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Parti i 

PHYSIOLOGICA LL  AND PHARMACOLOGICA L ASPECTS OF 

MELATONI N N 

 An overview of the physiological and pharmacological effects of melatonin 
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1.11 AN OVERVIEW OF THE PHYSIOLOGICAL AND PHARMACOLOGICAL 

EFFECTSS OF MELATONIN1 

Thee pineal hormone melatonin has been highlighted last years for playing its part in 

importantt physiological processes in the body. Special attention has been focussed on the 

effectss of melatonin on biological rhythms. Biological rhythms of various periodicity occur 

inn all eukaryotic organisms. The frequency displayed varies from fractions of a second to 

years.. Internally generated rhythms with a period of approximately 24-hour are called 

circadiann rhythms. The general structure of the circadian system has three components: a 

pacemakerr or biological clock, an input pathway for entrainment of the pacemaker and an 

outputt pathway for the expression of overt rhythms. 

Sincee endogenous melatonin plays an important role in the regulation of the major 

biologicall  clock, the use of exogenous melatonin to treat circadian rhythm disorders has 

becomee an important field of research. This chapter first reviews the knowledge of 

endogenouss melatonin and its physiological effects. Thereafter the chemical synthesis of 

exogenouss melatonin and the effects of administration of exogenous melatonin in 

physiologicall  and pharmacological dosages are discussed. The last part of this chapter 

reviewss an underexposed field of exogenous melatonin: the toxicity and side effects. 

11 JE Nagtegaal, GA Kerkhof, MG Smits. This chapter is in press in the book 'Treatise on pineal gland and 

melatonin',, eds Singaravel M, Haldar C, Maitra SK. , Oxford Publisher Ltd, New Delhi. 
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1.1.11 Endogenous melatonin 

Synthesiss of melatonin 

Lernerr et al have discovered and isolated melatonin from the pineal gland [1,2]. Melatonin 

iss synthesised in the pinealocyte as shown in Figure 1 [3]. As can be seen in this figure the 

neurotransmitterr serotonin plays a role in this synthesis. 

FigureFigure 1: Synthesis of melatonin in the pinealocyte 
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Melatoninn has high lipid and water solubility and gains access to various fluid, tissue, and 

cellularr compartments when released in the circulation [4]. 

Thee process of production and release of melatonin is shown in Figure 2. Its 24h 

rhythmicityy is controlled by the endogenous biological clock, which is located in the 

suprachiasmaticc nuclei of the hypothalamus [3]. Suprachiasmatic projections regulate the 

pineall  gland and innervate paraventricular cells of the hypothalamus [5,6] that project 

throughh the medial forebrain bundle to intermediolateral cell column of the spinal cord [7]. 
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Thesee nerve projections stimulate preganglionic cells that innervate the superior cervical 

ganglion.. These ganglia are of primary importance to the sympathetic innervation of the 

pineall  gland [8] and mediate all known biochemical and physiological functions of the 

pineal.. Postganglionic noradrenergic cells in the SCG project to the pineal gland via the 

inferiorr carotid nerve and the coronary nerve [8]. 

FigureFigure 2: process of endogenous melatonin production 
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Sympatheticc nerve endings in the pineal release the neurotransmitter noradrenaline (NA) 

andd thus transmit the oscillatory information from the SCN to the pineal. According to the 

entrainedd pacemaker 's program, the NA release is high at night and low during the day 

[9].. As illustrated in Figure 3, NA, released at night into the extracellular space interacts 

withh adrenergic receptors. In the rat, stimulation of beta-adrenergic receptors induces the 

increasee in cyclic AMP content [10] in NAT activity [11,12] and in melatonin synthesis 

[13].. Simultaneous activation of alpha 1 receptors potentates the beta-adrenergic-mediated 

increasee in cyclic AMP [14] and in NAT activity [15]. However, in other mammalian 

speciess the importance of various adrenergic receptors for induction of melatonin synthesis 

maybee different [16, 17]. 
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FigureFigure 3: Influence o f sympathetic nerve stimulation on melatonin synthesis in the pineal 
gland gland 
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1.1.22 Melatonin receptors 

Twoo membrane-bound melatonin-binding sites belonging to pharmacologically and 

kineticallyy distinct groups have been identified: ML1 (high-affinity [picomolar]) sites and 

ML22 (low-affinity nanomolar]) sites [18,19]. Activation of ML1 melatonin receptors, 

whichh belong to the family of guanosine triphosphate-binding proteins (G protein-coupled 

receptors)) [20], results in the inhibition of adenylate cyclase activity in target cells. These 

receptorss are probably involved in the regulation of retinal function, circadian rhythms and 

reproduction.. The ML2 receptors are coupled to the stimulation of phosphoinositide 

hydrolysis,, but their distribution has not been determined. Two forms of a high affinity 

melatoninn receptor have been designated MELla and MELlb, were cloned from several 

animals,, including humans [21,22]. The MELl a receptor is expressed in the hypophysial 

parss tubularis and the suprachiasmatic nucleus (the presumed sites of the reproductive and 

circadiann actions of melatonin, respectively). The MELlb melatonin receptor is expressed 

mainlyy in the retina and, to a lesser extent, in the brain. Autoradiography and 

radioreceptorr assays have demonstrated the presence of melatonin receptors in various 
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regionss of the human brain [23] and in the gut [24], ovaries [25], and blood vessels [26]. 

Neurall  receptors (e.g. those in the suprachiasmatic nucleus of the hypothalamus) are likely 

too regulate circadian rhythms. Non-neural melatonin receptors (such as those located in 

thee pars tubularis of the pituitary) probably regulate reproductive function, especially in 

seasonallyy breeding species and receptors located in peripheral tissues (e.g. arteries) may be 

involvedd in the regulation of cardiovascular function and body temperature [27]. 

FigureFigure 4:24 hour melatonin profile 
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1.1.33 Kinetics and metabolism of endogenous melatonin 

Inn physiological conditions, melatonin is secreted only during the night with maximum 

circulatingg levels of the hormone depending on age from between 142-205 pg/ml in young 

adultss till 76-423 pg/ml in older subjects [28,29,30]. An example of a melatonin plasma 

profilee is presented in Figure 4. The endogenous production of melatonin is lower in 
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patientss with livercirrhosis [31]. About 70% of circulating plasma melatonin is bound to 

albumin,, presenting its free diffusion across capillary membranes [32]. The primary site for 

melatoninn metabolism is within the liver and secondarily the kidney [3]. In the liver it 

undergoess 6-hydroxylation, followed by sulphate or glucuronide conjugation, in a classic 

microsomall  phase 1, phase 2 reaction sequence common to the metabolism of steroids and 

thee deactivation and detoxification of many drugs. The relative amounts of sulphate and 

glucuronidee formed probably depend on species. In humans at least 90% of a dose of 

melatoninn may be accounted for by 6-sulfatoxymelatonin in plasma and urine. 

1.1.44 Physiological regulation of melatonin in relation to age 

Foetall  regulation of melatonin 

Inn humans, a 24-h melatonin rhythm is expressed in the blood of pregnant women 

throughoutt gestation [33]. The amplitude of the rhythm and total secretion of melatonin 

appearr to be somewhat greater than those of non-pregnant women, especially in the third 

trimester.. The human foetal suprachiasmatic nucleus expresses melatonin binding sites and 

is,, since melatonin crosses the placenta [34], therefore likely to be affected by both 

maternall  and administered melatonin with consequences for the prenatal and postnatal 

expressionn and entrainment of circadian rhythms. Caution is warranted, not only 

concerningg the use of exogenous melatonin during pregnancy and lactation but also 

concerningg behaviour that might disrupt the mother's endogenous melatonin rhythm [35]. 

Melatoninn is present in human foetal blood and amniotic fluid as well as in the mother's 

milkk [36], Although a melatonin rhythm of maternal origin is likely to be present within 

thee human foetus it appears that during the first few weeks after birth the new-born is 

withoutt a systematic 24-h melatonin rhythm [37]. 

AA 24-h rhythm in maternal melatonin is one of several maternal rhythms to which foetuses 

normallyy are exposed. Although it has yet to be established whether circadian rhythms in 

functionss such as heart rate and activity expressed by human foetuses are expressions of an 

endogenous,, entrained pacemaker or are passive responses to maternal rhythms, maternal 

rhythmicityy clearly is a normal feature of the intrauterine environment. Infants born 

prematurelyy (30-35 weeks) are deprived of this maternal rhythmicity. When kept in 

neonatall  intensive care units, they may be deprived of other 24-h periodicity as well [35]. 
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Inn concert with maturation of entrainment pathways a 24-hour melatonin rhythm appears 

att around 6-8 weeks of life [37]. 

Regulationn of melatonin from childhood to adolescence 

Systemicc melatonin is high in early childhood and decreases continuously until puberty, 

especiallyy in relation to body size. In contrast to the pituitary gland that doubles in size, the 

pineall  does not appear to grow between 1 and 15 years of age. The hypothesis for the 

relationshipp between changes of melatonin concentrations and start of puberty is that high 

levelss of circulating melatonin during prepubertal development are sufficient to inhibit 

gonadotropinn secretion (for years) and that the eventual fall in melatonin below some 

criticall  amount triggers puberty [37]. 

Regulationn of melatonin in the elderly 

Ass stated before, several authors have found a striking decline in the amplitude of 

melatoninn production with age in humans. This has led to speculations that circadian 

abnormalitiess present in old age may be secondary to loss of the melatonin rhythm [28]. 

Opposedd to these reports that secretion of melatonin declines with age, Zeitzer and co-

authorss found no difference in melatonin amount of production and amplitude of the 

melatoninn rhythm in humans [38]. Calcification of the pineal has generally been 

consideredd a feature of adults but is probably initiated in early life. There is no evidence 

thatt the presence of calcification leads to degeneration of pineal cells and metabolic 

activity.. Melatonin formation is not related to the quantity of calcification [3]. 

Basedd on these conflicting results and hypotheses we suppose that circadian abnormalities 

inn the elderly are not simply due to an age-dependent melatonin deficiency. Therefore we 

recommendd assessing endogenous melatonin in individuals before melatonin replacement 

therapyy is started. 

1.1.55 Hypnotic effects of endogenous melatonin 

Thee primary physiological function of melatonin is to convey information about the daily 

cyclee of light and darkness to body physiology. By its pattern of secretion during darkness, 

melatoninn indicates the length of the night, thus representing the chemical code of the 

scotophasee [39]. 



Chapterr 1.1 10 

Thee activities of the pineal enzymes that synthesise melatonin and melatonin itself were 

shownn to be elevated at night [40,41]. The increase in melatonin levels in the evening 

correlatess with the onset of self-reported evening sleepiness [42,43] or with the increase in 

thee evening sleep propensity as reported by Tzischinsky and co-authors [44], In the study 

off  Tzischinsky et al the relationship between the time of nocturnal onset of urinary 6-

sulfatoxymelatoninn (aMT6s) secretion, and the timing of the steepest increase in nocturnal 

sleepinesss ('sleep gate'), as determined by an ultrashort sleep-wake cycle test (7 min sleep, 

133 min wake) was investigated in twenty-nine male participants. The results showed that 

thee timing of the sleep gate was significantly correlated with the onset of aMT6s secretion. 

Sincee the time courses of aMT6s and melatonin were previously shown to be closely 

relatedd to each other [45], this indicated a close temporal relation between the secretion of 

melatoninn and nocturnal sleep propensity [44]. 

Observationss in human babies revealed a correlation between the consolidation of 

nocturnall  sleep and the normal onset of rhythmic melatonin secretion, both of which occur 

whenn infants are about 3 months old [37]. The declines of melatonin secretion and sleep 

efficiencyy with age were postulated to be related phenomena. For example middle aged 

andd elderly insomniacs exhibit lower melatonin production than do good sleepers of the 

samee age [46,47]. 

Inn sighted volunteers living in society, the onset of the nocturnal melatonin secretion 

occurss approximately 2 h before habitual bedtime [44]. In blind people in whom the 

Orcadiann pacemaker is not entrained [48] and in a sighted subject with non-24-h sleep 

wakee cycle syndrome [49] a tight association between the propensity to initiate sleep and 

thee phase of melatonin secretion has been described. 

Althoughh these correlations between endogenous melatonin and sleep seem interesting, it 

givess no basis to conclude about the direct effect of endogenous melatonin on sleep. There 

iss a need for further studies using physiological doses and delivery systems that generate 

physiologicall  plasma melatonin profiles to firmly establish the role of the endogenous 

circadiann rhythm of melatonin in the circadian regulation of sleep. 

1.1.66 Effects of several agents on endogenous melatonin 

Thee circadian rhythm of melatonin is highly reproducible and generally not easily altered 

[50].. However, several drugs have been shown to increase or inhibit melatonin secretion or 
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shiftt the melatonin curve. In Table 1 and Table 2 these drugs and several hypotheses for the 

mechanismm of action on the melatonin production are summarised. 

Inn humans, beta-blockers (beta-adrenergic antagonists) that are associated with significant 

increasess in sleep disruption depress nocturnal melatonin production [51]. 

Benzodiazepines,, clonidine and dexamethasone may also suppress melatonin production 

[52,53,54,55]. . 

Parkinsonn patients under chronic levodopa/decarboxylase inhibitor substitution showed a 

phasee advance of the nocturnal melatonin peak. This phase shift seems to be caused by oral 

levodopaa administration and is more likely to be a central nervous effect than a peripheral 

onee [56]. 

Afterr administration of the serotonin re-uptake inhibitor fluvoxamine in the early evening, 

thee plasma melatonin level in the morning was significantly increased [57]. More recently 

itt appeared that citalopram, another serotonin reuptake inhibitor does not increase serum 

melatonin.. Since fluvoxamine inhibits cytochrome P450 enzymes in the liver, while 

citalopramm does not, it is hypothesised that fluvoxamine may decrease the metabolism of 

melatoninn resulting in a higher serum melatonin level [58]. 

Enhancementt of melatonin plasma concentrations after intake of desipramine was reported 

inn depressed patients but not in normal subjects [59]. Intake of ethanol between 19:00-

19:455 h inhibited the nocturnal melatonin secretion dose-dependently during the first half 

off  the night. [60]. 
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TableTable 1: Drugs resulting in lower endogenous melatonin concentration 

Drugg Hypothesis for  mechanism 

Betaa blockers Occupation of beta-receptors on the membrane of the pinealocyte, 
resultingg in less binding sites for NE (see fig 3) [51]. 

Benzodiazepiness 'Competition' for GABA [61] 
Clonidinee Binding to alpha-2-receptors in the pineal gland and the 
(alpha-2-blocker)) hypothalamus pituitary axis results in an inhibitory alpha-2-

adrenergicc influence on both the pineal gland and the 
hypothalamus-pituitaryy axis [55]. 

Dexamethasonee Inhibition by means of mechanisms within the pineal gland [62] 
Ethanoll  Inhibition on NE-stimulated melatonin synthesis (see figure 3) [60] 
Nonn Steroidal Anti Structural relationship between some NSAIDs and melatonin, less 
Inflammatoryy Drugs impulse for endogenous melatonin production [own hypothesis]. 
(NSAIDs)) Bodytemperature lowering properties of NSAIDs. Since there is 

reversee relationship between melatonin and body temperature, 
administrationn of NSAIDs may lead to less 'impulse' for 
melatoninn production [own hypothesis] 

TableTable 2: Drugs resulting in higher endogenous melatonin concentration 

Drugg Hypothesis for mechanism 

Psoralenss 1. Sensitise the retina to light thereby increasing the amplitude of 

circadiann rhythms [63] 

2.. Inhibition of the metabolism of melatonin [3] 

Chlorpromazinee Inhibition of melatonin metabolism [3] 

Fluvoxaminee Inhibition of melatonin metabolism [57,58] 

1.22 LIGHT AND DARK CONTROL OF THE MELATONIN SYNTHESIS 

1.2.11 Measurement of melatonin in body fluids 

Onee of the markers of the circadian pacemaker is melatonin. Melatonin is even known as 

onee of the most robust markers, since it is only slightly influenced by external, so called 

'maskingg effects'. The major exception is light that is known to have acute suppressive 
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effectss on melatonin production [3]. Activity during the night may also perturb the 

melatoninn rhythm [50]. 

Inn chapter 3.1 a convenient method to measure endogenous melatonin in plasma is 

described.. More recently radioimmunoassays for measurement of melatonin in saliva 

becamee available. Because of the greater practicability of frequent saliva sampling over 

bloodd sampling, radioimmunoassay (RIA) measurements of melatonin in saliva, were 

performed.. This is described in chapter 2.3. This method appeared to be specific enough to 

bee used as a diagnostic tool in case of suspected circadian rhythm disorders, like for 

instancee in patients diagnosed as suffering from Delayed Sleep Phase Syndrome (DSPS). 

1.2.22 Direct suppression of melatonin secretion by light 

Thee mammalian pineal rhythms in serotonin concentration, NAT activity and melatonin 

contentt change dramatically following light action at night. Light might either block the 

stimulatoryy oscillatory information in the SCN or inhibit its neural transmission to the 

pineal.. The former possibility appears more likely, as light exposure during the dark phase 

rapidlyy increases SCN glucose utilisation from low levels to high values comparable to 

thosee ordinarily observed during the light phase [64]. 

Theree are very substantial individual variations in sensitivity to the amount of light 

requiredd to suppress melatonin secretion that may be both genetically and environmentally 

determined.. Lewy et al [65] showed that if sufficient intensity of white light (2500 lux for 

twoo hours) during the night between 02:00 and 04:00 h was used human melatonin could 

bee suppressed to basal (daytime) levels. Partial suppression, however, can be effected by 

lowerr intensity light e.g. 200-300 lux applied for 30 minutes [66]. 
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1.2.33 Phase Response Curves 

Lightt pulses are conventionally used to investigate the control of the circadian pacemaker 

onn circadian rhythms resulting in a Phase Response Curve (PRC). Usually animals are 

maintainedd in constant darkness, thus displaying free-running rhythms in activity rest 

cycles.. 'Circadian time' is used as a descriptor in these circumstances, where the period 

(tau)) of the free running cycle is divided into 24 circadian hours each lasting tau/24 hours 

off  real time. The phase reference point for the rhythm is the daily onset of (in night active 

rodents)) nocturnal wheel running activity which is designated circadian CT12 and 

indicatess the beginning of subjective night [67]. An example of a phase response curve 

illustratingg the effect of 1 hour light pulses given at various times relative to a hamster's 

rhythmm of locomotor activity is illustrated by Figure 5. 

FigureFigure 5: Phase Response Curve for light [68] 

Circadiann time [h] 

Likee other circadian rhythms, the melatonin rhythm free-runs under conditions of constant 

darknesss with a period slightly different from 24 hour. The shape of the melatonin curve 

(seee Figure 4) is similar in blind and sighted people. Since the SCN directs the melatonin 

release,, the light-dark cycle is not necessary to either turn on or turn off melatonin 

productionn and the melatonin rhythm appears to be regulated by the light-dark cycle in a 
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wayy that can be described by a PRC. Unique to melatonin production, light also has an 

acutee suppressant effect: exposure to light during the night immediately and profoundly 

suppressess melatonin production [69]. Consequently, when using melatonin levels to mark 

circadiann phase position, not only should bright light be avoided throughout the night (to 

avoidd direct melatonin suppression) but also during dusk (to avoid that the entrainment of 

thee pacemaker that initiates melatonin production in the evening is suppressed). 

Forr the determination of melatonin PRCs, the phase reference points that have been used 

aree either the onset of the evening rise in plasma melatonin (this is called the Dim Light 

Melatoninn Onset (DLMO) and can be calculated from interpolation as the first 

interpolatedd point above 10 pg/ml that continued to rise), the calculated peak time or the 

morningg and evening onset and offset of N-acetyltransferase. The onset is preferable for 

severall  reasons. Once night-time begins, beta-adrenergic receptors in the pineal become 

subsensitive.. Furthermore, during the course of the night, melatonin precursors can 

becomee depleted. Both of these phenomena can account for decreasing melatonin levels for 

reasonss other than those related to the timing of melatonin production. Of all of the 

portionss of the melatonin curve, the onset is theoretically least affected by the development 

off  beta-adrenergic subsensitivity and melatonin precursor depletion that might develop 

duringg the night [69]. 

1.2.44 Entrainment of the melatonin rhythm with light 

Light-darkk cycles are the major environmental factor involved in the entrainment of 

circadiann rhythms in mammals. The importance of light-dark for the entrainment of 

melatoninn was demonstrated in humans where, following an inversion of the light-dark 

cycle,, the urinary melatonin rhythm adapts to the new photoperiod over a period of several 

days,, finally assuming the same phase relationship with the new light-dark cycle as was 

presentt with the old light-dark cycle [70]. Recently, Zeitzer et al demonstrated that humans 

aree highly responsive to the phase delaying effects of light during the early biological night 

[71].. In this study, both the phase-resetting response to light and the acute suppressive 

effectss of light on plasma melatonin have been shown to follow a logistic dose-response 

curve.. Striking was the observation that half of the maximal phase-delaying response 

achievedd in response to a single episode of evening bright light (approximately 9000 lux) 

cann be obtained with just over 1% of this light intensity [71]. 
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1.2.55 Endogenous melatonin and core body temperature 

Thee circadian pacemaker localised in the suprachiasmatic nucleus (SCN) generates the 

rhythmm of the core body temperature and the rhythm of synthesis of melatonin by the 

pineal.. Melatonin on its turn influences the SCN by a feedback mechanism. This 

relationshipp appears to be a mammalian modification of an evolutionarily older system. In 

lowerr vertebrates, including birds and reptiles, the pineal is a functional circadian 

oscillator.. Thus, interdependence of these two systems in the mammal may have arisen 

fromm an older relationship, when both pineal and SCN exerted clock function [72]. 

Furthermoree the regulation of melatonin and body temperature is complicated since 

melatoninn has acute hypothermic effects. The mechanisms that mediate this action still are 

unclear.. However, effects on thermoregulatory centres, heat loss, and probably heat 

productionn are likely to be involved [73]. In healthy humans, the nocturnal decline of core 

bodyy temperature is inversely related to the rise of melatonin by a second order function 

[74]. . 

1.2.66 Photoperiod and seasons 

Melatoninn secretion in relation to daylength 

Inn normal entrained conditions melatonin is produced during the dark phase. In human 

andd most other species its secretion is related to the length of the night: the longer the night 

thee longer the duration of secretion [67], From the studies of Carter and Goldman [75] and 

Karschh et al [76] it has become clear that the duration of melatonin release is the necessary 

andd sufficient condition for the induction of a given seasonal response. 

Seasonall  variations in mood and melatonin 

Thee changes in duration of nocturnal melatonin secretion, may trigger seasonal changes in 

moodd and behaviour. An example may be the Seasonal Affective Disorder. Seasonal 

Affectivee Disorder (SAD) is characterised by recurrent bouts of depression in certain 

seasons.. There is a winter and a summer variant. Recently the prevalence of Seasonal 

Affectivee Disorder (SAD) in the Netherlands was assessed by Mersch et al [77]. Three 

percentt of the more than 2500 respondents met the criteria for winter SAD, 0.1% for 
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summerr SAD. The criteria for subsyndromal SAD, a milder form of SAD were met by 

8.5%,, 0.3% of whom showed a summer pattern. 

Thee winter SAD, also called winterdepression, will be discussed here. The symptoms of 

winterr depression usually begin in November and end in March. Melatonin may play a 

rolee in winterdepression. The classic melatonin duration hypothesis of the pathogenesis of 

winterdepressionn is based on the fact that seasonal changes in photoperiod induce parallel 

changess in the duration of melatonin secretion, so that it is longer in winter and shorter in 

summer.. The changes in duration of nocturnal melatonin secretion, in turn, may trigger 

seasonall  changes in mood and behaviour. This hypothesis has been tested in a number of 

experiments,, giving inconsistent results. Supporting the hypothesis are findings that 

exposuree to light, that suppresses the melatonin production, improves winter depression 

andd that exposure of the eyes to light, and not the skin is necessary for this improvement to 

occur.. Also consistent with the hypothesis is the finding that morning treatment with the fi-

blockerr propranolol, which suppresses the terminal portion of nocturnal melatonin 

secretionn and thereby shortens its duration, is associated with improvement of winter 

depressionn [78]. Since Rosenthal et al [79] did not find such a antidepressant efficacy of the 

beta-blockerr atenolol in winterdepression Schlager hypothesised that only short acting 

beta-blockerss are useful. His explanation for this is that sufficient daytime must be allowed 

forr drug clearance to avoid further and potentially variable suppression of melatonin onset 

eachh evening [78]. In contrast to the antidepressive effects of propranolol which are in 

favourr with the melatonin hypothesis, observations that suppression of melatonin secretion 

byy light is not necessary for improvement to occur during light treatment, however, 

contradictt with the melatonin hypothesis [80, 81]. 

Anotherr possible explanation for winter depression is the phase shift hypothesis [82]. 

Accordingg to this hypothesis patients become depressed in the winter at least in part 

becausee of a circadian delay. Lewy et al [82] have established that bright light scheduled in 

thee morning (which provides a corrective phase advance) is the treatment of choice for this 

disorder.. Other studies have resulted in different as well as comparable findings. Some 

groupss found morning and evening light therapy improving depressive symptoms in 

patientss with SAD independent of their circadian phase or sleep timing, which argues 
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againstt a Orcadian phase delay hypothesis of the pathophysiology of SAD or the necessity 

off  a phase advance by morning light for clinical efficacy [83,84], while others found bright 

lightt in the morning was most effective in treatment of winter depression [85,86]. 

Therefore,, it is still not fully clear whether the antidepressant effect of bright light is caused 

byy phase advancing properties or by another mechanism of action [87]. Recently, Terman 

ett al have investigated a possible mechanism of action for the antidepressant response to 

light-phasee advances of the circadian clock measuring the onset of melatonin secretion 

beforee and after light treatment in the morning or evening [88]. They found that the 

antidepressantt effect of light is potentated by early morning administration in circadian 

time,, optimally about 8.5 hours after melatonin onset or 2.5 hours after the sleep midpoint. 

Ann alternative hypothesis for winter depression relates to the fact that carbohydrate 

craving,, an early and common feature of winter depression, is linked to decreased 

serotoninn levels. Since serotonin is a precursor of melatonin, increased usage of serotonin 

forr the synthesis of melatonin may decrease the storage of serotonin and result in lower 

basall  levels of this neurotransmitter during the winter period [89]. This might lead to a 

depressivee mood. 

1.2.77 Blindness and melatonin 

Severall  blind people have abnormal circadian rhythms. In totally blind people, the most 

commonlyy observed disruptive circadian pattern is a free running rhythm with a stable 

non-24-hh circadian period (24.2-24.5h) [90-93]. Some blind people, however, are normally 

entrained.. For those individuals, time cues other than light will maintain synchronisation 

albeitt with the weak coupling evident from a delayed phase. Another possibility is that 

somee of those visually blind people have intact retinohypothalamic photic pathways and 

thereforee they still have hypothalamic light perception for the entrainment of circadian 

rhythmss [94,95]. Skene et al have shown that subjects with no conscious light perception 

havee a higher occurrence and more sleep disorders than those with some degree of light 

perception.. A detailed study of 49 blind individuals showed that those with no conscious 

lightlight perception are likely to have free running circadian rhythms (6-sulfatoxymelatonin, 

Cortisol)) including the sleep/wake rhythm [96]. 
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1.33 EFFECTS OF EXOGENOUS MELATONIN 

1.3.11 Ratio for administration of exogenous melatonin 

Theree are several Circadian Rhythm Sleep Disorders (CRSD) where rhythm abnormalities 

aree associated with lack of well being and/or poor performance. These CRSD are: shift 

work,, jet lag, delayed and advanced sleep phase syndrome, irregular sleep-wake pattern 

andd non-24-hour sleep-wake disorder [97]. 

Suitablyy timed bright light is effective at hastening adaptation to phase shift [98]. However, 

thee use of bright light in some circumstances may be undesirable; in the case of the blind 

withh neither conscious nor hypothalamic light perception, it is clearly inappropriate. The 

obviouss solution to circadian desynchrony problems of this sort is a chronobiotic, a drug 

thatt shifts all circadian rhythms in the desired direction and acts as a zeitgeber to maintain 

stablee phase once the latter is obtained. Presumably exogenous melatonin can fulfi l this 

role. . 

1.3.22 Kinetics of exogenous melatonin 

Melatoninn can be obtained from pineal glands from bovines and is found in small amounts 

inn several plants [99]. Melatonin can also be synthesised starting with various agents, e.g. 

5-hydroxytryptamides,, 5-methoxytryptamines or 5-methoxyindoles [100]. Since no 

monographh was available in the most widely used pharmacopoeias, a product monograph 

wass developed and is described in chapter 2.1 of this thesis. Depending on the route of 

synthesiss impurities with organic agents, arsenic and heavy metals can be expected. Before 

usee of melatonin for pharmaceutical properties limits of these impurities must be tested by 

thee standards of the European Pharmacopoeia. Tablets, capsules, preparations with slow 

release,, a mixture, a nasal spray and intravenous fluids are described in literature [101-

107].. Analysis of the chemical substance melatonin is described in the Merck Index [108], 

Theree are great interindividual differences in the pharmacokinetics of melatonin. The 

clearancee of melatonin administered intravenously is biphasic [3] with a mean of 631 

ml/minn in healthy people [28] and a mean of only 127 ml/min in patients with 

livercirrhosiss [31]. The half-life times are short: 3 en 45 minutes respectively [3]. The 

bioavailabilityy for oral formulations differs strongly in the different studies: from 3-6% 

[109,110,111]]  to higher values of 23-76% [28]. Following oral administration of 80 mg of 
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melatoninn in gelatine capsules the absorption half-life has been reported as 0.4h, the 

eliminationn half-life has been reported as 0.8 h, and the melatonin levels range from 350-

10,0000 times those occurring physiologically [110]. Comparable results have been found by 

uss by administration of 5 mg of melatonin 5 hours before DLMO in DSPS patients. An 

examplee of one of the DSPS patients without and with treatment of 5 mg melatonin is 

shownn in figure 6. 

FigureFigure 6: Kinetics o f melatonin 
TheThe endogenous melatonin in plasma of a DSPS patient, before treatment 
withwith exogenous melatonin. 
TheThe sum of endogenous and exogenous melatonin in plasma after 
administrationadministration of a capsule of 5 mg melatonin at 22:00 h in the same 
patient. patient. 
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Zaidann et al [112] administered melatonin in a physiological dose intravenously for 3 

hours.. There was a remarkable similarity to the original melatonin profile, particularly 

givenn the differences in dosing regimens and the difficulties encountered when trying to 

discernn the endogenous melatonin profile from exogenous melatonin levels. Another 

interestingg result of this study was that at least one dose regimen affected the area under the 

curvee (AUC) of the posttreatment endogenous melatonin profile. 
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Whenn suitably timed most studies indicate that fast release preparations are able to hasten 

adaptationn to phase shift [113]. Sustained release formulations, or multiple dosing 

regimens,, may optimise phase shifting while minimising the total dose. These may be 

particularlyy useful when minimising direct soporific 'side effect' of melatonin that appears 

too be related to the maximum concentration [87]. 

Inn a similar vein Dijk et al suggest, that for several indications it seems reasonable to 

developp delivery systems that can maintain high melatonin levels throughout the sleep 

episodee or even preferentially deliver melatonin in the second half of the sleep episode 

[114].. We prefer the approach of a study of Bénès et al [115]. These authors have studied 

whichh way of administration mimicked endogenous melatonin release most 

physiologically.. In 12 healthy young male volunteers an oral controlled-release capsule, an 

orall  transmucosal form and a transdermal patch were tested. The melatonin concentrations 

reachedd by the transdermal patch and the controlled release capsule differed much between 

thee various subjects. The oral transmucosal form was able to mimic the physiological 

plasmaa profiles of both melatonin and its metabolite, 6-sulfatoxymelatonin in all subjects. 

1.3.33 Effects of exogenous melatonin on core body temperature 

FigureFigure 7: Coherence between melatonin, body temperature and sleep initiation 
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Initiationn of sleep 

A A 
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Decreasee of body 
temperature e 

Underr the entrained conditions of normal daily life, major nocturnal sleep is typically 

initiatedd 5-6 hours before the temperature minimum and is terminated shortly after the 
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minimum.. Campbell et al showed that the process of sleep initiation is most likely to occur 

whenn body temperature is declining at its maximum rate and it is most successfully 

accomplishedd at this phase of the temperature cycle [116]. In Figure 7 the coherence 

betweenn endogenous melatonin increase, body temperature decrease and sleep initiation is 

illustrated.. To clarify whether the melatonin rise and the core body temperature decline are 

nott only temporally but also causally related, manipulations of nocturnal melatonin levels 

havee been used. Both complete suppression of nocturnal melatonin levels by 

administrationn of the fi-blocker atenololl  [51] and increase of melatonin to pharmacological 

valuess by its exogenous administration at night do not immediately modify the phase of 

thee core body temperature nadir [117]. 

Inn one study [103] administration of doses below 1 mg (0.3 or 0.1 mg) melatonin, which 

aree claimed to reproduce physiological plasma levels of melatonin, failed to reduce core 

bodyy temperature. On the basis of this finding, it could be suggested that only levels of 

melatoninn in the pharmacological range, but not in the physiological range, exert an effect 

onn core body temperature. However, reproduction of physiological levels of melatonin in 

bloodd may be useful to study the peripheral versus the central effects of the hormone. 

Indeed,, pharmacokinetic studies including primates [118] have suggested that within the 

ventricularr cerebrospinal fluid, levels of melatonin similar to those observed during the 

endogenouss production of the hormone, may be obtained only by increasing its peripheral 

levelss to the pharmacological range. Cerebrospinal fluid is believed to represent the 

preferentiall  route for melatonin to reach the hypothalamus. Therefore administration of 

loww melatonin doses that maintain physiological levels of the hormone in peripheral 

plasmaa for a limited period of time, actually might be insufficient and inadequate to induce 

itss possible central action on thermoregulation. 

Itt is reasonable to assume that following the administration of melatonin, a certain time is 

requiredd for the body to reduce its heat content. Indeed the maximal effect on core body 

temperaturee reduction becomes fully manifested at approximately 4 h after oral 

administrationn of pharmacological doses (2.5 mg) of the hormone. At this time, the values 

off  core body temperature are about 0.3 degrees Celsius lower with melatonin than those 

followingg the administration of placebo, and this difference is maintained for the entire 

periodd throughout which plasma melatonin levels remain elevated [74]. 
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Neurotransmitterss can modify core body temperature regulation. Among these, serotonin 

iss believed to decrease and prostaglandins to increase core body temperature [3]. 

Experimentall  evidence obtained in animals indicates that in the brain, administration of 

melatoninn increases serotonin levels and serotonergic neurotransmission and is a potent 

inhibitorr of prostaglandin synthesis [118,119]. This will result in lowering of the body 

temperature. . 

1.3.44 Effects of exogenous melatonin on circadian rhythms 

Phasee shift of the endogenous melatonin rhythm by exogenous melatonin 

Lewyy et al [120] found a relationship between the time of melatonin administration 

relativee to the pre-treatment rise of endogenous melatonin and the resulting phase advance 

off  the melatonin rhythm. This PRC is nearly the opposite in phase with the PRCs for light 

exposure:: melatonin delays circadian rhythms when administered in the morning and 

advancess them when administered in the afternoon or early evening. Figure 8 illustrates 

thee relationship between the timing of exogenous melatonin administration and the 

measuredd phase shifts of the endogenous melatonin rhythm. 
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FigureFigure 8: Phase shifts of the Dim Light Melatonin Onset (DLMO) as a function of 
circadiancircadian time for 9 subjects (a total of 30 trials), providing the first evidence for 
aa human melatonin phase response curve. CT of administration was calculated 
usingusing the time of the first capsule (free interpretation after Lewyetal [120]) 
ResultsResults of administration of exogenous melatonin at various times with respect 
toto the time of endogenous melatonin production (CT 14 - baseline DLMO for 
eacheach trial) [120]. 

11 -

0 ,5--

I I 

-0 ,5--

-11 • 

-1,55 -

1 1 

 ' 
f f 

1 1 

f f 

f f 

t t 
1 1 

1 1 
1 1 

1 1 / / 
1 1 / / 
\ \ 

• • 

-m -m 

m m 

0 -- - * 
•• •v 

\ \ 
\ \ 
\ \ 

•• X 
s s 

88 12 16 2\ m ,li 

Circadiann time [h] » ' 

t t 

Deaconn and Arendt [121] described a log-linear relationship between the dose of melatonin 

andd the magnitude of phase shifts in the DLMO for doses of 0.05 mg, 0.5 mg and 5 mg. 

Melatoninn treatment also induced acute, dose-dependent temperature suppression and 

decrementss in alertness and performance efficiency. Earlier sleep onset, offset and better 

sleepp quality were associated with increasing doses of melatonin. The day after melatonin 

administrationn in the afternoon, a significant dose-dependent phase advance in the plasma 

melatoninn onset time and temperature nadir was observed with a trend for the alertness 

rhythmm to phase advance. 

Czeislerr [122] is concerned that some of the reported 'phase shifts' in the melatonin profile 

mayy reflect a change in the shape of the endogenous melatonin profile due to endocrine 

feedbackk effects from the melatonin administration [87]. This consideration is in agreement 

withh our suggestions based on the results of administration of melatonin 5 hours before the 
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individuall increase of endogenous melatonin in DSPS patients as described in chapter 3.1 

off this thesis. The onset of the endogenous melatonin curve could be advanced by about 

1.55 hour, while no significant phase advance was observed for offset of the melatonin curve 

[123].. This advancement of the rising slope while the falling slope did not advance was also 

reportedd by Deacon et al [124]. Similar changes of the shape of the curve have been found 

beforee and have led to the hypothesis of the two-oscillator model with an oscillator for the 

onsett ('evening* oscillator) and for the offset of melatonin ('morning' oscillator) [125,126]. 

Cagnaccii and colleagues [127] recently published additional experimental evidence that 

supportss the hypothesis that evening onset and morning offset of the human melatonin 

secretionn are regulated by separate circadian processes. They also provide evidence that 

suggestss that these processes exhibit opposite phase responses to the administration of 

melatonin.. They found that morning treatment with melatonin counteracted the phase-

advancingg effect of morning light on the offset of secretion but potentiated its phase 

advancingg effect on onset of secretion. Thus, when morning light treatments and morning 

melatoninn treatments were combined, the intrinsic duration of melatonin secretion 

increased. . 

Inn Czeisler's view the fact that Cortisol does not phase shift together with the endogenous 

melatoninn shifts after melatonin administration, which is in contrast to the shift of both 

Cortisoll and melatonin after bright light [47,128,129] seriously undermines the conclusion 

thatt the alterations in the endogenous melatonin profiles reported after exogenous 

melatoninn accurately represents shifts of the endogenous circadian pacemaker in humans 

[122].. However, Deacon and Arendt have shown that body temperature does shift after 

melatoninn administration. An explanation for this finding may be a change of the course of 

thee body temperature induced by a direct effect of exogenous melatonin or may be due to a 

shiftt of the circadian pacemaker [121]. 

Effectss on Delayed Sleep Phase Syndrome (DSPS) 

Thee criteria used for the definition and diagnosis of Delayed Sleep Phase Syndrome 

(DSPS)) are given by the International Classification of Sleep Disorders (ICSD) [130]. 

DSPSS is defined as a disorder in which the major sleep episode is delayed in relation to the 

desiredd clock time, and therefore results in symptoms of sleep-onset insomnia or difficulty 

inn awakening at the desired time. Individuals suffering from DSPS, despite having 
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completelyy normal sleep architecture and sleep duration, experience great difficulty falling 

asleepp before 12 am, if not later, as well as rise at acceptable hours of the morning 

[131,132].. DSPS is probably the most common of the intrinsic circadian sleep disorders, or 

att least the most commonly diagnosed. Based on an early survey, it was estimated that 

approximatelyy 7% of people diagnosed with disorders of initiating and maintaining sleep 

meett criteria for DSPS [132]. The ICSD gives several markers for diagnosing DSPS. 

Dagann and Eisenstein [133], have tried to strengthen this definition of DSPS based on data 

gatheredd from their own patients. They found that relatively many patients reported early 

childhoodd as the age of onset. Almost one fifth of the patients was previously diagnosed as 

havingg learning disorders and more than one fifth had personality disorders. Almost 50% 

off the patients was highly sensitive to light (as opposed to about 20 % of the controls). This 

suggestss light supersensitivity could in some way be involved in th pathophysiology of 

DSPS.. More than the half of the patients had a habit of night eating, especially foods rich 

off carbohydrates. This is expected to be related to disturbances in other circadian rhythms 

besidee the deviation of the sleep-wake cycle resulting in a shift in the times of feeling 

hungry.. Familial trait existed in almost the half of the population. We have found 

comparablee features in our patients as described in the studies reported in chapters 3.1. 4.1. 

4.2,, and 4.3 . 

Twoo methods to treat DSPS are known in literature: chronotherapy and administration of 

melatonin.. Chronotherapy is a drug-free rescheduling treatment, designed to resynchronise 

sleepp with the patient's biological clock. Since patients with DSPS have inadequate 

capacityy to achieve phase advance shifts of the circadian pacemaker, a phase delay route 

mustt be chosen [134]. The original method, as published by Czeisler et al [134], consists of 

dailyy 3-hour delays of bedtime and arising time until the patients' sleep schedule is 

realignedd with the desired social schedule. Chronotherapy however, has a great percentage 

off failure [134]. 

Thee first study on the effects of melatonin on DSPS was published by Dahlitz and 

colleaguess [132]. The actions of melatonin on the sleep-wake cycle were investigated by 

meanss of a randomised double-blind placebo-controlled trial in 8 subjects with DSPS. 

Dahlitzz et al concluded that melatonin may act as a phase-setter for sleep-wake cycles in 

subjectss with a DSPS, with no influence on the alertness. 
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AA study of Dagan et al [136] describes routine treatment of the administration of melatonin 

5mgg administered at 22:00h for 6 weeks to 61 subjects diagnosed with DSPS. The 

efficiencyy of the melatonin treatment and its possible side effects were investigated by 

meanss of a survey questionnaire. Over 95 % of the subjects reported melatonin to reduce 

thee complaints with almost no side effects. However, more than 90 % reported a relapse to 

theirr pre-treatment sleeping patterns within 1 year of the end of treatment. In more than a 

quarterr of them the relapse occurred within 1 week. 

InIn chapter 3.1. the effects of melatonin on DSPS in a placebo-controlled setting are 

described.. The time of administration of the medication was individualised on basis of 

plasmaa curves of endogenous melatonin. Lewy and Sack [120], had shown that 

advancementt of the endogenous melatonin curve by exogenous melatonin was largest at 

CTT 9, as illustrated by figure 8. Since CT 14 is the DLMO we administered melatonin 5 

hourss before the individual DLMO. The number and seriousness of the complaints were 

decreasedd and an advance of the rising slope of the melatonin curve was found [123]. All 

publishedd studies on the effect of melatonin on DSPS were reviewed in 1999 by Campbell 

etal[137]. . 

Effectss on shift work 

Thee ICSD also includes Shift work Maladaptation Syndrome (SMS) as a subtype of 

Circadiann Rhythm Sleep Disorders [130]. The ICSD definition is: symptoms of insomnia 

orr excessive sleepiness that occur as transient phenomena in relation to work schedules. 

Complaintss during the period of night work, such as the poor quality of day sleep, may be 

reducedd by increasing the rate of adaptation of the circadian rhythm to the shifted sleep 

period.. Bright light administration during the early part of the night appears to be effective 

inn facilitating the delay of the temperature rhythm and thus can help to re-establish the 

associationn between the temperature trough and the sleep period. In a similar way, 

melatoninn administration in the morning may facilitate a phase delay [138]. 

Onlyy a few field studies concerning night work have been published [95,139,140]. Several 

nightt workers phase shift themselves, without treatment. Because of the variability in phase 

shiftingg it may be necessary to focus on subjects who do not shift, or only partially shift to 

observee a response to melatonin administration. In a placebo controlled laboratory study 

wheree shift work situation was simulated Dawson et al [138], compared adaptation to 
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nightt shift in three groups of subjects. The first treatment group received timed exposure to 

brightt light, the second treatment group received 2 mg of exogenous melatonin and the 

placeboo group received either dim red light at less than 50 lux or a placebo capsule. Using 

thee DLMO as a circadian marker, the bright-light group had the largest shift (an average 

delayy of 8.8 h), whereas there was no significant difference in phase shift between the 

placeboo and the melatonin groups (a delay of 4.2 h and 4.7 h respectively). The failure of 

melatoninn treatment to induce greater phase shifts than placebo might be related to the 

dividedd dose regimen (4 mg in three divided doses across the day sleep period) that fell on 

bothh the advance and delay portion of the melatonin response curve [120]. 

Sackk et al [141] found that the timing of melatonin production was distinctly different in a 

groupp of nine permanent night-workers compared to a group of day-active controls. This 

indicatess a major adaptation of the circadian pacemaker to the atypical schedule for 

activity,, sleep and light exposure. However, there is a suggestion that adaptation remains 

incompletee (and perhaps unstable) because the timing of sleep appears to be at an earlier 

circadiann phase than is typical for day active subjects. Until now, no studies have been 

donee that conform the existence of a (relative) desynchronisation by longitudinal 

measurementss of melatonin phase together with precise measurements of sleep. 

Fivee years later than the study of Sack et al as mentioned above [141], Sack and Lewy [95] 

performedd a randomised placebo-controlled double blind cross-over study in 24 subjects, 

withh objective sleep data and with a rotating schedule. The subjects had taken melatonin 

0.55 mg or placebo during two weeks. The authors found an impressive variability in the 

magnitudee and direction of phase shifting. Also other authors found variable responses in 

sleepp shifting effects under consistent work schedules [142,143]. 

Itt can be expected that an acceleration of the adaptation to night work will cause a 

worseningg of the problems of re-adaptation following night work, and thus a worsening of 

thee chronic sleep disturbance and waking fatigue. These symptoms may occur most 

severelyy at the transitions from the day shift to the night shift, and vice versa. 

Becausee the SMS symptoms mainly present themselves as after-effects, i.e. in the period 

followingg shift work, our study, described in chapter 3.2 focused upon the days directly 

afterr a period of night work. The goal of this study was to assess if melatonin administered 

inn the early evening during the days after a period of night work may act as a 

countermeasure,, by facilitating the recovery from the effects of night work. Effects on 
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sleepp related parameters were measured during the two periods of administration of study 

medication,, while body temperature and daily performance were measured directly after 

thee two periods of administration of study medication. 

Jett lag 

Accordingg to the definition of the ICSD, jet lag syndrome consists of varying degrees of 

difficultiess in initiating or maintaining sleep, excessive sleepiness, decrements in subjective 

daytimee alertness and performance, and somatic symptoms (largely related to 

gastrointestinall function) following rapid travel across multiple time zones [130] 

Melatoninn is thought to accelerate re-entrainment and therefore reduce jet lag. Several 

studiess confirmed this [reviewed in 104][144]. The first published placebo-controlled study 

onn the effects of melatonin on jet lag with improvement of subjective and objective 

parameterss is a study of Arendt et al [145]. In this study melatonin 5 mg or placebo were 

takenn at 18:00h, three days before the flight over 8 timezones from London to San 

Francisco,, and the administration was continued after arrival during 4 evenings at 23:00h 

locall time. 

Otherr studies with positive results of melatonin administration for treatment of jet lag are 

describedd by Petrie et al [146] and Claustrat et al [147]. Petrie and co-authors performed a 

studyy with a comparable treatment scheme and found that melatonin could alleviate jet lag 

andd tiredness after long haul flights [146]. Claustrat et al described a simplified treatment 

protocol,, where no melatonin had to be taken before the departure. From this study, where 

subjectss took melatonin or placebo on the flight from North America to France, melatonin 

showedd significant efficacy on global treatment efficacy, morning fatigue and evening 

sleepinesss [147]. 

Improvementt of jet lag was also found in a placebo-controlled study with fifty-two 

employeess of an airline company, flying from Auckland to Los Angeles and then to 

London.. However in this study the subjects complained about sleepiness during the use of 

melatoninn before the departure [148]. 

InIn a study of Spitzer et al, however, no effect of melatonin was found [149]. In this large 

studyy 249 people were included, divided over 4 treatment groups with different dosages 

andd different times of intake. People travelled from Oslo to New York, and returned after 4 

dayss to Oslo. At the return they were treated. No differences were found between the 
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variouss groups. The comments upon this study design are that the baseline of the biological 

clocksclocks of the participants at the start was not known and 4 days for synchronising is 

relativelyy short [150]. 

Despitee these studies, the mechanism of action of melatonin is not clear. It is still a matter 

off debate if it works by acceleration of the adaptation of the circadian clock or indirectly by 

itss soporific properties [151]. 

Effectss on circadian rhythms in blind people 

Melatoninn has been administered to blind people in an attempt to strengthen the 

entrainmentt of circadian rhythms. There have been a few reports of satisfactory 

entrainmentt in blind people by melatonin [152], but these were not proven conclusively 

[153-155]. [153-155]. 

Althoughh there is clear evidence of phase shifting, entrainment of totally blind with free 

runningg rhythms is not easily achieved. Particularly in subjects whose free-running periods 

aree quite long (e.g. >24.5h) melatonin may not be sufficiently potent to achieve the 

necessaryy phase shifts. Thereby some people will not entrain since they lack a phase 

shiftingg response to melatonin for unknown reasons [95]. Sack et al [156] have recently 

hypothesisedd that melatonin may promote sleep by counteracting the daytime alerting 

processs generated by the circadian system. This model postulates that both the phase-

shiftingg and sleep-promoting effects of melatonin are mediated by receptors in the 

suprachiasmaticc nuclei [157]. Normally, the circadian alerting signal opposes the 

expressionn of sleep drive that accumulates during the day. This build-up in sleep drive is 

proportionall to the duration of prior wakefulness. At night (in normally entrained 

individuals)) the circadian alerting signal wanes and the accumulated sleep drive is 

expressedd until it is dissipated and the circadian pacemaker begins to generate an alerting 

signall the following morning [158]. However, in blind free runners, when rhythms are 

desynchronised,, during certain periods the alerting process occurs during the night and 

sleepp is disrupted. In this sense melatonin may not produce sleepiness; rather it permits or 

releasess sleep propensity that otherwise would be opposed by the circadian system. From 

systematicc melatonin trials in blind free runners it may be possible to estimate the relative 

impactt on sleep of phase-shifting versus a direct hypnotic action of melatonin. If melatonin 

workss mainly by circadian mechanisms, then it may be important for blind patients to take 
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itt at the same time of the day, every day, so that it can function as a consistent circadian 

timee cue (zeitgeber). On the other hand, if melatonin works mainly by counteracting the 

circadiann alerting signal, then it need only be taken on the days that the patients are 

symptomatic.. In this case the timing of administration is of less importance. Obviously, 

bothh mechanisms could underlie its therapeutic effects [95]. 

1.3.55 Hypnotic effects of exogenous melatonin 

Zhdanovaa and Wurtman have reviewed the numerous published studies on the acute 

effectss of melatonin on human sleepiness and sleep [30]. Except a few negative or 

inconclusivee results, the majority of these studies have shown that a substantial increase of 

circulatingg melatonin levels was associated with sedation, fatigue, decreased alertness, 

significantlyy increased reaction time, shortening of latency to sleep, increased sleep 

efficiencyy and total sleep time, or increased sleep propensity [30]. An hypnotic effect by 

exogenouss melatonin in humans was established with oral doses of 1-6 mg [159] to 100 mg 

[160]] or intravenously administered doses of 50 mg [161]. When melatonin doses under 1 

mgg were tested, the dose dependency was revealed [103]. All the doses tested augmented 

subjectivee sleepiness or shortened latency to sleep onset. Zhdanova compared the effects of 

0.33 mg and 1 mg melatonin and confirmed that increasing circulating melatonin levels to 

withinn the physiological range promotes polysomnographically detected sleep onset of 

afternoonn naps [162] and of overnight sleep [43] in young healthy volunteers. This effect of 

melatoninn treatment occurs independently of the time of administration [162,163]. Since 

melatoninn induced shifts in circadian rhythmicity are limited to 20-60 min per day after 

administrationn of a single dose of the hormone at a favourable time point [112,120] the 

observationn of time independence is a strong argument against interpreting the acute sleep-

promotingg effect of melatonin as a part of its phase shifting activity. On the other hand 

Mendelson,, believes [164] that there is not yet convincing body of evidence that melatonin 

improvess sleep in insomniacs with noncircadian sleep disturbances. So, in his view the 

sleepp promoting effects are strongly connected to the circadian effects. 

Laviee [165] showed that all studies that have investigated daytime administrations of 

melatoninn reported increased sleepiness even at doses that do not increase plasma levels of 

melatoninn beyond its physiological level. By contrast, night-time increase in sleepiness was 
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achievedd only after administration of high doses. Based on these findings and on the 

precisee coupling between the endogenous nocturnal increase in melatonin secretion and 

thee opening of'the sleep gate', an abrupt transition from a period of low sleep propensity to 

aa period of high sleep propensity that persists during the night period, Lavie et al suggested 

thatt melatonin participates in the regulation of the sleep-wake cycle by inhibiting the 

centrall nervous system wakefulness generating system [165]. Clinical findings on decreased 

levelss of nocturnal melatonin in chronic insomniacs and on the efficacy of exogenous 

melatoninn in improving sleep in melatonin deficient insomniacs, are congruent with this 

hypothesiss [165]. 

Thee consensus is that the circadian drive for sleep is lowest as the circadian temperature 

reachess its crest. Constant routine studies carried out immediately on release from 

entrainmentt have demonstrated that in young subjects the body temperature crest is 

locatedd in the evening between 17-19h [166]. After this nadir in sleep propensity there is a 

suddenn and rapid increase in the ability to fall asleep [158,167]. This has been referred to as 

thee opening of the sleep gate or the dissipation of the circadian drive for wakefulness. In 

somee protocols, an increase in the ability to fall asleep has also been observed 

approximatelyy 10 to 14 h after the temperature minimum [168]. However, the magnitude 

off the mid-afternoon increase in the ability to fall asleep is much smaller than the nocturnal 

increasee in sleep propensity. 

Melatoninn exerts some effects on the main characteristics of human sleep, that is a shorter 

latencyy to sleep onset, better sleep consolidation and tendencies of decrease in the duration 

off stage 4 sleep and increase in the duration of stage 2 sleep. Some studies suggest that 

higherr doses of melatonin can increase REM sleep [169], especially during nocturnal sleep, 

althoughh other studies do not reveal significant changes in REM sleep [161]. Changes in 

REMM sleep often are interpreted as reflecting changes in the circadian regulation of this 

sleepp state. It should be pointed out, however, that minor shifts of the circadian pacemaker 

(l-3h)) are not associated with changes in REM sleep. The effects of melatonin on REM 

sleepp indicate either that there is a very large shift of the circadian pacemaker or that the 

effectss of melatonin on REM sleep are mediated by other mechanisms such as the lowering 

off core body temperature. 

Dijkk et al [170] and Nave et al [171] both pointed out that the effects of melatonin are, to 

somee extent similar to the changes induced by benzodiazepine hypnotics. This may lead to 
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thee suggestion that melatonin's hypnotic effects are exerted through the same mechanism. 

Reportss that melatonin modifies GABA-ergic neural transmission also support this 

assertionn [172]. Interestingly the effects of melatonin on EEG spectra could not be blocked 

byy flumazenil, which may indicate that the effects are not mediated by GABAa 

benzodiazepinee receptor complex [173] or that a unique subtype of the GABAa -

benzodiazepinee receptor complex is involved in mediating melatonin effects [165]. 

Basedd on these data we conclude that melatonin has sleep-inducing properties indeed. 

However,, since there is a lack of long-term safety data and there is only little information 

onn the use of melatonin in concomitant medication, we agree with the consensus statement 

aboutt the circumstances in which melatonin can be used as sleep therapy, which was 

recentlyy published [174]. The consensus justifies the administration of melatonin for the 

combinationn of sleep-inducing and phase shifting effects, that make it potentially useful to 

shiftt the timing of sleep. The group also state that there appears to be no point in 

addressingg sleep disorders of unknown origin with melatonin treatment [174]. 

1.44 SIDE EFFECTS OF MELATONIN 

1.4.11 Toxicity 

Forr a drug which is used so widespread there is a great lack in knowledge of toxicity data 

[175]. . 

Assessmentt of melatonin and melatonin analogues using the Ames test indicates that 

melatonin,, and 2-iodomelatonin are devoid of mutagenic activity [176,177]. In rats and 

mice,, oral doses of melatonin in excess of 1000 mg/kg are needed to induce death; the 

estimatedd doses required to cause death in 50% of the animals treated (LD50 values) are 

12500 and 3200 mg/kg in mice and rats respectively [178]. 2-Iodomelatonin, which is at 

leastt 10-fold more potent than melatonin in affecting biological responses, caused death in 

aa minority of animals, even at the highest doses tested (800 mg/kg orally, 600 mg/kg by 

intraperitonealintraperitoneal injection) [177]. These doses are so far above the doses recommended for 

humann consumption as to be nearly irrelevant (maximal intake in humans is 

approximatelyy 5 mg/kg in women taking 300 mg/day). 

Severall sources cite that 6 g melatonin has been taken with no or minimal toxicity. 

Howeverr the basis for this citation involves an observational study of 11 subjects, in which 
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onee subject took a maximum daily dose of 6.6 g for 35 days and another took 5.4 g for 34 

days.. These 2 subjects reported somnolence during the day, as did 4 other subjects taking 

lowerr doses. All patients were started at 50 mg three times a day and progressively 

increasedd to reach an individualised maximum dose. Nine of the subjects took 3 g to 4 g 

dailyy for 15 to 31 days, with a few isolated but definite episodes of cutaneous flushing, 

abdominall cramps, diarrhoea, scotoma lucidum and headaches typical of migraine [179]. 

AA recent study on the toxicology of 10 mg melatonin during 28 days was done in 40 

volunteers.. Many laboratory parameters characteristic for several organ functions were 

screened.. Except a statistical reduction of stage 1 sleep no differences between placebo and 

melatoninn were found. [180]. 

1.4.22 Suspected drug reactions of melatonin in general 

Althoughh melatonin is a physiological substance, the patterning, timing and levels of 

melatoninn by 'therapeutic' ingestion of the hormone often bear little resemblance to the 

characteristicss of the endogenous melatonin rhythm [27]. Therefore serious research for 

suspectedd adverse drug reactions is necessary. In chapter 2.2 of this thesis all Suspected 

Adversee Drug Reactions (SADRs) of the first 97 treated patients are described. 

InIn subjects taking melatonin, no deaths or serious accidents have been reported until now 

[181].. However, secondary effects have been reported such as gastrointestinal disorders, 

hypotension,, headaches, fever, hyperkinesia, dizziness, haemorrhages, pigmentation, ankle 

oedema,, flushing, diplopia, hepatic pain, thrombosis, hyperglycaemia and nightmares (in a 

patientt with diabetes type 1 on insulin treatment). These secondary effects could be linked 

too pharmacological activity or pharmacodynamics and metabolism of melatonin 

[27,181,182,183]. . 

Twoo serious cases of toxicological effects after ingestion of relatively high doses of 

melatoninn are reported. Force reported a case of an elderly woman who developed an 

acutee psychotic episode after reportedly ingesting a large dose of melatonin (30 mg) in 

combinationn with her daily medication of 10 mg fluoxetine [184]. Holliman and Chyka 

[185]] reported a case of a 66 year old man who became lethargic and disoriented after 

takingg 24 mg melatonin to aid relaxation and sleep the evening before prostate surgery. 

Thee melatonin was taken in combination with several prescription sedative drugs: 

diazepoxidee and amitriptyline [185]. 
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InIn a study with daily intake of an anticonceptive pill with 75 mg melatonin and 0.5 mg 

norethindronee three other suspected drug reactions were reported more than once: 

abnormall bleeding, breast complaints and neurosensory problems, however, in our view 

thesee side effects might as well be due to the norethindrone [186]. 

1.4.33 Hypnotic suspected drug reactions of melatonin 

Zhdanovaa et al report disruption of the sleep pattern after repeated melatonin 

administrationn (3 mg), combined with increased motor activity that is significantly higher 

thann after a physiological dose of 0.3 mg or with placebo. Thereby the daytime alertness 

wass perceived as less than usual [182]. In some of their subjects, repeated administration of 

pharmacologicall doses of melatonin (7 days) have been associated with reports of daytime 

fatiguee [182]. Fragmented sleep patterns caused by exogenous melatonin were reported too 

byy Middleton et al. [187] They stress the importance of giving melatonin at correct times 

andd warn against indiscriminate use of melatonin to avoid these undesirable effects. 

1.4.44 Hormonal suspected drug reactions of melatonin 

Womenn taking melatonin as a contraceptive agent, based on a substantially increase of the 

prolactinn secretion during the hours following intake of large amounts of melatonin (80 mg 

upp to 300 mg), indicated that no toxic effects were noted in the 4-month treatment period 

[188].. Alterations in hormone concentrations noted in this study are viewed as evidence of 

melatonin'ss efficacy rather than as an indication of toxicity. However, when high doses of 

melatoninn are used for other indications hyperprolactinemia may be a potential problem 

becausee it is associated with infertility in both men and women [189,190,191]. This may 

resultt in delayed timing of puberty. When taken during pregnancy and lactation melatonin 

intakee may effect the circadian status of the foetus and neonate and the future development 

off the child's circadian system [175]. 

Consideringg the evidence for interaction of melatonin with oestrogen receptor systems, 

chronicc melatonin treatment might interfere with oestrogen action in bone, resulting in 

promotingg osteoporosis [27]. Conversely could the interference with steroid hormone 

systemss by melatonin reduce the rate of occurrence of hormone-dependent cancers of the 
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breastt and the prostate [192]. The effect of melatonin on tumours is variable for the 

differentt cancers: it has been shown in animals that tumour growth was accelerated by 

pinealectomyy and that restoration of normal melatonin levels in pinealectomized animals 

wass able to inhibit this tumour growth. These effects of melatonin probably implicate its 

immunoregulatoryy role. Activation of melatonin receptors enhances the release of T-helper 

celll cytokines such as interferon and interleukin-2 as well as opioid cytokines. These 

mediatorss may counteract secondary immunodeficiencies, synergize with interleukin-2 in 

cancerr patients, and affect hematopoiesis [181]. 

1.4.55 Retinal suspected drug reactions of melatonin 

Brightt light induces retinal damage in rats, and this is enhanced by large doses of 

melatoninn [193]. Retinal function is, in general, an important problem in the use of 

melatonin,, given the presence of a clock in the mammalian eye together with 

physiologicallyy relevant melatonin receptors [194,195]. To date, there has been one report 

off retinal damage in a woman who had taken sertraline, an antidepressant drug that blocks 

thee reuptake of serotonin at the neural synapse, for 4 years in combination with a high 

proteinn diet with melatonin supplementation during 2 weeks. Visual acuity and colour 

visionn improved within 2 months after melatonin and the high-protein diet were 

discontinued.. The authors' hypothesis is a melatonin/dopamine imbalance in the retina, 

manifestingg as a topic optic neuropathy [196]. 

Itt is supposed that other comparable interactions may exist and that inappropriate 

melatoninn administration or high doses of melatonin could induce form depriviation 

myopia,, intraoculair pressure glaucoma, or an increase of the phagocytosis of retinal 

pigmentt epithelium inducing age related maculopathy [197,198]. 

1.4.66 Suspected drug reactions of precursors and metabolites of melatonin 

Thee pharmacological and the pharmacodynamic effects of melatonin and/or its 

metabolitess need to be taken into account for assessment of the safety of melatonin, 

particularlyy when huge doses of melatonin have been absorbed. 

N-acetyl-5-methoxy-kynurenaminee (AMK), one of the main metabolites of melatonin is a 

potentt inhibitor of prostaglandin synthesis and is able to inhibit diazepam binding from 

brainn synaptosomes. AMK and N-acetyl-2-formyl-5-methoxy-kynurenamines (AFMK), 
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anotherr metabolite, have been shown to inhibit sexual development in a protein-restricted 

prepubertall rat model [199], 

Sincee L-tryptophan is one of the precursors of melatonin, it is of interest to consider its 

metabolization.. Among several metabolites, L-kynurenine has been reported to have a 

convulsingg effect and quinolinic acid to be a neurotoxin with neuroexcitatory activity at 

thee level of the N-methyl-D-aspartate receptor [200,201]. Since there is a great analogy 

betweenn serotonin (a precursor of melatonin) and melatonin, these two agents have several 

pharmacologicall targets in common. Important are the vasoconstrictory effects at 

physiologicall concentrations of melatonin (nanomolar) and vasodilatory effects in higher 

concentrationss (micromolar or millimolar) suggest biphasic pharmacology of melatonin 

[202,203].. Other tools which have these agents in common are: gastrointestinal effects; 

melatoninn shows a worsening of gastric ulceration induced by nonsteroid anti

inflammatoryy drugs [181] and effects on the glucose metabolism, there are indications for 

antihyperglycemicc effects, at least in rats [204], 

1.55 FURTHER READING IN THIS THESIS 

Thiss overview of the physiological and pharmacological effects of melatonin serves as an 

introductionn for further reading. The studies described in this thesis are divided into three 

parts:: in part 2 the pharmaceutical aspects, in part 3 the chronobiological aspects and in 

partt 4 the clinical aspects of melatonin are presented. 

Inn part 2 a product monograph for melatonin, an article about the Suspected Adverse Drug 

Reactionss (S ADRs) found in our studies and a comparison of the methods and outcomes 

off radioimmunoassays for measuring melatonin in saliva, and the radioimmunoassays for 

measuringg melatonin in plasma are described. 

Partt 3 about the chronobiological aspects of melatonin is based on two placebo-controlled 

studiess on the effect of melatonin on two different circadian rhythm sleep disorders: 

Delayedd Sleep Phase Syndrome (DSPS) and Shift Maladaptation Syndrome (SMS). 

Partt 4 about the clinical aspects of melatonin starts with a publication about the quality of 

lifee of patients with DSPS before and after treatment with melatonin, compared to a 

randomm Dutch sample and groups of patients with other chronic diseases. Chapter 4.2 

dealss with the relation between headache and DSPS and the effect of treatment with 
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melatonin.. At least an interesting case of a patient who had developed a prominent DSPS 

followingg traumatic brain injury is described. 

1.66 FUTURE STUDY ON ENDOGENOUS AND EXOGENOUS MELATONIN 

Severall circadian rhythm disorders frequently start during early childhood (e.g. DSPS) or 

att old age. Therefore, further study on the physiological regulation of endogenous 

melatoninn in relation to age may lead to better understanding of the pathology of several 

circadiann rhythm disorders. When the physiology and the function of endogenous 

melatoninn has become more clear, this may lead to a better understanding of the optimal 

schemess of treatment with exogenous melatonin. 

Althoughh a lot of information has become available about the effects of several drugs on 

endogenouss melatonin, more research must be carried out especially on this field. The 

outcomee of this kind of studies may be used to get more insight in the mechanism of action 

off endogenous and exogenous melatonin. 

Itt is known that there is a relationship between lowering of body-temperature, increase of 

melatoninn level and initiation of sleep, however, which parameters is the primary cause is 

stilll unclear. 

Theree are still a lot of unanswered questions about the effects of exogenous melatonin on 

circadiann rhythms. The optimal dose and time for phase shifting the endogenous curve 

mustt be worked out further for healthy subjects, but also for patients suffering from 

differentt circadian rhythm disorders. The hypnotic effects of exogenous melatonin need to 

bee studied as well, e.g. polysomnographic studies in patients with different sleep problems, 

comparisonn of melatonin to standard hypnotics, efficacy of melatonin when taken 

chronicallyy and the effect of stopping melatonin medication [205]. Finally the still existing 

questionn must be solved if effects on the circadian pacemaker or its circadian rhythms 

automaticallyy enhances sleep quality [205]. 

Theree are no published long-term safety data on the daily use of melatonin for longer than 

66 months, except two specified cases [168]. Side effects, which can be expected, can also be 

avertedd to functions of tissues that contain detectable levels of melatonin receptors. 

Recentlyy however, it has become apparent that a low density of melatonin receptors may 

bee present in many tissues [206] in addition to site specific patterns of melatonin receptor 
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expressess in brain. Thus many tissues may contain low levels of melatonin that could be 

importantt from a physiological viewpoint. 
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