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[bookmark: _Hlk26629678]ABSTRACT

The pineal gland was described as the “Seat of the Soul” by Renee Descartes and it is located in the center of the brain. The main function of the pineal gland is to receive information about the state of the light-dark cycle from the environment and convey this information by the production and secretion of the hormone melatonin. Changing photoperiod is indicated by the duration of melatonin secretion and is used by photoperiodic species to time their seasonal physiology. The rhythmic production of melatonin, normally secreted only during the dark period of the day, is extensively used as a marker of the phase of the internal circadian clock. Melatonin itself is used as a therapy for certain sleep disorders related to circadian rhythm abnormalities such as delayed sleep phase syndrome, non-24h sleep wake disorder and jet lag. It might have more extensive therapeutic applications in the future, since multiple physiological roles have been attributed to melatonin. It exerts physiologic immediate effects during night or darkness and when suitably administered has prospective effects during daytime when melatonin levels are undetectable. In addition to its role in regulating seasonal physiology and influencing the circadian system and sleep patterns, melatonin is involved in cell protection, neuroprotection, and the reproductive system, among other possible functions. Pineal gland function and melatonin secretion can be impaired due to accidental and developmental conditions, such as pineal tumors, craniopharyngiomas, injuries affecting the sympathetic innervation of the pineal gland, and rare congenital disorders that alter melatonin secretion. This chapter summarizes the physiology and pathophysiology of the pineal gland and melatonin.

[bookmark: _Hlk26629888]PINEAL PHYSIOLOGY 

Pineal Anatomy and Structure 

The pineal gland in humans is a small (100-150 mg), highly vascularized, and a secretory neuroendocrine organ (1). It is located in the mid-line of the brain, outside the blood-brain barrier and attached to the roof of the third ventricle by a short stalk. In humans, the pineal gland usually shows a degree of calcification with age providing a good imaging marker (for a speculative discussion of pineal calcification see reference(2)). The principal innervation is sympathetic, arising from the superior cervical ganglia (3). Arterial vascularization of the pineal gland is supplied by both the anterior and posterior circulation, being the main artery supplying the lateral pineal artery, which originates from the posterior circulation (4). In mammals, the main cell types are pinealocytes (95%) followed by scattered glial cells (astrocytic and phagocytic subtypes) (5). Pinealocytes are responsible for the synthesis and secretion of melatonin. 

Main Function of the Pineal Gland 	

The main function of the pineal gland is to receive and convey information about the current light-dark cycle from the environment via the production and secretion of melatonin cyclically at night (dark period) (6, 7). Although in cold-blooded vertebrates (lower-vertebrate species), the pineal gland is photosensitive, this property is lost in higher vertebrates. In higher vertebrates, light is sensed by the inner retina (retinal ganglion cells) that send neural signals to the visual areas of the brain. However, a few retinal ganglion cells contain melanopsin and have an intrinsic photoreceptor capability that sends neural signals to non-image forming areas of the brain, including the pineal gland, through complex neuronal connections. The photic information from the retina is sent to the suprachiasmatic nucleus (SCN), the major rhythm-generating system or “clock” in mammals, and from there to other hypothalamic areas. When the light signal is positive, the SCN secretes gamma-amino butyric acid, responsible for the inhibition of the neurons that synapse in the paraventricular nucleus (PVN) of the hypothalamus, consequently the signal to the pineal gland is interrupted and melatonin is not synthesized. On the contrary, when there is no light (darkness), the SCN secretes glutamate, responsible for the PVN transmission of the signal along the pathway to the pineal gland. However, it is important to note that in continuous darkness the SCN continues to generate rhythmic output without light suppression since it functions as an endogenous oscillator (master pacemaker or clock). The rhythm deviates from 24h and ‘free-runs’ in the absence of the important light time cue. Light-dark cycles serve to synchronize the rhythm to 24h.

The PVN nucleus communicates with higher thoracic segments of the spinal column, conveying information to the superior cervical ganglion that transmits the final signal to the pineal gland through sympathetic postsynaptic fibers by releasing norepinephrine (NE).  NE is the trigger for the pinealocytes to produce melatonin by activating the transcription of the mRNA encoding the enzyme arylalkylamine N-acetyltransferase (AA-NAT), the first molecular step for melatonin synthesis (8) (Figure 1). 
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Figure 1. Melatonin synthesis in the pineal gland 

MELATONIN SYNTHESIS AND METABOLISM

Melatonin Synthesis

Melatonin (N-acetyl-5-methoxytryptamine) is synthesized within the pinealocytes from tryptophan, mostly occurring during the dark phase of the day, when there is a major increase in the activity of serotonin-N-acetyltransferase (arylalkylamine N-acetyltransferase, AA-NAT), responsible for the transformation of 5-hydroxytryptamine (5HT, serotonin) to N-acetylserotonin (NAS) (Figure 1). Finally, N-acetylserotonin is converted to melatonin by acetylserotonin O-methyltransferase. The rapid decline in the synthesis with light treatment at night appears to depend on proteasomal proteolysis (9). Both AA-NAT and serotonin availability play a role limiting melatonin production. AA-NAT mRNA is expressed mainly in the pineal gland, retina, and to a lesser extent in some other brain areas, pituitary, and testis. Melatonin synthesis is also described in many other sites. AA-NAT activation is triggered by the activation of β1 and α1b adrenergic receptors by NE (9). NE is the major transmitter via β-1 adrenoceptors with potentiation by α-1 stimulation. NE levels are higher at night, approximately 180 degrees out of phase with the serotonin rhythm. Both availability of NE and serotonin are stimulatory for melatonin synthesis. Pathological, surgical or traumatic sympathetic denervation of the pineal gland or administration of β-adrenergic antagonists abolishes the rhythmic synthesis of melatonin and the light-dark control of its production. 

There is evidence that melatonin can be synthesized in other sites of the body (skin, gastrointestinal tract, retina, bone marrow, placenta and others) acting in an autocrine or paracrine manner (10). Very recently it has been demonstrated that in the mouse brain melatonin is exclusively synthesized in the mitochondrial matrix. It is released to the cytoplasm, thereby activating a mitochondrial MT1 signal-transduction pathway which inhibits stress-mediated cytochrome c release and caspase activation: these are preludes to cell death and inflammation. This is a new mechanism whereby locally synthesized melatonin may protect against neurodegeneration. It is referred to as automitocrine signaling (11). Except for the pineal gland, other structures contribute little to circulating concentrations in mammals, since after pinealectomy, melatonin levels are mostly undetectable (12). Importantly several other factors, summarized in Table 1, have been related to the secretion and production of melatonin (13, 14).

	Table 1. Factors Influencing Human Melatonin Secretion and Production (11),(12) 

	Factor
	Effect(s) on melatonin
	Comment

	Light
	Suppression
	>30 lux white 460-480 nm most effective

	Light
	Phase-shift/ Synchronization
	Short wavelengths most effective

	Sleep timing
	Phase-shift
	Partly secondary to light exposure

	Posture
	 standing (night)
	

	Exercise
	 phase shifts
	Hard exercise

	ß-adrenoceptor-A
	 synthesis
	Anti-hypertensives

	5HT UI
	 fluvoxamine
	Metabolic effect

	NE UI
	 change in timing
	Antidepressants

	MAOA I
	 may change phase
	Antidepressants

	α-adrenoceptor-A
	 alpha-1,  alpha-2
	

	Benzodiazepines
	Variable diazepam, alprazolam
	GABA mechanisms

	Testosterone
	
	Treatment

	OC
	
	

	Estradiol
	? Not clear
	

	Menstrual cycle
	Inconsistent
	 amenorrhea

	Smoking
	Possible changes  ?
	

	Alcohol
	
	Dose dependent

	Caffeine
	
	Delays clearance (exogenous)

	Aspirin, Ibuprofen
	
	

	Chlorpromazine
	
	Metabolic effect

	Benserazide
	Possible phase change, Parkinson patients
	Aromatic amino-acid decarboxylase-I


Abbreviations: A: antagonist, U: uptake, I: inhibitor, MAO: monoamine oxidase, OC: oral contraceptives, 5HT: 5-hydroxytryptamine.

Control of Melatonin Synthesis: A Darkness Hormone 

The rhythm of melatonin production is internally generated and controlled by interacting networks of clock genes in the bilateral SCN (15). Damage to the SCN leads to a loss of the majority of circadian rhythms. The SCN rhythm is synchronized to 24 hours mainly by the light-dark cycle acting via the retina and the retinohypothalamic projection to the SCN; the longer the night the longer the duration of secretion is, and the ocular light serves to synchronize the rhythm to 24h and to suppress secretion at the end of the dark phase, as explained above. Light exposure is the most important factor related to pineal gland function and melatonin secretion. A single daily light pulse of suitable intensity and duration in otherwise constant darkness is enough to phase shift and to synchronize the melatonin rhythm to 24h (16). The amount of light required at night to suppress melatonin secretion varies across species. In humans, intensities of 2500 lux full spectrum light (domestic light is around 100 to 500 lux) or light preferably in the blue range (460 to 480 nm) are required to completely suppress melatonin at night, but lower intensities < 200 lux can suppress secretion and shift the rhythm (17-21). Previous photic history influences the response: living in dim light increases sensitivity. Furthermore, the degree of light perception between individuals is related to the incidence of circadian desynchrony; along these lines, blind people with no conscious or unconscious light perception show free-running or abnormally synchronized melatonin and other circadian rhythms (22-24). Some blind subjects retain an intact retinohypothalamic tract and therefore a normal melatonin response despite a lack of conscious light perception (25, 26). It seems clear that an intact innervated pineal gland is necessary for the response to photoperiod change (27). Melatonin functions as a paracrine signal within the retina, it enhances retinal function in low intensity light by inducing photomechanical changes and provides a closed-loop to the pineal-retina-SCN system. All together, they are the basic structures to perceive and transduce non-visual effects of light, and to generate the melatonin rhythm by a closed-loop negative feedback of genes (Clock, “Circadian locomotor output cycles kaput” and Bmal, “Brain and muscle ARNT-like” genes), positive stimulatory elements (Per, “period” and Cry, “Cryptochrome” genes), and negative elements (CCG, clock-controlled genes) of clock gene expression in the SCN (Figure 2). 
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Figure 2. Diagrammatic representation of the control of production and the functions of melatonin, regarding seasonal and circadian timing mechanisms. Abbreviations: SCN: suprachiasmatic nucleus, PVN: paraventricular nucleus, SCG: superior cervical ganglion, NA: norepinephrine (noradrenalin), RHT: retino-hypothalamic-tract, CCG: clock-controlled genes. Based on an original diagram by Dr Elisabeth Maywood, MRC Laboratory of Molecular Biology, Neurobiology Division, Hills Road Cambridge, CB2 2QH, UK.

Melatonin Metabolism 

Once synthesized, melatonin is released directly into the peripheral circulation (bound to albumin) and to the CSF without being stored. In humans, melatonin’s half-life in blood is around 40 minutes and it is metabolized within the liver, converted to 6-hydroxymelatonin mainly by CYP1A2 and conjugated to 6-sulfatoxymelatonin (aMT6s) for subsequent urinary excretion. The measurement of urinary aMT6s is a good marker of melatonin secretion, since it follows the same pattern with an approximate 2-hours offset (28, 29). Overall, women have slightly higher values of plasma melatonin at night than men (30). On average, the maximum levels of plasma melatonin in adults occur between 02.00 and 04.00 hours and are on average about 60 to 70 pg/mL when measured with high-specificity assays. Concentrations in saliva, like other hormones, are three times lower than in plasma. Minimum concentrations detected are below 1 pg/mL. The plasma melatonin rhythm (timing and amplitude) strongly correlates with urinary aMT6s. Although there is a large variability in amplitude of the rhythm between subjects, the normal human melatonin rhythm is reproducible from day to day intraindividually (Figure 3 and 4).
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Figure 3. Average concentrations of melatonin in human plasma (black, N=133), saliva (blue, N=28) and 6-sulphatoxymelatonin (aMT6s) in urine (red, N=88) using radioimmunoassay measurements. Diagrammatic representation of mean normal values (healthy men and women over 18 years old) from Dr. J. Arendt. Stockgrand Ltd., University of Surrey, UK.
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Figure 4. Plasma melatonin and urinary aMT6s in hourly samples to show the delay in the rhythm of urinary aMT6s compared to plasma melatonin (mean/SEM, N=14). Red lines show typical urine sample collection times over 24-48h to determine timing of the rhythm in out-patient or field studies. Redrawn from R. Naidoo, Thesis, University of Surrey, UK, 1998.

Melatonin Production During Development and Across Life

At birth, melatonin levels are almost undetectable, the only fetal source of melatonin being via the placental circulation. Melatonin levels in fetal umbilical circulation reflect the day-night difference as seen in the maternal circulation. Maternal melatonin sends a temporal circadian signal to the fetus (called “maternal photoperiodic adaptative programming”), preparing the CNS to properly deal with environmental day/night fluctuations after birth. A melatonin rhythm appears around 2 to 3 months of life (31), levels increasing exponentially until a lifetime peak on average in prepubertal children; melatonin concentrations in children are associated with Tanner stages of puberty (32). Thereafter, a steady decrease occurs reaching mean adult concentrations in late teens (33, 34). Values are stable until 35 to 40 years, followed by a decline in amplitude of melatonin rhythm and lower levels with ageing, associated with fragmented sleep-wake patterns (35). In people >90 years, melatonin levels are less than 20% of young adult concentrations (36). The decline in age-related melatonin production is attributed to different reasons; calcification of the pineal gland starting early in life and an impairment in the noradrenergic innervation to the gland or light detection capacity (ocular mydriases, cataracts) (2, 37). Interestingly, pinealectomy accelerates the aging process and several reports suggest that melatonin has anti-aging properties (38). 

MELATONIN’S MECHANISMS OF ACTION 

Melatonin Target Sites and Receptors

Melatonin’s target sites are both central and peripheral. Binding sites have been found in many areas of the brain, including the pars tuberalis and hypothalamus, but also in the cells of the immune system, gonads, kidney, and the cardiovascular system (39, 40). Melatonin binding sites in the brain might vary according to species. Melatonin exerts both non-receptor and receptor-mediated actions. Non-receptor-mediated actions are due to amphipathic properties (of both lipo- and hydrophilic structure) that allows melatonin to freely cross the cell and nuclear membranes. It can be easily detected in the nucleus of several cells in the brain and peripheral organs (41). Antioxidant properties are one example of non-receptor-mediated actions of melatonin. On the other hand, melatonin has receptor-mediated actions.

Two types of a new family of G protein coupled melatonin receptors (MT) have been cloned in mammals (42). Melatonin receptors are widely expressed, often with overlapping distributions. MT1 is primarily expressed in the pars tuberalis, the SCN together with other hypothalamic areas, pituitary, hippocampus, and adrenal glands, suggesting that circadian and reproductive effects are mediated through this receptor. MT2 is mainly expressed in the SCN, retina, pituitary and the other brain areas, and is associated with phase shifting (43). The affinity of melatonin is five-fold greater for MT1 than MT2. Melatonin administration induces (1) an acute suppression of neuronal firing in the SCN via the MT1 receptor, and (2) a phase-shifting of SCN activity through the MT2 receptor. However, agonists that exclusively act on one or another receptor have not been identified as yet, and the understanding of the role of each receptor in most of the tissues in which both receptors are present is difficult. Also, melatonin receptors are transiently expressed in neuroendocrine tissues during development, suggesting that melatonin has a role as a neuroendocrine synchronizer in developmental physiology (44).

Chronobiotic Effects of Melatonin
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Figure 5. Phase shifting of circadian rhythms. From data in Middleton B. et al., J. Sleep Res, 2002, 11, Suppl 1, p 154, Melatonin phase shifts all measured rhythms abstr. No. 309. Rajaratnam SW, et al., J Clin Endocrinol Metab 2003;88:4303-9. Rajaratnam SW, et al., J Physiol 2004; 561:339-351.

Phase shifting of circadian rhythms by melatonin (Figure 5) was first described in the 1980s (45). Melatonin has chronobiotic effects and is able to synchronize and reset biological oscillations. Melatonin acts on oscillators according to a well-defined phase-response curve (PRC). PRC is characterized by phase-advance zone (early in the evening before the beginning of the nocturnal melatonin production), phase-delay zone (in the late night/early morning hours), and a non-responsive dead.  zone (when melatonin levels are high) (46). The melatonin PRC is useful for the clinical administration of melatonin as a chronobiotic agent and treatment of sleep circadian and mood  disorders (47). In addition to the circadian chronobiotic effects, melatonin importantly has chronobiotic seasonal effects and acts as a circannual synchronizer, one season determined by increasing duration of the nocturnal melatonin production (in the direction of the winter solstice) and the other season defined by the reduction of nocturnal melatonin production (in the direction of the summer solstice) (8, 48). Interestingly, most of the clock genes are expressed in the pars tuberalis with a 24h rhythmicity different from their expression in the SCN (49), and these clock genes are influenced by melatonin with numerous potential seasonal effects. However, whether melatonin modulates the activity of the SCN via regulation of clock genes is unclear. Also, a central clock, independent of the SCN, can be entrained by food availability, temperature variations, forced activity and rest, drugs (melatonin itself), and timing (50).

MELATONIN PHYSIOLOGY AND PATHOPHYSIOLOGY

As previously stated, melatonin can act through several mechanisms and at almost all levels of the organism. Therefore, it has multiple and diversified actions with immediate (endogenous melatonin, during the night) or prospective effects (exogenous melatonin, during the previous day). 

Hypomelatoninemia is more common, and it can be due to factors that affect directly the pineal gland, innervation, melatonin synthesis as a result of congenital disease; or secondary as a consequence of environmental factors and/or medications (shift work, spinal cord cervical transection, sympathectomy, aging, neurodegenerative diseases, genetic diseases, β-blockers, calcium channel blockers, ACE inhibitors). Hypermelatoninemia is less common, and except for pharmacological effects, few conditions have been associated with high melatonin production: spontaneous hypothermia, hyperhidrosis syndrome, polycystic ovary syndrome, hypogonadotropic hypogonadism, anorexia nervosa, and Rabson-Mendenhall syndrome that induces pineal hyperplasia. 

Melatonin During Puberty, Menstrual Cycle and Reproductive Function

Neuroendocrine control of sexual maturation is influenced by the pattern of melatonin secretion as a consequence of the light-dark cycle, and in some species the photoperiod via melatonin secretion determines the timing of puberty (51). In vitro studies, in cultured prepuberal rat pituitary gland, showed that melatonin inhibits gonadotrophin-releasing hormone and therefore luteinizing hormone release, providing evidence for a potential causal role of melatonin in the timing of developmental stages (52) (Figure 2). The mechanism by which melatonin inhibits GnRH secretion is not clear; recently, kisspeptin was suggested to mediate this effect. Lower melatonin levels have been associated with precocious puberty and higher levels in delayed puberty and hypothalamic amenorrhea compared to age-matched controls; however, a causal role of melatonin in pubertal development has not been described (53, 54). Data on circulating melatonin, and its variation during the menstrual cycle, are inconsistent (55). In males, high melatonin doses (100 mg daily) potentiate testosterone-induced LH suppression, and a negative correlation between nocturnal serum LH and melatonin have been reported (56, 57). Nevertheless, attempts to develop melatonin as a contraceptive pill in combination with progestin have not been successful (58). Interestingly, people living near the Arctic circle present lower conception rates during winter darkness, when melatonin levels are high, than in summer. In summary, the overall perception in human studies is that melatonin is inhibitory to human reproductive function.

Melatonin and Core Body Temperature

Melatonin plays a role in circadian thermoregulation. In particular, the melatonin peak is associated with the nadir in body temperature, together with maximum tiredness, lowest alertness and performance (59) (Figure 6). Exogenous administration of melatonin during the daytime reproduces this association, increasing fatigue and sleepiness and decreasing body temperature, especially if the subject is seated (posture dependent effect) (59). Along these lines, the rise in temperature during the ovulatory phase of the menstrual cycle is associated with a decline in the amplitude of melatonin. 
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Figure 6. Relationship of plasma melatonin to other major circadian rhythms driven by the internal clock. Abbreviations: VAS: visual analogue scale. Reproduced from Rajaratnam SMW and Arendt J. Lancet 358:999-1005, 2001 by permission. 

Melatonin and Energy Metabolism and Glucose Homeostasis 

Melatonin is an important player in the regulation of energy metabolism and glucose homeostasis. It is responsible for the daily distribution of energy metabolism functions (daily phase of high insulin sensitivity, glycogen synthesis, and lipogenesis and a sleep phase associated with the usage of stored energy) (60). Interestingly, administration of melatonin in post-menopausal women induced a reduction in fat mass and increase in lean mass compared to placebo (61). Nocturnal melatonin secretion facilitates diurnal insulin sensitivity and preservation of beta cell mass and function (62) and low melatonin secretion has independently been associated to a higher risk for type 2 diabetes (T2DM) (63). In short sleepers or when there is a misalignment between waking time and melatonin secretion (melatonin secretion is not interrupted), insulin resistance and hyperglycemia can be observed. Melatonin administration can result in iatrogenic insulin resistance and hyperglycemia in the morning, depending when it is administered and on the metabolizing characteristics of the subject. Moreover, recently, some variants of the gene encoding for the MT-1B have been associated with reduced beta-cell function and increased risk for T2DM (64). Several cardiovascular effects have also been attributed to melatonin, such as, antihypertensive properties, regulation of heart rate, and vascular resistance (65, 66). 

Melatonin, Antioxidant Properties and Cancer

Antioxidant and anti-aging properties have also been attributed to melatonin. Melatonin acts as a potent free radical scavenger and antioxidant in vitro, independently of the presence of the receptor (38, 67, 68) protecting lipids, protein and DNA from oxidative damage. It is more effective than glutathione in reducing oxidative stress under many circumstances, being highly concentrated in the mitochondria. Although most of these effects in humans have been observed in supraphysiological doses of melatonin, the quantity of exogenous melatonin required to generate relevant antioxidant activity is not well established. Moreover, the clinical benefits of antioxidant supplements are not clear.  Quote “research has not shown antioxidant supplements to be beneficial in preventing diseases”, https://www.nccih.nih.gov/health/antioxidants-in-depth#:~:text=Antioxidants%20are%20man%2Dmade%20or,be%20beneficial%20in%20preventing%20diseases.

Also, there is growing recent evidence for anti-tumoral activity of melatonin (69, 70). Melatonin seems to be useful as an oncostatic agent at the cellular level and slows the progression of cancer (most of the studies are focused on breast and prostate cancer). Interestingly, in rats when a carcinogen is given at night during the highest levels of melatonin, DNA damage is significantly lower (20%) than in rats that receive a carcinogen exposure during the day (71). Pinealectomy stimulates cancer initiation or growth in animals, and pineal calcification, that leads to a decline in melatonin production, have been associated with an increase in pediatric primary brain tumors (72). 

An ’Umbrella review’, whereby the results of numerous meta-analyses are combined, has provided important data on which of the numerous claims for melatonin therapeutic benefit stand up to scrutiny. A simplified version is provided here (see below). 

As mentioned previously, exposure to light during the “biological night” can suppress melatonin production, and it is also associated to a deleterious effect on health (i.e., increased risk of cancer in most epidemiology studies in night shift workers) (70, 73). Night-shift workers present a higher incidence of hormone-dependent cancer which has been related to light-induced melatonin suppression which consequently increases estrogen production. A 50% increased risk to develop breast cancer in nurses exposed to rotating shift work has been documented (74). In contrast, a reduced risk for breast cancer was observed in blind women, with potentially higher levels of melatonin throughout all day (although there is no evidence that blind people produce more melatonin than sighted people) However, the mechanisms by which melatonin exerts any of oncostatic effects remains to be established. 

Miscellaneous 

The circadian annual rhythm of prolactin secretion depends on the circadian melatonin signal. Melatonin regulates pars tuberalis timer cells, and coordinates prolactin-secreting cells which together function as an intrapituitary pacemaker timer system. Interestingly, several clock genes are expressed within the pituitary with a circadian rhythm independent of the SCN (75). 

Melatonin might act on the adrenal glands as an endogenous pacemaker. Glucocorticoids levels are low after the onset of darkness and rise after the middle of the night concomitantly with a decrease in melatonin levels. This is consistent with an inhibitory effect of melatonin through MT1 on glucocorticoid production. Interestingly, many antidepressant drugs increase the availability of the precursors (tryptophan and serotonin) and the major pineal neurotransmitter NE and therefore stimulate melatonin secretion. A melatonin agonist has been developed as an antidepressant through its actions on serotonin 2C receptors (76). If there is a link between this increase in melatonin production and the efficacy of antidepressant medications this needs further evaluation.

Several conditions (congenital or acquired) might induce a dysregulation of the melatonin synthesis/signaling and affect rhythmic melatonin production: 

Pathological or traumatic sympathetic denervation (i.e., injury to the spinal cord) of the pineal gland or administration of β-adrenergic antagonists abolishes the rhythmic synthesis of melatonin and the light-dark control of its production (77, 78). NE is the major transmitter via β1 adrenoceptors with potentiation by α1 stimulation. NE levels are higher at night, approximately 180 degrees out of phase with the serotonin rhythm. Both availability of NE and serotonin are stimulatory for melatonin synthesis. However, several other factors have been related to the secretion and production of melatonin (13) (Table 1). In humans, administration of atenolol suppresses melatonin and enhances the magnitude of light-induced phase shift (79). In fact, several related observations suggest that endogenous melatonin acts to counter undesirable abrupt changes in phase. Pinealectomy i.e., abolishment of the melatonin rhythm, leads to a more rapid circadian adaptation to phase shift in rats (80).

Craniopharyngioma patients often display low melatonin secretion as a result of SCN impairment associated with alterations in sleep pattern (81). 

Smith-Magenis syndrome (a congenital disorder due to a haplo-insufficiency of the retinoic acid-induced 1 gene, involved in the regulation of the expression of circadian genes) patients present with an inverted rhythmic melatonin secretion and sleep difficulties that can be managed with melatonin administration in the evening and β-adrenergic blockers during the day to reduce melatonin secretion (82). Low levels of melatonin have been consistently associated with autism spectrum disorders (ASD) (83). The last enzyme in the synthesis of melatonin, acetylserotonin-O-methyltransferase, has been associated with susceptibility for ASD which could be an explanation for low melatonin levels in ASD (84). Interestingly, administration of melatonin has shown to be efficacious for insomnia in children with ASD (85).

MELATONIN, CLINICAL APPLICATION AND THERAPEUTIC USE

Literature on the clinical use of melatonin is extensive and has increased exponentially over the last decade. Melatonin effects on sleep are the most well-known; however, the finding of increased cancer risk in shift workers and that patients with neurodegenerative diseases, autism or depression present abnormal melatonin rhythms, have recently increased attention on the role of melatonin. 

Melatonin and Sleep

Numerous factors and comorbidities are associated with chronic insomnia in the adult population, different from the circadian sleep-wake rhythm disorders. Some of these risk factors and comorbidities involve psychiatric conditions (i.e. depression, anxiety, posttraumatic stress disorder), medical conditions (i.e. pulmonary diseases, chronic pain, heart failure, hyperthyroidism, nocturia, gastroesophageal reflux, cancer, pregnancy, pruritus, HIV infection, obstructive sleep apnea syndrome), neurological conditions (i.e. Alzheimer’s, Parkinson’s disease, peripheral neuropathies, strokes, brain tumors, headache syndromes), and medications (i.e. central nervous system stimulants or depressants, bronchodilators, antidepressants, diuretics, glucocorticoids, caffeine, alcohol). All these conditions should be ruled out before establishing the suspicion of a circadian sleep-wake rhythm disorder. The importance of melatonin levels for human sleep was apparently demonstrated by studies on pinealectomized subjects. These patients presented a disrupted 24h circadian rhythm, and a reduction of sleep time and quality, that were reversed after the administration of melatonin (86, 87). However, another careful, prospective study using polysomnography before and following pinealectomy found no effect on sleep and similar data are reported in rats (88-90). Thus, the question is not resolved. Clearly it is not a sleep hormone since in nocturnal animals it is secreted during the active periods. Overall, exogenous melatonin has been shown consistently to reduce sleep latency, and less consistently increase total sleep time, reduce night awakenings, and ultimately improve sleep quality (91). The most obvious action is to optimize sleep timing with respect to the circadian clock: we sleep better when melatonin production (and thus the circadian clock) and sleep are correctly aligned. Diagnostic criteria of every circadian sleep-wake rhythm disorder were fully described by the American Academy of Sleep Medicine (2014) (92).

CIRCADIAN SLEEP WAKE-RHYTHM DISORDERS EVALUATION

The origin of a circadian rhythm disorder can be related either to an intrinsic abnormality in the circadian system itself (misalignment of the intrinsic circadian timing with the desired sleep schedule) or to external factors, as when individuals must be awake at times that are not synchronized with their intrinsic rhythms. Overall, sleep disorders result in clinically significant symptoms of insomnia, daytime sleepiness and impaired physical, neurocognitive (concentration, processing speed, memory), emotional and social functioning, as well as impaired functioning at work or school (92). Age and associated comorbidities can help in the differential diagnoses. Symptoms across sleeping disorders are non-specific; the key to properly identify them is the recognition of abnormal sleep-wake patterns using sleep diaries beyond the complaint of insomnia or daytime sleepiness (93). Time domain is very important for melatonin actions (immediate or prospective effects, chronobiotic, or seasonal effects); therefore, adequate melatonin measurement and time of administration are crucial. Actigraphy can supplement self-reported sleep diary information or be useful in situations of neurodevelopmental disorders where a sleep diary cannot be completed. 

Melatonin concentrations typically increase 90 to 120 minutes prior to the habitual bedtime if bright light (>10 lux) is absent. Preferentially frequent blood sampling every 30 to 60 minutes from six hours prior to and one hour following habitual bedtime is collected to assess the individual’s dim light melatonin onset (DLMO) and circadian phase. Samples should be collected in a dark environment (red light <10 lux) without interfering with sleep. In research studies a DLMO protocol is used as a valid and reliable indicator of circadian phase position, according to the time at which melatonin levels rise, and is extremely helpful to guide the timing for melatonin therapy in each individual; however, this is rarely feasible for routine use in clinical settings (94). Alternatively, urinary excretion of 6-sulfatoxymelatonin is a good index of nocturnal melatonin production and it should be collected as sequential urine samples for 48h in order to calculate the timing of the peak or acrophase. Also, it is possible to measure melatonin in saliva, during the evening before sleep and this approach has been frequently used. But, in the case of for example very delayed melatonin rise the time of onset can be missed during sleep. Importantly, melatonin values vary individually and according to age and sex. Although, endogenous melatonin production is closely related with the onset and offset of sleep, few associations have been found between melatonin production and sleep stages (95), and sleep deprivation does not abolish the melatonin rhythm. 

CIRCADIAN SLEEP WAKE-RHYTHM DISORDERS 

The primary goal of treatment of circadian sleep-wake rhythm disorders is to realign the circadian timing of sleep and wake with the required sleep-wake period. Appropriately timed and dosed melatonin, melatonin receptor agonists, and light therapy seem to be useful approaches (96, 97). Following the melatonin PRC and taking the individual DLMO as the reference phase to decide the most suitable time of melatonin administration, according to the desirable effect, seem the most appropriate guide to decide when to start chronic melatonin therapy (98-100). 
	
Delayed and advanced sleep-wake phase disorders, non-24 hour, and irregular sleep-wake rhythm disorders are considered intrinsic circadian disorders; in contrast, jet lag and shift work disorders are due to an environmentally imposed misalignment. The most potent phase shifting factor (zeitgeber) is the environmental light-dark cycle (101). 

Light exposure during the last hours of the usual sleep period moves the circadian rhythm forward (phase advanced). On the contrary, light exposure in the evening and the first half of the usual sleep period moves the circadian rhythm back (phase delayed) (Figure 7) (96). Advanced sleep-wake phase disorder is partially due to the physiologic advance that occurs with aging together with the weakening of circadian rhythms observed with aging. It can be genetically determined in some families as well. Delayed sleep-wake phase disorder is more often seen in children with some neurodevelopmental disorders; these patients cannot sleep during the dark time and delay sleep onset until the early hours of the morning, sleeping much of the day. In these situations both bright light in the early morning and evening melatonin 5 hours before endogenous melatonin onset secretion (0.5-5 mg) has been shown to advance sleep time significantly (102), the magnitude of the advanced shift being dose-dependent. In contrast early “biological morning” administration of melatonin induces delayed shifts. The non-24-hour sleep-wake rhythm disorder is most commonly seen in blindness, since the light-dark cycle is the most powerful cue for synchronizing the hypothalamic pacemaker to the 24-hour day (103). Therefore, this disorder is characterized by a failure to maintain stable alignment to the 24-h day, and a “free-running” circadian rhythm system which usually shifts to a later and later phase position. Timed melatonin treatment has been successful in entraining free-running blind patients. 

The irregular sleep-wake rhythm disorder is seen in patients with dementia, which a neurodegenerative process might induce a disruption of the circadian system with a consequent loss of modulatory influence on sleep and wakefulness (104). 
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Figure 7. Representation of a simplified diagram of phase shifts of the circadian system, as evidenced by changes in melatonin rhythm itself, following oral treatment with fast release melatonin at different times. Biological night” is the time of endogenous melatonin secretion and defines “circadian time” which is independent of clock time. 

Jet lag occurs when crossing time zones, and one needs to sleep and be awake at times that are not aligned with one’s own circadian system. It is more severe when more time zones are crossed and if the direction of the travel is eastbound, as it is more difficult to advance than delay the natural circadian cycle. Melatonin accelerates the phase shift if given at the appropriate time prior to bedtime at destination, and the benefits of melatonin administration in the alleviation of jet lag seems to be greater with larger numbers of time zones (105). If melatonin is appropriately time-administered, self-rated jet lag can be reduced by 50 percent (106). The maximum advance shift obtainable with a single treatment of oral melatonin (3-5 mg) is approximately 1-1.5 h. 

For night shift workers wakefulness is required at the time that melatonin secretion is rising, and alertness is dissipating, and the opposite for the next day when melatonin secretion decreases, and circadian rhythms promote alertness. While some studies suggested that the use of melatonin improved sleep and increase daytime alertness in night shift workers compared to placebo (107), other studies have not shown beneficial effects (108). More data are needed before recommendations about melatonin as a therapy for shift workers can be made. However anecdotal evidence suggests that it is widely used for daytime sleep.
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Figure 8. Diagram to illustrate free-running of the sleep wake cycle and other circadian rhythms in non-24h sleep-wake disorder, frequently seen in totally blind people. Melatonin, usually in doses of 0.5 – 5mg daily can synchronize sleep and the circadian system to the 24h day with benefits for sleep, and daytime alertness.

Melatonin and the CNS

Individuals with neurodegenerative disorders (i.e., Alzheimer’s and Parkinson’s disease, Huntington’s disease, autism) had significant flattened and attenuated melatonin rhythms compared to age-matched controls (37, 109). Melatonin showed efficacy in managing the insomnia in elderly people or improving cognitive function associated with neurodegenerative disorders (110). It has reported effects on anxiety, cognitive function and memory. Knowing the wide distribution of melatonin receptors in the CNS, melatonin seems one of the promising neuroprotective agents to be tested in humans. However other studies have found deleterious effects of melatonin in elderly demented patients (111).

Melatonin: Therapeutic Use

Almost 200 randomized clinical trials on the use of melatonin and evaluation of clinical effects have been published. Moreover, several patents have been registered in relation to the therapeutic applications of melatonin and melatonin analogues (sleep disorders, neuroprotection, cancer). The American Academy of Sleep Science recommends the use of melatonin for jet lag, delayed sleep phase syndrome, and non-24h sleep wake disorder syndrome seen in blind people; however, there were few consensuses acknowledging its therapeutic benefits (112) until an ‘Umbrella’ review of meta-analyses identified consistent therapeutic targets (91). Interestingly, at least in animal models, appropriate melatonin dose administration can reverse most of the effects after a pinealectomy. 

	Table 2. Melatonin’s Reported Significant Clinical Effects

	• Breast cancer, risk of death down at 1 year 
• Nocturnal hypertension, systolic and diastolic reduced
• Sleep latency shortened
• Sleep duration increased
• Melatonin onset advanced
• Core body temperature decreased
• In rodents, protective effects of melatonin in ischemic stroke


Combined meta-analyses of studies meeting strict criteria (simplified from Posadzki PP et al. BMC Med (2018) 16: 18.)

Several melatonin receptor agonists have been synthesized, some of them have higher affinity for the receptor than endogenous melatonin. Agomelatine (activity at the serotonin-2C receptor) functions as an anti-depressant, ramelteon (selective MT1/MT2 agonist) is marketed for use in sleep onset insomnia, tasimelteon (MT1/MT2 agonist), is commercialized for the treatment of circadian rhythm disorders particularly non-24h sleep wake disorder (113, 114). Also, slow-release formulations of the natural biologic melatonin have been developed. 

The time of melatonin administration is critical, especially in chronic treatments, and the melatonin profile shows large interindividual variation; however, the profile of an individual is highly reproducible from day to day. Also, absorption, metabolism and excretion of melatonin vary between individuals and should be considered to get the desired clinical efficacy of the therapy. Ideally, although not feasible in a daily clinical practice, DLMO should be determined for each individual, and used as a timing reference for the prescription of melatonin. Alternatively, the time each individual goes to sleep could determine the time of administration of melatonin; it is advisable to take oral melatonin around 45 minutes to 1 hour before the usual bedtime (time to reach maximal plasma concentrations following oral immediate-release formulations). Moreover, the duration of the pharmacological profile should last until the usual wake time of the patient; thus, the type of pharmaceutical formulation (slow or fast release) is also an important consideration. However, there is little evidence for greater benefit of slow-release preparations. Route of administration, as well as age, liver function and potential drug interactions (since melatonin is metabolized in the liver), may influence plasma melatonin levels and should be taken into account (115). Sensitivities and pharmacokinetics of melatonin vary between individuals, and a lower dose of 0.3-0.5 mg might be more effective than higher doses in many subjects. 

There is no general consensus regarding dosage. A wide range of dose formulations are available, and the usage varies depending on the clinical application. The usual advice is to start with the lowest dose available. Low doses 0.1 to 0.3 mg/d that produce near physiological melatonin concentrations can be used for central clock synchronization; doses ranging from 0.6 to 5 mg/d for sleep disorders, or doses as high as 300 mg/d for neurodegenerative disorders (amyotrophic lateral sclerosis) (116, 117). There is a current tendency to recommend high pharmacological doses for ‘protective’ or antioxidant effects. What consequences these might have for the circadian aspects of melatonin function is not known. It should not be forgotten that melatonin has profound effects on the reproductive function of photoperiodic seasonal breeders and there is good evidence for residual photoperiodicity in humans. However in most clinical trials or studies using melatonin, it is well accepted that in general melatonin lacks toxic adverse events, and it is a safe drug at most of the usual tested doses from 0.5 to 5 mg/d (118). Whether dosage should be changed in chronic melatonin treatment according to the annual season requires further investigation; further studies are needed on the undesirable consequences of melatonin suppression in the long term (for example by beta blocking drugs or shiftwork).

To summarize, benefits of melatonin and its analogues on circadian sleep disorders are consistently reported but for more generalized “insomnia” are often of low strength. The dose must be timed and individually adjusted as optimization will vary among individuals. More studies are required to develop treatment guidelines for different conditions. The long-term consequences of taking high dose melatonin especially in pediatrics need careful evaluation. Melatonin mechanisms of action and effects need much further work, to better understand the therapeutic value of melatonin and its potential applications. 
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