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v

 Melatonin is a ubiquitous molecule that is widely distributed in nature and is 
synthesized by most of the living organisms including unicellular organisms, 
fungi, plants, and animals. Melatonin synthesis in human beings is unique as 
this hormone is synthesized in many areas of the body in much higher con-
centration than that is produced by the pineal gland, which is considered as 
the major site of its production. Melatonin displays multiplicity of actions 
that ranges from chronobiotic, hypnotic, antioxidative, oncostatic, immune 
regulating, to controlling reproduction including the timing of puberty. In 
addition to these, its participation in the control of human mood and behavior 
has attained clinical signifi cance. Defi ciencies in melatonin production, or 
melatonin receptor expression, or changes in its rhythm and amplitude of 
secretion have been shown to be primary causes in breast cancer; neurode-
generative diseases like Parkinson’s disease and Alzheimer’s disease; certain 
neurological disorders seen in children; and conditions like chronic insomnia 
and circadian rhythm sleep disorders. Melatonin’s involvement in neuropsy-
chiatric illnesses like major depressive disorders deserves special attention 
due to the discovery and use of melatonergic antidepressant agomelatine. 
Since melatonin has a short half-life, its use as a therapeutic agent for treat-
ment of insomnia has not been successful and has given confl icting results. 
To overcome this problem, newly developed melatonergic agonist ramelteon 
with more potency and duration of action has been introduced for treating 
chronic and primary insomnias, and this has found to be benefi cial. With 
regard to mood disorders, the recently introduced melatonergic antidepres-
sant agomelatine with 5-HT 2c  antagonism has been found more benefi cial, 
since this drug has rapid onset of action with fewer side effects when com-
pared to other antidepressants that are in clinical use today. 

 This book, fi rst of its kind, focuses more on the therapeutic use of melato-
nergic drugs for treating insomnias and depressive disorders and at the same 
time also presents chapters that discuss melatonin’s involvement in impor-
tant functions of the body like regulation of reproduction, sleep, circadian 
rhythms, immune function, antioxidative mechanisms, cancer, and jet lag. 
Much importance has also been given to melatonin’s therapeutic application 
in treating neurodegenerative disorders like Alzheimer’s and Parkinson’s 
disease. This book will be useful not only for scientists engaged in melato-
nin research but also to graduate students, psychopharmacologists, psychia-
trists, neurologists, oncologists, and other clinicians treating neurological, 
 psychiatric, and cancer patients.  
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            Introduction 

 By isolating “the pineal gland factor that lightens 
melanocytes,” Lerner et al. began the area of research 
on melatonin (N-acetyl-5-methoxytryptamine) in 
1958 [ 1 ]. Indeed, the pineal gland is the major 

source of this indolamine as melatonin circulat-
ing in the body is primarily synthesized there 
during the night [ 2 ]. For the synthesis of 
 melatonin in the pinealocytes, the essential amino 
acid  l - tryptophan is provided by cerebral vessels 
and converted to serotonin in pineal cells. 
Afterward serotonin is metabolized by the rate-
limiting enzyme arylalkylamine N-acetyltransferase 
(AA-NAT) to N-acetyl-5-hydroxytryptamine. In 
the last step, N-acetyl-5-HT is converted to 
 melatonin by hydroxyindole-O-methyltransferase 
(HIOMT). 

 Regulation of circadian rhythms and sea-
sonal responses is one major function of melato-
nin, but several studies further suggest that 
melatonin has also other functions in the body 
[ 3 ]. It infl uences the metabolism in various cell 

        C.   Ekmekcioglu ,  MD      (*) 
  Department of Environmental Health , 
 Medical University Vienna ,   Kinderspitalgasse 15 , 
 Vienna   1090 ,  Austria   
 e-mail: cem.ekmekcioglu@meduniwien.ac.at   

    T.   Thalhammer ,  PhD      
  Department of Pathophysiology and 
Allergy Research (IPA) ,  AKH , 
  Waehringer Guertel 18-20 ,  Vienna   A-1090 ,  Austria   
 e-mail: theresia.thalhammer@meduniwien.ac.at  

  1      Melatonin Receptors and Their 
Role in Human Diseases 

              Cem     Ekmekcioglu       and     Theresia     Thalhammer     

 Abstract   

 Melatonin acts mostly through G-protein-coupled plasma membrane 
receptors. MT 1  and MT 2  are the two functional melatonin membrane 
receptors. They are expressed in various organs of all mammals, including 
humans. The functional meaning of the receptors in the various organs is 
still not suffi ciently investigated. This chapter summarizes the currently 
available data about MT 1  and MT 2  receptors in human tissues and human 
cells. Established and putative functions of melatonin after receptor acti-
vation will be described, and the clinical relevance of these fi ndings will 
be discussed. 

 Keywords 

 Melatonin   •   Melatonin Receptors   •   Humans   •   Localization   •   Biological 
role   •   Diseases 



2

types and  peripheral tissues and contributes to 
hormonal homeostasis. Some of these functions 
will be presented and discussed in the chapters 
below. 

 Melatonin mediates its effects mostly 
through binding to G-protein-coupled plasma 
membrane receptors. Additionally, strong anti-
oxidative effects of melatonin were demon-
strated in many studies [ 4 – 8 ]. There is evidence 
that some cell- and tissue-protective functions 
of melatonin are mediated by an induction of 
anti-infl ammatory genes, which are under the 
transcriptional regulation of redox-sensitive 
elements including AP-1 and NF-kappa B, and 
other cell redox sensors such as Nrf2/keap1 
(reviewed in [ 9 ]). 

 Other studies showed that melatonin interacts 
with calmodulin or calreticulin; both are involved 
in intracellular signal transduction. For example, 
melatonin was shown to antagonize the binding 
of Ca 2+  to calmodulin [ 10 ]. Thereby, it may infl u-
ence tumor progression. For example, possible 
antiproliferative effects of melatonin on breast 
cancer cell proliferation may be partly mediated 
through this action [ 11 ]. 

 Also, few studies suggest that melatonin could 
mediate its effects through nuclear transcription 
factors. From the nuclear receptor family, the 
retinoid-related orphan nuclear hormone receptor 
family (RZR/ROR) was suggested as melatonin 
target. Immunomodulatory effects and possible 
also part of the circadian effects may be mediated 
through this mechanism [ 12 – 14 ]. Melatonin was 
also shown to bind to a member of the basic 
helix-loop-helix transcription factors, the aryl 
hydrocarbon receptor (AhR), the signaling of 
which is also implicated in the regulation of cir-
cadian rhythms [ 15 ,  16 ]. 

 This chapter discusses the plasma membrane- 
associated melatonin receptors and their role in 
humans (reviewed in [ 17 – 22 ]). Peripheral local-
ization sites for the two known mammalian mela-
tonin receptors, MT 1  and MT 2 , in the human 
body were published by our group since 1999 
[ 23 – 31 ]. We will summarize the data about these 
localization sites in human tissues and also 
address the biological role and clinical relevance 
of the melatonin receptors.  

    Pharmacology and Signal 
Transduction 

 Two different classes of human plasma 
membrane- localized melatonin receptors are 
known. These are designated as MT 1  (formerly 
Mel 1a , encoded by MTNR1A gene) and MT2 
(Mel 1b , encoded by the MTNR1B gene), respec-
tively [ 19 ,  32 ]. Both types of receptors were 
found in various organs with different expression 
profi les. 

 In general cloned melatonin receptors bind 
2[125I]-melatonin at picomolar affi nity. Several 
agonists and antagonists for melatonin receptors 
have been described [ 20 ,  33 – 36 ]. The best known 
agents are luzindole and 4-PDOT, which are 
especially used to  demonstrate MT 2  receptor 
activity. 

 MT 1  and MT 2  receptor are coupled to similar 
and different signal transduction pathways. 
Expression of the cloned MT 1  receptors in various 
different cell lines, like NIH-3T3, HEK and CHO 
cell lines, provided evidence that these receptors 
are especially linked to the inhibition of cAMP 
via pertussis toxin-sensitive inhibitory Gi pro-
teins. Interactions with several G proteins were 
described so far (reviewed in [ 18 ,  37 ]). MT 1  
receptor activation results in a depression 
of forskolin- stimulated cAMP formation and 
 inhibition of PKA activity and phosphorylation of 
the cAMP-responsive element-binding protein 
(reviewed in [ 20 ]). This signal pathway seems to 
lead to phase shifts of the endogenous clock [ 38 ]. 
Important for the prevention of cancer cell growth, 
via activation of MT 1  receptor, melatonin blocks 
the MAPK/ERK pathway in many cancer cells 
[ 39 ]. Additionally, it was shown to inhibit breast 
cancer cell proliferation, because it prevents the 
uptake of linoleic acid, which is metabolized to 
the mitogenic signaling molecule 13-hydroxyocta-
decadienoic acid (13-HODE) [ 40 ]. 

 MT 1  activation induces prostaglandin 
F2alpha-induced phosphoinositide turnover [ 41 , 
 42 ] and also regulates effects of melatonin on ion 
channels, like calcium-activated potassium chan-
nels, which may be involved in melatonin- 
induced vasoconstriction of rat arteries [ 43 ]. Also 
activation of the inward rectifi er potassium 
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 channel KIR3 was described to be induced by 
MT 1  activation [ 44 ]. 

 The MT 2  receptor is also coupled to inhibition 
of forskolin-stimulated cAMP formation [ 45 ]. 
Additionally, activation of this receptor can lead 
to inhibition of cGMP formation [ 46 ] or, in the 
SCN, to an increase in PKC activity [ 47 ]. 

 Worth to mention is the fact that both MT 1  and 
MT 2  can form homo- and heterodimers [ 48 ,  49 ]. 
However, the functional effects of the different 
receptor dimeric species are unclear. 

 In addition to these MT receptors, another 
putative MT 3  receptor was identifi ed. It shows 
lower melatonin affi nity in various hamster 
organs [ 50 ] and has a 95 % homology to the 
human quinone reductase 2, a cytosolic enzyme 
that catalyzes the reduction of quinones, such as 
menadione and coenzyme Q [ 51 ,  52 ]. Very little 
is known about the functions of the MT 3  recep-
tor in different organs. It may contribute to the 
regulation of intraocular pressure, as shown in 
rabbits [ 53 ]. 

 Finally, there also exists a melatonin-related 
receptor (GPR50) in mammalians, including 
humans. This receptor is however incapable of 
binding melatonin [ 54 ]. GPR50 may be involved 
in MT 1  (but not MT 2 )-mediated signal transduc-
tion [ 55 ]. 

 The existence of MT 1 - and MT 2 -defi cient 
mice is a valuable tool for studying the function 
of melatonin receptors in various tissues [ 56 ,  57 ]. 
In the next sections, we briefl y summarize local-
ization sites of MT receptors in various organ 
systems of humans and discuss putative func-
tional roles of melatonin.  

    Central Nervous System 
and the Eye 

    SCN 

 The master clock in the SCN controls many func-
tions in the peripheral organs [ 58 ]. Melatonin 
cooperates with the SCN probably in two ways, 
fi rstly by resetting feedback signals to the SCN 
and secondly as an output mediator of the SCN 
transmitting the informations of the master clock 

to the periphery [ 59 ]. Here, on the cellular level, 
clock genes act as an integral part of the circadian 
system [ 60 ] infl uencing the expression of many 
genes [ 61 ]. Melatonin was shown to affect the 
expression of clock genes [ 28 ,  62 ]. 

 Weaver and Reppert were the fi rst to show the 
expression of the MT 1  receptor subtype in the 
SCN of humans [ 63 ]. The function of melatonin 
in the SCN has been described in several rodent 
studies. It is assumed that melatonin is an endog-
enous synchronizer [ 64 ] providing the SCN with 
the information about the night. Timed release of 
pineal melatonin therefore adjusts to organism 
the light/dark cycle. In rats it is able to stabilize 
circadian rhythms, reinforce them, and maintain 
their mutual phase relationship. Furthermore 
melatonin is able to entrain free-running activi-
ties in rodents [ 65 ]. 

 Several studies in humans showed that phase 
shifts of major physiological parameters, such as 
endogenous melatonin, core temperature, and 
sleep timing, are present after melatonin admin-
istration. Phase delays are observed after morn-
ing administration, whereas phase advances 
occur after evening administration [ 66 ]. 
Therefore, timed intake of melatonin can facili-
tate the readjustment after acute phase shifts of 
the light–dark schedule such as in jet lag [ 67 ]. 
Finally, melatonin supplementation was shown 
to entrain free- running circadian rhythms in 
blind people [ 68 ]. 

 In this context melatonin has been described 
to exert sleep-promoting effects, although this 
topic remains controversial in the scientifi c liter-
ature [ 69 – 71 ]. One reason is the short half-life of 
melatonin in the range of 20–40 min [ 69 ]. The 
MT 1  and MT 2  receptor agonist ramelteon [ 72 ] 
has been shown to exert sleep-promoting effects 
in individuals with chronic and transient insom-
nia (reviewed in [ 69 ]). 

 Furthermore, there may be an association 
between melatonin, melatonin receptors, and 
psychiatric diseases like depression. For exam-
ple, a recent postmortem study showed that MT 1  
receptors seemed to be highly expressed in the 
SCN of depressed patients. It was speculated that 
the number of receptors may increase with the 
progression of the disease [ 73 ]. 
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 Regarding depression it should be mentioned 
that some years ago, agomelatine, an MT 1 /MT 2  
agonist and 5-hydroxytryptamine 2C (5-HT2C) 
receptor antagonist, was introduced as a new thera-
peutic possibility in the treatment of depression [ 74 , 
 75 ]. Several clinical studies showed that agomela-
tine improves both depressive symptoms and sleep 
disorders in this disease (reviewed in [ 74 ]).  

    Hippocampus 

 Both types of MT receptors are especially 
expressed in pyramidal neurons [ 76 ,  77 ], and mice 
studies suggested that melatonin modulates the 
activity of hippocampal neurons [ 78 ,  79 ]. Studies 
in Alzheimer patients showed a modulated expres-
sion of both types of melatonin receptors, with 
reduced levels of the MT 2  subtype and an enhanced 
MT 1  expression [ 76 ,  77 ]. The reason may be either 
a compensatory increase of MT 1  and/or disturbed 
MT 2  expression, due to Alzheimer disease-related 
neurodegeneration. It should also be mentioned 
that the antioxidative effects of melatonin can pro-
tect neurons against amyloid-β-induced neuropa-
thology in Alzheimer disease [ 80 ]. 

 Hippocampal MT receptors are possibly also 
involved in epileptic processes, and melatonin 
may possibly exert anticonvulsant actions. In 
children, for example, pharmacological doses of 
melatonin lead to a decrease in the severity and/
or frequency of epileptiform activity [ 81 ]. 
Furthermore rat studies showed that pinealec-
tomy favors epileptogenic processes that follow 
the long-lasting status epilepticus [ 82 ] and intra-
hippocampal application of 4-PDOT, an MT 2  
receptor antagonist, can exert anticonvulsant 
effects in rats with pilocarpine-induced seizures 
[ 83 ]. The putative anti-epileptic function of mel-
atonin has been linked to a potentiation of 
gamma-aminobutyric acid (GABA) transmission 
by melatonin [ 59 ].  

    Central Dopaminergic System 

 The MT 1  receptor is expressed in the areas 
related to dopaminergic behavior, including the 

Brodmann area 10 (i.e., prefrontal cortex), puta-
men, substantia nigra, amygdala, and hippocam-
pus [ 84 ]. The dopaminergic system is important 
for movement and psychological factors, such as 
reward, as well as for producing the reinforcing 
actions of drugs of abuse, like cocaine. For exam-
ple, it was demonstrated that application of mela-
tonin can block the development of cocaine-induced 
behavioral sensitizations, such as anxiety during 
cocaine withdrawal [ 85 ]. Furthermore, it was 
shown that in patients with Parkinson’s disease, 
MT 1  and MT 2  levels are reduced in the substantia 
nigra and amygdala [ 86 ]. In addition, also other 
brain areas were shown to express melatonin 
receptors (reviewed in [ 59 ]).  

    Retina 

 Both types of MT receptors were identifi ed in 
various cell types in the human retina [ 45 ,  87 ]. 
Additionally it is well established that melatonin 
is synthesized by primarily photoreceptor cells in 
most vertebrate species, including humans 
(reviewed in [ 88 ,  89 ]) and mainly released in the 
night. The function of melatonin in the retina is to 
regulate physiological adaptions to low light 
intensities. Furthermore, MT 1  and MT 2  are 
expressed on dopaminergic neurons in the retina 
where melatonin seems to exert an antagonistic 
action with dopamine, whose release is stimu-
lated by light. Dopamine seems to mediate adap-
tions of light adaptation and circadian changes in 
visual sensitivity [ 90 ]. The mutual inhibition 
between dopamine and melatonin may be respon-
sible for retinal adaptive processes to changes in 
light intensities. 

 Melatonin has been implicated in the modula-
tion of intraocular pressure (IOP) [ 89 ,  91 ]. 
Therefore, melatonin or melatonin analogs are 
discussed to be useful in the treatment of 
 glaucoma [ 92 ,  93 ]. In rabbits, topical applica-
tion of melatonin or the melatonin analog 
5-methoxycarbonylamino- N-acetyltryptamine 
(5-MCA-NAT) results in a reduction in intraocu-
lar pressure. In contrast, luzindole, an MT 1  and 
MT 2  receptor antagonist, abolishes the effect of 
both agents, which could suggest a role for MT 1  
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or MT 2  in the regulation of intraocular pressure 
[ 94 ]. In humans, oral melatonin causes some 
decrease in intraocular pressure in patients under-
going cataract surgery [ 95 ].   

    Cardiovascular System 

 We showed the expression of MT 1  and MT 2  
receptors in left human ventricle specimens 
[ 26 ,  27 ]. The role of melatonin in human ven-
tricular function is rather unclear. In isolated 
rat papillary muscle, it induces anti-adrenergic 
effects leading to a reduction of contractility 
increase [ 96 ]. Additionally, melatonin can antag-
onize isoproterenol- stimulated cAMP production 
in primary heart cell cultures [ 97 ] and also stimu-
late high-voltage-activated calcium currents in 
embryonic heart cells [ 98 ]. 

 Evidence for melatonin receptors in vascular 
tissue through the use of 2-[125I] iodomelatonin 
binding was presented [ 99 ]. In line with these 
fi ndings, we described localization of MT 1  and 
MT 2  receptors in human coronary arteries from 
pathological samples and also from healthy con-
trols [ 25 – 27 ]. Furthermore we showed prelimi-
nary evidence for a circadian variation of the 
MT 1  receptor in coronary arteries on the protein 
level [ 26 ]. More studies are necessary to explore 
the role of melatonin in human coronary arteries. 
In porcine coronary arteries, melatonin mediated 
vasoconstriction by inhibition of NO effects and 
potentiation of serotonin effects [ 100 ]. 
Vasoconstriction could increase vasodilatatory 
capacities as it was shown for cerebral arteries 
[ 101 ]. However, relating to animal studies, it 
seems that melatonin can have receptor- 
dependent divergent effects on the vasculature 
[ 102 ], with vasoconstriction after MT 1  and vaso-
relaxation after MT 2  activation. 

 Our group showed that MT 1  and MT 2  are 
expressed in the human aorta at mRNA level 
[ 25 ,  27 ], while only MT 1  was found in the rat 
aorta [ 103 ]. 

 We suggest that melatonin has vasodilatatory 
   effects in the aorta. This    was, for example, shown 
in aortic rings from rat and rabbits [ 104 ], an 
effect which is endothelium dependent and most 

likely mediated by NO, potentiation of acetyl-
choline effects, and/or inhibition of noradrena-
line effects [ 105 ]. 

 Application of melatonin during the day 
decreases core body temperature in humans by 
selective vasodilatation in distal body regions 
and induction of sleepiness [ 106 ,  107 ]. 
Furthermore, intravenous administration of mel-
atonin leads to an increase in peripheral blood 
fl ow [ 108 ]. In a recent intervention trial, it was 
shown that melatonin differentially affects vas-
cular blood fl ow in humans with a decline in 
renal blood fl ow velocity and renal vascular con-
ductance and increase of forearm blood fl ow and 
forearm vascular conductance after per oral 
application of 3 mg melatonin compared with 
placebo [ 109 ]. 

 Furthermore several studies provided evi-
dence that melatonin can reduce blood pressure 
in humans. In healthy men [ 110 ] and postmeno-
pausal women with hormone replacement ther-
apy, for example [ 111 ], 1 mg melatonin orally 
given led to approx. Reduction in mean arterial 
pressure after 90 min. Furthermore norepineph-
rine levels were reduced. 

 The antihypertensive effects of melatonin 
may derive from a decrease in peripheral resis-
tance through vasodilatation. Additionally, pos-
sible negative inotropic effects may be a further 
mechanism since cardiac ventricles also express 
MT receptors.  

    Hormone-Sensitive Organs 

    Prostate 

 MT receptors were identifi ed in benign and 
malignant prostate epithelial cells [ 112 – 114 ]. 
Through especially MT 1  receptors but also partly 
attenuation of sex steroid-induced calcium infl ux, 
melatonin inhibits proliferation of human pros-
tate cancer cells [ 115 ,  116 ]. In addition the MT 1  
receptor was also identifi ed in one patient with 
metastatic prostate cancer, and a timely daily 
treatment of the patient with 5 mg MEL stabi-
lized PSA (prostate-specifi c antigen) levels for 6 
weeks [ 117 ].  
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    Female Breast 

 There is increasing evidence for an association 
between chronic light exposure in the night and 
the risk of cancer [ 118 ], and epidemiological 
studies suggest that especially night and rotating 
female shift workers may have an increased 
breast cancer risk [ 118 – 120 ]. A suppressed secre-
tion of melatonin may play a role [ 118 ]. 

 Regarding melatonin binding sites, the MT 1  
receptor was identifi ed in normal and malignant 
breast tissue [ 29 ,  30 ,  121 ] and in breast cancer 
cells (MCF-7) [ 122 ]. 

 The pathways of the MT 1  receptor and the 
estrogen receptor seem to interact in breast can-
cer [ 123 ]. The MT 1  expression is downregulated 
by estradiol and melatonin as studies in MCF-7 
cells showed. Additionally, the expression of the 
MT 1  receptor is upregulated in MDA-MB-231 
cells, which are estrogen receptor-negative, and 
downregulated in the estrogen receptor-positive 
cell line MCF-7 [ 124 ]. 

 Several papers provided convincing evidence 
that melatonin inhibits proliferation of estrogen- 
dependent human-breast-cancer cells (MCF-7) in 
vitro (reviewed in [ 11 ]). A signifi cant antiprolif-
erative effect was especially seen in MCF-7 cells 
transfected with the MT 1  receptor [ 125 ]. The 
mechanisms underlying these anticancer effects of 
melatonin in breast cancer may be manifold: (1) 
inhibition of the expression of estrogen receptor 
alpha (ER alpha) and/or (2) inhibition of binding 
of the E2-ER complex to the estrogen-responsive 
element on the DNA. Furthermore inhibitory 
effects of melatonin on calmodulin, which can 
phosphorylate ER alpha thus facilitating the bind-
ing of estrogen, may also apply. In a phase II study, 
it was, for example, shown that melatonin and 
tamoxifen induced visible tumor regression com-
pared to tamoxifen alone [ 126 ].  

    Myometrium 

 The uterus shows circadian rhythms of contrac-
tility and electrical activities [ 127 ]. Also, maxi-
mal birth rates can be found during the night 
where secretion of melatonin is highest [ 128 ]. 

Both types of the melatonin receptors were found 
in human myocytes from nonpregnant (after hys-
terectomy) and pregnant women undergoing 
cesarean section [ 129 ]. The role of melatonin in 
the uterus is unclear; both inhibitory [ 130 ] and 
stimulatory [ 131 ,  132 ] effects of melatonin on 
the tone of the myometrium have been suggested, 
in animal or human studies, respectively. These 
differences could derive from differences in day-
time/nighttime activity profi les between rats and 
humans. 

 Administration of melatonin and progesterone 
to women leads to a decrease in LH secretion, 
blockage of ovulation, and the luteal phase 
increase in progesterone, without infl uencing 
FSH or inhibiting estradiol synthesis [ 133 ]. 
Suppressive effects on LH levels were also 
detected in men with a negative correlation 
between inhibin and the LH/testosterone ratio 
[ 134 ]. The mechanisms may be a modulation of 
hypothalamic gonadotropin release [ 135 ] or may 
be also direct effects of melatonin on granulosa 
cells in the ovary [ 136 ], since both types of mela-
tonin receptors are present in human granulosa 
cells [ 137 ]. Melatonin was shown to upregulate 
LH mRNA receptor expression [ 137 ], enhance 
hCG-stimulated progesterone secretion, and 
inhibit GnRH and GnRH receptor expression. 
Since LH is essential for the initiation of lutein-
ization and GnRH is suggested to be involved in 
the regression of corpus luteum [ 138 ], melatonin 
may be involved in the maintenance of the corpus 
luteum during pregnancy.   

    Gastrointestinal and Hepatobiliary 
Systems 

 In the gastrointestinal tract, melatonin is locally 
produced in enterochromaffi ne cells [ 139 ], with 
considerable differences in regional distribution. 
The highest levels were detected in the rectum 
and the colon and the lowest levels in the jeju-
num and the ileum [ 140 ,  141 ]. 

 Additionally, also the bile may contain high 
levels of melatonin which considerably exceed 
those in plasma [ 142 ]. We presented evidence for 
the presence of the MT 1  receptor in the epithelia 
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of cholelithiasis and gallbladder carcinoma sam-
ples [ 23 ]. Preliminary results suggest that in gall-
bladder carcinoma, MT 1  receptor seemed to be 
less pronounced. The functional role of melato-
nin in the gallbladder is not really known. 
Melatonin can modulate gastrointestinal ion 
transport processes and motility [ 143 ], interfere 
with cholecystokinin- induced changes of ileal 
motility [ 144 ], and modulate nitric oxide signal-
ing [ 145 ]. These effects could point to an effect 
of melatonin on gallbladder contraction. 

 Previously, Sjöblom et al. were able to dem-
onstrate that melatonin infl uences HCO 3  −  secre-
tion from the duodenal mucosa [ 146 ,  147 ]. 
HCO 3  −  is important to neutralize hydrochloric 
acid from the stomach. The release of HCO 3  −  was 
inhibited by luzindole suggesting that the MT 2  
receptor subtype was involved [ 148 ]. Additional 
studies described that melatonin stimulated the 
release of intracellular calcium in the entero-
cytes, which leads to the activation of the apical 
electroneutral HCO 3  − /Cl −  exchange [ 149 ]. 
Furthermore, melatonin was shown to increase 
pancreatic secretion of amylase and cholecysto-
kinin by activation of MT 2  receptors [ 150 ]. 
Finally, melatonin seems to exert preventive or 
therapeutic effects against gastric ulcers, respec-
tively [ 151 – 153 ].  

    Skin 

 Both key enzymes of melatonin synthesis, 
AA-NAT and HIOMT, were detected in normal 
and pathological skin including various skin 
cells, such as keratinocytes, fi broblasts, melano-
cytes, melanoma cell lines, and squamous cell 
carcinoma cells [ 154 ]. MT 1  seems to be the major 
melatonin receptor in the human skin [ 155 ]. The 
MT 2  receptor was detected in neonatal keratino-
cytes, one melanoma cell line, and especially 
normal and malignant uveal melanocytes [ 156 ]. 
Furthermore MT 2  receptor expression has been 
found in the inner root sheath, eccrine sweat 
gland, and blood vessel endothelium [ 49 ]. 

 Melatonin was shown to inhibit cell prolifera-
tion in cutaneous melanoma cells. This is also true 
for normal and malignant uveal melanocytes 

[ 157 ,  158 ], but it has no signifi cant effects on the 
proliferation of dermal fi broblasts [ 155 ]. It should 
also be mentioned that melatonin, through its anti-
oxidative mechanism, exerted protective effects on 
UVB-induced damage in dermal fi broblasts and 
epidermal keratinocytes (reviewed in [ 159 ]). 
However, clinical studies indicated that melatonin 
is able to prevent sun damage only when it is 
administrated before UV irradiation [ 160 ]. 

 Furthermore, few interventional trials suggest 
that melatonin can affect hair growth [ 49 ]. In a 
pilot study in women suffering from androgenic 
alopecia, it was shown that melatonin caused 
increased hair growth in patients with androge-
netic alopecia. However, no effect was seen in 
patients with diffuse alopecia [ 161 ].  

    Immune System 

 Melatonin is important for a proper function of 
the immune system [ 162 ]. It is, for example, syn-
thesized by various leukocytes and leukocyte- 
derived cell lines [ 59 ,  162 ]. In one of the fi rst 
studies in this fi eld, it was shown that pinealec-
tomy leads to a depression in the immune system 
[ 163 ]. Other studies came to similar results that 
suppression of melatonin production was associ-
ated with compromised humoral and cellular 
immunological responses in mice [ 49 ]. 

 Melatonin seems to especially modulate the 
synthesis and the secretion of cytokines [ 164 , 
 165 ]. For example, melatonin increases T-helper 
cell activity and IL-2 production in human lym-
phocytes [ 166 ] and activates human monocytes 
by inducing cellular cytotoxic agents, such as 
interleukins and TNF-alpha [ 167 ]. In general, 
melatonin exerts its effects on the immune sys-
tem through its antioxidative potential; modula-
tion of mediators, such as endogenous opioids, 
cytokines, hormones, and zinc; and also receptor- 
mediated effects. The MT 1  receptor and also the 
nuclear binding sites RZR/ROR alpha were 
found in various immune cells of humans [ 168 ] 
and in the mouse immune system (MT 1 , MT 2 ) 
[ 169 ]. Blockage of the receptors in human lym-
phocytes leads, for example, to a drop of IL-2 
and IL-2 receptor production [ 12 ]. Other 
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 immunomodulatory, pro-infl ammatory, but also 
anti- infl ammatory effects of melatonin in the 
immune system were described in several studies 
(reviewed in [ 59 ,  164 ]).  

    Metabolism 

 Melatonin is known to affect energy expenditure 
and body mass regulation in mammals by, for 
example, modulation of the activation of fat mass 
or brown adipose tissue in different mammalian 
species [ 170 – 172 ]. In rats, daily oral supplemen-
tation of melatonin reduced visceral adiposity 
and body weight (reviewed in [ 173 ]). Also in ani-
mal models of diet-induced obesity, melatonin 
showed benefi cial effects on body weight and 
metabolic parameters [ 174 – 176 ]. Similarly in 
patients with metabolic syndrome, administra-
tion of 5 mg melatonin per day reduced body 
mass index, systolic blood pressure (SBP), and 
levels of fi brinogen and thiobarbituric acid-reac-
tive substances (TBARS) in plasma [ 177 ]. 

 MT 1  and MT 2  receptors are expressed in the 
immortalized human brown adipocyte cell line, 
PAZ6 cells, and in white and brown adipose tissue 
[ 178 ]. Chronic treatment of PAZ6 adipocytes with 
melatonin resulted in a specifi c decline in GLUT4 
protein levels and glucose uptake with other adipo-
cyte marker genes (UCP1-2, PPAR- gamma, leptin, 
lipase) being not affected. GLUT4 mediates the 
uptake of glucose by insulin in fat and muscle cells 
with overexpression of GLUT4 leading to an 
increase in fat cell number and body lipids. The 
effects of melatonin in this adipocyte cell line were 
suggested to be through MT 2  receptors [ 46 ]. 

 Both melatonin receptors are expressed in the 
islet of Langerhans and are involved in the modu-
lation of insulin secretion from β-cells and in glu-
cagon secretion from α-cells [ 179 ]. Application 
of melatonin decreases insulin secretion [ 179 ] 
possibly through downregulation of adenylate or 
guanylate cyclase activities, leading to reduced 
second messenger levels [ 179 ]. Also, long-term 
enteral administration of melatonin reduces 
plasma insulin levels. The expression of pineal 
insulin receptors in both healthy Wistar rats, as 
well as type 2 diabetic Goto-Kakizaki (GK) rats 
is induced [ 180 ]. 

 Based on several experimental investigations, 
recent studies suggest that common genetic vari-
ations in or near the MT 2  receptor infl uence blood 
glucose and also the risk of type 2 diabetes in 
humans [ 181 – 183 ]. Furthermore, a recent meta- 
analysis demonstrated that the rs10830963 poly-
morphism on MT 2  is a risk factor for developing 
impaired glucose regulation and type 2 diabetes 
[ 184 ].  

    Conclusion 

 During the last decades, the scientifi c work on 
melatonin has increased exponentially. Many 
functions have been claimed for this antioxi-
dative indolamine, including effects on circa-
dian rhythms and sleep regulation but also, for 
example, on the immune system and infl am-
mation, blood pressure, cancer, pain percep-
tion, and on blood glucose/insulin secretion 
and mood, which are of special clinical rele-
vance. Many of these functions are mediated 
through G-protein- coupled melatonin recep-
tors MT 1  and/or MT 2 , while others are medi-
ated via activation of different transcription 
factors and/or by binding to intracellular pro-
teins. The G-protein-coupled receptors are 
found (almost) everywhere in the human body 
and open new therapeutic options with novel 
melatonin derivatives, e.g., agomelatine. For 
example, depression may be treated with this 
homolog [ 185 ]. Furthermore, genetic poly-
morphisms of MT receptors and their relation 
to various diseases, as, for example, for diabe-
tes, will gain more relevance in the next years.     
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        Introduction 

 Since the discovery of melatonin’s superior 
capacity as a scavenger of the most harmful reac-
tive oxygen species (ROS), the hydroxyl radical, 
by Tan et al. [ 1 ], countless publications have 
dealt with the antioxidant properties of this 
 methoxyindole. However, physiological concen-
trations of circulating melatonin do not suffi ce 
for explaining the protective effects solely on the 

basis of hydroxyl radical scavenging, although 
physiological levels of melatonin have been 
shown to convey protection against the hydroxyl 
radical-generating oxidotoxin and carcinogen 
safrole [ 2 ]. Consequently, additional mechanisms 
have to be involved. Meanwhile, a plethora of 
effects is known to contribute to the reduction of 
oxidative damage, in numerous model systems 
and organisms. In addition to the elimination of 
free radicals already formed, melatonin can also 
reduce the rates of radical formation, as discussed 
under the term of “radical avoidance” [ 3 ]. The 
aim of this chapter is to outline the various rele-
vant effects at the different levels of action that 
are typical for the highly pleiotropic molecule, 
melatonin [ 4 ].  
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    Abstract 

 Melatonin acts as an antioxidant in various ways. Direct scavenging of 
free radicals requires elevated concentrations, which are present in some 
high-melatonin organisms and in melatonin-synthesizing organs and used 
in experimental systems designed for antagonizing oxidotoxicity. 
Upregulation of antioxidant enzymes occurs at physiological concentra-
tions but is tissue and species specifi c. Moreover, melatonin prevents 
excessive radical generation by antiexcitatory and anti- infl ammatory 
actions; by supporting mitochondrial electron fl ux, thereby reducing elec-
tron leakage; and, presumably, by optimizing phase relationships within 
the circadian multioscillator system.  
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    Multiplicity of Actions 

 By contrast with classic antioxidants such as 
radical- scavenging vitamins and metabolites, or 
with regulator molecules that control metabolic 
functions by means of redox-sensitive response 
elements in their respective promoters, melatonin 
acts at multiple levels of different degrees of com-
plexity. An overview is presented in Fig.  2.1 . 
Scavenging of free radicals, which was fi rst dis-
covered and gave rise to numerous investigations 
on melatonin’s protective functions, represents 
only one section within the spectrum of actions. 
The relevance of these effects has been controver-
sially debated in the past. Earlier discussions as to 
whether the detoxifi cation of hydroxyl radicals by 
melatonin are decisive appear obsolete on the 
background of actual knowledge. It seems rather 
important to distinguish between the various 
models and organisms. Most vertebrates do not 

attain physiological melatonin levels in the circu-
lation and in the majority of organs to convey sub-
stantial protection against these devastating 
oxidants. Some melatonin-producing tissues may 
represent exceptions, not only the pineal gland but 
also, e.g., the Harderian gland, an organ physio-
logically generating free radicals at high rates 
because of their exceptional contents of porphy-
rins and their precursors, such as 5- aminolevulinic 
acid [ 5 ]. Whether elevated levels of the methoxy-
indole may be present in some brain areas has 
been differently judged in several studies and 
would urgently require clarifi cation [ 6 ].

   In most vertebrate tissues, however, the direct 
radical-scavenging properties of melatonin are 
only relevant at pharmacological concentrations. 
Nevertheless, this statement should not be misin-
terpreted in a way assuming that direct scaveng-
ing by physiological melatonin levels is generally 
irrelevant in nature.    Numerous high-melatonin 

Direct scavenging
of highly reactive
free radicals and
singlet oxygen

Melatonin

Upregulation of
antioxidant enzymes

Downregulation of
prooxidant enzymes

Reduction of neuronal
radical formation by
antiexcitatory actions

Reduction of radical
formation by antiin-
flammatory actions

Reduction of electron
leakage by support of
mitochondrial electron
flux

Avoidance of excessive
radical formation by
optimizing phasing and
amplitudes of metabolic
circadian rhythms

Formation of redox-
reactive melatonin
metabolites with 
radical-scavenging
properties

Scavenging of low-
reactivity free radicals
by melatonyl radicals
or as mediated by
catalysts

Processes of relevance at physiological
melatonin levels in vertebrates

Processes of relevance at 
high melatonin levels*

  Fig. 2.1    Overview of direct 
and indirect antioxidant 
actions of melatonin. 
*Pharmacological or 
experimental concentrations 
applied in tissue or cell 
cultures and in chemical 
systems; natural concentra-
tions present in some 
non-vertebrate high-
melatonin organisms       
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organisms exist [ 7 – 9 ], in which concentrations 
are attained that suffi ce for protection by direct 
detoxifi cation. This was also shown in a dinofl a-
gellate in which antioxidant enzymes were not 
upregulated by melatonin [ 10 ]. 

 Up- or downregulation of anti- or prooxidative 
enzymes, respectively, will be discussed below. 
These effects are tissue and species specifi c. In 
the absence of detailed knowledge available for 
the particular organ and organism, generalizations 
have to be avoided. Thus, the contribution of these 
melatonin effects can be highly variable accord-
ing to the respective experimental system. 

 Radical avoidance is another area in which 
melatonin seems to play a signifi cant role in 
reducing oxidative damage. This aspect has been 
underrated during the earlier years of research in 
melatonin’s antioxidant effects but should be rel-
evant under both physiological and pathological 
conditions. Both neuronal overexcitation and 
infl ammatory responses represent causes of 
enhanced free radical formation, and their attenu-
ation by melatonin can become an important con-
tribution to antioxidative protection. These effects 
are intertwined with mitochondrial effects of pro-
oxidant intermediates generated during excessive 
neuronal stimulation and infl ammation, on the 
one hand, and reductions of damage by melato-
nin, on the other hand. Finally, a fourth area of 
radical avoidance concerns the chronobiological 
role of melatonin, which is involved in the coordi-
nation of phasing and maintenance of high ampli-
tudes within the circadian multioscillator system, 
processes that seem to be much more important 
for the well functioning of an organism than pre-
viously believed [ 11 ]. In fact, disturbances of the 
circadian system have been shown to be a source 
of enhanced oxidative damage [ 12 ].  

    Scavenging of Free Radicals 
and Other Reactive Intermediates 

 The remarkably potent scavenging of the most 
devastating ROS, the hydroxyl radical (•OH) [ 1 ], 
has been in the focus of many studies. In experi-
mental systems that preferentially generate •OH, 
melatonin interacts with two of them to give a next 

stable compound (Fig.  2.2 ). Typically, one •OH 
abstracts an electron or a hydrogen, whereas the 
other one forms an adduct. In principle, these two 
steps can occur at either sequence. The preferen-
tial sites at the melatonin molecule for attack by 
•OH have been identifi ed [ 13 ]. Three frequently 
formed hydroxylated reaction products are men-
tioned in Fig.  2.2 . 2-Hydroxymelatonin is a com-
pound that is in a tautomeric equilibrium with a 
corresponding indolinone. 6-Hydroxymelatonin 
can be also formed by reactions with two •OH, but 
this nonenzymatic pathway is considerably less 
important compared to the hydroxylation by cyto-
chrome P 450  monooxygenase subforms. A struc-
turally different hydroxylated metabolite results 
from •OH attack at the indolic ring atom 3. In this 
case, a third ring is formed to give a cyclic 
3-hydroxymelatonin [ 14 ]. This compound was 
also identifi ed as a urinary metabolite produced 
under conditions of strong oxidative stress, includ-
ing ionizing radiation.

   The preferential generation of •OH is 
rather uncommon under conditions of near- 
physiological oxidative stress. In this case, 
another free  radical, the superoxide anion (O 2 • – ), 
is much more  abundant, so that organic free 
radicals formed from melatonin under the infl u-
ence of electron-/hydrogen-abstracting radicals 
such as •OH more likely interact with O 2 • –  or 
its  protonated congener, the hydroperoxyl radi-
cal (HO 2 •) than with a second •OH (Fig.  2.2 ). 
This has been also observed when melatonin is 
oxidized by other electron- and/or hydrogen- 
abstracting radicals, such as the protoporphy-
rinyl IX cation radical or the physiologically 
important carbonate  radical (CO 3 • – ) [ 15 ]. While 
O 2 • –  alone has a poor affi nity to melatonin, its 
interaction with  melatonyl radicals seems to 
be of importance for the termination of radical 
reaction chains. These processes lead to pyr-
role ring cleavage to give  N  1 -acetyl- N  2 -formyl-
5- methoxykynuramine (AFMK) (Fig.  2.2 ). 
AFMK has been identifi ed as the major or, 
sometimes, almost exclusive product formed in 
numerous oxidation reactions that may involve 
free radicals or photochemical, pseudoenzy-
matic, and enzymatic mechanisms, as recently 
summarized [ 16 ]. AFMK is also generated by 
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combining with  singlet oxygen [O 2 ( 1 Δ g )] [ 17 ] 
(Fig.  2.2 ). Interestingly, several radical reac-
tions involving •OH or the ABTS cation radi-
cal also transform cyclic 3-hydroxymelatonin to 
AFMK. The sequence of steps from melatonin 
via cyclic 3- hydroxymelatonin to AFMK has 
a balance of four radicals eliminated, a fi nding 
known as a radical-scavenging cascade [ 18 ]. In 
a chemical system based on the ABTS cation 
radical, AFMK is further oxidized to previously 
unknown products and the cascade is extended to 
ten scavenged radicals [ 19 ]. Whether this exten-
sion and the novel metabolites are of biological 
relevance remains to be studied. 

 An even more potent radical scavenger than 
AFMK is its physiological deformylation prod-
uct,  N  1 -acetyl-5-methoxykynuramine (AMK) [ 16 , 
 20 ]. Again, the physiological meaning remains 
to be demonstrated and will depend on AMK 
concentrations present in biological material. 
Considerable differences seem to exist between 
vertebrates and some non-vertebrate organisms, 
as well as between physiological and pathological, 
especially  brain-infl ammatory conditions [ 16 ]. 
AMK may be also of interest because of its elimi-
nation of nitrosating intermediates. All three NO 
congeners were shown to be effi ciently  scavenged 
by AMK, thereby forming a stable metabolite, 
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zymatic pathways catalyzed by oxygen free radicals or 
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lead to 6-hydroxymelatonin (major catabolic pathway) 
or to AFMK (e.g., by myeloperoxidase, some other 
peroxidases, and indoleamine 2,3-dioxygenase). 
Further radical reactions by AFMK and its metabolites 
are omitted       
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3-acetamidomethyl-6- methoxycinnolinone [ 21 ]. 
By contrast with 1-nitrosomelatonin, this com-
pound does not easily redonate •NO.  

    Regulation of Pro- and 
Antioxidant Enzymes 

 The control of pro- and antioxidant enzymes rep-
resents an important contribution to melatonin’s 
antioxidant effi cacy. Some of the strongest anti- 
infl ammatory and antiexcitatory effects of mela-
tonin concern the downregulation and inhibition 
of inducible and neuronal NO synthases (iNOS 
and nNOS), thereby avoiding excessive radical 
formation [ 22 ]. Importantly, these negative regu-
lation mechanisms do not prevent basal •NO pro-
duction at physiological melatonin concentrations. 
Therefore, necessities of neuronal and immuno-
logical communication via •NO are not sup-
pressed, as long as no overproduction of this 
reactive nitrogen species occurs. For instance, a 
nocturnal peak of cerebral •NO formation is 
observed in rats, although it approximately coin-
cides with the melatonin maximum [ 23 ]. 

 AMK is also an effi cient blocker of iNOS and 
nNOS [ 24 – 26 ]. These fi ndings are of interest for 
experimental interventions, but their physiologi-
cal relevance remains to be demonstrated. 

 Melatonin, AFMK, and AMK downregulate 
cyclooxygenase-2, another proinfl ammatory and, 
thus, prooxidant enzyme [ 27 ]. However, these 
data have been obtained, in macrophages, at very 
high, unphysiological concentrations. 

 Two other prooxidant enzymes have been 
reported to be downregulated by melatonin, 
5-lipoxygenase, and 12-lipoxygenase [ 28 ,  29 ]. 
While 12-lipoxygenase has been rarely investi-
gated in this context, the effects on 5- lipoxygenase 
have been attributed to actions via nuclear ROR 
receptors [ 30 ,  31 ]. However, downregulation was 
not generally observed, and additional uncertain-
ties exist concerning melatonin-dependent and 
melatonin-independent ROR signaling. In the 
promonocytic cell line U937, melatonin did not 
suppress 5-lipoxygenase expression, but rather 
promoted the formation of ROS [ 32 ]. The possi-
bility remains that melatonin differently acts in 
cell type-specifi c manner. Nevertheless, these 

fi ndings shed light on the problems of generaliz-
ing results on gene expression obtained in a few 
tissues or cell types only. 

 This reservation has also to be made with 
regard to the upregulation of antioxidant 
enzymes. Various studies have demonstrated 
their induction by melatonin in various experi-
mental systems. This was reported for enzymes 
as different as glutathione peroxidase, glutathione 
reductase, γ-glutamylcysteine synthase, glucose- 
6-phosphate dehydrogenase, hemoperoxidase/
catalase, Cu, Zn- and Mn-superoxide dismutases 
[ 33 – 35 ]. Especially glutathione peroxidase has 
been repeatedly and most consistently shown to 
be upregulated by melatonin, effects that have 
gained new relevance in the context of mitochon-
drial function [ 4 ,  12 ,  36 ,  37 ]. Glutathione reduc-
tase may mainly respond to changes in the redox 
equilibrium. However, the relevance of fi ndings 
on other antioxidant enzymes may be easily over-
estimated. Especially catalase and the superoxide 
dismutases respond to melatonin in a highly vari-
able manner, depending on sources and condi-
tions [ 3 ]. Frequently, the increases were only in 
the lower percent range and often restricted to 
the mRNA level. Sometimes, no effects or even 
decreases were observed [ 4 ,  38 ]. Notably, a sta-
tistically demonstrable effect in a lower percent 
range may be too small for being relevant in terms 
of effi cacious protection. Glutathione peroxi-
dase did sometimes not respond, e.g., at the pro-
tein level in the liver of young rats [ 39 ] or at the 
mRNA level in the murine cerebral cortex [ 40 ]. 
Even when antioxidant enzymes were poorly 
upregulated, protection by melatonin was usually 
achieved. Therefore, explanations different from 
radical scavenging and enzyme induction have to 
be sought for explaining the protective potential 
of melatonin, especially at physiological or low 
pharmacological concentrations.  

    Radical Avoidance: Various Actions 
at Different Levels 

 The concept of radical avoidance intends to 
explain protective effects of melatonin primarily 
at the level of radical generation rather than 
detoxifi cation of radicals already formed but 
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does not exclude mechanisms of detoxifi cation 
[ 3 ,  41 – 43 ]. If melatonin is capable of decreasing 
the processes leading to enhanced radical forma-
tion, this might already be achieved by low, phys-
iological concentrations. 

 In the CNS, reduction of radical generation 
can be achieved by preventing neuronal overexci-
tation. Quite a number of antiexcitatory mecha-
nisms have been described, some of which are 
effective at physiological concentrations, whereas 
others may require pharmacological levels of 
melatonin that are, however, applicable under dis-
eased conditions. Among these, the following 
effects have been described: modulation of GABA 
and glutamate receptors, secondary effects by 
decreases of cytosolic Ca 2+  via GABA c  [ 44 ] or 
metabotropic mGlu 3  receptors [ 45 ], interference 
with neuronal NO synthase [ 46 ,  47 ], changes in 
K +  currents [ 48 ], and potentiation of strychnine-
sensitive glycine-induced currents [ 49 ]. The spe-
cifi c relevance of these antiexcitatory actions 
varies between CNS regions. The rather consis-
tently observed attenuation of neuronal excitation 
by melatonin can prevent excitotoxicity and, 
thereby, free radical formation and neuronal 
apoptosis [ 3 ,  4 ]. Antiexcitatory activities of mela-
tonin are largely mediated by MT 1  and/or MT 2  
receptors and, thus, represent physiological 
responses, since corresponding effects have been 
observed with the synthetic MT 1 -/MT 2 -selective 
melatonergic agonist ramelteon [ 50 ]. 

 Another important area in which oxidative 
damage can be attenuated results from anti- 
infl ammatory actions of melatonin. However, the 
complexity of melatonin’s role in infl ammation 
should not be overlooked. It also comprises proin-
fl ammatory and prooxidant effects [ 4 ]. However, 
numerous other actions at different levels are 
involved in the suppression of overshooting 
infl ammation. Anti-infl ammatory effects of mela-
tonin are exerted by interference with prostaglan-
din formation [ 27 ], inhibition of TNFα and 
chemokine release [ 51 – 53 ], and downregulation 
of •NO synthesis [ 24 ,  54 – 56 ]. The either pro- 
or anti-infl ammatory behavior of melatonin is 
strongly conditional. Suppression of infl amma-
tory radical formation and damage is particularly 
impressive in models of endotoxemia and sepsis. 

 To understand these properties, the main 
sources of free radicals have to be considered. 
Apart from oxidants released by leukocytes, iso-
forms of NAD(P)H oxidases (Nox) and mitochon-
dria are of particular relevance. Nox isoenzymes 
contribute to superoxide formation in a quantita-
tively substantial manner [ 57 – 59 ]. They have been 
shown to be upregulated under various conditions 
of stress, including oxidative stress, and also dur-
ing aging. Moreover, they can secondarily induce 
RNS formation, as demonstrated for Nox1 during 
microglial activation [ 57 ]. Melatonin’s antago-
nism to both oxidative stress and excessive •NO 
synthesis likely attenuates these effects. Nox4 has 
been recently reported to be mitochondrially 
located as a subunit of complex IV (cytochrome 
oxidase) [ 60 ], another potential nexus to these 
organelles as a source of ROS and to benefi cial 
actions of melatonin as a mitochondrial modulator 
[ 42 ,  43 ,  61 ]. Direct evidence for melatonin’s ben-
efi cial actions has been obtained in a study on 
amyloid-β  1 – 42    -exposed microglia, in which the 
methoxyindole inhibits the phosphorylation of the 
p47 Nox subunit [ 62 ]. 

 Mitochondria as a source of superoxide anions 
require the consideration of sites of electron dis-
sipation and of the crucial role of RNS, as sum-
marized in Fig.  2.3  (for details and extensive 
literature, see [ 42 ,  43 ,  61 ]). Superoxide anions 
are mitochondrially formed by electron transfer 
to molecular oxygen mainly at complexes I and 
III. Complex IV may contribute via Nox4. The 
mechanisms and intrarespirasomal sites of elec-
tron leakage have been identifi ed. Electron dissi-
pation appears to be a normal process that results 
from the remarkable non-homeostatic dynamics 
of electron fl ux. Bottlenecks can lead to electron 
backfl ow and overfl ow at specifi c sites [ 42 ,  43 , 
 61 ]. In addition to respirasomal single-electron 
dissipation, superoxide fl ashes have been 
described, which are assumed to be generated by 
short-term openings of the mitochondrial perme-
ability transition pore (mtPTP) and during which 
relatively high amounts of O 2 • –  may be released, 
without necessarily causing apoptosis induction 
[ 63 ,  64 ]. However, the existence of superoxide 
fl ashes has been questioned for methodological 
reasons [ 65 ].
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   As depicted in Fig.  2.3 , oxidative damage and 
actions of RNS are intertwined at the mitochon-
drial level. •NO and its derivatives are capable of 
partially or almost entirely blocking the electron 
transport chain (ETC) by binding to iron, nitro-
sation of SH groups, protein nitration and oxida-
tion, and peroxidation of membrane lipids, 
especially cardiolipin, a compound required for 
correct protein conformation in complexes III 
and IV. A crucial •NO metabolite is peroxynitrite 
(ONOO – ), which decomposes, after protonation, 
to •OH and •NO 2  or, after formation of a CO 2  
adduct (ONOOCO 2  – ), to a carbonate radical 
(CO 3 • – ) and •NO 2  (for further details and addi-
tional reactions, see Hardeland [ 22 ]). Since the 
affi nities of O 2 • –  to •NO and to superoxide dis-
mutases are similar, peroxynitrite formation is 
unavoidable as long as •NO synthesis is 
enhanced. Thus, damage to the ETC by 
peroxynitrite- derived radicals leads to increased 
electron leakage and a vicious cycle, which can, 
however, be interrupted by melatonin by down-
regulating •NO formation. 

 Melatonin also contributes to radical avoid-
ance at a chronobiological level by favoring 
optimal phase relationships within the circa-

dian multioscillator system [ 3 ,  11 ]. In fact, 
circadian perturbations by pharmacological 
means, phase shifts, or because of mutations 
in clock genes have been shown to cause 
enhanced oxidative damage or reductions in 
lifespan [ 12 ,  66 ,  67 ].  

    Conclusion 

 The multiple antioxidant actions of melatonin 
have to be seen in the context of the respective 
model. In high-melatonin organisms and some 
experimental systems, direct radical scaveng-
ing by micromolar concentrations can be deci-
sive. In vertebrate tissues that do not synthesize 
melatonin, the upregulation of antioxidant 
enzymes may be more important, but the con-
ditionality of these effects and their tissue 
specifi city have to be considered. Radical 
avoidance can be achieved by melatonin in 
different ways, especially by antiexcitatory 
and anti-infl ammatory mechanisms, by the 
support of mitochondrial electron fl ux, and 
also by optimizing phase relationships within 
the circadian multioscillator system. With 
regard to the multiplicity of effects, melatonin 
differs from all other antioxidants.     
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  Fig. 2.3    Protective    actions of 
melatonin concerning the 
reduction of oxidative damage via 
RNS and mitochondrial dysfunc-
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    Abstract 

 Melatonin (MEL) is a pleiotropic hormone which exerts its action through 
different mechanisms, either by binding to its receptors or by acting as an 
antioxidant molecule and ROS scavenger. Its mechanisms of action together 
with the wide distribution of MT1 and MT2 receptors have provoked an 
ever-increasing number of clinical trials in the last two decades. These stud-
ies have evaluated the exogenous administration of MEL in different doses 
and formulations to prevent or to treat many health disorders. The predomi-
nant fi eld of research has been the treatment of insomnia and other circa-
dian rhythm disorders due to the confi rmed resynchronizing properties of 
this indolamine. However, in the last decade, a profound interest has arisen 
concerning its potential therapeutic value in different conditions such as 
cancer, cardiovascular diseases, gastrointestinal problems, and infl amma-
tory states, among others. The relatively low toxicity of MEL over a wide 
range of doses has made the research even more promising. However, new 
multicenter clinical trials could shed light on different aspects of MEL’s 
clinical uses contributing thus to clarify the conditions in which MEL might 
be considered as a fi rst-line therapeutical strategy and to identify when the 
combination of MEL with other drugs is necessary. In this chapter, we 
revise the milestones in the fi eld of MEL research from its discovery to the 
present time and analyze the future perspectives of its clinical uses.  
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        Introduction 

 Since melatonin (MEL) isolation from bovine 
pineal tissue more than 50 years ago [ 1 ], the 
study of this hormone has raised interest in dif-
ferent fi elds such as physiology, etiopathogenesis 
of various disorders, and pharmacology. Evidence 
of this interest is the increasing number of publi-
cations (more than 17,000) approaching different 
aspects of MEL and its biological and biomedical 
applications. 

 During the fi rst two decades after MEL isola-
tion, research was mainly about its physiological 
properties as a light-related circadian [ 2 ]. The 
characterization of a functional mammalian MEL 
receptor [ 3 ], and the cloning of the fi rst human 
MEL receptor [ 4 ] 10 years later, encouraged the 
study of this molecule as a potential pharmaco-
logical agent in the prevention and treatment of 
many diseases. Since then, the research per-
formed in human beings has gained importance, 
and the clinical trials using MEL alone or in com-
bination with other drugs have increased. 

 The circadian properties of the indolamine 
and its effi ciency as a synchronizing agent have 
been the focus of many clinical trials in patients 
with primary and secondary sleep disorders and 
circadian dysfunctions of different kinds. These 
chronobiological applications have been pre-
dominant in MEL clinical research for many 
years. However, in the last decade, the antioxi-
dant, antiaging, and immune regulatory proper-
ties of the molecule have deserved the attention 
of several groups. This has triggered an impor-
tant number of clinical trials including patients 
suffering from a variety of diseases such as can-
cer, neurodegenerative disorders, gastrointestinal 
alterations, diabetes, and autoimmune patholo-
gies, among others. 

 The different formulations of MEL as well as 
the synthesis of analogs, such as agomelatine, 
ramelteon, and tasimelteon, which function as 

agonists for MT receptor, are currently under 
investigation as potential drugs to treat many dis-
orders. The main objectives of this chapter are an 
overview of the past and present MEL’s clinical 
uses and the possible future applications of MEL 
in treatment and prevention of various clinical 
entities.  

    Melatonin Secretion 
and Human Age 

 MEL is secreted in a circadian manner, show-
ing the highest levels of secretion in all spe-
cies at night. The activity of the enzyme 
N-acetyltransferase (NAT) is increased from 30- 
to 70-fold at night and is rate limiting in MEL 
synthesis in most circumstances. The duration of 
darkness determines the period of MEL secre-
tion. In humans, the onset of a circadian rhythm 
of MEL biosynthesis appears between 6 and 8 
weeks of age [ 5 ]. A peak of MEL secretion occurs 
between 4 and 7 years [ 6 ], which is followed by 
a declination to adult levels around 15–18 years. 
The levels remain stable in the adulthood until 
old age, when a marked declination is produced, 
maybe as a result of a weakness of the circadian 
system [ 7 ].  

    MEL and Neonates and Children 

 Neonates, mainly preterm newborns, can develop 
oxidative stress because they are easily exposed to 
high oxygen concentration, have poor antioxidant 
defenses, and have infections or infl ammation. 
Hence, neonates may develop pathologies named 
“oxygen radical diseases of neonatology” such as 
respiratory distress syndrome (RDS), broncho-
pulmonary dysplasia, periventricular leukomala-
cia, hypoxic-ischemic brain injury, and neonatal 
sepsis. The lung and brain are the two most sus-
ceptible organs. Gitto et al. [ 8 ,  9 ] have found in 
preterm newborn with RDS that MEL reduces the 
proinfl ammatory cytokines and improved the 
clinical outcome. Fulia et al. [ 10 ] measured serum 
levels of malondialdehyde (MDA) and nitrite/
nitrate in 20 asphyxiated  newborns before and 
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after MEL treatment. There were signifi cant 
reductions in MDA and nitrite/nitrate levels in the 
asphyxiated newborns given MEL at 12 and 24 h. 
None of these neonates died, whereas 3 of 10 
asphyxiated children not given MEL died within 
72 h after birth. The benefi cial MEL effects may 
be related to its antioxidant properties and the 
ability to improve the effi ciency of mitochondrial 
electron transport. MEL treatment in septic new-
borns was also shown to improve the clinical out-
come by decreasing serum lipid peroxidation 
products and parameters of infl ammation such as 
C-reactive protein, white blood cells, and neutro-
phils [ 11 ]. The effi cacy of MEL in ten surgical 
neonates has been also assayed by measuring the 
cytokine levels (IL-6, IL-8, TNFα) and nitrite/
nitrate concentration before and after MEL treat-
ment. The indoleamine was capable to reduce the 
cytokines and nitrite/nitrate levels with improve-
ment in clinical outcome parallel to progressive 
reduction in parameters of infl ammation [ 12 ]. 
Pain derived from endotracheal intubation in new-
born care has been demonstrated to be diminished 
when MEL was added to the common sedation 
and analgesia used at present [ 13 ]. 

 The effi cacy of MEL on children with sleep 
disorders has been assayed in patients with 
autism, fragile X syndrome, or autism and fragile 
X syndrome. A reduction in the sleep-onset 
latency and the sleep-onset time and a longer 
night sleep duration have been noticed in chil-
dren treated with 3 mg MEL for 2 weeks and then 
alternated for another 2 weeks [ 11 ]. The optimal 
dose of MEL for sleep disorders in children has 
not been established yet. Doses of 3–15 mg in 
children with neurodevelopmental disorders have 
been used. Jan et al. [ 14 ,  15 ] suggest starting at a 
lower dose (1–3 mg for infants and toddlers and 
2.5–5 mg for older children) and adjusting gradu-
ally the dose according to the response. 

 A few clinical trials of adjunctive MEL treat-
ment in humans have shown that MEL might 
improve the seizure disorders. Peled et al. [ 16 ] 
have shown that the combination of 3 mg of oral 
MEL with an antiepileptic drug improved 
the  seizure activity in 5 of 6 children with 
 intractable seizures. Seizure activity returned to 
pretreatment levels after discontinuing MEL in 

all patients. Gupta et al. [ 17 ] have observed that 
the MEL treatment associated with carbamaze-
pine improved the quality of life of children with 
epilepsy. Some studies reported successful treat-
ment of epilepsy with MEL in patients with 
refractory epilepsy [ 18 ]. However, a few studies 
have reported proconvulsant effects of MEL [ 19 , 
 20 ]. As Banach et al. [ 21 ] suggest, it is necessary 
to accomplish more placebo-controlled, double- 
blind randomized clinical trials to establish 
whether MEL could be useful in the adjunctive 
treatment of epilepsy.  

    Melatonin and Sleep 

 Approximately one third of MEL’s clinical trials in 
PubMed are devoted to the administration of exog-
enous MEL to treat different sleep disorders in 
various populations. This theme has received 
increasing attention from researchers ever since. A 
variety of doses and formulations have proved to 
produce a benefi t in the treatment of primary 
insomnia in subjects of different ages. Van 
Geijlswijk et al. [ 22 ] demonstrated that 0.05 mg/
kg MEL given 1–2 h before desired bedtime 
advanced sleep onset by approximately 1 h and 
decreased sleep-onset latency by 35 min in 
6–12-year-old children with chronic sleep-onset 
insomnia. In addition, the authors found that long-
term treatment (1–4 years) with the drug could 
have a sustained effect over sleep status without 
affecting pubertal and mental development [ 22 ]. 
Eckerberg et al. [ 23 ] observed that MEL (1 mg) 
given daily in the afternoon could advance sleep-
ing time, reduce sleepiness, and increase school 
alertness in a group of adolescent students with 
sleep-onset insomnia. The drug has been also stud-
ied in middle-aged and elderly insomniacs with 
various results. Baskett et al. [ 24 ] demonstrated 
that 5 mg of fast-release MEL taken at bedtime 
does not improve the quality of sleep in older peo-
ple with age-related sleep maintenance problems. 
However, positive results have been obtained 
among elderly population [ 25 – 27 ]. In a study 
including more than 700 patients, Wade et al. [ 25 ] 
reported that elderly chronic insomniacs receiv-
ing 2 mg of prolonged-release MEL (PRM), a 
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 formulation that mimics the endogenous produc-
tion profi le of the hormone, signifi cantly improved 
sleep latency and quality. This effect was con-
fi rmed after 3 weeks of treatment and was still 
present after 6 months. Neither serious adverse 
events nor rebound insomnia nor withdrawal 
symptoms were reported. Similar effi cacy was 
seen by Luthringer et al. [ 28 ], who also found a 
signifi cant improvement of daytime psychomotor 
performance in elderly patients receiving PRM. 
This psychomotor preservation was also present in 
a trial conducted by Otmani et al. [ 29 ], in which 
the authors compared PRM with zolpidem (10 mg) 
and evaluated the coadministration of both drugs. 
Interestingly, PRM alone did not impair perfor-
mances on any cognitive tasks while zolpidem sig-
nifi cantly impaired early memory recall, 
psychomotor, and driving performances 1 and 4 h 
post-dosing. This effect was exacerbated when 
both drugs were coadministered, most probably 
due to a pharmacodynamic interaction. Cautious 
consideration on pharmacological interactions is 
required since elderly insomniac patients are usu-
ally subjected to polypharmacy or resort to abusive 
and misinformed self-medication. Organic and 
metabolic status should also be carefully consid-
ered when choosing a sleep promoter agent for the 
elderly. In this respect, MEL could be a safe sleep 
inducer in elderly people with cardiac risk and 
chronic respiratory conditions as demonstrated in 
several studies [ 30 ,  31 ]. The drug does not worsen 
hypoxemia and apnea/hypopnea index, as most 
conventional hypnotics do. 

 Given that insomnia is often a comorbid mani-
festation in the context of other conditions, MEL 
could play an important role in the treatment of 
patients with secondary sleep disorders, usually 
polymedicated, since it is safe and well tolerated. 
In this respect, several trials have been carried 
out among children with neurodevelopmental 
disabilities [ 32 ], autism [ 33 ], and attention defi cit 
[ 34 ]. Coincidental results in most of these studies 
reveal that MEL in doses of 1–5 mg considerably 
reduces mean sleep-onset time and sleep latency 
and prolongs total sleep duration, slightly 
improving behavior and family stress. The drug 
was well tolerated, with only mild side effects, 
both in the short and long term. Larger trials 
including more patients as well as comparing 

effectiveness with other MEL formulations and 
MEL agonists could contribute to standardize the 
benefi cial effects of MEL on these patients. 

 Sleep disorders are usual among patients suf-
fering from depression and other mood disorders. 
MEL has proved to improve sleep in these 
patients and as a consequence to attenuate depres-
sive symptoms [ 35 ]. Further studies evaluating 
the real benefi t of including MEL in the treatment 
of depression are required, especially analyzing 
the potential of combining MEL with other 
antidepressants.  

    Antioxidant and Anti-infl ammatory 
Properties of Melatonin 

 The benefi cial properties of MEL related to its 
antioxidant and anti-infl ammatory effects have 
been extensively described [ 36 – 38 ]. The indole-
amine has direct and indirect antioxidant actions. 
MEL diminishes lipid peroxidation and DNA 
degradation due to a direct scavenging of both 
ROS and RNS and activation of DNA reparation 
enzymes. Indirectly, MEL has antioxidant actions 
through stimulation of SOD, CAT, and GPx 
activities and GSH synthesis. In acute conditions 
such as sepsis, asphyxia, and surgery, it has been 
observed a reduction in the malondialdehyde and 
in the nitrite/nitrate levels and in the concentration 
of infl ammatory cytokines after MEL treatment. 
In chronic neuropathies as in the Alzheimer dis-
ease, Parkinson disease, and Huntington disease 
and amyotrophic lateral sclerosis, MEL admin-
istration has been found to inhibit the intrinsic 
apoptotic pathway of neurons. No adverse effects 
have been noted by using doses in the range of 
1–300 mg/day, which encourages a long-term 
administration of MEL in patients with neurode-
generative diseases [ 15 ,  39 ,  40 ]. Benefi cial anti-
oxidant actions of MEL have been also detected 
in metabolic diseases such as type 2 diabetes mel-
litus (5 mg/day) and primary essential hyperten-
sion (5 mg/day). Molecular and cellular damages 
have been attenuated by MEL in cardiac isch-
emia/reperfusion and in other vascular diseases 
(see cardiovascular section). 

 With regard to the anti-infl ammatory proper-
ties, MEL has been shown to block transcriptional 
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factors that induce proinfl ammatory cytokines 
and to inhibit the activation of cyclooxygenase 2 
and the inducible NO synthase, which are acti-
vated in chronic infl ammatory disorders. These 
properties could be useful to ameliorate ulcerative 
colitis in combination with other drugs such as 
omeprazole [ 41 ,  42 ]. In different clinical trials in 
patients with irritable bowel syndrome, the use of 
MEL has revealed to produce symptomatic bene-
fi t, attenuation of abdominal and rectal pain, and 
improvement in the quality of life [ 43 ]. A reduc-
tion in the plasma levels of proinfl ammatory cyto-
kines has been observed in patients with 
nonalcoholic steatohepatitis treated with MEL 
plus tryptophan [ 44 ]. Although there is an enor-
mous amount of data about a potential hepatopro-
tective role of MEL, based on its antioxidant 
properties, there are also negative fi ndings, which 
make that further data are required in order to 
resolve the issue of the usefulness of MEL in con-
ditions of liver injury or liver transplantation [ 45 ]. 
Regarding the effects on rheumatoid arthritis, the 
results are controversial. A clinical trial of 75 
patients with rheumatoid arthritis revealed that 
10 mg MEL at night for 6 months in addition to 
ongoing medication did not improve the clinical 
assessments of patient symptoms. The authors 
detected increases in the concentration of some 
infl ammatory indicators, which were not associ-
ated with any change of proinfl ammatory cyto-
kine concentrations or clinical symptoms [ 46 ]. 

 In patients with infectious diseases such as 
pulmonary tuberculosis [ 47 ] and human immu-
nodefi ciency virus type I (HIV-1) infection [ 48 ], 
MEL levels have been found to be lower in com-
parison with controls. MEL treatment appears to 
be effective in combating several bacterial and 
viral infections due to its antioxidant, immuno-
modulating, and inhibitory actions against the 
production of infl ammatory mediators [ 49 ].  

    Melatonin and Cancer 

 The hypothesis that the diminished function of 
pineal gland might promote breast cancer in 
humans was supported by several fi ndings: (1) 
pineal calcifi cation was very common in coun-
tries with high rates of breast cancer; (2) patients 

taking chlorpromazine, a drug that increases 
serum MEL, had a lower incidence of breast can-
cer; (3) MEL receptor was detected in human 
ovary, which might infl uence the estrogen pro-
duction; (4) impaired pineal secretion was asso-
ciated with early menarche considered a risk 
factor for breast cancer; and (5) the demonstra-
tion that MEL might infl uence tumor induction in 
experimental animals [ 50 ]. Later, it was found 
that patients with estrogen receptor-positive 
breast cancer had decreased nocturnal plasma 
MEL peak [ 51 ]. Furthermore, women with estro-
gen or progesterone receptor-positive breast 
tumors showed a strong inverse correlation 
between the plasma MEL levels and the quanti-
ties of receptors in the primary tumor; the lower 
the plasma MEL levels, the greater the amount of 
either receptor in the tumor [ 52 ]. Similarly, an 
inverse correlation between plasma MEL levels 
and the presence of endometrial cancer has been 
observed. The mean plasma MEL was 6.1 pg/mL 
in the cancer group, while 33.2 pg/mL was 
observed in the control group [ 53 ]. 

 The concomitant treatment of MEL with che-
motherapy or radiation has been employed in 
some clinical trials in patients with different 
types of cancer. In this line, Lissoni et al. [ 54 ] 
began to evaluate the infl uence of MEL on inter-
leukin- 2 (IL-2) immunotherapy toxicity in meta-
static renal cancer patients. The frequency of 
episodes of severe hypotension and depressive 
symptoms was lower in patients treated with IL-2 
plus MEL as compared to those treated only with 
IL-2. In a pilot study of 14 patients with meta-
static gastric cancer, a tumor regression was 
obtained in 3/14 (21 %) patients, and disease sta-
bilization occurred in 6/14 (43 %) patients after a 
combined treatment of MEL (50 mg/day every-
day starting 7 days before IL-2) and IL-2 (three 
million IU/day subcutaneously for 6 days/week 
for 4 weeks) [ 54 ]. 

 Some clinical trials explored the use of MEL 
in patients with advanced cancer resistant to stan-
dard antitumor therapies. MEL intramuscular 
therapy (20 mg at 3:00 p.m. for 2 months fol-
lowed by maintenance dose of 10 mg orally) in 
patients with metastatic solid tumors resistant to 
conventional therapies showed 1 partial response 
(cancer of pancreas), 2 minor responses (colon 
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cancer and hepatocarcinoma), and 21 with stable 
disease. The remaining 30 patients showed dis-
ease progression within the fi rst 2 months. The 
quality of life was improved in 18/54 (33 %) 
cases [ 55 ]. A partial response to IL-2 plus MEL 
was observed in patients with untreatable endo-
crine tumors because of disseminated disease, 
lack of response to other therapies, or tumors 
with unavailable therapy. The tumor size was 
reduced in 3/12 patients (25 %), and the toxicity 
was low in all patients [ 56 ]. A randomized study 
with MEL versus supportive care alone in patients 
with advanced non-small cell lung cancer resis-
tant to cisplatin revealed that the percentage of 
both stabilization of disease and survival at 1 
year was signifi cantly higher in patients treated 
with MEL as compared to those receiving sup-
portive care [ 57 ]. 

 What are the molecular mechanisms of the 
antineoplastic action of MEL? There was a 
hypothesis that the immunomodulatory proper-
ties of MEL would alter the immune function in 
cancer patients through changes in the plasma 
cytokines. Neri et al. [ 58 ] studied 31 patients 
with advanced cancer resistant to conventional 
therapies, who were shifted to MEL therapy 
(10 mg/day) for 3 months. The investigators 
observed a signifi cant decrease of IL-6 circulat-
ing levels and found that 39 % of patients 
achieved disease stabilization, with no further 
growth in primary or secondary tumors, and 
improvement in their general well-being. MEL 
has been also shown to increase T helper cell 
response by releasing IL-2, IL-10, and 
interferon-γ [ 58 ]. The antioxidant properties of 
MEL also explain, at least in part, its oncostatic 
function (see Section of Antioxidant properties). 
In breast cancer therapy, MEL is useful because 
of its selective estrogen receptor modulator 
(SERM) and selective estrogen enzyme modula-
tor (SEEM) properties. SERM actions include 
modulation of cell proliferation, invasiveness, 
and expression of proteins and oncogenes regu-
lated by estrogen, mediated by MT1 MEL recep-
tors. SEEM actions consist in the inhibition of 
expression and activity of P450 aromatase, estro-
gen sulfatase, and type 1 17β-hydroxysteroid 
dehydrogenase and the stimulation of estrogen 

sulfotransferase [ 59 ]. The virtual absence of con-
traindications makes MEL a suitable adjuvant 
with the drugs used for breast cancer prevention 
such as antiestrogens and antiaromatases [ 60 ]. 
Recently, it has been demonstrated in pancreatic 
carcinoma cells (PANC-1 cells) a signifi cant 
inhibition of cell proliferation and suppression of 
vascular endothelial growth factor (VEGF) 
expression after MEL incubation (1 mmol/L), 
which is an indication of the antiangiogenic 
properties of the indoleamine [ 61 ]. Liu et al. [ 62 ] 
have found that breast and colon cancer cells 
treated with MEL exhibit an increased DNA 
repair capacity by affecting several key genes 
involved in DNA damage-responsive pathways. 

 It is well known that MEL also promotes 
apoptosis in cancer cells, in contrast to the well- 
studied inhibition of apoptosis in normal cells 
[ 63 ,  64 ]. The mechanism by which the apoptotic 
process occurs after MEL treatment is still under 
investigation. Apparently, the intrinsic apoptotic 
pathway would be involved and so the MAPK- 
related pathways [ 65 ]. 

 Epidemiological studies indicate that night 
workers and shift workers have slight to moder-
ate risk to develop cancer [ 66 ]. This could be a 
result of increased exposure to light during night-
time provoking decreased MEL secretion. This 
circadian disruption seems not to affect equally 
people with different ethnias. Asians appear to 
maintain a better circadian pattern of MEL pro-
duction as compared with whites, and probably 
Asian night and shift workers may be at reduced 
risk of cancer [ 67 ].  

    Cardiovascular System 
and Melatonin 

 Increasing interest has arisen in the last two 
decades concerning the use of MEL in the treat-
ment of cardiovascular diseases, as monotherapy 
or in combination with other drugs. Several 
experiments in animals have suggested an effect 
of the indolamine on circulatory function via dif-
ferent mechanisms. The antioxidant properties of 
MEL seem to improve endothelial function by 
maintaining the availability of nitric oxide, thus 
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exerting vasodilatation and reducing blood pres-
sure [ 68 ]. Besides, MEL could apparently reduce 
adrenergic tone and increase the cholinergic tone 
[ 69 ]. These fi ndings together with the identifi ca-
tion of MT1 and MT2 MEL receptors in left 
human ventricle, aorta, and coronary, cerebral, 
and systemic peripheral arteries [ 70 ] and the 
occurrence of cardiovascular diseases in persons 
with altered circadian rhythms have supported 
the hypothesis of a possible pharmacological role 
of MEL in the treatment of cardiovascular dis-
eases such as hypertension, myocardial ischemia, 
and stroke. Cagnacci et al. [ 71 ] demonstrated that 
MEL (1 mg) administered orally during daytime 
reduced systolic and diastolic pressures, pulsatil-
ity index of the internal carotid artery, and nor-
epinephrine levels in young women and men [ 71 , 
 72 ]. In 2004, Scheer et al. [ 73 ] evaluated the 
effect of a single intake of MEL and a chronic 
repeated oral administration of MEL 1 h before 
bedtime in men with untreated essential hyper-
tension. The chronic intake of MEL (2.5 mg) 
improved sleep quality and reduced both systolic 
and diastolic sleep blood pressure. Although the 
reduction in blood pressure was mild, it was clin-
ically relevant since it might contribute to coun-
teract the cardiac risks typically present during 
nighttime [ 73 ]. Several studies have analyzed the 
use of MEL in combination with regular antihy-
pertensive drugs. In 2000, a double-blind cross-
over study revealed that the coadministration of 
MEL (5 mg at 22 h for 4 weeks) and nifedipine 
(30–60 mg/day) increased blood pressure, mainly 
in the morning and in the afternoon [ 74 ]. This 
effect could be due to pharmacodynamic interac-
tion between both drugs. However, some studies 
have demonstrated that MEL potentiated the 
effect of other antihypertensive drugs when 
administered in a combined treatment [ 75 ]. 

 The chronobiological, antioxidant, and anti-
adrenergic properties of MEL are also involved 
in the cardioprotective effect of the indolamine, 
particularly important in myocardial infarction 
and ischemia/reperfusion processes. A study car-
ried out in a murine model of acute myocardial 
infarction has demonstrated that certain muta-
tions in MEL receptors are associated with higher 
risk of infarction [ 76 ]. Patients with coronary 

 disease have low MEL levels and reduced 
6- sulfatoxymelatonin urinary excretion [ 77 ]. 
There is evidence that patients with AMI have 
high levels of oxidized low-density lipoproteins 
associated with low levels of nocturnal MEL 
[ 78 ]. This evidence supports a potential role of 
MEL in the therapeutic of AMI. However, MEL 
did not exert a protective effect on surgical oxida-
tive stress during the perioperative period of 
patients with major vascular surgery [ 79 ]. 

 In the light of these fi ndings, MEL could play 
an important role in the treatment of hyperten-
sion and myocardial infarction. By regulating the 
endogenous clock, MEL exerts great infl uence on 
many physiological functions, such as circula-
tory function. Further clinical trials including 
more participants and exhaustively analyzing the 
effects of MEL on cardiovascular function are 
required. Given the circadian fl uctuation of the 
hormone, studies exploring the differential action 
of MEL at different times of the day would shed 
light on adequate pharmacological prescription.  

    Melatonin Secretion 
and Reproduction 

    Ovary and MEL 

 It has been shown that MEL has direct effects on 
ovary function. MEL is present in human preovu-
latory follicular fl uid in concentrations higher 
than serum and there are MEL receptors in ovar-
ian granulosa cells (GC) [ 80 ]. By its powerful 
antioxidant action, MEL appears to be involved 
in a number of reproductive events including fol-
liculogenesis, follicular atresia, ovulation, oocyte 
maturation, and corpus luteum (CL) formation. 
Taketani et al. [ 81 ] studied the effect of MEL 
treatment on progesterone levels in 25 women 
who had luteal phase defect (serum progesterone 
concentrations <10 ng/mL during the mid-luteal 
phase). Fourteen women were given 3 mg/day 
MEL at 22:00 h throughout the luteal phase 
whereas 11 women were given no medication 
(controls). MEL enhanced serum progesterone 
concentration in 9 of 14 women (64.3 %), and 
only 2 of 11 women (18.1 %) had normal serum 
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progesterone levels in the control group. 
Therefore, MEL may contribute to luteinization 
by enhancing progesterone synthesis during ovu-
lation. Besides, MEL defi ciency has been associ-
ated with endometriosis, premature ovarian 
failure, and polycystic ovary syndrome (PCOS) 
[ 80 ]. Recently, Kim et al. [ 82 ] evaluated the 
effect of MEL in the culture medium of granulosa 
cells (GC) or cumulus-oocyte complexes (COC) 
from patients with PCOS involved in a program 
of in vitro fertilization embryo transfer. The 
authors demonstrated that the pregnancy and 
implantation rates, with human chorionic gonad-
otrophin priming, were higher in the melatonin- 
supplemented group than those of the 
non-supplemented control. The data suggest that 
follicular MEL is released from luteinizing gran-
ulose cells during late folliculogenesis and plays 
a positive role in the maturation of oocytes. Lord 
et al. [ 83 ] have proven that MEL prevents post-
ovulatory oocyte aging in the mouse and extends 
the window for optimal fertilization in vitro. 
Therefore, MEL could also improve oocyte qual-
ity and luteal function in infertile women.  

    Sperm and MEL 

 Earlier studies have demonstrated the presence of 
MEL in human seminal fl uid [ 84 ] and MEL 
receptors in spermatozoa [ 85 ]. The effect of MEL 
on sperm motility is controversial. There is evi-
dence that MEL may have inhibitory effects on 
sperm motility in vitro [ 86 ] or decrease not only 
the motility but also the sperm concentration in 
healthy men [ 87 ]. In contrast, Fujinoki [ 88 ] has 
shown hyperactivation of hamster sperm after 
MEL treatment. The antioxidant and antiapop-
totic properties of MEL on sperm are also con-
fl ictive. Espino et al. [ 89 ] have found in 20 
healthy men that ejaculated human spermatozoa 
exposed for a short time to MEL reversed cas-
pase- 3 and caspase-9 activation as well as PS 
externalization provoked by oxidants. Afterward, 
they have found that MEL receptor (MT1) and 
the survival-promoting pathway extracellular 
signal-regulated kinase (ERK) are likely to have 
a role in the protective response [ 90 ]. However, 

MEL did not protect testis, epididymis, and 
sperm in rats exposed to oxidative stress under 
intermittent hypobaric hypoxia [ 91 ]. Due to the 
fact that human spermatozoa increase ROS pro-
duction through the conventional procedures 
used for assisted reproductive techniques, MEL 
supplementation could be a tool against oxidative 
stress and apoptosis in ejaculated spermatozoa, 
but more studies are needed in order to clarify 
molecular mechanisms triggered by MEL.  

    MEL and Pregnancy 

 MEL has protective actions on both the fetus 
and the mother during pregnancy. It can easily 
cross the placenta to enter the fetal circulation 
leading the photoperiodic information to the 
fetus [ 92 ]. At pregnancy there is a high metabolic 
demand for oxygen, which leads to a higher ROS 
production and, consequently, oxidative stress. 
The placenta is a major source of oxidative stress 
because it is rich in polyunsaturated fatty acids. 
Spontaneous abortion and recurrent pregnancy 
loss have been associated with systemic oxida-
tive stress [ 93 ]. Due to MEL level increase dur-
ing gestation in normal pregnant humans 
reducing the oxidative stress and abortion rate, 
MEL has been suggested as a potential molecule 
to be administered throughout compromised 
pregnancy such as in preeclampsia and fetal 
undernutrition, two entities associated with oxi-
dative stress. In preeclampsia, lipid peroxide lev-
els in maternal blood and placental tissue are 
increased and total antioxidant activities are low-
ered. MEL levels were found to be decreased in 
severe preeclampsia [ 94 ]. Some recent evidence 
has suggested supplements of MEL to prevent 
preeclampsia in humans [ 95 ].  

    MEL and Human Parturition 

 Circadian timing of parturition seems to be spe-
cies specifi c. Rats and golden hamsters give 
births during daytime hours [ 96 ,  97 ], while 
human parturition occurs mainly at late nighttime 
and early morning hours [ 98 ]. Furthermore, both 
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humans and nonhuman primates show noctur-
nally peaking uterine contractions in late preg-
nancy [ 99 ]. The circadian signals that drive the 
rapid uterine activation and strong contractions 
remain to be clearly understood. Sharkey et al. 
[ 100 ] have shown that MEL synergizes with oxy-
tocin to increase contractility of human myome-
trial smooth muscle cells, recruiting similar 
intracellular signaling mechanisms such as acti-
vation of phospholipase C signaling, protein 
kinase C, and myosin light chain kinase, all of 
them involved in the induction or facilitation of 
labor. The same authors have also demonstrated a 
strong and parallel upregulation of the oxytocin 
and MEL receptors (MT2) in the myometrium of 
laboring pregnant humans as compared to those 
from myometrium of pregnant nonlaboring 
humans. The synergic action of MEL and oxyto-
cin seems to be mediated by the gap junctions, 
which are essential in promoting synchronous 
myometrial contractions [ 101 ]. This novel physi-
ological mechanism of MEL on the human uterus 
could explain, at least in part, the nocturnal tim-
ing of birth and may be useful to develop phar-
macological strategies to handle the preterm and/
or delayed parturition. 

 Recently, it has been reported that MEL con-
centration in umbilical cord blood depends on the 
mode of delivery. The indoleamine in the umbili-
cal cord from the spontaneous vaginal delivery 
group was signifi cantly higher both at night- and 
daytime than that from the cesarean section 
deliveries. There were no differences in the MEL 
levels of the umbilical cord associated with preg-
nancy or intrapartum complications [ 102 ].   

    Melatonin Agonists 

 The administration of MEL, alone or in combina-
tion with other drugs, may have a benefi cial 
impact on numerous pathologies. However, the 
therapeutic potential of this drug is limited by 
some of its pharmacokinetic parameters, such as 
the short half-life in circulation [ 103 ]. This issue 
has produced an intense search for several MEL 
receptor agonists in the last two decades, and there 
are currently over 70 patients on  melatoninergic 

agents that wait to undergo clinical assessment 
[ 104 ]. Some of these ligands have been recently 
approved or are being currently tested within clin-
ical trials at different phases [ 105 ,  106 ]. 

 Ramelteon, approved by the FDA in 2005 
[ 107 ], is a hypnotic agent almost exclusively stud-
ied for the treatment of chronic primary insomnia, 
circadian rhythm sleep disorders, and other sleep 
alterations. It is a highly selective melatoninergic 
agonist with an affi nity for MT1 and MT2 MEL 
receptors 3–16 times higher than the one of MEL 
[ 108 ]. This drug has proved to shorten the latency 
to persistent sleep as well as to increase total sleep 
duration in insomniac patients of different ages, 
from 18 to 83 years [ 109 ,  110 ]. Although the rec-
ommended dose is 8 mg, the drug has been tested 
in doses ranging from 4 to 160 mg [ 111 ,  112 ]. It is 
well tolerated since only mild to moderate adverse 
events have been detected, being the most fre-
quent headache, dizziness, somnolence, fatigue, 
and nausea [ 106 ,  113 ]. 

 Ramelteon has almost no affi nity for MT3, opi-
ate, dopamine, benzodiazepine, and serotonin 
receptors in the brain [ 114 ], which is an advantage 
over the other available hypnotics. This high selec-
tivity may explain the lack of withdrawal effect, 
insomnia rebound, abuse, or dependence potential, 
property that makes ramelteon particularly benefi -
cial for addicts [ 115 ]. The lack of depressant and 
sedative effect has especial interest for patients 
suffering from obstructive apnea, since it does not 
affect the control of breathing [ 116 ] and for elderly 
people because it does not cause signifi cant motor 
or cognitive impairment [ 110 ]. 

 Tasimelteon, similarly to ramelteon, is a selec-
tive MT1 and MT2 agonist in the suprachias-
matic nucleus. It has been through Phase III trials 
successfully and was shown to improve both 
onset and maintenance of sleep with few side 
effects [ 117 ]. 

 Agomelatine is a potent synthetic MT1/MT2 
receptor agonist with serotonin 5HT(2C) antago-
nistic properties [ 118 ]. It has been approved for 
the treatment of major depression in adults [ 119 ] 
and is now available on the market in more than 
40 countries [ 120 ]. The melatoninergic modula-
tion helps to resynchronize circadian rhythms, 
often disrupted in depressive disorders, thus 
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 contributing to ameliorate sleep disorders and 
relieving symptoms in depressed patients [ 121 ]. 
The serotoninergic antagonism leads to the release 
of norepinephrine and dopamine in the frontal 
cortex, partially explaining its antidepressant and 
anxiolytic properties [ 122 ]. Several preclinical 
studies have revealed that prolonged treatment 
with agomelatine increases dendritic neurogene-
sis, enhancing neuronal survival and attenuating 
stress-induced glutamate release [ 121 ]. 

 Agomelatine is rapidly absorbed orally and 
mainly metabolized via CYP1A2 hepatic isoen-
zymes and has no active metabolites and an 
elimination half-life of 1–2 h [ 123 ]. Its atypical 
pharmacological profi le offers important advan-
tages over current monoaminergic antidepres-
sants, as demonstrated by many clinical trials 
comparing agomelatine (25 or 50 mg/day) with 
venlafaxine, fl uoxetine, paroxetine, and sertra-
line, among others [ 124 ]. One of these assets is 
the early onset of action-improving symptoms 
even in the fi rst week of treatment [ 125 ]. This 
feature together with the lack of adverse effect 
on sexual function [ 126 ] and its relative safety 
with only mild adverse effects [ 127 ] result in a 
better adherence to treatment and low 

 discontinuation rate [ 128 ]. Agomelatine does 
not exhibit discontinuation syndrome and is 
relatively safe in overdose [ 129 ]. Some studies 
have revealed agomelatine effi cacy not only for 
the acute treatment of depression symptoms but 
also for the maintenance of long-term treatment 
showing a signifi cant lower relapse rate [ 130 ]. 
However, an increase in liver transaminase 
activities has been observed in approximately 
4 % of the patients [ 120 ], which calls for a per-
manent follow-up of liver function and contrain-
dicates the drug in hepatic insuffi ciency. Despite 
the benefi cial aspects of agomelatine in com-
parison with other antidepressants, some authors 
are cautious in this respect and suggest that fur-
ther clinical trials should be carried out in order 
to defi ne the proper niche for this innovative 
antidepressant in depression therapy [ 131 ]. 
Although the main clinical target is moderate to 
severe major depression, the drug has been 
tested with positive results in general anxiety 
disorder, bipolar disorder, and seasonal affec-
tive disorder [ 132 ]. 

 A time line with the fi rst research fi nding 
related to MEL’s clinical uses according to the 
PubMed database is depicted in Fig.  3.1 .

Time line for melatonin's clinical uses
Melatonin discovery [1]

First report of melatonin
and depression [133] (1976)

Melatonin and shift work
[141] (1993)

Cytoplasmatic melatonin
receptor [134] (1978)

Seasonal affective disorder
[135] (1985)

jet lag [136] (1986)

Delayed sleep
phase syndrome
 [139] (1991)

Headache
[142] (1996)

Melatonin therapy in
metastatic cancer
patients [138] (1989)

Synchronization of
sleep rhythm in blind
people [137] (1988)

  Epilepsy [143]
  Cardiovascularsistem [71]
  (1997)

  Alzheimer
  disease [144]
  Oxidative stress [145]
  (1998)

Sepsis treatment [8]
(2001)

Melatonin and
reproduction
[140] (1992) 

Melatonin and Surgery [146]
(1999)

GastrointestinaI tract [147]
Macular degeneration [148]
Parkinson's disease [149]
(2005)

1958 1960 1970 1980 1990 2000 2013

  Fig. 3.1    Dates correspond to the fi rst research fi ndings related to MEL’s clinical uses according to the PubMed 
database       
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       Concluding Remarks 

 Many advances have been made concerning 
the knowledge of molecular aspects of MEL, 
its receptors, its physiology as a chronobiotic 
hormone, and its role in the pathogenesis of 
many diseases. The chronobiological proper-
ties of exogenous MEL, its capacity to resyn-
chronize circadian rhythms in certain disorders 
such as delayed sleep-phase disorder, and its 
effectiveness to reduce sleep latency in pri-
mary chronic insomnia have already been 
proven, and, thus, MEL can be considered a 
fi rst-line drug in the treatment of these condi-
tions. The antioxidant and anti-infl ammatory 
properties of MEL and its relative safety and 
good tolerability suggest that it could have a 
benefi cial effect on the treatment and preven-
tion of a wide spectrum of diseases such as 
cancer, cardiovascular and gastrointestinal 
diseases, reproduction disorders, neuropa-
thies, and other pathologies. The synthesis of 
new MEL agonists with better pharmacoki-
netics has opened a novel fi eld for the clinical 
uses. An increasing number of clinical trials 
using MEL or its agonists are ongoing and 
will certainly improve our understanding 
about the correct use of these drugs.     
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        Introduction 

 The knowledge of neoplastic diseases avail-
able up to now clearly demonstrates that the 
prognosis of human tumors depends not only 
on cancer’s biological characteristics, including 
histology, grading, and oncogene overexpression 
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    Abstract 

 The recent discovery in the neuropsychoimmunology of tumors has dem-
onstrated that human body may produce not only pro-tumoral hormones 
such as estrogens, androgens, and perhaps GH itself but also antitumor 
endocrine molecules, the most important of them represented by pineal 
hormones, melatonin as the most investigated of them. The antitumor 
activity of melatonin has been demonstrated by a great number of experi-
mental studies, and it has been proven to be able to exert the overall poten-
tial antitumor mechanisms, commonly used by the conventional clinical 
oncology, including (1) antiproliferative cytotoxic action, mainly on mela-
tonin receptor-expressing tumor cells; (2) inhibition of growth factor 
receptor activation; (3) inhibitory effect on tumor angiogenesis; (4) inhibi-
tion of tumor growth factor secretion; and (5) stimulation of the antitumor 
immunity, namely, by stimulating IL-2 secretion by T helper lymphocytes 
and IL-12 production by dendritic cells. In addition, melatonin could 
reserve interesting therapeutic results in the palliative therapy of cancer, 
particularly by counteracting the onset of the neoplastic cachexia by inhib-
iting the TNF- alpha secretion. Unfortunately, despite the great number of 
the experimental evidences, very few clinical studies with melatonin have 
been carried up to now in the treatment of human neoplasms, at least from 
a palliative point of view, to improve the quality of life.  
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or mutation, but also on patient immunobiologi-
cal response, which consists of the functional 
status of the endocrine and immune systems 
[ 1 ,  2 ]. In the same way, the impaired function 
of the immune system does not depend only 
on the activity of the immune cells but also on 
their physiological neuroendocrine modulation, 
mainly exerted by the pineal gland, brain opioid 
system, and brain cannabinergic system [ 3 – 5 ]. 
Most endogenous hormones exert modulatory 
effects on both immune responses and cell prolif-
eration. Generally, the action of hormones tends 
to play a stimulatory role on cancer cell prolifera-
tion. In fact, estrogens and androgens stimulate 
breast cancer and prostate cancer growth, respec-
tively [ 6 ]. PRL may also stimulate the growth of 
mammary and prostate tumors, while GH would 
exert a stimulatory activity on several tumor his-
totypes [ 7 ,  8 ]. On the contrary, somatostatin and 
its analogs may exert antiproliferative effects on 
various histotypes of cancer, namely, the endo-
crine tumors, by either inhibiting the growth of 
tumors expressing somatostatin receptors or by 
inhibiting the production of IGF-1 and other 
growth factors [ 9 ]. 

 Moreover, a more widely extended antitumor 
antiproliferative action is exerted by the pineal 
gland through the release of several anticancer 
indole and peptide hormones, the most investi-
gated of them is the indole melatonin (MLT) 
[ 10 ]. Despite the pineal gland’s function remain-
ing obscure until few years ago, today it is known 
that it would represent the most important anti-
cancer organ in the human body. In fact, the evi-
dence that pinealectomy stimulates tumor onset 
and dissemination was known before the charac-
terization of the hormones produced by pineal 
gland itself [ 11 ]. MLT has appeared to inhibit 
cancer growth and to counteract, but not com-
pletely abolish, the stimulatory action of pine-
alectomy on cancer cell proliferation, by 
suggesting that MLT is not the only anticancer 
endocrine molecule produced by the pineal gland 
[ 3 ,  10 ,  12 ]. In fact, several studies have demon-
strated that the pineal gland may produce anti-
cancer hormones other than MLT, including the 

indole 5-methoxytryptamine (5-MTT) and sev-
eral kinds of beta-carbolines, namely, the 
6-methoxy-1,2,3,4-tetrahydro-beta-carboline, 
the so-called pinoline, which is also provided by 
psychedelic properties, and the  tripeptide epithal-
amin [ 13 – 15 ]. In vitro, 5-MTT has been proven 
to exert an antitumor antiproliferative activity 
superior to that of MLT itself [ 13 ]. Then, the clin-
ical investigation of the potential anticancer ther-
apeutic role of MLT is only the beginning of a 
new approach in the treatment of human neo-
plasms, by using the same antitumor hormones 
produced by the human body; most of them are 
released by the pineal gland. Then, the clinical 
studies on the relationship between cancer growth 
and MLT and generally the relation between 
tumor progression and pineal hormones have to 
include not only the investigation of the thera-
peutic effi cacy of MLT in the palliative or cura-
tive therapy of cancer but also the analysis of the 
pineal endocrine function in early or advanced 
cancer patients. 

 As far as the pineal function in cancer patients 
is concerned, more than 30 years of research 
studies have clearly demonstrated that cancer 
progression is associated with a progressive 
decline in MLT secretion, namely, during the 
night, either in animals or in humans [ 16 – 20 ]. 
Therefore, because of its anticancer activity, the 
progressive decline in MLT secretion with cancer 
development could play a role in cancer progres-
sion itself and deserves a negative prognostic 
 signifi cance [ 3 ,  10 ].  

    Cancer-Related Alterations 
of Growth Factor Activities 
and Antitumor Immune Responses 

 The recent advances in the knowledge of the 
mechanisms involved in tumor growth promo-
tion, specifi cally those of growth factors and 
protein kinases acting as growth factor recep-
tors, may disclose the possibility to arrest can-
cer growth by inhibiting the activation of growth 
factor receptors, the target therapy of cancer. 
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EGF receptors (EGF-R) and VEGF receptors 
(VEGF-R) represent the main objectives of tar-
get therapies of cancer because of their impor-
tance in the stimulation of the proliferation of 
several tumor histotypes and the angiogenesis 
processes, respectively, particularly in the treat-
ment of lung cancer and colorectal carcinoma 
[ 21 ,  22 ]. IGF-1 and HER-2 neu receptors are 
also important in the growth of tumors, namely, 
breast cancer and gastric carcinomas. GH recep-
tors themselves would have an important role in 
stimulating tumor development. Growth factors 
would act mainly as paracrine local factors, but 
their secretion would be at least partly under 
central regulatory control, with a stimulatory 
action exerted by GH itself and IGF-1 and an 
inhibitory one played by somatostatin system 
and the pineal gland through the release of MLT 
and other active pineal hormones [ 8 – 10 ]. Tumor 
cells may enhance their biological malignancy 
through two major mechanisms, consisting of 
mutation or overexpression of some growth fac-
tor receptors and of resistance against immune 
cell-mediated cytotoxicity. According to the 
strategy of target therapies, the treatment of 
human tumors is dependent on the type of tumor 
growth factor receptor expression, which also 
plays a prognostic signifi cance. In particular, the 
expression of HER-2 neu would refl ect a more 
aggressive biological malignancy in breast can-
cer and gastric carcinoma [ 23 ]. 

 From an immunological point of view, pres-
ently it is known that cancer cells may be killed 
through both antigen-dependent and antigen- 
independent mechanisms, respectively, mediated 
by cytotoxic T lymphocytes (CD8 + ) activated by 
IL-12 released from dendritic cells (DC) and by 
NK cells after their activation by IL-2 released 
from T helper 1 lymphocytes (CD4 + ) (24). IL-2 
and IL-12 production is inhibited by a subset of T 
lymphocytes, the CD4 + CD25 + , the so-called T reg-
ulatory lymphocyte (T reg) through the release of 
the two major immunosuppressive cytokines, con-
sisting of IL-10 and TGF-beta [ 24 ]. In addition, T 
reg activation is inhibited by TH17 lymphocytes 
through the release of IL-17 [ 25 ]. Finally, dendritic 

cell maturation and differentiation is inhibited 
by VEGF, which would stimulate cancer growth 
through both angiogenic and immunosuppressive 
effects [ 26 ]. Until a few years ago, the failure of 
the immune system to destroy cancer cells was 
commonly considered to depend on cancer-related 
immunosuppressive status, primarily due to an 
altered neuroendocrine and immune regulation of 
cytokine network as well to a direct production of 
immunosuppressive agents by cancer cells with 
the progression of disease, specifi cally IL-10 and 
TGF-beta [ 24 ,  25 ,  27 ]. However, with the discov-
ery of the importance of the interaction between 
Fas receptor and Fas-ligand (Fas-L) receptor in 
T lymphocyte and tumor cell relationship, it has 
been demonstrated that Fas-Fas-L interactions 
may induce the apoptosis of cells expressing Fas 
receptors on their cell surfaces [ 28 ]. Therefore, 
the reaction between T lymphocytes expressing 
Fas receptors with cancer cells expressing Fas-L 
receptors on their surface may allow the apoptosis 
of T cells themselves, with subsequent lymphocy-
topenia, due to lymphocyte apoptosis and cancer 
dissemination [ 28 ]. Therefore,  lymphocytopenia 
occurring in the disseminated metastatic disease 
before the onset of chemotherapy or radiotherapy 
would depend on active mechanisms carried out 
by the tumor itself, namely, the apoptosis of T 
cells after their reaction with Fas-L receptor on 
tumor cell membrane. In fact, preliminary clini-
cal results would suggest that tumor expression of 
Fas-L receptor is associated with a more aggres-
sive disease and with a following poor prognosis 
and reduced survival [ 28 ,  29 ].  

    The Antitumor Mechanisms 
of Melatonin 

 MLT plays a physiological anticancer role, being 
responsible for the natural resistance against 
tumor onset, by either inhibiting cancer cell pro-
liferation or stimulating the anticancer immunity. 
The biological effects of MLT may be direct or 
mediated by specifi c MLT receptors. At present, 
there are at least two known MLT cell  surface 
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receptors, MT1 and MT2 receptors, widely 
expressed by several tissue histotypes and by a 
nuclear receptor involved in the control of DNA 
transcription [ 30 ]. Luzindole is an antagonist of 
both MLT receptors (MT1 and MT2), whereas 
4-phenyl-2-propionamido-tetralin (4P-PDOT) is 
a specifi c antagonist of only MT2 receptors. The 
antitumor antiproliferative action of MLT would 
be mainly mediated by MT1 receptor, even 
though other receptors and receptor-independent 
mechanisms are involved in the anticancer action 
of MLT [ 31 ]. In any case, the diminished expres-
sion of MLT receptors by tumor cells is associ-
ated with a poor prognosis and a reduced survival 
in cancer patients [ 32 ].  

    The Biological Mechanisms 
of the Antitumor Activity of MLT 

    These are listed in the following:
    1.    Antiproliferative cytotoxic action

•    Induction of apoptosis of cancer cells  
•   Inhibition of protein kinase system 

activation  
•   Protection against activated protein kinase- 

induced connexin alterations      
   2.    Antitumor immunostimulatory activity

•    Stimulation of IL-2 production by TH1 
lymphocytes  

•   Stimulation of IL-12 production by den-
dritic cells in response to IL-2  

•   Inhibition of macrophage- and T regula-
tory lymphocyte-mediated immunosup-
pressive events  

•   Modulation of Fas and Fas-L expression on 
lymphocytes and cancer cells      

   3.    Antiangiogenic activity   
   4.    Neuroendocrine antitumor affects

•    Interaction with brain cannabinergic 
system  

•   Modulation of cortisol secretion      
   5.    Cytodifferentiating activity on tumor endo-

crine dependence   
   6.    Anti-infl ammatory action   
   7.    Antioxidant activity     

 Additionally, the antiproliferative and anti-
tumor immune effects of MLT, with particular 
regard to its relation with TGF-beta activity and 
with tumor expression of MLT and Fas-L recep-
tors, are illustrated in Fig.  4.1 .

       The Antitumor Mechanisms 
of MLT in More Detail 

    These may be summarized as follows:
    1.    Antiproliferative Cytotoxic Cytostatic 

Activity: The antiproliferative action of MLT 
is due to three major mechanisms, consisting 
of (a) induction of the apoptosis of cancer cells 
through multiple pathways, including stimu-
lation of p53 and p21 functions and activation 
of caspase system; (b) inhibitory modulatory 
control on the activation of protein kinase sys-
tem at multiple levels, specifi cally on epider-
mal growth factor (EGF) receptor activation, 
extracellular signal-regulated protein kinase 
(ERK) phosphorylation, and cyclin protein 
activity, which is essential for the  activation 
of cyclin-dependent protein kinases involved 
in the regulation of DNA transcription; and (c) 
protection of connexin functionless, which is 
responsible for the activity of gap junctional 
intercellular communication (GJIC) system, 
whose alteration may promote tumor develop-
ment [ 33 – 36 ].   

   2.    Antitumor Immunomodulatory Effects: MLT 
may induce direct immune effects by acti-
vating MLT receptors expressed on cell sur-
faces by most immune cells, namely, TH1 
lymphocytes and dendritic cells [ 3 ]. In fact, 
MLT stimulates IL-2 secretion by TH1 cells 
and IL-12 production by dendritic cells after 
their activation by IL-2 [ 3 ]. In addition, MLT 
has been proven to counteract macrophage- 
mediated immunosuppressive events in 
response to IL-2 and the generation of T reg 
lymphocytes, which suppress both IL-2- and 
IL-12-dependent cytotoxic activities against 
tumor cells [ 3 ,  27 ,  37 ]. Finally, it has been 
demonstrated that MLT may modulate Fas-L 
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expression by tumor cells by reducing their 
biological malignancy degree [ 38 ]. Therefore, 
MLT would enhance the antitumor effi cacy 
of the main antitumor cytokines, such as 
IL-2, IL-12, IL-7, IL-15, and IL-23, by coun-
teracting the mechanisms involved in Fas-L 
expression by tumor cells, which would 
abolish the effi cacy of the antitumor immune 
response by determining the apoptosis of 
Fas receptor- expressing T lymphocytes. In 
particular, the relation between MLT and 
TGF-beta activity needs to be better inves-
tigated and defi ned, since TGF-beta may 
exert both antitumor antiproliferative and 

pro-tumor immunosuppressive effects, and 
then it could either inhibit or stimulate can-
cer growth [ 27 ]. In fact, TGF- beta has been 
proven to be a potent growth factor inhibitor 
in the early phase of cancer cell transforma-
tion by acting as an antiproliferative agent 
and additionally to stimulate cancer progres-
sion in the advanced phases of the neoplastic 
disease because of its potent immunosup-
pressive activity on the anticancer immunity 
by suppressing both antigen- dependent and 
antigen-independent anticancer cytotoxic-
ity, as well as by stimulating Fas-L expres-
sion by cancer cells [ 27 ,  39 ]. MLT, as well 
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as other pineal indoles such as 5-MTT, 
has appeared to enhance the antiprolifera-
tive action of TGF-beta and to stimulate its 
production [ 40 ]. This fi nding seems to be 
paradoxical by taking into consideration the 
immunosuppressive activity of TGF-beta and 
the immunostimulatory one exerted by MLT 
on the anticancer immune reaction. These 
controversial evidences may be explained by 
suggesting that MLT may amplify the antip-
roliferative action of TGF-beta but counter-
act its immunosuppressive effect, namely, 
by inhibiting Fas-L expression by cancer 
cells, which would represent one of the 
main mechanisms responsible for TGF-beta- 
mediated immunosuppression. In fact, tumor 
progression has been seen to be associated 
with an enhanced tumor expression of Fas-L, 
which would make T lymphocytes as unable 
to attach tumor cells, and with a progressive 
increase in serum levels of soluble Fas-L 
receptor, which would further reduce the 
capacity of tumor cell destruction by T lym-
phocytes [ 28 ,  29 ,  38 – 40 ]. By implication, 
MLT may activate the anticancer immune 
response by stimulating T lymphocyte sys-
tem and by counteracting macrophage- and T 
reg- mediated immunosuppressive functions 
and guiding the immune system to become 
functionless in an antitumor way [ 3 ].   

   3.    Antiangiogenic Activity: In experimental 
conditions, MLT has been proven to suppress 
tumor angiogenesis by inhibiting the hypoxic 
inducible factor-1 alpha (HIF-1 alpha) [ 41 ]. 
Moreover, MLT has also appeared to reduce 
VEGF serum concentrations in advanced can-
cer patients [ 42 ].   

   4.    Neuroendocrine Antitumor Effects: MLT, 
as well as other pineal indoles, may interact 
with other molecular systems also provided 
by anticancer activity, namely, brain endocan-
nabinoid system and atrial natriuretic pep-
tides. In fact, the pineal gland constitutes a 
functional axis, preferentially characterized 
by positive feedback interactions, with brain 
cannabinoid system, as well as with the car-
diac endocrine activity, which is involved in 

mediating the infl uence of the pleasure and the 
spiritual sensitivity on the endocrine and car-
diovascular functions in stimulating the anti-
tumor immune reaction [ 3 ]. On the contrary, 
the functional axis existing between pitu-
itary gland and brain opioid system, mainly 
founded on negative feedback mechanisms, is 
activated in stress conditions and it suppresses 
the anticancer immunity [ 3 ]. The cannabinoid 
agonists may stimulate MLT secretion from 
the pineal gland and directly induce the apop-
tosis of cancer cells and inhibit EGF-receptor 
activation, which is also blocked by MLT 
itself [ 5 ,  34 ]. Then, the association between 
MLT and cannabinoid agonists could further 
enhance their single antiproliferative activity. 
Natriuretic peptides may also exert an antitu-
mor action through both antiproliferative and 
immunostimulatory effects, consisting of the 
stimulation of T lymphocyte differentiation 
and activation [ 43 ,  44 ].   

   5.    Cytodifferentiating Activity: MLT has 
appeared to modulate tumor gene expression 
and counteract the biological malignancy of 
cancer cells by stimulating endocrine receptor 
expression in both breast and prostate carcino-
mas, with a following enhancement of tumor 
endocrine dependency and a possible reversal 
of hormone resistance [ 10 ].   

   6.    Anti-infl ammatory Activity: It has been 
known that the infl ammatory status is 
 associated with a suppression of the antitumor 
immunity through the action of infl ammatory 
cytokines mainly released from macrophages, 
such as IL-6, which may counteract LAK cell 
generation from NK cells in response to IL-2 
[ 27 ]. Then, since MLT may exert an anti- 
infl ammatory action by reducing IL-6 secre-
tion and PgE2 production, MLT-induced 
inhibition of the infl ammatory response may 
also contribute to explain the antitumor immu-
nostimulatory role of MLT itself [ 1 ,  3 ,  10 ].   

   7.    Antioxidant Activity: MLT is one of the most 
potent natural antioxidant agents [ 10 ]. 
Obviously, the antioxidant activity is not syn-
onymous than the anticancer one, which is 
depending on specifi c antiproliferative or 
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apoptotic mechanisms. However, since free 
radicals may enhance the biological malig-
nancy of tumor cells by determining a pro-
gressive DNA damage, the antioxidant 
activity may play also a role within a natural 
biological strategy to control cancer growth.      

    Melatonin Secretion 
in Cancer Patients 

 MLT decline would represent the main cancer 
progression-related endocrine defi ciency [ 10 , 
 17 – 19 ]. In fact, several experimental studies 
have shown that cancer progression is constantly 
associated with a progressive decline in the 
pineal endocrine function, with a diminished 
secretion of MLT during the night and the follow-
ing disappearance of the physiological circadian 
light/dark rhythm in the production of the pineal 
hormone [ 10 ]. The preliminary studies in cancer 
patients have confi rmed that the clinical course 
of the neoplastic disease is also characterized by 
a progressive MLT defi ciency [ 18 ,  19 ]. Then, 
because of the importance of MLT in the regula-
tion of the overall biological rhythms, including 
endocrine secretions, immune response, and car-
diovascular function, the alteration in the pineal 
endocrine activity occurring during the clinical 
course of the neoplastic disease may allow a 
more general systemic alteration of the overall 
biological rhythms, namely, cortisol circadian 
secretion [ 10 ,  20 ]. The evidence of alterations in 
cortisol secretion and rhythm in cancer patients 
would play also a negative prognostic signifi -
cance [ 20 ].  

    Melatonin Application 
in the Medical Oncology 

 According to the experimental studies in ani-
mals, MLT may in vivo exert antitumor activity 
only when it is administered at pharmacological 
doses and during the dark phase of the day, since 
light inhibits MLT receptor expression [ 45 ]. The 
minimal dosage required to achieve an in vivo 

antitumor effi cacy of MLT has to be of at least 
0.3 mg/kg b.w./day. Therefore, an adequate 
schedule of MLT therapy in medical oncology 
has to be at least 20 mg/day orally in late eve-
ning, every day. At present, however, no defi ned 
MLT dose–response clinical study has been per-
formed, but preliminary results would suggest 
that the anticancer activity of MLT is a dose-
dependent phenomenon. In fact, cancer patients 
progressing on MLT therapy at a dose of 5 mg/
day have been observed to achieve a further sta-
bilization of their disease by increasing MLT 
dosage at 20 mg/day [ 46 ]. In the same way, can-
cer patients progressing on MLT at 20 mg/day 
would seem to achieve a further disease control 
at higher doses of MLT, such as 100 mg/day 
(Porro et al., unpublished data   ). However, 
 according to the clinical results available up to 
now, it seems that all tumor histotypes may 
obtain some benefi ts from MLT therapy in terms 
of both disease control and treatment of cancer-
related symptoms, even though non-small cell 
lung cancer (NSCLC), pancreatic adenocarci-
noma, gastric cancer, prostate carcinoma, and 
malignant melanoma would represent the neo-
plasms most responsive and most suitable to 
obtain some benefi t from MLT therapy [ 3 ,  10 , 
 47 – 50 ]. Moreover, experimental studies have 
suggested that tumors expressing MLT receptors, 
namely, the MT1 receptor, are more sensitive to 
the antiproliferative action of MLT [ 31 ]. At pres-
ent, however, it has to be established whether 
tumor positivity for MLT receptor expression 
may be essential or not for the clinical antitumor 
effi cacy of MLT itself. Preliminary experimental 
data seem to suggest that the lack of MLT recep-
tor expression by cancer cells would not exclude 
the effi cacy of MLT treatment in human neo-
plasms, since the antiproliferative action of MLT, 
which is mediated by a stimulation of MLT 
receptor, is not the only mechanism responsible 
for the anticancer activity of MLT that depends 
also on an activation of IL-2- and IL-12- depen-
dent anticancer immunity as well as on an inhibi-
tion of tumor angiogenesis through complex 
interactions with brain cannabinoid system [ 3 ,  5 ]. 
In any case, it has to be taken into  consideration 
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that MLT  therapy of cancer may also deserve the 
signifi cance of an endocrine substitutive treat-
ment to replace and correct the progressive 
cancer- related MLT defi ciency during the clini-
cal history of the neoplastic disease [ 17 – 19 ]. The 
dosage of MLT required to replace its physiolog-
ical daily production is corresponding to 1 mg/
day only, but higher pharmacological doses of 
MLT are necessary to in vivo achieve a clinically 
evident anticancer effi cacy, at least from a pallia-
tive point of view [ 47 – 50 ]. In a novel clinical 
investigation, at present more than thousand 
advanced cancer patients have been treated with 
MLT for several months; most of them were suf-
fering from an untreatable disseminated disease 
[ 3 ,  10 ,  42 ,  50 ]. Most studies have been carried 
out with MLT at a dose of at least 20 mg/day in a 
single oral administration during the dark phase 
of the day, every day without interruption, 
according to the following eligibility criteria: his-
tologically proven metastatic cancer, measurable 
lesions, no availability of conventional therapies 
because of poor clinical status and/or lack of 
response to previous chemotherapies, and an 
expected survival time less than 1 year. The 
meta-analysis of the main clinical studies has 
shown that MLT therapy of cancer may signifi -
cantly reduce the risk of death at 1 year, irrespec-
tive of the histotype of tumor [ 50 ]. In more detail, 
the treatment with MLT alone at a dose of at least 
20 mg/day in the late evening may allow 1-year 
survival in about 25 % of patients with untreat-
able metastatic solid neoplasms, with a stable 
disease (SD) and life expectancy lower than 1 
year [ 47 – 50 ]. It is extremely rare (<5 %) to 
observe objective tumor regression under treat-
ment with MLT alone. The most evident clinical 
benefi t of MLT cancer therapy is consisting of 
the prevention of the neoplastic cachexia, which 
is due to an inhibition of TNF-alpha secretion, 
which plays a fundamental role in the pathogen-
esis of the neoplastic cachexia [ 3 ,  10 ,  42 ]. In 
addition, MLT therapy has been proven to nor-
malize platelet count in cancer patients affected 
by thrombocytopenia due to different reasons, 
including previous chemotherapies, bone mar-
row neoplastic infi ltration, and liver failure [ 3 , 
 47 – 50 ]. The mechanisms responsible for the 

thrombopoietic activity of MLT need to be better 
investigated, but they would depend at least in 
part on a direct stimulation of megakaryocyte 
fragmentation, as well as on interactions with the 
main thrombopoietic cytokines, consisting of 
IL-3, IL-11, and thrombopoietin. 

 In a second group of clinical studies, MLT 
therapy has been evaluated in association with the 
conventional anticancer therapies, including che-
motherapy, immunotherapy with cytokines, endo-
crine therapy, and radiotherapy. MLT was given in 
association of chemotherapy, as a chemoneuroen-
docrine combination in an attempt to achieve a 
possible control of chemotherapy- related toxici-
ties and an increase in chemotherapy effi cacy. The 
mechanisms responsible for the possible potentia-
tion of chemotherapy-induced cancer cell destruc-
tion by MLT are dependent on the fact that the 
antioxidant agents have been proven to enhance 
the cytotoxic potency of cancer chemotherapies 
[ 51 ]. Therefore, since MLT is one of the most 
potent antioxidant agents available in the nature, 
it is not exaggerated to expect an increased effi -
cacy of chemotherapy in cancer patients under 
chronic therapy of MLT, which may also promote 
the apoptosis of tumor cells [ 10 ,  33 ]. In fact, pre-
liminary clinical studies have shown that a chronic 
concomitant administration of MLT may enhance 
the cytotoxic effi cacy of the most commonly used 
chemotherapeutic drugs, including cisplatin and 
its analogs, 5- fl uorouracil, and anthracyclines, in 
terms of both tumor regression rate and survival 
time, which is constantly associated with an 
acceptable quality of life, and this benefi t is par-
ticularly  evident in cancer patients with poor clin-
ical status [ 10 ,  52 – 54 ]. In fact, MLT chronic 
administration in patients under chemotherapy 
would act as a maintenance treatment after 
chemotherapy- induced tumor regression or stabi-
lization of disease on the basis of its oncostatic 
properties, since chemotherapeutic drugs cannot 
be administered without interruption because of 
their cumulative toxicity. At present, the most 
recent oncological strategies tend to propose a 
maintenance therapy after the planned chemo-
therapeutic cycles, but this strategy is generally 
realized by the administration of some particular 
chemotherapeutic drugs, such as pemetrexed in 
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NSCLC patients, or monoclonal antibodies 
against growth factor receptors or angiogenic fac-
tors. Therefore, MLT chronic administration 
could constitute another simple strategy of main-
tenance therapy of cancer. Then, the maintenance 
therapy of cancer by MLT would represent a fi rst 
historical example showing that the complemen-
tary medicine may be a potential source of new 
therapeutic strategies of cancer. On the other 
hand, as far as the infl uence of MLT on 
chemotherapy- induced side effects is concerned, 
the pineal hormone has been proven to reduce 
some chemotherapy-related toxicities, namely, 
cardiotoxicity, neuropathy, renal damage, throm-
bocytopenia, lymphocytopenia and lymphocyte 
functional immune damage, asthenia, and antici-
patory vomiting, whereas neutropenia, anemia, 
alopecia, and vomiting are not substantially 
improved by MLT alone [ 3 ,  10 ,  52 – 54 ]. Another 
new therapeutic strategy of cancer of MLT is con-
sisting of cancer neuroimmunotherapy (NIT) with 
MLT in association with subcutaneous (SC) low-
dose IL-2, which is the main antitumor cytokine 
in humans [ 24 ,  25 ,  27 ]. It is known that IL-2 alone 
is substantially effective in the only treatment of 
renal cell carcinoma and melanoma, whereas in 
association with a chronic therapy with MLT, 
IL-2 becomes potentially effective in most solid 
tumor histotypes at least from an immunobiologi-
cal point of view, since the pineal hormone may 
promote the generation of an effective anticancer 
reaction in response to IL-2 [ 55 ]. The neuroendo-
crine combination with MLT in association with 
the standard endocrine therapy of cancer is a 
potential new therapeutic approach elaborated in 
an attempt to counteract and to reverse the hor-
monal resistance of cancer cells. In fact, MLT has 
been shown to reverse the endocrine resistance in 
hormone-dependent neoplasms, even though the 
low number of patients does not allow us to defi ne 
conclusions on the relation between MLT and 
tumor endocrine dependency [ 56 ,  57 ]. 

 Finally, MLT may be successfully associated 
with the radiotherapy as a radioneuroendocrine 
combination on the basis of either its anticancer 
activity or its well experimentally demonstrated 
radioprotective action against radiation-induced 
lymphocyte and neuronal damages, even though 

the radioprotective activity of MLT would seem 
to require very high pharmacological doses [ 55 ]. 
Preliminary clinical studies have also suggested 
that a concomitant chronic administration of 
MLT may enhance the effi cacy of radiotherapy in 
the treatment of both brain tumors and brain 
metastases due to solid neoplasms [ 58 ,  59 ]. 
Obviously, the effi cacy of MLT in combination 
with the standard therapies of cancer, including 
chemotherapy, radiotherapy, endocrine therapy, 
and immunotherapy with cytokines, is constantly 
signifi cantly superior to that achieved by MLT 
alone [ 52 – 59 ]. On the other hand, when MLT is 
administered as a palliative therapy of cancer in 
patients for whom no other standard treatment is 
available, its oncostatic effi cacy in terms of both 
tumor regression rate and survival time may be 
biologically enhanced through a concomitant 
association with other natural anticancer agents, 
provided by a well scientifi cally documented 
antitumor activity at least in experimental condi-
tions, primarily consisting of the other antiprolif-
erative pineal indole hormones, mainly the pineal 
hormone 5-MTT, which could deserve a reputa-
tion as having anticancer activity superior to that 
of MLT itself [ 13 ]. According to the recent 
advances in the investigation of the psychoneuro-
endocrine mechanisms involved in the control of 
the immune system, the anticancer activity of 
MLT could be further amplifi ed by a psychoneu-
rochemical strategy consisting of the concomi-
tant administration of the opioid antagonist 
naltrexone (NTX) as a poly-neuroendocrine 
 therapy of cancer because of the involvement of 
brain opioid system in stress-induced predisposi-
tion to cancer development [ 1 – 5 ,  60 ]. However, 
at present the results concerning the anticancer 
effi cacy of MLT-NTX combination are too pre-
liminary and controversial [ 3 ]. 

 Finally, within the group of plants provided by 
anticancer activity due to the content of well- 
known molecules with experimentally proven 
antitumor action, the most effective or at least the 
most investigated anticancer plants are repre-
sented by Aloe arborescens, which would be 
more active than Aloe vera, myrrh, curcuma, and 
Cannabis indica [ 5 ,  61 – 63 ]. These are the results 
obtained up to now with MLT in the treatment 
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palliative or curative of solid tumors. On the 
other hand, as far as the possible application of 
MLT in the treatment of the hematological neo-
plasms is concerned, preliminary results have 
shown that MLT may counteract the leukemic 
evolution of the myelodysplastic syndromes sec-
ondary to cancer chemotherapy [ 64 ]. Moreover, 
other preliminary results have demonstrated the 
potential effi cacy of a neuroimmunotherapeutic 
regimen consisting of MLT in association with 
SC low-dose IL-2 in the treatment of hematologi-
cal malignancies progressing on the standard 
antitumor therapies, with particular benefi ts in 
multiple myeloma and chronic myeloid leukemia 
[ 65 ]. No biological toxicity has been reported 
during MLT therapy, also in the case of a long 
duration of treatment for several years [ 46 – 51 ]. 
The only described subjective side effects would 
consist of headache, excitation, and paradoxical 
insomnia, in a percentage, however, less than 
1 % [ 42 ,  50 ]. On the contrary, most patients 
referred an improvement in well-being and 
mood, relief of asthenia, and amelioration in the 
quality of sleep under MLT chronic therapy. 
Then, in addition to its potential anticancer cura-
tive activity either alone or in combination with 
the classical antitumor therapies, MLT may play 
a fundamental role in the palliative therapy of 
cancer patients, being active in the treatment of 
symptoms, for whom no effective standard ther-
apy is available, including neoplastic cachexia, 
cancer-related asthenia, mood disturbances, sleep 
disorders, and thrombocytopenia [ 42 ]. Moreover, 
MLT could be usefully associated with opioids in 
the treatment of cancer pain because of its capac-
ity of counteracting opioid-induced suppression 
of the anticancer immunity, and of inhibiting the 
glutamate receptor NMDA, which is involved in 
determining the opioid dependence, with a fol-
lowing potential reduction of the opioid dosage 
required to control cancer pain [ 66 ].  

    Future Perspectives of Melatonin 
in Cancer Therapy 

 A further improvement in the therapeutic benefi ts 
of MLT in the treatment of human tumors would 
require to better defi ne the dose–response rate in 

the antiproliferative effi cacy of the pineal indole, 
to identify the more responsive tumor histotypes 
to MLT, and to establish the real importance of 
MLT receptor expression by tumor cells to pre-
dict the oncostatic effects of the pineal hormone. 

 Future perspectives could include the use of 
MLT as an adjuvant therapy after the radical 
removal of tumor and as a possible primary che-
moprevention of cancer development. As far as 
the adjuvant therapy is concerned, preliminary 
results have shown that MLT may enhance the 
progression-free period in node-positive mela-
noma patients after resection of the primary 
tumor [ 67 ]. Obviously, the adjuvant therapy 
with MLT has an opposite signifi cance with 
respect to the other commonly adjuvant endo-
crine therapies, such as the antiestrogen treat-
ment for estrogen receptor positive-breast 
cancer and the antiandrogen therapy in prostate 
cancer. In fact, whereas the stimulation of estro-
gen receptor in breast cancer and androgen 
receptor in prostate cancer may promote cancer 
cell proliferation, MLT-induced stimulation of 
tumor MLT receptor would allow an inhibition 
of tumor growth. Finally, as far as the possible 
use of MLT as a primary chemoprevention of 
tumors, this hypothesis is justifi ed by the evi-
dence of an age- dependent progressive decline 
in MLT secretion, which has been proven to be 
responsible at least in part for the enhanced fre-
quency of tumors with age because of its funda-
mental role in the natural resistance against 
tumor development [ 10 ]. In fact, in experimen-
tal conditions it has been demonstrated that 
MLT administration may prevent both sponta-
neous and carcinogen-induced tumor develop-
ment [ 3 ,  10 ]. However, since there is a great 
variety in age-dependent MLT decline, an even-
tual primary chemoprevention with MLT would 
have to be performed on the basis of a general 
screening in the aged population to evaluate the 
pineal function by determining the urinary 
excretion during the day and the night of the 
main MLT metabolite, 6-sulphatoxy-melatonin 
(6-MTS), in an attempt to identify a real decline 
in the endogenous production of MLT and with 
a successive MLT administration only in the 
presence of a well-documented initial MLT 
 defi ciency [ 10 ].  
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    Conclusion 

 According to the data already available in the 
treatment of cancer patients, it is possible to 
affi rm that simple application of MLT therapy 
in the clinical management of the neoplastic 
diseases as either palliative or curative treat-
ment of human tumors would be suffi cient to 
profoundly modify the medical oncology in 
terms of humanization. Then, in agreement 
with the great number of both experimental and 
clinical data confi rming the antitumor proper-
ties of MLT, it is not scientifi cally exaggerated 
to conclude that at present it is not ethical to 
further exclude MLT from the drugs commonly 
used in the medical treatments of cancer, at 
least as a palliative therapy of tumor- related 
symptoms in addition to the other most known 
palliative drugs, such as steroids, opioids, and 
progestative agents. In fact, by considering that 
there are up to now fi ve essential medical strat-
egies in the treatment of human neoplasms, 
consisting of cytotoxic chemotherapy, endo-
crine therapy, immunotherapy, antiangiogenic 
treatment, and target therapies against tumor 
growth factors or their receptors, it appears that 
MLT is the only drug capable of exerting the 
overall fi ve fundamental medical approaches 
elaborated by oncologists in the treatment of 
tumors because of its antiproliferative, immu-
nostimulatory, antiangiogenic, cytodifferentiat-
ing, and antigrowth factor receptor properties 
without any biological toxicity and at a very 
low social cost. Therefore, MLT would provide 
a preponderance of possible medical therapeu-
tic strategies for treating cancer. Without con-
comitant chronic administration of MLT, the 
quality of life of cancer patients is clearly 
worse, and the conventional anticancer thera-
pies are often more toxic and less effective with 
respect to the results observed in cancer patients 
under chronic treatment with MLT [ 42 ,  52 – 59 ]. 
Presently, the more recent medical strategies in 
cancer therapy are founded on the identifi cation 
of specifi c tumor molecules involved in malig-
nant cell proliferation and dissemination, and 
on the consequent inhibition of their activities 
through several mechanisms, including mono-
clonal antibodies against angiogenic or tumor 
growth factors and tyrosine kinase inhibitors 

(TKI), by constituting the so-called target ther-
apies of cancer. Then, the type of cancer ther-
apy will depend on the type of molecule, whose 
activity has to be inhibited. 

 The recent advances in the knowledgements 
of both tumor biology and the immunobiologi-
cal status of cancer patients have identifi ed the 
importance of two new tumor markers, not yet 
considered by the conventional medical oncol-
ogy, consisting of expression of MLT receptors 
and Fas-L on tumor cell surface, which could 
represent, respectively, the most prognostically 
positive and negative tumor biological markers 
irrespective of tumor histotype, since MLT 
receptor- expressing cancer cells would be more 
sensitive to the antiproliferative action of MLT, 
whereas the expression of Fas-L would make 
cancer cells as completely resistant to the cyto-
toxic action of T lymphocytes and capable of 
determining cell death of Fas-expressing T lym-
phocytes, with a consequent lymphocytopenia 
[ 28 – 30 ]. Then, the prognostic signifi cance of 
tumor expression of MLT receptors and Fas-L 
could be superior with respect to that of the 
other most commonly considered tumor bio-
logical parameters, including growth factor 
receptor and VEGF receptor expression. In 
addition, since prognostic factor may be identi-
fi ed within both tumor and patient biological 
variables, the future therapies of human neo-
plasms would have to be elaborated to infl uence 
the mechanisms responsible for the interactions 
between tumor biological characteristics and 
neuroimmune status of cancer patients, rather 
than to act separately on tumor variables and on 
patient biological response, since the degree of 
tumor malignancy is negatively correlated with 
the effi ciency of patient antitumor immunobio-
logical reactivity. In this project of the future 
medical oncology, the pineal hormone MLT 
would play a fundamental role [ 3 ,  10 ]. 

 In fact, if we defi ne the target therapy of 
cancer as a treatment carried out against a sin-
gle tumor parameter, only MLT may be already 
considered within itself a multi-target therapy, 
because of its capacity of acting at different 
levels and on different tumor targets and on the 
different molecules involved in promoting 
tumor cell proliferation and dissemination.     
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  5      Melatonin: Its Microbicidal 
Properties and Clinical 
Applications 
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and     Hisanori     Kato     

    Abstract 

 Melatonin is a versatile molecule, synthesized mainly by the pineal gland 
and in small amounts by other organs like retina, gastrointestinal tract, 
thymus, bone marrow, and lymphocytes. Other than its important role in 
various body functions like sleep and circadian rhythm regulation, antioxi-
dant functions, and control of reproductive functions, melatonin has been 
found to be effective in combating infections by various bacteria including 
chlamydia and  Mycobacterium tuberculosis , as well as by viruses. 
Molecular mechanisms of antimicrobial actions of melatonin have been 
proposed to be due to its effects on free radical formation, direct regulation 
of bacterial duplication, and depletion of intracellular substrates like iron. 
It also has protective effect against sepsis as shown in various animal mod-
els of septic shock. This protective effect is suggested to be due to its 
antioxidant,  immunomodulating, and inhibitory actions against the pro-
duction and activation of pro-infl ammatory mediators. Clinical studies 
have shown the potential benefi cial use of melatonin in treating septic 
shock with severe respiratory distress syndrome and associated multiorgan 
failure in addition to its antimicrobial and antiviral actions.  
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   Abbreviations 

  4HDA    4-hydroxyalkenals   
  cAMP    Cyclic adenosine monophosphate   
  CLP    Cecal ligation and puncture   
  cNOS    Constitutive nitric oxide synthase   
  GSH    Reduced glutathione   
  GSSG    Oxidized glutathione   
  H 2 O 2     Hydrogen peroxide   
  HEp-2    Human epithelial type 2   
  IFN    Interferon   
  IL    Interleukin   
  iNOS    Inducible nitric oxide synthase   
  LPS    Lipopolysaccharide   
  MDA    Malondialdehyde   
  MIC    Minimum inhibitory concentrations   
  MODS    Multiorgan dysfunction syndrome   
  MOF    Multiorgan failure   
  MPO    Myeloperoxidase   
  mtNOS    Mitochondrial nitric oxide synthase   
  MTP    Mitochondrial transition pore   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  O 2 • −     Superoxide anion radical   
  ONOO −     Peroxynitrite   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  TNF    Tumor necrosis factors   
  VEE    Venezuelan equine encephalomyelitis   

         Introduction 

 There is a growing problem of antibiotic- resistant 
bacteria that has to be eradicated seriously for the 
effective control and management of infectious 
diseases. The management and control of infec-
tious diseases is an important public health issue 
as there are seasonal outbreaks of many infectious 
diseases with their predictable occurrence [ 1 ,  2 ]. 
Annual variations in the incidence of many infec-
tious diseases link to changes in the light/dark 
cycle which in turn link to the temporal secretion 

of melatonin (5-methoxy-N- acetyltryptamine), 
the major hormone produced by the pineal gland 
of all mammals [ 3 ]. 

 Melatonin is also synthesized by other organs 
such as retina, gastrointestinal tract, bone mar-
row, thymus, skin, platelets, and lymphocytes [ 4 , 
 5 ]. Melatonin has recently been shown to protect 
against both bacterial and viral infections by a 
number of mechanisms like its pro-oxidant prop-
erties [ 6 – 8 ]. Protective effect of melatonin 
against the symptoms of severe septic shock has 
been reported in both animals and humans, sug-
gesting its benefi cial role in the treatment of sep-
tic shock [ 9 ,  10 ]. This review paper will discuss 
on the detailed mechanisms of melatonin action 
in combating bacterial and viral infections, 
infl ammation, and septic shock as well as its 
potential therapeutic value.  

   Receptors for Melatonin 

 The physiological and pharmacological actions of 
melatonin are mediated by membrane-bound mel-
atonin receptors, namely, MT 1  and MT 2  or nuclear 
receptors, although some of its actions are also 
receptor independent. MT 1  and MT 2  belong to the 
superfamily of G-protein-coupled receptors that 
contain seven transmembrane domains [ 11 ,  12 ]. 
Activated MT 1  and MT 2  cause a decrease in cyclic 
adenosine monophosphate (cAMP) concentration 
and stimulation of inositol phosphate [ 13 ]. 
Another melatonin receptor, namely, MT 3,  has 
also been identifi ed that is characterized as the 
enzyme quinone reductase [ 14 ]. Melatonin recep-
tors are found distributed in several peripheral tis-
sues as well in the central nervous system of both 
humans and animals [ 15 ]. The genomic action of 
melatonin has also been identifi ed which occurs 
through RZR/ROR receptors [ 16 ]. The RZR/ROR 
receptors are widely expressed in normal tissues 
[ 17 ] and belong to a novel class of orphan nuclear 
receptors with several isoforms (RORα, RORβ—
formerly known as RZR). These orphan recep-
tors’ affi nity to melatonin is lower as compared to 
MT 1 . Melatonin receptors exhibit circadian varia-
tions in their expression and mediate a plethora of 
intracellular effects depending upon the cellular 
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milieu. Changes in melatonin receptor concentra-
tions have been reported in circadian rhythm sleep 
disorders, depressive disorders, Alzheimer’s dis-
ease, breast and prostate cancer, hepatoma, mela-
noma, and other pathological conditions [ 18 ,  19 ].  

   Role of Melatonin as an Antioxidant 
in Bacterial Infections 

 In various in vitro and in vivo models, melatonin 
has been shown as a potent free radical scavenger 
and antioxidant in which it reduces lipid peroxida-
tion and scavenges hydroxyl and peroxyl radicals 
[ 20 – 26 ]. Tan et al. [ 20 ] fi rst discovered melatonin 
as a remarkable potent scavenger of reactive and 
highly destructive hydroxyl radicals [ 27 ]. Under 
numerous experimental conditions, supraphysio-
logical concentration for melatonin is required to 
exert its effective antioxidant effect. Therefore, the 
role of melatonin as an antioxidant at physiological 
concentrations has become a matter for debate 
[ 19 ]. In chemical system, a single melatonin mol-
ecule generates products in a scavenger cascade 
that collectively eliminates up to ten free radicals 
[ 28 ], and this fi nding may not be fully applicable to 
physiological systems [ 19 ]. However, melatonin 
has been shown to act as an antioxidant whereby it 
protects the cells and tissues from oxidotoxicity 
both in vitro and in vivo models [ 20 ]. Melatonin 
also upregulates several antioxidant enzymes such 
as glutathione peroxidase, glutathione reductase, 
γ-glutamylcysteine synthetase   , glucose-6-phos-
phate dehydrogenase, and catalase [ 18 ,  29 ]. On the 
other hand, melatonin also functions as pro-oxidant 
whereby it stimulates the formation of reactive 
oxygen species (ROS) by monocytes [ 30 ] and in 
the promonocytic cell line U937 [ 31 ].  

   Role of Melatonin in Microbicidal 
and Antiviral Actions 

 Melatonin also demonstrates pro-oxidant activity 
which is essential for its microbicidal actions [ 6 , 
 7 ]. In a study conducted on normal mice 
infected with Semliki Forest virus, subcutaneous 
administration of melatonin daily from 3 days 

before through 10 days after virus inoculation sig-
nifi cantly reduces viremia and postpones the 
onset of disease and death by 7–10 days. 
Melatonin also reduces the mortality of Semliki 
Forest virus-inoculated mice from 100 to 44 %. In 
high doses melatonin postpones the death and 
reduces the mortality by 20 %. The mechanism of 
its protection against infection is attributed to the 
pro- oxidative properties of melatonin [ 6 ,  7 ]. The 
protective action of melatonin against bacterial 
infections has been evaluated in a cultured 
medium containing  Mycobacterium  ( M .)  tubercu-
losis  (H37Rv strain) enriched with albumin dex-
trose catalase. The antibacterial action of 
melatonin is assessed with isoniazid, a frontline 
drug used in the treatment of tuberculosis. 
Isoniazid concentrations of 0.005–0.01 μg/ml and 
melatonin concentrations between 0.26 nM to 
0.1 mM slightly inhibit the growth of H37Rv 
growth. However, at isoniazid concentration of 
0.005 μg/ml, and at the melatonin concentration 
of 0.01 mM, the bacterial growth is inhibited 3- to 
4-fold more than the sum of the inhibition 
obtained when either of these compounds is used 
alone [ 8 ]. In this study, intracellular bacterial 
growth is also studied in monocyte-derived mac-
rophages, which are infected with  M .  tuberculosis  
H37Rv. Addition of either isoniazid or melatonin 
alone (16 h later) does not have any effect on mac-
rophage mortality or viability. The growth rate of 
 M .  tuberculosis  is also studied for 5 days in both 
control and drug-treated human macrophages. 
Addition of 1.6 mM melatonin or 0.08 μg/ml iso-
niazid alone shows no signifi cant effect on myco-
bacterial growth. However, their combination has 
resulted in a marked reduction in bacterial load 
showing the potentiation of isoniazid killing of 
the mycobacteria by melatonin in macrophages. It 
is suggested that the microbicidal action of mela-
tonin is attributed to its action of forming stable 
radicals that either could modify the isoniazid 
action or could be due to its binding with myco-
bacterial cell wall resulting in destabilization of 
the cell wall which causes enhanced permeability 
to isoniazid molecules. One of the suggested pos-
sible mechanisms for the bactericidal activity of 
isoniazid and  melatonin combination is the for-
mation of free radicals [ 8 ]. 
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 The microbicidal action of melatonin has also 
been evaluated in chlamydial infections. The 
Chlamydiae cause a variety of diseases in ani-
mals and humans [ 27 ]. Persistent infections with 
 Chlamydophila pneumoniae  cause acute and 
chronic respiratory diseases including asthma 
[ 32 ] while infection with  C .  trachomatis  might 
lead to infertility [ 33 ]. The main mechanism for 
chlamydial infection is through its effect on tryp-
tophan synthesis [ 34 – 36 ]. The main defense 
mechanism against chlamydial infection is the 
synthesis of interferon (IFN)-γ, which induces 
indoleamine 2,3-dioxygenase resulting in the 
depletion of tryptophan from human cell [ 35 –
 38 ]. Melatonin increases the levels of IFN-γ dur-
ing viral infection in a mouse model [ 39 ]. The 
effect of melatonin and tryptophan on chlamydial 
infection has been studied on human epithelial 
type 2 (HEp-2) cells (ATCC CCL-23) infected 
with  C .  pneumoniae  to assess its mechanism of 
microbicidal activity. Both serotonin and melato-
nin reduce the chlamydial infection by about 
50 % compared with controls. They exhibit a 
dose-dependent inhibition of  C .  pneumoniae , and 
their concentration at 100 μM shows the opti-
mum effect [ 40 ]. The relationship of melatonin 
and IFN-γ has also been evaluated to understand 
the mechanism of melatonin’s microbicidal 
activity. In this study, addition of tryptophan 
reverses the chlamydial infection caused by 
IFN-γ inhibition. However, addition of trypto-
phan does not reverse melatonin-mediated inhi-
bition suggesting that the inhibitory mechanism 
of melatonin is independent of IFN-γ. 

 Pretreatment of HEp-2 cells with melatonin or 
serotonin reduces the chlamydial infection while 
pretreatment with chlamydial cells does not pro-
duce any effect. Melatonin-mediated reduction in 
chlamydial infection in HEp-2 cells is abolished 
by treatment with 20 ng/ml of pertussis toxin sug-
gesting the involvement of G-protein-coupled 
melatonin receptors [ 40 ]. Melatonin receptor 
(either MT 1  or MT 2 ) activation causes increased 
intracellular Ca 2+  concentration, regulation of ade-
nyl cyclase activity, and consequent increased 
cAMP. Chlamydial infection has been shown to be 
inhibited by high concentrations of extracellular 
cAMP or cGMP [ 41 ]. Therefore, it is suggested 

that melatonin inhibits chlamydial infection by 
modulating intracellular Ca 2+  and/or cAMP levels 
which in turn result in increased phagolysosomal 
activity of host cells that is responsible for inhibit-
ing chlamydial infection [ 40 ]. 

 The antimicrobial action of melatonin is 
also confi rmed on microorganisms up to 48 h 
of incubation. Melatonin at concentrations 
of 31.25–125 μg/ml (0.13–0.53 mM) inhibits 
microbial growth of microorganisms such as 
 Staphylococcus aureus ,  Acinetobacter bauman-
nii , and  Pseudomonas aeruginosa  at both 24 
and 48 h incubation [ 42 ]. The minimum inhibi-
tory concentrations (MIC) of melatonin required 
for inhibiting the growth of microorganisms are 
also evaluated in this study (growth <0.05, evalu-
ated with absorbance measurement at 625 nm). 
At 24 h, the MIC of melatonin is 250 μg/ml 
(1.07 mM) for gram-positive microorganisms 
and 125 μg/ml for gram-negative microorganisms 
(0.53 mM). After 48 h incubation, the MIC of 
melatonin is decreased to 125 μg/ml (0.53 mM) 
for gram-positive microorganisms and 31.25 μg/
ml (0.13 mM) for gram-negative microorgan-
isms. As melatonin is known to reduce the lipid 
levels in microorganisms [ 43 ] and has high 
metal-binding capacity [ 9 ], it is possible to sug-
gest that melatonin shows microbicidal activity 
by reducing the intracellular substrates in these 
microorganisms [ 42 ].  

   Melatonin and Myeloperoxidase 

 The main component of neutrophil azurophilic 
granules is myeloperoxidase (MPO) [ 44 ]. 
Myeloperoxidase catalyzes hydrogen peroxide 
(H 2 O 2 )-dependent peroxidation of halides and 
pseudohalides to produce hypohalous acid, an 
antimicrobial agent [ 45 ]. It also has been associ-
ated in the pathogenesis of various diseases like 
atherosclerosis, asthma, arthritis, and pulmonary 
and heart diseases [ 46 – 50 ]. To date, effective 
inhibitors for this enzyme have not been identi-
fi ed. Recently, few studies have been carried out 
to investigate melatonin and have tried to fi nd out 
whether it acts as a potent inhibitor of MPO. 
Indeed it was found that melatonin was able to 
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inhibit the catalytic activity of MPO by multiple 
pathways. Melatonin causes allosteric binding to 
the entrance of the heme pocket which in turn 
accelerates formation and decay of MPO com-
pound II. Then the MPO catalytic activity 
switches from peroxidation to catalase-like activ-
ity. Chloride ion binding to the halide-binding 
site enhances the allosteric binding to the MPO- 
heme pocket which therefore prevents the access 
of H 2 O 2  to the catalytic site of the enzyme. Under 
physiological conditions, the affi nity of MPO for 
melatonin is very high, and inhibition of MPO 
activity by melatonin will be benefi cial for com-
bating increased infl ammation and infectious dis-
eases [ 50 ]. A schematic diagram depicting the 
benefi cial effects of melatonin in bacterial infec-
tions is presented in Fig.  5.1 .

      Melatonin, Immune Modulation, 
and Viral Infections 

 In 1995, re-emergence of Venezuelan equine 
encephalomyelitis (VEE) virus, a mosquito- 
borne virus that caused deaths of thousands of 
people, horses, and donkeys from 1920 to 1970, 
caused mortality of affected people [ 51 ,  52 ]. 

Administration of melatonin at 250, 500, and 
1,000 μg/kg to mice infected with the VEE virus 
reduces the mortality to 45, 40, and 16 %, respec-
tively, compared to 100 % mortality in control- 
infected mice [ 53 ]. Pretreatment of melatonin 
also increases the survival rate to 73 % compared 
to 60 % obtained with standard 3 days of pre-
treatment. The virus levels also reduce signifi -
cantly in the blood and brain of mice treated with 
melatonin as compared with non-treated infected 
mice. Melatonin reduces the VEE virus levels in 
the brains of immunocompetent mice but not in 
the brains of immunodepressed mice. This fi nd-
ing may suggest that melatonin needs the integ-
rity of immune system for its antiviral activity 
[ 54 ]. As melatonin has stimulatory effect on 
endogenous production of IFN-γ, interleukin 
(IL)-1β, and tumor necrosis factor (TNF)-α, it is 
suggested that melatonin and IFN-γ create an 
immunoregulatory circuit for the antiviral and 
antiproliferative actions of IFN-γ [ 55 ]. However, 
there is 100 % mortality of VEE virus-infected 
mice treated with melatonin when IL-1β is 
blocked with anti-murine IL-1β antibodies. This 
fi nding may suggest that IL-1β induced by mela-
tonin treatment is the main target for immune- 
enhanced state for rapid viral clearance [ 40 ]. 
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VEE virus infection increases the brain levels of 
TNF-α, which is suggested as one of the main 
contributory factors for producing infl ammatory 
responses due to their leukocyte chemotactic 
properties. Reduced TNF-α in the brain when 
melatonin is administrated to VEE virus-infected 
mice could be responsible for reducing the 
infl ammatory responses occurring in VEE virus- 
infected mice [ 56 ]. The antiviral action of mela-
tonin has been suggested to be due to its 
antioxidant and immunomodulatory effects as 
melatonin inhibits nitric oxide synthase (NOS) 
activity and scavenges nitric oxide radicals 
(•NO) [ 57 ].  

   Melatonin in Septic Shock 

 As sepsis often results in multiorgan failure 
(MOF), sepsis causes high mortality rate seen in 
intensive care units [ 58 ,  59 ]. It is an infection 
which is associated with systemic infl ammation 
caused by either bacterial pathogens, viruses, par-
asites, or fungal attack [ 60 ,  61 ]. Lipopolysaccharide 
(LPS), a component of the cell walls of gram-
negative bacteria, has been suggested as the major 
agent responsible for the initiation of sepsis [ 62 ]. 
LPS is responsible for activation of intracellular 
signaling pathways such as nuclear factor κB, 
which triggers rapid gene induction and expres-
sion of infl ammatory mediators like cytokines, 
chemokines, iNOS, and heat shock proteins [ 63 , 
 64 ]. During sepsis, normal equilibrium between 
pro-infl ammatory and anti-infl ammatory media-
tors is disrupted causing the release of different 
infl ammatory mediators [ 65 ]. 

 TNF-α and IL-1, the important soluble media-
tors of infl ammation, are released during early 
sepsis. After binding with the receptors, TNF-α 
causes cell activation through translation of 
nuclear factor κB. IL-1 is responsible for genera-
tion of ROS and stimulation of proteases produc-
tion [ 66 ]. Increased release of other 
pro-infl ammatory mediators such as IL-8, IL-12, 
IL-4, IL-13, and interferon is also involved in the 
pathogenesis of sepsis [ 66 ,  67 ]. Pro-infl ammatory 
mediators causing increased production of induc-
ible nitric oxide synthase (iNOS) are suggested 
to be responsible for cellular damage in sepsis 

[ 68 ]. Mitochondrial dysfunction during sepsis 
has been attributed to overexpression of mito-
chondrial nitric oxide synthase (mtNOS) [ 69 , 
 70 ]. The therapy for septic shock remains largely 
symptomatic despite major advances in under-
standing the pathophysiology of sepsis. During 
septic shock, high doses of corticosteroids and 
nonsteroidal anti-infl ammatory drugs are used 
for controlling infl ammatory responses [ 60 ,  71 ].  

   Melatonin in Septic Shock: 
Animal Studies 

 Studies done by Sewerynek and coworkers have 
shown that melatonin is able to reduce membrane 
lipid peroxidation in bacterial LPS-induced oxida-
tive damage [ 24 ] as evidenced by decreased hepatic 
malondialdehyde (MDA) and 4- hydroxyalkenals 
(4HDA). Melatonin also prevents LPS-induced 
endotoxemia as revealed by the reduction of TNF-
α, superoxide (O 2 • − ) production in the aorta, and 
suppression of iNOS in the liver [ 72 ]. 

 An animal study has been done to evaluate the 
possible protective effects of melatonin adminis-
tration in the Swiss mouse model of lethal endo-
toxemia caused by i.p. injection of LPS [ 73 ]. LPS 
at the dose of 0.75 mg/animal was injected (i.p.) 
between 17:00 and 18:00 h to optimize the mela-
tonin action. Melatonin (10 mg/kg body weight) 
was injected (i.p.) twice, i.e., 30 min before LPS 
and 60 min after LPS. Nitric oxide (NO), MDA, 
and 4HDA were measured in brain and liver sam-
ples of control, LPS-injected, and LPS+ 
melatonin- injected mice. Cytokines such as IL-1, 
IL-6, IL-12, IFN-γ, IL-10, and TNF-α were also 
measured in peritoneal fl uids and serum of ani-
mals. After 72 h of LPS injection, the survival 
rate of LPS-injected mice was 20 %, whereas the 
survival rate of LPS+ melatonin-injected mice 
was 90 %. A signifi cant decrease of pro- 
infl ammatory cytokines TNF-α, IL-12, and IFN-γ 
was observed in the peritoneal fl uid (at the site of 
LPS injection), but no signifi cant effects on pro- 
infl ammatory cytokine levels were observed in 
the serum of melatonin-treated mice. Melatonin 
stimulated the production of anti-infl ammatory 
cytokine IL-10 in the peritoneal fl uid and serum. 
Nitric oxide level was signifi cantly reduced in 
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the liver and brain samples of LPS-treated mice. 
The effects of melatonin in counteracting the 
increase of nitrite/nitrate in the brain and liver 
samples might suggest that the infl ammation 
induced in sepsis by pro-infl ammatory mediators 
is prevented by melatonin [ 73 ]. The decrease of 
programmed cell death in spleen found in this 
study might suggest the anti-apoptotic effect of 
melatonin via its stimulatory effects on IL-10 
levels. It is concluded that melatonin protected 
the mice from the lethal effects of LPS-induced 
sepsis via its multifactorial nature such as modu-
lation of immune function and antioxidant and 
anti-apoptotic actions [ 73 ]. 

 Antioxidant effect of melatonin in cecal liga-
tion and puncture (CLP) method induced septic 
shock associated with multiorgan dysfunction 
syndrome (MODS) has been done in 10–12-week- 
old male Wistar rats. Septic shock was induced 
by CLP. Melatonin was administered 3 mg/kg i.v. 
at 3, 6, and 12 h after CLP. The blood levels of 
pH, PaO 2 , PaCO 2 , and lactate dehydrogenase 
were analyzed to evaluate the extent of organ 
injury. Nitric oxide and IL-1β levels in the plasma 
as well as O 2 • −  production in lungs, thoracic 
aorta, and liver were assayed. It was found that 
the treatment of septic animals with melatonin 
protected the animals against circulatory failure 
and organ injury resulting from the CLP model 
[ 74 ]. The pathogenesis of systemic infl ammatory 
response syndrome and organ failure has been 
suggested to be due to the release of infl amma-
tory mediators and oxidants from the gut [ 75 ]. 
Free radicals cause infl ammatory reactions by 
mediating immune cell activation in sepsis. The 
release of multiple ROS and RNS (reactive nitro-
gen species) constitutes a part of cytokine infl am-
matory cascade and is also essential for bacterial 
killing [ 74 ]. Antioxidant therapy has been found 
benefi cial in the clinical setting of sepsis-induced 
MODS [ 76 ].    Melatonin has been suggested to 
have benefi cial effects in sepsis through its abil-
ity to (i) reduce plasma IL-1β and NO concentra-
tions, (ii) suppress O 2 • −  level, and (iii) decrease 
polymorph leukocyte infi ltrations in the lungs 
and liver [ 74 ]. 

 The role of ROS in the pathogenesis of LPS- 
induced gastrointestinal disturbances such as 
ileus and mucosal barrier dysfunctions was 

 evaluated. Ileus is suggested to play an impor-
tant role in the development of sepsis and MOF 
by promoting bacterial stasis, bacterial over-
growth, and bacterial translocation [ 77 ]. In a 
study conducted on male Swiss mice, melatonin 
(10 mg/kg) was administered at 16:00 h to all 
mice which were then divided in two groups, 
namely, control and LPS groups. Control groups 
received saline while LPS groups received 
 Escherichia coli  20 mg/kg. Melatonin was again 
(10 mg/kg) administered to these mice 6 h after 
saline or LPS injection. LPS activates 
NO-mediated oxidative pathways which in turn 
causes disturbances in the intestinal motility 
[ 78 ]. These motility disturbances were reversed 
by melatonin. Reduction in lipid  peroxidation as 
shown by decreased MDA levels was noted in 
LPS mice treated with melatonin, but with its 
vehicle, p38 expression, the active form of p38 
MAP kinase was markedly increased by LPS. 
Melatonin but not its vehicle reversed the LPS-
induced increase in p38 levels. It also reversed 
the LPS-induced increase of iNOS mRNA and 
protein expression. The antioxidative effects of 
melatonin and its benefi cial effects on LPS-
induced intestinal motility disturbances are due 
to downregulation of iNOS expression. These 
fi ndings might suggest that switching off the 
pro-oxidant pathways induced by endotoxins is 
the major mechanism of the benefi cial effect of 
melatonin in systemic infl ammation during 
 sepsis [ 78 ].  

   Melatonin, Mitochondrial 
Dysfunction, and Sepsis 

 The source of excessive intra-mitochondrial NO 
levels has suggested to increase expression and 
activity of mtNOS in sepsis [ 70 ]. Sepsis is often 
associated with ventilatory failure mainly due to 
reduction in contractility of the skeletal muscles 
such as diaphragm and intercostal muscles [ 79 ]. 
In a study conducted on both wild-type and 
(iNOS + / + ) iNOS knockout (iNOS − / − ) mice with 
the CLP sepsis model, glutathione (GSH) and 
nitrite levels as well as respiratory com-
plexes activities (complex 1; NADH:CoQ oxido-
reductase) were measured in skeletal muscle 
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mitochondrial samples [ 10 ]. In iNOS + / +  mice, 
sepsis induced a signifi cant increase in mitochon-
drial iNOS activity whereas cNOS (constitutive 
NOS) remained unchanged. Knockout (iNOS − / − ) 
mice expressed only mitochondrial cNOS activity 
which was unaffected by sepsis. Melatonin 
administration counteracted sepsis-induced iNOS 
in iNOS + / +  mice, and it did not affect cNOS activ-
ity in either mouse strain. In septic iNOS + / +  mice, 
mitochondrial nitrite levels also increased signifi -
cantly, but melatonin treatment signifi cantly 
reduced nitrite levels to control values. Nitrite 
concentration did not change in septic 
iNOS − / − mice. Sepsis reduced mitochondrial con-
tent of total and reduced GSH in iNOS + / +  mice. 
Signifi cant increases of oxidized glutathione 
(GSSG) level and GSSG/GSH ratio were also 
observed in septic iNOS + / +  mice. During sepsis 
melatonin administration counteracted all these 
changes in mitochondrial GSH pool [ 10 ]. 
Mitochondria express cNOS and iNOS under 
physiological conditions suggesting that both 
enzymes produce NO for regulatory purposes 
[ 80 ]. The induction of mitochondrial iNOS in 
sepsis has been suggested to release excess of NO 
which could affect mitochondria through several 
mechanisms. Increased concentrations of NO that 
inhibits respiratory complexes I, II, III, and IV in 
mitochondria have been reported. The inhibition 
of respiratory complexes generates more free rad-
icals such as O 2 • −  which in turn reacts with NO 
forming peroxynitrite (ONOO − ) [ 81 ]. Under nor-
mal circumstances, the excess of free radicals 
generated within mitochondria is neutralized by 
its antioxidant defense system such as superoxide 
dismutase and glutathione redox cycling system. 
However, in sepsis there is an increase in GSSG/
GSH ratio showing the failure of glutathione 
redox cycling system to protect mitochondria. 
This has been supported by the fi ndings of 
Escames et al. [ 70 ] in which increased oxidative 
stress caused by excess NO produced in LPO-
induced sepsis caused electron transport chain 
failure. Under oxidative stress, melatonin has 
been shown to be an excellent  antioxidant that 
restores GSH homeostasis and mitochondrial 
function in organelles. Melatonin treatment has 
been shown to increase mitochondrial respiratory 
complex activities I and IV of liver and brain sam-
ples in a time-dependent manner [ 82 ]. It also 

stimulates the activity of enzymes glutathione 
peroxidase and glutathione reductase which are 
involved in GSH/GSSG balance in mitochondria 
[ 83 ]. The antioxidant and free radical scavenging 
activity of melatonin protects proteins of the elec-
tron transport chain and mtDNA from oxidative 
damage by ROS/RNS [ 84 ]. Melatonin also 
directly interacts with mitochondrial membrane 
and inhibits the opening of the mitochondrial 
transition pore (MTP) and blocks the MTP-
dependent cytochrome release, the downstream 
activation of caspase 3, and cell death by apopto-
sis [ 85 ]. Melatonin maintains the mitochondrial 
homeostasis by all these actions, free radical scav-
enging and antioxidant actions, stimulation of 
respiratory complexes activities, and its direct 
interaction with MTPs [ 86 ]. Melatonin has a 
potential therapeutic value in treating septic con-
ditions based on its ability in mediating mitochon-
drial bioenergetics and in limiting infl ammatory 
response and oxidative damage [ 87 ,  88 ].  

   Melatonin in Septic Disease: 
Clinical Studies 

 Sepsis-induced MODS is a common cause of 
death in 30–100 % of critically ill patients depend-
ing upon the number of organs involved [ 89 ]. 
There are several studies measuring melatonin 
levels in critically ill patients to determine the cor-
relation between melatonin and intensity of septic 
shock. Sixteen of 17 septic patients had a high uri-
nary excretion of 6-sulfatoxymelatonin with dis-
turbance in its circadian rhythm while non-septic 
patients had normal urinary 6- sulfatoxymelatonin 
[ 90 ]. Increased stress associated with increased 
sympathetic activity as well as increased norepi-
nephrine and cortisol secretions were suggested 
as possible causes [ 91 ]. In another study, 7 out of 
8 septic patients showed disturbed melatonin 
rhythm [ 92 ]. Twelve out of 16 intensive care unit 
patients also showed disturbed melatonin rhythm 
and reduced urinary 6-sulfatoxymelatonin levels 
[ 93 ]. However, a negative correlation between 
disease severity and melatonin levels was detected 
in another study conducted on 302 patients admit-
ted in medical Intensive Care Unit of the 
University Hospital in Lübeck, Germany. 
This observation is important in view of the 
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 accumulating evidence “that melatonin supports 
the body defense against septic disease” [ 94 ].  

   Melatonin: A Potential Therapeutic 
Agent for Severe Sepsis 

 In ten septic newborns, melatonin treatment 
(2 × 10 mg oral doses 1 h apart) signifi cantly 
reduced white cell counts and C-reactive proteins 
and increased platelet levels when compared with 
controls [ 95 ]. In ten asphyxiated newborns 
administered with a total of 80 mg of melatonin 
(eight doses of 10 mg each separated by 2 h inter-
vals) orally, there were signifi cant reduction in 
MDA and nitrite/nitrate levels at both 12 and 
24 h. Three of the other ten asphyxiated new-
borns who did not receive melatonin died sug-
gesting that melatonin is benefi cial in newborn 
infants with asphyxia. The protective action of 
melatonin was attributed to its ability to increase 
the effi ciency of mitochondrial electron transport 
and antioxidant property [ 96 ]. Clinical improve-
ment was also observed as assessed by daily sep-
sis score [ 97 ]. Pro-infl ammatory mediators such 
as IL-1β, TNF-α, and IL-8 were higher in bron-
choalveolar lavage fl uid obtained from babies 
with chronic lung disease. Treatment with ten 
doses of melatonin (10 mg/kg per dose) greatly 
limited the serum rise of IL-6, IL-8, and TNF-α 
when compared to non-melatonin-treated infants 
with respiratory distress syndrome. Nitrite/nitrate 
values were also lowered in these infants with 
chronic lung disease treated with melatonin. 
Therefore, it was concluded that melatonin is 
benefi cial in improving the clinical outcome of 
newborns with respiratory distress syndrome by 
preventing its progression to chronic lung disease 

[ 9 ]. One of the suggested early indicators for 
infants to develop bronchopulmonary dysplasia 
is increase of pro-infl ammatory indicators. In a 
study, measurement of pro-infl ammatory cyto-
kines such as IL-6, IL-8, and TNF-α in 103 pre-
mature newborns with respiratory distress 
syndrome of III and IV degree was undertaken 
whereby 55 infants received 10 intravenous 
injections of melatonin (10 mg/kg each). The fi rst 
four doses were separated by 2 h intervals while 
the fi fth and sixth were separated by 4 h intervals. 
Melatonin caused signifi cant modifi cations in 
several parameters at 24 h, 72 h, and 7 days of 
treatment. The levels of pro-infl ammatory cyto-
kines such as IL-6, IL-8, and TNF-α in 
 tracheobronchial aspirate were signifi cantly 
reduced in melatonin-treated infants. These ben-
efi cial actions of melatonin were attributed to its 
antioxidative actions [ 97 ]. Melatonin reduces 
oxidative stress by reducing nitrite/nitrate levels 
and modifying serum infl ammatory mediators in 
surgical neonates with sepsis [ 98 ]. Melatonin 
also has been tried in critically ill patients placed 
in mechanical ventilation to study the alterations 
of the sleep-wake parameters and augmented 
oxidative/nitrosative stress [ 91 ]. In a randomized, 
double- blind placebo-controlled study under-
taken on 24 patients with tracheotomy, melatonin 
or placebo was administered (10 mg/day orally) 
at 21:00 h for four nights. Melatonin improved 
the sleep quality in these patients compared to 
placebo [ 99 ]. Although a lower dose of melato-
nin (1–2 mg) is able to improve the sleep, a higher 
dose of melatonin (10 mg/day) was administered 
to reduce ischemia/reperfusion injury, prevent 
MOF, and treat the sepsis. The therapeutic use of 
melatonin in different clinical conditions is sum-
marized in Table  5.1 .

   Table 5.1    Melatonin for therapeutic use in different clinical conditions   

 Melatonin dose  Number of patients 
 Effects observed in 
newborn infants or adults  Nature of response  References 

 2 × 10 mg  20  Reduction in white blood 
cell and C-reactive 
protein 

 Benefi cial  Gitto et al. [ 95 ] 

 8 × 10 mg  10  Reduction of MDA and 
nitrite/nitrate 

 Benefi cial  Gitto et al. [ 96 ] 

 10 × 10 mg/kg  110 (chronic lung 
disease) 

 Reduced the serum IL-6, 
IL-8, and TNF-α 

 Benefi cial  Gitto et al. [ 9 ] 

 10 mg/day  24 adults  Reduced ischemic 
reperfusion injury 

 Benefi cial  Bourne et al. [ 99 ] 
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      Conclusions 

 Melatonin has been found to be effective in 
fi ghting bacterial infections in various ani-
mal studies. It potentiates the effects of iso-
niazid in killing  M .  tuberculosis  by the 
formation of free radicals or binding with the 
membranes of mycobacteria. It also inhibits 
chlamydial infections by activating 
G-protein-coupled melatonin receptors and 
subsequently by increasing adenyl cyclase 
and intracellular cAMP in host cells. 
Melatonin administration protects mice 
infected with the VEE virus by increasing the 
production of IL-1β. Melatonin has a poten-
tial therapeutic value in the treatment of sep-
tic shock in various animal models as well as 
in critically ill patients. Beside its antimicro-
bial and antiviral actions, the protective 
action of melatonin against septic shock has 
been attributed to its remarkable properties 
of cytokine modulating, antioxidant, and 
anti-apoptotic actions.     
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        Introduction 

 Excessive food intake and reduced physical 
activity associated with modern lifestyle have 
led to the dramatic increase in the prevalence of 
obesity [ 1 – 3 ] which is paralleled by an elevated 
incidence of other metabolic disorders including, 
among others, the metabolic syndrome (MetS), 
type 2 diabetes (T2D), cardiovascular diseases 
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    Abstract 

 The ongoing worldwide obesity epidemic is paralleled by an elevated inci-
dence of the metabolic syndrome, a disorder referred to as a clustering of 
metabolic abnormalities that increase the risk for cardiovascular disease 
and type 2 diabetes. Considered as a multifunctional molecule, the pineal 
gland hormone melatonin is also involved in body fat mass and energy 
metabolism regulation. A large body of evidence supports the benefi cial 
effects of melatonin on the cardiovascular function in normal and patho-
physiological conditions. However, melatonin’s role in cardiovascular risk 
factors such as obesity and other related disorders including the metabolic 
syndrome needs further investigations, particularly in humans. This chap-
ter will address the effects of melatonin on the metabolic syndrome focus-
ing on obesity and insulin- resistant conditions. Since cardiovascular 
disease is the primary outcome of the metabolic syndrome, the effects of 
melatonin on cardiovascular function will be also described focusing on 
normal and pathological conditions. In view of the current knowledge, we 
aim to reveal the potential clinical relevance of melatonin or melatonin 
receptor agonists in the setting of obesity-induced metabolic syndrome.  

  Keywords 

 Cardiovascular disease   •   Insulin resistance   •   Melatonin   •   Melatonin 
 agonist   •   Metabolic syndrome   •   Obesity disorders  
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(CVD), and some cancers [ 4 – 7 ]. The concept of 
MetS refers to the clustering of common meta-
bolic alterations that increase the risk for CVD 
and T2D [ 8 ]. The most widely recognized MetS 
components include abdominal obesity, insulin 
resistance, raised blood pressure, atherogenic 
dyslipidemia, glucose intolerance, and a proin-
fl ammatory state [ 8 ]. Apart from an increased risk 
for CVD and T2D, additional numerous comor-
bidities have been observed in MetS including 
nonalcoholic fatty liver disease [ 9 ], reproductive 
disorders [ 10 ], obstructive sleep apnea syndrome 
[ 11 ], chronic kidney disease [ 12 ], osteoarthritis 
[ 13 ], periodontal diseases [ 14 ], some cancers [ 7 ], 
sleep/wake disturbances, as well as other circa-
dian alterations [ 15 ,  16 ]. Furthermore, patients 
with MetS were recently indicated to be at high 
risk for neurological disorders such as depression 
and Alzheimer’s disease [ 17 ]. 

 Epidemiological studies have shown that the 
prevalence of MetS continues to rise in most 
developed and developing countries, comprising 
20–30 % of the adult population. Although not all 
obese people have the syndrome, the major driv-
ing force behind MetS prevalence is the actual 
obesity epidemic [ 4 ]. In 2008, more than 1.46 
billion of the global adult population were over-
weight or obese [body mass index (BMI) ≥25 kg/
m 2 ] with more than 500 million among them 
being identifi ed as obese (BMI ≥30 kg/m 2 ) [ 1 ,  3 ], 
and it is predicted that by 2030 up to 58 % of the 
worldwide adult population (3.3 billion) could be 
either overweight or obese [ 18 ]. This alarming 
prevalence is not only a concern among adults, 
overweight and obesity prevalence is also dra-
matically increasing in children. In 2010, 43 mil-
lion children (35 million in developing countries) 
were estimated to be overweight and obese, while 
92 million were at risk of overweight [ 2 ]. 
Therefore, obesity and related metabolic abnor-
malities present serious socioeconomic chal-
lenges for both government and society [ 19 ]. 

 Clinical approaches to treat or prevent obesity- 
induced MetS are still a challenging task. The 
pathophysiological mechanisms involved in the 
progression of obesity to MetS and other associ-
ated comorbidities are complex and not well 
understood. It is well established that genetic 

background, lifestyle behaviors, age, and gender 
contribute signifi cantly in the development of 
obesity as well as MetS [ 20 ]. Several pathophysi-
ological mechanisms associated with increased 
fat accumulation and insulin resistance have been 
proposed: adipose tissue dysfunction, generation 
of lipid metabolites, infl ammation, and cellular 
stress (oxidative and endoplasmic reticulum 
stress) [ 21 – 23 ]. In this regard, the signifi cance of 
elevated oxidative stress in obesity and its poten-
tial role in the development of insulin resistance 
and MetS have largely been studied by many 
workers [ 24 – 28 ]. 

 Patients with MetS were reported to have a 
low serum antioxidant status with a concomitant 
increased levels of infl ammatory markers com-
pared with those without MetS [ 29 ,  30 ]. 
Interestingly, a higher dietary antioxidant intake 
has been shown to be benefi cial in patients with 
MetS by preventing the body weight and abdom-
inal fat gain during a 3-year follow-up [ 31 ]. 
Therefore, although the overall clinical relevance 
of conventional antioxidants (e.g., vitamins C 
and E, beta-carotene, zinc, and selenium) in met-
abolic diseases is still challenging [ 32 ], it appears 
that along with other substantial interventions 
(e.g., sustained lifestyle modifi cation, calorie 
restriction, physical activity), the potential use of 
nonclassical antioxidants for an effective therapy 
to reduce or prevent obesity-related metabolic 
disorders is attracting many investigators. 

 In this chapter we consider the potential thera-
peutic role of melatonin in MetS. Besides its 
powerful antioxidant activities [ 33 ], melatonin 
has been shown to play an important role in met-
abolic regulation [ 34 ,  35 ]. Membrane melatonin 
receptors (MT1 and MT2) have been identifi ed in 
the central and peripheral organs/tissues involved 
in the regulation of energy metabolism (e.g., 
hypothalamus, adipose tissue, pancreas, liver, 
skeletal muscle, heart, vessels, kidney) [ 36 ,  37 ]. 
It is well known that MetS features (e.g., obesity, 
insulin resistance, dyslipidemia, and hyperten-
sion) are more prevalent in the elderly [ 38 ,  39 ] 
where melatonin production levels decrease [ 40 ]. 
In addition to this, a positive association between 
melatonin suppression, sleep deprivation, and 
circadian rhythms system alteration has recently 
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been described in obesity and MetS [ 15 ]. As con-
sequence, the potential clinical use of either mel-
atonin or its analogs in several pathological 
conditions appears exciting, and it is being used 
in aging and several metabolic diseases [ 41 ,  42 ]. 

 We aim to review the current literature on the 
effects of melatonin and other melatonergic drugs 
in obesity and insulin-resistant conditions and the 
potential mechanisms underlying these effects. 
To better understand the overall activities of mel-
atonin, the recent view of melatonin as a multi-
functional molecule is summarized. Since CVD 
are the primary clinical outcome of the MetS, the 
effects of melatonin on cardiovascular function 
are also addressed. Because of space limitations, 
the description of obesity-associated oxidative 
stress, infl ammation, and eventual antioxidant 
interventions as well as the role of melatonin in 
other features of MetS such as nonalcoholic fatty 
liver disease is not included.  

    Melatonin: A Multifunctional Molecule 

 Melatonin or 5-methoxy-N-acetyltryptamine is 
the neurohormone mainly produced by the pineal 
gland upon the activation of the suprachiasmatic 
nucleus (SNC) of the hypothalamus during the 
night (for details on biosynthesis and metabolism 
of melatonin, see [ 43 ]). It is a highly conserved 
indolamine found in almost all organisms includ-
ing bacteria, algae, plants, fungi, insects, nema-
todes, and vertebrates including mammals [ 44 ]. 
In humans, the normal circulating melatonin lev-
els vary between 1–10 pM and 43–400 pM, dur-
ing the day and the night, respectively [ 45 ,  46 ]. 
The use of high doses of melatonin as frequently 
found in in vitro (1 μM–100 mM) or in vivo 
(1–300 mg/day) studies has been supported as a 
requirement to obtain therapeutic effects in some 
conditions [ 45 ,  47 ,  48 ]. 

 Viewed as multifunctional molecule [ 49 ], 
melatonin is a small compound able to cross all 
morphological barriers and acts within every 
subcellular compartment due to its highly lipo-
philic and hydrophilic properties [ 47 ]. Since its 
isolation by Lerner et al. [ 50 ], apart from its 
 classical role as a chronobiotic or endogenous 

synchronizer participating in the regulation of 
seasonal as well as circadian rhythm along with 
its sleep-inducing effects [ 43 ], melatonin has 
been shown to play a role in all most physiologi-
cal functions in animals and humans [ 41 ,  49 ]. 
Indeed, melatonin has anti-excitatory, antioxi-
dant, immunomodulatory, anti-infl ammatory, 
oncostatic, and vasomotor properties [ 49 ,  51 , 
 52 ]. However, besides its universal availability 
and, presumably, its presence in our daily food 
consumption [ 53 ], its potential benefi cial effects 
and their underlying mechanisms are still vast 
and not fully explored [ 54 ]. 

 Melatonin has powerful antioxidant properties 
with strong cytoprotective activities [ 33 ,  55 ]. It 
has been proved to be more effective than other 
classical antioxidants [ 56 ,  57 ] due to its multiple 
free radical scavenger cascades and its ability to 
stimulate the natural antioxidant capacity [ 58 ]. In 
addition to this, its metabolites have also free 
radical scavenging activities, and, moreover, 
melatonin does not have a pro-oxidant action [ 33 , 
 59 ]. Recently, the effi cacy of melatonin to 
improve oxidative stress-mediated metabolic dis-
orders via its gene regulation has been shown to 
be linked to epigenetic mechanisms [ 60 ]. 

 Besides its pineal production, melatonin is 
also secreted by wide variety of tissues including 
retina, thymus, spleen, heart, muscle, liver, stom-
ach, intestine, placenta, testis, cerebral cortex, and 
striatum [ 47 ,  61 – 63 ]. Melatonin content in these 
tissues varies and decreases with age to a similar 
extent as the pineal melatonin production [ 61 ,  63 ]. 
Commonly, nocturnal melatonin production as 
shown by its circulating levels as well as its pri-
mary urinary metabolite, 6- sulfatoxymelatonin 
(aMT6s), is lowered in various pathologies char-
acterized by increased oxidative stress such as 
neurological disorders, CVD, and T2D as well 
as obstructive sleep apnea syndrome [ 41 ,  64 ]. 
Importantly, circulating melatonin levels can be 
infl uenced by the diet [ 65 ,  66 ]. Melatonin was 
recently identifi ed in common ingredients of the 
traditional Mediterranean diet [ 67 ] which has been 
reported to be effi cient in improving MetS features 
such as waist circumference, the levels of triglyc-
erides (TGs), high-density lipoprotein (HDL)-
cholesterol (HDL-c), and blood pressure (BP) as 
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well as glucose metabolism [ 68 ]. Interestingly, 
along with resveratrol, the minute amounts of 
melatonin present in red wine protect the heart 
against myocardial ischemia/reperfusion damage 
[ 69 ], indicating its therapeutic potential in CVD.  

    Melatonin and Cardiovascular 
Function 

    The Link Between Cardiovascular 
Function and Melatonin 

 The link between cardiovascular function and 
melatonin as well as the infl uence of endogenous 
melatonin on the cardiovascular function is well 
established [ 70 ]. Diurnal variations can be seen 
in BP, heart rate, cardiac output, and endothelial 
dilatory capacity of peripheral and coronary 
arteries, sympathetic activity, cardiac electrical 
stability, and platelet aggregation [ 70 ,  71 ]. In 
pathological conditions, adverse cardiovascular 
events including myocardial infarction [ 72 ], sud-
den cardiac death [ 73 ], and arrhythmias [ 74 ] 
have also been linked to the circadian rhythm in 
humans, having a higher incidence in the early 
morning hours, where circulating melatonin lev-
els are considerably low [ 75 ]. 

 The most important evidence linking melatonin 
to the cardiovascular function was the identifi ca-
tion of membrane MT1 and MT2 receptors along 
with other intracellular binding sites such as the 
cytosolic quinone reductase 2 enzyme [also called 
the putative melatonin receptor 3 (QR2/MT3) and 
melatonin nuclear receptors (e.g., retinoic acid 
subfamily of orphan receptors (RORx)] in the 
heart and the arteries [ 76 – 78 ]. These receptors 
offer possibilities for melatonin signaling to inter-
act with the cardiovascular function. Melatonin 
may indirectly affect cardiovascular function via 
MT receptors in the SCN which is known to mod-
ulate the cardiovascular function via multisynaptic 
autonomic neurons [ 79 ]. Melatonin may also 
infl uence the cardiovascular physiology via its 
direct actions on the peripheral intrinsic circadian 
clocks identifi ed in both cardiomyocytes [ 78 ,  80 ] 

and vessels [ 81 ]. More surprisingly, melatonin has 
been shown to be also secreted within the heart 
[ 61 ,  63 ]. However, the exact role for this cardiac 
melatonin remains unknown.  

    Effects of Melatonin on the Heart 

 Animal studies showed that prolonged melatonin 
consumption under normal conditions affects car-
diac metabolism, reduces the absolute and relative 
heart weights [ 82 ,  83 ], and increases its glycogen 
content [ 84 ] with no effects on heart function in 
vivo [ 85 ] and ex vivo [ 82 ]. Similarly, in healthy 
male volunteers, administration of 3 mg of mela-
tonin had no effect on their heart rate [ 86 ]. 

 Although raising circulating melatonin con-
centration by administration of exogenous mela-
tonin does not appear to be harmful to the heart, 
the presence of very low circulating concentra-
tions (as occurring during daytime) is essential 
and pinealectomy has profound effects on the 
heart. Surgical removal of pineal gland followed 
by 2 months of stabilization caused increase in 
serum cholesterol and cardiac malondialdehyde 
(MDA) levels as well as the heart weight. Other 
morphological changes such as increased myo-
cardial fi brosis, myxomatous degeneration of the 
valves, and thickening of left atrial endocardium 
were also observed in the hearts isolated from 
these pinealectomized rats [ 87 ]. Importantly, 
despite failure to improve morphological altera-
tions (presumably due to the short treatment 
time), melatonin administration (4 mg/kg/day) 
for 2 days reversed the changes in circulating 
cholesterol and cardiac MDA levels [ 87 ]. 

 In pathological conditions, patients with coro-
nary heart disease have impaired nocturnal mela-
tonin secretion [ 75 ,  88 ] and subjects with 
myocardial infarction were reported to have 
reduced circulating melatonin levels [ 72 ]. 
Concordantly, a signifi cant association between 
single nucleotide polymorphisms (SNPs) 
(rs28383653) of melatonin receptor type 1A 
(MT1A) and coronary artery disease has been 
demonstrated in a recent case–control study [ 89 ]. 
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In a cohort of survivors of acute myocardial 
infarction, reduction of circulating melatonin 
was also associated with greater adverse remod-
eling [ 90 ]. As a consequence, reduced serum 
melatonin concentrations measured at admission 
were considered as an independent predictor of 
left ventricular remodeling [ 90 ]. Importantly, in a 
double-blind randomized clinical trial, melatonin 
supplementation (3 mg/day for 2 months) was 
able to improve left ventricular ejection fraction 
in patients with heart failure [ 91 ].  

    Melatonin and Experimental 
Myocardial Infarction 

 In view of the above, it is expected that melatonin 
treatment could play a clinically relevant role in 
the pharmacotherapy of ischemic heart disease. 
The role of oxidative stress and excessive free 
radical production in the pathogenesis of myocar-
dial infarction as well as experimental ischemia/
reperfusion damage is well established [ 92 ]. The 
ability of melatonin to attenuate ischemia/reper-
fusion damage in rodent hearts has been demon-
strated in isolated hearts (in vitro) [ 69 ,  93 – 96 ], 
isolated cardiomyocytes [ 97 ], as well as in situ 
heart (in vivo) [ 98 – 100 ]. These benefi cial actions 
were undiscovered by the observations that hearts 
from pinealectomized animals exhibited a bigger 
post-ischemic myocardial infarction compared to 
those from non- pinealectomized rats [ 101 ]. 
Melatonin was able to attenuate ventricular fi bril-
lation and reduce infarct size and mortality rate of 
the pinealectomized rats [ 101 ]. Additional inves-
tigations in our own laboratory have shown that 
long-term effects of melatonin evaluated 1 day 
after melatonin administration (2.5 or 5.0 mg/kg, 
i.p.) or after oral administration for 7 days (20 or 
40 μg/ml) were also cardioprotective, and this car-
dioprotection persisted for 2–4 days after with-
drawal of treatment [ 102 ]. Finally, melatonin at 
either physiological or pharmacological doses, 
given before or after ischemia period, was able to 
protect the heart against myocardial ischemia/
reperfusion damage (for review, see [ 103 ]).  

    Mechanism of Melatonin-Induced 
Cardioprotection 

 The mechanism underlying the benefi cial effects 
of melatonin on the ischemic heart is complex 
and not yet fully explored. Several investigations 
agreed that melatonin protects the heart against 
ischemia/reperfusion injury directly via its anti-
oxidant properties and indirectly via its free radi-
cal scavenging actions and stimulatory effects on 
antioxidant capacity activities, respectively [ 85 , 
 104 ]. Other melatonin’s effects such as anti-
adrenergic, anti-infl ammatory, and anti- excitatory 
[ 85 ,  105 ,  106 ] as well as the MT receptors may 
also be involved [ 102 ,  106 ,  107 ]. 

 Although it was reported that patients with 
myocardial infarction have reduced circulating 
melatonin levels [ 72 ], experimental myocardial 
infarction was shown to increase circulating mela-
tonin levels, followed by enhancement of MT 
receptors expression [ 107 ]. The observation that 
luzindole, a melatonin receptor antagonist, was 
able to suppress the cardioprotection induced by 
melatonin [ 102 ] stressed the importance of these 
receptors in cardioprotection. These events may 
affect the probability of the opening of mitochon-
drial permeability transition pore (MPTP): 
Petrosillo and co-workers [ 108 ] reported that mel-
atonin protected the hearts against reperfusion 
injury by inhibiting the opening of the MPTP 
probably via prevention of cardiolipin peroxida-
tion. Downstream signaling events include activa-
tion of the reperfusion injury salvage kinase 
(RISK) pathway (PI-3K, PKB/AKT, ERK1/2) and 
the protective survivor activating factor enhance-
ment (SAFE) pathway (JAK/STAT-3) [ 103 ]. 

 Additional studies have documented the bene-
fi cial effects of exogenous melatonin on the heart 
in physiological conditions such as aging [ 109 ] 
and in other pathophysiological conditions such 
as hyperthyroidism [ 110 ], cadmium-induced oxi-
dative damage [ 111 ], and myocardial hypertrophy 
[ 112 ]. However, more investigations using mela-
tonin agonists are warranted. To the best of our 
knowledge, only one study investigated a melato-
nin agonist on myocardial ischemia/reperfusion 
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injury in mice: the melatonin receptor agonist 
8-methoxy-2- propionamidotetralin which has no 
antioxidant activity was not found to be cardio-
protective [ 113 ].   

    Melatonin and the Blood Vessels 

    Melatonin and Blood Pressure 

 Hypertension is more frequent in overweight or 
obese than in lean subjects [ 114 ,  115 ]. Melatonin’s 
ability to modulate and regulate BP and its poten-
tial therapeutic use in patients with hypertension 
have been a subject of interest for many investi-
gators for several years [ 104 ,  116 – 119 ]. Early 
animal studies showed that pinealectomy caused 
a gradual and sustained elevation in arterial BP 
[ 120 ,  121 ], while chronic melatonin administra-
tion was able to reverse hypertension in the pine-
alectomized animals [ 122 ]. Additional animal 
investigations using spontaneously hypertensive 
rats confi rmed this BP reduction following mela-
tonin supplementation [ 104 ,  119 ]. Furthermore, 
the BP lowering effect of melatonin was demon-
strated in healthy [ 119 ] as well as in hypertensive 
individuals [ 123 ]. A double-blind controlled clin-
ical trial found that the bedtime melatonin (5 mg/
day) ingestion for 4 weeks effectively reduced 
the BP in normotensive young subjects [ 124 ]. 
Acute oral melatonin (1–3 mg) was able to reduce 
BP of healthy male volunteers [ 86 ,  125 ] with a 
concomitant reduction of the aortic pulse wave 
velocity (PWV) which is considered as an impor-
tant indicator of total cardiovascular risk estima-
tion [ 125 ]. The PWV negatively correlated with 
diurnal levels of melatonin in young healthy men 
and women [ 126 ]. Importantly, low nocturnal 
melatonin production was suggested to be an 
independent pathophysiologic risk factor in the 
development of hypertension among young 
women [ 127 ]. A decrease in nocturnal melatonin 
levels indicating impairment of pineal melatonin 
secretion has consistently been observed in non- 
dipper hypertensive patients [ 128 ,  129 ]. 

 In view of the above observations, melatonin 
supplementation is currently considered as a 
potential pharmacological agent in non-dippers or 
individuals with nocturnal hypertension and 
hypertensive heart disease [ 104 ]. Melatonin could 

also be administered in the elderly in order to 
attenuate the development of hypertension [ 130 ]. 
A recent meta-analysis of randomized controlled 
trials by Grossman et al. [ 117 ] indicated that mela-
tonin administration (at 2–3 mg, controlled- release 
preparation, but not 5 mg, fast release) was effec-
tive to reduce nocturnal systolic and diastolic BP 
in patients with nocturnal hypertension. However, 
in patients with coronary artery disease, caution 
must be taken to monitor the circadian BP profi le, 
before and during melatonin treatment, because of 
the danger of induction of arterial hypertension 
during daytime, hereby indicating a contraindica-
tion for melatonin in patients with “high normal” 
BP values [ 118 ]. The role of melatonin in the 
pathogenesis of hypertension has recently been 
demonstrated in MetS subjects [ 48 ,  131 – 133 ]. 
This is described in the section of obesity.  

    Mechanisms of BP Regulation 
by Melatonin 

 Unfortunately, early studies aimed at determining 
the effects of melatonin on vascular reactivity 
yielded controversial results [ 119 ]. In addition, 
involvement of intracellular signaling pathways 
further complicated matters. Melatonin causes a 
receptor-mediated reduction in cAMP and 
phosphatidylinositol- 4,5-biphosphate (PIP2) 
hydrolysis, leading to vasoconstriction [ 134 ,  135 ]. 
However, improved nitric oxide (NO) signaling 
via enhancement of NOS activity and cGMP lev-
els also appears to play an important role in mela-
tonin-induced vasodilation [ 136 ,  137 ]. 

 Other factors independent of NO pathway are 
also involved: for a 6-week treatment, only mela-
tonin (10 mg/kg/day) but not antioxidant 
N-acetylcysteine (1.5 g/kg/day) was able to 
reduce the blood pressure of adult spontaneously 
hypertensive rats [ 138 ]. These results demon-
strated thereby a possible involvement of addi-
tional mechanisms. This was later confi rmed in 
renovascular hypertensive rats where hyperten-
sion caused a signifi cant decrease in tissue anti-
oxidant capacity and Na + , K + -ATPase activities, 
while MDA levels and myeloperoxidase (MPO) 
activity were increased [ 139 ]. In these rats, early 
or late administration of melatonin (10 mg/kg/
day/i.p. for 9 or 6 weeks) not only lowered blood 
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pressure but also improved the left ventricular 
function as well as the hypertensive profi le by 
alleviating oxidative injury and increasing anti-
oxidant capacity [ 139 ]. From these fi ndings, it 
appears that melatonin might exhibit these effects 
presumably via both its direct antioxidant and 
receptor-mediated activities. 

 The overall regulation and modulation of BP is 
a complex mechanism with multifactorial aspects 
involving sympathetic neural mechanisms and 
central and peripheral nonneural factors including 
vasoactive substances and hormones. In this 
regard, while the role of endogenous melatonin on 
the BP is being recognized, the implication of 
neural vasomotor and alteration in renin-angio-
tensin-aldosterone system (RAAS) in the effects 
of melatonin reversing pinealectomy-induced 
hypertension is still hypothetic [ 140 ]. The poten-
tial antagonistic activities of angiotensin and mel-
atonin in cardiovascular and metabolic diseases 
have been recently supported [ 141 ]. 

 Furthermore, exogenous melatonin has been 
shown to differently affect the blood fl ow in 
humans depending on the vascular bed type or 
region [ 116 ]. For example, in healthy men and 
women, melatonin administration (3 mg) caused 
a reduction in renal blood fl ow and an increase in 
forearm blood fl ow with no effect on the cerebral 
blood fl ow [ 116 ,  142 ]. Consistently, this lack of 
effect on hemodynamic parameters (arterial and 
cerebral blood fl ows) was also reported in healthy 
men after acute melatonin premedication 
(0.2 mg/kg), suggesting that melatonin premedi-
cation may be safe under clinical conditions, 
such as postural changes, hemorrhage, and other 
operative stimuli in which arterial pressure 
decreases temporally [ 143 ]. 

 Studies have also shown that these vascular 
effects could also differ depending on the type of 
experimental conditions. For example, in vitro mel-
atonin caused vasoconstriction in porcine isolated 
coronary arteries [ 144 ], while in vivo intracoronary 
infusion of melatonin (70 pg/ml/min of coronary 
blood fl ow) in anesthetized pigs increased coronary 
blood fl ow and cardiac function through the beta-
adrenoreceptors and NO pathways [ 137 ]. Similarly, 
intravenous infusion of melatonin (0.5 μg/kg/min) 
caused vasodilation in the umbilical vascular bed in 
pregnant sheep [ 145 ]. These controversial observa-
tions could be due to differences between the 

expression of MT1 and MT2 receptors in some vas-
cular regions with eventual vasoconstriction for 
MT1 [ 144 ], vasodilation for MT2 [ 137 ], and 
involvement of the autonomic nervous system in in 
vivo experiments [ 137 ]. 

 Although few clinical investigations on small 
number of patients have been done so far [ 123 ] 
and despite the controversies reported in experi-
mental data, melatonin appears to be a suitable 
candidate for effective treatment for CVD and 
hypertension, in particular. It is well known that 
obesity increases the risk for the development of 
cardiovascular disorders [ 114 ]. These have been 
linked to derangement of melatonin’s circadian 
rhythm [ 70 – 75 ,  140 ]. As a consequence, the 
eventual role of melatonin in obesity and other 
cardiovascular risk factors is currently receiving 
much attention.   

    Melatonin and Obesity 

    Obesity, Circadian Rhythm, 
and Melatonin 

 Convincing evidence supports a link between the 
development of obesity (increased body fat accu-
mulation) and a disrupted circadian system [ 15 , 
 16 ,  146 ,  147 ]. Epidemiological and experimental 
studies have shown that the alteration of the cir-
cadian rhythm in obesity as shown by the 
decrease of the amplitude of daily pineal melato-
nin rhythm in shift workers [ 148 ], T2D patients 
[ 149 ], as well as in rats fed with a high-fat diet 
[ 150 ] is accompanied by alterations of other cir-
culating metabolic factors including, among oth-
ers, glucose, insulin, leptin, corticosterone, 
thyroid-stimulating hormone, prolactin, luteiniz-
ing hormone, and testosterone [ 148 ,  150 ]. 
Although the causal relationship between chro-
nodisruption and obesity can be somehow con-
sidered as bidirectional [ 146 ], the supplementation 
of melatonin as well as melatonin agonists has 
been benefi cial in resetting the circadian rhythm 
[ 43 ] and improving the obesity-related abnormal-
ities [ 41 ,  151 – 153 ]. In addition to this, obesity 
was found to be associated with various comor-
bidities including sleep disorders, and melatonin 
or melatonergic drugs have been proved to be 
effective in treating sleep disorders [ 151 ].  
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    Animal Studies 

    Body Weight and Fat Mass Regulation 
 Melatonin may play an important role in body 
weight regulation and energy metabolism. The 
involvement of melatonin in the regulation of 
body fat mass and energy metabolism was fi rst 
observed in seasonal animals [ 154 ] and attributed 
to its role as regulator of seasonal and circadian 
rhythms [ 155 ]. In these seasonal animals, any 
increase in circulating melatonin levels due to 
photoperiodic changes or exogenous melatonin 
administration, depending on the animal species, 
was eventually associated with a reduction or an 
increase in body fat mass [ 154 ,  156 ]. Interestingly, 
nonseasonal animals like the obese Zucker rats 
exposed to long photoperiod conditions (charac-
terized by a low nocturnal melatonin production) 
had an increased body mass gain compared to 
those exposed to short photoperiods [ 157 ]. In line 
with this, surgical removal of the pineal gland 
caused a reduction in circulating melatonin levels 
and an increase in body weight after 3 weeks in 
obese but not in normal rats [ 158 ]. When the 

postoperative period was extended to 2 months, 
the normal rats had also increased their body and 
heart weight [ 159 ]. These pinealectomy-induced 
changes could be prevented by melatonin (30 mg/
kg/day, i.p. at 1 h before lights-out) for 3 weeks 
[ 158 ]. The same workers also showed that mela-
tonin administered in the same manner was able 
to reduce high-fat-diet-induced body weight gain 
without affecting the total food intake [ 158 ]. In 
young normal rats a decrease in body weight and 
visceral fat mass was also noticed following 3 or 
6 months of prolonged melatonin consumption in 
drinking water (4 μg/ml) [ 84 ,  160 ]. Similar 
effects have also been reported in normal middle- 
aged rats [ 161 ,  162 ] without altering food con-
sumption [ 163 ]. These metabolic effects were 
independent of gonadal function [ 164 ]. 

 Several animal investigations have consis-
tently demonstrated the effi cacy for melatonin to 
prevent the development of obesity or reduce 
obesity-related metabolic features [ 46 ,  82 ,  152 , 
 158 ,  165 – 168 ] (see Fig.  6.1a ), and the potential 
therapeutic value of melatonin treatment in obe-
sity and MetS has recently been summarized 

  Fig. 6.1    ( a ) Obesity   -induced metabolic abnormalities 
without melatonin treatment and ( b ) potential metabolic 
effects of melatonin in obesity and insulin resistance. 
Obesity induces systemic metabolic abnormalities associ-
ated with adipose tissue dysfunction and insulin resis-
tance. Melatonin treatment reduces body weight and 
visceral fat gain of obese subjects. The overall melato-
nin’s effect in obesity is a combination of direct effects in 
peripheral organs involved in metabolism and indirect 
effects via systemic regulation. Melatonin reduces dyslip-
idemia, hyperglycemia, hyperinsulinemia, hyperlepti-
nemia, oxidative stress, and infl ammatory markers and 
increases adiponectinemia and antioxidants status. It 
increases insulin sensitivity in peripheral organs including 
liver, skeletal muscle, heart, vessels, and adipose tissue. 
Melatonin may affect indirectly the cardiovascular func-
tion (heart and vessels) via its effects on central nervous 
system reducing sympathetic activities. Melatonin may 
also affect indirectly the adipose tissue function and plas-
ticity via sympathetic effects. The adipose tissue in turn 

may infl uence other peripheral organs via its secreted hor-
mones (adipokines) such as adiponectin which has cardio-
vascular protective activities behind its insulin sensitizing 
properties. The overall effects will lead to body weight 
reduction and insulin sensitivity in peripheral organs and 
the improvement of cardiovascular functions. ?, no avail-
able data in obesity/MetS; ↓ or ↑, decrease or increase; 
solid lines ( arrow ), indirect systemic effects (from adi-
pose tissue and other secretory organs, e.g., liver, pan-
creas); square dots ( arrow) , indirect sympathetic effects; 
 BW  body weight,  MEL  melatonin,  IR  insulin resistance, 
 FFA  free fatty acids,  FA  fatty acids,  TG  triglycerides, 
 LDL-c  low-density lipoprotein cholesterol,  HDL-c  high-
density lipoprotein cholesterol,  VLDL  very low- density 
lipoprotein,  TNF-α  tumor necrosis factor alpha,  IL-6  
interleukin-6,  NO  nitric oxide,  MI  myocardial infarction, 
 CHD  coronary heart disease,  ApoA-I,A-II  apolipoprotein 
A-I and A-II,  CRP  C-reactive protein,  HbA1c  hemoglobin 
A1c,  LPO  lipid peroxidation,  TBARS  thiobarbituric acid 
reactive substances       
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[ 169 ]. It was shown that long-term melatonin 
administration signifi cantly reduced body weight 
and visceral fat mass as well as circulating glu-
cose, insulin, leptin, TG, free fatty acid (FFA), 
and total cholesterol levels in young Zucker dia-
betic fatty (ZDF) rats [ 165 ,  170 ], in middle-aged 
rats fed with a high-fat diet [ 166 ,  171 ], in young 
rats with high-fat/high-sucrose diet [ 152 ], as well 
as rats drinking 10 % fructose solution [ 48 ]. In 
these studies, daily melatonin was administered 
in drinking water at 0.2–4 μg/ml [ 172 ] and 25 μg/
ml [ 48 ,  166 ] or via intraperitoneal injection at 
4 mg/kg [ 152 ] for a period of 8–12 weeks and did 
not affect the total food intake. A study in rabbits 
fed with a high-fat diet has however reported a 
reduction in food intake after 4 weeks of melato-
nin treatment (1 mg/kg/day subcutaneously at 
2–3 h before lights-off) [ 167 ]. This weight-loss-
inducing effect of melatonin was also confi rmed 
in other animal models of obesity, for example, a 
rat model of ovariectomized- induced obesity 
[ 172 ,  173 ] and female rats treated with olanzap-
ine [ 174 ].

       Obesity-Induced Dyslipidemia 
 Melatonin has been shown to improve obesity- 
induced dyslipidemia. This was fi rst documented 
in nonobese hypercholesterolemic rats [ 175 ,  176 ] 
and thereafter confi rmed in various rat models of 
obesity [ 82 ,  158 ,  165 ,  169 ,  177 ]. For example, 
oral melatonin (4–10 mg/kg/day for 6–12 weeks) 
raised the HDL-c in both obese and lean Zucker 
rats [ 165 ] or in high-fat-/high-sucrose-diet- 
induced obese rats [ 152 ]. This has also been con-
fi rmed in obese rabbits [ 167 ], associated with a 
concomitant reduction in circulating TGs, FFA, 
and low-density lipoprotein cholesterol (LDL-
c) with [ 152 ,  167 ] or without [ 165 ,  166 ] effect 
on total cholesterol levels. Similar results were 
recently confi rmed in ApoE knockout C57BL/6 J 
male mice fed with a high-fat diet [ 177 ] and in rats 
fed with a high-fructose diet for 4 weeks [ 178 ]. 
Although the latter model did not gain weight, 
2 weeks of coadministration of oral melatonin 
(10 mg/kg/day) reduced the intra- abdominal fat 
mass and circulating FFA levels as well as hepatic 
TG and cholesterol contents [ 178 ]. These studies 
strongly support the  suggestion that  melatonin 

supplement may ameliorate overweight and lipid 
metabolism in humans.  

    Obesity-Induced Low 
Antioxidant Status 
 Obesity is associated with elevated oxidative stress 
and low antioxidant status [ 179 ,  180 ]. The antioxi-
dant as well as anti-infl ammatory activities of 
melatonin have been well established [ 33 ,  60 ]. 
Daily melatonin administration to obese rabbits 
(1 mg/kg subcutaneously for 4 weeks) [ 167 ] or 
rats (4 mg/kg i.p. for 8 weeks) [ 152 ] increased the 
HDL-c levels, glutathione peroxidase (GSH-Px), 
and superoxide dismutase (SOD) activities and 
reduced oxidative stress as indicated by low 
plasma MDA levels. Furthermore, in young obese 
ZDF rats, chronic oral melatonin administration 
(10 mg/kg/day) for 6 weeks attenuated circulating 
biomarkers of systemic oxidative stress (basal 
plasma lipid peroxidation and Fe2+/H 2 O 2 -induced 
lipid oxidation) and low- grade infl ammation 
[plasma interleukin 6 (IL-6), tumor necrosis 
factor-α (TNF-α), and C-reactive protein (CRP) 
values] without affecting their profi le in non-obese 
animals [ 181 ]. It is well established that low-grade 
chronic infl ammation contributes to the pathogen-
esis of insulin resistance and diabetes as well as 
cardiovascular complications [ 182 ]. The antioxi-
dant properties of melatonin have been reported 
along with the improvement of metabolic profi le 
in diabetes [ 165 ,  181 ,  183 ] and diet-induced obe-
sity [ 152 ,  167 ]. However, whether the improve-
ment of insulin resistance by melatonin precedes 
or follows its suppressive effects on oxidative 
stress and infl ammation is still not yet known.  

    Cardiovascular Effects 
of Melatonin in Obesity 
 Melatonin supplementation was able to improve 
cardiovascular function in obesity. A decrease in 
melatonin secretion was associated with hyper-
tension in fructose-fed rats [ 131 ]. Administration 
of melatonin to these fructose-induced MetS rats 
reduced the BP rise and other metabolic abnor-
malities [ 48 ,  131 ]. Similarly, in animals receiving 
a high-fat diet, intake of melatonin was associ-
ated with a lowering of BP, heart rate, and sciatic 
nerve activity [ 167 ]. Melatonin prevented the 
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appearance of fatty streaks produced by a mass of 
foam cells covered by the endothelium and a thin 
layer of mononucleated cells in the carotid artery 
intima of hypercholesterolemic rats [ 184 ]. It was 
also able to prevent deposition of fat in the liver 
and subintimal lipid in the blood vessels, kidney, 
and heart [ 167 ], indicating melatonin’s potential 
anti-atherosclerotic activities. In spontaneously 
hypertensive Wistar-Kyoto male rats, chronic 
(but not acute) administration of the selective 
melatonin receptor agonist, ramelteon, in drink-
ing water (8 mg/kg/day, from 4 to 12 weeks of 
age) attenuated the age-associated increase of 
systolic BP by 45 % [ 153 ]. 

 We recently showed that long-term oral mela-
tonin consumption (4 mg/kg/day for 16 weeks) 
starting before the establishment of obesity pre-
vented the increase in the heart weight and pro-
tected the hearts against obesity-induced 
increased susceptibility to myocardial ischemia/
reperfusion damage [ 82 ]. We also found that mel-
atonin treatment prevented the development of 
obesity-induced metabolic alterations (elevated 
visceral fat, serum insulin, leptin, and TG and 
reduced HDL-c) [ 82 ]. This fi nding was of par-
ticular signifi cance since to date there is no effec-
tive cardioprotective strategy available in obesity, 
diabetes, as well as aging conditions [ 185 – 187 ]. 
However, how melatonin protected the heart in 
obesity remains unknown. We hypothesized that 
the direct effects of melatonin to the heart via its 
receptor-mediated effects may be involved, but 
this requires further investigation. 

 The melatonin-induced improvement of the 
cardiovascular function in MetS could also be 
linked to the body weight loss and improvement 
of dyslipidemia with eventual reduction of oxida-
tive stress, infl ammation, insulin resistance, and 
hyperglycemia [ 48 ,  82 ,  153 ,  167 ]. These two lat-
ter states are reviewed in the section of insulin 
resistance.   

    Human Studies 

 The overall circulating melatonin levels in obese 
humans are not consistent. For example, the 
mean nocturnal serum melatonin levels were 

reported to be reduced in patients with severe 
obesity [ 188 ] as well as with T2D [ 149 ], auto-
nomic neuropathy [ 189 ], retinopathy [ 190 ], and 
coronary heart disease [ 191 ] as well as obese cra-
niopharyngioma [ 192 ]. Surprisingly, despite a 
lack of difference in BMI or waist circumference 
between the obese nondiabetic and T2D subjects, 
nocturnal plasma melatonin levels were signifi -
cantly higher in obese nondiabetic subjects com-
pared to weight-matched T2D subjects [ 193 ] 
who failed to produce any detectable melatonin 
[ 193 ]. However, in young male and female obese 
MetS patients [ 194 ,  195 ] and in obese girls [ 196 ], 
circulating melatonin or urinary 
6- sulfatoxymelatonin levels were not different 
from controls subjects, confi rming the early 
observation that obesity had no effect on melato-
nin secretion and excretion [ 197 ]. Furthermore, it 
has been noticed that in MetS patients, the levels 
of melatonin per se are not as important as the 
melatonin/insulin ratio which correlates nega-
tively with the lipid profi le [ 194 ]. 

 The reasons for these inconsistencies in 
 melatonin secretion in obese subjects remain 
complex and not well understood. It is possible 
that the increased sympathetic tone in obesity 
and a consecutive alteration in sympathetic inner-
vation of the pineal gland increased melatonin 
concentration in obese nondiabetic subjects 
[ 193 ]. Furthermore, low circulating melatonin 
levels have been linked to many factors including 
elevated oxidative stress and infl ammation [ 198 ], 
but not by low testosterone levels in young men 
with MetS [ 195 ]. It appears therefore that mela-
tonin circulating levels could vary depending on 
age of patients and severity of obesity [ 188 ]. 

 Few clinical investigations on melatonin or 
melatonergic drugs have considered body weight 
change and adiposity mass in their aims. 
However, as discussed above, these parameters 
are affected by the long-term melatonin treat-
ment [ 82 ]. A pilot study investigating the role of 
melatonin in obese craniopharyngioma survivors 
reported that low nocturnal and early morning 
melatonin levels were associated with increased 
daytime sleepiness and BMI, suggesting poten-
tial involvement of hypothalamic lesions [ 199 ]. 
Melatonin substitution (6 mg/day) in these 
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 subjects increased circulating melatonin and 
improved the sleep rhythms with no clear effect 
on BMI due probably to small sample size [ 199 ]. 
Interestingly, melatonin treatment (5 mg/day, 2 h 
before bedtime) in MetS patients signifi cantly 
reduced their BMI, systolic BP, and plasma 
fi brinogen as well as lipid peroxidation levels 
after 1 month [ 132 ]. After 2 months, these 
patients had a further amelioration of BP and 
improved antioxidative capacity (e.g., catalase 
activity) and lipid profi le (reduced LDL-c) [ 132 ].   

    Mechanism of Actions 
of Melatonin in Obesity 

 The mechanism of action of melatonin in obesity 
is complex and not well understood. As men-
tioned above, melatonin is a small pleiotropic 
molecule able to cross each membrane layer and 
enter each cellular compartment to exert its vari-
ous activities with and/or without receptor- 
mediated pathways [ 47 ,  49 ]. Melatonin receptors 
as well as adipose tissue function and plasticity 
may be involved. 

    Melatonin Receptors 

 Involvement of the melatonin receptors in body 
fat mass regulation has been known for many 
years [ 200 ]. Administration of a melatonin recep-
tor agonist or antagonist to seasonal animals 
(before night) affected the body weight and adi-
posity mass regulation as well as the onset of sea-
sonal obesity: a melatonin agonist and the short 
day (6 h light/18 h dark) had a same effect, 
whereas an antagonist and the long day (18 h 
light/6 h dark) had also similar effects [ 200 ]. This 
involvement of MT receptors in the body weight 
and fat mass regulation was recently demon-
strated in spontaneously hypertensive rats, using 
ramelteon, a potent selective MT1/MT2 recep-
tors agonist [ 153 ], and in obese rats, using the 
melatonin agonist NEU-P11 [ 152 ]. 

 MT receptors have been identifi ed in the major 
organs involved in metabolism regulation: liver, 
pancreas, and skeletal muscle [ 201 ] as well as 

adipose tissue [ 202 ]. They have been involved in 
the regulation of insulin secretion and may play 
an active role in the glucose regulation [ 201 ]. 
Recently, it was reported that variation in 
MTNR1B, the gene encoding for MT2, was asso-
ciated with increased risk of T2D, increased fast-
ing plasma glucose, and impaired insulin 
secretion in populations of European ancestry 
[ 203 ,  204 ]. Similar observations were also made 
in Chinese [ 205 ] as well as in Japanese [ 206 ] 
populations. Thus, the overall effects of melato-
nin in obesity appear to be partly mediated 
through these receptors in addition to activation 
of the sympathetic nervous system via hypotha-
lamic receptors and subsequent effects on lipoly-
sis and adipose tissue plasticity [ 156 ,  207 ].  

    Adipose Tissue 

 The exact mechanisms whereby melatonin 
reduces body fat mass and the role of adipose tis-
sue are complex and not clear. In vivo melatonin 
treatment prevents the increase in circulating TG 
and eventually body fat accumulation and weight 
gain in overweight and obese subjects [ 82 ,  170 ]. 
In vitro melatonin treatment of adipocytes inhib-
its differentiation and limits adipose tissue hyper-
trophy [ 208 ] by inhibiting fatty acid-induced TG 
accumulation in cells exposed to physiological 
levels of oleic acid [ 209 ]. The reduction in body 
weight gain might be due to a signifi cant decrease 
in fat content as opposed to lean body mass [ 163 ] 
and could be related to melatonin-induced 
improvements in the compromised insulin and 
leptin signaling associated with obesity [ 210 ] 
accompanied by modulation of plasma levels of 
insulin, glucose, TG, cholesterol, and leptin [ 166 ] 
(see following section on “ Leptin Resistance ”). 

 The involvement of brown adipose tissue has 
also been suggested [ 35 ]. While white adipose 
tissue is specialized for energy storage, brown 
adipose tissue has a high concentration of mito-
chondria and uniquely expresses uncoupling pro-
tein 1(UCP-1), enabling it to be specialized for 
energy expenditure and thermogenesis [ 211 ]. 
Brown adipose tissue has been suggested to be 
the factor whereby animals lose weight in 
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response to melatonin administration (and gain 
weight when there is a defi ciency of melatonin) 
independently of food intake [ 35 ]. The exploita-
tion of the functional role of brown adipose tissue 
could be of great interest in obesity management. 
Clearly, more research is required to elucidate the 
role of melatonin in weight loss.  

     Leptin Resistance 

 Leptin is one of adipose tissue-secreted hor-
mones that plays a central role in modulation of 
food intake, body weight, and energy expenditure 
[ 212 ]. Leptin resistance is an essential feature of 
human obesity and refers to the inability of ele-
vated circulating leptin levels to reduce common 
obesity [ 213 ]. It is associated with insulin resis-
tance and an increased proinfl ammatory state 
[ 214 ]. Pinealectomy increases circulating leptin 
[ 215 ], while exogenous melatonin decreases 
serum leptin levels in both pinealectomized [ 216 ] 
and intact rat models of diet-induced obesity [ 163 ] 
before decreasing plasma insulin levels [ 171 ]. 
These observations suggest a secondary modu-
latory effect of leptin on insulin in body weight 
reduction [ 217 ]. However, increased leptin lev-
els have also been observed following melatonin 
administration to normal and pinealectomized rats 
(3 mg/kg/day i.p. for 6 months) [ 218 ] and male 
C57BL/6 adult mice (10 μg/ml in drinking water 
for 1 month) [ 219 ]. In this regard, surprisingly, 
Baltaci and Mogulkoc [ 218 ] reported that pinealec-
tomy decreased body weight gain and leptin lev-
els. To further complicate matters, it has also been 
observed that melatonin had no effect on leptin 
levels in ovariectomized rats [ 172 ], obese horse 
[ 220 ], and menopausal women [ 221 ]. However, 
as expected, in a rat model of high-fructose-diet-
induced MetS [ 178 ] and in young ZDF rats [ 165 ], 
melatonin administration reduced serum leptin 
levels. Apart from differences in experimental 
protocols and animal models, the causes of these 
controversial results remain unclear. 

 At a molecular level, the mechanism of leptin 
resistance and impaired leptin signaling has been 
associated with increased activity of suppressor 
of cytokine signaling 3 (SOCS3) [ 222 ,  223 ], 

which is a member of a family of proteins which 
inhibits the JAK/STAT signaling cascade [ 224 ]. 
It has been found that melatonin, leptin, and insu-
lin activated the same intracellular signaling 
pathways, namely, PI-3K and STAT-3 [ 225 – 227 ]. 
Therefore, melatonin may attenuate or reverse 
the insulin resistance in obesity by mimicking the 
actions of insulin and leptin signaling via cross 
talk between these pathways. In this regard, insu-
lin has been shown to modulate leptin-induced 
STAT3 activation in rat hypothalamus [ 225 ]. 
Thus, melatonin may act initially on hypotha-
lamic insulin and leptin receptor sensitivity (as 
these hormones do under normal conditions) and 
eventually relay information about peripheral fat 
stores to central effectors in the hypothalamus to 
modify food intake and energy expenditure [ 207 , 
 212 ]. It appears that an intricate relationship 
exists between leptin, melatonin, and insulin, 
synchronized in circadian fashion with profound 
effects on metabolism. However, this has not yet 
been studied in diet-induced obesity setting.   

    Melatonin and Insulin Resistance 

 Insulin resistance is the most important patho-
physiological feature in the development of the 
MetS as well as T2D [ 228 ] and is referred to as a 
decrease or inhibition of cellular sensitivity to 
the effect of normal circulating insulin on glu-
cose uptake, metabolism, and storage in periph-
eral tissues [ 21 ,  228 ]. Insulin resistance results 
in increased postprandial and fasting circulating 
insulin levels in order to normalize glycemia in 
prediabetic subjects and is closely associated 
with dyslipidemia and other metabolic abnor-
malities [ 228 ,  229 ]. It has recently been shown 
to be the best predictor of the metabolic syn-
drome in subjects with a fi rst-degree relative 
with T2D [ 230 ]. Although not all forms of obe-
sity result in insulin resistance [ 231 ], obesity 
(particularly abdominal obesity) is currently 
accepted as the major factor in the incidence and 
etiology of insulin resistance [ 21 ,  232 ], a condi-
tion which is generally considered as the com-
mon links between obesity and its vascular 
complications [ 229 ]. 
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    Effects of Melatonin on Insulin 
Resistance 

 Melatonin has been shown to play a role in the 
regulation of insulin secretion and glucose/lipid 
metabolism [ 183 ,  233 ,  234 ]. Studies have shown 
that in normal rats, pinealectomy-induced insulin 
resistance and glucose intolerance [ 235 ,  236 ] and 
increased serum cholesterol [ 87 ]. To demonstrate 
the role of endogenous melatonin on insulin 
secretion, the study done by Nishida et al. [ 237 ] 
using T2D rats found that after 21 weeks of pine-
alectomy, there was a signifi cant increase in 
plasma insulin and accumulation of TG. The 
same study found also that when the post- 
pinealectomy period was extended to 35 weeks, 
circulating insulin levels were signifi cantly 
decreased. This decrease is a clear indicator of 
impairment of insulin release from pancreatic 
β-cells as seen in patients at an advanced stage of 
T2D [ 238 ]. Additionally, it was found that pineal 
gland melatonin synthesis is decreased in T2D 
Goto-Kakizaki (GK) rats [ 239 ]. 

 Since insulin resistance precedes the estab-
lishment of T2D, the possibility that melatonin 
replacement could reverse insulin resistance has 
been a subject of numerous investigators in the 
fi eld of obesity and diabetes as well as MetS. In 
this regard, it was found that long-term melatonin 
consumption (2.5 mg/kg/day for 9 weeks) 
increased plasma melatonin levels with a con-
comitant reduction in insulin levels in T2D GK 
rats [ 240 ].    In mice fed with a high-fat diet, 
8-week oral melatonin (100 mg/kg/day) mark-
edly improved insulin sensitivity and glucose tol-
erance [ 210 ]. Using the same model, 2 weeks of 
melatonin administration (10 mg/kg/day i.p), 
attenuated insulin resistance, and glucose intoler-
ance associated with an increase in hepatic gly-
cogen and improvement in liver steatosis [ 168 ]. 
Furthermore, in high-fat-/high-sucrose-fed rats, 
8-week treatment with melatonin or its agonist 
NEU-P11 increased insulin sensitivity [ 152 ]. In 
rats with T2D, 30 weeks of melatonin treatment 
(1.1 mg/kg/day, subcutaneously via implanted 
melatonin-releasing pellets) reduced circulating 
insulin, leptin, and TG levels [ 241 ]. These fi nd-
ings were also confi rmed by additional studies in 

young ZDF rats [ 165 ,  170 ] and fructose-fed rats 
[ 48 ,  178 ]. In the latter model, administration of 
melatonin (1 or 10 mg/kg/day for 2 weeks) 
improved the abnormal serum insulin response 
curve in oral glucose tolerance test [ 178 ], indicat-
ing potential insulin sensitizing effects of 
melatonin.  

    Mechanism of Actions of Melatonin 
in Insulin Resistance 

 The mechanism of actions of melatonin on 
obesity- induced insulin-resistant state is complex 
and not fully explored. The reduction of circulat-
ing insulin levels in these obese animals may be 
linked to a reduced body weight and improved 
lipid metabolism as it was recently demonstrated 
in young ZDF rats [ 165 ] or rats drinking 10 % 
fructose solution [ 48 ]. In these rat models, the 
amelioration of insulin resistance was also char-
acterized by improvement in glucose tolerance 
[ 48 ,  170 ]. In addition, in young ZDF rats melato-
nin treatment reduced fasting blood glucose, 
plasma insulin, hemoglobin A1c (HbA1c), 
HOMA-IR, and FFA levels and increased index 
of beta-cell function [ 170 ]. 

 The improvement in lipid and glucose regula-
tion could be also linked to amelioration of the 
proinfl ammatory state and oxidative stress [ 181 ]. 
It is well established that oxidative stress and 
proinfl ammatory states are important pathologi-
cal features that underlie the development of 
insulin resistance, MetS, diabetes, and CVD. 
Therefore, in insulin-resistant condition, the 
reduction of oxidative stress and proinfl amma-
tory state may lead to the avoidance of lipid per-
oxidation resulting from free radical generation 
due to the continuous hyperglycemia and hyper-
lipidemia. As expected, melatonin administration 
for 2 or 6 weeks (1 or 10 mg/kg/day) attenuated 
the levels of circulating IL-6 and TNF-α [ 178 , 
 181 ] accompanied by a reduction in serum and 
hepatic lipid peroxidation concentrations and 
increase in hepatic GSH concentration [ 178 ]. 
Interestingly, melatonin treatment was associated 
with increase in serum adiponectin levels and 
reduction in leptin levels with [ 170 ] or without 
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[ 178 ] effects on body weight. Adiponectin (which 
is reduced in MetS subjects) has been shown to 
have insulin sensitizing actions in the liver and 
peripheral tissues and other benefi cial properties 
associated with cardiovascular protection (anti-
apoptotic, anti-infl ammatory, and antiatherogenic 
properties) [ 242 ]. Therefore, increased circulat-
ing adiponectin levels may play important role in 
melatonin’s effects. 

 On a molecular level, insulin resistance is 
associated with abnormal or compromised intra-
cellular insulin signaling cascade in peripheral 
tissues/organs that are more involved in the glu-
cose metabolism regulation (skeletal muscle, 
liver, and adipose tissue). This cascade princi-
pally includes binding of insulin to insulin recep-
tor (IR), tyrosine phosphorylation of insulin 
receptor substrate (IRS) proteins, and activation 
of phosphotidylinositol-3-kinase (PI-3K), pro-
tein kinase B (PKB/Akt), and protein kinase C 
(PKC) isoforms (for details see [ 228 ]). Melatonin 
(1nM) treatment has been shown to stimulate 
glucose transport in skeletal muscle via the phos-
phorylation and activation of IRS-1 and PI-3K, 
respectively [ 243 ]. It was further demonstrated 
that melatonin improves glucose homeostasis by 
restoring the vascular actions of insulin which 
were characterized by increased phosphorylation 
of Akt and endothelial nitric oxide synthase 
(eNOS) in aortic tissue [ 210 ]. In addition to the 
phosphorylation of Akt and PKC-ζ, melatonin 
(1 nM) stimulated glycogen synthesis and 
increased the phosphorylation of glycogen syn-
thase kinase 3 β (GSK3-β) in hepatic cells [ 168 ]. 
More interestingly, these effects of melatonin 
could be blocked by using the nonselective MT1/
MT2 antagonist, luzindole, or the MT2 selective 
antagonist, 4-phenyl-2-propionamidotetralin 
(4P-PDOT) [ 168 ,  243 ], suggesting possible MT 
receptor involvement. However, it is not clear 
how activation of the high affi nity MT receptors 
which are G-protein linked leads to stimulation 
of the IRS-1/PI-3K pathway and the role of 
PKC-ζ in this regard. In addition, the role of 
PKB/Akt is not clear in view of the different 
results that have been reported showing its acti-
vation in skeletal muscle cells [ 243 ] as opposed 
to its inactivation in hepatic cells [ 168 ]. 

 Melatonin treatment (100 ng/ml and 500 pg/
ml) enhanced the insulin-stimulated glucose 
uptake of adipocytes obtained from female fruit 
bat ( Cynopterus sphinx ) [ 244 ]. There was how-
ever no correlation between glucose uptake and 
the protein expression of glucose transporter 4 
(GLUT-4) in these cells [ 244 ]. In this regard, 
investigation of GLUT4-translocation could give 
more insight in the results obtained. Pinealectomy 
was shown to reduce the expression of GLUT-4 
protein translocation in adipose tissue [ 235 ,  236 ]. 
Although a decrease in GLUT-4 gene expression 
was reported following melatonin treatment 
(1 μM for 14 days) in human brown adipocyte 
cell lines (PAZ6) [ 202 ], Zanquetta et al. [ 235 ] 
found that 30 days of calorie restriction or mela-
tonin replacement (50 μg/100 g/day i.p.) to pine-
alectomized rats was accompanied by 
improvement of insulin resistance and increased 
plasma membrane GLUT-4 protein content in 
white adipose tissue. Importantly, in the hyper-
thyroid rat heart, melatonin administration was 
able to protect the heart against oxidative damage 
and restored expression of GLUT-4 gene, estab-
lishing the ability of antioxidants to reverse oxi-
dative stress-mediated metabolic alterations 
[ 110 ]. However, whether melatonin affects glu-
cose regulation in the normal or obese heart is 
still not yet explored. 

 Melatonin receptors may play an important 
role in regulation of glucose metabolism. An 
important support for the role of melatonin in the 
regulation of energy metabolism came from the 
fi nding that removal of the MT1 receptor signifi -
cantly impairs the ability of mice to metabolize 
glucose and probably induces insulin resistance in 
these animals [ 245 ]. Epidemiological studies 
have also revealed that variants near/in the 
MTNR1B (or MT2) receptor are associated with 
impaired pancreatic beta-cell function as shown 
by impaired early insulin secretion and concomi-
tant elevated plasma fasting glucose levels [ 246 , 
 247 ]. Indeed, MT1/MT2 receptors are expressed 
in pancreatic islets [ 248 ] and as insulin levels 
exhibit a nocturnal drop, its production has been 
suggested to be controlled, at least in part, by mel-
atonin [ 249 ]. Melatonin reduced the fasting insu-
lin levels [ 152 ,  171 ] probably via its inhibitory 

6 Melatonin and the Metabolic Syndrome



86

effects on insulin secretion in rat pancreatic islets 
[ 233 ,  250 ]. Catecholamines have been indicated 
as a key feature to understand the biological rele-
vance of insulin-melatonin antagonisms in type 1 
and T2D [ 251 ]. It was found that catecholamines 
(noradrenaline and adrenaline) and melatonin lev-
els were reduced in T2D GK rats (characterized 
by high insulin levels) and elevated in T1D rats 
(associated with reduced insulin levels) [ 251 ], 
assuming that elevated catecholamines decrease 
insulin secretion via stimulation of melatonin 
synthesis [ 251 ].  

    Clinical Implications 

 The exploitation of melatonin’s inhibitory effect 
on insulin secretion by phototherapy as a poten-
tial therapy to increase insulin secretion has been 
effective in treating an insulin-dependent diabe-
tes mellitus (IDDM) patient [ 252 ]. However, in 
the case of T2D, the exploitation of melatonin- 
insulin interaction as a potential therapy to reduce 
hyperinsulinemia is not currently suggested [ 234 ] 
before further large clinical studies.   

    Conclusions 

 The effects of melatonin in obesity and the 
MetS have been largely studied in experimen-
tal animals, particularly in rodents. Few clinical 
studies have considered the role of melatonin 
in obesity and MetS. However, available data 
show that melatonin treatment may infl uence 
and improve all metabolic abnormalities found 
in MetS patients (Fig.  6.1b ). Similar effects 
have also been found following administration 
of melatonin agonists (ramelteon, NEU-P1). 
Behind its antioxidant properties, the overall 
metabolic action of melatonin is a combined 
result from its various pleiotropic activities 
associated with multiple signaling in areas of 
the central nervous system and in peripheral 
organs [ 49 ]. The current fi ndings suggested 
melatonin treatment as a suitable candidate for 
effective therapy of CVD at both preventive 
and curative levels especially when circulating 
melatonin levels are decreased. In this regard, 
a randomized controlled trial of melatonin 

supplementation in men and women with the 
MetS has been recently designed to determine 
the feasibility, effi cacy, and safety of melatonin 
supplementation in humans [ 253 ]. The use of 
high doses of melatonin compared to the phys-
iological concentration has been explained as 
a requirement to obtain therapeutic effects in 
some conditions [ 45 ,  47 ,  48 ]. Melatonin is an 
affordable molecule having exceptional ben-
efi cial effects without toxicity [ 45 ].     
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        Introduction 

 Many physiological effects of melatonin are 
mediated through activation of the high-affi nity 
G-protein-coupled receptors named MT 1  and 
MT 2 . Both receptor subtypes have been found 
in mammals, including humans, and were 
cloned in the mid-1990s [ 1 ]. Melatonin dis-
plays high affi nity toward both MT 1  and MT 2  

receptors ( K   i   ~ 0.5 nM) as determined in bind-
ing experiments using the standard radioligand 
2-[ 125 I]-iodomelatonin. Additionally, a low- 
affi nity melatonin binding site  MT   3   has been 
characterized as a melatonin-sensitive form of 
the human enzyme quinone reductase 2 [ 2 ]. MT 1  
and MT 2  receptors are expressed both centrally 
(suprachiasmatic nucleus, cortex,  pars tuberalis , 
etc.) and peripherally (kidney, adipocytes, retina, 
blood vessels, etc.) [ 3 ]. However, their exact 
physiological roles are not well defi ned. While 
MT 1  receptors seem to be involved in the sleep- 
promoting effects of melatonin [ 4 ,  5 ] and in medi-
ating vasoconstriction [ 6 ], MT 2  receptors appear 
to play a major role in the resynchronizing activ-
ity of MLT [ 3 ,  7 ,  8 ] and in mediating vasodilation.  

    Abstract   

 Numerous physiological actions of melatonin are mediated by two 
G-protein- coupled MT 1  and MT 2  receptors. The melatonergic drugs on the 
market, ramelteon and agomelatine, as well as the most advanced melato-
nergic ligands under clinical evaluation, tasimelteon and TIK-301, are 
high- affi nity nonselective MT 1  and MT 2  agonists. However, exploring the 
exact physiological role of the MT 1  and MT 2  melatonin receptors requires 
subtype-selective MT 1  and MT 2  ligands. This chapter summarizes the 
progress in the development of melatonergic agonists and antagonists 
focusing on high-affi nity and subtype-selective agents.  
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    Melatonergic Ligands in Clinical 
and Preclinical Practice 

 Melatonin is classifi ed as a dietary supplement 
in the USA and other countries and is often 
used to alleviate the symptoms of jet lag and as 
a sleep- promoting agent. It shows an unfavor-
able pharmacokinetic profi le, such as high fi rst-
pass metabolism and rapid elimination (half-life 
20–30 min) limiting its effi cacy for many pos-
sible treatment purposes. To overcome this 
obstacle, a prolonged-released formulation of 
melatonin, Circadin® (Neurim), has been devel-
oped and approved in Europe for the treatment 
of insomnia in elderly patients [ 9 ]. An alternative 
approach is the development of metabolically 
stable long-acting melatonergic agonists. The 
fi rst synthetic melatonergic agent on the mar-
ket introduced in the USA in 2005 is ramelteon 
(Rozerem TM , Takeda Pharmaceuticals Inc.) [ 10 , 
 11 ]. Ramelteon is a nonselective high-affi nity 
MT 1 /MT 2  agonist approved for the treatment 
of insomnia. It is characterized by a half-life of 
0.83–1.93 h that is, indeed, longer than that of 
melatonin [ 12 ]. Another nonselective MT 1 /MT 2  
agonist agomelatine (Valdoxan®, Servier) has 
been approved in Europe for the treatment of major 
depression in 2009. The antidepressive effect of 
agomelatine is caused by its antagonist behavior 
at 5-HT 2C  serotonin receptors, a pharmacologi-
cal action which is not attributed to melatonin 
[ 13 ]. Tasimelteon (VEC-162) [ 14 ] and TIK-301 

(PD-6735, LY-156735) [ 15 ], both nonselective 
MT 1 /MT 2  agonists, are the most advanced drug 
candidates undergoing clinical trials for the treat-
ment of sleep disorders. Interestingly, TIK-301 
(β-methyl-6- chloromelatonin) has been recently 
reported to act as an antagonist at the serotonin 
receptor subtypes 5-HT 2C  and 5-HT 2B  opening 
new perspectives for its possible antidepressive 
action [ 16 ] (Fig.  7.1 ).

   Numerous patents claiming the use of melato-
nergic agonists, mostly for the treatment of sleep 
disorders, have been fi led in the last decade. 
Advances in the fi eld have been summarized in 
several recently published review articles [ 17 –
 19 ]. Melatonin receptor antagonists have been 
only evaluated in preclinical studies, for instance, 
luzindole for its antidepressant-like effects [ 20 ], 
S22153 in circadian rhythm entrainment experi-
ments [ 21 ], and ML-23 in the treatment of 
Parkinson’s disease [ 22 ]. Recently, a MT 2 - 
selective partial agonist UCM765 has been 
shown to promote non-rapid eye movement sleep 
in rats and mice [ 23 ] (Fig.  7.2 ).

       Structure-Activity Relationships 
of Melatonin at Native Tissues 
Containing Melatonin Receptors 

 Numerous melatonin receptor ligands belonging 
to different structural classes and their affi nities 
toward melatonin receptors were reported in the 
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1980s and early 1990s. Although different native 
tissue preparations, such as chicken brain and ret-
ina, hamster brain, rabbit retina, ovine pars tube-
ralis, and  Xenopus melanophore , each containing 
not clearly defi ned receptor subtypes, were used 
by different research groups, the SARs for dif-
ferent series of compounds were similar [ 24 ,  25 ]. 
The presence of both the methoxy and the amide 
group in an appropriate spatial arrangement is 
essential for high receptor affi nity and mostly 
intrinsic activity. Removal of the methoxy group 
leading to  N -acetyltryptamine results in over 
a 1,000-fold lower affi nity for the receptors in 
chicken brain ( K   i   = 730 nM) compared to melato-
nin ( K   i   = 0.24 nM). 5-Methoxytryptamine, which 
lacks the  N -acetyl group in the amide side chain 
moiety exhibits no affi nity for melatonin recep-
tors. Relocation of the methoxy group from C5 
to C4, C6, or C7 leads to a dramatic loss of affi n-
ity. Replacement of the 5-methoxy substituent 
by H, OH, halogen, or bulkier alkoxy groups 
reduces receptor binding. Increasing the length 
of the alkyl substituent attached to the amide car-
bonyl group from CH 3  to C 3 H 7  enhances affi nity, 
but any increase in the size larger than C 3 H 7  or 
branching is detrimental for binding. Conversion 
of the ethylamide side chain to an ethyl ester 
reduces binding. Substitutions at the 2-position of 
melatonin with a halogen, a methyl, or a phenyl 
group generate compounds with increased bind-
ing. Substitutions at the 6-position are also well 
tolerated. For instance, 6-chloromelatonin dem-
onstrates comparable affi nity to melatonin for the 
receptor in chicken brain. On the other hand, sub-
stitution at the indole nitrogen or the 7- position 
of melatonin reduces affi nity. The structure of 
the aromatic ring is not crucial for binding to 
melatonin receptors as the exchange of indole 
in melatonin by various aromatic scaffolds, such 

as naphthalene, benzofuran, benzothiophene, 
indane, tetralin, and quinoline, maintains high 
binding. On the contrary, substitution of the mel-
atonin indole scaffold with benzimidazole, i.e., 
the formal replacement of C3 with N, dramati-
cally reduced binding affi nity.  

    Melatonergic Ligands 
Characterized at Human MT 1  
and MT 2  Receptors 

 The determination of the exact physiological func-
tions of the melatonin receptors MT 1  and MT 2  will 
only be possible using subtype- selective ligands 
as pharmacological tools. Cloning of the human 
MT 1  and MT 2  receptors and the development of 
recombinant receptor cellular models expressing 
homogenous populations of a defi ned melatonin 
receptor subtype facilitated the development of 
subtype-selective melatonin receptor ligands in 
the 1990s. Indeed, during the last two decades, 
medicinal chemistry in the fi eld focused on the 
development of subtype-selective agonists and 
antagonists as pharmacological tools and potential 
therapeutic agents [ 24 ,  25 ]. However, while selec-
tivity toward MT 2  can be easily achieved and 
many series of MT 2 -selective agents have been 
reported, most of them acting as competitive 
antagonists or partial agonists, pronounced MT 1  
selectivity is still a challenge with only few exam-
ples of selective ligands reported so far. 

    Nonselective MT 1 /MT 2  Ligands 

 According to the guidelines of the International 
Union of Basic and Clinical Pharmacology, a 
selective ligand should display at least 50–100 
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times higher binding affi nity and/or potency for 
one receptor subtype relative to the other [ 26 ]. 
Applying these criteria, compounds with moder-
ate, approximately 10–50-fold selectivity and 
agents showing just two to tenfold preference for 
one of the melatonin receptor subtypes are con-
sidered to be nonselective (Fig.  7.3 ).

   Most high-affi nity nonselective MT 1 /MT 2  
ligands were designed based on the SARs from 
previous studies carried out on native tissue prepa-
rations summarized previously in this chapter. 
Their structures range from bioisosteric melatonin 
analogs obtained by exchange of the indole 
nucleus with others, mostly heteroaromatic rings, 
to ring-opened derivatives and conformationally 
constrained compounds with the amide side chain 
incorporated into an additional ring. Moreover, 

substitution in a position equivalent to C2 of mela-
tonin with methyl, phenyl, or halogen often 
resulted in an increased MT 1  and MT 2  affi nity. The 
structures of the representative nonselective MT 1 /
MT 2  ligands are compiled in Figs.  7.3  and  7.4 .

   Melatonin, the natural agonist at both MT 1  
and MT 2  receptors, displays equal subnano-
molar affi nity toward both MT 1  and MT 2 . 
The binding constants  K   i   determined in either 
2-[ 125 I]-iodomelatonin or [3H]melatonin dis-
placement assays range between 0.15 and 
1.00 nM depending on the cell lines used for 
receptor expression and on the research labora-
tory. Introduction of iodine into C2 of melatonin 
leads to an increase in affi nity toward both MT 1  
( K   i   = 0.068 nM) and MT 2  ( K   i   = 0.22 nM) receptors 
as determined in receptors expressed in COS-7 
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cells [ 27 ]. A simultaneous substitution with 
chlorine at C6 and with methyl at C2 is well tol-
erated at both subtypes. The resulting 6-chloro- 2-
methylmelatonin displays equal affi nity for MT 1  
( K   i   = 1.34 nM) and MT 2  ( K   i   = 2.2 nM) in recep-
tors expressed in COS-7 cells [ 27 ]. Interestingly, 
6-chloromelatonin is a high-affi nity MT 2  ligand 
(MT 2 :  K   i   = 0.22 nM, COS-7 cells) showing a 
57-fold selectivity for MT 2  (MT 1 :  K   i   = 11.4 nM, 
COS-7 cells) [ 27 ]. Monosubstitution in posi-
tion 7 of melatonin with bromine or methyl is 

also better tolerated at MT 2  than at MT 1  recep-
tors. For example, the 7-bromomelatonin  1a  
(MT 1 :  K   i   = 3.5 nM; MT 2 :  K   i   = 0.68 nM) and the 
corresponding butyramide  1b  (MT 1 :  K   i   = 5.1 nM; 
MT 2 :  K   i   = 0.35 nM) are high-affi nity MT 2  ligands 
showing signifi cantly reduced MT 1  binding at 
receptors expressed in NIH3T3 cells [ 28 ]. Both 
ligands,  1a  and  1b , are 40 times less potent 
 agonists than melatonin as determined in the 
pigment aggregation assay using  Xenopus laevis  
melanophore cells. Replacement of the bromine 
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substituent by a methyl group in the butyramide 
ligand  1b  to give ligand  1c  has just a marginal 
effect on receptor binding reducing four times 
intrinsic activity. On the contrary, the 7-phenyl 
substituted analog  1d  displays strongly reduced 
binding at both MT 1  and MT 2  receptors (MT 1 : 
 K   i   = 0.95 μM; MT 2 :  K   i   = 0.87 μM) and agonist 
potency. The 7-nitromelatonin ligand,  1e , dis-
plays also only moderate affi nities for both 
receptors expressed in HEK 293 cells (MT 1 : 
 K   i   = 49 nM; MT 2 :  K   i   = 29 nM) [ 29 ]. 

 5-Hydroxyethoxy- N  -acetyl tryptamine 
 2a  (5-HEAT) is a full agonist at MT 1  and an 
antagonist/partial agonist at the MT 2  receptors 
binding with relatively low affi nities to MT 1  
( K   i   = 17 nM) and MT 2  ( K   i   = 76 nM) receptors 
[ 30 ]. In order to enhance binding, substituents, 
such as C2-phenyl and C2-bromine, having an 
affi nity increasing effect on melatonin have been 
introduced to ligand  2a  [ 31 ]. C2-bromination    of 
 2a  to give  2b  generates a substantial increase in 
MT 1  ( K   i   = 1.4 nM) and MT 2  ( K   i   = 20 nM) affi n-
ity at receptors expressed in NIH3T3 cells, while 
the intrinsic activity profi le in the GTPγS assay is 
virtually unchanged. In contrast, the C2-phenyl 
analog  2c  acts as agonist at both MT 1  and MT 2  
exhibiting considerably higher affi nities for MT 1  
( K   i   = 0.3 nM) and MT 2  ( K   i   = 1.1 nM) than analogs 
 2a , b . Replacement of the 2-hydroxyethyl moiety 
of 5-HEAT with a cyanomethyl group to give 
ligand  2d  generates enhanced MT 1  ( K   i   = 3.8 nM) 
and MT 2  ( K   i   = 2.6 nM) binding and switches the 
antagonist behavior at MT 2  receptors to full ago-
nist action. 

 Melatonergic ligands,  3a  [ 32 ] and  4a  [ 33 ], have 
been designed by exchange of one carbon atom at 
different positions of the indole ring in melatonin 
by nitrogen. 7a-Azamelatonin,  3a , displays  K   i   
(MT 1 ) = 12.3 nM and  K   i   (MT 2 ) = 4.0 nM at recep-
tors expressed in NIH3T3 cells behaving as a 
considerably less potent agonist (EC 50  = 10.2 nM) 
than melatonin (EC 50  = 0.02 nM) in  Xenopus lae-
vis  melanophore assay. The corresponding butyr-
amide analog  3b  displays  K   i   (MT 1 ) = 7.61 nM 
and  K   i   (MT 2 ) = 0.52 nM. As expected, 2-phe-
nyl substitution of ligand  3a  to give compound 
 3c  (MT 1 :  K   i   = 0.58 nM; MT 2 :  K   i   = 0.40 nM) 
caused an increase in MT 1  and MT 2  affi nity as 

well as in intrinsic activity (EC 50  = 0.09 nM). 
4-Azamelatonin,  4a , shows identical MT 1  
( K   i   = 0.24 nM) and MT 2  ( K   i   = 0.36 nM) binding 
affi nities as melatonin for receptors expressed in 
HEK-293 cells indicating that 4-azaindole is an 
equipotent bioisostere of indole. Introduction of a 
phenyl substituent in position 2 to give ligand  4b  
(MT 1 :  Ki  = 0.04 nM; MT 2 :  K   i   = 0.20 nM) leads to 
a 6-fold and less pronounced 1.7-fold increase in 
MT 1  and MT 2  binding, respectively. In contrast, 
the 2-phenyl-3 a -azamelatonin analog  5  is char-
acterized by 700-fold and 40-fold reduced affi n-
ity for MT 1  ( K   i   = 28 nM) and MT 2  ( K   i   = 8 nM), 
respectively. 

 The structure of compound  6  is designed from 
that of melatonin by relocation of the methoxy 
group to position 6 and of the amide side chain to 
 N1 . Ligand  6  was reported to display fi vefold 
higher binding affi nity for quail optic tecta mem-
branes than melatonin [ 34 ]. Compound  7 , which 
is the 7-aza analog of  6 , exhibits  K   i   (MT 1 ) = 1.4 nM 
and  K   i   (MT 2 ) = 0.6 nM at receptors expressed in 
HEK-293 cells acting as MT 1  and MT 2  agonist in 
GTPγS test performed on receptors expressed in 
CHO cells [ 35 ]. While C3-substitution of com-
pound  7  with tertiary methylamino groups of dif-
ferent size leads to strongly reduced affi nity at 
both receptors, the C2–C3 cyclohexane annu-
lated tricyclic compound  8  is a high-affi nity MT 2  
ligand ( K   i   = 0.68 nM) exhibiting 13-fold prefer-
ence for MT 2  and agonist activity at both receptor 
subtypes [ 35 ]. 

 Another high-affi nity nonselective melatoner-
gic ligand  9a  was obtained by a bioisosteric 
exchange of the indole ring of melatonin with a 
benzofuran scaffold [ 36 ]. While ligand  9a  dis-
plays almost identical binding constants to those 
of melatonin (MT 1 :  K   i   = 0.15 nM; MT 2 : 
 K   i   = 0.34 nM, HEK cells), the 2-phenyl analog  9b  
shows 15 times higher affi nities at MT 1  (0.01 nM) 
and MT 2  (0.02 nM) acting as MT 1 /MT 2  full ago-
nist in GTPγS assay performed on receptors 
expressed in CHO cells. The fi ndings confi rm the 
presence of an additional lipophilic binding site 
surrounding the C2 position in both MT 1  and 
MT 2  receptor subtypes. Interestingly, introduc-
tion of bulkier substituents, such as benzyl 
groups, in position 2 reduces affi nity toward 
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MT 1 , while MT 2  binding remains high generating 
pronounced MT 2  selectivity. 

 The thiophene analog of melatonin  S22153  
(Fig.  7.2 ) has been reported to display equal 
binding affi nities at MT 1  and MT 2  receptors 
( K   i   = 8 nM, HEK cells) acting as antagonist at 
MT 2  and partial agonist at MT 1  [ 37 ]. Its moderate 
affi nity and antagonistic behavior are caused by 
the absence of the methoxy group which is essen-
tial for both strong binding and agonistic action. 
The bioisosteric exchange of the indole ring in 
melatonin by a naphthalene scaffold to give 
agomelatine also retains high MT 1  and MT 2  bind-
ing ( K   i   = 0.1 nM at both receptor subtypes in 
CHO cells and agonist activity [ 37 ]). 

 Compound  10a  is another bioisostere of mela-
tonin obtained by replacement of the indole 
nucleus with indene scaffold and simultaneous 
incorporation of the ether oxygen into furan ring 
[ 38 ]. The latter structural motif is also present in 
ramelteon (MT 1 :  K   i   = 0.014 nM; MT 2 : 
 K   i   = 0.112 nM, CHO cells) being responsible for 
increased binding. Compound  10a  shows indeed 
fi ve to ten times higher affi nities at both subtypes 
than melatonin in receptors expressed in CHO 
cells. Introduction of a bromine or a phenyl group 
in position 7 of the parent compound  10a  
enhances binding, generating highest-affi nity 
ligands  10b  (MT 1 :  K   i   = 0.0087 nM; MT 2 : 
 K   i   = 0.014 nM) and  10c  (MT 1 :  K   i   = 0.0082 nM; 
MT 2 :  K   i   = 0.0065 nM), respectively. While the 
3-furyl derivative  10d  (MT 1 :  K   i   = 0.0065 nM; 
MT 2 :  K   i   = 0.0096 nM) is an extremely high- 
affi nity ligand equipotent to the phenyl derivative 
 10c , the corresponding 3-pyridyl-substituted ana-
log  10e  exhibits similar MT 1  and MT 2  binding to 
the unsubstituted parent ligand  10a . As frequently 
reported for other series of melatonergic agents, 
introduction of more bulky substituents in posi-
tion 7 of analog  10a , such as benzyl, generates 
pronounced MT 2  selectivity. These ligands are 
discussed in detail in the following section. 

 The further structure modifi cation of the tricy-
clic ligands  10a – 10e  is an example of an ADME- 
guided ligand optimization in the early stage of 
drug development. Three diaza analogs of  10c  
obtained by replacing two carbon atoms at differ-
ent positions of the indene ring with nitrogens 

have been explored [ 39 ]. The resulting ligands 
 11 ,  12 , and  13a  possess lower lipophilicity and, 
consequently, are expected to exhibit a more 
favorable ADME profi le and in vivo activity than 
 10c . The parent compound  10c  and the diaza ana-
logs have been compared in terms of not only 
binding affi nity but also lipophilicity (log D  val-
ues measured at pH 7.4), ligand-lipophilicity effi -
ciency (LLE) (defi ned as p K   i   – log D , LLE is a 
parameter estimating the potential of the binding 
interaction without the contribution of lipophilic-
ity [ 40 ]), and metabolic stability. Compounds  11 , 
 12 , and  13a  show considerably lower lipophilic-
ity (log D  = 1.66, 1.39, and 2.04, respectively) 
than the parent compound  10c  (log D  = 3.49). The 
less lipophilic agents  11  and  12  are more stable 
against oxidative metabolism showing a much 
slower metabolic clearance than compounds  13a  
and  10c  in rat hepatic microsomes. Unfortunately, 
compounds  11  (MT 1 :  K   i   > 100 nM; MT 2 : 
 K   i   = 6.1 nM) and  12  (MT 1 :  K   i   = 20 nM; MT 2 : 
 K   i   = 4.5 nM) display much lower binding affi ni-
ties than compound  13a  (MT 1 :  K   i   = 0.082 nM; 
MT 2 :  K   i   = 0.085 nM). Moreover, the LLE values 
of compounds  11  (MT 1 : LLE < 5.3; MT 2 : LLE = 6) 
and  12  (MT 1 : LLE = 6.3; MT 2 : LLE = 7) are much 
lower than those of compound  10c  (MT 1 : 
LLE = 7.6; MT 2 : LLE = 7.7), suggesting that other 
factors than lipophilicity contribute to their 
reduced binding. On the contrary, compound  13a  
is characterized by LLE = 8.0 at both receptor 
subtypes equally high as LLE for compound  10c  
which makes this compound the best choice for 
the development of less lipophilic melatonergic 
ligands. To improve the metabolic clearance of 
compound  10c , the phenyl group has been 
replaced by less lipophilic substituents, such as 
methyl, ethyl, cyclopropyl, and trifl uoromethyl 
substituents. The binding affi nities of the new 
analogs are in a subnanomolar concentration 
range both for MT 1  and MT 2 . Interestingly, the 
LLE values of these compounds are comparable 
to those of the lead compound  13a , and their p K   i   
values correlate with the log D  values suggesting 
the presence of hydrophobic pockets in the C2 
region of melatonin in the MT 1  and MT 2  recep-
tors. The ethyl derivative  13b  (MT 1 :  K   i   = 0.062 nM; 
MT 2 :  K   i   = 0.420 nM) has been chosen for further 
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evaluation because of its highest metabolic stabil-
ity. It is a full agonist in the cAMP assay equipo-
tent to melatonin. Compound  13b  signifi cantly 
decreases the percentage of wakefulness and 
increases the percentage of slow wave sleep in 
freely moving cats, making it a promising candi-
date for further clinical evaluation (Fig.  7.3 ). 

 The phenylalkyl amide derivative, compound 
 14 , is a ring-opened analog of melatonin repre-
senting the minimal structure required for the 
ligand recognition by melatonin receptors [ 41 ]. In 
a series of phenoxyalkyl and phenylthioalkyl 
amides formally obtained from compound  14  by 
an isosteric exchange of the benzylic methylene 
group with oxygen and sulfur and branching the 
side chain by introduction of one or two methyl 
groups, the ( S ) enantiomers    behave as eutomers at 
both receptor subtypes [ 42 ]. The highest stereose-
lectivity was observed for the thio analogs. For 
example, the acetamide, compound  15 , shows a 
 K   i   eutomer (5.75 nM)/ K   i   distomer (2,754 nM) 
 ratio  of 480 for MT 1  receptors. The ( S ) enantio-
mer of the  N -cyclopropyl-substituted phenoxyal-
kyl derivative ( S )- 16  displays the highest affi nity 
of the whole series for melatonin receptors 
expressed in NIH3T3 cells with  K   i   = 0.72 nM for 
MT 2  and  K   i   = 4.4 nM for MT 1  behaving as full 
agonist in [ 35 S]GTPγS binding assay. 

 Melatonin analogs substituted at the β-position 
by one or two methyl groups or by a three-, four-, 
or fi ve-membered ring have also been investigated 
[ 43 ]. Racemic β-methylmelatonin, compound  17  
(MT 1 :  K   i   = 1.67 nM; MT 2 :  K   i   = 2.94 nM) and β,β-
dimethylmelatonin, compound  18  (MT 1 : 
 K   i   = 1.12 nM; MT 2 :  K   i   = 2.75 nM) show decreased 
binding at MT 1  and MT 2  receptors expressed in 
NIH3T3 cells when compared to melatonin (MT 1 : 
 K   i   = 0.39 nM; MT 2 :  K   i   = 0.35 nM). Interestingly, 
both compounds  17  and  18  are more potent ago-
nists than melatonin in the  Xenopus laevis  mela-
nophore assay. An additional methyl group at the 
indole nitrogen of compound  17  to give racemic 
compound  19  led to a drop in MT 1  binding affi nity 
( K   i   = 5.48 nM) and increased MT 2  binding 
( K   i   = 0.41 nM). The enantiomers of compound  19  
have been separated revealing compound (−)- 19  
to be responsible for MT 2  preference. Compound 
(−)- 19  displays an excellent affi nity ( K   i   = 0.27 nM) 

and 28-fold selectivity for MT 2  receptors. The 
absolute confi guration of the enantiomers of com-
pound  19  is still to be determined. 

 Among the melatonin analogs with a cyclo-
propane, cyclobutane, or cyclopentane ring 
attached to the β-position of the side chain and 
a methyl group at  N 1, the cyclopropane butyr-
amide, compound  20a , shows 28-fold bind-
ing preference for the MT 2  receptors (MT 1 : 
 K   i   = 212 nM; MT 2 :  K   i   = 7.5 nM). The homologous 
cyclobutane analog  20b  shows increased affi nity 
to both receptor subtypes,  K   i   (MT 1 ) = 10.6 nM 
and  K   i   (MT 2 ) = 0.86 nM, and MT 1 /MT 2  affi n-
ity ratio reduced to 12. A further ring extension 
resulting in the cyclopentane analog  20c  led to 
dramatic reduction of affi nity at both receptors 
(MT 1 :  K   i   = 589 nM; MT 2 :  K   i   = 85.1 nM). In the 
forskolin-stimulated cAMP release assays, ana-
logs  20b  and  20c  behave as antagonists at MT 1  
receptors. Interestingly, at the MT 2  receptors, 
analog  20b  is an agonist equipotent to melatonin, 
whereas analog  20c  showed no action represent-
ing one of the fi rst examples of a functionally 
MT 1 -selective antagonist (Fig.  7.4 ). 

 In order to explore the sterical toler-
ance of melatonin receptors for substituents 
around the positions  N 1 and C2 of melatonin, 
a series of tetrahydropyrazino[1,2]indoles and 
2-[(phenylmethylamino)-methyl]-indoles have 
been prepared [ 44 ]. The tricyclic acetamide, 
compound  21a  (MT 1 :  K   i   = 11.7 nM; MT 2 : 
 K   i   = 7.8 nM) and butyramide, compound  21b  
(MT 1 :  K   i   = 6.6 nM; MT 2 :  K   i   = 6.9 nM) show 
moderate affi nities at both receptor subtypes 
with compound  21b  acting as a partial ago-
nist at MT 1  and antagonist at MT 2 . Expansion 
of the six- membered piperazine ring of com-
pound  21a  to the seven-membered 1,4-diaz-
epane analog  22  produced a dramatical drop in 
binding affi nity at both receptors. In the series 
of 2-[(phenylmethylamino)-methyl]-indole ana-
logs, compound  23a  is characterized by the high-
est MT 2  binding ( K   i   = 2.3 nM) and preference 
for the MT 2  receptors ( K  i  MT 1 /MT 2  ratio = 7). In 
the cAMP release assay, compound  23a  acts as 
MT 1  agonist and MT 2  antagonist. Substitution of 
the benzene ring of ligand  23a  with  para -Cl and 
 para -CF 3  and replacement by a longer benzyl 
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group substantially reduced MT 1  and MT 2  bind-
ing. In contrast, the  para -OCH 3 -substituted ana-
log  23b  maintains moderate affi nity for both MT 1  
( K  i  = 8 nM) and MT 2  ( K   i   = 9 nM). 

 The pentacyclic ligands  24a , b  represent bulk-
ier analogs of the tricyclic compound  21a  for-
mally obtained by attaching an indoline moiety 
to  N 1 and C2 of melatonin via methylene link-
ers [ 45 ,  46 ]. Increasing the size of the  N 1-C2-
linked moiety of ligand  21a  by adding a benzene 
ring resulted in substantially decreased MT 1  and 
MT 2  affi nity. The resulting ligands  24a  (MT 1 : 
 K   i   = 319 nM; MT 2 :  K   i   = 65 nM) and  24b  (MT 1 : 
 K   i   = 1.8 μM; MT 2 :  K   i   = 410 nM) show fi vefold 
preference toward MT 2  receptors. Interestingly, 
the conformationally more fl exible analog  49a  
obtained by opening of the central piperazine 
ring in ligand  24a  is a high-affi nity MT 2 -selective 
antagonist described in the following chapter. 

 In order to estimate the bioactive conforma-
tion of the acetylaminoethyl side chain of mela-
tonin, the racemic mixture of the constrained 
agonist (+/−)- 25  was resolved, and the structure 
of the levorotatory enantiomer was determined 
by X-ray analysis assigning its absolute confi gu-
ration as  R  [ 47 ]. The (+)-( S ) enantiomer is the 
eutomer displaying ~500 times higher affi nity for 
both receptors expressed in NIH3T3 cells (MT 1 : 
 K   i   = 0.18 nM; MT 2 :  K   i   = 0.29 nM) and acting as a 
full MT 1  and MT 2  agonist. The intrinsic activity 
of (−)- 25  is 2.5 and 3.5 times lower at MT 1  and 
MT 2 , respectively, as determined in the [ 35 S]
GTPγS assay. 

 Applying the bivalent ligand approach, two 
melatonin units were connected by polymeth-
ylene spacers of variable length ranging from C 3  
to C 12  via an ester linkage at C2 [ 48 ]. No clear 
correlation between spacer length and affi nity, 
intrinsic activity, and/or subtype selectivity has 
been observed. The highest-affi nity ligands  26a , b  
are characterized by (CH 2 ) 3  and (CH 2 ) 8  spacers 
and display  K   i   = 9.5 nM and 7.9 nM at MT 1  and 
 K   i   = 14.3 nM and 7.9 nM at MT 2 , respectively, 
on receptors expressed in NIH3T3 cells behav-
ing as full agonists in the GTPγS test. To assess 
the infl uence of the alkyl spacer itself, the mon-
ovalent ligands  27a , b  bearing pentyl and (ben-
zyloxy)nonyl chains, respectively, have been 

pharmacologically evaluated. The MT 2  affi nities 
of the monomeric ligands  27a  (MT 1 :  K   i   = 70 nM; 
MT 2 :  K   i   = 4.8 nM) and  27b  (MT 1 :  K   i   = 83 nM; 
MT 2 :  K   i   = 20 nM) are similar to those of the 
dimeric ligands  26a , b  indicating that the pres-
ence of the second pharmacophoric unit does not 
greatly infl uence binding at MT 2  receptors, even 
if intrinsic activity of the monomeric agents at 
MT 2  is three to four times lower. As for the MT 1  
receptors, the second pharmacophore seem to 
contribute more signifi cantly to higher binding 
and to higher agonistic potency of these bivalent 
ligands. 

 An extensive series of arylpiperidine deriva-
tives has been evaluated for affi nity and func-
tional activity in a FLIPR assay for rat MT 1  and 
MT 2  receptors [ 49 ]. The cyclopropane carbox-
amide compound  28  (MT 1 :  K   i   = 40 nM; MT 2 : 
 K   i   = 10 nM) displays 40- and 20-fold lower MT 1  
and MT 2  affi nity than melatonin. Moreover, com-
pound  28  is a 100-fold and 10-fold weaker ago-
nist than melatonin at MT 1  and MT 2 , respectively. 
In a series of structurally related  N  -arylpiperidine-
3-yl-cyclopropane carboxamide, the enantiomers 
of compound  29a  display different activities. The 
( S ) enantiomer (MT 1 :  K   i   = 9.9 nM; MT 2 : 
 K   i   = 2.7 nM) is a potent nonselective partial to full 
agonist with binding affi nities similar to those of 
the previously reported ( S )-aminopyrrolidine 
amide  30  (MT 1 :  K   i   = 3.7 nM; MT 2 :  K   i   = 2.6 nM) 
[ 50 ]. In contrast, the mirror image ( R )- 29a  (MT 1 : 
 K   i   = 1 μM; MT 2 :  K   i   = 95 nM) is a low-affi nity 
ligand acting as MT 2  antagonist and weak partial 
MT 1  agonist. Similar to melatonin, introduction 
of chlorine at the position adjacent to the 
methoxy-substituted carbon of compound ( S )-
 29a  is well tolerated. The resulting highest-affi n-
ity ligand in this series, ( S )- 29b  (MT 1 :  K   i   = 1.2 nM; 
MT 2 :  K   i   = 2.1 nM), behaves as a potent MT 1 /MT 2  
partial agonist. The  R  enantiomer of  29b  displays 
considerably lower binding (MT 1 :  K   i   = 130 nM; 
MT 2 :  K   i   = 31 nM) and acts as MT 1 /MT 2  full 
antagonist. Whereas replacing the piperidine ring 
in compound  29a  by other heterocycles, such as 
pyridine and tetrahydroisoquinoline, is detrimen-
tal for binding at MT 1  and MT 2  receptors, 
 reducing its size by one carbon is well tolerated. 
The resulting pyrrolidine analog  31  (racemate) is 
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a MT 1 /MT 2  full agonist with sixfold preference 
for the MT 2  subtype (MT 1 :  K   i   = 21 nM; MT 2 : 
 K   i   = 3.3 nM). 

 The (anilinoethyl)amide  32  is an opened-ring 
analog of  31  with increased conformational fl ex-
ibility of the side chain. It displays substantially 
enhanced affi nity for MT 1  ( K   i   = 0.81 nM) and 
MT 2  ( K   i   = 0.65 nM) at receptors expressed in 
NIH3T3 cells acting as full MT 1 /MT 2  agonist in 
GTPγS assay [ 51 ]. Chain elongation by one car-
bon to give compound  33  is tolerated at MT 1  
( K   i   = 0.83 nM), whereas it causes reduced MT 2  
binding ( K   i   = 20.0 nM) generating 24-fold prefer-
ence for MT 1 . Compound  33  behaves as full 
MT 1 /MT 2  agonist. Replacement of the  N -methyl 
group in compound  32  by phenyl or naphthyl 
generates MT 2 -selective ligands discussed in the 
following chapter. 

 Rigid tricyclic dibenzocycloheptene ligands 
exemplifi ed by compounds  34a , b  have been 
reported to display binding preference toward 
MT 2  receptors [ 52 ]. Compound  34a  shows  K   i   
(MT 1 ) = 27 nM and  K   i   (MT 2 ) = 1.3 nM at receptors 
expressed in NIH3T3 cells acting as antagonist at 
both subtypes in GTPγS assay. The enantiomers 
of  34a  have been separated showing binding affi n-
ities and intrinsic activities almost identical to 
those of the racemate. Surprisingly, the ester ana-
log  34b  (MT 1 :  K   i   = 141 nM; MT 2 :  K   i   = 11 nM) 
retains remarkable binding, even if the corre-
sponding esters derived from melatonin or 
agomelatine were reported to show ~1,000 times 
lower affi nity relative to their parent amides at 
receptors expressed in native tissues. This discrep-
ancy may be caused by the fact that while melato-
nin and agomelatine are agonists, compound  34a  
is an antagonist at both receptor subtypes.  

    MT 2 -Selective Ligands 

 Most melatonergic ligands are not able to distin-
guish between MT 1  and MT 2  receptors or they 
show just a preference, e.g., maximally 50-fold 
selectivity, in binding affi nity for one of the 
subtypes. 

 Selectivity toward MT 2  is much easier to be 
accomplished than for MT 1 , and many series of 

MT 2 -selective ligands have been reported. MT 2  
receptors possess an additional hydrophobic 
pocket in an area corresponding to the  N 1-C2 
binding region of melatonin which is not present 
at the MT 1  subtype. This lipophilic pocket is 
positioned out of plane of the indole nucleus of 
melatonin, and, when occupied, the correspond-
ing ligands show reduced intrinsic activity behav-
ing as MT 2 -selective antagonists or partial 
agonists. Accordingly, all MT 2 -selective antago-
nists reported to date include a fl exible bulky 
hydrophobic substituent surrounding the position 
topologically equivalent to  N 1 or C2 of melato-
nin. The importance of this structural element has 
been confi rmed by 3D-QSAR and by docking 
within the putative receptor models [ 53 ]. 

 Modest MT 2  selectivity can also be generated 
by introduction of Cl and OCH 3  in position 6 of 
melatonin. The resulting 6-chloromelatonin  35a  
(MT 1 :  K   i   = 11.4 nM; MT 2 :  K   i   = 0.20 nM, COS-7 
cells) and 6-methoxymelatonin  35b  (MT 1 : 
 K   i   = 207 nM; MT 2 :  K   i   = 3.5 nM, COS-7 cells) 
have been reported to display 60-fold selectivity 
toward MT 2 , both behaving as MT 1 /MT 2  agonists 
[ 27 ] (Fig.  7.5 ).

   The fi rst melatonin receptor antagonist that has 
been used to distinguish the functions of MT 1  and 
MT 2  receptors in melatonin-mediated effects is 
luzindole,  36a  [ 27 ]. While luzindole shows just a 
modest affi nity and 15-fold preference for the MT 2  
subtype (MT 1 :  K   i   = 158 nM; MT 2 :  K   i   = 10.2 nM, 
COS-7 cells), the respective 5-methoxy analog, 
 36b , is 130 times more selective for MT 2  than for 
MT 1  receptors (MT 1 :  K   i   = 32.7 nM; MT 2 : 
 K   i   = 0.25 nM, COS-7 cells) acting as partial ago-
nist in mediating inhibition of the calcium- 
dependent release of dopamine in an assay using 
rabbit retinas [ 27 ]. Another MT 2 - selective ligand 
behaving as antagonist in the same assay is the 
simple derivative of melatonin GR128107, com-
pound  37 , with the acetamide side chain incorpo-
rated into a piperidine ring (MT 1 :  K   i   = 90.4 nM; 
MT 2 :  K   i   = 9.1 nM, COS-7 cells) [ 27 ]. 

 4-P-PDOT (4-phenyl-2-propionamidotetralin) 
is a standard highly MT 2 -selective antagonist 
displaying 330 times higher affi nity for the MT 2  
( K   i   = 1.5 nM) than for the MT 1  ( K   i   = 501 nM) in 
receptors expressed in COS-7 cells [ 27 ]. Because 
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of the presence of two stereogenic centers, four 
stereoisomers of 4-P-PDOT exist, a pair of  cis  and 
a pair of  trans  enantiomers. Most older reports on 
4-P-PDOT did not specify the stereochemistry of 
the mixtures employed. Recently, all four single 
stereoisomers of 4-P-PDOT have been separated 
[ 54 ] and pharmacologically evaluated at recep-
tors expressed in NIH3T3 cells in terms of their 
binding affi nities and intrinsic activities (GTPγS 
assay) [ 55 ]. The racemic mixtures (+/−)- cis  and 
(+/−)- trans  4-P-PDOT have been also included in 
the study. The eutomer for (+/−)- cis -4-P-PDOT 
(MT 1 :  K   i   = 76 nM; MT 2 :  K   i   = 0.69 nM) is the 
(+)-(2 S ,4 S ) enantiomer  38  displaying ~170-fold 
higher affi nity for MT 2  ( K   i   = 0.55 nM) than for 
MT 1  receptors ( K   i   = 95nM) and 15 and 45 % intrin-
sic activity at MT 1  and MT 2  relative to  melatonin. 

The (−)-(2 R ,4 R ) mirror image shows MT 1  
( K   i   = 257 nM) and MT 2  ( K   i   = 98 nM) exhibiting 
~3 times lower agonist potency than compound 
 38 . For the less MT 2 - selective (+/−)- trans -4-P-
PDOT (MT 1 :  K   i   = 223 nM; MT 2 :  K   i   = 8.7 nM), the 
eutomer is the (+)-(2 R ,4 S ) stereoisomer exhibit-
ing just a 13-fold MT 2  binding preference (MT 1 : 
 K   i   = 129 nM; MT 2 :  K   i   = 9.5 nM). Introduction 
of a methoxy group in position 8 of the race-
mic mixtures of 4P-PDOT generates enhanced 
MT 1  and MT 2  affi nity. The  cis  analog  39a  (MT 1 : 
 K   i   = 14.8 nM; MT 2 :  K   i   = 0.06 nM) is characterized 
by ~250-fold MT 2  selectivity and shows 6-fold 
higher affi nity for the MT 2  receptors than mela-
tonin displaying 20 and 40 % intrinsic activity 
relative to melatonin at MT 1  and MT 2  receptors, 
respectively. Replacement of the methoxy group 
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in analog  39a  by bromine to give analog  39b  
maintains the high MT 1  ( K   i   = 1.0 nM) and MT 2  
( K   i   = 0.014 nM) affi nity reducing the MT 2  selec-
tivity to 70-fold. Compound  39b  possesses 49 and 
65 % intrinsic activity at MT 1  and MT 2  relative to 
melatonin. These pharmacological data have been 
used to build a new superposition model for MT 2 -
selective antagonists postulating that MT 1 /MT 2  
agonists and MT 2  antagonists can share similar 
spatial orientation of their pharmacophoric ele-
ments [ 55 ]. 

 2-Phenyltetraline analogs exemplifi ed by 
compounds  40a – 40e  are highly MT 2 -selective 
melatonergic ligands showing selectivity ratios 
between 10 and 426 [ 56 ]. All reported com-
pounds are (+/−)- cis  racemates. The butyramide 
analog  40b  displays the highest MT 2  affi nity 
( K   i   = 0.1 nM) and 350-fold MT 2  selectivity (MT 1 : 
 K   i   = 35 nM) in receptors expressed in HEK 293 or 
CHO cells (not specifi ed) behaving as MT 1  ago-
nist and MT 2  partial agonist. Introduction of a 
double bond into the amide side chain of ligand 
 40b  to give the allyl analog  40c  (MT 1 : 
 K   i   = 127 nM; MT 2 :  K   i   = 0.66 nM) causes a slight 
reduction of MT 1  and MT 2  binding retaining high 
192-fold MT 2  selectivity. The bromomethyl 
derivative  40d  displays considerably reduced 
MT 1  binding ( K   i   = 809 nM), while its MT 2  affi n-
ity ( K   i   = 1.9 nM) is only slightly reduced when 
compared to the acetamide,  40a  (MT 1 : 
 K   i   = 20.5 nM; MT 2 :  K   i   = 0.31 nM), resulting in the 
highest, 426-fold MT 2  selectivity. In the previ-
ously published series of benzofuran derivatives, 
the  meta -OMe benzyl-substituted analogs,  41a  
(MT 1 :  K   i   = 40.6 nM; MT 2 :  K   i   = 0.33 nM) and  41b  
(MT 1 :  K   i   = 21.6 nM; MT 2 :  K   i   = 0.11 nM), were 
characterized by the highest MT 2  selectivity [ 36 ]. 
Introduction of the  m -OMe group at the phenyl 
ring of analog  40a  leads indeed to a fourfold 
increase of MT 2  selectivity caused by a strong 
reduction of MT 1  binding. The resulting com-
pound  40e  (MT 1 :  K   i   = 247 nM; MT 2 :  K   i   = 0.89 nM) 
exhibits 278-fold MT 2  selectivity. 

 A series of differently substituted 3-phenyl 
analogs of the nonselective agonist agomelatine 
(MT 1 :  K   i   = 0.06 nM; MT 2 :  K   i   = 0.27 nM) exempli-
fi ed by compounds  42a – 42f  has been evaluated 
on melatonin receptors expressed in CHO or 

HEK 293 cells [ 57 ]. Introduction of a phenyl ring 
at C3 of agomelatine to give compound  42a  
retains high binding for MT 2  ( K   i   = 0.37 nM), 
whereas the MT 1  affi nity ( K   i   = 53 nM) is 140 
times reduced leading to 132-fold MT 2  selectiv-
ity. The high MT 2  selectivity is unexpected 
because the C3-phenyl ring is coplanar with the 
naphthalene ring, and consequently, the structure 
of compound  42a  is not in accordance with the 
pharmacophore model for MT 2  antagonist requir-
ing a bulky lipophilic substituent arranged out of 
plane of the core ring. On the other hand com-
pound  42a  is not an antagonist but a partial ago-
nist at MT 2  receptors exhibiting 56 % activity of 
melatonin in the GTPγS assay. Introduction of a 
hydroxymethyl substituent at  meta  position gen-
erates the most favorable ligand in this series, 
 42b , displaying MT 2  affi nity ( K   i   = 0.36 nM) simi-
lar to that of melatonin and 763-fold selectivity 
toward MT 2  (MT 1 :  K   i   = 275 nM) and behaving as 
a MT 2  antagonist. Bioisosteric replacement of 
the hydroxyl group in compound  42b  by an 
amino moiety to give compound  42c  leads to 
similar reductions in MT 1  ( K   i   = 1,390 nM) and 
MT 2  ( K   i   = 3.4 nM) binding maintaining the high 
MT 2  selectivity (409-fold). The corresponding 
primary aromatic amine, compound  42d , exhib-
its ~15 times higher affi nities for both receptors 
(MT 1 :  K   i   = 82 nM; MT 2 :  K   i   = 0.27 nM) than com-
pound  42c  maintaining high MT 2  selectivity 
(304-fold) and behaving also as MT 2  antagonist 
[ 37 ]. The iodomethyl analog,  42e  exhibits 
slightly changed MT 1  (126 nM) and MT 2  
(0.71 nM) affi nities when compared to the 
hydroxymethyl derivative  42b  resulting in MT 1 /
MT 2  ratio of 178. Interestingly, replacement of 
the hydroxymethyl group in compound  42b  by 
an aldehyde function to give compound  42f  has 
no effect on MT 1  (0.42 nM) and slightly enhances 
MT 2  binding (137 nM) maintaining high MT 2  
selectivity (326-fold). 

 Ligands obtained by opening of the tetralin 
ring and removal of the upper methylene group 
of methoxy-4P-PDOT  39a  have been evaluated 
on melatonin receptors expressed in NIH3T3 
cells [ 58 ]. The acetamide, compound  43  (MT 1 : 
 K   i   = 2,187 nM; MT 2 :  K   i   = 5.4 nM), shows the 
highest MT 2  selectivity (405-fold) acting as MT 1  
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partial agonist and MT 2  antagonist. Introduction 
of a double bond into the side chain of compound 
 43  leads to increased binding at both receptor 
subtypes. While the ( E ) isomer (MT 1 :  K   i   = 2.7 
nM; MT 2 :  K   i   = 0.22 nM) displays only 12-fold 
preference for MT 2  and high MT 2  affi nity com-
parable to that of melatonin, the corresponding 
( Z ) analog  44a  is characterized by considerably 
lower MT 1  (229 nM) and MT 2  (2.5 nM) affi nity 
and 90-fold selectivity for MT 2 . The ( Z ) cyclobu-
tane carboxamide  44b  (MT 1 :  K   i   = 257 nM; MT 2 : 
 K   i   = 1.5 nM) exhibits ~170-fold MT 2  selectivity. 
Introduction of an OMe group in the  meta  posi-
tion of the second benzene ring of compound  44a  
to give analog  45  (stereochemistry not indicated) 
increased MT 2  selectivity.  45  is a high-affi nity 
MT 2  ligand (0.28 nM) exhibiting 210-fold MT 2  
selectivity. 

 Exchange of the central carbon atom in analog 
 43  by nitrogen retains high binding and selectiv-
ity toward MT 2  receptors [ 51 ]. The resulting 
ligand  46a  displays very high affi nity 
( K   i   = 0.066 nM) and 64-fold selectivity for the 
MT 2  receptors behaving as MT 1 /MT 2  partial ago-
nist. Replacement of the methoxy group in ligand 
 46a  with bromine is well tolerated. The resulting 
ligand  46b  exhibits only slightly reduced binding 
affi nities (MT 1 :  K   i   = 17.0 nM; MT 2 :  K   i   = 0.20 nM) 
and intrinsic activities. As already known for 
other ligand series, the introduction of a methoxy 
group at the second phenyl ring is expected to 
increase MT 2  selectivity. The corresponding 
ligand  46c  is characterized by very high MT 2  
binding (0.036 nM) and MT 2  selectivity (527- 
fold) behaving as MT 1  partial agonist. 
Replacement of the phenyl group in  46a  by a 
bulkier 2-naphthyl moiety to give ligand  47  
greatly reduces MT 1  binding and MT 2  intrinsic 
activity. Compound  47  (MT 1 :  K   i   = 132 nM; MT 2 : 
 K   i   = 0.11 nM) exhibits the highest, 1,200-fold 
MT 2  selectivity in whole series acting as MT 1  
partial agonist and MT 2  antagonist. 

 The moderately MT 2 -selective (64-fold) high- 
affi nity partial agonist  46a  (UCM765) has been 
recently reported to promote non-rapid eye 
movement sleep (NREMS) in rats and mice [ 23 ]. 
This effect is nullifi ed by the pharmacological 
blockage or genetic deletion of MT 2  receptors. 

Remarkably, the effects of ligand  46a  on sleep 
are different from those of nonselective MT 1 /
MT 2  agonists. For example, the structurally 
related MT 1 /MT 2  agonists UCM793 slightly 
decrease sleep onset without effect on NREMS 
maintenance, similar to ramelteon, indicating 
that dual MT 1 /MT 2  agonistic activity accounts 
for the effect on sleep onset, whereas selectivity 
for MT 2  receptors has an additional effect on 
NREMS maintenance. Because of the selective 
promotion of NREMS, MT 2  receptors could 
become an interesting future target for the treat-
ment of sleep disorders. 

 Benzyloxy substituted 3-(3-methoxyphenyl)
propylamides,  48a – 48c , have been reported to 
exhibit extraordinarily high affi nity for MT 2  
receptors in pM to sub-pM range and MT 2  selec-
tivities up to ~1,000,000-fold in a binding assay 
on melatonin receptors expressed in CHO cells 
using [ 3 H]melatonin as radioligand [ 59 ]. In this 
assay, melatonin displays  K   i   (MT 1 ) = 0.296 nM 
and  K   i   (MT 2 ) = 0.429 nm, which are very similar 
values compared to the binding constants 
obtained using 2-[ 125 I]-iodomelatonin. The propi-
onamide,  48b , exhibits the highest MT 2  affi nity 
( K   i   = 0.55 pM) and 473,000-fold MT 2  selectivity. 
The butyramide, ligand  48c , is the most MT 2 - 
selective (1,140,000-fold) compound displaying 
 K   i   (MT 1 ) = 1,172 nM and  K   i   (MT 2 ) = 1.03 pM. 
Shortening of the amido alkyl side chain from 
ethyl (ligand  48b ) to methyl (ligand  48a ) leads to 
a ~100-fold reduction of MT 2  affi nity (47 pM) 
which decreases the MT 2  selectivity to 18,700- 
fold. Introduction of a methoxy group in the  meta  
position of the benzyl substituent in ligand  48b  
leads to increased MT 2  selectivity. The resulting 
ligand  48d  is 1,021,739 times more selective for 
MT 2  ( K   i   = 0.69 pM) than for MT 1  ( K   i   = 705 nM) 
receptors. Compound  48d  has been recently used 
by another group as a reference MT 2 -selective 
ligand in a 2-[ 125 I]-iodomelatonin binding assay 
displaying similar affi nity for the MT 1  receptors 
( K   i   = 1,350 nM) but dramatically decreased MT 2  
binding ( K   i   = 1.7 nM) resulting in a reduced MT 1 /
MT 2  ratio of 790 [ 60 ]. Surprisingly, instead of the 
expected antagonistic/partial agonistic action, 
ligands  48a – 48d  are full MT 2  agonists in Ca 2+  
FLIPR and cAMP assays [ 61 ]. 
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 In order to achieve selectivity toward MT 2  
receptors, the open chain approach has been 
applied to the nonselective pentacyclic ligands 
 24a , b  [ 62 ]. In the conformationally restricted 
compounds  24a , b , the indoline moiety is a part of 
a relatively plane pentacyclic ring system being 
approximately coplanar with the indole ring. In 
contrast, the methylindoline group in the novel 
ligands  49a , b  is conformationally fl exible and, 
therefore, able to occupy the postulated lipophilic 
binding pocket located in the MT 2  receptors out of 
plane of the ligand’s core nucleus. The acetamide 
 49a  displays  K   i   (MT 1 ) = 115 nM and  K   i   
(MT 2 ) = 1.1 nM at receptors expressed in CHO 
cells acting as MT 1 /MT 2  antagonist in the cAMP 
assay. Interestingly, the cyclobutane carboxamide, 
 49b , shows a biphasic pharmacological profi le at 
MT 2  receptors ( K   i High  = 1 pM,  K   i Low  = 148 nM), but 
not at MT 1  receptors ( K   i   = 1.4 μM), indicating the 
existence of a high- affi nity and low-affi nity state 
for MT 2 . Ligand  49b  is an MT 1  antagonist and 
MT 2  antagonist/partial agonist. 5-Me, 5-Br, 
6-NO 2 , and 6-NH 2  substitution of the indoline 
benzene ring causes a substantial reduction of 
MT 2  affi nity and selectivity. Surprisingly, the cor-
responding 5-OMe analog is a nonselective ligand 
displaying moderate affi nities at both receptor 
subtypes (MT 1 :  K   i   = 5.8 nM; MT 2 :  K   i   = 7.1 nM). 

Expansion of the indoline ring in ligand  49a  by 
insertion of a methylene group between the indolic 
nitrogen and the benzene ring leads to reduced 
MT 1  (251 nM) and MT 2  (21 nM) binding [ 60 ]. On 
the contrary, relocation of the substituted nitrogen 
atom in the indoline ring of ligand  49a  from posi-
tion 1 to position 2 is well tolerated. The resulting 
compound  50  is 124 times more selective for the 
MT 2  (2.3 nM) than for the MT 1  receptors (282 nM) 
[ 60 ]. In a forskolin-stimulated cAMP assay, ligand 
 50  is a competitive antagonist at MT 1  receptors. At 
the MT 2  receptor,  50  displays no intrinsic activity 
when tested alone. However, when added in com-
bination with melatonin (0.01 pM–100 nM),  50  
(10 nM or 100 nM) antagonized the effects of 
melatonin at all concentrations tested suggesting 
its tight binding, perhaps at a crucial portion of the 
MT 2  receptor affecting G-protein activation, thus 
requiring higher concentrations of melatonin 
(>100 nM) to reverse its antagonism. Another pos-
sibility could be that ligand  50  binds irreversibly 
to MT 2  receptors [ 60 ] (Fig.  7.6 ).

   A series of benzothiophene analogs differing 
from melatonin by replacement of  N 1 with  S , 
exchange of 5-OMe with  F , and introduction of 
4-fl uorophenylthio moiety at C2 has been evaluated 
at receptors expressed in CHO cells [ 63 ]. The acet-
amide  51a  (MT 1 :  K   i   = 57 nM; MT 2 :  K   i   = 0.87 nM) 
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and allyl carboxamide  51b  (MT 1 :  K   i   = 52.8 nM; 
MT 2 :  K   i   = 0.24 nM) display 65.5- and 220-fold 
selectivity toward MT 2  receptors,  respectively. Both 
ligands are MT 1 /MT 2  partial agonists. 

 Ligands obtained by introduction of bulky 
lipophilic substituents in position 7 of the tri-
cyclic nonselective compound  10a  have been 
pharmacologically evaluated at melatonin recep-
tors expressed in CHO cells [ 38 ]. The most 
MT 2 - selective agent  52a  is substituted with a 
 meta  -isopropylphenyl group at C7 and shows  K   i   
(MT 1 ) = 13 nM and  K   i   (MT 2 ) = 0.011 nM result-
ing in 1,200-fold MT 2  selectivity. For the  ortho -
O - iso    -propylphenyl analog  52b , binding for MT 1  
( K   i   > 100 nM) and MT 2  ( K   i   = 0.34 nM) is decreased, 
while pronounced MT 2  selectivity (>292-fold) is 
still present. The benzyl derivative  53a  exhibits the 
highest MT 2  binding (0.0085 nM) and 316-fold 
selectivity for MT 2 . Replacement of the phenyl 
group in analog  53a  by a 3-thienyl moiety (ana-
log  53b ) retains high MT 2  binding (0.0067 nM), 
while MT 1  affi nity (0.88 nM) is ten times increased 
resulting in reduced MT 2  selectivity. A benzene 
ring annulated to the thiophene ring of analog  53b  
to give analog  54  does not affect MT 1  (1.3 nM) 
and MT 2  (0.0060 nM) binding. Saturation of the 
phenyl moiety in the benzyl- substituted analog 
 53a  to give analog  55  causes a 3.5-fold reduction 
of MT 1  binding (9.2 nM), while the MT 2  affi n-
ity (0.012 nM) is virtually unchanged resulting in 
799-fold MT 2  selectivity. The most MT 2 -selective 
ligands,  52a ,  53a , and  55 , exhibit moderate ago-
nistic activity at MT 1  receptors as determined in 
the  forskolin- induced cAMP accumulation assay. 
Interestingly, while the  meta - iso -propylphenyl 
and benzyl analogs,  52a  and  53a , behave as par-
tial MT 2  agonists, the cyclohexylmethyl derivative 
 55  is a full MT 2  agonist. The latter has exhibited 
re- entrainment effects to a new light/dark cycle 
in ICR mice indicating the involvement of MT 2  
receptors in the regulation of chronobiotic activity.  

    MT 1 -Selective Ligands 

 Development of MT 1 -selective ligands is still a 
challenge and only few examples of selective com-
pounds have been reported so far. Unfortunetely, 

while for MT 2 -selective agents selectivity ratios 
of > 1,000 can be achieved, ligands preferentially 
binding to MT 1  receptors are maximally ~100 
times more selective for MT 1  than for MT 2.  The 
main structural feature generating MT 1  selectiv-
ity is a bulky hydrophobic substituent instead of 
the methoxy group in the position topologically 
equivalent to C5 of melatonin. The fi rst MT 1 - 
selective agents described were dimers of the 
nonselective MT 1 /MT 2  agonist agomelatine 
obtained by connecting two agomelatine units 
via their ether oxygens by a polymethylene 
spacer. The optimal distance between the dimer 
head groups for MT 1  selectivity was determined 
to be three or four methylene groups [ 64 ]. 
Compound  56a  including the (CH 2 ) 3  linker dis-
plays 224 times higher affi nity for the MT 2  
( Ki  = 0.5 nM) than for the MT 1  receptors 
( K   i   = 112 nM) expressed in HEK cells acting as 
an antagonist at MT 1  and MT 2  receptors. In CHO 
cells (MT 1 :  K   i   = 3.9 nM; MT 2 :  K   i   = 149 nM), the 
selectivity ratio was reduced to 38 [ 37 ]. The 
homologous compound with a C 4  spacer, com-
pound  56b , shows  K   i   (MT 1 ) = 3.1 nM and  K   i   
(MT 2 ) = 167 nM in CHO cells (54-fold MT 1  
selectivity) and  K   i   (MT 1 ) = 0.6 nM and  K   i   
(MT 2 ) = 73.2 nM in HEK cells (122-fold MT 1  
selectivity) (Fig.  7.7 ).

   An extensive series of heterodimer analogs of 
ligand  56b  designed by exchange of one of its 
agomelatine units with various aryl moieties 
including the equally substituted indole (melato-
nin), tetralin, benzofuran, and benzothiophene 
have been recently evaluated at receptors 
expressed in CHO cells [ 65 ]. Moreover, com-
pounds obtained by further structure modifi ca-
tions such as variation of the amide substituent at 
one or both sides, replacement of one of the eth-
ylamide side chains by acetic acid and methyl 
acetate, and exchange of one of the agomelatine 
units by a biphenyl carboxylic acid, the corre-
sponding methyl ester, and alcohol have been 
reported. The most MT 1 -selective ligands are 
biphenylcarboxylic acid,  57a  (MT 1 :  K   i   = 0.55 nM; 
MT 2 :  K   i   = 51.3 nM) and the structurally related 
alcohol  57b  (MT 1 :  K   i   = 0.09 nM; MT 2 : 
 K   i   = 6.53 nM) exhibiting 93-fold and 72-fold MT 1  
selectivity, respectively. Ligands  57a  and  57b  act 
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as partial MT 1 /MT 2  agonists in the GTPγS assay. 
In contrast, the less MT 1 -selective ligand  58  
(MT 1 :  K   i   = 0.37 nM; MT 2 :  K   i   = 4.22 nM) behaves 
as MT 1 /MT 2  full agonist. As compounds  57a , b  
and  58  lack the amide side chain attached to an 
aromatic ring in one part of their structures, the 
fi ndings indicate that two melatonin pharmaco-
phores are not required to achieve MT 1  selectiv-
ity. Interestingly, replacement of one of the 
agomelatine units in the parent compound  56b  by 
equally substituted indole, benzofuran, benzo-
thiophene, and tetralin nuclei causes a substantial 
reduction of MT 1  selectivity from 120-fold to 21-, 
10-, 5-, and 26-fold, respectively, with the tetralin 
analog  59  (MT 1 :  K   i   = 0.26 nM; MT 2 :  K   i   = 6.79 nM) 
displaying the highest binding preference for 
MT 1  receptors. Replacing the methyl groups in 
both side chains of dimeric agomelatine  56b  by 
cyclopropyl and allyl moieties also leads to 
decrease of MT 1  selectivity to ~12-fold. 

 Another dimeric MT 1 -selective agent, 
ligand  60 , is a product of direct coupling of 
two agomelatine units via the aromatic carbon 

atoms. Ligand  60  shows  K   i   (MT 1 ) = 5.2 nM and 
 K   i   (MT 2 ) = 246 nM in CHO cells and acts as MT 1 /
MT 2  agonist [ 37 ]. Monomeric ligands, such as 
the 4-phenylbutyl substituted benzoxazole ana-
log  61  [ 66 ] (CHO cells, MT 1 :  K   i   = 0.63 nM; MT 2 : 
 K   i   = 22 nM) and the benzopyrane derivative  62  
[ 37 ] (CHO cells (MT 1 : 3.4 nM; MT 2 : 21.4 nM), 
HEK cells (MT 1 : 1.2. nM; MT 2 : 29 nM)), show 
only preference for MT 1  receptors. 

 The common structural feature of MT 1 - 
selective ligands is the presence of a bulky sub-
stituent in a position corresponding to the 
methoxy group of melatonin. The optimal length 
of this substituent, as well as the nature of the 
terminal aromatic ring generating preferential 
binding for MT 1  have been explored using an 
extensive series of melatonin analogs obtained 
by replacement of the ether methyl group with 
arylalkyl and aryloxyalkyl moieties of different 
chain lengths [ 67 ]. The most MT 1 -selective com-
pounds,  63a  and  63b , are substituted with 
Ph(CH 2 ) 3  and PhO(CH 2 ) 3  groups, respectively, 
confi rming the optimal spacer length to be C 3 . 
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Although ligands  63a  (MT 1 :  K   i   = 3.9 nM; MT 2 : 
 K   i   = 49 nM) and  63b  (MT 1 :  K   i   = 7.9 nM; MT 2 : 
 K   i   = 87 nM) show only ~10-fold selectivity 
toward MT 1  receptors, their MT 1  binding prefer-
ence is ~3 times higher than that of the dimeric 
agomelatine, compound  56a  (MT 1 :  K   i   = 112 nM; 
MT 2 :  K   i   = 355 nM), that has been included in this 
study as a MT 1 -selective reference ligand. These 
fi ndings confi rm the importance of testing multi-
ple reference compounds having ideally different 
binding profi les when conducting pharmacologi-
cal analysis to minimize the variability of results 
between different labs. Compound  63b  behaves 
as MT 1 /MT 2  agonist in a cAMP assay at recep-
tors expressed in CHO cells. 

 Another series of dimeric ligands has been 
designed by linking two molecules of the high- 
affi nity nonselective MT 1 /M 2  agonist  32  (MT 1 : 
 K   i   = 0.81 nM; MT 2 :  K   i   = 0.65 nM) via ether oxy-
gens using polymethylene spacers (CH 2 ) n  of 
different lengths ( n  = 3–6, 8, 10) [ 68 ]. The com-
pounds show MT 1  selectivity between 5-fold 
and 102-fold. Similar to the dimeric agomela-
tine series, in the most MT 1 -selective ligand 
 64a , the monomeric units are separated by a C 3  
spacer. Ligand  64a  displays  K   i   (MT 1 ) = 20.4 nM 
and  K   i   (MT 2 ) = 2,089 nM at receptors expressed 
in NIH3T3 cells. The corresponding C 6  analog 
 64b  exhibits the highest MT 1  (3.4 nM) affi nity 
of the whole series and is 54 times more selec-
tive for MT 1  than for MT 2  receptors. Both com-
pounds behave as partial MT 1 /MT 2  agonists in 
the GTPγS assay. A structurally related series 
of  N -(anilinoalkyl)amides bearing 3-arylalkyl-
oxy substituents has also been examined [ 69 ]. 
The phenylbutyloxy analog  65  displays the 
highest 78-fold selectivity toward MT 1  (MT 1 : 
 K   i   = 1.17 nM; MT 2 :  K   i   = 91.2 nM) acting as partial 
agonist at both receptor subtypes.      
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        Introduction 

 Descartes was the fi rst to propose a physiologi-
cal function of the pineal gland as a structure 
responsible for the environmental perception 
in the seventeenth century. As early as 1926, 
Berman reported an improvement in the resis-
tance against infectious diseases in kittens fed 
for 2 years with pineal gland extracts from young 
bulls [ 1 ]. Therefore, the pineal-immune relation-
ship is even prior to melatonin discover in 1958 
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its immune synthesis, and the effects of several immunological mediators 
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oxidative stress markers production. Overall, melatonin acts as an immune 
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a negative regulation under transient or chronic exacerbated immune 
response. Due to the variety of the melatonin immunomodulatory actions, 
it has been tested in extensive models. Thus, the clinical relevance of the 
several faces of melatonin on immune conditions such as infection, auto-
immunity, vaccination, and immunosenescence as well as transplant and 
cancer is also reviewed.  
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by Aaron Lerner et al. [ 2 ] in an attempt to iso-
late the pineal factor responsible for skin light-
ening of amphibians, previously described by 
McCord and Allen in 1917. Two events helped 
to consolidate the concept of the pineal gland 
as an active neuroendocrine organ in mammals. 
On one hand, Hoffman and Reiter showed that 
the darkness or short photoperiod induced con-
siderable gonadal changes in the hamster, which 
could be completely abolished by pinealectomy. 
On the other hand, Axelrod and Wurtman coined 
the term “neuroendocrine transducer” to describe 
the gland as an organ that converts a light-con-
trolled neural stimulus from the retina in an 
endocrine response, the melatonin production. 
During recent decades, the numerous and rig-
orous scientifi c analyses about the pineal gland 
and melatonin have changed the line of thought 
from skepticism and perplexity to one which has 
gained not only scientifi c respectability but also a 
maximum physiological interest. 

 Melatonin is a highly conserved indoleamine 
through phylogeny, being present in the same 
form from bacteria, unicellular eukaryotic organ-
isms, invertebrates and vertebrates, algae, plants, 
and fungi, as well as in various edibles such as 
vegetables, fruits, herbs, and seeds [ 3 ]. Melatonin 
is converted in two steps from de amino acid 
tryptophan into serotonin and then acetylated by 
arylalkylamine N-acetyltransferase (EC 2.3.1.87; 
AA-NAT), before fi nally being converted into 
melatonin by hydroxyindole-O-methyl transfer-
ase (EC 2.1.1.4; HIOMT) [ 4 ]. The production 
and release of melatonin from the pineal gland 
follow a circadian rhythm with a nocturnal surge 
and the lowest level on the light phase [ 5 ]. This 
temporal chemical signal is involved in the syn-
chronization of several rhythmic physiological 
functions, being of remarkable clinical interest in 
biological processes related to period and phase 
shifts such as sleep disturbances, jet lag, and shift 
work [ 6 ]. Besides the chronobiotic function, mel-
atonin exerts cytoprotective actions by regulating 
oxidative stress, apoptosis, and mitochondrial 
homeostasis [ 7 ]. Additionally, the oncostatic [ 8 ] 
and immunomodulatory actions [ 9 – 11 ], among 
many others, point out the potential clinical rele-
vance of the melatonin. 

 The mechanisms of action responsible for 
the pleiotropic effects of melatonin involve 
two main actions: binding to high-affi nity 
G-protein- coupled receptors at membrane level 
and/or interaction with intracellular targets 
modulating signal transduction pathways, 
redox-modulated processes, or scavenging free 
radicals [ 12 ]. 

 Over the last 20 years, a wide range of studies 
have identifi ed melatonin in a number of extrapi-
neal locations such as the gastrointestinal tract 
[ 13 ], the skin system [ 14 ], the retina and 
Harderian gland [ 15 ]. Original studies have also 
reported de novo synthesis of melatonin in the 
immune system (reviewed by [ 10 ]). 

 The immune system responses comprise a 
complex network of coordinated interactions 
involving numerous cells, proteins, and mole-
cules to protect the host against nonself agents 
such as bacterias, viruses, fungi, parasites, or 
malignant cells which can reach the body. The 
immune response involves two main types of 
immunity: the innate or nonspecifi c and the 
acquired or specifi c one. The fi rst includes 
mechanisms of defense, present even before 
the occurrence of infection, that exert a quick 
response and respond against microorganisms 
with the same way and intensity to repeated 
infections. This immunity only identifi es spe-
cifi c structures shared by related groups of 
microorganisms, and it is unable to distinguish 
subtle differences among the recognized sub-
stances. The major cellular components of the 
innate response are macrophages, neutrophils, 
basophils, eosinophils, and natural killer cells 
(NK), in addition to various soluble factors 
such as the cytokines, tumor necrosis factor-
alpha (TNF-α), and interleukin (IL)-1β, IL-6, 
and IL-8. In contrast to the innate response, 
the specifi c immunity is very refi ned with the 
magnitude of the response increasing each suc-
cessive exposure to a specifi c microorganism. 
T and B lymphocytes are the main components 
of the specifi c immunity in addition to circu-
lating proteins such as antibodies and cyto-
kines. Specifi c immunity consists of humoral 
and  cellular immunity. The fi rst is mediated 
primarily by antibodies that recognize and 
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bind to extracellular pathogens or nonself mol-
ecules, making them targets for destruction by 
macrophages, among other functions. Cellular 
immunity acts on intracellular microorgan-
isms, and it is primarily mediated by cytotoxic 
T lymphocytes (CD8+) (recognize and destroy 
infected cells) and helper T lymphocytes (Th; 
CD4+) that are key elements in the regulation 
and coordination of the innate, humoral, and 
cellular responses through the production of a 
large variety of cytokines. 

 Based on the cytokine milieu, the expression 
of specifi c transcription factors, and the pattern 
of cytokine secretion, Th cells can differentiate 
mainly into four major phenotypes (Th1, Th2, 
Th17 (effector phenotypes), and T regulatory 
(Treg)) which control the excessive response of 
the effector’s lineages. Th1 cells play a key role 
in the development of infl ammatory processes 
through the production of cytokines such as 
   interferon gamma (IFN-γ). The Th2 cells pro-
duce cytokines such as IL-4, IL-5, IL-10, and 
IL-13, contributing to the regulation of humoral 
and anti-infl ammatory response. Th17 cells, a 
novel subset of CD4+ T cells, have been mainly 
identifi ed on the basis of the RORγt transcription 
factor expression and the production of the IL-17 
[ 16 ]. The identifi cation of the Th17 phenotype as 
a member of the complex network of Th cells has 
reassessed the Th1/Th2 paradigm [ 17 ]. Besides 
the involvement in autoimmunity, Th17 cells 
eliminate extracellular pathogens and its rele-
vance in infl ammatory processes is becoming 
increasingly apparent.    Thus, currently Th1 and 
Th17 are considered infl ammatory responses, 
while Th2 is considered anti-infl ammatory. The 
description of Treg cells has also updated the 
fi eld of immunology, due to their remarkable 
functions controlling the effector cells. These 
cells represent a unique subpopulation CD4+ 
cells (mostly CD25+) with the hallmark expres-
sion of the transcription factor Foxp3 [ 18 ]. The 
complex modulation of the cellular network 
which governs the T cell response is performed 
by cross regulation between the different pheno-
types. Thus, an increase in Th1 or Th2 cytokine 
promotes negative feedback regulation of the 
opposite phenotype. Moreover, the infl ammatory 

(Th1/Th17) and anti-infl ammatory/regulatory 
(Th2/Treg) differentiation is mutually exclusive 
[ 19 ].  

    Pineal-Immune Interconnection: 
A Bidirectional Circuit 

 Both the pineal gland and melatonin are con-
stituent members of the neuroendocrine-immune 
system. In this line, surgical or functional 
pinealectomy induces regression and abnor-
mal development in lymphoid organs [ 20 ,  21 ]. 
Pineal inactivation also promotes disturbances 
in the different branches of the immunity, from 
the innate [ 21 ,  22 ] to cellular and humoral [ 23 , 
 24 ] response. The administration of melatonin 
to pinealectomized animals reestablished the 
immune competence [ 25 ,  26 ], highlighting the 
key role of the indoleamine in the pineal- mediated 
immune actions. Additionally, the synchroni-
zation between the melatonin production and 
circadian and seasonal rhythms in the immune 
system reinforces the pineal-immune relation-
ship. In this regard, it is generally accepted that 
short photoperiods are associated with immune 
activation in rodents [ 27 – 30 ]. Seasonal varia-
tions in the immune modulatory action of mela-
tonin have also been described in humans where 
daily administration of melatonin over a period 
of 4 years enhanced the antibody- dependent cell-
mediated cytotoxicity (ADCC) in summer, but 
not in winter [ 31 ]. 

 On the other hand, the pineal gland is a target 
for immune compounds. Thus, IFN-γ, IL-1β, 
granulocyte colony-stimulating factors (G-CSF), 
and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) modulate the production of 
melatonin by the pineal gland [ 10 ]. Additionally, 
immune conditions such as immunization and 
peritonitis promote decreased production of mel-
atonin [ 32 ,  33 ]. In concordance, a series of 
reports have suggested that infl ammation acts as 
a negative marker on melatonin production 
[ 34 – 40 ]. 

 The immune system is also considered one of 
the extrapineal sources of melatonin. The classi-
cal works from Finocchiaro et al., highlighting 
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that human peripheral blood mononuclear cells 
are a putative source of melatonin [ 41 ,  42 ] were 
followed by the studies of Tan et al. and Conti et 
al. that identifi ed the presence of NAT and 
HIOMT activities together with high concentra-
tions of melatonin in bone marrow of rats [ 43 ], 
mice, and humans [ 44 ]. Rat peritoneal macro-
phages are also able to produce melatonin after 
 in vitro  incubation with tryptophan [ 45 ]. 
Additionally, melatonin has been identifi ed in a 
wide range of immune organs and cells [ 46 – 49 ]. 
The relevant effect of melatonin on the control 
of IL-2/IL-2 receptor (IL-2R) has been high-
lighted in a series of works published by us 
reaching the general conclusion that endoge-
nously synthesized melatonin is needed for a 
suitable stimulation of PBMC and T lympho-
cytes [ 49 – 52 ]. 

 An important fact which also supports the 
relationship of melatonin with the immune sys-
tem is the presence of melatonin receptors in 
a wide variety of organs and immune cells of 
many species of mammals and birds. Currently, 
there are enough evidences to affi rm that 
melatonin not only interacts with membrane 
and intracellular targets but also this interac-
tion mediates important regulatory effects of 
melatonin on the immune system (extensively 
reviewed in [ 53 ].  

    Effects of Melatonin Administration 
on the Immune Response 

 The immunomodulatory ability of melatonin is 
undeniable; nevertheless, the actions of melatonin 
are highly dependent on the immune conditions 
tested. Overall, melatonin increases the weight 
and cellularity of lymphoid organs from normal 
or immunodepressed rodents [ 54 – 57 ]. Moreover, 
melatonin enhances NK activity [ 58 ] and che-
motaxis [ 59 ] in human immune cells. By the 
opposite, melatonin counteracts the exacerbated 
production of infl ammatory cytokines, mainly 
TNF-α, IL-1β, or IL-6, in several experimental 
models of infl ammation such as exercise- induced 
cardiac injury [ 60 ], diabetes-associated low grade 
of infl ammation [ 61 ], traumatic brain injury 

[ 62 ], heatstroke-induced multiple organ dys-
function syndrome [ 63 ], ischemia-reperfusion- 
induced liver damage [ 64 ], neuroinfl ammation 
in experimental diabetic neuropathy [ 65 ], ceru-
lean-induced pancreatitis [ 66 ], and lung isch-
emia-reperfusion injury [ 67 ], among many others 
(reviewed by Carrillo-Vico et al. 2013, in press). 
Furthermore, melatonin reduces the production 
of infl ammatory markers in infants subjected to 
endotracheal intubation [ 68 ], preterm newborns 
with respiratory distress syndrome [ 69 ], and 
adults under strenuous exercise [ 70 ], as well as 
in Duchenne muscular dystrophy [ 71 ]. Despite 
the diversity of  infl ammatory conditions tested, 
the molecular mechanisms of melatonin studied 
always share the downregulation of the NF-κB 
activity. This is also underlined by many  in vitro  
approaches using the mouse macrophage cell 
line, Raw 264.7 [ 72 – 75 ]. 

 Melatonin also regulates both cellular and 
humoral immunity in a similar way that it modu-
lates the innate response. Since Maestroni et al. 
described that reconstitution of the nighttime 
peak plasma melatonin completely reverted the 
abolished humoral and cellular response in 
propranolol- immunodepressed mice [ 21 ], many 
reports have shown how melatonin restores the 
humoral and cellular response in several models 
of immunosuppression induced by chemicals 
[ 76 ,  77 ], glucocorticoids [ 56 ], aging [ 78 ,  79 ], or 
pinealectomy [ 26 ]. Although early  in vitro  stud-
ies indirectly pointed to melatonin as a Th1 
response inducer compound [ 80 ], many subse-
quent  in vivo  studies have reported the ability of 
melatonin to suppress the Th1 response in mice 
contact hypersensitivity [ 81 ], experimental refl ux 
esophagitis [ 82 ], and experimental ovarian trans-
plant [ 83 ]. Additionally, melatonin modulates the 
hallmark cytokines of Th1/Th2 responses, such 
as IFN-γ, IL-4, and IL-10, in several models indi-
cating a bias toward Th2 response [ 84 – 87 ]. In 
concordance, pinealectomy polarized thymo-
cytes toward Th1 response [ 88 ]. Interestingly, a 
preliminary study has suggested the  in vivo  
inhibitory action of melatonin on the Treg cell 
generation in cancer patients [ 89 ]. Additionally, 
the  in vivo  administration of melatonin to murine 
subjected to experimental cancer by inoculating 
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foregastric carcinoma cell line is associated with 
downregulation of CD4 + CD25+ Treg and the 
Foxp3 expression in the tumor tissue [ 90 ].  

    Clinical Relevance of the Several 
Faces of Melatonin on Immunity 

    Melatonin and Sepsis 

 Every year, severe sepsis strikes about 750,000 
US people [ 91 ]. It is the leading cause of death 
among patients in non-coronary intensive care 
units (ICU) and the tenth leading cause of death 
in the USA, killing a 20–50 % of patients with 
severe sepsis [ 92 ]. It is a heterogeneous syn-
drome consequence of the systemic response 
to the release of bacterial endotoxins, mainly 
lipopolysaccharide (LPS), that activate polymor-
phonuclear cells (PMN), monocytes, and lym-
phocytes, triggering both cellular and humoral 
immune responses. The release of cytokines, 
especially TNF-α, IL-1β, IL-6, IL-12, and IFN-γ, 
together with the generation of free radicals by 
PMNs and macrophages infi ltrated in the tissues 
can lead to microvascular dysfunction and organ 
failure [ 93 ]. 

 A large number of studies have highlighted 
the protective effect of melatonin against septic 
shock in experimental models [ 94 – 98 ]. 
Supporting this issue, the exposure to short pho-
toperiods, with the subsequent increase of endog-
enous melatonin, augments the survival of septic 
Siberian hamsters and diminishes the TNF-α lev-
els compared to animals exposed to long photo-
periods [ 99 ]. 

 Melatonin action mechanisms in sepsis are an 
example of the pleiotropic capacity of the mole-
cule. For example, melatonin blocks the overpro-
duction of proinfl ammatory cytokines, especially 
TNF-α, and increases the levels of IL-10 [ 95 ,  97 , 
 100 ,  101 ]. In addition, melatonin increases the 
weight of the spleen in endotoxin-septic rats 
compared with control animals [ 102 ] and coun-
teracts sepsis-caused apoptosis in spleen [ 95 ]. 
Moreover, melatonin neutralizes the infl amma-
tory infi ltration in different tissues of septic ani-
mals [ 101 ,  103 ]. 

 Melatonin benefi cial effects are not only con-
fi ned to the direct modulation on the immune sys-
tem. In fact, its antioxidant capacity is also 
responsible for the protective effect of the indole-
amine through increasing the total antioxidant 
capacity [ 104 ] and/or reduction of the reactive 
oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) production and their deleterious 
effects on biomolecules in septic rodents [ 104 –
 106 ]. Melatonin also protects upon sepsis- 
induced damage in mitochondria by restoring the 
impaired mitochondrial antioxidant systems, 
enhancing both GSH levels and glutathione 
reductase (GRd) activity, and inhibiting the 
nitrite formation and the induction of mitochon-
drial iNOS expression. Besides, melatonin 
reduces mitochondrial lipid peroxidation from 
different tissues and decreases sepsis-induced 
alterations in the activity of the mitochondrial 
respiratory chain and ATP synthesis [ 107 ,  108 ]. 

 As well as in the most infl ammatory condi-
tions tested, melatonin intracellular actions in 
experimental models of sepsis involve the reduc-
tion of NF-κB nuclear translocation [ 109 ,  110 ]. 
Melatonin also reduces p38 MAPK and poly 
ADP ribose synthase (PARS) activation which is 
activated by DNA damage caused by ROS and 
RNS [ 109 ,  111 ]. The effects of melatonin can be, 
at least in part, mediated by the binding to its 
membrane receptors MT1 or MT2, since luz-
indole blocks melatonin-caused decrease in pro-
infl ammatory cytokines [ 100 ]. 

 With regard to humans, septic patients hospi-
talized in the ICUs had an altered circadian 
rhythm of 6-sulfatoxymelatonin (aMT6) urine 
excretion, with loss of circadian periodicity, 
diminished phase amplitude, and delayed acro-
phase [ 112 ], but light exposure in the ICU was 
not responsible for the impairment in urine aMT6 
excretion [ 113 ]. Additionally, nocturnal plas-
matic melatonin levels inversely correlate with 
illness severity in ICU patients with severe sepsis 
[ 114 ]. The nocturnal melatonin concentration of 
septic patients in a state of septic shock was sig-
nifi cantly higher than septic patients without sep-
tic shock. However, there was no signifi cant 
difference for nocturnal aMT6 excretion between 
septic patients, with or without septic shock, and 
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non-septic patients [ 115 ]. In a similar study, noc-
turnal melatonin concentrations of children with 
sepsis in a septic shock state were signifi cantly 
higher than those of septic patients without septic 
shock state. The 24-h aMT6 excretion in septic 
patients with liver dysfunction was found signifi -
cantly lower than in septic patients without liver 
dysfunction [ 116 ]. Therefore, the parallel mea-
surement of serum melatonin together with the 
urine levels of aMT6 would be very convenient 
data to discard aMT6 disturbances due to hepatic 
dysfunction. Exogenous melatonin has also been 
shown to improve the clinical outcome in septic 
newborns by reducing lipid peroxidation, white 
cell count, neutrophil count, and C-reactive pro-
tein levels [ 117 ]. Moreover, melatonin reduces 
proinfl ammatory cytokine production (IL-6, 
IL-8, TNF-α), lipid peroxidation, and nitrite and 
nitrate levels in newborns suffering from respira-
tory distress syndrome [ 69 ].  

    Melatonin and Other Infections 

 Over the last decades, melatonin has been 
revealed as an important antiviral, antibiotic, and 
antiparasite molecule [ 118 ,  119 ]. Many authors 
have described the ability of melatonin to protect 
against viral infection induced by the Venezuelan 
equine encephalomyelitis virus (VEEV), a 
mosquito- borne virus of the family Togaviridae 
and genus Alphavirus [ 120 ]. Outbreaks occurred 
in northern South America from the 1920s to the 
1970s with thousands of people, horses, and don-
keys affected and reemerged in 1995 causing 
mortality of the affected people [ 121 ,  122 ]. The 
infection with VEEV causes excitation and 
hypermotility followed by hypomotility, paraly-
sis, coma, and death [ 123 ]. A series of experi-
ments carried out in mice infected with the virus 
demonstrated that the administration of melato-
nin delays the onset of the disease and reduces 
mortality by decreasing the viral load in blood 
and brain. Specifi cally, melatonin administration 
in doses of 250, 500, and 1,000 μg/kg to the 
infected mice reduced the mortality to 45, 40, and 
16 %, respectively, compared to 100 % mortality 
in no melatonin-treated mice. 

 Melatonin pretreatment also increased the sur-
vival rate to 73 % compared to 60 % obtained 
with 3 days pretreatment standard [ 124 ]. 
Interestingly, melatonin reduced the VEEV lev-
els in the brain of immunocompetent mice but 
not in immunodepressed mice, suggesting that 
melatonin requires the integrity of the immune 
system for the antiviral activity [ 125 ]. The mela-
tonin effect was neutralized by anti-IL-1β anti-
bodies suggesting that IL-1β production induced 
by melatonin treatment is a key factor involved in 
the rapid viral clearance [ 126 ]. In reference to the 
TNF-α levels, these are increased in an infection 
of VEEV and the melatonin administration also 
reduces them, contributing to control the infl am-
matory response occurring after VEEV infection 
[ 127 ]. In addition, melatonin provides protection 
against neural lipid peroxidation and the high 
levels of serum and brain nitrites [ 128 ]. 

 Other researchers have studied the effect 
of melatonin in the infection of the encephalo-
myocarditis virus (EMCV), a highly pathogenic 
and aggressive virus that causes encephalitis 
and myocarditis in rodents. Administration of 
melatonin prevents paralysis and death in mice 
infected with sublethal doses of EMCV after 
acute stress [ 129 ]. Furthermore, melatonin also 
protects mice infected with Semliki forest virus 
(SFV), a classic encephalitis arbovirus that 
invades the central nervous system (CNS), from 
death. Melatonin treatment reduced viremia and 
signifi cantly postponed the onset of the disease 
as well as protects SFV- infected mice from death 
[ 130 ]. Melatonin also reduces the mortality in 
minks infected with the Aleutian mink disease 
virus (AMDV) which causes a disease charac-
terized by hypergammaglobulinemia due to the 
high titers of non- neutralizing anti-ADMV anti-
bodies, with lesions in the kidney, liver, lungs, 
and arteries. The protective action of melatonin 
seemed to result from melatonin’s ability to 
scavenge free radicals, but it could also be due 
to the induction of antioxidant enzymes or to 
the modulation of immunity [ 131 ]. Attenuated 
West Nile virus (WNV) is an encephalitis virus 
that does not invade the brain in normal condi-
tions. However, under stressful stimulus, the 
WNV strain WN-25 can induce encephalitis in 
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mice. The immunodepressive effect of stress 
was prevented by melatonin administration as 
well as the stress-related encephalitis and death 
of WN-25-infected mice [ 130 ]. The LP-BM5 
leukemia retrovirus causes an experimental 
acquired immune-defi ciency syndrome (AIDS). 
This infection inhibits the release of Th1 cyto-
kines, stimulates the secretion of Th2 cytokines, 
increases hepatic lipid peroxidation, and induces 
vitamin E defi ciency. Administration of dehydro-
epiandrosterone (DHEA) or melatonin, alone or 
in combination, prevents the reduction of B and 
T cell proliferation and the Th1 cytokine secre-
tion in female C57BL/6 mice infected with the 
retrovirus [ 132 ]. Regarding to the human AIDS 
caused by immunodefi ciency virus type I (HIV-
1), a positive correlation between melatonin and 
IL-12 among the HIV-1 has been shown together 
with a negative correlation between melatonin 
and plasma HIV-1 RNA levels. Additionally, the 
levels of serum melatonin in HIV-1-infected indi-
viduals were signifi cantly lower than in healthy 
controls [ 133 ]. 

 Melatonin has been demonstrated as a potent 
free radical scavenger and antioxidant in a variety 
of  in vitro  and  in vivo  models of several bacterial 
infections, where it reduces lipid peroxidation and 
ROS [ 103 ]. Additionally, melatonin has a high 
metal binding capacity by binding iron, copper, 
and zinc and thereby reducing their cytoplasmic 
availability. Since bacteria are strongly depen-
dent on free metals, in particular iron, for grow-
ing [ 134 ], an agent like melatonin which easily 
crosses the biological barriers, including bacte-
rial cell wall, has greater importance for restrict-
ing iron-dependent bacterial growth [ 135 ]. The 
protective action of melatonin against bacterial 
infections has been evaluated in cultured medium 
containing  M. tuberculosis  (H37Rv strain). 
Addition of melatonin together with isoniazid 
inhibited the bacterial growth three- to fourfold 
than the inhibition exerted by both compounds 
alone. When intracellular bacterial growth was 
examined in inoculated monocytes, addition of 
either isoniazid or melatonin alone did not have 
any effect on macrophage mortality or viability. 
However, their combination resulted in a marked 
reduction in bacterial load. The microbicide 

action of melatonin is attributed to the formation 
of stable radicals that could modify either the iso-
niazid action or the binding with mycobacterial 
cell wall, resulting in destabilization of the cell 
wall causing enhanced permeability to isoniazid 
molecules [ 136 ]. Studies conducted in patients 
infected by M. tuberculosis have revealed a reduc-
tion in the plasma melatonin levels compared to 
control subjects. Likewise, the aMT6 level, which 
constitutes the major hepatic metabolite of mela-
tonin, was lower in patients with tuberculosis 
than in control patients [ 137 ]. Some studies have 
also highlighted the presence of seasonality in the 
 M. tuberculosis  infection, with peaks both at the 
end of winter and at the beginning of the summer 
season [ 138 ,  139 ]. In this respect, some research-
ers have proposed that this seasonality might be 
related to seasonal changes in the immune system 
caused by annual fl uctuations in the melatonin 
levels [ 137 ,  140 ]. Tryptophan limitation caused 
by production of IFN-γ by the host and the subse-
quent induction of indoleamine 2,3- dioxygenase, 
resulting in the depletion of tryptophan from 
human cells, is a key aspect of the host-parasite 
interaction [ 141 ,  142 ]. Therefore, a defi cit in 
melatonin production promoted by tryptophan 
depletion would be expected.  In vitro  administra-
tion of melatonin to three Chlamydiaceae species 
( Chlamydia trachomatis, Chlamydophila pneu-
moniae  and  Chlamydophila felis ) reduces the 
infection by 50 % compared with controls. The 
infection reduction was neutralized by pertus-
sis toxin, an inhibitor of G proteins [ 143 ], which 
suggests a membrane receptor-mediated mecha-
nism. An additional study demonstrated the  in 
vitro  antimicrobial activity of melatonin against 
multidrug- resistant gram-positive and gram-nega-
tive bacteria, methicillin-resistant Staphylococcus 
aureus, carbapenem-resistant Pseudomonas aeru-
ginosa, and Acinetobacter baumannii [ 135 ]. This 
evidence has a clinical importance because these 
strains have recently emerged as primary nosoco-
mial pathogens in hospital outbreaks. 

 Melatonin role in parasite infections has also 
been studied. In this context, some studies have 
shown that TNF-α, IFN-γ, and IL-12 are impor-
tant for the control of  Trypanosoma cruzi  ( T . 
 cruzi ) infection by ensuring the induction of an 
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effi cient adaptive host response [ 144 ]. These 
cytokines would stimulate phagocytic cells to 
destroy internalized parasites, mainly through 
nitric oxide NO generation which is especially 
important for the control of parasitism in the 
early acute phase [ 145 ]. A series of studies have 
reported the protective action of melatonin in 
experimental models of  T .  cruzi  infection. Thus, 
melatonin reduces the blood parasitemia and the 
nitrite production by peritoneal macrophages in 
rats intraperitoneally infected with trypomasti-
gotes of the Y strain of  T .  cruzi . The combination 
of melatonin and the anti-infl ammatory drug 
meloxicam also promoted an increase in serum 
levels of IL-2 and IFN-γ [ 146 ]. In conjunction 
with DHEA, melatonin diminished the parasite 
load in blood and tissue [ 147 ]. After  T .  cruzi  
infection, the thymus, a central lymphoid organ 
able to generate mature T cells, undergoes a dra-
matic loss in size, with a consequent reduction in 
the number of thymocytes. A recent report has 
described that the combined therapy of zinc and 
melatonin triggers enhanced thymocyte prolifer-
ation in rats inoculated with  T .  cruzi  as compared 
to untreated group of animals [ 148 ]. 

 Many studies have demonstrated that 
 Plasmodium falciparum  ( P. falciparum ), a para-
site that colonizes hepatocytes and red blood cells 
(RBCs) causing the deadly disease malaria, 
depends on intracellular calcium. Authors have 
set that melatonin, as well as its precursors derived 
from the tryptophan catabolism, induces calcium 
release and modulates the  P. falciparum  cell cycle 
[ 149 ]. Moreover, melatonin induces the ubiquiti-
nation of PfNF-YB, a transcription factor involved 
in  P. falciparum  cell cycle division [ 150 ]. 
Furthermore, melatonin is able of synchronize the 
 in vitro  life cycle of  P. falciparum  and  P. chabaudi  
 in vitro  through membrane receptor-mediated 
mechanisms. The synchronization is also abol-
ished  in vivo  by pinealectomy or luzindole injec-
tion. Melatonin administration restored the 
pinealectomy disturbances [ 151 ]. Melatonin not 
only causes a deleterious effect in  P. falciparum  
cycle but also has an inhibitory effect on malaria 
development by inhibiting free radical-mediated 
hepatocyte apoptosis and liver damage induced 
by the infection itself [ 152 ].  

    Melatonin and Autoimmunity 

 Several studies have implicated both endogenous 
and exogenous melatonin in the development of 
different autoimmune diseases, including rheu-
matoid arthritis (RA), multiple sclerosis (MS), 
systemic lupus erythematosus (SLE), type 1 dia-
betes (T1D), and infl ammatory bowel disease 
(IBS). However, there are also scarce data about 
the melatonin relationship with any other autoim-
mune diseases. In this sense, disturbances in cir-
cadian melatonin secretion have been described 
in psoriatic patients [ 153 ]. Melatonin also reduces 
type II collagen-induced proliferation of lympho-
cytes from patients with autoimmune hearing 
loss [ 154 ] and exerts protective effects in an 
experimental model of idiopathic membranous 
nephropathy, an autoimmune-mediated glomeru-
lonephritis [ 155 ]. 

 The effects of melatonin over RA, a common 
autoimmune disease suffered by approximately 
1 % of the world population [ 156 ], seem to be 
controversial. Different studies using experimen-
tal models of arthritis suggest a deleterious action 
of both endogenous and exogenous melatonin. 
Thus, animals maintained in constant darkness 
undergo a more severe collagen-induced arthri-
tis, with higher titers of serum anti-collagen anti-
bodies and bigger spleen than those kept in 
constant light or normal photoperiod. The effect 
of constant darkness was counteracted by pine-
alectomy [ 157 ,  158 ]. Furthermore, melatonin 
administration to mice immunized with rat col-
lagen II kept under constant light promoted a 
more severe arthritis when it was injected from 
the beginning of the immunization, whereas mel-
atonin injection at the onset of the disease (days 
30–39) did not affect the clinical signs of the dis-
ease [ 159 ]. An additional study showed a dual 
effect of melatonin, which increased serum anti- 
collagen antibodies titers together with IL-1β and 
IL-6 levels in serum and joints of arthritic rats, 
while it decreased oxidative markers in serum 
but not in joints. As expected, pinealectomy 
effects were opposed, with a reduction in anti-
bodies, cytokine levels, and oxidative stress in 
joints, but elevated oxidative markers in serum 
[ 160 ]. In contrast to those studies supporting the 
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deleterious effect of melatonin, a prophylactic 
and/or therapeutic treatment with the indole-
amine reduces hind paw swelling in a similar 
way as indomethacin does in an adjuvant-induced 
arthritis model [ 161 ]. 

 An increased incidence and severity of RA 
associated with higher latitudes have been 
showed, suggesting that the augmented melato-
nin production on long winter nights could be 
related with RA [ 162 ]. Moreover, the risk of 
arthritis is inversely associated with UV-B expo-
sition [ 163 ], a radiation known to reduce the 
pineal synthesis of melatonin [ 164 ]. In addition, 
the nocturnal levels of melatonin in RA patients 
from northern Europe (Estonia) are higher than 
in RA patients from the south (Italy) [ 165 ]. RA 
symptoms get worse in the early morning [ 162 ], 
in parallel to high levels of proinfl ammatory 
cytokines and low serum concentration of corti-
sol [ 166 ]. Some authors have also reported a rise 
in serum melatonin levels at the early morning in 
RA patients compared with healthy controls, a 
positive correlation between melatonin levels 
and the disease activity scores, and an advance in 
the nocturnal peak of melatonin compared to 
control subjects [ 165 ,  167 ,  168 ]. However, other 
authors found signifi cant lower plasmatic levels 
of melatonin in the RA patients [ 169 ] and 
increased nocturnal pineal production of melato-
nin induced by Freund’s adjuvant in an experi-
mental model of arthritis [ 170 ]. Supporting the 
melatonin action in RA,  in vitro  cultured RA 
synovial macrophages have high-affi nity binding 
sites for melatonin [ 171 ] and produce high levels 
of IL-12 and NO after melatonin administration 
[ 172 ]. Additionally, synovial fl uid from RA 
patients has relatively high levels of melatonin 
[ 171 ]. In the opposite sense, melatonin inhibits 
the excessive proliferation of RA fi broblast-like 
synoviocytes through the activation of the cyclin- 
dependent kinase inhibitors, P21 (CIP1) and P27 
(KIP1), mediated by ERK [ 173 ]. Fibroblasts 
from synovial membranes collected from RA 
patients also show impaired circadian expression 
of timekeeping genes and proinfl ammatory cyto-
kines such as TNF-α, IL-1β, and IL-6 [ 174 ]. 
Interestingly, a study conducted in 75 RA patients 
with active disease receiving daily melatonin at 

night during 6 months showed a slow antioxidant 
profi le in patients, increased concentration of the 
erythrocyte sedimentation rate and neopterin 
(infl ammation indicators), and no changes in pro-
infl ammatory cytokines (TNF-α, IL-1β, and 
IL-6), but these effects were not associated with 
any change of clinical symptoms [ 175 ]. 

 MS is the most common neurological disease 
in young adults, with a worldwide prevalence of 
1.1–2.5 million cases [ 176 ] and an increasing 
global incidence, primarily in middle-aged 
women. It is a progressive neurodegenerative 
disorder triggered by an autoimmune response 
against myelin [ 177 ]. Although the etiology of 
MS is not currently fully understood, one of the 
environmental factors that seems to be impli-
cated is the latitude, since the prevalence of the 
disease increases in northern countries [ 178 ]. 
This has been associated with a reduction in day-
light exposure [ 179 ,  180 ], because of the preva-
lence diminishes in mountainous areas with 
respect to neighboring lower areas [ 181 ]. 
Recently, shift work at young age has also been 
associated with increased incidence of MS, with 
a positive correlation between risk of MS and 
duration of shift work [ 182 ]. 

 Although epidemiologic studies might indi-
rectly suggest a detrimental effect of melatonin 
over MS, studies using the experimental autoim-
mune encephalomyelitis (EAE) model have 
reported contradictory results. Although luz-
indole administration [ 183 ] and constant light 
exposition [ 184 ] suppress EAE, pinealectomy 
shows an age-dependent effect on EAE. While 
pinealectomized newborn rats undergo extensive 
pathological damages and severe neurological 
defi cit after EAE induction, pinealectomized 
adult rats are protected against the development 
of EAE [ 185 ]. Moreover, melatonin administra-
tion reduces both the severity and the duration of 
EAE-induced paralysis in rats through diminish-
ing macrophage, CD4+ and CD8+ T cell infi ltra-
tion in the spinal cord, as well as ICAM-1 
expression in the blood vessels close to EAE 
lesions [ 186 ]. 

 MS patients show impaired circadian rhythms 
of both melatonin and aMT6. A high percentage 
of patients with exacerbated MS displayed an 
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inverse circadian rhythm of melatonin [ 187 ]. MS 
patients also showed alterations in aMT6 urine 
excretion, with lower total urine aMT6 levels 
than healthy controls, and a signifi cant reduction 
in the night excretion of the metabolite compared 
to control subjects. It was normalized by IFN-β 
treatment [ 188 ]. A recent study has found asso-
ciations between single-nucleotide polymor-
phisms (SNP) in two genes involved in melatonin 
synthesis and signaling and the risk of suffering 
progressive subtypes of MS in a high-risk Finnish 
population. The allele T of a SNP in the promoter 
region of tryptophan hydroxylase 2 (TPH2) was 
related with a higher risk of progressive MS. 
Moreover, a haplotype including this SNP was 
found to be associated with a higher risk of sec-
ondary progressive MS in males and also with 
disability in progressive subtypes of MS. On the 
other hand, two haplotypes in MTNR1B, the 
MT2 encoding gene, were associated with 
increased risk of primary or secondary progres-
sive MS [ 189 ]. Besides melatonin actions over 
the course of the disease, endogenous melatonin 
has been related to the clinical complications of 
MS. Thus, serum melatonin levels inversely cor-
relate with depression in MS patients [ 190 ]. 
Additionally, diurnal vision impairment related 
to MS was shown to be linked to melatonin circa-
dian rhythm, and more importantly, it was 
improved by oral treatment with melatonin [ 191 ]. 

 SLE is a multifactorial autoimmune disorder 
with a yearly incidence of 1–10 new cases per 
100,000 people and an estimated prevalence 
around 20–150 cases per 100,000 people. The 
hallmark of the SLE is the formation of immune 
complexes in blood and tissues which cause 
extensive tissular damage [ 192 ]. Regarding mel-
atonin and lupus, an uncoupling in the circadian 
rhythm has been described in lupus-prone mice 
[ 193 ]. However, melatonin levels and seasonal 
light variations show no association with disease 
activity in SLE patients from a subarctic region 
[ 194 ]. Melatonin administration exerts contradic-
tory effects in murine models of SLE, being ben-
efi cial or deleterious depending on different 
parameters, as the timing of the administration 
and the gender of the animals. Melatonin admin-
istered in the morning increased the survival of 

lupus-prone animals, although the effect was not 
reproduced with evening treatment [ 195 ]. On the 
other hand, melatonin has been shown to be ben-
efi cial in female mice, reducing vascular lesions 
and infl ammatory infi ltration in kidneys, dimin-
ishing the titers of anti-collagen II and anti- 
dsDNA autoantibodies, lowering the production 
of proinfl ammatory cytokines, and augmenting 
the release of anti-infl ammatory cytokines both 
in lupus-prone animals [ 196 ] and in pristane- 
induced lupus [ 197 ]. However, melatonin had no 
effect or even worsened the disease in male 
lupus-prone mice [ 196 ]. 

 T1D is an autoimmune disease where the 
immune response destroys the pancreatic β-cells, 
causing a fall in insulin. Although it only accounts 
for 5–10 % of all cases of diabetes, its incidence 
is rising worldwide [ 198 ]. As most of autoim-
mune pathologies, a latitudinal gradient of T1D 
incidence has been shown, with cases increasing 
with latitude. It has been proposed that this rela-
tionship is associated with UV exposure and vita-
min D levels [ 199 ], although melatonin 
involvement cannot be ruled out. Interestingly, 
low levels of insulin in experimental models of 
T1D correlate with an increased production of 
melatonin which is normalized by insulin admin-
istration [ 200 ,  201 ]. Pinealectomy of newborn 
nonobese diabetic (NOD) mice, a mouse model 
of T1D, diminishes survival signifi cantly and 
induces glycosuria, whereas chronic administra-
tion of melatonin increases survival and delays 
the onset of the disease, maintaining normal plas-
matic glucose levels [ 202 ]. Moreover, melatonin 
reduces proliferation of splenocytes and Th1 
cells, prolonging the survival of pancreatic islet 
grafts in NOD mice [ 203 ]. Melatonin is not only 
useful for preventing the development of T1D, 
but it also shows protective effects against the 
main complication of the disease, cardiovascular 
disease, since it improves vascular contractile 
performance in diabetic rats [ 204 ] and reduces 
blood pressure in T1D adolescents [ 205 ]. 

 The irritable bowel syndrome (IBS) is a func-
tional gastrointestinal disorder associated with 
visceral hypersensitivity and abnormal gastroin-
testinal motor functions [ 206 ], whereas infl am-
matory bowel disease (IBD) is a group of 
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infl ammatory diseases that includes ulcerative 
colitis and Crohn’s disease, in which both innate 
and adaptive immune responses seem to be 
implicated [ 207 ]. The relation between impaired 
melatonin synthesis and secretion with IBS has 
been suggested since urinary levels of aMT6 are 
lower in IBS patients than in healthy controls 
[ 208 ]. In the knowledge that altered melatonin 
levels play a role for the disease, some clinical 
trials have demonstrated benefi cial effects of the 
molecule, reducing abdominal pain and disten-
tion [ 209 ,  210 ] and improving rectal sensibility, 
IBS scores, and quality of life [ 211 ,  212 ]. 
Circadian rhythmicity impairment has also been 
shown to be related with IBD course in experi-
mental models. Thus, mice subjected to continu-
ous changes in light/darkness cycle or sleep 
deprivation undergo a more severe colitis, with 
increased loss of weight and mortality, com-
pared with control animals [ 213 ]. Furthermore, 
melatonin promotes favorable effects on several 
experimental models of colitis in rodents. It 
reduces visceral hyperalgia [ 214 ] and dimin-
ishes disease severity [ 215 ,  216 ] by acting as a 
radical scavenger [ 217 ], reducing lipid peroxida-
tion and nitrosative stress [ 216 ,  218 ], and pro-
tecting endogenous antioxidants from depletion 
[ 219 ]. Moreover, melatonin modulates the 
immune attack to the colonic mucosa through 
regulating macrophage [ 220 ] and matrix metal-
loproteinase (MMP)-2 and MMP-9 activities 
[ 221 ], as well as by suppressing iNOS and 
cyclooxygenase (COX)-2 activities [ 218 ], proin-
fl ammatory cytokine levels [ 219 ,  222 ], and 
adhesion molecules [ 223 ]. Intracellular actions 
such as NF-κB inhibition and c-Jun activation 
have also been related with the effects of melato-
nin over colitis [ 222 ,  223 ]. 

 Although available data regarding melatonin 
treatment in experimental models of colitis sug-
gest a positive effect, to date no clinical trials 
have been conducted on the action of melatonin 
on IBD. Only three case reports have been pub-
lished with different results. While melatonin 
treatment caused the disappearance of the clini-
cal symptoms, which recurred when melatonin 
consumption was stopped, in a patient suffering 
from ulcerative colitis [ 224 ], the other two cases, 

one ulcerative colitis patient and another with 
Crohn’s disease, experienced an exacerbation of 
the diseases, which remitted after stopping mela-
tonin intake [ 225 ,  226 ].  

    Immunological Aspects of Melatonin 
in Cancer 

 Among the various functions attributed to mela-
tonin in the control of the immune system, antitu-
mor defense assumes a primary role. Melatonin 
has been demonstrated to inhibit tumor develop-
ment under both  in vivo  and  in vitro  conditions. 
The oncostatic effects have been observed for a 
variety of tumor cells like breast carcinoma, 
ovarian carcinoma, endometrial carcinoma, 
human uveal melanoma cells, prostate tumor 
cells, and gastrointestinal tumors (reviewed by 
[ 227 ]). The anticarcinogenic effect of melatonin 
on neoplastic cells relies on its antioxidant, 
immunostimulating, and apoptotic properties 
[ 228 ]. Studies carried out in knockout mice have 
shown the important role of the immune system 
in the control of the spontaneous generation of 
tumors. Nearly 50 % of aged IFN-γ−/− or perfo-
rin−/− mice developed lymphomas, lung adeno-
carcinoma, or sarcoma [ 229 ]. 

 In addition to stimulating the production of 
several cytokines that regulate immune function 
[ 10 ,  11 ], melatonin enhances immune function 
by direct stimulation of polymorphonuclear cells, 
macrophages, NK cells, and lymphocytes [ 55 ]. 
Recently, considerable attention has been focused 
on the effect of melatonin on CD4+ cells. These 
cells secrete IFN-γ and TNF-α that activate and 
regulate the cytotoxic T cell response. Melatonin 
treatment has been found to augment CD4+ cells 
in lymph nodes of rats [ 230 ]. The Th1 cells 
directly kill tumor cells in lymph nodes by releas-
ing cytokines which activate “death receptors” on 
the tumor cell surface. Because NK cells are 
effective against a variety of tumors, especially 
leukemias and lymphomas, the regulation of NK 
cell activity and the enhancement of the cytolytic 
function of NK cells by melatonin [ 231 ] have 
considerable signifi cance for possible therapeutic 
applications. Additionally, melatonin protects 
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hematopoietic precursors from the toxic effect of 
anticancer chemotherapeutic drugs [ 232 ]. The 
use of adjuvant immunotherapy is an effi cient 
method of diminishing the harmful effects asso-
ciated with the systemic delivery of pharmaco-
logical doses of cytokines [ 233 ]. This evidence 
provided the base for the therapeutic use of mela-
tonin as an adjuvant in combination with myelo-
toxic anticancer therapeutic protocols. In relation 
to this, melatonin protects against IL-2 toxicity 
and synergizes with IL-2 anticancer action in a 
variety of tumor types [ 234 ]. This combined 
strategy constitutes a novel and well-tolerated 
form of intervention to control tumor growth. In 
most patients, both performance status and qual-
ity of life are improved [ 235 ]. In this line, mela-
tonin administration along with IL-2 and 
naltrexone in patients with untreatable metastatic 
melanoma increased Th-1 and suppressed Th-2 
responses, a reportedly favorable result in anti-
cancer treatment [ 236 – 239 ]. In accordance with 
these results, patients with IL-2 resistant 
advanced neoplasms responded to IL-2 therapy 
after the concomitant administration of melato-
nin [ 240 ,  241 ]. Patients who received both IL-2 
and melatonin exhibited a signifi cantly higher 
number of T lymphocytes, NK cells, and CD4+ 
cells than those receiving IL-2 alone. Another 
study using IL-2 along with melatonin and cispl-
atin demonstrated that it was the most effective 
immunotherapeutic way for treating metastatic 
melanoma [ 242 ]. Melatonin not only inhibited 
tumor growth but also suppressed signifi cantly 
the toxicity of chemotherapeutic drugs and 
potentiated their anticancer cytotoxicity. Clinical 
results show that circulating melatonin tends to 
be depressed in patients with primary tumors of 
different histological types including both 
endocrine- dependent (mammary, endometrial, 
prostate cancer) and endocrine-independent 
tumors (lung, gastric, colorectal cancer) [ 207 , 
 243 ]. This phenomenon appears to be transient, 
since patients with recidives show a normaliza-
tion of melatonin [ 244 ]. However, surgical 
removal of the primary tumor does not lead to 
normalization, indicating that complex systemic 
changes appear to be involved in melatonin 
downregulation.   

    Melatonin in Vaccination 

 Vaccines are a successful attempt to establish or 
improve immunity to a particular disease, and 
thereby there is an increasing interest in improv-
ing the performance of existing vaccines. The 
immune-promoting activity of vaccination is 
determined not only by the particular antigenic 
component but also by the addition of suitable 
adjuvants capable of activating and promoting an 
effi cient immune response against the infectious 
agents. Based on the immunoregulatory proper-
ties of melatonin, some  in vivo  studies have 
explored the use of melatonin as a vaccine agent. 
Thus, melatonin increased humoral response of 
sheeps vaccinated against  Dichelobacter nodosus  
[ 245 ], the bacteria that causes ovine foot rot, a 
major cause of lameness in sheep [ 246 ]. The 
administration of melatonin was developed 
through subcutaneous slow-release implants 
(18 mg/animal following 21 days of the fi rst dose 
of vaccine), and the enhancer effect on antibody 
titers was synergized with aluminum hydroxide. 
The same effect was found with a double dose of 
melatonin after which the titer of antibodies and 
the IgG levels were notably increased comparing 
to untreated vaccinated animals [ 247 ]. The 
administration of melatonin either via implants 
or injections also enhanced the platelet response 
to thrombin stimulation improving the percent-
age and rate of aggregation and lag time [ 248 ]. 
This effect was likely mediated by enhancement 
of thrombin-evoked Ca2+ mobilization, espe-
cially Ca2+ entry from the extracellular medium. 
The benefi cial effect of melatonin on the immune 
response to vaccination against  Clostridium per-
fringens  type D in sheeps has also been described 
[ 249 ]. Interestingly, the highest increase in serum 
antibody levels caused by melatonin was 
observed when vaccination took place prepar-
tum, suggesting that the time of immunization 
plays an important role in the effect of melatonin 
on the immune response. The powerful immune 
response originated after the administration of 
melatonin implants might be explained through 
two primary mechanisms: on one hand, melato-
nin could effectively augment the antibody 
response by enhancing antigen presentation to 
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immunocompetent cells [ 11 ,  250 ]. On the other 
hand, melatonin could modulate cytokines pro-
duction at the beginning of the immune response 
and, therefore, establishes an important cellular 
control. The potential role of melatonin as adju-
vant has also been suggested in the use of vac-
cines developed against prostate cancer [ 251 ], 
but no study showing its effects has been pub-
lished to date. 

 The goal of the immunization program should 
not only be restricted to protect from infec-
tion but also should modulate the pathology 
infl icted by the agent. In relation to this, mela-
tonin administration with different immuniza-
tion regimens using some  Schistosoma mansoni  
antigens in hamster with schistosomiasis was 
evaluated [ 252 ]. Melatonin provided an excellent 
enhancement for the vaccine action of cercarial 
and soluble worm antigens, which was accompa-
nied by a signifi cant improvement in GSH levels. 
Melatonin also protected infl ammation associ-
ated with Aβ vaccination [ 253 ], suggesting it can 
be also an effective adjuvant in the development 
of vaccination in immunotherapy for Alzheimer’s 
disease (AD). Thus, the immune cell functions 
are strongly infl uenced by the antioxidant/oxi-
dant balance, and, therefore, the antioxidant lev-
els in these cells play a pivotal role in protecting 
them from oxidative stress and preserving their 
adequate function. The immunoregulatory and 
antioxidant properties of melatonin were also 
evidenced in an open-fi eld vaccination procedure 
in sheep [ 254 ]. In this study, the coadministration 
of melatonin with the foot rot vaccine neutral-
ized the rise of serum NO found in vaccinated 
animals. This effect could be explained by the 
direct reaction of melatonin on NO, or even by 
its known inhibitory action in the NOS expres-
sion and/or activity.  

    Immunological Aspects 
of Melatonin in Transplantation 

 To our knowledge, all the studies in experimen-
tal models of perfused organ transplantation have 
shown benefi cial effects of melatonin on pro-
longing graft survival. Thus, melatonin treatment 

(200 mg/kg) inhibited immune responses to the 
allograft by reducing the lymphocyte prolifera-
tion capacity, preventing rejection and doubling 
allograft survival in a rat cardiac transplant model 
[ 255 ]. Similar protective effects were found in 
lungs with reperfusion injury after prolonged 
ischemia [ 256 ]. High-dose melatonin treatment 
signifi cantly prolonged islet graft survival in the 
NOD mice by inhibiting the proliferation of T 
cells and the proportion of Th1 cells as well as 
elevating the percentage of IL-10-producing CD4 
T cells [ 203 ]. The immunosuppressive effect of 
melatonin supplementation was also evident in a 
model of autologous intraperitoneal ovary trans-
plantation in rats [ 257 ]. In line with this fi nding, a 
recent study reported a reduction in apoptosis of 
human ovarian grafts in melatonin- treated hosts 
[ 258 ]. Besides the anti-apoptotic and antioxidant 
properties of melatonin, another potential mech-
anism by which melatonin can exert benefi cial 
effects following transplantation is the inhibi-
tion of cellular damage caused by surgical stress 
and ischemia-reperfusion injury (IRI). This has 
been demonstrated in animal models of hepatic 
IRI, where melatonin supplementation exerted a 
protective effect on the liver [ 259 ]. Specifi cally, 
melatonin reduced neutrophil recruitment, 
increased GSH, and decreased oxidative sub-
stances. Furthermore, the number of apoptotic 
cells was reduced after melatonin administra-
tion [ 260 ]. Therefore, the sum of the pleiotropic 
actions of melatonin may reduce graft immu-
nogenicity following transplantation, directly 
improving clinical outcome. The usefulness of 
melatonin as an additive for increasing the qual-
ity of organ preservation solution has also been 
described. In a recent study, the addition of mela-
tonin to Institute Georges Lopez (IGL-1) solution 
improved non-steatotic and steatotic liver graft 
preservation, limiting their risk against cold IRI 
[ 261 ]. The melatonin benefi ts correlated with the 
generation of NO (through constitutive endothe-
lial NOS activation) and the prevention of oxi-
dative stress and infl ammatory cytokine release, 
including TNF-α and adiponectin. Recently, 
melatonin was used as one of the substances of a 
multidrug donor preconditioning (MDDP) which 
improved liver preservation and completely 
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 prevented hepatic reperfusion injury [ 262 ,  263 ]. 
This MDDP protection was provided by anti-
oxidative, anti-infl ammatory, and anti- apoptotic 
actions. The immunosuppressive potential of 
melatonin is also evident since immune sup-
pressive maintenance therapy with cyclosporin a 
increased melatonin midnight levels [ 264 ].  

    Melatonin and Immunosenescence 

 Aging is a complex physiological process that 
involves a number of biochemical reactions, with 
molecular changes manifested in single cells as 
well as in the whole organism [ 265 ]. It refl ects the 
totality progressive changes in several key physi-
ological systems including the immune system, 
which is continuously remodeled over the life 
course, a process known as immunosenescence. 
Many age-related pathological conditions are 
directly associated with immunosenescence such 
as increased susceptibility to infectious diseases, 
neoplasias, metabolic diseases, osteoporosis, and 
autoimmune diseases [ 266 ]. It is interesting to 
note that many hormones that are associated with 
immune function maintenance also decline with 
advancing age, and the interrelationship between 
the endocrine system and the immune system is 
considered crucial of importance in normal 
human physiology and in mediating age-associ-
ated degenerative diseases [ 267 ,  268 ]. The decline 
in the production of a number of hormones asso-
ciated with aging, such as melatonin, has been 
proposed to play a signifi cant role in contributing 
to immunosenescence [ 267 ]. The decline of mela-
tonin with age has been repeatedly reported [ 269 –
 273 ], and it usually overlaps with the age-related 
impairment of the immune system. 

 Although there are many studies showing the 
immunomodulatory properties of melatonin, 
there is a lack of investigations relevant to immu-
nosenescence where the experimental data show 
that melatonin exerts immunoenhancing action. 
Related to aging, the administration of melatonin 
to normal or immunocompromised mice elevated 
 in vitro  and  in vivo  antibody responses [ 235 ]. The 
severe loss of thymocytes with age is the main 
cause of structural thymic atrophy and  thymic 

weight loss. According to this, melatonin admin-
istration rejuvenated degenerated thymus and 
redressed peripheral immune dysfunctions in 
aged mice [ 274 ]. 

 In elegant, but controversial, studies of 
Pierpaoli’s group, implantation of pineal glands 
from young donors into the thymus of aging 
recipients increased their life span [ 275 ]. 
Moreover, pineal grafted aged mice displayed a 
remarkable maintenance of thymic structure and 
cellularity. Pineal grafting, as well as melatonin 
treatment, resulted in a signifi cant maintenance 
of a vigorous immunological response express-
ing cell-mediated transplantation immunity, as 
measured by a delayed-type hypersensitivity 
response to oxazolone [ 276 ]. 

 This reversal of age-related thymic involution 
by melatonin could be attributable to increments 
in thymic cellularity caused by its anti-apoptotic 
and proliferative-enhancing effects [ 277 ]. The 
antioxidant ability of melatonin and its metabo-
lites may also account for its anti-apoptotic 
actions on immune cells [ 278 ,  279 ]. In fact, mela-
tonin is able to delay endoplasmic reticulum 
stress-induced apoptosis in aged leukocytes and 
may counteract, at the cellular level, age-related 
degenerative phenomena linked to oxidative 
stress [ 280 ]. In the same way, the age-related 
increase of oxidative load was reverted by mela-
tonin, improving the general immunity in golden 
hamster [ 281 ]. In another study, injections of 
melatonin restored immune functions in experi-
mentally immunodepressed or aging mice. Thus, 
melatonin was able to enhance the antibody 
response to a T-dependent antigen. Moreover, the 
enhancement of antibody response was associ-
ated with increased induction of T helper cell 
activity and IL-2 production [ 282 ]. 

 In addition, an inhibitory infl uence of melato-
nin on immune parameters has also been demon-
strated. Thus, melatonin has been shown to inhibit 
the production of proinfl ammatory cytokines, sug-
gesting that the indoleamine may help to reduce 
acute and chronic infl ammation. Indeed, melato-
nin was able to reduce infl ammation in livers of 
senescence-accelerated prone mice (SAMP8) by 
decreasing mRNA and protein expression of 
TNF-α and IL-1β and increasing IL-10 [ 283 ]. 
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Similar data were also obtained in 24-month-old 
rats where melatonin signifi cantly reduced proin-
fl ammatory cytokines TNF-α, IL-1β, and IL-6 in 
the liver [ 84 ]. The immunomodulatory effects of 
melatonin in aging were also evident in the CNS, 
since dietary melatonin selectively reversed the 
lack of response to an infl ammatory stimulus in 
the brain of aged mice [ 284 ]. 

 Based on the experimental data that have 
accumulated and considering its lack of toxicity 
[ 285 ], high lipophilicity, and the huge capacity to 
prevent cell damage [ 286 ], melatonin is one of 
the most appealing agents to be examined in rela-
tion to age-associated deterioration in the immune 
system and should be considered as a potential 
agent to improve the quality of life in a rapidly 
aging population.  

    Conclusion 

 Over the present chapter, we have highlighted 
the pleiotropic effects of melatonin on the 
immune system. Despite the large number of 
reports pointing out melatonin as an immuno-
modulatory compound, the exact way by 
which melatonin regulates immunity still 
remains uncertain. While some reports sup-
port that melatonin is an immunoenhancer 
agent, in many other studies, anti- infl ammatory 
actions have been described. Bearing in mind 
the hundreds of papers relating melatonin and 
the immune system, we support the idea of 
melatonin as an immune buffer, acting on 
basal or immunosuppression situations as a 
stimulator or being an anti-infl ammatory com-
pound against exacerbated immune responses 
as acute infl ammation. The future implemen-
tation of working models, such as melatonin 
knockout animals or highly specifi c monoclo-
nal antibodies, will allow determining the 
scope of the pathophysiological role of mela-
tonin to tackle more ambitious clinical trials.     
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    Abstract 

 The immune system of the body plays an important role in fi ghting against 
cancer and infectious diseases. The decreased immune function has been 
primarily attributed to the increased incidence of neoplastic and infectious 
diseases in the elderly. Alteration in circadian rhythmicity of various sub-
sets of lymphocyte population in cancer patients suggests impaired inte-
gration of nervous, endocrine, and immune responses in neoplastic disease. 
The photoperiodic regulation of immune function with enhancement dur-
ing short photoperiods and inhibition during long photoperiods is sup-
ported by the seasonal outbreak of some infectious diseases. The pineal 
biomolecule melatonin could be a very useful resource for inhibiting neo-
plastic growth as its immunomodulatory role may stimulate several 
immune mechanisms. Melatonin stimulates natural killer cells which are 
known to attack and destroy cancerous cells. It also infl uences T-helper 1 
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  Abbreviations 

   AFMK    N 1 -acetyl-N 2 -formyl-5-methoxyky-
nuramine            

  CCL    Chemokine ligand   
  COX2    Cyclooxygenase-2   
  CSF    Cerebrospinal fl uid   
  DPSCs    Dental pulp stem cells   
  GH    Growth hormone   
  GSH    Glutathione   
  hESCs    Human embryonic stem cells   
  HIV    Human immunodefi ciency virus   
  HLA    Human leukocyte antigen   
  hMSCs    Human mesenchymal stem cells   
  IFN    Interferon   
  Ig    Immunoglobulin   
  IL    Interleukin   
  M-CSF    Macrophage colony-stimulating factor   
  NFκB    Nuclear factor kappa B   
  NK    Natural killer   
  NR1F1    Nuclear receptor subfamily 1 group F, 

member 1   
  O 2  −•     Superoxide anion (radical)   
  OSCSCs    Oral squamous carcinoma stem 

cells   
  RAR    Retinoic acid receptor   
  ROR    RAR-related orphan receptor-α      
  SCF    Stem cell factor   
  TCR    T-cell receptor   
  TGF-β    Transforming (or tumor) growth 

factor   
  TNF-α    Tumor necrosis factor-α   
  TSH    Thyroid-stimulating hormone   

          Introduction 

 Based on epidemiological studies, individual 
longevity is determined by the level of immu-
nity [ 1 ]. The existence of “immunological risk 
phenotypes” that predict the individual life span 
has also been identifi ed [ 2 ]. A steady decline 
in immune function that increases with aging, 
which is termed as “immunosenescence,” predis-
poses an individual to increased susceptibility to 
infectious diseases, proliferative or neurodegen-
erative diseases, or a combination of any of these 
disease states [ 3 ]. A standard set of guidelines 
is provided by SENIEUR protocol among the 
various screening approaches recommended for 
studying the decline in immune function in rela-
tion to aging [ 4 ]. Immunogerontological studies 
show inconsistencies in age-related changes in 
both nonspecifi c and specifi c immune functions 
[ 5 ,  6 ]. Interrelationship between the endocrine 
and immune systems [ 7 ] and infl uences of nutri-
tional status of individuals [ 6 ] are considered 
primary determinants of immune function and 
variability of immunosenescence seen in differ-
ent individuals of the same chronological age 
[ 8 ]. The age-associated decline in the levels of 
various hormones like estrogens, dehydroepi-
androsterone, growth hormone (GH), and the 
pineal hormone melatonin has been suggested 
as a  contributory factor for immunosenescence 
[ 7 ]. Among these hormones, involvement of 
melatonin in modulating immune responses is 
of paramount importance [ 9 ]. The individual’s 

cells, B lymphocytes, and release of cytokines from immunoregulatory 
cells. The immunomodulatory role for melatonin and its application in the 
control of infectious and neoplastic diseases is supported by the synthesis 
of melatonin by lymphocytes and thymus.  

  Keywords 

 Melatonin   •   Immune mechanism   •   Lymph ocytes   •   Innate immunity   • 
  Adaptive immunity   •   Cancer   •   Infectious diseases  
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susceptibility to infectious or proliferative dis-
eases depends upon his own immunocompetent 
status. The variations in the degree of susceptibil-
ity to infectious or proliferative diseases among 
individuals of the same chronological age are 
attributed to the degree of variations in immu-
nocompetency. This is determined by the inter-
play of various factors such as the environmental, 
genetic, and nutritional status and the hormonal 
levels. The immuno-neuroendocrine axis also 
affects the susceptibility of an individual to vari-
ous diseases [ 10 ]. In understanding the compe-
tency of immune mechanism among individuals 
of the same age, the importance of psychoneu-
roimmunology is gaining much recognition [ 11 ]. 
In this chapter, the immunomodulatory role of 
melatonin in relation to aging, infectious, and 
proliferative diseases, namely, cancer, with the 
aim of understanding its therapeutic signifi cance 
for treating these disease states is discussed.  

    Immunity and Aging 

 The interrelationship between the endocrine and 
immune systems is important in mediating age- 
associated degenerative diseases. Aging causes 
changes in humoral immunity as refl ected by 
decreased number of B lymphocytes and increased 
levels of immunoglobulin (Ig)A and IgG [ 12 ]. There 
is reduction in CD27+ memory cells and CD5+ B 
cells with low levels of T cells which occurs with 
aging [ 13 ]. In the elderly, a decline in organ-specifi c 
autoantibodies together with an increase of non-
organ-specifi c antibodies has been reported [ 14 ]. 
Therefore, the reduced humoral responsiveness and 
altered antibody- mediated defense mechanisms 
observed in the elderly are caused by the intrinsic 
primary cell defi cit. Furthermore, the involution of 
the thymus with age results in alteration of gene 
expression leading to immunosenescence at cellu-
lar, molecular, and genetic levels [ 3 ]. Thymic weight 
loss and atrophy with severe loss of thymocytes 
occur with aging [ 15 ]. 

 Other than age-related changes in the immune 
mechanisms, the changes are also refl ected 
in the endocrine and nervous mechanisms as 
these systems interact with the immune system. 
Bidirectional connections among the immune 
systems with the endocrine and nervous systems 
mediated by chemokines/cytokines are important 
for maintaining body homeostasis [ 16 ,  17 ]. A 
decrease in peripheral B-cell compartment and 
an increase in activated T-cell compartment were 
found to be associated with a decrease of thyroid- 
stimulating hormone (TSH) secretion [ 16 ]. 
Based on these fi ndings, it is suggested that the 
hypothalamus- pituitary axis plays an immuno-
modulatory role and infl uences cellular immune 
responses by releasing various hormones and 
neuropeptides [ 16 ,  17 ]. Therefore, it is observed 
that there are two distinct immune cellular com-
partments: the diurnal compartment (lymphocyte 
subsets with acrophase during daytime; CD8, 
CD16, T-cell receptor [TCR]-γδ-bearing cells) 
and the nocturnal compartment (lymphocytes 
subsets with acrophase during night; CD4, CD20, 
CD25, human leukocyte antigen [HLA]-DR). 
The time-qualifi ed changes in the levels of activi-
ties of these lymphocytes show distinct varia-
tions in the young and middle-aged persons when 
compared to the elderly. These changes are most 
likely the physiological mechanism for triggering 
and regulating immune responses [ 18 ]. In another 
study, severe alterations of circadian rhythmicity 
of variation of TCR-γδ-bearing cells have been 
found in the elderly subjects [ 17 ]. As these cells 
represent the true immune surveillance cells, their 
altered circadian rhythmicity is likely to contrib-
ute to the increased incidence of cancer seen 
among the elderly [ 19 ]. There is also an observa-
tion on circadian variations for the levels of other 
lymphocytes. The circadian rhythm of CD25 is 
phase-advanced, while the circadian rhythm of 
total T cells is phase-delayed in the elderly sub-
jects. In the late morning, the T suppressor/cyto-
toxic lymphocytes, the natural killer (NK) cells, 
and the levels of TCR-δ1 are higher and show a 
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clear circadian rhythmicity. It is speculated that 
TCR-δ1 cells are specialized for mycobacterial 
immunity or destruction of “stressed” autologous 
cells (acute leukemia cells) [ 20 ]. Increased T-cell 
activity seen in this study is suggested to be the 
cause for increased frequency of autoimmune 
response seen in the elderly [ 21 ]. The alterations 
of these lymphocytes refl ect the patterns of cir-
cadian rhythmicity and also severely impair the 
operation of the immune system in aging [ 17 ]. 
When correlation between lymphocyte sub-
populations and hormonal changes in the blood 
is studied, the levels of melatonin and cortisol 
remain normal in all three categories of subjects 
(young, middle, and elderly) studied. However, 
in elderly subjects of above 80 years, melatonin 
levels are low [ 21 ].  

    Immunity and Cancer 

 Changes in cytokine microenvironment and 
decreased functional activities of both innate and 
adaptive immunities, particularly defi cits in the 
activities of both T and B cells, occur with aging 
[ 22 ]. NK cells are the main components of the 
innate immune system, being responsible for 
inhibiting metastasis growth and cancer. Some 
studies have demonstrated decreased functional 
ability of human NK cells with age [ 23 ,  24 ]. NK 
cells of aged individuals show decreased produc-
tion of interferon (IFN)-γ and chemokines in 
response to interleukin (IL)-2 and IL-6 [ 24 ]. 
However, another study has shown that the abil-
ity of human NK cells to synthesize chemokines 
in response to IL-6 stimulation is preserved in 
normal healthy individuals of over 90 years [ 25 ]. 
The preservation of NK-cell cytotoxic capacity in 
peripheral blood of centenarians has also been 
demonstrated [ 26 ]. Studies on polymorphonu-
clear leukocytes of elderly individuals show a 
decrease in intracellular chemotactic and phago-
cytic activity [ 25 ,  27 ]. Functional alterations in 
the capacity of NK-cell activity and granulocytic 
activity with decreased anion superoxide (O 2  −• ) 
production have been demonstrated in the granu-
locytes of aged centenarians [ 28 ]. Decreased pro-
duction of O 2  −•  in granulocytes is attributed to a 

reduction of the signal transduction mechanism 
[ 29 ]. The attenuation of Fc-mediated O 2  −•  genera-
tion and phagocytosis seen in the elderly is a 
major factor for the decline of neutrophil func-
tion of elderly individuals [ 27 ,  30 ]. Regarding the 
function of monocyte, decreased generation of 
O 2  −•  and diminished levels of IL-2 have been 
reported in the elderly [ 31 ]. 

 In addition, increased production of proin-
fl ammatory mediators such as IL-1, IL-6, and 
IL-8 has been reported in individuals with patho-
logical aging [ 32 ]. An increase of IL-6, the “cyto-
kine of gerontologists” [ 33 ], has been reported 
even in healthy elderly individuals of more than 
85 years [ 34 – 36 ]. This increase of IL-6 seen in 
elderly individuals is one of the major contribu-
tory factors for age-associated diseases and 
increased mortality [ 37 ,  38 ]. Cytometric pheno-
typic analytical studies reveal that the ability of T 
cells to promote B-cell activation and antibody 
production is much compromised in elderly indi-
viduals [ 39 ]. In addition, decreased T lympho-
cytes and B lymphocytes have been reported in 
the elderly [ 40 ]. Reduction of CD27+ memory B 
cells, with low T-cell numbers, also occurs in 
aged individuals [ 41 ]. Signifi cant decrease of cel-
lular immunity, as refl ected by a decrease in the 
number of CD3+, CD4+, and CD8+ cells and 
naive T lymphocytes CD4+ and CD45RA, occurs 
in the elderly [ 42 ]. T-cell alteration in aging is 
associated with a decrease in the number of naive 
cells, causing decline in specifi c immunization 
response in old-age group [ 43 ]. A large increase 
of dysfunctional cytomegalovirus-specifi c CD8+ 
T cells is common in the elderly [ 44 ]. Longitudinal 
studies undertaken in a Swedish population 
(OCTO studies) suggest that a pattern of immune 
parameters with low CD4+ cells, high CD8+ 
cells, and low IL-2 production is predictive of 
increased mortality rates [ 45 – 47 ].  

    Aging, Immunity, and Cancer 

 Understanding the function of the immune sys-
tem in aging may provide insights into the com-
plex relationship between immunity and cancer. 
Studies on knockout mice reveal the role of the 
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immune system in controlling the spontaneous 
generation of tumors. Among aged knockout 
mice (IFN-γ −/−  perforin mice), it is found that 
50 % of them develop lymphomas, lung adeno-
carcinoma, or sarcoma [ 48 ], which may indicate 
the importance of healthy functioning of the 
immune system in preventing the development of 
tumors. NK cells of the innate immune system 
play an important role in inhibiting cancerous 
growth and metastatic tumors. This has been 
revealed by a prospective study undertaken on 
3500 middle-aged and elderly Japanese over 11 
years wherein it was noted that the incidence of 
cancer was higher in individuals who had lower 
NK cytotoxic activity [ 49 ]. Similar fi ndings of 
lower levels of NK cells in patients with gastric 
carcinoma correlated with increased tumor size, 
metastases, and worse prognosis were reported 
[ 50 ]. Unlike the other cells of the immune sys-
tem, the number of NK cells is actually increased 
in healthy aged individuals when compared to 
young or middle-aged persons [ 31 ,  32 ]. The 
increase of NK cells or NK-cell receptors on T 
cells is suggested to be of benefi cial in curbing 
the growth of neoplastic cells through its immune 
surveillance mechanism [ 51 ]. 

 The importance of immune surveillance 
mechanisms in arresting neoplastic growth has 
been demonstrated in an experimental study. 
Crossing of tumor suppressor heterozygous 
p53 +/−  onto a perforin −/−  mice causes reduction in 
the age of onset of lymphomas with increased 
frequency of lymphomas, suggesting that the 
tumor suppressor defi cits associated with increase 
in age are exaggerated by the absence of immune 
surveillance mechanism [ 52 ]. The importance of 
perforins in suppressing spontaneous lymphomas 
is also indicated by this study [ 52 ]. 

 It has recently been reported that NK cells 
preferentially target stem cells. Increased NK-cell 
function was seen when these cells were cultured 
with primary oral squamous carcinoma stem 
cells (OSCSCs) when compared to more differ-
entiated OSCSCs. Inhibition of differentiation or 
reversion of cells to the less-differentiated phe-
notypes by blocking nuclear factor kappa B 
(NFκB) or targeted knockdown of cyclooxygen-
ase- 2 (COX2) signifi cantly augments NK-cell 

function. NK cells also cause lysis of human 
mesenchymal stem cells (hMSCs), human 
embryonic stem cells (hESCs), and dental pulp 
stem cells (DPSCs) than their differentiated 
counterparts. NK-cell-mediated lysis of these 
cells, namely, OSCSCs, hMSCs, and DPSCs, is 
prevented by total population of monocytes. This 
might show that the cytotoxic function of immune 
effectors is largely suppressed by tumor microen-
vironment by a number of distinct effectors and 
secretors. Hence, it is advised that the patients 
with cancer may benefi t from repeated allogenic 
NK-cell transplantation at the site of tumor for 
specifi c elimination of cancer stem cells [ 53 ]. 

 A newly synthesized indoleamine derivative 
Ey-6 kills MC38 tumor cells in a dose-dependent 
manner (25, 50, 100 μM) with calreticulin induc-
tion. Ey-6 treatment altered the tumor cell micro-
environment favorable to antitumor immune 
responses by inducing the secretion of IFN-γ 
from MC38 cells, which is considered as an 
important mechanism for inducing antitumor 
responses. Ey-6 is a novel chemotherapeutic 
agent that can manipulate the host immunity 
favorable to eliminate tumor cells by attacking 
only tumor cells and not attacking normal 
antigen- presenting cell and dendritic cell matura-
tion [ 54 ]. Recent development of immunological 
newer tools has made possible the attack on can-
cer cells with specifi city of the immune system. 
Immunotherapy has been done against mela-
noma, prostate cancer, colorectal cancer, and 
hematological malignancies [ 55 ]. 

 In the tumor microenvironment, there is 
always a delicate balance between antitumor 
immunity and tumor-oriented proinfl ammatory 
activity, and modulation of immune cell micro-
environment and infl ammatory processes rep-
resents a novel method of target for therapeutic 
intervention in the control of malignant diseases. 
Recently, it was reported that a tumor-derived che-
mokine ligand (CCL), namely, CCL-5, is highly 
expressed in cancer and plays a critical role in 
immune escape of colorectal cancer. High levels 
of CCL-5 expression in human and murine colon 
cancer cells are associated with high apoptosis of 
CD8+ T cells and infi ltration of T reg  cells. RNA 
interference-mediated knockdown of CCL-5 
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delayed tumor growth in immunocompetent syn-
geneic hosts without any effect on tumor growth 
in immunodefi cient hosts. Hence,  controlling 
the expression of CCL-5 will help in increasing 
CD8+ T cells and for lysis of tumor cells [ 56 ]. 
As cancer medical therapy is currently based on 
the use of high doses of cyclophosphamide or 
anthracyclines which not only kill tumor cells but 
also inhibit T-cell function or macrophages, the 
use of immunotherapy for arresting specifi cally 
the neoplastic growth without affecting normal 
bone marrow cells, or antigen- presenting cells, 
has become crucial for effective management and 
control of cancer [ 55 ].  

    Immunity and Infections 

 Human beings are constantly exposed to a 
variety of bacterial and viral infections but are 
endowed with intrinsic mechanisms to pro-
tect themselves against these infections. In this 
aspect, coordinated actions of innate and adap-
tive immune mechanisms play an important role. 
Immunosenescence is associated with greater 
incidence of infection, as there is a decline in the 
ability to raise primary immune response against 
pathogenic antigens [ 40 ]. There is a progressive 
decline in the function of both the adaptive and 
innate immune systems [ 30 ,  57 ]. Age-related 
defi ciencies of the adaptive immune system 
include atrophy of the thymus, restriction in 
the production of naive T cells, and replicative 
senescence of peripheral T-cell pool [ 30 ]. These 
changes of the adaptive immunity contribute to 
increased susceptibility of the elderly to novel 
viral infections such as infl uenza [ 58 ]. Infectious 
diseases like infl uenza and pneumonia are major 
health problems and leading causes of death in 
the elderly [ 12 ]. 

 Class I-restricted CD8+ cells are essential for 
fi ghting against infectious agents and form part 
of the “immunological clock,” and reduction in 
their numbers predicts lack of protection against 
pathogenic microorganisms. Age-related thymic 
involution with decreased output of new cells 
predisposes elderly individuals to a variety of 
new infectious diseases like pneumonia and 

 urinary tract, skin, and soft tissue infections and 
infections from viral origin [ 12 ]. The antibodies 
IgA and IgG generally give greater protection 
against bacterial and viral infections, and 
increased levels of these antibodies have been 
reported in healthy old centenarians [ 39 ]. The 
subclasses IgG1, IgG2, and IgG3 are increased, 
whereas IgM is not increased. IgG1 and IgG3 are 
involved in the humoral responses to viral infec-
tions, whereas IgM is involved with antigens 
present on the bacteria surface [ 24 ]. In addition 
to age-related reductions in the level of autoanti-
bodies and B cells, the ability of T cells to pro-
mote B-cell activation and antibody production is 
also greatly decreased in elderly people [ 39 ]. 
Besides these changes, innate immune mecha-
nism is very much impaired in the aged people. 
Both macrophages and granulocytes provide pri-
mary resistance to infectious diseases caused by 
viral and bacterial infections. Regarding granulo-
cytes, accumulated evidence suggests decreased 
effi ciency in the functional activities of these 
cells such as phagocytosis, chemotaxis, and O 2  −  
production in the elderly as compared with 
younger individuals [ 24 ]. 

 The ability of mononuclear cells to produce 
proinfl ammatory cytokines such as IL-1, IL-6, 
IL-8, and tumor necrosis factor-α (TNF-α) is also 
very much increased in the elderly [ 58 ]. Plasma 
IL-6 levels increase from 50 to 60 years and con-
tinue to increase till the person reaches the 
extreme age limit [ 58 ]. Although the increase in 
IL-6 levels is suggested as the most powerful pre-
dictor of morbidity and mortality in the elderly, it 
is also found in healthy centenarians. It is sug-
gested that the increase in IL-6 with increase in 
age is the consequence of the successful adapta-
tion to several stress factors, including infections 
which occur throughout life [ 12 ,  22 ]. 

 The fact that the immunosenescence is respon-
sible for increased prevalence and severity of 
infectious diseases has been supported by several 
studies [ 59 – 61 ]. Recently, a study conducted in 
17 centenarians (the age group from 100 to 105) 
revealed that IL-22 levels increased in all these 
healthy centenarians. IL-22 is a proinfl ammatory 
cytokine produced by activated T lymphocytes 
and NK cells. It belongs to proinfl ammatory 
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cytokine family of IL-10 and stimulates the pro-
duction of acute phase reactants and thereby pro-
motes antimicrobial defense [ 62 ]. Another IL that 
has recently been advocated for fi ghting against 
microbial agents is IL-15. IL-15 has been shown 
to play a major role in the development of infl am-
matory and protective immune responses to 
microbial invaders and parasites by modulating 
immune cells of both the innate and adaptive sys-
tems [ 63 ]. 

 The search for administration of suitable sub-
stances that can promote both innate and adap-
tive immunities in the elderly for improving the 
quality of life has been ongoing for a number of 
years, and recent studies have pointed out the use 
of dietary phenols. Numerous studies have 
reported curative properties of dietary polyphe-
nols such as curcumin, genistein, resveratrol, and 
epigallocatechin in cancer [ 64 ]. Micronutrients 
like zinc, selenium, and vitamin E have been 
shown to have immunoenhancing properties. 
Zinc defi ciency has been associated with 
increased bacterial infections and used for human 
immunodefi ciency virus (HIV)-infected individ-
uals [ 65 ]. Use of trace elements and vitamins has 
been suggested for immunoenhancement in the 
elderly to fi ght against infections and cancer [ 66 ]. 
The decline in the production of different hor-
mones like growth hormone, estrogens, dehydro-
epiandrosterone, and melatonin has been 
suggested as a possible contributory factor of 
immunosenescence [ 7 ]. Hence, hormone replace-
ment therapy for enhancing immune mechanism 
of the elderly has been suggested [ 12 ]. In this 
aspect, melatonin, a natural antioxidant with 
immunoenhancing properties, has been sug-
gested as a possible therapeutic agent to be used 
in the elderly to fi ght against cancer and infec-
tions [ 8 ].  

    Immunomodulatory Role 
of Melatonin 

 The role of melatonin in immunomodulation has 
been explored by one of the authors of this chap-
ter (GM), who is the fi rst in demonstrating that 
inhibition of melatonin synthesis resulted in inhi-

bition of both cellular and humoral immunities 
[ 67 ]. A decrease in cellularity of the thymus and 
spleen with depressed autologous mixed lympho-
cyte reaction is noted in mice kept in constant 
light or injected with β-adrenergic blockers, pro-
cedures which block melatonin synthesis. These 
mice are also unable to mount primary antibody 
responses to sheep erythrocytes [ 67 ]. Late after-
noon injection of melatonin increases both the 
primary and secondary responses to sheep red 
blood cells [ 68 ]. Maestroni et al. postulated that 
stimulating effects of melatonin on immune 
mechanisms are both direct and through opioi-
dergic pathways [ 69 ]. The effect of melatonin in 
correcting the immunodefi ciency status induced 
by propranolol (β-adrenergic blockers) is abol-
ished by injection of the opioid antagonist nal-
trexone, showing the involvement of the 
opioidergic pathways in mediating the immune 
modulatory functions of melatonin [ 69 ]. 

 Removal of the pineal gland (pinealectomy) 
abolishes both humoral and cellular responses in 
white turkey poults (birds), whereas melatonin 
replacement therapy restores both humoral and 
cellular responses in these birds. These fi ndings 
show the importance of melatonin for the functions 
of the immune system [ 70 ]. Immunoenhancing 
action of melatonin is attributed to its direct 
effects on immunocompetent cells like lympho-
cytes, NK cells, and granulocyte- macrophage 
cells. The existence of specifi c melatonin bind-
ing sites in lymphoid cells provides an anatomi-
cal basis for the direct effects of melatonin on the 
regulation of the lymphoid system. High-affi nity 
melatonin binding sites and their signal transduc-
tion pathways are identifi ed in human lympho-
cytes by using I 125 -melatonin as a ligand [ 71 ,  72 ]. 
Melatonin through its actions on MT1 melatonin 
receptors blocks the inhibitory effects of prosta-
glandin E2 on IL-2 production in human lym-
phocytes [ 73 ]. Moreover, melatonin increases the 
production of monocytes and macrophages. The 
enhanced monocyte production induced by mela-
tonin is suggested to be due to its direct action 
on melatonin receptors on progenitor cell [ 90 ]; to 
the increased sensitivity of monocytes to stimu-
lants such as IL-3, IL-4, and IL-6; or to the gran-
ulocyte-macrophage colony- stimulating factor 
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[ 74 ,  75 ]. The stimulatory effect of melatonin on 
monocyte/macrophage production in rodents has 
been confi rmed by another study [ 76 ]. 

 Melatonin is suggested to regulate hemopoi-
etic cell proliferation by acting on bone marrow 
stromal cells that contain receptors for κ-opioid 
cytokine peptides. By activating these receptors 
and releasing opioid peptides from these stromal 
cells, melatonin may regulate hemopoietic cell 
proliferation [ 77 ]. In addition to increased lym-
phocytes and monocyte series, melatonin admin-
istration increases the circulating number of NK 
cells and spontaneous NK-cell activity [ 78 ]. The    
melatonin-induced increase in the NK-cell num-
ber is due to the increased production of cyto-
kines like IL-2, IL-6, and IFN-γ from T cells 
[ 79 ].  

    Action of Melatonin on the Thymus 
and T Lymphocytes 

 The thymus, as a primary lymphoid organ, has 
profound effects on the immune system and is 
often referred as the “organ of youth in mam-
mals.” The process of thymic involution is con-
sidered as one of the remarkable feature 
occurring with age [ 80 ]. In the earliest study 
conducted on pineal infl uence on thymus growth, 
it was noticed that pinealectomy in young mice 
caused accelerated involution of the thymus 
[ 81 ]. The loss of thymocytes with age is the 
main cause for thymic atrophy and weight loss. 
The reversal of age- associated thymic involution 
by melatonin was studied. The thymic cell num-
ber of a 2-month- old mice was 12.6 × 10 7 , and at 
24 month’s age the number was reduced to 
7.3 × 10 7  in the control population. However, 
when mice were treated with melatonin, the cell 
number was 9.1 × 10 7  at 24 months, showing that 
melatonin was able to arrest the fall in thymo-
cyte numbers. In addition, it was demonstrated 
that melatonin prevents thymocyte apoptosis 
mediated by dexamethasone [ 82 ]. This protec-
tive effect of melatonin on thymocytes is attrib-
uted to its antiapoptotic action on the thymus 
[ 83 ]. This reversal of age- associated thymic 
involution by melatonin adds further support to 
the fi ndings that melatonin can be used as a 

potential therapeutic agent for correcting the 
immunodefi ciency state associated with aging 
and other immunocompromised states [ 8 ]. 

 There is much debate to ascertain whether 
melatonin favors proinfl ammatory T-helper (Th)1 
or anti-infl ammatory Th2    response. The Th1   /Th2 
balance is signifi cant for an appropriate immune 
response [ 84 ]. Administration of melatonin to 
mice causes the release of proinfl ammatory Th1 
cytokines such as IFN-γ and IL-2. However, mel-
atonin increases the production of IL-10 when it 
is injected to antigen-primed mice, indicating 
that melatonin can activate anti- infl ammatory 
Th2 immune response [ 85 ]. The relevance of Th1 
versus Th2 cytokine expression plays a crucial 
role in the regulation of cellular immune response 
[ 86 ]. In turn, these responses play a critical role 
in determining the susceptibility to infectious 
diseases and progress of infl ammatory disorders 
[ 75 ,  87 ,  88 ]. Decreased serum levels of melatonin 
and IL-12 in a cohort of 77 HIV-infected indi-
viduals have been reported suggesting the possi-
bility that impairment of immune response may 
have been a causal factor for reported decrease of 
serum melatonin levels [ 89 ]. Melatonin favors 
Th1 lymphocyte response in immunodefi ciency 
conditions [ 90 ]. It is suggested that Th1 responses 
are readily transformed into Th2 dominance 
through depletion of intracellular glutathione 
(GSH) [ 91 ]. GSH in reduced form is the most 
important cellular antioxidant. Depletion of GSH 
from antigen-presenting cells in vivo causes 
reduced Th1 activity and increased Th2 activity 
[ 92 ]. The presence of high levels of oxidized 
GSH resulted in polarization to type Th2 cells 
[ 92 ]. Thus, the immune activity status can have 
either Th1 or Th2 characteristics, depending on 
the relative antioxidant status of the cells. 
Melatonin increases cytokine production like 
IL-2, IL-6, and IFN-γ in Th1 cells and thereby 
enhances NK-cell activity [ 93 ]. 

 More recently melatonin has been shown to 
promote a time-dependent decrease of retinoic 
acid receptor (RAR)-related orphan receptor 
(ROR)-α (also known as NR1F1; nuclear recep-
tor subfamily 1, group F, member 1) levels sug-
gesting a role for the ROR-α transcriptional 
activity. Interestingly, ROR-α acts as a “molecu-
lar switch” implicated in the mutually exclusive 
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generation of Th1 and T reg  cells, both involved in 
the harm/protection balance of immune condi-
tions such as autoimmunity or acute transplant 
rejection. Therefore, the identifi cation of melato-
nin as a natural modulator of ROR-α gives it a 
tremendous therapeutic potential for a variety of 
clinical disorders [ 94 ].  

    Melatonin, Immunity, and Cytokines 

 Melatonin infl uences the immune system by reg-
ulating the production of cytokines from immu-
nocompetent cells, and it enhances the production 
of IL-2, IL-6, and IFN-γ from cultured human 
mononuclear cells [ 93 ,  95 ,  96 ]. Melatonin 
increases the production of IL-1, IL-6, TNF-α, 
and reactive oxygen species by activating mono-
cytes [ 93 ]. Melatonin upregulates gene expres-
sion of transforming growth factor (TGF)-β, 
macrophage colony-stimulating factor (M-CSF), 

TNF-α, stem cell factor (SCF), IL-1β, and IFN-γ 
which in turn increases their production [ 88 ]. 
Immunoenhancing effects of melatonin are 
attributed to its antiapoptotic action on certain 
cells, antioxidant actions, and on its infl uence in 
enhancing the production of cytokines [ 8 ]. 
A schematic diagram showing the benefi cial 
effects on melatonin on immune mechanisms 
(both innate immunity and adaptive immunity) is 
presented in Fig.  9.1 .

       Effects of Melatonin on Infections 
and Immunity: Direct Evidences 

 Injections of melatonin to Siberian hamsters 4 h 
before the onset of darkness (in order to lengthen 
the endogenous melatonin profi le) mimicked the 
effects of short days on febrile response to a sim-
ulated infection, emphasizing the importance of 
the duration of melatonin secretion in controlling 
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  Fig. 9.1    Stimulatory effects of melatonin on innate and adaptive immune mechanisms       
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host response to infection [ 97 ]. In another study 
on Siberian hamsters, it is noted that exposure to 
short days increases the number of circulating 
leukocytes and several lymphocyte populations. 
The short day exposure also attenuates both the 
magnitude and the duration of two major conse-
quences of bacterial infection, i.e., anorexia and 
cachexia [ 97 ]. Since the effect of the short pho-
toperiod on circulating leukocyte count is abol-
ished by pinealectomy, it is concluded that pineal 
hormone melatonin is responsible for attenuating 
the adverse responses to bacterial infection [ 98 ]. 
Apart from the benefi cial role of melatonin in 
combating bacterial and viral infections through 
its immunomodulatory mechanisms which has 
been already discussed, its metabolite in the 
neural tissue, namely, N 1 -acetyl-N 2 -formyl-5- 
methoxykynuramine (AFMK), is also effective 
in stimulating neutrophils and fi ghting against 
infections [ 99 ,  100 ]. Both melatonin and AFMK 
inhibit the release of IL-8 from neutrophils; how-
ever, AFMK is much more effective than mela-
tonin in this aspect. Moreover, the production of 
TNF-α by neutrophils is also inhibited by melato-
nin. As IL-8 and TNF-α contribute to infl amma-
tion [ 101 ], the inhibition of them by melatonin 
and AFMK is essential for combating against 
chronic infl ammation [ 100 ].  

    Melatonin, Immunity, 
and Anticarcinogenic Effects 

 The development of carcinogenesis is protected 
by endogenous mechanisms which can be cate-
gorized into immune and nonimmune-dependent 
mechanisms. Immunosurveillance is one of the 
major processes whereby cancerous cells are 
detected and destroyed. NK cells play an impor-
tant role in immunosurveillance against virus- 
infected cells and neoplasia. The infl uence of 
melatonin on NK-cell number and functional 
activity has already been discussed. The activa-
tion of monocytes and macrophages by melato-
nin is another mechanism through which 
melatonin exerts its anticarcinogenic effects. In    
addition to melatonin’s stimulatory effect on 
CD4+ cells, Th1 cells are also important for the 

antitumoral effects of melatonin.Th1 cells have 
the ability to kill the tumor cells by releasing 
cytokines that activate “death receptors” on 
tumor cell surface [ 102 ]. In addition to its effects 
of activating immune mechanisms, melatonin 
also has the ability to directly inhibit the cancer 
growth. This has been demonstrated in a recent 
study on hepatocarcinoma HepG2 cell lines in 
which melatonin addition induces cell cycle 
arrest [ 103 – 105 ]. 

 The combination of melatonin with immuno-
therapy on cancer patients has been tried in some 
studies. In a study conducted on 24 patients with 
advanced cell tumors (lung cancer, 9 patients; 
colorectal cancer, 7 patients; gastric cancer, 3 
patients; breast cancer, 2 patients, hepatocarci-
noma, 1 patient; pancreatic cancer, 1 patient; 
unknown tumor, 1 patient), melatonin was given 
along with IL-2. Melatonin was administered 7 
days before the injection of IL-2. Progress was 
found only in 6/24 patients, while stability was 
reported in 14/24 patients. This study shows mel-
atonin combination with IL-2 in treating condi-
tions with advanced neoplasms [ 106 ]. Similarly, 
administration of low subcutaneous dose of IL-2 
with melatonin was found benefi cial in causing 
tumor regression and prolonging the survival of 
cancer patients with metastatic colorectal cancer 
[ 107 ]. The interrelationship between melatonin 
and the immune system in cancer was also stud-
ied in 42 patients with advanced gastrointestinal 
cancer (colorectal, pancreatic, gastric cancer). 
The circadian rhythm of plasma melatonin is 
observed to be altered with peak melatonin level 
reaching at 0800–0900 h with 5–7 h delay with 
respect to average peak time in healthy controls. 
The study of TNF-α rhythm and soluble TNF-α 
receptors (type 1 and type 2) in these patients 
indicated an interrelationship between the neuro-
endocrine network and cytokine network [ 108 ]. 
Based upon the neurohormonal studies carried 
out on lung cancer patients, in which overall 
increased serum levels of cortisol and altered 
cortisol rhythm were found, it was suggested that 
chronic treatment of advanced cancer patients 
with melatonin can normalize cortisol rhythm 
and this effect could stabilize the disease. As mel-
atonin possesses a strong antiapoptotic property, 
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it can play an important role as a system regulator 
in immunoenhancement and has a potential value 
to be used as an adjuvant tumor immunothera-
peutic agent [ 109 ].  

    Conclusions 

 The incidence of infectious diseases and neo-
plastic diseases is higher in elderly individu-
als. There is also seasonal outbreak of some 
infectious diseases. The immune system plays 
a major role in the ability of the host organism 
to combat infectious and/or neoplastic dis-
eases. Both innate and adaptive immunities 
have distinct roles. The greater incidence of 
infectious diseases and neoplastic diseases 
seen in the elderly is attributed to many fac-
tors such as the nutritional status of the indi-
vidual and environmental conditions but, 
most importantly, the immune status of the 
elderly. As age advances there is drastic 
reduction in immune capability of the body, 
known as immunosenescence, which is sug-
gested to be the main reason for the greater 
occurrence of these diseases in the elderly. 
Immune mechanisms are regulated by a com-
plex neuroendocrine network in which mela-
tonin is very important. Melatonin has a 
stimulatory role on innate, cellular, and 
humoral immunity. The benefi cial role of 
melatonin in immune modulation has been 
shown in experimental studies on various ani-
mals. The anticarcinogenic effect of melato-
nin is exerted partly through its 
immunomodulatory mechanism. Recent stud-
ies on lung cancer patients suggest that there 
is disordered hormonal secretion pattern and 
circadian variations of various lymphocyte 
subpopulations revealing impaired integration 
among the nervous, endocrine, and immune 
systems in neoplastic disease. Treatment with 
melatonin can restore these disturbed func-
tions found in cancer patients and can be of 
therapeutic value as a “chronotherapeutic 
agent” in treating cancer. Moreover, because 
of its antiapoptotic nature with immunoen-
hancement properties, melatonin has a poten-
tial value for being used as an adjunct tumor 
immunotherapeutic agent. In addition, the 

photoperiodic changes of melatonin secretion 
and its correlation with seasonal infections 
are also gaining much attention. The synthesis 
of melatonin by the lymphocytes and thymus 
supports the immunomodulatory role of mela-
tonin. This may suggest the possibility of 
using melatonin as an adjunct therapy in the 
control and management of infectious dis-
eases and cancer.     
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    Abstract 

 New cancer immunotherapeutic strategies rely on recent advances in the 
knowledge of the mechanisms responsible for antitumor immunity. Immune 
parameters in humans show temporal variations related to circadian changes 
of total lymphocytes and specifi c lymphocyte subsets in the peripheral blood, 
with an inverse relationship of the total number of lymphocytes to plasma 
cortisol concentration and a direct correlation to plasma melatonin levels. 
Immune responses are characterized by nyctohemeral variations and are 
physiologically controlled by neuroendocrine pathways. The discoveries of 
the antitumor cytokine network underlay innovative anticancer immunother-
apeutic approach, taking into account neuroendocrine and neuroimmune sta-
tus of cancer patients. Lung cancer patients present anomalies of proportions 
and circadian variations of lymphocyte subsets, as well as of hormones and 
cytokines that may impair the interplay among different lymphocyte sub-
populations and neuroendocrine system components, decisive for an effi -
cient immune response. A chronobiologic strategy of correctly timed 
circadian stage-dependent sampling and/or dosing schedule taking in consid-
eration circadian rhythmicity in biochemical, physiological, and behavioral 
processes will be critical in any attempts to successfully optimize and per-
sonalize decision- making when evaluating immunomodulatory effects deter-
mined by biological response modifi ers and adoptive immunotherapy 
protocols, in addition to neuroendocrine endogenous molecules, such as the 
pineal indole melatonin.  
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  Abbreviations 

   CCL20    Chemokine (C–C motif) ligand 20   
  CCR6    Chemokine (C–C motif) receptor 6   
  CTLA-4    Cytotoxic T-lymphocyte antigen 4   
  EGF    Epidermal growth factor   
  Foxp3    Forkhead transcription factors   
  GH    Growth hormone   
  GITR    Glucocorticoid-induced TNF-α rece-

ptor   
  GVHD    Graft-versus-host disease   
  HSCT    Hematopoietic stem cell transplanta-

tion   
  IFN    Interferon   
  IGF    Insulin-like growth factor   
  IL    Interleukin   
  LAK    Lymphokine-activated killer cells   
  MHC    Major histocompatibility complex   
  MLT-R    Melatonin receptors   
  NAT     N -acetyl-transferase   
  NK    Natural killer   
  PD-1    Programmed death-1   
  PKC    Protein kinase C   
  TCR    T-cell receptors   
  TNF    Tumor necrosis factor   
  TRH    Thyrotropin-releasing hormone   
  TSH    Thyroid-stimulating hormone   

          Introduction 

 A major advance for the treatment of neoplastic 
disease could derive from harmless and widely 
applicable immunotherapy strategies. An exam-
ple is represented by the antibody drug ipilim-
umab which promotes broad T-cell function by 
blocking a surface protein called cytotoxic 
T-lymphocyte antigen 4 (CTLA-4), prolonging 
survival in 20–30 % of patients, but often accom-
panied by severe or even fatal autoimmune side 
effects. A new class of cancer drug that boosts T 
cells in a more targeted fashion blocking a pro-
tein called programmed death-1 (PD-1) has been 
found capable to reduce tumor mass in a variety 
of cancers, including lung cancer. 

 Previous cancer immunotherapies were typi-
cally founded on empirical criteria, elaborated 
independently of the evaluation of immune cell 

subset differentiation and endogenous cytokine 
production and based on an artifi cial manipula-
tion of anticancer immunity through the admin-
istration of in vitro-activated immune cells or 
genetically engineered biological drugs without 
taking into consideration the immune status of 
the individual cancer patient. The effi cacy of the 
immunotherapeutic strategies depends on the 
host immunobiological response and requires 
the defi nition of antitumor immune mechanisms 
and immune status of cancer patients before the 
start of treatments [ 1 ]. 

 Virtually every body function in humans 
has been shown to display circadian rhythmic-
ity in healthy individuals, with known times of 
highest and lowest values in relation to an indi-
vidual’s sleep–wake schedule, which is usually 
the dominant synchronizer for the body clock 
[ 2 ,  3 ]. Thus, prominent circadian patterns have 
been documented for nearly all aspects of human 
 physiology, including variation of circulating 
lymphocyte subpopulations, as well as most 
analytes and variables detected in the blood and 
urine. In spite of a large body of literature docu-
menting daily 24 h cycles in nearly all physiolog-
ical variables, however, this variation is widely 
disregarded in medical practice even today. 
Nevertheless, a diurnal curve with variables mea-
sured at different time points can provide more 
information than a single determination obtained 
during a single offi ce visit. Thus, relationships 
among physiological variables determined at 
only a single time point may be misleading due 
to variations in the 24 h timing of high and low 
values among variables, in addition to any pos-
sible alterations in circadian rhythms with age or 
health status [ 4 ]. 

 Lymphocyte cell surface CD4 and CD8 core-
ceptors both express only transiently at a very 
early stage during thymus ontogeny, whereas in 
mature circulating cells, expression of either 
coreceptor is mutually exclusive, and conven-
tional CD3+ T cells usually express either 
CD4+brightCD8- or CD4-CD8bright pheno-
types. A small fraction of peripheral T cells co- 
express CD4 and low levels of CD8 
(CD4+CD8dim). These cells have been associ-
ated with mucosal-related lymphocytes, but their 
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ontogenetic origin is not clear. CD4+CD8dim T 
cells are rare in peripheral blood, can bear the 
morphology of large granular lymphocytes, can 
express natural killer (NK)-associated antigens, 
and can have cytotoxic activity. NK cells are 
large granular lymphocytes that express neither 
α/β or γ/δ TCR (T-cell receptors) nor CD3 on 
their surface, can lyse a number of different 
tumor cells, and may be stimulated by interferon 
gamma (IFN-γ), interleukin (IL) 2, IL-12, and 
IL-18 [ 5 ]. 

 The    expression of the CD4 and CD8 mole-
cules by mature T cells has been considered 
mutually exclusive as mentioned above, with 
only immature T cells expressing both these pro-
teins simultaneously in the thymus, but signifi -
cant numbers of double positive CD4+CD8+ T 
lymphocytes have been detected in peripheral 
blood and secondary lymphoid tissues. The 
CD8+ lymphocytes are heterogeneous in subphe-
notypes and functions and include T cells that 
express high-density CD8 (CD4-CD8+bright) 
and T cells that express low-density CD8 
(CD4+CD8dim+). CD4+ T lymphocytes express-
ing CD8dim represent cytotoxic effector popula-
tions and contain high amounts of perforin, which 
explains their greater cytolytic capacity [ 5 ]. 

 Circulating CD4+CD8+dim cells may repre-
sent activated cells. This suggestion stems from 
in vitro studies showing that mitogen activation 
of CD4+CD8- or CD4-CD8+ cells produced a 
subset of CD4+CD8+ cells. Prolonged culture of 
these CD4+CD8+ cells resulted in reversion to 
the original phenotype, indicating that dual 
expression of CD4 and CD8 represented a transi-
tional phenotype. However, the maturation/acti-
vation status and proliferative potential of the 
small population of circulating CD4+CD8+ lym-
phocytes found in healthy individuals have not 
been assessed. 

 A distinct subset of CD3+CD4-CD8- T lym-
phocytes expresses a CD3-associated heterodi-
mer made up of the protein encoded by the 
TCR gamma-gene and a second glycoprotein 
termed TCR delta. TCR gamma-delta (γδTCR) 
is expressed on CD3+ thymocytes during 
fetal ontogeny before the appearance of TCR 
 alpha- beta (αβTCR), on CD3+CD4-CD8- adult 

 thymocytes, and on a subset (1–10 %) of CD3+ 
cells in adult peripheral lymphoid organs and the 
peripheral blood [ 6 ,  7 ].  

    Lymphocyte Subpopulations 
Oscillate with a Circadian Pattern 

 Circadian rhythms in a number of leukocyte sub-
types and the expression of cell surface molecules 
that trigger immune responses have been docu-
mented in experimental animals [ 8 ]. In humans sig-
nifi cant circadian rhythms have been evidenced in 
the following subsets: CD3+ and CD4+, with peaks 
in the middle of the night; CD20+ borderline sig-
nifi cant, with a peak at the beginning of the dark 
span; and CD8+, CD8+dim, CD16+, and γδTCR-
expressing cells, with peaks near midday, in anti-
phase to CD3+ and CD4+ cells. A 
borderline-signifi cant 12 h rhythm in HLA-DR+ 
with two peaks every 24 h, one in the morning and 
the other in the evening, may refl ect the presence of 
this molecule on two subsets (e.g., CD8+ vs. CD4+) 
that show opposing circadian rhythmicity [ 9 – 11 ]. 

 These opposing circadian variations most 
likely indicate a temporal (i.e., circadian) orga-
nization of cellular immune function. Levels    of 
T cytotoxic lymphocytes and natural killer and 
γδTCR-bearing cells are minimal at night and rise 
to a maximum around noon, and this teleologi-
cally stated behavior might be useful to prepare 
the organism for the demands of the active period 
and the challenges of infectious agents, whereas 
the higher nocturnal levels of CD4+ lymphocytes 
might relate to their regulatory function [ 12 – 14 ]. 
The different changes of lymphocyte subsets 
may be responsible for time- dependent varia-
tions of magnitude and/or expression of immune 
responses. Circadian rhythmicity characterizes 
T-cell responses to phytohemagglutinin, tetanus 
toxoid, lipopolysaccharide, and concanavalin A. 
Furthermore, phenomenons mediated by cellular 
immunity, such as allograft survival, are infl u-
enced by the circadian time of transplantation, 
and contact hypersensitivity responses or joint 
pain due to infl ammation in rheumatoid arthritis 
and osteoarthritis are greatest late at night and 
early in the morning, respectively [ 15 ]. 
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 Naive T lymphocytes need to be activated 
and subsequently differentiate into effector cells 
to perform their immune functions. Regulation 
of T-cell responses involves diverse strategies of 
activation and inhibition to optimize recognition 
of infected or transformed cells while prevent-
ing tissue damage as a result of autoreactivity 
and chronic infl ammation. TCR-CD3-dependent 
responses are regulated by constitutive or induc-
ible expression of costimulatory and inhibitory 
receptors, such as CD28+ and its CTLA-4 coun-
terpart. In recent years, however, it has become 
evident that the expression of NK-cell receptors of 
the NKG2 family (e.g., NKG2D and CD94/NKG2 
receptors) on CD8+αβ+ effector T cells may rep-
resent another means to regulate cytolytic func-
tions in the tissue microenvironment, effectively 
controlling antigen-specifi c killing. NKG2D 
is one of the most widely distributed “NK-cell 
receptors,” being expressed at the surface of all 
CD8+αβ+ T cells, γδ T cells, NK cells, as well 
as on certain activated CD4+ T cells. NKG2D is 
a potent costimulator of TCR- mediated effector 
functions and upregulates antigen- specifi c T-cell-
mediated cytotoxicity directed against cells or tis-
sues expressing stress- induced NKG2D ligands 
(NKG2DLs), particularly under conditions of 
suboptimal TCR engagement [ 16 – 18 ]. 

 The physiological role of T lymphocytes 
expressing γδTCR, the molecular and structural 
properties of γδTCR, and the relationship 
between CD3+αβ T lymphocytes, CD16+ cells, 
and CD3+γδ T lymphocytes are still a matter of 
investigation. The periphery of the immune sys-
tem, as opposed to the central lymphoid organs, 
contains heterogeneously distributed B and T 
cells whose phenotype, repertoire, developmen-
tal origin, and function are highly divergent. It 
appears that, in contrast to the bulk of T and B 
lymphocytes, certain γδ and αβ T cells found in 
the periphery do not depend on the thymus or 
bone marrow for their development but arise 
from different, nonconventional lineages. 

 In addition to divergent lineages that are tar-
geted to different organs guided by a space/time 
sequence of tissue-specifi c homing receptors, local 
induction or selection processes may be important 
in the diversifi cation of peripheral lymphocyte 
compartments. The different compartmentalization 

of lymphocytes in space and in time has major 
functional consequences and leads to a partial frag-
mentation of immunoregulatory circuits at the local 
level [ 19 ]. The CD8+dim T cytotoxic lymphocytes, 
CD16+ (NK) cells, and the γδTCR-expressing 
cells show evident coordination of timing and a 
clear circadian rhythmicity of variation with higher 
levels during the photoperiod, and as documented 
in the scientifi c literature, they share costimulators 
and ligands, suggesting that the cytotoxic cell com-
partment is tightly connected in time and perhaps 
function. The surface molecules and mechanisms 
involved in the activation of γδTCR+ cells are sim-
ilar to those of αβTCR+ cells, and activated 
γδTCR+ cells have strong cytotoxic effector activ-
ity using both death receptor/death ligand and cyto-
lytic granule pathways and produce various 
cytokines, frequently including tumor necrosis fac-
tor (TNF)-α and IFN-γ. Most CD3+γδ-expressing 
T-cell lines mediate cytotoxicity against a broad 
spectrum of tumor cell targets, although the func-
tional signifi cance of this observation remains 
unclear. One hypothesis is that γδTCR-expressing 
cells recognize subtle alterations in host cells that 
may be associated with neoplastic transformation. 
These cells might thus represent the true immune 
surveillance cells [ 20 ]. 

 The lymphocyte subsets in the peripheral blood 
change with circadian rhythmicity but with differ-
ent 24 h patterns among subpopulations, thereby 
revealing a temporal organization for lymphocyte 
functions essential in triggering immune 
responses. The 24 h chronograms and their respec-
tive peak times in relation to sleep–wake spans 
(and statistically identifi ed by acrophases or 
orthophases) can potentially serve as useful refer-
ences and as a possible guide to sampling and/or 
applying medical techniques at appropriate 
time(s) within a 24 h period during experimental, 
diagnostic, and/or therapeutic procedures [ 15 ].  

    Circadian Rhythmicity in the Cross 
Talk Among Organ Systems 

 The host immune defense plays an important role 
especially in earlier phases of neoplastic disease, 
and lymphocytes are an essential component of 
specifi c immune responses that produce tumor 
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rejection [ 21 ]. Effector    cells that exert antitumor 
effects are represented by tumor-infi ltrating lym-
phocytes (TIL), populations of antigen-specifi c 
major histocompatibility complex-restricted T 
cells, usually CD8+dim cytotoxic T cells, NK 
(CD16+) cells, and γδTCR-expressing cells, that 
have been identifi ed and isolated from TIL in 
various types of cancer and that may function by 
similar routes of activation in physiological and 
pathological conditions and by the same pattern 
of circadian rhythmicity [ 22 ]. 

 The neuroendocrine and immune systems 
work in tight connection, with reciprocal infl u-
ences, modulatory processes, and feedback and 
feed-sideward mechanisms and with enhancing 
and/or suppressing effects that regulate the fi ne- 
tuning of fundamental functions that allow body 
defense and homeostasis [ 23 ]. Circadian rhyth-
micity represents the background of a stage 
where immune cells, neuroendocrine hormones, 
monoamines, and cytokine/chemokines play 
their parts as actors in a mysterious and fascinat-
ing opera directed by time. The circadian varia-
tion of lymphocyte subsets is related to hormones 
such as cortisol, monoamines such as epineph-
rine and melatonin, and cytokines and chemo-
kines, since immune cells have surface membrane 
receptors for these substances, and circadian 
rhythmicity may allow the occurrence of timed 
windows of maximal scheduled interaction 
among key lymphocyte subsets, immunomodu-
lating hormones, and cytokines/chemokines [ 24 –
 28 ]. Several studies have put in evidence 
reciprocal infl uences among the hypothalamus, 
pituitary, thyroid, adrenal, pineal gland, and 
immune system. Cortisol has a well-recognized 
infl uence on immune function, inducing signifi -
cant immunosuppression, characterized by the 
reduced cellular and humoral response of mono-
cytes and B and T lymphocytes. 

 Melatonin, a hormone secreted by the pineal 
gland, is able to infl uence the secretion of many 
endocrine glands and modulates the function 
of the immune system, and its production is 
under the control of the nervous system. The 
pineal hormone directly stimulates activated 
helper T lymphocytes and plays an immuno-
modulatory infl uence on the thymic function 
mediated by  thyrotropin-releasing hormone 

(TRH) and thyroid- stimulating hormone (TSH). 
Relationships between the hypothalamic– 
pituitary–thyroid axis and immune system 
are demonstrated by the presence of receptors 
for TSH and thyroid hormones, T4 and T3, 
on immune cells and on the alterations of the 
immune system function observed in hyper- or 
hypothyroidism. The immunostimulatory role of 
growth hormone (GH) and insulin-like growth 
factor (IGF)1 has been highlighted. GH and IGF1 
have an  important role in stimulating lymphocyte 
production and function. IGF1 is one of the most 
important growth factors for normal cell prolif-
eration, and it acts as an endocrine hormone via 
the blood and as paracrine and autocrine growth 
factor locally. GH stimulates the biosynthesis of 
IGF1 in the liver and in other organs and tissues, 
and an autocrine or paracrine GH/IGF1 system 
has been evidenced in lymphoid tissues, capable 
of infl uencing lymphopoiesis and immune func-
tion. Immune responses show temporal variations, 
related to circadian changes of total lymphocytes 
and specifi c lymphocyte subsets in the peripheral 
blood, of antibodies and cell-mediated immune 
responses, with an inverse relationship to plasma 
cortisol concentration [ 23 ,  26 ]. As stated above, 
there are different circadian variations of the 
total number of circulating immune cells and of 
specifi c lymphocyte subpopulations. The total 
number of circulating lymphocytes changes with 
circadian rhythmicity in antiphase with cortisol, 
and this rhythm of variation is recognizable for 
the changes of melatonin, TRH, TSH, GH, total 
T cells, T-helper/inducer subset, CD4/CD8 ratio, 
B cells and activated T cells, total B cells, and 
T-activated lymphocytes with expression of the α 
chain of IL-2 receptor. The levels of T suppressor/
cytotoxic lymphocytes, NK cells, and γδTCR-
expressing cells are higher around noon. These 
opposing circadian variations resemble a tem-
poral organization of cellular immune function 
[ 23 ]. The immune and neuroendocrine systems 
interact and modulate one another functionally 
sharing a set of receptors and ligands: immune 
cells synthesize neuroendocrine hormones which 
are biologically active and produced in physi-
ologically signifi cant quantities and possess 
functional receptors for these hormones which 
modulate immune response. Body homeostasis 
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is maintained by a perfect integration among the 
nervous, endocrine, and immune systems involv-
ing different glands and organs and guided by a 
spatiotemporal sequence of tissue- specifi c events, 
chemokine–cytokine/receptor interaction, and 
regulatory processes. Besides temporal organiza-
tion, there is the possibility for differential regu-
lation since various immune inducers stimulate 
different hormones from lymphocytes and the 
particular responses elicited will correspond to 
the lymphocyte subset being induced or hormone 
being produced. There    are different correlations 
among lymphocyte subpopulation, and hormone 
time-related variations and circadian rhythmic-
ity may be responsible for physiological timed 
windows of interaction among the hypothalamus, 
pituitary, thyroid, adrenal, and pineal glands and 
the immune system, and this phenomenon may 
explain different ways of interaction. 

 Relationships between lymphocyte subsets 
and TRH, TSH, and thyroxine seem to be infl u-
enced by the presence of melatonin, and they are 
positive only in the photoperiod, when melato-
nin, TRH, and TSH levels are very low. TRH 
enhances the proliferation of splenic and thymic 
lymphocytes in rats, and its administration in 
humans led to increased secretion of IL-2 into the 
blood. TSH has been shown to have a variety of 
immune-regulating cytokine-like activities that 
can affect the magnitude of antibody and cell- 
mediated responses of peripheral lymphocytes. 
TRH and TSH enhance lymphocyte activity, but 
the major concern is to know whether their effects 
on immune responses are direct or are related to 
their regulation of the secretion of thyroid hor-
mones. Enhanced lymphoid responses, achieved 
with high levels of T3 and T4, but low levels of 
TSH and TRH – and with the converse in hypo-
thyroid conditions – strengthen the possibility 
that levels of thyroid hormones modulate lym-
phocyte reactivity independently of TSH and 
TRH levels. Thyroid hormones play critical roles 
in differentiation, growth, and metabolism, but 
their participation in immune system regulation 
has not been completely elucidated. An important 
role is played by thyroid hormones in regulating 
lymphocyte reactivity via the regulation of pro-
tein kinase C (PKC) content in lymphocytes, 

which could be involved in altered responsive-
ness to mitogen-induced stimulation of prolifera-
tive responses. An inhibitory action of the pineal 
gland on hypothalamic–pituitary–thyroid axis 
(with reduced thyroid response to TSH in the 
presence of elevated melatonin levels) has been 
evidenced in vitro, in hamsters and rats and in 
humans, so that melatonin may play a  modulatory 
action on hypothalamic–pituitary–thyroid axis, 
functioning as a servomechanism that diminishes 
or increases responses when stimuli are, respec-
tively, too strong or too low [ 29 ,  30 ]. This mecha-
nism, called feed-sideward, could also act in the 
interaction among the immune system and neuro-
endocrine hormones to prevent overstimulation 
of immune cells and overboosting of immune 
response. 

 GH is known to stimulate immune responses 
indirectly by regulating production of IGF1 but 
may have a direct effect as well [ 31 ]. Receptors 
for both GH and IGF1 are found on all hemato-
poietic cells in the bone marrow and on B- and 
T-cell subsets in secondary lymphoid tissues. 
Administration of GH or its proximal mediator 
IGF1 can reverse thymic involution in aging 
mice and accelerate immune recovery in immune- 
compromised animals, including hematopoietic 
stem cell transplantation (HSCT). GH is pro-
duced by thymocytes, thymic epithelial cells, and 
mature lymphocytes; it appears to stimulate T 
lymphocytes and NK cells, but data of the litera-
ture are sparse and contrasting. IGF1 treatment 
enhances T-cell reconstitution after syngeneic 
HSCT and when administered after allogeneic 
HSCT, it produces an increased number of thy-
mic precursors, peripheral T cells, myeloid popu-
lations, and B cells and does not exacerbate 
graft-versus-host disease (GVHD) morbidity and 
mortality. GH is secreted mostly at night, and a 
negative correlation has been evidenced in the 
photoperiod and in the scotoperiod between GH 
serum levels and B cells (lymphocyte subset 
characterized by circadian variation with acro-
phase at night). This may be an important fi nding 
considered that specifi c humoral immune 
response seems to be decreased by elevated lev-
els of GH and this effect could be counteracted 
by IGF1 that is characterized by more steady 
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serum levels and has two major effects on B-cell 
development: it acts as a differentiation factor to 
potentiate pro-B to pre-B-cell maturation, and it 
also acts as a B-cell proliferation cofactor to syn-
ergize with IL-7. 

 The relationships between lymphocyte sub-
populations and cortisol must be considered with 
particular attention because, as precedently 
referred, the total number of circulating lympho-
cytes changes with circadian rhythmicity in anti-
phase with this hormone so that the correlation 
may be infl uenced by this effect and in the photo-
period may result positive for lymphocyte sub-
sets characterized by circadian variation with 
acrophase at night (CD4) and negative for lym-
phocyte subsets characterized by circadian varia-
tion with acrophase at noon (CD8). The    circadian 
variation of lymphocyte subsets has been related 
to cortisol and epinephrine infl uence on cell 
redistribution to the bone marrow and mobiliza-
tion and migration to the lymphoid and nonlym-
phoid organs and peripheral tissues. The 
phenomenon of circadian rhythmicity in lympho-
cyte subpopulation changes may be more com-
plex and may involve other hormones as TRH, 
TSH, GH, and IGF1 and monoamines as melato-
nin, chemokines, and cytokines as IL-2, and 
immune system function may be related to circa-
dian rhythmicity with timed interactions among 
key lymphocyte subsets, immunomodulating 
hormones, and cytokines/chemokines as well 
[ 23 ,  26 ,  32 ].  

    Melatonin and Circadian Patterns 
in Host–Tumor Relationships 

 The host immune defense infl uences the appear-
ance and the development of malignant neoplas-
tic diseases acting upon the promotion or the 
control of malignant cells. In this regard, the lym-
phocytes play a key role in the immune surveil-
lance   , are an essential component of the biological 
host reaction, and are the basic elements in the 
immunotherapy of cancer. The activation and 
development of an adaptive immune response is 
initiated by the engagement of a TCR by an anti-
genic peptide major histocompatibility complex 

(MHC), and the outcome of this engagement is 
determined by both positive and negative signals 
determining costimulation and co-inhibition. 
Tumor-infi ltrating lymphocytes (TIL) are popu-
lations of antigen-specifi c MHC-restricted T 
cells, usually CD8+ cytotoxic T cells, whose 
response may be stimulated by a T-helper 1 cyto-
kine milieu. This includes IFN-γ, IL-2 and IL-12, 
γδTCR+ cells (that are homogeneously com-
posed of non-MHC-restricted cytolytic cells), 
NK cells (large granular lymphocytes that 
express neither α/β or γ/δ T-cell receptor nor CD3 
on their surface, can lyse a number of different 
tumor cells, and may be stimulated by IFN-γ, 
IL-2, IL-12, and IL-18), and the lymphokine- 
activated killer cells (LAK), a mixed population 
of peripheral blood lymphocytes that develop 
non-MHC-restricted lytic activity for malignant 
cells after culture in vitro with high concentra-
tions of IL-2 [ 21 ]. 

 An effective T-cell-mediated immune surveil-
lance is capable of monitoring the genetic integ-
rity of mammalian cells, and T lymphocytes are 
an essential component of the specifi c immune 
responses that produce tumor rejection especially 
in the earlier phases of neoplastic disease. The 
function and activity of T cells (i.e., activation, 
proliferation, acquisition of memory, and cyto-
lytic function versus induction of anergy, igno-
rance, and programmed cell death) are ultimately 
governed by the balance between positive and 
negative signaling within T cells, conferred 
through interactions between various T-cell co- 
regulatory receptors and ligands. This balance is 
maintained through direct mechanisms, such as 
the inhibition of tumor growth by antitumor cyto-
toxic T-cell activity, and by cytokine-mediated 
lysis of tumor cells, or by indirect mechanisms, 
such as the promotion of tumor growth by regula-
tory T cells that suppress antitumor T-cell 
responses and by humoral immune responses that 
increase chronic infl ammation in the tumor 
microenvironment. 

 Cancer    can alter immunity through direct inva-
sion and replacement of normal lymphoid tissue 
and through the production of humoral factors 
that interfere with immune function or causing 
cachexia and malnutrition, which increases the 
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severity of the immunodefi ciency. Neoplastic tis-
sue can downregulate antitumor T-cell- mediated 
immunity through the tumor-associated B7-H1 
molecule by interacting with the T-cell ligand 
PD-1, thereby resulting in tumor-reactive T-cell 
apoptosis or impairments in cytokine production 
and cytotoxicity of activated antitumor T cells. 

 Another mechanism may be represented by a 
severe alteration of the physiological time struc-
ture of the human organism. Body homeostasis is 
maintained by numerous rhythmic biological func-
tions presenting different phases, and this phenom-
enon is particularly evident when the rhythms that 
characterize the working of the multiple elements 
interconnected in the immune system are consid-
ered. A complete loss of rhythmicity or a change of 
phase and/or amplitude may alter the physiological 
array of rhythms with the onset of chrono-disrup-
tion or internal desynchronization. 

 Chronic circadian disruption promotes tumor 
growth by altering the circadian rhythms of func-
tion of the innate immune system upholding cancer 
growth, as NK-cell function is modulated by circa-
dian mechanisms and plays a key role in tumor cell 
lysis. On the other hand, there is evidence that pro-
longed subjection to unstable work or lighting 
schedules, particularly in rotating shift-workers, is 
associated with an increased risk of immune-
related diseases, including several cancers [ 33 ]. 

 There are controversial results about the pro-
fi le of T cytotoxic lymphocytes and NK cells in 
cancer patients [ 1 ]; anyway in lung cancer 
patients, severe alterations of the relative per-
centages and the circadian rhythmicity of the 
lymphocyte subsets have been documented [ 34 , 
 35 ]. CD8, CD8bright (T-helper subset), and 
γδTCR (cytolytic cells which have been pro-
posed to bridge the innate and adaptive immune 
responses and to lyse tumor target cells)- and 
Vδ2TCR-expressing cells are signifi cantly 
diminished, whereas CD16 and CD25 (activated 
T cells with expression of alpha chain of IL-2 
receptor) are signifi cantly increased, and this 
increase is paralleled by increased IL-2 serum 
levels. CD3-, CD8-, CD8bright-, CD8dim-, 
CD20-, and HLA-DR-bearing lymphocytes 
showed loss of normal circadian rhythmicity in 
the cancer patients [ 36 – 38 ]. The decrease of T 

suppressor subpopulation has been observed in 
other types of cancer (gastric cancer, colorectal 
carcinoma, urological cancer, breast cancer); an 
increase of NK cells in the peripheral blood is a 
frequent report in cancer patients, and a high 
 proportion of NK in TIL seems to be related to a 
more favorable prognosis, whereas the increase 
of CD4+CD25+ T cells seems to be associated 
with a poor prognosis. CD4+CD25+ T cells con-
tain T regulatory cells that suppress antigen- 
specifi c T-cell immune responses and might 
hamper effective immune surveillance of emerg-
ing cancer cells and impede effective immune 
responses to established tumors. CD4+CD25+ T 
regulatory cells constitute 5–10 % of peripheral 
blood CD4+ lymphocytes and may express CD25 
(the alpha chain of the IL-2 receptor), CTLA-4, a 
glucocorticoid-induced TNFα receptor (GITR), 
and a member of the forkhead transcription fac-
tors (Foxp3). Higher levels of T regulators have 
been reported in the peripheral blood of patients 
with several types of tumors (malignant mela-
noma, Hodgkin lymphoma, and ovarian, gastric, 
lung, breast, pancreatic, and colorectal cancers) 
and appear also in the tumor microenvironment. 
T-helper 17 (Th17) cells have been found in 
tumor tissues, and interleukin 17A (IL-17A)-
defi cient mice are more susceptible to developing 
lung melanoma, whereas adoptive T-cell therapy 
with tumor-specifi c Th17 cells is able to prevent 
tumor development. Furthermore, Th17 cells 
prop up C–C motif ligand 20 (CCL20) chemo-
kine production by tumor tissues, and tumor- 
bearing chemokine (C–C motif) receptor 6 
(CCR6)-defi cient mice did not respond to Th17 
cell therapy so that Th17 cells support a protec-
tive infl ammation that promotes the activation of 
tumor- specifi c CD8(+) T cells. Immunotherapy 
by means of Th17 cells induces an outstanding 
activation of tumor-specifi c CD8(+) T cells, 
which are essential for the antitumor outcome. 
Th17 cells endorse dendritic cell recruitment into 
the tumor tissues and boost CD8 alpha(+) den-
dritic cells containing tumor material in draining 
lymph nodes [ 39 ]. A transcription factor involved 
in Th17 differentiation is represented among the 
others by RORα [ 40 ], which is upregulated in 
Th17 cells, and defi ciency or suppression of 
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RORα transcriptional activity completely abol-
ishes IL-17 production [ 41 ]. RORα has been sug-
gested as a mediator of nuclear melatonin 
signaling, and the identifi cation of melatonin as a 
natural modulator of RORα suggests the involve-
ment of the pineal hormone in the molecular 
switch implicated in the mutually exclusive gen-
eration of Th17 and Treg cells [ 42 ]. Melatonin 
serum levels have been reported to be decreased 
in lung cancer patients with advanced disease 
[ 43 ], but the rhythm of secretion seems to be 
maintained until the later stages of disease [ 44 ]. 
The pineal gland plays a physiological anticancer 
role, and most antitumor immunostimulating 
effects of the pineal gland are referred to its most- 
studied hormone, melatonin, which acts on spe-
cifi c receptors (MLT-R) expressed either on the 
cell surface or at the nuclear site. Nuclear MLT-R 
is involved in the control of DNA expression and 
apoptotic mechanisms, and these actions could 
explain the great number of biological effects 
played by the pineal hormone. Melatonin is an 
indole hormone, synthesized starting from tryp-
tophan through different enzymatic pathways but 
in particular N-acetyl-transferase (NAT). Light 
inhibits NAT activation; thus, melatonin produc-
tion during the day is low, whereas the increased 
production of melatonin during the night deter-
mines a well-documented circadian rhythm, with 
high levels during the night and low during the 
day. Melatonin plays an anticancer activity 
through at least fi ve fundamental mechanisms: 
(1) a direct antiproliferative action on tumors 
expressing MLT-R; (2) an inhibition of epidermal 
growth factor (EGF) receptor, which exerts an 
essential role in stimulating cancer cell prolifera-
tion; (3) an anticancer immunostimulatory action 
consisting of a stimulation of T-lymphocyte 
response to IL-2 by activating a specifi c MLT-R 
on Th lymphocytes and IL-2-induced IL-12 
secretion by dendritic cells; (4) an inhibitory 
effect on tumor neoangiogenesis; and (5) an anti-
oxidant activity, which may amplify the cytotoxic 
potency of cancer chemotherapies. Melatonin 
may also exert important palliative effects in the 
treatment of cancer patients, including an antica-
chectic activity due to an inhibition of TNF-α, 
which plays a role in the pathogenesis of cancer 

cachexia; an antiasthenic action; and a thrombo-
poietic activity, which makes melatonin useful in 
the treatment of cancer-related thrombocytopenia 
due to previous chemotherapies or radiotherapies 
or to cancer growth itself [ 1 ]. 

 In lung cancer patients cortisol serum levels 
are reported signifi cantly elevated with loss of 
circadian rhythmicity [ 45 – 47 ]. The increase in 
overall cortisol levels, possibly indicating 
increased stress levels, and loss of rhythm may 
represent a marker of altered function of the reg-
ulatory mechanisms of neuroendocrine secretion 
in the presence of advanced neoplastic disease. 
Increased cortisol levels may also possibly be 
involved in a two-way relationship with the 
changes of lymphocyte subpopulations, deter-
mining a decrease in CD8 and γδTCR-expressing 
cells, that normally show the same acrophase 
when cortisol serum levels reach their zenith 
(near awakening). In lung cancer patients GH 
serum levels are increased, but the nyctohemeral 
pattern of secretion is lost, and this determines an 
unbalanced relationship between GH secretion 
and IGF-1 serum levels [ 48 ,  49 ]. A global disor-
der of the neuroendocrine axes has to be consid-
ered and may also explain the increase of TRH 
levels and the decrease of TSH levels observed in 
lung cancer patients. An important causal factor 
may be represented by the altered time structure 
of GH and TRH secretion evidenced in lung can-
cer patients, but another explanation may be rep-
resented by hormone resistance, and the changes 
in the TRH/TSH axis and GH/IGF-1 axis func-
tion in the patients suffering from cancer may be 
mediated by the infl ammatory cytokines. IL-2 
serum levels are increased in lung cancer patients, 
maybe following immune activation and maybe 
representative of a global increase of the other 
cytokine/chemokines that mediate infl ammation 
[ 50 ,  51 ].  

    Conclusion 

 The nervous, endocrine, and immune systems 
have well-established and very close interrela-
tionships that contribute to maintain body 
homeostasis and involve the production and 
secretion of a variety of cellular mediators 
known as regulatory molecules (hormones, 
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cytokines, chemokines, integrins, and others). 
Among these factors, the main players are 
melatonin, cortisol, and immune cells, which 
are a rich source of cytokines and other active 
molecules. The hormone melatonin serves as 
a chemical messenger of darkness in all spe-
cies studied to date and is an important com-
ponent of the timing systems for circadian 
rhythms. The daily external environmental 
cycle of a light span followed by a dark span 
synchronizes circadian rhythms by providing 
a signal that is sent to the pineal gland to pro-
duce melatonin during darkness and inhibit its 
production during light. As a multitasking 
molecule, melatonin spreads widely through-
out all body tissues and functions as a signal 
molecule via receptor-dependent and indepen-
dent means to modulate the physiology and 
molecular biology of cells for general and 
local coordination of intercellular relation-
ships and to synchronize their biological 
rhythms. The alterations of neuroendocrine 
and immune system function evidenced in 
lung cancer patients need to be addressed to 
implement immunotherapeutic strategies, and 
their correction could be a powerful tool in the 
treatment of this neoplastic disease.     

   References 

      1.    Lissoni P, Rovelli F. Principles of psychoneuroen-
docrinoimmunotherapy of cancer. Immunotherapy. 
2012;4(1):77–86.  

    2.    Reppert SM, Weaver DR. Coordination of circadian 
timing in mammals. Nature. 2002;418(6901):935–41.  

    3.    Mazzoccoli G. The timing clockwork of life. J Biol 
Regul Homeost Agents. 2011;25(1):137–43.  

    4.    Mazzoccoli G, Giuliani F, Sothern RB. A method to 
evaluate dynamics and periodicity of hormone secre-
tion. J Biol Regul Homeost Agents. 2011;25(2):231–8.  

     5.    Lambert C, Ibrahim M, Iobagiu C, Genin C. 
Signifi cance of unconventional peripheral 
CD4+CD8dim T cell subsets. J Clin Immunol. 2005;
25:418–27.  

    6.    Matis LA, Cron R, Bluestone JA. Major histocom-
patibility complex-linked specifi city of gamma delta 
receptor-bearing T lymphocytes. Nature. 1987;
330:262–4.  

    7.    Matis LA, Bluestone JA. Specifi city of gamma delta 
receptor bearing T cells. Semin Immunol. 1991;
3:75–80.  

    8.    Pelegrí C, Vilaplana J, Castellote C, Rabanal M, 
Franch A, Castell M. Circadian rhythms in surface 
molecules of rat blood lymphocytes. Am J Physiol 
Cell Physiol. 2003;284:C67–76.  

    9.    Suzuki S, Toyabe S, Moroda T, Tada T, Tsukahara A, 
Iiai T, Minagawa M, Maruyama S, Hatakeyama K, 
Endoh K, Abo T. Circadian rhythm of leucocytes and 
lymphocytes subsets and its possible correlation with 
the function of the autonomic nervous system. Clin 
Exp Immunol. 1997;110(3):500–8.  

   10.    Mazzoccoli G, Bianco G, Correra M, Carella AM, 
Balzanelli M, Giuliani A, Tarquini R. Circadian varia-
tion of lymphocyte subsets in healthy subjects. 
Recenti Prog Med. 1998;89(11):569–72.  

    11.    Mazzoccoli G, Correra M, Bianco G, De Cata A, 
Balzanelli M, Giuliani A, Tarquini R. Age-related 
changes of neuro-endocrine-immune interactions in 
healthy humans. J Biol Regul Homeost Agents. 1997;
11(4):143–7.  

    12.    Arjona A, Boyadjieva N, Sarkar DK. Circadian 
rhythms of granzyme B, perforin, IFN-gamma, and 
NK cell cytolytic activity in the spleen: effects of 
chronic ethanol. J Immunol. 2004;172:2811–7.  

   13.    Arjona A, Sarkar DK. Circadian oscillations of clock 
genes, cytolytic factors, and cytokines in rat NK cells. 
J Immunol. 2005;174:7618–24.  

    14.    Arjona A, Sarkar DK. Are circadian rhythms the code 
of hypothalamic-immune communication? Insights 
from natural killer cells. Neurochem Res. 2008;
33(4):708–18.  

     15.    Mazzoccoli G, Sothern RB, De Cata A, Giuliani F, 
Fontana A, Copetti M, Pellegrini F, Tarquini R. A 
timetable of 24-hour patterns for human lymphocyte 
subpopulations. J Biol Regul Homeost Agents. 2011;
25(3):387–95.  

    16.    Maasho K, Opoku-Anane J, Marusina AI, Coligan 
JE, Borrego F. Source. Naive CD8+ T cells costimu-
latory receptor for human cutting edge: NKG2D is a 
costimulatory receptor for human naive CD8+ T cells. 
J Immunol. 2005;174:4480–4.  

   17.    Cerboni C, Ardolino M, Santoni A, Zingoni A. 
Detuning CD8+ T lymphocytes by down-regulation 
of the activating receptor NKG2D: role of NKG2D 
ligands released by activated T cells. Blood. 2009;
113:2955–64.  

    18.    Maccalli C, Scaramuzza S, Permiani G. TNK cells 
(NKG2D+ CD8+ or CD4+ T lymphocytes) in the con-
trol of human tumors. Cancer Immunol Immunother. 
2009;58:801–8.  

    19.    von Andrian UH, Mempel TR. Homing and cellu-
lar traffi c in lymph nodes. Nat Rev Immunol. 2003;
3:867–78.  

    20.    Kabelitz D, Wesch D, He W. Perspectives of gamma 
delta T cells in tumor immunology. Cancer Res. 
2007;67:5–8.  

     21.    Parmiani G. Tumor-infi ltrating T, cells-friend or foe 
of neoplastic cells? N Engl J Med. 2005;353:2640–1.  

    22.    Mazzoccoli G, Balzanelli M, Giuliani A, De Cata A, 
La Viola M, Carella AM, Bianco G, Tarquini R. 

G. Mazzoccoli



169

Lymphocyte subpopulations anomalies in lung cancer 
patients and relationship to the stage of disease. In 
Vivo. 1999;13(3):205–9.  

       23.    Mazzoccoli G, Muscarella LA, Fazio VM, Piepoli A, 
Pazienza V, Dagostino MP, Giuliani F, Polyakova VO, 
Kvetnoy I. Antiphase signalling in the neuroendocrine- 
immune system in healthy humans. Biomed Pharm-
acother. 2011;65(4):275–9.  

    24.    Dimitrov S, Benedict C, Heutling D. Cortisol and epi-
nephrine control opposing circadian rhythms in T cell 
subsets. Blood. 2009;113:5134–43.  

   25.    Lange T, Dimitrov S, Born J. Effects of sleep and cir-
cadian rhythm on the human immune system. Ann N 
Y Acad Sci. 2010;1193:48–59.  

     26.    Mazzoccoli G, De Cata A, Greco A, Carughi S, 
Giuliani F, Tarquini R. Circadian rhythmicity of lym-
phocyte subpopulations and relationship with neuro- 
endocrine system. J Biol Regul Homeost Agents. 
2010;24(3):341–50.  

   27.    Dimitrov S, Lange T, Born J. Selective mobilization 
of cytotoxic leukocytes by epinephrine. J Immunol. 
2010;184(1):503–11.  

    28.    Bollinger T, Bollinger A, Naujoks J, Lange T, Solbach 
W. The infl uence of regulatory T cells and diurnal hor-
mone rhythms on T helper cell activity. Immunology. 
2010;131(4):488–500.  

    29.    Mazzoccoli G, Giuliani A, Carughi S, De Cata A, 
Puzzolante F, La Viola M, Urbano N, Perfetto F, 
Tarquini R. The hypothalamic-pituitary-thyroid axis 
and melatonin in humans: possible interactions in the 
control of body temperature. Neuro Endocrinol Lett. 
2004;25(5):368–72.  

    30.    Mazzoccoli G, Carughi S, Sperandeo M, Pazienza V, 
Giuliani F, Tarquini R. Neuro-endocrine correlations 
of hypothalamic-pituitary-thyroid axis in healthy 
humans. J Biol Regul Homeost Agents. 2011;25(2):
249–57.  

    31.    Mazzoccoli G, Giuliani F, Inglese M, Marzulli N, 
Dagostino MP, De Cata A, Greco A, Carughi S, 
Tarquini R. Chronobiologic study of the GH-IGF1 
axis and the aging immune system. J Appl Biomed. 
2010;8(4):213–26.  

    32.    Mazzoccoli G, Sothern RB, Pazienza V, Piepoli A, 
Muscarella LA, Giuliani F. Chronobiologic study of 
neuro-endocrine axis hormone sequence signalling 
in healthy men. Biomed Aging Pathol. 2011;1:
129–37.  

    33.    Logan RW, Zhang C, Murugan S, O’Connell S, Levitt 
D, Rosenwasser AM, Sarkar DK. Chronic shift-lag 
alters the circadian clock of NK cells and promotes 
lung cancer growth in rats. J Immunol. 2012;188(6):
2583–91.  

    34.    Mazzoccoli G, Grilli M, Carughi S, Puzzolante F, De 
Cata A, La Viola M, Giuliani A, Urbano N, Tarquini 
R, Perfetto F. Immune system alterations in lung can-
cer patients. Int J Immunopathol Pharmacol. 2003;
16(2):167–74.  

    35.    Mazzoccoli G, Fontana A, Copetti M, Pellegrini F, 
Piepoli A, Muscarella LA, Pazienza V, Giuliani F, 

Tarquini R. Stage dependent destructuration of 
 neuro-endocrine- immune system components in lung 
cancer patients. Biomed Pharmacother. 2011;65(1):
69–76.  

    36.    Mazzoccoli G, Vendemiale G, De Cata A, Carughi S, 
Tarquini R. Altered time structure of neuro-endocrine- 
immune system function in lung cancer patients. 
BMC Cancer. 2010;10:314.  

   37.    Mazzoccoli G, Sothern RB, Parrella P, Muscarella 
LA, Fazio VM, Giuliani F, Polyakova V, Kvetnoy IM. 
Comparison of circadian characteristics for cytotoxic 
lymphocyte subsets in non-small cell lung cancer 
patients versus controls. Clin Exp Med. 2012;12:
181–94.  

    38.    Mazzoccoli G, Tarquini R, Durfort T, Francois JC. 
Chronodisruption in lung cancer and possible thera-
peutic approaches. Biomed Pharmacother. 2011;65(7):
500–8.  

    39.    Martin-Orozco N, Muranski P, Chung Y, Yang XO, 
Yamazaki T, Lu S, Hwu P, Restifo NP, Overwijk WW, 
Dong C. T helper 17 cells promote cytotoxic T cell 
activation in tumor immunity. Immunity. 2009;31(5):
787–98.  

    40.    Jetten AM. Retinoid-related orphan receptors (RORs): 
critical roles in development, immunity, circadian 
rhythm, and cellular metabolism. Nucl Recept Signal. 
2009;7:e003.  

    41.    Solt LA, Kumar N, Nuhant P, Wang Y, Lauer JL, Liu 
J, Istrate MA, Kamenecka TM, Roush WR, Vidović 
D, Schürer SC, Xu J, Wagoner G, Drew PD, Griffi n 
PR, Burris TP. Suppression of TH17 differentiation 
and autoimmunity by a synthetic ROR ligand. Nature. 
2011;472:491–4.  

    42.    Lardone PJ, Guerrero JM, Fernández-Santos JM, 
Rubio A, Martín-Lacave I, Carrillo-Vico A. Melatonin 
synthesized by T lymphocytes as a ligand of the reti-
noic acid-related orphan receptor. J Pineal Res. 
2011;51:454–62.  

    43.    Hu S, Shen G, Yin S, Xu W, Hu B. Melatonin and 
tryptophan circadian profi les in patients with 
advanced non-small cell lung cancer. Adv Ther. 
2009;26(9):886–92.  

    44.    Mazzoccoli G, Carughi S, De Cata A, La Viola M, 
Giuliani A, Tarquini R, Perfetto F. Neuroendocrine 
alterations in lung cancer patients. Neuro Endocrinol 
Lett. 2003;24(1–2):77–82.  

    45.    Mazzoccoli G, Carughi S, De Cata A, La Viola M, 
Vendemiale G. Melatonin and cortisol serum levels in 
lung cancer patients at different stages of disease. 
Med Sci Monit. 2005;11(6):CR284–8.  

   46.    Mazzoccoli G, Francavilla M, De Petris MP, Giuliani 
F, Sothern RB. Comparison of whole body circadian 
phase evaluated from melatonin and cortisol secretion 
profi les in healthy humans. Biomed Aging Pathol. 
2011;1:112–22.  

    47.    Mazzoccoli G, Giuliani F, Sothern RB. Determination 
of whole body circadian phase in lung cancer patients: 
melatonin vs. cortisol. Cancer Epidemiol. 2012;36(1):
e46–53.  

10 Circadian Variation of Immune Mechanisms in Lung Cancer and the Role of Melatonin



170

    48.    Mazzoccoli G, Giuliani A, Bianco G, De Cata A, 
Balzanelli M, Carella AM, La Viola M, Tarquini R. 
Decreased serum levels of insulin-like growth factor 
(IGF)-I in patients with lung cancer: temporal rela-
tionship with growth hormone (GH) levels. Anticancer 
Res. 1999;19(2B):1397–9.  

    49.    Mazzoccoli G, Sothern RB, Pazienza V, Piepoli A, 
Muscarella LA, Giuliani F, Tarquini R. Circadian 
aspects of growth hormone-insulin-like growth factor 
axis function in patients with lung cancer. Clin Lung 
Cancer. 2012;13(1):68–74.  

    50.    Mazzoccoli G, Pazienza V, Piepoli A, Muscarella LA, 
Giuliani F, Sothern RB. Alteration of hypothalamic-
pituitary- thyroid axis function in non-small-cell lung 
cancer patients. Integr Cancer Ther. 2012;11(4):
327–36.  

    51.    Mazzoccoli G, Vinciguerra M, Muscarella LA, Fazio 
VM, Parrella P, Tarquini R. Hormone and cytokine 
circadian alteration in non small cell lung cancer 
patients. Int J Immunopathol Pharmacol. 2012;25(3):
691–702.      

G. Mazzoccoli



171V. Srinivasan et al. (eds.), Melatonin and Melatonergic Drugs in Clinical Practice, 
DOI 10.1007/978-81-322-0825-9_11, © Springer India 2014

        E.  J.   Sanchez-Barcelo ,  PhD, MD      (*)
   M.  D.   Mediavilla Aguado ,  PhD, MD      
   S.   Cos   Corral ,  PhD, MD      
  Department of Physiology and Pharmacology, and 
Research Institute “Marqués de Valdecilla” (IFIMAV) , 
 University of Cantabria ,   Avd. Herrera Oria s/n ,  39011  
 Santander ,  Spain   
 e-mail: barcelo@unican.es; mediavid@unican.es; 
coss@unican.es  

  11      Melatonin and Melatonergic    Drugs 
for Therapeutic Use in Breast 
Cancer 

              Emilio     J.     Sanchez-Barcelo      ,     Maria     D.     Mediavilla 
Aguado      , and     Samuel     Cos     Corral     

    Abstract 

 Melatonin-estradiol interactions at the cellular level explain the effects of 
melatonin on breast carcinogenesis. The objective of this chapter is to 
review the mechanisms supporting the usefulness of melatonin in breast 
cancer therapy, particularly its properties of selective estrogen receptor 
modulator (SERM) and selective estrogen enzyme modulator (SEEM), 
since these properties are probably the best explanation of its oncostatic 
effects on hormone-dependent breast cancer. Currently, perhaps the most 
widespread idea about the usefulness of melatonin in the management of 
breast cancer is that it could be considered as a complement to conventional 
treatments. Thus, as an adjuvant of SERMs, melatonin could enhance their 
antiestrogenic actions, whereas in association with SEEMs, melatonin 
could reduce the osteoporosis induced by these drugs, potentiate their 
effects, and add its own antiaromatase actions. Melatonin could be used for 
the relief of some of the symptoms frequently associated with the cancerous 
process or of those arising during cancer treatment (depression, anxiety, 
sleep disturbances, cognitive dysfunction, etc.). As an adjuvant to chemo-
therapy treatments (anthracyclines, taxanes, platinum drugs, etc.), melato-
nin protects against or mitigates the side effects of these drugs and, in some 
cases, potentiates their oncostatic effects. Administered in conjunction with 
radiotherapy, melatonin acts as an antioxidant radioprotector. Furthermore, 
melatonin may prevent breast cancer caused by chronodisruption.  

  Keywords 

 Melatonin   •   Breast cancer   •   Estradiol   •   SEEM   •   SERM   •   Antiestrogen   • 
  Antiaromatase  



172

        Introduction 

 During the latter half of the last century, several 
studies were carried out to assess the oncostatic 
properties of melatonin against different neopla-
sias including breast cancer, leukemia, colorectal 
cancer, melanoma, prostate cancer, and pancre-
atic cancer [ 1 ]. From these studies, the most 
promising results were obtained in breast cancer 
cells expressing estrogen receptors [ 2 ]. The for-
mer hypothesis on the possible role of melatonin 
in breast cancer stated that if this molecule down-
regulates the gonadal estrogens, any reduction in 
melatonin synthesis, whatever its cause, could 
lead to a relative increase in estrogen levels which 
would, in turn, increase the turnover of breast 
epithelial cells and aggravate the risk of malig-
nant transformation [ 3 ]. However, the melatonin- 
estradiol (E 2 ) interactions at the cellular level, 
rather than changes in estradiol concentration, 
are currently considered as the explanation of the 
effects of melatonin on breast cancer [ 2 ,  4 ,  5 ]. In 

this chapter we will review the mechanisms sup-
porting the usefulness of melatonin on breast 
cancer therapy, emphasizing its value as an adju-
vant to other conventional oncostatic drugs (anti-
estrogens and antiaromatases) as well as to 
oncologic therapies (chemo- and radiotherapy).  

    Mechanisms of Breast Cancer 
Inhibition by Melatonin 

 The possible mechanisms of melatonin’s onco-
static actions are summarized in Fig.  11.1  from 
Mediavilla et al. [ 1 ]. Most, but not all, of these 
mechanisms have been studied in the context of 
hormone-dependent breast tumors, particularly 
those based on the relationships of melatonin 
with the estrogen-signaling pathway. We will 
focus this review fundamentally on melatonin’s 
antiestrogenic effects, which is probably the 
main explanation of its oncostatic effects on 
breast cancer.    Other oncostatic mechanisms of 

Exogenous
administration

Antioxidant
Interaction

with
E2-signaling

pathway

Angiogenesis Metastasis
Cell cycle

differentiation
and apoptosis

Prevention
of chrono-
disruption

Fatty acid
transport and
metabolism

mPer1?
m Clock?
mBmal 1?

Linoleic acid
uptake

13-HODE

EGFRIMAPK
Proliferation

Differentiation
Apoptosis

Neo-
vascularization

Oncostatic effects

Cell
invasiveness

DNA methyl.?
Histone

deacetyl.?

Internal clock
synchronization

GO-G1 phase
Cell cycle length

CyclinD1
p53, p21, Bax

Caspases 3,8,9
Cytochrome C

Telomerase

Epigenetic
effects

Melatonin Chronodisruption
(LAN)

Immuno-
enhancer

Weak
estrogens

Response to
estrogens

Antitumor
response

Aromatase
17β-HSD1

STS
EST

ROS
    GSH and SOD

Catalase
 Cytokines

NOS

ERα expr.
ERα activation

ERα-dependent
genes expr.

hTERT
Response

to E2

VEGF
HIF-1α
ROS

NK lymphocytes
Monocytes
Leukocytes
Cytokines
lnterferon-γ

TNFa

DNA damage
Side effects of

chemo and
radiotherapy

E-cadherin
β1integrin
Response

to E2

Number
of cell

replications

SEEM SERM

  Fig. 11.1    Summary of the possible mechanisms involved in the oncostatic effects of melatonin (See more information 
in Mediavilla et al. [ 1 ])       

 

E.J. Sanchez-Barcelo et al.



173

melatonin which are of interest in breast cancer 
treatment will be commented on brief, and for 
more information about these subjects, the reader 
is referred to the above mentioned review [ 1 ].

       Melatonin as Both a SERM 
(Selective Estrogen Receptor 
Modulator) and a SEEM (Selective 
Estrogen Enzyme Modulator) 

 Drugs which are able to interact with the 
estrogen- signaling pathway are classifi ed in two 
groups: those interfering with the actions of the 
endogenous estrogens at the level of the estrogen 
receptors (ER) are called SERMs (i.e., tamoxifen 
and its derivates), whereas drugs modulating the 
activity of the enzymes involved in the synthesis 
and transformation of steroids are called SEEMs 
(i.e., formestane, exemestane, letrozole). 

 Melatonin interacts with the ER behaving like 
a SERM. Thus, in estrogen-sensitive MCF-7 
human breast cancer cells, melatonin, at physio-
logical concentrations (1 nM), counteracts the 
E 2 -induced cell proliferation and invasiveness, 
increases the sensitivity to antiestrogens such as 
tamoxifen, and downregulates the E 2 -induced 
expression of growth factors and proto- 
oncogenes [ 6 – 13 ]. Interestingly, unlike other 
SERMs, such as tamoxifen or its derivates, mel-
atonin neither binds to the ER nor changes its 
affi nity nor interferes with the binding of E 2  to 
its receptor [ 4 ,  14 – 16 ]. What melatonin does is 
to decrease the expression of ERα and to inhibit 
the binding of the E 2 -ER complex to the estrogen 
response element (ERE) in DNA [ 14 – 17 ]. These 
effects depend on melatonin binding to specifi c 
membrane receptors, particularly the MT1 
receptors, coupled to Gi proteins [ 17 – 20 ]. The 
activation of these receptors led the inhibition of 
the adenylate cyclase (AC), thus decreasing the 
activity of the cAMP/PKA signaling pathway 
[ 21 ]. The overexpression of the MT1 receptors 
enhances the response of MCF-7 cells to the 
antiestrogenic effects of melatonin and altera-
tions of MT1 genes have been found in primary 
human breast tumors and breast cancer cell lines 
[ 22 – 25 ]. 

 The opposing regulation of cAMP intracellu-
lar concentration by E 2  and melatonin is probably 
the key to understanding how melatonin modu-
lates E 2 -induced ERα transactivation [ 4 ]. E 2  
increases cAMP in target breast cancer cells [ 26 ]. 
This increase in cAMP results from enhanced AC 
activity by a mechanism which does not involve 
genomic actions of the steroid [ 26 ]. What mela-
tonin does, through its binding to MT1 mem-
brane receptors, is to decrease cAMP, thus 
counteracting the E 2 -induced ERα transcriptional 
activity by interacting with the cAMP signaling 
cascade [ 17 ,  27 ,  28 ]. 

 Melatonin also has antiestrogenic actions 
which are not dependent on its binding to MT1 
receptors, but rather on its properties as an 
endogenous calmodulin (CaM) antagonist able 
to bind to and inactivate the Ca 2+ /CaM com-
plex [ 29 ,  30 ]. CaM plays an important role in 
the  ligand- dependent transcriptional activation 
of ERα (although not of the ERβ), by facilitat-
ing its association with coactivators and binding 
to the ERE [ 31 – 34 ]. In the absence of CaM, the 
conformation of ERα is altered facilitating its 
association with corepressors rather than with 
coactivators. Melatonin, by inactivating the Ca 2+ /
CaM complex, inhibits the E 2 -induced transacti-
vation of the ER dependent on CaM, this being 
one of the mechanisms by which this indoleamine 
may interact with the E 2 -signaling pathway on 
mammary cancer cells [ 30 ,  35 ]. Interestingly, as 
indicated above, CaM binds exclusively to ERα. 
Consequently, since the antiestrogenic effects 
of melatonin are, at least in part, dependent on 
its ability to inactivate CaM, melatonin may be 
considered basically as a specifi c inhibitor of E 2 - 
induced ERα-mediated transcriptional activation, 
since it does not inhibit ERβ-mediated transac-
tivation [ 35 ]. In fact, the sensitivity of MCF-7 
human breast cancer cells to melatonin depends 
on the ERα:ERβ ratio and this sensitivity is abol-
ished by ERβ overexpression [ 35 ]. 

 The role of retinoic acid-related orphan recep-
tors alpha (RORα) in melatonin antiestrogenic 
effects is controversial [ 36 ]. Recently, Hill’s 
group demonstrated that the E 2 -induced tran-
scriptional activity of ERα is signifi cantly 
enhanced by the overexpression of RORα and 
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that this effect can be repressed by melatonin via 
activation of its MT1 receptors or by inhibiting 
CaM    [ 37 ]. 

 Not only ovaries but other tissues, including 
the adipose tissue and skin, vascular endothe-
lium, aortic smooth muscle, some brain areas, as 
well as osteoblasts and chondrocytes, can all syn-
thesize estrogens. These extra-ovarian sources of 
estrogens deserve special consideration in post-
menopausal women whose ovaries have ceased 
to function, and plasmatic concentration of E 2  is 
very low. Postmenopausal women suffering 
hormone- dependent breast cancer show higher 
E 2  concentrations in the tumor tissue than in 
plasma [ 38 ]. The local synthesis of E 2  in the adi-
pose mammary tissue explains the growth of E 2 - 
dependent mammary tumors in postmenopausal 
patients, and consequently, this fact has led 
directly to the design of anticancer drugs with the 
synthesis of estrogens as their target, the so- 
called SEEMs. 

 The main precursors for the local synthesis of 
estrogens are dehydroepiandrosterone (DHEA) 
and its sulfate conjugate. Enzymes involved in 
the synthesis and interconversion of steroid 
 hormones are the following: (a) the 
17β-hydroxysteroid dehydrogenase (17β-HSD) 
enzyme family, including reductant and oxidative 
isoforms. The reductant isoforms (e.g., 17β-HSD 
type 1) catalyze the conversion of the relatively 
weak estrone (E 1 ), androstenedione and 5-andro-
stenedione, into the more potent E 2 , testosterone 
and 5- dihydrotestosterone, while the oxidative 
isoforms (e.g., 17β-HSD type 2) catalyze the 
 formation of steroids of low activity; (b) P-450 
aromatase, which transforms androgens into 
estrogens; (c) estrogen sulfatase (STS), which 
converts estrogen sulfates into E 1  and E 2 ; and (d) 
estrogen sulfotransferases (EST) which catalyzes 
the conversion of estrogens into their inactive sul-
fates [ 39 ]. In breast adenocarcinomas, local 
estrogen production is biased toward the forma-
tion of active E 2  because the activity of 17β-HSD 
type 1, STS, and aromatase is higher than that of 
17β-HSD type 2 and EST [ 40 ]. Studies carried 
out in our laboratory demonstrate that melatonin 
inhibits the expression and activity of P450 aro-
matase, 17β-HSD type 1 and STS, enzymes 

involved in the synthesis or transformation of 
biologically active estrogens from androgens or 
estrogens with lower biological activity. 
Conversely, melatonin increases the expression 
and activity of EST, which catalyzes the conver-
sion of estrogens into inactive sulfate conjugates. 
Thus, the SEEM properties of melatonin could 
reverse the increased expression of aromatase, 
17β-HSD type 1, and STS which is characteristic 
of mammary cancer tissue and which is respon-
sible for the elevated concentrations of E 2  in 
tumors [ 41 – 46 ]. The antiaromatase effects of 
melatonin depend on its binding to MT1 recep-
tors and have been demonstrated not only in vitro 
but in vivo as well [ 41 – 47 ]. Figure  11.2  summa-
rizes the effects of melatonin on the enzymes 
involved in the local production and 
 transformation of steroids in human breast carci-
noma tissue.

   Melatonin is, as far as we know, the only mol-
ecule which possesses both SERM and SEEM 
properties. This double mechanism of action, and 
the specifi c inhibition of ERα, confers to melato-
nin unique potential advantages for the treatment 
of these neoplasias. 

 Figure  11.3 , from Sanchez-Barcelo et al. 
(2012) depicts the SERM and SEEM effects of 
melatonin, which may explain its effects on 
estrogen-dependent tumors, such as most mam-
mary adenocarcinomas [ 48 ].

       Other Mechanisms of Breast Cancer 
Inhibition by Melatonin 

  Modulation of the cell cycle and the induction of 
apoptosis  are two goals in the control of tumor 
growth. Melatonin increases the duration of the 
cell cycle in MCF-7 human breast cancer cells by 
expanding the G1phase, thus reducing cell prolif-
eration and allowing the repair of damaged DNA 
[ 49 ]. This extended G1 phase may be explained, 
at least in part, by melatonin-dependent upregu-
lation of p53 and p21 expression and downregu-
lation of cyclin D1 [ 9 ,  11 ,  50 ]. Melatonin, which 
has been shown to protect normal cells from 
apoptosis, was found to induce apoptosis in vari-
ous cancer cells including MCF-7 human breast 
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cancer cells [ 9 ,  51 ,  52 ]. However, the lack of 
effects of melatonin on apoptosis has also been 
reported [ 53 ]. 

  Telomerase activity  is observed in 85–90 % of 
all cancers, whereas it is absent in most differen-
tiated tissues [ 54 ]. The existence of an imperfect 
ERE on the promoter of hTERT (the telomerase 
subunit which is the major determinant of its 
enzyme activity) explains why E 2  upregulates 
telomerase activity in MCF-7 cells (ERα posi-
tive), but has no effect on cells lacking the ERα 
[ 55 ]. Studies in vitro and in vivo showed that 
melatonin inhibits the E 2 -induced hTERT expres-
sion [ 56 ,  57 ]. 

  Oxidative stress  may play a role in all steps of 
carcinogenesis (initiation, progression, and metas-
tasis) [ 58 ]. Many of the carcinogenic effects of E 2  in 
breast tissue depend on the oxidative stress induced 
by estrogens metabolites [ 59 ]. Consequently, anti-
oxidants have been considered protective against 
cancer. Melatonin and its     metabolites are able to 

both scavenge free radicals and radical-related reac-
tants and stimulate the expression of antioxidative 
enzymes and reduce the expression of pro-oxidants 
[ 60 ,  61 ]. Accordingly, the anticarcinogenic actions 
of melatonin would be dependent, at least in part, 
on its antioxidative and free radical scavenging 
activity [ 62 ]. 

 The inhibition of the  angiogenesis  is one can-
cer treatment strategy that is now widely investi-
gated. Patients with tumors may have abnormally 
high levels of VEGF, an important endogenous 
proangiogenic molecule, which correlates with 
rapid tumor growth, early metastasis, and poor 
prognosis [ 63 ]. Melatonin’s antiangiogenic prop-
erties, inhibiting VEGF, have been described in 
clinical and experimental studies [ 64 – 67 ]. This 
data makes further research on the angiogenic 
properties of melatonin of signifi cant importance, 
as such research is likely to result in benefi cial 
clinical applications in the fi eld of oncological 
therapy. 
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  Fig. 11.2    Effects of melatonin on the enzymatic mecha-
nisms involved in the synthesis and transformation of 
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17β-HSD1while increases activity of sulfotransferase 
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  Chronodisruption , defi ned as a critical loss of 
time order at different levels of an organism, 
including gene expression in individual cells, is 
considered to be potentially carcinogenic [ 68 ]. 
Since light is the main synchronizer of the mam-
malian circadian system, changes in the pattern 
of light exposure, such as exposure to light at 
night (LAN), are frequently the cause of chro-
nodisruption. Experimental studies have demon-
strated that LAN enhances the growth of 
mammary tumors and also underscored the rela-
tionship between LAN-induced changes in mela-
tonin secretion and the growth of chemically 
induced mammary tumors [ 69 ,  70 ]. The clear 

implication is that melatonin could be one of the 
links between circadian disruption and cancer 
development. 

 Melatonin (1–10 nM), in vitro, reduces the 
 invasiveness  of different clones of MCF-7 human 
breast cancer cells and blocks the stimulatory 
effects of E 2  on cell invasiveness [ 6 ,  7 ]. The anti- 
invasive response to melatonin is enhanced by 
the overexpression of the MT1 receptor and 
inhibited by the administration of luzindole, an 
MT1/MT2 receptor antagonist [ 71 ]. 

 Melatonin is considered to be an  immu-
noenhancer  agent, since it stimulates the pro-
duction of natural killer cells, monocytes and 
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  Fig. 11.3    Summary of the mechanisms involved in mela-
tonin’s SERM and SEEM actions. As a SERM, melatonin 
inhibits three pathways which potentiate the estradiol-
induced transactivation of the ERα: (a) one dependent on 
the cAMP cascade, which is activated by membrane ER 
and inhibited by the activation of MT 1  melatonin recep-
tors; (b) the second dependent on calmodulin, a calcium 
binding protein inhibited by melatonin; and (c) the third, 
dependent on the melatonin-induced inhibition of RORα, 

either by activation of MT 1  or by its effects as a CaM 
antagonist. As a SEEM, melatonin, through the activa-
tion of MT1 receptors and the inhibition of the cAMP-
pathway, inhibits the expression and activity of P450 
aromatase in epithelial breast cells as well as in adipo-
cytes, reducing the local synthesis of E 2 . Furthermore (not 
shown) melatonin also inhibits estrogen sulfatase while 
increases the activity of sulfotransferase (Modifi ed from 
Sanchez-Barcelo et al. [ 48 ])       
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leukocytes, as well as the production of cyto-
kines  including interleukin (IL-2, IL-6, IL-12), 
 interferon- gamma, and TNFα by binding to spe-
cifi c membrane and nuclear receptors present 
in these cells [ 72 ]. However, there are as yet no 
experimental studies on the oncostatic potential 
of melatonin specifi cally focused on its immu-
noenhancing properties. 

  Epigenetic  alterations are considered as an 
important mechanism involved in tumorigenesis. 
Epigenetic regulation of gene expression involves 
basically two classes of molecular mechanisms: 
histone modifi cations and DNA methylation. 
Recent studies with microarray of DNA methyla-
tion and gene expression profi ling in MCF-7 
human breast cancer cell lines treated with physi-
ologic doses of melatonin (1 nM) provide detailed 
insights into the DNA methylation patterns 
induced by melatonin and suggest a potential 
mechanism of the anticancer effect of aberrant 
DNA methylation in melatonin-treated breast 
cancer cells [ 73 ].  

    Clinical Uses of Melatonin 
in Breast Cancer Therapy 

 Almost all the clinical studies on the usefulness 
of melatonin in cancer treatment have been car-
ried out by Lissoni et al. in Italy during the last 
two decades. Several reviews have evaluated the 
published information concerning the clinical 
uses of melatonin in oncology [ 74 – 76 ]. However, 
for different reasons, it is diffi cult to obtain defi n-
itive conclusions about melatonin’s effects from 
these studies. Among these reasons are as fol-
lows: the fact that it is not clear whether the same 
patients have been included in different trials 
from the same group; the heterogeneity of the 
tumors grouped in every trial, the terminal status 
of most of the patients included in the trials; the 
different treatments (melatonin alone or associ-
ated with other standard therapies); and the 
nature of the studies (mostly nonrandomized). 

 At present, perhaps the most widespread idea 
about the usefulness of melatonin in the manage-
ment of breast cancer is that it could be considered 

as a complement to conventional treatments, 
rather than as a specifi c anticancer drug [ 2 ]. In 
summary, the main clinical uses of melatonin in 
breast cancer would be the following:
    1.    Because of its SERM and SEEM properties 

and its lack of negative side effects, melatonin 
could be an excellent adjuvant to drugs used 
for cancer prevention and treatment. 
Specifi cally used in conjunction with SERMs 
(tamoxifen, raloxifene, etc.), melatonin could 
enhance their antiestrogenic actions [ 43 ]. 
Administered with antiaromatase drugs (anas-
trozole, letrozole, exemestane, etc.), melato-
nin could reduce the osteoporosis induced by 
these drugs as well as potentiate their effects 
and add its own antiaromatase actions [ 2 ].   

   2.    Prevention of breast cancer associated with 
chronodisruption. Since the abolition of night 
shift work and the reduction of nocturnal 
lighting to prevent the inhibition of melatonin 
synthesis induced by LAN seems unrealistic, 
the administration of exogenous melatonin 
could achieve a certain degree of protection 
against breast cancer caused by light-induced 
chronodisruption. Since melanopsin, the reti-
nal ganglion cell photopigment involved in 
the circadian phototransduction, is sensible to 
light in the blue range (460–480 nm) by fi lter-
ing this wavelength band, it would be possible 
to avoid or reduce the risk of melatonin sup-
pression by exposure to LAN [ 77 ]. Some opti-
cal devices based on this idea have been 
already patented [ 48 ].   

   3.    Melatonin could be used for the relief of some 
of the symptoms frequently associated with 
the cancerous process or those arising dur-
ing cancer treatment (depression, anxiety, 
sleep disturbances, cognitive dysfunction, 
etc.). Currently, a double-blind randomized, 
placebo- controlled clinical trial (MELODY) 
is being done to investigate whether oral mel-
atonin (6 mg/daily) ameliorates these symp-
toms in women with breast cancer [ 78 ].   

   4.    Melatonin could be used as an adjuvant of 
chemotherapy treatments (anthracyclines, 
taxanes, platinum drugs, etc.) since it protects 
against or lessens the side effects of these 
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drugs and, in some cases, potentiates their 
oncostatic effects. It may be therefore possi-
ble to increase the dosage or frequency of che-
motherapy treatment if given in combination 
with melatonin [ 2 ,  79 ,  80 ]. A recent meta- 
analysis, which includes 33 studies carried out 
between 1996 and 2007, and comprising a 
population of 2,446 cases, documented that 
melatonin decreased neurotoxicity, myelosup-
pression, asthenia, cachexia, and diarrhea in 
chemotherapy patients with different kinds of 
tumors [ 81 ].   

   5.    In conjunction with radiotherapy, melatonin, 
acting as an antioxidant radioprotector, allows 
for the use of higher doses of radiation, thus 
resulting better therapeutic value from such 
treatments [ 82 ,  83 ]. Topical applications of 
melatonin emulsions have been proposed to 
prevent local radiation injuries [ 84 ].    

      Melatonergic Drugs 

 Although the functions of melatonin in the body 
are numerous and extensive, its role in entraining 
circadian rhythms to the light–dark cycle is prob-
ably the best known. Probably for this reason, the 
effort of most laboratories has been focused upon 
developing melatonergic drugs for the treatment 
of circadian pathologies (i.e., sleep disturbances 
or seasonal affective disorders) rather than for 
breast cancer therapy. Among the melatonergic 
compounds patented in the last years, the most 
successful, up to now, have been agomelatine and 
ramelteon, both basically designed for treatment 
of depression and sleep troubles [ 85 ]. However, 
evidence of the oncostatic properties of melatonin 
in hormone- dependent breast cancer is stimulat-
ing research for synthetic molecules useful in 
breast cancer therapy. Recently, two benzofuran 
MT 1 /MT 2  melatonin receptor agonists (S23219-1 
and S23478-1) have been tested for their in vitro 
and in vivo antitumoral activity, and it has been 
determined that these compounds are more effec-
tive than melatonin in inhibiting proliferation and 
promoting apoptosis of MCF-7 cells as well as in 
inducing regression of NMU-induced rat mam-
mary tumors [ 86 ].  

    Conclusion 

 Melatonin is a natural compound with multi-
ple properties and low toxicity which confers 
to this molecule unique utility in the preven-
tion and treatment of hormone-dependent 
breast cancer, particularly in combination 
with other oncostatic drugs (antiestrogens and 
antiaromatases), as well as an adjuvant ther-
apy to counteract the side effects of chemo-
therapy and radiotherapy and to increase the 
effi cacy of these treatments. Despite the 
strength of the experimental results describ-
ing: (a) the ability of melatonin to reduce the 
growth of chemically induced rat mammary 
adenocarcinomas, (b) its capacity to inhibit 
the proliferation and invasiveness of MCF-7 
human breast cancer cells, and (c) the rele-
vance of light- induced suppression of noctur-
nal melatonin as a factor favoring the growth 
of rat mammary tumors, clinical trials to clar-
ify the possible value of melatonin in the ther-
apy of human breast cancer are still scarce.     
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Therapeutic Avenues 
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and     Rozieyati     Mohamed Saleh     

    Abstract 

 Malaria, one of the most deadly diseases of our time, affects more than 
200 million people across the globe and is responsible for about one mil-
lion deaths annually. Besides  Plasmodium falciparum  which is the main 
cause for malarial infection in human beings,  Plasmodium knowlesi  from 
Malaysia also remains as the most virulent parasite spreading fast not only 
in Malaysia but also in different parts of the world. Global malaria eradica-
tion program by use of insecticide spraying has resulted in good response 
in the past. Treatment of malaria-infected patients with antimalarial drugs 
has helped to eliminate malarial infections successfully, but with increased 
resistance displayed by malarial parasites to these drugs, there is resur-
gence of malaria caused both by drug resistance and by infection caused 
by new malarial species like  Plasmodium knowlesi . Recent advances on 
molecular studies on malarial parasites reveal that the pineal hormone 
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  Abbreviations 

   AFMK     N  ( 1 ) - a c e t y l -  N  ( 2 ) - f o r m y l - 5 - 
methoxykynuramine      

  cAMP    Cyclic adenosine monophosphate   
  DDT    Dichloro-diphenyl-trichloroethane   
  EM    Erythrocyte membrane   
   P      Plasmodium    
  Pcalp     Plasmodium  calpain   
  PCT    Parasite clearance times   
  PfPK7     Plasmodium falciparum  protein 

kinase 7   
  PKA    Protein kinase A   
  PLC    Phospholipase C   
  PRR    Parasite reduction ratio   
  PVM    Parasitophorous membrane   
  RBC    Red blood cell   
  SERA    Serine repeat antigen (multigene 

family)   
  TBD    Transmission-blocking drugs   
  UPS    Ubiquitin-proteosome protein degra-

dation system   

          Introduction 

 Malaria, one of the deadliest infectious diseases, 
is caused by a group of parasites from the genus 
 Plasmodium . It consists of fi ve different spe-
cies, namely,  P .  falciparum ,  P .  vivax ,  P .  malar-
iae ,  P .  ovale ,  and P .  knowlesi ,  P falciparum  
being the most lethal [ 1 ]. Symptoms and signs 
of malaria include high fever, headache, vomit-
ing, chillness, shaking, and anemia. The control 
and management of malaria mainly involves 
chemotherapy. The classical  antimalarial drugs 

include  artemisinin, pyronaridine, lumefan-
trine, piperaquine, chloroquine, mefl oquine, 
pyrimethamine, and atovaquone [ 2 ]. However, 
since there is increased resistance to these 
drugs, there is a need for the development and 
application of new innovative approaches and 
introduction of novel drugs with greater effi cacy 
to control and eradicate this disease [ 3 ]. The 
drugs that target the hepatic and sexual forms 
of the malaria parasite include artemisinin [ 4 ], 
primaquine [ 5 ], and artemisinin combination 
therapies [ 6 ]. As  Plasmodium  sporozoites reach 
the mammalian liver within minutes after being 
released into the host’s blood by the infected 
female  Anopheles  mosquito, the drugs that act 
on the parasitic stages in the liver are suggested 
to eliminate the cryptic hypnozoite infection 
reservoirs [ 2 ]. In the absence of transmission-
blocking drugs (TBD), primaquine is the only 
available effective antimalarial drug that has 
gametocytocidal property [ 7 ]. Screening of 
asexual blood stages of  P .  falciparum  is con-
sidered more successful than molecular- target-
based approaches, and new drug developments 
are based on this line of approach. The ongoing 
strategy for development of TBD rests primar-
ily on blood schizonticides that act effectively 
against late stage of gametocytes [ 7 ]. The goal 
of antimalarial drug therapy should be directed 
to reduce the disease and death incidences by 
targeting blood stage parasites. In the case of 
 P .  falciparum , it requires elimination of all 
persistent asexual blood stage forms and the 
long-lasting mature stage V, i.e.,  P .  falciparum  
gametocytes, responsible for transmission of 
malaria [ 8 ]. Studies conducted on BALB/c 

melatonin acts as a cue for growth and development of  Plasmodium 
 falciparum . Same may be true for  Plasmodium knowlesi  also. Hence, 
treatment modalities that can effectively block the action of melatonin on 
 Plasmodium  species during nighttime by way of using either bright light 
therapy or use of melatonin receptor blocking can be considered as useful 
approaches for eliminating malarial infection in man.  

  Keywords 

 Malaria   •   Antimalarial drugs   •    Plasmodium knowlesi    •   Melatonin   • 
  Luzindole  
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mice showed that luzindole, the antagonist of 
melatonin receptor, inhibited the number of tro-
phozoites [ 9 ].  

    Molecular Biology 
of  Plasmodium  Life Cycle 

 The sporozoites are injected into humans by a 
female  Anopheles  mosquito and are taken up into 
the liver to infect the hepatocytes. These parasites 
develop to form exoerythrocytic schizonts which 
give rise to several thousands of merozoites. With 
the rupture of liver cells, merozoites are released 
into the bloodstream where they invade erythro-
cytes. The intraerythrocytic merozoites replicate 
synchronously and some develop into male and 
female gametocytes. These constitute the later 
stages of  P .  falciparum  infection. The gameto-
cytes are then taken up into the female mosquito 
gut during a blood meal. The male gametocytes 
are activated (exfl agellation) and form gametes 
which fuse with the female gametes to form dip-
loid ookinetes. These ookinetes migrate to the 
midgut of the insect and pass through the gut 
wall to form oocysts. Following meiotic division, 
sporozoites are formed which then migrate to 
the salivary glands of the mosquito, ready to be 
transmitted into humans [ 10 ]. 

 Of the various stages outlined above, residence 
in the human erythrocyte is essential for the life 
cycle for all  Plasmodium  that infect man, and it is 
this phase of the life cycle that causes disease man-
ifestations such as fever, anemia, and neurological 
manifestations [ 11 ]. With the introduction of new 
genetic and molecular tools and imaging technol-
ogy, many exciting discoveries have been made 
regarding the biology of growth and development 
of  Plasmodium . Genome sequencing projects 
have been successfully completed for  P .  falci-
parum  and other species [ 12 – 14 ]. It is suggested 
that progression of the malaria parasite life cycle 
involves interplay between the parasite’s changing 
environment and its own built-in genetic program 
[ 15 ]. Examination of the  P .  falciparum  proteome 
detected more than 900 proteins in gametocytes. Of 
these, 315 are found exclusively in gametocytes. 
Nearly 97 proteins identifi ed are gamete specifi c 
[ 16 ]. The absence of sex chromosomes in malarial 

parasites plus the presence of gametocyte-specifi c 
and sex- specifi c genes found dispersed amongst 
14 chromosomes raises many unsolved questions 
regarding the molecular mechanism that triggers 
gametogenesis of malarial parasites. The only 
known fact is that all merozoites from a sexually 
committed schizont will become either male or 
female [ 17 ,  18 ]. Factors that infl uence gametocyte 
development include host red blood cell (RBC) 
age and hypoxia [ 7 ]. The fi rst molecular markers 
of gametocytes, namely, Pfs16 and Pfg27/25, are 
expressed within 24 h after their commitment and 
differentiation of sexual stages at the cellular level 
[ 7 ]. Some studies suggest that potential signalling 
pathways in the parasite are essential in triggering 
gametocytogenesis such as phorbol ester-inducing 
pathways [ 19 ] and the cyclic adenosine mono-
phosphate (cAMP) signalling pathway [ 20 ]. It is 
suggested that G-protein- dependent signalling 
system may mediate the switch to sexual devel-
opment in response to environmental factors [ 15 ].  

    Intraerythrocytic Phase 
of  Plasmodium falciparum  

 The intraerythrocytic phase is the most lethal 
form of human malaria parasite and is the pri-
mary cause of malaria morbidity and mortality. 
Arrest of the RBC stage of  Plasmodium  life cycle 
is therefore considered as the main pharmaceuti-
cal target [ 21 ]. The RBC cycle of  P .  falciparum  
occurs over a period of 48 h and consists of three 
stages of development known as ring, trophozoite, 
and schizont. Schizonts give rise to a number of 
merozoites that are released into the  circulation at 
a specifi c time of day [ 22 ,  23 ]. Evidences support 
the role of host circadian system and the pineal 
hormone melatonin in the synchronous matura-
tion and survival of  Plasmodium  in the host [ 24 ].  

    Ubiquitin-Proteosome System 
and Its Importance 

 Malarial parasite’s emergence from host eryth-
rocytes, egress, involves a coordinated event of 
rupture of parasitophorous membrane (PVM) 
and the erythrocyte membrane (EM). Many 
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proteases such as aspartic proteases, cysteine 
proteases, and a series of serine repeat anti-
gens (SERAs) are involved in this process [ 25 ]. 
Proteases like Pcalp in  P .  falciparum  are essen-
tial for optimal growth of the parasite and cell 
cycle progression [ 26 ]. These proteases are the 
targets of antimalarial drugs due to their involve-
ment in parasite development and invasion [ 27 ]. 
The most important protease system in  P .  fal-
ciparum  is the ubiquitin-proteosome protein 
degradation system (UPS) which is responsible 
for degrading unwanted or misfolded proteins 
and thereby plays an important role in cell cycle 
regulation. The UPS pathway in  P .  falciparum  
(  http://sites.huji.ac.iL/malaria/maps/proteaU-
biqpath.html    ) is suggested to perform func-
tions specifi c to pathogenesis or virulence [ 25 ]. 
Recent studies show that the pineal hormone 
melatonin upregulates genes related to UPS 
which is inhibited by luzindole, a melatonin 
antagonist [ 28 ]. The effects of melatonin on UPS 
transcription modulation are mediated by a pro-
tein kinase known as PfPK7 ( Plasmodium falci-
parum  protein kinase 7), a  P .  falciparum  orphan 
kinase that causes increase in cytosolic calcium 
and upregulation of UPS genes [ 28 ]. The signal-
ling pathways in  Plasmodium  are fundamental 
to the development of new drugs for malaria 
control. Nearly 20–30 % of the drug discovery 
program in most pharmaceutical companies 
focuses on protein kinases [ 29 ]. Kinase inhibi-
tors such as genistein and tyrphostin block  P . 
 falciparum  cell cycle [ 30 ]. Treatment with mela-
tonin induces increases in cAMP production and 
protein kinase A (PKA) in both  P .  falciparum  
and  P .  chabaudi  (rodent malaria parasite), but 
the extent of melatonin- induced activation of the 
cAMP/PKA signalling pathway is lower in  P . 
 falciparum  than in  P .  chabaudi  [ 31 ].  

    Malaria Eradication Programs 

 The Global Malarial Eradication Program was 
launched by the World Health Organization in 
1955 and has been effective [ 32 ] in eradicating 
malaria. However, more people are at risk of suf-
fering from malaria now than at any other time 

[ 33 ]. It is estimated that more than two billion 
people are at risk of being infected with malaria 
[ 34 ]. Hence, there is urgent need for effective 
implementation of global fi ght through multifac-
eted approach to control malaria. Some of the sug-
gested methods include the use of vector control 
programs like spraying with dichloro-diphenyl- 
trichloroethane (DDT), insecticide-impregnated 
bed nets to protect against infection by mosqui-
toes, and medicines for prevention and to treat 
infection [ 33 ]. Developing an effective human 
malaria vaccine will be helpful not only to serve 
those living in malaria endemic areas but also 
to eradicate the disease globally [ 35 ]. The fi rst 
vaccine developed by GlaxoSmithKline, namely, 
RTS,S, has been effective in reducing the risk of 
clinical malaria and in preventing episodes of 
severe malaria for at least 18 months [ 36 ]. But 
serious doubts have been raised over long-term 
prophylaxis by vaccination since malarial para-
sites develop various sophisticated mechanisms 
to avoid the host immune system [ 33 ]. With this 
in mind, the Bill & Melinda Gates Foundation 
(2007) introduced an agenda with the fi nal goal 
of eradicating malaria by making extinct all spe-
cies of  Plasmodium  that cause malaria infection 
in man [ 37 ]. Besides the four  Plasmodium  spe-
cies that cause malaria in humans, a fi fth spe-
cies known as  Plasmodium knowlesi , originally 
described as a parasite of long-tailed macaque 
monkeys, also infects humans in certain regions 
in Malaysia [ 38 ]. Unlike other  Plasmodium  spe-
cies,  P .  knowlesi  has a daily replication cycle, 
and untreated  P .  knowlesi -malaria infections 
may reach potentially lethal levels of parasit-
emia [ 39 ]. A recent prospective clinical study 
conducted in the Sarawak region of Malaysia 
reveals that approximately 10 % of the patients 
infected with  P .  knowlesi  had severe signs and 
symptoms, and 1–2 % of cases had a fatal out-
come [ 40 ]. All lethal cases of  P .  knowlesi  devel-
oped prominent abdominal signs and symptoms, 
associated with kidney liver dysfunction with 
concurrent hyperparasitemia [ 41 ]. Besides 
Sarawak, cases of  P .  knowlesi  are now reported 
throughout Peninsular Malaysia and the cases 
are increasing year after year [ 42 ]. The vec-
tor for  P .  knowlesi  is  Anopheles cracens  [ 43 ]. 
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Therapeutic  procedures using  chloroquine 
were found  effective in  treating patients with  P . 
 knowlesi  infections [ 44 ].  

    Antimalarial Drugs 

 The four principal purposes for antimalarial drug 
therapy are the following: (1) to treat malaria ill-
ness, (2) to prevent malaria infection and disease, 
(3) to eliminate dormant malaria parasites from 
the liver, and (4) to prevent malaria transmission 
[ 8 ]. Successful malaria control and elimination 
programs rely mainly on drug-based treatment 
and prevention procedures rather than insecticides 
as used in the mid-twentieth century. Due to the 
advent of resistant parasites, priority should be 
given to the use of new and innovative antimalarial 
drugs to replace less effi cacious older drugs [ 8 ]. 
Speed of action is considered as one of the main 
determinant of antimalarial compound effi cacy 
and is also a “crucial clinical parameter” to deter-
mine the in vivo parasite clearance times (PCT) 
[ 2 ]. The drug with immediate onset of action is 
artemisinin with an in vitro parasite reduction ratio 
(PRR) higher than 8. Of the various antimalarial 
compounds tested, mefl oquine, chloroquine, arte-
misinin, and pyrimethamine induce reduction in 
the number of viable parasites to virtually zero lev-
els after 72 h of treatment [ 2 ]. Drugs like artemis-
inin and its derivatives artesunate and halofantrine 
induce the greatest reduction. Artemether contains 
endoperoxidase bond that is required for anti-
malarial properties [ 45 ]. Drugs like atovaquone, 
triazolopyrimidine, and pyridine act by directly 
impairing malaria parasite mitochondrial function 
[ 46 ]. All endoperoxides whether natural, semisyn-
thetic, or synthetic (artemisinin, dihydroartemis-
inin, artesunate, and the ozonids OZ 277, OZ439) 
are the most potent antimalarials that are currently 
used against asexual blood stages. They act by 
alkylating heme and other vital biomolecules [ 45 , 
 47 ] as well as by degrading phospholipids in para-
site membranes [ 48 ]. This later action of endoper-
oxides has a major impact on all replicating stages 
of  Plasmodium  life cycle like asexual blood stage, 
liver schizont, oocyst, and microgametogenesis, 
and these have been demonstrated [ 49 ].  

    Transmission-Blocking Drugs (TBD) 

 Eradicating malaria also depends on approaches 
that prevent transmission of parasite between 
humans and mosquitoes. Reduction of gameto-
cytes in their mature forms (stage V) should be 
the key targets for TBD. Clinical studies have 
shown that primaquine eliminates gametocytes 
effectively when used alone [ 50 ] or in combina-
tion with sulfadoxine-pyrimethamine and artesu-
nate [ 51 ]. The most severe “bottleneck” identifi ed 
during the process of transmission is the oocyte 
stage in the mosquito hemocoel, which is the 
main target for drug intervention.  P .  berghei  
ookinete production in vitro was the most practi-
cal approach to identify the molecules that target 
the early development of  Plasmodium  parasites in 
the mosquito. Of the 46 molecules tested at a con-
centration of 10 μM, the most potent molecules 
identifi ed were cycloheximide and atovaquone 
[ 49 ]. Drugs like thiostrepton and pyronaridine, 
although less effective in inhibiting ookinete pro-
duction, inhibited  P .  falciparum  exfl agellation by 
more than 80 % similar to sulfamethoxazole and 
mefl oquine [ 49 ]. Although the design of drugs 
that act on ookinete are attractive, it requires a 
compound that has a half-life matching that of 
gametocytes. While this is possible with a major-
ity of malaria species (with gametocytes of short 
half-life), it is diffi cult with  P .   falciparum  since 
its mature gametocytes survive up to 3 weeks. 
Moreover, targeting oocytes with drugs or vac-
cines will be more diffi cult because exposure of 
oocytes to drugs or selective delivery of drugs to 
oocytes is impossible and will only result in the 
development of drug resistance [ 7 ].  

    Modulation of Malaria Parasite 
Replication Cycle by Melatonin 

 Involvement of melatonin in modulating the life 
cycle of  P .  falciparum  has been the subject of 
investigation for a long time. In vitro studies show 
that incubating malarial parasites with different 
doses of melatonin ranging from 10 to 100 nM 
and examining different stages of malarial para-
sites result in reduction in the percentage of cells 
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with ring and trophozoite stage but increase of 
mature schizont stage (two times higher) [ 9 ]. As 
host melatonin secretion is high during the dark 
hours of the night, it is inferred that host melato-
nin secretion occurring at nighttime (melatonin 
secretion begins at around 7:00 PM to 9:00 PM 
and reaches maximum around 2:00 AM to 
4:00 AM) acts to synchronize the  Plasmodium  
cell cycle. The increase of parasitemia caused by 
melatonin was completely abolished by melato-
nin receptor antagonist luzindole, and from this 
it was concluded that melatonin is the “host-
derived signal” for release of billions of malar-
ial parasites into the blood [ 9 ]. Recent genome 
analytical studies showed that both calcium and 
cAMP are essential for coordinating the events of 
maturation and development of intraerythrocytic 
stages of  Plasmodium  [ 52 ]. 

 As mentioned above, PfPK7 plays a crucial 
role in melatonin transduction pathway. Ample 
evidences have been documented for involve-
ment of melatonin in regulating UPS and signal-
ling pathways in  Plasmodium  [ 28 ]. Melatonin 
modifi es the life cycle of  P .  falciparum  by 
upregulating the genes related to UPS. The effect 
of melatonin on UPS was completely blocked 
by melatonin antagonist luzindole indicating 
thereby the presence of melatonin receptors on 
the surface of  Plasmodium  membrane and their 
involvement in mediating melatonin modulatory 
action on  Plasmodium ’s growth and develop-
ment [ 28 ]. Not only melatonin but its precur-
sors  N -acetylserotonin, tryptamine, serotonin, 
and melatonin metabolite  N (1)-acetyl- N (2)-
formyl-5- methoxykynuramine (AFMK) also 
modulate the intraerythrocytic  P .  falciparum  
cell cycle [ 53 ,  54 ]. The ability of melatonin and 
other tryptophan derivatives to synchronize  P . 
 falciparum  cultures is blocked by inhibition of 
phospholipase C (PLC) and melatonin recep-
tors [ 53 ,  54 ]. Moreover, the effects of melatonin 
on Ca 2+  release and synchronized progression 
through the cell cycle are blocked by PLC 
inhibitor U73122 [ 53 ,  54 ]. As has been pointed 
out in the earlier paragraph, melatonin increases 
both cAMP and PLC that causes Ca 2+  mobili-
zation. This action of melatonin is essential 
for synchronization of malarial parasite’s cell 
cycle [ 55 ]. Thus the existence of classical PLC-

dependent intracellular Ca 2+  release pathway in 
 P .  falciparum  and its stimulation by melatonin 
has been shown to be the main mechanism for 
parasitic development and release in the human 
host [ 56 ].  

    Involvement of Melatonin 
in Other Parasites 

 In unicellular organisms melatonin is invariably 
associated with nighttime and functions mainly 
as a “darkness signal” [ 57 ].  Trypanosoma 
cruzi , a fl agellated protozoan parasite, synthe-
sizes and responds to melatonin, and melatonin 
is essential for regulating its life cycle and its 
parasitic ability [ 58 ]   . Similarly, an endogenous 
circadian pacemaker has been described in the 
nematode  Caenorhabditis elegans  [ 59 ]. In this 
species melatonin seems to act as a neuromod-
ulator regulating locomotor activity through 
distinct receptor pathway [ 60 ]. It is suggested 
that microfi laria  Wuchereria bancrofti  that are 
released into a host’s bloodstream during night-
time are cued by the host secretion of melatonin 
[ 61 ]. From these examples it is clear that these 
organisms have endogenous circadian rhythms 
that are self- sustained but synchronized to 
the24-h day by an environmental time cue regu-
lated by melatonin [ 61 ].  

    Therapeutic Interventions 
Against Actions of Melatonin 
on  P .  falciparum  

 From the foregoing discussions on effects of mel-
atonin in modulating  P .  falciparum  replication 
cycle, it is evident that inhibition or suppression 
of nocturnal melatonin secretion in the host or 
prevention of melatonin action on  P .  falciparum  
by using melatonin receptor antagonists or agents 
that inhibit PLC activation in malarial parasites 
can help to prevent the development of later 
asexual stages of  Plasmodium  [ 62 ]. Luzindole, 
the common MT1 and MT2 melatonin recep-
tor antagonist, can be employed to prevent the 
development of asexual stages of malarial para-
sites in man. Luzindole can be administered to 
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the host in the late evening around 6:00 PM, 
and blood can be examined for the presence of 
asexual stages of malarial parasites, namely,  P . 
 falciparum  or  P .  knowlesi , through serial blood 
samples drawn during nighttime (every 2 or 3 h). 
Once the complete elimination of asexual stages 
of  Plasmodium  in the host’s blood is confi rmed, 
the drug (luzindole) can be administered for the 
duration of 1 month. The dose and the number 
of days to be administered have to be worked 
out only after conducting pilot study on malaria- 
infected patients ( P .  falciparum  or  P .  knowlesi ). 
To compensate for the melatonin defi ciency 
induced in the host by luzindole at night, mela-
tonin at physiological doses (0.25–0.5 mg) can 
be administered during the daytime for the entire 
period of treatment.  

    Melatonin Antagonism via Bright 
Light Application 

 Exposure to bright light during nighttime 
causes either reduction in plasma melatonin 
levels or complete suppression of plasma mela-
tonin depending upon the intensity of the light 
applied. Exposure of human beings to 2,500 lx 
at around 2:00 AM causes complete suppres-
sion of plasma melatonin concentration [ 63 ]. 
Circadian changes of plasma melatonin levels 
of the host constitute a key signal that causes 
synchronous maturation and development of 
 Plasmodium  [ 9 ], and malarial parasites have 
intrinsic ability to sense plasma melatonin lev-
els [ 56 ]. Therefore, complete suppression of 
plasma melatonin at night can be helpful in 
desynchronizing  plasmodium  growth and devel-
opment and arrest the parasitic cell cycle and 
development of gametocytes in the host [ 62 ]. 
A light mask treatment, using light applied 
through the eyelids during sleep, will deliver 
light of required intensities without affecting 
the patient’s sleep at night [ 64 ]. A patent (US 
2012/0041520 A1) of a system for deliver-
ing bright light through eye lids has recently 
been approved [ 65 ]. A schematic diagram 
showing stimulatory effects of melatonin on 
 Plasmodium  cell cycle (growth,  differentiation, 
and  development) is  summarized in Fig.  12.1 .

       Conclusion 

 Human malaria is caused mainly by infection 
with  Plasmodium falciparum  and  Plasmodium 
malariae  [ 66 ]. Now  Plasmodium knowlesi , a 
malaria parasite from Malaysia, is fast spread-
ing throughout the globe and causes great 
concern for effective eradication of malaria 
from Malaysia as well as from the entire globe 
[ 38 ,  39 ,  42 ]. Malarial infection caused by all 
these species causes variable clinical symp-
toms such as fever, chills, headache, muscular 
aches, abdominal pain, cough, and diarrhea 
and affects several important organs of the 
body like cerebral tissue, heart, liver, and 
kidney [ 67 ]. Malarial infection also increases 
the generation of reactive oxygen species in 
the tissues and decreases the antioxidative 
enzymes like catalase, glutathione peroxidase, 
and superoxide dismutase [ 68 ]. Eradication 
of malaria requires institution of antimalar-
ial drugs that can act both at the asexual and 
gametocyte stages of malarial parasites in the 
human blood as well as those that can curb the 
development of gametocytes within mosquito 

Plasma melatonin

G-coupled MT1/MT2 receptors

Phospholipase C activation

Inosital triphosphate, IP3

Intracellular release of Ca2+ from
ER

Increased growth and
differentiation of Plasmodium

Increase of mature forms,
schizonts

Blocks Stimulates

Luzindole (melatonin
receptor blocking drug)

  Fig. 12.1    Schematic diagram showing stimulatory 
effects of melatonin on  Plasmodium  cell cycle (growth, 
differentiation, and development)       
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vectors. The use of TBD is much needed today 
for malaria eradication programs [ 7 ]. The 
endoperoxides, whether natural or synthetic 
(artemisinin or its derivatives dihydroartemis-
inin), are the most potent antimalarial drugs 
that are currently used against asexual blood 
stages [ 45 ]. Although the design of drugs that 
act on ookinete is attractive, it is diffi cult to 
achieve since it requires a compound that has 
half-life that matches that of gametocytes [ 7 ]. 

 Recent studies have shown that melatonin 
secreted at nighttime synchronizes the 
 Plasmodium  cell cycle. Both intracellular cal-
cium and cAMP are essential for coordinating 
the events of maturation and development of 
intraerythrocytic stages of  Plasmodium  [ 52 ]. 
Melatonin regulates  Plasmodium  cell cycle by 
acting on cAMP and intracellular Ca 2+  release 
[ 56 ]. Hence, use of drugs that block the action 
of melatonin on  Plasmodium  or procedures 
like bright light that can suppress the noctur-
nal plasma levels of melatonin completely 
will be effective methods for arresting the 
growth and development of asexual stages of 
malarial parasite [ 62 ]. Melatonin is an effec-
tive antioxidant that has been shown to be 
effective in preventing oxidative stress-
induced hepatic damage and apoptosis seen in 
Swiss mice infected with malarial parasites 
[ 69 ]. But the benefi cial effects of melatonin in 
malaria-infected animal species [ 70 ] cannot 
be applied to human cases since in humans, 
the benefi cial actions of melatonin will be 
much overshadowed by its action in promot-
ing malarial growth and development. Hence, 
use of melatonin antagonists or the procedures 
that suppress plasma melatonin levels com-
pletely will only be helpful in preventing 
growth and spread of malarial infections 
caused by  P .  falciparum ,  P .  malariae , or  P . 
 knowlesi  infection in human beings.     
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  13      Melatonin’s Role in Human 
Reproduction: Recent Studies 

              Rahimah     Zakaria      ,     Amnon     Brzezinski      , 
and     V.     Srinivasan     

    Abstract 

 Melatonin,  N -acetyl-5- methhoxytryptamine, is a molecule with diverse 
physiological function. It affects reproductive functions in a wide variety 
of species. This chapter describes the roles of melatonin on various repro-
ductive parameters. Melatonin has an inhibitory infl uence on hypotha-
lamic GnRH secretion. Melatonin acts as antioxidant and reduces oxidative 
stress-induced testicular dysfunctions and poor oocytes quality in many 
experimental animals. During fetal life, melatonin regulates circadian 
rhythm and has been suggested to play a role in the regulation of fetal 
REM and NREM sleep. In adults, melatonin regulates the time of parturi-
tion in both humans and nonhuman primates. Many studies have suggested 
that melatonin could be an effective treatment for preeclampsia, due to its 
 antioxidant properties as well as its antihypertensive and anticonvulsive 
actions.  

  Keywords 

 Melatonin   •   GnRH   •   Parturition   •   Oocyte   •   Testes   •   Preeclampsia  

  National Health Service, Department 
of Mental Health, Psychiatric Service of Diagnosis 
and Treatment ,  Hospital “G. Mazzini” , 
  ASL 4 ,  Teramo ,  Italy    

  Department of Neuroscience and Imaging , 
 University “G.D’ Annunzio” ,   Chieti   66013 ,  Italy   
 e-mail: sainivasan@yahoo.com, 
venkataramanujamsrinivasan6@gmail.com  



194

        Introduction 

 The report of    human pineal gland tumor that 
altered pubertal development by Huebner [ 1 ] in 
1898, almost 70 years before the identifi cation of 
melatonin, suggests that some factor of pineal 
origin may be capable of infl uencing reproduc-
tive function. This fi nding has led many research-
ers to examine the association between the pineal 
and the reproductive status in a variety of species 
but with limited success in demonstrating a func-
tional relationship [ 2 ,  3 ]. 

 Wurtman et al. [ 4 ] fi rst reported that exogenous 
administration of melatonin reduces the weight 
of the ovaries of female rats in 1963. Since then, 
abundant evidence has been adduced that the 
pineal gland, acting via melatonin, affects repro-
ductive function in a wide variety of species [ 5 ]. 
There is growing evidence that the pattern of mela-
tonin secretion, mediated by photoperiod, directly 
infl uences reproductive function. The major physi-
ological role of melatonin is to encode the daily 
light/dark (LD) cycle. The onset and offset of 
pineal melatonin secretion synchronize to dusk 
and dawn, respectively, and therefore, the duration 
of the melatonin signal varies in proportion to the 

length of the night. This variation in melatonin sig-
nal duration is used to synchronize neuroendocrine 
rhythms with the annual variation in day-length in 
seasonal mammals. Additionally, fetal and new-
born animals use the maternal melatonin signal to 
entrain endogenous circadian rhythms prior to the 
availability of direct photic information. The effi -
cacy of exogenous melatonin in modifying particu-
lar reproductive functions has been found to differ 
markedly among species, depending on the age of 
the animal, the time of melatonin administration 
relative to the prevailing LD cycle, or phase of the 
estrus cycle [ 6 ]. 

 A seasonal distribution in human natural 
conception and birth rates has been reported by 
epidemiological studies in several geographical 
areas [ 7 ]. Suppression in the pituitary-ovarian 
activity [ 8 ] and reduction in the conception rate 
have been reported to take place during the dark 
winter near the Arctic Circle [ 9 ]. These obser-
vations and the data from studies in mammals 
inspired reproductive physiologists to search for a 
role for the pineal gland and melatonin in human 
sexual maturation (i.e., puberty) and reproduc-
tion [ 10 ,  11 ]. Roles of melatonin on reproductive 
functions are summarized in Fig.  13.1 .
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       Melatonin and Puberty 

 It has been suggested that melatonin is involved 
in the modulation of human pubertal develop-
ment. The hypothalamo-pituitary-gonadal (HPG) 
axis, which is active during fetal life and the fi rst 
year of life, remains quiescent until the age of 10 
years. Reactivation of the hypothalamic-pituitary 
axis is because of the progressive increase in the 
amplitude and frequency of gonadotropin- 
releasing hormone (GnRH) pulses and, hence, 
the pulsatile secretion of luteinizing hormone 
(LH) and follicle-stimulating hormone (FSH) 
[ 12 ]. Similar to endogenous HPG hormones, the 
amplitude of the endogenous melatonin rhythm 
varies across the lifespan [ 13 – 17 ]. The onset of a 
circadian melatonin rhythm in human infants 
appears only after 9 weeks of age. A peak in 
 melatonin secretion is established between 3 and 
5 years of age, with a subsequent decline to adult 
levels by 15–18 years of age. Amplitude remains 
relatively stable until old age, when a marked 
decline has been demonstrated, due to a general 
weakening of the circadian system [ 18 ]. 

 It has been suggested that nocturnal melatonin 
secretary pattern has an inhibitory infl uence on 
hypothalamic secretion of GnRH in humans [ 19 ]. 
It has been postulated that before puberty mela-
tonin concentrations are too high to allow hypo-
thalamic activation. But at 9 or 10 years of age, 
the decline in serum melatonin below the thresh-
old value (approximately 500 pmol/l = 115 pg/ml) 
forms the triggering signal of GnRH and thereaf-
ter the onset of pubertal changes occur [ 20 ]. The 
functional signifi cance of a decline in melatonin as 
it relates to the onset of puberty remains debatable 
[ 21 ,  22 ] because other factors coincide with puber-
tal stage may contribute to melatonin amplitude. 

 Previous study reported that melatonin levels 
decreased as a function of age [ 14 ], and when 
age was accounted for, the puberty-related 
decline of melatonin disappeared [ 23 ]. Later 
study by Waldhauser et al. [ 24 ] and Crowley 
et al. [ 22 ] found the reduction in melatonin con-
centration with age is not caused by increase in 
body mass but is temporally related to sexual 
maturation. Furthermore, Young and colleagues 
argued that the pineal gland secretes the same 
amount of melatonin across puberty, and the 
change in melatonin levels measured during this 

developmental period is accounted for by 
increasing body mass and associated diffusion of 
melatonin in larger body habitus [ 25 ]. This latter 
study, however, did not measure pubertal stage, 
and evidence from several studies does not sup-
port this fi nding [ 26 – 28 ]. 

 Sex is another factor that may contribute to mel-
atonin amplitude during puberty. Studies of adults 
reported that women secrete more melatonin com-
pared to men [ 29 ,  30 ]. Several studies of adults [ 31 ] 
and adolescents [ 23 ,  26 ,  28 ,  32 ],  however, do not 
fi nd these sex differences or fi nd a difference 
accounted for by the youngster’s age [ 33 ]. The 
recent studies by Cain et al. [ 29 ] and Crowley et al. 
[ 22 ] showed lower melatonin amplitude across 
pubertal maturation; pre- and early pubertal young-
sters showed higher melatonin amplitude com-
pared to their late- and postpubertal peers. This 
melatonin decline was similar between boys and 
girls, but overall, girls secreted more melatonin 
compared to boys. Of the factors examined, Tanner 
stage and sex explained the salivary melatonin 
amplitude decline during this developmental 
period, but age and BMI did not. The signifi cance 
of females secreting more melatonin than males 
during adolescence and adulthood is unknown; 
however, the sex difference in melatonin amplitude 
may contribute to sleep disorders (e.g., insomnia) 
where prevalence rates differ by sex [ 22 ,  29 ]. 

 Puberty stage predicts melatonin amplitude 
better than chronological age [ 22 ,  28 ], and it is 
suggested that sexual maturation and the reacti-
vation of the HPG axis may explain melatonin 
amplitude more precisely than age during this 
developmental period. Waldhauser and col-
leagues [ 34 ] reported an inverse relationship 
between melatonin and LH secretion in children 
and young adults and suggested that melatonin 
may be a gonadotropin inhibitor. 

 Evidence obtained from human pathological 
studies also suggests that high nocturnal melato-
nin levels seen in children has a suppressive 
effect on, pulsatile secretion of GnRH, ovarian 
function and pubertal development [ 21 ]. More 
recent data show that melatonin may act indi-
rectly to inhibit GnRH secretion through a novel 
neurohormone called gonadotropin-inhibitory 
hormone (GnIH) [ 35 ,  36 ], which further supports 
a role of melatonin in the reactivation of the HPG 
axis. 
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 High nocturnal melatonin secretion has been 
reported in children with delayed puberty when 
compared with age-matched controls [ 37 ], 
whereas low levels of melatonin have been 
reported in children with precocious puberty 
[ 21 ]. Studies of patients with precocious puberty, 
for example, showed lower melatonin levels in 
patients compared to normal controls [ 21 ,  24 , 
 38 ]. Other studies, however, did not replicate this 
fi nding [ 39 ,  40 ], and pituitary-gonadal suppres-
sion by a GnRH agonist does not alter [ 41 ] or 
decreases [ 24 ] circulating melatonin levels in 
patients with precocious puberty. 

 It has been demonstrated that in boys having a 
precocious puberty, melatonin concentration was 
higher compared to age-matched children of nor-
mal puberty age, while boys with delayed puberty 
had lower melatonin concentration [ 42 ]. Moreover, 
hypothalamic amenorrhea was associated with 
high melatonin concentrations [ 43 ]. On the basis of 
all these observations, it is suggested that melato-
nin may be part of the cascade of events preceding 
the awakening of HPG axis at puberty [ 44 ]. 

 The mechanism by which melatonin inhibits 
the reproductive axis until puberty remains 
unclear. There have nevertheless been some sug-
gestive fi ndings which merit further investigation. 
These include the following: (1) Evidence that 
melatonin is involved in the control of pulsatile 
secretion of LH [ 45 ] and a negative correlation 
between nocturnal serum melatonin and LH con-
centrations has been documented [ 34 ]. (2) Women 
with high blood melatonin levels have been shown 
to have functional hypothalamic amenorrhea with 
decreased GnRH/LH pulsatile secretion [ 41 ,  45 ]. 
In addition, amenorrheic athletes who displayed 
irregularities in hypothalamic- pituitary-ovarian 
axis functioning were found to have increase in 
the nocturnal peak amplitude and duration of mel-
atonin [ 46 ,  47 ]. (3) Melatonin at 10 nM has been 
shown to downregulate GnRH gene expression in 
a cyclical manner over a 24 h period in GnRH-
secreting neurons [ 48 ]. (4) Melatonin levels in the 
human preovulatory follicular fl uid have been 
found to be signifi cantly higher than in peripheral 
serum [ 49 ,  50 ]. Iodomelatonin binding sites have 
been identifi ed in human granulose cells from 
preovulatory follicles [ 51 ,  52 ].  

    Melatonin and Testicular Function 

 There is evidence that melatonin may modulate 
testicular and sperm functions. Since melatonin 
binding sites were detected in the reproductive 
system of different species [ 53 ,  54 ], it seems rea-
sonable to assume that melatonin exerts its 
actions via direct interaction with the steroido-
genic cells of the reproductive organs. 

 In rats and mice, melatonin was found to have 
an inhibitory effect on Leydig cells [ 55 ,  56 ]. The 
epididymis is important for the maturation and 
storage of spermatozoa before their passage into 
the female reproductive tract. High-affi nity [ 125 I] 
iodomelatonin binding sites have been identifi ed 
in the rats’ epididymis [ 57 ]. A functional interac-
tion between testosterone and melatonin has been 
identifi ed in the rat epididymis. This is based on 
the observation that testosterone reversed the 
decrease of specifi c 2-[ 125 I] iodomelatonin bind-
ing to the epididymis of castrated rats [ 58 ]. Mel1a 
and Mel1b receptor mRNAs are expressed in epi-
thelial cells of rat epididymis suggesting that 
melatonin has a role in the regulation of epididy-
mal physiology [ 58 ]. High-affi nity specifi c 
G-protein-coupled melatonin receptors have 
been identifi ed in the cytosol of human prostate 
glandular epithelial cells [ 59 ]. These receptors 
are believed to mediate the inhibitory effects of 
melatonin on prostatic cell growth [ 60 ]. 

 Melatonin levels in seminal plasma are 
depressed in infertile patients exhibiting poor 
motility, leukocytospermia, varicocele, and non-
obstructive azoospermia, all of which are condi-
tions associated with oxidative stress in the male 
tract [ 61 ]. Moreover, the intraperitoneal injection 
of melatonin has been shown to alleviate oxida-
tive stress in the testes following the experimen-
tal induction of a left-sided varicocele [ 62 ]. 

 Melatonin acts as antioxidant and reduces 
oxidative stress-induced testicular dysfunc-
tions in many experimental animals [ 63 – 66 ]. 
Intraperitoneal administration of melatonin for 
5 days had been shown to be a potentially ben-
efi cial agent to reduce testicular damage in adult 
diabetic rats, probably by decreasing oxidative 
stress [ 63 ]. In addition, melatonin improved histo-
pathological changes in testicular tissue induced 
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by hyperlipidemia in mice [ 64 ]. Melatonin is a 
potent antioxidant agent in preventing testicular 
post ischemic reperfusion injury, as shown by 
changed abnormal sperm rate to normal [ 65 ] and 
ameliorating fl uoride-induced reproductive organ 
toxicity in male rats [ 66 ]. 

 Several studies have shown that sperm is 
negatively affected by oxidative stress caused by 
infl ammatory processes, and it has been shown 
that melatonin or its metabolites are able to protect 
sperm from oxidative damage [ 67 ]. Additional 
studies have shown that human seminal fl uid con-
tains melatonin [ 68 ], and spermatozoa express 
melatonin receptors [ 69 ]. Furthermore, Fujinoki 
demonstrated that melatonin is able to stimulate 
fl agellar motility [ 70 ].  

    Melatonin and Human Conception/
Pregnancy 

 Seasonal trends in human reproduction have been 
reported. Among people living in the Arctic, 
pituitary-gonadal function and conception rates 
are lower in the dark winter months than in the 
summer [ 71 ]. In these northerly regions, the pho-
toperiod is likely to affect human conception [ 7 ]. 
Further, during the dark periods of the winter 
season, increases in serum melatonin concentra-
tion in humans have been shown to correlate with 
reduced activity of the anterior pituitary-ovarian 
axis [ 72 ]. Conversely, nocturnal plasma LH levels 
are higher in the summer than in the winter [ 73 ]. 

 Several trials have reported that endogenous 
melatonin levels decrease with age [ 74 ], inducing 
a decrease in oocyte quality in women near the 
end of their reproductive life. Melatonin adminis-
tration was shown to be able to preserve oocytes 
quality by increasing melatonin intrafollicular 
concentrations. Indeed, high melatonin levels in 
the follicular fl uid lead to a reduction of intrafol-
licular oxidative damage. Reduction of the oxida-
tive stress increases fertilization and pregnancy 
rates in women who failed to become pregnant 
due to poor oocyte quality [ 75 ]. 

 The role, if any, of melatonin during human 
pregnancy is unclear. It has been suggested that 
the diurnal maternal rhythm serves as a signal for 

the fetus to entrain the LD rhythms in newborns 
after delivery. It has been reported that serum 
melatonin levels during human pregnancy are 
higher than in a nonpregnant state [ 76 ]. Nocturnal 
melatonin concentration reportedly rises after 
24 weeks of gestation and reaches a peak at 32 
weeks of gestation. These high levels decline to 
nonpregnant levels on the second day of puerpe-
rium [ 77 ]. It has also been reported that nighttime 
melatonin levels were signifi cantly higher in twin 
pregnancies after 28 weeks of gestation as com-
pared with singleton pregnancies [ 76 ].  

    Maternal Melatonin and Fetal 
Development 

 In animal studies, maternal pinealectomy has 
been shown to reduce fetal plasma melatonin 
concentration and to abolish the fetal melatonin 
rhythm [ 78 ]. Melatonin, a small molecule, is 
transferred from maternal circulation to that of 
the fetus through the placenta. In one study, oral 
administration of 3 mg of melatonin to pregnant 
women led to marked increases in the serum lev-
els of melatonin in the umbilical vein, changes 
which correlated with those in the umbilical vein 
[ 78 ]. This fi nding, therefore, is an evidence of a 
circadian rhythm of plasma melatonin exists in 
the fetal circulation [ 79 ]. Melatonin receptors 
have been identifi ed in human fetal SCN [ 80 ,  81 ]. 

 Generation and maintenance of circadian clock 
function depend on clock genes and their protein 
products (brain and muscle    ARNT-like protein-1 
(Bmal-1), period (Per1-3) and cytochrome (cry1-
2) genes) [ 82 ]. Maternal melatonin suppression or 
its replacement has been shown to affect both 
MT 1  gene and clock genes, suggesting that mater-
nal melatonin has a role in modulating fetal clock 
gene function via MT 1  in the fetal SCN [ 82 ]. In 
addition to circadian rhythm regulation in the 
fetus, it has been suggested that melatonin plays a 
role in the regulation of REM and NREM sleep. 
In the human fetus, REM and NREM sleep are 
distinguished at 30 weeks of gestation [ 82 ]. Given 
the hypnotic effect of melatonin, maternal mela-
tonin may be one of the factors that regulate the 
fetal REM and NREM cycle [ 83 ,  84 ].  
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    Melatonin and Complications 
of Pregnancy 

 It has been found that patients with severe pre-
eclampsia exhibit signifi cantly lower nighttime 
serum melatonin levels than individuals with 
mild preeclampsia or normal pregnant women 
after 32 weeks of gestation [ 76 ]. Although the 
pathophysiology of preeclampsia is still unclear, 
elevated oxidative stress is considered to be one 
of the possible precipitating factors [ 85 ,  86 ]. 
Because melatonin has signifi cant antioxidant 
properties [ 87 – 89 ], it has been postulated that the 
elevated levels of melatonin during pregnancy 
may be one of the factors which reduce oxidative 
damage from ROS in the placenta and systemic 
endothelial cells [ 90 ]. Melatonin has been found 
useful against oxidized low-density lipoprotein 
(LDL)-induced inhibition of NO production in 
the endothelium of human umbilical arteries 
[ 91 ], and hence, it is likely that by inhibiting LDL 
oxidation melatonin may protect against oxidized 
LDL-induced impairment of endothelial function 
in preeclamptic women [ 90 ]. 

 Many studies have suggested that melatonin 
could be an effective treatment for preeclampsia, 
due to its antioxidant properties [ 92 ]. Furthermore, 
other important properties have been described 
for melatonin, such as antihypertensive [ 93 ] and 
anticonvulsive [ 94 ] actions. Therefore, melatonin 
could be able to exert its benefi cial effects on sev-
eral parameters that are altered in preeclampsia.  

    Melatonin and the Timing 
of Parturition 

 In some mammalian species, melatonin has been 
shown to be the photoperiodic mediator regulat-
ing time of parturition. Rats give parturition pre-
dominantly during the daytime, even when the 
light-dark cycles are reversed [ 95 – 97 ]. 
Pinealectomy abolished the daytime delivery in 
rats, whereas melatonin replacement therapy 
restored the daytime birth pattern [ 98 ]. 

 On the other hand, both term and preterm 
human parturition has been reported to the late 
nighttime and early morning hours [ 99 – 102 ]. 

There are reports that in humans, the initiation of 
labor exhibits a circadian pattern with a maxi-
mum between 24:00 and 05:00 h [ 103 ]. The 
expression of functional melatonin receptors in 
the human myometrium both in nonpregnant and 
pregnant women has been documented [ 104 ]. 
Melatonin augmented the contractile force of 
human myometrial strips through a synergism 
with α-adrenergic receptors [ 105 ]. During the 
time of transition from myometrial quiescence to 
labor a signifi cant increase in gap junctions has 
been found [ 106 ]. Gap junctions serve to coordi-
nate individual myometrial cell contractions into 
powerful labor-inducing forces. Melatonin at 
physiological concentrations has been shown to 
modulate the strength of affi nity between gap 
junctions [ 75 ,  107 ]. Therefore, melatonin might 
be part of the mechanisms underlying the initia-
tion of parturition. In nonhuman primates, the 
phasing of nocturnal parturition has been shown 
to also be shifted by reversal of the light/dark 
cycles [ 108 ], pointing to a light-sensitive clock 
mechanism underlying this reproductive event. 
In addition, data from both humans and nonhu-
man primates show nocturnally peaking uterine 
contractions in late pregnancy [ 109 ,  110 ]. 

 High myometrial contractions during the day 
in rodents are consistent with inhibitory effects 
of nocturnal melatonin in this species, while 
high uterine contractions at night in humans and 
nonhuman primates [ 109 ,  110 ] are consistent 
with stimulatory effects of nocturnal melatonin 
on this organ. Thus, melatonin would appear to 
be anti- contractile (i.e., tocolytic) in terms of its 
effects on the rat uterus but uterotonic to human 
uterus [ 111 ]. 

 It would seem rational to believe that the circa-
dian rhythm of parturition in mammals is set to its 
appropriate nocturnal or diurnal phase by the cen-
tral circadian oscillator located in the hypotha-
lamic SCN as this structure is not only linked to 
the retina for entrainment to light, but via both 
neural and hormonal efferents, it can direct a vari-
ety of behavioral and physiological rhythms [ 112 ]. 
In fact, the circadian timing of birth in the rat has 
been demonstrated to require an intact SCN [ 112 ]. 
Takayama et al. [ 98 ] showed that female rats 
whose endogenous melatonin was eliminated by 
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pinealectomy had no disturbances in estrous 
cyclicity or in their ability to become pregnant, but 
they failed to deliver their young exclusively dur-
ing the daytime, which is the normal phase for 
rats. Instead, the animals gave birth randomly 
across the 24-h light-dark cycle. Melatonin has 
been shown to be effective in restoring the daytime 
birth pattern when it was administered in the eve-
ning, but it was unsuccessful when given in the 
morning or continuously [ 111 ]. 

 Human myometrium regulates the expression 
of receptors for both melatonin and oxytocin in 
parallel as a function of gestational stage. Thus, 
strongly suggest that signaling through the MT 2  
melatonin receptor may actively contribute to 
labor by serving to temporally “gate” the cellular 
events which underlie the well-known amplifi ca-
tion of uterine contractions at night [ 109 ]. By act-
ing synergistically with oxytocin and potentially 
other pro-contractile factors, melatonin may 
facilitate the coordinated and forceful contrac-
tions of the pregnant uterus necessary for normal 
term labor [ 113 ].  

    Conclusion 

 The report of human    pineal gland tumor that 
altered pubertal development by Huebner [ 1 ] 
in 1898 and the discovery of melatonin by 
Lerner and colleagues in 1958 [ 114 ] heralded 
a new fi eld of research on melatonin’s role in 
human reproduction. To date, scientifi c evi-
dence has been provided to support melato-
nin’s roles in human reproduction such as 
puberty, testicular function, pregnancy out-
come and complications, fetal development, 
and parturition. 

 Melatonin may have some modulatory 
effects on human diseases that are related to 
the reproductive system. For example, lighting 
during the night of suffi cient intensity appar-
ently reduces circulating melatonin levels and 
resets the circadian pacemaker of the SCN. 
This phenomenon has been related to increased 
risk of breast cancer [ 115 ] perhaps by down-
regulating gonadal synthesis of steroids, by 
acting on receptor sites within the neuroendo-
crine reproductive axis or altered estrogen 
receptor function. Melatonin supplementation 

could be an effective treatment to achieve 
pregnancy especially in cases related to poor 
quality of oocyte in older mothers [ 75 ]. On the 
other hand, their real therapeutic effi cacy could 
be relevant in women having high risk to 
undergo through pregnancy complication such 
as PCOS patients especially prone to develop 
gestational diabetes, premature delivery with 
the increased risk for the infant to suffer of 
RDS, and in women having an increased risk 
of preeclampsia. Therefore, in the right cir-
cumstances, it is possible that by reinforcing 
and optimizing our temporal organization, 
melatonin may have substantial benefi ts for 
reproductive health.     
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  14      Melatonin: An Introduction to Its 
Physiological and Pharmacological 
Effects in Humans 

           Bruno     Claustrat     

    Abstract 

   Melatonin is a methoxyindole that, under normal environmental condi-
tions, is synthesized and secreted principally by the pineal gland at night. 
The endogenous rhythm of secretion is generated by the suprachiasmatic 
nuclei and entrained to the light/dark cycle. Light is able to either suppress 
or synchronize melatonin production depending on the light schedule. The 
nycthemeral rhythm of this hormone can be evaluated by repeated mea-
surement of plasma or saliva melatonin levels or urine levels of 
6- sulphatoxymelatonin, the main hepatic metabolite. 

 Secretion of melatonin adjusts to night length, and its primary physio-
logical function is to convey information concerning the daily cycle of 
light and darkness to body structures. This information is used for the 
organization of functions that respond to changes in the photoperiod, such 
as seasonal rhythms. However, in temperate areas under fi eld conditions, 
there is only limited evidence for a relationship between seasonal rhyth-
micity of physiological functions in humans and possible alterations in the 
melatonin message. In addition, daily melatonin secretion, which is a very 
robust biochemical signal of night, can be used for the organization of 
circadian rhythms. Although the evidence for possible functions of this 
hormone in humans is mainly based on correlative observations between 
physiological effects and changes in melatonin secretion, there is some 
evidence that melatonin stabilizes and strengthens the coupling of circa-
dian rhythms, especially of core temperature and sleep-wake rhythms. The 
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        Introduction 

 Melatonin was isolated and characterized from the 
bovine pineal by the dermatologist Aaron Lerner 
in 1958 [ 1 ] and is the main hormone secreted by 
the pineal gland. Secondary sources are retina, 
gut, skin, platelets, bone marrow, and probably 
other structures, but their systemic contribu-
tion is insignifi cant [ 2 – 7 ]. Melatonin ( N -acetyl-5-
methoxytryptamine), an indole compound, is 
 synthesized from serotonin and this and the fact 
that it lightens the frog’s skin by contracting 
 melanophores led to its name (i.e., melanophore- 
contracting hormone; Greek: μελαs = black; 
τoυos = tension, in the sense of contraction). 

 Although melatonin has been extensively 
detected in the animal kingdom, more recently, it 
has also been found in different structures in higher 
plants (leaves, fruits, and seeds), but the levels are 
too low to provide a signifi cant melatonin supply 

for humans. Melatonin is also present in lower 
phyla, including bacteria [ 8 ]. Due to its being 
directly derived from an amino acid, the ubiqui-
tous molecule melatonin was probably one of the 
fi rst compounds which appeared on earth to coor-
dinate some basic events of life. 

 The main physiological functions of melatonin 
are related to its hormonal properties, although it 
may also exhibit autocrine or paracrine properties, 
for example, in the retina or the gut [ 9 ]. The pineal 
gland was initially shown to be an active neuroen-
docrine transducer of  environmental information 
in animals, especially in photoperiodic species. 
For many years, this data was extrapolated to 
humans. Today, some understanding of the role of 
melatonin in human physiology and disease has 
emerged, but many of its functions and effects 
remain underestimated. This review will focus on 
data about melatonin in humans, as an introduc-
tion to the following chapters.  

circadian organization of other physiological functions, such as immune 
and antioxidant defenses, hemostasis, and glucose regulation, also depends 
on the melatonin signal. 

 The difference between the physiological and pharmacological effects 
of melatonin is not always clear, but is based upon the dose, and not the 
duration, of the hormone message. A pharmacological dose provides sup-
raphysiological levels of melatonin, while a “physiological” dose provides 
plasma levels of the same order of magnitude as a nocturnal peak. However, 
when a low melatonin dose is given using a simple capsule, a narrow hor-
mone signal is achieved, which does not mimic endogenous secretion. It is 
admitted that a “physiological” dose provides plasma melatonin levels of 
the same order of magnitude as a nocturnal peak. Since the regulatory 
system of melatonin secretion is complex, involving central and auto-
nomic pathways, there are many pathophysiological situations in which 
melatonin secretion can be disturbed. The resulting change could increase 
predisposition to a disease, add to the severity of symptoms, or modify the 
course and outcome of the disorder. Since melatonin receptors are very 
widely distributed in the body, putative therapeutic indications of this 
compound are multiple. Great advances in therapeutics could be made by 
performing multicenter trials in large series of patients in order to establish 
the effi cacy of melatonin and the absence of long- term toxicity.  

  Keywords 

   Melatonin   •   Human   •   Circadian rhythms   •   Physiology   •   Pathophysiology  
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    Biochemical Aspects 
and Regulation 

    Biosynthesis 

   Melatonin is synthesized from tryptophan, which 
is taken up from the circulation and transformed 
into serotonin, which is then converted into melato-
nin by a two-step process involving the sequen-
tial activities of two enzymes, serotonin- N   -
acetyltransferase (NAT), the limiting enzyme in the 
synthesis of melatonin, and hydroxyindole-
 O -methyltransferase (HIOMT) [ 10 ]. The mRNAs 
encoding these enzymes are expressed in the pineal 
with a day/night rhythm (for review, see [ 11 ]). 
Melatonin synthesis is initiated by the binding of 
norepinephrine to adrenergic β1-receptors, which 
leads to activation of pineal adenylate cyclase, 
an increase in cyclic AMP (cAMP) levels, and 
de novo synthesis of NAT. The cAMP-induced 
gene transcription repressor (ICER), an isoform of 
the cAMP- responsive element modulator (CREM), 
is activated in conjunction with NAT expression 
and represents a mechanism that limits the noctur-
nal production of melatonin [ 12 ]. Melatonin syn-
thesis depends upon tryptophan availability, as it is 
reduced after acute tryptophan depletion [ 13 ]; 
other nutritional factors might also infl uence mela-
tonin synthesis, for example, folate status [ 14 ] and 
levels of vitamin B6, a coenzyme in tryptophan 
decarboxylation that can stimulate melatonin pro-
duction in prepubertal children, but not in adults 
[ 15 ,  16 ]. Fluvoxamine, a serotonin uptake inhibi-
tor, also increases the amplitude and duration of the 
plasma melatonin peak [ 17 ].  

    Secretion 

 Melatonin displays high lipid and water solubil-
ity (octanol/water partition coeffi cient of ≈13), 
which facilitates its passage across cell mem-
branes [ 18 ]. After its release into the circulation, 
it gains access to various fl uids, tissues, and cel-
lular compartments (saliva, urine, cerebrospinal 
fl uid, preovulatory follicle, semen, amniotic 
fl uid, and milk). As melatonin is not stored in the 

pineal, its plasma profi le faithfully refl ects pineal 
activity [ 19 ]. Secretion occurs at night, maximum 
plasma levels being reached at around 03:00–
04:00 a.m., varying with chronotype, whereas 
diurnal levels are undetectable or low in rested 
subjects. This nycthemeral rhythm displays the 
largest amplitude observed for a hormone rhythm. 
Nocturnal melatonin production rates, estimated 
by deconvolution analysis of daily plasma mela-
tonin concentration profi les, are between 10 and 
80 μg/night, the lowest value for a hormone 
secretion [ 20 ]. 

 The plasma melatonin profi le displays great 
intersubject heterogeneity. Nonetheless, it is 
very reproducible from day to day in the same 
subject and represents one of the most robust cir-
cadian rhythms. In the absence of renal or hepatic 
abnormality, it provides a good evaluation of 
melatonin secretion [ 21 ]. In some subjects, noc-
turnal secretion is extremely low or even absent. 
The effects of low melatonin secretion on vul-
nerability to rhythmic organization and morbid-
ity are unknown. At the present time, no 
polymorphism of enzymes can explain this het-
erogeneity. Blood melatonin is bound mainly to 
albumin (70 %) and, to a lesser extent, to oroso-
mucoid [ 22 ]. Circulating melatonin can reach all 
body tissues and can cross the blood-brain bar-
rier to modulate brain activity. A PET study 
showed that radioactivity in the brain was maxi-
mum 6–8 min after intravenous injection of 
 11 C-melatonin [ 23 ]. 

 After maturation during the fi rst year of life, 
rhythmic melatonin production reaches its high-
est levels at the age of 3–6 years, and then the 
nocturnal peak drops progressively by 80 % to 
adult levels. This change is temporally linked 
to the appearance of sexual maturity and is not 
simply the consequence of increasing body size 
and constant melatonin production due to the 
lack of pineal growth during childhood [ 24 ]. 
Data on normal precocious puberty treated by 
gonadotropin- releasing hormone analogues sug-
gest that the reduction in melatonin production at 
normal puberty is not likely to be dependent on 
pubertal gonadotropin or sex steroids [ 25 ]. 
Although melatonin may modulate steroidogen-
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esis, especially progesterone production, no clear 
consensus has emerged about melatonin changes 
that may occur during the ovarian cycle. While 
changes in the circadian pattern of melatonin 
secretion immediately preceding the LH surge 
cannot be excluded, melatonin secretion may not 
be necessary for menstrual cyclicity to occur [ 26 , 
 27 ]. The transient increase in melatonin secretion 
during menopause could be related to the dra-
matic decrease in the estrogen environment [ 28 ]. 
On aging, the melatonin rhythm is progressively 
dampened, with a tendency to a phase advance, 
and can be completely abolished in advanced age 
[ 29 ]. The question whether impaired melatonin 
secretion with advancing age is related to increas-
ing pineal calcifi cation remains unanswered. 
Finally, the decrease in melatonin secretion that 
is reinforced in elderly insomniacs is the ratio-
nale for treatment with this hormone [ 30 ]. These 
data will be discussed in another chapter  

    Metabolism 

 In the brain, melatonin is oxidized into  N 1-acetyl- 
N 2 -formyl-5-methoxykynuramine (AFMK) by 
the reaction of melatonin with reactive oxygen 
species (ROS) [ 31 ]. AFMK displays an in vitro 
antioxidant capacity and is the last melatonin- 
related compound involved in the process by 
which melatonin and its metabolites successively 
scavenge ROS, referred as the free radical scav-
enging cascade. 

 The liver, which clears more than 90 % of 
circulating melatonin, is the primary site of 
metabolism. Melatonin is fi rst hydroxylated to 
6-hydroxymelatonin (6OH-melatonin) by 
CYP1A2. There are wide interindividual differ-
ences (10–200-fold) in CYP1A2 activity [ 32 ], 
which are related to single-nucleotide polymor-
phisms in the  CYP1A2  gene that are associated 
with increased inducibility, decreased activity 
or inducibility, or even loss of activity of the 
CYP1A2 enzyme. Since this cytochrome is 
important in the metabolism of many com-
monly used drugs, the interaction of melatonin 
with substrate compounds results in changes in 
melatonin bioavailability. For example, caf-

feine intake dramatically increases melatonin 
bioavailability due to inhibition of fi rst-pass 
hepatic metabolism. Melatonin has been pro-
posed as an alternative probe drug to caffeine to 
assess CYP1A2 activity [ 33 ]. On the other 
hand, polycyclic aromatic hydrocarbons in cig-
arette smoke induce cytochrome CYP1A2 
expression and reduce intake of exogenous 
melatonin, but do not affect endogenous noctur-
nal levels [ 34 ]. 6OH-melatonin is excreted in 
the urine as sulfate and, to a lesser extent, as 
glucuronide conjugate [ 35 ]. Urine 6-sulfatox-
ymelatonin (aMT6S) excretion closely parallels 
the plasma melatonin profi le [ 36 ]. About 1 % of 
melatonin remains unchanged in the urine. 
3-hydroxymelatonin, which is also detected in 
the urine, could represent a biomarker of 
OH°radical generation. In addition to lower 
pineal secretory activity, patients with liver cir-
rhosis show decreased melatonin clearance, 
with a consequent delayed rise in the plasma 
melatonin peak and increased daytime levels of 
this hormone [ 37 ]. In addition, in patients with 
chronic renal failure, daytime melatonin and 
aMT6S levels are increased and melatonin 
rhythmicity blunted [ 38 ].  

    Regulation of Melatonin Secretion 
(Fig.  14.1 ) 

    Like other circadian rhythms in mammals 
(such as drinking and feeding, sleep-wake cycle, 
temperature, cortisol, or corticosterone), the 
 melatonin rhythm is generated by an endogenous 
clock located in the suprachiasmatic nuclei 
(SCN) of the hypothalamus. These results were 
obtained in animals, mainly rodents and mon-
keys, and extended to humans [ 39 ,  40 ] and con-
fi rmed by pathophysiological observations in 
patients [ 41 ]. 

 The light/dark cycle is the main zeitgeber of 
the regulatory system of melatonin secretion. 
The melatonin rhythm is entrained to the dark 
period. The photic information is transmitted to 
the central pacemaker via retinohypothalamic 
fi bers: during the day, in the presence of light, 
the output from the retinohypothalamic tract 
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inhibits melatonin synthesis. Artifi cial light of 
suffi cient intensity and duration administered at 
night suppresses melatonin production [ 42 ]. 
Light intensities of 2,000–2,500 lx for 2 h 
(02:00–04:00 a.m.) completely suppress melato-
nin secretion, whereas domestic light intensities 
(50–300 lx) have a modest suppressive effect 
[ 43 ]. In addition, after exposure to light for sev-
eral consecutive nights, melatonin secretion 
escapes the inhibitory effect and progressively 
shifts (phase delay) to the morning. Full spec-
trum bright light is routinely used, but the most 
effective wavelengths are in the range of 446–
477 nm [ 44 ,  45 ]. Because the action spectrum 
derived from irradiance response curves does 

not correspond to either scotopic or photopic 
action spectra, new photoreceptors have been 
hypothesized [ 44 ,  45 ]. Blue-enriched light leads 
to faster reaction times in tasks associated with 
sustained attention, and the cognitive improve-
ment is related to lower salivary melatonin lev-
els [ 46 ]. In addition, there is no signifi cant 
difference in melatonin suppression between all 
color vision-defi cient, protanopic, deuteranopic, 
and control subjects [ 47 ]. Retinal ganglion cells 
innervating the SCN show an intrinsic response 
to light. These melanopsin-containing cells are 
involved in the photic entrainment of circadian 
rhythms [ 48 ]. Furthermore, this system sends 
photic information not only to the endogenous 

  Fig. 14.1    Control of melatonin secretion. Photic infor-
mation is conveyed to the suprachiasmatic nuclei ( SCN ), 
principally through the retinohypothalamic tract ( RHT ), 
and synchronizes the activity of the circadian oscillator 
to exactly 24 h. Neuronal efferent pathways from the 
SCN directly distribute circadian information to different 
brain areas, including the pineal gland, which generates 
the melatonin rhythm. The neural route for environmen-
tal lighting control of melatonin secretion includes the 

paraventricular nuclei of the hypothalamus ( PVT ), the 
 intermediolateral column of the thoracic chord gray ( ILC ) 
and the superior cervical ganglion ( SCG ). The generated 
melatonin rhythm might be used by the SCN to distribute 
its rhythmic information. Melatonin can feedback at the 
level of the SCN, as well as that of the retina itself. A mel-
atonin-driven circadian rhythm of sensitivity to melatonin 
may exist in the structure(s) involved in seasonality 
(Reprinted from Cardinali and Pevet [ 72 ])       
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clock in the SCN but also to other brain areas 
involved in nonimage forming responses to 
light, including pupil constriction and induction 
of sleep [ 49 ] 

 The neural pathway from the SCN to the 
pineal gland fi rst passes through the upper part of 
the cervical spinal cord, where synaptic connec-
tions are made with preganglionic cell bodies of 
the superior cervical ganglia (SCG) of the sym-
pathetic chains [ 50 ,  51 ], and then neural cells in 
the SCG send projections to the pineal gland. The 
main neurotransmitter regulating the pineal gland 
is norepinephrine, which is released at night in 
response to stimulatory signals originating in the 
SCN. The data obtained in animals have been 
confi rmed in humans using different drugs [ 52 ]. 
β1-adrenergic blockers suppress nocturnal mela-
tonin secretion, as do the α2-blocker clonidine 
and α-methyl-para-tyrosine, which reduces pre-
synaptic catecholamine synthesis. Conversely, 
melatonin secretion is reinforced by drugs which 
increase synaptic catecholamine availability, 
such as monoamine oxidase inhibitors or tricyclic 
antidepressants. In addition to norepinephrine, 
the sympathetic endings of the SCG release neu-
ropeptide Y. Nerve fi bers innervating the pineal 
gland originate in perikarya located in the para-
sympathetic sphenopalatine and otic ganglia and 
the trigeminal ganglion, the sensory ganglion of 
the fi fth cranial nerve [ 51 ]. Two peptides, vasoac-
tive intestinal peptide (VIP) and peptide histidine 
isoleucine (PHI), appear to be important in para-
sympathetic innervation, whereas substance P 
(SP), calcitonin gene-related peptide (CGRP), 
and pituitary adenylate cyclase- activating peptide 
(PACAP) are present in cell bodies of the trigemi-
nal ganglion [ 51 ]. These neurotransmitters 
involved in the control of the pineal activity are 
only able to modulate the effect of norepineph-
rine. In animals, VIP, PACAP, and opioids via σ 
receptors stimulate melatonin secretion, whereas 
GABA, neuropeptide Y, dopamine, and gluta-
mate inhibit melatonin production. Whether the 
above mechanisms are relevant to melatonin 
secretion in humans remains to be elucidated. 
Activation of GABA receptors by benzodiaze-
pines and enhancement of endogenous 

GABAergic tone by sodium valproate [ 53 ] reduce 
melatonin levels at night, whereas  dopaminergic 
agonists and antagonists and opioid receptor-
blocking agents have no marked effect on melato-
nin levels. Other drugs, such as dihydropyridine 
calcium antagonists or prostaglandin inhibitors, 
probably alter melatonin secretion. These data 
and many others strongly warrant an investiga-
tion of any other drugs taken by patients before 
evaluation of melatonin secretion. 

 The suppression of melatonin production by 
exposure to low-frequency electromagnetic fi elds 
(EMF) has been invoked as a possible mecha-
nism by which exposure to these fi elds may result 
in an increased incidence of cancer. More recent 
data do not report a distinct infl uence of EMF on 
the melatonin levels [ 54 ].  

    Melatonin Rhythm: A Marker 
of the Circadian Clock 

 Melatonin can be considered as a reliable output 
(the hour hand) of the endogenous clock. There is 
a close relationship between the plasma melato-
nin peak and the minimum core temperature, 
including entrained conditions and constant rou-
tine protocols. In contrast to the temperature 
rhythm, the melatonin rhythm is not very sensi-
tive to masking effects, except that exerted by 
light. Consequently, Lewy and Sack recom-
mended evaluating the onset of the plasma mela-
tonin profi le under dim light (50 lx, “Dim Light 
Melatonin Onset”, D.L.M.O.) [ 55 ]. Evaluation of 
the plasma melatonin pattern requires repeated 
blood sampling. A maximum 1-h interval is 
needed to obtain reliable values for onset, offset, 
acrophase, and the area under the curve. The mel-
atonin profi le can be simultaneously determined 
with temperature and sleep recordings and pro-
vides an excellent diagnostic element for detect-
ing circadian rhythm sleep disorders. Moreover, 
saliva and urine sampling offers a useful alterna-
tive for outpatient explorations and laboratory or 
fi eld studies but requires waking the patient [ 56 ]. 
Finally, posture should be controlled during 
investigations [ 57 ].   
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    Physiological Role of Melatonin 

 Melatonin secretion is related to the duration of 
darkness. Its main function is to mediate dark 
signals, with possible implications in the control 
of circadian rhythmicity and seasonality. The 
melatonin message, which is generated at night, 
is read differently in nocturnal animals and in 
humans. In this sense, melatonin is not the uni-
versal hormone for sleep. 

 Clinical observations meeting the classical 
concept in endocrinology of hormone defi ciency 
and replacement are not available to illustrate 
the physiological properties of melatonin. 
Pinealectomized patients, in whom the circulat-
ing melatonin rhythm is abolished, do not pro-
vide a pure situation of melatonin suppression 
due to the possible side effects of surgery and/or 
radiation therapy, especially on adjacent struc-
tures. Furthermore, the pineal gland is not essen-
tial for life, and some effects of melatonin are 
probably subtle. In addition, light given to sup-
press melatonin secretion should be administered 
at night, which is not compatible with the study 
of sleep modulation by this hormone. 

 Chazot et al. [ 58 ] grouped together recurrent 
symptoms observed after pinealectomy as “pine-
aloprive syndrome”; these mainly consisted of 
hemicranial headache or unilateral orbital cepha-
lalgia with or without sympathetic abnormality 
and disturbance of vision, but afternoon sleepi-
ness, mood disorders, visual and auditory hallu-
cinations, and convulsive seizures were also 
recorded. These observations meet the hypothe-
sis of a stabilizing role for the pineal gland. 
However, Krieg et al. [ 59 ] claimed that pinealec-
tomy itself does not cause specifi c sleep impair-
ment, whereas craniotomy does. 

    Are Seasonal Physiological Events 
Related to Seasonal Variation 
in Melatonin Secretion? 

 The role of melatonin in seasonal changes in the 
physiology and behavior of various photoperi-
odic species has been extensively documented. 

The seasonal changes in the number of hours per 
day that melatonin is secreted mediate the tempo-
ral coupling of reproductive activity to seasonal 
changes in day length. In 1963, Wurtman et al. 
[ 60 ] reported that exogenous administration of 
melatonin reduces the weight of the ovaries of 
female rats. Since then, abundant evidence has 
been adduced that the pineal gland, acting via 
melatonin, affects reproductive performance in a 
wide variety of species. These observations stim-
ulated a search for a role for the pineal gland and 
melatonin in human reproduction. Clinical expe-
rience related to this issue has yielded inconclu-
sive and sometimes confl icting results [ 26 ,  61 ]. 

 For a long time, humans were claimed to be 
poorly sensitive to photoperiod variations, as no 
difference was found between the duration of 
nocturnal melatonin secretion in summer and 
winter in temperate zones. However, studies 
conducted under appropriate natural or con-
trolled laboratory conditions showed that 
humans also exhibit changes in the daily melato-
nin profi le. For example, the melatonin rhythm 
was phase delayed during winter compared with 
the summer in shift workers living in Antarctica 
[ 62 ]. In temperate latitudes (40–50°N), data on 
the infl uence of the photoperiod are less clear. 
Wehr [ 63 ] showed that, under laboratory condi-
tions, the duration of nocturnal melatonin secre-
tion increased with decreased duration of 
artifi cial light and that sleep responded to this 
change in day length. They proposed that the cir-
cadian pacemaker consists of two component 
oscillators, one entrained to dusk controlling 
onset of melatonin secretion and one entrained 
to dawn and controlling the offset. The dusk- 
and dawn- entrained components of the circadian 
pacemaker are considered to control evening and 
morning transitions in melatonin secretion and 
to adjust the timing of these transitions in sea-
sonal changes in day length [ 64 ]. The response 
to these seasonal changes is abolished by mod-
ern artifi cial lighting, as no summer-winter dif-
ferences in  melatonin, cortisol, thyrotropin, and 
rectal temperature profi les were observed in men 
exposed to either natural or artifi cial light in an 
urban environment [ 65 ]. In contrast, the seasonal 
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alterations in the natural photoperiod at high 
latitudes have a repercussion on melatonin secre-
tion in humans. Although there is no direct evi-
dence that changes in duration of melatonin 
secretion mediate the effect of the photoperiod, 
as occurs in animal models, a response to this 
seasonal message is likely. In Finland, Kauppila 
et al. [ 66 ] observed a 2-h extension of melatonin 
secretion in winter compared with the summer 
and that a decrease in plasma ovarian steroids 
paralleled the winter increase in melatonin 
secretion, in agreement with a variation in rate 
of conception during the year observed at high 
latitudes, increased fertility being associated 
with longer days. In temperate areas, the infl u-
ence of photoperiod on reproduction is less clear. 
Finally, nutritional and environmental (artifi cial 
light and blunting of seasonal changes in tem-
perature) factors could be responsible for the 
progressive decline in the seasonality of human 
reproduction [ 67 ]. 

 Seasonal affective disorders (SAD) of the 
winter type are characterized by recurrent depres-
sive episodes during the short photoperiod. 
Changes in the duration and/or phase of melato-
nin secretion during this period were initially 
hypothesized to play a role in the pathogenesis 
of SAD and prompted its treatment with photo-
therapy [ 68 ]. Although phototherapy is an effec-
tive treatment for SAD and might act on some 
biological rhythms, there is no clear evidence 
that the observed benefi cial effect of this treat-
ment results from changes in melatonin profi le 
[ 69 ,  70 ].  

    Circadian Effects: Melatonin, 
the Endogenous Synchronizer 

 The time of melatonin secretion adjusts to the 
light/dark cycle. The general opinion is that mel-
atonin, by providing the organism with night 
information, is an endogenous synchronizer than 
can stabilize circadian rhythms, reinforce them, 
and maintain their mutual phase relationship 
[ 71 ,  72 ].

  Major physiological functions (e.g., regula-
tion of blood pressure, immune response, and 
hemostasis), cell regulation (multiplication), 
and biochemical mechanisms (respiratory chain 
and antioxidant defenses) include a circadian 
component, and melatonin receptors are widely 
distributed throughout the body. Physiological 
phenomena that display nycthemeral variation 
are mainly infl uenced. The direct effect of mel-
atonin on the temperature rhythm is a good 
example: melatonin reinforces the nocturnal 
decrease in central temperature, an event which 
facilitates sleep propensity [ 73 ]. Since melato-
nin receptors have been identifi ed in the periph-
eral vasculature, the decreased central 
temperature may be the result of peripheral 
vasodilation due to melatonin receptor stimula-
tion [ 74 ]. 

 The arguments put forward for the infl uence 
of melatonin on the cortisol rhythm and sleep- 
wake cycle are more indirect. The  c ortisol and 
melatonin rhythms remain phase locked after 
phase-shifting manipulation. In addition, a 
direct modulatory effect of melatonin on corti-
sol secretion cannot be excluded, since melato-
nin receptors have been demonstrated in the 
primate adrenal gland and physiological doses 
of melatonin inhibit the in vitro ACTH-
stimulated cortisol production [ 75 ]. Temperature 
nadir, sleepiness, and melatonin excretion peaks 
coincide, and this temporal relationship remains 
during a 72-h sleep deprivation [ 76 ]. Also, there 
is a close correlation between melatonin sup-
pression and the enhancement of alertness by 
light exposure at night [ 77 ]. When melatonin 
secretion is shifted to the morning after a 
repeated nocturnal administration of bright 
light, nocturnal alertness is improved and diur-
nal sleep, which is synchronous with melatonin 
secretion, displays a physiological architecture. 
Furthermore, there is a clear relationship 
between the durations of sleep and melatonin 
secretion. Aeschbach et al. [ 78 ] observed a lon-
ger biological night in long sleepers than in 
short sleepers, and the former showed longer 
nocturnal periods of high plasma melatonin lev-
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els, increased cortisol levels, low body tempera-
ture, and increasing sleepiness. 

 Maternal melatonin, which crosses the pla-
centa, is one of the maternal rhythmic signals 
capable of synchronizing the fetal biological 
clock, while, in the newborn, the pronounced 
daily melatonin rhythm in the milk might take 
over. In infancy, the imbalance in sleep distribu-
tion between night and day becomes progres-
sively more marked with age; at around 
3–4 months, an age that corresponds to melatonin 
rhythm maturation, the infant remains awake 
during most of the daytime and most of its sleep 
is concentrated during the night [ 79 ]. Taken as a 
whole, these data support the idea that, under 
physiological conditions, melatonin is involved 
in the circadian regulation, especially the sleep- 
wake cycle. 

 The existence of a phase-response curve 
(PRC) of pineal melatonin secretion to the 
administration of exogenous melatonin (chrono-
biotic effect) provides an indirect argument that 
the effect of melatonin on the activity-rest cycle 
is indirectly mediated by its effect on the phase 
of the sleep-wake cycle [ 80 ,  81 ]. When melato-
nin is given in the late afternoon or the evening, 
a phase advance in the plasma melatonin profi le 
is observed, whereas a phase delay is seen fol-
lowing melatonin administration from early 
morning to noon [ 80 ]. Such a phase shift has 
been obtained with a single low-dose melatonin 
injection providing a hormone signal of a similar 
magnitude to the physiological nocturnal mela-
tonin peak [ 81 ]. There is a possibility that mela-
tonin works by a direct feedback effect on the 
clock; melatonin binding sites have been identi-
fi ed in the SCN, and melatonin can alter the elec-
trical or metabolic activity of the SCN. 
Consequently, the main rhythms (sleep-wake, 
temperature, and cortisol) controlled by the cir-
cadian system can be manipulated by melatonin 
administration. 

 Current evidence shows that the pineal plays 
an important role in modulating the immune 
response (for review, see [ 82 ]), since functional 
inhibition (constant light condition) or pharma-

cological inhibition (propranolol administration) 
of melatonin synthesis in mice is associated with 
suppressed humoral and cellular immunological 
responses. Interactions between the pineal gland 
and the immune system are bidirectional, since 
interleukins and cytokines (interferon gamma) 
affect melatonin synthesis and release [ 83 ]. In 
addition, melatonin scavenging of NO or free 
radicals in lymphoid cells has been described and 
could explain the melatonin-modulated circadian 
variation in experimental chronic infl ammation. 
This kind of approach raises new questions 
regarding the mechanism of chronic infl amma-
tion, in disorders such as rheumatoid arthritis and 
nocturnal asthma, diseases that present rhythmic 
symptoms over a 24-h period [ 84 ,  85 ]. It is clear 
that melatonin provides a functional link between 
the neuroendocrine and immune-hematopoietic 
systems. 

 The validity of melatonin as an oncostatic 
agent seems well established, and the antitumor 
mechanisms of melatonin have been identifi ed: 
these include its antiproliferative actions, its 
immunostimulatory effects on host anticancer 
defenses, and its antioxidant activity. However, 
there are isolated reports of stimulation of tumor 
growth, especially if melatonin is administered in 
the morning, indicating a circadian-stage depen-
dency of its antitumor action [ 86 ]. In the past, 
very few patients with advanced disease have 
been studied in open studies. A controlled trial 
showed the possibility of improving the effects of 
chemotherapy, in terms of both survival and qual-
ity of life, by concomitant administration of 
 melatonin and cisplatinium etoposide in meta-
static non-small cell lung cancer [ 87 ].  

    Sites and Mechanisms of Action 
of Melatonin 

 Thanks to its easy passage across cell mem-
branes and the very wide distribution of its 
receptors, melatonin displays pleiotropic func-
tions [ 88 ]. Besides exerting biological activity 
via specifi c membrane receptors, melatonin 
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interacts with nuclear receptors and intracellular 
proteins, such as calmodulin or tubulin-associ-
ated proteins, and has direct or indirect antioxi-
dant effects, which participate in many general 
functions [ 89 ].  

    Receptors 

 A melatonin receptor nomenclature was recently 
proposed by the International Union of 
Pharmacology (IUPHAR) [ 90 ]. Two subtypes, 
MT1 and MT2, of mammalian melatonin recep-
tors have been cloned. Both subtypes are mem-
bers of the seven-transmembrane G 
protein-coupled receptor family. The MT1 
receptor is coupled to different G proteins that 
mediate adenylyl cyclase inhibition and phos-
pholipase Cβ activation, while the MT2 recep-
tor is also coupled to inhibition of adenylyl 
cyclase and, additionally, inhibits the soluble 
guanylyl cyclase pathway. MT1 and MT2 poly-
morphisms have been found in humans and may 
be associated with sleep disorders [ 91 ]. A bind-
ing protein originally thought to represent a 
third membrane receptor (MT3) turned out to be 
the primarily cytosolic enzyme quinone reduc-
tase 2 (QR2). 

 Some effects of melatonin cannot be explained 
by membrane receptors or radical scavenging. 
Melatonin appears to be the natural ligand for 
the orphan nuclear hormone receptor superfamily 
RZR/ROR. Melatonin nuclear receptors are 
involved in the immunomodulator effect of mela-
tonin [ 92 ].  

    Antioxidant Activity 

 Melatonin is a potent free radical scavenger, 
being more potent than vitamin E, the reference 
in the fi eld [ 93 ]. It directly scavenges the highly 
toxic hydroxyl radical and other ROS. Melatonin 
also displays antioxidative properties, as it 
increases levels of several antioxidative 
enzymes, including superoxide dismutase, glu-

tathione peroxidase, and glutathione reductase. 
On the other hand, it inhibits the pro-oxidative 
enzyme nitric oxide synthase. Since there is 
considerable experimental evidence that oxida-
tive stress is a signifi cant component of certain 
brain diseases, the ability of melatonin to protect 
against neurodegeneration has been tested in a 
multitude of models [ 94 ]. The fi rst positive 
results were obtained in vitro with high doses of 
melatonin [ 95 ]. There is now experimental evi-
dence that the levels of endogenously melatonin 
produced can act as a physiological antioxidant 
[ 96 ]. Furthermore, the antioxidant defense sys-
tem displays a daily rhythm that is abolished by 
pinealectomy in the rat or by light in humans. 
Few data on the protective effects of melatonin 
against free radicals are available in humans. 
Controlled trials are diffi cult to set up, because 
the life of the patients involved in such studies is 
at stake. The fi rst positive results were obtained 
in septic newborns and showed that very high 
melatonin doses (20 mg per subject) signifi -
cantly reduced serum levels of lipid peroxida-
tion products and infl ammation markers, 
increased the survival rate, and improved the 
clinical outcome [ 97 ]. Similarly, the increased 
blood levels of malondialdehyde and nitrite/
nitrate observed in asphyxiated newborns were 
reduced by melatonin treatment (total dose of 
80 mg per infant); three of the ten asphyxiated 
newborns not given melatonin, and none of the 
ten who received it died within 72 h after birth 
[ 98 ]. Despite ethical diffi culties, these results of 
major interest should be replicated in a larger 
number of patients.   

    Pharmacological and Therapeutic 
Considerations 

 The difference between the physiological and 
pharmacological effects of melatonin is not 
always clear, but is based upon the dose, and not 
the duration, of the hormone message. It is 
accepted that a “physiological” dose provides 
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plasma melatonin levels of the same order of 
magnitude as a nocturnal peak (equal to, or lower 
than, 100 pg/ml or 400 pM) [ 90 ]. Oral adminis-
tration of 0.5 mg or more, quickly released in the 
body, does not mimic the endogenous profi le, but 
leads to supraphysiological levels over a short 
time. Although in vitro studies suggest that high 
melatonin doses desensitize receptors, effi cacy is 
maintained in humans after repeated administra-
tion, and no tolerance or rebound symptoms are 
reported after withdrawal. The MT1 and MT2 
receptors are differentially regulated in vitro, the 
MT1 receptor being activated by physiological 
melatonin concentrations and the MT2 receptor 
by supraphysiological levels, and this might 
explain inconsistent or contradictory effects 
observed depending on melatonin dose and 
metabolism. 

 In order to mimic endogenous secretion, 
a controlled-release melatonin preparation 
(Circadin®, 2 mg) has been developed for treat-
ment of insomnia related to aging. However, the 
resulting plasma melatonin levels are several 
times higher than a physiological nocturnal peak. 
As far as we know, only a buccal transmucosal 
patch has been able to provide moderate melato-
nin levels for a chosen time, but its development 
was abandoned by the pharmaceutical company 
15 years ago [ 99 ]. In addition, oral administra-
tion of a simple melatonin capsule provides a het-
erogeneous hormone signal as a consequence of 
high fi rst-pass hepatic metabolism and variable 
catabolism by CYP1A2, and this variability is 
greater in elderly adults [ 100 ]. In addition, con-
sidering the PRC, the turning point from phase 
delay to phase advance is around 3 p.m., opposite 
the melatonin acrophase. A high melatonin dose 
given around noon could lead to spillover of high 
plasma melatonin levels from the phase-delay to 
the phase-advance portion of the melatonin PRC, 
resulting in the absence of the phase-shifting 
effect of melatonin or a variable result among 
subjects, depending on their individual melatonin 
metabolism. Finally, since melatonin receptors 
display a very wide distribution in the body, the 
putative therapeutic indications of this compound 

are multiple. Theses aspects will be treated in 
subsequent chapters.  

    Concluding Remarks 

 Although melatonin was discovered more than 
50 years ago, its physiological role in humans 
needs further investigation. However, continuous 
progress has reinforced the idea that melato-
nin plays the role of a universal endogenous syn-
chronizer, even for physiological functions for 
which circadian organization does not appear 
of paramount importance at fi rst sight. The infl u-
ence of melatonin on hemostasis, glucose homeo-
stasis, phosphocalcic metabolism, blood pressure, 
immune system, and antioxidant defenses 
deserves attention. In addition, the availability of 
selective antagonists that could be used in humans 
could help in understanding the physiological 
importance of melatonin. 

 Alterations to the 24-h melatonin profi le are 
associated with a large variety of pathological 
situations. Some of the changes might be respon-
sible for the development of a major disease, 
while others may be a consequence of an existing 
disorder, since due to its complex regulation mel-
atonin secretion is nonspecifi cally disturbed in 
most pathophysiological situations. In both situa-
tions, the resulting alteration in melatonin secre-
tion could favor predisposition to disease, 
increase the severity of symptoms, or modify the 
course and outcome of the disorder. 

 The evaluation of melatonin secretion should 
be extended to situations in which dramatic dis-
turbances of endogenous rhythms and immune 
and antioxidant defenses are patent, e.g., in 
patients admitted to intensive care units. Study 
conditions (light environment, drug intake, and 
comparison with control groups) should be 
strictly controlled. In these situations, great 
therapeutic advances could be achieved with 
melatonin by developing multicenter trials in 
large series of patients in order to defi nitively 
establish its effi cacy and absence of long-term 
toxicity.     
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    Abstract 

 Management and control of pain sensation is a matter of great clinical 
interest. Drugs like aspirin and nonsteroidal anti- infl ammatory drugs 
(NSAIDS) exert their antinociceptive effects by inhibiting cyclooxygen-
ases (COX), but their side effects such as gastrointestinal bleeding and 
ulceration make them unsafe for long-term clinical use. Thus, there is a 
need to fi nd a safer antinociception. Melatonin’s antinociceptive effects 
have been demonstrated in a number of experimental models of noci-
ception. Its clinical roles in infl ammatory pain, neuropathic pain, fi bro-
myalgia, irritable bowel syndrome, and cluster headache are discussed 
in this chapter. The mechanism of melatonin’s antinociceptive effects 
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        Introduction 

 By defi nition, “pain is an unpleasant sensory and 
emotional experience associated with actual or 
potential tissue damage or described in terms of 
such tissue” [ 1 ].  Clinical pain  has been divided 
into two conditions, including  infl ammatory pain  
caused by infl ammation and  neuropathic pain  
caused by actual injury to the nervous system, and 
is characterized by persistent pain hypersensitiv-
ity [ 2 ]. In addition to hyperalgesia, neuropathic 
pain also manifests as allodynia (pain occur-
ring in response to normally innocuous stimuli). 
Multiple nociceptive mechanisms underlie neuro-
pathic pain [ 3 ]. As this type of pain can persist for 
years, it also causes psychiatric symptoms includ-
ing anxiety, depression, and sleep disturbances 
[ 4 ,  5 ]. Pain also constitutes a symptom of major 
depressive disorder, suggesting pathophysiologi-
cal similarities between clinical pain and certain 
psychiatric disorders, particularly major depres-
sion [ 6 ,  7 ]. The mechanism of pain perception 
is multifactorial, involving many biochemical, 
humoral, neurophysiological, and psychologi-
cal factors [ 8 ]. Damage or infl ammation to tissue 
releases a variety of infl ammatory mediators such 
as prostaglandins (PGE 2 ), leukotrienes, bradyki-
nin, substance P and infl ammatory cytokines like 
tumor necrosis factor (TNF-α), ATP, and ade-
nosine. Each of these substances either directly 
activates nociceptors or releases local allogeneic 
agents which sensitize nociceptors and enhance 
the neuronal excitability of pain transmission 
pathways [ 9 ]. The transmission of pain sensation 
involves nociceptors (the primary sensory nerve 
endings Aδ and C fi bers) that have their central 
processes in the dorsal horn of the spinal cord. 

 The dorsal horn of the spinal cord is the fi rst 
site of synaptic transfer in the nociceptive path-
way, and it is the primary region where peripheral 
afferent signals are integrated and modulated. A 
number of neurotransmitter-receptor sites such as 
 N -methyl- d -aspartic acid (NMDA), alpha-amino- 
3-hydroxy-5-methyl-4- isoxazolepropionic acid 
(AMPA), opioid (μ and δ), α 2 -adrenoceptors, 
and adenosine are located in the dorsal horn pro-
jection neurons. The dorsal horn region of the 
spinal cord is the region of central sensitization 
and this is mediated by neurotransmitters includ-
ing glutamate, substance P, and neurokinin that 
interact with the NMDA receptor system [ 10 , 
 11 ]. In addition, the dorsal horn neuron is also 
subjected to the infl uences of interneurons of the 
dorsal horn itself and descending pathways that 
modulate pain perception [ 7 ,  12 ]. These spinal 
interneurons and descending neural tracts from 
the brain constitute endogenous pain modulatory 
systems that inhibit pain transmission signals. 
These pain modulatory systems are activated 
by opioid and GABAergic mechanisms located 
in and around the periaqueductal gray region 
(PAG). From the PAG, descending fi bers project 
to the rostral ventrolateral medulla (RVM) and 
dorsolateral pontine structures that in turn send 
inhibitory projections to the spinal cord to induce 
antinociceptive effects. Inhibitory α 2 -adrenergic, 
δ, μ, and k opioid and 5-HT 1A  receptors are 
present in the postsynaptic dorsal horn neurons 
along with GABA-A/GABA-B receptors [ 7 ,  13 ]. 
Descending fi bers synapse with primary afferent 
neurons and secondary neurons or interneurons 
to stimulate them to release opioid peptides. 

 Management and control of pain sensation is 
a matter of great clinical interest. Drugs like 

via its interaction with a number receptor sites including opioidergic, 
benzodiazepinergic, muscarinic, nicotinic, serotonergic, α 1 -adrenergic, 
α 2 -adrenergic, and, most importantly, MT 1 /MT 2  melatonergic receptors 
present in the dorsal horn of the spinal cord as well in the central nervous 
system is also highlighted in this chapter.  

  Keywords 
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 aspirin and nonsteroidal anti-infl ammatory drugs 
(NSAIDS) exert their antinociceptive effects by 
inhibiting cyclooxygenases (COX) [ 14 ]. But the 
side effects of aspirin and NSAIDS including 
gastrointestinal bleeding and ulceration make 
them unsafe for long-term clinical use. Other 
classes of drugs like morphine or the anti- 
infl ammatory drugs that act through the nitric 
oxide (NO)-cyclic GMP pathway exert their anti-
nociceptive actions by blocking the ascending 
transmission of pain sensation [ 15 ]. The side 
effects associated with morphine including seda-
tion, respiratory depression, and dependence 
complicate its use in controlling nociceptive 
mechanisms [ 16 ,  17 ]. Neuropathic pain is a fre-
quent manifestation of neurodegenerative dis-
eases. Although it is less appreciated in 
Parkinson’s disease (PD), the prevalence of pain 
is nearly 40 % in PD. Pain presentations in PD 
include several categories such as musculoskele-
tal pain, radicular or neuropathic pain, and pri-
mary central parkinsonian pain [ 18 ]. 
Neurodegenerative mitochondrial and cytoskele-
tal cellular mechanisms producing painful hyper-
activity in primary afferent nociceptors have 
been suggested as possible causative factors con-
tributing to hyperalgesia [ 19 ]. Tricyclic antide-
pressants and gabapentin are often prescribed for 
the treatment of neuropathic pain with variable 
results of response, suggesting thereby the need 
for the development of novel analgesic drugs that 
can be used for effective treatment and manage-
ment of infl ammatory and neuropathic pain 
[ 20 – 22 ].  

    Melatonin and Nociception 

 Melatonin, the hormone secreted from the pineal 
gland and other areas in the body (see Chap.   2    ), 
plays important roles in antinociceptive 
mechanisms. 

 Diurnal variations in the perception of pain 
have been described both in rodents and humans 
[ 23 – 26 ]. It has been reported that patients suffer 
less pain during the dark phase of the photope-
riod, and prolonged latencies in pain thresholds 
have been detected in healthy human subjects 

during nighttime. These observations were 
recorded by Laikin and his coworkers, and they 
attributed this phenomenon to high melatonin 
levels occurring at night and their possible anal-
gesic effects [ 26 ]. Based upon this initial obser-
vation, a number of investigators have evaluated 
the antinociceptive effects of melatonin in ani-
mals by using a variety of experimental models 
and designs.  

    Melatonin’s Role in Pain 

    Animal Models 

 Melatonin’s antinociceptive effects have been 
demonstrated in animals like mice and rats in a 
number of experimental models of nociception as 
extensively discussed in an earlier review [ 27 ]. A 
brief analysis of this is presented in this paper 
with the aim of understanding the clinical signifi -
cance of the antinociceptive and benefi cial effects 
of melatonin. Using the hotplate test, it was 
shown that melatonin (20–40 mg/kg, i.p) exerted 
its maximal analgesic effect when given in the 
late afternoon. This analgesic effect was blunted 
by the administration of either the opiate antago-
nist naloxone or the central benzodiazepine 
antagonist fl umazenil, showing thereby the 
involvement of central opioid and benzodiaze-
pine (BZD) receptors [ 28 ]. Soon after, it was 
showed that β-endorphin, through μ-opioid 
receptors, is involved in melatonin-induced mod-
ulation of brain BZD receptors [ 29 ]. Dose- 
dependent antinociceptive effects of melatonin 
were evaluated by means of the hot-water tail- 
fl ick test in a group of rats in which melatonin, 
injected (i.p) at three different doses (30, 60, 
120 mg/kg), produced dose-dependent antinoci-
ception [ 30 ]. The antinociceptive effect began 
within 15 min after injection and reached a peak 
in 30 min and with 60–120 mg/day doses lasted 
for 100 min. Melatonin’s antinociceptive effect 
with 60–120 mg/kg (i.p) was antagonized by an 
i.c.v injection of naloxone within 10 min after 
injection and lasted for 45 min. As the i.c.v injec-
tion of naloxone blocked melatonin’s antinoci-
ceptive effect, it was concluded that the CNS is 
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the primary site for melatonin’s antinociceptive 
effect. In another study, it was found that melato-
nin potentiated the antinociceptive effects of 
deltorphin-1a, a δ-opioid agonist, but not of the 
μ-opioid agonist endomorphin-1. In this study, 
melatonin was injected either i.p (1, 5, 25 mg/kg) 
or i.c.v (0.25, 0.5, 1 mg/kg), which produced sig-
nifi cant tail withdrawal latencies, thereby con-
fi rming antinociceptive effects of melatonin [ 31 ]. 
A summary of the antinociceptive effects of mel-
atonin in a variety of animal models is presented 
in Table  15.1 .

        Infl ammatory Pain and Melatonin 

 Lipopolysaccharide (LPS) injection into the 
hind paws of mice (5 μg in 50 μl saline) signifi -
cantly decreased the nociceptive threshold in 
the hotplate and tail-fl ick tests 6 and 10 h after 
injection. Prior injection of melatonin (5 or 
10 mg/kg) signifi cantly inhibited LPS-induced 
hyperalgesia at both time intervals. A noted 
fi nding of this study was that melatonin’s effect 
on LPS-induced hyperalgesia was not reversed 
by the opiate antagonist naltrexone (4 mg/kg) 
[ 47 ]. In carrageenan- induced infl ammation in 
rats, melatonin injection (0.5 and 1.0 mg/kg, i.p) 
increased nociceptive thresholds [ 48 ]. Melatonin 
also increased the antinociceptive effects of 
indomethacin and, further, reduced carrageenan- 
induced paw edema. Melatonin has been found 
to reduce the release of prostaglandins and 
recruitment of polymorphonuclear leukocytes at 
the infl ammatory site in carrageenan-treated 
rats [ 49 ]. Prior injection of melatonin in 
25–100 mg/kg doses attenuated the hyperalge-
sic responses to O 2  − . Melatonin has been sug-
gested to inhibit infl ammation and tissue 
damage by affecting COX-2 and inducible nitric 
oxide synthase expression (iNOS) [ 50 ]. Not 
only melatonin, but melatonin analogues such 
as the pyrrolol [1, 2α] indole derivatives 3, 5, 
12, and 14 also exerted signifi cant anti-infl am-
matory and analgesic effects in the carrageenan-
induced paw edema study [ 51 ]. Melatonin also 
inhibited capsaicin- induced hyperalgesia, and 

naloxone pretreatment completely reversed 
melatonin’s antinociceptive effects [ 52 ]. To 
evaluate the role of the spinal melatonin system 
in impeding the initiation or generation of cap-
saicin-induced secondary mechanical allodynia 
and hyperalgesia, melatonin or its antagonist 
4-phenyl-2-propionamido-tetraline (4-P-PDOT) 
was administered intrathecally 30 min prior to 
capsaicin injection [ 53 ]. Intrathecal pre-admin-
istration of melatonin or its agonist signifi cantly 
decreased or completely blocked the enhanced 
responses to von Frey fi lament stimulation fol-
lowing the injection of capsaicin. Melatonin 
also limited the intensity and duration of the 
secondary mechanical allodynia and hyperalge-
sia following capsaicin injection. It is concluded 
that the spinal melatonin system has the ability 
to impede the initiation and limit the develop-
ment of “central sensitization” induced by cap-
saicin injection [ 53 ]. The effect of the melatonin 
agonist 6- chloromelatonin on capsaicin-induced 
mechanical allodynia and hyperalgesia was also 
evaluated. The increase in paw withdrawal fre-
quency induced by capsaicin was signifi cantly 
reduced by intrathecal injection of 6-chloromel-
atonin. This antinociceptive effect of 6-chlo-
romelatonin was blocked by intrathecal 
administration of the MT 2  receptor selective 
antagonist 4-P-PDOT, suggesting thereby the 
involvement of spinal MT 2  receptors in the noci-
ceptive transmission mechanism [ 53 ]. 

 The formalin test is used as a model for assess-
ing nociceptive behavior. Subcutaneous injection 
of 5 % formalin produces a licking response of 
the injected hindpaw in a biphasic pattern, involv-
ing rapid and brief withdrawal of the affected 
paw. The two phases of the licking/fl inching 
response are phase 1 (0–9 min) and phase 2 (10–
60 min). Melatonin administration decreased the 
licking/fl inching responses in both phases [ 54 –
 56 ]. In a recent study on formalin injection, intra-
thecal melatonin reduced the fl inching response 
during phase 1 and phase 2, thereby attenuating 
both the facilitated state and acute pain evoked 
by formalin injection [ 32 ]. The antinociceptive 
effects of melatonin from some studies are also 
presented in Table  15.1  [ 57 – 59 ].  

V. Srinivasan et al.



225

    Ta
b

le
 1

5
.1

  
  M

el
at

on
in

’s
 a

nt
in

oc
ic

ep
tiv

e 
ac

tio
ns

: e
xp

er
im

en
ta

l a
ni

m
al

 s
tu

di
es

   

 A
ni

m
al

 m
od

el
 u

se
d 

 M
el

at
on

in
 o

r 
its

 a
go

ni
st

 
 D

os
e 

an
d 

ro
ut

e 
 E

ff
ec

t o
f 

m
el

at
on

in
 

 B
lo

ck
ed

 b
y 

 Ty
pe

 o
f 

re
ce

pt
or

s 
in

vo
lv

ed
 

 R
ef

er
en

ce
 

 H
ot

pl
at

e 
 30

 m
g/

kg
 i.

p 
(m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 N

al
ox

on
e 

 O
pi

oi
d 

 [ 2
6 ]

 
 In

fl a
m

m
at

or
y 

ty
pe

 o
f 

pa
in

 
 25

–1
00

 m
g/

kg
 (

m
el

at
on

in
) 

 A
nt

in
oc

ic
ep

tio
n 

 – 
 – 

 [ 5
0 ]

 
 H

ot
pl

at
e 

 20
–4

0 
m

g/
kg

 i.
p 

(m
el

at
on

in
) 

 A
nt

in
oc

ic
ep

tio
n 

 N
al

ox
on

e 
an

d 
fl u

m
az

en
il 

 O
pi

oi
d 

an
d 

B
Z

D
 

 [ 2
8 ]

 
 H

ot
-w

at
er

 ta
il-

fl i
ck

 te
st

 
 30

, 6
0,

 o
r 

12
0 

m
g/

kg
 i.

p 
(m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 N

al
ox

on
e 

 O
pi

oi
d 

 [ 3
0 ]

 
 L

PS
 m

od
el

 
 5 

an
d 

10
 m

g 
i.p

 (
m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 – 

 – 
 [ 4

7 ]
 

 E
le

ct
ri

ca
l s

tim
ul

at
io

n 
of

 ta
il 

 0.
5 

an
d 

1.
0 

m
g 

i.p
 (

m
el

at
on

in
) 

 A
nt

in
oc

ic
ep

tio
n 

 – 
 – 

 [ 4
8 ]

 
 C

ar
ra

ge
en

an
-i

nd
uc

ed
 p

aw
 

in
fl a

m
m

at
io

n 
 5 

an
d 

10
 m

g 
i.p

 (
m

el
at

on
in

) 
 R

ed
uc

tio
n 

of
 p

aw
 

in
fl a

m
m

at
io

n 
an

d 
an

tin
oc

ic
ep

tio
n 

 – 
 – 

 [ 4
9 ]

 

 H
ot

-p
la

te
 la

te
nc

y 
te

st
 

 4 
m

g/
kg

 s
.c

 (
m

el
at

on
in

) 
an

d 
eq

ui
m

ol
ar

 5
.1

6,
 

5.
13

, 6
.8

8,
 a

nd
 5

.4
0 

m
g/

kg
 s

.c
 (

m
el

at
on

in
 

an
al

og
ue

 c
om

po
un

ds
 3

, 5
, 9

a,
 a

nd
 1

2)
 

 A
nt

in
oc

ic
ep

tio
n 

 – 
 – 

 [ 5
1 ]

 

 C
ap

sa
ic

in
-i

nd
uc

ed
 h

yp
er

al
ge

si
a 

 M
el

at
on

in
, 6

-c
hl

or
om

el
at

on
in

 
 A

nt
in

oc
ic

ep
tio

n 
 4-

P-
PD

O
T

 
 M

T
 2  m

el
at

on
in

 
 [ 5

3 ]
 

 In
fl a

m
m

at
or

y 
pa

in
 m

od
el

 
 15

0–
60

0 
μg

/p
aw

 (
m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 [ 5

5 ]
 

 In
fl a

m
m

at
or

y 
pa

in
 

 3,
 1

0,
 a

nd
 3

0 
μg

 in
tr

at
he

ca
l (

m
el

at
on

in
) 

 A
nt

in
oc

ic
ep

tio
n 

 Pr
az

os
in

, y
oh

im
bi

ne
, 

at
ro

pi
ne

, m
ec

am
yl

am
in

e 
 α 1

 - 
an

d 
α 2

 -a
dr

en
er

gi
c,

 
ni

co
tin

ic
 a

nd
 m

us
ca

ri
ni

c 
 [ 3

2 ]
 

 C
ar

ra
ge

en
an

-i
nd

uc
ed

 p
aw

 
in

fl a
m

m
at

io
n 

 5 
an

d 
10

 m
g 

i.p
 0

.2
5,

 0
.5

, 1
.0

 m
g 

i.c
.v

 
(m

el
at

on
in

) 
 R

ed
uc

tio
n 

of
 

in
fl a

m
m

at
io

n 
an

d 
an

tin
oc

ic
ep

tio
n 

 – 
 – 

 [ 5
7 ]

 

 Pa
w

 w
ith

dr
aw

al
 th

re
sh

ol
d 

 70
 m

g/
kg

 i.
v 

cu
m

ul
at

iv
e 

do
se

 (
21

0 
m

g/
kg

) 
(m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 N

al
ox

on
e 

or
 lu

zi
nd

ol
e 

 O
pi

oi
de

rg
ic

 a
nd

 
m

el
at

on
er

gi
c 

 [ 5
8 ]

 

 Ta
il-

cl
am

pi
ng

 r
es

po
ns

e 
 38

 m
g/

kg
 (

35
–4

1 
m

g/
kg

) 
(b

ro
m

om
el

at
on

in
) 

 A
nt

in
oc

ic
ep

tio
n 

 – 
 – 

 [ 5
9 ]

 
 L

ig
at

io
n 

of
 s

ci
at

ic
 n

er
ve

 
(n

eu
ro

pa
th

ic
 p

ai
n)

 
 12

0 
m

g/
kg

 i.
v 

 A
nt

in
oc

ic
ep

tio
n 

 N
al

ox
on

e 
 O

pi
oi

d 
pe

pt
id

es
 a

nd
 

 l -
ar

gi
ni

ne
-N

O
 p

at
hw

ay
 

 [ 6
3 ]

 
 0.

1 
nm

ol
 i.

c.
v 

(m
el

at
on

in
) 

 L
ig

at
io

n 
of

 s
pi

na
l n

er
ve

s 
(n

eu
ro

pa
th

ic
 p

ai
n)

 
 37

.5
–3

00
 m

g 
or

al
 

 A
nt

in
oc

ic
ep

tio
n 

 L
uz

in
do

le
 b

ot
h 

or
al

 a
nd

 
in

tr
at

he
ca

l a
nd

 4
-P

-P
D

O
T

 
 M

T
 1  a

nd
 M

T
 2  

 [ 6
4 ]

 
 3–

10
0 
μg

 in
tr

at
he

ca
l (

m
el

at
on

in
) 

 Fo
rm

al
in

 in
je

ct
io

n 
m

od
el

 
 15

0 
m

g/
kg

 o
ra

l (
m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 4-

P-
PD

O
T

 
 M

T
 2  

 [ 9
4 ]

   
 

 Po
st

-i
nfl

 a
m

m
at

or
y 

vi
sc

er
al

 
hy

pe
ra

lg
es

ia
 to

 c
ol

or
ec

ta
l 

di
st

en
si

on
 

 60
 m

g/
kg

 (
m

el
at

on
in

) 
 A

nt
in

oc
ic

ep
tio

n 
 N

al
tr

ex
on

e 
or

 lu
zi

nd
ol

e 
 O

pi
oi

d 
or

 m
el

at
on

in
 

 [ 9
5 ]

 

15 Melatonin and Pain: Therapeutic Applications



226

    Neuropathic Pain and Melatonin 

 Neuropathic pain due to nerve injury is associ-
ated with thermal hyperalgesia and mechanical 
allodynia. Partial tight ligation of the sciatic 
nerve in rats is a widely employed model, which 
produces spontaneous pain, allodynia, and hyper-
algesia analogous to the clinical conditions of 
neuropathic pain [ 60 – 62 ]. In a study conducted 
in mice, ligation of the sciatic nerve produced 
pain-like behavior characterized by mechanical 
allodynia and thermal hyperalgesia [ 63 ]. Injection 
of melatonin at high doses (120 mg/kg, i.p) and 
0.1 nmol i.c.v reduced paw withdrawal latencies 
in response to radiant heat stimulation of the 
injured hindpaw. Concomitant administrations of 
both  l -arginine (200 mg/kg, i.p; 80 μg, i.c.v) and 
naloxone (1 mg/kg, i.p; 10 μg, i.c.v) reduced the 
effect of melatonin on thermal hyperalgesia. The 
fi ndings of this study indicate that melatonin’s 
effect on thermal hyperalgesia is mediated par-
tially through the  l -arginine-NO pathway [ 63 ]. 
In this study, concomitant administration of mel-
atonin even at high doses (either through i.p or 
i.c.v) did not have any effect on mechanical allo-
dynia. However, in another study of neuropathic 
pain using the L5/L6 spinal nerve ligation rat 
model, intrathecal (3–100 μg) or oral (37.5–
300 mg/kg) administration of melatonin 
decreased tactile allodynia induced by spinal 
nerve ligation [ 64 ]. 

 There is evidence that melatonin interacts 
with glutamatergic systems involving the NMDA 
receptor. In the study just mentioned, the con-
comitant administration of both melatonin 
(30 mg/kg) and dextromorphin (15 mg/kg) effec-
tively reversed both thermal hyperalgesia and 
mechanical allodynia induced by ligation of spi-
nal nerves, thereby suggesting the involvement 
of both melatonin MT 2  receptors and NMDA 
receptors in nociceptive mechanisms [ 64 ]. This 
antiallodynic effect of melatonin was diminished 
by intrathecal administration of luzindole 
(1–100 μg), a common MT 1 /MT 2  receptor antag-
onist, and by oral (0.01–1.0 mg/kg) or intrathecal 
(0.1–10 μg) 4P-PDOT, a selective MT 2  receptor 
antagonist, suggesting the involvement of mela-
tonin MT 2  receptors in the antiallodynic effects 

of melatonin [ 64 ]. Electrophysiological experi-
ments showed that microiontophoretic injection 
of melatonin inhibits the activation of the NMDA 
receptor in rat striatum in a dose-dependent man-
ner, involving the inhibition of the NMDA- 
dependent intracellular NO pathway [ 65 ]. Thus, 
NMDA receptors seem to be one of the targets for 
the antinociceptive actions of melatonin. 

 Dextromethomorphin is an NMDA receptor 
(NMDAR) antagonist and it is used for treating 
patients with neuropathic pain such as complex 
regional pain syndrome and painful diabetic neu-
ropathy. Increased NMDAR activity contributes 
to central sensitization in certain types of neuro-
pathic pain. Clinically used NMDAR antagonists 
such as ketamine and dextromethomorphin are 
effective in treating neuropathic pain [ 66 ].  

    Melatonin’s Antinociceptive Role 

    Clinical Studies 

 Chronic pain is encountered in a number of clini-
cal conditions such as fi bromyalgia, pelvic pain 
conditions, irritable bowel syndrome, tension and 
cluster headaches, and migraine [ 67 ]. Similarly, a 
number of psychiatric conditions are associated 
with abnormal pain sensations. Pain thresholds in 
patients with post-traumatic stress disorder 
(PTSD) are signifi cantly higher than controls or 
in patients with other conditions [ 33 ,  68 ]. Patients 
with depressive disorders suffer from painful 
symptoms like neck and back pain and abdomi-
nal pain, and painful symptoms in general are 
common in major depressive disorder [ 6 ,  69 ]. 
Conversely, chronic pain is suggested as a major 
risk factor for the development of major depres-
sive disorder [ 34 ]. 

 The link between pain and depressive disor-
ders has been well studied, and it is suggested 
that a common pathophysiology may perhaps 
underlie these disorders [ 35 ,  70 ]. Serotonergic 
cell bodies located in the raphe nucleus and nor-
adrenergic neurons located in the locus coeruleus 
project to various parts of the brain involved in 
the control of mood. The locus coeruleus and 
dorsal part of the raphe nucleus also project down 
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to the spinal cord [ 36 ]. These descending path-
ways inhibit the transmission of pain sensations 
from sensory neurons of the dorsal horn of the 
spinal cord. Inhibitory α 2 -adrenergic and 5-HT 2A  
receptors are also present on dorsal horn neurons 
[ 37 ]. A dysfunction of the descending neuronal 
pathways from the raphe nucleus and locus coe-
ruleus can result in hypersensitivity of pain trans-
mission systems, resulting in hyperalgesia and 
allodynia [ 7 ]. As pain and depression share com-
mon neuronal systems, drugs acting on seroto-
nergic and noradrenergic systems are benefi cial 
not only in treating depressive disorders but also 
in treating chronic clinical disorders of pain [ 7 ]. 
Perhaps this is best illustrated in conditions of 
neuropathic pain, where treatment with potent 
analgesics including opioids has been ineffective 
[ 22 ,  38 ]. Hence, tricyclic antidepressants are 
often prescribed in the clinical management of 
neuropathic pain [ 21 ,  22 ].   

    Melatonin and Fibromyalgia 

 Fibromyalgia is a clinical condition in which 
widespread debilitating musculoskeletal pain, 
hyperalgesia, allodynia, and stiffness of the body 
are found [ 71 ]. These patients suffer from sleep 
disturbances, depressive and anxiety symptoms, 
and impairment of memory and cognitive func-
tions, collectively known as “fi bro fog” [ 39 ,  40 , 
 72 ]. The pathophysiology of fi bromyalgia is 
thought to be due to abnormalities of the central 
pain processing mechanisms that cause central 
pain sensitization [ 41 – 43 ,  73 ]. Although few 
studies have carried out melatonin measurements 
in patients with fi bromyalgia, a single study of 8 
fi bromyalgia patients showed signifi cantly lower 
plasma and urinary melatonin (between 23:00 
and 07:00 h) levels when compared to controls 
[ 44 ]. Treatment of fi bromyalgia patients with 
melatonin has been carried out in two studies. In 
the fi rst open label study carried out on 21 female 
patients, melatonin was administered in doses of 
3 mg orally for 4 weeks 30 min before bed time 
[ 74 ]. Improvements with regard to pain, fatigue, 
and depressive symptoms were noted in these 
patients with melatonin therapy. In the second 

double-blind placebo-controlled study in 101 
fi bromyalgia patients, different doses of melato-
nin were used either alone or in combination with 
fl uoxetine [ 75 ]. Patients were divided into four 
groups: group A patients ( n  = 24) were treated 
with fl uoxetine alone, group B patients ( n  = 27) 
were treated with melatonin 5 mg/day, group C 
patients ( n  = 27) were treated with fl uoxetine 
(20 mg/day) and melatonin 3 mg/day, and group 
D patients ( n  = 23) were treated with fl uoxetine 
(20 mg/day) and melatonin 5 mg/day. Fluoxetine 
was given daily in the morning and melatonin 
was given each evening for 8 weeks. Treatment 
with fl uoxetine alone improved symptoms 
including fatigue, anxiety, depression, and morn-
ing stiffness. Treatment with melatonin alone 
caused signifi cant improvements in pain, fatigue, 
sleep/rest activity, depression, and morning stiff-
ness. The combination of fl uoxetine with 
 melatonin caused even greater signifi cant reduc-
tions in both anxiety and depressive symptoms, 
with reduction of fatigue symptoms in addition to 
each of the symptoms improved by each drug 
given individually. A noteworthy point emerging 
from this study is that, with all treatment modali-
ties (fl uoxetine, melatonin or a combination of 
both), there was a signifi cant reduction of pain 
symptoms in fi bromyalgia patients, showing the 
effi cacy of the SSRI antidepressant fl uoxetine 
and of melatonin in fi bromyalgic pain [ 75 ]. 
Additional clinical studies in fi bromyalgia 
patients also support that melatonin therapy is 
effective in treating pain associated with fi bro-
myalgia [ 45 ,  76 ].  

    Melatonin and Irritable 
Bowel Syndrome 

 Another clinical condition in which melatonin 
has been found useful is irritable bowel syn-
drome (IBS). This condition is associated with 
abdominal pain, fl atulence, constipation, diar-
rhea, and sleep disturbances. There are two ran-
domized placebo-controlled clinical trials 
administering 3 mg/day of oral melatonin. In one 
study conducted in 40 patients, melatonin or pla-
cebo was given for 2 weeks [ 46 ]. Reductions in 
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abdominal and rectal pain were noted. In another 
study in 24 women with IBS employing a cross-
over design, patients received melatonin or pla-
cebo for 8 weeks followed by a 4-week washout 
period, after which they received the other treat-
ment [ 77 ]. A reduction in pain symptoms with 
improvements in the IBS was noted in all 24 
patients.  

    Melatonin and Migraine 

 In migraine, a clinical condition associated with 
attacks of severe headache and sleep distur-
bances, an association between nocturnal mela-
tonin secretion and symptoms of migraine have 
been studied. Signifi cantly lower urinary mela-
tonin levels were found in ten migraine patients 
when compared to nine healthy controls [ 78 ]. 
Similarly, in a study in a large sample of 146 
migraine sufferers with additional pain syn-
dromes, signifi cantly lower urinary 6-sulfatoxy- 
melatonin was found in this group when 
compared to controls or migraine patients with-
out additional pain syndromes [ 79 ]. In a study of 
migraine sufferers with disturbances in melato-
nin secretion (phase advance or phase delay), 
daily 5-h infusions of 4 μg melatonin/h relieved 
morning headache in four patients after the fi rst 
infusion and two others obtained relief from 
morning headache after the third infusion, 
thereby showing a benefi cial effect of melatonin 
in relieving the pain associated with migraine 
[ 80 ]. In a recent study, the melatonin agonist 
agomelatine has been used successfully for treat-
ing patients with migraine attacks. Agomelatine 
administered to patients suffering from migraine 
attacks (in doses of 25 mg/day for a duration of 
6 months) decreased both the frequency and 
duration of migraine attacks and thus reduced 
the intensity of pain in migraine patients. 
Moreover, it also reduced signifi cantly the sever-
ity of depression and normalized sleep distur-
bances [ 81 ]. This study, the fi rst of its kind, 
demonstrates the benefi cial effect of this melato-
nergic antidepressant in treating migraine 
attacks.  

    Melatonin and Cluster Headache 

 Melatonin is also involved in the pathogenesis of 
cluster headaches since its circadian rhythm is dis-
rupted in this disorder [ 82 ]. A decrease in noctur-
nal melatonin secretion with a loss of melatonin 
rhythm has also been identifi ed in cluster headache 
patients [ 83 ]. Based on these studies, melatonin 
was studied in the treatment of cluster headache 
patients in a double-blind placebo- controlled trial, 
in which melatonin caused a signifi cant reduc-
tion in cluster headache attacks in the melatonin-
treated group when compared to the control group 
[ 84 ]. In another study, a melatonin dose of 9 mg 
not only prevented the nocturnal cluster headaches 
but also prevented the daytime attacks as well [ 85 ]. 
These studies support the involvement of melato-
nin in the pathophysiology of cluster headaches. 
Pineal cysts, evident in 1.3–2.6 % of brain MRIs, 
have been commonly associated with headache. 
In a study by Peres et al., pineal cysts were found 
in fi ve headache patients (four women and one 
man), two patients with migraine without aura, 
one patient with chronic migraine, one patient 
with aura, one with chronic migraine, and one 
with hemicrania continua [ 86 ]. Abnormal melato-
nin secretion and the presence of pineal cysts were 
found to be associated with headache in this group 
of patients. Several mechanisms, including free 
radicals scavenging, anti-infl ammatory effects, 
inhibition of NOS activity, inhibition of dopamine 
release, GABA potentiation, and neurovascular 
regulation, have been proposed to explain ben-
efi cial treatment effects in cluster headaches and 
migraine attacks [ 86 ]. In an experimental animal 
model of headache induced by capsaicin, the c-fos 
expression response in the trigeminal nucleus cau-
dalis (TNC) was studied in pinealectomized and 
control animals. Animals received capsaicin and 
melatonin in this study. Pinealectomized animals 
receiving capsaicin presented the highest number 
of c-fos-positive cells in the trigeminal nucleus 
caudalis, whereas animals injected with capsa-
icin and melatonin had a lower expression c-fos 
response similar to the control vehicle-treated 
group, showing melatonin’s benefi cial action in 
this experimental model [ 87 ].  
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    Melatonin’s Antinociceptive 
Actions 

    Possible Mechanisms 

 Early studies of melatonin’s antinociceptive 
actions have shown that both opiate and BZD 
pathways are involved. The relationship of mela-
tonin with the opioidergic system is complex. 
Recent studies suggest that melatonin can exert 
its antinociceptive effects by acting indirectly 
through a number of neurotransmitter systems 
and their related receptor sites, including benzo-
diazepinergic (BZD receptor), opioidergic (δ/κ/μ 
receptors), sigma system (sigma receptor), sero-
tonergic (5HT 2A  receptor), dopaminergic (D 2  
receptor), adrenergic (α 2  receptor), glutamatergic 
(NMDA receptor), and NO-cyclic GMP-PKG 
signalling pathway, and directly through melato-
nergic MT 1 /MT 2  receptors [ 88 ].    Evidence for 
these interactions includes the reversal of melato-
nergic    antinociceptive effects by the BZD antag-
onist fl umazenil, δ/κ/μ opioid and sigma receptor 
antagonist naloxone, 5HT 2A  receptor antagonist 
ketanserin, D 2  receptor antagonist sulpiride, the 
α 2 -adrenoceptor antagonist yohimbine, and the 
NOS modulator  l -arginine [ 28 ,  30 ,  63 ,  88 ,  89 ]. 
Evidence of direct melatonergic antinociception 
involves the MT 1 /MT 2  antagonist luzindole and 
the MT 2  antagonist 4-P-PDOT [ 53 ,  59 ,  64 ]. 
Although modulation of these pathways play a 
role in melatonin’s antinociceptive effects, the 
interaction of melatonin with both central and 
peripheral MT 1 /MT 2  melatonin receptors seems 
crucial for melatonin’s antinociceptive effects. 

 NMDA receptors in the spinal cord have been 
shown to be important in the transmission of pain 
sensation and potentiate spinal cord nociceptive 
synaptic transmission, an effect known as “wind-
 up,” in which there is a repetitive increase in the 
intensity of C fi ber stimulation [ 2 ,  90 ]. In a para-
digm stimulating C fi bers and inducing this “wind-
up effect,” melatonin’s antinociceptive effect was 
evaluated. Different doses of melatonin (1.25, 2.5, 
5.0, 10.0 mg/kg doses) produced dose-dependent 
decreases of “spinal wind-up,” resulting in a com-
plete suppression of wind-up at higher doses. 

 Melatonin’s infl uence on spinal wind-up is 
attributed to its action on NMDA receptor- 
dependent intracellular NO generating pathways 
[ 91 ]. Nitric oxide has a diverse role in nocicep-
tive transmission. It interacts with NMDA recep-
tors and COX and induces a hyperalgesic effect, 
but by acting through cGMP-PKG-ATP-sensitive 
K +  channels, NO also exerts an antinociceptive 
effect [ 13 ,  92 ]. Thus, melatonin interacts with a 
variety of systems, including benzodiazepine, 
opioidergic, serotonergic, dopaminergic, adren-
ergic, glutamatergic, the NO-cyclic GMP-PKG 
signalling pathway, and through diverse recep-
tors including BZD, δ/κ/μ, sigma, 5-HT 2A , D 2 , α 2 , 
NMDA, NO, and MT 1 /MT 2  receptors.   

    Role of Melatonin Receptors 
in Antinociceptive Mechanisms 

 Melatonin produces antinociception by inhi-
bition of α 1 -adrenergic, α 2 -adrenergic, mus-
carinic, and nicotinic receptors in the spinal 
cord. One possible mechanism of action is sug-
gested to be the activation of the cGMP system. 
Hence, it is possible that intrathecal melato-
nin, by increasing cGMP, may recapitulate the 
stimulation of α 1 - adrenergic, α 2 -adrenergic, 
muscarinic, and nicotinic receptors, thereby 
producing antinociception. Melatonin’s exer-
tion of direct antinociceptive effects through 
activation of MT 1  and MT 2  melatonin recep-
tors has been  demonstrated in a number of 
experimental studies on animals. This has 
been made possible by use of the common 
melatonin receptor (i.e., MT 1 /MT 2 ) antagonist 
luzindole and  specifi c MT 2  receptor antago-
nists like 4-P-PDOT or K185 ( N -butanoyl-
2-(5,6,7-trihydro- 11-methoxybenzo[3, 4]
cyclohept[2,1a]indole-13-yl)ethanamine). The 
antinociceptive effects of melatonin in neuro-
pathic pain models and the localization of MT 1 /
MT 2  melatonin receptors in the thalamus, hypo-
thalamus, dorsal horn of the spinal cord, spinal 
trigeminal tract, and trigeminal nucleus suggest 
that the antinociceptive actions of melatonin are 
mediated through melatonergic receptors. The 
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antinociceptive effects of melatonin and the 
melatonin agonist 2-bromomelatonin were each 
blocked by intrathecal administration of luz-
indole [ 93 – 95 ]. Similarly, the antinociceptive 
effect of intrathecal injection of 6-chloromela-
tonin was blocked by intrathecal administration 
of the melatonin MT 2  receptor blocking agent 
4-P-PDOT [ 57 ]. The distribution of MT 1  and 
MT 2  melatonin receptors in lamina I–V and X 
of the spinal cord and their possible role in the 
mediation of antinociceptive actions of melato-
nin suggest that melatonin receptors do play a 
major role in the modulation of pain transmis-
sion pathways in the spinal cord as well as in 
the supraspinal region [ 47 ]. A schematic dia-
gram showing the possible mechanisms of anti-
nociceptive action is presented in Fig.  15.1 .

   Melatonin has been tried as premedication 
for surgical operating conditions including cata-
ract surgery and also during tourniquet-related 
pain, and in both these conditions, melatonin 
reduced anxiety, improved preoperative analge-
sia, decreased tourniquet-related pain, and 
enhanced intraoperative and postoperative anal-
gesia [ 96 ,  97 ].  

    Conclusion 

 Melatonin has exerted antinociceptive effects 
in a number of animal studies involving a 
diversity of models including acute pain, 
infl ammatory pain, and neuropathic pain. 
While elucidating the mechanism of anti-
nociceptive effects of melatonin, it has been 
noted that melatonin interacts with a number 
receptor sites including opioidergic, benzodi-
azepinergic, muscarinic, nicotinic, serotoner-
gic, α 1 -adrenergic, α 2 -adrenergic, and, most 
importantly, MT 1 /MT 2  melatonergic recep-
tors present in the dorsal horn of the spinal 
cord as well in the central nervous system. 
Melatonin agonists such as 2-bromomelato-
nin, 6- chloromelatonin, and certain other pyr-
rolol indole derivatives of melatonin also exert 
signifi cant anti-infl ammatory and analgesic 
activity. In clinical disorders associated with 
chronic pain, e.g., fi bromyalgia, depression, 
migraine and IBS, and cluster headaches, 
melatonin’s use has been found benefi cial 
in alleviating the pain that is associated with 
these disorders. In acute surgical conditions, 
melatonin’s use reduced anxiety and enhanced 
both preoperative and postoperative  analgesia. 
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  Fig. 15.1    Schematic diagram showing melatonin’s antinociceptive actions       
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Perhaps melatonin agonists with longer half-
lives than melatonin (20–30 min) such as 
agomelatine (2 h) or even ramelteon (1–2 h) 
will also fi nd clinical utility in the effective 
management and treatment of chronic pain 
and its associated clinical disorders.     
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    Abstract 

 Alzheimer’s disease (AD) is characterized by a progressive loss of mem-
ory and cognitive function as well as behavioral and sleep disturbances 
including insomnia. The pathophysiology of AD has been attributed to 
oxidative stress-induced amyloid β-protein (Aβ) deposition. Abnormal tau 
protein, mitochondrial dysfunction, and protein hyperphosphorylation 
have been demonstrated in neural tissues of AD patients. AD patients 
exhibit severe sleep-wake disturbances associated with rapid cognitive 
decline and memory impairment. Optimally effective management of 
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   Abbreviations 

  AD    Alzheimer’s disease   
  apoE4    Apolipoprotein-E4   
  Aβ    Amyloid β-protein   
  ATP    Adenosine-5′-triphosphate   
  BDNF    Brain-derived neurotrophic factor   
  CSF    Cerebrospinal fl uid   
  CypD    Cyclophilin D   
  ETC    Electron transport chain   
  H 2 O 2     Hydrogen peroxide   
  MDA    Malondialdehyde   
  mtPTP    Mitochondrial permeability transition 

pore   
  O 2  −     Superoxide   
  PKA    Protein kinase   
  ROS    Reactive oxygen species   

         Introduction 

 Increased oxidative damage of the central ner-
vous system has been suggested to cause age- 
associated neurodegenerative diseases like 
Alzheimer’s disease (AD) and Parkinson’s dis-
ease [ 1 – 5 ]. The brain is very susceptible to 
increased oxidative stress because of its high rate 
of oxygen consumption and high content of poly-
unsaturated fatty acids. Brain samples of AD 

patients have been shown to have increased pro-
tein, lipid, and DNA oxidation [ 6 ]. Protein car-
bonyl 3,3′-dityrosine and 3-nitrotyrosine levels 
in postmortem brain samples of AD patients pro-
duce increased oxidative and nitrosative protein 
modifi cation in the hippocampal and neocortical 
regions [ 7 ]. 

 Oxidative damage is related to other primary 
cytopathological features of AD including mito-
chondrial demise and amyloid-β (Aβ) protein 
accumulation. Other than age, one of the major 
risk factors for AD is gender. The higher inci-
dence of AD in women than in men has been 
attributed to increased mitochondrial toxicity 
induced by Aβ proteins [ 8 ]. Increased Aβ levels 
trigger most important pathological features of 
AD such as tau hyperphosphorylation, forma-
tion of neurofi brillary tangles, synaptic dysfunc-
tion, and neuronal cell death [ 9 ]. Abnormal 
accumulation of Aβ protein results in the forma-
tion of toxic oligomers causing synaptic dam-
age, alterations in signalling pathways related to 
synaptic plasticity, circuit hyperexcitability, and 
alterations in glutamate receptors [ 10 ]. Recent 
studies imply mitochondrial pathology as an 
important contributory factor in the late onset 
forms of AD [ 11 ]. 

 Many of the current drugs used in treating 
patients with AD improve symptoms without 

AD patients requires a drug that can arrest Aβ-induced neurotoxic effects 
and restore the disturbed sleep-wake rhythm with improvement in sleep 
quality. In this context, the pineal hormone melatonin has been demon-
strated to be an effective antioxidant that can prevent Aβ-induced neuro-
toxic effects through a variety of mechanisms. Sleep deprivation itself 
produces oxidative damage, impaired mitochondrial function, neurode-
generative infl ammation, altered proteosomal processing, and abnormal 
activation of enzymes. Treating sleep disturbances is also necessary for 
preventing and arresting AD progression. Besides melatonin, use of mela-
tonergic agonists such as ramelteon, agomelatine, and tasimelteon, which 
are now used clinically for treating insomnia and other sleep disorders, 
may also be benefi cial in treating AD.  

  Keywords 
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any signifi cant disease-modifying effects. It is 
 estimated that the cost of care to the average AD 
patient family exceeds $90,000 per year [ 12 ] and 
the societal cost exceeds $100 billion per annum 
[ 13 ,  14 ]. These huge fi gures give evidence that 
there is an urgent need for speedy implementation 
of preventive treatment programs for arresting 
the progress of AD and other neurodegenerative 
diseases. In the last 15 years, studies have been 
done on the role of the pineal hormone melato-
nin in arresting the neurotoxic effects induced 
by Aβ in animal studies. Melatonin has been 
shown to antagonize Aβ-induced effects such as 
increased lipid peroxidation, increased oxidative 
stress, formation of protein carbonyl products, 
and mitochondrial pathological mechanisms 
[ 15 ]. Therefore, melatonin has substantial poten-
tial to prevent or delay AD progression which in 
turn reduces patient symptomatic burden, family 
expense, and societal cost. Moreover, its capac-
ity to improve sleep disorders can improve AD 
symptoms and potentially reduces AD neuropa-
thology as will be discussed below.  

   Molecular Pathophysiology 
of Alzheimer’s Disease 

 There is a progressive loss of cognitive function 
in AD together with other neurobehavioral abnor-
malities including agitated behavior and pro-
found sleep disturbances. Despite a lot of studies 
done on AD, its etiology remains unknown. 
Chronic infl ammation associated with cytokine 
release, trace element neurotoxicity, and free rad-
ical generation have been suggested as possible 
contributory factors underlying the etiology of 
AD. The deposition of amyloid plaques in AD 
causes cell death by induction of oxidative stress, 
a primary pathogenic mechanism of AD. Aβ pro-
tein deposition initiates fl avoenzyme-dependent 
increases in hydrogen peroxide (H 2 O 2 ) and lipid 
peroxides that increase free radical generation 
[ 16 ]. Increased β-amyloid protein-induced oxida-
tive stress together with decreased neurotrophic 
support [ 17 ] are major determinants of AD. 
Studies done in postmortem brain samples 
obtained from AD patients have shown extensive 

lipid, protein, and DNA oxidation [ 7 ]. Neural tis-
sues of AD patients show increased levels of per-
oxidation end products such as malondialdehyde 
(MDA), 4-hydroxynonenal, carbonyls, and other 
species [ 18 ]. Although Aβ contributes to neuro-
nal degeneration either directly or indirectly, its 
potential to cause AD depends on an individual’s 
susceptibility to Aβ-mediated toxicity.  

   Mitochondrial Involvement 
in Alzheimer’s Disease 

 Mitochondria are the major source of reactive 
oxygen species (ROS) and also the primary target 
of attack by ROS and reactive nitrogen species 
[ 19 ]. Damage to the mitochondrial respiratory 
chain can cause breakdown of the mitochondrial 
membrane proton potential, opening of the mito-
chondrial permeability transition pore (mtPTP), 
and consequent induction of apoptosis, leading to 
further generation of free radicals. These free 
radicals produce a vicious cycle that ultimately 
results in cell death by apoptotic or necrotic pro-
cesses [ 20 ]. Studies have shown the involvement 
of mitochondrial ROS production and subse-
quent mitochondrial abnormalities in the patho-
physiology of AD [ 21 ]. Mitochondrial superoxide 
(O 2  − ) production plays a critical role in the patho-
logical events following the elevation of Aβ pep-
tide levels. The histopathological changes of AD 
such as extracellular accumulation of oligomeric 
and fi brillar Aβ peptides and intracellular neuro-
fi brillary tangles induce functional defi cits of the 
mitochondrial respiratory chain complexes which 
in turn results in mitochondrial dysfunction and 
enhanced oxidative stress [ 22 ].  

   Amyloid β-Peptide and Mitochondrial 
Interaction as Triggering Event for the 
Pathogenesis of Alzheimer’s Disease 

 The faulty metabolism of amyloid precursor pro-
tein as the initiating event in the pathogenesis of 
AD has been suggested by the amyloid cascade 
hypothesis proposed by Hardy and Selkoe (2002) 
[ 23 ]. There is a subject of debate whether 
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 extracellular Aβ-induced mitochondrial damage 
is the initial triggering event in AD as Aβ appears 
within the mitochondria long before the appear-
ance of extracellular Aβ deposits. The enzymes 
that transfer Aβ to mitochondria have been iden-
tifi ed as a complex of translocases of both the 
inner membrane and outer membrane [ 24 ]. The 
presence of intracellular Aβ is one of the major 
reasons for the reduced oxygen consumption 
caused by the electron transport chain since Aβ 
diminishes the enzymatic activity of respiratory 
chain complexes III and IV [ 23 ]. Other neuro-
toxic mechanisms, such as the formation of ionic 
channels that allows increased calcium uptake by 
mitochondria and mtPTP opening with subse-
quent inhibition of respiratory complexes [ 25 ], 
have been suggested for Aβ-induced neurotoxic-
ity that is mediated via intramitochondrial inter-
actions. Rosales-Corral et al. (2012) has 
demonstrated that Aβ can accumulate both intra-
cellularly and intramitochondrially [ 26 ], in which 
intracerebral injection of fi brillar Aβ caused 
accumulation of Aβ both intracellularly and 
intramitochondrially, deep within the cristae. 
This fi nding supports other investigators’ views 
on intramitochondrial accumulation of Aβ. Other 
than inhibiting mitochondrial respiratory com-
plex activities, disturbances in mitochondrial 
dynamics have also been demonstrated in AD 
patients. This includes disturbances in mitochon-
drial structure, impairment of dynamin-related 
peptide, and imbalances in fi ssion and fusion, 
with consequent neuronal damage and synaptic 
loss [ 27 ]. Signifi cant disturbances of mitochon-
drial proteins and lipids also occur following 
intramitochondrial accumulation of Aβ, which in 
turn causes functional impairment of mitochon-
dria in AD [ 26 ]. Translocation of cyclophilin D 
(CypD), a Ca 2+ -associated protein found in the 
mtPTP, from the matrix to the inner membrane 
caused by an interaction of Aβ with CypD, results 
in opening of the mtPTP and consequent mito-
chondrial swelling, with ensuing cellular and 
synaptic alterations [ 28 ]. Defi ciency of CypD has 
been shown to attenuate Aβ-induced mitochon-
drial oxidative stress, thereby reducing Aβ-related 
synaptic dysfunction and cognitive impairment 
[ 29 ]. From this fi nding it is evident that the 

 interaction of Aβ and CypD is one of the major 
causes for mitochondrial pathology in AD. 
Therefore, the mitochondrial aspect of AD with 
regard to Aβ-induced free radical formation, 
excitation- dependent calcium overload, and its 
consequences for the mitochondrial membrane 
potential and mtPTP must be taken into account 
to effectively treating AD with suitable drug ther-
apy. Prevention or reduction of increased oxida-
tive stress seen in AD patients should be the 
primary goal of effective treatment for AD.  

   Melatonin in the Treatment 
of Alzheimer’s Disease 

 Melatonin is an interesting neuroprotective agent 
as it shows multiple properties antagonizing oxi-
dative stress. The proposed mechanisms on the 
neuroprotective effects of melatonin include its 
(1) antioxidant, including infl uences on mito-
chondrial metabolism; (2) antifi brillogenic; and 
(3) cytoskeletal, including the suppression of 
protein hyperphosphorylation. Although these 
actions are observed at pharmacological concen-
trations, the relevance of these fi ndings can be 
appreciated if one considers the relatively high 
rates of melatonin secretion into the cerebrospi-
nal fl uid (CSF), uptake into the brain tissue, and 
metabolization of melatonin into other neuropro-
tective compounds such as the kynuramines N 1 -
acetyl- N 2   -formyl-5-methoxykynuramine and 
N 1 -acetyl-5-methoxykynuramine [ 30 ]. Melatonin 
has been shown to prevent the death of neuro-
blastoma cells exposed to Aβ. Pappolla et al. 
(1997) [ 31 ] fi rst demonstrated that co-incubation 
of murine neuroblastoma cells (N2a) with Aβ and 
melatonin signifi cantly reduced several features 
of apoptosis including cellular shrinkage and for-
mation of membrane blebs. 

 Recent studies on astrocytes show that astro-
cytic apoptosis contributes to the pathogenesis of 
AD. Astrocytes exhibit tau phosphorylation and 
activation of stress kinases, as seen in AD neuro-
nal pathology. They also produce apolipoprotein-
 E4 (apoE4) which aggravates Aβ effects [ 32 ]. 
The Aβ protein and astrocyte-neuron interaction 
potentiates the neurodegeneration of AD. During 

V. Srinivasan et al.



239

interaction with Aβ, astrocytes lose control over 
glial nitric oxide production, thereby forming 
neurotoxic peroxynitrate. Treatment of C6 astro-
glioma cells with melatonin effectively prevents 
the increase in nitric oxide production induced 
by Aβ [ 33 ]. 

 Studies on the possible antioxidative and anti-
apoptotic actions of melatonin in arresting neuro-
nal lesions have been done using animal models 
of AD. Okadaic acid induces physiological and 
biochemical changes similar to those seen in AD. 
Following administration of okadaic acid, 
increased levels of 4-hydroxynonenal (a product 
of lipid peroxidation) in cultured neuronal cells 
(SY5Y cells) has been found [ 34 ]. In another 
study, the effect of okadaic acid on NIE 115 neu-
ronal cells was effectively prevented with admin-
istration of antioxidants like vitamin C or 
melatonin [ 35 ]. In this study, melatonin was 
found superior to vitamin C as it prevented free 
radical-induced damage with greater effi ciency 
and increased the activities of enzymes glutathi-
one- S transferase and glutathione reductase, 
which were not found with vitamin C [ 35 ]. In a 
model of APP 695 Tg mice, senile plaques appear 
in the cerebral cortex as early as the age of 8 
months. These mice have behavioral manifesta-
tions and memory impairments as seen in AD 
patients. Administration of melatonin (10 mg/kg) 
ameliorated learning and memory defi cits and 
reduced the number of apoptotic neurons in these 
mice [ 36 ].  

   Anti-amyloid Actions of Melatonin: 
Molecular Mechanisms 

 Melatonin exerts its anti-amyloid actions 
through several mechanisms.    Aβ by inducing 
oxidative stress damages mitochondrial DNA, 
forms protein carbonyl, induces lipid peroxida-
tion, impairs mitochondrial membrane structure 
and respiration, and breaks down the mitochon-
drial membrane potential. All these actions that 
produce mitochondrial dysfunction are pre-
vented by melatonin administration. Melatonin 
also inhibits the formation of amyloid fi brils, as 
demonstrated by different techniques. Both Aβ 1-

40  and Aβ 1-42  peptides are effectively inhibited by 
melatonin [ 37 ,  38 ]. A structural analog of mela-
tonin, namely, indole-3-propionic acid, not only 
shares melatonin’s radical scavenging activity 
[ 39 ] but also exhibits similar or even higher 
antifi brillogenic activity. Melatonin reverses the 
pro- fi brillogenic activity of apoE4 and antago-
nizes neurotoxicity induced by combinations of 
Aβ and apoE4 or apoE3 [ 40 ]. Melatonin also 
reverses glycogen synthase kinase-3 activation 
which shows that melatonin not only acts as an 
antioxidant but also interferes with the phosphor-
ylation system, especially stress kinases [ 41 ]. 
Melatonin has attenuated tau hyperphosphory-
lation induced by wortmannin [ 42 ]. Tyrosine 
kinase receptors [ 43 ], important elements of the 
phosphorylation system, and neurotrophins are 
adversely affected by Aβ and other oxidotox-
ins. In neuroblastoma cells, melatonin normal-
ized tyrosine kinase receptor and neurotrophin 
expression [ 43 ]. A schematic diagram showing 
the neuroprotective actions of melatonin are pre-
sented in Fig.  16.1  and additional information is 
provided in Table  16.1 .

       Melatonin’s Neuroprotective Role 
for Mitochondrial Homeostasis 
in Alzheimer’s Disease 

 The neuroprotective role of melatonin in AD not 
only depends upon its radical scavenging action but 
also on its additional actions such as protecting the 
mitochondrial membranes and mitochondrial DNA 
from oxidative insults, stimulation of glutathione 
synthesis, reduction of oxidized glutathione levels, 
and maintenance of mitochondrial electron fl ux. 
The electron transport chain (ETC) represents a 
major source of ROS within the cell [ 44 ]. Complex 
I and III of the ETC have been identifi ed as the two 
principal sites of superoxide anion (O 2  – ) generation 
[ 45 ]. The O 2  –  formed is disposed of by several 
pathways. A portion of it re-donates electrons to 
the ETC at cytochrome c [ 46 ]. Another fraction is 
converted into H 2 O 2  and O 2  by the mitochondrial 
 manganese- containing subform of superoxide dis-
mutase [ 47 ]. Melatonin’s mitochondrial actions 
take place within the organelle. Melatonin, which 
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possesses a balanced amphiphilicity, crosses the 
cell membranes with ease and is concentrated 
within subcellular compartments [ 48 ]. Melatonin’s 
effects on electron fl ux have two aspects. Firstly, it 
increases the activities of mitochondrial respiratory 
complexes I and IV in a time-dependent manner 
[ 49 ]. This effect of melatonin, namely, the improve-
ment of electron transport capacity in mitochon-
dria, is remarkable as these effects are observed in 
senescence- accelerated mice [ 50 ]. Secondly, mela-
tonin antagonizes calcium overload which can per-
turb the mitochondrial membrane potential. 

Melatonin has been shown to prevent calcium 
overload and counteract the collapse of the mito-
chondrial membrane potential induced by H 2 O 2  
[ 51 ], and it also inhibited the opening of the mtPTP, 
thereby preventing the occurrence of apoptosis. A 
summary of  melatonin’s neuroprotective actions 
on mitochondrial physiology and metabolism are 
presented in Table  16.2  and Fig.  16.2 . Melatonin 
also activates signalling pathways, namely, the 
Bcl-2 pathway that stabilizes mitochondrial 

Amyloid β protein deposition on

Formation of amyloid fibrils

Increased oxidative stress within the neuronal cells

Increased lipid
oxidation

DNA
oxidation

Increased protein
phosphorylation

Neuronal cell death
(apoptoisis or necrosis)

Melatonin
actions

Inhibits Stimulates

  Fig. 16.1    Pathophysiology 
of Alzheimer’s disease and 
melatonin’s neuroprotective 
actions       

   Table 16.1    Summary of melatonin’s neuroprotective 
effects in Alzheimer’s disease Mechanisms   

 1. Inhibition of amyloid β-protein deposition 
 2. Inhibits the formation of amyloid fi brils 
 3.  Scavenges free radicals induced by amyloid 
β-protein 

 4. Inhibits lipid peroxidation reactions in neural tissue 
 5. Suppresses protein hyperphosphorylation 
 6. Activates GSK3 (glycogen synthase kinase) 
 7. Prevents cytoskeletal disorganization 
 8.  Improves sleep quality in Alzheimer’s disease 

patients and thereby arrests neurodegenerative 
development 

   Table 16.2    Summary of melatonin’s benefi cial actions 
on mitochondrial physiology and metabolism in amyloid-
β- induced neural tissues   

 1.  Prevents intramitochondrial effects of amyloid β 
effects 

 2. Prevents opening of mitochondrial transition pores 
 3.  Increases mitochondrial respiratory enzyme complex 

activities 
 4. Safeguards electron fl ow through transport chain 
 5. Increases intramitochondrial glutathione pool 
 6. Prevents intramitochondrial lipid peroxidation 
 7. Prevents mitochondrial DNA oxidation 
 8. Increases ATP synthesis 
 9.  Prevents cell death by necrotic effects or apoptotic 

effects 
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 function by antiapoptotic Bcl-2 family modulators. 
Melatonin enhances Bcl-2 expression with conse-
quent inhibition of Aβ-induced cell death [ 52 ]. 
Caspase-3 is known to be directly linked to cyto-
chrome c release and is related to cell death in AD 
[ 53 ], and this is downregulated by melatonin. Thus, 
the apoptosis-inducing factors liberated during 
mitochondrial damage are effectively inhibited by 
melatonin through a variety of mechanisms, which 
in turn prevents the neuronal cell death seen in AD.

       Melatonin’s Neuroprotective 
Actions in Alzheimer’s Disease 

 Glutamate receptors, specifi cally  N -Methyl- D - 
aspartate  receptors, are involved in the patho-
physiology of AD [ 54 ]. Excessive  glutamate 

activity causing excessive calcium infl ux acti-
vates a number of enzymes including phospho-
lipases, endonucleases, neuronal nitric oxide 
synthase, and proteases that can result in neu-
ronal toxicity leading to several neurodegener-
ative diseases including AD [ 54 ]. Melatonin 
shows a neuroprotective effect by reducing the 
NMDA- induced high Ca 2+  infl ux. The regula-
tion of intracellular Ca 2+  by melatonin is 
explained through its action on melatonin 
MT2 receptors, and cAMP-dependent protein 
kinase (PKA) is involved in the activation of 
calcium channels. Melatonin, by acting 
through MT2 receptors, decreases cAMP for-
mation and thereby blocks PKA activation 
[ 55 ]. Both MT1 and MT2 receptors are found 
to be decreased in the cortical regions of AD 
patients [ 56 ].  

Increased lipid, protein, DNA oxidation
within mitochondria

Mitochondrial swelling

Increased generation of free radicals
within mitochondria

Intra mitochondrial accumulation of Aβ

Opening of mitochondrial transition pores

Decrease of respiratory enzyme complexes
III & IV

Increase of oxygen consumption

Prevents cell death
(necrosis or apoptosis)

Melatonin
actions

Inhibits Stimulates

  Fig. 16.2    Melatonin’s 
effects on mitochondrial 
pathophysiology in 
Alzheimer’s disease       
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   Sleep-Wake Rhythm and Circadian 
Rhythm Disturbances in Alzheimer’s 
Disease 

 Studies in AD patients reveal profound distur-
bances in sleep-wake cycles that correlate with 
progression of the disease. Cross-sectional stud-
ies show that sleep disturbances are associated 
with memory and cognitive impairments. 
Disruption of the circadian timing system and 
numerous overt rhythms like body temperature, 
glucocorticoid, melatonin, and other hormonal 
rhythms are seen in AD patients [ 57 – 59 ]. Phase 
differences between rest-activity and core body 
temperature cycles are also signifi cantly delayed 
in AD patients [ 60 ]. A chronobiological phenom-
enon observed in AD patients in conjunction with 
sleep-wake disturbances is  sundowning , in which 
symptoms such as disorganized thinking, reduced 
ability to maintain attention on external stimuli, 
and motor disturbances like agitation, wandering, 
perceptual, and emotional disturbances all tend to 
appear in the late afternoon or early evening [ 61 ]. 
Chronotherapeutic procedures including expo-
sure to bright light in selected circadian phases 
alleviated sundowning symptoms including wan-
dering, agitation, and delirium and also improved 
sleep-wake patterns in AD patients [ 62 ].  

   Melatonin Levels in Alzheimer’s 
Disease 

 Studies have shown that melatonin levels are 
lower in AD patients compared to age-matched 
controls [ 63 – 66 ]. Decreased CSF melatonin lev-
els in AD patients were attributed to reduced 
melatonin production rather than to the diluting 
effects of CSF. CSF melatonin levels decreased 
even in preclinical stages (Braak stage 1) when 
patients did not yet manifest cognitive impair-
ment, suggesting that a reduction in CSF melato-
nin may be an early marker for the fi rst stages of 
AD [ 66 ,  67 ]. The decreased melatonin level in 
AD has also been attributed to defective retino- 
hypothalamic tract or suprachiasmatic nucleus- 
pineal connections. However, decreased 
nocturnal melatonin levels correlate with the 

severity of mental impairment of patients with 
dementia [ 68 ]. Recently, it has been suggested 
that the choroid plexus portal theory of CSF cir-
culation gives an explanation for the neuropa-
thology of AD. Contrary to earlier views 
expressed in medical text books that the CSF 
absorption occurs through the arachnoid granules 
into the superior sagittal sinus, present evidence 
indicates that CSF is moved from the choroid fi s-
sure into the ventricular system. Understanding 
of the consequences of defi cient CSF melatonin 
together with the understanding of the CSF circu-
lation through these portals may provide answers 
to the puzzles of AD pathophysiology [ 69 ].  

   Melatonin’s Potential Therapeutic 
Value in Alzheimer’s Disease 

 Replacement of physiological levels of melato-
nin in the brain as AD patients have a profound 
defi ciency in endogenous melatonin production 
may represent a treatment for arresting the prog-
ress of AD. Melatonin’s vasoprotective proper-
ties could conceivably help in maintaining 
cerebral blood fl ow and might therefore help to 
reduce clinical deterioration of AD patients. In 
addition, AD patients show a greater breakdown 
of the circadian sleep-wake cycle when com-
pared to similarly aged non-demented controls. 
Amelioration of sleep disturbances is of para-
mount importance in treating AD patients as 
sleep disturbances exacerbate memory and cog-
nitive impairment [ 70 ]. In a study conducted in 
14 AD patients with 6–9 mg of melatonin/day 
and follow-up over a 2–3 year period, it was 
noted that melatonin improved sleep quality in 
most of the patients [ 71 ,  72 ]. Sundowning, diag-
nosed clinically, was no longer detectable in 12 
out of 14 patients, and reductions in cognitive 
impairment and amnesia were noted [ 71 ,  72 ]. 
This should be contrasted with signifi cant 
 deterioration of the clinical conditions of the dis-
ease expected in patients after a 1–3 year evolu-
tion of AD [ 72 ]. A number of other studies 
support the effi cacy of melatonin in treating AD 
patients. Administration of melatonin (6 mg/day) 
for 4 weeks to 7 AD patients reduced aberrant 
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night- time activity compared to placebo [ 73 ]. 
Alleviation of sundowning and sleep improve-
ment was reported in 11 elderly AD patients 
treated with melatonin (3 mg/day at bedtime) 
[ 62 ]. In this study, a signifi cant decrease in agi-
tated behavior and daytime sleepiness were also 
noted. Reduction of sundowning with the admin-
istration of 3 mg of melatonin was reported using 
actigraphy in 7 AD patients [ 74 ]. In a double- 
blind study conducted in AD patients, it was 
noted that 3 mg/day of melatonin signifi cantly 
prolonged actigraphically evaluated sleep time, 
decreased activity at night-time, and improved 
cognitive functions [ 75 ]. In a multicenter, ran-
domized, placebo-controlled clinical trial in a 
large sample of 157 AD patients with sleep dis-
turbances, patients were randomly assigned to 
one of three treatment groups (placebo, 2.5 mg 
slow release melatonin or 10 mg melatonin). 
Melatonin or placebo was administered for a 
period of 2 months with actigraphic monitoring, 
and an increased nocturnal total sleep time and 
decreased waking after sleep onset was noted in 
the melatonin group. A signifi cant improvement 
in sleep quality on subjective measures using 
caregiver ratings was noted in the 2.5 mg 
sustained- release melatonin group as compared 
to the placebo group [ 76 ]. Nevertheless, in a 
recent study, melatonin 8.5 mg immediate release 
and 1.5 mg sustained release was administered at 
10.00 PM for ten consecutive nights to patients 
with AD. There was no signifi cant difference 
between placebo and melatonin on sleep, circa-
dian rhythms, or agitation [ 77 ]. Supraphysiological 
dose of melatonin has been attributed to the lack 
of benefi cial effect of melatonin on sleep. 
Melatonin can also act at multiple different levels 
besides tackling the sleep and circadian rhythm 
disturbances seen in AD. The antioxidant, mito-
chondrial, and antiamyloidogenic effects of mel-
atonin can be viewed as potentially interfering 
with the onset of AD. As such, melatonin has sev-
eral obvious advantages over other comparable 
compounds, including most other antioxidants. 
The question of whether melatonin has therapeu-
tic value in preventing or treating AD, affecting 
disease initiation, or progression of the neuropa-
thology and its driving mechanisms, remains to 

be answered by future multicenter double-blind 
clinical trials. In the meantime, it is suggested 
that improvement of insomnia in neurodegenera-
tive conditions specifi cally in AD with melatonin 
represents a clinically effective option that poten-
tially may also help in arresting the progression 
of the disease as well as offering neuroprotection 
against the development of AD.  

   Melatonin-Lithium Combination 
and Ramelteon for Treatment 
of Alzheimer’s Disease 

 In a recent review of psychopharmacological 
approaches to neuroprotection, Lauterbach et al. 
(2010) suggested a trial of lithium (a mood stabi-
lizer) with melatonin since this combination can 
potentially synergize neuroprotective effects on 
Aβ, hyperphosphorylated tau, ROS, mtPTP, and 
apoptosis, with lithium also potentially improv-
ing ubiquitylation [ 78 ]. It is suggested that treat-
ments lowering plasma Aβ will be benefi cial for 
reducing the risk of developing AD. 

 Ramelteon, the newly developed melatoner-
gic agonist, exhibits greater affi nity for MT1/
MT2 melatonin receptors than melatonin itself. It 
has been suggested that melatonin’s neuroprotec-
tive effects might be enhanced by the rapid onset 
of action of ramelteon when applied in the treat-
ment of AD [ 79 ]. A neuroprotective neurotrophic 
effect of ramelteon in AD is suggested by the 
recent fi nding in which ramelteon increased the 
neural content of brain-derived neurotrophic fac-
tor (BDNF) in cultured mouse cerebellar granule 
cells [ 80 ]. Both melatonin and ramelteon may 
have important roles in treating AD given mela-
tonin’s involvement in the possible etiology of 
AD as well as the hypnotic and chronobiotic 
properties of both drugs. As melatonin and its 
receptors are involved in the regulation of 
 neurotrophic factors as well as in neurodevelop-
ment, and if ramelteon treatment is effi cient in 
regulating brain BDNF levels, these melatoniner-
gic compounds will have promising roles as ther-
apeutic agents in treating AD and other 
neurodegenerative diseases [ 81 ]. Since melato-
nin also exerts its neuroprotective actions by 
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modulating intramitochondrial energy regulating 
complexes, ramelteon also may exert intramito-
chondrial actions and may prove to be benefi cial 
in arresting AD progression [ 82 ].  

   Conclusion 

 Melatonin has established clinical effects on 
sleep disturbances and other clinical features 
of AD. Deposition of Aβ protein, oxidative 
stress, and their neurotoxic effects are sug-
gested as the major contributing factors for the 
pathogenesis of AD. Intramitochondrial accu-
mulation of Aβ protein, inhibition of respira-
tory complexes, increased electron leakage, 
decreased oxygen consumption, and decline 
of adenosine-5′-triphosphate (ATP) levels 
caused by increased oxidative stress are the 
major reasons for the neuronal cell death seen 
in AD. As melatonin has signifi cant antioxi-
dant properties, it can be of therapeutic value 
in arresting the progression of AD. Since 
ramelteon has greater potency in activating 
MT1 and MT2 melatonin receptors, it may 
increase the antioxidative capacity of AD 
patients by increasing the synthesis of antioxi-
dative enzymes and, thereby, has potential 
therapeutic value in treating AD patients. 
Moreover, its action of regulating BDNF lev-
els also suggests neuroprotective potential in 
treating AD. Multicenter clinical trials of 
ramelteon and melatonin are now required for 
proving the effi cacy of the melatonergic drug 
ramelteon in the treatment of AD.     
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    Abstract 

 Although the etiology of Parkinson’s disease (PD) is not known, most 
patients with PD experience sleep-related problems like diffi culty in ini-
tiating and maintaining sleep, excessive daytime sleepiness, sleep frag-
mentation, and reductions in non-REM or REM sleep. Since melatonin 
and its analogues have sleep-promoting and sleep-wake rhythm- regulating 
actions, interest has been focused on the role of melatonin in PD. 
Interestingly use of melatonin in animal models of PD has shown that mel-
atonin has been useful in improving the neurotoxic effects of administra-
tion of 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP), rotenone, 
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        Introduction 

 The development of age-related diseases like 
Alzheimer disease, Parkinson’s disease (PD), and 
other neurodegenerative diseases has been attrib-
uted in part to an increased generation of free 
radicals and associated enhanced oxidative stress 
seen in these patients [ 1 ,  2 ]. The central nervous 
system exhibits a high susceptibility to oxidative 
stress because of its high oxygen consumption 
rate. Moreover the brain is enriched with polyun-
saturated fatty acids that render it easily suscep-
tible to oxidative attack [ 3 ]. The neuronal death 
or damage that occurs following the oxidative 
attack leads to disruption and loss of certain 
physiological functions and behaviors crucial for 
normal living. In this chapter, attention is focused 
on the possible etiology of PD and primary fea-
tures of PD including sleep disturbances. This 
chapter considers how melatonin defi ciency is 
involved in the etiology of PD and how it can be 
helpful both as an effective antioxidant and as a 
sleep regulator in controlling PD sleep distur-
bances. Free radicals are an initiating factor in 
PD [ 4 ]. Indeed enhanced oxidative stress has 
been demonstrated in the brain of PD patients 
[ 5 ]. Studies reveal that the prevalence of sleep 
disturbances is nearly 100 % in PD [ 6 ,  7 ]. As 
melatonin has been demonstrated to be an effec-
tive antioxidant and free radical scavenger, and 
as it is also involved in sleep regulation, it plays 
a potentially important role in both the etiology 
and treatment of PD [ 8 ].  

    Pathophysiology of PD 

 PD is a neurodegenerative disorder with a multi-
factorial etiology, but mainly due to a loss of 
dopaminergic nigrostriatal function. Research 
studies by Braak and colleagues reveal that Lewy 
body pathology is pronounced not only in the 
substantia nigra but also in many other CNS 
regions like the lower brainstem and autonomic 
nervous system, as has been evidenced in recent 
studies [ 9 – 11 ]. It is thought that other neurologi-
cal and psychiatric manifestations may precede 
the traditional motor manifestations of PD [ 12 ]. 
Insomnia and depression form integral features 
of PD and are considered to be  primary manifes-
tations  in PD [ 13 ]. Case–control and cohort stud-
ies suggest that depressive and anxiety disorders 
may be one of the earliest manifestations of PD 
[ 14 ,  15 ]. Since sleep disturbances seen in PD are 
associated with cognitive decline and psychiatric 
symptoms, attention should be focused on the 
development of targeted interventions in sleep 
[ 16 ]. A diagram showing multiple factors 
involved in the etiology of Parkinson’s disease is 
presented in Figs.  17.1  and  17.2 .

    There is also much evidence for the possible 
involvement of the retino-hypothalamic system 
in the etiology of PD since circadian rhythm 
disturbances are common in this disease [ 17 ]. 
Parkinsonian symptoms themselves undergo 
circadian fl uctuations. Patients with PD often 
experience worsening of symptoms in the after-
noon and evening. Patients with PD experience 

or maneb and paraquat. Being an antioxidant melatonin counteracted the 
MPTP-induced lipid per oxidation. The fi nding of reduced expression of 
MT 1  and MT 2  melatonin receptors in amygdale and substantia nigra of 
patients with PD supports the involvement of melatonergic system in the 
possible etiology of PD. Use of melatonin or its analogues may be benefi -
cial in treating patients with PD for improving the sleep quality and also 
for enhancing the neuroprotection against oxidative stress seen in PD.  

  Keywords 

 Parkinson’s disease   •   Melatonin   •   Oxidative stress   •   Sleep quality   • 
  Neuroprotection  
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time- dependent responsiveness to dopaminergic 
stimulation [ 18 ]. Recently, many studies of 
molecular clock mechanisms regulating circa-
dian physiology and behavior in mammals have 
been undertaken in both the central circadian 
pacemaker, the suprachiasmatic nucleus (SCN), 
and various peripheral tissues and cells [ 19 ]. 
Several circadian genes known as key “clock 
genes” have been identifi ed. Of these,  Per1  and 
 Bmal1  are regarded as the best markers of the 

molecular clock. Disruptions of  Bmal1  and  Per1  
in mice have been shown to cause altered circa-
dian behavior and dysregulation of circadian 
patterns in gene expression [ 20 ,  21 ]. Circadian 
clock genes  Per1  and  Bmal1  have been located 
in leukocytes of healthy humans, and hence, 
study of these genes in patients with PD has 
been recently undertaken [ 22 ,  23 ].  Per1  and 
 Bmal1  expression in leukocytes of patients with 
PD and normal controls were investigated 

Environmental
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Neuronal
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Free radical formation,
oxidative stress

excitotoxicity

Selective vulnerability of
neuronal population

DNA damage Lipid peroxidation Protein damage

Cell death

  Fig. 17.1    Parkinson’s 
disease: diagram showing 
various factors that trigger 
Parkinson’s disease       
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  Fig. 17.2    Role of oxidative 
stress in the pathogenesis 
of Parkinson’s disease       
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between 21:00 and 09:00 h. It was noticed that 
the expression of  Bmal1  but not  Per1  was greatly 
reduced in PD during this dark phase, suggest-
ing thereby that a peripheral molecular clock is 
altered in PD patients. Moreover  Bmal1  expres-
sion in PD patients correlated with the Unifi ed 
PD Rating Scale score at 06:00 and 09:00 h and 
with the Pittsburgh Sleep Quality Index Score at 
06:00 h [ 24 ]. 

 Melatonin, the major neurohormone secreted 
by the pineal gland, is a  chronobiotic  that has sig-
nifi cant circadian rhythm regulatory function, 
and it exerts its action through MT 1  and MT 2  
melatonin receptors expressed in the central cir-
cadian clock, namely, the SCN of the ventral 
hypothalamus [ 25 ]. Melatonin receptors also 
have been located in other regions of the brain 
[ 26 ,  27 ]. Melatonin MT 1  and MT 2  receptors are 
found expressed in the human amygdala and sub-
stantia nigra of healthy humans, and decreased 
expression of MT 1  and MT 2  in these regions in 
patients with PD suggests the possible involve-
ment of “melatonin in the pathophysiology of 
PD” [ 28 ]. Clock genes are also under the control 
of ROR nuclear receptors. Among them, RORγ 
has been recently identifi ed as a direct regulator 
of the circadian control of clock genes in vivo 
[ 29 ]. Binding of melatonin to ROR receptors may 
be also another pathway explaining the benefi cial 
effects of melatonin on the circadian alterations 
in PD patients.  

    Sleep Disorders in PD 

 Sleep disorders constitute one of the major non- 
motor features of PD and even serve as “preclini-
cal marker” of the disease. Between 42 and 98 % 
of patients with PD experience sleep-related 
symptoms [ 6 ,  30 ,  31 ]. Sleep disturbances in PD 
encompass insomnia, excessive daytime sleepi-
ness, and REM sleep behavior disorder (RSBD) 
[ 32 ]. There is diffi culty in initiating and main-
taining sleep [ 31 ]. These sleep disorders in PD 
are classifi ed as primary sleep disorders that are 
intrinsic to PD and those that are secondary due 
to medication, etc. [ 33 ]. Among the non-motor 

symptoms (NMS) of PD, sleep disturbances and 
particularly RSBD are very important and even 
predict the diagnosis of PD as ascertained by 
motor symptoms [ 34 ,  35 ]. 

    REM Sleep Behavior Disorder in PD 

 RSBD in PD is poorly understood and may occur 
as a prodromal feature predating motor symp-
toms by several years. Its prevalence is suggested 
to be 60 % in PD patients and it has been sug-
gested to be predictive of dementia in longitudi-
nal studies [ 34 ,  35 ]. RBSD is characterized by 
a loss of skeletal muscle atonia with prominent 
motor activity and dreaming [ 36 ]. Numerous 
cases of RBD have been found in clinically diag-
nosed PD [ 37 – 40 ]. Loss of REM sleep atonia 
and/or increased locomotor drive is suggested 
as the likely mechanism for the clinical expres-
sion of human RSBD [ 41 ]. It is a dream disor-
der similar to REM motor disorder and there 
is a  tendency for the dream content to involve 
an aggressive, attacking, or chasing theme. 
Nightmare behaviors like screaming, kick-
ing, punching, and injuring the bed partner are 
quite common [ 41 ,  42 ]. Nocturnal disturbances 
and sleep arousals as measured by actigraphy 
are specifi c to RSBD seen in PD [ 16 ]. Loss of 
hypocretin neurons and cells secreting melanin-
concentrating hormone (MCH) in the hypothala-
mus of PD patients is said to be responsible for 
nocturnal insomnia, RSBD, and hallucinations. 
In a study conducted on the hypothalamus of 11 
PD patients and fi ve control subjects, a loss of 
hypothalamic hypocretin and MCH neurons has 
been found in PD [ 43 ]. However, a recent study 
undertaken in regard to these issues indicates 
that changes in orexin/hypocretin do not neces-
sarily underpin RSBD sleep disturbances [ 44 ]. It 
is suggested that probing into the components of 
the circadian system that mediates the onset and 
timing of REM sleep, including the pattern and 
timing of melatonin secretion, combined with 
clinic pathological studies may prove to be vital 
for defi ning the neuroanatomical correlates of 
RSBD in PD [ 16 ].  
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    Excessive Daytime Sleepiness 

 Excessive daytime sleepiness (EDS) occurs in 
PD patients and its prevalence ranges from 15 to 
50 % [ 45 ,  46 ]. However, in another study, the 
prevalence of EDS was found to be 41 % in PD 
patients compared to 24 % in a control popula-
tion [ 47 ]. Although it is suggested that intake of 
both dopamine (DA) and levodopa are contribu-
tory factors for the development of EDS, EDS 
also could be due to the underlying pathology of 
PD [ 46 ,  48 ].   

    Depression in PD 

    Parkinson’s disease is complicated by depression, 
and a number of studies have used antidepressants 
including nortriptyline and paroxetine for control-
ling depressive features of PD [ 49 ,  50 ].  

    Melatonin Receptors and PD 

 Melatonin exerts its physiological actions 
through G-protein-coupled MT 1  and MT 2  mela-
tonin receptors expressed both singly and 
together in various cells and tissues of the body 
[ 51 ,  52 ]. Functional melatonin receptors have 
been localized in the in different areas of the 
brain such as the SCN, cerebellum, hippocam-
pus, and central dopaminergic pathways like the 
substantia nigra, caudate-putamen, ventral teg-
mental areas, and nucleus accumbens [ 53 – 56 ]. 
In this context it is signifi cant to note that the 
expression of both MT 1  and MT 2  receptors are 
decreased in the substantia nigra of patients 
with PD. Melatonin exerts many of its physio-
logical actions by binding with these mem-
brane-bound MT 1  and MT 2  receptors only. A 
frequently observed primary effect is a reduc-
tion in cyclic AMP. A third melatonin-binding 
site known as MT 3  has been described and it 
appears to be quinine reductase [ 57 ]. Melatonin 
exerts some of its actions by binding with 
calmodulin, reticulin, as well as to nuclear 
receptors of the retinoic acid receptor family 

RZR β, RORα-1, RORα-2 [ 58 – 60 ]. Melatonin’s 
much pronounced antioxidant actions are recep-
tor independent. Melatonin is involved in the 
control of various physiological functions of the 
body including the control of reproductive pro-
cesses, sleep regulation, immune mechanisms 
of the body, and regulation of circadian and 
sleep-wake rhythms [ 61 – 70 ]. In addition to 
these abovementioned physiological actions, 
melatonin in pharmacological doses inhibits 
tumor growth and has shown to be of potential 
therapeutic value in treating breast cancer, pros-
tate cancer, melanoma, and cancer of the GI 
tract [ 71 – 73 ]. Melatonin also exerts antinoci-
ceptive and antiallodynic actions and this has 
been demonstrated in several experimental 
models of animal studies [ 74 ].  

    Melatonin’s Neuroprotective 
Role in Animal Models of PD 

 Animal models employing altered brain DA 
function after injecting 6-hydroxydopamine 
(6-OHDA) into the nigrostriatal pathway of the 
rat, or by injecting the neurotoxin 1-methyl- 4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), that 
produce behavioral defi cits are commonly 
employed for studying the effi cacy of various 
therapeutic agents used for the treatment of PD 
[ 75 ]. The loss of DA neurons occurring in these 
animal models causes severe sensory and motor 
impairments that give rise to tremor, rigidity, and 
kinesis similar to those seen in PD patients [ 76 ]. 
In a study using the MPTP model of PD, melato-
nin was able to counteract MPTP-induced lipid 
peroxidation in striatal, hippocampal, and mid-
brain regions [ 77 ]. Using the same MPTP model, 
melatonin’s ability to prevent mitochondrial 
damage was also demonstrated. These authors 
also reported that melatonin administration was 
able to prevent the motor disturbances induced 
by MPTP in a synergistic manner with deprenyl. 
Moreover, neuronal cell death in the nigrostriatal 
pathway was again demonstrated [ 78 ]. MPTP 
elicits its neurotoxic effects by an increase in 
nitric oxide (NO) radicals derived from inducible 
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NO synthase (iNOS) which act primarily on DA 
neurons, while NO radicals derived from neuro-
nal NOS (nNOS) damage dopaminergic fi bers 
and terminals in the striatum. Hence, it is sug-
gested that therapies for treating PD require 
agents that inhibit the degenerative effects of 
iNOS in the substantia nigra pars compacta [ 79 ]. 
As melatonin can effectively downregulate iNOS 
and prevent NO radical formation in the brain 
[ 80 ], it can be considered as a potential therapeu-
tic agent for treating PD [ 81 ,  82 ]. In this regard, 
melatonin and some melatonin derivatives have 
been tested as iNOS antagonists in the MPTP 
model of PD. In these studies, cytosolic and 
mitochondrial iNOS, induced by MPTP adminis-
tration, were blunted after the administration of 
melatonin and structural analogues [ 83 ,  84 ]. 

 The neuroprotective action of melatonin in 
experimental animal models has been found in 
other studies [ 85 ,  86 ]. In a recent study that 
explored melatonin’s neuroprotective effect, the 
effects of rotenone (a specifi c inhibitor of the 
mitochondrial complex I,) were studied in rats. 
Rotenone produced behavioral, pathological, and 
biochemical manifestations that resemble those 
seen in PD [ 87 ,  88 ]. Rotenone induces neurode-
generation of the substantia nigra by releasing 
hydroxyl (OH) radicals that cause oxidative 
stress, resulting from complex I inhibition [ 89 ]. 
Rotenone has been shown to cause glutathione 
(GSH) depletion in the cell body region of the 
substantia nigra. Administration of melatonin at 
various doses (10, 20, 30 mg/kg) independently 
attenuated rotenone-induced GSH depletion. 
Moreover, a signifi cant reduction in rotenone- 
induced  . OH formation and increases in the activ-
ity of mitochondrial superoxide dismutase (SOD) 
and catalase were also observed within the 
rotenone- damaged substantia nigra [ 90 ]. The 
results of this study support the potential benefi -
cial effects of melatonin in treating PD. 

 It is suggested that 6-OHDA could be gener-
ated per se from excessive DA in the brain, and 
increased production of this neurotoxin could be 
the reason for selective degeneration of the 
DA-containing substantia nigra as seen in PD. 
Following L-dopa administration, dopaminergic 
nuclei and serotonergic nuclei in the brain are 

overloaded with DA, and this increased DA can 
cause production of 6-OHDA in the brain [ 91 ]. 
   Using this concept, an in vitro study involving 
generation of 6-OHDA and evaluating melato-
nin’s ability to prevent the formation of 6-OHDA. 
Employing a ferrous-ascorbate dopamine (FAD) 
hydroxyl radical generating system, the addition 
of DA (1 mM) caused 6-OHDA production. The 
DA-dependent production of 6-OHDA was 
decreased by melatonin in a dose-dependent 
manner. Similarly, an in vivo study was carried 
out in mice involving the daily administration of 
melatonin (30 mg/kg) along with L-DOPA for 7 
days. Melatonin signifi cantly reduced the 
L-DOPA or L-DOPA+MPTP-induced generation 
of striatal 6-OHDA by 21 and 32 %, respectively, 
when compared with the same groups not treated 
with melatonin. This study demonstrates that 
melatonin has the potential to inhibit 6-OHDA 
generation as demonstrated in both in vitro and in 
vivo studies in the brain [ 92 ]. Melatonin’s neuro-
protective effects in animal models of PD are 
summarized in Table  17.1 .

       Mitochondrial Dysfunction in PD 
and the Neuroprotective Effects 
of Melatonin and AMK 

 The MPTP model of PD is a valuable tool for 
studying not only the participation of various fac-
tors like oxidative/nitrosative stress, excitotoxic-
ity, and infl ammation in the pathogenesis of PD 
but also in studying the role of mitochondrial 
dysfunction in the pathogenesis of PD. MPTP is 
metabolized into 1-methyl-4-phenylpyridinium 
(MPP + ) that is taken up into the dopaminergic 
neurons through dopamine transporters and accu-
mulates in the mitochondria of the substantia 
nigra pars compacta [ 93 ]. MPP + , by binding with 
complex I of electron transport chain (ETC) and 
inhibiting it [ 94 ], thereby causes increased gen-
eration of reactive oxygen species (ROS). These 
results in oxidative damage to the ETC, reduced 
ATP production and nigral cell death [ 95 – 97 ]. 
MPP + , by inducing microglial activation and 
iNOS expression in the substantia nigra, has been 
shown to produce large amounts of NO and 
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 neuronal cell death [ 97 ,  98 ]. NO, by reacting 
with O 2  − , generates highly toxic peroxynitrite 
(ONOO − ) that impairs mitochondrial function by 
causing irreversible inhibition of all ETC com-
plexes [ 99 ], producing neuronal cell death [ 100 , 
 101 ]. Recently, the participation of mitochondrial 
iNOS (i-mtNOS) in the mitochondrial dysfunc-
tion and nigrostriatal degeneration in PD was 
studied in the MPTP mouse model. In this study, 
it was found that MPTP administration induced 
i-mtNOS in the mitochondria of the substantia 
nigra leading to marked production of NO. 
Moreover, complex I inhibition, NO production, 
and lipid peroxidation levels were signifi cantly 
higher in the substantia nigra than in the striatum 
after treatment with MPTP. Treatment with the 
melatonin agonists (aMT) and N1-acetyl-5- 
methoxykynuramine (AMK) counteracted the 
effects of MPTP in both brain nuclei, increasing 
complex I activity above control values in sub-
stantia nigra ( P  < 0.001), and striatum ( P  < 0.05) 
mitochondria. Both aMT and AMK counteracted 
the effects of MPTP on lipid peroxidation levels 
in the cytosol ( P  < 0.05) and in the mitochondria 
of the substantia nigra ( P  < 0.001). Similarly, 
both aMT and AMK reduced nitrites to control 
values in the cytosol ( P  < 0.05) and mitochondria 
( P  < 0.001). An emerging feature of this study is 
that AMK, the brain metabolite of aMT, was as 

effi cient as aMT treatment in counteracting 
i-mtNOS production, oxidative stress, and mito-
chondrial dysfunction induced by MPTP [ 84 ]. 
These data indicate that the development of 
i-mtNOS antagonists, primarily aMT, AMT, or 
any other melatonin agonist, may hold promise 
as therapeutic strategies for treating PD [ 84 ].  

    Melatonin as a Therapeutic Agent 
in the Treatment of PD 

 Experimental animal studies pointed out that mel-
atonin as an effective antioxidant has the potential 
for offering neuroprotection in patients with PD 
and for treating cognitive disorders in PD [ 102 , 
 103 ]. Clinical studies in this direction are rather 
nil. However, melatonin has been used for treat-
ing sleep problems, insomnia, and daytime sleepi-
ness. In a study undertaken in 40 patients with PD 
(11 women, 29 men; mean age 61.7 ± 8.4 years; 
range 43–76 years) for a treatment period of 2 
weeks, melatonin was administered in doses rang-
ing from 5 mg to 50 mg/day [ 104 ]. Melatonin was 
administered (5 or 50 mg) 30 min before bedtime 
to avoid any possible circadian phase shift; as 
such shifts can occur if melatonin is administered 
at any other time. All subjects were taking stable 
doses of antiparkinsonian medications during 

   Table 17.1    Melatonin’s neuroprotective effects in animal models of PD   

 Model used for PD 
phenotype  Effects seen 

 Melatonin’s benefi cial neuroprotective 
effects against PD 

 Reference 

 6-OHDA injection 
model 

 Loss of DA neurons and severe 
sensory and motor impairments with 
tremor, rigidity, and akinesia as seen 
in PD patients 

 Melatonin counteracted the neurotoxic 
effects of 6-OH DA injection and 
prevented the occurrence of sensory and 
motor impairments 

 [ 85 ,  86 ] 

 Ferrous-ascorbate DA 
generating system 
(in vitro model) 

 Increased 6-OHDA generation  Melatonin administration decreased 
6-OHDA generation in dose-dependent 
manner 

 [ 92 ] 

 Maneb- or paraquat-
induced nigrostriatal 
degeneration 

 Striatal DA tyrosine hydroxylase 
activity, decreased 

 Melatonin administration delayed 
degenerative changes by reducing 
oxidative stress and improved locomotor 
activity 

 [116] 

 Increased lipid peroxidation and 
degenerative changes seen in 
nigrostriatal pathway – loss of 
locomotor activity 

 MPTP injection  Generates peroxy nitrate inhibits 
ETS and mitochondrial function and 
consequent neuronal cell death 

 Both melatonin and AMP counteracted the 
effects of MPTP, increased complex I, and 
reduced lipid peroxidation; nitrate 
prevented the neuronal cell loss 

 [ 84 ] 
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the course of the study. Treatment with 50 mg of 
melatonin signifi cantly increased nighttime sleep 
( P  < 0.05) compared to placebo as revealed by 
actigraphy. Subjective reports of overall sleep dis-
turbance improved signifi cantly on 5 mg of mela-
tonin when compared to 50 mg or placebo. It was 
found that high doses of melatonin (50 mg) were 
well tolerated in this study [ 104 ]. With the fi nd-
ing of reduced expression of melatonin MT 1  and 
MT 2  receptors in patients with PD, there is a pos-
sibility that the melatonergic system is involved 
in the abnormal sleep mechanisms seen in PD 
and in the pathophysiology of PD as well. Hence, 
therapeutic strategies should aim at targeting the 
use of melatonin and its agonists like ramelteon 
to treating not only the non-motor symptoms of 
the PD but also for preventing the progression of 
the disease itself. However, the use of melatonin 
as an adjunct therapy to either halt the progres-
sion or provide symptomatic relief in PD has been 
 questioned [ 13 ].  

    Bright Light Treatment, 
Melatonin, and PD 

 Exposure to light of 1,000–1,500 lx for 1–1.5 h, 
1 h prior to bedtime at 22.00 h for 2–5 weeks in 
12 patients has improved the bradykinesia and 
rigidity observed in PD [ 105 ]. A reduction in 
agitation and psychiatric side effects were also 
reported in this study. The authors suggest that 
activation of the circadian system by antagoniz-
ing melatonin secretion with bright light has 
a therapeutic value in treating the symptoms 
of PD [ 17 ]. Bright light has been employed in 
treating depressive symptoms. But suppression 
of melatonin secretion is not the likely mecha-
nism by which artifi cial light exerts its thera-
peutic effect [ 106 ]. Two possible mechanisms 
have been proposed for the possible therapeutic 
effects of bright light. First, bright light could 
reset the phase of abnormal circadian rhythms 
seen in depressed patients [ 106 ]. Secondly, eve-
ning bright light exposure, although it produces 
momentary melatonin suppression, actually 
causes a rebound increase of melatonin secre-
tion in the late night period [ 107 ]. Bright light 

exposure ultimately facilitates melatonin secre-
tion rather than suppressing it, and this is said 
to be responsible for the therapeutic effi cacy of 
bright light in affective disorders. Hence, in the 
case of PD, bright light might also improve the 
symptoms of PD, but certainly not by antagoniz-
ing melatonin secretion but by instead induc-
ing the rebound effect of enhancing melatonin 
secretion.  

    Potential Use of Melatonin Agonists 
in the Treatment of PD 

 Available evidences indicate that both sleep 
induction as well as maintenance of sleep at 
appropriate circadian phases are substantially 
affected in PD patients. Moreover, the onset and 
timing of REM sleep also is very much impaired 
in PD patients [ 16 ]. REM sleep behavior dis-
order, seen commonly in PD patients, occurs 
much earlier and is predictive of dementia [ 34 , 
 35 ]. Treatment of sleep disturbances seen in PD 
patients with appropriate drugs may help not 
only in solving sleep problems but may also 
help to prevent the progression of PD as well. 
As the conventional drugs like benzodiazepines 
that aroused for the treatment of insomnia may 
worsen the cognitive and memory impairment 
associated with PD, a hypnotic drug lacking 
these side effects would be preferred. Melatonin 
is a likely candidate as it exerts its hypnotic and 
chronobiotic effects by acting through MT 1  and 
MT 2  receptors located in the SCN. Although 
melatonin signifi cantly improves the subjec-
tive quality of sleep, sleep abnormalities per-
sist in PD [ 105 ]. Since melatonin has a short 
half-life (less than 30 min), a melatonin agonist 
with a longer duration of action and enhanced 
bioavailability might be of greater benefi t than 
melatonin in promoting sleep initiation and effi -
ciency [ 108 ]. Recently, the melatonin agonist 
ramelteon, a chronohypnotic agent, has been 
introduced for treating patients with insomnia. 
Ramelteon is a novel melatonin receptor agonist 
at MT 1 and MT 2  receptors and has a longer dura-
tion of action than melatonin [ 109 ]. The effi cacy 
and safety of ramelteon in treating insomnia has 
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been  established in a number of clinical studies 
[ 110 ]. Ramelteon may have great therapeutic 
potential in treating the sleep problems seen in 
PD, including RSBD. Apart from treating sleep 
disturbances, ramelteon can alter the sleep-wake 
rhythm as well and, hence, can be benefi cial in 
correcting the REM rhythm abnormality seen in 
PD patients. Use of the novel melatonergic anti-
depressant agomelatine may also be potentially 
quite advantageous in treating PD as it may be 
helpful for treating both depression and sleep 
disorders seen in patients with PD.  

    Additional Symptomatic and 
Neuroprotective Considerations 
Regarding Melatonin and Its 
Agonists in PD 

 Melatonin and the MT 1 /MT 2  receptor agonist 
ramelteon have been considered from the stand-
point of their symptomatic and neuroprotective 
potential in PD. In addition to the considerations 
detailed above, the data indicate that improved 
sleep by itself can engender improvements in 
PD motor symptoms, dementia, and behavioral 
and cognitive features that are quite prevalent in 
PD and related conditions. Indeed, melatonin 
itself has been reported to improve anxiety, 
delirium, disturbances in attention, and some 
aspects of memory and dementia, prominent 
disorders in PD [ 104 ]. Dementia in PD and the 
closely related dementia with Lewy bodies, 
delirial, attentional, and mnestic features are 
especially common. It is interesting to note that 
sleep deprivation alone promotes pathogenic 
protein proliferation, proteasomal dysfunction, 
oxidative stress, mitochondrial impairment, and 
neuroinfl ammation [ 111 ,  112 ]. The hypnotic 
advantages of these drugs have the potential to 
intervene therapeutically in these processes. 
Moreover, treatment studies of melatonin dem-
onstrate the inhibition of pathological alpha-
synuclein oligomerization and aggregation 
(critical to Lewy body formation in PD), dopa-
mine autoxidation, ETC complex I and IV loss, 
mitochondrial degeneration, and apoptotic cas-
cades, resulting in the preservation of nigral and 

striatal neurons [ 111 ,  112 ]. Furthermore, mela-
tonin stimulates neurotrophins including BDNF 
and GDNF and promotes stem cell viability and 
neuritogenesis [ 113 ]. Ramelteon has been docu-
mented to stimulate BDNF production [ 113 ]. 
Melatonin and, its agonist, ramelteon therefore 
appear to have potential as symptomatic and 
neuroprotective treatment agents for treating 
patients with PD. As PD patients also manifest 
many psychiatric symptoms [ 114 ,  115 ], the use 
of the fi rst melatonergic antidepressant, namely, 
agomelatine will be also benefi cial in treating 
both sleep disturbances and for treating psychi-
atric symptoms as well.  

    Conclusions 

 Animal models of PD employing MPTP and 
6-hydroxydopamine indicate that free radical 
generation in the nigrostriatal system is 
involved in the pathogenesis of PD. Since 
non-motor symptoms of PD like sleep disor-
ders, particularly REM sleep disorder, occur 
in majority of PD patients and can present 
long before PD motor symptom manifesta-
tions, treating the sleep disorders of PD may 
be essential both for preventing and delaying 
the progression of this disease. Current evi-
dence points to melatonin and melatonin 
receptors in PD pathophysiology. Therapeutic 
strategies for the control of PD should con-
sider the therapeutic application of melatonin 
or its receptor agonists like ramelteon and the 
melatonergic antidepressant agomelatine. 
However, only clinical trials can prove the 
effi cacy of melatonin and its agonists in the 
treatment of PD.     
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    Abstract  

  Exogenous melatonin reportedly induces drowsiness and sleep and may 
ameliorate sleep disturbances, including the nocturnal awakenings associ-
ated with old age. Daytime administration of exogenous melatonin (when 
it is not present endogenously) promotes sleep in humans and results in 
sleeplike brain activity patterns at specifi c areas such as the precuneus and 
hippocampus. However, existing studies on the hypnotic effi cacy of mela-
tonin have been highly heterogeneous in regard to inclusion and exclusion 
criteria, measures to evaluate insomnia, doses of the medication, and 
routes of administration. 

 The inconsistent reports about the effectiveness of exogenous melato-
nin in the treatment of insomnia brought about the development of more 
potent melatonin analogs with prolonged effects and the design of slow-
release melatonin preparations. The melatonergic receptor ramelteon is 
a selective melatonin-1 (MT1) and melatonin-2 (MT2) receptor agonist 
with negligible affi nity for other neuronal receptors, including gamma- 
aminobutyric acid and benzodiazepine receptors. It was found effective 
in increasing total sleep time and sleep effi ciency as well as in reduc-
ing sleep latency, in insomnia patients. The melatonergic antidepressant 
agomelatine, displaying potent MT1 and MT2 melatonergic agonism 
and relatively weak serotonin 5-HT2C receptor antagonism, reportedly is 
effective in the treatment of depression- associated insomnia. A review of 
the currently available evidence regarding the effects of these compounds 
on sleep quality is presented in this chapter.  
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        Introduction 

 In humans, the circadian rhythm of melatonin 
release from the pineal gland is highly synchro-
nized with the habitual hours of sleep, and the 
daily onset of melatonin secretion is well cor-
related with the onset of the steepest increase in 
nocturnal sleepiness (“sleep gate”) [ 1 ,  2 ]. Serum 
melatonin levels were reported to be signifi cantly 
lower (and the time of peak melatonin values was 
delayed) in elderly subjects with insomnia com-
pared with age-matched subjects with no insom-
nia [ 3 ]. Exogenous melatonin reportedly induces 
drowsiness and sleep and may ameliorate sleep 
disturbances, including the nocturnal awakenings 
associated with old age [ 4 ,  5 ]. However, existing 
studies on the hypnotic effi cacy of melatonin have 
been highly heterogeneous in regard to inclu-
sion and exclusion criteria, measures to evaluate 
insomnia, doses of the medication, and routes of 
administration. Adding to this complexity, there 
continues to be considerable controversy over 
the meaning of the discrepancies that sometimes 
exist between subjective and objective (polysom-
nographic) measures of good and bad sleep [ 6 ]. 

 Thus, attention has been focused either on 
the development of more potent melatonin ana-
logs with prolonged effects or on the design 
of prolonged- release melatonin preparations 
[ 7 ]. The MT1 and MT2 melatonergic receptor 
ramelteon was effective in increasing total sleep 
time and sleep effi ciency, as well as in reduc-
ing sleep latency, in insomnia patients [ 8 – 10 ]. 
The melatonergic antidepressant agomelatine, 
displaying potent MT1 and MT2 melatonergic 
agonism and relatively weak serotonin 5-HT2C 
receptor antagonism, was found effective in the 
treatment of depression-associated insomnia 
[ 11 – 15 ]. Other melatonergic compounds are cur-
rently developed [ 16 ,  17 ].  

    Exogenous Melatonin 

 Melatonin’s two well-established physiological 
effects—promotion of sleep and entrainment of 
circadian rhythms—are both mediated by two 
specifi c receptor proteins in the brain, and not by 

the gamma-aminobutyric acid (GABA) receptors 
through which most hypnotic agents act. This 
difference probably explains why, unlike the 
GABA-agonist drugs, which are true “sleeping 
pills,” exogenous melatonin does not suppress 
rapid eye movement (REM) sleep nor, in general, 
affect the distribution of sleep stages [ 18 ]. 

 Measurements of melatonin in body fl uids 
in elderly subjects have convincingly demon-
strated an age-related impairment of nocturnal 
pineal melatonin synthesis [ 19 – 21 ]. Several 
studies have shown the importance of melatonin 
both for the initiation and for maintenance of 
sleep [ 22 ]. In all diurnal animals and in human 
beings, the onset of melatonin secretion coin-
cides with the timing of increase in nocturnal 
sleep propensity [ 23 ]. 

 In 2005 a meta-analysis of 17 studies, involv-
ing 284 subjects that satisfi ed inclusion criteria, 
demonstrated that melatonin treatment signifi -
cantly decreased sleep latency and increased sleep 
effi ciency and total sleep duration [ 24 ]. The 
inclusion criteria were that a study includes at 
least six subjects, all adults, be randomized and 
double blinded, involves placebo-controlled clin-
ical trials, and uses objective measures of sleep 
evaluation. Studies could utilize crossover or par-
allel group designs; however, case reports were 
excluded. Statistical signifi cance was obtained in 
spite of considerable variations among the stud-
ies in melatonin doses and routes of administra-
tion, the general health of the subjects, and the 
measures used to evaluate sleep. The effects of 
exogenous melatonin on sleep have been exam-
ined under three types of experimental conditions 
in relation to the onset or offset of endogenous 
melatonin secretion. 

 In some studies, the hormone was admin-
istered during the daily light period, such that 
blood melatonin levels would be transiently ele-
vated but would then return to baseline before the 
initiation of nocturnal melatonin secretion. Such 
experiments were used to demonstrate that mela-
tonin decreases sleep latency at any time in the 
afternoon or evening and that this effect is inde-
pendent of an action on sleep rhythms (since no 
treatment can immediately shift the phase of a 
circadian rhythm by 8–10 h). 
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 In others, the hormone was given close enough 
to the onset of darkness for blood melatonin lev-
els to still be elevated when nocturnal melato-
nin secretion started. The period during which 
plasma melatonin levels were continuously 
elevated would thus be prolonged. Such experi-
ments refl ected the use of melatonin to decrease 
sleep latency and maintain continuous sleep in, 
for example, a shift worker or eastbound world 
traveler who needed to start sleeping earlier. 

 In yet others, the hormone was given at the 
end of the light period to older insomniacs with 
low nighttime plasma melatonin levels. The 
intent was to prolong the portion of the night dur-
ing which their plasma melatonin concentrations 
would be in the same range as those of nonin-
somniac young adults. 

 In all these situations, oral melatonin decreased 
sleep latency and, when tested, increased sleep 
duration and sleep effi ciency. A 0.3 mg dose 
was either as effective as or more effective than 
higher doses, particularly when the hormone was 
administered for several days [ 18 ]. This dose had 
no effect on body temperature, affi rming that, 
while pharmacologic doses can cause hypother-
mia, melatonin’s ability to promote sleep is not 
mediated by such a change, as had been sug-
gested. The hormone had no consistent effect on 
sleep architecture (e.g., REM time). Its effects 
differed from those of most hypnotic drugs, since 
after receiving melatonin, subjects could read-
ily keep from falling asleep if they chose so, and 
their cognitive abilities the next morning were 
unchanged or improved. 

 In a study of 30 people who were 50 years old 
or older and did or did not suffer from clinically 
signifi cant insomnia (i.e., sleep effi ciencies of 
70–80 % in the insomniacs versus 92 % in con-
trols), melatonin was found to produce statisti-
cally and clinically signifi cant improvements in 
sleep effi ciency among insomniacs [ 18 ]. 

 In yet another meta-analysis published on the 
same year (2005), the authors found that mela-
tonin decreased sleep onset latency (−11.7 min; 
95 % confi dence interval [CI]: −18.2, −5.2); it 
was decreased to a greater extent in people with 
delayed sleep phase syndrome (−38.8 min; 95 % 
CI: −50.3, −27.3;  n  = 2) compared with people 

with insomnia (−7.2 min; 95 % CI: −12.0, −2.4; 
 n  = 12) [ 25 ]. The former result appears to be 
clinically important. However, they conclude that 
melatonin is not effective in treating most primary 
sleep disorders with short-term use (4 weeks or 
less) but that there was evidence to suggest that 
melatonin was effective in treating delayed sleep 
phase syndrome with short-term use. 

 A meta-analysis published in 2009 focused 
on exogenous melatonin for sleep problems in 
individuals with intellectual disability [ 26 ]. Nine 
studies (including a total of 183 individuals with 
intellectual disabilities) showed that melatonin 
treatment decreased sleep latency by a mean of 
34 min ( P     < 0.001), increased total sleep time 
by a mean of 50 min ( P  < 0.001), and signifi -
cantly decreased the number of wakes per night 
( P  < 0.05). The authors concluded that melatonin 
decreases sleep latency and number of wakes per 
night and increases total sleep time in individuals 
with intellectual disabilities. 

 It should be noted that very recently, an offi -
cial regulatory—the European Food Safety 
Authority (EFSA)—has evaluated the available 
evidence that melatonin can reduce the time 
it takes for normal sleepers and patients with 
insomnia to fall asleep [ 27 ]. It concluded that 
there is evidence that “a cause and effect relation-
ship exist…between the consumption of melato-
nin and reduction of sleep onset latency…” and 
that “… 1 mg of melatonin should be consumed 
close to bedtime   …” 

 Also, a recent consensus of the British 
Association for Psychopharmacology on 
evidence- based treatment of insomnia, para-
somnia, and circadian rhythm sleep disorders 
concluded that melatonin is the fi rst-choice treat-
ment when a hypnotic is indicated in patients 
over 55 years [ 28 ].  

    Melatonin Receptors Agonists 

 Because melatonin has a short half-life (<30 min), 
its effi cacy in promoting and maintaining sleep 
has not been uniform in the studies undertaken 
so far. Thus, the need for the development of 
prolonged- release preparations of melatonin 
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or of melatonin agonists with a longer duration 
of action on sleep regulatory structures in the 
brain arose [ 29 ]. In accordance with this idea, 
slow- release forms of melatonin were developed 
(e.g., Circadin R , a 2-mg preparation developed 
by Neurim, Tel Aviv, Israel, and approved by the 
European Medicines Agency in 2007) [ 7 ]. Their 
effi cacy in treatment of sleep disorders in various 
populations was recently reported [ 7 ,  30 ]. 

 A “sleep-switch” model to describe the regula-
tion of sleep wakefulness was originally proposed 
by Saper and his colleagues [ 31 ,  32 ]. It consists 
of “fl ip-fl op” reciprocal inhibitions among sleep-
associated activities in the ventrolateral preoptic 
nucleus and wakefulness- associated activities 
in the locus coeruleus, dorsal raphe, and tuber-
omammillary nuclei. The SCN has an active role 
both in promoting wakefulness and in promoting 
sleep, and this depends upon a complex neuro-
nal network and a number of neurotransmitters 
released (GABA, glutamate, arginine vasopres-
sin, somatostatin, etc.) [ 33 ,  34 ]. 

 The high density of melatonin receptors in 
the hypothalamic suprachiasmatic nuclei (SCN) 
may suggest that melatonin affects sleep and the 
sleep-wakefulness cycle by acting on these recep-
tors [ 35 ,  36 ]. Thus, the need arose for the devel-
opment of melatonin receptors agonists with a 
longer duration of action, and hopefully more 
potent in affecting sleep quality. The melatonin 

analogs ramelteon, agomelatine, tasimelteon, and 
TK-301 are examples of this strategy.  

    Ramelteon 

 Ramelteon (Rozerem R ; Takeda Pharmaceuticals, 
Osaka, Japan) is a melatonergic hypnotic ana-
log that has been demonstrated to be effective 
in clinical trials. It is a tricyclic synthetic ana-
log of melatonin with the chemical name of 
( S )- N -[2-(1,6,7,8-tetrahydro-2 H -indeno[5,4-b]
furan-8- yl)-ethyl]propionamide (Fig.  18.1 ). In 
2005, ramelteon was approved by the US Food 
and Drug Administration (FDA) for treatment of 
insomnia. It is a selective agonist for MT1/MT2 
receptors without signifi cant affi nity for other 
receptor sites [ 9 ,  36 ]. In vitro binding studies 
have shown that ramelteon affi nity for MT1 and 
MT2 receptors is 3–16 times higher than that of 
melatonin. The selectivity of ramelteon for MT1 
has been found to be greater than that of MT2 
receptors. The selectivity of MT1 receptors by 
ramelteon may suggest that it targets sleep onset 
more specifi cally than melatonin itself [ 37 ].

   Ramelteon is administered usually by the 
oral route and is absorbed rapidly by the gastro-
intestinal tract [ 38 ]. The half-life of circulating 
ramelteon is in the range of 1–2 h which is much 
longer than that of melatonin. The infl uence of 
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age and gender on the pharmacokinetics and 
the  pharmacodynamics of ramelteon was evalu-
ated in healthy volunteers (young, 18–34 years; 
elderly 63–79 years) after administration of a 
single dose of ramelteon. Compared with young 
individuals, the clearance of ramelteon was sig-
nifi cantly reduced in elderly individuals. No sig-
nifi cant effect of gender was observed [ 38 ]. 

 Ramelteon is metabolized mainly in the 
liver via oxidation to hydroxyl and carbonyl 
groups and then conjugated with glucuronide 
[ 39 ]. Cytochrome P450 (CPY) 1A2 is the major 
hepatic enzyme involved in ramelteon metabo-
lism. Four principal metabolites of ramelteon 
(M-I, M-II, M-III, M-IV) have been identifi ed 
[ 39 ]. Among these, M-II has been found to occur 
in a much higher concentration with systemic 
levels of 20- to 100-fold greater than those of 
ramelteon itself. 

 Although the activity of M-II is 30-fold lower 
than that of ramelteon, its exposure exceeds that 
of ramelteon by a factor of 30. Hence, it is sug-
gested that M-II may contribute signifi cantly 
to the net clinical effect of ramelteon intake. 
Although MT1 and MT2 receptors are widely 
distributed in the brain outside of the SCN [ 40 –
 44 ], the high density of melatonin receptors in 
the SCN and their relationship to the circadian 
pacemaker function are highly suggestive of an 
SCN melatonin receptor role in sleep regulation. 
Ramelteon specifi city for MT1 and MT2 mela-
tonin receptors indicates that its probable sleep- 
related site of action is in the SCN. 

 Ramelteon    may accelerate sleep onset by 
infl uencing the hypothalamic sleep switch down-
stream from the SCN in the same way as mela-
tonin [ 10 ,  45 ]. Ramelteon promotes sleep onset 
through the inhibition of SCN electrical activity 
and the consequent inhibition of circadian wake 
signal, thereby activating the specifi c sleep- 
circuit pathway. 

 Ramelteon’s effi cacy as hypnotic drug was 
evaluated in a group of freely moving monkeys 
(Macaca fascicularis) in comparison with that 
of melatonin and zolpidem [ 45 ]. Ramelteon and 
melatonin were administered in doses of 0.003, 
0.03, and 0.3 mg/kg and 0.3, 1, and 3 mg/kg, 
respectively, to independent groups of animals. 

Zolpidem was administered in doses 1, 3, 10, 
or 30 mg/kg to a third group of monkeys. All 
drugs were administered orally at18:00 h, and 
the polysomnographic (PSG) recording of sleep 
was continuously taken from 17:00 to 7:00 h. 
Ramelteon at a dose of 0.03 or 0.3 mg/kg sig-
nifi cantly reduced sleep onset latency (SOL) 
for both light sleep and NREM sleep as melato-
nin and its analogs in insomnia and depression 
compared to controls. Both doses of ramelteon 
increased total sleep time (TST), whereas the 
lowest dose employed (0.003 mg/kg) was inef-
fective. Melatonin administration at a 0.3 mg/
kg dose signifi cantly reduced latency to SOL 
for light sleep but not for NREM sleep [ 46 ]. At 
a dose of 1 mg and 3 mg/kg, melatonin tended 
to shorten SOL and increased TST, but these 
changes were marginally signifi cant. The admin-
istration of  zolpidem (1–30 mg/kg) did not pro-
duce any signifi cant effect on SOL or TST at 
any of the doses tested. From these results, it 
was concluded that ramelteon has a potent sleep-
inducing effect not shared by either melatonin 
or zolpidem [ 46 ]. In another study conducted in 
rhesus monkeys, ramelteon did not induce either 
abuse or dependence after administering daily at 
a dose of 10 mg/kg for 1 year [ 47 ]. 

 In a double-blind study including 829 insom-
niac patients (mean age, 72.4 years), ramelteon, 
at a dose of 4–8 mg/day, brought about a sig-
nifi cant 16–35 % reduction in SOL [ 48 ]. TST 
was increased by both doses of ramelteon. In 
another randomized, multicenter double-blind, 
placebo- controlled crossover study including 107 
patients followed by PSG, ramelteon was admin-
istered in doses of 4–32 mg/day [ 49 ]. The treat-
ment decreased latency to fi rst sleep (LFS) and 
increased TST signifi cantly. 

 A short-term evaluation of the effi cacy of 
ramelteon was performed in 100 elderly subjects 
by administering 4 and 8 mg doses in a two- 
night/three-day period crossover design [ 50 ]. 
LPS decreased, and TST and SE augmented as 
compared to placebo. Likewise, the effi cacy of 
ramelteon in reducing SOL and in increasing 
TST and SE was evaluated in 405 patients admin-
istered with 8 or 16 mg of ramelteon for 5 weeks 
in a double-blind placebo-controlled study [ 51 ]. 
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The results confi rmed the effect of ramelteon to 
reduce SOL and to increase SE and TST[ 51 ]. 

 Ramelteon’s hypnotic action (at an 8 mg dose) 
was so rapid that it caused signifi cant reductions 
in SOL within a week (63 % for ramelteon versus 
39.7 % for placebo,  P  < 0.001) [ 52 ]. This reduc-
tion in LPS was sustained throughout the 5 weeks 
of study (63 and 65.9 % ramelteon versus 41.2 
and 48.9 % placebo at the end of the third and 
fi fth weeks, respectively) [ 52 ]. Reduction in LPS 
after ramelteon was also noted in healthy human 
subjects in a 6-week-long study using an 8 mg 
dose; in this study on healthy human subjects, 
ramelteon also increased TST [ 53 ]. 

 In yet another 6-month-long study performed 
in 451 adults suffering from chronic insom-
nia drawn from different centers across the 
globe (mainly the USA, Europe, Russia, and 
Australia), ramelteon consistently reduced LPS 
when compared with placebo [ 54 ]. The baseline 
LPS decreased from 70.7 to 32.0 min at week 1 
(with ramelteon), and this reduction in LPS was 
maintained at months 1, 3, 5, and 6. No adverse 
effects, like next-morning residual effects, 
rebound insomnia, or withdrawal effects, were 
noted [ 54 ]. 

 In a double-blind placebo-controlled study 
involving a large number of Japanese patients 
with chronic insomnia ( N  = 1,130), the effi -
cacy and safety of 4 and 8 mg ramelteon were 
evaluated [ 55 ]. At a 4 mg dose of ramelteon, no 
statistically signifi cant differences were found 
in subjective SOL as compared to the placebo 
group, while with 8 mg of ramelteon, a signifi -
cant increase in TST and a decrease in SOL were 
observed. The same investigators evaluated the 
effi cacy and safety of ramelteon in 190 Japanese 
adults with chronic insomnia treated for a period 
of 24 weeks [ 56 ]. TST signifi cantly increased 
with an 8 mg/day dose of ramelteon, and this was 
maintained for 20 weeks. In this study, ramelt-
eon was well tolerated and did not cause residual 
effects, rebound insomnia, withdrawal symp-
toms, or dependence after 24 weeks of continu-
ous treatment [ 56 ]. 

 Summarizing Ramelteon’s studies, it seems 
that in all clinical studies undertaken so (in 
various doses ranging from 4 to 32 mg/day) in 

patients with chronic insomnia, the drug reduced 
SOL and increased sleep duration [ 10 ,  57 ] with-
out signifi cant adverse effects.  

    Agomelatine 

 Disturbances in sleep are prominent features of 
depression. Antidepressant drugs that are also 
effective in alleviating sleep disturbances can be 
of better therapeutic value in treating depressive 
disorders [ 58 ]. It is suggested that an ideal anti-
depressant should not only decrease sleep onset 
diffi culties and wakefulness after sleep onset but 
should also promote the feelings of freshness and 
alertness during daytime [ 59 ]. 

 The newly introduced melatonergic anti-
depressant agomelatine (Valdoxan; Servier, 
Neuilly-sur-Seine, France) is endowed with 
these properties. Agomelatine, a naphthalenic 
compound chemically designated as  N -(2-[7-
methoxy- 1-naphthalenyl]ethyl) acetamide, acts 
on both MT1and MT2 melatonergic receptors 
and also acts as an antagonist to 5-HT 2C  recep-
tors at a three orders of magnitude greater con-
centration [ 11 ]. It does not show any signifi cant 
affi nities for muscarinic, histaminergic, adren-
ergic, and dopaminergic receptor subtypes [ 60 ] 
(Fig.  18.1 ). 

 Agomelatine has been licensed by European 
Medicines Agency (EMEA) for the treatment of 
major depressive disorder (MDD). In several ani-
mal models of depression like the forced swim-
ming test, the learned helplessness model [ 61 ], 
and the social stress model [ 62 ], agomelatine dis-
played antidepressant activity. It has been hypoth-
esized that agomelatine has a unique mechanism 
of action because its effects are mediated through 
MT1/MT2 melatonergic receptors and 5-HT 2C  
serotonergic receptors, acting differently at dif-
ferent circadian phases of the day/night cycle 
[ 63 ]. Through this dual action, agomelatine may 
promote and maintain sleep at night and helps to 
maintain alertness during daytime. 

 Agomelatine given before sleep would have 
an immediate sleep-promoting melatonergic 
effect that would prevail over its potentially anti- 
hypnotic 5-HT 2C  antagonism [ 63 ]. In contrast, 
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during the day, the drug’s 5-HT 2C  antagonism 
would predominate over the melatonergic action, 
thus having an alerting action. 5-HT 2C  receptors 
are concentrated in the frontal cortex, amygdala, 
hippocampus, and cortico-limbic structures that 
are involved in the regulation of mood and cog-
nition [ 64 ]. They are also present in the SCN 
[ 65 ], and antidepressants, while exerting their 
therapeutic effects, decrease the number of SCN 
5-HT 2C  receptors in those structures [ 66 ]. 

 One criticism of this dual interpretation of 
agomelatine action is the large differences in 
affi nity for the putative action on serotonergic 
receptors as compared to the melatonergic one 
(about three orders of magnitude greater concen-
tration are needed to exert 5-HT 2C  antagonism) 
[ 11 ]. Moreover, both melatonin and ramelteon 
have been shown to display antidepressant-
like effects even though they are not reportedly 
known to affect serotonergic activity signifi -
cantly [ 67 – 69 ]. 

 As agomelatine addresses sleep disturbances 
as well as depressive symptoms and has early 
onset of action even in a severely depressed pop-
ulation, it stands unique among the antidepres-
sants for effective management of MDD [ 12 ]. 
Because sleep disturbances constitute one of the 
prominent features of depressive illness and are 
among the diagnostic criteria of DSM-IV [ 70 ], 
it is not strange that the melatonergic activity of 
agomelatine (or ramelteon) could be benefi cial 
for this symptom. Patients suffering from MDD 
or bipolar disorder exhibit marked diffi culties in 
initiation and maintenance of sleep, poor quality 
of sleep, and frequent nocturnal and early morn-
ing wakening [ 58 ]. 

 The American National Institute of Mental 
Health (NIMH) Epidemiological Catchment 
Area (ECA) study of sleep disturbances and psy-
chiatric disorders identifi ed sleep disturbances 
as a highly signifi cant risk factor for subsequent 
development of depression [ 13 ]. 

 The effectiveness of agomelatine in reducing 
the sleep complaints of depressed patients has 
been evaluated. Altered intra-night temporal dis-
tribution of REM sleep with increased amounts 
of early REM sleep and reduction in SOL to 
REM sleep is the specifi c EEG sleep pattern 

that is associated with depression [ 71 ]. Hence, 
 prevention of persistent sleep disturbances would 
help to reduce the risk of relapse or recurrence of 
depressive disorders. The treatment of depressive 
patients with agomelatine for 6 weeks increased 
the duration of NREM sleep without affecting 
REM sleep, thereby causing improvements in 
both sleep quality and continuity [ 14 ]. In the study 
that compared the effect of agomelatine (25 mg) 
with the antidepressant venlafaxine, agomela-
tine promoted sleep earlier and scored higher on 
the criteria of getting into sleep as assessed by 
the Leeds Sleep Evaluation Questionnaire [ 72 ]. 
The improvement in sleep quality was evident 
from fi rst week of treatment with agomelatine, 
whereas venlafaxine did not produce any benefi -
cial effect. This can be important clinically in as 
much as improvement in sleep disturbances often 
precede that of depressive symptoms [ 73 – 75 ]. 
Agomelatine has also been shown effective in 
reducing circadian rhythm disturbances seen in 
MDD [ 76 ].  

    Other Melatonin Agonists 

 Tasimelteon, [VES-162]  N -([(1R,2R)-2-(2,3-
dihydro- 1-benzofuran-4-yl)cyclopropyl]methyl)
propanamide, is a MT1/MT2 agonist developed 
by Vanda Pharmaceuticals that completed phase 
III trial in 2010 (Fig.  18.1 ). In animal studies, 
tasimelteon exhibited the circadian phase shift-
ing properties of melatonin [ 77 ]. In clinical stud-
ies on 39 healthy human subjects with transient 
insomnia after a 5-h phase advance, tasimelteon 
was administered randomly at doses of 10, 20, 
50, or 100 mg against placebo [ 16 ]. A decrease in 
SOL, an increased in SE, and a shift in melatonin 
rhythm were noticed. In a further extended study 
involving 411 healthy human subjects after a 5-h 
phase advance, the administration of tasimelteon 
improved SE and reduced SOL and wake after 
sleep onset [ 16 ]. In both these phase II and phase 
III clinical trials, the side effects of tasimelteon 
did not differ from that of placebo. Long-term 
studies are needed to establish the effectiveness 
and safety of tasimelteon in treating insomnia 
[ 78 ]. The FDA granted tasimelteon orphan drug 
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designation status for blind individuals without 
light perception with a non-24-h sleep-wake dis-
order in 2010. 

 TIK-301 (formerly LY-156,735) has been in 
a phase II clinical trial in the USA since 2002. 
Originally, it was developed by Eli Lilly and 
Company and called LY-156,735. In 2007, Tikvah 
Pharmaceuticals took over the development and 
named it TIK-301. It is a chlorinated derivative 
of melatonin with MT1/MT2 agonist activity and 
5-HT2C antagonist activity. Its formula is  N -[2-
(6-chloro-5-methoxy-1 H -indol-3-yl)propyl]
acetamide (Fig.  18.1 ). TIK-301 pharmacokinet-
ics, pharmacodynamics, and safety have been 
examined in a placebo- controlled study using 20, 
35, 50, and 100 mg/day doses in healthy volun-
teers [ 79 ]. Unlike melatonin, TIK-301 induced 
sleepiness at all doses studied and did not cause 
unwanted effects like hypothermia, hypotension, 
or bradycardia. 

 In another double-blind study on 40 patients 
with chronic insomnia, TIK-301 was adminis-
tered at doses of 20, 40, and 100 mg with pla-
cebo on two nights with 5 days washout period 
between treatments [ 17 ]. TIK-301 produced sig-
nifi cant improvement in subjective and objective 
measures of SOL at higher doses with a trend of 
improvement at 20 mg doses. The FDA granted 
TIK-301 orphan drug designation in 2004, to use 
as a treatment for circadian rhythm sleep disorder 
in blind individuals without light perception and 
individuals with tardive dyskinesia.  

    Summary 

 The data presented above clearly indicate that 
exogenous melatonin and its various analogs 
promote and maintain sleep. However, there is 
inconsistency and discrepancy among the large 
number of reports regarding the degree of effi -
cacy and the clinical signifi cance of these effects. 
The results of endogenous melatonin’s action 
in insomnia have not been consistent probably 
because the studies described in existing publi-
cations on melatonin’s effi cacy have utilized dif-
ferent inclusion and exclusion criteria, different 
outcome measures to evaluate insomnia, different 

doses of the hormone, and different routes and 
timing of its administration. There also continues 
to be considerable controversy over the mean-
ing of the discrepancies that sometimes exist 
between subjective and objective (polysomno-
graphic) measures of good and bad sleep. Adding 
to this complexity is melatonin’s short half-life 
and ready metabolism after oral administration 
of fast-release preparations. Hence, prolonged- 
release melatonin preparations and melatonin 
agonists were introduced and have shown good 
results in treating insomnia. 

 It is noteworthy that most of the trials that 
examined the effi cacy of melatonin in people 
with primary sleep disorders were of relatively 
short trial duration (4–6 weeks or less), as were 
the trials examining the safety of melatonin in 
this population (3 months or less). Therefore, the 
reported effi cacy and safety of melatonin may 
refl ect only the short-term effects of melatonin. 
Long-term safety and effi cacy studies are needed 
for melatonin and especially for melatonin’s ago-
nists, particularly considering the pharmacologi-
cal activity of their metabolites.     
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        Introduction 

 Major depressive disorder (MDD) is a leading 
cause of disability worldwide and is also associ-
ated with increased morbidity and mortality [ 1 ]. 
Despite the emergence of numerous antidepres-
sants primarily acting on the serotonin and/or 
norepinephrine transporter, the rate of remission 
following antidepressant treatment remains 
 disappointing [ 2 ]. Central monoamine function 
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    Abstract 

 Major depressive disorder (MDD) is a debilitating disease with signifi cant 
personal, social, and economic burden and continues to be the leading 
cause of disability worldwide. Disappointing rates of remission following 
treatment with fi rst-line antidepressants primarily targeting the serotonin 
and norepinephrine systems have provided the impetus for developing 
alternative treatments targeting novel mechanisms. There is a strong asso-
ciation between MDD and disturbances in circadian rhythm. Agomelatine 
is a novel antidepressant with actions on the melatonergic system which 
play a fundamental role in synchronizing circadian rhythms. Its actions as 
a melatonin receptor (M1 and M2) agonist and as a serotonin receptor 
(5-HT2c) antagonist also trigger increased dopamine activation in the 
frontal cortex and decreased glutamatergic actions elsewhere in the brain. 
Compared to other fi rst-line antidepressants, agomelatine has favorable 
effi cacy and tolerability. In particular, it demonstrates superior effects on 
sleep and alertness and an absence of sexual dysfunction, making it a use-
ful alternative for the treatment of MDD.  
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continues to be an important avenue for research 
into the etiopathology and treatment of depres-
sion; however, other neurobiological pathways 
have been identifi ed as targets for antidepressant 
treatment [ 3 ].  

    Preclinical Evidence to Support the 
Antidepressant Effects of Agomelatine 

 With evidence to support a strong association 
between MDD and disturbances in circadian 
rhythm [ 4 ], drugs that restore circadian rhythm 
have potential as antidepressants. Since melato-
nin plays a fundamental role in synchronizing 
circadian rhythms, through actions on melatonin 
receptors (MT1 and MT2) situated on suprachi-
asmatic nucleus neurons [ 5 ], it was reasonable to 
evaluate the role of agomelatine – an MT1 and 
MT2 agonist and 5-HT2c antagonist – as a puta-
tive antidepressant [ 6 ]. 

 Agomelatine has no effect on serotonin release 
but dose-dependently enhances release of extra-
cellular frontocortical dopamine (DA) and nor-
epinephrine (NE) [ 7 ]. There is also evidence that 
agomelatine increases dopamine fi ring rates [ 8 ] 
and prevents stress-induced glutamate release in 
rats [ 9 ]. In each of these studies, neither melato-
nin nor a 5-HT2c antagonist alone increased 
dopamine or norepinephrine; nor did they dem-
onstrate antidepressant effects [ 8 ,  9 ]. Agomelatine 
has also displayed neurogenic properties via 
increased cell proliferation and survival of newly 
formed cells in the dentate gyrus of the hippo-
campus with agomelatine treatment in rats [ 10 ].  

    Pharmacology 

 Agomelatine undergoes rapid metabolism and 
has a half-life of 1–2 h with peak plasma concen-
tration at 1–2 h. Approximately 90 % of the drug 
is metabolized by CYP1A2, with CYP2C9 and 
CYP2C19 contributing to a lesser extent. 
Agomelatine itself does not inhibit or induce 
cytochrome p450 enzymes, and the propensity 
for drug interactions is generally low. While 
many enzyme inhibitors (e.g., paroxetine, val-
proic acid, lorazepam) have no signifi cant 

 interaction with agomelatine, both fl uvoxamine 
and ciprofl oxacin (potent CYP1A2 inhibitors) 
prevent agomelatine metabolism and should not 
be co-prescribed. Enzyme inducers such as nico-
tine may decrease serum levels of agomelatine 
and require administration of the 50 mg dose.  

    Antidepressant Effi cacy in Middle 
Life and Late Life Depression 

 The original dose fi nding study identifi ed 
agomelatine 25 mg as the most effective starting 
dose [ 11 ]. Subsequent studies supported an 
increase to 50 mg in patients who had failed to 
show minimal improvement after 2–4 weeks [ 12 , 
 13 ]. A further dose fi nding study compared 
agomelatine 10, 25, and 25–50 mg to placebo and 
confi rmed that 25 mg is the minimal effective 
dose [ 14 ]. Results from placebo-controlled trials 
demonstrated a broad spectrum of action across 
depressive symptoms, including the core “mood” 
and “loss of interest” items as well as anxiety, 
sleep, and other somatic symptoms [ 15 ]. Two 
additional placebo-controlled trials performed in 
the United States using different protocols 
yielded positive but contradictory results: in one 
trial the 25 mg but not the 50 mg agomelatine 
dose was superior to placebo and in the other, 
50 mg but not 25 mg was superior to placebo [ 16 , 
 17 ]. There is also clear evidence that agomelatine 
has signifi cant effi cacy in preventing relapse [ 18 ]. 

 The infl uence of severity and anxiety has also 
been examined in agomelatine studies. Greater 
severity of depression was associated with 
increased antidepressant effi cacy in both middle 
life [ 19 ] and elderly [ 20 ] depressed patients. 
Similarly, in anxious depressed patients, there 
was a signifi cantly greater effect on anxiety and 
depressive symptoms compared to SSRI and 
SNRI antidepressants [ 21 ] (see also Chap.   20    ).  

    Comparison of Agomelatine to SSRI 
and SNRI Antidepressants 

 Venlafaxine, fl uoxetine, sertraline, and escitalo-
pram are among the most frequently prescribed 
fi rst-line antidepressants [ 22 ] and have all been 
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evaluated in active comparison trials with agomel-
atine. In two of these active comparator studies, 
agomelatine had a statistically signifi cant advan-
tage when compared to fl uoxetine in severely 
depressed patients (1.49 points,  p  < 0.05) [ 23 ] and 
when compared to sertraline (1.68 points  p  < 0.05) 
[ 24 ], while equivalent rates of effi cacy were 
reported in the venlafaxine and escitalopram com-
parisons. In a meta-analysis of these comparative 
trials, there was a signifi cant advantage to agomel-
atine on both HAMD-17 (1.37 points;  p  < 0.001) 
and the Clinical Global Impression of 
Improvement Scale (0.24 points;  p  < 0.001) [ 25 ]. 
These differences in favor of agomelatine 
remained statistically signifi cant in an analysis of 
the 6-month double-blind extension phases of 
these trials [ 26 ]. It is likely that the higher reten-
tion rate by patients on agomelatine compared to 
active comparator drugs contributed to these 
favorable rates of sustained responses [ 27 ].  

    Specifi c Attributes of Agomelatine 
Compared to Other Antidepressants 

 A number of the active comparator trials had a 
primary end point designed to evaluate unique 
aspects of agomelatine. For example, the early 
effects of agomelatine on sleep and alertness 
were superior to venlafaxine [ 28 ], and, in com-
parison to sertraline, patients receiving agomela-
tine reported signifi cantly better “ease of getting 
to sleep” and “quality of sleep” [ 24 ]. The ability 
of agomelatine to provide antidepressant effi cacy 
in the absence of sexual dysfunction has also 
been evaluated in two trials. The fi rst involved 
healthy volunteer students who received agomel-
atine 25 or 50 mg, paroxetine 20 mg or placebo 
for 8 weeks. The incidence of sexual dysfunction 
in the group who received paroxetine was 62 %, 
while the two agomelatine groups did not differ 
from placebo in the incidence of sexual dysfunc-
tion and both were under 5 % [ 29 ]. Similar fi nd-
ings were reported in a study designed to evaluate 
the rate of sexual dysfunction in remitted 
depressed patients who were sexually active fol-
lowing 12 weeks of either agomelatine 50 mg or 
venlafaxine 150 mg. At the end of this trial, 80 % 
of remitted patients on agomelatine were free of 

sexual dysfunction compared to 50 % of those 
taking venlafaxine [ 30 ]. This ability to avoid sex-
ual dysfunction is thought to be related to the 
antagonism of 5-HT2c receptors and facilitation 
of dopamine release particularly in the frontal 
cortex [ 31 ]. It is also likely that the advantage of 
agomelatine compared to venlafaxine in a clini-
cal trial designed to explore effects on anhedonia 
[ 32 ] using a specifi cally developed anhedonia 
scale [ 33 ] may also relate to the indirect effects of 
agomelatine on release of dopamine and norepi-
nephrine in the frontal cortex [ 7 ]. 

 In addition to depression, there is also an 
emerging literature on the effi cacy of agomela-
tine in the treatment of generalized anxiety disor-
der in acute [ 34 ] and relapse prevention trials 
[ 35 ] as well as in comparison to other antidepres-
sants including escitalopram [ 36 ]. To date there 
are limited data on the effi cacy of agomelatine in 
bipolar depression, in other anxiety disorders 
including obsessive-compulsive disorder and 
panic disorder, and also in the treatment of 
depression in children and youth.  

    Tolerability and Safety 

 In general, agomelatine has a favorable side 
effect profi le, with pooled data from the pivotal 
trials indicating that only dizziness occurred sig-
nifi cantly more frequently with agomelatine than 
with placebo [ 25 ]. Agomelatine is also devoid of 
weight gain, cardiac conduction alterations, or 
effects on blood pressure. Based on preliminary 
monitoring of liver function, the European 
Medicines Agency requires evaluation of hepatic 
enzymes prior to and during the initial phases of 
antidepressant treatment with agomelatine. The 
reported rates of enzyme elevation at or above 
three times upper limit of normal are in 1.4 % of 
patients on 25 mg daily and 2.5 % of patients at 
50 mg daily [ 37 ]; in the majority of cases, these 
elevations appeared early in treatment and 
returned to normal levels after drug discontinua-
tion. It remains unknown how these rates com-
pare to elevations in hepatic enzymes with other 
antidepressants or psychotropic medications. 

 Finally a number of naturalistic studies have 
been carried out in European countries, involving 

19 Agomelatine in Depressive Disorders



278

several thousand patients who received treatment 
with agomelatine. Data from these “real-world” 
trials confi rm the effi cacy, tolerability, and safety 
as previously reported and provide additional 
information on drug safety when agomelatine is 
used in combination with other antidepressants. 
In general, these naturalistic studies have con-
fi rmed both effectiveness and safety [ 38 ] and 
provide additional evidence of good functional 
outcomes [ 39 ]. 

 In summary, agomelatine is a “fi rst in class” 
antidepressant with favorable effi cacy and toler-
ability compared to other fi rst-line antidepres-
sants. Given the heterogeneity of MDD, based on 
clinical presentations and underlying neurobio-
logical disturbances, agomelatine represents a 
useful alternative for the treatment of MDD.     
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        Introduction 

 Major depressive disorder (MDD) is a heteroge-
neous syndrome that comprises a variety of phys-
iological, neuroendocrine, behavioral, and 
psychological symptoms [ 1 ]. The common sleep 
disturbances reported by patients with depression 
include delayed sleep onset, early morning wake-
fulness, reversal of the normal morning peaks in 
subjective mood, energy, and alertness, and day 

time fatigue. Several studies point out that there 
are profound disturbances in sleep and circadian 
rhythms in depressive disorder [ 2 ,  3 ]. Although 
unipolar and bipolar depressive patients can be 
differentiated on the basis of symptoms they 
manifest, the sleep disturbances exhibited by 
manic patients, unipolar depressed patients, and 
bipolar depressed patients are almost similar [ 4 –
 7 ]. Polysomnographic studies of sleep distur-
bances in patients with major depressive disorder 

    Abstract 

 Numerous clinical studies have shown that melatonin is involved in the 
pathogenesis of mood disorders like major depressive disorder, bipolar 
disorder, and seasonal affective disorder or winter depression. Many clini-
cal symptoms seen in depressive patients suggest that disturbances of 
sleep and circadian rhythms play an important role in the pathophysiology 
of mood disorders. Disturbances of sleep-wake rhythms and circadian 
rhythms are linked to malfunctioning of SCN-pineal-melatonin axis. As a 
rhythm regulating factor and as a hormone involved in the physiological 
regulation of sleep-wake rhythm, melatonin plays an important role in 
regulating sleep and circadian rhythm disturbances of mood disorders. 
Melatonin receptors, namely, MT 1  and MT 2 , are found expressed in the 
suprachiasmatic nucleus of the hypothalamic region, an area concerned 
with the regulation of various circadian rhythms and sleep-wake rhythm. 
Although pharmacotherapy of mood disorders has long been associated 
with the modulation of monoaminergic systems of neuronal circuits in dif-
ferent regions of the brain that are involved in the regulation of mood, 
attention has been paid in recent years for the development of drugs that 
can shift, reset, and stabilize the circadian rhythms and improve the qual-
ity of sleep. In this context agomelatine, a novel antidepressant with MT 1 /
MT 2  agonistic and 5-HT 2c  antagonistic properties, has been introduced. 
Having proved its effi cacy as an effective antidepressant in various animal 
models of depression, agomelatine has been introduced as an antidepres-
sant for treating patients with major depressive disorders in many European 
countries and also in the USA. Agomelatine has also been used for treating 
patients with bipolar disorder, winter depression, and anxiety disorder and 
has demonstrated its clinical effi cacy with rapid onset of action, compa-
rable to other antidepressants like SSRIs and SNRIs. But unlike these 
drugs, agomelatine does not exhibit adverse side effects like worsening of 
insomnia or sexual problems, and hence, it is considered as an antidepres-
sant of choice for effective treatment of mood disorders.  
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show reduced rapid eye movement (REM) 
latency, elevated REM density, and decreased 
slow-wave sleep and increased stage 1 and stage 
2 sleep [ 8 ]. REM sleep is regulated by circadian 
timekeeping system, while NREM sleep is regu-
lated by homeostatic sleep system [ 9 ]. The pres-
ence of sleep abnormalities is seen not only in 
depressive patients but also in the fi rst-degree 
relatives of depressed patients, suggesting 
thereby that sleep changes can be viewed as 
“markers” of depression [ 10 ]. As sleep and circa-
dian rhythm disturbances constitute primary 
symptoms in affective disorders including major 
depressive disorder (MDD), bipolar disorder 
(BD), and seasonal affective disorder, the study 
of a common underlying sleep pathophysiology 
in these disorders has become a necessity for 
using appropriate pharmacological agents to nor-
malize the sleep issues in order to achieve com-
plete remission of symptoms. As the key 
endogenous neurohormone involved in the 
 physiological regulation of circadian rhythms 
and sleep-wake cycles, melatonin plays an 
important role in the etiology of mood disorders 
like major depressive disorder, bipolar disorder, 
and seasonal affective disorder [ 11 – 13 ]. It is sug-
gested that drugs that cause shifts, resetting, and 
stabilization of rhythms are considered as the 
most important for treatment of mood disorders.  

    Role of Melatonin in Mood 
Disorders: Studies in Major 
Depressive Disorder 

 The interest of melatonin in mood disorders 
dates back to 1979, when three research groups 
independently reported lower nocturnal melato-
nin levels in a group of depressed patients [ 14 –
 16 ]. The clinical fi nding of a subgroup of 
patients with low nocturnal melatonin levels led 
to the formulation of “low-melatonin syndrome” 
in depressed patients in 1983 [ 17 ]. Further stud-
ies revealed that only depressed patients who 
had abnormal response to DST (dexamethasone 
suppression test) had lower nocturnal melatonin 
levels when compared to healthy control sub-
jects [ 18 – 21 ]. Dexamethasone suppression test 

(DST) has been used as a possible biological 
marker for melancholic depression in adults 
[ 22 ]. Increased melatonin levels in patients with 
major depression have been documented by 
some other studies. It was suggested that discor-
dant results on melatonin levels in depressed 
patients may be due to different clinical entities. 
Phase advances and phase delay of melatonin 
rhythm have been noted in a number of studies 
on patients with major depressive disorder [ 23 –
 25 ]. Phase shift of melatonin rhythm is consid-
ered as a prominent feature of major depressive 
disorder, suggesting thereby circadian rhythm 
abnormality in MDD. The duration of 6-sulfa-
toxymelatonin excretion was also found to be 
longer in these patients. Treatment of patients 
with major depressive disorder with imipra-
mine, desipramine, or monoamine oxidase 
inhibitor caused signifi cant increase in the 
amplitude of melatonin secretion or urinary 
6-sulfatoxymelatonin secretion [ 26 ]. The 
changes in melatonin levels combined with clin-
ical fi ndings seen in depressed patients before 
and after antidepressant therapy points to the 
possible involvement of melatonin in the patho-
physiology of mood disorders [ 3 ,  27 ].  

    Melatonin in Bipolar Affective 
Disorders 

 Sleep disturbances are a signifi cant aspect of 
bipolar affective disorders, especially decreased 
need for sleep which is considered as one of the 
diagnostic criteria for both BD types I and II. 
Patients with BD exhibit several abnormalities in 
circadian rhythms and a circadian preference for 
evening [ 28 – 30 ]. Patients with BD experience 
marked reduction in sleep in the night before they 
switch from depression to mania [ 31 ]. 

 A recent study analyzed abnormalities in mel-
atonin biosynthesis pathway in patients with 
bipolar disorder, and results showed mutations in 
acetylserotonin O-methyltransferase (ASMT) (a 
key enzyme in the synthesis of melatonin) genes 
associated with low ASMT activity were 
observed in BD, thereby suggesting a role of 
melatonin as a “susceptibility factor” in BD [ 32 ]. 
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 Reduction in the amplitude of melatonin 
secretion was reported in bipolar depressed 
patients during their depressed phase which was 
restored back to normal with remission of symp-
toms [ 33 ]. A longitudinal study on a single patient 
showed an increase of melatonin secretion noted 
during manic phase as compared to euthymic or 
depressed phase [ 34 ]. However in a study on a 
group of nine patients with mood disorders, 
lower melatonin levels were noted during manic, 
euthymic, and depressed phases as compared to 
healthy controls. Melatonin levels in bipolar 
depressed patients can therefore be considered as 
a  trait marker  of bipolar disorder rather than a 
state marker [ 35 ]. 

 The phase position of melatonin also varies in 
bipolar disorders. Phase advance in melatonin 
levels was noted in bipolar patients when com-
pared to normal healthy controls. Phase advance 
of nocturnal melatonin peak by one hour was 
noted during manic phase which preceded euthy-
mic or depressed phase [ 36 ]. In a study on bipolar 
I patients, delayed peak melatonin secretion and 
melatonin levels lower than 60 pg/ml also have 
been reported. In a pilot clinical study on eleven 
manic patients who had treatment-resistant 
insomnia, Bersani used melatonin as an add-on 
for 30 days with no change made to their anti-
manic drug regimen. A signifi cant improvement 
in sleep duration was observed concurrent with a 
marked decrease in the severity of mania [ 37 ]. 
These studies suggest abnormalities in both the 
phase and amplitude of melatonin secretion in 
patients with bipolar depression.  

    Melatonin in Seasonal Affective 
Disorder 

 In seasonal affective disorder (SAD), recurrent 
episodes of depression occur during winter 
months and euthymia during summer season. 
These patients have delayed circadian rhythms. 
Lewy and his co-workers suggested that relative 
phase shifting of the circadian rhythms in rela-
tion to the timing of sleep-wake rhythm is respon-
sible for the pathogenesis of seasonal affective 

disorder [ 38 ]. Seasonal alteration of melatonin 
rhythms has been found in some studies on 
patients with SAD and also elevated daytime 
melatonin levels in SAD patients during winter 
season, but healthy control subjects did not mani-
fest any such alterations of seasonal melatonin 
rhythms in this study [ 39 ,  40 ]. 

 Some studies reported seasonal variations in 
melatonin rhythms in healthy control subjects 
also [ 41 – 44 ]. Patients with SAD exhibit phase 
delay of circadian rhythms, and this has been 
suggested to be due to later dawn of the winter 
months that result in disruption of molecular 
rhythms of SCN and the sleep-wake cycle of 
SAD patients. Application of bright light in the 
morning by phase advancing circadian rhythms 
corrects the phase angle between circadian and 
sleep-wake schedules and corrects the underlying 
abnormality in SAD [ 45 ,  46 ]. 

 In SAD patients the most prominent marker of 
seasonal variations was the change in the melato-
nin offset [ 40 ]. A study by Wehr et al. reported 
that patients with SAD generate a biological sig-
nal of a change in season in a manner similar to 
that of photoperiodic animals [ 40 ].  

    Pharmacotherapy of Mood 
Disorders 

 Most antidepressant medications including selec-
tive reuptake inhibitors (SSRIs), serotonin and 
norepinephrine reuptake inhibitors (SNRIs), tri-
cyclic antidepressants (TCAs), and monoamine 
oxidase inhibitors (MAOIs) work by targeting the 
monoamines like serotonin, norepinephrine, and 
dopamine [ 47 ]. There is increasing evidence that 
suggests that mood disorders are caused by sev-
eral other hormonal and neurotransmitter systems 
like brain-derived neurotrophic factor (BDNF), 
amino acid neurotransmitters, GABA, corticotro-
phin-releasing factor (CRF), and substance P 
[ 48 ]. As monoaminergic antidepressants were 
identifi ed primarily through serendipity, a need to 
develop drugs that could act through circadian 
system and sleep mechanisms was felt, and thus, 
melatonergic antidepressants were developed [ 3 ]. 
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   Moreover, most of the antidepressants that are 
currently used have varying effects on sleep, 
while some antidepressants like TCAs and 5-HT 
receptor antagonists promote sleep initiation and 
maintenance, and many other antidepressants 
like SSRIs such as fl uoxetine and SNRI 
( venlafaxine) exert adverse effects on sleep [ 49 ]. 
Most pharmacoepidemiologic surveys indicate 
that at least one third of patients taking SSRIs 
receive concomitant sedative-hypnotic medica-
tions [ 50 ]. Hence clinicians consider antidepres-
sant effects on sleep as potentially important 
determining factor in selecting the therapeutic 
option to treat patients with depressive symp-
toms [ 51 ,  52 ]. The possibility that insomnia does 
not primarily refl ect a consequence or accompa-
nying phenomenon of affective disorders but 
rather represent a  major triggering factor for the 
development of depressive disorders  is a new 
concept. Hence there is a need for development 
of novel antidepressants that can ameliorate 
symptoms of insomnia and circadian rhythm 
dysfunction [ 53 ,  54 ].  

    Agomelatine: Chemistry 
and Pharmacodynamics 

 Agomelatine, a naphthalenic compound chemi-
cally designated as  N -[2-(7-methoxynaphth-
1-yl)ethyl] acetamide or S-20098, is a newly 
developed selective agonist for MT 1  and MT 2  
receptors with antagonism to 5-HT 2c  receptors 
[ 55 ]. Agomelatine displays overall selectivity 
(>100 fold) for MT 1  and MT 2  melatonin recep-
tors sites. Agomelatine’s half-life is longer than 
that of melatonin (~2 h) in humans and is metab-
olized in the liver by three CYP isoenzymes 
CYPA1, CYPA2, and CYP2C9. The main 
metabolites of agomelatine are 3-hydroxy 
S20098, 3-hydoxy, 7-methoxy S20098, 7-des-
methyl S20098, and dihydrodiol S20098. 
Agomelatine has no signifi cant affi nity to hista-
minergic, muscarinic, dopaminergic, and adren-
ergic receptors. The mean terminal elimination 
half-life is 2.3 h [ 55 ]. Agomelatine’s structure is 
shown in Fig.  20.1 .

       Agomelatine’s Mechanism 
of Antidepressant Effects 

 Agomelatine (Valdoxan R ) was developed by 
Servier and Novartis in the USA. In February 
2009, Valdoxan was approved by the Europe, the 
Middle East, and Africa (EU-EMEA) for the 
treatment of MDD in European countries and is 
available in all European countries. Although 
phase III clinical trials have been conducted in 
the USA, the drug is yet to be approved by the 
US Food and Drug Administration (FDA). 
Agomelatine acts synergistically on both mela-
tonergic (MT 1 /MT 2 ) and 5-HT 2c  receptors [ 56 ]. 
It is an interesting fi nding that both melatonergic 
receptors MT 1  and MT 2  and 5-HT 2c  receptors are 
expressed in the SCN and other brain areas 
involved in the pathophysiology of depression, 
namely, the cerebral cortex, hippocampus, 

Melatonin

H3C

CH3

O

O

N
H

Agomelatine

CH3

H3C
O

O

NH

NH

  Fig. 20.1    Melatonin is  N -acetyl methoxytryptamine and 
is a hormone synthesized by the pineal gland and also in 
many other tissues in the body like the retina, gut, lym-
phocytes, and thymus where it plays an autocrine or para-
crine role. Agomelatine is a synthetic analog of melatonin, 
and it is a naphthalenic compound chemically designated 
as  N -[2-(7-methoxynapth-1-yl] acetamide that acts both 
on MT 1  and MT 2  melatonergic receptors and on 5-HT 2c  
receptors and is a novel antidepressant       
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amygdala, and thalamus [ 57 ]. Both receptors 
(MT 1 /MT 2  and 5-HT 2c ) exhibit circadian fl uctua-
tions and are regulated by light and biological 
clock [ 57 ]. The combined actions of agomela-
tine on melatonergic and 5-HT 2c  receptors help 
to resynchronize disturbed circadian rhythms 
and abnormal sleep patterns and will be effective 
in treating the mood spectrum disorders includ-
ing MDD, BPD, and SAD [ 54 ]. 

 Agomelatine’s antidepressant actions are 
attributed to its sleep-promoting and chronobi-
otic actions mediated by MT 1  and MT 2  melato-
nergic receptors present in the SCN as well as 
due to its effects on the blockade of 5-HT 2c  
receptors. Blockade of 5-HT 2c  receptors causes 
release of both norepinephrine (NE) and dopa-
mine (DA) at the frontocortical dopaminergic 
and noradrenergic pathways. It is well known 

that dopaminergic and adrenergic mechanisms 
in the frontal cortex modulate mood and cogni-
tive functions, and antidepressants improve 
mood and cognition by enhancing the release of 
NE and DA [ 58 ]. The probable mechanism by 
which agomelatine exerts its antidepressant 
actions is shown in Fig.  20.2 .

   Agomelatine exhibits similar actions to that 
of melatonin in synchronization of circadian 
rhythms following brief exposure, and this has 
been demonstrated in various animal models 
[ 59 – 61 ]. Agomelatine infl uences daily patterns 
of locomotor activity, running wheel activity, 
and body temperature rhythm [ 59 ]. The circa-
dian rhythm regulating effect of agomelatine has 
been demonstrated in young healthy subjects in 
a double- blind crossover design study in which 
administration of agomelatine 5–100 mg in the 

Agomelatine

5-HT2c receptor
antagonism in frontal
cortex

Enhances dopaminergic 
and noradrenergic 
neurotransmission
(frontal cortical areas)

Corrects circadian
rhythm 
abnormalities

Stimulates

Promotes sleep 
onset and 
maintenance

Antidepressant effects

Neurogenesis

MT1 and MT2
receptors in SCN

MT1 and MT2
receptors in 
hippocampus

  Fig. 20.2    This diagram shows various mechanisms 
through which agomelatine exerts antidepressant actions. 
Being a melatonergic agonist, it acts on both MT 1  and 
MT 2  melatonergic receptors present in SCN and corrects 
both sleep- wake rhythm and circadian rhythm abnormali-
ties, both of which are essential for its antidepressant 
actions [ 2 ]. Secondly, agomelatine’s 5-HT 2c antagonism 
in the frontal cortex enhances dopaminergic and norad-

renergic neurotransmission to areas in the CNS involved 
in mood regulation and thereby enhances mood [ 3 ]. 
Agomelatine also promotes neurogenesis in hippocampal 
regions of the brain that are essential for regulation of 
mood.    By acting through all these different mechanisms, 
agomelatine exerts its antidepressant actions more than 
any other conventional antidepressants that are in clinical 
use today       
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early evening induced phase advance of various 
rhythms like dim-light saliva melatonin onset, 
core body temperature minimum, and proxi-
mal skin temperature [ 62 ]. In another double-
blind crossover study, prolonged administration 
of agomelatine (50 mg/50 days) signifi cantly 
advanced the circadian rhythm of body tem-
perature by an average of 2 h and cortisol by an 
average of 1.5–2.0 h in healthy older men (51–
76 years old) [ 63 ]. These studies demonstrate 
agomelatine’s circadian entrainment and phase-
shifting effects in humans. 

 The antidepressant mechanism of action of 
agomelatine has been studied in animals by its 
neurogenic effects on the ventral hippocampus. 
The ventral hippocampus is implicated in mood 
and anxiety regulation [ 64 ].    Agomelatine reversed 
the decreased neurogenesis in the glucocorticoid 
receptor-impaired mice, an animal model of 
depression, and in corticosterone- treated mice, 
thereby demonstrating that the hippocampus is 
also one of its target areas through which agomel-
atine exerts its antidepressant effects [ 65 ,  66 ]. 

 Agomelatine has demonstrated its antide-
pressant effects in several animal models of 
depression like forced swimming test, learned 
helplessness model, chronic mild stress, and psy-
chosocial stress which have been discussed in an 
earlier review paper [ 67 ].  

    Clinical Studies with Agomelatine 

 Clinical effi cacy assessment of agomelatine is 
based on symptomatic relief as measured by 
Hamilton Depression Rating Scale, HAM-D 
[ 68 ]. A 50 % reduction in the HAM-D baseline 
score is defi ned as the  response  to antidepres-
sant therapy, whereas the absence of depressive 
symptoms and return back to premorbid level 
of functioning is considered as  remission  [ 69 ]. 
Agomelatine’s effi cacy as an antidepressant has 
been assessed in both acute-phase trials and 
relapse prevention trials as compared to placebo. 

 In three acute-phase studies conducted with 
agomelatine, the superiority of agomelatine over 
placebo was found in 25 mg/day and with 
increased dose of 50 mg/day [ 70 – 72 ]. The 

 primary outcome for  effi cacy  in these studies was 
the change in the 17-item HDRS score from 
baseline. Remission rates were found to be sig-
nifi cantly higher for agomelatine in the study of 
Loo et al. (15 % higher), whereas in another 
study the remission rate was only 7.5 % higher in 
the total population and 9.1 % higher in the sub-
group with severe depression [ 70 ,  71 ]. In the    ran-
domized double-blind placebo-controlled trial 
study of Loo et al. consisting of 711 patients 
(MDD = 698; BD = 13) diagnosed as per DSM-IV, 
patients were randomized to receive agomelatine 
1, 5, or 25 mg once daily in the evening or pla-
cebo during the 8-week study period [ 70 ]. 
Paroxetine 20 mg/day was also used in the study 
but as a validator of the study methodology and 
study population. One third of these patients had 
severe depression (HAM-D 17 score >25). 
Agomelatine at a dose of 25 mg/day showed a 
statistically signifi cant effi cacy compared to pla-
cebo based on the mean fi nal HAM-D score in 
this study. The time to respond was signifi cantly 
shorter in the agomelatine 25 mg/day group in 
comparison to placebo and also was shorter with 
reference to paroxetine group which showed sig-
nifi cant improvement after 4 weeks of treatment, 
whereas agomelatine 25 mg/day was signifi -
cantly superior to placebo after 2 weeks of treat-
ment [ 70 ]. 

 Similarly the clinical effi cacy of agomelatine in 
MDD was confi rmed in another double-blind, pla-
cebo-controlled study [ 71 ]. In this study ( n  = 212 
patients), agomelatine was administered in 25 and 
50 mg doses. On completion of 6 weeks of treat-
ment period, agomelatine was found to be signifi -
cantly more effective than the placebo group. 
Signifi cant improvement in the severity of disease 
as measured with Clinical Global Impression of 
Severity (CGI-S) was noted with agomelatine 
compared to placebo.    Among the agomelatine 
50 mg-treated group (34 % of patients), the 
HAM-D score decreased from 26.1 ± 2.6 at base-
line to 17.5 ± 7.4 at week 6 compared to the pla-
cebo group which showed a decrease from 
26.7 ± 2.8 to 20.4 ± 6.0. Also, agomelatine at a 
dose of 50 mg/day was observed to be effective in 
patients who failed to show improvement after 
2 weeks on a dose of 25 mg/day [ 71 ]. 
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 In another study on 238 patients with moder-
ate to severe major depression, treatment with 
agomelatine (25–50 mg) resulted in signifi cant 
decrease of the HAM-D fi nal scores with refer-
ence to baseline scores. The severity of the dis-
ease as measured with CGI-S also signifi cantly 
improved with agomelatine [ 72 ]. The clinical 
effi cacy of agomelatine was also proved in 
another double-blind randomized study on 332 
patients treated either with agomelatine 
25–50 mg/day or with venlafaxine (75–150 mg/
day). After 6 weeks of treatment, the antidepres-
sant effi cacy of agomelatine was similar to that of 
venlafaxine as measured by CGI severity. 
However agomelatine showed greater effi cacy in 
improving subjective sleep than venlafaxine as 
measured with Leeds Sleep Evaluation 
Questionnaire (LSEQ) [ 73 ]. 

 Agomelatine’s effi cacy was studied in patients 
with seasonal affective disorder [ 74 ]. Thirty- 
seven acutely depressed patients with SAD diag-
nosed as per DSM-IV-TR criteria were selected 
in an open study, and agomelatine was adminis-
tered at a dose of 25 mg/day for over 14 weeks. 
Clinical effi cacy was assessed by Structured 
Interview Guide for the Hamilton Rating Scale 
(SIGH-SAD) and CGI-S and improvement by 
circa screen, a self-rating scale for the assessment 
of sleep and circadian rhythm disorders, and 
hypomania scale. Response and remission rates 
were computed from SIGH-SAD score. Response 
was defi ned as a reduction of SIGH-SAD total 
score of more than 50 % from baseline score. 
Remission was defi ned as SIGH-SAD total score 
of less than 8 points. Signifi cant reduction of 
SIGH-SAD total score was noted from the sec-
ond week onwards with agomelatine ( p     < 0.001). 
Treatment effects were progressive and sustained 
throughout the course of trial (baseline score 
29.8 ± 4.6, fi nal score at 14 weeks 8.4 ± 10.1). 
CGI-S score was 4.5 ± 1.0 at baseline, at 14 weeks 
1.9 ± 1.3. The reduction in CGI-S score with 
agomelatine was signifi cant ( p  < 0.001). From 
this study it was noted that 75.7 % of patients had 
responded to agomelatine treatment. This study 
being the fi rst of its kind on agomelatine effect in 
SAD shows that agomelatine exerts its antide-
pressant action from the second week onwards. 

The antidepressant effi cacy of agomelatine was 
sustained in a large number of patients revealing 
sustained remission during the entire period of 
the study [ 74 ]. 

 Clinical effi cacy of agomelatine (50 mg) was 
compared with venlafaxine (target dose of 
150 mg) in a total population of 276 (male and 
female patients). Both treatments resulted in 
equivalently high rates of remission (agomelatine 
73 %, venlafaxine XR 66.9 %), but treatment- 
emergent sexual dysfunction was signifi cantly 
less prevalent among patients who received 
agomelatine, whereas venlafaxine XR was asso-
ciated with signifi cantly greater deterioration on 
the sex effects scale domain of desire and orgasm. 
From this study it is evident that agomelatine is 
endowed with effi cacious antidepressant effect 
with a superior sexual side effect profi le com-
pared with venlafaxine XR [ 75 ]. 

 Antidepressant effi cacy of agomelatine was 
also evaluated in patients with BD type I. BD 
patients on lithium ( n  = 14) or valpromide ( n  = 7) 
were given adjunctive open-label agomelatine at 
25 mg/day for a minimum of 6 weeks, followed 
by an additional optional extension up to 
46 weeks. Marked improvement (>50 % from 
baseline HAM-D score) was noted. Among the 
severely depressed patients (HAM-D score 
>25.2), 47.6 % responded as early as 1 week of 
initiating treatment. Of the 19 patients who 
entered the optional extension period for a mean 
of 211 days, 11 completed the 1-year extension 
on agomelatine. During the optional extension 
period, three lithium-treated patients experienced 
manic or hypomanic episodes, one of which was 
treatment related. Otherwise agomelatine 25 mg/
day has been found effective for treating BD type 
I patients (experiencing a major depressive epi-
sode), when co-medicated with lithium or valpro-
mide [ 76 ]. 

 In a 24-week randomized double-blind treat-
ment study, patients were randomly assigned to 
receive agomelatine ( n  = 133) or placebo 
( n  = 174);  the time to relapse  was evaluated by 
using the Kaplan-Meier method of survival anal-
ysis. During the 6-month evaluation period, the 
incidence of relapse was signifi cantly lower in 
patients who continued to receive agomelatine 
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than those switched to placebo ( p  = 0.0001). The 
cumulative relapse rate at 6 months for 
agomelatine- treated patients was 21.7 %, and for 
placebo-treated patients, it was 46.6 %. From 
this  long - term study , it was concluded that 
 agomelatine is an effective and safe antidepres-
sant  and that the incidence of relapse was signifi -
cantly lower in patients who continued 
agomelatine compared to those who switched to 
placebo [ 77 ]. 

 In an 8-week double-blind trial, the  effi cacy 
and safety  of two fi xed doses of agomelatine 
were evaluated in patients with moderate to 
severe major depressive disorder [ 78 ]. Primary 
effi cacy variable was assessed by using HAM-D 
17-item scale on 511 MDD patients. Secondary 
effi cacy was assessed by using Clinical Global 
Impression-Improvement Scale (CGI-I), CGI-S, 
sleep disability by LSEQ, and disability by 
Sheehan Disability Scale. Patients were random-
ized (1:1:1) to once-daily agomelatine 25 mg, 
agomelatine 50 mg, and placebo. Patients who 
received agomelatine 50 mg showed statistically 
signifi cant improvement in HAM-D 17 score 
from the fi rst baseline visit through the 8-week 
period. At week 8, the statistical signifi cance 
was  p  = 0.004 with agomelatine 50 mg, whereas 
with 25 mg it was  p  = 0.505. Also agomelatine 
50 mg was found to be superior than placebo in 
all other secondary effi cacy variables in this 
study CGI-1 ( p  = 0.012), CGI-S ( p  = 0.003), 
patients ability to get to sleep ( p  < 0.001), and 
quality of sleep ( p  = 0.002). These results con-
fi rm the signifi cant antidepressant effi cacy of 
agomelatine 50 mg/day with positive effects on 
sleep. Transient aminotransferase elevations 
were noted in 4.5 % of the patients in the agomel-
atine 50 mg group [ 78 ]. 

 The effi cacy, safety, and tolerability of fi xed 
doses of agomelatine 25 and 50 mg/day were 
evaluated during an 8-week, multicenter double- 
blind parallel group trial on outpatients with 
moderate to severe major depressive disorder as 
compared to placebo [ 79 ]. In this study patients 
were randomly assigned (1:1:1) to receive once- 
daily dose of agomelatine 25 mg, agomelatine 
50 mg, or placebo. Agomelatine 50 mg/day 
caused statistically signifi cant reduction in 

HDRS (17) total score from 2 to 6 weeks but not 
at week 8 ( p  = 0.144). But higher proportion of 
patients receiving agomelatine 25 mg/day 
showed clinical response ( p  = 0.013), clinical 
remission ( p  = 0.07), and improvement accord-
ing to the CGI-I ( p  = 0.065) compared to those 
receiving placebo. However no statistically sig-
nifi cant difference between patients receiving 
agomelatine 50 mg/day and placebo was noted. 
From this study, agomelatine 25 mg/day was 
found effective in the treatment of patients with 
moderate to severe intensity and was safe and 
well tolerated throughout the 8-week period, 
whereas agomelatine 50 mg/day provided evi-
dence for its antidepressant effi cacy until week 6 
of treatment [ 79 ]. 

 In a group of severely depressed patients 
( n  = 252) with HAM-D score of more than 25 
and CGI-S score of 4 and above, an 8-week ran-
domized, double-blind study was carried out 
with agomelatine and fl uoxetine (agomelatine 
25–50 mg/day; fl uoxetine 20–40 mg/day). The 
mean decrease in HAM-D 17 total score over 
8 weeks was signifi cantly greater with agomel-
atine than with fl uoxetine with a group differ-
ence of 1.49. The percentage of responders at 
last post-baseline assessment was higher with 
agomelatine on both HAM-D 17, decrease in 
total score by 50 % from baseline (71.7 % 
agomelatine vs. 68.8 % fl uoxetine;  p  = 0.060), 
and CGI-improvement score (77.7 % vs. 
68.8 %;  p  = 0.023). Although both the treat-
ments were safe and well tolerated, agomela-
tine showed superior antidepressant effi cacy 
over fl uoxetine [ 80 ]. 

 The effi cacy of agomelatine over sertraline 
was evaluated in a randomized, double-blind 
study carried out for 6 weeks.    Outpatients with 
DSM-IV-TR diagnosis of major depressive disor-
der received either agomelatine 25–50 mg/day 
( n  = 154) or sertraline 50–100 mg/day ( n  = 159) 
for 6 weeks, and effi cacy on depression symp-
toms was evaluated using HAM-D 17 scale and 
CGI-S; sleep effi ciency, sleep latency, and 
circadian- rest activity were evaluated. Over the 
6-week treatment period, depressive symptoms 
improved signifi cantly more with agomelatine 
than with sertraline ( p  < 0.05) and also anxiety 
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symptoms ( p  < 0.05). A signifi cant improvement 
in sleep latency ( p  < 0.001) and sleep effi ciency 
from week 1 to 6 was observed with agomelatine 
as compared to sertraline. The relative amplitude 
of the circadian rest-activity cycle was also in 
favor of agomelatine as compared to sertraline. 
All these fi ndings indicate that agomelatine has 
more benefi cial effects on depressed patients [ 81 ]. 

 Di Giannantonio and his co-investigators car-
ried out an 8-week open-label study to prove the 
effi cacy of agomelatine (25–50 mg/day) on 
depressive symptoms in 32 patients with major 
depressive disorder. Secondary endpoints were 
the effect of agomelatine on anhedonia assessed 
by the Hamilton Rating Scale. Of the 24 patients 
who completed 8 weeks of treatment, signifi cant 
improvements were noted at all visits on the 
HAM-D ( p  < 0.05), HAM-A (anxiety scale) 
( p  < 0.01), SHAPS ( p  < 0.05), and LESQ-sleep 
scale ( p  < 0.05). Five subjects were remitters 
(17 %) at week 1. At the end of the trial period, 
18 subjects were remitters (60 %). No serious 
adverse effects or aminotransferase elevations 
were noted. Not only the evidence for early 
response to agomelatine treatment and clinical 
improvements were obtained from this study, but 
this study is the fi rst of its kind where agomela-
tine was found to be effective in the treatment of 
anhedonia [ 82 ]. 

 In addition to mood disorders, obsessive- 
compulsive disorder has also been successfully 
treated with agomelatine [ 83 ]. In this single-
case study, agomelatine was administered 
(25 mg/day) and symptoms of OCD were evalu-
ated at 2 weeks, at 3 weeks, and at the end of 
6 weeks. After 2 weeks of treatment, the dose 
was titrated to 50 mg/day resulting in a gradual 
improvement of symptoms, and full clinical 
remission was maintained after 6 weeks of treat-
ment with agomelatine 50 mg/day. In a case 
series report on six patients with SSRI-refractory 
OCD, agomelatine 50 mg/day was initiated and 
patients were followed up for 12 weeks. Three 
out of six patients showed a Yale-Brown 
Obsessive Compulsive Scale (Y-BOCS) score 
reduction of ≥35 %, indicating a possible role 
of agomelatine in SSRI-refractory OCD patients 
[ 84 ] (Table  20.1 ).

       Safety and Tolerability 
of Agomelatine 

 Agomelatine has exhibited a good tolerability 
and safety in all the clinical studies that have 
been undertaken so far. The frequency of adverse 
effects reported (with both 25 and 50 mg/day) 
such as headache, anxiety, abdominal pain, and 
diarrhea are similar to that reported for placebo 
[ 70 ]. The cardiovascular profi le of agomela-
tine is also the same as that of placebo with the 
mean heart rate and blood pressure of patients 
unchanged [ 85 ]. The side effect profi le of 
agomelatine has shown to be good in individual 
trials as well as pooled analyses. The specifi c side 
effects like increases in body weight or sexual 
dysfunction which are common with some other 
antidepressants are not seen with agomelatine 
[ 86 ,  87 ]. Agomelatine’s ability to improve sleep- 
related complaints is not associated with daytime 
sedation [ 86 ]. 

 Impaired sexual function that often occurs 
with other antidepressants is a major cause of 
noncompliance [ 88 ]. Specifi c trials were con-
ducted on the effects of agomelatine on sexual 
function [ 75 ]. Agomelatine’s effect on sexual dys-
function was compared with venlafaxine ER (by 
sexual function questionnaire). Desire, arousal, 
orgasm scores, and the total sexual dysfunction 
were signifi cantly greater in venlafaxine- treated 
patients. By the analysis of medication-induced 
side effects and sexual symptoms associated with 
intake of antidepressants (either agomelatine or 
venlafaxine), it was shown that 7.3 % of agomel-
atine-treated patients and 15.7 % of venlafaxine-
treated patients reported deterioration of sexual 
function [ 75 ]. 

 With regard to discontinuation symptoms, 
only fewer patients discontinued treatment with 
agomelatine compared to fl uoxetine (11.9 % vs. 
18.6 %); agomelatine vs. venlafaxine (2.2 % vs. 
8.6 %); and agomelatine vs. sertraline (13.6 % vs. 
18.9 %) [ 75 ,  78 ,  80 ]. A double-blind placebo- 
controlled study on 192 patients was undertaken 
to assess for any discontinuation symptoms with 
agomelatine using Discontinuation-Emergent 
Signs and Symptoms (DESS) checklist [ 89 ]. 
These patients were randomized to receive either 
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agomelatine 25 mg/day or paroxetine 20 mg/day 
for 12 weeks followed by an abrupt discontinua-
tion of treatment for 2 weeks during which they 
were randomized to placebo or their initial anti-
depressant. Compared to paroxetine, no discon-
tinuation symptoms were noted in patients who 
discontinued agomelatine [ 89 ]. 

 In terms of parameters, mild elevations in 
serum aminotransferases were reported in 
1.1 % of the patients treated with agomelatine, 
and these increases were isolated and reversible 
and occurred without any clinical signs of liver 
damage [ 86 ]. In other recent studies, amino-
transferase elevations were noted in 2.4 % of 
the patients in one study and 4.5 % of the 
patients treated with agomelatine 50 mg/day 
[ 78 ]. These elevations in aminotransferases 
seen with 50 mg/day of agomelatine are not 
accompanied by any clinical signs of liver dam-
age but only refl ected the higher prevalence of 
hepatobiliary disorders at baseline, according 
to medical history, in the agomelatine 50 mg/
day group than in agomelatine 25 mg or pla-
cebo group (both at 0.6 %).  

    Conclusion 

 The role of melatonin in mood disorders like 
MDD, BD, and SAD has been supported by a 
number of clinical, physiological, and chrono-
biological studies. The altered levels of mela-
tonin seen in different groups of mood 
disorders and circadian rhythm changes in 
various bodily functions have suggested abnor-
malities in the functioning of the biological 
clock located in the SCN of the hypothalamus 
which are implicated in the pathogenesis of 
various types of mood disorders. Hence treat-
ment interventions based on the use of antide-
pressant medications that can shift, reset, and 
stabilize the functioning of the circadian clock 
and its rhythms will be greatly helpful in ame-
liorating symptoms of depressive illness. 
Agomelatine, a novel melatonergic antidepres-
sant with dual mechanism of action of stimu-
lating MT 1  and MT 2  melatonergic receptors of 
SCN and 5-HT 2c  antagonism in the frontal cor-
tex, amygdala, hippocampus, and cortico-lim-
bic structures involved in the regulation of 

mood and cognition, has been shown to be 
benefi cial in treatment of MDD, SAD, and 
BD. Agomelatine’s 5-HT 2c  antagonism also 
enhances frontocortical dopaminergic and nor-
adrenergic transmission which is essential for 
modulation of mood and antidepressant effect 
[ 54 ,  58 ]. In addition to its therapeutic effi cacy, 
agomelatine does not manifest any of the 
adverse effects like sexual dysfunction, sleep 
disturbances, and discontinuation effects com-
monly seen with the use of other antidepres-
sants. Its clinical effi cacy in major depressive 
disorder combined with its early onset of 
action and its good tolerability and safety has 
been supported by a number of clinicians and 
research workers and reviewed in recent times 
[ 52 ,  53 ,  57 ,  67 ,  69 ,  85 ,  86 ,  90 ,  91 ].     
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    Abstract  

  Anxiety disorders (ADs) are the most common type of psychiatric 
 disorders. Pharmacological options studied for treating ADs may include 
several compounds such as benzodiazepines, tricyclic antidepressants 
(TCAs), noradrenergic and specifi c serotonergic drug (NaSSA), and dual-
reuptake inhibitors of serotonin and noradrenaline (SNRIs). However, the 
selective serotonin reuptake inhibitors (SSRIs) are the gold standard of 
the treatment of ADs, but some patients do not respond or withdraw the 
treatment due to adverse effects. Agomelatine, a new antidepressant, acts 
synergistically on both the melatonergic and the 5-HT2c receptors and 
has been shown effective in the treatment of major depression. Moreover, 
there is evidence that suggests effi cacy of agomelatine in the treatment of 
ADs. Therefore, the aim of this  chapter is to review the current literature 
about agomelatine in the treatment of ADs. The clinical trials evaluat-
ing agomelatine in the treatment of generalized anxiety disorder are few 
but, overall, encouraging on establishing its effi cacy. Apart from some 
interesting case reports, to date, no large studies are present in literature 
about agomelatine and other ADs such as panic disorder, social anxi-
ety disorder, obsessive-compulsive disorder, and post- traumatic stress 
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        Introduction 

 Anxiety disorders (ADs) are among the most 
common mental disorders, with lifetime preva-
lence rates for experiencing any AD ranging 
from 10.4 to 28.8 % and 12-month prevalence 
rates of about 18 % [ 1 ]. ADs can adversely affect 
quality of life, mobility, education, employment, 
social functioning, health care, and physical well-
being [ 2 ]. The ADs are a group of psychiatric 
disorders whose key features include excessive 
anxiety, fear, worry, avoidance, and compulsive 
rituals. The most prevalent anxiety disorders 
listed in the  Diagnostic and Statistical Manual 
of Mental Disorders , Fifth Edition (DSM-V) 
include panic disorder with and without agora-
phobia, obsessive- compulsive and related disor-
ders, social phobia, generalized anxiety disorder, 
specifi c phobia, and trauma- and stressor-related 
disorders (post-traumatic stress disorder). ADs 
are often associated with other psychiatric dis-
orders, including major depression (MD), sub-
stance abuse, and bipolar disorder (BD) [ 3 ]. 

 Several antidepressants have demonstrated 
some degree of effi cacy in the treatment of ADs 
[ 4 ,  5 ]. Of these, selective serotonin reuptake 
inhibitors (SSRIs), serotonin-norepinephrine 
reuptake inhibitors (SNRIs), and noradrenergic 
and specifi c serotonergic antidepressant (NaSSA) 
are currently preferred, being generally safer 
and better tolerated than tricyclic antidepres-
sants (TCAs) or monoamine oxidase inhibitors 
(MAOIs) [ 6 ]. 

 Recently, because ADs are often associated 
with desynchronization of internal rhythms, it 
has been suggested that resetting normal circa-
dian rhythms may have anxiolytic potential [ 7 , 
 8 ]. The circadian pacemaker or biological clock, 

located in the suprachiasmatic nuclei (SCN) of 
the anterior hypothalamus, on top of the optic 
chiasma, is the site of generation of circadian 
rhythms and prepares the organism to antici-
pate the daily changes in the environment [ 9 ]. 
The activation of    melatonergic MT1 receptors 
directly inhibits fi ring of neurons in the SCN, 
thus regulating the amplitude of circadian rhyth-
micity and facilitating sleep promotion, whereas 
melatonin- mediated activation of MT2 receptors 
is responsible for inducing phase shifts and there-
fore is involved in the entrainment of circadian 
rhythmicity [ 5 ,  7 ]. 

 Agomelatine, a melatonergic antidepressant 
with a rapid onset of action, has been shown 
effective in various types of mood disorders [ 10 , 
 11 ]. Moreover, there is evidence that suggests 
effi cacy of agomelatine in the treatment of ADs, 
and, therefore, the aim of this chapter is to review 
the current literature about agomelatine in the 
treatment of ADs.  

    Clinical Pharmacology 
of Agomelatine 

 Agomelatine (Valdoxan®/Thymanax®) (S20098, 
 N -[2-(7-methoxynaphth-1-yl)ethyl]acetamide) 
was fi rst reported in the literature in 1992, among 
a series of synthetic naphthalene melatonin ana-
logs [ 11 ]. Agomelatine was synthesized with the 
intention of developing a drug that would eas-
ily cross the blood–brain barrier and synchro-
nize the circadian rhythm [ 12 ]. Investigations 
of the action of agomelatine on over 80 recep-
tors and enzymes revealed a high affi nity for 
MT1 ( K  i  = 0.1 nM) and MT2 ( K  i  = 0.12 nM), 
where it exerts an agonistic activity [ 13 ], and a 

 disorder. Therefore, the clinical effi cacy and the relative good  tolerability 
of agomelatine may be further investigated to widen the therapeutic 
 spectrum of ADs.  
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moderate affi nity for 5-HT2c (p K  i  = 6.2 μM), 
where it acts as an antagonist [ 14 ]. Although it 
also interacted with 5HT2b receptors, they are 
poorly represented in the central nervous sys-
tem and have uncertain functional signifi cance 
[ 15 ]. Agomelatine does not show signifi cant 
affi nity for any of the  monoamine transporters 
or for adrenergic, noradrenergic, dopaminer-
gic, muscarinic, and histaminic receptors [ 16 ]. 
Agomelatine’s half-life is longer than that of 
melatonin (~2 h) in humans and is metabolized 
in the liver by three CYP isoenzymes, CYPA1, 
CYPA2, and CYP2C9 [ 11 ]. The main metabo-
lites of agomelatine are 3-hydroxy S20098, 
   3-hydroxy, 7-methoxy S20098, 7- desmethyl 
S20098, and dihydrodiol S20098. A major oxi-
dative metabolite in humans is 3-hydroxy-7 des-
methyl agomelatine, which has low affi nity for 
MT1/MT2 and 5-HT2c receptors [ 17 ]. The mean 
terminal elimination half-life is 2.3 h. 

 Agomelatine, is administered once daily at 
a dose of between 25 and 50 mg/day at bed-
time [ 12 ]. In February 2009, agomelatine was 
approved by the European Medicines Agency for 
the treatment of major depression (MD) and is 
available in several European countries [ 18 ]. 

 The major hypothesis to explain the anti-
depressant action of agomelatine is that this 
compound could act synergistically on both the 
melatonergic and the 5-HT2c receptors [ 19 ]. This 
synergy could be implemented at the level of cir-
cadian rhythms, with the melatonergic action 
prevailing during the night and the serotoninergic 
action prevailing during the day [ 20 ]. In vivo data 
indicate that agomelatine enhances the levels of 
dopamine (DA) and norepinephrine (NE) in the 
frontal cortex, but not in the nucleus accumbens 
or striatum, likely secondary to the blockade of 
the inhibitory input of 5-HT2c receptors to corti-
cal dopaminergic and adrenergic pathways [ 21 ]. 
In addition, 5-HT outfl ow in the frontal cortex 
remained unchanged, and chronic treatment with 
agomelatine did not cause any adaptive changes 
in the activity of pre- and postsynaptic 5-HT1a 
receptors [ 22 ]. This fi nding is notable because 
the absence of any effect on 5-HT outfl ow and 
the absence of functional changes of 5-HT1a 
receptors allow inference that agomelatine’s 

 antidepressant action is not mediated through 
the mechanisms known for tricyclics, SSRIs, and 
monoamine oxidase inhibitors [ 23 ]. In depressed 
patients, agomelatine was also found to be effec-
tive in reducing sleep complaints, as well as 
in increasing the duration of slow-wave sleep 
(SWS), and normalizing sleep structure [ 18 ]. 
Agomelatine normalizes non- rapid eye move-
ment sleep (NREM) in depressed patients [ 24 ]. 

 The combined actions of agomelatine on 
MT1/MT2 and 5-HT2c receptors facilitate the 
resynchronization of altered circadian rhythms 
and abnormal sleep patterns and are effective in 
treating mood disorders of all kinds with a well- 
recognized specifi c action on anhedonia dimen-
sion [ 25 ].  

    Why Agomelatine May Be Useful 
in the Treatment of ADs? 

 Initially, the anxiolytic properties of agomela-
tine were evaluated in animal models of anxiety 
[ 26 ]. It was demonstrated that morning and eve-
ning agomelatine (10–75 mg/kg) administration 
in rats increased responses in the elevated plus 
maze and Vogel tests, suggesting the involvement 
of both the melatonin and the 5-HT2c receptors 
in the mechanism of anxiolytic-like action of 
agomelatine [ 27 ]. 

 Moreover, in rats, social defeat by an 
 aggressive male conspecifi c is a natural stressor 
which is known to induce a state of stress and 
anxiety as expressed by reduction in behav-
ioral activity, an increase in immobility, and an 
increase in exploring the enclosed aggressive 
dominant [ 28 ]. Tuma et al. [ 7 ] tested the hypoth-
esis whether acute or sub-chronic agomelatine 
would antagonize the negative consequences 
of a social defeat in male Wistar rats. They 
found that social defeat-induced changes were 
clearly reduced by sub-chronic administration 
of agomelatine and to a lesser extent by its acute 
intraperitoneal administration, whereas the acute 
melatonin did not signifi cantly affect the social 
defeat-induced behavioral changes. 

 Unlike agomelatine, the anxiolytic effects 
were seen independently of the time of day of 
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its administration [ 29 ]. As the pretreatment with 
a selective melatonergic antagonist (prazocine) 
prevented the anxiolytic effect of agomelatine 
in the evening but not in the morning, it was 
 suggested that the anxiolytic effect may be 
related to the 5-HT2c antagonistic property of 
such drug [ 30 ]. 

 In fact, it was demonstrated that mice 
genetically lacking 5-HT2c receptors showed 
reduced anxiety, whereas, in other experimen-
tal models, 5-HT2c receptor agonists show 
anxiogenic properties [ 31 ]. In fact, while acute 
administration of SSRIs increases anxiety 
in rodents through the indirect activation of 
5-HT2c receptors, their chronic administra-
tion reduces anxiety due to a downregulation 
of the same receptors [ 32 ,  33 ]. Translating the 
evidence in humans, it is well known that the 
antidepressant mirtazapine, a potent antago-
nist of 5-HT2c receptors, showed anxiolytic 
properties in patients with MD and GAD [ 34 , 
 35 ]. Agomelatine has antagonist properties at 
native, rat and cloned, human 5-HT2c recep-
tors in vitro [ 36 ]. The antagonism of 5-HT2c 
receptors induced by agomelatine especially in 
the amygdala and hippocampus may be associ-
ated with anxiolytic properties [ 37 ]. Moreover, 
through the blockade of 5-HT2c receptors, 
agomelatine may also enhance extracellular 
levels of NA in hippocampus, therefore increas-
ing anxiolytic response [ 9 ]. 

 In addition to its 5-HT2c antagonistic prop-
erties, it is also possible that anxiolytic effect of 
agomelatine may also involve the activation of 
melatonergic receptors in response to anxious 
states [ 38 ]. It is well known that melatonin secre-
tion is under the facilitatory control of pineal 
β-adrenoceptors (ARs) which are innervated by 
stress-sensitive adrenergic neurons and several 
stressful and anxiogenic stimuli may enhance 
pineal release of melatonin [ 39 ]. In a prospective, 
randomized, double-blind study on 200 adults, 
Naguib and Samarkandi [ 40 ] demonstrated that 
treatment with melatonin reduced preoperative 
anxiety. Moreover, melatonin premedication sig-
nifi cantly decreased the doses of both propofol 
and thiopental required to induce anesthesia. It 
was also demonstrated that melatonin showed 

anxiolytic properties in mice [ 41 ]. To  summarize 
these observations, it was proposed that such 
actions may be exerted through enhancement 
of γ-amino butyric acid (GABA)-related path-
ways: however, this hypothesis needs further 
 confi rmation [ 42 ].  

    Review of Current Literature on 
Agomelatine Treatment of ADs 

    Generalized Anxiety Disorder (GAD) 

 Effi cacy of agomelatine on anxiety symptoms, 
especially in the treatment of GAD, has become 
the object of investigation starting from the obser-
vation that agomelatine was effective in reducing 
anxiety symptoms associated with MD [ 43 ]. 

 To date, there are two published randomized, 
placebo-controlled trials (RCTs) that evaluated 
agomelatine effi cacy and tolerability in GAD. 
Stein et al. [ 44 ] evaluated 121 patients diag-
nosed with GAD but no comorbid disorders, 
randomized to agomelatine (25–50 mg/day) or 
placebo for 12 weeks. Only nine patients failed 
to complete the trial (92.6 % completers), and 
there were no differences in rates of withdrawal 
between agomelatine and placebo. Study results 
demonstrated signifi cant superiority of agomela-
tine 25–50 mg as compared with placebo, and 
the difference between groups was statistically 
signifi cant in favor of agomelatine from week 6 
onward. Moreover, secondary outcome measures, 
including improvement in associated disability, 
were consistent with the effi cacy of agomela-
tine. In particular, improvement in sleep symp-
toms on the self-rated Leeds Sleep Evaluation 
Questionnaire was more marked on agomelatine 
than on placebo, including the items for sleep 
initiation, quality of sleep, and sleep awakening. 
In this trial, agomelatine was as well tolerated 
as placebo without development of discontinu-
ation symptoms. The most common emergent 
adverse events reported more frequently in the 
agomelatine than in the placebo groups were diz-
ziness (7.9 % vs. 3.4 %) and nausea (4.8 % vs. 
1.7 %). However, it should be considered that 
this clinical trial was for short-term (12 weeks) 
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acute  treatment, and therefore, longer trials were 
 necessary to determine the extended response 
and maintenance of effect from agomelatine 
treatment in GAD. 

 In fact, more recently, Stein et al. [ 45 ] evalu-
ated the effi cacy and tolerability of agomela-
tine in the prevention of relapse in patients with 
GAD. Patients who responded to a 16-week 
course of agomelatine 25–50 mg/day treatment 
were randomly assigned to receive continua-
tion treatment with agomelatine ( n  = 113) or 
placebo ( n  = 114) for 26 weeks, and the main 
outcome measure was the time to relapse during 
the maintenance period. These authors reported 
that, during the 6-month maintenance period, in 
the intention-to-treat population, the proportion 
of patients who relapsed during the double-blind 
period in the agomelatine group (22 patients, 
19.5 %) was lower than in the placebo group 
(35 patients, 30.7 %). The risk of relapse over 6 
months was signifi cantly lower with agomelatine 
than placebo, and the risk of relapse over time 
was reduced by 41.8 % for agomelatine-treated 
patients. Moreover, agomelatine was well tol-
erated throughout the study, and there were no 
differences in discontinuation symptoms after 
withdrawal of agomelatine in comparison to 
maintenance on agomelatine. The most frequent 
emergent adverse events with agomelatine were 
similar to those reported during the double-
blind treatment period and included headache 
(11.3 %), nasopharyngitis (9.9 %), dizziness 
(8 %), nausea (6.5 %), dry mouth (5.7 %), som-
nolence (5.0 %), and fatigue (4.4 %). Fourteen 
patients treated with agomelatine had at least 
one emergent potentially clinically signifi cant 
abnormal liver enzyme value, but were not dis-
continued from the study and monitored for liver 
enzymes. 

 However, despite these positive observations, 
it should be noted that patients with GAD fre-
quently have comorbid psychiatric and medi-
cal illnesses and such trials excluded signifi cant 
psychiatric and medical comorbidity: therefore, 
future studies should be extended to, for exam-
ple, primary-care settings to substantiate gener-
alizability of these result to the general patient 
population.  

    Obsessive-Compulsive 
Disorder (OCD) 

 It has been demonstrated that OCD may be 
 associated with disruption of circadian rhythms 
[ 46 ]. Healthy subjects with delayed bedtimes 
have been reported to have increased rates of 
obsessive- compulsive symptoms, as compared 
with non-delayed bedtime subjects [ 47 ]. This 
observation on healthy subjects seems also 
to apply to patients with clinically diagnosed 
OCD as they may show hypervigilance and 
problems falling asleep [ 48 ]. As reported by 
Mukhopadhyay et al. [ 49 ], a substantial number 
of patients with severe, enduring OCD also suf-
fer with delayed sleep phase, which seems to be 
specifi cally linked to OCD as opposed to comor-
bid depression. Moreover, alterations in hormone 
concentrations, including adrenocorticotropin, 
corticotropin- releasing hormone, and cortisol, 
all biomarkers of circadian rhythms, have been 
reported in patients with OCD [ 50 ]. Overall, 
OCD patients may suffer hyperactivity of the 
hypothalamic-pituitary- adrenal axis, resulting 
in increased secretion of adrenocorticotropic 
hormone and cortisol and a reduced secretion of 
melatonin [ 51 – 53 ]. Also dehydroepiandrosterone 
secretion may be substantially higher in the OCD 
subject than healthy controls [ 36 ]. 

 Taken together, these fi ndings support the 
notion that agomelatine, on the basis of its capa-
bility of restoring circadian rhythms, may be use-
ful in the treatment of OCD, but data present in 
literature are mainly case reports and case series. 
However, as expected, encouraging evidence 
emerged when agomelatine was used in the treat-
ment of this disorder. Fornaro et al. [ 54 ] reported 
the outcome of six treatment-refractory OCD 
patients with or without comorbid mood and/or 
other anxiety disorders who were switched from 
SSRIs to agomelatine 50 mg/day and followed 
up for 12 weeks. Three out of six patients, in 
particular those with relevant circadian rhythm 
subjective impairment, showed a Yale-Brown 
Obsessive Compulsive Scale (Y-BOCS) score 
reduction of ≥35 %, suggesting a potential role 
of agomelatine in some SSRI-refractory cases. 
Da Rocha and Correa [ 55 ] described the case of 
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a 17-year-old black male patient with a 3-year 
history of OCD (mainly contamination obses-
sions with cleaning and washing compulsions) 
who did not respond to sertraline (200 mg daily) 
for 7 months, clomipramine (225 mg daily) for 
5 months, augmentation with risperidone (2 mg 
daily) for 6 months, and aripiprazole (10 mg 
daily) for 35 days. When agomelatine 25 mg/
day was added to his treatment, an improvement 
in the depressive as well as OCD symptoms was 
observed and persisted over time. 

 Recently, De Berardis et al. [ 56 ] reported on 
a 25-year-old female OCD patient with ritual 
washing of hands and genitals in response to 
contamination obsessions as well as checking 
compulsions. She had been treated fi rst with fl u-
voxamine up to 300 mg/day for approximately 
1 year and then with sertraline 200 mg/day and 
alprazolam 1.5 mg/day for approximately 10 
months. Quetiapine up to 450 mg/day was added 
for almost 6 months to sertraline but was discon-
tinued due to adverse effects. A subsequent trial 
with clomipramine 150 mg/day was stopped after 
3 months due to drowsiness and severe consti-
pation, without observed improvement. At the 
time of observation, she was taking escitalopram 
30 mg/day at the morning for approximately 
5 months without improvement but without 
reported severe adverse effects. Agomelatine 
25 mg/day at bedtime was prescribed in addition 
to escitalopram, and this combination led fi rst to 
a signifi cant improvement of symptoms and then 
to complete remission.  

    Panic Disorder (PD) 

 To date, there is only one published case report 
on agomelatine in the treatment of PD. Fornaro 
[ 57 ] described the case of a 24-year-old man who 
was previously treated with paroxetine (15 mg/
day) and clonazepam (2 mg/day) in conjunc-
tion with 40 mg/day propranolol for sweating at 
the age of 21 years, with substantial remission. 
However, the patient refused to continue mainte-
nance treatment due to loss of libido and ejacula-
tion delay. After a 3-year-long absence, he again 
required medical assistance because of recurrent 

panic attacks. The patient decided to start a trial 
treatment with agomelatine 25 mg/day, and 2 
months after beginning the new therapy, his fear 
of having panic attacks disappeared due to suc-
cessful therapeutic effects and the absence of 
reoccurring panic attacks. No signifi cant side 
effects were observed during the 5-month trial of 
agomelatine monotherapy 25 mg/day.  

    Social Anxiety Disorder (SAD) 

 To date, there is only one published case report 
on agomelatine in the treatment of SAD. Crippa 
et al. [ 58 ] evaluated a 25-year-old single man with 
generalized SAD refractory to several pharmaco-
logical trials. In fact, he was treated at different 
times with several singular medications for SAD, 
including sertraline, citalopram, escitalopram, 
duloxetine, clonazepam, and venlafaxine, with-
out effects on symptoms and distressing adverse 
effects such as sexual dysfunction (sertraline and 
citalopram), nausea and insomnia (duloxetine), 
sedation (clonazepam), or paradoxical dysphoria 
(sertraline and citalopram). Agomelatine (25 mg/
day) was prescribed, and a partial reduction of 
social anxiety and physical symptoms within 
4 weeks was observed. The dosage was then 
increased to 50 mg/day, with a striking reduc-
tion in anticipatory/performance anxiety and 
improvements in interpersonal relationships/
social functioning within 10 weeks. A 6-month 
follow-up observation showed no relapse of SAD 
symptoms and no adverse effects were reported 
during the treatment period.  

    Post-traumatic Stress 
Disorder (PTSD) 

 To date, there is only one published case report 
on agomelatine in the treatment of PTSD. De 
Berardis et al. [ 59 ] studied a 44-year-old female 
housewife with no history of psychiatric disor-
ders who showed a clinical PTSD 5 months after 
a traffi c accident. On the basis of patient’s request 
and refusal to take medications because of fear 
of weight gain and sexual side effects, they 
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prescribed agomelatine 25 mg/day at bedtime, 
considering that insomnia and nightmares were 
her most disturbing symptoms. After 2 weeks, 
an improvement in PTSD symptoms and sleep 
quality was observed and medication titrated to 
50 mg/day. At the end of the fourth week, further 
improvement was observed, and after another 5 
weeks of continuous improvement, the patient 
achieved full remission. No adverse effects 
related to agomelatine were reported.   

    Conclusions 

 The analysis of current literature suggests that 
agomelatine may be a promising treatment for 
ADs. Agomelatine seems to be effi cacious 
especially in treatment-resistant patients who 
have failed therapy with other agents such as 
SSRIs and SNRIs. Moreover, agomelatine 
seems useful to obtain patient’ full recovery 
without residual symptoms than merely 
response but without complete recovery and 
with persistence of subclinical anxiety symp-
toms. In the majority of the studies and case 
reports, agomelatine has shown good tolera-
bility, in most cases superior to conventional 
treatments (such as SSRIs and SNRIs), and 
this may have led to a favorable response, con-
sidering that AD subjects are more distressed 
by adverse effects (even if these are in the 
mild-to- moderate range) than patients with 
other psychiatric disorders. However, the clin-
ical effi cacy of this drug will be more evident 
once more widely prescribed by physicians. 
The results of the clinical trials evaluating 
agomelatine in the treatment of GAD are sup-
portive of its effi cacy on ADs without severe 
adverse effects. However, to date, the long-
term effi cacy of agomelatine (>6 months) has 
not been yet investigated deeply, and there-
fore, further long-term studies are needed. 

 Apart from some interesting and encourag-
ing case reports (especially in OCD), no RCTs 
are, to date, present in literature about agomel-
atine and other ADs. Therefore, the clinical 
effi cacy and the relative good tolerability of 
such drug in other ADs than GAD must be 
further investigated with randomized, double-
blind placebo-controlled studies in order to 

widen the therapeutic spectrum of ADs and 
confi rm the positive results drawn from case 
reports.     
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    Abstract  

  Emerging data suggests that melatonin has been overlooked in the 
 developmental etiology, course, and treatment of schizophrenia. The 
neuroimmune and oxidative stress factors in the pathophysiology of 
schizophrenia and the nature of specifi c symptoms including circadian 
dysregulation, sleep disturbance, and metabolic disturbances suggest a 
signifi cant role for melatonin in course and treatment. Importantly side 
effects of antipsychotics including tardive dyskinesia, weight gain, and 
metabolic dysregulation highlight an important therapeutic role for the 
adjunctive use of melatonin. It is proposed that melatonin interacts with 
the tryptophan catabolite pathway, known to be altered in schizophrenia. 
The decrease in melatonin in schizophrenia is mediated by increased acti-
vation of the tryptophan catabolite pathway driving tryptophan away from 
serotonin and melatonin production. This impacts cognition, affect, and 
motivational processing via changes in the cortex, amygdala, and stria-
tum, respectively. Importantly melatonin may improve not only the qual-
ity of life but also the drastic decrease in life expectancy in schizophrenia 
patients.  
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        Introduction 

 Schizophrenia is a chronic and debilitating 
 disorder affecting around 1 % of people world-
wide and is poorly understood and treated [ 1 ]. 
Schizophrenia is also associated with a 25-year 
decrease in life expectancy, which is not explained 
by increased levels of suicide [ 2 ]. The induction 
of metabolic syndrome by antipsychotics is gener-
ally recognized as a signifi cant contributing factor 
to decreased life expectancy. For clinical psychia-
trists this poses a moral dilemma: antipsychotic 
medication is the only treatment available for 
containing psychotic symptoms, but concurrently 
such treatment contributes to decreased life expec-
tancy and associated longer- term health problems. 
Given that schizophrenia is being increasingly rec-
ognized as an immuno- infl ammatory disorder, the 
changes associated with medication-induced obe-
sity will interact with the course and management 
of schizophrenia [ 3 ]. This is arguably the major 
ethical and practical issue faced in the manage-
ment of schizophrenia today. 

 As well as a role in sleep induction and the 
regulation of the circadian rhythm [ 4 ], melato-
nin’s role in the etiology, course, and management 
of schizophrenia has received scant attention. 
Melatonin has a potential role in all three of these 
aspects of schizophrenia. Any contribution of 
melatonin to the inhibition of antipsychotic side 
effects, especially metabolic dysregulation [ 5 ,  6 ], 
would be of major clinical signifi cance. 

 This chapter aims to spotlight the under- 
investigated role of melatonin in schizophrenia, 
proposing that its adjunctive use will contribute 
to the alleviation of many of the side effects of 
both typical and atypical antipsychotics, concur-
rently contributing to an increase in life expec-
tancy and quality of life. The possible utility of 
melatonergic    drugs, including ramelteon and 
agomelatine, is also discussed.  

    Etiology of Schizophrenia 

 Recent conceptualizations of schizophrenia 
suggest a powerful role for maternal infec-
tion in increasing the risk of schizophrenia in 

the  offspring [ 7 ], with epidemiological studies 
 showing that between 38 and 46 % of schizo-
phrenia cases are due to maternal infection, 
both viral and bacterial [ 8 ]. Not every case of 
maternal infection is associated with the induc-
tion of schizophrenia in the offspring, leading to 
the idea of a “second hit,” which can take many 
forms including childhood trauma and stress [ 9 ]. 
A consequence of maternal infection is an altered 
offspring immuno-infl ammatory response, giv-
ing subsequent immune challenges a different 
character contributing to a second hit but also 
triggering symptom exacerbations in adulthood. 
A major mediator of altered neuronal activity is 
immuno-infl ammatory- driven changes in the lev-
els of specifi c tryptophan catabolites (TRYCATs), 
including kynurenic acid (KYNA) and quinolinic 
acid (QUIN), which can have inhibitory and excit-
atory/excitotoxic effects on neurons, respectively. 
The induction of the TRYCAT pathways is medi-
ated by the activation of indoleamine 2,3-dioxy-
genase (IDO) and tryptophan 2,3- dioxygenase 
(TDO). TDO is a curtailed pathway leading to 
only kynurenine or KYNA production, whereas 
IDO is associated with the induction of a wider 
range of TRYCATs, including QUIN and 
3-hydroxy-kynurenine (3-OHK), the latter also 
being neurotoxic. Normally over 95 % of trypto-
phan is used in the production of TRYCATs, with 
any further induction of IDO or TDO depriving 
the availability of tryptophan for serotonin and 
melatonin production. Thus levels of melatonin 
production, by the pineal gland as well as immune 
cells, are intimately associated with the immuno-
infl ammatory processes that are proposed to drive 
the etiology and course of schizophrenia.  

    Melatonin and Schizophrenia: 
Etiology 

 Given the powerful role of prenatal mater-
nal infection in mediating an increased risk of 
schizophrenia in the offspring, it is of note that 
pregnancy is a period of signifi cant oxidative 
stress for the mother. In normal pregnancy the 
placenta produces gradually increasing levels 
of melatonin over the course of gestation in a 
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non- circadian manner [ 10 ]. This has  signifi cant 
consequences for the mother, placenta, and 
fetus. Melatonin in the placenta seems to make 
the placenta more effi cient at nutrient uptake 
[ 11 ]. During viral infection, increased levels of 
antioxidants are known to inhibit the extent of 
infection, with melatonin modulating both viral 
and bacterial infections [ 12 ]. In macrophages, 
melatonin inhibits the levels of proinfl amma-
tory cytokine production to viral infection via the 
inhibition of the NF-κB transcription factor [ 13 ]. 
This would suggest that variations in maternal, 
and especially placental melatonin, would have a 
signifi cant impact on the course of pregnancy as 
well as the consequences arising from maternal 
infection. 

 Many of the schizophrenia susceptibility genes 
are regulated by oxidative stress, suggesting that 
melatonin’s antioxidative and anti- infl ammatory 
effects would inhibit the infl uence of these pre-
dominantly early developmentally expressed sus-
ceptibility genes. The oxidative stress increase in 
preeclampsia is associated with an increased risk 
of schizophrenia in the offspring [ 14 ]. Recent 
data shows that melatonin levels, melatonin 
receptors, and the conversion of serotonin to 
 N -acetylserotonin (NAS) and melatonin by ary-
lalkylamine  N -acetyltransferase (AANAT) are 
signifi cantly reduced in preeclamptic pregnancies 
[ 15 ]. Preeclampsia is associated with decreased 
levels of IDO at the maternal- fetal interface, so 
decreased melatonin is not a consequence of tryp-
tophan being driven down the IDO pathways and 
away from melatonin and serotonin production. 
Any increase in placental TDO, highly expressed 
only in early pregnancy in the rodent, is still to be 
investigated in preeclampsia. However, it seems 
that preeclampsia results in increased levels of 
placental serotonin [ 15 ], suggesting that levels of 
AANAT are rate limiting for NAS and melatonin 
production. An increase in placental serotonin 
may be of particular relevance to fetal outcomes. 
The placenta is a signifi cant source of serotonin 
for the early-stage fetus, modulating the devel-
opment of axons and neuronal connectivity [ 16 ]. 
Any signifi cant increase or decrease in serotonin 
results in altered neuronal development, concur-
rently increasing anxiety levels in the offspring. 

 Maternal obesity increases preeclampsia risk 
three to tenfold [ 17 ,  18 ]. Maternal obesity is 
linked to increased levels of leptin and associ-
ated increased leptin resistance. Leptin is highly 
produced by the placenta in normal pregnancy 
but is dramatically increased in preeclamptic 
pregnancies [ 19 ]. In women increased levels of 
leptin and leptin resistance are associated with 
decreased melatonin production, and in animals 
leptin increases levels of AANAT [ 20 ], increasing 
NAS and melatonin production from serotonin. 
Although requiring experimental validation, this 
seems to suggest that increased levels of leptin 
resistance would be associated with decreased 
placental melatonin production, with negative 
consequences for the mother, placenta, and fetus, 
as well as concurrently altering leptin and mela-
tonin’s powerful regulation of the immune and 
cortisol systems. As such decreased melatonin 
may be a signifi cant modulator, if not media-
tor, of conditions of pregnancy associated with 
heightened schizophrenia risk in the offspring. 

 Another signifi cant innate [ 21 ] and adap-
tive [ 22 ] immune regulator is vitamin D (vit 
D). Decreased vit D increases the risk of 
 schizophrenia in the offspring, at least in part 
mediated by increased risk of infection as well 
as preeclampsia [ 23 ,  24 ]. In other human con-
ditions, a synergistic interaction of melatonin 
and vit D has been shown to occur, including in 
the inhibition of breast cancer cell proliferation 
[ 25 ]. As to whether melatonin and vit D inter-
act at the maternal-fetal interface in the regula-
tion of preeclampsia and offspring schizophrenia 
risk remains to be determined. The melatonin-1 
receptor (MT1r) is a susceptibility gene for 
schizophrenia [ 26 ]. The above would suggest 
that some of the infl uence of MT1r variants on 
schizophrenia risk might be in the placenta and 
early-stage fetus. 

 A corollary of both maternal stress/infec-
tion and preeclampsia is decreased placen-
tal 11b-hydroxysteroid-dehydrogenase type 2 
(11b HSD2), leading to increased cortisol to 
the  placenta and the fetus [ 27 ,  28 ]. Increased 
transfer of cortisol modulates fetal development 
including decreasing neurogenesis and increas-
ing the renin-angiotensin system (RAS) both 
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 peripherally and centrally. Melatonin is known to 
 prevent the long-term glucocorticoid inhibition 
of neurogenesis [ 29 ]. Melatonin signifi cantly 
inhibits cortisol’s glucocorticoid receptor (Gcr) 
nuclear translocation [ 30 ], likely mediated via 
increased Bcl-2-associated athanogene-1 (BAG-
1). Any increase in BAG-1 by melatonin would 
also potentiate the effects of vitamin D3, which 
is chaperoned by BAG-1 to the nuclear vit D 
receptor [ 31 ]. BAG-1 induction could therefore 
contribute to the melatonin interactions with the 
effects of vit D, as suggested above [ 25 ]. 

 The impact of the prenatal increase in pla-
cental cortisol transfer on the RAS will increase 
childhood and adult blood pressure, as well 
as increasing adult hypertension susceptibility 
[ 32 ]. Melatonin, in part via increased peripheral 
vasodilation, decreases hypertension as well as 
increasing neurogenesis. As such variations in 
melatonin, as with leptin, will act to inhibit cor-
tisol’s prenatal effects, as well as regulating later 
factors that constitute a “second hit” [ 33 ]. 

 It is important to emphasize that not all women 
who experience infection or preeclampsia in 
pregnancy have offspring that go on to develop 
schizophrenia. A “second hit” is necessary, 
which may take many forms, including trauma 
and social stress, but which may ultimately be an 
immune response, acting on a prenatally altered 
immune system [ 7 ]. Variations in melatonin and 
the susceptibility allele of the MT1r may then be 
impacting on the nature and consequences of the 
“second hit.” Melatonin is safe and effi cacious 
for many conditions in neonates and older chil-
dren [ 34 ], suggesting its safe use in the modu-
lation of the early developmental factors in the 
etiology of schizophrenia. 

 A further corollary of the above is that schizo-
phrenia should be associated with increased levels 
of anxiety and depression, and indeed this is the 
case. One study of schizophrenic patients found 
that 61 % met criteria for a diagnosis of depres-
sion, previously undiagnosed [ 35 ]. This has led 
to the proposal that the early developmental eti-
ology of schizophrenia acts to prime people for 
a heightened susceptibility to comorbid depres-
sion [ 36 ], which is suggested to be mediated by 
an immune-/infl ammatory-induced increase in 

IDO and TDO activity, driving tryptophan away 
from serotonin and melatonin production and to 
the production of TRYCATs, including KYNA 
and QUIN. As well as having relevance to the 
prenatal etiology and to stress-induced exacer-
bations in adult manifestations of the disorder, 
such changes may also enhance the likelihood of 
a “second hit.” 

 The mechanisms through which this is medi-
ated may have parallels to the animal literature 
on the nature of chronic unpredictable mild 
stress (CUMS), which increases depression via 
the central enhancement of QUIN in the amyg-
dala and striatum, and a trend KYNA increase 
in the frontal cortex [ 37 ,  38 ]. Stress-induced 
cortisol transiently increases interleukin-18 
(IL-18) [ 39 ]. IL-18 levels positively correlate 
with increased cortisol in human medical condi-
tions [ 40 ]. IL-18 levels are increased in schizo-
phrenia [ 41 ], with IL-18 being a schizophrenia 
susceptibility gene [ 42 ]. IL-18, predominantly 
via the induction of interferon-gamma (IFNy) 
but also independently, increases IDO includ-
ing in microglia. A resultant increase in QUIN 
activates the  N -methyl- d - aspartate  receptor 
(NMDAr), increasing  neuronal activity in spe-
cifi c CNS regions, with excitotoxicity occurring 
at higher concentrations. This would suggest that 
prenatal infection primes not only an increase 
in the comorbid expression of depression, but 
also may act to prime the “second hit” effects 
of stress. 

 It remains to be determined as to whether 
prenatal stress-/infection- or preeclampsia-
induced increases in placental cortisol transfer 
also increase IL-18 and the TRYCAT pathway, 
with consequences not only in the developing 
fetus but also for the childhood “second hit” 
and adult exacerbations. The prefrontal cortex, 
amygdala, and striatum are signifi cant sites for 
changes in schizophrenia. These same areas 
show TRYCAT changes induced by CUMS lead-
ing to a proposed occluded role for the relatively 
early developing amygdala in the coordination 
of wider CNS changes [ 43 ]. This remains to 
be fully examined, but melatonin and vit D are 
likely to inhibit and protect against such puta-
tive consequences of dysregulated cortisol. Such 
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enhancement of the TRYCAT pathway will 
 contribute to the low  melatonin levels commonly 
found in schizophrenia.  

    Melatonin and the Course 
of Schizophrenia 

 The immuno-infl ammatory changes crucial to the 
etiology of schizophrenia are also relevant to the 
immuno-pathophysiological changes occurring 
during the course of the disorder. Two recent meta-
analyses have highlighted the role of monocytic 
activation in schizophrenia, including enhanced 
production of proinfl ammatory cytokines (PICs). 
Concurrently T cell activation driving a Th1-like 
pattern of PICs is also evident [ 44 ,  45 ]. However, 
a mixed immune response with increased Th2-
like, as well as TH1-like, cytokines has also been 
found [ 46 ]. An increase in neuroinfl ammation is 
also evident in schizophrenic patients, suggesting 
that developmental neuroinfl ammation caused 
by maternal prenatal infections is pathophysi-
ologically relevant in driving the course of adult 
manifestations, contributing to progressive brain 
changes and to the progression of the disorder 
itself [ 7 ]. This is, in part, mediated by increased 
oxidative damage, leading to lipid peroxidation, 
DNA damage, and oxidatively modifi ed proteins 
[ 47 ]. Schizophrenia as well as bipolar disor-
der has been conceptualized as both a circadian 
and metabolic disorder, with increased oxidative 
stress-induced damage contributing to mitochon-
drial dysfunction and vice versa [ 48 ]. 

 As a regulator of the immune and circadian 
systems as well as being a powerful antioxidant, 
anti-infl ammatory [ 49 ,  50 ], and inducer of mito-
chondrial oxidative phosphorylation [ 51 ], varia-
tion in levels of endogenous melatonin is likely 
to modulate such factors relevant to the course of 
schizophrenia. In addition to being an antioxidant, 
melatonin also increases the production of nuclear 
factor erythroid-derived-2 (NF-E2)-related factor 
(Nrf-2)-induced endogenous antioxidants [ 52 ] via 
the phosphorylation and inhibition of glycogen 
synthase kinase-3b (GSK-3b). 

 As an inhibitor of cortisol’s Gcr nuclear 
translocation [ 30 ], melatonin will modulate the 

stress, immune, and atrophy effects of cortisol. 
Melatonin also increases neuronal levels of the 
longevity protein sirtuin-1 [ 53 ], suggesting its 
impact on the signifi cant decrease in longevity in 
schizophrenia [ 2 ]. Diminished daily amplitude in 
melatonin has been shown in women with meta-
bolic syndrome [ 54 ], suggesting that metabolic 
dysregulation, including as induced by antipsy-
chotics, may contribute to melatonin changes in 
schizophrenia. 

 An accumulating body of evidence in the past 
two decades suggests that alterations in melato-
nin play a role in the course and pathophysiology 
of schizophrenia. A decrease in nocturnal mela-
tonin has been shown in paranoid schizophrenic 
patients under medication, as well as in a drug- 
free sample [ 55 ,  56 ]. The typical diurnal variation 
in melatonin is also frequently lost in schizophre-
nia [ 57 ] including in a medicated sample [ 58 ], 
which is generally associated with decreased lev-
els of melatonin production, but not always [ 59 ]. 
This suggests that antipsychotic medication does 
not normalize melatonin dysregulation. Changes 
in the circadian rhythm of melatonin have also 
been shown, including phase advance [ 60 ]. 
Monozygotic twins discordant for schizophrenia 
also show signifi cant melatonin differences [ 61 ]. 
In fact CT measurements of cortex atrophy are 
correlated with levels of pineal gland loss from 
calcifi cation [ 62 ].  

    Neuroprogression, Schizophrenia, 
and Melatonin 

 Data in recent decades has highlighted a slow 
neurodegeneration in schizophrenia, especially in 
the left temporal lobe and prefrontal cortex [ 63 ]. 
This is often coupled with decreased neurogen-
esis as well as increased apoptosis, infl ammation, 
and decreased antioxidant status. In fact many of 
the susceptibility genes for schizophrenia are also 
susceptibility genes for, or signifi cantly altered in, 
Alzheimer’s [ 3 ,  64 ], suggesting overlaps with pro-
cesses associated with neuronal loss. This is also 
likely to make a contribution to changes in symp-
tom presentation over the course of schizophrenia. 
Melatonin, via its  anti- infl ammatory, antioxidant 
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effects [ 65 ] as well increasing neurogenesis, is 
likely to have inhibitory impacts on neuropro-
gression and neurodegeneration. Substantiating 
this, melatonin shows signifi cant benefi ts in many 
models of neurodegenerative disorders and is cur-
rently being trialed for effi cacy in human disor-
ders, including Alzheimer’s [ 66 ]. 

 More specifi c cognitive defi cits in schizophre-
nia are thought to be mediated by increased levels 
of KYNA in the prefrontal cortex [ 67 ], inhibit-
ing the alpha7 nicotinic acetylcholine receptor 
(a7nAChr) and decreasing levels of glutamate, 
noradrenalin, and acetylcholine in the frontal 
cortex, in turn contributing to suboptimal arousal 
associated cognitive defi cits [ 67 ]. Concurrently 
the inhibition of the a7nAChr on GABAergic 
interneurons decreases GABAergic activity, dys-
regulating cortex pyramidal neurons synchroni-
zation by the GABAergic network [ 68 ]. Astrocyte 
TDO is a signifi cant inducer of KYNA, with 
TDO2 being a susceptibility gene for schizophre-
nia [ 69 ]. Cortisol and the cAMP pathway are the 
main inducers of TDO [ 70 ], and both are inhib-
ited by melatonin, suggesting melatonin benefi ts 
to this aspect of cognition. Melatonin positively 
regulates cognitive processing in some stress 
paradigms [ 71 ], suggesting effi cacy against the 
stress effects on cognition in the course, as well 
as the etiology, of schizophrenia. Interestingly 
nicotinic receptors in rodents have been shown 
to have a circadian rhythm driven by melatonin 
[ 72 ]. As to how relevant this would be in the reg-
ulation of optimized human cognition requires 
further investigation.  

    Sleep, Schizophrenia, 
and Melatonin 

 Sleep disturbance is relevant to the course of 
many psychiatric disorders, occurring in over 
80 % of people with schizophrenia. This can 
occur despite relative stability of presenting 
symptoms and mental state, with many showing 
signifi cant circadian and melatonin misalignment 
[ 48 ]. Sleep disturbance, as one would expect, is 
linked to poor quality of life and may be particu-
larly exacerbated when positive symptoms are 

prominent [ 73 ]. The adjunctive use of melatonin 
has been shown to not only enhance sleep quality, 
but also to improve mood and daytime function-
ing [ 74 ]. A study by Bromundt and colleagues 
showed that a regular circadian sleep rhythm is 
associated with improved prefrontal cortex func-
tioning, but with no signifi cant impact on wider 
symptom presentations [ 75 ]. There is currently 
great interest in melatonin compounds as anx-
iolytics and antidepressants, and given the high 
levels of undiagnosed depression comorbid with 
schizophrenia, some of the effi cacy of melatoner-
gic compounds may be mediated by decreased 
levels of anxiety and depression, contributing to 
improved sleep. Certainly any sleep-promoting 
effects of melatonin will enhance quality of life. 
However, it should be noted that the melatonin 
sleep-promoting effects might be subject to alter-
ation in some people with schizophrenia [ 76 ].  

    Wider Aspects of Schizophrenia 
and Melatonin 

 Schizophrenia is associated with very high lev-
els of drug and alcohol abuse/addiction, which 
will contribute to increased levels of depression 
and wider medical problems, in turn contributing 
to peripheral organ dysregulation and immuno- 
infl ammatory activation. Melatonin has protec-
tive effects in most organs, and melatonin and 
melatonergic drugs are proposed as having effi -
cacy in the treatment and management of alcohol 
addiction and associated problems [ 77 ]. 

 As well as signifi cantly modulating the 
immune response, both melatonin and vit D 
would inhibit the raised levels of osteoporosis, 
evident over the course of schizophrenia [ 78 ]. 
Melatonin increases mesenchymal stem cell dif-
ferentiation into osteoblasts, decreasing their dif-
ferentiation into adipocytes [ 79 ]. 

 An increase in somatization is evident in 
schizophrenia and is often included in measures 
of depression. Recent data shows that somati-
zation, and not depression, is associated with 
increased ratios of kynurenine/KYNA and kyn-
urenine/tryptophan, suggesting that increased 
levels of TRYCAT pathway activation may 
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be more associated with somatization than 
 depression per se [ 80 ]. As to how relevant these 
changed ratios would be to the high comorbidity 
of somatization and depression in schizophrenia 
is unknown. Recent data suggests that alterations 
in melatonin rhythm are particularly evident in 
people with psychosomatic complaints [ 81 ] and 
that melatonin has some analgesic properties 
[ 82 ]. This could suggest that a disrupted mela-
tonin rhythm is more strongly associated with 
increased somatization in schizophrenia. 

 Much cutting-edge research has focussed on 
changes in microRNAs (miRNA) and epigenetic 
changes, including in schizophrenia [ 83 ]. Recent 
work in cancer cells shows that melatonin has sig-
nifi cant impacts on levels of miRNAs and levels 
of methylation of a number of genes [ 84 ]. This is 
likely to be a promising area for future research 
in schizophrenia, contributing to an understand-
ing of the heterogeneity in the disorder and to 
more targeted treatments.  

    Melatonin Adjunctive 
to Antipsychotics 

 The moral question posed by antipsychotic- 
induced metabolic syndrome and the 25-year 
decrease in life expectancy in schizophrenia 
[ 85 ] may in part fi nd an answer in melatonin 
[ 86 ]. Melatonin is a peripheral vasodilator and 
decreases blood pressure. In maintaining neu-
ronal sirtuin-1 levels under challenge [ 87 ], it 
is readily linked to pathways that are classi-
cally associated with increased longevity [ 88 ]. 
Melatonin decreases or prevents diet-induced 
obesity in animal models [ 89 ] and increases 
mitochondria oxidative phosphorylation [ 51 ], in 
turn attenuating metabolic syndrome. Most anti-
psychotics, as well as mood stabilizers lithium 
and valproate, have metabolic side effects, result-
ing in weight gain, raised leptin, and glucose 
 dysregulation [ 5 ,  6 ]. Melatonin provides protec-
tion against such side effects [ 90 ,  91 ]. 

 The antipsychotic-induced increase in leptin, 
and subsequent increased leptin resistance, may 
be of particular importance. In a nonpsychiat-
ric sample of men with metabolic syndrome, 

 nighttime levels of melatonin are negatively 
correlated with levels of leptin [ 92 ], suggesting 
that leptin resistance decreases nocturnal mela-
tonin production. Decreased nighttime mela-
tonin is associated with non-dipping nighttime 
blood pressure, a forerunner to hypertension 
[ 93 ]. Normally leptin, produced predominantly 
by adipocytes, feeds back to the hypothalamus 
to decrease appetite. However, under conditions 
of leptin resistance, there is an increased periph-
eral level of leptin but decreased leptin transport 
over the blood–brain barrier (BBB). Increases 
in triglycerides decrease leptin transport over 
the BBB [ 94 ]. Melatonin is known to decrease 
levels of circulating triglycerides [ 95 ]. As a pow-
erful immune regulator, an increase in periph-
eral leptin modulates immuno-infl ammatory 
responses and as such is likely to interact with 
the altered immuno-infl ammatory activity that 
is intimately associated with driving the course 
of schizophrenia. Leptin has also been shown to 
decrease levels of CUMS-induced depression 
[ 96 ], suggesting that changes in levels of leptin 
may have relevance to stress-induced exacerba-
tions as well as comorbid depression. This sug-
gests that antipsychotic-induced weight gain is 
not simply a side effect but is interactive with the 
disorder itself. This is relevant to the proposal that 
the increased effi cacy of olanzapine is related to 
its relatively enhanced ability to increase weight, 
although this may be via the coordinated changes 
in cholesterol and lipid raft regulation [ 97 ]. 

 Leptin has a number of similar effects as mel-
atonin, including increasing TH1-like cytokines, 
natural killer cell activity, and neurogenesis, as 
well as inhibiting the cAMP pathways and the 
effects of cortisol [ 98 ]. Also like melatonin, 
leptin increases the phosphorylation and inhibi-
tion of GSK-3b [ 96 ] and is therefore likely to 
increase Nrf-2 and endogenous antioxidants. It is 
unknown if leptin increases BAG-1, although its 
induction of bcl-2 and cortisol inhibition would 
suggest that this not unlikely. Leptin has recently 
been shown to have antidepressant effects [ 96 ] 
and to be protective in Alzheimer’s [ 99 ,  100 ]. As    
such a loss of leptin effects in the CNS would 
be likely to increase levels of cortisol and cAMP 
induction of TDO, with resulting increases in 
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KYNA, a7nAChr inhibition, and associated 
cognitive inhibition, concurrently also impact-
ing on levels of neuroprogression and neurode-
generation. The loss of leptin receptor activity 
in the rodent forebrain mediates the association 
of leptin to depression, including via increased 
levels of synaptic long-term depression (LTD) 
[ 101 ]. It requires investigation as to whether this 
is mediated by increased levels of astrocyte TDO 
and KYNA activation. 

 In a variety of animal models of diet-induced 
obesity, melatonin has been shown to not only 
decrease weight but also to decrease levels 
of peripheral leptin and leptin resistance. As 
well as providing protection against meta-
bolic syndrome, melatonin, via the inhibition 
of antipsychotic- induced leptin resistance, 
would inhibit the dysregulation of the immuno- 
infl ammatory pathways that are relevant to the 
course and etiology of schizophrenia. Such a 
perspective would suggest that leptin, if targeted 
to the CNS, would be benefi cial in the treatment 
of schizophrenia and that melatonin may have 
some effi cacy via the regulation of leptin resis-
tance. Interestingly the antidepressant fl uvox-
amine has been suggested to decrease levels of 
leptin resistance, putatively via decreased endo-
plasmic reticulum stress [ 102 ]. 

 The atypical antipsychotic olanzapine 
decreases melatonin by 55 % in rodents [ 103 ], 
and preliminary data suggests that similar effects 
may occur in treated schizophrenic patients, cor-
relating with aspects of metabolic dysregulation, 
which the adjunctive use of low-dose melatonin 
helped to prevent [ 104 ]. The dose of melatonin in 
this trial was low, and far higher levels need test-
ing given the lack of any signifi cant side effects 
at higher dosage. However, in another study over 
a very short treatment period, olanzapine had no 
signifi cant impact on melatonin levels in a sam-
ple of schizophrenic patients [ 105 ]. This work 
requires replication over a longer time frame 
and with varying levels of adjunctive melatonin. 
Given the long-standing data on the effi cacy of 
melatonin in animal models of obesity and meta-
bolic dysregulation, it seems surprising that there 
is a relative paucity of human trials. This would 
seem a system error, in so much that melatonin 

is very cheap and available over the counter in 
the USA, meaning that pharmaceutical compa-
nies have little interest in fi nancing clinical tri-
als, postponing interest until the development 
of melatonergic drugs such as ramelteon and 
agomelatine. 

 In an 8-week trial, ramelteon signifi cantly 
decreased cholesterol levels and showed a trend 
decrease in abdominal and trunk fat [ 106 ]. 
However, in rodent models of Alzheimer’s, 
ramelteon had no protective effects, unlike 
melatonin [ 107 ], suggesting that melatonin may 
have additional qualities not replicated by the 
MTr effects of ramelteon. Also longer-term 
ramelteon treatment resulted in fragmentation 
of aspects of the circadian rhythm, unlike the 
effects of melatonin [ 66 ]. This may be of partic-
ular relevance to processes of neuroprogression 
in schizophrenia. 

 Agomelatine is a MT1 and 2r agonist and 
serotonin 5-HT2Cr antagonist, being marketed 
as an anxiolytic and antidepressant. Given the 
high levels of often-unrecognized depression that 
is comorbid with schizophrenia, it would seem 
likely that trials of agomelatine in schizophrenia 
will occur. Data in rodents shows that agomela-
tine directly and indirectly increases the levels of 
dopamine, noradrenalin, and serotonin, with the 
effects on dopamine and serotonin being medi-
ated by the melatonin effects of the drug [ 108 ]. 
Agomelatine also decreases levels of acute 
stress-induced excitatory glutamate effl ux from 
the amygdala and hippocampus, possibly indi-
cating an impact on stress-induced depression 
and wider symptom exacerbations in schizophre-
nia [ 109 ]. Interestingly agomelatine reverses the 
effects of prenatal restraint stress in the induction 
of later anxiety and depression features [ 110 ], 
indicating a possible impact on the early develop-
mental etiology of schizophrenia and its priming 
for comorbid depression [ 36 ]. However, there is 
no data on how agomelatine would modulate the 
immuno-infl ammatory and TRYCAT pathways. 
Like other antidepressants agomelatine increases 
levels of neurogenesis, cell survival, and BDNF 
[ 111 ]. As to whether agomelatine would have 
any additional utility, including in metabolic 
 dysregulation, requires investigation. 
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 Melatonin, adjunctive to antipsychotics, 
may augment the drug utility, including via the 
targeting of immuno-infl ammation and oxida-
tive stress, simultaneously decreasing symptom 
relapses that contribute to neuroprogression and 
treatment resistance [ 49 ,  50 ,  112 ]. The impor-
tance of the TRYCAT pathways is exemplifi ed 
by the data showing altered 3-OHK in schizo-
phrenia and its correlation with both clinical 
symptom presentations and response to treatment 
[ 113 ,  114 ]. As to how melatonin would modulate 
basal and antipsychotic-induced expression of 
specifi c TRYCATs requires investigation. 

 Of the antipsychotics an increased risk of 
pneumonia is particularly linked to clozapine, 
especially around the time of initial prescrip-
tion [ 115 ]. Vit D levels and the vit D induction 
of the endogenous antimicrobial cathelicidin 
[ 116 ] are likely to be a signifi cant modulator of 
pneumonia as a side effect, given that the risk of 
and mortality from pneumonia are regulated by 
vit D and cathelicidin. As to whether melatonin 
would interact with vit D, including via increased 
BAG- 1, to modulate pneumonia susceptibility 
requires experimental investigation. Used on 
its own, melatonin in animal models attenuates 
bacteria- induced lung infl ammation [ 117 ] and 
has shown effi cacy in the management of pneu-
monia and COPD [ 118 ]. The use of melatonin 
in patients with lung disorders, which often has 
associated sleep disturbance, may result primar-
ily in better regulation of sleep. Given the rele-
vance of the immuno-infl ammatory model to the 
course of schizophrenia and the known immuno- 
infl ammatory effects of clozapine [ 119 ], the 
optimization of melatonin and vit D at the time 
of the initial prescribing of clozapine, and other 
antipsychotics, may attenuate the emergence of 
pneumonia, as well as metabolic dysregulation. 

 First-generation antipsychotic medications 
are associated with the side effect of tardive 
dyskinesia (TD). There are a number of risk 
factors for TD, including genetic [ 120 ] and pro-
infl ammatory [ 121 ]. In a small sample study, 
melatonin, at a low dose (2 mg/day), did not 
modulate the emergence of TD [ 122 ]. However, 
when given at 10 mg/day, melatonin signifi -
cantly decreases TD [ 123 ]. Genetic variations 

in the MT1r have been shown to interact with 
 antipsychotic medication in the susceptibility to 
TD [ 124 ]. Most recent work on the prevention of 
TD has focussed on the effi cacy of  antioxidants, 
including melatonin [ 125 ].  

    Conclusions 

 In summary, melatonin has a role in the devel-
opmental etiology, course, and management 
of schizophrenia. Its optimization, including 
in conjunction with vit D3 at initial presenta-
tion, could inhibit the development of schizo-
phrenia as well as the extent and progression 
of symptoms. Minimally, it would limit anti-
psychotic side effects, contributing to the 
alleviation of metabolic dysregulation, sleep 
disorders, leptin resistance, neuroprogression, 
and tardive dyskinesia, concurrently increas-
ing the dreadful decrease in life expectancy 
and quality of life of a still devalued popula-
tion of people.     
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    Abstract  

  Pathophysiological mechanisms underlying depression are complex and 
are at multiple levels of analysis. But, during the 1960s, monoamine 
theories of depression fl ourished, postulating that a fundamental cause 
of depression was a functional defi cit in noradrenergic and serotonergic 
neurotransmission in certain areas of the brain. These hypotheses were 
developed based on the fact that certain drugs that lessened depressive 
symptoms had monoaminergic properties, like blocking the serotonin 
transporter (5-HTT) or inhibiting MAO enzymes. Thus, any sort of altera-
tion in monoamine functioning, whether in its synthesis, storage, release, 
or biotransformation, not to mention changes in its reuptake or mono-
amine receptor sensitivity, was related to the manifestation of characteris-
tic depressive and behavioral symptoms (e.g., mood, alertness, motivation, 
fatigue, agitation, and psychomotor retardation). 

 It is generally accepted that a variety of genetic, environmental, and 
neurobiological factors are implicated in depression. The 5-HTT gene 
(SLC6A4) and other genes involved in the serotonergic system (polymor-
phisms on TPH2, 5-HT 1A  or COMT genes), norepinephrine transporter 
(NET, SLC6A2), and dopamine transporter (DAT, SLC6A) are candidates 
for susceptibility to depression. Many antidepressant medications act on 
that system. This chapter analyzes the validity of the monoamine hypothe-
sis of depression, its intersections with other neurobiological mechanisms, 
and antidepressants’ infl uence on such mechanisms. The monoamine 
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        Introduction 

 Our understanding of the pathophysiology of 
depression has evolved substantially in the last 
century. Until the mid-nineteenth century, etio-
logical hypotheses on melancholy and depres-
sion postulated that such mental disorders were 
the result of the humors’ dysregulation, were the 
result of mechanical alterations in the correct 
circulation of biological fl uids, or were consid-
ered diseases of the soul [ 1 ,  2 ]. However, great 
advances took place during the second half of 
the nineteenth century in the fi eld of neurobi-
ology and in our knowledge of the structure of 
the nervous system, and positivism took hold in 
psychiatry, which defi nitively debunked these 
postulates. These developments led to a pro-
cess that has been called “mental illness soma-
tization,” in which mental disorders came to be 
regarded as the products of an organic lesion 
[ 3 ]. Accordingly, the affective disorders’ origins 
were associated, for example, with a local effect 
on the brain from a spasm of the dura mater ( sta-
tus striatus ), a state of exhaustion or decreased 
brain energy, or a hormonal or metabolic altera-
tion. In the fi rst half of the twentieth century, the 
discovery of the chemical messengers respon-
sible for interneuronal communication [ 4 ], and 
the clinical introduction of the main groups of 
psychotropic drugs in the 1950s, considered 
the “golden decade” of psychopharmacology, 
brought about a veritable revolution in the fi eld 
of psychiatry [ 5 ]. 

 Despite criticism of antidepressants from 
dominant voices in the fi eld of psychoanalysis, 
these drugs were shown to markedly reduce 
symptoms, especially after a period of 2 or 3 

weeks. Thus, support began to grow within the 
scientifi c community for the notion that these 
drugs might correct a kind of specifi c “chemi-
cal imbalance,” the underlying cause of the ill-
ness. Furthermore, this concept of “chemical 
imbalance” revolutionized the view held by the 
most traditional sectors of society about mental 
illness, entrenched in pseudo-medieval concep-
tions like states of possession, and even by psy-
chiatrists themselves, some of whom continued 
to see psychiatric patients as deranged individu-
als with moral defects, needful of moral therapy. 
In addition, the discovery of the mechanisms 
of neurotransmission, and the antidepressants’ 
impact on them, laid the groundwork for what 
came to be known as “biological psychiatry” 
[ 6 ]. As a consequence, what is referred to as the 
“monoamine hypothesis of depression” began to 
take shape, according to which “some, if not all, 
depressions are associated with an absolute or 
relative defi ciency of monoamines at function-
ally important receptor sites in the brain.” The 
corollary that antidepressants work by correct-
ing these defi ciencies, building on this theory, 
has provided the major neurobiological account 
of depression [ 7 ]. 

 Until some decades ago, that was the lone etio-
pathogenic hypothesis of depression. However, in 
recent years, its predominance has been eclipsed 
by new conceptions that incorporate several areas 
of neuroscience [ 8 ]. It is generally accepted that 
a variety of genetic, environmental, and neuro-
biological factors are implicated in depression. 
Genetic variations may be responsible for a per-
son’s vulnerability to environmental factors like 
stress and mediating factors like levels of cor-
ticosteroids, neurotrophins, and cytokines. As 

hypothesis of depression is critically discussed. Specifi cally, we wish to 
add to the body of knowledge about monoamines in the pathophysiology 
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researchers seek new therapeutic alternatives, 
additional mechanisms have been implicated, for 
example, altered glutamatergic neurotransmis-
sion, cannabinoid systems, endogenous opioid 
systems, and neurokinin-1 receptor antagonism, 
among other mechanisms [ 2 ]. Nevertheless, the 
pharmaceutical industry’s many costly efforts 
to discover new antidepressants to act via the 
aforementioned extra- aminergic mechanisms 
have been fruitless [ 7 ]. To date, agomelatine has 
yielded the best, really the only, such results of 
note. This agent is the fi rst antidepressant with 
proven clinical effi cacy that approaches the treat-
ment of depression from a different pharmaco-
logical perspective than other drugs employed 
until now. This agent’s primary mechanism is 
its agonistic action at MT 1  and MT 2  melatonin 
receptors, but it may also indirectly increase 
monoamine presence [ 9 ,  10 ]. 

 In recent years, some authors have pointed 
out weaknesses in the amine hypothesis of 
depression based on the fact that the antide-
pressant tianeptine does not increase mono-
amine presence [ 11 ]. However, given the role 
of other chemical mediators and neurotransmit-
ters in the pathophysiology of depression, there 
continues to be consensus that monoamine 
neurotransmitters, especially serotonin (5-HT), 
noradrenaline (NA), and to a lesser extent dopa-
mine (DA), participate directly or indirectly in 
the pathophysiological and therapeutic mecha-
nisms of depression [ 12 ]. Moreover, antidepres-
sant effect seems to be the result of changes to 
the mechanisms of monoamine neurotransmis-
sion. Bear in mind that the current monoamine 
hypothesis of depression does not rule out 
other hypotheses; instead, it should be viewed 
as complementary to other more recently pro-
posed hypotheses. 

 This chapter will analyze the validity of the 
monoamine hypothesis of depression, its inter-
sections with other neurobiological mechanisms, 
and antidepressants’ infl uence on such mecha-
nisms. Specifi cally, we wish to add to the body of 
knowledge about monoamines in the pathophysi-
ology of depression and to suggest neurobiologi-
cal aspects that could help improve the treatment 
of such disorders.  

    Challenges to the Study 
of Depressive Disorders’ 
Pathophysiology 

 For certain reasons, it is inherently diffi cult to 
determine the pathophysiology of psychiatric 
disorders, particularly depression. The patho-
physiological mechanisms that give rise to major 
depression are complex and must be understood 
at multiple levels of analysis. It is perhaps major 
depression that best illustrates the complex 
interplay of the environment, genetics, neuro-
biology, and psychological mechanisms that 
synergistically interact to produce this debilitat-
ing disorder. Additionally, functions altered by 
depression like cognitive processes and emotions 
and executive functions, to which cognitive and 
behavioral processes are defi nitively, directly 
attributable, together exhibit a neurobiology that 
is hard to circumscribe. On another note, the 
human brain seems to be especially discreet in 
the curious eyes and instruments of researchers, 
not only because of its bony cortex. In addition, 
for practical and ethical reasons, experimental 
neurobiology is limited to noninvasive tests like 
neuroimaging, indirect research methods, and 
postmortem studies, which have obvious limita-
tions. Also, it is hard to extrapolate knowledge 
of depression’s pathophysiology from animal 
models even though they are to some extent 
valid in the development of new antidepressants. 
On another note, genetic risk factors have proven 
monumentally complex; the genes involved have 
not managed to reproduce depressive profi les 
in laboratory animals. Nor are thoroughly vali-
dated, objective, biological markers available 
with which to precisely defi ne phenotypes that 
can be used in genetics studies or other types of 
research [ 2 ,  12 ].  

    Genetic Aspects of Depression 
Related to the Monoamine 
Hypothesis 

 Classifying the genes responsible for inherit-
able components of depression is crucial to 
advancing our understanding of the underlying 
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 neurobiology and pathology of this complex 
psychiatric disorder. In contrast to the very solid 
evidence from epidemiological studies on broad 
risk factor domains, there is no solid evidence for 
specifi c genes and specifi c gene-by-environment 
interactions in the pathogenesis of major depres-
sive disorders (MDD) [ 13 ]. Unipolar depression 
is not as robustly inheritable as mental patholo-
gies such as schizophrenia, bipolar disorder, and 
attention defi cit hyperactivity disorder (ADHD). 
However, epidemiological data on unipolar 
depression collected from monozygotic and 
dizygotic twins indicate that depression is inher-
ited approximately 37.5 % of the time and that 
its lifetime prevalence is around 10–15 % [ 14 ]. 
Furthermore, studies indicate that genetic factors 
contribute30–40 % of the time to the develop-
ment of depression [ 15 ]. 

 The serotonin transporter (5-HTT) gene and 
other genes involved in the serotonergic system 
are candidates for susceptibility to depression in 
light of the fact that many antidepressant medi-
cations act on that system. Numerous studies 
have focused on the functional insertion/deletion 
promoter variant (serotonin transporter-linked 
polymorphic region [5-HTTLPR]) on the sero-
tonin transporter gene (SLC6A4). Meta-analyses 
suggest small, positive associations between the 
polymorphism in the 5-HTTLPR and bipolar dis-
order, suicidal behavior, depression-related per-
sonality traits, and stress vulnerability, but not yet 
to MDD itself. 

 Caspi et al. [ 16 ] reported a positive associa-
tion between one’s number of stressful life events 
and their probability of depression that was sta-
tistically stronger in S carriers than L homozy-
gotes. This association demonstrated that among 
participants who had experienced more than four 
stressful life events, S carriers were twice as 
likely as L homozygotes to develop depression. 
While the researchers noted that their results did 
not prove a direct association between the 5-HTT 
genotype and depression, they concluded that S 
carriers were more likely to develop depression 
in response to stressful life events. Furthermore, 
stress vulnerability has been found to be associ-
ated with the serotonin transporter gene and com-
promised serotonin transporter function, not only 

in human studies but also in multiple nonhuman 
experiments [ 17 ,  18 ]. 

 Although this interaction is highly plausi-
ble, clinically and neurobiologically speaking, 
recent meta-analysis yielded no evidence that 
the serotonin transporter gene alone, or in inter-
action with psychological stress, was associated 
with risk of depression [ 19 ,  20 ]. However, early 
stress exposure’s ability to alter the brain’s sus-
ceptibility to depression may depend, in part, 
on the presence of certain genetic vulnerability 
genotypes [ 21 ], for example, poor transcrip-
tional activity of the S allele (“risk allele”). 
This polymorphism’s frequency in the gen-
eral population is relatively high, and it may 
increase susceptibility to not only negative 
but also positive environmental events, either 
hindering or promoting adaptation [ 22 ]. This 
hypothesis is also supported by the fact that 
among primates, humans and rhesus macaques 
were best at adapting to diverse ecological chal-
lenges, and those are the two primate species 
that carry this polymorphism [ 23 ]. In conclu-
sion, studies assessing the association between 
5-HTTLPR and depression have generated 
inconsistent results [ 24 ]. 

 Tryptophan hydroxylase (TPH) is the rate- 
limiting enzyme in the biosynthesis of sero-
tonin. Changes in the metabolism of the essential 
amino acid tryptophan play an important role 
in the brain-endocrine-immune system interac-
tion, which is hypothesized to be involved in 
the pathophysiology of MDD. A polymorphism 
in intron 7 of TPH1, 218A/C, is associated with 
somatic anxiety symptoms in depression, but not 
with major depression [ 18 ,  25 ]. Another potential 
functional serotonergic system candidate gene is 
TPH2 polymorphism. This would result in the 
production of less serotonin, and initial fi ndings 
show TPH2 single nucleotide polymorphisms 
(SNPs) related to this truncated transcript are 
associated with MDD but not directly with sui-
cide [ 26 ]. 

 5-HT 1A  autoreceptors act on serotoner-
gic neurons in the raphe nuclei and prevent 
serotonin release through negative feedback. 
Depressed individuals have a higher number of 
5-HT 1A autoreceptors [ 27 ]. A functional  promoter 

F. López-Muñoz and C. Álamo



325

polymorphism (−1019C/G, rs6295) on the 
5-HT 1A  gene has been associated with depres-
sion, anxiety, coping with stress, impulsivity, and 
antidepressant therapy response [ 22 ,  28 ]. 

 There are several SNPs at this gene’s 5-HT 2A  
receptor, including polymorphisms in the pro-
moter region. With respect to a possible direct 
impact of 5-HT 2A  variation on depression, previ-
ous studies have yielded inconsistent results [ 28 ]. 
However, several studies have found evidence for 
associations between at least one of these 5-HT 2A  
SNPs and depression [ 18 ] or antidepressant drug 
response [ 29 ]. 

 Catechol- O -methyltransferase (COMT) poly-
morphism (Val/Val genotype) was associated 
with early-onset MDD in one European study, 
but other studies with fewer participants reported 
confl icting results [ 18 ]. Genetic variation in the 
COMT gene, which modulates COMT activity, 
is associated with response to treatment with sev-
eral antidepressants [ 30 ]. 

 Although several lines of evidence suggest an 
association between dopamine and MDD, few 
studies have directly explored polymorphisms 
in main dopaminergic genes such as DAT1. 
The SNP rs40184, which plays a genetic role in 
ADHD and bipolar disorder, has a demonstrated 
gene-by-environment interaction in the etiology 
of MDD [ 31 ]. 

 To date, studies have focused primarily on 
genetic links to non-aminergic mechanisms. For 
example, MDD has been associated with poly-
morphisms in the glucocorticoid receptor gene, 
the monoamine oxidase A gene, the gene for gly-
cogen synthase kinase-3β, and a group-2 metabo-
tropic glutamate receptor gene (GRM3) [ 30 ]. 

 That being said, despite all the data discussed 
above, Wray et al. [ 20 ] showed that no SNPs 
achieved genome-wide signifi cance, neither in 
the MDD2000+ Study nor in a meta-analysis of 
two other studies totaling 5,763 clinical cases 
and 6,901 controls. These analyses and meta- 
analyses represent the largest and most power-
ful investigation into the genetic architecture of 
MDD to date. Their results imply that common 
variables with intermediate and large effects do 
not have main effects on the genetic architecture 
of major depression. 

    Genetic Aspects Linked to 
Antidepressant Response 

 Genetic factors account for about 50 % of 
 antidepressant response [ 32 ]. However, thus far, 
pharmacodynamic evidence remains partial and 
sparse. Replication rate does not yet allow use-
ful genetic chips to be designed that can help 
clinicians fi nd the correct drug for a specifi c 
patient [ 33 ]. 

 The serotonin transporter (5-HTT, SLC6A4), 
norepinephrine transporter (NET, SLC6A2), and 
dopamine transporter (DAT, SLC6A) are involved 
in the active reuptake of serotonin, noradrenaline, 
and dopamine from the synaptic cleft. NET and 
5-HTT are the main targets of many antidepres-
sant agents. Thus, the NET and 5-HTTgenes 
constitute promising a priori candidate genes to 
mediate antidepressant treatment response. 

 While the exact nature of the 5-HTT geno-
type’s link to depression continues to be a com-
plex area of research, it has been established that 
it can signifi cantly infl uence individual response 
to antidepressant medications. A recent meta- 
analysis of 15 studies confi rmed the role of 
5-HTTLPR in antidepressant response. People 
with the 5-HTTLPR S allele, who are at an 
increased risk of depression, showed slower 
improvement of depressive “core” and somatic 
anxiety symptoms [ 34 ]. Additionally, they 
showed worse therapeutic response to SSRIs, 
the most frequently used antidepressant agents; 
they delayed more in taking effect and yielded 
lower rates of response and remission, worse tol-
erability, and more frequent side effects [ 35 ,  36 ]. 
Furthermore, antidepressants with a different 
mechanism of action (e.g., selective noradrena-
line agents) and psychotherapy were both found 
to be more effective in such individuals [ 37 ]. 
These fi ndings have generally been replicated 
in studies of white populations, but opposing or 
inconsistent fi ndings have also been reported. 
On the other hand, studies of Asian populations 
have usually reported confl icting results. It is still 
possible that a number of other unknown alleles 
within this genetic region may affect the expres-
sion of 5-HTT [ 33 ]. An SNP of the SLC6A4 gene 
promoter (rs25531) may also infl uence treatment 
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response [ 38 ]. In conclusion, more research is 
needed in varied cultural populations before we 
can conclude that the S allele is associated with 
poorer response to SSRIs only in certain popula-
tions; that fi nding would certainly have signifi -
cant implications for the future development of 
antidepressant medications [ 24 ,  39 ]. 

 On the other hand, it has recently been found 
that response to noradrenaline reuptake inhibitors 
(NRIs) is associated with G1287A polymorphism 
(rs5569), the GG genotype being associated with 
better response [ 40 ]. However, Uher et al. [ 41 ] 
did not confi rm the role of rs5569 in response to 
nortryptyline treatment. Meanwhile, Baffa et al. 
[ 42 ] analyzed seven polymorphisms in the NET 
gene promoter in terms of antidepressant treat-
ment response. None of the seven investigated 
NET polymorphisms had an impact on overall 
treatment response. However, they did fi nd that 
an additional –/CT insertion/deletion (ins/del) 
polymorphism (rs58532686) was signifi cantly 
associated with melancholic depression, such 
that 12 patients carrying the deletion responded 
better to treatment [ 42 ]. 

 The dopamine/noradrenaline reuptake inhibi-
tor bupropion, and the SSRI sertraline, modu-
late the activity of the dopamine transporter. 
A 40-base pair VNTR polymorphism in the 
SLC6A3 gene has been associated with expres-
sion levels of the DAT. There is an association 
between the number of repeats and individual 
response to AD drugs indicating that the 9/10 
and 9/9 genotypes have a higher risk of poorer, 
slower response to various AD drugs compared 
to the 10/10 genotype. Moreover, that genotype 
seems to be associated with late-life depression 
that responds preferentially to methylphenidate 
in conjunction with SSRI treatment [ 43 ]. 

 The TPH gene encoding the rate-limiting 
enzyme in serotonin synthesis has been stud-
ied intensively in people with psychiatric dis-
orders, yielding mixed results. The TPH2 form 
is expressed solely in neuronal cell types and 
is the predominant isoform in the CNS. Several 
studies have found that different genetic varia-
tions of the TPH2 gene (e.g., the functional SNP 
Arg441His, rs1843809, rs10897346, rs1386494) 
are associated with response to treatment with 

antidepressants or electroconvulsive therapy 
(ECT). However, SNPs of the TPH2 gene have 
also produced many negative results [ 38 ,  43 ]. 
Independent studies have reported no effects of 
the TPH1218A>C SNP on the effi cacy of SSRI 
therapy or related side effects [ 44 ]. 

 The COMT enzyme is involved in the cata-
bolic pathways of NE and DA and can indirectly 
affect brain 5-HT tone because of the interactions 
between DA and 5-HT. The COMT gene has sev-
eral allelic variants, the most widely studied of 
which is rs4680. The Met allele results in a three- 
to fourfold lower enzymatic activity than the Val 
allele. The Met allele was associated with better 
response to paroxetine, fl uoxetine, fl uvoxamine, 
and milnacipran treatments. The Val variant 
has been associated with higher risk of suicidal 
behavior and personality disorder traits and with 
worse response to mirtazapine and citalopram 
[ 33 ]. The effects of other SNPs in the COMT 
gene have shown inconclusive results in terms of 
antidepressant response [ 43 ,  45 ]. 

 Monoamine oxidase A (MAO-A) is a major 
degrading enzyme in the metabolic pathways of 
monoamine neurotransmitters (NE, DA, 5-HT). 
One polymorphism in the promoter region of 
the MAO-A gene, consisting of a repetitive 
sequence (VNTR), has been linked to variations 
in biological activity and consequently sero-
tonin concentrations [ 46 ]. Since the activity of 
MAO-A infl uences neurotransmitter concentra-
tions, VNTR may affect antidepressant response. 
However, the current literature reports no such 
connection to antidepressant response or adverse 
effects [ 33 ,  38 ]. Another polymorphism (rs6323), 
associated with diminished MAO-A activity, has 
been associated with mirtazapine response in 
girls and women [ 38 ]. 

 Monoamine receptors are among the most 
plausible candidates for modulation of antide-
pressant response, since most antidepressant 
drugs act to increase monoamine concentration 
in the synaptic cleft. Both pre- and post-synaptic 
5-HT 1A  receptors are present in different brain 
regions. The 5-HT 1A autoreceptor diminishes the 
release of 5-HT in the prefrontal cortex. Several 
antidepressant compounds desensitize raphe 
5-HT 1A autoreceptors, resulting in enhanced 
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5-HT neurotransmission, which is thought to be 
 connected to those drugs’ antidepressant effects. 
One of the most extensively investigated func-
tional polymorphisms, in 1019C>G (rs6295), lies 
in the promoter region of the gene for the 5-HT 1A  
receptor. The 1019G allele induces upregulation of 
the receptor’s expression and may counteract anti-
depressant drugs’ therapeutic effects by increasing 
the number of inhibitory 5-HT 1A  autoreceptors on 
cell surfaces. This hypothesis has been partially 
confi rmed by a series of SSRI studies [ 33 ,  38 ], but 
negative results were also reported. It is noteworthy 
that some studies suggest the effect of rs6295 on 
antidepressant response is confi ned to females and 
patients with melancholic depression [ 33 ,  47 ,  48 ]. 
Other variants of this gene (rs10042486 and 
rs1364043) were found to be linked to better 
antidepressant response [ 49 ], while others’ roles 
(rs1800042) were dubious [ 33 ,  38 ]. 

 The 5-HT 2A  receptor is a post-synaptic recep-
tor expressed widely throughout the CNS that 
plays a role in mediating anxiety, sleep, and 
sexual function. Several research fi ndings sug-
gest 5-HT 2A  is involved in the pathophysiology 
and treatment of depression. These receptors are 
downregulated during antidepressant treatment, 
and in animal models, 5-HT 2A  antagonists have 
been shown to have antidepressant effects and 
to diminish stress-induced reduction in brain- 
derived neurotrophic factor (BDNF) expression 
[ 43 ]. Three important, common SNPs of the 
5-HT 2A  gene (rs6313, rs6311, and rs6314) are 
linked to responses to antidepressant treatment, 
but negative results also exist. Also, another 
genetic variant of the 5-HT 2A  gene (rs7997012) 
is associated with successful antidepressant 
treatment; however, the results have been some-
what ambiguous [ 33 ,  38 ,  50 ]. Several studies 
found signifi cant associations between rs6311 
or rs6313 and the occurrence of adverse drugs 
reactions [ 38 ]. Inconsistent results were reported 
between Asian and Caucasian samples. These 
fi ndings suggest these SNPs could be useful in 
predicting SSRI intolerance and may be indica-
tors of SSRI treatment response in individuals of 
Asian heritage [ 51 ]. 

 5-HT 3  receptors are expressed throughout 
the CNS and peripheral nervous system and 

 mediate a variety of physiological functions. The 
5-HT 3A  and 5-HT 3B  genes have been most widely 
characterized and identifi ed as having genetic 
polymorphisms [ 33 ]. Some studies link certain 
polymorphisms to SSRI responses and adverse 
effects, particularly vomiting [ 38 ,  52 ]. However, 
all these studies focused solely on SSRIs and 
were conducted in Japanese samples only. Given 
the small number of studies performed, and this 
lack of diversity in the studied group, further 
research is needed [ 43 ]. 

 The 5-HT 6  receptor gene stands as an interest-
ing candidate gene considering that some of this 
receptor’s specifi c ligands have yielded antide-
pressant effects in animal models. Furthermore, 
the 5-HT 6  receptor infl uences the release of sev-
eral neurotransmitters (ACh, NE, GABA, DA), 
as well as BDNF. According to some studies but 
not others, within the 5-HT 6  receptor gene is a 
silent SNP (rs1805054) associated with treatment 
response to antidepressant drugs [ 38 ]. 

 Pharmacological treatment of depression 
leads to downregulation of β receptors [ 1 ]. The 
SNP (rs1801253) in the ADRβ1 gene has been 
linked to increased adenylate cyclase activation 
and might be responsible for faster antidepressant 
treatment response [ 53 ]. Nevertheless, data from 
the STAR*D Study was unable to confi rm the rel-
evance of this gene in modulating responses to 
citalopram treatment [ 33 ]. 

 With respect to DA receptors, functional 
polymorphism in the DRD2 gene (rs1801028) 
showed no signifi cant infl uence on antidepres-
sant response in some studies [ 33 ]. Likewise, 
other studies reported no association between 
DRD4 polymorphism and antidepressant action 
[ 33 ]. However, in one study, DRD4 exon 3 vari-
ants exerted a signifi cant modulation effect on 
various antidepressant drugs [ 54 ]. 

 Nevertheless, in a large pharmacogenetic 
analysis that included 1,790 antidepressant- 
treated individuals with MDD, none of the more 
than 500,000 genetic markers studied predicted 
treatment outcomes after applying a genome- 
wide correction. The study’s results suggest 
that single-marker prediction will not enable 
personalized prescriptions for the antidepres-
sants currently available. Future studies may 
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need to combine clinical, genetic, epigenetic, 
 transcriptomic, and proteomic information to 
form clinically meaningful predictions of how an 
individual with major depression will respond to 
antidepressant treatment [ 55 ]. 

 Whichever way we look at it, whether the risk 
variants are common or rare, it seems MDD will 
pose a much greater challenge in this case than 
less prevalent but more inheritable psychiatric 
disorders. While there is no question that genetic 
vulnerability plays a role in unipolar depression, 
it defi nitely seems to be more highly correlated 
with particular features and symptoms of depres-
sion, like early onset, severity, concomitant 
anxiety, and stress response, than with the fact 
of having a depressive profi le. It is quite appar-
ent that depression is an illness with a complex 
genetic component; rather than owing to altera-
tions in just one gene, several genes participate 
and various life events intervene, modifying gene 
expression.   

    Monoamine Theories of Depression 

 During the 1960s, monoamine theories of 
depression fl ourished, postulating that depres-
sion’s fundamental cause was a functional 
defi cit in noradrenergic and serotonergic neu-
rotransmission in certain areas of the brain. In 
general terms, the monoamine disorder hypoth-
esis proposes that forebrain levels of monoamine 
neurotransmitters are depleted in depressive dis-
order – particularly 5-HT, NE, and to a lesser 
extent DA. These hypotheses were developed 
based on the fact that certain drugs that lessened 
symptoms had monoaminergic properties, like 
blocking the serotonin transporter or inhibit-
ing MAO enzymes [ 56 ]. However, these drugs’ 
effi cacy was also limited during acute treatment 
[ 57 ,  58 ], which is one reason researchers are 
investigating other neurochemicals’ respective 
roles in depression [ 12 ]. 

 That being said, considering monoamine 
neurons’ origin and distribution throughout 
multiple areas of the brain, there seems to be 
consensus that the monoamine neurotransmitters 
– particularly 5-HT, NE, and to a lesser extent 

DA – are directly or indirectly involved in the 
 biochemical pathways toward depression [ 12 ]. 
Thus, any sort of alteration in monoamine func-
tioning, whether in its synthesis, storage, release, 
or biotransformation, not to mention changes 
in its reuptake or monoamine receptor sensitiv-
ity, will have an impact on the manifestation of 
characteristic depressive and behavioral symp-
toms, such as mood state, alertness, motivation, 
fatigue, agitation, and psychomotor retardation 
[ 59 ]. Figure  23.1  displays the main connections 
between monoamines and behavioral symptoms 
that can be involved in depression.

   Despite the available evidence that depression 
involves monoamine alteration, no such biologi-
cal alteration has been employed, so far, as a basis 
for diagnosis. Therefore, the current monoamine 
hypothesis seems to implicate monoamines more 
in the mechanisms of initial antidepressant activ-
ity than in the origin of depression. 

    Noradrenaline Hypothesis 
of Depression 

 In 1965, Schildkraut proposed the “catechol-
amine hypothesis” of depression transcribed here: 
“some depressions, if not all, are associated with 
an absolute or relative defi cit of  catecholamines, 
particularly noradrenaline, in important adren-
ergic receptors in the brain. Contrariwise, ela-
tion may be associated with an excess of such 
amines” [ 60 ]. Schildkraut built this theory on the 
observation that tricyclic antidepressants (TCAs) 
and monoamine oxidase inhibitors (MAOIs) 
boost the presence of noradrenaline at the synap-
tic cleft, either by blocking synaptic reuptake of 
noradrenaline or by inhibiting the system through 
which MAO is metabolized. This so-called nor-
adrenaline hypothesis of depression set off an 
avalanche of studies on the role of the noradrena-
line system in the genesis of affective and other 
psychiatric disorders. 

 It is now generally agreed that this original 
hypothesis is insuffi cient as a neurobiologi-
cal basis for depressive disorders, with the true 
picture likely much more complex and hetero-
geneous, involving both monoaminergic and 
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non-monoaminergic players. Nevertheless, the 
concept of monoamine dysfunction remains a 
useful and well-regarded component of the neu-
robiological picture and has stimulated an exten-
sive, productive line of research inquiry into 
the central noradrenergic system’s function in 
depressive disorders [ 61 ]. 

 The noradrenaline system is anatomically 
based in the brainstem nucleus known as the 
locus coeruleus (LC), which is the primary 
source of central NE synthesis; its noradrener-
gic projections reach virtually all areas of the 
brain [ 62 ]. Some of the symptoms that typically 
serve to diagnose depression seem to have impli-
cations for noradrenergic functioning. Hence, 
cognitive dysfunction could be tied to noradren-
aline projections from the LC to the prefrontal 
cortex, a key structure in attention, working 
memory, decision- making, and skill acquisition. 
Meanwhile, the hypothalamus is key in regulat-
ing homeostatic functions, such that a noradren-
ergic innervation defi cit could be responsible for 
the vegetative symptoms of depression, as well 
as changes in weight, appetite, and sleep sched-
ule. Physical fatigue is one possible side effect 

of  noradrenaline dysfunction in the cerebel-
lum, which is essential to human motor control 
[ 59 ,  63 ] (Fig.  23.2 ).

   Numerous subsequent studies carried out 
with patients suffering from affective disorders 
attempted to validate the catecholamine defi -
ciency hypothesis by measuring the concentra-
tion of catecholamine and its major metabolites, 
3-methoxy-4-hydroxyphenylglycol (MHPG) 
and homovanillic acid (HVA), in patients’ cere-
brospinal fl uid (CSF), urine, and blood plasma. 
These studies’ results remain controversial to this 
day. Additionally, the concentration of noradren-
ergic metabolites in the urine has been measured 
to predict responses to noradrenergic antidepres-
sants and to classify subtypes of depression. 
However, this approach has so far not entered 
into clinical practice [ 64 ]. 

 However, there are fi ndings to suggest, at least 
in some types of depression, hyperfunctioning 
of α 2 -adrenergic receptors, which could slow 
the neurotransmitter’s synthesis and release and 
bring about a functional noradrenergic defi cit. 
There is some evidence that upregulation of α 2 - 
adrenergic receptors, in terms of either absolute 
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level of expression or overall receptor activity, 
represents a valid component of the physiological 
view on depressive disorders. This α 2 - adrenergic 
receptor dysregulation would have clear conse-
quences to noradrenergic neurotransmission in 
the brain, given those receptors’ important role in 
regulating the noradrenergic system [ 61 ]. Other 
components of the receptor system, including 
G proteins, G protein-coupled receptor kinases 
(GRKs), arrestin, and spinophilin, may contrib-
ute to α 2 -adrenergic receptor dysfunction [ 65 ]. In 
fact, some data suggest coordinated changes in 
both the receptor and its partner proteins in the 
neurobiology of depression and in response to 
antidepressant therapy. 

 Furthermore, indirect assessment of central 
adrenaline receptor functioning using neuro-
endocrine tests (TSH, TRH, and GH release) 
has confi rmed apparent hyperfunctioning at α 2 - 
adrenergic receptors. Consistent with this hypoth-
esis is the fact that in treating chronic depression, 
antidepressants reduce α 2 -adrenaline hyperfunc-
tioning and that those receptors’ antagonists, like 
mianserin and mirtazapine, behave like com-
parable antidepressant agents (Fig.  23.3 ). As 
β-adrenoceptors are negatively regulated by the 
presence of NE, decreased NE may promote the 
upregulation of cortical β-adrenoceptors. In fact, 

this upregulation is observed in at least 25 % of 
the patients with MDD [ 2 ].

   A key element of noradrenergic functioning 
is the NE transporter, which is responsible for 
presynaptic reuptake of NE. For many antide-
pressant drugs (TCAs, NRIs), their pharmaco-
logical action lies in inhibiting NE transport by 
interacting with the transporter. This happens 
quickly and can be observed if even a single 
dose is administered, even though it takes sev-
eral weeks of continuous treatment to yield 
therapeutic effects. Some have postulated that 
the underlying mechanism that brings about an 
antidepressant effect is more the result of down-
regulation than inhibition of the NE transporter. 
NET downregulation is associated with an anti-
depressant effect on behavior, even when no 
detectable drug is present to inhibit NE reuptake. 
Desipramine- induced downregulation of the 
NET, and persistent antidepressant-like effects 
on behavior, develops gradually with repeated 
treatment, which is consistent with the idea that 
one is responding clinically to antidepressants. 
This suggests that neural adaptation resulting 
in enhanced monoamine neurotransmission 
may be a key mechanism mediating antide-
pressant action [ 66 ]. Human genetics studies 
have shown that variations in the gene coding 
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for NET that alter neurotransmitter release are 
linked to  individual differences in behavior and 
susceptibility to depression. The polymorphism 
NET-T182C, for example, is associated with 
increased susceptibility to depression [ 67 ]. In 
addition, decreased NE transporter binding has 
been reported in the LC of postmortem samples 
of subjects diagnosed with MDD [ 68 ,  69 ]. 

 Furthermore, studies of depressed patients in 
remission and no longer taking medication have 
shown that a drastic reduction of NE levels (by 
inhibiting the key synthetic enzyme TH with 
α-methyl-p-tyrosine) results in the rapid reap-
pearance of depressive symptoms. Interestingly, 
however, catecholamine depletion in healthy con-
trol volunteers did not result in depressed mood 
[ 70 ,  71 ]. These data reiterate that NE plays a role 
in the mechanism of antidepressant action, but its 
role in depression appears to be more complex. 

 In conclusion, some lines of evidence (genet-
ics, anatomy, biochemical differences in post-
mortem brains, depletion of NE, and agents that 

specifi cally increase NE activity in depressed 
patients) suggest that NE is of major importance 
in the pathophysiology and treatment of depres-
sive disorder [ 69 ].  

    Serotonin Hypothesis of Depression 

 In its original formulation, the 5-HT hypothesis 
postulated that a 5-HT defi cit was the primary 
cause and could be reversed by antidepressants to 
restore normal functioning in depressed patients. 
Indeed, a variety of functional defi cits of 5-HT 
neurotransmission in brain circuits known to reg-
ulate emotions, whether primary or secondary, 
have consistently been associated with aspects of 
the pathophysiology of depression [ 8 ]. 

 The “serotonin hypothesis” of depression was 
initially developed by Brodie et al. [ 72 ], who 
reported a correlation between the depletion of 
serotonin induced by reserpine, with the onset 
of depressive symptoms. Also, the inhibition of 
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serotonin synthesis with p-chloro-phenyl-alanine 
(PCPA) favored the onset of depression. Similarly, 
iproniazid, a tuberculostatic that inhibits MAO 
and increases cerebral 5-HT levels, displayed anti-
depressant activity in tuberculosis patients also 
suffering from depression [ 56 ]. Furthermore, the 
5-HT precursor 5- hydroxytryptophan (5-HTP) 
was found to boost cerebral serotonin levels [ 73 ] 
and had antidepressant effects in humans. Thus, 
in 1968, Arvid Carlsson and his colleagues at 
the University of Gothenburg described for the 
fi rst time how TCAs block serotonin reuptake in 
the brain [ 74 ], leading Lapin and Oxenkrug [ 75 ] 
to postulate the serotonin theory of depression 
that stems from a serotonin defi cit at the inter- 
synaptic level in certain regions of the brain. 

 With that in mind, the trajectory of different 
serotonin projections originating in the raphe 
nuclei may be linked to depressive symptomatol-
ogy. Characteristic psychomotor symptoms of 
depression like agitation and inhibited movement 
and thought may be tied to dysfunctional serotonin 
innervation in the striate nucleus, which is known 
for its motor regulatory function. Anhedonia and 
loss of interest could be tied to serotonin innerva-
tion in the nucleus accumbens, whose function is 
closely related to pleasant sensations. Dysfunction 
in the ventral prefrontal  cortex may be linked to 

depressed mood and suicidal ideation, the latter of 
which is also linked to serotonergic dysfunction 
in the amygdala. Serotonin innervation in the hip-
pocampus may be tied to vegetative symptoms as 
well as altered appetite, weight, and sleep, which 
are features of depression. Moreover, method-
ological variables aside, most results to date 
have supported the notion that decreased cerebral 
serotonin activity increases one’s vulnerability to 
MDD [ 2 ] (Fig.  23.4 ).

   Serotonin is metabolized into 5-hydroxyin-
doleacetic acid (5-HIAA) by the actions of MAO 
and aldehyde dehydrogenase. In early studies, 
decreases in CSF levels of 5-HIAA were reported 
in depressive patients, compared to patients 
with neurological disorders without depression 
[ 76 ]. However, several subsequent studies were 
inconclusive. Further research has suggested a 
bimodal distribution of CSF levels of 5-HIAA in 
depressed patients [ 77 ]. In a longitudinal study, 
Träskman-Bendz and her colleagues [ 78 ] repli-
cated this fi nding, observing a signifi cant increase 
in 5-HIAA levels after recovery in a subset of 
depressed patients who exhibited lower CSF con-
centrations of it before improving. Many studies 
of depressed individuals have reported low CSF 
5-HIAA levels in patients who have attempted 
suicide [ 79 ] or have  suicidal  ideation [ 80 ], 
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compared to depressed, non-suicidal patients 
and healthy controls. However, other studies of 
patients suffering from affective disorders have 
found no association between suicide attempt 
and low CSF 5-HIAA levels [ 81 ]. Altogether, 
low CSF 5-HIAA is linked to a higher prob-
ability of suicidal ideation or suicide attempt, 
which are sometimes comorbid with depression, 
but not always. High variability in CSF levels in 
healthy subjects may contribute to the variability 
of research results in this area. Furthermore, CSF 
levels can be affected by environmental factors 
such as daily diet or the time of day tested [ 82 ]. 

 In postmortem studies of depressed patients, 
signifi cant reductions in serotonin were reported 
in the brain stem, nucleus accumbens, cau-
date, putamen, substantia nigra, and amygdala. 
Moreover, this defi cit in tissue serotonin content 
was not observed in brain tissue from depressed 
cases in remission, suggesting treatment had 
restored serotonin levels. Similarly, decreased 
tissue levels of 5-HIAA were also observed in 
depressed patients. These results, from studies 
of postmortem human brain tissue, support the 
hypothesis that depression involves impairment 
of the serotonin system. However, other postmor-
tem fi ndings about neurochemical levels in the 
brain failed to detect changes in serotonin and 
5-HIAA levels in depressed patients [ 83 ]. While 
a correlation between low CSF 5-HIAA and 
major depression is reported only inconsistently, 
the correlation between low CSF 5-HIAA and 
suicidality, aggression, and impulsivity is more 
robust [ 84 ]. 

 Serotonin can be depleted experimentally in 
humans given oral treatments. A drink containing 
all the amino acids except tryptophan stimulates 
the liver to synthesize proteins to rapidly deplete 
plasma levels of tryptophan. Tryptophan is rate- 
limiting for serotonin synthesis in the brain. This 
oral tryptophan depletion does not induce depres-
sion in healthy subjects, nor does it increase 
the severity of depressed mood in patients who 
have been clinically diagnosed with depression, 
but who are not currently receiving antidepres-
sant treatment. However, it does cause relapse in 
depressed patients who have been successfully 
treated with an SSRI [ 70 ,  85 ], presumably by 

lowering cerebral 5-HT. Moreover, in response 
to tryptophan depletion, S allele carriers of the 
5-HTTLPR SERT-gene polymorphism tend to 
be more vulnerable to relapse into a depressive 
state, tend to perform worse on motivational 
tasks, and tend to respond more slowly to anti-
depressants [ 86 ]. However, tryptophan depletion 
seems a somewhat nonselective tool to probe the 
5-HT defi ciency hypothesis. It can affect general 
protein synthesis. Also, less than 1 % of dietary 
tryptophan is converted into 5-HT, whereas 95 % 
is metabolized into the neuroactive substances 
quinolinic acid and kynurenic acid, which affect 
cholinergic and glutamatergic receptors, respec-
tively, that can affect the brain and mood [ 84 ]. 

 The serotonin transporter (5-HTT), the 
molecular target of a variety of antidepressants, 
has been investigated in postmortem human 
brains. Most studies have observed a signifi -
cant decrease in 5-HTT in depressed patients in 
many serotonin- rich brain regions, including the 
hippocampus, putamen, occipital cortex, fron-
tal cortex, prefrontal cortex, and dorsal raphe 
nuclei. However, other studies have reported 
no signifi cant alteration in 5-HTT in the hippo-
campus, frontal cortex, midbrain, or prefrontal 
cortex [ 2 ,  83 ] (Fig.  23.5 ). In vivo visualization 
and measurement of 5-HTT using positron emis-
sion tomography (PET) and single-photon emis-
sion computerized tomography (SPECT) have 
revealed a signifi cant decrease in 5-HTT binding 
potential in the midbrain region, amygdala, hip-
pocampus, thalamus, putamen, and anterior cin-
gulate cortex [ 83 ,  87 ] among depressed patients, 
as compared to healthy subjects. In contrast, 
other studies have reported increases in 5-HTT 
binding in the thalamus, dorsal cingulate cor-
tex [ 88 ], and medial- frontal cortex in depressed 
patients [ 89 ]. Furthermore, subjects with a his-
tory of suicide attempt showed a markedly lower 
5-HTT binding potential in the midbrain and 
increased 5-HTT binding in the anterior cingu-
late cortex, compared to depressed patients with-
out suicidal histories as well as healthy controls 
[ 89 ]. These results are in line with the hypothesis 
that individuals with suicidal tendencies might 
represent a specifi c subset of depressed patients 
exhibiting serotonergic dysfunction. In  addition, 
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environmental factors like abuse-induced stress 
and maternal separation were associated with 
signifi cant decreases in 5-HTT binding in all 
brain regions. Such factors can modulate the 
serotonin system and may therefore be risk fac-
tors for developing depression [ 83 ].

   In general, results from studies of 5-HT 1A  bind-
ing are variable. The 5-HT 1A  receptor is located 
both presynaptically and post- synaptically to 
regulate serotonin function. This receptor can 
be evaluated in depressive patients by injecting 
certain agonists and measuring specifi c neuro-
endocrine responses, such as elevated prolactin 
level. Results suggest the sensitivity of the hippo-
campal 5-HT 1A  receptor is lower in patients with 
depression, indicating that general upregulation 
of 5-HT receptors (hypothetically as compensa-
tion for lower levels of extracellular 5-HT) fails 
to occur in depression [ 90 ]. In fact, some groups 
have reported an overall decrease in 5-HT 1A  bind-
ing in antidepressant-näive depressed patients 
[ 91 ]. On the other hand, others have observed a 
global increase in 5-HT 1A  binding [ 92 ]. 

 The relationship between 5-HT 1A  binding 
potential and the severity of depression has also 
been taken into consideration; fi ndings have 
indicated a high correlation [ 93 ], but not consis-
tently so [ 91 ]. Antidepressant-naïve depressed 
patients showed increased 5-HT 1A  binding poten-
tial compared to healthy controls, but no change 
registered in depressed patients with a history 
of antidepressant exposure compared to healthy 
individuals [ 27 ,  92 ]. 

 The 5-HT 1B  regulatory autoreceptor, which 
interacts with the p11 protein, regulates serotonin 
release. The p-11 protein, which increases the 
receptor’s effi ciency, is less present in the brains of 
depressive patients postmortem [ 94 ] (Fig.  23.5 ). 

 Increased cortical 5-HT 2A  receptors have also 
been repeatedly associated with depression. This 
link between increased frontal 5-HT 2A  receptors 
and suicidality has been widely cited [ 95 ]. Recent 
data indicate that increased 5-HT 2A  receptors 
could in fact refl ect 5-HT defi ciency. However, 
several groups argue there is no association 
between frontal cortex 5-HT 2A  receptor levels and 
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suicide. Investigations into other brain regions, 
including the hippocampus and amygdala, have 
also produced inconsistent fi ndings. These dis-
crepancies could be attributed to the hypothesis 
that elevated 5-HT 2A  receptor levels more strongly 
correlate with aggression and that both age [ 96 ] 
and antidepressant treatment may alter 5-HT 2A  
receptor levels. However, other authors indicate 
5-HT 2A  receptor levels are not closely associated 
with depression or suicidality [ 84 ]. 

 The rate-limiting step in 5-HT synthesis is 
converting tryptophan into 5-HTP, catalyzed 
by TH. TH exists in two isoforms [ 1 ,  2 ]. TH1 
is largely responsible for 5-HT synthesis in 
the periphery and in the pineal gland. TH2 is 
expressed in the brain exclusively in serotonin 
neurons of the midbrain [ 97 ]. At this moment, 
the evidence for associations between functional 
polymorphisms in TH2 and depression and other 
psychiatric disorders is growing. It seems quite 
reasonable that TH2 gene variants leading to 
impaired TH2 function could result in reduced 
5-HT synthesis and consequently cerebral 5-HT 
defi cit. Polymorphisms in TH2 alone, or in con-
junction with other genetic vulnerability factors, 
could predispose someone to depression that 
could then be precipitated by life stressors [ 84 ]. 

 In conclusion, as in the case of the noradrenaline 
hypothesis, there is a multitude of evidence about 
serotonin dysfunction in depression. Nevertheless, 
the data are not specifi c enough for this mecha-
nism alone to explain the origin of this pathol-
ogy. That being said, clinical evidence points to 
the presence of 5-HT defi ciency in at least some 
depressed individuals, perhaps most convincingly 
when suicidality or aggression is present.  

    Dopamine Hypothesis of Depression 

 Multiple data sources support the role of low 
dopamine neurotransmission in MDD. Dopamine 
is considered a neurotransmitter that is involved 
in motivation and pleasant experiences, and the 
inability to perceive pleasure, or anhedonia, is 
one of the most important signs of a depressive 
state. In fact, patients with Parkinson’s disease, 
which destroys dopamine neurons, frequently 
suffer from depression. 

 However, research on DA’s role in depres-
sion has been largely overshadowed by 
research on NE- and circuits containing 5HT 
(Fig.  23.6 ). The physiological alterations under-
lying reduced DA signaling could result from 
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either  diminished DA release from presynaptic 
 neurons or from impaired signal transduction. 
The latter could be due to changes in receptor 
number or function and/or altered intracellular 
signal processing [ 2 ,  98 ].

   The majority of studies examining the concen-
tration of DA metabolites in CSF, primarily HVA, 
found lower concentrations in depressed patients 
than in controls. However, discrepant results 
have also appeared. Apomorphine, a DA agonist, 
has been used as a probe to assess DA receptor 
responsiveness in depression. Apomorphine stim-
ulates the release of growth hormone –  releasing 
hormone and prolactin. Most such studies have 
found no difference between depressed and 
healthy control subjects in terms of growth hor-
mone or prolactin response to apomorphine [ 98 ]. 

 Relatively few postmortem studies of the 
DA system have been conducted in depressed 
patients and they have, not surprisingly, gener-
ated confl icting results. That is due at least in part 
to methodological variability and to some stud-
ies’ inclusion of suicide victims. Studies of DAT 
expression have also found confl icting results, 
but the most comprehensive PET study observed 
reduced DAT binding in depression [ 99 ]. 

 Anhedonia appears to be a particularly central 
feature of MDD. Reward is mediated by dopamine 
projections to the nucleus accumbens, suggesting 
that mesolimbic neurocircuitry plays a crucial 
role in the pathogenesis of depression. Functional 
brain imaging during a dopamine challenge has 
emphasized that when experiencing anhedonia, 
dopaminergic circuitry is involved in altered 
reward processing. The effi cacy of medications 
that directly act on DA neurons or receptors, such 
as MAOIs, bupropion, and pramipexole, suggests 
that some subtypes of depression stem primarily 
from DA dysfunction [ 2 ,  100 ,  101 ].   

    Conclusions: General 
Considerations About the Classical 
Monoamine Hypothesis of 
Depression 

 The main systems of neurotransmission involved 
in depression are, as discussed above, noradren-
aline, serotonin, and dopamine. According to 

some authors, alteration in some of these systems 
may be an underlying cause of affective disor-
ders. However, there are data to indicate that 
these alterations in monoamine functioning are 
not enough to explain the origin of a pathology 
as complex as depression – or better put, depres-
sions – especially when each monoamine is con-
sidered individually [ 2 ,  85 ]. 

 With the exceptions discussed above, neuro-
biochemical fi ndings in depressed patients have 
led us to hypothesize a distinction between the 
subgroups “noradrenaline depressions” and 
“serotonin depressions.” In the fi rst case, there 
is a drop in noradrenaline metabolism; that is, 
MHPG levels are low in the CSF. In the second 
case, there is a drop in serotonin metabolism, 
with distinctly low CSF levels of 5-HIAA, sero-
tonin’s primary metabolite [ 2 ,  85 ]. That hypoth-
esis, while it has yet to be confi rmed, has a series 
of therapeutic implications. For example, nor-
adrenaline depressions are marked by a loss of 
emotionality, which manifests itself as altered 
mood or sadness, loss of interest and energy, psy-
chomotor slowing, tiredness, anhedonia, and a 
motivation. Conversely, in serotonin depressions, 
added to the sadness and low mood are associated 
anxiety, irritability, impulsiveness, and feelings of 
guilt and fear. It stands to reason that antidepres-
sants with noradrenaline and dopamine profi les 
more effectively treat the fi rst type of depression, 
while serotonin-based antidepressants should 
more effectively treat the second type. However, 
such distinctions have yet to be substantiated and 
what therapy to apply in a given case remains a 
largely empirical question [ 59 ]. 

 These explanations seem in many lights 
incomplete. If heightened monoamine tone were 
the only mechanism involved, administering 
antidepressants, which inhibit monoamine reup-
take almost immediately, should yield an instan-
taneous response. On the contrary, experience 
tells us that clinical improvement occurs gradu-
ally and, generally speaking, is never observed 
in less than 2 weeks of beginning antidepres-
sant treatment. Along those lines, one might 
reason that secondary or tertiary biochemical 
changes resulting from increased synaptic con-
centrations of 5-HT and/or NE in the CNS would 
combat the biochemical anomalies responsible 
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for  depressive disorders. Logically, increased 
 synaptic  concentrations of 5-HT and/or NE may 
essentially fl ip the switch, turning on the CNS 
“hard drive” and yielding secondary or tertiary 
biochemical changes in the CNS that counteract 
the biochemical anomaly or anomalies respon-
sible for depressive disorders [ 1 ,  102 ]. 

 The receptor adaptation theory about the 
physiopathogenesis of depression emerged 
in the 1980s. The theory hinges mainly on the 
delayed onset of antidepressant action and sev-
eral receptors’ adaptation in terms of number 
and functioning. On a related note, most antide-
pressants downregulate the excess activity at the 
β-adrenergic and/or 5-HT 2  receptors exhibited by 
depressive patients. Likewise, some experimen-
tal studies have demonstrated that antidepres-
sants desensitize dopamine receptors, decrease 
the density of α 2 -presynaptic adrenaline recep-
tors, and desensitize the adenylate cyclase sys-
tem coupled to β-adrenergic receptors, which 
may also contribute to its antidepressant activity. 
These adaptive changes do not occur immedi-
ately, which could explain the delay in clinical 
improvement displayed by all antidepressants 
[ 103 ]. On the other hand, the fact that this regula-
tory phenomenon is not universal for all antide-
pressants and that antagonists of these receptors 
lack antidepressant effects and even induce 
depression in some individuals [ 104 ] calls into 
question the notion that this adaptive receptor 
mechanism could be solely responsible for the 
antidepressants’ therapeutic effects. 

 On a similar note, some authors believe 
depressive patients exhibit hyperfunctioning 
mediated by β-adrenergic and/or 5-HT 2  receptors 
that is downregulated by antidepressant treat-
ment [ 105 ,  106 ]. Along those lines, it is known 
that one effect of TCAs, like amitriptyline and 
clomipramine, and MAOIs is that they down-
regulate β-adrenergic receptors. SSRIs, however, 
generally do not produce this effect, and differ-
ences have been established between different 
SSRIs. Hence, while fl uvoxamine, fl uoxetine, 
and paroxetine downregulate β-adrenergic recep-
tors, sertraline and citalopram are not part of this 
phenomenon. 

 Some experimental studies have dem-
onstrated that antidepressants desensitize 

 dopamine  autoreceptors, decrease the density of 
presynaptic α 2 - adrenergicreceptors, and desen-
sitize the adenylate cyclase system coupled 
to β-adrenergic receptors, a phenomenon that 
may also contribute to antidepressant activity. 
Consistent with that hypothesis is the fact that 
antagonists of α 2 - adrenergic receptors like mian-
serin and mirtazapine behave like comparable 
antidepressants [ 107 ]. 

 Other receptors, too, are susceptible to regula-
tion in response to chronically administering anti-
depressants. In the 1990s, Blier and De Montigny 
[ 108 ] involved the 5-HT 1A  receptor in the com-
mon mechanism behind antidepressant activity 
based on a series of experimental and clinical 
results. Likewise, SSRIs’ delayed  effectiveness 
is known to be an outcome of the time they need 
to desensitize the 5-HT 1A  autoreceptors in the 
cell body of serotonin neurons. Desensitizing 
these autoreceptors enables postsynaptic sero-
tonin neurotransmission to be potentiated. In 
that way, it has been demonstrated that the vari-
ous groups of antidepressant treatments, includ-
ing ECT, increase serotonin transmission at the 
5-HT 1A  receptors through several mechanisms, 
mainly in the hippocampus and other areas of the 
CNS. TCAs and ECT thus increase the sensitiv-
ity of 5-HT 1A  receptors [ 109 ,  110 ], while MAOIs 
and SSRIs desensitize presynaptic 5-HT 1A  and 
5-HT 1D  receptors, facilitating the release of 5-HT 
and therefore its interaction with postsynaptic 
5-HT 1A  receptors [ 107 ,  111 ,  112 ]. 

 Despite these considerations, it is important 
to emphasize that currently there is no convinc-
ing evidence that regulation of adrenaline and 
serotonin receptors is solely responsible, per 
se, for the antidepressants’ therapeutic effects. 
Therefore, rather than arrive at the conclusion that 
receptor regulation is the mechanism responsible 
for the action of antidepressant agents, it seems 
more plausible to interpret such regulation as a 
sign of a more complicated adaptive mechanism. 
It is believed that this serotonergic mechanism 
may be necessary, but that the intervention of 
other factors should be taken into consideration 
in accounting for antidepressant effect [ 107 ]. 

 In light of the results we possess about differ-
ent markers of monoamine functioning, and con-
sidering the therapeutic results of  antidepressant 
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treatments, which are more or less selective of 
that system, we emphasize that only 2 out of 3 
patients respond to antidepressant treatment and 
a third respond to a placebo. It is possible that 
the pathophysiology of depression is not linked 
to monoaminergic mechanisms in 2 out of 3 
cases. Moreover, it has been proposed that altera-
tion in these systems of neurotransmission may 
be, rather than the cause, reasons for vulnerabil-
ity to depression. In fact, numerous studies have 
demonstrated that monoamine depletion does not 
spark depressive symptoms in healthy control 
subjects, yet it causes depressive relapse in sub-
jects with a prior history of depression or who are 
under antidepressant treatment. Perhaps depres-
sive subjects exhibit an altered ability to recog-
nize the neurotransmitter and put it to use, an 
alteration not experienced by healthy subjects. In 
depressive individuals, certain neurons in the cir-
cuits that regulate emotion are unable to maintain 
normal functioning when monoamine levels drop; 
this does not occur in healthy individuals [ 2 ,  107 ]. 

 By way of conclusion, we argue that since the 
monoamine hypothesis of depression does not 
fully explain the etiopathology of depression, 
intraneuronal transduction mechanisms of recep-
tor signaling must be involved.     
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    Abstract 

 The effi cacy of melatonin in promoting and maintaining sleep has been 
demonstrated in most of the clinical studies. However, because of its short 
half-life, its sustained effect in improving sleep quality could not be dem-
onstrated uniformly in all the studies that have been undertaken so far. The 
development of slow-release melatonin preparation Circadin has been 
found effective in reducing sleep onset time and also for improving sleep 
quality. This was followed by the introduction of another melatonergic 
drug ramelteon a melatonin receptor agonist that has high selectivity for 
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        Introduction 

 Melatonin ( N -acetyl-5-methoxytryptamine), 
fi rst identifi ed by Lerner et al., is the major 
neurohormone secreted from the pineal gland 
mainly during the dark hours of the night and is 
released in higher concentrations into the cere-
brospinal fl uid [ 1 ,  2 ]. The circadian pattern of 
pineal melatonin secretion is regulated by supra-
chiasmatic nucleus (SCN) of the hypothalamus. 
The SCN has extensive efferent projections to 
the subparaventricular zone of the hypothalamus 
from where these fi bers proceed further to ter-
minate in the areas involved in sleep-wake regu-
lation [ 3 ]. Sleep regulation involves interaction 
of two separate mechanisms, namely, an endog-
enous biological clock that drives the circadian 
rhythm of the sleep-wake cycle (process-C) and 
a homeostatic process (process-S) that infl uences 
sleep propensity that is determined by the dura-
tion of previous sleep episodes [ 4 ]. These pro-
cesses interact continuously and are involved in 
the determination of consolidated bouts of sleep 
at night and consolidated bouts of wakefulness 
during daytime. Melatonin has a role in sleep 
regulation, since its nocturnal rise/increase leads 
to “opening of the sleep gate” and augmentation 
of sleep propensity [ 5 ]. 

 The importance of melatonin in both the ini-
tiation and maintenance of sleep has been dem-
onstrated [ 6 ]. In diurnal animals and in human 
beings, the onset of melatonin secretion has been 
shown to coincide with the timing of an increase 
in nocturnal sleep propensity [ 7 ]. Since melato-
nin has both hypnotic and chronobiotic proper-
ties, it has been used in the treatment of 
age-related insomnia and other primary and sec-
ondary insomnias [ 8 ]. Also, prolonged-release 
melatonin formulations are available that are 
effective in treating insomnias [ 9 ]. 

 Melatonin has also been used successfully for 
the treatment of circadian rhythm sleep disorders 
like jet-lag, shift-work disorder, and delayed 
sleep phase syndrome [ 10 ,  11 ]. The high density 
of MT 1  and MT 2  melatonin receptors in the hypo-
thalamic SCN confi rms that melatonin regulates 
sleep and the sleep-wakefulness cycle by acting 
on both these receptors [ 12 ,  13 ]. 

 As melatonin has a short half-life (less than 
30 min), its effi cacy in promoting and maintain-
ing sleep has been inconsistent in the studies that 
have been undertaken so far. Hence, the need for 
the development of melatonin agonists with a 
longer duration of action on sleep regulatory 
structures in the brain is evident [ 14 ]. Recently, 
the melatonergic chrono-hypnotic drug  ramelteon 

MT 1  receptors than MT 2  receptors and therefore targets  sleep onset  more 
specifi cally than melatonin. Clinical trials undertaken in different countries 
of European region and Japan have conclusively demonstrated that ramelt-
eon in various doses (from 4 to 32 mg/day) reduced sleep onset latency, 
increased total sleep time, and sleep effi ciency and quality in patients suf-
fering from chronic insomnia. Besides acting as a sedative-hypnotic drug, 
ramelteon also demonstrated its ability as a drug with chronobiotic proper-
ties and has been found useful in resetting the disturbed circadian rhythms. 
The action of ramelteon in improving sleep effi ciency is dose independent 
and hence acts differently from melatonin. It has a promising value in treat-
ing patients with chronic insomnia as it does not have any of the adverse 
effects like next-day hangover and dependence associated with the usage of 
other conventional hypnotic drugs.  

  Keywords 

 Ramelteon   •   Sleep onset latency   •   Total sleep time   •   Sleep effi ciency   • 
  Sleep quality  
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has been introduced for the treatment of primary 
insomnia and has been effective in improving 
sleep quality and effi ciency when compared to 
melatonin or slow-release preparations [ 15 ].  

    Insomnia 

 Insomnia is a sleep disorder characterized by 
poor quality of sleep with symptoms like diffi -
culty in falling asleep, frequent nocturnal awak-
enings, and early morning awakenings, resulting 
in fatigue, reduced alertness, irritability, and 
impaired concentration, memory, and perfor-
mance with a major negative impact on quality of 
life [ 16 ,  17 ]. It is more common among elderly 
people and is a major cause of impaired physical 
and mental health in this aged population [ 18 ]. 
Nearly 30–40 % of the adult population suffers 
from mild to severe insomnia. Due to its numer-
ous effects on psychological and physiological 
well-being, insomnia also has serious social con-
sequences, especially motor vehicle accidents 
and reduced work performance and productivity. 
Insomnia can be treated with lifestyle modifi ca-
tions, behavioral techniques including sleep 
hygiene, relaxation and distraction techniques, 
cognitive-behavioral therapy, and pharmacologi-
cal interventions that include both benzodiaze-
pines and nonbenzodiazepine drugs [ 9 ,  19 ].  

    Sleep and Melatonin 

 The role of melatonin in the control of sleep has 
been investigated in both diurnal and nocturnal 
species. Local injection of pharmacological 
amounts of melatonin (1–50 μg) in the medial 
preoptic area of the rat hypothalamus during day-
time increased total sleep time in a dose- 
dependent manner mainly by increasing 
non-rapid eye movement (NREM) sleep [ 20 ]. 
Melatonin has been shown to induce sleep by 
altering the functions of the GABA A - 
benzodiazepine receptor complex [ 21 ]. In diurnal 
species, suppression of electrical activity in the 
SCN is suggested as a possible mechanism by 
which melatonin regulates sleep. This effect is 

absent in MT 1  knockout mice, thereby demon-
strating the importance of MT 1  receptors in mela-
tonin’s acute inhibitory effects on SCN electrical 
activity [ 22 ]. The MT 1  and MT 2  melatonin recep-
tor subtypes are complementary in their actions 
and, to some extent, mutually substitute for each 
other. The suppression of neuronal (GABAergic) 
activity by melatonin is one of the possible mech-
anisms by which this hormone contributes to the 
regulation of sleep. 

 As melatonin defi ciency is suggested as a 
 cause rather than a marker  for insomnia in the 
elderly, melatonin replacement therapy has been 
advocated for treating insomnia in the geriatric 
population. Because melatonin is a natural hyp-
notic, it is suitable for long-term use in elderly 
people due to its low toxicity and limited side 
effect profi le. It has also been proven to be bene-
fi cial since it signifi cantly improved total sleep 
time (TST) and sleep quality and reduced sleep 
onset latency (SOL) [ 23 – 28 ]. 

 Reduced production of endogenous melatonin 
seems to be a prerequisite for effective exoge-
nous melatonin treatment of sleep disorders in 
the geriatric population. A meta-analysis on the 
effects of melatonin in sleep disturbances in all 
age groups (including young adults with presum-
ably normal melatonin levels) by one of the 
authors of this review revealed signifi cant and 
clinically meaningful effects of exogenous mela-
tonin on sleep quality, effi ciency, and latency 
[ 28 ]. However, another meta-analytical study did 
not fi nd melatonin to be effective in increasing 
sleep effi cacy (SE) or in reducing SOL in geriat-
ric patients [ 29 ]. 

 The relationship between sleep disturbances 
and low nocturnal melatonin production was 
investigated in a large population of insomniacs 
aged 55 years or more. Elderly patients with 
insomnia with sleep problems excreted 
9.0 ± 8.3 μg of the urinary melatonin metabolite 
6-sulfatoxymelatonin per night, whereas age- 
matched healthy controls excreted 18.1 ± 12.7 μg 
of 6-sulfatoxymelatonin per night, and younger 
subjects excreted 24.2 ± 11.9 μg of 
6- sulfatoxymelatonin per night. It was also 
observed that half of the elderly insomniacs 
excreted less than 8.0 μg of 6-sulfatoxymelatonin 
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per night. Within this subpopulation of 372 sub-
jects, 112 had urinary 6-sulphatoxy melatonin 
values lower than 3.5 μg per night [ 5 ]. 

 Studies carried out using 0.3–1 mg doses of 
melatonin that attained “physiological melatonin 
levels” or “physiological” melatonin blood levels 
have shown that melatonin reduced sleep latency 
(SL) and increased SE when administered to 
healthy human subjects during the evening [ 23 ]. 
However   , in most studies, higher amounts of 
melatonin (2–6 mg) are needed to be given in 
order to obtain similar effects. Brain imaging 
studies in awake subjects show that melatonin 
modulates the brain activity pattern to one resem-
bling actual sleep [ 30 ]. Despite clinical studies, 
the general effi cacy of melatonin as a sleep- 
promoting substance has been a subject of debate 
[ 31 ]. A possible explanation for this is that 
administered melatonin doses are too low. The 
reported lack of effi cacy of melatonin could be 
related to the extremely short half-life of the fast- 
release melatonin preparations, and this prompted 
the development of active slow-release formula-
tions [ 32 ]. Circadin®, a 2 mg controlled-release 
preparation of melatonin developed by Neurim 
(Tel Aviv, Israel), was approved by the European 
Medicines Agency (EMEA) as a monotherapy 
for short-term treatment of primary insomnia in 
elderly subjects in 2007. Circadin®, a slow- 
release melatonin preparation, has been shown to 
improve the quality of sleep and morning alert-
ness, to reduce SOL, and to ameliorate quality of 
life in the middle-aged and elderly patients with 
insomnia [ 33 ,  34 ]. Generally, patients who have 
low melatonin levels responded better to melato-
nin replacement therapy compared to other 
patients with insomnia. An unknown aspect of 
melatonin activity in brain with regard to its hyp-
notic and chronobiotic activities is the extent to 
which it desensitizes its membrane MT 1  and MT 2  
receptors. Since MT 1  and MT 2  melatonin recep-
tors are G protein-coupled receptors, desensitiza-
tion is an expected normal phenomenon in these 
receptors. Gerdin et al. demonstrated the desensi-
tization of endogenous MT 2  melatonin receptors 
by physiological melatonin concentrations simu-
lating the nocturnal surge in the rat SCN [ 35 ]. 
This fi nding questioned the effi cacy of using sup-
raphysiological doses of melatonin to treat 

insomnia. However, in a study conducted on 
SCN neurons, neither in vivo studies (intraperito-
neal or iontophoretic application of melatonin) 
nor in vitro studies on SCN neuronal cells 
revealed any desensitization phenomenon [ 36 ]. 
Also, the melatonin receptor concentration has 
been shown to increase in parallel with the 
increase of melatonin concentration, which raises 
doubt over the theory of receptor desensitization 
phenomenon after long-term use of either mela-
tonin or its agonists [ 37 ].  

    Ramelteon: The Melatonergic 
Drug for Insomnia 

 Ramelteon (Rozerem®, Takeda Pharmaceuticals, 
Japan) is a melatonergic hypnotic medication 
that has been demonstrated to be effective and 
safe in clinical trials. It is a tricyclic synthetic 
analog of melatonin, chemically designated as 
( S )- N -[2-(1, 6,7,8-tetrahydro-2 H -indeno[5,4- b ]
furan-8-yl)-ethyl]propionamide. In 2005, the 
Food and Drug Administration (FDA) approved 
its use for the treatment of insomnia. Ramelteon 
is a selective MT 1 /MT 2  receptor agonist without 
signifi cant affi nity for other receptor sites [ 38 , 
 39 ]. In vitro binding studies have shown that 
ramelteon’s affi nity for MT 1  and MT 2  receptors is 
3–16 times higher than that of melatonin. The 
selectivity of ramelteon for MT 1  has been found 
to be greater than that of MT 2  receptors. The 
selectivity of MT 1  receptors by ramelteon sug-
gests that it targets sleep onset more specifi cally 
than melatonin itself [ 40 ].

     Pharmacokinetics of Ramelteon 

 Ramelteon is usually administered by the oral 
route and is absorbed rapidly by the gastrointesti-
nal tract (84 %). The half-life of circulating 
ramelteon is in the range of 1–2 h, which is much 
longer than that of melatonin. The infl uence of 
age and gender on the pharmacokinetics and the 
pharmacodynamics of ramelteon was evaluated 
in healthy volunteers (young: 18–34 years; 
elderly: 63–79 years) after administration of a 
single dose of ramelteon. Compared to young 
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individuals, the clearance of ramelteon was sig-
nifi cantly reduced in elderly individuals. No 
 signifi cant effect of gender was observed [ 41 ]. 

 Ramelteon is extensively metabolized into 
active metabolites primarily via oxidation to 
hydroxyl and carbonyl species, with secondary 
metabolism to form glucuronide conjugates. 
Cytochrome P450 1A2 is the major hepatic 
enzyme involved in ramelteon metabolism. Four 
principal metabolites of ramelteon (M-I, M-II, 
M-III, M-IV) have been identifi ed. Among these, 
M-II has been found to occur in much higher 
concentrations with systemic levels 20–100-fold 
greater than ramelteon itself. Although the activ-
ity of M-II is 30-fold lower than that of ramelt-
eon, its exposure exceeds that of ramelteon by a 
factor of 30. Hence, it is suggested that M-II may 
contribute signifi cantly to the net clinical effect 
of ramelteon intake [ 39 ].  

    Mechanism of Ramelteon 
Sedative- Hypnotic Action 

 Although MT 1  and MT 2  receptors are widely 
distributed in the brain outside of the SCN, the 
high density of melatonin receptors in the SCN 
and their relationship to the circadian pace-
maker function and especially to the sleep-
wake cycle are highly suggestive of the SCN 
melatonin receptor role in sleep regulation [ 42 , 
 43 ]. Ramelteon’s specifi city for MT 1  and MT 2  
melatonin receptors indicates that its sleep-
related site of action is probably in the SCN 
(Fig.  24.1 ) [ 22 ].

   A “sleep-switch” model to describe the regu-
lation of sleep-wakefulness was originally pro-
posed by Saper and his colleagues [ 3 ]. It consists 
of “fl ip-fl op” reciprocal inhibitions among sleep- 
associated activities in the ventrolateral preoptic 
nucleus and wakefulness-associated activities in 
the locus coeruleus, dorsal raphe, and tuber-
omammillary nuclei. The SCN has an active role 
both in promoting wakefulness and in promoting 
sleep, and this depends upon a complex neuronal 
network and also involves a number of neu-
rotransmitters [and neuropeptides] like GABA, 
glutamate, arginine vasopressin, and somatosta-
tin [ 44 ,  45 ]. 

 Ramelteon may accelerate sleep onset by 
infl uencing the hypothalamic sleep-switch down-
stream from the SCN in the same way as melato-
nin [ 46 ,  47 ]. Ramelteon promotes sleep onset 
through inhibition of SCN electrical activity and 
the consequent inhibition of the circadian wake 
signal, thereby activating the specifi c sleep- 
circuit pathway [ 46 ].  

    Clinical Studies on Ramelteon 
in Insomnia 

 The fi rst study of the effects of ramelteon on 
sleep was conducted by Roth and his colleagues 
in 2005 [ 48 ]. In this study involving 117 patients 
(aged 16–64 years) drawn from 13 centers in 
Europe, the effi cacy, safety, and dose response of 
ramelteon were examined. Each patient was ran-
domized to a dosing sequence of 4, 8, 16, or 
32 mg of ramelteon. All doses of ramelteon pro-
duced a statistically signifi cant reduction in 
latency to persistent sleep (LPS) and increased 
TST as shown by polysomnography (PSG) [ 48 ]. 

 In a follow-up study, the same group of inves-
tigators administered ramelteon for a period of 5 
weeks to 829 patients (>65 years). In this double- 
blind study, ramelteon at doses of either 4 or 
8 mg/day brought about a signifi cant reduction in 
SOL (16–35 %). TST was increased by both 
doses of ramelteon [ 49 ]. In another randomized, 
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multicenter double-blind, placebo-controlled 
crossover study including 107 patients, ramelteon 
was administered in doses of 4–32 mg/day. The 
treatment decreased LPS and increased TST sig-
nifi cantly as measured objectively with PSG [ 50 ]. 

 A short-term evaluation of the effi cacy of 
ramelteon was performed in 100 elderly patients 
by administering 4 and 8 mg doses in a 2-night/3- 
day period crossover design. LPS decreased, and 
TST and SE improved as compared to placebo 
[ 51 ]. Likewise, the effi cacy of ramelteon in 
reducing SOL and in increasing TST and SE was 
evaluated in 371 patients administered with 8 or 
16 mg of ramelteon for 5 weeks in a double-blind 
placebo-controlled study. The results were con-
sistent in confi rming the effi cacy of ramelteon to 
reduce SOL and to increase SE and TST [ 52 ]. 

 A long-term evaluation of the effi cacy of 
ramelteon was conducted in 1,213 adult and 
elderly patients with chronic insomnia [ 53 ]. The 
adult patients aged 18–64 years were given 
ramelteon 16 mg, and the elderly patients aged 
65 and older were given 8 mg. Five hundred 
ninety-seven patients remained in the study at 6 
months, and 473 patients completed the full 12 
months [ 54 ]. Both elderly and adult patients 
experienced improvement at month 1 (34.0 and 
35.1 %, respectively), month 6 (44.7 and 49.1 %), 
and month 12 (50.3 and 52.1 %) [ 53 ]. TST esti-
mates also showed steady improvement for 
elderly and adult patients at month 1 (15.2 and 
16.9 %), month 6 (21.6 and 22.7 %), and month 
12 (25.5 and 23.9 %). 

 In a post hoc analysis of a previously pub-
lished 5-week, randomized, double-blind, 
placebo- controlled study involving 405 patients 
with chronic insomnia aged 18–64 years, rapid 
onset of action of 8 mg of ramelteon caused sig-
nifi cant reductions in SOL within a week (63 % 
for ramelteon vs. 39.7 % for placebo,  p  < 0.001). 
This reduction in LPS was sustained throughout 
the 5 weeks of study (63 and 65.9 % ramelteon 
vs. 41.2 and 48.9 % placebo at the end of the third 
and fi fth week, respectively) [ 55 ]. Reduction in 
LPS after ramelteon was also noted in healthy 
human subjects in a 6-week-long study using an 
8 mg dose; in this study of healthy human sub-
jects, ramelteon also increased TST [ 56 ]. In 

another 6-month study performed in 451 adults 
suffering from chronic insomnia drawn from dif-
ferent centers across the globe (mainly the USA, 
Europe, Russia, and Australia), ramelteon 
 consistently reduced LPS when compared to pla-
cebo [ 57 ]. The baseline LPS decreased from 70.7 
to 32.0 min at week 1 (with ramelteon), and this 
reduction in LPS was maintained at months 1, 3, 
5, and 6. No adverse effects like next-morning 
residual effects, rebound insomnia, or withdrawal 
effects were noted [ 57 ]. 

 In a double-blind placebo-controlled study 
involving a large number of Japanese patients 
with chronic insomnia ( n  = 1,130), the effi cacy 
and safety of 4 and 8 mg ramelteon doses were 
evaluated. At a 4 mg dose of ramelteon, no statis-
tically signifi cant differences were found in sub-
jective SOL when compared with the placebo 
group, while with 8 mg of ramelteon, a signifi -
cant increase in TST and a decrease in SOL were 
observed [ 58 ]. 

 The same investigators evaluated the effi cacy 
and safety of ramelteon in 190 Japanese adults 
with chronic insomnia treated for a period of 24 
weeks. TST signifi cantly increased with ramelteon 
8 mg/day dose, and this was maintained for 20 
weeks. In this study, ramelteon was well tolerated, 
and it did not cause residual effects, rebound 
insomnia, withdrawal symptoms, or dependence 
even after 24 weeks of continuous treatment [ 59 ]. 
In all clinical studies undertaken so far to evaluate 
the effi cacy and safety of ramelteon in various 
doses ranging from 4 to 32 mg/day in patients with 
chronic insomnia, the drug reduced SOL and 
increased sleep duration (Table  24.1 ).

   Besides acting as a sedative-hypnotic drug, 
ramelteon also exhibited chronobiotic properties. 
In a study conducted in 75 healthy human sub-
jects, the administration of ramelteon at doses of 
1, 2, 4, and 8 mg for 6 days caused signifi cant 
advancement of dim-light melatonin offset [ 62 ]. 
As a melatonergic hypnotic and chronobiotic 
drug, ramelteon has a unique place in the devel-
opment of novel drugs for the treatment of insom-
nia [ 63 ]. 

 Interestingly, a recent randomized, placebo- 
controlled study suggested that ramelteon can be 
also benefi cial for the treatment of ambulatory 
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bipolar I disorder patients suffering from manic 
symptoms and sleep disturbances. Twenty-one 
outpatients with bipolar I disorder with mild-to- 
moderate manic symptoms and sleep distur-
bances were randomized to receive either 
ramelteon ( N  = 10) or placebo ( N  = 11) in an 
8-week, double-blind, fi xed-dose (8 mg/day) 
study. Ramelteon and placebo had similar rates 
of reduction in ratings of symptoms of insomnia, 
mania, and global severity of illness. However, 
ramelteon was associated with improvement in a 
global rating of depressive symptoms. It was also 
well tolerated and associated with no serious 
adverse events [ 64 ].   

    Conclusion 

 Melatonin exhibits both hypnotic and chrono-
biotic properties and thus has been used for 

inducing sleep and for treating sleep disorders 
in children, adults, and elderly people. The 
results of endogenous melatonin’s action in 
insomnia have not been consistent due to its 
short half-life and rapid metabolism. 

 Ramelteon (Rozerem®), a melatonergic 
drug with rapid onset and sustained duration 
of action, has been effective in treating sleep 
disorders and sleep disturbances associated 
with depressive disorders. The melatonergic 
agonist ramelteon has shown promising 
results in the treatment and management of 
insomnia as revealed in the numerous clini-
cal trials that were undertaken in Europe, the 
USA, and Japan. This melatonergic drug, by 
acting through MT 1  and MT 2  melatonergic 
receptors in brain, particularly in the SCN, 
has demonstrated its superior effi cacy in 

   Table 24.1    Clinical studies with ramelteon for chronic insomnia   

 Dosage 
(mg/day) 

 Duration of 
administration 

 Number of 
insomnia patients  Sleep onset latency 

 Sleep 
effi cacy 
and quality  Total sleep time  Reference 

 4 and 8  5 weeks  829 (mean age: 
72.4 years) 

 Reduced  Enhanced  Increased at the end 
of fi rst week, third 
week, and fi fth week 

 [ 49 ] 

 4, 8, 16, 
and 32 

 2 days  107 (mean age: 
37.7 years) 

 Reduction in latency 
to persistent sleep 

 Increased  Increased  [ 50 ] 

 4  5 weeks  100 elderly patients  Reduced  Increased  Increased  [ 51 ] 
 8 and 16  5 weeks  371 patients with 

chronic insomnia 
 Reduced  Increased  Increased at all 

doses 
 [ 52 ] 

 8  5 weeks  270 patients with 
chronic insomnia 

 63 % reduction in 
week 1 and 3, 65.9 % 
reduction at week 5 

 –  –  [ 55 ] 

 8  6 weeks  20 healthy peri- and 
postmenopausal 
women 

 Reduced  Increased  Increased  [ 56 ] 

 8  6 months  451 adults with 
chronic insomnia 

 Reduced latency to 
persistent sleep 
consistently 

 –  –  [ 57 ] 

 8 and 16  5 weeks  289 patients with 
chronic insomnia 
(mean age: 65 
years) 

 Reduced  Increased  Increased  [ 60 ] 

 4 and 8  2 weeks  1,130 adults  Reduced with 8 mg 
only 

 Increased 
in the fi rst 
week 

 Increased  [ 58 ] 

 4, 8, 
and16 

 24 weeks  190 adults with 
chronic insomnia 

 Reduces sleep 
latency 

 Increased  Increased up to 20 
weeks and 
maintained 

 [ 59 ] 

 8  2 nights  65 patients with 
insomnia 

 Reduced  Increased  Increased  [ 61 ] 
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promoting sleep with its rapid onset of 
action. Moreover, it did not exhibit any 
adverse side effects that have been associ-
ated with the use of benzodiazepine and 
nonbenzodiazepine sedative drugs that are 
commonly used today. 

 Ramelteon exerts a promising effect on sleep 
by enhancing daytime alertness and sleep qual-
ity and by displaying an effective sleep-induc-
ing effect. Because melatonin and ramelteon act 
in a natural way in promoting sleep, their long-
term use is not associated with any side effects 
like dependency, next-day hangover, memory 
impairment, cognitive dysfunction, or psycho-
motor retardation. Agomelatine, the melatoner-
gic antidepressant, is effective in treating 
patients with major depressive disorders and 
other mood disorders, partly attributable to its 
property of improving the sleep quality and effi -
ciency. Melatonergic drugs have a place in the 
treatment of sleep disorders, and large clinical 
trials are needed to prove their effi cacy and 
long-term safety.     
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    Abstract 

 Melatonin is the pineal hormone, is an indoleamine, and has a persuasive 
role in the biological regulation of circadian rhythm, sleep–mood disor-
ders, immunoregulation, cancer, neurodegenerative disorders, and aging. 
It passively diffuses into the bloodstream, exerting maximum effective-
ness and protective action. This protective action is due to direct free radi-
cal scavenging and indirect antioxidative effects, especially in cases of 
neurodegenerative disorders like Alzheimer’s and Parkinson’s disease 
whose pathogenesis is associated with the cytotoxic effects of free radi-
cals. Melatonin also promotes neurogenesis in adults, thus affecting hip-
pocampal functions and enhancing cognitive and behavioral activities. 
Therapeutic trials with melatonin have been effective also in slowing down 
the progression of some neurodegenerative disorders. Studies suggest that 
melatonin have clinical potential for the treatment of neurodegenerative 
diseases.  

  Keywords 
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  KA    Kainic acid kainate   
  MDA    Malondialdehyde   
  MT1    Melatonin receptor 1   
  MT2    Melatonin receptor 2   
  NADPH-d    Nicotinamide adenine dinucleotide 

phosphate-diaphorase   
  NMDA     N -methyl- d -aspartate   
  nNOS    Neuronal nitric oxide synthase   
  NO    Nitric oxide   
  PI3K    Phosphatidylinositide 3-kinases   
  ROS    Reactive oxygen species   
  SOD    Superoxide dismutase   

          Introduction 

 Melatonin, a derivative of the essential amino 
acid tryptophan, was fi rst identifi ed in bovine 
pineal, and for that reason, it has been portrayed 
exclusively as a hormone. It is released during 
the night as part of our time-reliant biorhythms to 
help sleep and recuperation from fatigue. This 
hormone is assumed to intervene with photoperi-
odicity, is light sensitive, and is subject to oxida-
tion. It is a powerful hormone produced in the 
pineal gland and secreted into cerebrospinal 
fl uid. It is also found in many plants from bananas 
to morello cherries and in most of cereals. This 
neurologically and endocrinologically dynamic 
substance is able to retune the biological clock 
and improve symptoms of depressive mood, jet 
lag, panic disorders, common colds, and cancers 
and even portrayed as a pacemaker of aging in 
humans. Melatonin is a potent antioxidant as 
well. It reinforces the immune system and stabi-
lizes the nervous system. Melatonin plays a sig-
nifi cant role in the proliferation of neuronal cells. 
Recently it has been called a “wonder drug” 
helpful for treating all illnesses ranging from 
AIDS to Alzheimer’s. 

 The pineal gland produces melatonin from 
serotonin, which is a neurotransmitter derived 
from the amino acid tryptophan. Inside the 
pineal gland, serotonin is acetylated and subse-
quently methylated to yield melatonin [ 1 ]. 
Melatonin is well known for its functional 

exchanges with the neuroendocrine axis and 
with circadian biorhythms [ 2 ]. Recently, it has 
been revealed that it has neuroprotective and 
neuroregenerative effects as observed in models 
of neuronal cell deaths in which excitotoxins 
are involved [ 3 ]. Melatonin plays a vital role in 
different physiological processes including reg-
ulation of sleep promotion, circadian rhythms 
[ 4 ], and reproduction [ 5 ]. It also has an anti-
infl ammatory action, reducing damage as a 
result of ischemia or reperfusion injury in stroke 
models [ 6 ]. Melatonin is also effi cient in 
defending the nuclear DNA and its allied his-
tone proteins [ 7 ].  

    Powerful Antioxidant Effects 

 It was “Lanas” who fi rst recommended that mel-
atonin may perhaps have a role in scavenging 
free radicals [ 8 ]. Melatonin has been shown to 
be highly effective in reducing oxidative dam-
age in the central nervous system [ 9 ]. This effi -
ciency is derived from its capability to directly 
scavenge numerous free radicals [ 2 ] and to act 
as an indirect antioxidant [ 10 ]. In particular, 
melatonin detoxifi es free radicals via electron 
donation [ 11 ]. Its function as a free radical scav-
enger is likely facilitated by the ease with which 
it traverses the morphological barriers, such as 
blood–brain barriers to enter nerve cells and 
subcellular compartments [ 12 ]. It can scavenges 
hydroxyl, carbonate, and a variety of organic 
radicals, peroxynitrite, and additional reactive 
nitrogen species [ 13 ]. Melatonin also augments 
the antioxidant potential of cells by stimulat-
ing the synthesis of antioxidant enzymes, spe-
cifi cally superoxide dismutase, glutathione 
reductase, and glutathione peroxidase, and by 
augmenting glutathione levels [ 14 ]. Tan et al. in 
1993 provided classic evidence that melatonin 
functions as a direct scavenger of the hydroxyl 
radical (OH − ) [ 15 ]. OH −  is widely accepted as 
the most destructive molecule endogenously 
formed in aerobic organisms. The OH −  radical 
mutilates any molecule in the vicinity of where 
it is produced [ 15 ]. Melatonin not only initiates 
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the “antioxidant  cascade” but also effectively 
scavenges the resultant metabolite. Melatonin 
as an antioxidant protects membrane lipids, 
cytosolic proteins, and nuclear DNA from oxi-
dative damage, but also it is reported to modify 
the actions of enzymes that improve the total 
anti-oxidative protection  capacity of an organ-
ism [ 16 ].  

    The Life Extender Role 

 Increased melatonin has signifi cantly extended 
the life span of test animals. Systemic adminis-
tration of melatonin improved neuronal survival 
rate, stimulated the neurogenesis, and facilitated 
behavioral revival after transient focal cerebral 
ischemia in mice [ 17 ]. It was also shown that 
melatonin enhanced cell proliferation in the den-
tate gyrus sub region of maternally separated rats 
[ 18 ]. Melatonin has antidepressant properties and 
thus can be recommended to improve the quality 
of life of cancer patients on chemotherapy [ 19 ]. It 
has been also proven that melatonin enhances the 
quality of sleep and is supportive in maintaining 
biorhythms [ 4 ].  

    How Melatonin Works 

 Melatonin possibly works via electron con-
tribution to directly detoxify free radicals. In 
vitro and in vivo experiments have proven that 
melatonin protects cells, tissues, and organs 
against oxidative damage induced by a vari-
ety of free radical- generating processes and 
agents, including cyanide poisoning, ischemia–
reperfusion, glutathione depletion, MPTP (1 
methyl-4-phenyl 1,2,3,6-tetrahydropyridine), 
and kainic acid (KA)-induced excitotoxicity 
[ 20 ]. The discovery of diverse targets in cells 
proposes a variety of methods of action for 
this complex process which appears to fall into 
three categories:
    1.    Receptor mediated   
   2.    Protein mediated   
   3.    Nonprotein mediated    

      Neurodegenerative Diseases 
and Melatonin 

 Melatonin’s adaptability and the complexity of 
its actions make it an extremely effi cient pharma-
cological agent for neuroregeneration, neuropro-
tection, and the treatment and cure of 
neurodegenerative disorders, brain tumors, and 
cancers [ 21 ], because it is one of the safest prod-
ucts, with no pragmatic side effects or conse-
quences. Recent research has shown that 
melatonin averted delayed death of hippocampal 
neurons stimulated by enhanced excitatory 
nitridergic and other neurotransmission pathways 
[ 22 ]. Researchers are studying mechanisms of 
plasticity of neurons and stressor toxicity through 
aging and the function of melatonin during these 
courses. Kilic et al. 2004 reported that pretreat-
ment of melatonin exerts anti-infl ammatory 
activity reducing ischemia/reperfusion injury in 
rat middle brain cerebral artery occlusion model. 

 Fluctuations in the concentration of melato-
nin are particularly prominent in brain ventricles 
[ 2 ], where levels of melatonin can be approxi-
mately 75-fold more than in peripheral plasma 
[ 23 ]. One of the brain structures that might be 
chiefl y susceptible to melatonin’s action is the 
hippocampus. Because of its proximity to ven-
tricles, the hippocampus is bathed in variable 
levels of melatonin, which appear to manipulate 
the physiology of the hippocampus [ 24 ,  25 ]. The 
hippocampus has a role in cognitive and learn-
ing behavior, and damage to the hippocampus 
during the developmental phase of brain matura-
tion results in neurodegenerative alterations in 
later life. 

 Melatonin has pleiotropic neurobiological 
procedures reconciled through cell membrane 
receptors [ 26 ,  27 ] and by means of intracellu-
lar signaling cascades [ 28 – 30 ]. Additionally, it 
is involved in the control of a variety of physi-
ological functions like synchronization of other 
circadian rhythms, as well as that of the central 
pacemaker, the suprachiasmatic nucleus (SCN) 
[ 31 – 34 ], immune function [ 35 ,  36 ], sleep regu-
lation [ 4 ,  37 ], blood pressure regulation [ 38 , 
 39 ], growth inhibition of malignant cells [ 40 ], 
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 modulation of mood and behavior [ 41 – 43 ], and 
retinal functions [ 44 – 46 ]. 

 Animal studies established effects of melato-
nin in the hippocampus, chiefl y suggesting its 
participation in synaptic plasticity. Even though 
melatonin infl uences all parts of the brain, still 
the hippocampus is the most studied region. 

 The effi ciency of melatonin’s inhibition of 
oxidative stress was projected in various neuro-
degenerative disorders, the pathogenesis of 
which is linked with the cytotoxic action of free 
oxygen radicals, such as in Parkinson’s or 
Alzheimer’s disease [ 47 ]. Alzheimer’s disease 
(AD), which is the most common reason of cog-
nitive decline in the elderly population, is neuro-
pathologically distinguished by progressive 
development of insoluble amyloid plaques, con-
sisting of amyloid β-peptide (Aβ), and neurofi -
brillary tangles, predominantly in neurons of the 
hippocampus and cerebral cortex [ 48 ,  49 ]. 
Melatonin is a highly effective antioxidant which 
scavenges hydroxyl, and possibly peroxyl radi-
cals [ 14 ,  50 ]. A related detoxifying consequence 
of melatonin is also identifi ed for nitric oxide, 
hydrogen peroxide, and peroxynitrite [ 11 ,  51 ]. 

 Additionally, melatonin enhances the actions 
of antioxidizing enzymes like glutathione per-
oxidase, superoxide dismutase, and glutathione 
reductase and defends against glutamate exci-
totoxicity. Cell culture experimentation have 
shown that melatonin prevents Aβ-induced neu-
rotoxicity [ 52 ]. There is a large reduction in mel-
atonin secretion occurring with age; in addition, 
the reduction in melatonin levels in AD patients 
may perhaps correlate with dementia severity 
[ 50 ,  53 ]. The experimental evidence related to 
the neuroprotective role of melatonin focused on 
research aimed at models of Alzheimer’s disease, 
Huntington’s disease [ 54 ], and parkinsonism 
[ 55 ]. The decline in the production of melatonin 
in aged persons has been recommended as one 
of the primary causative factors for the develop-
ment of age-associated neurodegenerative dis-
eases [ 56 ], such as Alzheimer’s disease [ 57 ]. 

 Melatonin conserves mitochondrial homeo-
stasis, decreases free radical generation by 
enhancing mitochondrial glutathione levels, and 
safeguards proton potential [ 58 ] and ATP syn-

thesis by stimulating complex I and IV activi-
ties [ 9 ]. Therapeutic trials using melatonin have 
been effective in slowing down the progression 
of Alzheimer’s disease but not Parkinson’s dis-
ease. Melatonin’s effectiveness in fi ghting free 
radical damage in the brain recommends that it 
may be a valuable curative agent in treatment 
of cerebral edema following traumatic brain 
injury. Different levels of melatonin concentra-
tions observed at various stages of neurodegen-
erative diseases though associated with secretion 
patterns and age are being studied for the com-
mencement of neurodegenerative diseases [ 59 –
 61 ]. Melatonin’s pharmacological function as a 
mediator against neuronal loss in investigational 
models of Alzheimer’s disease, Huntington’s 
disease, and Parkinson’s disease needs to be sub-
stantiated before the drug can establish its place 
in neurology clinics [ 62 ]. 

 Melatonin’s action as a free radical scavenger 
and antioxidant [ 63 ,  64 ] protects hippocampal 
neurons in vivo against KA-induced injury in 
mice [ 65 – 67 ]. As well, melatonin is also effi cient 
in reducing the detrimental action of singlet 
oxygen- induced apoptosis [ 68 ] and brain 
ischemia- stimulated nitric oxide and cyclic-GMP 
production [ 69 ]. Pinealectomized rats defi cient in 
melatonin were more vulnerable to excitotoxicity 
and focal ischemia [ 70 ]. Adverse results of pine-
alectomy were reversed by melatonin treatment 
[ 71 ]. Melatonin upregulated levels of glial cell 
line-derived neurotrophic factor (GDNF) [ 72 ]. 
Furthermore, melatonin caused activation of ser-
ine or threonine kinase and Akt (also known as 
protein kinase B (PKB), a serine/threonine- 
specifi c protein kinase) by acting on melatonin 
receptors [ 73 ]. Akt, which is a downstream 
effecter of PI3K, is a critical intermediary of neu-
ronal endurance in pathological neuronal cell 
death, such as excitotoxic damage [ 74 ,  75 ]. 
Melatonin defends against cell death by varying 
activities of enzymes which recover the total 
antioxidative protection capability of the organ-
ism, such as glutathione peroxidase, superoxide 
dismutase, and glutathione reductase [ 76 ]. 

 These characteristics possibly underline pro-
tection by melatonin of cultured neurons in the 
presence of KA [ 77 ] or oxidative stress [ 63 ,  68 ] 
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and of neurons in vivo following ischemic injury 
[ 78 ] or systemic administration of KA [ 79 ]. 
Melatonin altered the behavioral reaction of rats 
against neurotoxicity of KA and also barred neu-
romorphological damages in rats [ 20 ,  65 ,  79 ]. 
Concurrent administration of melatonin possibly 
may effectively neutralize the lethal effects of 
cadmium by reducing hydroxyl radicals and avert 
loss of cholinergic neurons of the hippocampus 
[ 80 ]. Melatonin is also able to ameliorate other 
trace elements in the hippocampus region which 
serve as cofactors of antioxidant enzymes. 

 In additional to melatonin-induced inhibition 
of apoptosis and necrosis [ 66 ,  81 – 84 ], some stud-
ies have focused on the function of autophagy in 
neuroprotection induced by melatonin. Melatonin 
has been found to put forth its neuroprotection by 
enhancing autophagy in ischemia–reperfusion 
injury [ 85 ]. On the contrary, melatonin appar-
ently attenuated methamphetamine-induced neu-
rotoxicity by inhibition of autophagy [ 86 ]. 

 Recent studies explored whether or not sys-
temic administration of melatonin-induced 
endogenous neurogenesis improved neuronal 
survival and assisted behavioral recovery follow-
ing focal cerebral ischemia in mice. Neurogenesis 
in the adult hippocampus contributes to func-
tioning of the hippocampus by allowing lifetime 
adaptations of the mossy fi ber system [ 87 ]. 
Numerous theories are now suggesting that link-
age failure of hippocampal neurogenesis in 
adults contributes to neuropsychiatric disorders, 
particularly schizophrenia and depression, but 
also dementia [ 88 ,  89 ]. Circadian rhythm regula-
tion of adult hippocampal neurogenesis is 
affected by manipulation of sleep cycles and is 
reduced in animal models of these disorders. The 
results of these studies link the disturbed regula-
tion of circadian production of melatonin and 
neuropsychiatric disorders [ 90 ,  91 ]. These 
results establish that, in all the assessed regions 
of the brain, including the cortex, hippocampus, 
striatum, and subventricular zone, the number of 
proliferating cells of neural ancestry is consider-
ably higher for animals treated with melatonin 
than for control groups. The number of neurons 
surviving was also appreciably higher in animals 
treated with melatonin [ 17 ]. Numerous studies 

are being carried out to investigate the role of 
melatonin in the early developmental proceedings 
of apoptosis, adult neurogenesis, and neurophilic 
movement in the adult hippocampus. Functions of 
the hippocampus in adults are positively infl u-
enced by adult hippocampal neurogenesis, and 
inherent regulators of neurogenesis play a funda-
mental role in it. Early postnatal study in rats 
revealed that melatonin altered proliferative activ-
ity in dentate gyrus subregion [ 18 ]. Melatonin 
promoted proliferation and differentiation of 
brain neural stem cells in rat embryos [ 92 ,  93 ]. 

 So far, it has been established that melatonin 
can control synaptic plasticity measured in hip-
pocampal neurons [ 94 ,  95 ], it is best recognized 
for its function in regulation of seasonal repro-
duction. Nevertheless, this hormone may well 
serve additional functions. Melatonin receptors 
were certainly found in the hippocampus of a 
variety of animals [ 96 – 101 ]. Two subtypes of 
mammalian melatonin receptors have been repli-
cated and distinguished, the MT1 and MT2 
receptor subtypes [ 102 ]. Among supplementary 
actions, these receptors are negatively coupled to 
the adenylyl cyclase (AC)–protein kinase A 
(PKA) cascade [ 102 ]. The transcripts for melato-
nin receptors are present in the hippocampus 
[ 100 ,  103 ,  104 ]. Since the hippocampus serves a 
major role in memory development [ 105 ,  106 ], 
the impact of melatonin on neurons in the hippo-
campus may have comprehensive consequences. 
These fi ndings stimulate questions about the 
physiological function of melatonin in the hip-
pocampus. The conditions in the hippocampus 
appear to be particularly complex because there 
is proof for melatonin exerting both inhibitory 
and excitatory actions. Zeise and Semm discov-
ered that the application of melatonin lessened 
the excitability of granular neurons of CA3 and 
dentate gyrus [ 107 ]. A recent fi nding on CA1 
neurons showed that the application of melatonin 
produced a sluggish increase in the fi ring rate 
during the night but not during the day [ 104 ]. 
This increase in fi ring rate could be due to regula-
tion of CA1 neurons; the relevance of melatonin 
has been shown to reduce the amplitude of GABA 
currents in these neurons [ 100 ].    Some reports 
also stated that the administration of melatonin 
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produced biphasic regulation of evoked poten-
tials evident from the CA1 region of a mouse hip-
pocampus [ 24 ,  25 ].  

    Mechanism of Neuroprotective 
Action of Melatonin 

 Free radicals are chemical species generated in 
normal cells. Each cell is well equipped with 
endogenous scavenging and antioxidant systems. 
However, large amounts of free radicals and ROS 
generated in neurotoxicity can overcome cellular 
defenses and induce tissue damage. The high 
reactivity of ROS can trigger disorders in bio-
logical systems. ROS can disrupt cellular func-
tions by exerting multiple damaging reactions to 
proteins, lipids, carbohydrates, and nucleic acids. 
The augmented production of ROS is therefore a 
potential risk to cellular homeostasis and neuro-
nal survival, if the balance of oxygen species is 
not maintained by endogenous antioxidant mech-
anisms [ 108 ]. Sustained neuronal excitation 
damages neurons progressively due to the dis-
turbed antioxidant pool and increased vulnerabil-
ity to ROS, Ca 2+  overload, and nitric oxide. The 
measurement of free radical damage in neurode-
generation induced by KA is important to facili-
tate understanding of the cellular and molecular 
mechanisms that play critical roles in neuronal 
damage. Since neurons are susceptible to ROS 
damage due to their relatively low levels of anti-
oxidant defense, melatonin has an important role 
in regulating neuronal loss. 

 Melatonin, at physiological concentrations, is 
effective in both lipid and aqueous phases as a 
potent free radical scavenger [ 12 ]. In a number 
of studies, it was shown that pretreatment with 
melatonin was found to be highly effective in 
protecting cells against the damage induced in 
various pathological conditions [ 54 ,  109 ]. In vivo 
studies in our laboratory [ 110 ] demonstrated the 
free radical scavenging effi cacy of melatonin. 
These observations were further confi rmed by an 
in vitro model for neurotoxicity. Our data [ 110 ] 
showed the neuroprotective effects of melato-
nin treatment on KA-induced neuronal injury 
through scavenging ROS, limiting effect on lipid 

peroxidation, restoring antioxidant enzymes 
activity, and preventing mitochondrial dysfunc-
tion. The antioxidant enzymes, such as CAT, 
SOD, GPx, and reduced glutathione (GSH), 
create a mutually supportive team for defense 
against reactive oxygen species (ROS). The 
overload of free radicals observed in KA-treated 
groups contributed to a signifi cant decrease in 
GPx, CAT, and SOD activity. Decreased concen-
tration of these enzymes signifi es an index of cel-
lular damage prior to neuronal loss. Consistent 
with our results, the reduction in GSH level under 
neurotoxicity reported earlier in mouse brain can 
be attributed to ROS-induced changes in pro-
tein structures and activity [ 110 ]. KA decreases 
the available reserve of GSH and signifi cantly 
induces more free radical generation where mela-
tonin plays role in upholding the GSH levels. We 
proved that excitotoxicity increases most of the 
oxidative stress markers studied and induced sig-
nifi cant morphological brain damage [ 110 ]. We 
also showed that daily administration of mela-
tonin (20 mg/kg BW i.p.) in vivo prevented the 
oxidative biomolecules damage in the rat brain 
and concurrently the upregulation of different 
antioxidant enzymes [ 110 ]. Vitamin C, a potent 
antioxidant, can become a toxic prooxidant 
when exposed to free ion, and most antioxidants 
become weak free radicals after neutralizing a 
free radical. But melatonin donates two electrons, 
instead of donating one electron, thereby ensur-
ing that melatonin does not become a free radical 
[ 111 ]. Oxygen free radical starts the destruction 
of cellular membranes by disrupting phospholip-
ids and generating reactive aldehydes like MDA 
and 4-HNE, due to which neurons becomes more 
vulnerable to excitotoxicity. 

 An important consequence of free radical dam-
age to cells is carbonyl modifi cations of proteins 
which may affect a variety of cellular functions 
involving proteins, namely, receptors, signal 
transduction mechanisms, transport systems and 
enzymes, and peroxidation of polyunsaturated 
fatty acids (PUFA), which results in the formation 
of lipid peroxides and aldehydes [ 112 ]. In the 
model of KA-induced in vivo neuronal death, a 
pronounced increase in hippocampal neuronal 
degeneration marked by a sharp increase in lipid 
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peroxidation and protein carbonyl after KA injec-
tion was observed. The death of hippocampal 
neurons occurring as a result of excitotoxicity 
suggests the role of increased free radical produc-
tion. Progressive impairment of the antioxidant 
reserves of the brain is contributed by an increase 
in oxidative stress. GSH is an important antioxi-
dant which acts both as a nucleophilic scavenger 
of toxic compounds and as a substrate in the GPx-
mediated destruction of hydroperoxides [ 113 ] and 
limits oxidative damage caused by ROS, many of 
which are generated as a consequence of normal 
metabolic activity. The reduction of GSH would 
be expected to negotiate this pathway and may 
thereby allow H 2 O 2  to accumulate to toxic levels. 
Since antioxidant enzymes are relatively defi cient 
in the brain [ 114 ], brain tissues are mainly vulner-
able to this effect. The brain has a relatively low 
H 2 O 2 -metabolizing enzyme catalase [ 115 ]. 
Increasing oxidative stress may slowly damage 
neurons over a period of years, eventually leading 
to decreased membrane rigidity and neuronal cell 
death [ 116 ]. Studies from our laboratory also have 
suggested that plant extracts which are high in 
total antioxidant activity prevented the onset of 
the deleterious effects of certain compounds in 
the hippocampus [ 117 ]. 

 However, previous studies showed that mela-
tonin can inhibit KA-induced neuronal depolar-
ization and injury [ 65 ,  66 ], selectively decrease 
the response of NMDA receptors, and attenuate 
the spread of neuronal activation [ 118 ]. The 
attenuation of neuronal activation by melatonin- 
mediated regulation of Ca 2+  ions can be sug-
gested as a mechanism for its neuroprotective 
action because the spread of neuronal activation 
is known to play a crucial role in the induction of 
remote brain damage after focal intracerebral KA 
injections [ 119 ]. The in vivo and in vitro studies 
[ 110 ] mainly demonstrate the decrease of anti-
oxidant enzymes activity in KA-induced oxida-
tive stress model and the reversal of these changes 
following melatonin treatment. The in vivo 
results were supported by the same result of in 
vitro assays for enzymatic and nonenzymatic 
antioxidant, ROS generation, and lipid peroxida-
tion, concerning them the markers of oxidative 
stress and toxicity. 

    Our fi nding [ 110 ] suggests that melatonin effi -
ciently interacts with various organic radicals, 
reactive oxygen, and nitrogen species as well as 
maintains and regulates antioxidant enzymes 
(glutathione peroxidase, glutathione reductase, 
superoxide dismutase, and catalase). 

    Neuroprotective Effect of Melatonin 
on Cellular and Morphological 
Changes 

 Excitotoxicity in the brain is characterized by 
disruption of axons and cell bodies, followed by 
little or no axonal regeneration and virtually no 
recovery of function by the lesioned tissue. 
Results demonstrate structural damage that KA 
causes in the CA1 and CA3 regions of the 
 hippocampus, the part of the brain responsible 
for memory processing and learning and memory 
[ 120 ]. From the histology studies, it seems that 
melatonin not only protects neurons from struc-
tural damage induced by KA, but cells treated 
with melatonin seem healthier than cells from 
controls. Since the mammalian hippocampus 
plays an essential role in a diverse set of cogni-
tive functions, such as memory and novelty 
detection [ 121 – 123 ], the antioxidant properties 
of melatonin studied in this work may play an 
important role in improving cognitive function, 
memory, and learning against excitotoxicity.  

    Effects of Melatonin on Brain-Derived 
Neurotrophic Factor (BDNF) and Glial 
Fibrillary Acidic Protein (GFAP) in In 
Vivo Model System of Excitotoxicity 

 Neurotrophins have broader biological effects 
on neurons than just regulation of cell death. 
They also regulate subcellular processes under-
lying neuronal plasticity and maintenance of 
structural neuronal integrity. Since neurotoxic-
ity is accompanied by extensive structural dam-
age and reactive plasticity, neurotrophic therapy 
might be advantageous in this regard. Our immu-
nohistochemical studies on the distribution of 
brain- derived neurotrophic factor (BDNF) and 
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glial fi brillary acidic protein (GFAP) immuno-
reactivity in the brain of mice exposed with KA 
neurotoxin and melatonin provide strong veri-
fi cation that this bioactive molecule alters their 
expression [ 110 ]. Activated microglia as well 
as activated macrophages which permeate the 
CNS in the repercussion of excitotoxicity or 
lesions are known to generate enhanced produc-
tion of ROS which could account for the neuro-
nal damage. The effects of KA on the expression 
of neurotrophin like BDNF and glial protein 
like GFAP depend on the excitotoxicity para-
digms created and the brain regions observed. 
Melatonin treatment increased BDNF expression 
in the hippocampus after KA administration. KA 
administration reduces BDNF immunoreactiv-
ity possibly due to persistent polarization and 
neuronal death. Modifi cations of neurotrophins 
were also established in a number of studies 
following various kinds of brain insults such as 
epilepsy, hypoglycemia, ischemia, and trauma 
[ 110 ]. Activation of non-NMDA and NMDA 
receptors plays an important role in upregulating 
the expression of BDNF and NGF in the hippo-
campus of adult rats and cultured neurons [ 124 ]. 
Thus, it was concluded that melatonin adminis-
tration regulated BDNF and GFAP expression in 
the hippocampus after kainate treatment.  

    The Effect of Melatonin Treatment on 
Changes in the Distribution of 
Nitrergic Neurons and Free Cytosolic 
Calcium Level 

 In this investigation, we verifi ed that treatment 
with KA acid increased the number of NADPH-d 
positive neurons, in all examined areas of the hip-
pocampus [ 110 ]. It is evident that nNOS activity in 
kainate-treated group is not regionally homoge-
nous, and hippocampal CA1 and CA3 regions 
show enhanced production of NO when compared 
to the control group. Our data were consistent with 
earlier reports showing that the CA1 and CA3 
zones, which are most vulnerable to neuronal 
injury following KA treatment, never recovered 
protein synthesis, signifying that a prolonged defi -
cit in protein synthesis correlates with selective 

vulnerability of different nuclei [ 125 – 127 ]. This 
also supports the view that KA causes a rise in the 
level of ROS, a rapid increase in Ca 2+  overload, 
enhanced NO production, generalized depolariza-
tion, progressive proteolysis, and loss of mem-
brane integrity, which ultimately results in 
neurodegeneration [ 128 ,  129 ]. While KA has been 
widely used as a model of temporal lobe epilepsy 
and selective hippocampal neurodegeneration, few 
attempts have been made to characterize the role 
of calcium imbalance and nNOS activity associ-
ated with this limbic seizure model. Although the 
mechanism of neurotoxic effects of NO in 
KA-induced injury is not clearly known, it is 
attributed to the oxidative effects and calcium 
imbalance. Our results show that melatonin 
 co- treatment against KA toxicity, decreased the 
density of nitrergic elements in all the examined 
hippocampal subregions [ 110 ]. Melatonin admin-
istration decreased nNOS activity, calcium over-
load, and KA-induced neurodegeneration. The 
underlying mechanism of neuroprotection by mel-
atonin is attributed to its potent free radical scav-
enging ability and maintenance of calcium 
homeostasis [ 130 ,  131 ]. Furthermore melatonin 
inhibits the production of NO and may contribute 
to its neuroprotective properties in various patho-
physiological conditions [ 132 ]. Many studies have 
shown that nicotinamide adenine dinucleotide 
phosphate-diaphorase (NADPH-d) may corre-
spond to the neuronal NOS, and it is therefore sug-
gested that neurons containing NADPH-d are 
likely to be capable of producing NO [ 128 ]. The 
method used to demonstrate nitrergic elements in 
the brain is based on histochemical reaction for 
NADPH-d. The relatively simple NADPH-d histo-
chemical technique was widely used to identify 
NO-producing elements in the brain of representa-
tives of all vertebrate classes [ 126 ]. It has been 
repeatedly proven that NADPH-d activity and 
NOS immunoreactivity in the nervous system is 
widely co-localized in the same sets of neurons 
[ 133 ]. KA administration brought about enhanced 
release of NO in all examined regions of the hip-
pocampus which was signifi cantly observed in 
CA1 and CA3 areas of the hippocampus, causing 
maximum injury to the neurons. The principal cell 
type of CA1 and CA3 regions is the pyramidal cell 
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(Lorente de No- 1934). CA3 pyramidal neurons 
are among the most responsive neurons to KA in 
the brain [ 134 ]. It is well established that pro-
tracted seizure activity can lead to irreversible 
brain damage, by both necrotic and apoptotic 
types of cell death, which has been recently 
reported as a consequence of seizures [ 135 ]. 
Intraperitoneal administration of KA results in the 
death of neurons in the CA1 and CA3 areas due to 
excitotoxicity as evident from our results. The 
altered cellular processes caused by KA adminis-
tration include the following: enhanced ROS pro-
duction, excessive Ca 2+  overload, NOS activation, 
neuronal cell loss, and glial reactivation [ 136 ]. The 
number of NADPH-d positive neurons in dorsal 
and ventral blades of the dentate gyrus increased 
after KA administration, but these changes were 
not as evident as in CA1 and CA3 regions of the 
hippocampus. Our results show a regulatory 
effect of melatonin on nNOS activity and intra-
cellular Ca 2+  that could be explained by melato-
nin’s neuroprotective role [ 110 ]. It is a potent 
free radical scavenger, an antioxidant that pro-
tects cells against the damage induced in differ-
ent pathological conditions [ 130 ]. NADPH-d 
positive neurons are probably interneurons. The 
reason for the alteration in the number of 
NADPH-d neurons can also be a result of 
changes in gene expression by melatonin [ 137 ]. 
Our fi ndings also suggest that Ca 2+  overload- 
induced higher expression of nNOS contributes 
to the sustained neuronal excitation and ulti-
mately in enhanced activity of nNOS [ 110 ]. In 
fact, NOS gene expression activated by hypoxia 
in central and peripheral neurons has recently 
been observed [ 138 ]. In conclusion, melatonin 
possesses neuroprotective properties against 
KA-induced toxicity and indicates its effi ciency 
to regulate Ca 2+  and NO levels in different 
regions of the hippocampus. The changes in the 
density of nitrergic neurons in KA- and melato-
nin-exposed animals are region specifi c in rat 
brain. Based on our fi ndings, it seems that mela-
tonin has a noteworthy role to play and regulate 
neuronal loss in excitotoxicity. 

 Contemporary knowledge of the mechanism(s) 
by which melatonin infl uences physiology in 
the course of activation of defi nite membrane 

 receptors is exhilarating but still in its infancy. 
Better understanding of these processes will 
aid discovery and development of melatoner-
gic agents for treatment of circadian, sleep, and 
neurodegenerative disorders. Taking into consid-
eration melatonin’s high effi ciency in reducing 
oxidative damage in animals and its noticeable 
prospective for improving human health, it 
should be solemnly considered for use in clinical 
trials and may be dosed as a single molecule or in 
combination with additional antioxidants [ 139 ]. 

 Nonetheless, exact molecular and cellular 
mechanisms for protective properties of melato-
nin are not entirely understood. Cell protection 
machinery sustained by melatonin seems to com-
prise the main apparatus in self-defense 
 machinery of the cell. Moreover, melatonin may 
also play an essential role in modulating neuronal 
excitability in the hippocampus. Robust verifi ca-
tions in literature support the role of melatonin as 
a protection factor in various types of cells and 
tissues examined under various experimental sit-
uations simulating physiological and stressful 
conditions. This may correspond to a key homeo-
static role for this molecule that too suggests 
appealing therapeutic perspectives.      
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    Abstract  

  Jet lag comprises a constellation of symptoms that occurs as a result of 
disruptions of entrainment associated with time zone transitions. The jet 
lag symptoms include daytime fatigue, impaired alertness, insomnia, loss 
of appetite, poor psychomotor coordination, reduced cognitive skills, and 
depressed mood. The severity of jet lag symptoms depends on the number 
of time zones crossed as well as the direction of travel. Eastbound travel 
tends to cause diffi culties in falling asleep, whereas westbound travel 
interferes with sleep maintenance. Clinical studies also indicate that jet lag 
can exacerbate existing affective disorders. It has been suggested that dys-
regulation of melatonin secretion and occurrence of circadian rhythm dis-
turbances may be the common links which underlie jet lag and affective 
disorders. Melatonin has proven to be highly effective for treating the 
range of symptoms that accompany transmeridian air travel largely 
because of its regulatory effects on the circadian system. The therapeutic 
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        Introduction 

 The cyclical nature of geophysical variations in 
the solar day as well as seasonal changes of the 
environmental day/night cycle is manifested in 
all living organisms. Adaptation to these changes 
has evolved to include regulation by both an 
endogenous mechanism known as the “biologi-
cal clock” and an exogenous synchronizing com-
ponent, the environmental  zeitgeber  [ 1 ]. The 
circadian periodicity, which is regulated by the 
suprachiasmatic nucleus (SCN) of the hypothala-
mus, the main “the biological clock,” is approxi-
mately 24.2 h. This periodicity is synchronized 
to exactly 24.0 h by the external light/dark (LD) 
cycle acting through retinal-hypothalamic links 
[ 2 ,  3 ]. Desynchronization of these circadian 
rhythms occurs under various conditions of envi-
ronmental insult giving rise to different kinds of 
circadian rhythm sleep disorders (CRSD) [ 4 ]. 
Major CRSD include delayed sleep-phase syn-
drome, advanced sleep-phase syndrome, non-
24- h sleep-wake rhythm disorder, free-running 
sleep disorder, jet lag, and shift work [ 5 ]. These 
CRSD have a major impact on the health, social 
life, and work performance (often negative) of 
individuals [ 6 ,  7 ]. 

 Jet lag comprises a constellation of symptoms 
that occurs as a result of disruptions of entrain-
ment associated with time zone transitions [ 7 , 
 8 ]. These symptoms consist of daytime fatigue, 
impaired alertness, insomnia, loss of appetite, 
poor psychomotor coordination, reduced cogni-
tive skills, and depressed mood. The severity of 
jet lag symptoms depends on the number of time 
zones crossed as well as the direction of travel. 
Eastbound travel tends to cause diffi culties in 
falling asleep, whereas westbound travel inter-
feres with sleep maintenance [ 9 ]. 

 The disruptive effects of jet lag have been 
documented at the molecular level of clock 
genes present in the SCN and peripheral tissues 
[ 1 ]. Eastbound travel causes phase advances in 
the body’s circadian rhythms, while westbound 
fl ight induces phase delays in circadian rhythms. 
As a consequence jet travelers are forced to syn-
chronize their bodily rhythms; synchronization 
occurs at a speed of approximately 1.5 h a day 
after westward fl ights and approximately 1 h a 
day after eastward fl ight irrespective of whether 
their travel occurs during daytime or night [ 7 ,  10 , 
 11 ]. Regardless of the direction of air travel, there 
is also travel fatigue due to factors such as the 
cramped seats, altered feeding schedule, poor air 
quality, and inability to sleep [ 12 ,  13 ]. These fac-
tors aggravate the symptoms of jet lag.  

    Circadian Rhythm Disturbances 
in Jet Lag 

 Synchronization of circadian rhythms, particu-
larly the sleep-wake rhythm, to environmental 
LD cycles is essential for maintaining man’s 
normal physical and mental health [ 1 ]. After 
time zone transitions, bodily rhythms shift out 
of phase with local environmental light. The 
resulting internal desynchronization is largely 
responsible for the general malaise, sleep dis-
turbances, loss of mental effi ciency, irritability, 
anxiety, and fatigue that are encountered during 
the fi rst week after transmeridian fl ight. In as 
much as the endogenous circadian system is slow 
to adapt to new time cues, a host of physiologi-
cal and behavioral problems persist until the cor-
rect phase relationship is reestablished between 
bodily rhythms and external  zeitgebers  [ 10 ,  11 ]. 
A complicating factor is that each of the body’s 

values of melatonin and its agonists such as ramelteon in reducing the jet 
lag symptoms and use of the melatonergic antidepressant, agomelatine, 
for jet lag-associated depressive disorders are discussed in this chapter.  

  Keywords  
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multiple functions have their own unique circa-
dian rhythms. Furthermore, these functions have 
separate time requirements for normalizing their 
phase relationships, not only with other inter-
nal rhythms but also with the LD cycles of the 
environment. The complexity of this dynamic 
interaction means that the entire process can be 
impacted by even small physiological changes 
within the individual, and consequently there is 
a considerable variability in the time period that 
each jet traveler requires for full circadian adjust-
ment to local conditions. Under normal condi-
tions, the various circadian rhythms in the body 
are synchronized with each other and with exter-
nal LD cycle [ 14 ]. When normal human beings    
are deprived of  zeitgeber  (time givers), some cir-
cadian rhythms, e.g., rest-activity cycle, lengthen 
to nearly 45 h, whereas the period of temperature 
cycles, REM sleep, and cortisol secretion remain 
25 h. This results in “internal desynchroniza-
tion.” This internal desynchronization occurs in 
some persons travelling across time zones and 
also in shift workers [ 15 ]. Variability occurs in 
the time period that each jet traveler requires 
for full circadian adjustment of their circadian 
rhythms with each other as well as those with the 
external LD cycle of local conditions. Adaptation 
to time zone transitions is particularly diffi cult in 
the elderly. In the elderly, temporal organization 
of physiological processes is defi cient, and con-
sequently this age group is especially at risk for 
extended internal desynchronization [ 16 ].  

    Physiological and Behavioral 
Symptoms of Jet Lag 

 A comparison has been made of effects of jet 
lag on several physiological and psychological 
variables in a 2-year collaborative fi eld study 
of Spanish pilots fl ying the routes from Madrid 
to Mexico City (−7 time zones) or from Madrid 
to Tokyo (+8 time zones) [ 17 ]. Pilots’ activities, 
temperatures, and heart rates were recorded with 
telemetry, and subjective time estimates of short, 
intermediate, and long intervals were recorded 
along with other psychological variables such 
as anxiety, fatigue, and performance. Urinary 

6- sulphatoxymelatonin and cortisol  excretion 
were also measured [ 18 ]. Activity/rest and heart 
rate rhythms, which are hypothesized to be 
linked to weak or exogenous oscillators, became 
rapidly synchronized while temperature or 
6- sulphatoxymelatonin excretion rhythms, which 
are regulated by the biological clock, showed 
more rigid responses after the phase shift [ 19 ]. In 
young (less than 50 years) and old pilots (more 
than 50 years), the activity/rest rhythm rapidly 
adjusted to the new time schedule, whereas the 
acrophase of the temperature rhythm tended to 
remain close to the initial schedule. This desyn-
chronization was evident until the return fl ight 
(day 5) and persisted at least 1 day after arrival in 
Madrid. In the case of Madrid-Tokyo fl ights, there 
was an abrupt phase advance of the activity/rest 
rhythm coincident with the light/dark   zeitgeber   
phase shift during the fi rst day, whereas no appar-
ent phase shift in the temperature rhythm was 
observed. On the second day in Tokyo, a phase 
advance in the temperature rhythm occurred. The 
return fl ight to Madrid induced rapid re-entrain-
ment of both rhythms. Among the group of older 
pilots, however, the temperature rhythms showed 
no evidence of entrainment on reaching Tokyo 
or following the return fl ight to Madrid [ 17 ]. 
Changes in urinary 6- sulphatoxymelatonin and 
cortisol excretion were consistent with tempera-
ture regulation [ 18 ].  

    Sleep Disturbances in Jet Lag 

 Both subjective and objective sleep recording 
studies have shown that poor sleep is a character-
istic feature of rapid time zone transitions. Sleep 
fragmentation, premature awakenings, diffi culty 
in initiation of sleep, and decrements in perfor-
mance are the commonest features of jet lag 
[ 6 – 8 ,  10 ,  11 ]. Effects of transmeridian travel on 
various sleep parameters such as total sleep time, 
sleep onset latency, and sleep offset were evalu-
ated in a group of academicians who travelled 
from Japan to the USA and Canada and back 
[ 20 ]. A signifi cant decrease in total sleep time 
was noted on the second post-travel day follow-
ing eastward travel. After the decrease, however, 
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the total sleep time increased and then decreased 
again before returning to pretravel baseline. No 
signifi cant variation in total sleep time was noted 
among westward travelers. The fi ndings are con-
sistent with those of earlier reports showing that 
the times of sleep onset and offset at the point of 
destination were affected by direction of travel. 
Eastward fl ight produced earlier times of sleep 
onset (0.5 h) and sleep offset (1.5 h) after trips, 
and the effect lasted for 2 days. Conversely west-
ward fl ights delayed the times of sleep onset and 
offset approximately by 1 h till the fi fth post- 
travel day. No effect on the quality or the length 
of sleep was noted [ 13 ,  21 ,  22 ]. The reduction in 
daytime activity seen following international air 
travel is linked to a restriction of the length of 
nocturnal sleep prior to arrival at the new des-
tination [ 23 ]. Several studies have reported on 
the effects of simulated and real jet lag on sleep- 
wake problems [ 24 – 27 ].  

    Jet Lag and Athletic Performance 

 It has been shown that elite athletes travelling 
to the west or east over six to eight time zones 
demonstrate reduced grip strength and poor per-
formance in training sessions lasting up to sev-
eral days after the fl ight [ 28 ]. Decreases in daily 
profi les of grip strength were also reported for 
a group of Olympic athletes and sedentary peo-
ple who travelled eastward over ten time zones 
[ 29 ]. In addition to poor athletic performance, 
sleep loss and mood disturbances also have been 
reported following rapid travel over several time 
zones [ 28 ,  30 ].  

    Use of Melatonin and Its Analogs 
in Jet Lag 

 A number of pharmacological interventions have 
been tried to minimize the effects of jet lag. Drugs 
such as modafi nil, dextroamphetamine sulfate, 
and caffeine have been tried as techniques for 
combating the fatigue and reduced alertness asso-
ciated with jet lag. Of these both slow-release and 
fast-release caffeine have been found effective 

[ 26 ,  31 ,  32 ]. As noted below, several studies have 
also shown that exogenously administered mela-
tonin is effective for alleviating jet lag symptoms 
both by causing sleep propensity and by regulat-
ing timing of the sleep-wake cycle.  

    Melatonin in Jet Lag 

 In the earlier discussion of jet lag symptoms, it 
was noted that transmeridian travel affects the 
sleep, circadian rhythms, and daytime activity 
of travelers, effects which often take several 
days to resynchronize to local environmental 
conditions. The time required for adaptation is 
generally determined by the size of the phase 
shift and z eitgeber  strength. This approximates 
to an adaptive shift of 1–1.5 h per day, with east-
bound fl ight causing a greater prolongation of 
symptoms when compared to westbound fl ights 
[ 33 ,  34 ]. 

 Melatonin administration has been shown to 
shift circadian rhythms in humans [ 35 – 37 ]. This 
effect is a key factor in melatonin’s actions in 
reducing jet lag symptoms, the therapeutic value 
of which has now been demonstrated in numerous 
studies [ 26 ,  38 – 45 ]. In the fi rst placebo- controlled 
clinical trial, melatonin (5 mg dose) was adminis-
tered in the early evening (18:00 h) 3 days prior 
to fl ight and for 4 days (postfl ight) at 23:00 h to 
passengers travelling east over 8 time zones [ 38 ]. 
Melatonin’s superiority over the placebo sub-
stance was shown by both subjective measures of 
jet lag, self-recorded sleep parameters, mood rat-
ings, as well as objective measures such as mela-
tonin and cortisol rhythms, which adapted more 
rapidly in the melatonin-treated group than in the 
placebo-controlled group. The same investiga-
tors later carried out a similar larger sample study 
consisting of 52 passengers who fl ew eastbound 
across 8 time zones (from the UK to Australia). 
Melatonin in 5 mg doses was given 2 days prior 
to departure and for 4 days following their arrival 
at the destination point. Signifi cant reductions in 
jet lag symptoms were reported following mela-
tonin ingestion [ 46 ]. Melatonin administration 
was also found to be of benefi t to aircrew mem-
bers whose jet lag symptoms were signifi cantly 
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reduced following the therapeutic regimen [ 39 ]. 
A meta-analysis of ten studies using melatonin to 
alleviate jet lag symptoms found that melatonin 
taken at bedtime (22:00 h) at the destination of 
the fl ight effectively decreased the symptoms of 
jet lag [ 47 ]. The dose of melatonin varied from 
0.5 to 5.0 mg/ day. 

 In a study of the effects of melatonin plus 
other interventions on jet lag, sedentary volun-
teers, 75 subjects on an eastbound fl ight from 
Sydney to Buenos Aires and 49 subjects on a 
westbound fl ight from Buenos Aires to Sydney 
both by a transpolar route, were selected for 
investigation [ 48 ]. Passengers on the eastbound 
fl ight received 3 mg of melatonin daily 30 min 
before their expected bedtime at Sydney, begin-
ning on the day of the fl ight and continuing 
throughout the period of their trip. All subjects 
were advised to perform their normal routine 
and to walk outdoors for at least 30 min at two 
restricted times of the day. Passengers on the 
westbound fl ight took 3 mg melatonin on the day 
of their fl ight to Buenos Aires at the expected 
sleeping time at Buenos Aires and continued it 
for 8 days in Buenos Aires. On reaching Buenos 
Aires all volunteers were advised to perform 
their normal routines and to walk outdoors 
for at least 30 min at the same two restricted 
periods of the day as in Sydney. Subjects were 
also advised to maintain sleep diaries through-
out the period of study. The sleep log diaries 
included the evaluation of sleep quality, morn-
ing freshness, and daily alertness on a visual 
analog scale [ 48 ]. The mean resynchronization 
rate was 2.27 ± 1.1 days during the eastbound 
fl ight and 2.54 ± 1.3 days for the westbound 
fl ight. These fi ndings compared favorably to the 
expected minimal resynchronization rate after 
13 h of fl ight without any treatment, which is 
7 days, thus supporting the conclusion that jet 
lag symptoms can be signifi cantly reduced by 
the carefully timed application of melatonin, 
light exposure, and physical activity. 

 In another study the combined use of slow- 
release caffeine and melatonin improved sev-
eral jet lag symptoms during an eastbound fl ight 
[ 26 ]. For travel of 11–13 h, whether eastbound 
or westbound, available data from limited fi eld 

studies indicate that a combination of  melatonin, 
exposure to outdoor light, and exercise has a 
potent ameliorative effect on jet lag symptoms 
[ 49 ]. Since    there is very little information on the 
relative merits of different melatonin prepara-
tions for use on the alleviation of jetlag, a recent 
study undertaken by Prof. Paul’s group who 
evaluated the effi cacy of three melatonin prepara-
tions, 3 mg regular release (RR), 3 mg sustained 
release (SR), and 3 mg sugar-sustained release, 
was evaluated for circadian phase advance or cir-
cadian phase delay in two separate studies [ 36 ]. 
Thirteen normal healthy male subjects with age 
range from 26 to 53 years (37.3 ± 8.9 years) were 
chosen for experiment 1 (circadian phase advance 
group), and nine normal healthy male subjects 
with age range 26–54 years (40.7 ± 10.5 years) 
were include in experiment 2 (circadian phase 
delay group). In both studies melatonin adminis-
tration induced signifi cant phase changes. No dif-
ference in phase-shifting effi cacy was observed 
between slow- and fast-release preparations. The 
mean phase shifts noted in experiment 1 were: 
1.08 ± 0.16 h advance for RR formulation, a 
1.01 ± 0.20 h advance for the SR formulation, and 
a 0.95 ± 0.20 h advance for the SSR formulation. 
The phase advances induced with RR ( P  < 0.015) 
and the SR ( P  < 0.036) formulations were sig-
nifi cantly larger than for the placebo conditions. 
However, there were no signifi cant differences 
among melatonin formulations. In experiment 2 
conducted on nine subjects, it was noted that RR 
formulation induced phase delay of 0.75 ± 0.30 h 
relative to placebo ( P  < 0.36). Slow-release prep-
aration was not recommended for inducing phase 
delay. Based on this study the authors concluded 
that melatonin is effective for reducing circadian 
misalignment for both eastward travel and west-
ward travel [ 36 ]. 

 Analysis of the evidence reviewed above indi-
cates that oral administration of melatonin is the 
best pharmacological treatment currently avail-
able for reducing the symptoms of jet lag. Hence 
we conclude that strategically timed administra-
tion of melatonin is helpful for readjusting the 
body clock during rapid time zone transitions and 
could help millions of air travelers who  suffer 
from jet lag symptoms.  
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    Potential Use of Melatonin Agonists 
in Jet Lag 

 Ramelteon (Rozerem TM ), a MT 1 /MT 2  melatonin 
receptor agonist, has been shown in random-
ized double-blind placebo-controlled trials to be 
effective for treating insomnia [ 50 – 52 ]. It also 
has been shown to accelerate re-entrainment of 
circadian rhythms after an 8-h phase advance of 
the LD cycle in rodents [ 53 ]. Compared to mela-
tonin, ramelteon has an affi nity for MT 1  and MT 2  
melatonin receptors which is 3–16 times greater 
and additionally has a longer half-life [ 54 ]. In 
addition to effi cacy for treating insomnia, its 
safety for treating chronic insomnia has been 
shown in various studies [ 55 – 58 ]. 

 Ramelteon has been shown to be effec-
tive as a phase-shifting agent in humans. In 
the fi rst study of its effectiveness for treating 
CRSD, ramelteon was administered at doses 
of 1, 2, 4, and 8 mg to 75 affected adult sub-
jects (18–45 years) for 6 days [ 59 ]. Ramelteon’s 
signifi cant promotion of phase advance shifts 
in the target subjects demonstrated its effi cacy 
for treating CRSD. A recent placebo-controlled 
study included 110 healthy adults with a history 
of jet lag sleep disturbances and fl ying eastward 
across fi ve time zones from Hawaii to the east 
coast of the USA [ 60 ]. Ramelteon (1–8 mg) was 
administered 5 min before bedtime (local time) 
for four nights. Sleep parameters were measured 
using polysomnography on nights 2, 3, and 4 
while next-day residual effects were assessed 
using psychomotor and memory function tests. 
Compared to placebo, there was a signifi cant 
decrease in mean latency to persistent sleep 
on nights 2–4 with ramelteon 1 mg ( n  = 29), 
 P  = 0.030. There was a trend towards reduction 
in mean latency to persistent sleep (LPS) with 
4 and 8 mg, but no signifi cant differences were 
observed with ramelteon vs. placebo. But on 
individual nights, signifi cant reductions in LPS 
were detected at night 4 for ramelteon 8 mg 
group ( P  = 0.025) compared to placebo. In the 
subset participants kept in dim light, there was 
signifi cant reduction in mean LPS for nights 2–4 
in the ramelteon 1 mg group ( n  = 10;  P  = 0.014) 
and trend towards reduction in the ramelteon 4 

and 8 mg group ( n  = 8,  P  = 0.070;  n  = 7,  P  = 0.082, 
respectively). On  individual nights signifi cant 
reductions in LPS were detected at night 2 
and 3 for ramelteon 1 mg group ( P  = 0.040 and 
 P  = 0.010, respectively). For ramelteon 4 mg 
group, signifi cant reduction in LPS at night 3 
was noted as compared to placebo ( P  = 0.049). A 
trend towards reduction in LPS at night 4 in the 
ramelteon 1 and 8 mg was noted compared to 
placebo ( P  = 0.062 and  P  = 0.093, respectively). 
For those participants kept in natural light, there 
were no signifi cant reductions in mean LPS 
for any ramelteon group compared to placebo. 
Quality of sleep was signifi cantly improved 
in the dim light setting on day 4 in the ramelt-
eon 8 mg group ( P  = 0.037). In ramelteon 4 mg 
group, trend towards improvement in quality of 
sleep was noted on day 4 ( P  = 0.090) and day 5 
( P  = 0.078). On measures of next-day alertness, 
participants of the subset group kept in dim light 
showed improvement in the ramelteon 4 mg 
group on day 4 ( P  = 0.080). Ability to concen-
trate also showed a trend towards improvement 
in the ramelteon 4 mg group in the dim light set-
ting on day 5 ( P  = 0.061). Compared to placebo 
there were signifi cant improvements in daytime 
ability with ramelteon 4 mg on day 4 ( P  = 0.022) 
and day 5 ( P  = 0.040). There were no signifi cant 
differences between any of the ramelteon dose 
groups and placebo on the DSST or delayed 
memory recall test. On day 4, participants in the 
ramelteon 1, 4, and 8 mg groups performed sig-
nifi cantly worse on the immediate memory recall 
test compared to placebo. From this study, the 
authors have concluded that with 1 mg dose of 
ramelteon taken before bedtime for four nights, 
there were signifi cant reductions in mean LPS 
on night 2–4 relative to placebo in healthy adults 
[ 60 ]. Ramelteon 4 and 8 mg also reduced mean 
LPS but did not reach signifi cance compared to 
placebo. This lack of signifi cant reductions in 
higher doses might be due to smaller sample size 
used for study ( n  = 27 for each ramelteon group) 
[ 60 ]. Ramelteon 4 mg reduced some of the day-
time symptoms of jet lag after a 5-h eastward 
fl ight in healthy adults. There were no signifi -
cant melatonin phase shifts in any of ramelteon 
groups studied. Future studies on large samples 
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with more than 8-h phase shifts of jet travel will 
be able to prove the effi cacy of ramelteon in 
 different doses in improving sleep quality and 
daytime performance and alertness in healthy 
adults. However, this study certainly points out 
the benefi cial effects of ramelteon in jet lag. 
In view of its circadian phase-shifting effects, 
ramelteon can be proposed as a potential therapy 
for inducing rapid resynchronization following 
time zone transition of jet travelers [ 60 ]. 

 Vanda Pharmaceutical has completed phase 
2 and 3 studies on the melatonin MT 1 /MT 2  ago-
nist tasimelteon, and a randomized controlled 
trial for transient insomnia after sleep-time shift 
was recently published [ 61 ]. Tasimelteon was 
effective in reducing sleep onset latency and in 
resetting the circadian melatonin rhythm, which 
indicated its potential suitability as treatment for 
jet lag, shift work, and other circadian rhythm 
sleep disorders [ 61 ]. The drug is well tolerated, 
does not induce impairment of next-day func-
tioning or dependence, and seems to be safe in 
short-term treatment. Potential use of melatonin 
in jet lag is summarized in Table  26.1 .

       Jet Lag, Depression, and the 
Possible Role of Agomelatine 

 As noted above jet lag symptoms are not exclu-
sively physical. Jet airline passengers who have 
travelled both eastward and westward also fre-
quently report that they have experienced depres-
sive symptoms [ 62 – 64 ]. Over a 6-year period, 
Katz and coworkers studied 152 long-distance 
travelers who had been hospitalized in the Kfar 
Shaul Mental Health Center in Jerusalem, for 
psychiatric complaints [ 64 ]. The patients were 
divided into groups based upon the number of 
time zones crossed. The direction of fl ight was 
mainly eastbound. Possible links between jet lag 
and major depressive disorder or psychotic dis-
order were evaluated based upon the following 
criteria: (a) absence of major mental problems 
before the fl ight or good remission of existing dis-
orders 1 year or more before the commencement 
of fl ight and (b) the appearance of major affective 
syndromes or psychotic syndromes  during fi rst 

7 days after landing. Although the number of fi rst 
major affective episodes or psychotic syndromes 
associated with jet lag was found to be similar 
among groups, the number of relapses occurring 
conjointly with jet lag was found to be signifi -
cantly higher in people crossing seven or more 
time zones [ 63 ]. In earlier studies depression was 
noted in passengers with westbound fl ights and 
mania with eastbound fl ights [ 62 ,  63 ]. It has been 
suggested that the transient desynchronization 
seen in jet travelers can trigger affective disor-
ders [ 65 ]. 

 The hypothesis that various subtypes of affec-
tive disorders might be the result of rhythm fail-
ures (i.e., that they were linked to “free-running 
rhythms”) was fi rst proposed by Halberg et al. 
[ 66 ]. A “free-running rhythm” refers to the 
genetically determined internal rhythm that a 
healthy individual displays when isolated from 
all external time cues. When dissociated from 
these external cues, the individually generated 
rhythm varies somewhat from the normal daily 
pattern (humans usually showing periods lon-
ger than 24 h). A rhythm is said to be “phase 
advanced” when its peak occurs earlier than its 
normal pattern and is said to be “phase delayed” 
when it occurs later. 

 It has been suggested that internal phase angle 
disturbances, desynchronizations among various 
endogenous rhythms, i.e., when these rhythms go 
in and out of phase with each other, may lie at the 
heart of depressive disorders [ 67 ,  68 ]. The cor-
rection of the phase angle disturbances between 
sleep-wake cycles and circadian rhythms could 
thus remove the symptoms of depressive ill-
ness triggered by any factor including time zone 
transitions. 

 In addition to the circadian rhythm distur-
bances, sleep disturbances also constitute the 
major feature encountered during rapid time 
zone transitions [ 20 ,  49 ]. Evidence from epide-
miological and electroencephalographic studies 
additionally implicates sleep disturbances as key 
factors in the pathogenesis of depressive illness 
[ 69 ]. Other evidence consistent with the circadian 
disruption hypothesis of depression comes from 
the observation that more than 80 % of depressed 
patients have complaints of sleep disturbances 

26 Jet Lag: Use of Melatonin and Melatonergic Drugs



374

   Ta
b

le
 2

6
.1

  
  Po

te
nt

ia
l u

se
 o

f 
m

el
at

on
in

 in
 je

t l
ag

   

 T
im

e
zo

ne
s 

 D
os

e 
(m

g)
 

 N
um

be
r

of
 d

ay
s

pr
efl

 ig
ht

 
 T

im
e 

pr
efl

 ig
ht

 
 T

im
e 

on
fl i

gh
t d

ay
 

 T
im

e 
at

de
st

in
at

io
n 

 N
um

be
r

of
 d

ay
s 

 R
es

ul
ts

 (
co

m
m

en
ts

) 
 R

ef
er

en
ce

 

 8 
 5 

 2 
 18

:0
0 

h 
 18

:0
0 

h 
 22

:0
0–

24
:0

0 
h 

 4 
 V

A
S 

je
t l

ag
 im

pr
ov

ed
 

 [ 1
5 ]

 
 8 

 N
on

e 
 N

on
e 

 17
:0

0–
18

:0
0 

h 
 22

:0
0–

23
:0

0 
h 

 3 
 V

A
S 

an
d 

sl
ee

pi
ne

ss
 im

pr
ov

ed
 

 [ 4
0 ]

 
 12

 
 5 

 N
on

e 
 07

:0
0–

08
:0

0 
h 

 05
:0

0 
h 

 22
:0

0–
24

:0
0 

h 
 5 

 W
or

se
 th

an
 p

la
ce

bo
 tr

en
d 

to
 im

pr
ov

e
(p

re
fl i

gh
t r

hy
th

m
s 

di
so

rd
er

ed
) 

 [ 3
9 ]

 
 N

on
e 

 05
:0

0 
h 

 22
:0

0–
24

:0
0 

h 
 5 

 6 
 5 

or
 0

.5
 

 N
on

e 
 N

on
e 

 B
ed

tim
e 

sh
if

tin
g

sc
he

du
le

 
 Pr

eb
ed

 
 4 

 N
o 

ef
fe

ct
 (

sh
if

te
d 

be
dt

im
e 

1 
h 

ea
rl

ie
r 

da
ily

,
tim

in
g 

of
 m

el
at

on
in

 p
oo

r)
 

 [ 4
2 ]

 

 10
 

 5 
 N

on
e 

 N
on

e 
 09

:0
0–

10
:0

0 
h 

 22
:0

0–
23

:0
0 

h 
 4 

 N
o 

di
ff

er
en

ce
 f

ro
m

 p
la

ce
bo

 (
ir

re
gu

la
r 

ac
tiv

ity
af

te
r 

ar
ri

va
l, 

in
ap

pr
op

ri
at

e 
tim

in
g 

of
 m

el
at

on
in

) 
 [ 4

4 ]
 

 12
 

 3 
 N

on
e 

 N
on

e 
 11

:0
0 

h 
 23

:0
0 

h 
 6 

 Sl
ee

p 
an

d 
w

ak
ef

ul
ne

ss
 r

es
yn

ch
ro

ni
ze

d 
in

 2
.1

3
da

ys
 (

2–
3 

h 
da

ily
 b

lo
ck

s 
of

 e
xe

rc
is

e 
ou

td
oo

rs
at

 d
es

tin
at

io
n.

 N
o 

pl
ac

eb
o 

co
nt

ro
l)

 

 [ 3
7 ]

 

 7 
 5 

SR
 

 ca
ff

ei
ne

 
 30

0 

 N
on

e 
 17

:0
0 

h 
 16

:0
0 

h 
 23

:0
0 

h 
 3 

 Im
pr

ov
ed

 r
ec

ov
er

y 
of

 s
le

ep
. L

es
s 

da
yt

im
e 

sl
ee

pi
ne

ss
 (

ca
ff

ei
ne

 a
ff

ec
te

d 
sl

ee
p 

qu
al

ity
) 

 [ 2
6 ]

 
 08

:0
0 

h 
 5 

 13
 

 3 
 N

on
e 

 N
on

e 
 10

:0
0 

h 
 Pr

eb
ed

 
 7 

 Sl
ee

p 
an

d 
w

ak
ef

ul
ne

ss
 r

es
yn

ch
ro

ni
ze

d 
in

 2
.2

7
da

ys
 (

20
–3

0 
m

in
 d

ai
ly

 b
lo

ck
s 

of
 e

xe
rc

is
e

ou
td

oo
rs

 a
t d

es
tin

at
io

n.
 N

o 
pl

ac
eb

o 
co

nt
ro

l)
 

 [ 4
8 ]

 

 11
 

 3 
 N

on
e 

 N
on

e 
 13

:0
0 

h 
 Pr

eb
ed

 
 8 

 Sl
ee

p 
an

d 
w

ak
ef

ul
ne

ss
 r

es
yn

ch
ro

ni
ze

d 
in

 
2.

54
 d

ay
s 

(2
0–

30
 m

in
 d

ai
ly

 b
lo

ck
s 

of
 e

xe
rc

is
e

ou
td

oo
rs

 a
t d

es
tin

at
io

n.
 N

o 
pl

ac
eb

o 
co

nt
ro

l)
 

 [ 4
8 ]

 

V. Srinivasan et al.



375

and demonstrate a variety of polysomnographic 
abnormalities and further that antidepressant 
therapies that also improve sleep effi ciency are 
especially effective in reducing depressive symp-
tomatology [ 70 – 73 ]. Moreover, detailed analyses 
have shown that currently used antidepressants 
such as selective serotonin reuptake inhibitors 
exert adverse effects on sleep and that the anti-
depressant effect may be counteracted by their 
effects on sleep [ 74 ,  75 ]. Hence an ideal anti-
depressant should improve sleep effi ciency and 
reduce depressive symptomatology. 

 Recently, the melatonergic antidepressant 
agomelatine has been introduced. Agomelatine 
is a novel antidepressant that acts simultaneously 
as an MT 1 /MT 2  receptor agonist and as a 5HT 2c  
receptor antagonist [ 76 ,  77 ]. This dual mecha-
nism of action is unique and is the basis for its 
antidepressant effi cacy and for mitigating sleep- 
wakefulness rhythm disturbances. The effective-
ness of agomelatine in improving sleep quality 
and reducing depressive symptoms has been dem-
onstrated in number of clinical trials [ 78 – 81 ]. 

 It has been proposed that the dysregulation 
of melatonin secretion underlies various circa-
dian rhythm sleep disorders and depression [ 82 ]. 
A number of clinical studies have reported that 
melatonin secretion is disturbed in depressives 
[ 83 – 91 ]. These results would suggest that mela-
tonin administration might be a useful strategy 
for mood disorders. 

 However treatment of depressive disorders 
with exogenous melatonin alone has not been 
successful. Nevertheless the introduction of the 
combined action antidepressant agomelatine, 
which, as noted above, affects both melatonergic 
and serotonergic receptors, provides a new pos-
sibility for the treatment of mood disorders. The 
chronobiotic action of agomelatine was clinically 
evaluated in a study conducted in healthy older 
men. Administration of agomelatine (50 mg) or 
placebo to eight healthy older adults for a period 
of 15 days revealed that agomelatine caused 
phase advance of an average of 2 h in the tem-
perature profi le as well as in the temporal orga-
nization of cortisol secretion [ 92 ]. These fi ndings 
suggest that agomelatine is useful as a chronobi-
otic agent. 

 Further evidence for agomelatine’s usefulness 
as a treatment for chronobiological disorders 
emerged from its application in the treatment of 
seasonal affective disorder (SAD). In chrono-
biological studies on human subjects, core body 
temperature and melatonin levels have been used 
as markers for assessing circadian phase posi-
tion. Phase delay of the circadian pacemaker 
relative to the timing of the habitual sleep-wake 
cycle is considered as one of the major contribut-
ing factors in the pathophysiology of SAD [ 93 ]. 
Agomelatine (25 mg/day administered in the 
evening) was used to treat 37 acutely depressed 
SAD patients for a period of 14 weeks, with treat-
ment outcome being assessed by the SIGH-SAD 
scale and  Circascreen , a self-rating scale for the 
assessment of sleep and circadian rhythm distur-
bances [ 94 ]. Agomelatine treatment caused a sig-
nifi cant decrease in SAD symptoms starting from 
2 weeks onward.  

    Conclusion 

 Jet lag symptoms include daytime fatigue, cir-
cadian rhythm sleep disturbances, impaired 
alertness, and many other minor conditions 
such as gastrointestinal disturbances, hor-
monal imbalances, and menstrual irregulari-
ties. In addition to these well-documented 
effects of jet lag, intercontinental air travel 
also exacerbates preexisting affective disor-
ders and can produce severe symptoms in at 
risk individuals, i.e., those with a history of 
major depressive disorders. 

 Although only a few studies have specifi -
cally explored the potential linkage between jet 
lag and major psychiatric disturbance, the fre-
quency of its reported occurrence strongly sug-
gests that this association merits further 
investigation. Accumulating evidence shows 
that jet lag can be managed by a combined 
treatment programs which include good sleep 
hygiene; adherence to work-rest schedules in 
accordance with circadian rhythm principles; 
the strategically timed use of the well-known 
chronobiotic, namely, melatonin; and limited 
and carefully timed exposure to environmental 
light. The melatonergic agonists ramelteon and 
tasimelteon, which have strong affi nity for MT 1  
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and MT 2  melatonin receptors, and,  compared to 
melatonin, have a longer duration of its action, 
can be more effective than melatonin alone in 
reducing the symptoms of jet lag. 

 Taken together, the research evidence 
showing the close linkage between jet lag and 
a number of symptoms such as disturbed sleep 
and transient disturbances to mood points out 
the importance of applying a program of com-
bined therapies for treating the constellation 
of complaints which are often reported by jet 
travelers. In particular, when clinicians need 
to treat patients who have recently crossed a 
number of time zones and who additionally 
have symptoms of dysphoria or depression, an 
antidepressant having both chronobiotic and 
sleep-promoting properties appears justifi ed 
as a fi rst-line choice for therapy. In this regard, 
the newly introduced melatonergic antide-
pressant agomelatine may well be the best 
choice for jet lag-associated depressive 
disorders.     
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    Abstract  

  Sleep problems are very common in children and adults with ADHD. 
Chronic sleep onset insomnia in ADHD had been described as a key char-
acteristic of circadian rhythm problems. ADHD patients are more often 
and more extreme evening chronotypes and more often meet the criteria 
for delayed sleep-phase disorder (DSPD). DSPD is associated with 
delayed dim-light melatonin onset (DLMO). A delayed DLMO was found 
in both children and adult ADHD patients with sleep onset insomnia. 
Besides ADHD that infl uences the circadian rhythmicity, also medication 
used to treat ADHD seems to disturb the circadian rhythm. 

 Evening preference is associated with inattention and impulsivity-
hyperactivity, while morningness is associated with better memory func-
tioning. Vice versa, high scores in ADHD symptoms are associated with 
lower morningness and higher eveningness. This suggests that treatment 
with melatonin in the evening or light therapy in the morning, which 
results in greater morningness, could decrease ADHD symptoms.  

  Keywords  

  ADHD   •   Attention defi cit  hyperactivity disorder   •   Sleep   •   Melatonin   • 
  Circadian rhythmicity   •   Delayed sleep-phase disorder  

  27      Sleep, Melatonin, and Circadian 
Rhythmicity in Attention Defi cit 
Hyperactivity Disorder 

              Mark     A.     Snitselaar       and     Marcel     G.     Smits     

        Introduction 

 Chronic impaired sleep quality negatively infl u-
ences daily functioning. This especially applies 
patients with attention defi cit hyperactivity 
disorder (ADHD). It is long time presumed 
that the ADHD behavior during the day is the 
main cause of impaired sleep quality. One of 
the explanations was that the busy brain activity 
during the day prevented optimal sleep quality 
at night. 
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 However, there is increasing evidence that 
the main cause of impaired sleep quality in 
ADHD patients is a delayed sleep-phase disor-
der (DSPD). Furthermore, several psychiatrists 
report that ADHD behavior can be treated much 
more successfully when the DSPD is treated. 

 This chapter summarizes the present 
knowledge.  

    Delayed Sleep-Phase Disorder 

 The DSPD was fi rst described by Weizmann in 
1981 [ 1 ]. The major symptoms are extreme dif-
fi culty to initiate sleep at a conventional hour 
of the night and great diffi culty to wake up on 
time for school or work. This delayed sleep-wake 
rhythm offered to be associated with a delayed 
24-h melatonin rhythm. 

 DSPD can be caused by extrinsic factors, i.e., 
disturbance of sleep-wake rhythm by trauma, 
shift work, and jetlag [ 2 – 4 ], or by intrinsic fac-
tors such as gene polymorphisms [ 5 ,  6 ]. 

 Treatment of the DSPD is based on three pil-
lars: (1) regular lifestyle with strengthening of 
time cues, such as strict bed-in and bed-out times, 
and strict eating times, and movement/sport; (2) 
bright light during the day; and (3) melatonin at 
the right time and in the right dose.  

    Treatment with Melatonin 

 Melatonin is a chronobiotic drug which makes 
it possible to shift sleep-wake rhythms in the 
desired direction when it is administered at the 
right time and in the right dose. 

 The time at which melatonin should be admin-
istered depends of the time the endogenous 
melatonin rhythm starts to rise in dim light, the 
so-called dim-light melatonin onset (DLMO). 
When melatonin is administered 5 h before 
DLMO, the endogenous melatonin rhythm and 
the sleep-wake rhythm which is associated with 
it advance most powerfully. When melatonin is 
administered 10 h after the DLMO, the sleep- 
wake rhythm delays most powerfully [ 7 ]. In 
patients with sleep disorders, it is not possible 

to predict the DLMO, e.g., by knowing sleep 
onset time. It    has been shown that the DLMO 
does not correlate clinically reliably with sleep 
onset recorded in a diary measured using poly-
somnography [ 8 ]. It is not advisable to start treat-
ment with melatonin before knowing DLMO, 
as several observations suggest that it may take 
2–3 months after stopping melatonin treatment 
before the original melatonin rhythm is reached 
again and properly timed melatonin treatment 
can start [ 8 ,  9 ]. 

 As to the optimal dose, it is important to 
be aware of the possibility of slow melatonin 
metabolization. When the dose of melatonin is 
too high, the exogenous melatonin taken the day 
before may still be present when the next dose is 
administered. Consequently melatonin heaps up, 
and circadian rhythmicity disappears. Melatonin 
treatment will then be not effective anymore. 

 Heaping up of melatonin may occur when the 
dose is too high. Recently it was suggested that 
heaping up also may occur when melatonin is 
metabolized very slowly, possibly due to a poly-
morphism of the CYP1A2 gene [ 10 ].  

    Melatonin and ADHD in Children 

 Sleep problems are very common in children, 
adolescents, and adults with ADHD; sleep prob-
lems are reported in 50 % of the children and 80 % 
of the adults with ADHD [ 11 ]. In children with 
ADHD, chronic sleep onset insomnia (SOI) has 
been described as a key characteristic of circadian 
rhythm problems [ 12 ]. This rhythm is believed to 
be closely associated with the sleep- wake cycle 
and the melatonin concentration in body fl uids 
which is high at night and low during daytime 
[ 13 ]. DLMO is now acknowledged as the best 
marker for clinical phase position in humans [ 14 ]. 

 In medication naïve children with ADHD and 
SOI, the DLMO was 45 min delayed compared 
to patients without SOI [ 15 ]. This was associ-
ated with diffi culty falling asleep (increased 
sleep latency), later wake-up time, and a 17-min 
shorter total sleep time [ 15 ]. The shorter total 
sleep time despite the later waking-up time sug-
gests a shorter melatonin signal. Because van der 
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Heijden et al. [ 15 ] only measured a partial mela-
tonin curve (between 18:00 h and 23:00 h), no 
data were available about the length of the mela-
tonin signal, and the shortened melatonin curve 
is hypothetical. 

 Novakova et al. [ 16 ] investigated salivary 
melatonin during 24 h in 34 children with ADHD 
between 6 and 12 years of age who were never 
treated pharmacologically for their ADHD. No 
differentiation between patients with and without 
SOI was made. They found changes in night-
time melatonin signal in children with ADHD. 
The melatonin profi les more frequently exhibit 
two nighttime peaks. Also a shortened nighttime 
melatonin signal was found compared to con-
trols due to an earlier melatonin decline, namely, 
at 6:00 h. The mean of the maximum nighttime 
melatonin levels showed no signifi cant difference 
in children with ADHD compared to healthy 
controls. Also the number of subjects exhibiting 
an elevated melatonin daytime level was almost 
the same in children with ADHD and healthy 
 controls [ 16 ]. 

 In conclusion, ADHD in children is associated 
with disturbed melatonin profi les like two night-
time peaks in patients without differentiating 
between SOI and non-SOI and delayed DLMO 
in children with ADHD and SOI. Although both 
studies [ 15 ,  16 ] found clues for a shortened night-
time melatonin signal, in the study of van der 
Heijden et al. [ 15 ], it was due to a later start of the 
melatonin signal (in patients with SOI), while in 
the study of Novakova et al. [ 16 ], it was due to an 
earlier melatonin decline. Possibly, the shortened 
melatonin signal is independent of sleep onset. 

 Besides ADHD that infl uences the circa-
dian rhythmicity, also medication used to treat 
ADHD seems to disturb the circadian rhythm. 
Two  studies report on the effect of medication on 
the circadian rhythm [ 17 ,  18 ]. Methylphenidate 
treatment caused a reduction in relative circadian 
amplitude and a phase delay in the timing of the 
daily rhythm in children with ADHD [ 17 ]. In this 
study actigraphic parameters were used to mea-
sure circadian rhythmicity, but the melatonin sig-
nal was not assessed. O’Keeffe et al. [ 18 ] reported 
that atomoxetine, a noradrenalin reuptake inhibi-
tor, licensed for the treatment of ADHD, can alter 

circadian rhythmicity in mice. They suggest that 
part of the therapeutic profi le of atomoxetine may 
be through circadian rhythm modulation. 

 Further studies into the effect of ADHD medi-
cation on the melatonin curve are needed to do 
fi nal statements.  

    Circadian Rhythmicity, Melatonin, 
and ADHD in Adults 

 Various studies showed that ADHD-like symp-
toms in the adult general population are related 
to circadian preference and vice versa. Evening 
preference (eveningness) is associated with inat-
tention and impulsivity-hyperactivity [ 19 ], while 
morningness is associated with better memory 
functioning, better social relationships, higher 
self-esteem, and more self-confi dence [ 20 ]. 
Vice versa, high scores in ADHD symptoms are 
associated with lower morningness and higher 
eveningness [ 19 ,  21 ]. Adults diagnosed ADHD 
are more often evening chronotypes and more 
extreme evening chronotypes than healthy con-
trols [ 22 ]; 40.7 % could be designated as eve-
ning type [ 22 ,  23 ]. They report later midsleep on 
free days corrected for sleep debt on workdays 
(MSFsc), a standardized measure for chronotype 
classifi cation [ 24 ,  25 ]. Van Veen et al. [ 26 ] inves-
tigated the DLMO in adult ADHD and found 
an 83-min delayed DLMO in ADHD patients 
with SOI compared to healthy controls. ADHD 
patients with SOI showed a 75-min delayed 
DLMO in comparison to patients without SOI. 
Because increased sleep onset latency is com-
mon in ADHD, independently of subjective sleep 
onset insomnia and later DLMO, wake   -up time 
seems to be a better discriminating parameter for 
DSPD than later sleep onset [ 27 ]. 

 As in children, stimulant treatment of adult 
ADHD patients seems to result in a phase delay. 
The onset of the fi ve least active hours, measured 
with actigraphy, was 18 min later in adult ADHD 
patients treated with stimulants compared to 
patients receiving placebo [ 28 ]. Treating ADHD 
patients with light therapy increased morning-
ness, which was correlated with decrease of 
ADHD symptoms [ 29 ]. 
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 Besides stimulants, antidepressants (tri-
cyclic antidepressants and bupropion) have 
been reported to have some benefi ts in adult 
ADHD [ 30 ]. Agomelatine has affi nities to MT1 
and MT2 which are responsible for the circadian 
rhythm. Agomelatine might improve ADHD 
symptoms by restoring the disturbed circadian 
rhythm, which is associated with ADHD symp-
toms as inattention and sleeping problems [ 19 , 
 21 ]. Ten ADHD patients ranging in age from 17 
to 19 years were included in an open trial [ 31 ]. 
Five received agomelatine 25 mg daily and fi ve 
placebo. Patients receiving agomelatine reported 
a signifi cant improvement in functioning and 
signifi cantly fewer ADHD symptoms as rest-
lessness, frustration, excessive energy, and inat-
tention. Although further randomized controlled 
trials are needed to prove the benefi ts of agomel-
atine in ADHD patients, the effect on circadian 
rhythm of agomelatine might be the underlying 
mechanism.  

    Melatonin Treatment in ADHD and 
Insomnia 

 Treating sleep onset insomnia in children with 
ADHD by melatonin is effective on the short and 
long term. Four weeks’ melatonin treatment in 
children with ADHD, not receiving stimulants, 
resulted in a 27-min earlier sleep onset and an 
increased total sleep time of almost 20 min 
compared to placebo. Furthermore, a decrease 
in sleep latency, increase in sleep effi ciency, 
and decrease of nocturnal restlessness were 
shown. The decrease in sleep latency was found 
objectively, measured with actigraphy, and sub-
jectively as diffi culty falling asleep decreased 
in the children treated with melatonin. They 
showed a 45-min earlier DLMO. Greater distur-
bances of the DLMO pretreatment were related 
to improvements in sleep onset after melatonin 
treatment. There were no differences in side 
effects between melatonin and placebo [ 32 ]. In 
long-term treatment, melatonin remains an effec-
tive and safe therapy in children with ADHD 
and chronic sleep onset insomnia. In a follow-
up study of 3.7 years   , no serious adverse events 
were reported, and in 92 % of the children, 

 discontinuation of melatonin resulted in a delay 
of sleep onset [ 9 ]. 

 Also in children with ADHD and sleep onset 
insomnia treated with stimulants, melatonin 
treatment showed signifi cant reduction in initial 
insomnia of 16 min relative to placebo [ 33 ]. In 
a double-blind, placebo-controlled crossover trial 
with ADHD patients who did not respond to sleep 
hygiene training, insomnia was signifi cantly 
reduced compared to placebo treatment, mea-
sured with subjective sleep log and actigraphy. 

 Next to the positive effects of melatonin 
on sleep in children with ADHD and sleep 
onset insomnia, it is also effective in treating 
stimulant- induced sleep onset insomnia. In a 
small  open- label study, 24 children with ADHD, 
treated with methylphenidate with resulting new-
onset insomnia, were treated with 3 mg mela-
tonin. Immediately after the start of melatonin 
treatment, the subjects fell signifi cantly earlier 
asleep, varying between 15 and 240 min with 
a mean value of 135 min. The long-term effect 
after 3 months was comparable with the immedi-
ate effect after 1 week [ 34 ].  

    Conclusion 

 Both in children and adults, ADHD is associ-
ated with insomnia, often due to a delayed cir-
cadian rhythm and a later DLMO. Clinicians 
should be aware of DSPD in ADHD. Since 
eveningness is associated with ADHD-like 
symptoms, a comorbid DSPD in ADHD 
patients can increase symptoms of inattention 
and hyperactivity/impulsivity. Treating 
ADHD with stimulants can lead to further 
delay of the circadian rhythm, resulting in 
greater eveningness. Although eveningness is 
associated with more severe ADHD symp-
toms, it seems important, especially in patients 
who do not respond to stimulants, to look at 
the chronotype. Hypothetically, the shift to 
greater eveningness due to stimulants can nul-
lify the positive effect of the medication on 
ADHD symptoms. Although the benefi ts of 
stimulants in ADHD are not due to positive 
effects on the circadian rhythm, other medica-
tion as atomoxetine and agomelatine may 
have positive effects on ADHD due to a shift 
to greater morningness. 
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 Treating    insomnia due to DSPD with mela-
tonin is proven to be effective and safe in chil-
dren with ADHD. In adults however no valid 
data are available. However, clinical experi-
ence with melatonin for adult ADHD patients, 
with insomnia and late DLMO, is positive. 

 In the outpatient clinic of the Centre for 
Sleep- Wake Disorders and Chronobiology of 
Hospital Gelderse Vallei in Ede (the 
Netherlands), many adult ADHD patients 
with a delayed sleep-phase disorder are treated 
with melatonin. Melatonin is administered 5 h 
before DLMO, but not earlier than 19:00 h. 
The daily dose is started with 1 mg; when 
within 2 weeks of effect is seen, the dose is 
increased every 2 weeks with 1 mg until the 
patient feels effect. Maximum dose is 5 mg. 

 The effect of melatonin treatment on 
ADHD symptoms, however, is not clear. 
Melatonin could have a positive effect on 
ADHD symptoms as melatonin can infl uence 
the circadian rhythm: evening preference can 
be shifted to morning preference, and shift-
ing to greater morningness is associated with 
decrease of ADHD symptoms. Light therapy 
was investigated in adult ADHD in one study 
[ 29 ]. In this study light therapy resulted in 
greater morningness and decrease of ADHD 
symptoms. 

 Further research is needed to elucidate 
whether chronotherapy by means of melato-
nin treatment, light therapy, or agomelatine 
can be an alternative for stimulant treatment in 
ADHD patients.     
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    Abstract  

  Nasal polyposis is a common, chronic, and infl ammatory disease of the 
mucous membranes of the nose and paranasal sinuses. The overall preva-
lence of rate ranges from 1 to 4 %. This chronic condition is character-
ized by edematous aggregates of infl amed mucosa prolapsing into the 
nose. The formation of nasal polyposis may lead to nasal airway obstruc-
tion, loss of smell, headache, increased secretion, and also a reduced 
quality of life.  
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        Introduction 

 Nasal polyposis is a common, chronic, and 
infl ammatory disease of the mucous membranes 
of the nose and paranasal sinuses [ 1 ]. The overall 
prevalence of rate ranges from 1 to 4 % [ 1 ]. This 

chronic condition is characterized by edematous 
aggregates of infl amed mucosa prolapsing into 
the nose. The formation of nasal polyposis may 
lead to nasal airway obstruction, loss of smell, 
headache, increased secretion, and also a reduced 
quality of life [ 2 ]. 

 The exact pathogenesis of nasal polyposis is 
still unknown. The development of polyposis 
has been linked to chronic infl ammation, auto-
nomic nervous system dysfunction, and also 
genetic predisposition [ 1 ,  3 ]. Most of the pro-
posed theories consider nasal polyps to be the 
ultimate  manifestation of chronic infl amma-
tion; thus, conditions leading to chronic infl am-
mation in the nasal cavity can lead to nasal 
polyps [ 4 ]. 

 Extensive nasal polyposis (ENP) is described 
as the protrusion of benign polyps into the nasal 
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passages, and many mechanisms have been 
 proposed for the development of these lesions 
[ 5 ,  6 ]. This condition is not a single disease 
entity; it is a multifactorial disease usually asso-
ciated with asthma or other respiratory diseases 
such as cystic fi brosis, primary ciliary dyskine-
sia, and aspirin sensitivity [ 1 ]. Sleep impairment 
is one of the signifi cant problems for patients 
with ENP [ 7 ] and has multiple infl uences on 
endocrine and metabolic function. Especially, 
sleep impairment is accompanied by a damaged 
circadian rhythm, which affects cortisol and 
melatonin secretion [ 8 ].  

    Melatonin 

 Circulating melatonin is secreted by the pineal 
gland excessively at night in all mammals, and it 
regulates a variety of important central and 
peripheral functions related to its cyclic secretion 
[ 9 ]. Within recent years, many investigators have 
implicated the pineal gland and melatonin in the 
processes of both aging and age-related diseases 
[ 10 ]. These theories stem from the importance of 
melatonin in a number of biological functions, 
and the fact that melatonin production in the 
organism is gradually lost throughout life, such 
that in very old individuals of any species, the 
circadian melatonin rhythm is discernible. In 
most species, from algae to humans, where it has 
been investigated, melatonin has been shown to 
exhibit a strong circadian rhythm in production 
and secretion, with high levels of the indole 
always being associated with the dark period of 
the light/dark cycle [ 11 ]. In addition, melatonin 
has also an important role in the antioxidative 
defense systems and the anti-infl ammatory cas-
cade [ 12 ]. In humans, the circadian rhythm of 
melatonin level is synchronized with the hours of 
sleep [ 10 ]. Measurements of melatonin in body 
fl uids in elderly patients have convincingly dem-
onstrated an age-related impairment of nocturnal 
pineal melatonin synthesis [ 10 ]. 

 During the last two decades, much atten-
tion has centered on melatonin (5-methoxy-
 N - acetyltryptamine ), one of the secretory pro-
ducts of the diffuse neuroendocrine system 

[ 12 ,  13 ]. A considerable amount of evidence has 
 demonstrated that melatonin enhances immune 
function, both at central and at peripheral lev-
els [ 12 ]. Melatonin has been shown to enhance 
interleukin- 2 (IL-2) production and T-helper 
cell activity and also to exert a modulatory 
effect on lymphocyte proliferation. Indirectly, 
the increased IL-2 production and T-helper cell 
activity lead to increased antibody production in 
response to melatonin. Melatonin also regulates 
natural killer (NK) cell cytotoxicity, antibody 
production, lymphocyte interferon-gamma (IFN-
γ) production, and T-helper-2 function [ 13 ]. 

 Cortisol is another hormone that also demon-
strates a circadian rhythm like melatonin. It has a 
typical circadian pattern with elevated levels in 
the early morning [ 14 ]. Cortisol levels are tightly 
regulated by the hippocampus and hypothalamic-
pituitary- adrenal network. Interestingly, it was 
clearly documented that there is a signifi cant 
positive correlation between the plasma-serum 
and salivary levels of melatonin and cortisol [ 15 ]. 

 The daily cyclicity and seasonal cyclicity of 
immune roles are temporally with other physio-
logical and behavioral processes, and all of them 
are regulated and coordinated with daily and sea-
sonal changes of the external environment by the 
neuroendocrine homeostatic system [ 16 ]. Barriga 
et al. examined the possible physiological con-
nection between the melatonin and corticoste-
rone relationship in the immune system in basal 
situation and also under stress, but they found 
that melatonin takes no part in that type of situa-
tions following stress [ 16 ].  

    Melatonin Defi ciency and 
Dysfunction 

 Decreased levels of melatonin levels are observed 
in multiple diseases, such as dementia, some 
mood disturbances, severe pain, cancer, and dia-
betes mellitus type II [ 17 ]. Melatonin dysfunc-
tion is usually related to deviations in amplitudes, 
phasing, and coupling of circadian rhythms [ 18 ]. 

 A frequent complaint of insuffi cient melato-
nin signaling is sleep disturbances. It is necessary 
to distinguish between symptoms that are curable 
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by short melatonergic actions and others that 
require extended actions during night. Melatonin 
immediate release is already effective, at moder-
ate doses, for reducing diffi culties of falling 
asleep or improving symptoms associated with 
poorly coupled circadian rhythms, including sea-
sonal affective and bipolar disorders. For pur-
poses of melatonin replacement therapy based on 
longer-lasting melatonergic actions, melatonin 
prolonged release and synthetic agonists have 
been developed [ 17 ,  18 ]. Therapies with melato-
nin or synthetic melatonergic drugs have to con-
sider that these agents do act not only on the 
suprachiasmatic nucleus but also on numerous 
organs and cells in which melatonin receptors are 
also expressed [ 17 ].  

    The Relationship Between 
Melatonin and Extensive Nasal 
Polyposis: Is It Possible? 

 Sleep impairment is an important problem for 
patients who have infl ammatory disorders of the 
upper airway tract, such as allergic rhinitis, rhi-
nosinusitis, or nasal polyposis [ 9 ]. Several previ-
ous studies of melatonin and cortisol levels in 
infl ammatory diseases have been published [ 9 ]. 
We designed a clinical trial which was one of the 
fi rsts to report disturbed salivary melatonin and 
cortisol levels in patients with extensive nasal 
polyposis. Papers describing lower melatonin 
levels in infl ammatory patients can be found in 
the published literature [ 19 ,  20 ]. In our study, we 
observed overall lower levels of salivary melato-
nin in ENP patients, but rhythmicity was seen in 
all subjects similar to the previously published 
papers [ 19 ,  20 ]. The underlying mechanism caus-
ing the decline of melatonin in ENP patients is 
still unknown. This decrease may be associated 
with sleep impairment, but it could also be asso-
ciated with infl ammation. Some investigators 
have suggested that the decline in the melatonin 
levels might be either due to the direct inhibitory 
effect of cortisone on pinealocytes or because 
melatonin is more rapidly metabolized during the 
stress caused by disease [ 16 ]. In our study, we 
found that salivary cortisol levels were lower 

in patients with ENP compared to healthy sub-
jects, and we know that chronic infl ammation is 
present in patients with ENP. Some researchers 
have also detected lower cortisol levels among 
patients with infl ammatory diseases [ 19 – 21 ]. 

 Chronic infl ammation may be seen in an 
atopic disease, and chronic infl ammation may be 
associated with a lower response of the 
hypothalamic- pituitary axis, as different proin-
fl ammatory cytokines inhibit the ACTH-induced 
production of cortisol [ 22 ,  23 ]. In a mouse model 
of asthma, Silverman et al. showed that the 
increased airway infl ammation was associated 
with decreased corticosterone levels [ 24 ]. Lower 
basal cortisol levels may contribute to a lack of 
suppression of airway infl ammation and thus 
increased sinonasal infl ammation, which leads to 
nasal polyposis. In ENP, the expression of the 
disease can be linked to endogenous cortisol lev-
els, but it is unknown whether reduced basal cor-
tisol levels are present before the onset of disease 
or if they are a result of the supposed chronic 
stress in ENP. 

 We also identifi ed that the acrophase was sig-
nifi cantly delayed in the ENP patients. Similar to 
our result, other researchers have found that acro-
phase occurs later in infl ammatory patients [ 25 ]. 
This delay can be explained by sleep disturbance. 
According to our results, cortisol levels were dis-
turbed in both the quantitative evaluation and the 
cyclic pattern in patients with ENP. Since cortisol 
is anti-infl ammatory, the decrease in this param-
eter could worsen the infl ammatory process in 
the nose as well as the whole body.  

    Conclusion 

 In summary, it is important to remember that 
extensive nasal polyposis is a multifactorial 
disease, and there is no a single strategy to 
handle with it. However, infl ammation still 
remains the central major factor in patients. It 
was quantitatively shown that the circadian 
rhythms of melatonin and cortisol are dis-
rupted in patients with extensive nasal polypo-
sis. These promising results may take a place 
in clinical practice, and melatonin may be a 
new therapeutic target in the future for the 
patients with nasal polyposis. Melatoninergic 
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drugs might be benefi cial in the therapy of 
nasal polyposis like corticosteroids.     
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    Abstract  

  Methotrexate is widely used as a chemotherapeutic agent for leukemia and 
other malignancies. The effi cacy of this drug is often limited by mucositis 
and intestinal injury, which are the major causes of morbidity in children 
and adults. We investigated whether melatonin, a powerful antioxidant, 
could have a protective effect. The rats were pretreated with melatonin (20 
and 40 mg/kg body weight) daily 1 h before the MTX (7 mg/kg body 
weight) administration for three consecutive days. After the fi nal dose of 
MTX, the rats were sacrifi ced, and the small intestine was used for light 
microscopy and biochemical assays. Intestinal homogenates were used for 
assay of oxidative stress parameters malondialdehyde and protein car-
bonyl content and myeloperoxidase activity, a marker of neutrophil infi l-
tration, as well as for the activities of the antioxidant enzymes. Pretreatment 
with melatonin had a dose-dependent protective effect on MTX-induced 
alterations in small intestinal morphology. Morphology was saved to some 
extent with 20 mg melatonin pretreatment, and near-normal morphology 
was achieved with 40 mg melatonin pretreatment. Biochemically, pre-
treatment with melatonin signifi cantly attenuated MTX-induced  oxidative 
stress and restored the activities of the antioxidant enzymes. The results of 
the present study demonstrate that supplementation by exogenous melato-
nin signifi cantly reduces MTX-induced small intestinal damage, indicat-
ing that it may be benefi cial in ameliorating MTX-induced enteritis in 
humans.  
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        Introduction 

 Methotrexate (MTX) is used widely as chemo-
therapeutic agent in the treatment of malignan-
cies and various infl ammatory diseases, such as 
psoriasis, rheumatoid arthritis, and infl amma-
tory bowel disease [ 1 ]. However, the usage of 
this drug is often limited by severe side effects 
and toxic sequelae. One of the major toxic 
effects of MTX is intestinal injury and muco-
sitis. The small intestinal damage induced by 
MTX treatment results in malabsorption and 
diarrhea disturbing the cancer chemotherapy of 
patients [ 2 ,  3 ]. 

 Reactive oxygen species (ROS) is reported 
to play an important role in the pathogenesis of 
MTX-induced intestinal damage [ 4 – 8 ]. Miyazono 
et al. [ 4 ] reported that increased oxidative stress 
and MPO activity (marker of neutrophil infi ltra-
tion/infl ammation) contribute to MTX-induced 
small intestinal damage. They have also shown 
that the ROS production precedes an increase in 
myeloperoxidase activity, suggesting neutrophil 
infi ltration. MTX administration has been shown 
to increase cytosolic peroxide and decrease cel-
lular levels of the antioxidant glutathione [ 5 ]. 
Huang et al. [ 6 ] demonstrated that MTX-induced 
intestinal injury is ROS dependent. Maeda et al. 
[ 7 ] have shown that MTX-induced ROS genera-
tion and lipid peroxidation are responsible for 
enhanced paracellular permeability of the small 
intestines. In addition, we previously demon-
strated an increase of MDA and protein carbonyl 
content, the measures of oxidative damage to 
lipids and proteins, respectively, and myeloper-
oxidase (MPO) activity in the small intestine 
of methotrexate (MTX)-treated rats [ 8 ]. Studies 
have shown that the administration of antioxi-
dants such as  N -acetyl cysteine [ 9 ], vitamin A 
[ 10 ], garlic extract [ 11 ], and, most recently, 
lipoic acid [ 12 ] prevent MTX-induced damage in 
 animal models. 

 Melatonin [MT] has been shown to have 
free radical scavenging actions at both physi-
ological and pharmacological concentrations. 
A number of studies have shown that mela-
tonin is signifi cantly better than the classic 
antioxidants in resisting free radical-induced 
molecular destruction. In vivo studies have 

shown that melatonin was more effective than 
vitamin E [ 13 ], vitamin C [ 14 ], β-carotene 
[ 15 ], and superior to garlic oil [ 16 ]. In addition, 
several evidences suggest that the gut mucosa 
barrier tissue is a target for melatonin’s pro-
tective effects [ 17 – 22 ]. Melatonin has been 
shown to be gastroprotective, and its action has 
been attributed to scavenging of free radicals 
and to its ability to attenuate lipid membrane 
peroxidation, neutrophil-induced infi ltration, 
and cytotoxicity caused by mucosal irritants 
[ 23 – 25 ]. Evidence exists for de novo melato-
nin synthesis and high tissue melatonin levels 
in the gut [ 21 ,  22 ]. Melatonin levels in the gut 
have been shown to be independent of pineal 
production, since in rats pinealectomy had no 
infl uence on gut melatonin concentrations [ 18 ]. 
Interestingly, at any time of the day or night, the 
gut contains at least 400 times more melatonin 
than the pineal gland, once again emphasizing 
the functional importance of melatonin in the 
gut [ 26 ]. Studies have shown that melatonin 
is synthesized by gut enterochromaffi n cells, 
where it acts in a paracrine fashion by bind-
ing to MT2 receptors in the gut tissue as an 
antioxidant/anti-infl ammatory agent [ 27 ]. The 
major function of locally produced MT in GIT 
is to help it in coping with the stressors such as 
oxidants and infl ammatory agents and various 
irritants present in the digested food [ 28 – 30 ]. 

 The abovementioned fi ndings prompted us to 
study whether melatonin pretreatment protects 
against MTX-induced small intestinal injury. In the 
present study, we have demonstrated that melatonin 
pretreatment attenuates MTX-induced oxidative 
stress and small intestinal damage in a dose-depen-
dent manner, indicating that it may be benefi cial in 
ameliorating MTX-induced enteritis in humans.  

    Methods 

 Dosage and route of administration of methotrexate 
were determined from those described in literature 
as causing consistent intestinal injury in normal 
rats [ 31 ]. After administration of methotrexate, 
the rats present with histological evidence of drug-
induced small intestinal enteropathy and villus 
atrophy as seen in humans. The dose of melatonin 
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was decided based on a recent study reported by 
Ucar et al. [ 32 ]. The study was approved by the 
institution’s animal ethics committee (IAEC). 

 Adult male Wistar rats (200–225 g) were 
divided into six groups and treated as follows:
    Group I : The rats in this group ( n  = 6) received 

the vehicle alone intraperitoneally for 3 days.  
   Group II : The rats in this group ( n  = 6) received 

20 mg of melatonin/kg body weight intraperi-
toneally for 3 days.  

   Group III : The rats in this group ( n  = 6) received 
40 mg of melatonin/kg body weight intraperi-
toneally for 3 days.  

   Group IV : The rats in this group ( n  = 8) received 
three consecutive daily intraperitoneal injec-
tions of methotrexate at the dose 7 mg/kg 
body weight.  

   Group V : The rats in this group ( n  = 8) received 
20 mg of melatonin/kg body weight 1 h prior 
to MTX administration intraperitoneally for 
three consecutive days.  

   Group VI : The rats in this group ( n  = 8) received 
40 mg of melatonin/kg body weight 1 h prior 
to MTX administration intraperitoneally for 
three consecutive days.    
 The rats were sacrifi ced 24 h after the fi nal 

dose of methotrexate/vehicle. 

    Tissue Procurement 

 Rats were weighed, anesthetized with halothane, 
and then killed by cervical dislocation. The 
entire length of the small intestine was removed 
and fl ushed with cold phosphate-buffered saline 
and weighed. The small intestine was divided 
into duodenum, jejunum, and ileum and used for 
biochemical analysis as well as for histological 
assessment of injury.  

    Histology (Light Microscopy) 

 For light microscopic studies a portion of the tis-
sue was fi xed in 10 % buffered formaldehyde and 
paraffi n embedded. Four micron serial sections 
were cut and stained with hematoxylin and eosin. 

 Mucosal injury, infl ammation, and hyperemia/
hemorrhage were assessed and graded from one 

to fi ve in a blinded manner using the histological 
injury scale as defi ned by Chiu et al. [ 33 ]. 

 Briefl y, the mucosal damage was graded from 
one to fi ve according to the following criteria: 
grade 0, normal mucosal villi; grade 1, develop-
ment of subepithelial Gruenhagen’s space at the 
apex of the villus, often with capillary conges-
tion; grade 2, extension of the subepithelial space 
with moderate lifting of the epithelial layer from 
the lamina propria; grade 3, massive epithelial 
lifting down the sides of villi, possibly with a few 
denuded tips; grade 4, denuded villi with lamina 
propria and dilated capillaries exposed, possibly 
with increased cellularity of lamina propria; and 
grade 5, digestion and disintegration of the lam-
ina propria, hemorrhage, and ulceration.  

    Biochemical Assays 

 The mucosa was scraped off from the remain-
ing part of the small intestine using glass slide, 
weighed, homogenized in appropriate buffers, 
and used for the biochemical assays including 
malondialdehyde level, protein carbonyl content, 
protein content, myeloperoxidase activity and 
the activities of antioxidant enzymes, superoxide 
dismutase, glutathione peroxidase, glutathione 
reductase, glutathione S-transferase, and catalase 
by methods as described in detail earlier [ 34 ].   

    Statistical analysis 

 The data represent mean value ± SD. Means 
of three groups were compared by ANOVA. 
Student’s  t  test with Bonferroni correction was 
used to compare individual means in the case of 
a signifi cant F.  

    Results 

    Effect of Pretreatment of Melatonin 
on MTX-Induced Light Microscopic 
Changes in the Small Intestine 

 Light microscopic examination of the parts of 
small intestine in vehicle-treated rats showed 
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normal morphology with sharp villi, long crypts, 
intact lining epithelium with normal mucus 
secreting cells, normal vasculature, and normal 
cellularity lamina propria (Fig.  29.1a–c ). The 
administration of 40 mg melatonin alone caused 
slight alteration in mucosal morphology espe-
cially in jejunum. The tips of the villi were mildly 
blunted, but those of the crypts appeared normal 
(Fig.  29.1d–f ).

   The administration of MTX alone caused 
damage to the architecture of the small intes-
tine (Fig.  29.2a–c ). The villi were distorted and 
blunted in the duodenum (Fig.  29.2a ), atrophied 
and focally absent in the jejunum (Fig.  29.2b ), 

and aborted, fl attened, and fused in the ileum 
(Fig.  29.2c ). The crypt abscesses were found in 
all the three segments of the small intestine, sug-
gesting an infl ammatory response. The mucosal 
thickness was reduced and was accompanied 
by decreased villus/crypt ratio. There was acute 
transmural infl ammatory infi ltrate in the mucosa, 
submucosa, and the muscularis layers.

   Pretreatment with 20 mg/kg melatonin did 
show some recovery from MTX-induced small 
intestinal damage (images not shown). 

 Pretreatment with 40 mg/kg melatonin before 
the administration of MTX almost restored the 
morphology of the small intestines (Fig.  29.2d–f ). 

Control 40 mg melatonin

Duodenum

Jejunum

lleum

a d

b e

c f

  Fig. 29.1    Histology    of the duodenum, jejunum, and 
ileum of control ( a – c ) 40×. The small intestines showed 
normal morphology with sharp villi, long crypts, intact 
lining epithelium with normal mucus secreting cells, 

 normal vasculature, and normal lamina propria. Histology of 
duodenum, jejunum, and ileum of rats treated with 40 mg/kg 
body wt. melatonin alone ( d – f ), magnifi cation 40×. The 
crypts were normal, but the villi were slightly blunted       
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The damage to the mucosa and the severity of 
infl ammatory response was less as compared to 
the MTX-treated rats. There was less damage to 
the villi and less crypt abscess in the small intes-
tines of melatonin-pretreated rats. The villi/crypt 
ratio was more, and the infl ammatory infi ltrate of 
the mucosa and muscularis propria was less as 
compared to the MTX-treated rat. The order of 
recovery with 40 mg/kg melatonin pretreatment 
was jejunum > duodenum > ileum. In conclusion, 
pretreatment with 40 mg/kg melatonin signifi -
cantly protects the small intestine from the delete-
rious effects of MTX.  

    Effect of Melatonin Pretreatment on 
MTX-Induced Changes in Parameters 
of Oxidative Stress 

 MTX treatment resulted in increased oxidative stress 
as indicated by elevated malondialdehyde level and 
protein carbonyl content in the small intestines. It 
also resulted in signifi cant decrease in the activities 
of the antioxidant enzymes, superoxide dismutase, 
glutathione reductase,  catalase, and glutathione 
S-transferase. A signifi cant increase in MPO activ-
ity, marker of neutrophil infi ltration, was observed 
in the small intestines of MTX-treated rats. 

MTX 40 mg /kg melatonin + MTX

Duodenum

Jejunum

lleum

a d

b e

c f

  Fig. 29.2    Effect of MTX and melatonin (40 mg/kg) pre-
treatment on the small intestine of rat. 40×. Figures ( a – c ) 
represent duodenum, jejunum, and ileum of MTX-treated 
rats, respectively. The villi were shortened in the duode-
num ( a ), distorted in the jejunum ( b ), and aborted, 

 fl attened, blunted, and fused in the ileum ( c ). Figures ( d –
 f ) represent the duodenum, jejunum, and ileum of melato-
nin (40 mg/kg)-pretreated rats, respectively.  Black arrow  
indicates the villi and the  white arrow  indicates the crypt 
abscess       
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 Pretreatment with 40 mg/kg melatonin com-
pletely attenuated MTX-induced elevation in the 
levels of MDA and protein carbonyl content in 
the small intestines, confi rming the antioxidant 
role of MT (Figs.  29.3  and  29.4 ).

    Pretreatment with melatonin restored the activ-
ities of many antioxidant enzymes. Melatonin 
at 40 mg/kg completely restored the activity of 
superoxide dismutase (Fig.  29.5 ). Melatonin 
pretreatment partially but signifi cantly restored 
the activity of glutathione reductase in a dose-
dependent manner (Fig.  29.6 ). Pretreatment with 
20 mg/kg body wt. melatonin signifi cantly atten-
uated MTX-induced elevation in the activity of 
GPO, but 40 mg dose had no effect (Fig.  29.7 ). 
However, melatonin pretreatment had no signifi -
cant effect on MTX-induced alterations in the 
activities of catalase and glutathione S-transferase 
(Figs.  29.8  and  29.9 ). Surprisingly, melatonin 
pretreatment had no effect on MTX-induced 
increased myeloperoxidase activity (Fig.  29.10 ).

        The administration of melatonin alone (20 or 
40 mg/kg body wt.) increased the activities of the 

antioxidant enzymes and decreased MDA levels 
in the small intestines as compared with control, 
but the results were not statistically signifi cant.   

    Discussion 

 Methotrexate, a structural analogue of folic acid, 
is widely used as a chemotherapeutic agent for 
cancer treatment. It is also used in the treatment 
of various infl ammatory diseases, such as psoria-
sis, rheumatoid arthritis, and infl ammatory bowel 
disease [ 1 ]. Mucositis, intestinal injury, diarrhea, 
and malabsorption are serious side effects and 
major causes of MTX-related morbidity in chil-
dren and adults. The damage to the gastrointes-
tinal (GI) epithelium after MTX chemotherapy 
includes villus shortening and fusion, epithelial 
atrophy, crypt loss, infl ammatory infi ltrate in the 
lamina propria, goblet cell depletion, and loss of 
mucosal integrity [ 2 ,  3 ]. Accordingly, in the pres-
ent study, most of these features were observed in 
the small intestines of MTX-treated rats. 
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 Although pretreatment with 20 mg/kg mela-
tonin showed some recovery from MTX-induced 
small intestinal damage, 40 mg/kg body wt. mel-
atonin showed almost complete recovery from 
damage. The villi/crypt ratio was more, and the 

infl ammatory infi ltrate of the mucosa and muscu-
laris propria was less as compared to the MTX- 
treated rat. 

 In agreement to those reported by us [ 8 ] 
and others [ 4 – 7 ], MTX treatment resulted in 
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increased oxidative stress in the small intestines 
as evidenced by elevated MDA levels and protein 
carbonyl content. There was decreased activi-
ties of important antioxidant enzymes as well as 

increase in MPO activity, a marker of neutrophil 
infi ltration. All these studies provide evidence for 
important role for ROS in MTX-induced small 
intestinal damage. 
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 In the present study, the protective effect of 
MT on MTX-induced small intestinal damage 
involved attenuation of oxidative stress. MT pre-
treatment attenuated MTX-induced increased 
MDA level and protein carbonyl content and 
restored the activities of important antioxidant 
enzymes such as superoxide dismutase and glu-
tathione reductase. Besides, melatonin pretreat-
ment ameliorated MTX-induced small intestinal 
damage in a dose-dependent manner. This fi nding 
suggests that melatonin protects against MTX-
induced small intestinal damage by acting as an 
antioxidant. Melatonin is a versatile antioxidant 
and acts in different ways. It is a major scavenger 
of free radicals [ 34 ,  35 ]. It also supports several 
intracellular enzymatic antioxidant enzymes, 
including SOD and glutathione peroxidase (GPO) 
[ 36 ]. Melatonin has been shown to infl uence 
both enzyme activity and cellular mRNA levels 
for SOD and GPO under physiological condi-
tions and during elevated oxidative stress [ 36 ]. 
Melatonin preserves or even increases the con-
tent of GSH in tissues. Melatonin has been shown 
to induce the activity of γ-glutamylcysteine syn-
thetase, thereby stimulating the production of 
glutathione (GSH) [ 37 ]. Accordingly, Jahovic 
et al. [ 31 ] have shown that MT pretreatment 

reverses MTX-induced  depletion of GSH in the 
intestines, liver, and kidney of rats. Melatonin 
has many advantages over the other antioxidants. 
One advantage is that melatonin has a sparing 
effect on GSH as it sacrifi ces itself and does not 
participate in redox cycling after scavenging free 
radicals, as other antioxidants such as vitamins E 
and C do by consuming GSH. Therefore, melato-
nin is classifi ed as a  suicidal or terminal antioxi-
dant [ 38 ]. Another advantage of melatonin is that 
it also stabilizes lipid membranes and defends 
them from peroxidation, particularly due to its 
high lipophilicity and easy entrance into the cells 
to protect their subcellular compartments [ 39 ]. 

 Unlike    other antioxidants is believed to lack 
of pro-oxidant activity [ 40 ]. Its lack of toxicity 
and the ease with which melatonin crosses mor-
phophysiological barriers and enters subcellular 
compartments are essential features of this anti-
oxidant. Thus, melatonin appears to be superior 
to other cellular antioxidants. 

 It is important to mention that the gastrointes-
tinal tract of vertebrate species is a rich source 
of extrapineal melatonin. The concentration of 
melatonin in the gastrointestinal tissues exceeds 
blood levels by 10–100 times, and there is at least 
400 times more melatonin in the gastrointestinal 
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tract than in the pineal gland. The gastrointestinal 
tract contributes signifi cantly to circulating con-
centrations of melatonin, especially during the 
daytime, and melatonin may serve as an endo-
crine, paracrine, or autocrine hormone infl uenc-
ing the regeneration and function of epithelium, 
enhancing the immune system of the gut, and 
reducing the tone of gastrointestinal muscles [ 41 , 
 42 ]. There is strong evidence that GIT mucosa, 
particularly that of duodenal cluster unit (stom-
ach, duodenum, and hepatobiliary system), 
exhibits high biosynthetic activity for MT. The 
highest content of MT was recorded in the gas-
tric, duodenal, jejunal, and ileal mucosa and 
somewhat less in the liver [ 26 ,  27 ]. Melatonin 
receptors have been identifi ed in different parts 
of the gut, suggesting its role in gut physiology. 
The main receptor in the GIT for melatonin is 
the MT2 receptor [ 27 ]. The major function of 
locally produced MT in GIT is to help it cope 
with the stressors such as oxidants and infl am-
matory agents and various irritants present in the 
digested food [ 28 – 30 ]. 

 As mentioned earlier, studies have shown that 
melatonin is synthesized by gut enterochromaf-
fi n cells, where it acts in a paracrine fashion by 
binding to MT2 receptors in the gut tissue as an 
antioxidant/anti- infl ammatory agent and gets 
absorbed through mesenteric circulation, to be 
passed on through the hepatic portal circulation 
to the liver, where it gets recycled through bile 
or catabolized and excreted through the kidneys 
[ 28 – 30 ,  41 ,  42 ]. Several recent reports indicating 
an anti-infl ammatory/antioxidant role for mela-
tonin as well as data linking extrapineal melato-
nin imbalance to gut pathophysiology have been 
reported [ 43 – 45 ]. These studies prove the anti-
oxidant role for melatonin under physiological 
conditions. 

 In an earlier study, we have shown that MTX 
administration results in increased neutrophil 
infi ltration as well as increased activity of MPO 
in small intestines of rats [ 8 ]. This fi nding is in 
agreement with those reported earlier [ 4 ,  46 – 48 ]. 
MPO is released by activated neutrophils and is 
a biomarker for infl ammation. MPO, an enzyme 
linked to both infl ammation and oxidative stress, 
catalyzes the production of hypochlorous acid 

and a range of other highly reactive species, 
which, by killing pathogens, play a protective 
role in the innate immune response. 

 Melatonin is reported to possess anti- 
infl ammatory properties [ 49 ]. Galijasevic et al. 
[ 50 ] identifi ed melatonin as a potent inhibitor 
of MPO. They showed that, at physiological 
and supraphysiological concentrations, melato-
nin interferes with the catalytic activity of MPO 
by multiple pathways that includes switch-
ing the activity of MPO from peroxidation to 
catalase- like activity and conversion of MPO to 
an inactive form. Other than inhibition of MPO, 
melatonin may also reduce the activity of MPO 
by two other mechanisms. First, it is a potent 
scavenger of reactive oxygen species and may 
thereby limit the production of hydrogen perox-
ide, the co-substrate of MPO [ 34 ]. Second, the 
anti-infl ammatory properties of melatonin may 
reduce infi ltration by MPO-secreting leukocytes. 

 In the present study however, the protec-
tive effect of melatonin on MTX-induced small 
intestinal damage was mediated by attenuation of 
oxidative stress and not MPO activity. One pos-
sible explanation for this observation is that in “in 
vivo” conditions, MT administration scavenges 
hydrogen peroxide, the co-substrate for MPO, 
thereby resulting in decreased activity of MPO. 
However, in “ex vivo” conditions, this cannot be 
demonstrated as the substrate (H 2 O 2 ) is provided 
in the incubation medium. The decrease in MPO 
activity in response to MT treatment despite the 
provision of the substrate H 2 O 2  as reported in 
other studies may be due to the direct inactivation 
of the enzyme by MT as suggested by Galijasevic 
et al. [ 50 ]. 

 In our study, although the administration of 
melatonin had no signifi cant inhibitory effect on 
MPO activity, it attenuated MTX-induced crypt 
abscess formation in the small intestines. This 
could be explained based on the fact that the inhi-
bition of MPO activity is not the only mechanism 
by which melatonin ameliorates infl ammation, it 
can also act by blocking transcriptional factors 
(NFkB) and TNF-α [ 42 ,  51 ]. In addition, studies 
have shown that COX-2 and iNOS, the media-
tors of infl ammation, are molecular targets for 
 melatonin and its metabolites [ 52 ]. 
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 There are studies that show that melatonin may 
not exert its anti-infl ammatory effect by inhibit-
ing neutrophil infi ltration. Exogenous melatonin 
has been shown to preserve renal functional status 
following I/R-induced injury by increasing gluta-
thione and reducing lipid peroxidation, without 
any apparent effect on neutrophil infi ltration [ 53 ]. 
Alarcon et al. [ 54 ] have shown that pretreatment 
with melatonin inhibits indomethacin- induced 
gastric ulceration and was not associated with a 
reduction in neutrophil infi ltration. These authors 
have suggested that the protection afforded by 
melatonin against indomethacin- induced gastric 
injury may involve mechanisms other than inhi-
bition of neutrophil infi ltration. 

 Melatonin has been shown to prevent ulcer-
ations of gastrointestinal mucosa by an antioxi-
dant action, reduction of secretion of hydrochloric 
acid, stimulation of the immune system, fostering 
epithelial regeneration, and increasing microcir-
culation [ 41 ,  55 ,  56 ]. 

 Melatonin is proven to be nontoxic to humans 
and animals when administered in both physio-
logical and pharmacological amounts to humans 
and animals [ 40 ,  57 ]. Melatonin is easily synthe-
sized in a pharmacologically pure form and is 
inexpensive and affordable. Besides, as melato-
nin is an endogenous antioxidant, the chances of 
it to produce side effects may be lesser than the 
exogenous antioxidants. 

 Benefi cial antioxidant effects of melatonin 
have been recently shown in clinical settings for 
several chronic diseases, including patients with 
rheumatoid arthritis [ 58 ], elderly patients with 
primary essential hypertension [ 59 ], and females 
with infertility [ 60 ]. 

 Thus, supplementation with melatonin as an 
adjuvant therapy may be promising in alleviating 
the gastrointestinal side effects of methotrexate. 
However, it should be borne in mind that phar-
macological doses and not physiological dose 
of melatonin protect against oxidative stress 
and organ injury. Melatonin plays an important 
role in the regulation of various body functions 
including circadian rhythms, blood pressure, sea-
sonal reproduction, and immunity [ 61 ]. Besides, 
recent studies have demonstrated that melatonin 
can act as a pro-oxidant at high concentrations 

[ 62 ], although earlier studies have reported that 
melatonin in pharmacological doses is nontoxic 
to humans [ 57 ]. Therefore, before administering 
melatonin to humans, the side effects of long- 
term intake of melatonin need to be verifi ed.     

  Acknowledgements   The authors acknowledge the 
Council for Scientifi c and Industrial Research (CSIR), 
New Delhi, for the fi nancial support for the study and Mr. 
Viswa Kalyan Kolli, research fellow, for carrying out the 
biochemical studies.  

      References 

     1.    da Fonseca MA, Casamassimo P. Old drugs, new 
uses. Pediatr Dent. 2011;33:67–74. Review.  

     2.    Maiguma T, Hayashi Y, Ueshima S, Kaji H, Egawa 
T, Chayama K. Relationship between oral mucositis 
and high-dose methotrexate therapy in pediatric acute 
lymphoblastic leukemia. Int J Clin Pharmacol Ther. 
2008;46:584–90.  

     3.    Ishaq M, Muhammad JS, Hameed K, Mirza AI. 
Lefl unomide or methotrexate? Comparison of clinical 
effi cacy and safety in low socio-economic rheumatoid 
arthritis patients. Mod Rheumatol. 2011;21:375–80.  

       4.    Miyazono Y, Gao F, Horie T. Oxidative stress contrib-
utes to methotrexate-induced small intestinal toxicity 
in rats. Scand J Gastroenterol. 2004;39:1119–27.  

    5.    Phillips DC, Woollard KJ, Griffi ths HR. The anti- 
infl ammatory actions of methotrexate are critically 
dependent upon the production of reactive oxygen 
species. Br J Pharmacol. 2003;138:501–11.  

    6.    Huang CC, Hsu PC, Hung YC, Liao YF, Liu 
CC, Hour CT. Ornithine decarboxylase prevents 
methotrexate- induced apoptosis by reducing intracel-
lular reactive oxygen species production. Apoptosis. 
2005;10:895–907.  

     7.    Maeda T, Miyazono Y, Ito K, Hamada K, Sekine S, 
Horie T. Oxidative stress and enhanced paracellular per-
meability in the small intestine of methotrexate- treated 
rats. Cancer Chemother Pharmacol. 2010;65:1117–23.  

       8.    Kolli VK, Abraham P, Isaac B. Alteration in antioxi-
dant defense mechanisms in the small intestines of 
methotrexate treated rat may contribute to its gastro-
intestinal toxicity. Cancer Ther. 2007;5:501–10.  

    9.    Ciralik H, Bulbuloglu E, Cetinkaya A, Kurutas EB, 
Celik M, Polat A. Effects of N-acetylcysteine on 
methotrexate-induced small intestinal damage in rats. 
Mt Sinai J Med. 2006;73:1086–92.  

    10.    Yuncu M, Eralp A, Koruk M, Sari I, Bagci C, Inaloz 
S. Effect of vitamin A against methotrexate-induced 
damage to the small intestine in rats. Med Princ Pract. 
2004;13:346–52.  

    11.    Yüncü M, Eralp A, Celik A. Effect of aged garlic 
extract against methotrexate-induced damage to the 
small intestine in rats. Phytother Res. 2006;20:504–10.  

P. Abraham and B. Isaac



401

    12.    Somi MH, Hajipour B, Abad GD, Hemmati MR, 
Ghabili K, Khodadadi A, Vatankhah AM. Protective 
role of lipoic acid on methotrexate induced intesti-
nal damage in rabbit model. Indian J Gastroenterol. 
2011;30:38–40.  

    13.    Baydas G, Canatan H, Turkoglu A. Comparative anal-
ysis of the protective effects of melatonin and vitamin 
E on streptozocin-induced diabetes mellitus. J Pineal 
Res. 2002;32:225–30.  

    14.    Gultekin F, Delibas N, Yasar S, Kilinc I. In vivo 
changes in antioxidant systems and protective role 
of melatonin and a combination of vitamin C and 
vitamin E on oxidative damage in erythrocytes 
induced by chlorpyrifos-ethyl in rats. Arch Toxicol. 
2001;75:88–96.  

    15.    Hsu C, Han B, Liu M, Yeh C, Casida JE. Phosphine- 
induced oxidative damage in rats: attenuation by mel-
atonin. Free Radic Biol Med. 2000;28:636–42.  

    16.    Anwar MM, Meki AR. Oxidative stress in 
streptozotocin- induced diabetic rats: effects of gar-
lic oil and melatonin. Comp Biochem Physiol A Mol 
Integr Physiol. 2003;135:539–47.  

    17.    Reiter RJ, Tan DX, Mayo JC. Neurally-mediated and 
neurally-independent benefi cial actions of melatonin 
in the gastrointestinal tract. J Physiol Pharmacol. 
2003;54 Suppl 4:113–25.  

    18.    Sewerynek E, Reiter RJ, Melchiorri D. Oxidative 
damage in the liver induced by ischemia-reperfusion: 
protection by melatonin. Hepatogastroenterology. 
1996;43:898–905.  

   19.    Messner M, Huether G, Lorf T. Presence of melatonin 
in the human hepatobiliary-gastrointestinal tract. Life 
Sci. 2001;69:543–51.  

   20.    Konturek SJ, Konturek PC, Brzozowska I. 
Localization and biological activities of melatonin 
in intact and diseased gastrointestinal tract (GIT). J 
Physiol Pharmacol. 2007;58:381–405.  

    21.    Huether G. The contribution of extrapineal sites of 
melatonin synthesis to circulating melatonin levels in 
higher vertebrates. Experientia. 1993;49:665–70.  

     22.    Stefulj J, Hörtner M, Ghosh M. Gene expression of 
the key enzymes of melatonin synthesis in extrapineal 
tissues of the rat. J Pineal Res. 2001;30:243–7.  

    23.    Bubenik GA, Pang SF, Cockshut JR. Circadian varia-
tion of portal, arterial and venous blood levels of mel-
atonin in pigs and its relationship to food intake and 
sleep. J Pineal Res. 2000;28:9–15.  

   24.    Reiter RJ, Tan DX. What constitutes a physi-
ological concentration of melatonin? J Pineal Res. 
2003;34:79–80.  

    25.    Tan DX, Manchester LC, Reiter RJ, et al. High 
physiological levels in the bile of mammals. Life Sci. 
1999;65:2523–9.  

     26.    Kvetnoy IM, Ingel IE, Kvetnaia TV, Malinovskaya 
NK, Rapoport SI, Raikhlin NT, Trofi mov AV, 
Yuzhakov VV. Gastrointestinal melatonin: cellular 
identifi cation and biological role. Neuro Endocrinol 
Lett. 2002;23:121–32.  

      27.    Lee PPN, Pang SF. Melatonin and its receptors in the 
gastrointestinal tract. Biol Signals. 1993;2:181–93.  

      28.    Pandi-Perumal SR, Srinivasan V, Maestroni GJM, 
Cardinali DP, Poeggeler B, Hardeland R. Melatonin 
nature is most versatile biological signal? FEBS J. 
2006;273:2813–38.  

   29.    Tan DX, Manchester LC, Reiter RJ. A novel mela-
tonin metabolite, cyclic 3-hydroxymelatonin: a 
biomarker of in vivo hydroxyl radical generation. 
Biochem Biophys Res Commun. 1998;253:614–20.  

      30.    Hirata F, Hayaishi O, Tokuyama T, Seno S. In vitro 
and in vivo formation of two new metabolites of mela-
tonin. J Biol Chem. 1974;249:1311–3.  

     31.    Jahovic N, Cevik H, Sehirli AO. Melatonin prevents 
methotrexate induced hepatorenal oxidative injury in 
rats. J Pineal Res. 2003;34:282–7.  

    32.    Ucar M, Korkmaz A, Reiter RJ. Melatonin alleviates 
lung damage induced by the chemical warfare agent 
nitrogen mustard. Toxicol Lett. 2007;173:124–31.  

    33.    Chiu CJ, McArdle AH, Brown R, Scott HJ, Gurd FN. 
Intestinal mucosal lesion in low-fl ow states. I. A mor-
phological, hemodynamic, and metabolic reappraisal. 
Arch Surg. 1970;101:478–83.  

      34.    Reiter RJ, Tan DX, Maldonado MD. Melatonin as 
an antioxidant: physiology versus pharmacology. J 
Pineal Res. 2005;39:215–6.  

    35.    Reiter RJ, Tan DX, Terron MP, Flores LJ, Czarnocki 
Z. Melatonin and its metabolites: new fi ndings regard-
ing their production and their radical scavenging 
actions. Acta Biochim Pol. 2007;54:1–9.  

     36.    Rodriguez C. Regulation of antioxidant enzymes: a sig-
nifi cant role for melatonin. J Pineal Res. 2004;36:1–9.  

    37.    Winiarska K, Fraczyk T, Malinska D, Drozak J, Bryla 
J. Melatonin attenuates diabetes induced oxidative 
stress in rabbits. J Pineal Res. 2006;40:168–76.  

    38.    Tan DX. Chemical and physical properties and poten-
tial mechanisms: melatonin as a broad spectrum anti-
oxidant and free radical scavenger. Curr Top Med 
Chem. 2002;2:181–97.  

    39.    Costa EJX, Lopes RH, Lamy-Freund MT. Solubility 
of pure bilayers to melatonin. J Pineal Res. 
1995;19:123–6.  

     40.    Seabra ML, Bignotto M, Pinto Jr LR, Tufi k S. 
Randomized, double-blind clinical trial, controlled 
with placebo, of the toxicology of chronic melatonin 
treatment. J Pineal Res. 2000;29:193–200.  

      41.    Aydin M, Canpolat S, Kuloğlu T, Yasar A, Colakoglu 
N, Kelestimur H. Effects of pinealectomy and exog-
enous melatonin on ghrelin and peptide YY in gastro-
intestinal system and neuropeptide Y in hypothalamic 
arcuate nucleus: immunohistochemical studies in 
male rats. Regul Pept. 2008;146:197–203.  

      42.    Reiter RJ. Melatonin: clinical relevance. Best Pract 
Res Clin Endocrinol Metab. 2003;17:273–85.  

    43.    Freeman SL, Hossain M, MacNaughton WK. 
Radiation-induced acute intestinal infl ammation dif-
fers following total-body versus abdominopelvic irra-
diation in the ferret. Int J Radiat Biol. 2001;77:389–95.  

   44.    Sener G, Jahovic N, Tosun O, Atasoy BM, Yegen 
BC. Melatonin ameliorates ionizing radiation-
induced oxidative organ damage in rats. Life Sci. 
2003;74:563–72.  

29 Protective Effects of Exogenous Melatonin Against Methotrexate-Induced Intestinal Injury



402

    45.    Al-Ghoul WM, Abu-Shaqra S, Park BG, Fazal N. 
Melatonin plays a protective role in postburn rodent 
gut pathophysiology. Int J Biol Sci. 2010;6:282–93.  

    46.    Gao F, Ueda S, Horie T. Effect of a synthetic ana-
log of prostaglandin E1 on the intestinal mucosa 
of methotrexate- treated rats. Anticancer Res. 
2001;21(3B):1913–7.  

   47.    Sener G, Ekşioğlu-Demiralp E, Cetiner M, Ercan F, 
Yeğen BC. Beta-glucan ameliorates methotrexate- 
induced oxidative organ injury via its antioxidant 
and immunomodulatory effects. Eur J Pharmacol. 
2006;542:170–8.  

    48.    Sener G, Ekşioğlu-Demiralp E, Cetiner M, Ercan F, 
Sirvanci S, Gedik N, Yeğen BC. L-Carnitine ameliorates 
methotrexate-induced oxidative organ injury and inhib-
its leukocyte death. Cell Biol Toxicol. 2006;22:47–60.  

    49.    Konturek SJ, Konturek PC, Brzozowski T. Melatonin 
in gastroprotection against stress-induced acute gas-
tric lesions and in healing of chronic gastric ulcers. J 
Physiol Pharmacol. 2006;57 Suppl 5:51–66. Review.  

     50.    Galijasevic S, Abdulhamid I, Abu-Soud HM. 
Melatonin is a potent inhibitor for myeloperoxidase. 
Biochemistry. 2008;47:2668–77.  

    51.    Li JH. Melatonin reduces infl ammatory injury through 
inhibiting NF-kappaB activation in rats with colitis. 
Mediators Infl amm. 2005;2005:185–93.  

    52.    Mayo JC, Sainz RM, Tan DX, Hardeland R, Leon J, 
Rodriguez C, Reiter RJ. Anti-infl ammatory actions of 
melatonin and its metabolites, N1-acetyl-N2-formyl-
5- methoxy-kynuramine (AFMK) and N1-acetyl-
5- methoxykynuramine (AMK), in macrophages. J 
Neuroimmunol. 2005;165:139–49.  

    53.    Rodríguez-Reynoso S, Leal C, Portilla-de Buen E, 
Castillo JC, Ramos-Solano F. Melatonin amelio-
rates renal ischemia/reperfusion injury. J Surg Res. 
2004;116:242–7.  

    54.    Alarcón de la Lastra C, Motilva V, Martín MJ, Nieto 
A, Barranco MD, Cabeza J, Herrerías JM. Protective 
effect of melatonin on indomethacin-induced gastric 
injury in rats. J Pineal Res. 1999;26:101–7.  

    55.    Cuzzocrea S, Mazzon E, Serraino I, Lepore V, 
Terranova ML, Ciccolo A. Melatonin reduces dini-
trobenzene sulfonic acid-induced colitis. J Pineal Res. 
2001;30:1–12.  

    56.    Konturek PC, Konturek SJ, Brzozowski T, Dembinski 
A, Zembala M, Mytar B, Hahn EG. Gastroprotective 
activity of melatonin and its precursor, L-tryptophan, 
against stress-induced and ischaemia-induced lesions 
is mediated by scavenge of oxygen radicals. Scand J 
Gastroenterol. 1997;32:433–8.  

     57.    Reiter RJ. Oxidative processes and antioxidative 
defense mechanisms in the aging brain. FASEB J. 
1995;9:526–33.  

    58.    Forrest CM, Mackay GM, Stoy N, Stone TW, 
Darlington LG. Infl ammatory status and kynurenine 
metabolism in rheumatoid arthritis treated with mela-
tonin. Br J Clin Pharmacol. 2007;64:517–26.  

    59.    Kedziora-Kornatowska K. Antioxidative effects of 
melatonin administration in elderly primary essen-
tial hypertension patients. J Pineal Res. 2008;45:
312–7.  

    60.    Tamura H. Oxidative stress impairs oocyte qual-
ity and melatonin protects oocytes from free radical 
damage and improves fertilization rate. J Pineal Res. 
2008;44:280–7.  

    61.    Brzezinski A. Melatonin in humans. N Engl J Med. 
1997;336:186–95.  

    62.    Kadoma Y, Fujisawa S. Radical-scavenging activ-
ity of melatonin, either alone or in combination with 
vitamin E, ascorbate or 2-mercaptoethanol as co- 
antioxidants, using the induction period method. In 
Vivo. 2011;25:49–53.      

P. Abraham and B. Isaac


	Preface
	Acknowledgements
	Contents
	Contributors
	1: Melatonin Receptors and Their Role in Human Diseases
	Introduction
	 Pharmacology and Signal Transduction
	 Central Nervous System and the Eye
	SCN
	 Hippocampus
	 Central Dopaminergic System
	 Retina

	 Cardiovascular System
	 Hormone-Sensitive Organs
	Prostate
	 Female Breast
	 Myometrium

	 Gastrointestinal and Hepatobiliary Systems
	 Skin
	 Immune System
	 Metabolism
	 Conclusion
	References

	2: Melatonin’s Antioxidant Properties: Molecular Mechanisms
	Introduction
	 Multiplicity of Actions
	 Scavenging of Free Radicals and Other Reactive Intermediates
	 Regulation of Pro- and Antioxidant Enzymes
	 Radical Avoidance: Various Actions at Different Levels
	 Conclusion
	References

	3: Past, Present, and Future of Melatonin’s Clinical Uses
	Introduction
	 Melatonin Secretion and Human Age
	 MEL and Neonates and Children
	 Melatonin and Sleep
	 Antioxidant and Anti-inflammatory Properties of Melatonin
	 Melatonin and Cancer
	 Cardiovascular System and Melatonin
	 Melatonin Secretion and Reproduction
	Ovary and MEL
	 Sperm and MEL
	 MEL and Pregnancy
	 MEL and Human Parturition

	 Melatonin Agonists
	 Concluding Remarks
	References

	4: Melatonin in Human Cancer: Therapeutic Possibilities
	Introduction
	 Cancer-Related Alterations of Growth Factor Activities and Antitumor Immune Responses
	 The Antitumor Mechanisms of Melatonin
	 The Biological Mechanisms of the Antitumor Activity of MLT
	 The Antitumor Mechanisms of MLT in More Detail
	 Melatonin Secretion in Cancer Patients
	 Melatonin Application in the Medical Oncology
	 Future Perspectives of Melatonin in Cancer Therapy
	 Conclusion
	References

	5: Melatonin: Its Microbicidal Properties and Clinical Applications
	Introduction
	Receptors for Melatonin
	Role of Melatonin as an Antioxidant in Bacterial Infections
	Role of Melatonin in Microbicidal and Antiviral Actions
	Melatonin and Myeloperoxidase
	Melatonin, Immune Modulation, and Viral Infections
	Melatonin in Septic Shock
	Melatonin in Septic Shock: Animal Studies
	Melatonin, Mitochondrial Dysfunction, and Sepsis
	Melatonin in Septic Disease: Clinical Studies
	Melatonin: A Potential Therapeutic Agent for Severe Sepsis
	Conclusions
	References

	6: Melatonin and the Metabolic Syndrome
	Introduction
	 Melatonin: A Multifunctional Molecule
	 Melatonin and Cardiovascular Function
	The Link Between Cardiovascular Function and Melatonin
	 Effects of Melatonin on the Heart
	 Melatonin and Experimental Myocardial Infarction
	 Mechanism of Melatonin-Induced Cardioprotection

	 Melatonin and the Blood Vessels
	Melatonin and Blood Pressure
	 Mechanisms of BP Regulation by Melatonin

	 Melatonin and Obesity
	Obesity, Circadian Rhythm, and Melatonin
	 Animal Studies
	Body Weight and Fat Mass Regulation
	 Obesity-Induced Dyslipidemia
	 Obesity-Induced Low Antioxidant Status
	 Cardiovascular Effects of Melatonin in Obesity

	 Human Studies

	 Mechanism of Actions of Melatonin in Obesity
	Melatonin Receptors
	 Adipose Tissue
	 Leptin Resistance

	 Melatonin and Insulin Resistance
	Effects of Melatonin on Insulin Resistance
	 Mechanism of Actions of Melatonin in Insulin Resistance
	 Clinical Implications

	 Conclusions
	References

	7: Development of Agonists and Antagonists for Melatonin Receptors
	Introduction
	 Melatonergic Ligands in Clinical and Preclinical Practice
	 Structure-Activity Relationships of Melatonin at Native Tissues Containing Melatonin Receptors
	 Melatonergic Ligands Characterized at Human MT 1 and MT 2 Receptors
	Nonselective MT 1 /MT 2 Ligands
	 MT 2 -Selective Ligands
	 MT 1 -Selective Ligands

	References

	8: Multiple Facets of Melatonin in Immunity: Clinical Applications
	Introduction
	 Pineal-Immune Interconnection: A Bidirectional Circuit
	 Effects of Melatonin Administration on the Immune Response
	 Clinical Relevance of the Several Faces of Melatonin on Immunity
	Melatonin and Sepsis
	 Melatonin and Other Infections
	 Melatonin and Autoimmunity
	 Immunological Aspects of Melatonin in Cancer

	 Melatonin in Vaccination
	 Immunological Aspects of Melatonin in Transplantation
	 Melatonin and Immunosenescence
	 Conclusion
	References

	9: Melatonin and Immune Function: Clinical Significance
	Introduction
	 Immunity and Aging
	 Immunity and Cancer
	 Aging, Immunity, and Cancer
	 Immunity and Infections
	 Immunomodulatory Role of Melatonin
	 Action of Melatonin on the Thymus and T Lymphocytes
	 Melatonin, Immunity, and Cytokines
	 Effects of Melatonin on Infections and Immunity: Direct Evidences
	 Melatonin, Immunity, and Anticarcinogenic Effects
	 Conclusions
	References

	10: Circadian Variation of Immune Mechanisms in Lung Cancer and the Role of Melatonin
	Introduction
	 Lymphocyte Subpopulations Oscillate with a Circadian Pattern
	 Circadian Rhythmicity in the Cross Talk Among Organ Systems
	 Melatonin and Circadian Patterns in Host–Tumor Relationships
	 Conclusion
	References

	11: Melatonin and Melatonergic Drugs for Therapeutic Use in Breast Cancer
	Introduction
	 Mechanisms of Breast Cancer Inhibition by Melatonin
	 Melatonin as Both a SERM (Selective Estrogen Receptor Modulator) and a SEEM (Selective Estrogen Enzyme Modulator)
	 Other Mechanisms of Breast Cancer Inhibition by Melatonin
	 Clinical Uses of Melatonin in Breast Cancer Therapy
	 Melatonergic Drugs
	 Conclusion
	References

	12: Melatonin and Malaria: Therapeutic Avenues
	Introduction
	 Molecular Biology of Plasmodium Life Cycle
	 Intraerythrocytic Phase of Plasmodium falciparum 
	 Ubiquitin-Proteosome System and Its Importance
	 Malaria Eradication Programs
	 Antimalarial Drugs
	 Transmission-Blocking Drugs (TBD)
	 Modulation of Malaria Parasite Replication Cycle by Melatonin
	 Involvement of Melatonin in Other Parasites
	 Therapeutic Interventions Against Actions of Melatonin on  P .  falciparum 
	 Melatonin Antagonism via Bright Light Application
	 Conclusion
	References

	13: Melatonin’s Role in Human Reproduction: Recent Studies
	Introduction
	 Melatonin and Puberty
	 Melatonin and Testicular Function
	 Melatonin and Human Conception/Pregnancy
	 Maternal Melatonin and Fetal Development
	 Melatonin and Complications of Pregnancy
	 Melatonin and the Timing of Parturition
	 Conclusion
	References

	14: Melatonin: An Introduction to Its Physiological and Pharmacological Effects in Humans
	Introduction
	 Biochemical Aspects and Regulation
	Biosynthesis
	 Secretion
	 Metabolism
	 Regulation of Melatonin Secretion (Fig.  14.1)
	 Melatonin Rhythm: A Marker of the Circadian Clock

	 Physiological Role of Melatonin
	Are Seasonal Physiological Events Related to Seasonal Variation in Melatonin Secretion?
	 Circadian Effects: Melatonin, the Endogenous Synchronizer
	 Sites and Mechanisms of Action of Melatonin
	 Receptors
	 Antioxidant Activity

	 Pharmacological and Therapeutic Considerations
	 Concluding Remarks
	References

	15: Melatonin and Pain: Therapeutic Applications
	Introduction
	 Melatonin and Nociception
	 Melatonin’s Role in Pain
	Animal Models

	 Inflammatory Pain and Melatonin
	 Neuropathic Pain and Melatonin
	 Melatonin’s Antinociceptive Role
	Clinical Studies

	 Melatonin and Fibromyalgia
	 Melatonin and Irritable Bowel Syndrome
	 Melatonin and Migraine
	 Melatonin and Cluster Headache
	 Melatonin’s Antinociceptive Actions
	Possible Mechanisms

	 Role of Melatonin Receptors in Antinociceptive Mechanisms
	 Conclusion
	References

	16: Melatonin in Alzheimer’s Disease: Focus on Neuroprotective Role
	Introduction
	Molecular Pathophysiology of Alzheimer’s Disease
	Mitochondrial Involvement in Alzheimer’s Disease
	Amyloid β-Peptide and Mitochondrial Interaction as Triggering Event for the Pathogenesis of Alzheimer’s Disease
	Melatonin in the Treatment of Alzheimer’s Disease
	Anti-amyloid Actions of Melatonin: Molecular Mechanisms
	Melatonin’s Neuroprotective Role for Mitochondrial Homeostasis in Alzheimer’s Disease
	Melatonin’s Neuroprotective Actions in Alzheimer’s Disease
	Sleep-Wake Rhythm and Circadian Rhythm Disturbances in Alzheimer’s Disease
	Melatonin Levels in Alzheimer’s Disease
	Melatonin’s Potential Therapeutic Value in Alzheimer’s Disease
	Melatonin-Lithium Combination and Ramelteon for Treatment of Alzheimer’s Disease
	Conclusion
	References

	17: Melatonin in Parkinson’s Disease and Its Therapeutic Potential
	Introduction
	 Pathophysiology of PD
	 Sleep Disorders in PD
	REM Sleep Behavior Disorder in PD
	 Excessive Daytime Sleepiness

	 Depression in PD
	 Melatonin Receptors and PD
	 Melatonin’s Neuroprotective Role in Animal Models of PD
	 Mitochondrial Dysfunction in PD and the Neuroprotective Effects of Melatonin and AMK
	 Melatonin as a Therapeutic Agent in the Treatment of PD
	 Bright Light Treatment, Melatonin, and PD
	 Potential Use of Melatonin Agonists in the Treatment of PD
	 Additional Symptomatic and Neuroprotective Considerations Regarding Melatonin and Its Agonists in PD
	 Conclusions
	References

	18: Melatonin and Its Agonists in Sleep Disorders
	Introduction
	 Exogenous Melatonin
	 Melatonin Receptors Agonists
	 Ramelteon
	 Agomelatine
	 Other Melatonin Agonists
	 Summary
	References

	19: Agomelatine in Depressive Disorders
	Introduction
	 Preclinical Evidence to Support the Antidepressant Effects of Agomelatine
	 Pharmacology
	 Antidepressant Efficacy in Middle Life and Late Life Depression
	 Comparison of Agomelatine to SSRI and SNRI Antidepressants
	 Specific Attributes of Agomelatine Compared to Other Antidepressants
	 Tolerability and Safety
	References

	20: Melatonin in Mood Disorders and Agomelatine’s Antidepressant Efficacy
	Introduction
	 Role of Melatonin in Mood Disorders: Studies in Major Depressive Disorder
	 Melatonin in Bipolar Affective Disorders
	 Melatonin in Seasonal Affective Disorder
	 Pharmacotherapy of Mood Disorders
	 Agomelatine: Chemistry and Pharmacodynamics
	 Agomelatine’s Mechanism of Antidepressant Effects
	 Clinical Studies with Agomelatine
	 Safety and Tolerability of Agomelatine
	 Conclusion
	References

	21: The Role of Agomelatine in the Treatment of Anxiety Disorders
	Introduction
	 Clinical Pharmacology of Agomelatine
	 Why Agomelatine May Be Useful in the Treatment of ADs?
	 Review of Current Literature on Agomelatine Treatment of ADs
	Generalized Anxiety Disorder (GAD)
	 Obsessive-Compulsive Disorder (OCD)
	 Panic Disorder (PD)
	 Social Anxiety Disorder (SAD)
	 Post-traumatic Stress Disorder (PTSD)

	 Conclusions
	References

	22: Melatonin in the Etiology, Pathophysiology, and Management of Schizophrenia
	Introduction
	 Etiology of Schizophrenia
	 Melatonin and Schizophrenia: Etiology
	 Melatonin and the Course of Schizophrenia
	 Neuroprogression, Schizophrenia, and Melatonin
	 Sleep, Schizophrenia, and Melatonin
	 Wider Aspects of Schizophrenia and Melatonin
	 Melatonin Adjunctive to Antipsychotics
	 Conclusions
	References

	23: Neurobiology of Monoaminergic Neurotransmission and Antidepressants
	Introduction
	 Challenges to the Study of Depressive Disorders’ Pathophysiology
	 Genetic Aspects of Depression Related to the Monoamine Hypothesis
	Genetic Aspects Linked to Antidepressant Response

	 Monoamine Theories of Depression
	Noradrenaline Hypothesis of Depression
	 Serotonin Hypothesis of Depression
	 Dopamine Hypothesis of Depression

	 Conclusions: General Considerations About the Classical Monoamine Hypothesis of Depression
	References

	24: Melatonergic Drug: Ramelteon and Its Therapeutic Applications in Insomnia
	Introduction
	 Insomnia
	 Sleep and Melatonin
	 Ramelteon: The Melatonergic Drug for Insomnia
	Pharmacokinetics of Ramelteon
	 Mechanism of Ramelteon Sedative-�Hypnotic Action
	 Clinical Studies on Ramelteon in Insomnia

	 Conclusion
	References

	25: Melatonin’s Neuroprotective Actions on Hippocampal Neurons
	Introduction
	 Powerful Antioxidant Effects
	 The Life Extender Role
	 How Melatonin Works
	 Neurodegenerative Diseases and Melatonin
	 Mechanism of Neuroprotective Action of Melatonin
	Neuroprotective Effect of Melatonin on Cellular and Morphological Changes
	 Effects of Melatonin on Brain-Derived Neurotrophic Factor (BDNF) and Glial Fibrillary Acidic Protein (GFAP) in In Vivo Model System of Excitotoxicity
	 The Effect of Melatonin Treatment on Changes in the Distribution of Nitrergic Neurons and Free Cytosolic Calcium Level

	References

	26: Jet Lag: Use of Melatonin and Melatonergic Drugs
	Introduction
	 Circadian Rhythm Disturbances in Jet Lag
	 Physiological and Behavioral Symptoms of Jet Lag
	 Sleep Disturbances in Jet Lag
	 Jet Lag and Athletic Performance
	 Use of Melatonin and Its Analogs in Jet Lag
	 Melatonin in Jet Lag
	 Potential Use of Melatonin Agonists in Jet Lag
	 Jet Lag, Depression, and the Possible Role of Agomelatine
	 Conclusion
	References

	27: Sleep, Melatonin, and Circadian Rhythmicity in Attention Deficit Hyperactivity Disorder
	Introduction
	 Delayed Sleep-Phase Disorder
	 Treatment with Melatonin
	 Melatonin and ADHD in Children
	 Circadian Rhythmicity, Melatonin, and ADHD in Adults
	 Melatonin Treatment in ADHD and Insomnia
	 Conclusion
	References

	28: Melatonergic Drugs and Their Therapeutic Use in Nasal Polyposis
	Introduction
	 Melatonin
	 Melatonin Deficiency and Dysfunction
	 The Relationship Between Melatonin and Extensive Nasal Polyposis: Is It Possible?
	 Conclusion
	References

	29: Protective Effects of Exogenous Melatonin Against Methotrexate- Induced Intestinal Injury
	Introduction
	 Methods
	Tissue Procurement
	 Histology (Light Microscopy)
	 Biochemical Assays

	 Statistical analysis
	 Results
	Effect of Pretreatment of Melatonin on MTX-Induced Light Microscopic Changes in the Small Intestine
	 Effect of Melatonin Pretreatment on MTX-Induced Changes in Parameters of Oxidative Stress

	 Discussion
	References


