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Abstract: Melatonin is produced over the night in a process driven by the circadian clock that resides in the 
suprachiasmatic nuclei (SCN), and by ambient light. It is a time cue to tune the sleep-wake and other circadian rhythms 
with the day-night cycles and thus useful in circadian rhythm sleep disorders. In addition melatonin induces fatigue and 
concurrent sleep-like changes in brain activation patterns in humans. With age SCN activity and melatonin production 
capacity decline thus depriving the brain of an important regulator of the body’s circadian rhythms. Melatonin substitution 
therapy with a prolonged-release formulation that mimics the physiological release profile of the hormone (PRM) may 
effectively treat insomnia in older patients. Large-scale, randomized, placebo-controlled clinical trials in insomnia patients 
aged 55 years and older indicated that PRM given for 3 weeks or more improved sleep quality, facilitated sleep onset and 
improved morning alertness, daytime functioning and quality of life and reduced hypnotic drug usage. Preliminary results 
of a 6-months long term placebo controlled study announced at the 2009 meeting of the Associated Professional Sleep 
Societies indicated that PRM efficacy was sustained. There were no main safety concerns and in particular, none of the 
risks associated with hypnotic drugs use (e.g. memory and cognitive impairments, falls and accidents, residual daytime or 
‘hangover' effects, rebound insomnia and withdrawal symptoms). There is clinical data showing efficacy of PRM in 
circadian rhythm sleep disorders in totally blind individuals and children with neurodevelopmental disabilities. PRM thus 
represents a new therapeutic principle for treating sleep disorders.  
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INTRODUCTION  

 The biological clock is essential for our daily well-being. 
It controls the timing of our sleep and prepares us for the 
upcoming period of activity by an anticipatory rise in heart 
rate, glucose and cortisol. At the same time the 'hormone of 
the darkness', melatonin, decreases. Thus, the time-of-day 
message penetrates into all tissues and influences the organs 
of the body [1]. The 24-hour rhythm is regulated by an 
intrinsic body clock residing in the suprachiasmatic nucleus 
(SCN) within the brain [2]. While the master clock resides in 
the brain SCN, a functional clock appears to reside in most 
cells of the body. In all these tissues, at least some output 
genes are controlled at the transcriptional level directly by 
clock proteins; others appear to be regulated by cascades of 
circadian transcription factors or neuronal stimuli [3]. The 
individual period of the endogenous clock is usually 24 
hours and is normally entrained by the ambient light to 
match the environmental light/dark cycle. When humans are 
isolated from all time cues, their circadian rhythms tend to 
free-run, or cycle at the endogenous rhythm, which in 
individual and population studies appears to be between 24 
and 25 hours [4,5] Light is perceived by the retina through a 
special retino-hypothalamic tract, which is distinct from the 
optic nerve. In the case of no light perception to the SCN, 
mostly seen in totally blind individuals with no eyes present,  
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this entrainment does not occur, resulting in their period 
being unmatched to the daily 24-hour rhythm.  
 The sleep-wake cycle is the most overt circadian rhythm. 
Sleep, an essential state marked by lessened consciousness, 
lessened movement of the skeletal muscles, and slowed-
down metabolism, is an orchestrated neurochemical process 
involving sleep-promoting and arousal centers in the brain 
[6]. From animal studies it is known that wakefulness is 
promoted by brainstem and hypothalamic neurons; each of 
these arousal networks is capable of increasing wakefulness, 
but coordinated activity in all these pathways is required for 
complete alertness and cortical activation[7]. Among the 
major sleep functions are the restorative effect on body and 
mind, resulting in a sense of well being and daytime 
vigilance, and the facilitation of the plastic cerebral changes 
that underlie learning and consolidation of memory[8].  
 Sleep propensity depends on the amount of sleep 
deprivation (homeostatic component) and on the circadian 
clock phase. The interaction between these processes forms 
the basis of consolidate bouts of sleep at night and 
wakefulness throughout the day [9]. The timing of sleep and 
wakefulness as well as other physiological and behavioral 
rhythms is tuned by the SCN[3]. A close interaction exists 
between circadian rhythms such as body temperature, blood 
pressure, immune and hormonal rhythms and the sleep-wake 
cycle leading to optimization of the internal temporal order. 
Indeed 66% of totally blind persons with no light perception 
had complained of mild to severe sleep disorders [10] due to 
this circadian rhythm disorder. Among other free running 
rhythms in totally blind individuals are the rhythms of 
production of melatonin, a hormone of the pineal gland that 
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mediates the timing of sleep and of cortisol, a hormone that 
promotes arousal state [11,12]. When the free-running sleep 
propensity rhythm passes out of phase with the desired time 
for sleep, night-time insomnia and associated occupational 
and social difficulties result [12,13].  
 Melatonin (N-acetyl-5-methoxytryptamine) is the 
primary hormone produced by the pineal gland. Endogenous 
synthesis and secretion of melatonin are controlled by the 
SCN, and occur during the dark (quiescent) phase of the 
SCN electrical activity [2,14]. Melatonin secretion is halted 
during the light phase and increases in the evening to reach a 
peak in the middle of the night [15]. Recent data obtained 
from sheep and humans indicate that melatonin is released 
directly into the cerebrospinal fluid (CSF), particularly in the 
third ventricle. As a consequence, melatonin is present in 
much higher concentrations (100 times) in the CSF than in 
blood [16-18]. Light has two effects on pineal melatonin 
production: light-dark cycles synchronize the rhythm (due to 
entrainment of the circadian pacemaker) and acute light 
exposure at night rapidly reduces serotonin N-acetyl-
transferase (SNAT) activity and thus melatonin production is 
stopped [19] and melatonin levels in blood and CSF rapidly 
decrease [20]. The dim light melatonin onset (DLMO), 
which is the initial surge in melatonin release in the early 
part of the night under low light conditions, is a consistent 
and reliable measure of the intrinsic circadian phase [20]. 
Melatonin undergoes first pass hepatic metabolism (half-life 
in the human serum is less than 1 hr.) [21] and over 80% is 
excreted exclusively in the urine as 6-sulfatoxymelatonin (6-
SMT) [22]. Therefore, the mean urinary excretion profile for 
6-SMT reflects blood levels; the amount of melatonin 
produced endogenously may be reliably based upon 
cumulative urinary excretion of 6-SMT [22]. This review 
will focus on recent evidence on the role of melatonin in 
sleep regulation, its potential use in the treatment of 
circadian rhythm sleep disorders (particularly non-24 hour 
sleep wake cycles in the blind, delayed sleep phase 
syndrome and sleep disorders in neurodevelopmentally 
challenged children) and the recent developments in the 
clinical use of melatonin and other melatonin receptors 
agonists in insomnia.  

MELATONIN AS A TIME CUE AND A SLEEP 
REGULATOR  

Melatonin in Circadian Clock Regulation 

 Melatonin can relay time-of-day information (signal of 
darkness) to various organs, including the SCN itself. The 
phase-shifting effects of melatonin are essentially opposite to 
those of light [23]. Consistent with a synchronizing effect on 
the biological clock the MT1 and MT2 melatonin receptors 
are present in the SCN [24]. Thus melatonin is able to phase 
shift the endogenous circadian clock and, in the absence of 
light, to entrain the sleep-wake and neuroendocrine rhythms 
[14,22]. Exogenous melatonin can entrain or phase shift the 
endogenous melatonin cycle in vivo [22,25]. A phase 
response curve for this effect has been reported [25] which 
appears to be 1800 out-of-phase with that effected by light 
exposure. Contemporaneous melatonin administration 
modifies the capability of light to induce circadian phase 
shifts [26]. The synchronization by melatonin of circadian 
rhythms may be mediated by the SCN [27]. Melatonin can 

acutely suppresses electrical activity of the SCN during 
daytime [24], affect gene expression in the SCN and phase 
delay or advance the SCN phase on the forthcoming days 
(depending on whether it is given at the beginning or end of 
the light phase, respectively) [25]. It is yet unknown whether 
the acute suppression of SCN electrical activity by melatonin 
is involved in phase resetting because application of 
melatonin to SCN from knockout mice in vitro did cause 
phase shift of the electrical activity without acutely 
suppressing the firing rate of SCN neurons [24].  
Melatonin in Sleep Regulation  

 There is a considerable body of evidence that melatonin 
regulates sleep in humans. The circadian rhythm in synthesis 
and secretion of melatonin is closely associated with the 
sleep rhythm in both normal and blind subjects. Thus, 
melatonin onset would typically start 14 hours after 
spontaneous wakeup (i.e. CT14 which corresponds to 21:00 
in a sighted person who wakes up at 07:00 hours). 
Electrophysiological recordings demonstrated that the timing 
of the steepest increase in nocturnal sleepiness (“sleep gate”) 
was significantly correlated with the rise of urinary 6-
sulfatoxymelatonin excretion [28]. Endogenous melatonin 
levels are correlated with daytime napping in the blind 
[29,30]. In delayed sleep phase syndrome patients, the 
melatonin rhythm is delayed and there is a significant 
positive correlation between sleep and melatonin phase 
markers [31]. Aging, presence of certain diseases (e.g. 
primary degeneration of the autonomic nervous system and 
diabetic neuropathy, some types of neoplasms, Alzheimer’s 
disease), and certain drugs (e.g. b-blockers, Clonidine 
naloxone and non-steroidal anti-inflammatory drugs), 
abolish the nocturnal production of melatonin and are 
associated with impaired sleep [32]. Administration of 
melatonin during daytime (when its endogenous levels are 
minimal) results in induction of fatigue and sleepiness in 
humans [33-35]. The sleep-promoting effects of melatonin 
become significant about 2 hours after intake similar to the 
physiological sequence at night [36]. The size of the sleep 
promoting effect of melatonin is similar to that of a potent 
hypnotic, zopiclone [35]. When given at daytime the 
architecture of sleep induced by melatonin resembles to 
some extent the contribution of the endogenous circadian 
pacemaker to the spectral composition of the sleep EEG at 
night [37]. In preparation for sleep, melatonin acts to induce 
heat loss, reduce arousal and related brain activation and 
delay cortisol production [38,39].  
 It has been suggested that melatonin participates in the 
regulation of the sleep-wake cycle by inhibiting the 
wakefulness generating system in the hypothalamus [28]. 
The brain networks affected by melatonin are now starting to 
unravel, mostly due to molecular and functional brain 
imaging studies [40,41]. Melatonin, but not placebo, reduced 
task-related activity in the rostro-medial aspect of the 
occipital cortex during a visual-search task and in the 
auditory cortex during a music task. These effects correlated 
with subjective measurements of fatigue. In addition, 
melatonin enhanced the activation in the left 
parahippocampus in an autobiographic memory task. Results 
demonstrate that melatonin modulates brain activity in a 
manner resembling actual sleep although subjects are fully 
awake. Furthermore, the fatigue inducing effect of melatonin 
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on brain activity is essentially different from that of sleep 
deprivation thus revealing differences between fatigues 
related to the circadian sleep regulation as opposed to 
increased homeostatic sleep need[40]. These studies 
indicated that melatonin modulates brain activity patterns in 
awake subjects in a manner resembling actual sleep and are 
essentially different from those seen after sleep deprivation 
[40]. Furthermore, some of these patterns resembled those in 
subjects tested in the late evening, when melatonin is 
produced endogenously [41,42]. Thus, activation in the 
rostro-medial and lateral aspects of the occipital cortex and 
the thalamus diminished at 22:00 h. Activation in the right 
parietal cortex increased at night and correlated with 
individual fatigue levels, whereas exogenous melatonin 
given at 22:00 h reduced activation in this area. The right 
dorsolateral prefrontal cortex, an area considered to reflect 
homeostatic sleep debt, demonstrates increased activation at 
22:00 h which is surprisingly correlated with endogenous 
melatonin. These results demonstrate and partially 
differentiate circadian effects (whether mediated by 
melatonin or not) and homeostatic sleep debt modulation of 
human brain activity associated with everyday fatigue at 
night [43]. Hence, melatonin may play an important role in 
priming sleep-associated brain activation patterns in 
anticipation of sleep.  
 Brain imaging studies also demonstrate that memory 
related activation in the hippocampus and parahippocampus 
are affected by time of day and melatonin in a differential 
manner and may implicate the circadian clock and melatonin 
in human memory processing during the sleep [41]. 
activation in the left hippocampus at 22:00 hr is significantly 
reduced compared with afternoon hours compatible with 
diurnal variation in hippocampal activity. Exogenous 
melatonin further reduced activation in this region, only in 
subjects who already crossed the melatonin onset phase at 
this hour and in correlation with endogenous melatonin 
levels. As such an effect was not demonstrated with 
afternoon administration of melatonin, a time depended 
effect is suggested. Contrary, activation in the left para-
hippocampus at 22:00 hr was higher in subjects that crossed 
the melatonin onset phase. Parahippocampal activation 
correlated with individual endogenous melatonin levels and 
was not further affected by exogenous melatonin. These 
results demonstrate that memory related activation in the 
hippocampus and para-hippocampus are affected by time of 
day and melatonin in a differential manner and may 
implicate the circadian clock and melatonin in human 
memory processing during the night [41]. Further studies 
demonstrate that nap and melatonin given in the afternoon 
act in a similar manner on verbal memory processing in the 
hippocampus [42]. The effect of a 2-hr mid-day nap versus 
an equal amount of wakefulness on a verbal memory task 
(unrelated word pair association) was compared to the effect 
of melatonin versus placebo (both conditions without nap) 
on a similar task. Following a nap relative to wakefulness, 
successful retrieval-related activation in the 
parahippocampus is decreased. A similar but smaller 
decrease is seen in wakefulness with melatonin but not 
placebo. In parallel, an improvement in verbal memory recall 
was found after a nap compared with wakefulness but not 
with melatonin during wakefulness compared with placebo. 
These findings demonstrate effects of melatonin that 

resemble those of sleep on verbal memory processing in the 
hippocampus thus suggesting that melatonin, like sleep, can 
initiate offline plastic changes underlying memory 
consolidation; they also suggest that concomitant rest 
without interferences is necessary for enhanced performance 
[42].  
 Melatonin acts via its own receptors (MT1, MT2), which 
are members of the G protein-linked receptor family [44]. In 
addition, lower affinity melatonin binding sites have been 
described [45]. A melatonin binding site termed MT3 has 
recently been identified as quinone reductase 2 [44] but its 
physiological role has not been elucidated. 
 Immunohistochemical evidence indicates the presence of 
melatonin receptors (both MT1 and MT2) in the human 
hippocampus [46]. Melatonin exerts opposite effects on 
GABA-A receptors in specific brain areas, potentiating the 
GABA-A receptors in the SCN via MT1 receptors, while 
inhibiting it in the hippocampus via MT2 receptors [47]. The 
brain imaging data agree well with the presence of melatonin 
receptors of both MT1 and MT2 subtypes and the low 
affinity melatonin binding sites in the SCN and 
hippocampus. The GABA-A effects of melatonin at the SCN 
may explain some of its sleep promoting effects, whereas the 
anti GABA-ergic effect explains why melatonin would not 
cause amnesia. Importantly, melatonin is not sedating: in 
nocturnally active animals melatonin production is 
associated with wake, not sleep, periods [48] and in humans 
its sleep-promoting effects become significant about 2 hours 
after intake similar to the physiological sequence at night 
[36]. Because melatonin does not increase the amount of 
slow-wave sleep [37], which is considered a marker of the 
homeostatic sleep drive [49], it is reasonable to assume that 
the sleep promoting effects of melatonin are mostly ascribed 
to the circadian component of sleep regulation.  

CLINICAL USE OF MELATONIN  

Treatment of Circadian Rhythms Sleep Disorders 

 A circadian rhythm sleep disorder is a chronic condition 
in which an individual’s circadian rhythm of sleep and 
wakefulness is out of phase with the conventional 
environmental patterns. Several circadian sleep disorders 
have been classified: delayed sleep phase syndrome (DSPS), 
advanced sleep phase syndrome (ASPS), irregular sleep-
wake patterns and non 24-h sleep-wake syndrome in blind 
and sighted persons. In all of these the misalignment with the 
environmental day-night cycle is persistent, or periodic, and 
adjustment never seems to occur, or at best is most difficult. 
The pathophysiological process of chronic and periodic 
circadian rhythm sleep disorders is presumed to be 
associated with abnormalities occurring in the pacemakers, 
their coupling to the external cues, or their downstream 
synchronizing mechanisms. Two additional circadian rhythm 
sleep problems, i.e. those associated with jet lag and shift 
work, are due to temporary (circumstantial) misalignment of 
the circadian sleep-wake rhythm with environmental 
patterns.  
 Presently melatonin appears the only effective drug for 
treating circadian rhythms sleep-wake disorders [14,33]. The 
ability of melatonin to increase sleep propensity and 
synchronize the internal clock make it a reasonable 
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therapeutic candidate for facilitation of sleep and treatment 
of circadian rhythm sleep disorders. Apart from its sleep-
anticipating effect, exogenous melatonin may affect sleep 
through its phase-resetting action on the biological clock. In 
delayed sleep phase syndrome (DSPS) the endogenous 
melatonin rhythms are delayed compared with those in 
normal individuals [31]. There is compelling evidence 
indicating that melatonin effectively adjusts sleep time in 
subjects with DSPS [22]. In these studies melatonin was 
given orally, at a 5 mg dose once daily for 28-30 days. In 
one study melatonin was administered to all patients in the 
evening (22:00 h) [50] whereas in the other studies in each 
patient melatonin was administered 5 hours before his own 
melatonin onset time (measured in dim light) [51,52]. In 
both protocols melatonin significantly advanced sleep onset 
and wake times of subjects with DSPS to earlier hours 
compared to placebo [50-52] and in the latter it was proven 
to improve vigilance and cognitive functions in DSPS 
patients [52]. It is yet to be found whether the effects of 
melatonin in DSPS reflect a phase advance of other rhythms 
besides the sleep-wake cycle. 

 When human subjects are isolated from all time cues, 
their circadian rhythms tend to "free run", namely cycle at 
the endogenous rhythm which in different individuals is 
close to 24 h and in population studies was on average 
between 24-25 h [4]. Subjects with no conscious light 
perception have a higher occurrence and more severe sleep 
disorders than those with some degree of light perception 
because they tend to free-run [13,53]. When they free-run, 
the sleep/wake cycle is pushed toward 24 h cycle due to 
social cues and the relationship between sleep and other 
bodily rhythms which keep free-running (e.g. melatonin, 
cortisol, body temperature) is constantly changing [13,53]. 
Non-24-hour (or free running) sleep-wake disorder is 
characterized by periods of good and bad sleep at which the 
circadian system periodically attains a normal phase position 
with the behaviorally imposed 24 h sleep wake cycle. 
Melatonin at a daily dose of 3-5 mg has been successfully 
utilized for adjusting the sleep-wake cycle in the blind, 
where the light-dark cycles are ineffective [11,54]. Presently 
melatonin appears the only effective drug for blind people 
with Non-24-hour sleep-wake disorder [11,23,54]. 
Furthermore, exogenous melatonin administration 
synchronized neuroendocrine rhythms to the day-night 
cycles in totally blind subjects with non-24h sleep wake 
disorder [11,54]. Melatonin administration appears to be the 
most promising approach, with long-term benefit, for 
circadian rhythm sleep disorders because it simultaneously 
treats the sleep and the wake state problems and in addition, 
synchronizes other bodily rhythms so as to maintain the 
body’s internal temporal order and prevent internal 
desynchronization. The effective doses reported are 0.5-10 
mg without a clear dose-response relationship [11,23,54-57]. 
This mainly reflects the large inter-individual variability in 
melatonin bioavailability which is well known in the 
published literature and are attributed to differences in first-
pass metabolism [58-60]. This is also the case with 
endogenous melatonin levels which may vary 20 fold among 
healthy adults [61]. Further well controlled clinical trials are 
needed to establish the efficacy and safety of well 
characterized pharmaceutical preparations of melatonin to 

gain regulatory approvals for the treatment of these 
disorders.  
 During the first few days after traveling across several 
time zones, most travelers complain that they are suffering 
from “jet lag”. Although the term "jet lag" refers to 
disturbances in a variety of symptoms, jet-lagged travelers 
mostly complain of loss of sleep and of its consequences 
(e.g., diurnal sleepiness, depressed mood, decreased 
efficiency, premature awakening, headaches, reduced 
cognitive skills, poor psychomotor co-ordination, moodiness 
or general malaise). The jet lag syndrome is largely due to 
the inability of the circadian system to resynchronize rapidly 
after sudden shifts in the timing of the environmental light-
dark cycles. A spontaneous phase shift toward the new 
timing of the light-dark cycle gradually resolves the 
problem. There is evidence for improvement of sleep and 
self-reported jet lag symptoms by melatonin (3-5 mg) in 
subjects with jet lag [14,22]. Both melatonin (1.5 mg in a 
surge sustained formulation) and the investigational 
melatonin receptors agonist tasimelteon (10-100 mg), given 
to healthy volunteers in a 5-h advance of sleep-wake 
schedule reduced sleep latency and increased sleep 
efficiency compared with placebo and shifted the 
endogenous plasma melatonin rhythm to an earlier hour 
[62,63] It seems, therefore, that melatonin receptor agonists 
may have some beneficial effects on the symptoms of jet lag, 
and circadian phase position, although the optimal dose, 
timing of ingestion and safety of such treatments have yet to 
be determined.  

Treatment of Sleep Disorders in Children With 
Neurodevelopmental Disabilities 

 Several published studies have looked at the use of 
melatonin to treat serious sleep disorders among children 
who are blind, have autism spectrum conditions, attention-
deficit/hyperactivity disorder (ADHD), cerebral palsy, or 
foetal alcohol syndrome. In most of these disorders, 
endogenous production of melatonin is impaired or its 
circadian rhythmicity is abnormal. In a review article on the 
therapeutic uses of melatonin, 24 paediatric studies from 
1991–1998 were summarized [64]. Additional studies were 
published later on [65-72]. There is strong consensus among 
these researchers that exogenous melatonin is beneficial for 
treating chronic sleep–wake cycle disorders of children who 
have neurodevelopmental and neuropsychiatric difficulties. 
None of the authors noted significant adverse side-effects. In 
most instances, fast-release (FR) melatonin preparations that 
are available as food supplements in the USA were used 
rather than prolonged release melatonin or controlled-release 
(CR) forms of melatonin, possibly because the PRM and CR 
melatonin became available only later.  
 Several published studies performed in Canada [64,73] 
have studied PRM (Circadin® Neurim Pharmaceuticals; 
authorized in the EU and other countries for the treatment of 
insomnia in patients aged 55 years and older) for sleep wake 
cycle disturbances in children with neurodevelopmental 
disabilities. The average final PRM dose in the children was 
5.7 mg (2–12 mg). The studies showed that the FR melatonin 
was most effective when there was only delayed sleep onset, 
but PRM was more useful for sleep maintenance. Other 
studies [67-69] reported on the use of PRM in the treatment 
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of children with Smith-Magenis syndrome (SMS). SMS, 
which is a clinically recognizable contiguous gene 
syndrome, caused by interstitial deletion of chromosome 
17p11.2 is associated with major sleep disturbances ascribed 
to a phase shift of their circadian rhythm of melatonin with a 
paradoxical diurnal secretion of the hormone. Morning beta-
blockers (in a single morning dose to suppress the 
endogenous melatonin production during the day) and 
evening PRM (6mg/day) reinstated a normally timed 
melatonin circadian rhythm, improved daytime behavior and 
restored normal sleep habits, resulting in a greatly improved 
quality of life for both SMS patients and their families. This 
pattern was maintained for 6 months to 3 years with no signs 
of tolerance or treatment related adverse events.  
 Additional studies reporting use of an experimental 
controlled release melatonin formulations (CR-melatonin) 
have been published recently [70,71] reporting on long term 
effectiveness of CR-melatonin therapy at a maximal dose of 
4 mg in children under 4 year and 6 mg over this age in 
improving sleep in children with neurodevelopmental 
disabilities and treatment-resistant circadian rhythm sleep 
disorders (CRSD) and in autistic children with chronic sleep 
disorders. Adverse reaction to melatonin therapy and 
development of tolerance were not evident. At the end of the 
study, the parental comments regarding the effectiveness of 
long-term melatonin therapy were highly positive. It was 
concluded that controlled-release melatonin may provide an 
effective and well-tolerated treatment for autistic children 
with chronic sleep disorders. Further well controlled clinical 
trials, are therefore needed to establish the efficacy and 
safety and gain regulatory approvals of well characterized 
melatonin formulations for the treatment of sleep disorders 
in children with neurodevelopmental and neuropsychiatric 
difficulties or blindness. 

Treatment of Insomnia 

 Insomnia is defined in the fourth revision of the 
Diagnostic and Statistical Manual of the American 
Psychiatric Association (DSM-IV) as well as in the tenth 
revision of the International Classification of Diseases (ICD-
10). Key elements for the definition of Primary Insomnia 
that are described in DSM-IV as well as in ICD-10 include 
insufficient sleep quantity and/or non-restorative sleep 
(inadequate sleep quality) over a certain period as well as 
negative effects on subsequent day-time functioning. The 
sleep disorder persists over a month and is associated with 
significant daytime distress. No satisfactory correspondence 
has ever been established between the common complaint of 
sleep quality and sleep laboratory measurements. Recent 
findings suggest that patients suffering from sleep quality 
problems have a lighter sleep. Hence complaints on the 
quality of sleep remain essentially subjective. Similarly, 
estimates of impaired daytime functioning remain essentially 
subjective. Epidemiological studies throughout the world 
(USA, Canada, Europe, Australia, Asia, Russia) have found 
that at least 10% of the total population in these countries 
rates their sleep problem as serious. Women were 1.5 times 
more likely than men to have a sleep problem.  
 The elderly are particularly liable to suffer from 
insomnia. Whereas the prevalence of sleep problems in 18-
35 year olds is about 10% -15%, it rises to 30% in the over-

65 year olds [74,75]. This is reflected in the usage of 
hypnotic medication with roughly 10-15% of the elderly 
population in the UK, France and Germany. Furthermore, 
such usage tends to be long term and to give rise to 
complications such as increased risk for falls, amnesia, 
driving accidents, dependency and tolerance and serious 
withdrawal syndrome when they attempt to discontinue the 
hypnotic drugs. Hypnotics address insomnia related to 
quantitative sleep problems (increased sleep latency, 
decreased total sleep time) but none of these treat sleep 
quality or improve the restorative value of sleep. The targets 
of the therapeutic process are now changing from improving 
symptoms such as difficulties in initiating or maintaining 
sleep to re-establishing restorative sleep and improving 
daytime functioning. 
 The production of melatonin decreases with age and is 
low in elderly insomnia patients. Older subjects show an 
increased lag from sunset to the onset of the melatonin pulse 
and to the melatonin pulse peak so that the pulse starts later, 
peaks lower and later and ends sooner [76]. 6-SMT excretion 
in insomniacs aged > 55 years is about one third of that in 
healthy adults aged 20-35 years and about half of that in 
healthy adults > 55 years without sleep complaints [77,78]. 
A low melatonin amplitude was found to be associated with 
insomnia complaints in adult and elderly subjects [77,79-81] 

and intensive care patients [82]. Endogenous melatonin 
levels decrease with age presumably due to age related 
calcification of the pineal gland [77-79,83-87]. These age-
related changes are associated with sleep disturbances and 
most probably reflect age-related diminution in output of the 
circadian pacemaker [88]. Actually, functional disturbances 
of SCN circadian activity may start already around the age of 
50, reflected in a disruption in the circadian rhythmicity of 
the AVP-expressing neurons in the SCN [18,89] while the 
number of AVP-expressing neurons is still intact [90]. 
 In addition, the sleep of the elderly is characterized by 
increased fragmentation and maintenance problems which 
may not be linked to disturbances in the circadian 
pacemaker. No systematic relationship between melatonin 
production and objectively measured sleep laboratory 
parameters has been demonstrated so far [91-93]. However, 
individual melatonin levels, as well documented in the 
published literature, may vary 20 fold among healthy adults 
[61] and this variability may mask such relationship. 
Melatonin deficiency should thus be viewed as relative (e.g. 
a decline from when young to when old) rather than as 
absolute [94]. Indeed, a recent report shows that the degree 
of pineal calcification, which better reflects the individual 
loss in melatonin production capacity, is better correlated to 
poor sleep in insomnia patients than the actual melatonin 
levels [87]. Recent finding also indicate that the degree of 
pineal calcification rather than actual melatonin levels 
corresponds to with poor quality of sleep in insomnia 
patients [79,87]. The decline in melatonin may contribute to 
the common complaint of poor sleep quality seen amongst 
elderly people [77-79]. 
 Taking into consideration the preeminence of the 
circadian clock and melatonin in timing sleep, it is likely that 
insomnia is also linked to melatonin abnormalities. The 
"melatonin replacement" hypothesis states that well-
evidenced age-related decline in melatonin production 
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contributes to poor sleep quality and thus, melatonin therapy 
may replenish the deficiency in the endogenous sleep-
regulating hormone and improve sleep. 
 Early studies have shown Improvement of sleep in 
elderly insomnia patients by very high doses of melatonin. 
[95] whereas the first attempts to study the efficacy of low 
doses of melatonin (acute administration; 1 and 5 mg regular 
release at night) failed to show significant effects on the 
polysomnography-recorded sleep in younger insomnia 
patients [96]. Later on, the majority of studies showing 
efficacy of lower doses (0.3-5 mg per os.) of melatonin in 
insomnia were performed with elderly insomniacs or patients 
in whom melatonin production was suppressed. In most of 
these studies melatonin therapy resulted in shortening of 
sleep latency compared to placebo. [92,97-99]. A meta-
analysis of published studies on the efficacy of exogenous 
melatonin in the management of primary insomnia indicated 
a decrease in sleep onset latency (weighted mean difference 
from placebo) by -7.2 minutes (95% confidence interval [CI] 
-12.0, -2.4; n=12) [100]. Another meta analysis of 15 studies 
that enrolled healthy subjects or people with no relevant 
medical condition other than insomnia, indicated that 
melatonin reduced sleep onset latency by 3.9 min (95% CI -
2.5, -5.4); and increased sleep efficiency by 3.1% (95% CI 
0.7, 5.5) and sleep duration by 13.7 min (95% CI 3.1, 24.3). 
[101]. Further studies indicated that melatonin is beneficial 
for improving the quality of life in the elderly [102] which 
agrees well with the importance of good sleep to quality of 
well being [103]. 
 Melatonin is short-lived in humans and its half-life in 
plasma is only 40-50 min. Following oral administration, 
melatonin is rapidly absorbed with peak plasma levels 
occurring between 20 minutes and 2 hours depending on 
dose [104]. To cover the whole night period, high doses or 
repeated administration of FR melatonin would thus be 
needed. Down regulation and desensitization of melatonin 
receptors by high melatonin concentrations have been 
demonstrated experimentally [105-107]. Although there are 
no studies showing that the risk of down regulation exists in 
humans, a therapeutic formulation of the hormone that 
would reproduce the normal nocturnal increase in melatonin 
concentrations is deemed more suitable for melatonin 
substitution therapy than high dose FR-melatonin.  
 PRM (Circadin®) was designed to provide following 
ingestion in the evening (ca. 22-23 pm) a melatonin profile 
in the blood more closely related to the normal physiological 
release pattern (Fig. 1). A pharmacokinetic study looking at 
melatonin blood levels in healthy males after ingestion of the 
2 mg dose at 9am shows peak concentration of melatonin in 
the blood occurring 2.6 hours and persisting over 3.5 hours 
after ingestion and declining towards the morning. Ingestion 
of a 2 mg PRM yields about 6-8 fold higher blood levels 
than the endogenous levels at night [108] which would 
correspond to brain melatonin levels comparable to those 
normally present in the brain at night.  
 A number of exploratory double blind randomized, 
placebo-controlled studies were performed early in the 
clinical development of PRM using objective measurement 
tools (actigraphy) in insomnia patients aged 55 years and 
older [97,98]. In these subjects the peak excretion of the 
main melatonin metabolite 6-SMT during the night was 

lower and/or delayed in comparison with non-insomniac 
elderly people. One study (two-way crossover) reported that 
sleep efficiency was significantly greater after PRM than 
after placebo and wake time after sleep onset was  
significantly shorter. Sleep latency showed a trend to benefit 
 and total sleep time was not affected. The only adverse  
effects reported were two cases of pruritus, one during 
 melatonin and one during placebo treatment; both resolved 
 spontaneously. Another, three-way crossover double blind 
 randomized study, reported on the effects of 2 mg  
FR-melatonin, PRM and placebo on sleep. Treatment for 1 
 week with 2 mg PRM improved sleep efficiency while the 
 FR-melatonin treatment improved sleep initiation compared 
 to placebo. Sleep maintenance and initiation were further  
improved following two-months treatment with nightly PRM  
1 mg dose, and declined after treatment was stopped, 
 suggesting that tolerance had not developed. The results of  
these proof-of-concept studies encouraged the development  
of PRM to seek regulatory pharmaceutical drug approval.
 The efficacy and safety of PRM 2 mg tablets in inducing 
and maintaining sleep were investigated in a sleep laboratory 
trial. This was a double blind, placebo controlled study in 24 
male and 16 female insomniacs aged 55 years and above 
[109]. Patients were treated nightly single-blind with placebo 
(2 weeks), randomized double-blind to PRM or placebo (3 
weeks) followed by withdrawal period (3 weeks). Sleep was 
assessed by polysomnography, all-night sleep electroence-
phalography spectral analysis, and questionnaires. Psycho-
motor performance was assessed by the Leeds psychomotor 
test battery. By the end of the double blind treatment, the 
PRM group had significantly shorter sleep onset latency 
compared with placebo (-9 minutes; p=0.02) and scored 
significantly better in psychomotor tests without negative 
effects on sleep structure and architecture. Half of the 
patients reported substantial improvement in sleep quality at 
home with PRM compared to 15% with placebo (P=0.018). 
No rebound effects on sleep or daytime vigilance were 
observed during withdrawal [109]. 
 Other objective assessments of the sleep inducing effects 
of PRM as compared to those of conventional hypnotics 
were performed in randomized controlled studies at Defence 
Research and Development Canada. In a repeated measures, 
placebo-controlled protocol, 30 aircrew flew 3 transatlantic 
missions over which they took each of the 3 medications 
(placebo, PR- melatonin 2 mg, or zopiclone 5 mg) at an early 
body clock time (17:00) and completed a sleep questionnaire 
on arising from their medicated sleep. The results of the 
actigraphic data showed that relative to placebo, aircrew on 
PRM and zopiclone fell asleep more quickly, slept more, had 
fewer awakenings after sleep onset, and spent less time 
awake after sleep onset. The results of the questionnaire data 
show that relative to placebo, aircrew on PRM and zopiclone 
experienced less difficulty getting to sleep, had fewer 
awakenings, less difficulty returning to sleep after 
awakening, and reported a better sleep quality. There were 
no statistically significant differences between PRM and 
zopiclone in any of the actigraphic or questionnaire sleep 
parameters [110]. 
 As no hypnographic correlates of the perceived quality of 
sleep exit, further studies on the efficacy of PRM in the 
improvement of quality of sleep (or non-restorative sleep) 
were based on patient reported assessments using the Leeds 
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Sleep Evaluation Questionnaire (LSEQ), the Pittsburgh 
Sleep Quality Index (PSQI) and patients’ self reported 
diaries. The LSEQ includes 10 visual analogue scales (VAS) 
that measure four domains of sleep and morning behaviour: 
ease of getting to sleep (GTS- mean of questions 1, 2, and 3); 
quality of sleep (QOS-mean of questions 4 and 5); hangover 
on awakening from sleep (AFS- mean of questions 6 and 7) 
and alertness and behavioural integrity the following 
morning (BFW- mean of questions 8, 9, and 10). It has been 
validated in a number of studies involving healthy volunteers 
and the target population of insomnia patients aged 55 years 
and older [111,112]. Clinical response was defined as an 
improvement of 10 mm or more on the visual analogue 
scales which is considered to be of clinical importance and 
relevance [113]. The PSQI comprises nine questions relating 
to the patient’s usual sleep habits during the previous four 
[114] or two [115] weeks. It addresses possible reasons for 
trouble in sleeping as well as daytime behaviour. The patient 
is asked to give the most accurate reply for the majority of 
days and nights during this period. An algorithm is used to 
calculate seven component scores and these are added to 
give a global PSQI score. The PSQI has been recommended 
as an essential measure for global sleep and insomnia 
symptoms in recent expert consensus recommendations for a 
standard set of research assessments in insomnia [116]. 
 Two phase III double-blind placebo controlled studies of 
the efficacy and safety of PRM on the quality of sleep and 
behavior during the day were carried out in adult males and 
females (170 and 354 patients, respectively), aged 55 years 
or more suffering from primary insomnia according to DSM-
IV criteria and for whom this was the consultation complaint 
[117,118]. The studies started with a run-in of 2 weeks (sin-
gle-blind with placebo treatment), followed by a randomized 
treatment period of 3 weeks (double-blind, placebo-
controlled, parallel group design). A 2 weeks withdrawal 
period with placebo was also included in one of these studies 
[117].  
 In these clinical trials benefits were shown in treated 
patients compared to placebo in quality of sleep and morning 
alertness. The apparent association between the quality of 
sleep at night and morning alertness was further investigated 
by comparing clinical response rate (the rate of patients 
improving concomitantly by 10 mm or more in QOS and 
BFW) in the two groups. This analysis revealed that 47% in 
the PRM group compared to 27% in the placebo group 
improved concomitantly in quality of sleep and morning 
alertness; the difference between treatment groups was 
significant (P=0.009) [117]. The second phase III trial also 
demonstrated significant differences in favour of PRM vs. 
placebo treatment in concomitant and clinically relevant 
improvements in quality of sleep and morning alertness, 
demonstrated by responder analysis (26% vs. 15%; p=0.014; 
Odds Ratio 1.97) as well as on each of these parameters 
separately and in quality of sleep assessed by the PSQI 
component 1 [118]. In the very severe insomnia population 
(baseline PSQI>13) the difference in responder rate between 
the PRM and placebo groups was somewhat greater (18.5%; 
odds ratio of 3.6) suggesting that the therapeutic benefit of 
PRM is higher in the severely ill patients. A better outcome 
for the PRM group on the WHO-5 well being index was also 
demonstrated and 70% of patients who responded to PR 
melatonin (i.e. demonstrated concomitant improvements in 

QOS and BFW), also experienced a clinically relevant 
improvement in quality of life (equivalent to 3 units or more 
on the WHO-5 scale) compared to only 24% in non-
responders [118] suggesting beneficial treatment effect on 
the restorative value of sleep.  
 Sleep promoting effects of PRM resulting in mean net 
reduction in sleep latency with PRM of 9 minutes over that 
with placebo were also demonstrated in these studies [118]. 
The magnitude of the effect resembled that observed by 
objective assessments with PRM [109] and is similar to 
those of currently used hypnotic drugs of the benzodiazepine 
and non-benzodiazepine class, i.e. zaleplon [119], zopiclone 
[35,110], zolpidem [120] and other melatoninergic agents, 
i.e. Ramelteon [121].  
 At the same time PRM does not impair vigilance [122] 
driving performance and memory and has no discernible 
withdrawal symptoms which are associated with the GABA-
A receptor modulators (i.e. benzodiazepine and non-
benzodiazepine hypnotics) [123]. Importantly, melatonin 
potentiates the effects of GABA-A receptor modulators 
[36,124], and co-administration of PRM during the 
withdrawal period is thus useful to facilitate discontinuation 
of hypnotic drugs [125]. A unique feature of the PRM is the 
improvement in morning alertness which has hitherto not 
been demonstrated with any insomnia drug, neither with the 
MT1/MT2 melatonin receptor agonist ramelteon [126].  
 The secretion of the arousal hormone cortisol occurs 
earlier during sleep in older than young adults [127]. Middle-
aged individuals not only have higher cortisol levels in the 
early portion of the night compared to younger adults, but 
also an increased vulnerability of sleep to stress hormones, 
possibly resulting in impairments in the quality of sleep 
[128,129]. PRM treatment delayed the nocturnal cortisol 
production in elderly insomnia patients towards the morning 
hours [38]; this delay may explain in part some of the 
beneficial effects of PRM on sleep and daytime alertness in 
elderly patients with insomnia [117,118]. No such effect was 
observed with FR-melatonin (unpublished data). This 
suggests that the effects of PRM on the circadian clock 
contribute to its efficacy in insomnia. This is further 
supported by the gradual development of the hypnotic effects 
of PRM, which in many patients, as is the case with blind 
individuals, may take days to weeks to respond [109]. 
 Pre-clinical data on melatonin has not revealed any 
effects suggesting concern over the long-term use of 
melatonin in humans at the 2 mg dose proposed for PRM.  
 The total number patients exposure to PRM was 1926, of 
which 1361 patients received PRM for 3 weeks, 46 received 
PRM for 4-6 weeks, 373 patients received the compound for 
6 months and 146 patients received PRM for one year or 
longer [108]. The most common adverse events (>2%) were 
headache, pharyngitis, back pain, and asthenias, which were 
common, by MedDRA definition (>1/100, <1/10), both in 
the PRM and placebo treated groups and were not necessar-
ily related to treatment. When normalized for exposure pe-
riod (per 100 patients’ weeks) the rate of adverse events with 
PRM was less than with placebo for each as well as the total 
adverse evens (3.17 with PR melatonin vs. 8.21 with pla-
cebo). No significant findings were observed from the 
Physical Examination or from the Vital Signs recording and 
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no safety concerns were raised. Discontinuation of therapy, 
whether after short term or long term period did not cause 
rebound or withdrawal symptoms [130]. Results of a six-
month double blind placebo controlled study with PRM 
(Circadin®) were announced at the 2009 meeting of the As-
sociated Professional Sleep Societies, indicating that efficacy 
is sustained over long-term periods without signs of toler-
ance development and confirming the safety of this drug. 
 Importantly, melatonin (as also PRM) potentiates the 
effects of GABA-A receptor modulators (i.e. benzodiazepine 
and non-benzodiazepine hypnotics) [36,123,124,131], and 
co-administration of PRM during the withdrawal period is 
thus useful to facilitate discontinuation of hypnotic drugs 
[125]. There were no discernible differences in efficacy and 
safety of PRM between patients who were previously treated 
with hypnotics and naïve patients [130].  
 PRM (Circadin®, Neurim Pharmaceuticals) was 
authorised by the European Commission on 26 July 2007 for 
the short-term treatment of primary insomnia characterized 
by poor quality of sleep in patients who are aged 55 or over. 
This was the first melatonin receptor agonist approved for 
clinical use in the European Union. Since then, a second 
melatonin receptor agonist, agomelatine, which is also an 
antagonist of serotonin 5HT-2C receptors (Valdoxane®, 
Servier) was authorised by the European Commission in 
2009 for its use in the treatment of major depressive episodes 
in adults. Data from the clinical development programme 
show that agomelatine improves subjective sleep and 
daytime fatigue in these patients [132]. Ramelteon 
(Rozerem®, Takeda), was approved by the USA FDA for the 

treatment of insomnia characterized by difficulty falling 
asleep. Based on lack of withdrawal effects, it is not a 
controlled substance, and of all the prescription products 
approved by the FDA for insomnia its use is not limited to 
short term periods. Ramelteon is the only melatoninergic 
drug approved by the FDA so far. Uncontrolled melatonin 
products are however available in the USA as food 
supplements for which no data on quality, pharmacokinetics 
pharmacodynamics or safety exist.  

CONCLUSIONS 

 Melatonin is produced endogenously at night and its 
production overlaps the dark period. It is a signal of darkness 
thus affecting the circadian clock phase and melatoninergic 
drugs may thus be useful in the treatment of circadian 
rhythm-related sleep disorders (i.e. non 24h sleep wake 
disorders in the blind, delayed sleep phase syndrome, sleep 
disorders in children with neurodevelopmental disabilities) 
and jet lag.  
 Melatonin also has sleep promoting effects demonstrated 
in changes in brain activation patterns and fatigue induction. 
The SCN function and melatonin production capacity 
decline with age thus depriving the brain from an important 
time cue and sleep regulator. PRM, which circumvents the 
fast clearance of the hormone and essentially mimics the 
physiological release pattern, significantly improves sleep 
quality and latency in insomnia patients aged 55 years and 
older and at the same time improves morning alertness and 
quality of life (evidence of restorative sleep) compared to 
placebo. PRM efficacy, being demonstrated on the basis or 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Pharmacokinetic profile of PRM (Circadin®) compared to FR-melatonin 2 mg formulations (after [58] and [133]) .  
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responder analysis, is considered clinically significant and 
relevant [118].  
 The efficacy of PRM in insomnia patients >55 years is 
probably derived from its physiological functions as a sleep 
regulator and circadian clock synchronizer. Improvement in 
morning alertness has hitherto not been documented with 
any conventional hypnotic drug, or the MT1/MT2 melatonin 
receptor subtype specific drug ramelteon. Some of PRM’s 
effects may thus be possibly mediated by non-MT1/MT2 
pathways. Further studies on PRM mechanism of action are 
thus warranted. There is no main safety concern. In 
particular, PRM treatment is not associated with memory 
impairments, residual daytime or ‘hangover' effects, and 
there is no rebound insomnia or withdrawal symptoms upon 
discontinuation. Melatoninergic drugs, particularly PRM 
thus represent a new therapeutic principle in sleep medicine.  
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