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In vertebrates, melatonin (N-acetyl-5-methoxy-tryptamine, MEL) is synthesized from
L-tryptophan (L-Trp), primarily in the pineal gland and additionally in several non-pineal
tissues, including enterochromaffin cells of the gastrointestinal tract. The biosynthesis of
MEL in the pinealocytes exhibits a daily rhythm with a nocturnal peak in synchronization
with the dark phase of an environment. However, the temporal pattern of the gut
melatoninergic system in fish is known to be synchronized with one or more non-photic
external cue(s), of which most notable include the components of food and feeding time
in a daily cycle. Experimental findings on the use of L-Trp (5-fold to —8-fold higher with
respect to standard) as a fish food supplement suggest that it has a stimulatory influence
on gut MEL synthesis that ultimately leads to elevated levels of plasma MEL. Several
studies employing MEL as a fish feed additive report variable responses in relation to the
physiological functions of the fish and its doses of application and modes of exposure.
Oral administration of MEL (validated dose in general: 200 mg/kg fish food) causes an
increase in gut MEL concentrations, food intake capacity, and micronutrient selection
ability of fish, as well as enhanced activity of antioxidative enzymes and/or reduced levels
of biological stress markers like plasma cortisol and lactate. The application of MEL with
the doses of 50 and 250 mg/kg fish food to balanced diet results in precious maturation of
gonads, high live sperm rate, and good quality seeds in catfish. A few studies on different
fish groups administered with MEL through tank water reveal a significant increase in the
fecundity rate, percentage of fertilization, and the number of hatched embryos. MEL
injection through intraperitoneal or intramuscular routes also elicits variable responses
in fish. Several studies suggest a major protective role of endogenous MEL against
gastric ulcer induced by pathogenic bacterial infection. Taken together, MEL seems
to be a multipotent physiological candidate involved in the regulation of a variety of
body functions ranging from the synchronization of vital activities with environmental
variables to the timing of reproduction in a changing system, from the acceleration of
body growth to the determination of a pattern of development, and from the reduction
of oxidative stress to the protection against microbial infections. Because aquaculture
aims at substantially improving the quality and quantity of available aquatic resources
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employing convenient, consistent, and commercially exploitable measures, we find the
reasons to suggest that the use of MEL or its precursor L-Trp as a fish food supplement
may open up a new vista of aquaculture and, hence, present this review with an attempt
to present the basic information on this area of interest to justify the hypothesis.

Keywords: aquaculture, melatonin, gut bacteria, tryptophan, reproduction, stress

INTRODUCTION

Multiple natural resources are utilized for the production of
aquatic animals and have become a primary factor on which
the aquaculture relies, and capturing of wild fish has become
a primary source of protein production from sea food sources
(Boyd et al, 2020). Sustainable aquaculture has a primary
goal of supplying farm-based aquatic nutrients continuously in
bringing the sustainable benefit to human without hampering
the existence of ecosystem or overutilization of natural resources
to the extent from where it cannot be recovered. Nowadays,
commonly practiced aquaculture management is exceedingly
engaged with a continuous progress on the optimal usage of
natural resources for the production of nutrients although it lacks
provisions on the aspects of balanced fish growth and fishing
mortality (Costello et al., 2020). Looking at the perspectives on
the magnitude in general trend and growth in the categories of
aquatic cultured animals are prerequisite for an understanding of
the aquaculture diversity. According to the Food and Agriculture
Organization, United Nations (Food Agriculture Organization,
2019), aquatic plants, mollusks, and freshwater fish encompass
about 84% of the aquaculture, and the global aquaculture
production for freshwater fish and for marine fish is 44.66 mt and
is 3.10 mt, respectively.

Reproduction in most fish groups is seasonal, and an
understanding of the wunderlying mechanisms used to
synchronize this periodic event with the cyclic changes in
environmental variables is an important aspect for sustainable
aquaculture (Maitra, 2011). Such a synchronization is required
for setting the spawning period at the most favorable time
of the year for a better survival of the progeny, and vis-a-vis
some predictive mechanisms are also developed in fish by using
environmental cues and photoperiod for an anticipation of the
initiation of gametogenesis at the proper time for the supply
of mature healthy gametes at the time of spawning (Carrillo
et al.,, 1993; Bromage et al., 2001). The supply of “good quality”
gametes is an essential requirement for the sustainable culture
of any species as “poor quality” may decrease the survival
potential of hatched embryos (Tamura et al., 2008; Hasan et al.,
2014). Specific environmental cues stimulate the pineal gland to
secrete a hormone, melatonin (N-acetyl-5-methoxy-tryptamine,
MEL), which plays a significant role in the regulation of diverse
physiological functions, of which most important are seasonality
of reproduction and antioxidative defense in a wide range of
vertebrates, including fish (Falcon et al, 2010; Maitra et al,
2013). The identification of MEL-producing cells and subcellular
localization of different enzymes regulating MEL synthesis are
also well-documented in various tissues (Maitra et al., 2015).

Apart from reproduction, several important physiological
functions are associated with successful aquaculture. MEL, in
addition to its housekeeping effects on rhythmic changes in
different physiological variables, plays a key role in regulating
several body functions in aquatic animals (Maitra, 2011). The
impact of MEL on fish growth and development in association
with digestive physiology are also evident from several studies
(Falcén et al., 2003, 2007, 2010; Pal et al., 2016a; Pal and Maitra,
2018). Several lines of evidence suggest that MEL, along with
its effect on enhancing the digestive enzyme activity in the
gut, has a significant impact on the gut microbiota in fish as
well as in other vertebrates (Yin et al., 2018, 2020; Wang et al.,
2021; Zhang et al., 2021). A fish study by evincing a role of
endogenous MEL in ameliorating microbial infection-induced
pathogenesis implicates MEL in aquaculture against ulcer
causative agents (Pal et al., 2016b). Environmental stressors and
disease susceptibility are the two important aspects, which have
major impacts on sustainable fish aquaculture. Several studies on
fish also demonstrated the role of MEL in regulating the status
and rhythmic functions of immune cells (Cuesta et al., 2007,
2008; Roy et al., 2008; Backelandt et al., 2020). In the case of
fish, external stressor-mediated MEL synthesis and the response
of mealatonin to chronic stress are also known (Conde-Sieira
et al., 2014; Lopez-Patifo et al., 2014; Gesto et al., 2016). Thus,
the significance of MEL as a multipotent physiological candidate
involved in the regulation and maintenance of fish health is
gaining momentum.

In the current state of knowledge, there are reasons to suggest
that food composition, feeding habits, and feeding time may
be the critical factors in aquaculture for the synchronization of
MEL synthesis within the gastrointestinal tissues (Mukherjee and
Maitra, 2018; Pal and Maitra, 2018; Yasmin et al., 2021). It is well-
proclaimed that the poor quality of flesh and poor performance
of fish growth are related to imbalanced food composition in
aquaculture (Maitra, 2011). Thus, an interplay between food
composition and the circadian axis in the regulation of growth,
development, reproduction, and other physiological functions
becomes an important facet of understanding for sustainable
aquaculture (Campos-Mendoza et al., 2004). However, the
emergence of a comprehensive idea depicting the potential use
of MEL and/or its biosynthetic precursor as a component of
fish food for application in aquaculture suffered a major setback
mostly due to the lack of an effort to make the use of available data
for a meaningful outcome. Hence, this review article aims to deal
with existing literature studies on the unique features of MEL,
gathered mostly from fish studies, and to highlight its hitherto
neglected multipotent actions on fish health, which seems to be
important for sustainability in the aquaculture industry.
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UNIQUE FEATURES OF MELATONIN:
SOURCES, BIOSYNTHESIS, AND
REGULATION OF PRODUCTION

Melatonin is primarily synthesized within the pinealocytes of
the pineal gland in a rhythmic manner, having extreme light
sensitivity in its biosynthesis. The duration of the dark phase
in a photoperiodic cycle or an external geophysical cycle is a
key regulator of the nocturnal increase of MEL. This indole
compound was first isolated, purified and characterized from
the extract of bovine pineal gland (Lerner et al., 1958). Further
studies revealed that MEL is also synthesized in several extra-
pineal tissues, viz., retina (Iuvone and Besharse, 1983), gut
(Bubenik, 1986; Maitra et al., 2015), placenta (Iwasaki et al.,
2005), harderian gland (Menendez-Pelaez et al, 1987), and
gonads (Itoh et al, 1999; Hasan et al., 2014). Thus, the
distribution of MEL is ubiquitous. The major source of MEL
is the pineal organ/gland or epiphysis cerebri, which is located
on the roof of diencephalon. In the teleost fish, three distinct
structures constitute the pineal gland: (1) The “end vesicle” is
an elongated and a flattened vesicular body located close to
the cranium. (2) The “pineal stalk” is a structural connection
that connects the “end vesicle” to the brain. (3) “Dorsal sac”
is a saccular structure, which encircles the “pineal stalk” at the
cerebral end (Maitra et al., 2005). In fish, the pineal organ
has both sensory and secretory functions; whereas in higher
vertebrates (as in birds and mammals) it acts as an endocrine
gland (Falcon et al., 2010).

Melatonin, in every tissue, is synthesized from the precursor
molecule known as L-tryptophan (L-Trp) in a four-step pathway.
The rhythmic process of MEL synthesis with respect to the
environmental light-dark (LD) cycle is regulated primarily
by the clock genes of the suprachiasmatic nucleus (SCN)
of hypothalamus. Briefly, the entry of L-Trp into the site
of synthesis from the blood stream and its conversion to
5-hydroxy-tryptophan (5-HTP) are also facilitated by the
action of tryptophan hydroxylase, and the reaction takes place
within the mitochondria (Lovenberg et al., 1967). Then, 5-
HTP in the cytosol acts as a substrate for the enzyme 5-
HTP decarboxylase, which forms 5-hydroxytryptamin (5-HT) or
serotonin (Lovenberg et al., 1962) that is converted to N-acetyl
serotonin by the action of arylalkylamine-N-acetyltransferase
(AANAT) (Voisin et al., 1984), and finally MEL is synthesized by
the enzyme hydroxyindole-O-methyltransferase (HIOMT), also
known as acetylserotonin O-methyltransferase (ASMT) (Axelrod
and Weissbach, 1960) (Figures 1A,B). AANAT is considered as
the rate-limiting enzyme for MEL synthesis (Klein et al., 1997)
and is intricately regulated by the environmental LD cycle (Collin
et al,, 1989). The oscillation in AANAT activity is congruent
with the change in the MEL level and, for this reason, it is
known as “the MEL rhythm generating enzyme” (Klein et al,
1997). MEL synthesis in carp, like other fish species, is dependent
on an external LD cycle and is regulated through the circadian
organization of melatoninergic system (Seth and Maitra, 2010).
Endogenous clock of pineal-driven changes in the AANAT
messenger RNA (mRNA) level is observed in zebra fish (Danio

rerio) and sea bream (Sparus aurata), but not in rainbow trout
(Oncorhynchus mykiss). Thus, it is apparent that the temporal
organization and regulation of AANAT synthesis vary in different
fish species (Bégay et al., 1998; Tigo et al., 2007).

The environmental cues play a central role in the regulation
of MEL production in the pineal organ and other peripheral
tissues in fish (Maitra et al., 2015). Among various environmental
factors, “duration of the solar day” or photoperiod is shown to
be the most important component, which regulates the synthesis
and release of pineal MEL (Falcon et al, 2010). However,
light alone, or in addition to other environmental variables
like temperature, rainfall, and humidity, seems to act as a
synchronizer of MEL biosynthesis. These environmental signals
are transduced by a pineal organ into a neuroendocrine signal in
the form of MEL (Ekstrzm and Meissl, 1997). This indolamine
hormone is synthesized in a rhythmic pattern, and this property
is conserved in all vertebrate species (Migaud et al., 2010; Maitra
et al., 2013). In fish, MEL formation at night and its termination
during the day are strictly regulated by AANAT, which in the
presence of light signal undergoes proteasomal proteolysis (Liu
and Borjigin, 2005). The regulatory mechanism of circadian MEL
production in various fish pineal organs is not identical. It may
act as a light sensitive organ (e.g., rainbow trout O. mykiss) or
a true circadian light-sensitive pacemaker (e.g., pike Esox lucius,
zebra fish D. rerio, and sea bream S. aurata) in fish (Maitra
et al., 2015). The nocturnal rhythmicity of MEL shows three
types of profile, viz., types A, B, and C; which are identified in
different vertebrates, including fish (Falcon et al., 2010; Migaud
et al.,, 2010). In the cases of Atlantic cod (Gadus morhua) and
haddock (Melanogrammus aeglefinus), the MEL level in blood
shows a peak in the late dark phase and this is characterized
as type A profile (Davie et al, 2007). Type B profile shows a
peak in the MEL level at the mid-dark phase as observed in
Nile tilapia, Oreochromis niloticus (Martinez-Chavez et al., 2008),
whereas a rise in the MEL level just after the onset of dark phase
is the character of type C profile, which is found in Atlantic
salmon (Salmo salar), rainbow trout (O. mykiss), Atlantic halibut
(Hippoglossus hippoglossus), and in most teleosts (Falcon et al.,
2010; Migaud et al., 2010).

UBIQUITOUS FUNCTIONS OF MELATONIN
IN VERTEBRATES

In the past few decades, classical physiological approaches are
the commonly undertaking modes of investigation to reveal the
role of the pineal gland and its secreted hormone MEL in the
regulation of a wide range of physiological functions in diverse
groups of animals, including fish. Many of such regulatory
functions exhibit a pattern of circadian and/or seasonal
rhythms, viz.,, food intake, growth, reproduction, migration,
osmoregulation, pigmentation of skin, thermal inclination,
plasma glucose, lipid and sterol contents, etc. (Falcon et al,
2007, 2010; Skold et al., 2008). However, only those physiological
functions of MEL are emphasized, the significance of them has
been unequivocally demonstrated in most of the studied animals.
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FIGURE 1 | (A,B) Melatonin (MEL) is synthesized from amino acid L-tryptophan (L-Trp) within the fish gut epithelial cells. This process includes four steps of enzymatic
reactions. Gut MEL increases the activity of digestive enzymes and helps in the assimilation of food materials. It also abrogates gastric ulcers by activating the
antioxidant defense system. (C) MEL improves fish immune functions by increasing the phagocytic activity of the macrophages, cell-mediated cytotoxicity, markers of
T and B cells, and several immune regulators like interleukin-1 beta (IL-1p), interferon-regulatory factor 1 (IRF-1), and Mx proteins. (D) Further, MEL downregulates the
environmental stressor-induced release of glucocorticoid (GC) from the adrenal through the activation of 5-HT-1A receptor in fish. (E) MEL acts as a potent antioxidant
through increasing the activity of antioxidative enzymes in carp ovary to regulate the spawning.

Regulation of Reproduction

The role of MEL in the regulation of reproduction is one of
the major areas of studies in different vertebrate groups that
received serious attention (Reiter et al., 2009). MEL plays a
central role in the timing of reproductive seasonality by acting as
a neuroendocrine reflection of photoperiod. Reproductive events
in a seasonal breeder are often synchronized with the periodic
changes in one or more environmental components in such a
way that reproduction occurs in the most favorable part of the
year. Most teleosts, which breed at mid and high latitudes, and
evenly a few species at low latitudes, use the information on
the changes in the duration of the solar day or photoperiod,
individually or in combination with water temperature or
other component(s) of the environment, as a “driving force”
to determine the temporal pattern of seasonal reproduction
(Maitra et al., 2015). The processing of light information at
the physiological level, thus seems to be the most important
event that occurs in a neuroendocrine system to coordinate
and/or synchronize different body functions associated with the
seasonality of reproduction (Falcén et al, 2010). Here is the
physiological significance of MEL, which follows the synthesis
in a photosensitive organ, like pineal and retina, and is released
through the circulation to reach the target organs and act on them
through specific G-protein coupled receptors (Chattoraj et al.,
2009). Obviously, the demonstration of MEL receptors in several
tissues and organs, especially gonads in fish, has been a major

breakthrough in understanding the role of MEL in the regulation
of fish reproduction (Chattoraj et al., 2009; Moniruzzaman and
Maitra, 2012). Nonetheless, one of the limitations of existing
knowledge is that most of the studies dealing with the actions of
MEL on the regulatory axis of reproduction have been confined
to the circulatory profiles of endogenous MEL in relation to
reproductive events in an annual cycle, or to the response
mechanism at the target sites to exogenous MEL administration,
leaving the endogenous source of MEL in circulation mostly
undefined. Accordingly, we are compelled to discuss the role
of MEL as a potent indolamine candidate in the regulation of
reproduction using the data on the profiles of MEL in various
organs and in circulation during the different phases of gonadal
growth and development in an annual reproductive cycle, but
more importantly, the data gathered from in vivo and in vitro
studies on the mechanism of response in gonads and their
regulatory axis to exogenous MEL in respective species (Maitra
et al., 2013).

The mechanism of action of MEL in the regulation of
reproduction has been extensively studied in fish and in other
vertebrates. There is possibility that MEL interacts with the
brain-pituitary-gonadal axis, or with one or more of a variety of
peripheral and/or central sites, including the brain, the pituitary
gland, and also on the gonads (Maitra et al., 2013). The hypothesis
that emerged from such studies in common states that the
actions of MEL on the reproductive axis are mediated by an
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interaction with the hypothalamic control of pituitary functions.
The hypothalamo-hypophyseal system in periodic breeders in
general plays a major role in the photoperiodic regulation
of reproduction, where MEL provides temporal information
related to day length and season (Popek et al, 1997). In
fish, the preoptic area (POA) of hypothalamus is known to
integrate the photoperiodic information from different sources
as it receives neural inputs from the retina and the pineal
organ, and hormonal (MEL) input from the pineal organ, and
thereby occupies a pivotal position in the photoneuroendocrine
regulation of reproduction (Maitra and Hasan, 2016). Neurons
from the POA transmit monoaminergic (i.e., dopamine and 5-
HT) and/or peptidergic information to the pituitary gland, which
corresponds to the peptides that reach the neurohypophysis (e.g.,
isotocin, arginine, and vasotocin) or releasing factors that control
the activity of the pituitary cells for the synthesis of a number of
hormones associated with the seasonal growth and development
of gonads. Thus, the effects of MEL on reproductive organs
result from an interaction with the hypothalamic control of the
pituitary function. Moreover, the detection of MEL receptors
(both MT1 and MT2 subtypes) and the display of binding of
125]Mel to tissue sections as well as to membrane preparations in
pike and trout pituitary glands provide evidence that MEL might
modulate neuroendocrine functions by targeting the pituitary
gland itself (Falcon et al., 2003). Thus, it seems to be suggestive
that variably influencing MEL under different experimental
conditions and even in different parts of the reproductive cycle
depends on the type of MEL receptors expressed in the pituitary
glands of the concerned animals (Falcén et al., 2007). Obviously,
MEL is per se neither anti-gonadotrophic nor pro-gonadotrophic,
rather the changing duration of the nocturnal MEL message
is a passive signal that provides the hypothalamic-pituitary-
gonadal axis information as to the time of year (calendar
information; Reiter et al., 2009). The reproductive axis uses the
season-dependent MEL rhythm to adjust testicular and ovarian
physiology accordingly. However, considering hypothalamus as
the highest center of endocrine regulation, a more convincing
explanation for the mechanism of action of MEL on this part of
brain deserves special attention (Maitra et al., 2013).

Synchronization of Rhythmic Body

Functions With the Environment

In all living organisms, MEL acts as an endogenous synchronizer
either in stabilizing the rhythms (circadian) of body functions
or in reinforcing them. Hence, MEL is called a “chronobiotic”
molecule or “hormone of darkness” or “biological night” (Reiter
etal., 2013). It has been demonstrated in mammalian species and
human beings that the exogenous administration of MEL changes
the timing of rhythms by increasing endogenous MEL and
cortisol levels, and this phase shift of MEL depends upon its time
of administration (Scheer and Czeisler, 2005). It phase advances
the circadian clock when given in the evening and the first half
of the night, whereas circadian rhythms in the second half of the
night or at early daytime are phase delayed. The magnitude of
phase advance or phase delay depends on the doses of MEL. Thus,
a practical definition of MEL would be “a substance that adjusts

the timing of internal biological rhythms” or more specifically
“a substance that adjusts the timing of the central biological
clock” as a chronological pacemaker or “zeitgeber” (time cue) as
a calendar function though the appropriate zeitgeber circadian
oscillators are found in every organ and indeed in every cell of
the body (Arendt and Skene, 2005).

Regulation of Behavior and Brain

Functions

The pineal gland promotes a homeostatic equilibrium through
MEL and acts as a “tranquilizing organ” in stabilizing the
electrical activity of the central nervous system. The classic
endogenous or non-seasonal depression is characterized by sleep
disorder, appetite suppression, weight loss, and an advanced
onset of nocturnal MEL release, which starts in the spring
and persists through the summer or through the winter during
the period of light-phase shortening. Similar phenomena are
associated with individuals having low nocturnal MEL levels
and major neuronal disorders (Srinivasan et al., 2006). MEL
secretion is shown to be wavelength dependent as the exposure
to monochromatic light at 460 nm produced a 2-fold greater
circadian phase delay. These results are further confirmed by
measuring brain serotonin and tryptophan levels, which rise after
MEL administration and are directly linked with an array of
neuropsychiatric phenomena. Collectively, these findings suggest
that appropriate exogenous MEL administration can restore
neurological disorders with a direct impact on the general health
of aged animals (Cardinali, 2019).

Scavenger of Free Radicals

Due to its lipophilic nature, melatonin crosses all morphological
and physical barriers or a hematoencephalic barrier (blood-brain
barrier (BBB), placenta) and reaches all tissues of the body within
a very short period of time. As a result, MEL exhibits antioxidant
effects and performs a very important receptor-independent
metabolic function, i.e., a multifaceted scavenger of free radicals
(Maitra and Hasan, 2016). The antioxidant effects of MEL have
been well-described and included both direct and indirect effects
with equal efficiency in multiple sites (nucleus, cytosol, and
membranes) of the cell. It detoxifies a variety of free radicals
and reactivates oxygen intermediates, including the hydroxyl
radical/hydrogen peroxide, peroxy radicals, peroxynitrite anion,
singlet oxygen, nitric oxide (NO), and lipid peroxidation
(Tamura et al., 2008). Compared to vitamins C and E, MEL
is a more potent antioxidant (Tan, 1993). The antioxidant
property of MEL is shared by the two major metabolites
of MEL, namely, N'-acetyl-N2-formyl-5-methoxykynuramine
(AFMK) and with a considerably higher efficacy, N'-acetyl-
5-methoxykynuramine (AMK). A broad-spectrum antioxidant
activity of MEL also includes an indirect effect by upregulating
several antioxidative enzymes and downregulating pro-oxidant
enzymes in general, and 5- and 12-lipo-oxygenases, glutathione
peroxidase (GPx), glutathione reductase, glucose-6-phospahte
dehydogenase, superoxide dismutase (SOD), catalase (CAT), and
NO synthases in particular (Reiter et al., 2013; Olcese, 2020).
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Modulation of Immune Function

Melatonin is known to act as an immunomodulator in the
regulation of the development, differentiation, and functions of
lymphoid tissues. In rodents, postnatal pinealectomy suppresses
immunity and thymic atrophy, whereas exogenous MEL
treatment increases a cell-mediated immune function by
increasing natural killer cell (NK cell) activity (Ma et al., 2020).
The nocturnal rise in blood MEL levels is associated with the
increased production of interleukin IL-1, IL-2, IL-6, and IL-
12; thymosin la, thymulin, and tumor necrosis factor-alpha
(Carrillo-Vico et al., 2006). MEL acts on immunocompetent
cells (monocytes, B lymphocytes, natural killer lymphocytes, T-
helper lymphocytes, and cytotoxic T lymphocytes) through MT1
and retinoid Z receptor (RZR)/RAR-related orphan receptor
alpha (RORa) orphan nuclear receptor family and enhances
cytokine production/secretions, cell proliferation, or oncostasis
(Liu et al., 2001). In B lymphocytes, MEL binds to the orphan
receptors to downregulate the gene expression of 5-lipoxygenase,
which is an important enzyme in several inflammatory diseases.
Thus, MEL and the immune system are linked by a complex
bidirectional communication. The immune system, in turn,
seems to reciprocally regulate pineal functions, mainly via
cytokines produced by an activation of immune cells and depends
on age, sex, and species (Carrillo-Vico et al., 2006). The exact
mechanisms involved in autoimmune diseases are as yet largely
unknown and need further study.

IMPLICATIONS OF MELATONIN ON FISH
IN AQUACULTURE

Considering multipotent physiological actions of MEL, recent
studies especially on different commercially important fish
groups have opened up a new possibility for the application
of most convenient and reliable measures for the manipulation
of endogenous MEL levels, so as to elicit the desirable
physiological response, which may be of considerable interest
in aquaculture. Obviously, the manipulation of light conditions
in the environment is considered as a classical tool for altering
the circulating MEL milieu in the concerned fish. However, the
employment of such measures has certain limitations in field
studies. Therefore, a search for an alternative has been imperative
for aquaculture purposes and, as a result, several attempts are
made to augment endogenous MEL concentrations in the gut and
thereto the circulation by using different dietary supplements.

FISH FEED FORMULATION FOR THE
PRODUCTION OF ENDOGENOUS GUT
MELATONIN

Two primarily important enzymes involved in a MEL
biosynthetic pathway, namely AANAT and ASMT, are found
in the gastrointestinal tissues of fish (Devi et al., 2016). The
gene expression analysis revealed that aanat mRNA is detected
in the gastrointestinal tissues of goldfish (Velarde et al., 2010),
European sea bass (Paulin et al., 2015), tropical carp (Devi
et al., 2016), rainbow trout (Munoz-Pérez et al., 2016), and

three-spined stickleback (Kulczykowska et al, 2017), and
using the Western blot technique gut AANAT protein is
also identified in freshwater carp (Mukherjee et al, 2014).
Endogenous MEL synthesis from its precursor tryptophan in
fish gut is well-established by various researchers. Dietary L-Trp
supplementation in variable amounts with conventional fish
meal has been shown to modulate the synthesis of MEL from
digestive tissues (Yasmin et al., 2021). In the juvenile rainbow
trout (O. mykiss), the administration of 3.57 g L-Trp/kg of dry
feed paste (8-fold with respect to standard) for 7 days increased
plasma MEL and plasma cortisol levels (stress marker) and
is reduced after stress exposure (Lepage et al., 2005). In this
experiment, in vitro incubation of digestive tissues of rainbow
trout with graded concentration of L-Trp (0, 50, or 100 pg/ml
of culture media; up to 24 h) also induces the synthesis of MEL
from respective tissues at a higher dose (Lepage et al., 2005).
This result is explained by an experiment on European sea bass
after supplemented with two times of higher concentration of
L-Trp, i.e., 5g L-Trp/kg of mashed dry feed for 7 days (Herrero
et al,, 2007). Dietary supplementation of L-Trp at a dose of 4.2 g
L-Trp/kg of dry feed (L-Trp is mixed with the final form of fish
feed paste consisting of 35% fish meal, 28% mustard oil cake,
28% rice bran, 2% each sunflower and cod liver oil, and 5%
carboxymethyl cellulose and multivitamin-multimineral tablets)
in five times higher than standard for 7 days also heightened the
synthesis of MEL from the digestive tissue in carp Catla catla
(Mukherjee and Maitra, 2018). However, the increased levels
of AANAT and MEL in the gut are sustained for about 12h
after the supply of an L-Trp-rich diet, and the highest amplitude
of gut variables are found in the case of daytime food supply.
Serum MEL concentration is also increased and sustained for
about 12 h after the supply of an L-Trp-rich diet in a day, so this
result clearly indicates that gut MEL has a positive correlation
with the MEL pool in circulation (Mukherjee and Maitra, 2018).
Interestingly, supplementing the fish with a high L-Trp-rich
diet during night can cause a significant decrease in gut MEL
synthesis as compared to day time due to a negative feedback
loop regulated by food intake capacity (Mukherjee and Maitra,
2018). However, due to the lack of appropriate experimental
studies, the question whether the gut MEL response to a
particular dosage regimen of L-Trp-rich diet would vary with the
feeding habit of the concerned fish, or more specifically among
the carnivores, herbivores, and omnivores, remains unresolved
and thereby warrants further study.

The application of L-Trp to fish diet is indeed a well-
studied indirect method to increase MEL levels in gastric
tissues. However, MEL is also used directly with fish meal as
a feed additive (Conde-Sieira et al., 2014) to demonstrate its
physiological impact. Apart from the composition of the fish
food, feeding time and its frequency are also found to be major
influencing factors on the diverse rhythmic pattern of MEL
synthesis and AANAT expression in fish gut. Daily food supply
at a fixed or randomly selected single time point can cause
heightened MEL synthesis from the gut after 2-4 h of meal intake
in freshwater carp (Mukherjee et al., 2014). In another study, carp
C. catla starved (8 days) and refed (2-16 days) observed that, with
the progression of starvation, the level of gut MEL and AANAT
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increases (higher mesor and amplitude) (Mukherjee and Maitra,
2015). However, refeeding is followed by a steady increase in the
level of gut MEL up to 16 days after the first 2 days of experiment
(Mukherjee and Maitra, 2015). Further, when fish received food
at fixed two times in a day, a rhythmic pattern in the synthesis of
gut MEL and the expression of AANAT are either disturbed (Devi
etal., 2016) or peaked at night within a 24-h LD cycle (Choi et al.,
2016). Rhythmicity in MEL synthesis and AANAT expression
are unrecognizable when fish meals are given at fixed single
time and kept unfed for several days and daily rhythmicity has
been observed in case of prolonged starvation (Pal and Maitra,
2018). In zebra fish (D. rerio), altered timing of food supply (at
night) for 30 days observed the rhythmic expression of core clock
genes in the gut, irrespective of feeding time, which concludes
that feeding cycle controls the gut MEL production (Mondal
et al,, 2021) (Table 1). Therefore, the timing of food supply and
cycle of feeding have been shown to act as a zeitgeber (Sanchez-
Vazquez et al., 1997) in the modulation of the rhythmicity of MEL
synthesis from a digestive tract (Figure 1A). Existing information
provide persuasive evidence that the supply of foods containing
MEL or promoting its synthesis by influencing the availability
of tryptophan, as well those containing vitamins and minerals,
which generally acts as cofactors and activators in the synthesis
of MEL, may modulate the diurnal profiles of MEL (Peuhkuri
etal,, 2012). Collectively, tryptophan-rich diet and the regulation
in feeding time can be a factor to induce MEL synthesis from the
gastrointestinal tissue, which is ultimately released into blood and
contributes to the total pool of free MEL in the circulation (Pal
et al., 2016a; Mukherjee and Maitra, 2018). However, it is not yet
clear whether the effectiveness of MEL added to the diets would
depend on the before- or post-challenge test and thus should
remain as an interesting area of future research.

Application of Melatonin in the Regulation
of Fish Growth

Photoperiod and food availability act synergistically in the
feeding behavior of various organisms. Various studies
demonstrated that the seasonal pattern of these variables
on which fish growth rely varies in accordance with the
day length (Boeuf and Falcon, 2001). Normal growth and
development of fish larvae require light intensity at a minimal
threshold. Furthermore, in salmonoid and other marine fish
species, photoperiodic manipulations, like long days in diurnal
fish, stimulate growth process. Food intake, pattern of digestion,
and processes of growth are associated with the specific thythm
of behavior, and certainly pineal hormone MEL might have a key
role on this aspect (Porter et al., 1999; Mayer, 2000; Zhdanova
et al., 2001; Piccinetti et al., 2013). Both short photoperiod and
intraperitoneal MEL administration (25 and 50 pg/fish) for 21
and 34 (or 38) days accelerate postexposure growth and weight
in Carassius auratus (de Vlaming, 1980). Additionally, in vitro
culture of trout pituitary gland with physiologically relevant
concentration of MEL, viz., 107!2, 1071, and 1078 M for 12h
increase the release of growth hormone and sustainably inhibit
prolactin release (Falcon et al., 2003). Thus, it is evident that the
antagonistic interaction of these two hormones promotes fish

growth. In rainbow trout, MEL at different concentrations (0.04
and 0.2 g/kg food) is mixed with the final form of commercial
food paste, then dried at 37°C for 24h, and applied as fish
feed for 0.5, 1, 2, 4, and 6h (Conde-Sieira et al., 2014). Such
a study clearly demonstrates that MEL increases “food intake
capacity;,” an indication of fish growth and reduces the stress
markers like cortisol and lactate in plasma in a dose- and
time-dependent manner. In another experiment, MEL was
used at the doses of 0.1, 0.5, and 2.5 mg/kg body weight within
the gelatin capsule with either carbohydrate, or protein, or fat
and supplied in the tank as food of finfish European sea bass
for 60 min (Dicentrarchus labrax) (Rubio et al., 2004); which
significantly modulates the pattern of macronutrient selection
(Table 1). Collectively, exogenous- and/or tryptophan-derived
endogenous gut MEL may have some impacts on growth and
developmental processes by modulating pituitary hormones
(Table 2).

Influences of Melatonin on the Physiology

of Digestion in Fish

Intestinal MEL receptors have been reported in the gut of various
animals, including mice and humans (Bubenik et al., 1993),
and MEL is thought to exert luminal, as well as, endocrine
and/or, autocrine/paracrine mode of actions in the gut epithelium
(Bubenik, 2008; Pal and Maitra, 2018). In fish gut cells, elevation
in the postprandial MEL synthesis is made to occur by increased
AANAT activity and intracellular signaling molecules (Pal et al.,
2016b) which in turn regulates the transportation of ions and
electrolytes through the adjustment of water content in the fecal
matter (Bubenik and Pang, 1994; Lee et al., 1995). MEL can
also have an impact on the relaxation of the smooth muscle of
digestive tract as it inhibits the contraction of smooth muscles
through preprandial and postprandial motility of the stomach,
ileum, and colon in isolated rat intestine (Bubenik, 1986), and
also by specifically inhibiting nicotinic channels or serotonin
actions in gastric fundus of rat (Storr et al., 2000). A study
suggests that MEL supplementation (1 pmol 17! to 0.1 mmol
171) in culture media containing the isolated intestine of goldfish
(C. auratus) for 15min can facilitate the process of digestion
and nutrient assimilation through extending the “food transit
time” (Velarde et al., 2009) by lowering the power of gut
motility through the AANAT-mediated acetylation of potent
motility factors, serotonin, and dopamine (Nisembaum et al.,
2013). The acetylated forms are non-functional in inducing
the motility of the gut (Figure 1A). MEL also stimulates the
activities of digestive enzymes and can also synchronize the
digestive process with food intake in carp (Pal et al, 2016a;
Pal and Maitra, 2018). Apart from digestive enzymes, MEL also
facilitates the synthesis of hormones and peptides related to
gastrointestinal physiology, viz., leptin, ghrelin, and peptide YY
(Aydin et al., 2008; Taheri et al., 2019). MEL-mediated regulation
of appetite and hydrochloric acid secretion from parietal cells are
operated by mucosal cell-derived bicarbonate, which can lessen
the ulcerative complications in the gut (Sjoblom and Flemstrom,
2003).
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TABLE 1 | Use of melatonin (directly or its precursor L-Trp) as fish feed additive in different experimental model animals and its effects on various physiological functions

are well-described.

Experimental Experimental Feeding regime Duration of Physiological effects Reference(s)
Paradigm organism exposure
Food composition Finfish European sea Melatonin is used within 60 min Melatonin helps in the modulation of Rubio et al., 2004
bass (Dicentrarchus the gelatin capsule at a macronutrient selection within gut
labrax) concentrations of 0.1,
0.5, and 2.5 mg/kg
body weight
Juvenile rainbow trout 3.57 g L-Trp /kg of dry 7 days Circulatory melatonin level is elevated Lepage et al.,
(Oncorhynchus mykiss) feed (8-fold with at daytime and the level of cortisol is 2005
respect to standard) reduced after stress exposure
Fresh water Carp (Catla 4.29 L-Trp / kg of dry 7 days L-Trp rich diet significantly increased Mukherjee and
catla) feed (5-fold with the synthesis of melatonin from gut Maitra, 2018
respect to standard) tissue and leading to an advance
peak in serum
Juvenile rainbow trout 0, 50, or 100 pg Upto 24h Enhanced production and Lepage et al.,
(Oncorhynchus mykiss) L-Trp/ml of culture subsequent release of melatonin from 2005
media containing gut gut tissues
tissue
Rainbow trout 0.04 and 0.2 g of 0.5,1,2,4,and Melatonin helps to increase the “food Conde-Sieira
(Oncorhynchus mykiss) melatonin mixed with 6h intake” capacity and decreases the etal., 2014

Feeding time

Feeding frequency

Common carp (Catla
catla)

Carp (Catla catla)

Goldfish (Carassius
auratus)

Tropical carp (Catla
catla)

Zebrafish (Danio rerio)

Carp (Catla catla)

per kg of commercial
food pellet

Daily standard food
supply at a fixed or
randomly selected
single time point
Starved and re-fed

(a) Starved (2-8 days)
(b) Starved (8 days) and
re-fed (2-16 days) at
the same time respect
to control

Daily standard food
supply at two fixed time
points

Daily standard food
supply at two fixed time
points

Altered timing of food
(at night) for 30 days

Food given at four
different time points in
a day for 7 days

stress markers like blood cortisol and
lactate in a dose and time dependent
manner

- Melatonin synthesis is up-regulated Mukherijee et al.,
from the gut after 2-4 h of meal intake 2014

(a) Progression of starvation
increased level of AANAT as well as
gut melatonin

(b) Re-feeding followed by a
steady-increase up to 16 days from
the 3rd day of experiment

Mukherjee and
Maitra, 2015

- Gut melatonin level reached its peak Choi et al., 2016

at night within 24 h of light-dark cycle

- Rhythmic pattern of gut melatonin Deviet al., 2016
synthesis and AANAT expression are

altered

- Feeding cycle controls the gut Mondal et al.,
melatonin production by regulating 2021
the core clock genes

- Gut melatonin (mesor and amplitude)
and AANAT level are increased

Mukherjee and
Maitra, 2015

Additionally, how “feeding time” and its “frequency of application” act as synchronizer in melatonin synthesis in gut is also summarized from available research data.

Impact of Melatonin on Microbiota in Fish

Gut

Experimental studies on the influences of MEL on the gut
microbial dynamics have so far been limited mostly to
mammalian species, and the reports from piscine studies are
scanty. Until recently, a direct impact of MEL-formulated fish
feed on the gut microbial dynamics and their physiological
implications remained unknown. Just like the supplementary
information, it may be noted that in zebra fish (D. rerio)
larvae, the infection of Lactobacillus rhamnosus enhances the
transcription of melatonin receptor 1 (MT1R) ba and bb, as
well as the expression of MT1R protein, and these effects are

the same due to the influences of continuous darkness on
the same fish, suggesting a possible involvement of MEL in
such a process (Lutfi et al., 2021). A relation between the LD
cycle and gut microbial dynamics has been sought in a piscine
representative tambaqui (Colossoma macropomum) (Fortes-Silva
et al, 2016). In this study, lower nocturnal percentage of
Gram-positive (24%) and Gram-negative cocci (38%) as well
as Gram-positive (42%) and Gram-negative (44%) Bacillus are
observed relative to their respective diurnal values. In glyphosate-
treated Chinese mitten crab (Eriocheir sinensis), the supply
of MEL (80 mg/kg food) as a supplement to the standard
feed for 14 days significantly increases the relative abundance
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TABLE 2 | Some critical findings on melatonin in the regulation of various physiological functions of both freshwater and marinewater fish at a glance: why melatonin can
be incorporated in fish diet in sustainable aquaculture?

Physiological Species Exogenous Tested Route of Duration Observed effects of melatonin Reference(s)
processes /Endogenous Dose(s) exposure of
melatonin exposure
Regulation of Goldfish (Carassius in vivo: 25 and 50 Intraperitoneal 21 and 34 Short photoperiod and exogenous de Vlaming,
growth auratus) exogenous ng/fish injection (or 38) melatonin accelerated growth and 1980
melatonin days post weight gain
administration exposure
Rainbow trout in vitro: 10712, Culture media Upto 12h Growth hormone level is increased Falcon et al.,
(Onchorhynchusmykiss) ~ exogenous 10719, and containing and the release of prolactin is 2003
melatonin 1078 M pituitary gland decreased
administration
Regulation of Goldfish (Carassius in vitro: 1 pmol I~ Culture media ~ 15min Study suggests that melatonin can Velarde et al.,
digestive auratus) exogenous 10 0.1 containing facilitate the process of digestion and 2009
physiology melatonin mmol I~ isolated nutrient assimilation through
administration intestine extending the “food transit time”
Juvenile carp (Catla Endogenous - - - Melatonin stimulates the activities of Pal et al.,
catla) melatonin digestive enzymes (amylase, 2016a; Pal
cellulose, protease, lipase) and this and Maitra,
can synchronize the digestive 2018
processes with food intake
Regulation of Juvenile carp (Catla Endogenous - - - Melatonin abrogates gastric ulcers Pal et al.,
gut catla) melatonin induced by pathogenic bacteria 2016b
microbiota after oral Aeromonas hydrophila by activating
incubation (for the digestive enzymes as well as
3 or 6 days) enzymatic and non-enzymatic
of pathogenic antioxidants in carp
bacteria,
Aeromonas
hydrophila
Zebrafish (Danio rerio) in vivo: 1M Administration 14 days Improves metabolism and normal gut Zhang et al.,
exogenous in filtered tank microbial homeostasis and restores 2021
melatonin water neurotransmitter release
administration
Regulation of European sea bass Natural - - - In these two animals, activity of the Esteban
immune (Dicentrarchus labrax) photoperiod serum lysozyme is increased to its et al., 2006
functions and gilthead seabream maximum activity at the onset of dark
(Sparus aurata L.) phase and decreased during light
phase (circadian rhythmicity in an
inter-specific manner)
Gilthead seabream in vitro: 20 pM to Culture media 30, 180, or  “Respiratory burst activity” is Cuesta et al.,
(Sparus aurata L.) and exogenous 400 pM containing 300 min increased by melatonin in dose 2007
European sea bass melatonin leucocytes dependent manner
(Dicentrarchus labrax administration from head
L) kidney
Gilthead seabream in vivo: 1or10 Intraperitoneal 1, 3, and 7 Exogenous melatonin administration Cuesta et al.,
(Sparus aurata L.) exogenous mg/kg fish injection days stimulated phagocytic, peroxidase, 2008
melatonin body cell mediated cytotoxic activities and
administration  weight also increased the gene expression of
IL-1B, IRF 1, Mx, and MHC in head
kidney of gilthead seabream
Freshwater fish Channa  in vitro: 10712, Media with 1h Melatonin regulates the phagocytic Roy et al.,
punctatus exogenous 10-1, phagocytic activity of isolated macrophages 2008
melatonin 10719, cells from through its receptor and PKA
administration 1079, and spleen pathway
10-8 mol/l
Pike perch (Sander Photoperiodic - - 1,37, and Plasma melatonin significantly Baekelandt
lucioperca) manipulations 70 days up-regulated innate immune markers et al., 2020
(Continued)
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TABLE 2 | Continued

Physiological Species Exogenous Tested Route of Duration Observed effects of melatonin Reference(s)
processes /Endogenous  Dose(s) exposure of
melatonin exposure
Regulation of Rainbow trout in vivo: 0.04 and Oral 0.5,1,2, Abrogated chronic stress-induced Conde-Sieira
stress (Onchorhynchusmykiss) ~ exogenous 0.2 g/kg administration 4,and 6h effects like plasma cortisol and lactate et al., 2014
response melatonin food with food elevation
administration
Marine flatfish, Solea in vivo: 100nM Into fish tank 30min Administration of melatonin effectively Gesto et al.,
senegalensis exogenous water reduced stress intensity induced by 2016
melatonin short term chasing as well as
administration environmental stress-induced crh
mRNA
Nile tilapia in vivo: 50 and Orally 50 days Melatonin reduced silver Veisi et al.,
(Oreochromis niloticus) €ex0genous 200 mg /kg nanoparticles-induced oxidative 2021
melatonin fish food stress in liver by stimulating
administration  granules antioxidative enzymes
Regulation of Major female carp in vitro: 50, 100, or ~ M199 culture 2 h before, Prior administration of melatonin in Chattoraj
reproductive (Labeo rohita and exogenous 500 pg/ml media co- oocyte culture medium increased et al., 2005
functions Cyprinus carpio) melatonin containing administration maturational competence in
administration denuded and 2h MIH-induced carp oocytes
mature after of
oocytes maturation
inducing
hormone
(MIH)
administration
Male Carp (Catla catla) in vivo: 25, 50, or Intramuscular 15 and 30 Response of melatonin is Bhattacharya
exogenous 100 injection consecutive  reproductive phase dependent. It et al., 2007
melatonin ng/100g days causes early mature of testis during
administration body preparatory phase and antigonadal
wt/day effects during pre-spawning and
spawning phase.
Female Zebrafish in vivo: 100nM Into tank 10 days Melatonin played a critical role in Carnevali
(Danio rerio) exogenous and 1 pM water oocyte competence and maturation et al., 2011
melatonin by regulating the transcription of two
administration important genes (mpra and mprp)
Freshwater female carp Endogenous - - - Melatonin reduced the oxidative Hasan et al.,
(Catla catla) melatonin stress during oocyte growth and 2014
maturation by the activation of
antioxidative enzymes in an annual
cycle
Male Catfish (Clarias in vivo: 50 and Into tank 8 weeks Higher dose of melatonin induced Aripin et al.,
macrocephalus) exogenous 250 mg/kg water; twice precious maturation as more 2015
melatonin fish daily spermatozoa is found within the testis
administration balanced than control one. Interestingly,
diet melatonin also increased the
gonadosomatic index, live sperm rate
and lowered the sperm abnormality
rate.
(Continued)
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TABLE 2 | Continued

Physiological Species Exogenous Tested Route of Duration Observed effects of melatonin Reference(s)
processes /Endogenous  Dose(s) exposure of
melatonin exposure
Freshwater female carp in vivo: 25 Intramuscular Single Melatonin pre-treatment of sGnRH, Moniruzzaman
(Catla catla) exogenous ng/100g injection injection of for the induction of carp oocytes, et al., 2016
melatonin body melatonin accelerated its maturation through
administration  weight along with the formation of
primary maturation-promoting factor (MPF)
dose (0.15 (cyclin B-Cdk1 complex) and
ml/kg body  activation of antioxidative enzymes
weight), or
booster
dose (0.35
ml/kg body
weight), or
2 h before
the primary
dose, or
2h
after the
booster
dose of
ovaprim
(sGnRH
and
domperidone)
Freshwater female carp Endogenous - - - Melatonin significantly lowered 178-E, ~ Hasan et al.,
(Catla catla) melatonin and vitellogenin (VTG) level in the liver 2016
Female carp (Catla in vivo: 100 Intramuscular 15 days Melatonin reduced the free radicals Mondal et al.,
catla) exogenous ng/100g injection during oocyte growth and maturation 2017
melatonin body by activating the antioxidative
administration weight/day enzymes in an annual cycle
Effects on Female zebrafish in vivo: 100nM Into tank 10 days Significantly increased the number of Carnevali
indices of (Danio rerio) exogenous and 1uM water ovulated eggs when after pairing with etal., 2010
reproductive melatonin control males
potential administration
Female zebrafish in vivo: 100nM Into tank 10 days FT-IR analysis of oocytes showed Giorgini et al.,
(Danio rerio) exogenous and 1puM water higher number of classes Il 2012
melatonin (vitellogenic follicles) and class IV
administration (maturational follicles) along with
increased /hr mRNA expression as
well as increased plasma vitellogenin
Female Killifish in vivo: 100nM Into tank 8 days Significant increased the mean value Lombardo
(Fundulus heteroclitus) ex0genous and 1uM water of spawned eggs (fecundity rate) and etal, 2012
melatonin survival rate of embryo
administration
Male and Female in vivo: 1M Tank water 8 days The number of daily spawned eggs Lombardo
Killifish (Fundulus eX0genous and hatched embryo are increased by et al., 2014
heteroclitus) melatonin 30 and 20%, respectively; VSL, VCL,
administration VAP, and BCF-r are also elevated
Male paddlefish in vitro: 0.1,0.5,1, Sperm Upto72h Maintains mitochondrial membrane Gao et al.,
(Polyodon spathula) exogenous and 5puM storage potential, ATP content and inhibits 2019
melatonin solution ROS generation
administration
Male cyprinid fish in vitro: 0.01, 0.1, Semen 2h Melatonin seems to protect against Ozgr et al.,
(Capoeta trutta) exogenous and 1mM sample the TiO2-NP induced decrease in 2020
melatonin solution with VCL, VAP, and ALH values and
administration TiO2-NP (10 increase sperm quality
mg/L)
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and Shannon index of Proteobacteria and Bacteroidete along
with an enhanced activity of amylase, lipase, and trypsin in
the gut (Song et al., 2020). Further, in zebra fish (D. rerio),
1M MEL administration in filtered tank water for 14 days
improves metabolism and normal gut microbial homeostasis,
and restores neurotransmitter release (Zhang et al, 2021).
Bacillus, Lactobacillus, and Escherichia coli constitute the major
microbial populations in fish gut and significantly improve
various physiological activities during the rearing of fish in
aquaculture practice (Carnevali et al., 2004; Hasan and Banerjee,
2020). However, substantial evidences in favor of a functional
relationship between the profiles of MEL and these microbes in
the fish gut are still not available in the literature studies, and
thereby, the role of MEL in the regulation of gastrointestinal
microbe populations in fish remains as an important area of
future research.

In freshwater carp (C. catla), the involvement of gut
melatoninergic system on pathophysiological alterations induced
by oral incubation of pathogenic bacteria Aeromonas hydrophila
(consecutively for 3 or 6 days) is reported (Pal et al.,, 2016b).
Infection arbitrated morphological alterations includes the
degeneration of lamina propria and tunica mucosa, associated
with the disintegration of epithelial cells, and reduced goblet
cell population and concomitant reduced activity of digestive
enzymes are also observed under the progression of the infection
(Table 2). This type of intestinal damage can lead to reduced
growth performance as observed in a different study on the
replacement of fishmeal with soybean meal, leading to the
development of damaged intestinal mucosa in the orange-
spotted group (Epinephelus coioides; Wang et al., 2017). Altered
gut morphology and heightened gut inflammation (increased
level of pro-inflammatory cytokines) are also found to be
associated with reduced gut functionality and digestivity in case
of Japanese sea bass (Lateolabrax japonicas; Zhang et al., 2018).
Interestingly, with the progression of microbial infection and
increasing gut damage, serum, and the gut MEL level as well
as the gut AANAT level are found to be higher (Pal et al,
2016a). Moreover, the increased level of gut MEL with the
development of infection is well-corroborated with the amplified
antioxidative enzyme activity (SOD, CAT, and GPx) in the said
experiment (Figure 2). Gastric ulcers are primarily induced by
the pathogen containing ingested food particles and generated
oxidative stress within the luminal epithelium, and MEL
abrogates these effects by activating the antioxidative defense
system (Konturek et al., 2011; Pal et al., 2016a). Very recent
evidence in mammals also supported the results obtained from
different experiments on fish that exogenous MEL improves the
digestive physiology after microbial infection (Yin et al., 2020).
However, there is a scarcity of detailed information regarding
the relationships between MEL and microbial infection in case of
fish gut.

Influences of Melatonin in Modulation of

Fish Immunity
Innovative technology based on improved knowledge regarding
the biological aspects of farmed fish allowed the development

of species-specific fish feed, which results into large-scale fish
production and ultimately the whole process to be affected by the
exposure to stressors, deteriorating environmental conditions,
and spreading of disease (Balcazar et al., 2006). This has become
a major challenge in large-scale fish production to control the
spreading of diseases among the cultured fish, thus, in present
aquaculture practices, the elucidation of fish immune system and
modulators that can improve the immune defense mechanisms of
fish are the important factors that are to be considered the most.

In vertebrates, endocrine and nervous systems interact
synergistically with the immune system, and unarguably
immune responses also involve rhythmic patterns (circadian
and circannual). In birds and mammals, it is evident that MEL
interacts with immune system due to a correlation in circadian
and seasonal alterations in an immune function with MEL
production and is significantly altered by pinealectomy (Esteban
et al.,, 2013). In case of the exposure of two major marine finfish,
European sea bass (D. labrax) and gilthead sea bream (S. aurata
L.), to constant LD photoperiod and temperature, immunological
parameters shows circadian rhythmicity, which is correlated
with the rhythmic pattern of daily MEL level (Esteban et al,
2006). In these two species, the activity of the serum lysozyme
also showed circadian rhythmicity in an interspecific manner,
increased to its maximum level of activity at the onset of the
dark phase, and decreased during the light phase. Complement
system activation status is found to be relatively similar in these
two species, shows higher during light hours, and shows a
lower level of activation during dark hours. There is a potential
interaction of environmental stress producers with the function
of immune system, size of lymphatic organ, and occurrence
of disease (Nelson and Demas, 1996), and the seasonality of
the stressor also affects the competence and response of the
immune system and disease prevalence in vertebrates (Bowden
et al., 2007). Immune defense is considered as an effective factor
for promoting better physiological conditions and improved
survival rate in fish (Nelson and Demas, 1996). Further studies
revealed that circadian rhythmicity in immune function is
modulated by photoperiod and by MEL (Esteban et al., 2013).
The organization of the immune system in fish is strikingly
interesting as it is devoid of bone marrow and lymph nodes
(Manning, 1998). In fish, the primary lymphoid tissues for the
production and development of B lymphocytes is the head
kidney (pronephros) also known as lympho-haematopoietic
tissue, whereas T lymphocytes are developed and matured in
the thymus (Baekelandt et al., 2020). Spleen is considered as the
secondary lymphoid organ in fish, and the scattered leucocyte
populations in gills [gill-associated lymphoid tissue (GIALT)],
skin [skin-associated lymphoid tissue (SALT)], and gut [gut-
associated lymphoid tissue (GALT)] constitute the mucosal-
associated lymphoid tissue (MALT) (Salinas, 2015; Baekelandt
et al., 2020). There is a scarcity of information regarding the
interaction of MEL with cellular and humoral factors of the fish
immune system. In vivo MEL exposure (1 or 10 mg/kg fish body
weight) intraperitoneally to gilthead sea bream (S. aurata L.) for
1, 3, and 7 days significantly heightened phagocytic, peroxidase,
cell-mediated cytotoxic activities and upregulated interleukin-
1 beta (IL-1P), interferon-regulatory factor 1 (IRF-1), Mx, and
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FIGURE 2 | Oral administration of bacteria Aeromonas hydrophila in carp Catla catla induces gastric ulcer, and reduces the activities of several digestive enzymes. By
the progression of the infection, the gut MEL level is significantly increased due to high arylalkylamine-N-acetyltransferase (AANAT) enzyme activity and this is related
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major histocompatibility complex (MHC) genes as well as the
marker proteins of B and T lymphocytes in head kidney cells in
a dose- and time-dependent manner up to 7 days postexposure
(Cuesta et al., 2008) (Figure 1C). Immune cell populations like
lymphocytes, macrophages, and other granulocytes perform a
cytotoxic activity analogous to the more specialized cells like
NK cells performing the same function as in mammals under
the innate immune system. However, the isolated leucocytes
from the head kidney of Gilthead sea bream (S. aurata L.) and
European sea bass (D. labrax L.) are incubated with physiological
and pharmacological doses (low and high doses, respectively) of
MEL (20 pM to 400 pM for 30, 180, or 300 min) and showed
that, at the physiological level, MEL did not alter the response
of an innate immune system but a higher pharmacological dose
increased respiratory burst activity in sea bass (Cuesta et al,
2007). These observations provide the information regarding the
interaction of MEL with an innate immune system of finfish, and
further studies need to be performed regarding this particular
aspect in a mechanistic approach. Phagocytic activity of the
spleen of a freshwater fish Channa punctatus showed diurnal
rhythmicity with the highest activity during the light phase,
and interestingly exogenous MEL can inhibit this rhythmic
pattern (Roy et al., 2008). This study also revealed that the
administration of luzindol, which is a MEL receptor (cell surface)
antagonist, altered the effect of MEL (107'2, 101, 10710, 1072,
and 10~® mol/l) in the inhibition of phagocytic activity of the

isolated macrophages from the spleen (Roy et al., 2008). This
inhibitory effect of MEL is operated through a pathway that
involves adenylate cyclase (AC) and protein kinase A (PKA) by
which MEL causes the inhibition of the phagocytic activity in
C. punctatus (Roy et al., 2008). Very recently, in the case of
pike perch (Sander lucioperca), a significant correlation between
plasma MEL with innate immune markers has been explored
(Baekelandt et al., 2020) (Table 2). Thus, the interpretations from
different studies collectively supported that MEL can be used to
modulate and improve fish immunity and resistance to certain
pathogens in aquaculture.

Melatonin in the Physiological Regulation

of Stress in Fish

Various environmental stress factors have a major impact
on fish physiology and are mainly related to temperature
elevation, organic or inorganic pollutants, etc. In aquaculture,
routine husbandry includes some other important factors,
sometimes comes from human interferences like feeding,
handling, social interactions, and stocking conditions (Deane and
Woo, 2009; Sanchez et al., 2009). Stress factors can influence
the melatoninergic pathway in the pineal gland, and different
studies have also reported on these aspects in both in vivo and
in vitro conditions (Ceinos et al., 2008; Kulczykowska et al.,
2018). In case of fish, pineal MEL shows sensitivity toward
various environmental stressors in a stress and species-specific
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manner. The increased level of MEL at night in the pineal gland
and blood plasma are reported in case of rainbow trout after
transferring in isosmotic and hyperosmotic conditions from their
initial freshwater adaptive condition both in short- and long-
term treatment (Lopez-Patifio et al.,, 2011). This result is well-
corroborated with the increased amount of pineal aanat2 mRNA
and AANAT2 enzyme activity in hypertonic conditions and
suggested that external salinity induces MEL synthesis in rainbow
trout (Lopez-Patifo et al, 2014). High stocking density and
chasing disrupts MEL rhythm by reducing serotonin level, aanat2
mRNA and AANAT?2 enzyme activity in pineal at night (Lopez-
Patifio et al., 2014). Stress response in fish is physiologically
mediated by the synergistic actions of hypothalamus-pituitary-
interrenal (HPI) tissues and brain (hypothalamus)-sympathetic-
chromaffin (HSC) tissues in response to stressors (Barton, 2002).
A few studies indicated that in the case of alleviated stress
response, MEL might have some crucial roles in teleosts, which
involves two neuroendocrine axes mentioned earlier. In case of
rainbow trout, oral MEL administration through food (0.04 and
0.2 g/kg mashed food) or through dissolving in water (10 wM)
abrogates chronic stress-induced effects like plasma cortisol and
lactate elevation, reduced food intake, and decreased activity of
digestive enzymes (Conde-Sieira et al., 2014). Low dose (100 nM)
administration of MEL effectively reduced stress intensity
induced by short-term chasing in Solea senegalensis (Gesto et al.,
2016). A very recent study by Veisi et al. (2021) demonstrated
that the application of MEL (50 and 200mg /kg dry food)
through fish food granules for 50 days significantly reduced silver
nanoparticles-induced oxidative stress in the liver by stimulating
the redox sensitive enzymes in Nile tilapia (O. niloticus) (Veisi
et al., 2021). In fish, the response to acute and chronic stress as
well as social stress, neuroendocrine responses are supposed to
be activated by the brain serotonergic system (Gesto et al., 2015;
Backstrom and Winberg, 2017). Immediately after acquaintance
to the stressor, serotonergic function is increased, which affects
hypothalamus and telencephalon through serotonergic neuronal
endings (Gesto et al.,, 2015). The stimulation of HPI axis by
serotonin occurs at hypothalamus-POA through an increasing in
the release of corticotropin releasing hormone (CRH), which in
turn activates downstream glucocorticoid (GC) stress response
(Barton, 2002; Backstrom and Winberg, 2017) (Table 2). It is
found that environmental stress-induced increased cri mRNA
expression is declined by MEL administration, suggesting a
possible cross talk between MEL with CRH secreting neurons
present in POA of hypothalamus in marine flatfish S. senegalensis
(Gesto et al., 2016). The scarcity of information regarding the
underlying mechanism of action behind the interaction of MEL
and serotonin level in the brain but it is evident in case of
Gulf toadfish that, in response to crowding stress, increases in
crh mRNA and ACTH involve 5-HT1A-like receptors (Medeiros
et al, 2014; Sanchez-Vizquez et al., 2019) and this receptor
is also involved in the modulation of a HPI axis in Arctic
charr (Salvelinus alpinus; Hoglund et al., 2002) (Figure 1D).
However, further studies are required for the elucidation of
the mechanisms by which dietary tryptophan-derived gut MEL
modulates the physiology of stress induced by environmental
stressors in fish.

Melatonin as a Pivotal Candidate in the

Regulation of Fish Reproduction

Reproduction in fish is primarily under the intricate regulation
of neuroendocrine and endocrine axis as well as autocrine and/or
paracrine actions of some growth factors, and this endogenous
circuit is further regulated by the environmental factors (Maitra
etal,, 2015) like temperature, photoperiod, rainfall to synchronize
oocyte development, and timely release of mature gametes to
ensure maximal rate of external fertilization. In these respects,
a large number of studies on diverse groups of fish have
contributed largely to provide persuasive evidence suggesting
that MEL indeed plays a pivotal role in the regulation of
reproduction in fish.

Role of Endogenous Melatonin in the Regulation of
Female Reproduction

The pineal organ, the lateral eyes and the SCNs act as circadian
oscillators as well as sensors to regulate the synchronization
between environment and annual reproductive cycle (Reiter
et al., 2013), which is also evident in fish (Garcia-Allegue et al.,
2001; Tigo et al., 2006). Evidence on the interaction of MEL
with the reproductive axis of an animal is insufficient although
a few carefully controlled studies in recent past provide the
information on the direct or indirect interaction of MEL with the
reproductive physiology as it can regulate reproduction through
a hypothalamo-pituitary axis, through modulating the action of
sex steroids on meiotic resumption and more interestingly, it can
have also a role on ovarian pathophysiology over a reproductive
cycle by acting as a free radical scavenger (Tamura et al., 2008).
The study on ovarian MEL rhythmicity and its action on seasonal
reproduction is a major concern in aquaculture. Research on
ovarian MEL was restricted only in mammalian ovary (Rénnberg
et al,, 1990) but in the case of carp, it has been evident recently
and its temporal pattern during a reproductive cycle is also
enlightened for the first time (Hasan et al., 2014).

Interestingly, in carp, diurnal rhythmicity of MEL varies
in relation to the annual reproductive phase, i.e., it shows
type A profile in the preparatory phase, and the rest of
the phases in an annual cycle show type B profile (Maitra
et al,, 2005). This rhythmic change of plasma MEL is closely
correlated with the different female sex hormones in fish (Maitra
et al., 2013). A recent study showed that in carp C. calta,
the peak value of seasonal serum MEL is negative correlated
with the peak value of plasma 178-E; and 17a, 20B-diOH-
progesterone [maturation-inducing steroid (MIS)] (Hasan et al,,
2016). The result clearly indicated a functional interplay between
MEL and ovarian steroids during the temporal regulation of
oocyte growth in an annual reproductive cycle. In fish, gonadal
growth and development throughout an annual breeding cycle
occur sequentially and are further subdivided into different
phases having distinct ovarian and germ cell profiles: (a)
the preparatory phase, (b) the pre-spawning phase, (c) the
spawning phase, and (d) the post-spawning phase (Maitra
et al., 2005). Previous studies showed that pinealectomy results
into various observations on reproductive effects: the sexual
maturation is accelerated in Heteropneustes fossilis (Joy and Agha,
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1989) and C. punctatus (Joy and Khan, 1991). Pinealectomy
during the growth phase (more specifically, vitellogenesis) causes
ovarian steroidogenic dysfunction and decreased plasma 178-E,
level (Popek et al., 1997). In Gasterosteus aculeatus, Astyanax
mexicanus, Fundulus heteroclitus, and C. auratus, pinealectomy
did not show any such effects (Lal and Singh, 1995) (Table 2).
Further observations were made through pinealectomy in
relation to environmental photothermal conditions. It showed
that pinealectomy stimulates gonadal development in fish
exposed to short photoperiod, whereas the opposite effect is
observed in case of long-day exposed fish. Likewise, in catfish,
pinealectomy in the preparatory phase accelerated ovarian
recrudescence under a long photoperiod, was ineffective under
a short photoperiod and was also ineffecive during pre-spawning
and post-spawning under either of the photoperiodic condition
(long or short).

Role of Exogenous Melatonin in the Regulation of
Female Reproduction

Effects on Ovarian Growth and Development

Melatonin when administered exogenously showed pro-gonadal,
anti-gonadal, or no effects, that depends upon the annual
reproductive cycle of a fish. Daily injection of exogenous MEL
(for 15 or 30 days) caused the appearance of yolky stage-II
oocytes in the ovary of fish during the preparatory phase of
an annual reproductive cycle (precocious growth of the ovary
and thus may be considered as the pro-gonadal effect of MEL;
Maitra et al., 2005). In C. catla, exogenously administered MEL
accelerated oocyte growth during the preparatory phase in spite
of a decrease in the number of stage-II and stage-IIT oocytes
during the pre-spawning and spawning phase, respectively, and
further, no significant changes were observed during the post-
spawning phase (Maitra et al., 2005). Pro-gonadal effects of
exogenous MEL are observed in catfish (Singh and Lal, 1994),
whereas the studies on some tropical fish, H. fossilis (Sundararaj
and Keshavanath, 1976; Joy and Agha, 1991), Mystus tengara
(Saxena and Anand, 1977), and Clarias batrachus (Singh and
Lal, 1994) showed that MEL reduced 17a-hydroxyprogesterone
level and vitellogenesis with increased follicular atresia, and these
effects depend upon the photoperiod, reproductive phase, dose,
and duration of the treatment. Further studies demonstrated that
fish hepatic MEL concentration is negatively correlated with 17p-
E, as well as vitellogenin (VTG) protein in both the serum and
liver of tropical carp C. catla (Hasan et al., 2016) (Figure 3).

Effects on Oocyte Maturation

An in vitro study demonstrated for the first time that MEL locally
acts on the ovary and accelerates the action of MIS-induced
oocyte maturation through the formation of a maturation-
promoting factor (MPF). This extra-hypothalamic action of MEL
has become established after the localization and dynamics of
a 37- kDa melatonin receptor protein (MT1R) in fish oocytes
(Chattoraj et al., 2009) (Figure 3). In vitro administration of
exogenous MEL at the doses of 50, 100, or 500 pg/ml in an oocyte
incubation medium at 2 h before, co-administration, and 2 h after
the administration of MIS can increase maturational competence
in MIS-induced carp oocyte (Chattoraj et al., 2005). In zebra fish,

it is reported that MEL (100nM and 1 M) in tank water for
10 days plays a critical role in seasonal reproduction through
the activation of kisspeptin, which induces the production of a
gonadotropin-releasing hormone (GnRH), and by acting directly
on the gonads that regulate the transcription of two important
genes (mpra and mprf) whose proteins are involved in oocyte
competence and maturation (Carnevali et al., 2011). Likewise, a
study on killifish (Lombardo et al., 2012) provides evidence that
endogenously synthesized or exogenously added MEL acts on
steroidogenesis by regulating steroidogenic enzyme activities in
theca and granulosa cells of the ovary (Hasan et al., 2016; Mondal
etal., 2017).

Effects of Melatonin on Synthetic GnRH-Induced

Oocyte Maturation

Observations on the amelioration potential of MEL pre-
treatment on the induction of synthetic GnRH along with
domperidone- (ovaprim-) mediated oocyte maturation in
carp C. catla has been made in a study to evaluate MEL
concentration and activity of different antioxidative enzymes
in the ovary and to attempt conforming the documentation
of the same observation during the spawning phase under
natural photothermal conditions (Moniruzzaman et al., 2016).
In this study on carp, the pre-treatment (2h before) of MEL
(25 pg/100 g body weight) before ovaprim administration leads
to MPF formation [complex of cyclin B and cyclin-dependent
kinase 1 (Cdkl)] and ensued the shortest latency and a higher
rate of ovulation. However, the administration of exogenous
MEL significantly reduced intraovarian oxidative stress by
elevating antioxidative enzyme activity as well as non-enzymatic
antioxidant level in the ovary regardless of the schedule of
administration. Nevertheless, pre-treatment with MT1R blocker,
luzindol, does not induce these effects, which clearly indicates
that MEL pre-treatment augments the ovaprim action on
oocyte maturation as well as improving antioxidative milieu
in preovulatory oocyte, leading to the formation of improved
quality of oocytes (Moniruzzaman et al., 2016) (Table 2). Thus, it
seems rational to suggest that dietary MEL supplement may have
an impact on final oocyte maturation and high-quality oocyte
formation under natural photothermal condition, so it can be
practiced as a hormonal tool in case of induced breeding.

Role of Melatonin in the Regulation of Male
Reproduction

Existing literature studies on the influence of MEL in the
regulation of annual gonadal events (male and female) are
primarily based on the observations regarding the response of the
gonad after pinealectomy and/or exogenously administered MEL
and are often fragmentary studies with certain contradictions. In
vertebrates, the expression of genes involved in MEL biosynthesis
and further activities (the synthesis of proteins) are well-studied
in the ovary (Coelho et al, 2015; He et al, 2016) and a
daily variation in ovarian MEL level has also been observed
(Khan et al., 2016). Nonetheless, information regarding the gene
expression pattern of testicular MEL synthesizing enzymes as
well as its daily and/or seasonal variation is scarce. In a very
recent study, testicular MEL synthesizing parameters like mRNA
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FIGURE 3 | Potential involvement of MEL in the regulation of fish oogenesis. Ovarian follicles synthesize 178-E,, which acts via membrane bound G-protein-coupled
estrogen receptor 1 (GPER) and increases intra-oocyte cAMP level to inhibit oocyte maturation. A shift in steroidogenesis is governed by maturation-inducing steroid
(MIS), which acts on oocyte via Membrane progestin receptor (mPR) to regulate germinal vesicle breakdown (GVBD). MEL is thought to exert its action through
melatonin receptor 1 (MT1R) to regulate oocyte maturation. MEL has also a negative role in synthesizing vitellogenin (VTG) protein from carp hepatocyte, but direct

expression and tissue-specific immunohistochemical localization
of AANAT and ASMT along with serum and testicular MEL
concentration has well-documented in the case of zebra fish in
a 24-h LD cycle (Devi et al, 2021). In this experiment, end-
point PCR, agarose gel electrophoresis showed a gene specific to
single band, and quantitative reverse transcription- (RT-) PCR
showed a gene-specific single peak, collectively indicating that
MEL biosynthesizing genes are expressed in zebra fish testis
and immunohistochemical study further confirmed the testicular
distribution of AANAT and ASMT proteins. Interestingly, the
mRNA expression pattern of Aanatl, Aanat2, and Tphl showed

rhythmicity while arrhythmic pattern was observed for Asmt.
At noon, there is higher concentration of MEL observed in
testis compared to serum MEL but both the concentration are
similar at midnight. These data collectively revealed that there
is a potential involvement of possible existence of MEL to
regulate the testicular function in an autocrine and/or a paracrine
manner (Devi et al, 2021). Intramuscular injection of MEL
at graded doses (25, 50, or 100 g/100g body wt/day) for 15
and 30 consecutive days determines the influence of MEL in
the regulation of annual events in a testicular cycle in carp C.
catla (Bhattacharya et al., 2007). The study also includes the
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functional involvement of endogenous MEL in the regulation
of annual testicular events by manipulating normal light/dark
cycle (continuous darkness, DD; or continuous light, LL) for
30 days, and the experimental paradigm is kept constant in
different reproductive phases. In this study, an identical testicular
response is observed for exogenous MEL administration (at
a dose of 100 pg for 30 days) and continuous darkness (for
30 days) in each reproductive period, however, remarkably, in
these two groups precociously mature testis is found during the
preparatory phase; in contrast to pre-spawning and spawning
phases where the testicular function is reduced. This is the first
ever study providing information regarding the role of MEL in
the regulation of annual testicular events in a surface dweller,
subtropical fish C. catla (Bhattacharya et al., 2007). Dietary MEL
supplement at doses of 50 or 250 mg/kg balanced fish food
(final form) mix to male brood stock (first puberty stage) for 8
weeks is used in a study to investigate the impact of exogenously
supplied MEL on testis maturational study (gonadosomatic
index, histological analysis and microscopic study of testis,
live sperm rate, concentration and kinetic parameters, sperm
abnormality, and level of testosterone) in walking catfish, Clarias
macrocephalus (Aripin et al,, 2015). The study revealed that
mean gonadosomatic index, live sperm rate, and progressive
motility are increased at the dose of 250 mg/kg fish food of MEL.
Additionally, the results also showed that mature spermatozoa
are more prevalent than immature spermatogonium due to the
administration of MEL (higher dose) than the control group
of fish. Reduced sperm abnormality with enhanced testicular
maturation by MEL treatment in male brood stock indicated that
MEL improves the quality of male seeds (Aripin et al., 2015).

Mechanism of Actions of Melatonin in the Regulation
of Reproduction

Receptor-Mediated Action of Melatonin as a Hormone

In mammalian reproductive organs, the identification of MEL
binding sites (Woo et al, 2001) raised the possibility of the
receptor-mediated action of this hormone on the gonads.
Radiolabeled techniques demonstrated the presence of three
different types of MEL receptors, namely, MT1, MT2, and Mellc
(Dubocovich et al., 2000). A previous study on fish suggested
that MEL treatment and pinealectomy regulate the process of
vitellogenesis in the liver through its receptors followed by its
active incorporation into the developing oocytes (Mazurais et al.,
2000). In teleosts, the detection of MT1 (Mella) receptor protein
on both the membrane and cytosolic fractions of the isolated
oocytes supported the conjecture that MEL may have a direct
action on oocyte maturation (Chattoraj et al., 2009; Maitra
et al,, 2013). Another study on the same carp also revealed that
photoperiodic manipulation regulates ovarian functions using
the interactions between the plasma profiles of MEL and its MT1
and MT2 receptors in the ovary (Moniruzzaman and Maitra,
2012).

Receptor-Independent Actions of Melatonin as

an Antioxidant

An elevation in oxidative stress is observed during oocyte
maturation, and ovulation as free radicals is generated in a

large amount (Tamura et al., 2008). The development of oocyte
requires the synthesis of steroids actively, which is accompanied
by the generation of free radicals, e.g., reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (Valenzuela et al.,
2015) that can lead to the acceleration of oocyte aging and
production of low-quality seeds (Olcese, 2020). However, MEL
acts as a scavenger of free radicals (Tan, 1993), which reduces
free radical-induced damages and improves the quality of oocytes
(Reiter et al., 2013). MEL can also enhance the activity of
antioxidative enzymes in ovarian follicles, like SOD, CAT, and
GPx, and non-enzymatic antioxidants are also enhanced by the
action of MEL (Maitra and Hasan, 2016). In carp, it has been
reported that the ovarian malondialdehyde (MDA) (a marker of
intracellular oxidative stress) level exhibited a seasonal variation
such as very high during the post-spawning season and low
during the spawning phase in an annual cycle, and this pattern
has a negative correlation with the level of ovarian MEL. This data
suggested that MEL reduces the generated oxidative stress in the
ovary by enhancing the activities of SOD, CAT, and GPx during
oocyte growth and maturation (Hasan et al., 2014) (Figure 1E).
A very recent study on carp also demonstrated that hepatic
MEL acts as a potent antioxidant by increasing the antioxidative
enzymes and glutathione level for the reduction of ROS in an
annual ovarian cycle (Hasan et al., 2020). As MEL is a lipophilic
molecule, so the possibility of MEL incorporation within the
ovary from the gut through circulation after L-Trp metabolism
may not be ruled out as AANAT protein is not detected in carp
ovary (Hasan et al., 2014; Pal et al,, 2016a) to regulate oocyte
growth and maturation.

Efficacy of Melatonin on Egg and Sperm Quality,
Fertilization Potential, and Fecundity Indices

This section summarizes the role of MEL on fertility, fecundity,
and sperm quality in fish. In zebra fish (D. rerio), the effects of
MEL on female fecundity is assessed by taking the two different
concentrations 100nM and 1 uM for 10 days in a semi-static
condition (Carnevali et al., 2010). Fecundity is assessed in this
study by measuring the number of ovulated eggs in both the
treatment. It is observed that in both the treatment groups, MEL
significantly increased the number of ovulated eggs in females
after pairing with control males. Moreover, the expression of
Cox2A gene (in class IIIb oocytes) is positively correlated with
the increased rate of fecundity in both the treatment groups
(Carnevali et al., 2010). Fourier-transform infrared spectroscopy
(FT-IR) analysis of oocytes from MEL treated (100nM and
1uM for 10 days) zebra fish (D. rerio) results into a higher
number of classes III (vitellogenic follicles) and IV (maturational
follicles), increased [hr mRNA expression and increased plasma
VTG (Giorgini et al., 2012), and this provides a molecular basis
on the influence of MEL on zebra fish fecundity. In killifish
or mummichog, F. heteroclitus, the two doses of MEL (100 nM
and 1 M) are used to study the impact of this treatment
on fecundity, rate of hatching, embryo survival through
biochemical, molecular, and vibrational studies (Lombardo et al.,
2012). After 8 days of treatment, a significant increase in the
mean value of spawned eggs (fecundity rate) and the survival rate
of embryo are found to be higher in fish treated with 1 pM MEL,
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whereas embryo hatching rate is not significantly improved after
either of the MEL treatment (Lombardo et al., 2012). In vitro
maturational study on postvitellogenic prematurational follicles
reveals MEL (100 pg/ml) co-administration with maturational
steroid has the highest maturation potential compared to control
(Lombardo et al., 2012). Further, MEL-mediated modulation of
neuroendocrine axis in the regulation of reproduction in killifish,
F. heteroclitus, is revealed by a 30% increase in the number
of daily spawned eggs and a 20% increase in the number of
hatched embryo in case of MEL treated group with respect
to the untreated group (Lombardo et al, 2014). Exogenous
MEL administration also improved the oocyte quality in carp
C. catla by reducing the oxidative stress (Moniruzzaman et al.,
2016; Mondal et al,, 2017). Further analysis reveals that the
administration of MEL to male killifish increased the percentage
of total spermatozoa (motile) and rapid spermatozoa. The level
of straight-line (VSL), curvilinear (VCL), and average path
velocities (VAP), and beat cross frequency (BCF-r) are found
to be significantly higher, whereas the unaltered amplitude of
lateral head displacement in case of rapid sperm (ALH-r) is
observed in the MEL treated group (Lombardo et al., 2014),
further indicating the efficacy of MEL to produce a high-
quality sperm. The protective effects of MEL are also evaluated
against titanium dioxide nanoparticles (TiO,-NP) toxicity in wild
Capoeta trutta (male) (Ozgiir et al.,, 2020). TiO,-NP (10 mg/l)
treatment decreases 79% VSL value with that of control, and MEL
(0.1 mM) supplementation along with TiO,-NP increase this
value by 77%. Moreover, 1 mM MEL improves 72% of VCL value
with respect to the group treated with TiO,-NP. MEL seems to
protect against the TiO,-NP-induced decrease in VAP and ALH
values, and thereby argue in favor of a positive impact of MEL
on the quality of sperm (Ozgiir et al., 2020). MEL supplement
(0.5uM) is also found to improve sperm quality in paddlefish
(Polyodon spathula) during storage as it maintains mitochondrial
membrane potential, ATP content, and inhibits ROS generation
(Gao et al., 2019).

CONCLUSION

The gathered information so far indicates that food composition
is one of the most vital environmental cues, which regulate
MEL synthesis in the gastrointestinal tract. Thus, worldwide
contemporary research is now mainly focused on the role of
MEL as a fish food additive on various physiological aspects
dealing with the improvement of growth and reproduction to act
as a critical synchronizer in aquaculture. Several studies clearly
suggested that the dietary intake of MEL or its precursor L-Trp
results in an increase in the gut MEL production in rainbow
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