast, mice
with targeted disruption of the MT2 receptor had no obvious circadian phenotype; however, melatonin suppressed neuronal ﬁring
in the SCN as effectively as in wild-type controls.32 Additionally,
pharmacological studies support the phase-shifting effect of melatonin on circadian rhythms. Using in situ hybridization, selective MT2 receptor antagonists blocked melatonin-mediated phase
advances of circadian rhythms.33 These distinct roles of the MT1
and MT2 receptor subtypes provide great prospects for subtypeselective pharmacological agents affecting distinct aspects of the
sleep-wake cycle and other endogenous circadian rhythms.

(2) insomnia. According to the FDA, melatonin, a neurohormone,
is classiﬁed as a dietary supplement. Following administration,
melatonin has a short half-life (0.5 to 5.6 minutes)34 and its effects are short lived.35 Melatonin products vary from fast-release
to sustained-release formulations. Dosages used in clinical trials have ranged widely, with typical dosages in the 0.1 to 10 mg
range, administered 30 minutes to 2 hours before bedtime.
Despite extensive research, results from clinical studies have
been conﬂicting, and the usefulness of melatonin for the treatment of sleep disorders remains controversial. Discrepancies in
sleep outcomes between trials may be due to differences in physical, biological, and pharmacokinetic properties of exogenous
melatonin utilized in these trials. Variations have been described
in the purity of commercially available melatonin formulations.36
Studies have also utilized variable methodologies regarding timing, frequency, and duration of melatonin administration.17, 37
Adding to this complexity, clinical studies evaluating the efﬁcacy
of melatonin have not used consistent inclusion and exclusion criteria and outcome measures to evaluate insomnia.
Several meta-analyses and systematic reviews have evaluated the efﬁcacy and safety of melatonin in the management of
primary sleep disorders. In these studies, clinical efﬁcacy was
measured on such outcomes as sleep onset latency (time period
measured from “lights out,” or bedtime, to the onset of sleep),
sleep efﬁciency (ratio of total sleep time to time in bed), as well as
alertness, mood, and performance.37 A meta-analysis of 139 published studies conducted by the Agency of Healthcare Research
and Quality (AHRQ) concluded that melatonin is not effective
in treating most primary sleep disorders with short-term use, although there is some evidence to suggest that melatonin is ef-

Melatonin – Clinical Efficacy and Safety
Because of its circadian phase-modulating and hypnotic/soporiﬁc effects, exogenously administered melatonin has been studied
as a potential treatment for: (1) circadian rhythm sleep disorders,
conditions associated with misalignment of sleep-wakefulness
rhythms from the light-dark cycle (eg, shift work, jet lag); and
Journal of Clinical Sleep Medicine
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fective in treating delayed sleep phase syndrome with short-term
use. It also indicated that melatonin is not effective in treating
most secondary sleep disorders with short-term use, and that data
were lacking to support its efﬁcacy in alleviating the sleep disturbance aspect of jet lag and shift-work disorder. Nevertheless, it
also indicated that melatonin is safe with short-term use.37 A more
recent meta-analysis of 14 randomized controlled trials (N=279)
concluded that melatonin reduced sleep onset latency to a greater
extent in delayed sleep phase syndrome than in other forms of
insomnia.38 In contrast, another meta-analysis using 17 published
studies (N=284), which comprised heterogeneous populations
of normal healthy volunteers, insomniacs, and individuals with
various psychiatric conditions, concluded that melatonin is effective in increasing sleep efﬁciency and decreasing sleep onset
latency.39
No serious side effects have been associated with melatonin
administration; however, adverse effects have not been well investigated in long-term use. The most common adverse events
accompanying short-term (3 months or less) melatonin administration in clinical trials were headaches, dizziness, nausea, and
drowsiness; however, no signiﬁcant differences were observed
between placebo and melatonin.38 High doses of melatonin may
lead to a daytime “hangover” or headache and prolonged use at
high doses can lead to suppression of ovulation by decreasing the
mid-cycle surge of luteinizing hormone.40

domized into a dosing sequence of 4, 8, 16 and 32 mg of ramelteon and placebo with a 5- or 12-day washout between each treatment. Each patient underwent ﬁve 2-day treatment periods. Each
treatment was administered 30 minutes prior to habitual bedtime
and sleep variables were assessed via polysomnography (PSG).
For every ramelteon dose, the latency to persistent sleep (LPS)
was reduced (P<0.001) compared to placebo.
A 5-week randomized study of 405 adults with chronic insomnia compared the efﬁcacy of two doses of ramelteon, 8 mg and 16
mg, with placebo.50 Using PSG, sleep parameters were assessed
at weeks 1, 3, and 5. Both ramelteon doses were associated with
a reduction in mean LPS at each time point (P≤0.01). A post-hoc
analysis further revealed that a greater percentage of patients treated with ramelteon 8 mg demonstrated at least 50% or greater LPS
reduction compared to those treated with placebo (63% vs. 40%,
P<0.001) at week 1.51 These results were sustained throughout the
study at week 5 (66% vs 48%, P<0.005).51 Ramelteon was also
evaluated in older patients (64-93 years) with chronic insomnia
in a 5-week randomized, double-blind study.52 Patients received
bedtime medication of ramelteon 4 or 8 mg or placebo nightly for
5 weeks, followed by a 7-day placebo period. Patient-reported sleep
data were collected using sleep diaries. Compared to placebo, both
doses of ramelteon produced reductions in sleep latency at week 1
(P=0.008) and at week 5 (4 mg, P=0.028; 8 mg, P<0.001).
Clinical trial data show no evidence of next-day residual effects with ramelteon49 (determined using standard measures and
exclusively collected “next morning”) or any rebound insomnia
or withdrawal effects following treatment discontinuation.50,53
The most commonly reported adverse events that differ >2%
compared to placebo are somnolence (5% vs 3% for placebo),
dizziness (5% vs 3% for placebo), and fatigue (4% vs 2% for
placebo).47 Recently, the FDA has requested that all sedative-hypnotic drug products include product labeling concerning potential
risks such as severe allergic reactions and complex sleep-related
behaviors, which may include sleep-driving.54
Since ramelteon is primarily metabolized via CYP1A2, it
should not be used in combination with ﬂuvoxamine.47 It should
also be administered with caution in less strong CYP1A2 inhibitors. Long-term nightly administration of ramelteon has been
associated with increases in serum prolactin55 and reductions in
testosterone.53 Ramelteon treatment was not associated with respiratory depressant effects in 26 patients with mild-to-moderate
chronic obstructive pulmonary disease56 and in 26 patients with
mild to moderate obstructive sleep apnea syndrome.57 However, it
has not been studied in severe forms of these disorders. Ramelteon has demonstrated no abuse potential or behavioral impairment
at up to 20 times the proposed therapeutic dose.58

MELATONIN RECEPTOR AGONISTS
It has been suggested that the lack of consistency in efﬁcacy
of melatonin in treating insomnia and circadian rhythm sleep disorders may be due to its pharmacological properties, including
short half-life, high ﬁrst-pass metabolism, and binding to multiple
melatonin receptors. Therefore, melatonin analogs that act as agonists or antagonists with increased selectivity for MT1 and MT2
receptors have been examined as pharmacological agents for the
treatment of insomnia and CRSDs.
Ramelteon
Ramelteon, approved in 2005 by the FDA for the treatment of
insomnia characterized by difﬁculty with sleep onset, is a selective MT1/MT2 receptor agonist and is the ﬁrst in this class of insomnia therapies to be introduced. Results from in vitro studies
showed that the selectivity of ramelteon for MT1/MT2 receptors
over MT3 binding sites is 1000-fold greater than that of melatonin.41 Ramelteon exhibits linear pharmacokinetics and is rapidly
absorbed, reaching mean peak plasma concentrations less than
1 hour after oral administration.42-44 Due to extensive ﬁrst-pass
metabolism, its bioavailability is less than 2% following a single
oral dose (16 mg).45,46 The major metabolite, M-II, shows weak
MT1/MT2 agonist activity compared with ramelteon in vitro and
has a half-life of 2 to 5 hours.43 The mean elimination half-life
of ramelteon ranges from 0.8 to 2.6 hours.42-44,47 Ramelteon is indicated for the treatment of insomnia characterized by difﬁculty
with sleep onset. Its recommended dose is 8 mg.47
The efﬁcacy of ramelteon in reducing time to sleep onset has
been examined in several placebo-controlled studies of patients
with chronic primary insomnia. In a randomized, placebo-controlled, ﬁve-period crossover study of 107 patients (18-64 years)
with DSM-IV48 primary chronic insomnia,49 patients were ranJournal of Clinical Sleep Medicine

Agomelatine
Another selective melatonin agonist that is currently being investigated for the treatment of sleep disorders is agomelatine, which
shows a high afﬁnity for MT1 and MT2 receptors in the range of
melatonin.59 Additionally, it has afﬁnity for 5-HT2c receptors.59, 60
Antagonism of 5-HT2c receptors is reported to be an effective antidepressant in humans.61 Therefore, agomelatine is currently being
developed for treatment of anxiety disorders and depression.
Several preclinical studies have demonstrated that agomelatine has chronobiotic properties similar to those of melatonin in
rodent models of sleep-wake phase disorders,62-65 and therefore,
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may have potential use in the treatment of conditions involving
disruption of circadian rhythms. Agomelatine resynchronizes
experimentally disrupted circadian rhythms in an animal model
of delayed-sleep phase syndrome,65 presumably by its effects on
electrical activity of SCN neurons.66
In clinical studies, agomelatine resynchronized human circadian rhythms in healthy volunteers67,68 and improved sleep efﬁciency in depressed patients.69,70 A double-blind, placebo crossover
study evaluated the phase-shifting capacity and thermoregulatory effects of a single oral administration of melatonin (5 mg) or
agomelatine (5 or 100 mg) at 18 hours in 8 healthy young men.67
Both melatonin and agomelatine induced an earlier onset of the
endogenous circadian nocturnal decline in core body temperature.
A double-blind, two-period, crossover study of 15 days of daily
agomelatine 50 mg or placebo evaluated the phase-shifting of circadian rhythms in 8 healthy elderly men.68 Following agomelatine
administration, phase advances were observed in the 24-hour proﬁles of body temperature and in cortisol secretion.
Agomelatine was able to relieve sleep complaints of depressed
patients in several clinical studies. A double-blind, randomized
multicenter trial of 332 patients with major depressive disorder
compared the effects of agomelatine 25-50 mg/day and venlafaxine 75-150 mg/day on improving subjective sleep (onset and quality).69 The subjective sleep onset and sleep quality were evaluated
based on the “ease of getting to sleep (GTS)” and “Quality of
Sleep (QOS)” items of the Leeds Sleep Evaluation Questionnaire
(LSEQ). As early as the end of the ﬁrst week of treatment, signiﬁcantly better improvements were observed with agomelatine
compared to venlafaxine on LSEQ-GTS items (P=0.007) and also
on QOS items (P=0.015).
In a 42-day pilot study of patients with major depressive disorder (N=15), agomelatine 25 mg/day improved sleep continuity and quality.70 Sleep efﬁciency increased by 4% (95% CI, 0.03
– 8.69), and the wake after sleep onset decreased from 42 to 19
minutes. Patients reported improvements in sleep quality and
ease of falling asleep as soon as 7 days after agomelatine initiation.

were mild to moderate in severity and did not differ in frequency
between placebo and all doses of LY 156735.
Another randomized, placebo-controlled, double-blind, crossover study evaluated the efﬁcacy of LY 156735 (20-100 mg) in 18
patients with moderate-to-severe primary insomnia.73 Compared
to placebo, LY 156735 reduced PSG latency to persistent sleep
by 57%, 54%, and 62%, respectively, for the 20, 50, and 100
mg doses (P=0.0001). Additionally, LY 156735 produced reductions in subjective sleep latency at all doses compared to placebo
(P=0.0035).
VEC-162
VEC-162 is a selective agonist at MT1 and MT2 receptors currently being studied in the US for its efﬁcacy in sleep disorders
and depression. A randomized, double-blind, placebo-controlled
study of 39 healthy subjects (18-50 years) evaluated the efﬁcacy
of VEC-162 (10, 20, 50 and 100 mg) in shifting circadian rhythms
in a model of transient insomnia.74 Primary outcome measures
were plasma melatonin concentrations and improvements in PSG
time to persistent sleep. Compared to placebo, VEC-162 phaseadvanced melatonin onset on ﬁrst administration, improved sleep
efﬁciency, reduced sleep latency, and attenuated REM reduction
due to a phase advance. VEC-162 is still in early states of clinical
development.
CONCLUSION
Melatonin is centrally involved in the regulation of sleep and
the timing of various biological rhythms. Numerous studies have
explored the effects of melatonin administration on sleep and
circadian rhythms. However, due to methodological issues and
conﬂicting results regarding the efﬁcacy of melatonin in the treatment of sleep disorders, the focus has been to develop agonists of
the melatonin receptors with predictable and well-deﬁned clinical
properties. This new class of hypnotics has high-binding afﬁnity
at the MT1 and MT2 receptors. The ﬁrst FDA-approved drug in
this class is ramelteon. The efﬁcacy of ramelteon in reducing time
to sleep onset has been demonstrated in several clinical trials.
Other agents under development include agomelatine, LY 156735
and VEC-162.

LY 156735
LY 156735 is a new investigational melatonin agonist under
development to treat circadian rhythm disorders. A double-blind,
three-period crossover pilot study of 8 healthy males (25-33 years)
assessed the efﬁcacy of LY 156735 0.5 mg and 5 mg compared to
placebo in improving adaptation to a phase advance in the lightdark cycle.71 Subjects were exposed to a phase advance of 9 hours
while being housed in a temporal isolation unit, and medications
were administered just preceding lights-out of the post-phase-advance schedule. The 5.0 mg dose enhanced the readaptation speed
of all physiological rhythms that were assessed.
In a double-blind, placebo-controlled, crossover trial, LY 156735
produced improvements in sleep latency in patients with primary
insomnia.72 A total of 40 patients received 3 doses of LY 156735
(20, 50, and 100 mg) or placebo on each of 2 consecutive nights
with 5-day washout periods between treatments. An improvement
in PSG sleep latency of 31%, 32%, and 41% was observed for
the 20, 50, and 100 mg doses of LY 156735, respectively (20 mg,
P=0.0082; 50 mg, P=0.0062; and 100 mg, P<0.0001). Improvements in subjective measures of sleep latency and lack of nextday psychomotor impairment were also observed. Adverse events
Journal of Clinical Sleep Medicine
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