
Receptor-Mediated and Receptor-Independent Actions
of Melatonin in Vertebrates

Authors: Hattori, Atsuhiko, and Suzuki, Nobuo

Source: Zoological Science, 41(1) : 105-116

Published By: Zoological Society of Japan

URL: https://doi.org/10.2108/zs230057

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 19 Jan 2025
Terms of Use: https://complete.bioone.org/terms-of-use



105Diverse melatonin actions in vertebratesZOOLOGICAL SCIENCE 41: 105–116 (2024) © 2024 Zoological Society of Japan

* Corresponding author. E-mail: nobuos@staff.kanazawa-u.ac.jp
 doi:10.2108/zs230057

INTRODUCTION

Melatonin was discovered as a substance that light-
ened skin color when extracts from bovine pineal glands 
were injected into tadpoles (McCord and Allen, 1917). The 
chemical structure of melatonin was determined in the 
bovine pineal gland in 1958, and it was shown to lighten the 
melanophores of the northern leopard frog, Rana pipiens 
(Lerner et al., 1958). Thereafter, the rates of melatonin uri-
nary excretion and possibly secretion into the blood were 
found to be higher at night than during the day (Lynch et al., 
1975). For instance, melatonin collected in urine samples 
from healthy adult volunteers between 11 p.m. and 7 a.m. 
was higher than that when collected between 7 a.m. and 3 
p.m. or between 3 p.m. and 11 p.m. (Lynch et al., 1975). 
Since the release of that report, research into melatonin 
and circadian rhythms has gained popularity. One of the 
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Melatonin (N-acetyl-5-methoxytryptamine) is an indolamine that is synthesized from tryptophan in 
the pineal glands of vertebrates through four enzymatic reactions. Melatonin is a quite unique bioac-
tive substance, characterized by a combination of both receptor-mediated and receptor-independent 
actions, which promote the diverse effects of melatonin. One of the main functions of melatonin, via 
its membrane receptors, is to regulate the circadian or seasonal rhythm. In mammals, light informa-
tion, which controls melatonin synthesis, is received in the eye, and transmitted to the pineal gland, 
via the suprachiasmatic nucleus, where the central clock is located. Alternatively, in many verte-
brates other than mammals, the pineal gland cells, which are involved in melatonin synthesis and 
secretion and in the circadian clock, directly receive light. Recently, it has been reported that mela-
tonin possesses several metabolic functions, which involve bone and glucose, in addition to regulat-
ing the circadian rhythm. Melatonin improves bone strength by inhibiting osteoclast activity. It is also 
known to maintain brain activity during sleep by increasing glucose uptake at night, in an insulin-
independent manner. Moreover, as a non-receptor-mediated action, melatonin has antioxidant prop-
erties. Melatonin has been proven to be a potent free radical scavenger and a broad-spectrum 
antioxidant, even protecting organisms against radiation from space. Melatonin is a ubiquitously 
distributed molecule and is found in bacteria, unicellular organisms, fungi, and plants. It is hypoth-
esized that melatonin initially functioned as an antioxidant, then, in vertebrates, it combined this role 
with the ability to regulate rhythm and metabolism, via its receptors.
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main functions of melatonin is to regulate circadian rhythms, 
which is performed through melatonin membrane recep-
tors. In this review, we first introduce the regulation of circa-
dian (Cassone, 1998; Schomerus and Korf, 2005; Bilu and 
Kronfeld-Schor, 2013) or seasonal (Reiter et al., 1980; 
Bartness et al., 1993; Malpaux et al., 1999; Foá and 
Bertolucci, 2003; viviD and Bentley, 2018) rhythms by mela-
tonin. In addition, we describe the remarkable functions of 
melatonin in bones (Suzuki and Hattori, 2002; Ikegame et 
al., 2019; Hirayama et al., 2023) and in glucose metabolism 
(Karamitri and Jockers, 2019; Watanabe et al., 2023). More-
over, melatonin is a ubiquitously distributed molecule and is 
found in bacteria (Manchester et al., 1995), unicellular 
organisms (Pöggeler et al., 1991), fungi (Hattori et al., 1995), 
and plants (Hattori et al., 1995; Kolar and Machackova, 
2005), where it has been proven to be a potent free radical 
scavenger and broad-spectrum antioxidant (Tan et al., 
2002; Reiter et al., 2014; Slominski et al., 2018). Melatonin 
performs antioxidant functions in all organisms through a 
receptor-independent mechanism. We hypothesized that 
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the original function of melatonin was the detoxification of 
free radicals, resulting in numerous applications in physiol-
ogy and medicine (Reiter et al., 2014). This review also 
addresses the evolution of melatonin functions from the 
perspective of organismal evolution.

MELATONIN RECEPTORS

Melatonin receptors are G protein-coupled receptors 
that bind melatonin (Li et al., 2013). Three types of melato-
nin membrane receptors have been identified: Mel1a (or 
MT1, ML1a, ML1, MTNR1a) and Mel1b (or MT2, ML1b, 
MTNR1b) receptor subtypes, which are present in humans 
and other mammals, while an additional melatonin receptor 
subtype, Mel1c (MTNR1C), has been identified in fishes, 
amphibians, and birds (Emet et al., 2016). Mel1a and Mel1b 
as GPCR bonded with Gαs to decrease cAMP, while Mel1c 
coupled with Gαq to activate the membrane-associated 
phospholipase C and protein kinase C pathways (Ning et 
al., 2019).

Melatonin receptors are located in several central ner-
vous and peripheral tissues in vertebrates. Mammalian mel-
atonin receptors (Mel1a and Mel1b) have been detected in 
the suprachiasmatic nuclei (SCN) of the hypothalamus, the 
pars tuberalis (PT) of the pituitary gland (Fig. 1), and addi-

tional brain areas, such as the paraventricular nucleus, peri-
ventricular nucleus, supraoptic nucleus, and hippocampus, 
as well as in peripheral organs, such as retina, bone, pan-
creas, liver, kidneys, adrenal gland, intestine, stomach, 
heart, lungs, skin, testis, and ovary (Hardeland et al., 2011; 
Li et al., 2013; Kumar et al., 2015; Hirayama et al., 2023). The 
Mel1a subtype is present within the SCN of the hypothala-
mus, the PT of the pituitary gland, and retinas, while the 
Mel1b subtype is mainly expressed in the retinas (Sugden et 
al., 2004). Mel1c is also expressed in various areas of the 
brain in many non-mammalian vertebrates, such as in the 
SCN and PT (Kameda et al., 2002; Sugden et al., 2004; 
Turkowska et al., 2014). Since SCN is known to be a circa-
dian pacemaker (Hardeland et al., 2011; Li et al., 2013), the 
main function of melatonin is to regulate the circadian rhythm 
(Fig. 1). The sensitivity of the SCN to melatonin occurs pri-
marily during the transition from day to night (dusk) and night 
to day (dawn). During these times, melatonin modulates cir-
cadian rhythms by advancing the phase of neurally active 
rhythms produced within the SCN. The activation of Mel1a 
inhibits the neuronal firing rate in the SCN, while activation 
of Mel1b phase shifts the circadian rhythms generated within 
the SCN (Dubocovich et al., 2003).

Hattori and Suzuki, Figure 1 

SCN

Cry

Per
Bmal-1

Clk
Retina

d

Spring to Summer  (Long days)

M
el

at
on

in
 le

ve
ls

Light LightDark

d

Autumn to Winter (Short days) 

M
el

at
on

in
 le

ve
ls

Light LightDark

Mel1a or Mel1b

Per

PT

GnRH 
neuron

TSH

T4    T3
DIO2

GnRH

LH

Mel1a

Per

Aanat

PVN

SCG

NA

Pineal Gland

Light signal

IML

Cry

Fig. 1. Summary of seasonal and circadian regulatory mechanisms by melatonin. A light signal is received in the retina and transmitted to 
the pineal gland via the suprachiasmatic nucleus (SCN), which is mainly the circadian clock, the paraventricular nucleus (PVN), and interme-
diolateral nucleus of the spinal cord (IML) connecting the superior cervical ganglion (SCG), in order. The duration of time that blood melatonin 
levels are high differs between long and short days. Then, melatonin functions in the pars tuberalis (PT) and regulates reproduction via 
gonadotropins, such as luteinizing hormone (LH). Melatonin regulation of TSH in PT is limited to mammals. Abbreviations: Aanat: arylalkylamine 
N-acetyltransferase; Bmal-1: Brain and muscle Arnt-like protein-1; Clk: Clock; Cry: Cryptochrome; d: duration of secreted melatonin; DIO2: 
deiodinase 2; GnRH: gonadotropin-releasing hormone; IML: intermediolateral nucleus of the spinal cord; LH: luteinizing hormone; Mel1a: 
melatonin receptor subtype 1; Mel1b: melatonin receptor subtype 2; NA: noradrenaline (norepinephrine); Per: Period; PT: pars tuberalis; TSH: 
thyroid-stimulating hormone; T3: triiodothyronine; T4: thyroxine.
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MELATONIN-REGULATED CIRCADIAN RHYTHM IN 
VERTEBRATES

In mammals, light information, which controls melatonin 
synthesis, is received in the retina and transmitted to the 
pineal gland via the SCN, where central clock genes such as 
Period, Cryptochrome, Brain and muscle Arnt-like protein-1, 
and Clock are located (Hardeland et al., 2006; Zisapel, 2018; 
Brzezinski et al., 2021) (Fig. 1). Signals from the SCN are 
transmitted to the pineal gland via a complex neural chain 
involving the paraventricular nucleus of the hypothalamus 
and the intermediate lateral nucleus of the spinal cord (Korf, 
1994). Conversely, in many vertebrates, other than mam-
mals, the pineal gland cells (pinealocytes), which are 
involved in melatonin synthesis and secretion and the circa-
dian clock, directly receive light (Shedpure and Pati, 1995; 
Ekström and Meissl, 2003). Melatonin is synthesized from 
tryptophan through four enzymatic reactions in the pineal 
glands of vertebrates (Fig. 2). At night, noradrenaline regu-
lates the activity of arylalkylamine N-acetyltransferase 
(AANAT; the rate-limiting enzyme for melatonin biosynthe-
sis) through β-adrenergic receptors and enhances cAMP 
levels in the pineal gland, which stimulates mRNA expres-
sion of AANAT in vertebrates (Brzezinski et al., 2021; Ubuka, 
2021). This signal pathway promotes melatonin synthesis 
(Fig. 2). The noradrenergic signal for melatonin synthesis is 
inhibited by light exposure (Schomerus and Korf, 2005), 
meaning that these light signals regulate the rhythms of day/
night melatonin synthesis.

Circadian rhythm in diurnal and nocturnal animals, 
especially mammals

Elevated blood melatonin functions differently in diurnal 
and nocturnal animals, although in both of them, melatonin 
secretion in the pineal glands occurs only at night 
(Schomerus and Korf, 2005; Bilu and Kronfeld-Schor, 2013). 
Nocturnal melatonin secretion induces the resting phase in 
diurnal animals, including human (Lewy et al., 1992; 
McArthur et al., 1996). Melatonin exerts its action on a timing 
mechanism controlling the switch from behavioral activity to 
quiescence in diurnal animals. On the other hand, in noctur-
nal animals, melatonin injections can influence the daily 
activity cycle of rats, and daily injections are followed by the 
onset of activity in constant darkness (Redman et al., 1983). 
When melatonin injection was stopped in rats, activity 
rhythms started free-running again (Redman et al., 1983). 
The circadian timing system controlling the rhythm of wheel-
running activity in the C3H/HeN mouse was responsive to 
both light and melatonin (Benloucif and Dubocovich, 1996). 
Wild mice (nocturnal) produce melatonin, but they lost the 
ability to produce melatonin when they were laboratory ani-
malized (Kasahara et al., 2010). Only recently have they lost 
the ability to produce melatonin, but they have maintained 
their genetically nocturnal nature. Thus, in nocturnal animals, 
melatonin acts as an entraining agent, as does light. The 
mechanisms by which melatonin regulates behavior in diur-
nal and nocturnal animals remain unclear.

Circadian rhythm in nonmammalian vertebrates
Melatonin secreted into the blood performs significant 

roles in the circadian organizations of many nonmamma-
lian vertebrates, compared to mammals (Cassone, 1998). 

The removal of the pineal gland (pine-
alectomy) in the house sparrow, 
Passer domesticus, altered the free-
running locomotor period and abol-
ished their circadian rhythms (Chabot 
and Menaker, 1992). Similarly, in male 
European seabass, Dicentrarchus 
labrax, locomotor activity revealed a 
change from light-synchronization to 
free-running rhythmic patterns follow-
ing pinealectomy (Cowan et al., 2017). 
Therefore, the melatonin secreted 
from the pineal gland likely influences 
behavior and physiology.

The significance of retinal melato-
nin synthesis is well known 
(Wiechmann, 1986; Zawilska and 
Nowak, 1992; Wiechmann and Sherry, 
2013). In the retinas of nonmammalian 
species, such as the goldfish, 
Carassius auratus, frog Xenopus laevis, 
lizard Anolis carolinensis, and chicken, 
Gallus gallus domesticus, melatonin 
and the capacity for its synthesis and 
metabolism have been detected (Cahill 
and Besharse, 1989; Nowak et al., 
1990; Grace et al., 1991). Diurnal varia-
tions in melatonin levels and AANAT 
activity in the retina have also been 
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Fig. 2. Metabolic pathway from tryptophan to melatonin. Melatonin is synthesized at night 
by the increased expression of arylalkylamine N-acetyltransferase (AANAT) in the pineal 
gland. Both diurnal and nocturnal animals synthesize melatonin only at night. However, the 
effects of melatonin on these animals are different. Both diurnal and nocturnal animals could 
use melatonin as an entraining cue.
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observed in Xenopus laevis and Gallus gallus domesticus 
(Hamm and Menaker, 1980; Besharse and Iuvone, 1983). 
Melatonin secreted from the retina may regulate the function 
of the retina, although there is no evidence that retinal mela-
tonin regulates their behavior.

MELATONIN-REGULATED SEASONAL RHYTHM IN 
VERTEBRATES

Seasonal changes in daylight duration (day length) play 
an important role in creating reproductive rhythms in many 
seasonally breeding animals, whereby changes in day 
length trigger reproductive statuses in photoperiodic spe-
cies (Fig. 1). Small mammals, such as hamsters, and birds, 
including quails, are considered long-day breeders because 
they breed from spring to summer, during the longer daylight 
seasons (Brandstätter et al., 2003). Conversely, sheep are 
short-day breeders because they breed from fall to winter, 
during the short daylight seasons (Malpaux et al., 1999).

Photoperiodic information is translated into a duration of 
melatonin secretion: high at night and low during the day. 
The length of the nocturnal melatonin secretion reflects the 
secretion of the gonadotropin-releasing hormone (GnRH) 
from the hypothalamus (Bartness et al., 1993; Malpaux et 
al., 1999). GnRH release induces the secretion of luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH), which 
are responsible for the alternating presence or absence of 
ovulation in the female and varying sperm production in the 
male (Bartness et al., 1993; Malpaux et al., 1999). Thus, 
melatonin plays a major role in a series of seasonal repro-
ductive strategies (Fig. 1).

Seasonal rhythm regulation of melatonin in mammals
Pinealectomy in the male hamster causes an inability to 

sense changes in day length and the loss of photoperiodic 
responses, resulting in atrophy of the gonads (Hoffman and 
Reiter, 1965). Therefore, melatonin has an important func-
tion in regulating seasonal reproductive physiology in mam-
mals. Long-day breeding animals (e.g., hamsters) are 
sexually depressed from autumn to winter and active from 
spring to summer, while short-day breeders, such as sheep 
and deer are actually sexually most active and capable dur-
ing the shortest days of the year (autumn to winter). The 
elevated melatonin levels regulate sexual maturation in 
these animals (Fig. 1). Long-day shortens the duration of 
melatonin secretion in both long-day and short-day breed-
ers. In addition, the changing duration of nocturnal melato-
nin secretion determines reproductive capability in seasonal 
breeders through the hypothalamic-pituitary-gonadal axis 
(Reiter et al., 2009) (Fig. 1). In mammals, kisspeptin (Kiss) 
and RFamide-related peptide (RFRP, the mammalian homo-
logs of gonadotropin-inhibitory hormone: GnIH), are hypo-
thalamic neuropeptides that stimulate and inhibit the 
synthesis and release of GnRH, respectively (viviD and 
Bentley, 2018; Ubuka, 2021). Administration of peripheral 
KISS to short-day-housed Syrian hamsters with regressed 
testes significantly increased testicular volume and testos-
terone secretion, while this response was blocked by the 
GnRH receptor antagonist acyline (Ansel et al., 2011). Mela-
tonin injections reduce Kiss1 expression, and pinealectomy 
prevents short-day inhibition of Kiss1 in the arc of the Syrian 
hamster hypothalamus (Revel et al., 2007; Simonneaux et 

al., 2009). Thus, melatonin affects Kiss1 expression and 
mediates a reproductive signal via a pathway responsive to 
GnRH (viviD and Bentley, 2018).

On the other hand, the melatonin binding site in the PT is 
altered by the photoperiod. Namely, in the PT, the Per gene 
expression peaks during the daytime, while the Cry gene 
expression peaks early in the nighttime. Thus, the phase 
relationship between Per and Cry changes during the differ-
ent photoperiods, and the PER/CRY protein/protein interac-
tions due to the photoperiodic differences are potential 
mechanisms for producing photoperiodic responses (Ikegami 
and Yoshimura, 2012) (Fig. 1). As the thyroid hormone–
stimulating hormone is secreted in the PT, thyroid hormones 
are also involved in seasonal reproduction (Watanabe et al., 
2004; Ono et al., 2008; viviD and Bentley, 2018) (Fig. 1). 
Local thyroid hormone catabolism in the mediobasal hypo-
thalamus by the deiodinase DIO2 and DIO3 enzymes that 
activate or inactivate thyroid hormones regulates the sea-
sonal reproduction in birds and mammals (Ono et al., 2008). 
DIO3 inactivates the thyroid hormones triiodothyronine (T3, 
active form) and thyroxin (T4, prohormone of T3), while DIO2 
converts T4 into T3. Long days induce thyroid-stimulating 
hormone production in the PT of the pituitary gland, which 
triggers DIO2 expression in the ependymal cells of the 
mediobasal hypothalamus (Fig. 1). Melatonin is indirectly 
involved in the regulation of Dio2 expression via thyroid-
stimulating hormones. Furthermore, the Dio2 expression lev-
els in the Djungarian hamster (Phodopus sungorus) are high 
under long-day conditions and low under short-day condi-
tions and can be reduced further by melatonin injections 
(Watanabe et al., 2004). Therefore, melatonin regulates Dio2 
and Dio3 expression and reproductive physiology through 
the thyroid hormone (Fig. 1).

Considering the above information, studies using long-
day and short-day rearing animals have significantly contrib-
uted to our understanding of the mechanisms through which 
day length and melatonin can regulate seasonal reproduc-
tion (Fig. 1). As a result of these findings, melatonin has 
been successfully used as a pharmacological agent to 
accelerate the reproductive season in sheep, induce estrous 
cycles at a time when they would normally be in seasonal 
anestrus, and increase lambing (Haresign et al., 1990; 
Haresign, 1992; Abecia et al., 2007). Furthermore, daily 
afternoon injections of melatonin in Syrian hamsters under 
long-day conditions caused genital atrophy and hormonal 
changes similar to those induced by short-day exposures 
(Reiter et al., 1980). Thus, melatonin is an effective agent for 
regulating maturation in seasonally breeding animals.

Seasonal rhythm regulation of melatonin in non-
mammals

Among birds, quail (Coturnix japonica) are the most sen-
sitive to GnRH and LH alterations—changes occur from the 
first day—when transferred from short-day to long-day con-
ditions. Further, GnRH and LH levels increase from the first 
day when birds are moved from short-day to long-day condi-
tions, causing the testis weight to change dramatically in a 
short period of time (Perera and Follett, 1992; Yoshimura, 
2006). This is why it has been continuously used in photope-
riodic experiments. PT-derived TSH may be the key factor in 
regulating seasonal reproduction in birds as well as mam-
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mals (Nakane and Yoshimura, 2019), as shown in Fig. 1. 
TSH secreted from the PT influences ependymal cells and 
increases the expression of dio2. T3, augmented by Dio2, 
regulates the seasonal morphological change in neuroglial 
interactions. This morphological change photoperiodically 
regulates GnRH secretion. Melatonin regulates GnIH secre-
tion and is involved in seasonal reproductive physiology 
(Chowdhury et al., 2013; Tsutsui and Ubuka, 2021). Melato-
nin appears to act on GnIH neurons by stimulating GnIH 
synthesis and release, and then inhibiting plasma LH con-
centration in birds (Chowdhury et al., 2013).

In the ruin lizard, Podarcis sicula, melatonin may play an 
important role in the seasonal reorganization of the circa-
dian system (Bertolucci et al., 2002; Foà et al., 2002; Foà 
and Bertolucci, 2003). Pinealectomy in ruin lizards did not 
abolish circadian locomotor rhythmicity; instead, it induced 
marked changes in both the free-running period and circa-
dian activity time (Foà, 1991). Either pinealectomy or mela-
tonin implants caused an immediate transition from the 
typical summer circadian locomotor pattern to the typical 
spring or autumn circadian locomotor pattern, respectively 
(Foà et al., 1997). In addition, the degrees of melatonin and 
pineal involvement in the circadian organization are highest 
in summer compared to the other three seasons (Bertolucci 
et al., 2002; Foà et al., 2002; Foà and Bertolucci, 2003).

In the female skipper frog, Rana cyanophlyctis, continu-
ous light stimulates, and melatonin inhibits, reproductive 
function (Udaykumar and Joshi, 1997). Continuous light 

exposure for 30 days stimulated the gonad somatic index 
(GSI), while daily injections of melatonin prevented the 
increase in GSI caused by continuous light. Oviductal 
weights decreased only in the melatonin-injected group. In 
the male frog Rana hexadactyla melatonin also inhibits tes-
ticular function and spermatogenesis when administered at 
an optimum dose for a stipulated period (Kasinathan and 
Gregalatchoumi, 1988). The inhibition of spermatogenesis by 
melatonin has also been reported in toads (Bufo 
melanostictus), where it suppresses light-induced spermato-
genesis (Biswas et al., 1978; Chanda and Biswas, 1982). In 
both female and male frogs, therefore, melatonin inhibits 
gonad functions and regulates reproductive physiology.

Melatonin is involved in the seasonal reproductive physi-
ology in fish. For example, in the blue damselfish (Sapphire 
devil), the expression of aanat2 was higher during short-day 
conditions than long-day, suggesting that there is a seasonal 
change in melatonin levels at night (Imamura et al., 2022). 
Therefore, kiss1 and kiss2, gonadotropin-releasing hormone 
1 (gnrh1), and the β-subunit of gonadotropins (fshβ and lhβ) 
levels were examined in the brain. Feeding mature females 
melatonin-containing pellets lowered kiss1, gnrh1, and lhβ 
mRNA levels within 3 h. Continuous melatonin treatment for 
1-week resulted in oocyte regression and decreased kiss2, 
gnrh1, fshβ, and lhβ mRNA expressions. In catfish 
(Heteropneustes fossilis) and blue damselfish, melatonin 
inhibited kiss2 and gnrh2 expression in the brain (Chaube et 
al., 2020).

Fig. 3. Inhibitory action of calcitonin (A) and melatonin (B) on osteoclasts and detection of melatonin produced in goldfish scales (C). (A, B) 
Both calcitonin and melatonin significantly reduce osteoclastic activity (*P <  0.05), starting in the nanomolar range (Ikegame et al., 2019). 
One-way repeated measures analysis of variance followed by Dunnett’s test was used to examine differences in the values of the experimen-
tal groups. (C) Melatonin produced in the goldfish scales was analyzed by liquid chromatography–tandem mass spectrometry (LCMS-8050; 
Shimadzu Co., Kyoto, Japan). Analysis of the extract from goldfish scales revealed the presence of melatonin product ions (red and blue) at 
the same elution time as the melatonin standard (Ikegame et al., 2019).
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MELATONIN-REGULATED BONE AND GLUCOSE 
METABOLISM

Melatonin influences bone and glucose metabolisms in 
addition to the regulation of circadian and seasonal rhythms 
(Karamitri and Jocker, 2019; Hirayama et al., 2023). In this 
section, we describe the influence of melatonin on bone and 
glucose metabolisms owing to the potential of melatonin to 
cure bone diseases such as osteoporosis, and diabetes.

Bone metabolism regulated by melatonin
Spinal malformations have been reported in chickens 

(Machida et al., 1993), rats (Machida et al., 1999), and fish 
(Fjelldal et al., 2004), after surgical ablation of the pineal 
gland. Experimental scoliosis observed in pinealectomized 
chickens is similar to that in human idiopathic scoliosis. 
These results suggest that melatonin is involved in bone 
metabolism. Subsequently, in vitro studies have been per-
formed to elucidate the direct influence of melatonin on bone 
metabolism. Melatonin has a strong inhibitory action on 
osteoclasts (Fig. 3A, B). Calcitonin is 
well known as a hypocalcemic hor-
mone that inhibits osteoclasts and is 
used as a therapy for osteoporosis 
(Body, 2002; Suzuki, 2021). The ability 
of melatonin to exert an inhibitory 
action on osteoclasts is very similar to 
that exerted by calcitonin, as detected 
using a fish-scale (bone model) bioas-
say (Suzuki and Hattori, 2002; Suzuki 
et al., 2000). Melatonin (10−9–10−7 M) 
suppressed osteoclastic activity (Fig. 
3B). As Mel1b is detected in osteoclasts 
immunohistochemically (Igarashi-Migi-
taka et al., 2020), melatonin directly 
acts on osteoclasts. In addition, the 
indirect influence of melatonin on 
osteoclasts has been reported. For 
example, the receptor activators of the 
nuclear factor-κB (RANK)/receptor 
activators of the nuclear factor-κB 
ligand (RANKL) system regarding the 
interaction between osteoclasts and 
osteoblasts are involved in the inhibi-
tory action of melatonin on osteoclasts 
(Koyama et al., 2002; Kim et al., 2017; 
Li et al., 2019). Since RANKL induces 
osteoclast activation, it appears to be 
an important factor in osteoclastic 
bone resorption (Maria and 
Witt-Enderby, 2014; Nagy and 
Penninger, 2015). By suppressing 
RANKL expression, melatonin inhib-
ited osteoclast activation (Koyama et 
al., 2002; Ikegame et al., 2019). A novel 
pathway was recently identified for the 
inhibitory effect of melatonin on osteo-
clasts (Ikegame et al., 2019; Nakano et 
al., 2019). As shown in Fig. 4, melato-
nin prevents bone resorption by 
increasing the expression of calcitonin 

by osteoblasts in fish (Ikegame et al., 2019) and chickens 
(Nakano et al., 2019).

Physical stimuli play an essential role in the regulation of 
bone remodeling (bone resorption and formation), either 
directly or indirectly (Carmeliet et al., 2001; Civitelli, 2008). 
Astronauts are exposed to the microgravity of space, which 
is known to reduce bone density (Collet et al., 1997; 
Caillot-Augusseau et al., 2000). Melatonin synthesized in 
osteoblasts in goldfish scales (Fig. 3C) was found to be 
involved in the progressive bone density loss effect in space 
(Fig. 4). Using fish scale culture systems (Fig. 4), containing 
co-existing osteoblasts and osteoclasts, in vitro space 
experiments have been performed on the International 
Space Station (ISS) since 2010 to examine the effect of 
microgravity on bone metabolism (Ikegame et al., 2019; 
Yamamoto et al., 2020; Yamamoto et al., 2022). Moreover, 
aanat expression decreases in microgravity (Ikegame et al., 
2019). Furthermore, bone resorption under microgravity was 
inhibited by melatonin treatments via the promotive action of 
calcitonin production in osteoblasts (Fig. 4), suggesting that 

Fig. 4. Summary of the space experiment using goldfish scales. Lower frame: We observed 
the expression of the melatonin receptor, melatonin synthetic enzymes, and calcitonin (an 
osteoclast-inhibiting hormone) in osteoblasts of the regenerating scales. Melatonin stimu-
lates calcitonin production in the scales, which has also been detected in mammalian bones. 
The melatonin-induced calcitonin suppresses osteoclast activity. Upper frame: Microgravity 
during space flight accelerated the multinucleation and resorption activity in scale osteo-
clasts, which was associated with a decrease in melatonin synthesis, the stimulated gene 
expression of rankl (a major factor for osteoclastogenesis), and the suppressed gene expres-
sion of calcitonin. Melatonin administration maintained the normal gene expression levels of 
the factors during space flight and suppressed microgravity-stimulated osteoclast activity. 
The results suggest that melatonin could be used as a prophylactic drug to prevent bone loss 
in astronauts during space flight. Abbreviations: OB: osteoblasts; OC: osteoclasts; POC: 
preosteoclasts; Rankl: receptor activator of nuclear factor κB ligand; Mel: melatonin; Mel-R: 
melatonin receptor; Calcitonin-R: calcitonin receptor.

Mel-R
Calcitonin-R

OC activity

OB

CalcitoninMel

Rankl

Space flight

OC

POC

Fusion

Rankl

Calcitonin

OC

Resorption

Calcitonin

OC

Mel 
synthesis

Resorption ↓

On the ground

Mel 
treatment

: Mel,      : Calcitonin

Night

Downloaded From: https://complete.bioone.org/journals/Zoological-Science on 19 Jan 2025
Terms of Use: https://complete.bioone.org/terms-of-use



111Diverse melatonin actions in vertebrates

melatonin can be used as a potential drug for bone disease 
in astronauts (Hirayama et al., 2023).

Glucose metabolism regulated by melatonin
Since melatonin receptors are found in human islet 

β-cells, cohort analysis of single-nucleotide polymorphisms 
(SNPs) in the melatonin receptor (Mel1b) and type 2 diabe-
tes mellitus (T2DM) has shown a link between melatonin 
and glucose metabolism (Karamitri and Jockers, 2019).

It has been reported that the rs1387153 SNP, near 
MTNR1B (which encodes Mel1b), is associated with 
increased fasting plasma glucose levels and an elevated 
risk of T2DM (Bouatia-Naji et al., 2009). Furthermore, 
MTNR1B is expressed in human islet β-cells, while insulin 
release in INS-1 832/13 clonal β-cells, in response to stimu-
lation with glucose, was inhibited in the presence of melato-
nin (Lyssenko et al., 2009). Since MTNR1B expression 
increases in individuals at risk of T2DM (Lyssenko et al., 
2009), its pathological effects are likely exerted through the 
direct inhibition of insulin release from β-cells by melatonin.

Melatonin regulates basal glucose metabolism in fish. In 
fasted goldfish individuals, we found that plasma melatonin 
levels were significantly higher and insulin levels were signifi-
cantly lower at night. Furthermore, glucose uptake in the 
brain, liver, and muscle tissues also significantly increases at 
night. After intraperitoneal administration of melatonin, glu-
cose uptake by the brain and liver showed significantly greater 
increases than in the control group, although it failed to alter 
plasma insulin levels (Watanabe et al., 2023). Using an insu-
lin-free medium, we further showed that melatonin treatment 
increased glucose uptake in primary cell 
cultures of goldfish brain and liver cells, in 
a dose-dependent manner (Watanabe et 
al., 2023). The administration of melato-
nin also significantly decreased plasma 
glucose levels in hyperglycemic goldfish 
but failed to alter insulin mRNA expres-
sion or plasma insulin levels, suggesting 
that melatonin has the same potency as a 
therapeutic drug as insulin does for dia-
betes.

ANTIOXIDANT ACTIVITY OF MELA-
TONIN AS ITS RECEPTOR-INDEPEN-

DENT ACTION

Melatonin has been shown to be a 
free radical scavenger (Allegra et al., 
2003; Reiter et al., 2016). Melatonin has 
a redox effect because of the presence 
of an electron-rich aromatic ring system, 
and indoleamine easily functions as an 
electron donor. One melatonin molecule 
has the potential to scavenge up to four 
or more reactive species, such as 
ONOO-, H2O2, ・OH, and O2

・- (Allegra et 
al., 2003). Under in vivo conditions, mel-
atonin is often several times more potent 
at protecting tissues from oxidative 
injury than vitamins C and E, at equiva-
lent dosages (Tan et al., 2002).

Like melatonin, N1-acetyl-N2- 

formyl-5-methoxykynuramine (AFMK) and N1-acetyl-
5-methoxykynuramine (AMK), which are enzymatically and 
oxidatively generated from melatonin, are also radical-
scavenging molecules (Tan et al., 2001). In this section, we 
describe the therapeutic effects of melatonin’s radical 
scavenging action and its metabolites, such as AFMK and 
AMK (Fig. 5) in mammals such as rats and mice.

Therapeutic benefits of melatonin through antioxidative 
action

Therapeutic effects of melatonin have been reported for 
several disorders, such as different types of tumors (intesti-
nal tumors, melanoma, breast cancer, etc.), caused by its 
antioxidative action because oxidative stress is involved in 
the initiation, promotion, and progression of carcinogenesis 
(Karbownik et al., 2001; Tordjman et al., 2017). The inhibitory 
action of melatonin by its oral administration, after being dis-
solved in tap water at 20 mg/L, has been reported in intesti-
nal carcinogenesis in rats, induced by the carcinogen 
1,2-dimethylhydrazine (Anisimov et al., 1997).

Melatonin is effective in cardiovascular diseases 
(Tordjman et al., 2017). Urinary noradrenaline increases at 
night in patients with coronary heart disease (Brugger et al., 
1995). The increase in noradrenaline in these patients may 
be related to the suppression of sympathetic activity by mel-
atonin. Therefore, melatonin levels in the blood of these 
patients (6.5–11.8 pg/mL) were significantly lower than those 
in 10 healthy controls (32.2–42.5 pg/mL) (Brugger et al., 
1995). Additionally, the administration of melatonin (1 mg) 
significantly reduced blood pressure in comparison to the 

Anti-tumor effect
Anti-cardiovascular effect
Anti-bone resorptive effect
Anti-memory disorder

etc.

Radical scavenging function by
melatonin and metabolites

Therapeutic benefits of melatonin 
by receptor-independent action

Melatonin AFMK AMK

Fig. 5. Schematic diagram of therapeutic benefits of melatonin by receptor-independent 
action. Melatonin and its metabolites (AFMK: N1-acetyl-N2-formyl-5-methoxykynuramine; 
AMK: N1-acetyl-5-methoxykynuramine) have some therapeutic effects, such as anti-tumor, 
anti-cardiovascular disease, anti-bone resorption, and anti-memory disorder by radical 
scavenging function.
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placebo (Arangino et al., 1999).
On the other hand, as described above, melatonin inhib-

its osteoclastic activity via the membrane receptor Mel1b. 
Since reactive oxygen species (ROS), such as superoxide 
and hydrogen peroxide, promote bone resorption (Cardinali 
et al., 2003), melatonin suppresses osteoclastic activity 
through its free radical scavenging function. Therefore, we 
hypothesize that melatonin can provide a therapeutic effect 
on osteoporosis by inhibiting bone resorption through both 
receptor-mediated and receptor-independent actions.

Protection against space radiation by melatonin
During space flight, astronauts are constantly exposed to 

radiation, including high linear energy transfer radiation, 
which differs from the radiation on Earth (Takahashi et al., 
2018; Hirayama et al., 2023). The radioprotective effect of 
melatonin is well known, whereby many in vitro and in vivo 
studies have shown that melatonin protects mammalian cells 
from the toxic effects of ionizing radiation (Vijayalaxmi, 2004; 
Farhood et al., 2019; Nuszkiewicz et al., 2020). Here, we con-
sider that melatonin provides a potent protective effect 
against space radiation. However, there have been no previ-
ous studies on this topic. Therefore, we performed a space 
experiment using goldfish scales (Fig. 4) with the ISS to 
determine the radioprotective potential of melatonin during 
space flight (Furusawa et al., 2020). After returning to Earth, 
RNA-sequencing analysis with subsequent de novo tran-
scriptome assembly and computational gene expression 
analysis were performed. Genes coding for heat shock pro-
teins, DNA repair markers, and those involved in the oxida-
tive stress response comprised the majority of the identified 

upregulated genes in response to space radiation (Furusawa 
et al., 2020). Fish scales treated with melatonin counteracted 
the upregulation of those genes in response to space radia-
tion. The effects of melatonin on gene expression are 
expected to enhance cell survival. In our space experiment, 
melatonin improved the expression of genes that support cell 
survival in response to space radiation, such as the anti-
apoptotic bcl-2 gene (Furusawa et al., 2020).

Novel functions of melatonin derivatives
AFMK is endogenously generated from melatonin by 

indoleamine 2,3-dioxygenase or metabolized from melatonin 
by free-radical scavenging action (Tan et al., 2002). This 
metabolized AFMK possesses antioxidative ability in calf thy-
mus, rat liver, and HT22 cells, a subclone of the HT4 hippo-
campal cell line (Tan et al., 2001; Manda et al., 2008). 
Moreover, Tan et al. (2001) showed that AFMK inhibited the 
formation of 8-hydroxydeoxyguanosine induced by the incu-
bation of DNA with oxidants in calf thymus. Lipid peroxidation 
resulting from free radical damage in rat liver homogenates 
was also inhibited by the addition of AFMK (Tan et al., 2001). 
In radiation-induced oxidation, AFMK also suppressed the 
loss of proliferating and immature neurons in the dentate 
gyrus of the brain by inhibiting oxidative stress in mice irradi-
ated with high-LET 56Fe particles (Manda et al., 2008). We 
recently found a novel action of AFMK and AMK regarding 
the enhancement of learning and memory in mice (Iwashita 
et al., 2021). Both AFMK and AMK enhanced long-term 
memory in the object recognition test. Moreover, melatonin 
metabolites serve the same physiological functions as mela-
tonin, which may contribute to the endurance of its effects.

Fig. 6. Evolutionary implications of melatonin. The antioxidant properties of melatonin indicate that this action is extremely important for 
aerobic organisms to remove harmful reactive oxygen species. In Annelida, melatonin signaling regulates circadian swimming by rhythmi-
cally activating cholinergic neurons (Schippers and Nichols, 2014). As a result, circadian regulation occurs in invertebrates. In vertebrates, 
melatonin is mainly secreted from the pineal gland and regulates the circadian and seasonal rhythms systematically via melatonin receptors. 
Due to rhythmical regulation, we believe that several processes of metabolism must be controlled by melatonin in vertebrates.
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EVOLUTIONARY SIGNIFICANCE OF WIDELY 
DISTRIBUTED MELATONIN

Molecular oxygen (O2), a key player in biological evolu-
tion, began rising in the Earth’s atmosphere (the Great 
Oxygenation Event) about 2.5 billion years ago, as a result 
of its continuous release from photosynthetic bacteria, which 
evolved an estimated billion years ago (Luo et al., 2016). The 
rise in atmospheric oxygen has accelerated the evolution of 
organisms based on advancements in metabolism using O2 
(Zhao et al., 2019). Organisms undergoing aerobic metabo-
lism use oxygen as an electron recipient, whereby it accepts 
four electrons and is then reduced to water (H2O). In this 
process, electrons leak from the electron transfer chain, 
leading to the formation of ROS (Tan et al., 2014). It is 
assumed that up to 4–5% of the oxygen consumed by 
organisms in aerobic metabolism is eventually reduced to 
ROS (Tan et al., 2014). High levels of ROS are harmful to 
cells and organisms (Reiter et al., 2017). Melatonin is specu-
lated to have emerged as an antioxidant and free radical 
scavenger in early photosynthetic prokaryotes to reduce the 
oxidative stress induced by ROS (Tan et al., 2014; Zhao et 
al., 2019) (Fig. 6).

In modern organisms, including plants, invertebrates, 
and vertebrates, melatonin is widely distributed (Hattori et 
al., 1995; Schippers and Nichols, 2014; Tan et al., 2014; 
Reiter et al., 2017; Zhao et al., 2019), as shown in Fig. 6. In 
the dinoflagellate Gonyaulax polyedra, the existence of mel-
atonin has been demonstrated using two different methods: 
reverse-phase high-performance liquid chromatography 
and radioimmunoassay (Pöggeler et al., 1991). Reports of 
the presence of melatonin in dinoflagellates led to its discov-
ery in several organisms in the plant kingdom (primitive pho-
tosynthetic bacteria (cyanobacteria), fungi, and land plants) 
(Dubbels et al., 1995; Hardeland et al., 1995; Hattori et al., 
1995; Manchester et al., 1995; Tilden et al., 1997). The 
chemical structure of melatonin has not changed over the 
course of evolution, and the melatonin present in humans is 
identical to that found in cyanobacteria, which have existed 
on Earth for billions of years (Reiter et al., 2017) (Fig. 6). The 
antioxidant properties of melatonin indicate that it is 
extremely important for organisms undergoing aerobic 
metabolism. In Annelida, melatonin signaling regulates cir-
cadian swimming by rhythmically activating cholinergic neu-
rons (Schippers and Nichols, 2014), meaning that circadian 
regulation also occurs in invertebrates (Fig. 6). In verte-
brates, melatonin is secreted from the pineal gland and reg-
ulates circadian and seasonal rhythms systematically via 
melatonin receptors. Therefore, we believe that melatonin 
must regulate multiple metabolisms in vertebrates because 
of its rhythmic regulation.

CONCLUSION

As oxygen concentrations on Earth increased, organ-
isms with aerobic metabolisms emerged. Melatonin is 
thought to have evolved to allow these aerobic organisms to 
eliminate harmful ROS. Therefore, the receptor-independent 
action preceded the receptor-mediated action. Subse-
quently, organisms acquired circadian rhythms, and in ver-
tebrates, pineal gland-secreted melatonin could regulate 
clear diurnal and circadian rhythms of some metabolisms. 

Overall, we conclude that melatonin is an essential hormone 
for the survival of organisms.
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