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Preface

The hormone melatonin is known as the “hormone of darkness” because it is secreted at 
night. It has a strong antioxidant capacity as well as immune-boosting, anti-neoplastic, 
analgesic, and anti-inflammatory effects. As such, it is effective in the treatment of 
brain and heart diseases and is beneficial for lowering cholesterol and high blood pres-
sure. It also protects against obesity, diabetes, and brain diseases such as Parkinson’s, 
Alzheimer’s, dementia, and epilepsy. It supports the immune system and protects it 
from infections. It also has an anti-aging effect by preventing free radical damage. 
This book explains the synthesis and regulation of melatonin as well as its antioxidant 
effects. It examines the hormone’s effects on reproductive physiology, Parkinson’s, and 
breast cancer as well as its role in cardiovascular failure and its importance in animal 
nutrition.
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Chapter 1

Characteristic, Synthesis,  
and Non-Photic Regulation of 
Endogenous Melatonin
Mohammed Albreiki

Abstract

Several researchers have confirmed that the melatonin hormone is significant to the 
body’s circadian rhythm, hence, the need to explore the connection between the two 
aspects. The circadian rhythm is a natural endogenous process that controls essential 
body functions as it affects hormone release, body temperature, sleep patterns, and 
eating habits. In that view, the circadian rhythm relies on melatonin to synchronize 
the night and day cycles. Melatonin plays a significant role in controlling the circadian 
rhythm by facilitating quality sleep at night and alertness during the day. In effect, 
understanding the acute non-image-forming visual effects of melatonin will help derive 
ways to ensure the circadian rhythms operate efficiently for healthy body functions.

Keywords: melatonin, circadian rhythm, non-photic regulation

1. Introduction

Melatonin was discovered in 1958 by an American professor and dermatologist, 
Aaron B. Lerner, at the Yale University School of Medicine. Lerner and his colleagues 
were investigating for something that could help in curing skin diseases, which led 
them to isolate a hormone from bovine pineal gland extracts [1]. The scientists gave 
the hormone its name due to its property of lightening amphibians' skin pigmentation 
by inhibiting the melanocyte hormone's skin-darkening aspect. The researchers aimed 
to use melatonin in curing skin diseases, but in the mid-1970s, they illustrated that the 
hormone could regulate the circadian rhythm in the pineal glands of living organisms 
[2, 3]. Specifically, the subsequent years, specifically 1993, also saw extensive research 
on the hormone, leading to its discovery as an oxidant [3, 4]. Precisely, melatonin 
discovery began as an investigation of cures to skin diseases, leading to the discovery 
of its connection with the circadian rhythm. As such, delving into the discovery of 
melatonin will provide a background to its significance in the circadian rhythm.

1.1 The endogenous hormone melatonin

Endogenous melatonin hormone undergoes various processes in integrating 
with circadian rhythm to initiate sleep and facilitate several nighttime physiologic 
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functions. Notably, endogenous melatonin is what the body naturally makes instead 
of exogenous melatonin, which is synthetically produced as a pill, supplement, cap-
sule, or liquid. Melatonin secretion can occur from other body tissues, but the pineal 
gland, an endocrine gland in the brain, is primarily responsible for secreting the 
endogenous melatonin [5]. When the optic nerve senses darkness, it sends a signal to 
the pineal gland, which then responds by releasing melatonin to perform its nighttime 
functions. Once secreted, endogenous melatonin goes into the bloodstream, and cere-
brospinal fluid then begins to send signals to other organs [5]. The circulation then 
carries the hormone from the brain to the rest of the body, where melatonin receptors 
detect the rush in circulation and transmit the signal to the body that it is nighttime 
[6, 7]. In essence, endogenous melatonin production relies on retinal photoreceptors 
detecting light and darkness and sending signals to the pineal gland [6, 8]. Its circula-
tion to the body then leverages its chemical, making it convenient for distribution 
[7]. Endogenous melatonin has several chemical properties, and its hydrophilic and 
lipophilic nature making it easily dissolvable in water and lipids [6]. Besides, the 
chemical representation of melatonin is N-acetyl-methoxytryptamine, which derives 
from the processes it undergoes during its synthesis [7]. In short, endogenous mela-
tonin is critical in facilitating essential body functions due to its chemical properties 
and interaction with other organs. Thus, the endogenous melatonin overview gives an 
insight into its production and distribution processes, as outlined below.

1.1.1 Melatonin synthesis

Melatonin synthesis occurs through acetylation, methylation, hydroxylation, and 
decarboxylation. Serotonin, a neurotransmitter from the amino acid tryptophan, is 
the primary precursor to melatonin [9, 10]. Particularly, L-tryptophan derives from 
protein catabolism or shikimate pathway from chorismate, then tryptophan hydroxy-
lase hydroxylates it on indole rng to release 5-hydroxytryptophan (5-HTP) [10, 11]. 
Next, 5-hydroxytryptophan and pyridoxal phosphate decarboxylate the intermediate 
5-HTP to form serotonin. Serotonin is initially acetylated and later methylated within 
the pineal gland to form melatonin [10]. In detail, serotonin N-acetyltransferase and 
acetyl-CoA convert serotonin into N-acetylserotonin [12, 13]. S-adenosyl methionine 
and hydroxyindole O-methyltransferase form the methylation process to convert 
N-acetylserotonin into melatonin [13, 14]. The process relies on light exposure to 
optical nerves since the serum concentrations vary with dark and daylight [13]. In 
essence, serotonin N-acetyltransferase (NAT) is in low concentration during the 
daytime and rises during the dark, dark-phase [13, 15]. Notably, although the meth-
yltransferase process does not follow the light exposure pattern, it can only take place 
after the completion of the first-phase. That means melatonin synthesis is dependent 
on the light-dark cycle for the successful process completion of a biochemical path-
way [10, 13, 15]. In the absence of light (nighttime), noradrenaline binds to α and 
β adrenergic receptors causing an increase in intracellular Ca2+. Intracellular Ca2+ 
increases and potentiate protein kinase C (PKC) and calcium-calmodulin protein 
kinase (CaM kinase), which in turn increases cAMP and phosphorylation of rate-
limiting enzymes in melatonin synthesis (AANAT and HIOMT) (Figure 1) [16]. 
In simple terms, melatonin synthesis is the hydroxylation and decarboxylation of 
serotoninbased on the changes in the light-dark cycle. That way, assessing melatonin 
synthesis acts as a basis for understanding melatonin production phases to help treat 
sleeping disorders.
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1.1.2 Melatonin catabolism

Melatonin catabolism is the process of metabolism that releases energy to facilitate 
different body functions. Originally, the body’s behavioral and physiological pro-
cesses aligned to ensure constant energy intake, storage, and usage. Energy is vital 
because it facilitates human survival, reproduction, growth, and species regeneration. 
In that light, energy uptake mainly takes place during the day and storage during 
the night following the effects of the circadian rhythm [16, 17]. Melatonin thus acts 
as the linkage between energy distribution in the body and the cyclic revolution of 
the circadian rhythm [16, 17]. The hormone regulates metabolic processes through 
the concepts of endocrinology and chronobiology, leading to energy balance as the 
outcome. After its production, melatonin goes to the brain through blood uptake or 
pineal recess and then undergoes some concurrent pathways to reach its catabolic 

Figure 1. 
Melatonin structure and biosynthesis pathway. Schematic representation of melatonin chemical structure, 
synthesis, and secretion. The hormone melatonin is syntheised from tryptophan with the rate-limiting enzymes, 
AA-NAT and HIOMT. NEinfluence α and β adrenoreceptors on pinealocytes to enhance the activity of 
intercellular enzymes needed for meltoning synthesis (Adopted from Watson [16]).
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sites [17, 18]. One of the pathways leads to the mitochondria in different organs where 
melatonin exists in high concentrations [17, 19]. The hormone thus significantly plays 
a significant part as a mitochondrial antioxidant due to the high concentrations in the 
mitochondria, its free radical scavenging characteristic, and its indirect influence on 
the definition of antioxidant enzymes [17, 18, 20]. Mainly, the precursor to melatonin 
catabolism is the transmission to various pathways after its synthesis. In effect, explor-
ing the precursor process acts as a basis for understanding melatonin’s catabolic phase.

Primarily, melatonin catabolism occurs in the liver and the kidney, where it under-
goes chemical processes for energy production. Melatonin mainly undergoes enzymatic 
and nonenzymatic redox reactions to produce melatonin metabolite. Nonenzymic 
are propelled by singlet oxygen, free radicals, and additional reactive intermediates, 
such as peroxynitrite and HOCL [21]. Non-enzymic melatonin metabolism increases 
with an upsurge to light exposure leading to the release of N1-acetyl-N2-formyl-5-
methoxykynuramine (AFMK) and melatonin [20–22]. Conversely, the enzymatic 
process involves hydroxylation and conjugation into glucuronide and sulfate [21]. 
The process occurs in the liver where microsomal cytochrome P450 monooxygenase 
(CYP1A2, CYP1A1, or CYP1B1) hydroxylate melatonin to 6-hydroxy-MEL [20, 23]. 
The end product, 6-hydroxymelatonin, proceeds to conjugate with sulfuric acid via 
sulfotransferase to form 6-sulfatoxymelatonin (aMT6s) as the primary melatonin 
metabolite in the kidney [24]. The end product can then be excreted in the urine or 
catalyzed by UDP-glucuronosyltransferase to form 6-hydroxymelatonin glucuronide 
[16, 23]. Notably, that makes urine the main component in determining melatonin 
concentrations and estimating dim light melatonin onset (DLMO) since it accounts for 
more than 90% of the metabolized melatonin from aMT6s [16]. The bottom line is that 
the enzymatic and nonenzymatic catalysis products are similar, with minimal evidence 
of some taxon-site-specific disparities. Therefore, melatonin catabolism acts as the 
basis for treating sleep disorders by undergoing chemical reactions in the liver and 
kidney to release melatonin in body fluids, which helps measure concentrations.

1.1.3 Melatonin measurement

Melatonin measurement in humans is critical since it is the basis of treating 
 sleeping disorders by observing different parameters relating to the sleep cycle. 
Melatonin measurements primarily occur by gauging its concentrations in bioliq-
uids, such as saliva, urine, plasma, and serum [25]. The highest concentrations 
mainly occur closer to the pineal gland and reduce as it goes further in the body and 
mixes with other fluids [25]. Besides remaining in the blood and cerebral fluids, 
the hormone’s hydrophilic and lipophilic nature allows it to diffuse easily into other 
body fluids, including urine, saliva, amniotic fluid, and sperm [5, 6, 25]. From 
that perspective, melatonin measurement relies on capturing melatonin increase 
parameters, one of the common ones being the dim-light melatonin onset (DLMO) 
[26, 27]. Specifically, DLMO facilitates the melatonin measurements in saliva, 
blood, or urine samples under dim light. Since there is no stipulated approximation 
protocol for DLMO, sampling largely relies on observation duration, frequency, 
and customized estimation threshold [28, 29]. Some of the common DLMO estima-
tion models include enzyme-linked immunosorbent assay (ELISA) and radioimmu-
noassay (RIA) [27, 30]. High-performance liquid chromatography (HPLC) stands 
as a less recognized threshold, while fast-scan cycle voltammetry (FSCV) is an 
upcoming viable model [26, 31]. From that view, melatonin measurements rely on 
different thresholds that measure the DLMO parameter. That way, acknowledging 
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the different thresholds for melatonin measurement provides a broader view of 
different approaches to treating sleep disorders.

Since RIA and ELISA stand as the most popular melatonin measurement models, 
it is fundamental to understand their operational processes. RIA primarily measures 
melatonin levels in blood, urine, and saliva through a quantitative analysis of high 
specificity and sensitivity [28, 30]. The method derives from radioactivity measure-
ment of the radioisotope and uses labeled melatonin, unlabeled melatonin, and 
anti-melatonin antibodies. Labeled and unlabeled melatonin contest for antibody-
binding points, creating a scenario where the increment of any leads to the decrease 
of the other. Afterward, the bound antibody-melatonin gets into the solid-phase and 
separates from unbound melatonin [28, 29]. The radioactivity measure of the bound 
melatonin thus derives results, where high radioactivity represents low levels and vice 
versa [27–29]. Conversely, the ELISA model is an immunoenzymatic approach that 
measures melatonin thresholds in urine, saliva, and blood [26, 28]. The method can 
operate under different modifications. All rely on impairing the antigen in melatonin’s 
solid-phase and then progressively replacing it with antigen-specific antibodies, 
forming an antigen-antibody complex. Next, the resultant medium is rinsed and 
mixed with the correct amount of enzyme-labeled antibody substrate to attain a color 
reaction [26, 28]. Eventually, the final results derive from the spectrophotometric 
measurement, which reveals melatonin levels [28, 32]. In that light, the two melatonin 
measurement models vary in that one relies on radioactivity and the other on color 
representation. As such, RIA and ELISA melatonin measurement models help cure 
sleep disorders by gauging the concentration levels of melatonin in the human body.

1.1.4 Distribution of melatonin receptors

Melatonin functions rely on the hormone’s receptors, hence, the need to determine 
their distribution in the human body. Notably, the receptors present different 
biological effects, such as enhancing the expression of antioxidant enzymes like 
glutathione peroxidase, catalase, and superoxide dismutase through signal trans-
duction [3, 25]. The primary melatonin receptors are melatonin receptor 1 (Mel 
1A or M1) and melatonin receptor 2 (Mel 1B or M2) since they are the most widely 
distributed in the body [25, 33]. M1 mainly has a picomolar binding affinity, and M2 
is a nanomolar binding activity with the two receptors falling in G-protein coupled 
receptors (GPCES) [25]. Other receptors include nuclear orphan receptors in retinoid 
Z receptors (RZR) or retinoid orphan receptors (RORα) family, as well as quinone 
reductase II enzyme (MT3 receptor) [34–36]. Melatonin receptors derive from dif-
ferent tissues, with the highest density expressed from the suprachiasmatic nucleus, 
retina, and anterior pituitary [25, 34]. From there, they are vastly distributed in the 
body to enable their biological functions and expression, as illustrated in the table 
and chart below [37, 38]. Precisely, melatonin receptors consist of M1, M2, MT3, 
and orphan receptors, which have varying distribution in the body. Thus, assessing 
the distribution of melatonin receptors will help determine the treatments for sleep 
disorders (Figure 2 and Table 1).

1.2 Circadian rhythm

The circadian rhythm is one of the body’s biological rhythms and comprises 
a series of body operations under the influence of the biological clock or internal 
clock. Biological rhythms range from short ones that take 24 hours to long ones that 
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go up to a year [39]. The dominant biological rhythms include the circadian, diurnal, 
infradian, circalunar, and circannual, with the circadian being a 24-hour cycle. 
Circadian rhythms are critical because they regulate several body cycles, including 
sleep, alertness, hormone production, and body temperature, and their interruption 
may present mild to severe disorders [39, 40]. They derive from natural body factors, 
with the main ones being cryptochrome and period genes, which code for protein 

Mel receptors Distributions

MT1 SCN, cerebellum, hippocampus, retina, ovary, testis, aorta, coronary blood vessels, liver, 
kidney, adrenal gland, immune system, skin, and gallbladder.

MT2 SCN, cerebellum, hippocampus, retina, lung, heart, duodenum, granulosa, and 
adipocytes.

MT3 Liver, kidney, brain, heart, lung, intestine, muscle, brown adipose tissue, and eye.

MT4 Brain, pineal and neurons, and spinal cord.

Table list the subtypes of melatonin receptors. MT1 and MT2 are widely distributed in mammalian tissues (Adapted 
from [16, 25, 38]).

Table 1. 
Distribution of melatonin receptors.

Figure 2. 
Major types of melatonin receptors. cAMP and inositol triphosphate (IP3) are the majorintracellular messengers’ 
targets of MT1 and MT2. MT3 targets cytosolic quinone reductase-2 and PORa/RZR1 are the major nuclear 
receptors formelatonin (Adopted from Tarocco et al. [38]).



9

Characteristic, Synthesis, and Non-Photic Regulation of Endogenous Melatonin
DOI: http://dx.doi.org/10.5772/intechopen.106574

build-up in the cell’s nucleus with the light-dark cycle [39, 41–43]. Nevertheless, 
various molecular chemicals can sustain or disrupt the circadian rhythm based on 
light exposure, environmental cues, prescription drugs, exercise, and eating habits 
[44–46]. The factors mainly affect circadian rhythms and cause disorders by breaking 
the connection with the internal clock. The suprachiasmatic nucleus (SCN) in the 
brain’s  hypothalamus is the internal clock responsible for controlling the circadian 
rhythm [44, 47, 48]. SCN’s main role is to regulate the pituitary gland and the auto-
nomic nervous system by transmitting signals to manage body activity [44]. Precisely, 
the process takes place with the intervention of MT1 and MT2 receptors as they help 
induce the beneficial outcomes of melatonin in correcting sleep disorders. In effect, 
delving into the circadian rhythm background will guide into understanding its 
 connection with endogenous melatonin.

1.2.1 Circadian rhythm of endogenous melatonin

The everyday sleep-wake cycle relies on the actions of the internal clock and the 
homeostatic sleep process driven by circadian rhythm and endogenous melatonin. The 
circadian rhythm is the leading facilitator of endogenous melatonin production follow-
ing the daily oscillation of internal clock genes throughout the day [49, 50]. Melatonin 
exhibits a clear circadian rhythm property, as evident from the hormone’s synthesis 
and secretion mechanism. Despite the presence of non-photic stimuli, such as food, 
temperature, rest-activity schedule in entertaining circadian rhythm, and the light-dark 
cycle, is considered as the strongest zeitgeber. From that perspective, light exposure 
to the retina is immediately transmitted to the suprachiasmatic nuclei, which inhibits 
melatonin production during the day, by transmitting inhibitory signals to the pineal 
gland [49]. Melatonin synthesis and secretion have a rhythmic pattern, as the amplitude 
of secretion (acrophase) is the highest between 02:00 and 04:00h, and the concentration 
of serum melatonin at night reaches 8-120 pg/ml [50, 51]. The activity of rate-limiting 
enzymes, AANAT, and HIOMT, found at the highest concentration during the dark 
hours [52–55]. The bottom line, light is the central controller of the circadian clock by 
triggering the activity of the suprachiasmatic clock, which sends signals to the pineal 
gland for melatonin production. That way, the circadian rhythm is a component of 
endogenous melatonin, and the two are involved in various body functions based on the 
reactions of the internal clock.

1.2.2 Melatonin as a marker of circadian phase

Melatonin is the primary marker of the circadian rhythm as it advances the 
circadian rhythms with changes in the light-dark cycle. It is a chronobiotic molecule 
or known as the hormone of darkness as it signals the length of night and time of day/
year in all tissues. Its potential to cause phase-advance or phasedelay has been proven 
when administered at a different time of the day [16, 56]. The evening increment in 
melatonin influences changes in objective markers of drowsiness, including slow eye 
movement, slow eyeblink rate, and sleep epochs [57]. Melatonin thus acts as a phase 
marker based on its profile composition, which includes melatonin onset, acrophase 
or peak time, melatonin mid-range, and mid-range cross [57]. Notably, DLMO is the 
core element that gives melatonin its property as a marker of the circadian rhythm as 
it controls the processes of melatonin onset and offset [58]. Additionally, it influences 
melatonin concentrations across different types of daylight and nighttime, initiating 
sleep or other biological processes [58]. In a nutshell, melatonin as the main marker 
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coordinates with other circadian phase markers to initiate the sleep cycle and other 
body functions. Thus, melatonin as a circadian phase marker helps treat sleep disor-
ders by integrating different components of the circadian rhythm.

1.3 Non-Photic factors affecting Endogenous melatonin

Non-photic factors that range from lifestyle preferences, including dietary 
intake, nicotine, caffeine, and alcohol, or even physiological changes, including 
menstrual cycle, drugs, and changes in posture, can potentially regulate mela-
tonin rhythms and levels. Hence, it is essential to focus on other factors during 
the experimental protocol and design to ensure robust and consistent outcomes, 
including minimizing the possibility of certain confounding factors. Such factors 
are illustrated below:

1.3.1 Dietary intake

A number of human studies have associated changes in energy restriction and 
dietary intake with melatonin concentration or synthesis. Some studies reported a 
20% melatonin reduction after an energy intake of more than 300 Kcal every day 
from 2–7 days, with insignificant change in the AMT6s in the human urine [59, 60]. 
The levels maintained to normal after supplementation of glucose in the short 
term show that pinealocytes need glucose delivery to function appropriately [60]. 
Essentially, melatonin has been significantly found in substantive amounts in veg-
etables, including barley, walnuts, tomatoes, rice, and olives [61]. For example, taking 
vegetables in the morning has been linked to the higher excretion of urinary aMT6s 
[62, 63]. There were similar statistics in Japanese women, where a similar increased 
mean for the urinary aMT6s in a high intake of vegetables than the ones with the low-
est consumption, essentially by 16% [59, 64].

The increasing level of melatonin is more likely to result from the stimulatory 
effects of the consumed products instead of the absorbed dietary food enriched 
with melatonin [65, 66]. Melatonin is usually found in milk products, especially 
those produced during the night [62, 67]. Therefore, it is imperative to conclude 
that nighttime lactation has been associated with various physiological importance 
attached to it as part of the infant’s diet [61]. Nevertheless, St. Hilaire et al. [68] 
adds that the possibility of maternal melatonin passing via the milk to the infant 
leads to enhanced nocturnal sleep [59]. Moreover, sleep parameters improve-
ment and greater urinary metabolites of serotonin were observed in the intake of 
TRP-enriched commercial milk by the infants. The Figure below demonstrates 
different changes in levels of maternal salivary melatonin at night time in normal 
pregnancy.

According to Ahammed et al. [63], the relationship between melatonin levels and the 
availability of nutrients in urine and plasma was observed in animal research [66, 67]. 
Further, in rodents, the registered decrease in plasma melatonin was linked with zinc, 
folate, and magnesium deficiency in mice [61]. B6 vitamin and folate usually serve as 
the required coenzyme information of serotonin from TRP, while magnesium and zinc, 
on the other hand, increase AANAT affinity in bond formation with serotonin as well as 
melatonin formation [61]. Many human studies showed a lack of correlation between the 
minerals, including zinc, magnesium, and folate, or vitamins, with variations in melato-
nin in urine or plasma [65].
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1.3.2 Posture

Ahammed et al. [63] affirm that different changes have linked postures changes in 
humans with cardiac autonomic drive. Further studies show variations in heart rate 
between the sitting and supine, standing and supine, standing, supine and head-down 
tilt, and head-up postures [60, 65]. The variations in the autonomic balance were 
observed with the changes in posture from supine vertical sitting or standing posture 
[60]. Changing posture usually affects the blood volume since there is redistribution of 
blood during changes in posture, particularly from supine to standing [69]. Studies have 
suggested a significant variation in the antigravity muscle activities once there are changes 
in posture, and the muscles are critical in the vascular and vasomotor activity [60, 62].

Nonetheless, these explanations and observations raise a question about the 
 possibility of any variation in the melatonin levels, including saliva, plasma, and 
urine, via various postures [65]. Salivary and plasma melatonin decreased while mov-
ing from the supine to the standing posture and was raised during the reversal of the 
positions [69, 70]. Additionally, different studies added that raised levels of plasma 
melatonin during a sitting posture but did not observe any difference in the position 
change from sitting to the standing posture [64]. On the contrary, recent studies 
reported raised levels of salivary melatonin during standing posture than in sitting 
position after collecting samples at midnight but did not observe any difference about 
35 minutes ago [70].

1.3.3 Physical activity

St. Hilaire et al. [68] argue that it is controversial how physical exercises can 
influence endogenous melatonin, although most studies suggest that increased 
exercise has the potential to influence and regulate endogenous melatonin in two 
distinct ways: influencing the melatonin rhythm and regulating melatonin levels in 
physiological fluids [68, 70].

Studies by Kirsz et al. have provided substantive evidence that exercising during 
night hours has great potential to increase delays in the onset of melatonin [71]. This 
study was also reported with higher and moderate-intensity/regularly in dim light or 
dark conditions, including old and younger participants [70]. Further studies report 
that there is usually rare exercise-induced advance. Nevertheless, further studies 
observed a phase advance during morning hours than during evening and nighttime 
exercises [64, 69].

Additionally, exercises have been found to alter/change melatonin levels accurately 
because of their phase-shifting effects. Following an exercise bout, circulating mela-
tonin was reported to have increased transiently [60]. Nonetheless, this short increase 
was attributed to vigorous regular training or the progression of regular exercises, 
including treadmill research [64].

Research has shown increased sympathetic nervous system and secretion of 
catecholamine, induced by exercises, which can potentially control secretion. Further, 
exercises have been found to stimulate MRN (midbrain raphe nuclei) that transmits 
serotoninergic signals to the IGL [72]. The latter can potentially link SCN through 
NPY release [70]. Also, MRN depends on arousal since the serotonin levels in SCN 
follow the routine trend of locomotor activity in both nocturnal and diurnal rodents. 
Because serotonin can indirectly and directly affect SCN, it informs that the ability to 
enhance mood can be due to its potential in resetting SCN.
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1.3.4 Menstrual cycle

According to Minella et al., variations in melatonin levels have been identified 
across the phases of menstruation. Therefore, increased plasma melatonin was seen 
in women in LP (luteal-phase) than FP (follicular-phase) [73]. There was also an 
increase in the melatonin levels in the participants taking a three-phase contracep-
tive pill. Most of these findings were supported by increased urinary aMT6s during 
LP [72]. Nonetheless, a one-day area under the plasma melatonin curve was greatly 
reduced in LP without changes in timing measures as illustrated below [70]. This, 
therefore, shows a possibility of interaction between melatonin and progesterone, 
including melatonin serving as a modulator of menstrual phases [66].

Moreover, evidence from studies suggests that the interaction of melatonin and 
sex hormones results from localizing melatonin receptors with progesterone and 
estrogen in the periphery and brain, including the increased melatonin receptors in 
the reproductive tissues [70, 73]. The study also reported a marked increase in mela-
tonin secretion in women using oral contraceptives, particularly synthetic progester-
one, as well as melatonin treatment could be essential in enhancing human chronic 
gonadotropin-stimulated progesterone secretion in human granulosa cells [73]. In 
contrast, in a low estrogen environment and premenopausal women, oophorectomy 
contributes to substantially increased melatonin secretion [74].

Further, Gentry et al. [75] add that treating estrogen was found to significantly 
reduce melatonin synthesis in rat pinealocytes, with reduced melatonin receptors 
(MTI) being further seen in ovaries in rats [72, 75]. Patients with PMDD (premen-
strual dysphoric disorder) have been found to have reduced serotonin levels with 
changes in timing and the amount of secreted nocturnal melatonin [74]. This find-
ing, however, raises the question of how reduced serotonin, which is the precursor 
of melatonin synthesis, can change the production of melatonin in the pineal gland 
Pevet et al. [66].

1.3.5 Alcohol

Studies conducted by Hardeland [76] shows that beer and wine with identical 
amounts of melatonin can potentially influence melatonin level in body fluids. 
Nonetheless, the influence of chronic or acute consumption of alcohol on levels of 
melatonin is inconsistent [74, 76]. Social drinking, such as 10–100g of ethanol daily, 
was found to decrease levels of melatonin in the blood [74]. In another study that 
involved heavy consumption of beer, 24–48g of ethanol in females and males resulted 
in a significant rise in serum melatonin following the high content of melatonin in 
beer [66, 70]. Contrary, repeated or single routine doses of between 15 and 120g 
ethanol was established to reduce aMT6s over a one-day period with more doses of 
alcohol [21, 77]. Similar results involved a categorical analysis showed no effect of a 
single drink, with two drinks leading to a 9% decline, 15% with 3, and 17% reduction 
with four or more drinks [70]. The above studies considered such factors as medica-
tion use, age, and hours of darkness.

1.3.6 Caffeine

Despite a standard cup of coffee was projected to have 40 μg of melatonin, the role 
of caffeine in the circulation of melatonin concentration remains unclear [69]. Other 
clinical studies show that a dose of 200 mg of caffeine capsules results in a decrease 
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in the secretion of nocturnal secretion, with another study showing an increase of 
around 32% in plasma melatonin [77, 78]. A decrease of 7% in the nocturnal melato-
nin was identified in the healthy young participants after the administration of 400 
mg caffeine was repeated at an interval of one week. In similar research, when the 
participants took coffee, an observation was made that a decline of over 49% night-
time aMT6s excretion in a coffee with caffeine than in the coffee without caffeine 
[69]. Essentially, caffeine was found to serve as an adenosine antagonist inhibiting 
intracellular cAMP activity, hence, the production of AANAT.

1.3.7 Drugs

Sharafi et al. (2019) argue that drugs, including prescribed, recreational, and 
conventional ones, have been found to contain different effects on melatonin secre-
tion and synthesis. Atenolol has been linked to significant light-induced phase delays 
in the onset of melatonin in humans [78]. Psychotropic and antidepressant drugs 
have been associated with changes in pineal functions and melatonin levels, as shown 
in Figure 1 [62, 69]. Various types of selective serotonin inhibitors, SSRI, includ-
ing fluvoxamine, result in a notable rise in plasma melatonin concentrations. While 
others, including citalopram, showed no effect. Minella et al. (2021) add that tricyclic 
antidepressants enhance the onset of melatonin and intensify the nocturnal plasma 
melatonin in people since it acts as noradrenaline re-uptake inhibitors [73].

1.3.8 Nicotine

Cigarettes usually contain polycyclic aromatic hydrocarbons that usually contain 
CYP1A2 activity, which is required for the metabolism of melatonin in the liver [62, 73]. 
Therefore, the level of melatonin in habitual smokers is usually low. Administration of 
chronic nicotine contributes to increased CYP1A2 levels as well enzymatic activity. Such 
observations were seen in greater amounts in smokers [72, 74]. After experiments were 
done on smokers prior to and after smoking abstinence have shown changes in endog-
enous levels of melatonin; however, after administration of oral melatonin (usually 
25 mg) during the night, levels of melatonin during the period without smoking were 
substantially higher than during smoking period [72, 78].

2. Conclusion

Melatonin hormone is a critical component in treating sleep and other body 
disorders arising from the disruption of the circadian rhythm. Melatonin comes as 
an endogenous or exogenous hormone, where endogenous derives naturally from the 
body and exogenous is manufactured in the laboratory. With respect to endogenous 
melatonin, it derives from the pineal glands in the brain and undergoes various 
processes before attaining its ultimate outcomes. Particularly, melatonin undergoes 
biosynthesis and catabolism, and the metabolites are distributed throughout the body 
to different types of receptors. Melatonin concentration measurement thus becomes 
possible by testing the end products from different sites using gauging models, such 
as RIA and ELISA. The essence of understanding melatonin demographics is mainly 
to connect its connection with the circadian rhythm in facilitating body cycles. 
Precisely, the melatonin hormone undergoes its processes in resonance with the 
circadian rhythm for it to complete its physiological pathways. Therefore, exploring 
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the connection between melatonin production and circadian rhythms helps under-
stand the body's physiological processes in contracting or treating sleep disorders. 
Conclusively, every non-photic factor has been found to have a significant effect on 
endogenous melatonin. Several studies have exhausted the effects including increase 
or decrease of melatonin levels upon experiments on the different non-photic factors.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
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Abstract

Melatonin is a neurotransmitter released from the pineal gland. The presence of 
receptor sites in the hypothalamus, pituitary gland, ovaries, and testicles and secre-
tion of pituitary hormones (FSH and LH) are some of the effects of this hormone on 
reproduction. In addition to its systemic effect, it also showed an effect on ovarian 
physiology with the detection of high levels in the follicular fluid and the presence 
of melatonin receptors in the ovarian cells. In addition, it has been determined that 
melatonin affects follicular growth, oocyte maturation, ovulation, and luteal func-
tion. It has been stated that the effects of melatonin on the male reproductive system 
are indirectly effective through the gonads and indirectly by affecting the hormones. 
Again, some studies have expressed that melatonin has strong antioxidant properties 
and affects reproductive physiology due to this effect. This section discusses the effect 
of melatonin on male and female reproductive physiology.

Keywords: melatonin, reproduction, physiology, FSH, LH, ovarium, testes, oxidative 
stress

1. Introduction

Melatonin is a hormone secreted by the pineal gland and is known to be involved 
in the regulation of many body functions and the regulation of circadian and seasonal 
rhythms [1]. This hormone is rhythmically released from the epiphysis at night [2]. 
Since its release is regulated according to the nighttime, its secretion occurs with the 
internal reflection of the external photoperiod [3]. Melatonin is also called the “hor-
mone of darkness”. It has been determined that melatonin is synthesized in the lacri-
mal gland, retina, erythrocytes, platelets, and some cells in the gastrointestinal tract 
other than the pineal gland, but this synthesis has little effect on the plasma melatonin 
level [4–7]. The main synthesis site of melatonin is pinealocytes, and it is synthesized 
from tryptophan in these cells. Tryptophan is first converted to 5-hydroxytryptophan 
by the enzyme tryptophan hydroxylase. Then 5-hydroxytryptophan is converted to 
serotonin by amino acid decarboxylase. Serotonin is converted to N-acetyl serotonin 
by the enzyme N-acetyl transferase. N-acetyl serotonin is converted to melatonin by 
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the enzyme methyltransferase. Thus, the synthesized melatonin is released into the 
blood circulation [8, 9]. Around 19.00–20.00, melatonin secretion begins to increase, 
reaches its highest point between 02.00 and 04.00 at night, and decreases with the 
increase of daylight in the morning. It starts to decrease between 07.00 and 09.00 
in the morning [10–12]. Melatonin takes part in many biological and physiological 
regulations in the body. It is effective on biorhythm (circadian rhythm) and also has 
direct and indirect effects on the reproductive system, regenerating our cells, regulat-
ing the immune system, anticarcinogen, antioxidant, antiaging, and reproductive 
system [13]. This chapter, it is aimed to explain the physiological effects of melatonin, 
which has important bodily effects in the body, on the female and male reproductive 
systems.

2. Melatonin synthesis

Melatonin is synthesized from tryptophan in pinealocytes in the pineal gland. 
Synthesis stages are, respectively: Tryptophan is converted to 5-hydroxytryptophan 
by the enzyme tryptophan hydroxylase. Then 5-hydroxytryptophan is converted 
to serotonin by the amino acid decarboxylase enzyme. Serotonin is converted to 
N-acetyl serotonin by the enzyme N-acetyl transferase. N-acetyl serotonin is con-
verted to melatonin by the enzyme methyltransferase. Thus, the synthesized melato-
nin is released into the blood circulation [8, 9]. The regulation of melatonin synthesis 
is controlled by the retinohypothalamic pathway and a system that surrounds the 
suprachiasmatic nuclei and contains multiple synapses within this pathway. Stimuli 
from the retina reach the hypothalamus and then this information reaches the pineal 
gland via peripheral postganglionic sympathetic fibers and melatonin is synthe-
sized [9]. It activates protein kinase C (PKC) via β- and α1-adrenergic receptors on 
pinealocytes with increased norepinephrine stimulation at night. PKC activation 
increases the Ca2+ movement in the cell, resulting in an increase in the concentration 
of intracellular cyclic adenosine monophosphate (cAMP). This increase activates 
protein kinase A (PKA) (Figures 1 and 2). Activated PKA increases AANAT activity 
[14]. Once synthesized, it is directly secreted into the cerebrospinal fluid and blood 
of the third ventricle and reaches all body tissues in a very short time. After melatonin 
is released, it is transported by diffusion and some carrier molecules [15]. Melatonin 
can regulate a variety of physiological functions, from the well-known modulation of 
sleep/wake cycles and circadian rhythms to the maintenance and regulation of neural 
development and immune system and endocrine functions [16]. These effects of the 
melatonin are mediated by G protein-linked melatonin receptors MT1 and MT2. In 
addition, activation of a putative cytoplasmic melatonin receptor MT3 is also  effective 
[17]. When melatonin binds to these receptors, due to the connection between the 

Figure 1. 
Biosynthetic pathway of the melatonin.



25

An Overview of Effects on Reproductive Physiology of Melatonin
DOI: http://dx.doi.org/10.5772/intechopen.108101

receptors and Gai/o proteins, it causes activity in the target tissue by regulating 
the levels of cAMP and calcium, the second messenger, as well as by regulating the 
activation of PKC subtypes (Figure 3) [19]. As a result of various studies, it has 
been determined that these receptors of Melatonin are in various structures of the 
brain belonging to the nervous system [20] as well as in nonneural tissues such as the 

Figure 2. 
Synthesis of melatonin from tryptophan under the influence of light in the pineal gland [9]. SCG: Superior 
cervical ganglion; SCN: Suprachiasmatic nucleus; NA: Noradrenaline; PVN: Paraventricular nucleus; AADC: 
Aromatic-L-amino-acid decarboxylase AANAT: Arylalkylamine N-acetyltransferase, TPH: Hydroxytryptophan 
5-hydroxylase. HIOMT: Hydroxy indole-O-methyltransferase NAS: N-asetlyserotonin.

Figure 3. 
MT 1 and MT 2 melatonin receptor signaling. PKA, protein kinase a; cAMP response element-binding 
protein; MT, melatonin receptor; Akt, threonine protein kinase B (PKB; also known as Akt); cyclic adenosine 
monophosphate; cGMP, cyclic guanosine monophosphate; CREB, IP3, inositol trisphosphate; MAPK, mitogen-
activated protein kinase [18].
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immune system, endocrine system, bone, gastrointestinal system, cardiovascular 
system and reproductive organs, which we will focus on [21]. Again, as a result of a 
study, it was determined that melatonin causes various activities in various tissues 
through a mechanism independent of its receptors [22].

3. Melatonin receptors and their functions

It has been reported that melatonin synthesized by the pineal gland has 3 groups 
of receptors. These are MT1 receptors with high affinity. They are MT2 and MT3 
receptors with low affinity [23–25]. MT1 stimulation from these receptors suppresses 
adenylate cyclase activity in the target tissue. It has been determined that these 
receptors are involved in retinal function, cerebral artery contraction, circadian 
rhythm, renal function, and reproduction. As a result of the stimulation of MT2 and 
MT3 receptors, phosphoinositol hydrolysis takes place in the target tissue [24, 25]. 
These receptors are located in the body of the brain, cardiovascular system, coronary 
and cerebral arteries, retina, ventricular wall, aorta, liver, and gall bladder, entero-
cytes, cecum, skin, colon, and appendix vermiformis, parotid gland, immune system 
cells, exocrine pancreas, kidney, platelets, ovary/granulosa cells, myometrium, 
placenta, and fetal kidney.

4. Effects of melatonin on the female reproductive system

Various studies have shown the effect of melatonin on the female reproductive 
system. It has been determined that this effect is by binding directly to the receptors 
in the cells in the ovary and through the hypothalamic/pituitary axis.

4.1 Direct effects of melatonin on the female reproductive system

Melatonin is considered to have an inhibitory effect on the hypothalamus-
pituitary-gonads system. Demonstration of melatonin receptors in the ovary and 
structures such as mammary glands supports this effect. Studies have shown that 
melatonin receptors in rat ovarian tissue are more in the proestrus cycle than in 
the metestrus cycle and that granulosa cells are the main site for the MT1 recep-
tor [26, 27]. The concentration of melatonin in follicular fluid was found to be ten 
times higher than in plasma. The source of the melatonin in the follicular fluid in 
circulation. The follicles receive this hormone from the bloodstream. The amount 
of hormone intake varies depending on the follicular growth period. The larger the 
follicles, the more melatonin is taken from the blood. Studies have reported that 
melatonin acts as an antioxidant in follicles and contributes to progesterone produc-
tion by luteinizing granulosa cells [28]. Melatonin levels in humans during pregnancy 
and delivery are higher compared to the postpartum period [29]. Increased melatonin 
levels before birth may serve as an important circadian signal for the time of birth. 
Maternal melatonin originates from the maternal pineal gland and increases with the 
activities of placental hormones [28]. Melatonin, which is present in human follicular 
fluid in conjunction with plasma and does not affect granulosa cells’ steroidogenesis 
and follicular function, directly affects ovarian function [30]. Periodic fluctuations 
are seen in the follicular fluid that fills the antral cavity, and there is more melatonin 
in the preovulatory follicle than in the serum level [31]. As a result of these findings, it 
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is concluded that melatonin is synthesized in the ovary and released into the follicular 
fluid [32]. Studies have shown that LH receptors increase in granulosa cells as a result 
of melatonin administration [30]. Similarly, melatonin has been reported to affect sex 
steroid hormone production in follicular maturation during ovulation [33]. During 
follicular growth, locally produced insulin-like growth factors and transforming 
growth factor-β together with gonadotropins show efficacy [34]. In one study, it was 
reported that Melatonin stimulated the production of IGF-I in human granulosa cells 
[34]. Melatonin is also known to induce the IGFI receptor and activate the P13K/
AKT signaling pathway, which is associated with cell metabolism, and the MEK/ERK 
signaling pathway, which is involved in cell growth, proliferation, and differentia-
tion [35]. The TGF-β superfamily is found in ovarian cells and acts as an intraovarian 
regulator of follicle development [36]. As a result of studies, it has been determined 
that TGF-β is produced by both theca and granulosa cells in humans [37, 38]. Studies 
have shown that melatonin treatment increases TGF-β gene expression in mice [39]. 
Recent studies have shown that melatonin causes induction of Bcl2 expression and a 
decrease in Caspase-3 activity, thus protecting tissue from induction of the mitochon-
drial pathway of apoptosis [40]. The increase in follicular melatonin is an important 
factor for escaping from growing follicle deatresia, and the amount of intrafollicular 
melatonin is directly related to atresia [40]. It is stated that the increased amount 
of melatonin in the follicle may be associated with increased progesterone produc-
tion after luteinization and ovulation. Local productions of ovarian progesterone, 
angiotensin-II, and nitric oxide synthetase (NOS) also increase with ovulation [41]. 
These vasoactive molecules have a fundamental role in the control of follicular blood 
flow [40]. An increase in progesterone and estradiol levels is required for successful 
ovulation [42]. Although there is no clear information about the relationship between 
melatonin, prostaglandin, and estradiol in anovulation, a study on rats showed that 
melatonin treatment in the gastric mucosa significantly increased the concentration 
of prostaglandin and estradiol [42]. ROS emerging in folliculogenesis suppresses 
the production of prostaglandin, which stimulates the synthesis of melatonin from 
granulosa cells, and induces corpus luteum transformation [43]. In addition to these 
properties, melatonin also protects the corpus luteum from damage by reactive 
oxygen species that inhibit progesterone production in human luteal cells.

4.2 Indirect effects of melatonin on the female reproductive system

Considering the indirect effects of melatonin on the female reproductive system. 
Melatonin exerts its indirect inhibitory effect on the gonads by suppressing the 
production and secretion of GnRH at the hypothalamus level, inhibiting the release 
of LH (Luteinizing hormone) from the pituitary, as well as suppressing LH secre-
tion by acting directly on the pituitary by changing the levels of intracellular second 
messengers such as Ca 2+ and cAMP. Melatonin also increases the secretion of opioid 
substances that reduce GnRH secretion, such as endorphins [44].

5. Effects of melatonin on the male reproductive system

Various studies have shown that melatonin has some effects on the male reproduc-
tive system as well as the female reproductive system. It has been determined that this 
effect is by binding to the receptors of Sertoli and Leydig cells in the testicles and via 
the hypothalamus/pituitary axis.
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5.1 Direct effects of melatonin on the male reproductive system

When the direct effects of melatonin on testicular tissue are examined, it has 
been stated that melatonin affects testicular development by binding to the relevant 
receptors in the testis [45] and in a study, exogenous melatonin administration in rats 
caused a decrease in testicular size [46, 47]. Various studies have shown that MT1 
and MT2 are expressed in the testes of young and adult rats [45]. In a study, it was 
observed that the external application of Melatonin had negative effects on the semi-
niferous tubules in the testicles of old male mice [48]. It has also been reported that 
the administration of melatonin causes shrinkage in testicular tissue and low sperma-
tid count in rats [49]. In another study, significant morphological changes occurred 
in the tubular and interstitial compartments of the testicles in hamsters exposed to 
short-term sunlight for a long time [50]. In addition, it was determined that melato-
nin significantly reduced the volume of mitochondria and nongranular endoplasmic 
reticulum, which are organelles containing enzymes that have an important role 
in androgen biosynthesis in mice Leydig cells [51]. Looking at the mechanism of 
testosterone production, it was determined that the LH hormone released from the 
adenohypophysis stimulates the cAMP signal in Sertoli cells [52]. It was also stated 
that melatonin did not suppress the activity of P450scc and thus decreased steroid 
synthesis. It was determined that StAR protein expression regulated by melatonin 
LH or cAMP was significantly reduced [53]. Another pathway that is effective in 
the testosterone release mechanism is that GnRH does so by increasing cytosolic 
Ca2+ concentrations and activating protein kinase C [52]. In some studies using the 
fluorescent Ca2+ indicator, it has been reported that melatonin suppresses the release 
of GnRH-dependent Ca2+ from intracellular stores, thereby reducing cellular Ca2+ 
levels and suppressing testosterone release [54]. In addition to the aforementioned 
mechanisms, melatonin has been reported to regulate testosterone production by 
interacting with the CRH system in the testicles [55, 56]. It has been determined 
that the CRH hormone is produced in the testicles as well as the hypothalamus. 
CRH released from the testicles acts as an important negative autocrine regulator of 
LH-induced testosterone production [57]. In a study, it was reported that Melatonin 
administration significantly increased the levels of mRNA related to CRH in Leydig 
cells [58]. Another hormone involved in testicular function is Estrogen. In immature 
males, the main production site of estrogen is Sertoli cells. Estrogen receptor-alpha 
(ERα), one of the estrogen receptors, was found in Leydig cells, while ERβ, another 
estrogen receptor subtype, was found in Sertoli and germ cells [59, 60]. Studies show 
that ERβ plays a role in the regulation of Leydig cell proliferation and testosterone 
production in adult mouse testicles. The cytochrome P450 aromatase (P450arom) 
enzyme is a key enzyme found in the endoplasmic reticulum of various tissues and 
is responsible for the production of estrogen from androgens. P450arom enzyme has 
been identified in Leydig cells of several species [61]. Melatonin has been reported to 
reduce estrogen biosynthesis by inhibiting the activity and expression of aromatase 
[62–64]. It has been determined that the administration of melatonin in Leydig and 
Sertoli cells obtained from rams increases testosterone production by increasing 
the expression of stem cell factor and insulin-like growth factor-1 [65]. In addition, 
it was determined that melatonin administration regulated lactate metabolism in 
Sertoli cells. Lactate released from Sertoli cells provides nutritional support to cells 
and prevents apoptosis [66]. As a result of the studies, it has been determined that 
the level of melatonin in the semen is related to infertility [67–70]. Especially in rams, 
melatonin level is directly related to sperm quality. Although rams can produce semen 
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throughout the year, the quality of sperm outside the breeding season has been found 
to be low [71]. In the studies, it was determined that the application of melatonin 
outside of the breeding season increased sperm volume in the semen [72–74]. It was 
also determined that the dividing ability of oocytes fertilized by spermatozoa treated 
with melatonin increased. This increase is mediated by the increase of hyaluronidase 
enzyme activity by the administration of melatonin [75, 76].

5.2 Indirect effects of melatonin on the male reproductive system

When the indirect effects of melatonin on the male reproductive system are 
examined, it has been determined that there is an effect, especially on the hypothala-
mus-pituitary axis. In a study, it was determined that the application of melatonin to 
the hypothalamus significantly reduced testicular weight [77–79]. It was concluded 
that it showed this effect by suppressing GnRH secretion. In another study, it was 
determined that the administration of melatonin to mice caused a decrease in testicu-
lar and seminal vesicle mass, thus causing a decrease in sperm count [80]. GnIH, a 
hormone that suppresses the release of GnRH, was determined in a study conducted 
on quails in 2000 [81–83]. It has been determined that the effect of melatonin on 
GnRH secretion is mediated by this hormone. It has been determined that melatonin 
stimulates the release of GnIH by binding to the MT1 receptor, thus suppressing the 
release of GnRH [84, 85]. It has been determined that melatonin hormone androgen 
receptor and ABP levels are decreased in animals with seasonal reproduction. In some 
animals, it has been determined that tonin has positive effects on the male reproduc-
tive system. For example, it has been determined that it has indirect effects as well 
as direct effects on rams. Melatonin administration has been found to increase the 
testosterone concentration of somatic cells in ram testis tissue [86, 87]. Kispeptins, 
which are stimulators of GnRH neurons, have been found to be highly effective 
in transmitting the melatonin message [88–90]. In a study, it was determined kis-
speptin expression decreased and atrophy occurred in the gonaon in winter days 
when the daylight decreased in Syrian hamsters. It has been determined that the level 
of testosterone increases with the injection of kisspeptin [91, 92]. In a study with 
zebrafish, it was determined that melatonin administration could induce the expres-
sion of Kiss1 and Kiss2 and GnRH3 genes in brain tissue and an increase in LH-β in the 
pituitary gland [93]. This induced gonad development. However, in a study in rats, it 
was reported that the administration of melatonin suppressed the release of FSH and 
LH, thus suppressing spermatogenesis in Sertoli cells and delaying sexual maturation 
[94]. Again, it was determined that the administration of melatonin to rats in the 
fetal period suppressed LHRH release and significantly reduced the LH level [95, 96]. 
Melatonin administration is thought to inhibit LH release by reducing Ca2+ flow and 
cAMP concentrations in the pituitary gland [97].

6. The relationship between melatonin and oxidative stress

Oxidative stress is a cell-damaging condition that can result from decreased anti-
oxidants and/or increased production of reactive free radicals such as reactive oxygen 
species and/or reactive nitrogen species (ROS/RSN) [98, 99]. Increased free radical 
production causes cell damage, leading to an increase in various damage markers 
(MDA, 8-OhDH, TNF-alpha) [100, 101]. In many cases, the body protects the cell 
against the increase in oxidative stress by the regulation of antioxidant defense systems 
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(GSH, SOD, CAT, GPx) [102–107]. If oxidative stress can be neutralized, there is usually 
no adverse contribution to disease pathology. If antioxidant defense induction is inad-
equate or absent, concomitant cellular and tissue damage often occurs. Some diseases 
can be directly caused by oxidative stress, but in most diseases, oxidative stress is a 
consequence and can often only be a secondary event [108–110]. However, it plays an 
important role in promoting additional tissue damage in most diseases. When oxidative 
stress is excessive, it can be prevented by using various substances that have antioxidant 
properties or suppressing oxidative stress to prevent cell damage [111, 112]. One of 
the substances used for this purpose is melatonin. As a result of various studies, it has 
been determined that melatonin reduces oxidative stress and protects the cell against 
oxidative damage. Some studies have stated that it prevents cell damage by improving 
MDA levels [113–116]. The effect of melatonin on reducing MDA occurs through several 
mechanisms. For example; Melatonin detoxifies a large number of free radicals such as 
peroxynitrite anion [117] and hydroxyl radical [118] detoxifies hydroxyl radical [119]. 
It has also been determined that peroxynitrous acid [120] cleans oxidizing particles 
such as nitric oxide [121] and thus prevents lipid peroxidation. Due to these effects, It 
has been reported that the effects of melatonin on oxidative stress are direct free radical 
scavenger and indirect antioxidant [122]. Again, as a result of studies, it was determined 
that Melatonin increased the level of antioxidant GSH, and also caused an increase in 
antioxidant enzyme activities such as GPX, SOD, and CAT. It has been determined that 
these effects are caused by an increase in mRNA expression by stimulating the melato-
nin receptors on the cell membrane [123]. It has also been determined that melatonin 
inhibits the nuclear translocation of NF-κB [124]. It has been determined that melatonin 
inhibits oxidative stress-induced DNA damage by suppressing oxidative stress [125]. 
Studies have shown that melatonin inhibits apoptosis by decreasing caspase-3 activity 
and activating the PI3K/AKT pathway, and it preserves membrane integrity. Activation 
of the PI3K/AKT pathway also increases gene expression such as Nrf2 [126], which plays 
an important role in the antioxidant defense system. These findings explain the cell-
protective mechanism of melatonin against oxidative stress.

7. Conclusion

Melatonin is a hormone mainly synthesized from the pineal gland, and it has been 
shown by some studies that it has various effects on the immune system, oxidative 
stress, and reproduction, as well as taking part in the regulation of circadian rhythm. 
In this study, we focused on the direct, indirect, and antioxidant effects of melatonin 
on the female and male reproductive systems and the molecular mechanisms of 
these effects. As a result, melatonin affects the male and female reproductive systems 
directly via the gonads via secondary messengers and indirectly by stimulating 
various receptors/molecules via the hypothalamus-pituitary axis. These effects are 
in the direction of supporting reproduction in some living things and suppressing in 
others. In addition, melatonin prevents cell damage by increasing antioxidant enzyme 
activity and scavenging free radicals, especially in female and male gonads, thus 
preventing cell damage.
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Abstract

Melatonin (N-acetyl-5-methoxy-tryptamine) is a hormone taking place in many 
biological and physiological processes, such as reproduction, sleep, antioxidant 
effect, and circadian rhythm (biological clock), and is a multifunctional indolamine 
compound synthesized mainly from the metabolism of tryptophan via serotonin in 
the pineal gland. Melatonin, which is a hormone synthesized from the essential amino 
acid tryptophan, is substantially secreted from the pineal gland between the cerebral 
hemispheres found in the mammalian brain. In addition to this, it is also produced in 
the cells and tissues, such as the gastrointestinal system, gall, epithelial hair follicles, 
skin, retina, spleen, testis, salivary glands, bone marrow, leukocytes, placenta, and 
thrombocytes. It plays a role in many physiological events, such as synchronizing 
circadian rhythms, reproduction, fattening, molting, hibernation, and change of 
pigment granules, preserving the integrity of the gastrointestinal system with an anti-
ulcerative effect in tissues and organs from which it is produced. Melatonin is also a 
powerful antioxidant and anti-apoptotic agent that prevents oxidative and nitrosa-
tive damage to all macromolecules due to its ability to form in metabolic activities, 
directly excrete toxic oxygen derivatives, and reduce the formation of reactive oxygen 
and nitrogen species. In this book chapter, we will explain the structure, synthesis, 
metabolism, and antioxidant effects of the melatonin hormone.

Keywords: antioxidant, biochemistry, melatonin, shikimate pathway, tryptophan

1. Introduction

Melatonin (N-acetyl-5-methoxy-tryptamine) is a hormone taking place in many 
biological and physiological processes and is a multifunctional indolamine compound 
synthesized mainly from the metabolism of tryptophan via serotonin in the pineal 
gland [1]. Its molecular formula is C13H16N2O2 and its molecular weight is 232.278 g/mol 
(Figure 1) [2]. It has the capacity to be able to pass through all biological membranes 
due to its small molecular size and high lipophilicity and it is evenly distributed to all 
biological tissues and fluids by crossing the blood–brain barrier [3].

Although the existence of the pineal gland has been known since ancient times, 
the French philosopher Rene Descartes described the pineal gland as the “throne of 
the soul” about three hundred years ago [4]. Melatonin hormone was first described 
in 1958 by the American dermatologist Aaron Lerner by obtaining from the pineal 
gland of cattle [5]. Melatonin, which is produced in the cells called pinealocytes of 
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the pineal gland, is a hormone that plays a role in the regulation of many physiologi-
cal and biological functions, such as circadian rhythm, sleep/wake cycle, pubertal 
development-reproduction, locomotor activity, regulation of immunity and blood 
pressure, molting, and hibernation [6–10].

Cortisol and melatonin levels act in opposite directions. Immediately after cortisol 
levels drop at night, melatonin levels begin to increase. The balance between these 
two hormones is important for good health and various diseases can occur with low 
melatonin and high cortisol levels [11, 12].

While melatonin shows a stimulating effect on the gonads in animals, such as 
sheep, goats, and deer, it shows suppressive properties in animals, such as horses, 
hamsters, and camels [13]. Melatonin acts as a timer by providing to follow-up the 
changes in the light/dark ratio of the animal seasonally [14].

In sheep, melatonin secretion and plasma levels are low in daylight [15, 16]. After 
sunset, melatonin secretion increases 10–20 times and rises rapidly to reach a peak by 
the end of the night. Thus, melatonin signal reflects the duration of the dark phase 
[14]. Melatonin initiates a series of events that lead to the start of the reproduction 
season [17]. The decreasing light exposure time increases melatonin secretion in the 
autumn-winter months when the days start to get shorter. Increased melatonin secre-
tion stimulates gonadotrophin-releasing hormone (GnRH) secretion and provides to 
initiate estrus by acting on the hypothalamus in sheep [18, 19].

2. Melatonin

2.1 Tryptophan synthesis

The shikimate pathway is found in bacteria, fungi, plants, and algae, as well 
as in some protozoans. However, this pathway does not occur in animals and 
therefore animals must obtain aromatic amino acids from their diets as essential 
nutrients. Phosphoenolpyruvate (PEP), sugar with 3-carbon, product of the 
glycolysis pathway and erythrose-4-phosphate (E4-P), sugar with 4-carbon, 
synthesized from the pentose phosphate pathway starts with its conversion to 

Figure 1. 
Chemical structure of melatonin.



45

Biochemistry and Antioxidant Effects of Melatonin
DOI: http://dx.doi.org/10.5772/intechopen.106260

2-keto-3-deoxy-D-arabinoheptulosonate 7-phosphate, 7-carbon compound, with the 
hydrolysis of phosphate by 2-keto-3-deoxy-D-arabino-heptulosonate 7-phosphate 
synthase enzyme [20, 21].

In the second reaction, 3-dehydroquinate, a cyclic product, occurs by elimina-
tion of phosphate from 2-keto-3-deoxy-D-arabinoheptulosonate 7-phosphate by the 
catalysis of 3-dehydroquinate synthase enzyme with the help of NAD+. 3-dehydroshi-
kimate is formed from this product with the effect of 3-dehydroquinate dehydratase 
enzyme as a result of the loss of the H2O molecule [20, 22].

The next reaction is the reduction of 3-dehydroshikimate to shikimate by the 
shikimate dehydrogenase enzyme, which is used as a cofactor with NADPH. It 
is converted to shikimate 3-phosphate by the shikimate kinase enzyme by using 
one ATP per molecule. 5-enolpyruvylshikimate-3-phosphate is formed from 
shikimate 3-phosphate by binding to phosphoenolpyruvate (PEP) and catalyzing 
with 5-enolpyruvylshikimate-3-phosphate synthase enzyme. In the last reaction, 
5-enolpyruvylshikimate-3-phosphate is converted to chorismate by the enzyme 
chorismate synthase [21, 23].

It forms anthranilate from chorismate formed in the last reaction of the shikimate 
pathway by giving amino group, which is part of the indole ring, in subsequent reac-
tions for glutamine amino acid by way of the anthranilate synthase enzyme, which 
catalyzes the initial reaction of tryptophan biosynthesis [22]. N-(5′-phosphoribosyl) 
anthranilate is formed as a result of the elimination of pyrophosphate from phospho-
ribosyl-pyrophosphate (PRPP) by the enzyme anthranilate phosphoribosyltransfer-
ase. N-(5′-phosphoribosyl) anthranilate isomerase is responsible for the isomerization 
of N-(5′-phosphoribosyl) anthranilate to enol-1-o-carboxyphenylamino-1-deoxy-
ribulose phosphate [24, 25].

Indole-3-glycerol-phosphate synthase catalyzes its conversion to indole-3-glyc-
erol-phosphate by decarboxylating enol-1-o-carboxyphenylamino-1-deoxy-ribulose 
phosphate. In the last reaction, tryptophan synthase catalyzes the formation of 
tryptophan from indole-3-glycerol-phosphate by using indole and serine amino acids 
(Figure 2) [21, 26].

2.2 Synthesis of melatonin

Anabolism: Tryptophan is a nonpolar amino acid containing an indole ring [27]. 
Tryptophan amino acid, which is in the class of essential amino acids, is required to 
be taken from the diet through nutrition since it cannot be synthesized in humans and 
monogastric animals [20].

Melatonin, which is synthesized from the amino acid tryptophan, is synthesized 
in bacteria, unicellular eukaryotes, and plants. Melatonin is synthesized from retina, 
gastrointestinal system, kidney, liver, thyroid gland, bone marrow, leukocytes, mem-
branous cochlea, placenta, Harderian gland, gonads, breast tissue, adrenal gland, lung, 
skin, adipose tissue, blood vessels, lymphocytes, neutrophils, lymphoid tissues, and 
some brain areas, is mainly synthesized from the pineal gland [28, 29].

The pineal gland plays an important role as a functional neuroendocrine trans-
ducer of photoperiodic changes that occur in environmental or seasonal events by 
activating N-acetyl transferase transfer [30]. Norepinephrine is the most important 
transmitter in the postganglionic sympathetic nerve endings in this gland. The 
suprachiasmatic nucleus (SCN), which is one of the nuclei that can receive signals 
from the retina through nerves during the day and in light, effectively inhibits the 
release of norepinephrine from these nerve endings [31, 32]. In the dark, the release 
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of norepinephrine from the nerve endings begins. Norepinephrine then binds to 
β-adrenergic receptors on the pinealocyte membrane and causes an increase in intra-
cellular cAMP. As a result, it increases the activity of the N-acetyltransferase enzyme, 
which is a rate-limiting enzyme in melatonin synthesis in increasing intracellular 
cAMP and melatonin synthesis increases from serotonin [30, 32].

Figure 2. 
Tryptophan synthesis.
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Melatonin synthesis begins with the uptake of tryptophan from the circula-
tory system by pinealocytes [33]. While tryptophan is converted to 5-hydroxy-
tryptophan by the tryptophan hydroxylase enzyme catalysis, 5-hydroxy-tryptophan 
is also converted to serotonin (5-hydroxy-tryptamine) via aromatic L-amino acid 
decarboxylase [34]. N-acetyl serotonin is formed with the catalysis of 5-hydroxy-
tryptamine N-acetyltransferase enzyme. N-acetyl serotonin is converted into mela-
tonin (N-acetyl-5-methoxy-tryptamine) by being methylated with the catalysis of 
5-hydroxyindole-o-methyltransferase enzyme (Figure 3) [28, 35, 36].

Catabolism: Melatonin is metabolized by isoforms of cytochrome P450 mono-
oxygenase enzymes (CYP1A2, CYP1A1, and CYP1B1) found in the liver. Of these 
isoforms, both CYP1A2 and CY2C19 enzymes can demethylate melatonin to 
N-acetyl serotonin or can convert melatonin to 6-hydroxymelatonin by hydrox-
ylation [37]. The half-life of melatonin, of which 70% is transported to the liver 
depending on albumin, varies between 3 and 45 minutes [38]. Less than 1% of mela-
tonin is reported to be excreted with urine as 6-sulphatoxymelatonin by conjugating 
lesser extent with glucuronic acid or mostly conjugating with sulfate for the rest 
(Figure 3) [39, 40].

Figure 3. 
Anabolism and catabolism of melatonin.
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3. Antioxidant effects of melatonin

Free radicals, which are low molecular weight, short-lived and unstable structures, 
are highly active chemical structures that have unpaired electrons in their final orbits 
and try to share the electrons of other compounds to make up for this gap [41, 42]. 
Free radicals, which cause oxidation, are mainly oxygen-derived metabolites, super-
oxide anions (O2

−), hydrogen peroxide (H2O2), hydroxyl radical (OH−), and lipid 
peroxides [43]. Oxidative stress occurs as a result of increased reactive oxygen species 
(ROS) for various reasons and insufficient antioxidant mechanisms. Free radicals, 
which are formed by natural metabolic pathways in the body, are normally eliminated 
by radical scavenging antioxidant systems. Antioxidants are the molecules that 
prevent cell damage by inhibiting the formation of free radicals or scavenging existing 
radicals [44, 45]. While antioxidants can be classified according to their structure as 
those being enzymatic [superoxide dismutase (SOD), glutathione peroxidase (GPx), 
catalase (CAT), and glutathione-S-transferase (GST)] and non-enzymatic [Reduced 
glutathione (GSH), vitamin A, vitamin C, vitamin E, and melatonin], they can also 
be classified according to their cell localization as (i) intracellular antioxidants (SOD, 
CAT, and GPx), (ii) extracellular antioxidants (albumin, vitamin C, and urate) and 
(iii) membrane antioxidants (vitamin A and vitamin E) [46].

Melatonin hormone, which is a non-enzyme antioxidant, helps to eliminate harm-
ful conditions stimulated by oxidative stress by inhibiting protein oxidation, lipid 
peroxidation, mitochondrial damage, and DNA degradation due to both its direct 
free radical scavenging activity and its contribution to the antioxidant defense system 
[47]. Melatonin, which is an antioxidant and was first suggested in 1991 by Ianaş et al., 
keeps radicals before the membrane and detoxifies them by protecting the mem-
brane by attaching them to the outer surface of the cell membrane [48]. Melatonin 
hormone removes hydroxyl and oxygen radicals and inhibits nitric oxide synthase 
[49] and this feature of melatonin [50] that prevents lipid peroxidation reactions, 
especially by scavenging the OH˙ radical, is due to the pyrrole ring in its structure 
[51]. Melatonin increases the levels of antioxidant enzymes, such as mitochondrial 
SOD, cytosolic SOD, GPx, and GSH in the cell [52]. In addition, it is a powerful anti-
oxidant that prevents oxidative and nitrosative damage due to its ability to eliminate 
toxic oxygen derivatives formed in metabolic activities and reduces the formation of 
ROS and reactive nitrogen species [32, 53].

Melatonin shows its antioxidant effect in three ways. (i) Direct antioxidant 
effect: Blocking free radicals with the formation of N1-Acetyl-N2-formyl-5-
methoxyquinuramine from the pyrrole ring of melatonin in the presence of free radi-
cals [54–57], (ii) Indirect antioxidant effect: Suppressing oxidative stress by increasing 
the activity of enzymes, such as SOD, GPx, and GSH [54, 55], and (iii) Effect via 
prooxidant enzyme: Reducing free radical formation as a result of suppressing some 
prooxidant enzymes [48].

Antioxidant properties of melatonin have been shown in the studies conducted 
[58–62]. It has been reported that melatonin is at least two times more effective 
antioxidant than vitamin E and five times more effective than glutathione [55]. In the 
studies conducted, it is known that when melatonin is applied together with vitamin 
E and vitamin C, better protection is obtained than when applied alone [63] and 
melatonin has a suppressive effect on the formation of free radicals formed during 
electron transport in mitochondria. Melatonin reduces the formation of destructive 
toxic hydroxyl radicals by chelating transition metals taking place in Fenton/Haber-
Weiss reactions [64]. It protects the biomolecules found in the whole structure of the 
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cell against free radical formation by reacting with toxic hydroxyl radicals. Melatonin 
forms a non-enzymatic defense mechanism against the destructive properties of 
hydroxyl radicals and is more effective than other known antioxidants in protecting 
the organism against oxidative damage. It terminates lipid peroxidation by capturing 
the peroxide radical unlike antioxidants, such as ascorbic acid, alpha-tocopherol, and 
GSH. It has been reported that liver, kidney, and brain tissue glutathione peroxidase 
activity in rats increased after the administration of melatonin. Significant decreases 
in liver, lung, brain tissue, and glutathione peroxidase activity were reported in rats 
for which pinealectomy is made [48].

Many studies examining the effects on the synthesis and circulating amount of 
nitric oxide (NO), which is an important molecule of melatonin that plays a role in 
many physiological and physiopathological events, have been done. The physiologi-
cal effect of NO occurs when soluble guanylate cyclase is activated to form cGMP. 
Decreased melatonin level causes decreased guanylate cyclase activity in many 
tissues. As a result, the cGMP level decreases, and the cAMP level increases. Thus, 
cell membrane thickness and rigidity increase, and degenerative damage formation 
accelerates [65]. When the relationship between NO and melatonin is examined, it 
has been suggested that the peroxynitrite anion, which is formed as a result of the 
reaction between NO and nitrosomelatonin and the reaction of NO and O2 in the 
presence of O2, is also occupied by melatonin [66, 67].

Unlike other antioxidants, it does not have a toxic effect in excessive use. 
Melatonin differs from classical antioxidants in various aspects and turns into less 
harmful pro-oxidant substances from the oxidants whose effects they abolish. 
However, after melatonin effects oxidant substances, is also effective as antioxidants 
in the intermediate stages and the resulting products. This property is very valuable as 
an antioxidant agent and is characterized as a “suicidal or terminal antioxidant” [68]. 
Melatonin reduces the synthesis of adhesion molecules and proinflammatory cyto-
kines [69, 70]. Melatonin prevents linoleic acid, which is an energy source and growth 
factor of melatonin, which promotes the repair of damaged DNA, from entering the 
cell and suppresses its metabolism [71, 72].

4. Conclusion

The shikimate pathway, used by bacteria, fungi, algae, and plants, is a seven-step 
metabolic pathway for the biosynthesis of aromatic amino acids. However, this path-
way is absent in animals. For this reason, melatonin, a neurohormone synthesized 
from tryptophan, an essential amino acid that must be taken with food, is synthesized 
by the retina, bone marrow, and gastrointestinal system, mainly by the pineal gland. 
Melatonin plays a role in the regulation of many physiological and biological func-
tions in animals, such as the regulation of sleep time, blood pressure, and breeding 
season. In addition, due to its small molecular size and high lipophilic, it can reach all 
organelles of the cell and cross the blood–brain barrier. In addition, melatonin, which 
is a powerful antioxidant, provides direct scavenging of hydroxyl and oxygen radicals 
with high toxicity and stimulates antioxidant enzymes.
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Abstract

In this chapter, we describe the possible link between gut microbiota, melatonin, 
and breast cancer disease. It is widely described that changes in melatonin production 
due to circadian disruption is one of the causes of breast cancer. In addition, recently 
it is described that dysbiosis caused by changes in the gut microbiota composition 
could be as well constitute an important factor to induce breast cancer. The dysbiosis 
process, in turn, induces the stimulation of kynurenine pathway, leading to reduced 
circulating melatonin levels. Therefore, in this chapter we deep into the relationship 
between circadian disruption, dysbiosis, and breast cancer disease. This constitutes 
an important step in the therapeutic approach and prevention of this pathology.

Keywords: melatonin, breast cancer, gut microbiota, circadian disruption, dysbiosis, 
estrogens, estrobolome, anticancer therapies

1. Introduction

Breast cancer is one of the most common neoplasia in women, representing about 
25% of all most cancer instances in women, and is the second main purpose of most 
cancer deaths in advanced countries [1]. The search for therapies for this pathology is 
an expanding field in medical research.

Melatonin is an indoleamine secreted in particular with the aid of using the pineal 
gland with circadian rhythmicity. Melatonin represents one of the links between 
circadian disruption and cancer development. The role of this hormone in the regula-
tion of cancer cell growth has been extensively investigated and many studies have 
pointed out the oncostatic properties of melatonin against different neoplasia, includ-
ing breast cancer, ovarian, skin, lymphomas, leukemia, sarcoma, hepatocarcinoma, 
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colorectal cancer, melanoma, lung cancer, endometrial and cervical cancer, prostate 
cancer, larynx carcinoma, neural tumors, and pancreatic cancer [2]. Melatonin 
production takes place mainly during the night in the pineal gland. However, its 
synthesis is also produced in other parts of the body, including gastrointestinal tract 
[3]. Specifically, gut cells synthesize great quantities of this indoleamine [4]. Apart 
from this, melatonin can be produced by gut microbiota directly or indirectly, since 
microbiota produces short-chain fatty acids (SCFAs), which stimulate serotonin pro-
duction. Serotonin by the action of two enzymes (arylalkylamine-N-acetyltransferase 
(AANAT) together with 14–3-3 proteins for its stabilization, and acetylserotonin 
O-methyltransferase (ASMT)) is converted into melatonin [5].

The melatonergic pathway starts with the uptake of tryptophan (Trp) [6]. This 
important amino acid is needed for lifestyle and growth, however, is not synthe-
sized via way of means of the organism. In the body, Trp is transported around the 
periphery either bounded to albumin (90%) or in free form (10%) [7]. Trp can 
act as a precursor of different pathways once in the central nervous system (CNS). 
First, kynurenine pathway constitutes the major catabolism route (95% of whole 
Trp dietary intake) [8]. In second place, 3% of Trp is converted into tryptamine by 
decarboxylation or into indol-3-pyruvic acid by transamination. Thirdly, about 1% 
of Trp is used for protein synthesis, and finally, the melatonergic pathway is over 
1% of whole Trp intake, being this route through which serotonin and melatonin 
synthesis is done [9].

The kynurenine pathway begins with the action of the rate-limiting enzymes Trp-
2,3-dioxygenase (TDO) and indoleamine-2,3-dioxygenase (IDO-1 and IDO-2) [10]. 
TDO is an enzyme that is mainly expressed in the liver, apart from other organs such as 
the brain, where it is found in low quantities. TDO expression is induced by oxidative 
stress [9, 10]. In contrast, IDO-1 is found primarily in extrahepatic tissues such as the 
lungs, brain, or kidneys [9, 10]. IDO-1 expression is induced by lipopolysaccharides 
(LPS), amyloid peptides, human immunodeficiency virus (HIV) proteins [10], tumor 
necrosis factor-alpha (TNF-α), interferon gamma (IFN-γ), and by different proinflam-
matory cytokines, including interleukin-1beta (IL-1 β), IL-6, and IL-18 [8]. Thanks to 
the action of TDO and IDO, Trp is converted into kynurenine (KYN), which activates 
the aryl hydrocarbon receptor (AhR) [9]. After this activation, AhR/cytochrome P450 
(CYP1B1) pathway starts, being this pathway fundamental in breast cancer [11]. After, 
CYP1B1 stimulates N-acetylserotonin (NAS) conversion from melatonin, causing an 
increase in NAS/melatonin ratio and a reduction in melatonin levels [12]. NAS induces 
the dimerization and activation of tyrosine kinase B receptors (TrkB) and the stimula-
tion of the AKT and extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) 
pathways [13], which are implicated in the survival, proliferation, invasion, and migra-
tion of breast cancer cells and their resistance to the different therapies.

As previously described, the kynurenine pathway is implicated in the development 
of breast cancer. Apart from this, it has been implicated in a wide range of diseases 
and disorders, including inflammatory processes, infectious diseases, neurological 
disorders, Huntington’s disease, affective disorders, autoimmune diseases, peripheral 
conditions, and cancer progression. A key indicator of cancer progression is often 
the upregulation in IDO-1, resulting in an accelerated and sustained degradation in 
Trp [8]. Tryptophan degradation products through the kynurenine pathway exhibit 
neuromodulatory and inflammatory effects and have been related to cancer develop-
ment and tumor progression [9]. Glioblastoma sufferers with a high-ratio KYN/
Trp had a bad evolution and occasional survival as compared with sufferers with a 
decrease ratio [14].
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The importance of the kynurenine pathway during cancer development has 
encouraged recent studies on the use of IDO inhibitors as a therapeutic strategy for 
treatment of breast, lung, and ovarian cancer [9]. Suppression of IDO and TDO 
would lead to a decrease in kynurenine production [15]. It is a novel therapeutic 
target in cancer research and the results have been positive. Using transgenic mouse 
model of breast cancer, IDO-1 inhibitors, 1-methyltryptophan (1-MT), and methyl-
thiohydantoin-tryptophan were able to potentiate the efficacy of chemotherapy 
drugs, promoting tumor regression without increasing the side effects [16]. 1-MT, a 
competitive IDO inhibitor, has been tested and approved in phase I clinical trials in 
patients with metastatic neoplasms as well as in lung, ovarian, Fallopian tube, and 
breast cancers displaying sickness stabilization in many cases [17–20].

In addition, the alterations in the melatonergic pathway that occurred in breast 
cancer cells produce changes in gut permeability and microbiome composition 
accompanied by a reduction in butyrate levels and an increase in LPS, leading to a 
pro-inflammatory response, and increasing the production of Trp catabolites, thus 
decreasing the melatonin production [21].

Therefore, a bidirectional flow is observed between alterations in the composition 
of the microbiota (dysbiosis), the production of melatonin levels (circadian disrup-
tion), and breast cancer. Thus, in this chapter, we will deal with the properties of 
melatonin, highlighting its antiestrogenic properties, and its relationship with the 
microbiota and breast cancer.

2. Melatonin interaction molecules

Melatonin has different actions depending on its binding to specific receptors. 
On the one hand, melatonin activates MT1, MT2, and MT3 cell membrane receptors 
coupled to Gi protein [22]. This hormone binds to these receptors, reducing cAMP 
levels, thus counteracting the estrogen-induced estrogen receptor alpha (ERα) 
transcriptional activity by interacting with the cAMP signaling cascade [22] and 
thus suppressing adenylate cyclase [23].

On the other hand, melatonin binds to calmodulin (CaM), behaving as an antago-
nist capable of binding and inactivating the Ca2+/CaM complex. CaM is important in 
the activation of ERα, by facilitating its association with other coactivators and bind-
ing to the estrogen response element (ERE) [24]. Melatonin inactivates the Ca2+/CaM 
complex, inhibiting CAM-dependent estradiol-induced transactivation of the ER [25].

Besides, melatonin interacts with the retinoic Z receptor/retinoid, receptor-related 
orphan nuclear receptor alpha and beta (RZR/RORα and RORβ) superfamily. The 
estrogen-induced transcriptional activity of ERα is due to the overexpression of these 
receptors and its effects can be inhibited by melatonin by the activation of MT1 or by 
inhibiting CaM [26].

Finally, melatonin is described as an antioxidant. It transfers electrons to hydroxyl 
radicals, superoxide anions, hydrogen peroxide, hypochlorous acid, nitric oxide, 
and peroxynitric anions [27]. Furthermore, melatonin stimulates the expression of 
antioxidant enzymes, being a powerful free radical scavenger [28, 29].

2.1 Melatonin actions in cancer

Melatonin has been widely described in the literature as a potential antitumor 
agent due to its several antitumoral properties [30]. Firstly, melatonin is a powerful 
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antioxidant molecule that neutralizes the free radicals that induce carcinogen 
modifications in the DNA and cause cell nuclear damage, preventing the appearance 
of cancer [31].

Secondly, melatonin is known to prevent circadian disruption that occurs 
frequently in women who work night shifts by exposure to artificial light at night 
(ALAN) [32]. Therefore, this hormone synchronizes the circadian rhythms with 
ambient light [33].

Furthermore, melatonin regulates fat metabolism since it prevents the linoleic acid 
adsorption. This fatty acid activates the epidermal growth factor (EGF), mitogen-
activated kinases (MAPK), and ERK1/2 pathways, promoting the proliferation and 
growth of the tumor. Thus, melatonin can prevent cancer by inhibiting the acid 
linoleic adsorption [30].

On the other hand, melatonin is known to regulate cell cycle. The Trp-derivated 
causes the arrest of cell cycle by lengthening the GAP1 (G1) growth phase, thus delay-
ing the entrance to the synthesis (S) and mitosis (M) phases [34]. For this reason, 
melatonin has antiproliferative actions. Besides, melatonin stimulates apoptosis 
process of the tumoral cells by increasing p53 expression [35, 36].

Also, low levels of melatonin are related to alterations in the immune system [33]. 
Melatonin stimulates immune system mediated by interleukins and other cytokines in 
monocytes and lymphocytes, reducing tumor cell survival and proliferation [28].

Apart from these antitumoral actions, melatonin inhibits angiogenesis by 
avoiding the different steps in this process. In fact, this hormone inhibits invasion, 
migration [37], and metastasis of tumoral cells [38], thus preventing tumoral cells 
from entering to the vascular system and inhibiting tumoral angiogenesis [39].

Additionally, melatonin also inhibits telomerase activity, which is stimulated 
in breast cancer cells [40]. Telomerase activity is responsible to maintain the DNA 
stability, contributing to the cancer cells’ immortality, and providing an unlimited 
capacity for the division of neoplastic cells [30]. Melatonin prevents the action of 
estrogen, cadmium, or estradiol-induced telomerase reverse transcriptase (hTERT) 
transcription in the breast cancer cells and reduces the transactivation of hTERT 
initiated by ERα [41].

Finally, melatonin is known to be a potent antiestrogenic molecule by acting on the 
neuroendocrine-reproductive axis and preventing the estrogen actions that at last will 
cause breast cancer [30]. In the next section, we will deal with the actions of melato-
nin behaving as a selective estrogen modulator (SERM) or selective estrogen enzyme 
modulator (SEEM) in detail.

2.2 Melatonin as a natural antiestrogen molecule

Melatonin is a molecule that modifies the estrogen levels by altering the estrogen 
synthesis pathway preventing breast cancer. This hormone has direct actions at the 
level of the tumoral cell, behaving as a SERM [42]. On the one hand, it counteracts 
the effects of estrogen acting as a natural antiestrogen. Besides, melatonin binds to 
the MT1 receptor and avoids the binding between the estradiol (E2)-ERα complex to 
ERE and the initiation of transcription [25]. In addition, the literature has described 
another mechanism by which melatonin binds to calmodulin (CaM), preventing the 
binding of the E2-ERα complex to ERE and thus its transcription [25].

On the other hand, melatonin modulates the expression and activity of the differ-
ent enzymes implies in the synthesis of estrogens (SEEM), thus reducing its levels. 
In concrete, melatonin reduces the expression and activity of aromatase, sulfatase 
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(STS), and 17β-hydroxysteroid dehydrogenase (17βHSD) enzymes and enhances the 
expression and activity of estrogen sulfotransferase (EST). Aromatase is the enzyme 
responsible to convert the androgens into estrogens by the stimulation of its different 
promoters (promoter II, I.3 and I.4) [43]. Melatonin is able to inhibit this enzyme by 
inhibiting cyclooxygenase-2 (COX-2) and decreasing the production of prostaglandin 
E2 (PGE2), which reduces the levels of cAMP and indirectly decreases the activation 
of aromatase promoters and finally decreases the aromatase expression and activity, 
which will reduce the estrogen levels [44]. 17βHSD and sulfatase enzymes are the 
responsible for the conversion of biologically inactive estrogens into their active form. 
EST is the enzyme responsible to do the opposite action, converting the steroids into 
the active form [45]. Therefore, melatonin by modulating the expression and activity 
of these enzymes can prevent the development of breast cancer by reducing theestro-
gen levels [43].

Finally, melatonin has indirect actions on the hypothalamus-hypophysis-gonads 
axis, lowering the synthesis of ovarian estrogens and prolactin, which are fundamen-
tal in mammary growth [28].

3. Melatonin and breast cancer

Cohen et al. proposed that a reduction in melatonin levels induced an increase in 
estrogen levels, being the cause of the development of breast cancer [46]. Since then, 
there are numerous research that display the association between melatonin levels, 
estrogens and cancer progression [39]. There are studies in which women with low 
levels of circulating melatonin, suffer from breast cancer [28]. Specially, women with 
tumors with positive receptors to estrogen or progesterone, have lower nocturnal 
levels of melatonin than those with negative hormone receptors [47]. Furthermore, 
lower levels of 6-sulfatexymelatonin in the urine of breast cancer patients are 
observed, in comparison with women with benign pathologies [48]. Apart from this, 
it is described that shift work produces circadian disruption, reducing the production 
of melatonin and thus increasing the risk of breast cancer [30].

The uses of melatonin are demonstrated in vitro, in vivo and in some clinical trials. 
In regard to the in vitro studies, melatonin inhibits the proliferation of MCF-7 breast 
cancer cells through the inhibition of ERα [30]. Regarding the in vivo studies, most of 
them were performed in mice with mammary adenocarcinomas induced by chemical 
carcinogens [49]. In these studies, mice treated with melatonin, showed inhibition 
of mammary tumor growth [50]. Finally, most of the clinical trials with melatonin in 
cancer patients have been made by Lissoni and colleagues [51]. They demonstrated 
that melatonin can extend survival in metastatic cancer patients [51].

3.1 Fat tissue, estrogens and breast cancer

The link between obesity and breast cancer has been widely described in the litera-
ture. Obesity consists of excessive fat accumulation in white adipose tissue (WAT) in 
addition to hyperplasia and hypertrophy of adipocytes. These events cause chronic 
inflammation of WAT, constituting an important adipokines and triglycerides source 
which will be related with breast cancer development [52]. There are several adipo-
kines secreted by adipose tissue that are implied with breast cancer [53]. Specially, 
increased leptin levels are related not only with breast cancer but also with obesity 
[54]. Leptin is the responsible for the mammary glands development and lactation, in 
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addition to the breast cancer proliferation and invasion [55]. In fact, higher levels of 
leptin have been observed in women with breast cancer compared to healthy women. 
On the other hand, it has been described that adiponectin levels are inversely propor-
tional to adiposity, exerting an inhibitory action on tumor growth and proliferation 
as well as stimulating apoptosis [56]. That is why lower levels of this adiponectin 
have been observed in patients with obesity [52]. Regarding insulin, obese and breast 
cancer women present higher circulating levels. Insulin induces proliferation of the 
breast cancer cells with ER+ by realizing growth factors that stimulate mitosis and 
inhibit apoptosis [57]. Finally, it should be noted that obese women with breast cancer 
have low levels of sex hormone-binding globulin (SHBG) [58]. This protein binds to 
sex steroids, regulating their bioavailability in the bloodstream. Therefore, this is the 
reason by which obese women with breast cancer have elevated levels of estrogen in 
their breast tissues.

While the principle supply of estrogen in premenopausal women is the ovaries, 
in postmenopausal women estrogen synthesis is located in peripheral tissues along 
with WAT (which include mammary glands) and endothelial tissue [59]. In this case, 
estrogens are synthesized by transformation of androgenic precursors of adrenal 
origin or biologically inactive estrogens. Adipose tissue from mammary glands is 
composed of fibroblasts and endothelial cells. Breast cancer risk is correlated to the 
increased amount of adipose tissue, particularly in undifferentiated fibroblasts, due 
to this tissue has high aromatase activity, responsible for stimulating the synthesis of 
estrogens, and its promoters [60]. In normal breast tissue there is a high concentra-
tion of inactive steroids and the expression and activity of EST tend to be increased. 
In contrast, in breast tumor tissue, aromatase, 17βHSD, and steroid sulfatase (STS) 
tend to be overexpressed while EST expression and activity is decreased, resulting in 
an accumulation of 17beta-estradiol in breast tumor tissues [61, 62].

Estrogens are necessary to the malignant epithelial cells’ growth. These cells pro-
duce antiadipogenic cytokines (IL-6, IL-11 and TNF-α and PGE2), that increase the 
cAMP levels which stimulate the aromatase promoters, giving place an up-regulation 
of aromatase expression in the preadipocytes. This is the reason why there are a great 
number of estrogens in adipose tissue fibroblasts. Furthermore, the antiadipogenic 
cytokines are responsible for the inhibition of the adipogenic cytokines, PPARγ and 
C/EBPα, stopping the differentiation of preadipocytes into mature adipocytes [63]. 
All these processes are known as desmoplastic reaction [64].

3.2 Melatonin and desmoplastic reaction

Melatonin stimulates the adipogenic cytokines, peroxisome proliferator-activated 
receptor gamma (PPARγ) and CCAAT-enhancer-binding proteins (C/EBPα), promot-
ing the differentiation of preadipocytes into mature adipocytes [65]. Besides, melato-
nin inhibits the expression of aromatase promoters lowering the estrogen circulating 
levels [64]. This hormone is able to inhibit cyclooxygenase activity, thus reducing 
PGE2 levels, and decreasing intracellular cAMP. This fact will inhibit the aromatase 
promoters in peritumoral fibroblasts, reducing the expression and activity of aroma-
tase and, therefore, the local estrogen levels in breast tissue [66]. Finally, melatonin 
reduces the antiadipogenic cytokines production in malignant epithelial cells, being 
related this with the aromatase expression.

As already has been described in a previous section, melatonin acts as a SEEM and 
SERM, reducing the estradiol concentrations in tumors, and therefore reducing the 
risk of breast cancer [42, 43, 67, 68].
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Finally, melatonin is associated with a reduction in the risk of obesity related to 
breast cancer because increases adiponectin secretion; inhibits aromatase expression; 
inhibits leptin levels; reduces blood glucose and insulin resistance; and decreases 
body fat mass [57].

4. Melatonin and the estrobolome in breast cancer

It is known that both changes in the production of melatonin (circadian 
 disruption) and the imbalance in the composition of the microbiota (dysbiosis) 
produce alterations in estrogen levels, which is one of the main risk factors for 
the development of breast cancer. Therefore, since a relationship between circa-
dian disruption and breast cancer and between dysbiosis and breast cancer have 
been described, here we claim to describe the link between gut microbiota, melato-
nin, and breast cancer.

Bacterial composition of estrobolome in turn is probably affected by different 
factors, which can exert selective pressures on bacterial populations and can cause 
an imbalance or dysbiosis, which increases the risk of breast cancer due to elevated 
levels of circulating estrogens in postmenopausal women [69]. Melatonin modulates 
the composition of the microbiota and suppresses pathogenic bacteria in the gut 
due through its antioxidant activities [70]. Additionally, significantly, enteric cells 
and gut microbiota produce large amounts of melatonin. Circadian disruption, 
caused by sleep deprivation or exposure to constant light, causes an alteration in 
the composition of intestinal bacteria (dysbiosis) and affects the levels of melato-
nin [70]. Some authors demonstrated that exogenous melatonin supplementation 
restores microbiota composition [71] by reducing oxidative stress and the inflam-
matory response by suppressing toll-like receptor 4 (TLR4) expression, suggesting 
that melatonin may interact directly with gut microbiota. Thus, since melatonin 
modulates microbiota composition, involved in the pathogenesis of various cancers, 
a link exists between melatonin, microbiota, and the pathogenesis of cancer caused 
by dysbiosis [70].

Regarding breast cancer, gut microbiome is fundamental for the regulation of 
steroid hormone metabolism. It is crucial in the development of hormone receptor-
positive breast cancer, whose circulating estrogen levels are the most important risk 
factor. Alterations in the bacterial composition of the estrobolome favor bacteria with 
β-glucuronidase activity, which deconjugate estrogens, favoring their enterohepatic 
circulation, causing their reabsorption and increasing the total estrogen load, and 
therefore increasing the risk of breast cancer [72].

On the other hand, melatonin increases the expression and activity of EST and 
reduces the expression and activity of STS, increasing the concentration of con-
jugated estrogens (biologically inactive) that are excreted in the bile and reducing 
the amount of deconjugated (biologically active) estrogens [44]. Therefore, this 
neurohormone exerts an activity opposite to the β-glucuronidase activity of intestinal 
bacteria, reducing the number of estrogens and lowering the risk of developing breast 
cancer [21].

Apart from this effect, changes in the intestinal microbiota activate the kyn-
urenine pathway, moving Trp away from the melatonergic pathway and reducing 
the amount of melatonin and thus increasing the risk of breast cancer. In addition, 
butyrate favors the melatonergic pathway, so a reduction in this SCFA will produce 
a decrease in melatonin, increasing the NAS/melatonin ratio. NAS activates TrkB, 
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activating the PI3K/AKT, MAPK, and PLC/PKC pathways, which are involved in 
cancer cell survival, migration, invasion, and metastasis. Therefore, dysbiosis leads 
to lower concentrations of butyrate and melatonin, which can result in inflammation 
and an increase in estrogens in the bloodstream and, therefore, an increase in breast 
cancer risk [73].

5. Gut permeability, intestinal dysbiosis, and circadian disruption

Dysbiosis and circadian disturbances induce the appearance of various diseases, 
including cancer. These disorders are characterized by an increase in gut permeability, 
which allows the passage of compounds such as LPS that interact with the immune 
system, causing inflammatory gut diseases [74].

A diet rich in fats and sugars causes an imbalance in bacteria composition, favor-
ing the appearance of pathologies that are further pronounced by the circadian 
disruption [74]. This kind of diet has been shown to increase the abundance of 
Firmicutes, Proteobacteria, and Verrucomicrobia, and decrease the abundance of 
Bacteroidetes [74]. This dysbiosis is associated with a reduction in SCFAs production 
(especially butyrate) and an increase in the LPS levels, inducing gut permeability. 
Butyrate is related to the maintenance of gut barrier and the increased natural killer 
cytotoxicity, allowing the removal of viruses and cancer cells [75].

Increase in intestinal permeability is related to a reduction of calcium absorption 
produced by a vitamin D decreased [76], which produces a reduction in intestinal 
motility. This situation will allow the transfer of LPS to the circulation, which will 
activate the CD14/TLR2/4/MD2 pathogen recognition system [77]. The activation of 
this complex activates the Nuclear Factor kappa-light-chain-enhancer of activated 
B cells (NFkβ), activating the inflammatory cytokines and thus triggering strong 
autoimmune inflammatory activity that will be associated with cancer [76, 77]. 
Melatonin reduces the levels of these proinflammatory cytokines and inhibits NFkβ, 
modulating inflammation and reducing permeability [75, 78]. Furthermore, melato-
nin is able to reduce permeability by preserving mitochondrial-function mechanism 
[79] and releasing acetylcholine in the vagus nerve, which activates α7nAChR in 
intestinal cells [75, 80]. Apart from this, melatonin inhibits NOD-like Receptor 3 
(NLRP3) and NOD-like Receptor pyrin domain-containing-6 (NLRP6), decreasing 
permeability [77]. Butyrate may also act as NLRP3 inhibitor, behaving similarly to 
melatonin [73].

On the other hand, circadian disruption induces an increase in proinflammatory 
cytokines, causing the loosening of tight junctions in intestinal epithelial cells and 
also increasing permeability [75]. When circadian disruption occurs, a significant 
increase in de abundance of Firmicutes is observed and this abundance was even 
higher when this situation is combined with a diet rich in fats and sugars. In addi-
tion, an increase in Ruminococcus and Sporosarcina was observed, accompanied by 
a reduction in Desulfosporosinus and Desulfotomocalum. Alternatively, melatonin 
can restore microbiota composition, reducing Clostridiales abundance and increasing 
Lactobacillus [81]. It is important to highlight that when circadian disruption occurs, 
there is an increase in the pro-inflammatory bacteria Ruminococcus and a reduction 
in the antiinflammatory bacteria Lactobacillus, which is associated with the NFkβ 
inhibition. All this suggests that circadian disruption favors inflammation and perme-
ability, which are characteristics of cancers [74].
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6.  Clinical trials and possible applications of melatonin in breast cancer 
treatment

Clinical trials suggest that melatonin, due to its antioxidant, immunomodula-
tory, antiestrogenic, proapoptotic, and antiproliferative properties [82], can 
have a protective effect when administered along with other treatments such as 
chemotherapy or radiotherapy in patients suffering from advanced solid tumors 
[83]. The most outstanding results have been particularly obtained in breast cancer. 
Melatonin is an antitumor agent that enhances the beneficial effects of chemo-
therapy and radiotherapy and, on the other hand, it protects against the side effects 
of these therapies [83].

Melatonin has been shown to have anticancer actions in both in vivo and in vitro 
models and has been shown to reduce estrogenic hormones responsible for the normal 
and pathological growth of the mammary gland. It interferes with the activation of 
the estrogen receptor and counteracts the effects of estrogen at the tumor cell level, 
behaving as a SERM. Currently, 22 clinical trials examining the therapeutic value of 
melatonin in breast cancer are listed on the ClinicalTrials.gov. database. 5 of them are 
focused on the relief of symptoms associated with the tumoral process. The remain-
ing 17 studies examine the therapeutic effects of melatonin either alone (9 trials) or as 
an adjuvant therapy associated with metformin, vitamin D, fluorouracil, doxorubicin, 
or toremifene (6 trials) or as an adjuvant therapy associated with radiotherapy (2 tri-
als) in women already diagnosed with breast cancer.

In vitro, it has been demonstrated that melatonin increases the sensitivity of 
breast cancer cells to the effects of tamoxifen and anti-aromatase treatments [84, 85]. 
Furthermore, melatonin can behave as a preventive agent for breast cancer. Hormone 
replacement therapy (HRT) and cancer are controversial. Some clinical trials demon-
strate that breast cancer is related to women who receive HRT, while others demonstrate 
that it does not affect increasing breast cancer risk [86]. Melatonin administration to 
patients who received previously HRT reduces the possibility of breast cancer devel-
opment [87]. On the other hand, melatonin is able to reduce the breast cancer risk 
associated with obesity because this hormone prevents obesity and reduces aromatase 
expression and activity, thereby reducing the estrogen levels in adipose tissue [88]. 
Breast cancer risk is also associated with the exposure to some environmental pollutants 
with estrogenic properties (xenoestrogens). In particular, melatonin has been studied 
to counteract the estrogenic effects induced by cadmium [41, 89, 90], being useful to 
women who work in environments with these chemical pollutants. Besides, melatonin 
supplement has been shown to prevent chronodisruption induced by the exposure to 
light at night in women who work at night [91, 92].

Finally, melatonin has been shown to behave as an adjuvant agent that prevents the 
side effects of breast cancer treatments. In particular, melatonin has been studied for 
the improvement of sleep and life quality [93]. A prospective phase II trial showed that 
melatonin improves quality of sleep and life, social functions, reduces fatigue, and 
increases clock genes expression [93]. Another randomized, placebo-controlled, and 
double-blind clinical trial in postmenopausal breast cancer survivors showed that mel-
atonin improved the quality of sleep but had no effect on hot flashes [94]. Melatonin 
as an adjuvant of anti-aromatase therapies prevents the osteoporosis induced by these 
treatments since this hormone promotes osteoblasts proliferation [95].

Besides, melatonin has been studied as the treatment of depressive symptoms 
and anxiety [96]. In particular, a study on women undergoing breast cancer surgery 
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showed that melatonin reduced the risk of depressive symptoms [96]. Patients treated 
not only with tamoxifen but also con melatonin, felt an improvement in anxiety, 
asthenia, and symptoms of depression in comparison with those treated with tamoxi-
fen alone [97].

In addition, melatonin is described as the prevention of breast radiation derma-
titis [98]. Topical applications of melatonin emulsions to the management of skin 
toxicity during radiotherapy have been proposed [99]. In this sense, A phase II, 
prospective, double-blind randomized trial was designed to evaluate the efficacy 
of melatonin-containing cream (twice daily) in breast cancer patients during 
radiation treatment. In conclusion, patients in the melatonin group experimented 
a significantly reduced radiation dermatitis compared to those women receiving 
placebo [98].

On the other hand, melatonin is able to decrease the toxicity and increase the 
efficacy of chemotherapy [100]. It has been demonstrated that melatonin may 
protect patients against side effects such as stomatitis, asthenia, cardiotoxicity, and 
neurotoxicity caused by chemotherapy [101]. Melatonin reduces the hepatotoxic-
ity induced by anti-aromatase therapies, such as letrozole [33]. Besides, melatonin 
decreases damage caused for chemotherapy drugs in blood cells [102]. In breast, 
lung, and gastrointestinal cancer patients, melatonin preserved against throm-
bocytopenia, stomatitis, asthenia, and neuropathy [103]. A hybrid compound of 
melatonin and tamoxifen has been patented (US8785501) to combine antiestrogenic 
properties of these compounds and reduce the side effects of tamoxifen, reducing the 
hyperproliferation uterine risk [104, 105]. Previous studies have also demonstrated 
that the percentage of 1-year survival in patients with advanced non-small-cell 
lung cancer treated with cisplatin and melatonin and in breast cancer treated with 
tamoxifen and melatonin increased in comparison with patients treated only with 
chemotherapy [97].

Despite the promising experimental results about the radioprotective role of 
melatonin, few clinical trials to verify the therapeutic usefulness of melatonin in 
humans have been conducted. In this sense, a preliminary study suggests that adju-
vant melatonin plus radiotherapy may prolong the 1-year survival rate and improve 
the quality of life of patients affected by untreatable glioblastoma [106].

Thus, it exists a plethora of applications of melatonin, which could be a promising 
future target of study in the pathology of breast cancer.

7. Conclusions

Breast cancer is a multifactorial disease. However, an explanation for the mecha-
nism, which triggers this pathology remains unclear, and there lacks a hypothesis 
that can link all the mechanisms together. Over the years, researchers have studied 
the enormous range of biological activities of melatonin and its potential applica-
tions, including its effects as anticancer molecule. Recently, this indolamine has been 
described as a promising adjuvant in ER breast cancer prevention and treatment 
because of its antiestrogenic properties.

Herein we have proposed that a link between gut microbiota and melatonin 
levels exists, as well as between dysbiosis and circadian disruption, leading to an 
increase in the circulation of estrogen levels that is able to induce the development of 
breast cancer. On the other hand, butyrate is an SCFA synthesized by the intestinal 
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microbiota that stimulates the melatonergic pathway by promoting the production of 
melatonin. Nevertheless, proinflammatory cytokines, stress, and diet factors stimu-
late the kynurenine pathway, moving Trp away from melatonergic pathway. This 
situation contributes to reducing melatonin levels and favoring NAS levels, increasing 
the NAS/melatonin ratio in breast cancer patients. It is important to highlight that 
NAS is implicated in survival, proliferation, and metastasis of breast cancer cells. In 
addition, this generates changes in gut microbiome and intestinal permeability caused 
by butyrate reduction and LPS levels increasing, inducing the inflammatory response, 
and decreasing melatonin production. All the foregoing contribute to breast cancer 
development.

Regarding changes in estrobolome composition as well as chronodisruption, 
favor the presence of deconjugated state of estrogens, which are the active form that 
increases breast cancer risk. We described the opposite action that melatonin exerts, 
unlike gut microbiome-derived β-glucuronidase activity. Melatonin is able to reduce 
the expression and activity of enzymes important in the biosynthesis of estrogens, 
reducing the estrogens levels and preventing breast cancer appearance.

On the other hand, melatonin regulates the desmoplastic reaction inducing 
the differentiation of preadipocytes into mature adipocytes, which do not express 
aromatase, lowering levels of estrogens and then reducing breast cancer risk. 
Melatonin achieves this differentiation through the stimulation of adipogenic 
cytokines (PPARγ and C/EBPα) and the inhibition of antiadipogenic cytokines 
(TNFα, IL-6, IL-11).

Although many in vitro and in vivo studies have been described, more clinical 
trials will be needed to describe the sensitizing properties of melatonin to the dif-
ferent treatments used to treat breast cancer, as well as to avoid their side effects. In 
addition, it will be important to explore the relationship between melatonin and the 
intestinal microbiota, since measuring the levels of this hormone together with the 
determination of the composition of the estrobolome of patients with breast cancer 
could constitute a promising tool for the development of biomarkers that help predict 
the development of breast cancer earlier. In conclusion, it will be crucial to maintain 
adequate levels of melatonin and a balanced composition of the microbiota to avoid 
developing breast cancer.
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Chapter 5

Melatonin in Cardiovascular 
Diseases
Hülya Kara and Adem Kara

Abstract

Melatonin is an endocrine product released from the gland known as the pineal 
gland and is predominantly secreted during the night. Light exerts an inhibitory 
effect on melatonin secretion in the pineal gland. The suprachiasmatic nucleus con-
trols pineal melatonin synthesis and its release via the peripheral sympathetic nervous 
system, which includes synapses in the intermediolateral cell column of the thoracic 
cord and its projection toward the superior cervical ganglia. Melatonin regulates 
many physiological functions in the body through membrane receptors and nuclear 
binding sites. In a chick study, the presence of melatonin receptors in cardiomyo-
cytes was reported and, in another study, MT1 and MT2 membrane receptors were 
identified in left ventricular cardiomyocytes of the human heart. For this reason, it is 
suggested that melatonin has some regulatory effects on the cardiovascular system. 
Ischemic heart disease and myocardial infarctions are the main cause of cardiovascu-
lar death. Studies have shown that melatonin applications reduce the amount of blood 
cholesterol, LDL, and triglyceride and increase the amount of HDL. In light of these 
data, it can be said that melatonin is an important cardiovascular system protector. In 
this chapter, the protective effects and mechanisms of melatonin on the cardiovascu-
lar system will be discussed.

Keywords: melatonin, cardiovascular diseases, heart, antioxidant, anti-inflammatory

1. Introduction

Melatonin [N-acetyl-5-methoxytryptamine] is a neuroendocrine hormone and 
was firstly isolated from the bovine pineal gland in 1958 by Lerner et al. [1]. The 
pineal gland is originating from the prosencephalon and was first identified by 
Herophilus in 325–280 BC. Photic data is received by photoreceptors in the retina and 
transmitted to the superior cervical ganglion via sympathetic preganglionic adrener-
gic neurons. Melatonin is synthesized from tryptophan through a number of enzy-
matic reactions in pinealocytes [2]. Melatonin secretion is regulated by the day/night 
events. In addition, while norepinephrine stimulates beta1-adrenoreceptors synthesis 
and secretion of melatonin, stimulation of alpha1-adrenoreceptors increases the 
reaction [3, 4]. While melatonin is mainly secreted from the pineal gland, melatonin 
is also secreted from the retina, gastrointestinal tract tissues, skin, platelets, and bone 
marrow. Melatonin production is described in Figure 1.
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Melatonin is given to the body by oral or intravenous which is rapidly absorbed 
and metabolized mainly in the liver and secondarily in the kidneys. Two types of 
membrane receptors [MT1 and MT2] and one type of cytoplasmic receptor [MT3] for 
melatonin were determined in humans [5]. Melatonin is both a lipid- and water-sol-
uble hormone, with three types of high-affinity G-protein-coupled receptors mainly 
MT1, MT2, and MT3. MT1 is a receptor located mainly in the suprachiasmatic nucleus 
(SCN) and to a lesser extent in the pituitary and cerebral vascular systems (CVSs). 
MT2 is found in the retina. In addition, melatonin receptors in coronary arteries have 
been demonstrated [5]. Besides CVSs, melatonin receptors are found in multiple tis-
sues. MT3 receptors are nuclear binding sites of melatonin located in the cytosol [6], 
acting as an enzyme and responsible for the detoxification of harmful agents. MT1 
receptors are mainly found in the cardiovascular system. It can also be found in the 
immune system, placenta, retina, spleen, liver, breast, kidney, skin, testis, ovary, pan-
creas, adrenal cortex, retina, and brain [4]. MT2 is found in the immune system, 
mammary glands, retinal pituitary gland, adipose tissue, SCN, blood vessels, testicles, 
gastrointestinal tract, kidney, and skin.

2. Melatonin and CVDs relationship

Nowadays, deaths due to CVD are among the most important causes of death, 
approximately one-third of all deaths. Considering the pathophysiology of cardiovas-
cular diseases, preventive measures and effective substances will reduce the forma-
tion and development of these disorders [7].

Melatonin is gaining more and more important in the pathophysiology of CVD. 
Because low secretion of melatonin has been reported to be associated with various 
CVDs, including myocardial infarction (MI), coronary heart disease, congestive heart 
failure, and nocturnal hypertension [8, 9]. Furthermore, working in illuminated 
environments also causes glucose intolerance, insulin resistance, metabolic circadian 
irregularity and sleep disturbance with aging, and lack of melatonin secretion [10]. 

Figure 1. 
Synthesis of melatonin from tryptophan.
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Melatonin receptors have been identified within the cardiovascular system, including 
various vascular tissues. Hypertension and peripheral vasoconstriction have been 
reported in animals undergoing pinealectomy [8, 11].

3. Antioxidant and free radical scavenger activity of melatonin

Melatonin is a powerful antioxidant substance and also has protective effects 
on the mitochondria [12–15]. A study showed beneficial effects on plasma MDA, 
GSH, PCO, and NO levels after the administration of 5 mg of melatonin (twice 
a day) for 12 weeks in diabetic patients [15]. Melatonin performs its antioxidant 
and free radical scavenging activity through two main mechanisms. In the first 
mechanism, melatonin binds to the MT3 receptor and acts as an antioxidant 
by suppressing the electron transfer reactions of quinones [16]. In the second 
pathway, they scavenge free radicals [17]. Depending on the dose of endogenous 
or exogenous melatonin, it acts by receptor-dependent or receptor-independent 
mechanisms [18].

Additionally, the aforementioned two mechanisms, melatonin indirectly increases 
antioxidant enzymes such as glutathione peroxidase, glutathione reductase super-
oxide dismutase, and glucose-6-phosphate dehydrogenase and suppresses molecular 
damage under conditions of severe oxidative stress [19]. Antioxidant enzymes realize 
this stimulation via MT1 and MT2 receptors. Due to its high lipophilicity, melatonin 
can easily pass through cell membranes and reach intracellular compartments includ-
ing the nucleus and mitochondria. Melatonin reduces cell death while maintaining 
normal mitochondrial function [20].

Melatonin and metabolites of melatonin [cyclic 3-hydroxymelatonin and 
N1-acetyl-N2-formyl-5-methoxyquinuramine] are free radical scavengers [18]. 
Therefore, melatonin and its metabolites support the main molecule in terms of 
the antioxidant effect. In addition, the total antioxidant capacity of melatonin 
is higher than that of other known antioxidants such as vitamin E and vitamin 
C under in vivo and in vitro conditions [4]. Recent studies have reported that 
melatonin decreases mammalian Mst1 phosphorylation and increases Sirt3 
expression and modulates the autophagic cell death process. Autophagy is a 
lysosomal cell death process that removes damaged organelles and misfolded 
proteins to maintain cellular homeostasis [21]. Disruption in autophagy causes 
cardiac hypertrophy [22], heart failure [Thomas et al. 2013], and ischemia/reper-
fusion [I/R] damage [23]. Melatonin administration alleviated the left ventricular 
remodeling. Melatonin also reduces cardiac dysfunction in diabetic animals [24] 
and has shown a significant protective effect on ischemia/reperfusion [I/R] injury 
and hypertension [23, 25].

4. Melatonin and immune system

The immunological role of melatonin was first reported by Maestroni et al. in 
1987 [26]. In the study, it was observed that immune functions were suppressed in 
conditions where melatonin formation was inhibited by continuous exposure to 
light or the administration of β-adrenergic receptor blockers at night. This effect of 
melatonin is not evident under normal conditions. However, the effect becomes evi-
dent in cases where the immune system is suppressed, such as aging, viral diseases, 
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corticosteroid use, or acute stress [27–29]. In another study, they reported that 
suppression of immune functions as a result of soft tissue trauma and hemorrhagic 
shock in mice was reversed with melatonin, and that chronic melatonin treatment 
increased natural killer cell activity in humans [30]. The effects of melatonin against 
immunosuppression or enhancing immune functions are related to its binding 
to specific receptors on T-helper lymphocytes. The binding of melatonin to these 
receptors increases the secretion of gamma-interferon, IL-2, or opioid peptides. In 
addition, the administration of melatonin in tumor-formed mice protected blood 
cells from the toxic effects of chemotherapeutic drugs [29]. Also, some studies 
reported the melatonin anti-inflammatory effect in periodontitis [31–36]. However, 
melatonin also shows an immunodepressant effect in relation to the dose. At high 
pharmacological doses (> 100 mg/kg BW), melatonin suppresses antibody formation 
[29]. The inhibitory effect of melatonin on the immune response and its antioxidant 
effect suggest that melatonin may be beneficial in organ transplantation. In addi-
tion, the lack of toxicity supports that this agent is an agent that can be used safely in 
transplantation [27].

5. Mechanisms for a relation cardiovascular disease

Melatonin stimulates the phospholipase C pathway by activating MT1 and MT2 
receptors via the G inhibitor protein. This results in an increase in Ca++ concentration 
and leads to phosphorylation of protein kinase C (PKC). PKC activates the protein/
activation transcription factor cAMP-responsive element-binding protein and acti-
vating transcription factor (CREB-ATF). This pathway immediately regulates early 
gene transcription and thus gene transcription regulation and antioxidant enzyme 
levels. The production of reactive oxygen species (ROS) stimulates the expression 
of genes involved in inflammatory processes in the cell. Thus, the transcription of 
nuclear factor kappa (NF-kB) increases the expression of these inflammatory genes. 
Inactive NF-kB resides in the cytoplasm due to an inhibitory subunit [I-kB]. I-κB is 
phosphorylated, and NF-κB is translocated into the nucleus via stimulation of the 
cells by oxidative stress. PKC may also activate NF-κB, and it binds to the κB response 
element in its target genes’ enhancer and promoter regions. Some of these are located 
in the promoter regions of the major antioxidant enzymes. Thus, an early cellular 
response to oxidative stress activates the antioxidant systems [37–39]. The role of 
melatonin on the protein kinase C (PKC) and activating transcription factor  
(CREB-ATF) pathway is described in Figure 2.

Recent studies have reported the effects of melatonin [receptor-dependent 
and non-receptor-mediated] on the cardiovascular system. Melatonin causes 
vasoconstriction in cerebral arteries and vasodilation in peripheral vascular beds. 
Myocardial infarction (MI) risk, coronary heart patients with sudden death risk, 
high LDL-cholesterol levels, and also in hypertensive patients, melatonin levels were 
found to be low [40–42]. The vasodilator effect of melatonin also plays an important 
role in inducing sleep through thermoregulation. The effects of free radicals play an 
important role in oxidant damage, especially in the cardiovascular system, caused by 
high blood pressure [43]. In addition, a decrease was observed in echocardiographic 
measurements, biochemical parameters in the myocardium, and measured tissue 
damage parameters in experimental hypertension with melatonin administration [44] 
(Figure 2). It is known that inflammation plays an important role in coronary heart 
diseases including atherosclerosis. Active compounds released by immune cells that 
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become dominant in the early stages of atherosclerosis cause the progression of both 
atherosclerotic lesions and inflammation. An increased incidence of MI and sudden 
death in coronary heart muscles have been associated with decreased melatonin levels 
in these patients. In animals with hyperlipidemia fed with high cholesterol, melatonin 
administration was found to be protective of the aorta by increasing antioxidant 
enzyme activities in these animals [45].

5.1 The relationship between melatonin and blood pressure

It has been reported in previous studies that blood pressure and catecholamine 
levels are related to circadian rhythm. Blood serum melatonin levels of patients 
with hypertension were found to be low [46]. In addition, melatonin administra-
tion has been found to decrease blood pressure in hypertensive and normotensive 
patients [47, 48]. Yıldız and Akdemir investigated the endogenous role of melatonin 
on arterial elasticity and blood pressure for arterial expandability as assessed by 
aortic pulse wave velocity [49]. Melatonin reduces vascular pressure through its 
receptor on the arterial wall or by modulation of autonomic activity [50]. It has been 
reported that the vasodilator effect of melatonin can be achieved by inhibiting the 
methylation of endothelial nitric oxide synthase [51]. In some studies, melatonin 
has been reported to cause vasoconstriction by inducing norepinephrine signal-
ing as a result of melatonin binding to MT1 receptors on smooth muscle cells [52]. 

Figure 2. 
MT 1 and MT 2 melatonin receptor signaling. PKA, protein kinase a; cAMP response element-binding 
protein; MT, melatonin receptor; Akt, threonine protein kinase B [PKB; also known as Akt]; cyclic adenosine 
monophosphate; cGMP, cyclic guanosine monophosphate; CREB, IP3, inositol trisphosphate; MAPK, mitogen-
activated protein kinase.



Melatonin - Recent Updates

84

Doolen et al. demonstrated a vasodilator effect on rat caudal arteries by administering 
4-phenyl-2-acetamidotetralin, a selective MT2 agonist [53]. According to our current 
knowledge, MT1 receptor activation causes vasoconstriction, while MT2 receptor 
activation causes vasodilation [53]. Differential responses of the vascular bed to 
melatonin uptake are associated with different distribution of melatonin receptors.

5.2 The relationship between melatonin and lipid profile

Melatonin positively affects the lipid profile regarding CVD [54]. The intestinal 
system and liver play a significant active role in the metabolism and production of 
lipoproteins. Lipids are digested in the intestine system and then transported from 
the intestine to the liver as chylomicrons. In the liver, it is biochemically transformed, 
and free fatty acids are converted to triglycerides (TGs) and phospholipids. They are 
transported into the blood system by lipoproteins. LDL is the form of lipoprotein that 
carries cholesterol into cells, and it also tends to be oxidized by free oxygen radicals, 
damaging cells and promoting inflammation [55]. Some studies have focused on the 
damage caused by highly reactive oxygen species (ROS), which leads to atheroscle-
rotic progression. An experimental study reported that melatonin supplementation 
with an atherogenic diet increased atherosclerotic lesions in the proximal aorta in 
hypercholesterolemic mice, in contrast to the majority of other studies, by increasing 
the susceptibility of atherogenic lipoproteins to γ-radiolysis and Cu2+ oxidation [55]. 
In another study, the administration of melatonin for 14 months in individuals with 
fatty liver disease (not alcoholic) showed that LDL and triglyceride levels decreased 
compared to the health group [56]. Melatonin administration reduced blood pres-
sure as well as LDL-cholesterol levels [54]. Melatonin protects macromolecules from 
oxidation damage with its direct effect and free radical scavenging effect by stimulat-
ing antioxidant enzymes. The positive effects of melatonin on the lipid profile may 
be related to its anti-inflammatory and antioxidative effects. In addition, melatonin 
decreases lipid levels by increasing the conversion of endogenous cholesterol to bile 
acids and suppresses cholesterol synthesis and accumulation.

6. Recommendations for future research

Although the inflammation hypothesis provides a plausible and compelling 
explanation for CVDs, including their association with atherosclerosis, more research 
is needed to define the mechanisms linking the two diseases and how best to manage 
them to reduce the risk of inflammation and ROS production. Specific questions that 
the consensus panel believes should be addressed in future research include as follows:

1. Is inflammation an independent risk factor for CVD?

2. If inflammation is an independent risk factor for atherosclerosis and CVD, what 
is the mechanism of the association, and at what stage[s] of atherogenesis is it 
important?

3. Regardless of whether inhibition of ROS production is an independent risk fac-
tor for atherosclerosis and CVD, should risk factors for CVD in these situations 
be treated more aggressively than current guidelines recommend for the general 
population?
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Abstract

Parkinson disease (PD) is characterized by dopaminergic neuron loss of the 
 substantia nigra compacta (SNc) and motor alterations. Here, we used the experi-
mental model of inhalation of the mixture of manganese chloride (MnCl2) and 
manganese acetate Mn (OAc)3 for inducing PD. This model causes bilateral and 
progressive degeneration of the SNc dopaminergic neurons. Melatonin has antioxi-
dant properties and it has been suggested that it contributes to the protective effect 
in neurodegenerative diseases. Therefore, we aimed to determine whether melatonin 
pretreatment protects against the Mn-induced alterations. Before Mn inhalation, 
three groups were trained for motor performance (1. control group, 2. Mn mixture 
exposed without pretreatment, and 3. melatonin-pretreated/Mn-exposed groups) for 
motor tests. The motor coordination was evaluated through the single-pellet reaching 
task and the beam-walking test. After five months, all the animals were sacrificed. 
Dendritic spines were counted in the striatum medium-sized spiny neurons and 
the number of TH-immunoreactive neurons in the SNc. Our findings show that the 
melatonin-pretreated animals had better motor coordination and less dendritic spines 
and TH immunoreactive neuron loss than the Mn-inhalation-only group. Therefore, 
melatonin pretreatment has a neuroprotective effect and could be considered an 
alternative treatment before the more severe PD symptoms appear.

Keywords: melatonin pretreatment, Parkinson disease, manganese inhalation,  
motor performance, dendritic spines, TH immunohistochemistry
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1. Introduction

Parkinson disease (PD) is the second most prevalent neurodegenerative disease 
after Alzheimer’s [1–3]. This disorder usually occurs in middle/advanced ages with 
gradual progression and prolonged evolution. It is also disabling and incurable. The 
estimated prevalence of PD is 0.3% in the general population and 3% in those older 
than 60. James Parkinson described PD in 1817 where he refers to the “shaking palsy” 
syndrome as “involuntary trembling movements with decreased muscle strength, 
in areas that are not in activity and even when helped; propensity to lean the trunk 
forward and transition from walking to running, while the senses and intellect remain 
unchanged” [4]. The first PD symptoms are evident after 80% dopamine depletion [5].

PD is a neurodegenerative disorder in which neuronal loss and reactive gliosis are 
observed in dopamine-synthesizing neurons in the substantia nigra compacta (SNc), 
along with alpha-synuclein inclusions called Lewy bodies [4]. Biochemical studies 
show a decrease in dopamine concentration in the striatum, which is why it is con-
sidered a disease of the nigrostriatal dopaminergic system [1, 4]. This loss is probably 
caused by the overexpression and misfolding of proteins such as α-synuclein, which 
generates structural malformations that lead to mitochondrial respiratory chain 
dysfunction and Lewy body formation [6, 7].

The dopaminergic neuron degeneration begins some years before PD is symp-
tomatic and makes it difficult to establish the cause of the development of the disease 
[8]. Some genetic and environmental factors have been related to the etiology of 
the disease [4, 9]. Although it is known that in 10% of cases, the origin is genetic of 
Mendelian transmission [9–12], the vast majority (90%) are classified as sporadic PD, 
defined as polygenic and multifactorial [4, 10]. For this reason, different hypotheses 
have been established about its origin, some of which include:

• Environmental factors: Various epidemiological studies suggest the relationship 
between industrialization and the use of agrochemicals as factors in the inci-
dence of PD, such as paraquat and rotenone [9, 13, 14].

• Genetic factors: Recently, several genes related to susceptibility and risk loci 
associated with PD have been identified. Research has focused on mutations in 
the SNCA genes (PARK 1/PARK 4), which is the first dominant autonomic trans-
mission gene identified in PD [12], and the mutation in the GBA gene, which is 
the most significant genetic risk factor for developing PD [15]. The LRRK2 gene 
(PARK 8) is the most frequent form, representing 4% of hereditary PD [16]. 
Three genes are associated with PD and involved in Lewy body formation:  
PARK 1, PARK 2, and PARK [17].

• Oxidative stress: The oxygen oxidative properties play an essential role in 
biological phenomena and can cause damage within cells, mainly through the 
formation of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), 
hydroxyl radicals (OH•), and superoxide (O2

−) [18]. In PD, it has been reported 
that oxidative stress is the leading cause of SNc dopaminergic neurons deteriora-
tion [19]; neuronal death in the SNc can be caused by: (a) increased DA turnover 
resulting in excess H2O2 formation; (b) glutathione peroxidase deficiency, which 
consequently decreases the ability to clean H2O2, and (c) increase in reactive 
iron, which promotes the OH• formation. In PD, the SNc cells appear to be in a 
high oxidative stress state, which is assumed by the increase in lipid, protein, 
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and DNA oxidation products; in the SNc of parkinsonian patients, it is possible 
to detect oxidative alterations using different markers such as malondialdehyde, 
which is up to 10 times higher than its average value [19].

• Mitochondrial dysfunction: Currently, it has been proposed that the mechanism of 
action of a large number of the toxic agents used as PD models involves the inhibition 
of mitochondrial complexes I and IV and ROS generation so that the role of the mito-
chondria during the development of PD is fundamental [20–22]. The first evidence 
was reported in MPTP-induced Parkinson’s that produces complex I deficiency and 
oxidative damage only in the SNc, conferring toxicity and neuronal death [23].

1.1 Parkinson disease experimental models

Although PD etiology is still not fully understood, animal models have provided 
essential information. Based on clinical and experimental discoveries, PD was the 
first neurodegenerative disease to be modeled and, later, to be treated by neurotrans-
mitter replacement therapy [13]. The typical PD models (Table 1) are designed to 
induce nigrostriatal dopaminergic neuronal loss, commonly with 6-hydroxydopamine 
(6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraquat, or 
rotenone [11, 13, 14, 24].

Most of these models induce mitochondrial dysfunction and produce ROS, but 
none of them completely replicates PD pathology and symptoms observed in humans 
[11]. MPTP and 6-OHDA are neurotoxins that promptly and selectively destroy 
dopaminergic neurons (1–3 days), whereas PD pathogenesis gradually develops 
throughout decades [13, 25].

Recently, we developed a novel PD experimental model in mice [26, 27] and rats 
[28] by the inhalation of the mixture of two manganese (Mn) compounds, manga-
nese chloride (MnCl2) and manganese acetate (Mn(OAc)3). After 5 months (mice) 
or 6 months (rats) of Mn mixture inhalation, the animals presented a significant 
loss of SNc tyrosine hydroxylase-positive (TH+) neurons; the loss of these neurons 
was 67.58% [27] and 71% [28]. Further on, we confirmed that the alterations were 
of dopaminergic origin since the motor alterations improved at the level of the 
controls with Levodopa (L-DOPA) treatment [28, 29]. In short, after 5 or 6 months 

Model Characteristics Disadvantages

6-OHDAa The first established model. The neuronal degeneration is in 
24 h. Enters via dopamine transporter (DAT) and inhibits the 
mitochondrial respiratory chain.

Unilateral injection, acute model.
Unilateral damage, measurable by 
ipsi or contralateral rotations.

MPTPb Humans and monkeys have the same symptoms/
histopathology and response to L-DOPA.
It is transformed to MPP+ in the glia and enters through the 
DAT

Lower susceptibility in rodents, the 
administration is acute or subacute.
In rodents, there is recovery.

Rotenone Damage to the SNc and cytoplasmic inclusions, similar to 
Lewi bodies.
Inhibition of mitochondrial respiratory chain.

Neuronal selectivity, not all animals 
are affected.

a6-hydroxydopamine.
b1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

Table 1. 
Some PD experimental models.
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of Mn mixture inhalation, striatal dopamine was reduced by 71%, and SNc showed a 
significant decrease in the number of TH+ neurons. The animals developed akinesia, 
postural instability, and tremor, providing evidence that MnCl2/Mn(OAc)3 mixture 
inhalation produces comparable morphological, neurochemical, and behavioral 
alterations to those observed in PD, suggesting a useful experimental model for the 
study of this neurodegenerative disease. Additionally, Mn inhalation is progressive 
and bilateral, making it more reliable.

1.2 Parkinson disease treatments

Current treatments include pharmacological and surgical approaches, but despite 
advances, none of these manages to modify the clinical course of the disease [30]. The 
most common therapeutic approaches are mentioned below:

1.2.1 Cell therapy and neurotrophic factors

The main objective of this treatment is to replace the altered cells with others that 
can replace their function. Usually, these neurons implanted in the SNc are dopamine-
producing cells, and, ideally, they restore the functional connectivity of the nigros-
triatal pathway [31, 32]. However, the most frequent drawbacks of cell therapy are 
infections or rejections [33].

Neurotrophic factors also regulate the proliferation, survival, migration, and 
differentiation of all cell types of the nervous system; in addition to regulating the 
establishment of adequate connections, both in embryonic and adult development 
phases, including the glial cell-derived neurotrophic factor (GDNF), which is the 
most appropriate for PD treatment, since it is the most powerful neurotrophic 
factor described to date [34] exerting a powerful trophic action on dopaminergic 
neurons [35].

1.2.2 Dopaminergic agonists

Bromocriptine was the first proposed dopaminergic agonist. It is used for the 
initial stages of PD because it delays the motor complications induced by long-term 
L-DOPA administration [36, 37]. Avila-Costa et al. [38] reported that the treatment 
with bromocriptine in the 6-OHDA-induced PD model attenuated the neurotoxic 
effect. However, it induces side effects such as nausea, vomiting, confusion, and 
hallucinations [39, 40]. Apomorphine is another dopaminergic agonist, which can 
be administered subcutaneously, sublingually, and rectally, but intermittent admin-
istration of apomorphine has been reported to cause adverse problems such as skin 
inflammation, crusting, and nasal obstruction [40, 41].

Another commonly used dopaminergic agonist is pramipexole, which stimulates 
D3 receptors and, to a lesser extent, D2 and D4 receptors [42], which has been evalu-
ated against placebo, with the demonstration of absolute efficacy in symptom control 
[43]. Compared to L-DOPA, pramipexole has a lower incidence of dyskinesias and 
motor fluctuations; however, undesirable effects have been described with this drug, 
such as alterations in short-term verbal memory, executive functions, and verbal 
fluency in comparison with patients treated with L-DOPA [44].

The most common PD treatment is with the dopamine precursor L-DOPA.  
The precursor is used due to the inability of DA to cross the blood−brain  
barrier [45, 46]; however, L-DOPA loses its efficacy after a few years because 
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neuronal death continues, and therefore the dosage has to be increased, and in 
most patients, chronic administration of L-DOPA causes dyskinesias [30, 47, 48], 
which affect the patients to the degree of incapacitating them to continue with their 
 activities [49].

1.2.3 Antioxidants

The proposal to use therapeutic strategies based on drugs with antioxidant proper-
ties is because antioxidant enzymes play a significant role in protecting against oxida-
tive stress, which plays a substantial role in PD neurodegeneration [22, 23, 50], some 
of these, such as vitamin E, coenzyme Q , and melatonin, have been widely proposed 
as therapeutic strategies [22, 51–54], but they usually are used in combination with 
some dopaminergic agonists [55].

1.2.4 Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is a neurohormone, synthesized 
mainly in the pineal gland from the amino acid tryptophan, which is converted to 
5-hydroxytryptamine by the enzymes tryptophan hydrolase and 5-hydroxytrypto-
phan decarboxylase [56]. From this moment on, 5-hydroxytryptamine is transformed 
into N-acetylserotonin by the action of N-acetyl transferase, the rate-limiting enzyme 
in melatonin synthesis. Finally, N-acetylserotonin is converted into melatonin by 
O-methylation through hydroxy indole-O-methyltransferase [57]. Melatonin is 
involved in multiple biological processes; it mainly regulates circadian rhythms due 
to its effect on the hypothalamus and the suprachiasmatic nucleus during the dark 
phase of the photoperiod. However, their functions are much broader in terms of the 
sites of biosynthesis and action [56, 58]. This molecule has been extensively studied 
since important antioxidant properties have been attributed to it [59, 60]. It has been 
reported that it is twice more efficient than vitamin E and four times more efficient 
than glutathione peroxidase and ascorbic acid [61]. Melatonin acts through two G 
protein-coupled membrane receptors: MT1 and MT2 [62]. Melatonin also shows an 
affinity for another binding site, MT3 receptors, which represent a quinone enzyme 
reductase 2, which may participate in antioxidant protection by removing prooxidant 
quinones [63].

In 2012, Gutiérrez-Valdez et al. [55] compared the effect of the chronic admin-
istration of L-DOPA and melatonin in unilaterally 6-OHDA-lesioned rats where 
they found that melatonin treatment is capable of protecting the alterations 
produced by the lesion, suggesting that melatonin may be a possible candidate for 
the treatment of PD.

As mentioned above, PD is the second most prevalent neurodegenerative disease 
worldwide, and unfortunately, with the standard treatments, unfavorable side 
effects have been described that can become very frequent and hinder the patient 
more. One of the most accepted hypotheses regarding PD etiology is that dopa-
minergic cell damage is caused by oxidative stress. Therapeutic alternatives have 
been sought to reduce the secondary damage caused by the treatments, and it has 
been found that melatonin has important antioxidant properties that could prevent 
cytological damage and not cause adverse effects, improving the patient’s quality of 
life. Thus, this work investigates the possible protective effect (avoiding or delaying 
neuronal damage) of melatonin pretreatment through the Mn mixture inhalation as 
a PD experimental model.
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2. Methods

Male CD1 mice (n = 15) with an initial weight of 33 ± 3 g were used; the mice were 
maintained in 12:12 light/dark cycles, with free access to water and food (except on 
the days of motor test evaluation). Mice were divided into three groups (see Table 2).

2.1 Melatonin pretreatment

The pretreated group was administered, melatonin 10 mg/kg mixed with Nestlé® 
Cerelac in 0.3 ml water orally in the afternoon (2:30 p.m.); the animals received the 
dose for 30 days before the MnCl2/Mn(OAc)3 inhalation.

2.2 Motor evaluation

On day 23 of melatonin administration, the animals of the three groups were 
trained in the beam walking test and the reaching task.

2.2.1 Beam walking test

This test evaluates the mice’s ability to cross a narrow beam (3 mm wide) to 
reach an enclosed safety platform [64]. A wooden device with two pedestals was 
used, to which a 1 m long wooden beam with a 15° inclination and 3 mm width 
was attached (Figure 1), where the animals had to walk from the bottom of the 
device until they reached their home box. During training, animals were placed at 
the beam start with no inclination and trained over 4r days (four trials per day). 
Once the animals crossed the beam in a ~20 s interval, they received two more 
consecutive trials with the inclined beam. The time it took for the animals to cross 
the beam (total time) [27] was recorded with a stopwatch; a maximum time of 16 s 
was expected, and if at the end of this time the mouse did not cross, the activity 
was terminated. The parameters evaluated by this test are motor impairment in 
 slowness, balance, and muscle stiffness, in addition to the alternate use of the 
limbs [28].

2.2.2 Single pellet reaching task

Besides the beam-walking training, the mice were taught the single pellet reaching 
task. Each mouse was placed inside an acrylic box 19.5 cm long, 8 cm wide, and 20 cm 
high, with a 1-cm wide vertical slit in the front of the box. A 0.2 cm thick plastic shelf 
(8.3 cm long and 3.8 cm wide) through which the animal had to reach a pellet with 
its preferred forelimb and eat it (Figure 2). A total of 20-milligram food pellets were 

Group Inhalation Treatment

Control n = 5 Deionized water —

Mn-exposed (n = 5) MnCl2/Mn(OAc)3 —

Melatonin pretreated (n = 5) MnCl2/Mn(OAc)3 Melatonin (10 mg/kg 30 days before Mn inhalation)

Table 2. 
Group distribution.
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placed in indentation spaced 1 cm away from the slit and centered on its edges. Before 
training and testing, the mice were food-deprived for 24 h. Afterward, they received 
a restricted diet of ~10 g/kg body weight-adjusted to keep their weight constant. Each 
animal reached 20 pellets each day during the testing period. Every time the animal 
took the pellet and brought it to its mouth, it was scored as a success, and when it 
could not hold it or fell off, the reach was scored as a miss [65]; each animal was given 
20 opportunities. The qualitative evaluation comprised the “reaching performance” 
analysis, the postural shift, impairments in limb extension, aim, supination-prona-
tion of the paw during grasping, and the pellet release into the mouth. The following 
sequence of movements of the forelimbs was considered [27]: 1. The mouse is placed 
facing the box slit; 2. Raises the forelimb adjusting its posture to project the limb 
toward the food pellet, and 3. Holds the pellet, returns its forelimb to the mouth, and 
introduces it.

This test helps determine the motor deterioration in terms of slowness in the 
sequence of movements, tremors, and a decrease in strength and precision [28]. The 
evaluations of both tests were carried out once a week for 5 months.

The inclusion/exclusion criteria of the mice trained to continue with the experi-
ment were those animals that took less than 17 s to perform the test in the case of the 
beam test. Only those mice that obtained 16 or more successful executions were used 
for the single pellet reaching task.

2.3 Manganese inhalation

Mn inhalation was performed as described previously by our group [66]. Ten mice 
were placed in an acrylic compartment inhaling the mixture of 0.04 M MnCl2 and 
0.02 M Mn(OAc)3 (Sigma Aldrich Co., Mexico), 1 h twice a week for 5 months. Five 
control mice inhaled deionized water for the same time. Inhalations were performed 
in closed acrylic boxes (35 cm wide × 44 cm long and 20 cm high) connected to an 
ultra-nebulizer (Ultra Neb DeVilbiss, IL, USA) with 10 l/min continuous flux. The 
ultra-nebulizer produces drops in a 0.5–5 μ range. A vapor trap was placed on the 
opposing side with a sodium bicarbonate solution to precipitate the residual Mn. 
During inhalation, mice were constantly monitored for respiration rate, depth, and 
regularity. The exposure system’s temperature, oxygen level, and Mn concentration 
were continuously examined.

Figure 1. 
The beam walking test dimensions. The home box is located at one end of the beam.
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After 40 inhalations, when significant motor alterations were observed, mice were 
anesthetized and sacrificed using a lethal dose of sodium pentobarbital. The animals 
were perfused via aorta with phosphate buffer saline (0.1 M pH 7.4) containing 2% 
glutaraldehyde and 2% paraformaldehyde. The brain was removed and placed in a 
fixative solution for 2 h and processed for tyrosine hydroxylase (TH) immunocyto-
chemistry and Golgi impregnation method.

2.4 Golgi method

Blocks from the striatum were processed for the rapid Golgi method and cut into 
90 μm-thick sections [67]. The histological analysis consisted in counting the number 
of dendritic spines in a 10 μm-long area from five secondary dendrites to 10 medium-
sized spiny neurons (MSN) per group on both hemispheres [66].

2.5 TH immunocytochemistry

For immunocytochemistry, coronal sections (50 μm) were obtained on a vibrat-
ing microtome through the mesencephalon. Tyrosine hydroxylase (Chemicon 
International, Inc. CA, USA, 1:1000) immunostaining with the ABC detection 
method (Vector Lab MI, USA) was performed for light microscope analysis. The 
analysis was conducted with a computer-assisted system (Image-Pro Plus, Media 
Cybernetics, L. P. del Mar, CA, USA) connected by a CCD camera to Optiphot 2 
microscope (Nikon, Japan). The number of TH+- positive neurons was counted in 
1500 μm2 from seven SNc sections of each mouse [66].

2.6 Statistical analysis

Two-way ANOVA was used to analyze behavioral and cellular data. Group dif-
ferences were considered statistically significant at P < 0.05. When appropriate, 

Figure 2. 
The single pellet reaching apparatus. The figure shows the dimensions of the reaching box.
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posthoc comparisons were made with the Tukey test. All analyses were conducted with 
GraphPad Prism 9 Software for Mac.

3. Results

After 5 months of Mn inhalation, neither clinical alterations nor significant weight 
changes were detected in the exposed animals compared with controls.

The motor impairment induced by inhaling MnCl2/Mn(OAc)3 mixture was bilat-
eral and progressive. Melatonin pretreatment showed significant results regarding 
protection against motor alterations and neuronal degeneration.

3.1 Motor behavior

When evaluating the motor deficit that appeared in the beam-walking test and 
the single pellet reaching task after 5 months, we observed that the melatonin-
pretreated/Mn-exposed group obtained better coordination performance in 
both cases while the exposed group progressively decreased their motor skills 
(Figures 3 and 4). Figure 3 depicts the beam-walking test results. The average 
time taken to cross it was determined; after 14 inhalations, the mice in the Mn 
mixture-exposed group showed an increase in the time to perform the test, and 
the melatonin-pretreated/Mn-exposed and control groups remained constant. 
We found significant differences between melatonin-pretreated/Mn-exposed and 
Mn-exposed/no treatment groups since the latter had greater difficulty crossing 
the beam.

Regarding the single pellet reaching task, in Figure 4 we can observe that during 
the 5 months, the control group maintained an average of 16 correct answers, while in 
the Mn-exposed/no treatment group, after the fourth inhalation, the number of suc-
cesses decreased and dropped to an average of 5; however, the melatonin-pretreated/
Mn-exposed group had significant differences compared to the Mn-exposed/no 
treatment group; it was clear that the motor coordination on melatonin-pretreated 
mice was not so affected.

Motor qualitative assessment after Mn mixture inhalation/no treatment  
resulted in tremor and bradykinesia, postural shifts and limb extension 
 impairments (resulting in evident shortened reaches), paw aim, and supination-
pronation during grasping and pellet release into the snout (Figure 5 sequence B). 
Mn-exposed/no treatment mice exhibited abnormal movements when recollecting 
the pellet after Mn-exposure. The paw is often fully pronated and moves either, 
laterally over the pellet, or the mouse slaps at the pellet from above. These mice 
repeatedly could not accurately close their fingers around the pellet and took it to 
the slot without lifting the paw. Mice also failed to supinate the paw entirely and 
placed their snout into the slot to retrieve the pellet with the tongue. When the paw 
was pulled out through the slot, Mn-exposed mice frequently twisted their bodies 
and “chased” the pellet with the mouth instead of opening the fingers and placing  
it into the snout. However, when observing the control and the melatonin-pre-
treated/Mn-exposed groups, those animals advanced their forelimb through  
the slot and extended their fingers, supinated their paw to present the food to the 
mouth, and extended their digits to release the food into the snout (see Figure 5 
sequences A, C).
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Figure 3. 
Mean of the time traveled on the beam ± SE (* Mn-exposed groups vs. control group, P < 0.05; # = melatonin-
pretreatment vs. Mn-no treatment exposed group; two-way ANOVA followed by Tukey’s posthoc test).

Figure 4. 
Reaching success (number of pellets obtained out of 20; mean ± S.E.) by control, melatonin-pretreated/
Mn-exposed, and Mn-exposed/no treatment mice in the single-pellet reaching task. Note that the Mn-exposed/no 
treatment group is impaired after four inhalations (* P < 0.001 vs. control group; # P < 0.001 between melatonin-
pretreated/Mn-exposed and Mn-exposed/no treatment groups. ANOVA with post hoc test).
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3.2 Dendritic spines

When analyzing the number of dendritic spines of the striatal MSN with the 
Golgi impregnation technique, it was observed (Figures 6 and 7) that the number 
of dendritic spines significantly decreased in the Mn-exposed/no treatment group 
and in the melatonin-pretreated/Mn-exposed group compared to control; however, 
it is also shown that the melatonin-pretreated/Mn-exposed group is statistically dif-
ferent from the Mn-only exposed group, in other words, despite having a significant 
loss of dendritic spines, they lost fewer spines than the group that did not receive 
treatment.

3.3 TH+ immunocytochemistry

Regarding the number of SNc dopaminergic neurons (TH+) (Figures 8 and 9), it 
was observed that the Mn-mixture-exposed/no treatment group presented a significant 
loss of neurons compared to the melatonin-pretreated/Mn exposed group; both groups 
had significant differences compared to the control group.

Figure 5. 
Representative still frames of the three groups. The control (sequence A) and the melatonin-pretreated/
Mn-exposed (sequence C) animals advanced their forelimb through the slot and extended their digits, and also 
supinated their paw to present the food to the mouth and extended their fingers to release the food into the mouth. 
In contrast, the Mn mixture-exposed/no treatment mice (sequence B) showed impairments using extreme postural 
adjustments advancing the limb diagonally through the slot, making many short attempts rather than aligning the 
limb with the midline of the body. The fingers are concurrently adducted. The paw comes in from the side or slaps 
laterally, and digits do not contact the food pellet.
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Figure 7. 
Dendritic spine density. Photomicrographs of representative Golgi-stained MSN of the striatum from control 
(A, a), melatonin-pretreated/Mn-exposed (B, b), and Mn mixture-exposed/no treatment groups (C, c). Both 
Mn-exposed groups had a significant decrease in the total number of spines. However, melatonin-pretreated/
Mn-exposed group showed less dendritic spine loss and an almost a well-preserved dendritic spines density 
(magnifications: A, B, C 10×; a, b, c 100×).

Figure 6. 
Golgi-stain analysis. Striatal MSN dendritic spines density of the control, melatonin-pretreated/Mn-exposed, 
and Mn-no treatment groups (* = versus control group, P < 0.05; # = melatonin-pretreatment vs. Mn-no 
treatment exposed group; two-way ANOVA followed by Tukey’s posthoc test).
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Figure 8. 
SNc TH+ cell count. The data are presented as mean ± SEM. It is observed that both Mn-exposed groups 
showed a drastic decrease in cells. It is important to note that animals receiving melatonin pretreatment before 
Mn inhalation lose fewer neurons than Mn-exposed/no treatment group. (* = P < 0.05 versus control group; 
# = P < 0.05 melatonin-pretreated/Mn exposed group vs. Mn-exposed/no treatment group, ANOVA test followed 
by Tukey’s posthoc test).

Figure 9. 
Representative TH-immunostained from coronal sections containing the SNc of A. Control group; B. Melatonin-
pretreated/Mn exposed group, and C. Mn-exposed/no treatment group. Note the great cell loss in the Mn-exposed/
no treatment group; although there was a neuronal loss in the pretreated group, it was less drastic than in the 
untreated-Mn exposed group (magnification 10×).
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However, it is observed that, although the melatonin-pretreated/Mn exposed 
group had a significant loss of TH+ neurons, this loss was less than the group that only 
inhaled Mn, with significant differences between the two groups.

4. Discussion

PD is a degenerative disorder, determined clinically from movement alterations, 
and it is reported that the motor symptoms appear relatively late when 80−90% of 
SNc dopaminergic neurons have been lost [4, 5, 9, 68]. Progressive cell loss leads to 
increased physical disability, followed by a cognitive decline [1]. Ordoñez-Librado 
and collaborators [27] indicate that the MnCl2/Mn(OAc)3 inhalation model is an 
alternative that allows us to carry out evaluations in the different stages of evolution 
of the disease since it produces progressive and bilateral degeneration of the SNc 
dopaminergic neurons in exposed mice, as well as motor alterations, for which it is the 
model most closely related to what happens in humans [28].

4.1 Motor behavior

Our results showed that in both motor tests, the mice pretreated with melatonin 
did not have such a drastic decrease in motor coordination as observed in the ani-
mals exposed to Mn with no treatment. In previous works from our group, Sánchez-
Betancourt et al. [28] and Ordoñez-Librado et al. [26] reported that animals 
exposed to the mixture of Mn compounds present motor alterations as the number 
of inhalations increases. Motor alterations are closely related to basal ganglia, which 
have a fundamental role in the initiation and execution of continuous movement; 
in other words, they participate in the planning of complex movements [69], for 
example, in the automatic control of movements such as gait primarily through 
its interaction with cortical motor areas. However, disruption of this system can 
lead to gait disturbances as in PD [70]; gait disturbances are common symptoms of 
parkinsonism [71, 72]; PD patients have a shortened stride length with a shuffling 
step and reduced speed (festinant) [73]. Our results also agreed with Fernagut et al. 
[74], who observed that MPTP-lesioned mice presented alterations in the extremi-
ties’ coordination. In the beam walking test results, the mice exposed to Mn/no 
treatment did not coordinate their limbs correctly and had great difficulty climbing 
the beam. This group also manifested akinesia. It is well known that akinesia rapidly 
becomes intolerable when PD patients are not LD-treated [30]. This symptom was 
not present in the melatonin-pretreated/Mn exposed animals. According to this, 
melatonin bioavailability in the brain is observed from the first 30 min after oral 
administration. It continues to exert its antioxidant properties through its metabo-
lites for extended periods [75, 76], thus facilitating the reduction of abnormal motor 
behavior.

On the other hand, in the single pellet reaching task, which consists of a series 
of motor subcomponents [77], since reaching movements are shortened and 
limb pronation and supination are impaired due to the decrease in dopamine 
[78] in Mn-exposed mice [27], in humans, we can observe that manual dexter-
ity worsens as PD progresses [79]; Farr and Whishaw [65] mention that rodents 
reaching movements are very similar to those of humans and, due to this, homol-
ogy between them is suggested. Whishaw et al. [78] indicated that using this 
test is helpful in studies of PD subjects to assess movement efficacy and evaluate 
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dopamine denervation. Conversely, regarding the melatonin-pretreated/Mn 
exposed group, we observed less deterioration even though they inhaled the 
mixture of Mn compounds. The motor behavior of these animals was very similar 
to those of the control group. It has been reported that melatonin systemic admin-
istration protects SNc dopaminergic neurons against 6-OHDA neurotoxicity in the 
rat [52, 80]. The effect is accompanied by a significant motor behavior recovery. In 
this regard, Singh et al. [52] have reported that melatonin pretreated animals and 
subsequently 6-OHDA-lesioned and treated with melatonin for seven more days 
showed a diminution in the number of apomorphine-induced rotations, improved 
posture, and slowness of movement compared to 6-OHDA-lesioned treated with 
vehicle solution group.

It has also been reported that elevated ROS participate in Mn-neurotoxicity 
[81–84]; this has been evidenced by the reduction in brain GSH levels and the loss 
of SOD activity [83]. Melatonin stimulates antioxidant enzymes such as superoxide 
dismutase (SOD), glutathione peroxidase (GPX), and glutathione reductase (GRd) 
[76, 85]. These results demonstrate that melatonin might have beneficial effects on 
PD treatment.

4.2 Dendritic spines

We found a significant dendritic spine loss in both Mn-exposed groups, being 
more drastic in the Mn-exposed/no treatment group. Our findings agreed with what 
was reported previously by our group [26, 28]. We found a decrease in the density of 
dendritic spines after Mn mixture exposure. Also, it has been reported that striatal 
MSN of postmortem PD brains and the brains of PD animal models in rodents and 
primates show severe spine loss [86–88]. In this regard, Archibald and Tyree [89] 
suggested that Mn interacts with dopaminergic catechol groups causing dopamine 
depletion and damage to these neurons; such loss of striatal dopamine is therefore 
associated with the reduction of MSN dendritic spines as a compensatory mechanism 
[90] since by reducing the number of dendritic spines, it also decreases the possibil-
ity of glutamatergic synaptic contacts [91–93], avoiding death due to excitotoxicity 
[92, 93] because cortex excitatory innervation [94].

However, we observed that melatonin pretreatment has a protective effect 
on the nigrostriatal dopaminergic pathway since, as mentioned, the pretreated 
animals showed better stability and coordination in the motor tests. We can also 
observe that in the group pretreated with melatonin, the mice had a significant 
loss of dendritic spines compared to the exposed group. This agrees with what 
was reported by Anaya-Martinez et al. [80], where they showed that the animals 
treated with melatonin that were lesioned with 6-OHDA showed improvement at 
28 days after the lesion, as well as the administration of melatonin prevented the 
loss of MSN dendritic spines, suggesting that melatonin can activate some signal-
ing pathways to increase the defense against ROS. Melatonin stimulates the system 
of antioxidant enzymes [76], such as SOD, GPx, GRd, and catalase [95], prevent-
ing lipid peroxidation in the striatum, and preserving a greater number of dopa-
minergic neurons in the SNc; this can be explained by the free radical scavenging 
effect of melatonin and some of its metabolites [76]. Therefore, it is likely that due 
to these properties, melatonin prevents dopaminergic neurons from degenerating, 
which is evidenced by the preservation of dendritic spines, since by avoiding the 
loss of TH+ neurons, dopaminergic transmission to the striatum is maintained, as 
well as the dendritic spines integrity [96].
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4.3 TH+ immunocytochemistry

We observed an intense decrease of TH+ cells after Mn inhalation in both exposed 
groups. Our results coincide with Damier et al. [97], who found that PD patients 
displayed a dopaminergic neurons decrease of up to 95% depending on the time 
of clinical evolution. Likewise, it has been demonstrated that the medial forebrain 
bundle unilateral 6-OHDA lesion reduces 98% of the SNc ipsilateral number of 
TH- immunoreactive neurons [98, 99]. Some studies have found that Mn exposure 
causes a decrease in the number of SNc dopaminergic neurons since the Mn enters 
them through the dopamine transporter (DAT) [27, 28, 100, 101], and intracellularly 
Mn accumulates in the mitochondria via the 𝐶𝐶𝐶𝐶2+ uniport channel [102], inhibiting 
respiratory chain complex I and thus, promoting the ROS formation [83], leading 
neurons to oxidative stress and therefore dead. It is known that melatonin increases 
complex I and IV mitochondrial activity by raising mitochondrial DNA expression 
[103]. In addition, melatonin’s free radical scavenger property neutralizes radicals 
such as OH• and O2

•− [58]. Our findings showed that melatonin pretreatment partially 
prevents SNc dopaminergic cell death produced by Mn mixture inhalation. Among 
the Mn-inhalation consequences are ROS production [81–83] and the complexes I and 
IV inhibiting the mitochondria electron transport chain [104]. Inhibition of these 
complexes has also been described in PD patients SNc. This inhibition triggers energy 
depletion and increases mitochondria free radical concentration [105].

In the present work, for melatonin pretreated/Mn-exposed group, although the TH+ 
cell percentage decreases (compared to the control group), the loss was less severe than 
that observed in the Mn-exposed/no treated group. Melatonin antioxidant effects and its 
protective characteristic against the uncoupling of the electron transport chain of several 
toxins in the mitochondria are summarized by Acuña-Castroviejo et al. [106]. These data 
give rise to further analyses based on this hypothesis. In vivo melatonin pretreatment 
studies in experimental PD models are scarce. These authors also reported that melato-
nin prevented lipid peroxidation increase and the decrease in striatal TH+ terminals after 
MPTP single dose, concluding that melatonin was able to prevent the damage caused by 
this drug in the striatal dopaminergic axons. In this way, Ortiz et al. [107] found apopto-
sis of the SNc dopaminergic neurons with an MPTP-unique dose; melatonin prevented 
cell death. Moreover, melatonin was able to avoid the reduction in striatal TH+ immuno-
reactivity and the mitochondrial complex I alteration induced by 6-OHDA-lesion [108].

5. Conclusion

The results obtained in the present work provide evidence that melatonin pretreat-
ment performs as a dopamine regulator protecting partially the striatal MSN dopa-
minergic denervation by preserving the dendritic spines and preventing the SNc TH+ 
cell death, causing motor behavior recovery, as melatonin-pretreated mice displayed 
better motor performance and no parkinsonian symptoms, compared to Mn-exposed/
no treatment mice.

It is likely that in the MnCl2/Mn(OAc)3 inhalation PD model, we are recreating an 
initial stage of the disease since the Mn-exposed mice lost ~70% of the dopaminergic 
cells, so we believe that it would be helpful to give melatonin to patients who start 
with the disease, in order to delay the symptoms and dopaminergic cell death and, 
above all, the start of L-DOPA treatment since it produces very disabling side effects 
for the patient.
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Abstract

Melatonin is a molecule that plays an active role in reducing many stress factors 
in plants and has important functions in the growth, development and reproduction 
of plants. It has many physiological functions that directly affect feed consumption, 
feed efficiency, energy metabolism and immune system in animal organisms. In 
addition, its anti-inflammatory, antioxidant, anticancer and antiapoptotic effects 
are also known. While melatonin has an antioxidative effect at low doses, it can exert 
a prooxidant effect at high doses. It has been suggested that when melatonin is used 
as a silage additive, it increases the total acid content of the silage and significantly 
improves the silage fermentation quality by lowering the pH level and butyric acid. 
Although it has positive effects on mammary gland involution and general health in 
ruminants, its effects on yield parameters have not been proven. Broilers and layers 
are expected high productivity and performance, in this regard, they are faced with 
stress factors such as intensive feeding and housing conditions. Considering its posi-
tive effects on stress factors, health and productivity, melatonin is a promising feed 
additive. Effects of melatonin additive or supplements on animal productivity and 
health should be revealed in further studies.

Keywords: additive, melatonin, poultry, ruminant

1. Introduction

Melatonin is recognized as an active oxygen scavenger, which can inhibit  
peroxidation, effectively scavenge reactive oxygen radicals, delay the wilting of 
plants, and alleviate salt, drought, heavy metal, cold, pathogens and other adversities 
[1]. Melatonin, a derivative of tryptophan, has a low molecular weight and an indole 
ring structure and is an evolutionarily conserved pleiotropic molecule ubiquitous in 
living organisms. Melatonin is a molecule that plays an active role in reducing many 
stress factors in plants and has important functions in the growth, development 
and reproduction of plants [2]. It is accepted that melatonin can regulate vegetative 
growth and flowering processes such as rooting, photosynthetic yield and biomass 
yield, and plays a potential regulator role in the formation and maturation of fruits 
and seeds [3].

Melatonin is a substance secreted by the pineal gland in the darkness and can 
regulate biological rhythms in many physiological systems in animals, including the 
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behavioral, cardiovascular, reproductive, immune, excretory, thermoregulatory and 
neuroendocrine systems [4]. Melatonin has many physiological functions that directly 
affects feed consumption, feed efficiency, energy metabolism and immune system in 
animals. Studies on the effects of melatonin on animals have shown different results 
[5, 6]. In a study on the use of melatonin as a silage additive, Li et al. stated that it 
significantly improved the quality of the silage by increased volatile fatty acid levels 
and decreased pH. In addition to these positive effects, melatonin had curative effects 
on silage fermentation by increasing microbial diversity [1].

The use of melatonin as an additive is not common. Because, melatonin has not 
been studied sufficiently in animals as a feed additive and its effects have not been 
adequately explained. In this chapter, the effects of melatonin as a feed additive 
especially in ruminants, broiler and layer chickens on production, yield and animal 
health were reviewed in order to popularize the use of melatonin as an additive and 
supplement. Also, the effects and functions of melatonin on plants were tried to be 
explained.

2. Synthesis and functional properties of melatonin in animals

Melatonin was isolated from the pituitary gland in 1958. A lot of research has been 
conducted about the effects and usage areas of melatonin. It was discovered as a skin 
lightening molecule that acts on frog and fish melanocytes, and found to be an impor-
tant hormone rhythmically secreted by the brain’s pineal gland [7, 8]. The relationship 
between the pineal gland and light has caused it to be called the third eye. Melatonin 
can be synthesized in almost every living creatures, including many vertebrates and 
invertebrates, bacteria, protozoa, plants and fungi. Melatonin has immunostimula-
tory and cytoprotective agent functions that regulate the sleep-wake cycle. Also, it 
activates T and B lymphocytes, monocytes and stimulates the reproduction of thy-
mocyte cells and the release of cytokines. In addition to these, its anti-inflammatory, 
antioxidant, anticancer and antiapoptotic effects are also known [9].

Apart from the pineal gland, melatonin is also secreted from the ovary, lens of the 
eye, bone marrow cells, gall bladder and gastrointestinal tract. However, the level of 
circulating melatonin reflects the production of melatonin in the pineal gland. While 
there is no difference in terms of human and animal health in matters such as the 
mode of action, release and chemical structure of melatonin, its usage areas vary. The 
antioxidant properties of melatonin and its effect on sleep disorders are at the fore-
front on humans. But, it has also been reported to have protective effects in neuronal 
degeneration and neuroprotective properties in oxidative stress-induced neuronal 
apoptosis [10, 11].

Light exposure level is the most effective factor that determines the rate of mela-
tonin secretion. In general, light decreases melatonin production, while darkness 
increases it. The starting material of melatonin synthesis is tryptophan, an indole 
amino acid taken from plasma [12]. Tryptophan is hydroxylated to 5-hydroxytrypto-
phan in pinealocytes by the enzyme tryptophanhydroxylase. 5-hydroxytryptophan is 
decarboxylated to 5-hydroxytryptamine (seratonin) by aromatic-l-amino acid decar-
boxylase. Seratonin is converted to N-acetylseratonin by N-acetyltransferase (NAT) 
enzyme, and this is converted to melatonin (N-acetyl-5-methoxytryptamine) by the 
effect of hydroxyindole-o-methyl transferase (HOMT). It has been determined that 
NAT and HOMT activities, which enable the conversion of serotonin to melatonin, 
are higher at night. It has been demonstrated by immunohistochemical methods that 
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the enzymes required for melatonin synthesis are also present in the suprachiasmatic 
nucleus, retina and small intestine, apart from pinealocytes [13, 14].

After melatonin is synthesized in the pineal gland, it quickly passes into the capil-
laries without being stored in the organism. Due to its high lipophilic effect, it can be 
distributed to many biological tissues and fluids in the organism. Approximately 70% 
of plasma is transported bound to albumin. While melatonin can be metabolized in 
the kidney, this process generally takes place in the liver. Melatonin is converted to 
6-hydroxymelatonin in the liver; this, in turn, binds to sulfate and glucuronic acid 
through the kidneys and is excreted in the urine [15].

Morphological, biochemical and molecular studies in both animals and humans in 
recent years have shown that oxidative stress plays a primary role in the development 
of degenerative changes in cells and tissues in our body. The highest degree of oxida-
tive damage usually occurs in organs such as the brain, heart, and skeletal muscle. 
Melatonin inhibits free radicals from their pyrrole rings and interacts with them, 
reducing their activity. It also shows its effect by inducing the production of antioxi-
dants. Melatonin has the ability to scavenge all free radicals formed in the cell. Thus, 
an increase is observed in the expression of genes encoding antioxidants, while genes 
that cause an increase in free radicals are suppressed metabolites such as melatonin 
also have very protective effects against oxidative stress. Lipid peroxidation, which 
occurs as a result of oxidative damage and accumulation of free radicals in cells, 
causes deterioration in cell membranes. As a result of damage, signal transmission 
and activation of signal pathways in cells are affected and various metabolic functions 
become ineffective. Melatonin prevents this lipid peroxidation and minimizes cell 
damage. Melatonin also neutralizes radicals caused by nitrogen and prevents nitric 
oxide formed [16].

3. Effects of melatonin in plants

Under extreme stress conditions, the natural defense mechanisms of plants do 
not provide adequate protection; In this case, exogenous biostimulants can be used to 
improve plant stress tolerance [17]. Recent studies have indicated that plant growth 
regulators manage stress mechanisms. Among these regulators, melatonin (N-acetyl-
5-methoxytryptamine) is a functional natural antioxidant widely used among plants 
[18]. While melatonin plays an important role in plant growth and development, 
it promotes root and hypocotyl growth and increases the biomass of plants with 
its auxin-like functions [19]. Studies on the functions of melatonin in plants have 
revealed that melatonin plays a very important role in plant growth and develop-
ment under abiotic stress conditions. Melatonin is known to increase plant tolerance 
under salinity stress, improve photosynthesis capacity to maintain plant ionic balance 
(Na+/K+ ratio), protect chlorophyll and carotenoids, and reduce photorespiration 
[1]. The transcriptome analysis results showed that melatonin particularly affected 
the pathways of plant hormone signal transduction and biosynthesis of secondary 
metabolites.

Melatonin is a powerful antioxidant and has the ability to purify reactive oxygen 
species, reactive nitrogen species and various chemical pollutants. It has been sug-
gested that melatonin detoxifies the oxidative stress caused by excess cadmium in 
tomatoes by stimulating antioxidant enzymatic activity [20]. In another study, it 
was reported that antioxidants suppress H2O2 production, reduce malondialdehyde 
and regulate various physiological processes. In addition, exogenous application of 
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melatonin improves the chlorophyll content and photosynthesis capacity of various 
plant species under salt stress by decreasing the production of reactive oxygen species 
and increasing the soluble protein content [21].

4. Use of melatonin as silage and feed additive in ruminants

Fresh roughage is fermented to preserve its nutrient content for a long time by 
ensiling. The purpose of silage additives is to control the fermentation products by 
ensuring domination of lactic acid bacteria during fermentation and to preserve the 
nutrients in the feed as much as possible. In recent years, the popularity of silage 
additives has increased and has found a wide range of uses. Many additives have been 
studied for many years to support the fermentation process. Additives improve feed 
consumption, feed efficiency and performance in animals with their positive effects 
on silage quality together with an efficient ensiling [22]. Many silage additives are 
produced biotechnologically. Among them, bacterial inoculants and enzymes are 
used to provide fast and effective silage fermentation. The purpose of using mela-
tonin as an additive is to control silage fermentation, form the desired end products 
and obtain appropriate quality silage. Melatonin has antioxidant and bacteriostasis 
properties as a natural preservative. With these properties, it can be considered as a 
silage additive. There is no literature on the use of melatonin as an additive in corn or 
mazie silages used in dairy cattle feeding. However, Stylosanthes guianensis (stylo), one 
of the hot season legume forage plants, was ensiled with the addition of melatonin 
at different rates (5, 10, 20 mg/kg), and the rate of 5 mg/kg increased the lactic acid 
and total acid level, decreasing the pH value and butyric acid content. It was revealed 
that the silage fermentation quality was significantly improved. With its antioxida-
tion effect, it inhibited unwanted bacteria and managed to protect the silage [23]. 
Melatonin is a promising silage additive as it improves the silage properties of one 
of the legume feeds, which is difficult to ensilage due to its high buffer capacity and 
low sugar content. It affected the silage microbiota and metabolism of the stylo plant 
[23]. There is insufficient literature on its use as a silage additive in various plants. The 
effects of melatonin on the quality of silage feeds, which are most commonly used in 
ruminant feeding, should be investigated by comparing them with other additives.

Cessation of milking initiates the dry period in dairy cattle, but milk production 
continues and begins to accumulate in the mammary. With accumulation, milk leaks 
may occur. In this case, the mammary becomes open to infection. Cows are at high 
risk of developing intramammary infections due to udder enlargement and altered 
immune functions during the transition period. When the mammary gland is com-
pletely involved, it becomes more resistant to infections. Therefore, it is beneficial 
to suppress milk yield and accelerate the involution process before the dry period 
[24]. The melatonin hormone is physiologically secreted at nights in cows. It has been 
determined that there is a higher rate of melatonin in milk in the morning. While 
prolonged exposure to sunlight is beneficial for lactating animals, it should be the 
opposite for animals in dry period. Exposure to sunlight for a short time or adminis-
tration of melatonin during late lactation may accelerate mammary gland involution 
by reducing milk yield before the dry period. Several studies have found that the 
addition of melatonin to feed reduces blood prolactin levels. For example, the addi-
tion of melatonin at a dose of 4 mg/kg BW decreased the prolactin level in prepuber-
tal heifers [25]. It has been reported that prolactin level decreased with the addition 
of melatonin to the rations of cows in the late lactation period for 8 weeks. However, 
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melatonin mixed into the ration did not affect milk yield [26]. It has been reported 
that the application of melatonin in the form of implants without mixing with the 
feed did not affect the milk yield of the cows in the postpartum period [27].

The effect of melatonin feeding on prolactin hormone in prepartum heifers and 
cows was not as effective as “short day photoperiod” (SDPP, 16 s dark-8 s light) 
application [24]. The positive effects of melatonin supplementation in prepartum 
period on milk production in postpartum period are not certain. This may also be 
related to short trial duration or insufficient number of cows. Lacasse et al. applied 
“long day photoperiod” (LDPP, 16 s light-8 s dark) to cows starting 8 weeks before 
calving and added 25 mg melatonin to feed. It was stated that the milk yield of the 
cows treated with SDPP in the early lactation period was higher than those treated 
with LDPP + melatonin [28]. This situation can be explained by the source of the 
melatonin used. Because not all sources of melatonin may have the same effect. SDPP 
application in the dry period has a positive effect on feed utilization as well as post-
partum milk yield. In the studies, adding melatonin instead of applying SDPP in the 
dry period did not show the same effects. More studies are needed on the relationship 
between melatonin feeding and performance in dairy cattle. Milk yield parameters in 
sheep and goats depend on melatonin and prolactin concentrations as much as dairy 
cows. Using melatonin as a feed additive can reduce the stress caused by injection 
and implant applications. The use of exogenous melatonin as a subcutaneous implant 
together with naturally produced endogenous melatonin under SDPP conditions had 
no effect on lactation performances in different breeds of sheep with different levels 
of milk production level [29, 30]. This situation can be associated with the stress 
created in animals.

Rumen fermentation is an issue to be considered when using melatonin as a 
feed additive or oral preparation. Digestive enzymes and microorganisms in the 
rumen can metabolize melatonin. If melatonin is involved in rumen fermentation, 
its bioavailability may be significantly reduced. Therefore, melatonin should be 
tried in different forms (preserved or by-pass) and by adding it to the rations at 
different levels. Because it has been reported that the protein, fat and dry matter 
of milk increased in cows given melatonin in rumen protected from [31]. These 
researchers also emphasized that milk lactose level decreased with the addition of 
melatonin. The effect of preserved melatonin on nutrient digestibility or nutrient 
availability of cows should be considered as reasons for these results. Melatonin is an 
environmentally friendly molecule that is not toxic in the organism and its preserved 
forms are quite useful. For the treatment of mastitis, it may be recommended to use 
protected form of melatonin instead of antibiotics. Thus, the treatment cost would 
decrease, and the milk quality would increase. It has been determined that melatonin 
has an effect on some carcass parameters in beef cattle. In heifers given melatonin 
(4 mg/100 kg body weight) daily for 59 days, rib and longissimus muscle adipos-
ity increased, carcass protein deposition decreased, but body weight gain was not 
affected [32].

5.  The importance of melatonin hormone in laying hens and broiler 
chickens

The cycle of light and dark, which lasts for about 24 h, causes cyclical changes in 
birds. These cyclical, physiological, biochemical and behavioral effects are defined as 
circadian rhythm. The circadian rhythm in birds is highly synchronized by the pineal 
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gland, retina and hypothalamus. Melatonin, the major hormone of the pineal gland, 
plays a role in controlling circadian rhythms in poultry [33].

Light intensity and duration of lighting also play an important role in the secre-
tion of hormones that play a role in growth, maturation, reproduction and circadian 
rhythm in poultry. Circadian rhythms are important biological features of broilers 
and laying hens and are synchronized by daylight. The melatonin hormone secreted 
from the pineal gland plays a major role in this synchronization. The secretion of 
melatonin from the pineal gland in the dark is a reflection of this biological clock [34].

Broilers cannot achieve daily synchronization without melatonin. Most of the 
melatonin in the bloodstream is secreted in the pineal gland, but a small amount 
of melatonin is also produced in the enterochromaffin cells of the small intestinal 
mucosa. Melatonin production in the gastrointestinal tract is particularly associated 
with the consumption of diets rich in tryptophan. Because tryptophan is a structural 
component of protein and a precursor of the hormones serotonin and melatonin, 
which play an important role in maintaining normal physiological processes in 
broilers such as tissue regeneration, feed consumption, growth performance, feed 
conversion ratio and immunity [35]. The highest serum melatonin level occurs at 
midnight and is lowest at noon. However, the secretion of this hormone by mucosal 
enteroendocrine cells is associated with feed consumption and feeding frequency 
rather than photoperiod [36]. Orally administered melatonin to monogastric animals 
has high intestinal absorption and high bioavailability.

Another important role of melatonin in the organism is to participate in the 
antioxidant system and to protect cells from the harmful effects of free radicals. 
Inadequate secretion of melatonin in broilers causes metabolic and physiological 
disorders leading to reproductive diseases and deaths, thus economic losses [37]. 
Drugs and other methods used for the treatment of metabolic diseases are expensive 
and can negatively affect efficiency. Public health may also be adversely affected 
by the use of drugs in poultry. For this reason, it is important to use feed additives 
such as melatonin, which have no side effects, in order to prevent metabolic diseases 
that may occur. Apart from its use as a feed additive, melatonin is found in different 
parts of various plants. Oats and sweet corn take the first place with their melatonin 
content. In addition, walnuts, tomatoes, grapes, hazelnuts, strawberries, cherries and 
sour cherries contain significant amounts of melatonin [38]. It is thought that feeds 
rich in melatonin will positively affect the metabolic and physiological functions of 
birds. Thus, animal welfare problems caused by intense and long-term lighting can be 
compensated in this way.

5.1  Effects of melatonin supplementation on performance and health in laying 
hens and broilers

High productivity, rapid growth and intensive metabolism of broilers and layer 
hens are accompanied by excessive free radical formation. In addition, intense and 
prolonged light exposure may increase the risk of ascites and sudden death syndrome 
by preventing melatonin production [39]. Implementation of intermitted lighting 
programs in broiler farming resulted in decreased death rate and foot problems. Such 
lighting programs provide the opportunity to rest, less stress and high melatonin syn-
thesis during the dark period [40]. Relić et al. added 30 mg/kg synthetic melatonin to 
broiler rations by applying continuous lighting for the first 2 weeks. At the end of the 
study, higher body weight gain in the group added melatonin to the feed was deter-
mined [35] . In another study where laying hens were supplemented with 10, 20 and 
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30 mg melatonin per animal, it was reported that the optimal dose for the best egg 
production and quality was 10 mg. At the same time, positive effects of melatonin on 
egg weight, shell thickness, albumin height and haugh unit parameters were reported. 
The rate of ovulation also shows a positive correlation with the level of melatonin in 
the blood, but the use of 30 mg negatively affected egg production and quality [41].

Although it has been stated that melatonin and its metabolites promote follicle 
maturation and ovulation by scavenging free radicals [42], high-dose melatonin 
supplementation may compromise the beneficial effect on ovulation by suppressing 
the physiological function of the ovaries. In order to evaluate the controversial results 
on this subject more meaningfully, the effects of different doses of melatonin on ovar-
ian functions should be revealed in future studies. In a study examining melatonin 
effects on growth and development revealed that femur and tibia bones of chickens 
supplemented with melatonin were stronger. However, it caused a decrease in egg 
shell resistance [43]. The bone-strengthening effects of melatonin supplementation 
in chickens may be beneficial for poultry, but poor eggshell is undesirable. Therefore, 
melatonin supplementation may be more appropriate for broilers rather than layers. 
Although it has positive effects on laying hens, the melatonin metabolism of these 
animals is not known exactly.

Melatonin has effects on energy metabolism of broilers. In a study, physical activ-
ity decreased in animals placed in chambers for 20 days and exposed to intermittent 
lighting (16 h light-8 h dark) and added 40 ppm melatonin to their feed, thus energy 
loss was reduced. This effect was not observed in animals that exposed continuous 
lighting (23 h light-1 h dark) [6]. It is expected that the conserved energy that spent 
for physical activity positively affect the rate of feed conversion in broilers. Normally 
broilers do not eat at night. If they are exposed to continuous lighting, their feed con-
sumption is considered to reach their maximum. However, several studies have shown 
that intermittent lighting programs improve body weight gain and feed efficiency, as 
well as reduce leg problems and mortality in broilers [44, 45]. The immune system 
strengthening effect of the increased melatonin secretion during the dark period 
helps to lower the mortality rate in poultry. In addition, application of melatonin 
alleviates the harmful effects of continuous lighting on broilers.

Melatonin plays a role in the development and maturation of the immune system. 
Stimulation of cytokine production, which increases lymphocyte activity, is one of 
its effects on immunity. Melatonin also increases the lethal activity of T cells and the 
production of interleukin and interferon in monocytes [46]. Melatonin hormone is 
also effective in regeneration of intestinal cells in poultry [36]. In a histopathological 
study, it was revealed that lymphoid hyperplasia in the liver, spleen and bursa fabricus 
was induced in broiler chickens treated with the addition of melatonin to the diet 
[47]. This result can be explained by the immunostimulating effect of melatonin. 
Bursa fabricus, which is involved in lymphocyte production in chickens, is suggested 
to be the target organ of melatonin [48]. It has been reported that 10–40 mg/kg 
melatonin supplementation significantly alleviates hepatic degeneration, necrosis 
and biliary hyperplasia resulting from aflatoxin in chicks [49]. This hormone may 
also interact with the thermoregulation mechanism in poultry. It has been reported 
that the body temperature of the 14-21d old and 150 mg/kg melatonin supplemented 
broiler chicks decreased and the heat distribution was regulated [50]. Melatonin can 
prolong life span by protecting erythrocytes in the blood from oxidative stress. It also 
stimulates the production of immune system cells such as lymphocytes, monocytes 
and eosinophils [51]. However, in another study, melatonin supplementation in 
broiler diets did not make a significant difference on hematological parameters [35].
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Tryptophan, a precursor of melatonin, was used as an additive, increased cellular 
and humoral immunity, stimulated melatonin synthesis, and increased immunity 
by peritoneal macrophages reported as a result of the immunomodulatory effect of 
melatonin [52]. The effect of tryptophan on immune function is mediated by melato-
nin receptors in tissues. Patil et al. showed that tryptophan is a precursor of melatonin 
and inhibits oxidative damage in broilers, and also improves the enzymatic effect of 
catalase and superoxide dismutase [53]. However, Wang et al. emphasized that 1.5 
times increased tryptophan level in the diet of broiler chickens housed under stress 
conditions, feed efficiency increased and oxidative stress reduced [54].

The optimal lighting level and the most appropriate feeding method are still being 
discussed in the poultry industry, where it is expected to achieve high level yield and 
production. With this expectation, animals are faced with stress factors such as inten-
sive feeding and poultry housing conditions. Considering the properties of reducing 
stress factors, antioxidant and positive effects on animal health, the use of melatonin 
as an additive in poultry has been approved in many studies [35, 52].

6. Conclusions and recommendations

Feed additives are frequently studied and new products are introduced to the market 
in order to keep the function animal metabolism healthy. A wide variety of additives are 
used in order to protect animal health at the maximum level, to obtain higher efficiency 
and direct animal products according to consumer and market demands. Melatonin has 
positive effects, especially on the productivity of poultry. However, different melatonin 
sources should be tested on animals in different life periods. The effects of melatonin, 
which is used as a feed additive and as an implant, on ruminant animals are not cer-
tain. As a result of a small number of studies in ruminant animals, it has been found 
that only daylight and lighting duration are sometimes more effective than melatonin 
feeding. Apart from melatonin secreted by animals at night, the effects of melatonin 
added to feed should be examined in more detailed studies. The effects of melatonin as 
a silage additive, should be investigated on the most commonly ensiling forages used in 
ruminant feeding. Benefits of melatonin on silage quality by comparing it with other 
additives that affect silage fermentation should be proven. In conclusion, melatonin is a 
promising feed additive whose antioxidant and immune system support properties have 
been proven in many studies in animals.
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