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Abstract: Melatonin is a pineal indolamine, allegedly known as a circadian rhythm regulator, and an
antioxidative and immunomodulatory molecule. In both experimental and clinical trials, melatonin
has been shown to have positive effects in various pathologies, as a modulator of important biochem-
ical pathways including inflammation, oxidative stress, cell injury, apoptosis, and energy metabolism.
The gut represents one of melatonin’s most abundant extra pineal sources, with a 400-times-higher
concentration than the pineal gland. The importance of the gut microbial community—namely,
the gut microbiota, in multiple critical functions of the organism— has been extensively studied
throughout time, and its imbalance has been associated with a variety of human pathologies. Recent
studies highlight a possible gut microbiota-modulating role of melatonin, with possible implications
for the treatment of these pathologies. Consequently, melatonin might prove to be a valuable and
versatile therapeutic agent, as it is well known to elicit positive functions on the microbiota in many
dysbiosis-associated conditions, such as inflammatory bowel disease, chronodisruption-induced
dysbiosis, obesity, and neuropsychiatric disorders. This review intends to lay the basis for a deeper
comprehension of melatonin, gut microbiota, and host-health subtle interactions.

Keywords: melatonin; antioxidant; circadian rhythm; microbiota—gut-brain axis; dysbiosis;
inflammatory bowel disease; chronodisruption; obesity; COVID-19

1. Introduction

Melatonin (MT), also known as N-acetyl-5-methoxytryptamine, is conventionally
synthetized in the pineal gland through an enzymatic pathway from L-Tryptophan—its
first acknowledged function being that of a circadian rhythm regulator. The pattern of its
secretion influences a variety of body functions, including temperature, sleep/wake cycle,
cortisol secretion, blood pressure, cell proliferation, and immune system activity [1]. MT
was first isolated by Lerner in 1958 from a bovine pineal gland extract [2]. Ever since, the
published literature agreed on attributing multiple roles to MT. Exogenous MT has also
been researched as a potential treatment for a variety of medical and surgical conditions,
with positive findings [3-5]. Moreover, no studies have indicated any serious adverse
effects of MT, making this indolamine a safe and effective therapeutic strategy [6].
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MT exerts its activity both through receptor-mediated mechanisms and directly as
a redox modulator [7]. Its high lipophilicity enables it to act through direct mechanisms
as an oxidative stress radical scavenger, while the presence of MT receptors outside the
central nervous system mediates its functions in multiple organs, as previously described
in detail by Chitimus et al. [8]. Moreover, MT-synthesizing enzymes have been detected in
extra-pineal tissues including the skin, liver, immune system cells, placenta, reproductive
tract, and endothelial cells [9,10]. Some authors suggest that MT may be present in the
mitochondria of virtually all normal cells [11].

Recent studies described the presence of MT in the cells of the gastrointestinal tract
(GIT) [12] as well as in every compartment (lumen, mucosa, and muscularis) and segment,
from the esophagus to the rectum of the GIT [13-15]. MT functions in the gut are not
completely elucidated, but available data support its role in immunity, gastrointestinal (GI)
secretion, and intestinal motility [16].

The gut microbiota represents the complex collective community of microorganisms
residing in the intestine that coexist with the host in an intricate symbiosis. Intestinal
bacteria roles have been extensively studied over the past few years, where their optimal
abundance and diversity have been associated with a healthy host. Additionally, various
pathologies are linked to gut microbiota disruption, known as dysbiosis [17,18].

Major interactions have been identified between the gut microbiota and melatonin,
where enteric communities contribute to the biotransformation and metabolism of trypto-
phan to serotonin and eventually to melatonin [19], while this indolamine has been shown
to have a beneficial effect on intestinal barrier function and microbial communities [20,21].

The rising incidence of dysbiosis-associated pathologies [22] increases a need for
new safe and effective therapeutic strategies. In this context, the melatonin—-microbiome
relationship may be harnessed to develop a novel therapeutic approach. This review
has two aims: first, to summarize the melatonin—microbiome interplay and cumulative
modulatory effects on the intestinal barrier integrity and function, and second, to support
MT as a versatile therapeutic tool in gut dysbiosis-linked conditions.

2. Melatonin in the Gut

The idea of extra-pineal MT production was considered after the melatonin-synthesizing
enzymes arylalkylamine-N-acetyltransferase (AANAT) and ASMT were discovered in the
gut [23,24]. Using immunohistochemistry and radioimmunoassay techniques, Bubenik and
collaborators mapped the distribution of MT throughout the rat GIT, identifying higher
levels in the duodenum, which tended to decline through the remaining small intestine
before rising again toward the rectum [13]. However, a couple of years later, the same author
identified different MT levels in the rat GIT, with the peak tissue concentration in the ileum
and jejunum, followed by the colon and stomach [25]. Despite the apparent inconsistency
within these studies, MT presence in the gut is undisputed. Moreover, MT and its binding
sites were also found in the GIT of prenatal and postnatal vertebrates ranging from fish to
birds, as well as a variety of mammalian species, including humans [13,15,25-30].

The GIT is a major source of MT synthesis independent of pineal production. Accord-
ing to rodent studies, pinealectomy does not influence the intestinal MT concentrations [25].
At least 400 times more MT is present in the gut than in the pineal gland, and 10 to 100 times
more than in plasma [28]. In pinealectomized rats, the administration of L-tryptophan (Trp),
melatonin’s precursor, enhanced serum levels of MT, strongly supporting MT synthesis in
the GIT [31]. In contrast to the well-established pattern of secretion in the pineal gland, no
photoperiodic cyclical secretion of MT has been observed in the gut [16], but was rather
correlated to the periodicity of food intake [12].

2.1. Synthesis in the GIT

Since both the enzymes responsible for MT’s synthesis and immunoreactivity for MT
were found in the serotonin-rich enterochromaffin cells (ECs) of Lieberkuhn’s crypts, they
are responsible for the intestinal production described below [12,32,33].
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In the gut, MT synthesis includes a pathway similar to its synthesis in the pineal gland,
requiring the presence of its necessary precursor Trp. This molecule is an essential amino
acid, supplied only through the dietary intake of certain foods such as white meat and
dairy derivatives [34].

Trp is first converted to 5-hydroxytryptophan (5-HTP), which is then decarboxylated
into 5-hydroxytryptamine (5-HT/serotonin) by an enzyme called aromatic amino acid
decarboxylase. Trp is used in the human gut to produce 95% of the body’s serotonin, which
regulates intestinal motility, gut absorption and secretion processes, and local vasomotricity,
and is not able to cross the blood-brain barrier [35,36]. The limiting-rate enzyme AANAT
then converts 5-HT into N-acetyl 5-HT, and ultimately, the ASMT enzyme produces MT,
which is then released into the bloodstream (Figure 1) [19]. Besides the conversion to MT,
Trp undergoes two additional metabolic pathways in the gut. The kynurenine pathway,
the way for removing excess Trp, has end-products of kynurenic acid, an NMDA-receptor
antagonist; and quinolinic acid, an NMDA-receptor agonist and precursor for NAD-niacin
antioxidants [37,38]. The other pathway includes the direct degradation of Trp by colonic
bacteria to numerous indole derivatives, including indole, indole-3-propionic acid (IPA),
and so on [39]. The increased Trp metabolism on any of the other two pathways in the
gut or a low-Trp diet reduces the availability of this molecule for 5-HT, and thus, for
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Figure 1. Melatonin biosynthesis in the enterochromaffin cells in the gut (arrows indicate the direction
of the reactions). The synthesis starts with L-Tryptophan (Trp), which is first hydroxylated to
5-hydroxytryptophan, followed by decarboxylation to 5-hydroxytryptamine (5-HT/serotonin). The
rate-limiting enzyme AANAT converts 5-HT into N-acetyl 5-HT in the following step, and then the
ASMT enzyme finishes the synthesis with MT production. After synthesis, melatonin is released
in the bloodstream or the gut lumen and exerts local and systemic effects. Tryptophan-enriched
diets (e.g., white meat, dairy) or melatonin-enriched diets (e.g., fish, eggs, nuts) can increase the
gut production and concentration of melatonin. SCFAs can stimulate the enterochromaffin cells
to synthesize serotonin, thus, increasing melatonin’s abundance in the gut. Abbreviations: T5H,
tryptophan 5-hydroxylase; SHTDC, 5-hydroxy-tryptophan decarboxylase; AANAT, arylalkylamine-
N-acetyl transferase; ASMT, N-acetylserotonin O-methyltransferase; SCFAs, short-chain fatty acids.

Intestinal MT concentrations depend on food intake, peaking at 2-3 h after eating, and
on dietary composition, with rich-Trp diets enhancing the MT synthesis independent of
the light-dark cycle [19]. Of note, the consumption of foods containing MT (e.g., fish, eggs,
nuts) can lead to considerable increases in the serum level of this indolamine [40].
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2.2. Receptor Expression in the Gut

The GIT is the largest source of enzymes for MT production, also displaying a high
expression of its receptors [25]. Some of its physiological effects are mediated by the
activation of specific membrane receptors, classified as MT1, MT2, and MT3, present
throughout the GIT, from the esophagus to the colon [16].

MT1 and MT2 receptors belong to the G-protein-coupled receptor family and share a
seven-transmembrane structure. However, they activate completely different intracellular
signaling pathways [41]. The G proteins that mediate the inhibition of adenylate cyclase
and the activation of phospholipase C beta are connected to the MT1 receptor. On the other
hand, MT2 interacts with the synthesis of phosphoinositol, inhibition of adenylate cyclase,
and inhibition of the soluble guanylate cyclase pathways [42-44]. MT3 is an enzyme
named quinone reductase 2, that may be responsible for the protective effects of melatonin
against oxidative stress [45]. Besides these membrane receptors, MT can bind in the GIT
to several nuclear receptors such as the superfamily retinoid Z receptor (RZR)/retinoid
orphan receptor vy (RORY) to display immunomodulatory and anti-cancer effects [46,47].

MT effects in the gut are involved in regulating the immune system, GI secretion,
intestinal motility, and the release of peptides involved in energy balance, such as peptide
YY [16,48]. MT from the gut is released into the bloodstream or can reach the smooth mus-
cles’ outer layer through diffusion, causing muscle relaxation by counteracting serotonin’s
action [31]. In addition to circulation, MT is delivered into the gut lumen to stimulate the
postprandial secretion of pancreatic enzymes [49]. MT also controls the mitotic activity,
the water content in the gut, and the transmembrane transfer of ions and electrolytes [19].
Moreover, MT produced by the proximal duodenal ECs following neural stimulation binds
to MT2 receptors and leads to the release of calcium and bicarbonate ions from nearby cells.
Thus, as MT is discharged into the duodenum, the stomach’s acid content is neutralized [50].
The evidence for the numerous roles of MT in the GIT support further research to clarify
the complex mechanisms through which MT influences the gut.

3. The Gut Microbiota

The human gut microbiota is a complex community of bacteria, archaea, and unicellu-
lar eukaryotes [51], which acts as an adaptive interface with the environment. It represents a
dynamic entity, whose diversity and composition change throughout human development.
The GIT is colonized immediately after birth and, during the first 1000 days of life, the
microbiota undergoes substantial and dynamic changes [52]. Moreover, it can be influenced
by numerous factors [53], such as diet, antibiotic use, and stress, which significantly affect
the health of individuals [54-56].

Firmicutes and Bacteroidetes, together making up more than 90% of the entire bacterial
community, are the two dominating phyla in the human gut [57]. Other subdominant
phyla include Proteobacteria, Actinobacteria, and Verrucomicrobia [58]. Alterations to the Fir-
micutes to Bacteroidetes ratio have been linked to dysbiosis and several clinical diseases [59].
Additionally, the Proteobacteria phylum, present in low amounts in the healthy human gut,
is considered the hallmark of dysbiosis when it is increased [60]. The amount of bacterial
species in the gut microbiome is called richness and its diversity refers to the number of
individual bacteria from each bacterial species that reside there [61]. These terms, the
richness and the diversity of the gut microbiota, are two crucial principles that deserve
special attention.

The gut microbiota is regarded as a metabolic organ due to the capability of its bacte-
rial communities. They can provide defensive, immunologic, and metabolic activities as a
result of active mutualistic interactions between microorganisms and the host. The main
metabolites produced by the microbiota are short-chain fatty acids (SCFAs)—namely, bu-
tyrate, propionate, and acetate—which are produced in the colon by the anaerobic microbial
fermentation of starch and dietary fibers [62]. Through a variety of local effects, including
the preservation of intestinal barrier integrity, mucus formation, and anti-inflammatory
defense, SCFAs are pivotal for maintaining gut health [63]. Additionally, they also display



Antioxidants 2022, 11, 2244

5 0f 30

systemic properties, modulating the immune function through the differentiation of regula-
tory T cells (Tregs) and anti-inflammatory effects [64—66], maintaining energy homeostasis
and metabolism, and inhibiting tumor cell proliferation [62,66]. The composition of the gut
microbiota also impacts the balance between the intestinal synthesis of antioxidants and
the production of reactive oxygen species (ROS) [67].

It is now well known that enteric bacteria exert effects beyond the boundaries of the
GIT. Hence, changes in the composition of the gut microbiome can affect the health of the
host. For example, inflammatory bowel diseases (IBDs) are chronic disorders characterized
by the recurrent inflammation of the GIT. Observations gathered from preclinical and
clinical studies also support the link between gut microbiota and IBDs [68]. Several
metagenomic analyses of fecal bacteria revealed the presence of significant dysbiosis in
IBD patients [69]. IBD-related dysbiosis is characterized by decreased SCFA production,
an increase in proinflammatory bacteria [70], and also a reduced diversity of commensal
bacteria with increased ROS production [67]. Although it is unknown if this dysbiosis
is a cause or a symptom of IBD, the use of microbiome-targeted therapies has shown
promising results [71]. Moreover, disturbances in the intestinal microenvironment are
frequently associated with prevalent metabolic diseases, such as obesity, type 2 diabetes,
and metabolic syndrome, which can lead to atherothrombosis [63].

A wealth of research has suggested that disruptions of the intestinal milieu can be
associated with many neuropsychiatric diseases such as autism spectrum disorders, depres-
sion, and dementia [72]. Thus, the gut microbiota plays a pivotal role in the proper brain
function and behavior via the so-called microbiota—gut-brain axis [18]. This is especially
important for microbiome-targeted therapies, particularly in disease entities currently
without causal treatment.

4. Melatonin and the Gut Microbiome Interplay
4.1. The Influence of Gut Bacteria on Melatonin

Melatonin and intestinal bacteria appear to have an intricate functional interrelation-
ship. As discussed below, microorganisms can modulate the synthesis of melatonin in the
GIT; conversely, MT is linked to the proper composition and dynamic of the gut micro-
biota. Together, they form a complex system that acts on multiple levels to maintain the
homeostasis of the host.

Various bacteria have an impact on the intestinal synthesis of MT. For instance, a
symptomatic Helicobacter pylori infection of the gastric mucosa downregulated the ex-
pression of the melatonin-producing enzymes (AANAT and ASMT) and reduced the MT
production in the GIT. Following the clearing of the infection, MT production returned to
normal levels [73].

Beneficial bacteria, known as probiotics, are effective in various dysbiosis-associated
disorders, although the precise mechanisms remain unclear. For example, in patients with
irritable bowel syndrome, the administration of a multistrain probiotic (VSL#3) improved
disease symptoms, exhibiting a positive correlation with the morning systemic levels of
MT. The putative underlying mechanism points toward the beneficial role of the probiotic
in stimulating MT production [74]. Additionally, the short-term administration of the
probiotic Lactobacillus rhamnosus can increase the abundance of MT receptor genes in
zebrafish, indicating similarity to the consequences of a photoperiod shift to continuous
darkness [75]. Thus, probiotics appear to have the potential to influence MT production
to alleviate various disease states. Conversely, dysbiosis and subsequent intestinal injury
might reduce the local gut and systemic MT levels [76,77].

Enteric populations can influence MT levels via the modulation of its necessary pre-
cursors, Trp and 5-HT. The availability of Trp can be modified by dietary changes [78] or by
altering the gut microbiota composition, as seen in germ-free mice [79].

Moreover, all three pathways of Trp metabolism in the gut can be modulated by
intestinal bacteria. Concerning the indole pathway, the microbiome profile dictates the
indole derivative types. These indole derivatives have a wide spectrum of effects, ranging
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from beneficial outcomes on the intestinal mucosa and immune system to nephrotoxicity.
Part of them activates the aryl hydrocarbon receptor (AhR), a nuclear receptor involved in
the innate immune response and the maintenance of gut barrier integrity [38,80]. Addition-
ally, Toll-like receptors (TLR) activated by inflammatory stimuli and pathogen-associated
molecular pattern (PAMP) molecules released by the gut bacteria stimulate the kynure-
nine pathway [37].

SCFAs produced in the intestinal lumen stimulate the ECs to release serotonin and
enhance MT production [31]. Other metabolites produced by the endogenous spore-
forming bacteria can activate the ECs and promote 5-HT biosynthesis in the colon [81]. In a
germ-free (GF) mouse model, plasma 5-HT levels were reduced compared to conventional
mice. Although gut 5-HT synthesis does not require enzymatic bacterial activity, microbiota
indirectly modulates the 5-HT pathway [79]. Furthermore, antibiotic-induced dysbiosis
enhances the indole pathway, inhibits the kynurenine route, and decreases colonic 5-HT in
animal models [37].

4.2. Melatonin’s Role on the Gut Microbiota

Accumulating evidence shows that MT can modulate the composition and abundance
of the gut bacterial population in normal circumstances [82], but especially in various
pathological states, as will be detailed below. MT indirectly influences the gut microbiota
through its properties as an antioxidant, immunomodulator, and circadian rhythm regu-
lator, but also directly through mechanisms that warrant further research (Figure 2). The
latter was demonstrated using GF and antibiotic-treated models that managed to suppress
the systemic effects of exogenous MT administration [83,84].
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Figure 2. Diagram illustrating the interplay between melatonin and the gut microbiota. Melatonin
indirectly modulates the enteric microenvironment through its systemic properties as an immunomod-
ulator, antioxidant, and circadian rhythm regulator. Conversely, the re-established gut microbiota
enhances this effect and contributes to the maintenance of body homeostasis. The intestinal bacteria
impact melatonin production in the gut by influencing its synthesizing enzymes and precursors.
Directly, melatonin could modulate the gut microbiota through molecular mimicry and antibacterial
actions on pathogens, but most of the mechanisms warrant further research.

4.2.1. Circadian Rhythm Modulation and the Microbiome

In humans, MT secretion occurs mostly at night in a circadian manner, and maxi-
mum plasma levels are registered around 2 to 4 a.m. [85]. The rhythmic release of MT
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is regulated by the SCN in the anterior hypothalamus, representing the central circadian
rhythm generator [86]. The SCN receives optical information from the retina through the
retinohypothalamic tract [87], formed by the axons of specialized cells that receive light
stimuli without being involved in vision. They represent a subpopulation of ganglion
cells, melanopsin-positive, totaling approximately 1-2% of all retinal ganglion cells [88].
Axons of suprachiasmatic neurons project to adjacent hypothalamic nuclei, thalamus, and
the brain stem, and synchronize some components of the circadian rhythm, such as the
sleep/wake rhythm, feeding schedule, and the activity of the pituitary/adrenal axis [86].
The mechanism of circadian rhythm generation resides in the expression, in all normal
cells, of a set of clock-related genes which undergo 24 h cycles of transcription [89]. MT
influences the SCN directly by inhibiting neural activity [90], inducing a phase shift [91],
and modulating the transcription of clock genes [92]. It was also proposed that MT directly
regulates peripheral circadian rhythms [93]. This effect has already been confirmed in some
organs and systems, such as the adrenal gland [94], the cardiovascular system [95], and
the skin [96].

Circadian rhythms directly or indirectly control numerous metabolic functions through
enzyme expression and function [97]. The GIT, and the microbiota, as more recently demon-
strated, exhibit variations interconnected with circadian rhythmicity [98-100]. In vitro
studies showed that various intestinal bacteria are influenced by light-dark cycles and
are in close relation with the molecules involved in biorhythmicity. The microbiome di-
urnal pattern is impaired in the presence of CLOCK mutations, even in the physiological
light exposure of the host. On the other hand, if the food consumption timing is regu-
lated in CLOCK-mutant mice, the microbial periodicity is restored [101]. Furthermore,
the disruption of the host circadian clock by BMAL1 deletion alters fecal microbial com-
position [99,102,103]. Dysfunctional circadian rhythms can both cause and exacerbate
inflammation in IBDs [100].

Besides the insight concerning the influence of the host’s biorhythm on the microbiota
function, studies show that there is, in fact, a crosstalk between the two. The diurnal
variation of microbial metabolites, such as butyrate and hydrogen sulfide, can affect the
host’s body clock [104]. Given that the production of bacterial metabolites is periodic, there
is an implied liaison between the microbial function and the host’s circadian rhythm and
metabolism [105]. For once, gut microbiota depletion impairs the rhythmic expression of
genes in the GIT [101]. Additional research has strengthened this theory and demonstrated
that the temporal distribution of the components of the gut microbiota is impacted by the
disturbance of the circadian clock, whether caused by dietary restrictions or phase shifting
(such as jet lag) [106,107].

Given that MT acts as a key component of the circadian rhythm and that the gut
bacteria also exhibit circadian oscillations influenced by those of the host, we can presume
that MT might also modulate this aspect of the microbiota. Enterobacter aerogenes, bacteria
prevalent in the human gut, have their circadian rhythm and react to MT fluctuations
during the day. When MT was present, E. aerogenes proliferated more rapidly in a dose-
dependent manner. Moreover, the same effect was not observed when exposed to Trp, 5-HT,
or N-acetylserotonin, highlighting the importance and sensitivity to MT. Further analysis
of this bacterium’s motility patterns revealed an innate circadian rhythm synchronized
and boosted by MT. Furthermore, Escherichia coli and Klebsiella pneumoniae, two additional
studied bacterial species, did not share the same sensitivity to MT. This finding is explained
by a similarity between certain sequences of E. aerogenes and MT receptor genes, which
were not identified in relation to these two taxa [102]. Another study revealed that a
high-fat diet (HFD) can impair the daily oscillations of the enteric bacteria and that MT
can normalize these fluctuations, suggesting that this resynchronization might have a
therapeutic significance [108].
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4.2.2. Antioxidative Function of Melatonin in the Gut

The antioxidant activity of MT resides in various functions, having a direct role in neu-
tralizing free radicals [109-111], and an indirect role by increasing the level of antioxidant
enzymes (superoxide-dismutase—SOD, glutathione-peroxidase—GSH-Px, and catalase
—CAT) [112,113], stimulating glutathione production [114], and increasing the activity of
other antioxidants [115]. On the other hand, a healthy gut microbiota also has a consider-
able antioxidative role. There is direct involvement of commensal bacteria in metabolizing
ROS, as the lactic acid-producing bacteria (e.g., Lactobacillus spp.) are equipped with lactate
oxidase, NADH oxidase, superoxide dismutase, and pyruvate oxidase—which are enzymes
that can remove ROS, thus, reducing oxidative stress [116].

Although it may seem that oxygen species are solely negative by-products, they have
physiological functions when maintained within a safe range (e.g., mitigating infections).
However, at greater concentrations, they are potentially toxic and cause biomolecular
damage, such as the oxidation of proteins, lipids, and DNA, which can lead to several
cellular dysfunctions, including cell death [117]. Thus, redox homeostasis is required for
proper cellular metabolism and function, and the overproduction of ROS leads to oxidative
stress and subsequent inflammation via NF-kB activation [118]. The redox imbalance, either
in favor of ROS synthesis or ROS deficit, is closely linked to the pathophysiology of various
diseases, ranging from gastrointestinal to neurodegenerative disorders [116,119-121].

Colon health is significantly influenced by the intestine’s ability to suppress excessive
ROS production. Notably, the composition of the gut microbiota changes depending on
the redox balance. In mice exposed to oxidative stress, the gut microbiota experienced an
increase in Bacteroidetes and a decrease in Firmicutes, Clostridiales, Ruminococcaceae, and Os-
cillospira [122]. In a model of aging, the older the mice, the higher the ROS production was,
with consequent lower Clostridiales and increased Bacteroidetes abundances [122]. When
gut injury and dysbiosis are present, the antioxidant activity of the GIT can be suppressed.
For example, in IBD patients, the reduced diversity of commensal bacteria and changes
in the composition of microbiota were associated with increased ROS production and an
impaired defense system of the intestinal mucosa [67]. In these situations, MT can exhibit
its antioxidant activity and reestablish the redox balance, thus, improving the gut micro-
biota composition. Similar to other organs, in the gut, MT not only scavenges the highly
toxic ROS but also upregulates different antioxidant enzymes (GSH-Px, CAT, SOD) and
downregulates pro-oxidative ones [31]. MT can exhibit its activity directly by interacting
with ROS, or via membrane and nuclear receptors, which operate as a mediator for its
indirect antioxidant action. MT activates several stress-responsive genes (e.g., AMPK, HIFa,
Sirt) in this pathway, which in turn causes an increase in several antioxidant enzymes [31].
Thus, the reduction in oxidative stress on the gut microbiota through all these MT-mediated
pathways has a significant effect on the enteric microenvironment.

4.2.3. Immunomodulatory Function of Melatonin in the Gut

Besides its antioxidant and circadian rhythm-regulating actions, MT plays a complex
and multifaceted role as a modulator of the immune system. It is considered an “immune
buffer” capable of stimulating the immune response in immunosuppression and physio-
logical conditions while downregulating it during inflammation [123]. These actions are
mediated through the membrane and nuclear MT receptors identified in a variety of human
and animal immune cells [123].

MT'’s key function in preserving the defense system of the body is highlighted by
the fact that, in mice deprived of MT either by continuous light exposure or pharma-
cological inhibition with propranolol, there is a deficient humoral and cellular immune
response [124]. Moreover, in healthy or immunosuppressed organisms, MT can upreg-
ulate natural killer (NK) cells, monocytes [125], neutrophil chemotactic response [126],
B cells, T helper 1 (Th1) cytokines, and downregulate the Th2 response [127]. On the other
hand, when inflammation is present, MT inhibits neutrophil infiltration [128], reduces the
levels of proinflammatory cytokines (e.g., IL-1f3, IL-6, TNF-c) [129], and stimulates the
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anti-inflammatory ones (e.g., IL-10) [130]. It appears that one of the main pathways which
mediate this effect is the inhibition of nuclear factor kappa B (NF-kB)—a transcriptional
factor that promotes the expression of numerous inflammatory mediators [131].

MT’s dual role in immunity might be one of the mechanisms which explain its consid-
erable influence on the gut microbiota. Thus, as an activator of the immune response, MT
may play a critical role in the defense against pathogens in the gut, including bacteria. For
instance, in a model of poly-microbial sepsis, MT enhanced the development of neutrophil
extracellular traps (NETs) [132]. Intriguingly, MT also possesses a direct antimicrobial effect
on several pathogens, as shown by in vitro studies. Some of the proposed mechanisms
involve decreases in intracellular availability of substrates essential for bacterial growth,
cell division-related gene expressions, and various enzymes [133]. Therefore, it can be
hypothesized that the inhibition of pathogens might benefit the development of commensal
bacteria.

In the context of colitis, MT prevents intestinal damage due to its anti-inflammatory
properties. Since experimental colitis leads to profound dysbiosis [134,135], it can be pre-
sumed that MT, by alleviating inflammation, is capable of re-establishing the homeostasis
of the intestinal barrier together with the microbiota.

5. Melatonin Involvement in Dysbiosis-Associated Conditions via Microbiome Modulation
5.1. Melatonin and the Inflammatory Bowel Disease

In the past, the protective role of MT in colitis was demonstrated by numerous clinical
and preclinical studies. This effect could be explained by MT’s anti-inflammatory, antioxi-
dant, and cell survival-promoting properties. However, since dysbiosis plays a major role
in the pathogenesis of IBD, MT’s capacity to regulate the microbiota might also contribute
to its anti-colitic effect. Accumulating evidence supports this alternative mechanism of
action of MT in colitis (Table 1).

Table 1. Evidence from clinical and preclinical studies supporting the role of MT in IBD, in relation to
the gut microbiota.

Preclinical Studies of MT’s Microbiota-Mediated Anti-Colitic Effect

Experimental Model of . . Outcomes of MT
Study Coliti MT Administration Treatment—Related to Other Outcomes
ots Microbiota
5% DSS in waterinICR 0.2 mg/L MT in water, for | L "Hicutes/Bacteroidetes ratio . .
[134] mice azed 8 weeks one week TCoprococcus_1, Ruminococcaceae Toverall antioxidant capability
J UCG-014
o . Trichness and diversity
iir/:k(;;/v‘)/\gts Sr 1fnrt}ge da 1Firmicutes (trend) JDAI
[135] in 8-9- & K- el d (r)n 1 Y& 10 mg/kg/day MT i.p. for | Proteobacteria (including Tgoblet cells, Reg3f3
o WT /TEE:KS B AIfBe/c 8 days Salmonella and Escherichia coli), JIL-1B, IL-17
mi Bacteroidetes (trend) (only in WT mice)
ce TRuminococcaceae
. Improvement of the colitis
Fimicutes/Boctroidte symptoms
[136] DssS Amphiphilic conjugate of trichness and diversit Alleviation of the damaged
N hyaluronic acid and MT . Y intestinal barrier
TLactobacillus e .
. . Inhibition of the colonic
1 Bacteroides, Blautia, Streptococcus . .
inflammation
Tcolon length
4.5mL/g of 3% oxazolone . T Verrucomicrobiota, Actinobacteria Ibody weight loss
solution injected in the 50 mg/kg of MT .dally f.or TBifidobacterium Jpathology score
[137] one week before induction

colon, in male C57BL/6
mice aged 6-8 weeks

of colitis

I Desulfovibrio, Lachnospiraceae,
Peptococcaceae

Toccludin and ZO-1
JTNEF-«, IL-18, IL-5, IL-13, CD11b
+ Ly6G+ neutrophils
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Table 1. Cont.

Clinical Studies of MT in IBD

Study Design Participants MT Administration Treatment Outcomes
. . . linflammatory gut infiltration
[138] Comparative study 40 patients with UC/CD 30 days Improved intestinal ultrastructure
60 patients with left-sided =~ Mesalazine in daily doses2 x 1.0 g Iﬁ?]ljsi?n rate
[139] RCT UC (38 women and 22 and MT 5 mg daily at bedtime revention of CRP increases and
men, aged 26-49 years) (group I) or placebo (group II) p

hemoglobin reduction

Abbreviations: T, Increase; |, Decrease; DSS, dextran sulfate sodium; WT, wild type; TLR, Toll-like receptor;
KO, knockout; DAI, disease activity index; Reg, regenerating islet-derived protein; IL, interleukin; ZO, zonula
occludens; TNF, tumor necrosis factor; UC, ulcerative colitis; CD, Crohn’s disease; RCT, randomized controlled
trial; MCDAI, microscopic colitis disease activity index; CRP, C-reactive protein; SCCAI, simple clinical colitis
activity index; SF-36, 36-item short form health survey.

Firstly, in animal colitis models, MT increased bacterial richness and diversity in
the gut [135,136]. This finding might have a translational impact, as a decrease in these
parameters strongly correlates with IBD [140,141].

Regarding the microbial composition, a consistent result of MT administration was
the increase in the Firmicutes to Bacteroidetes ratio [134-136]. This variable is regarded
as a critical index of intestinal homeostasis, and its reduction is particularly associated
with IBD [59]. Other specific changes are related to the increase in beneficial bacterial
strains and the decrease in detrimental ones. For instance, MT increased the levels of
Ruminococcaceae [135] and Coprococcus [134]—both SCFA-producing bacteria pertaining
to Firmicutes and known for their decreased abundance in IBD patients [142]. It has also
increased the content of Bifidobacterium [137], which previously generated positive results
as a probiotic in IBD [143], and of Lactobacillus, another promising adjuvant therapy in
this disease [144]. Conversely, following MT administration, the enteric communities
exhibited a significant decrease in Proteobacteria, a representative of Gram-negative bacteria
(i-e., Salmonella, E. Coli, Campylobacter concisus) [135], a phylum with an important role in
the pathogenesis of IBD [145]. Streptococcus spp. may represent another microorganism
down-regulated by MT [136] and correlated with disease activity [146]. Another study
reported a reduction in Desulfovibrio, Peptococcaceae, and Lachnospiraceae [137]. A clear
association was found between Desulfovibrio and ulcerative colitis (UC) [147]. Peptococcaceae,
although less investigated in IBD, were correlated, in some studies, with gut-related
inflammation [148,149]. Finally, the exact roles of Lachnospiraceae in diseases of the GIT
are not specified yet [150], but a link has been found between the abundance of this
family of bacteria and stress-induced microbiota change, with a possible impact on IBD
pathogenesis [151]. Changes in microbiota composition induced by MT administration in
colitis models are summarized in Table 2.

Importantly, all these bacterial composition changes were accompanied by visible
clinical enhancement—quantified by numerous histological methods and by the assess-
ment of symptomatology. This may suggest a mediation of MT’s effect by the microbiota
modulation, at least to a certain extent. This hypothesis is supported by a study showing
that fecal microbiota transplantation (FMT) from MT-treated animals to the untreated group
replicates MT’s beneficial effects in colitis. Furthermore, MT’s protective effect disappeared
after co-housing [137].

A recent study reveals a possible mechanism through which MT might modulate
gut microbiota composition in colitis [135]. This mechanism involves the activation of
TLR4—a receptor belonging to the initial line of infection defense, which also possesses
a cytoprotective role in colitis through the recognition of commensal bacteria. Thus, it
appears that MT improves clinical and histopathological traits in DSS-induced colitis
in WT, but not in TLR4 KO mice. Moreover, MT1 receptor expression was increased
by MT treatment and displayed a reduced trend in TLR4 KO compared to WT mice,
which supports the connection between TLR4 and MT signaling. MT-treated WT mice
also displayed specific changes in microbiota with a putative beneficial impact in IBD. In
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addition, they exhibited an increased number of goblet cells and an enhanced production
of antimicrobial peptides (AMPs). Goblet cells exert an anti-colitic effect through the
production of mucin, which prevents the contact between the intestinal epithelium and
pathogens [152]. The reduction in goblet cell numbers is associated with dysbiosis, but the
exact mechanisms are not defined yet [153]. It is of note that mucin is also an important
nutritional source for some bacteria [154]. AMPs (which can also be produced by goblet
cells) are responsible for suppressing the growth of Gram-negative bacteria that might be
involved in IBD pathogenesis. To conclude, MT improves the first line of defense against
pathogens and might modulate the availability of bacterial nutrients via a TLR4-dependent
signaling pathway.

Table 2. Impact of MT administration on gut microbiota composition in preclinical models of colitis.

Taxonomic Level Microorganism Effect of MT Administration Role of Microorganism in IBD
Firmicutes/Bacteroidetes (ratio) Increase Index of .mtestmal homeostasis;
reduced in IBD
Phylum
Proteobacteria Decrease Role in IBD pathogenesis
. SCFA-producing; decreased in
Ruminococcaceae Increase
IBD
Family Peptococcaceae Decrease Intestinal inflammation
. Increased in stress-induced gut
Lachnospiraceae Decrease dvsbiosi
ysbiosis
SCFA-producing; decreased in
Coprococcus Increase
IBD
Bifidobacterium Increase Probiotic used in IBD
Genus Lactobacillus Increase Probiotic used in IBD
Streptococcits Decrease Associated with disease activity in
IBD
Desulfovibrio Decrease Associated with UC

In contrast, another study reported MT’s positive outcomes in TNBS (trinitroben-
zene sulfonic acid)—induced colitis in mice are mediated by the inhibition of inflamma-
tion through the down-regulation of the TLR4/Myeloid differentiation primary response
88 (MyD88)/NEF-«B pathway [154]. Moreover, TLR4 is overexpressed in IBD, and its activa-
tion is linked to intestinal inflammation and ulceration [155]. Conversely, the inhibition of
TLR4 signaling by various compounds was associated with improved histological features,
with reduced inflammatory cells infiltration, lymphocyte infiltration of lamina propria,
mucosal erosion, congestion, edema, and crypt damage in colonic tissue [156,157]. While
there is a clear need for further research to elucidate the exact mechanisms, constitutive
levels of TLR4 may be needed so that MT can exert its effects. The excess inflammation
encountered in this pathology might be subject to MT’s well-known anti-inflammatory
properties, hence, the contradictory results regarding TLR4 modulation.

Eventually, as far as the gut microbiota is concerned, MT does not only possess the
capacity to modify the bacterial species composition, but it is also able to decrease intestinal
bacterial translocation [158]. Indeed, in a colitis model, MT induced the upregulation
of tight junction proteins, zonula occludens-1 (ZO-1), and occludin [137], which are key
components of the intestinal barrier [159]. Translocation represents a detrimental process
that can lead to endotoxemia, which positively correlates with disease activity in IBD [160].

The efficacy of MT as a therapeutic option in IBD is supported by mounting clinical
evidence.

A clear benefit of MT in UC patients was demonstrated by the randomized controlled
trial (RCT) conducted by Chojnacki et al. [161]. In this study, patients who received MT
in addition to mesalazine maintained clinical remission for 12 months, together with
normal CRP and hemoglobin levels, as opposed to those who received mesalazine and
the placebo. Moreover, in the non-MT group, The Mayo Clinic Disease Activity Index
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values were significantly higher throughout the study. In another RCT, MT administration
for 3 months was effective in decreasing disease activity and improving role-emotional,
energy, and general health components on the 36-item short-form health survey (SF-36)
quality of life questionnaire; additionally, it decreased fecal calprotectin as a marker of
intestinal inflammation [162]. Although MT in Crohn’s disease (CD) was investigated less,
a study on both UC and CD patients showed that a 30-day treatment course with MT as an
adjuvant therapy markedly improved histological and ultrastructural abnormalities and
inflammation as compared to conventional therapy only, in both conditions [138].

Given these results, the proliferation of EC cells and the surge in enzymes involved in
MT synthesis at the colonic level of UC patients [139,163] might represent an important
adaptive mechanism. In addition, there was a negative correlation between disease severity
and MT concentration in the colon [137], also expressed as the urinary excretion of 6-
sulfatoxymelatonin (a metabolite of MT) due to its direct association with the number of
EC cells [163]. This negative correlation may reinforce the protective role of this compound,
with detrimental consequences when its depletion occurs, and could also express the
reduced capacity of MT synthesis by the disrupted mucosa.

To sum up, existing studies show that MT is a potential therapeutic agent in IBD.
Additionally, recent preclinical studies highlight gut microbiota modulation as a possible
mechanism explaining MT’s anti-colitic effect. Further research is needed to clarify this
mechanism together with its relevance for human pathology. To this end, the identification
of human gut microbiota changes induced by MT administration in IBD might be of interest.

5.2. Melatonin in Sleep Disturbance-Induced Colitis
5.2.1. Sleep Physiology and Gut Microbiome

Modern civilization is increasingly characterized by disruptions of the circadian clock.
This hallmark of contemporary lifestyle changes is especially encountered in individuals
that engage in chronic shift work or experience the “jet-lag” phenomenon by flying across
different time zones. Therefore, inadequate sleep contributes to metabolic diseases such
as diabetes and obesity [164], cardiovascular problems [165], neurological and cognitive
disorders [166], and can increase susceptibility to infections [167]. Since alterations in the
enteric microbiome have also been connected to the same disorders [168-170], we anticipate
that sleep disturbances may disrupt the gut microbiome and contribute to a disease state.

Previous studies in humans have indicated that partial sleep deprivation (SD) can
change the composition of the gut microbiome in as little as 48 h [171], while prolonged
periods do not appear to have this effect [172]. However, these studies correlating sleep and
gut microbiome rarely involve humans and have a small sample size. Moreover, different
microbiome sequencing methods may be causing these conflicting results.

Apart from these controversial findings, a handful of preclinical studies have shown
significant changes in the composition and diversity of the gut microbiome in several
models of pathologic sleep, such as circadian disruption [84,101] and sleep fragmenta-
tion [173,174] and deprivation [76,77,135]. These stark discrepancies between humans and
murine models may result from different animal models and various sampling techniques
(feces vs. colonic content).

In murine models, sleep disruption induced a sizable disturbance in the microbial
populations, with alterations in the diversity and richness of the gut microbiome. At
the phylum level, it presented with increased Firmicutes to Bacteroidetes ratio, one of
the most important markers of microbiota balance, and Proteobacteria, the bacterial hall-
mark of dysbiosis [76,77,173,175]. At the genus level, it decreased beneficial Akkermansia,
Bacteroides, and Faecalibacterium, and increased pathogenic Aeromonas, Helicobacter, and
Clostridium [76,84,175]. Members of the Enterobacter complex can act as opportunistic
pathogens [176], and a decreased abundance of Lactobacillus and Akkermansia can lead to
different pathologies [144,177]. To sum up, these microbial changes highlight an important
gut dysbiosis induced by pathologic sleep that could lead to various associated diseases.
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By activating the NF-«B pathway in the colon, SD affects gut homeostasis, resulting in
the downregulation of mucus production, enterocyte proliferation, tight junction protein
expression (claudin-1, occludin, ZO-1), and the of number of goblet cells [76]. In terms of
the colon’s antioxidant capacity, SD significantly reduces the levels of antioxidant enzymes
(GSH-Px, CAT, and SOD) and total antioxidant capability (T-AOC), while increasing the end-
product of lipid peroxidation, malondialdehyde (MDA), enhancing the overall oxidative
stress in the gut [76]. Ultimately, as expected, sleep disruption leads to a pro-inflammatory
state by upregulating pro-inflammatory cytokine levels (IL-13, IL-6, IL-17, TNF-), while
lowering the anti-inflammatory markers (IL-5, IL-10, IL-22, IFN-c) [76,77].

Pathologic sleep enhances oxidative stress and the pro-inflammatory state, and modi-
fies metabolic pathways related to intestinal homeostasis, eventually leading to specific gut
microbiome alterations. Therefore, sleep disruption is associated with the impairment of
the global gut diversity and specific changes in bacterial taxa, although these results vary
based on the microbiome analysis metric and pathologic sleep model.

5.2.2. Melatonin in Pathologic Sleep-Induced Dysbiosis

Accumulating evidence highlights that MT could modulate gut properties and the
resident microbes in response to stress, such as sleep disturbance. Regarding the levels of
plasmatic MT and the impact of sleep, preclinical and clinical studies show inconsistent
results. In healthy human subjects, acute periods of SD or delayed sleep onset had no
effect or enhanced the plasma levels of MT [178-180]. However, none of these studies
approach the microbiota changes during SD. This leads us to think that plasma MT might
be decreased only when significant intestinal damage is present. Moreover, in a preclinical
study, the sleep restriction maintained the serum MT levels, suggesting the pineal gland
as the main secretory site. However, although gut dysbiosis was present in this case, no
histologic intestinal damage was highlighted [21].

When the interaction between MT, SD, and the gut microbiome is assessed, in preclini-
cal studies where evident intestinal damage is present, plasmatic and intestinal MT levels
are reduced [76,77]. These findings summarized in Table 3 suggest a possible connection
between MT and SD-induced colitis.

Table 3. Evidence from animal studies to support the impact of melatonin on the gut microbiome
and its local and systemic effects on sleep disturbance-associated colitis.

Experimental Model Gut Microbiome Changes Local Effects Systemic Effects Reference
L . " Jweight loss
ICR mice—experimental colitis \gross rectal bleeding Jsurvival
(5% DSS) for 6 days; . - . .
3d £SD: ’ Jcolon inflammation Jinflammatory cytokines [181]
ays ot oL 1NOS, Wnt5a (IL-1B, IL-6, IL-17, TNF-a,
MT (i.p. 10 mg/kg for 3 days) INF-y)
Phylum: | Firmicutes:
Bacteroidetes ratio Tgoblet cells (MUC2)
Family: | Strepococcaceae, Tenterocyte proliferation
CD1 mice—3 days of SD; Lachnospiraceae, Tclaudin-1, occludin, ZO-1
MT (i.p. 20 mg/kg or 40 mg/kg  Gammaproteobacteria, 1GSH-Px, SOD, CAT, T-AOC ﬁ\lil—ié I?Il—ll% IIIf?-I\IG/.TNF-a [76]
for 3 days) Moraxellaceae JMDA ! ! Y
1Akkermansia, Bacteroides, INF-«B pathway
Faecalibacterium lautophagy (ATGS5, Beclinl)
JAeromonas
Phylum: | Firmicutes:
Bacteroidetes ratio
CD1 mice—3 days of SD; gzggz de er;e””te””me' JROS
MT (i.p. 20 mg/kg or 40 mg/kg JL-17 1Cort [77]
for 3 days) JMoraxellaceae, Aeromonadaceae, HL-22

Rikenellaceae, Ruminococcaceae,
Gammaproteobacteria
Genus: | Aeromonas
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Table 3. Cont.

Experimental Model Gut Microbiome Changes Local Effects Systemic Effects Reference
Family: | Erysipelotrichaceae
. . Species: TAkkermansia
C57BL/6 mice—10 days of partial L . .
R R " muciniphila, Lactobacillus murinus
SD (6 h during light cycle); . S [21]
MT (i.p. 10 mg/kg for 10 days) L Bacteroides massiliensis,
k. Enterobacter cloacae, Enterobacter
asburia
Tgoblet cells (MUC2)
Tclaudin-1, ZO-1
CD1 mice—3 days of SD; Phylum: . . TCARDS | DAI
. JFirmicutes:Bacteroidetes ratio JIL-17
MT (i.p. 20 mg/kg for 3 days) . [182]
w/0 EMT JProteobacteria JROS |Cort, GR
Family: 1Prevotellaceae JHSP90 4
THSP70, P23
JSTAT3/AP-1/NF-kB
Phylum: JL-1B
ICR mice—3 davs of SD: JFirmicutes:Bacteroidetes ratio , IL-6, TNF-¢, IL-17
MT (i.p. 20 m }Ik for 3’ days) JProteobacteria TIL-10, IFN-y
w/ Apé ké : %o Y y Verrucomicrobia |NF-kB/NLRP3 loop [20]
o Oratecl‘:’fv[T t Genus: |HDAC3-1p-GSK-3p /B-
tyrate, TFaecalibacterium-Tbutyrate catenin/HIF-1c
(TMCT1) 1+ CARD9
C57BL/6] mice—]JL induction; Family: | Enterobacteriales |LPCATS3, FATP4, NPCIL1,
MT in dr‘mkmg water (0.4 Species: TAkkermansia (;D.36. (associated with ileal [84]
mg/mL); mucinighila lipid intake)
AB for 10 days | Escherichia coli | fat accumulation in e WAT
lcolon shortening
Jfecal occult blood
lintestinal permeability
ICR mice—3 days of SD; Tgoblet cells (MUC2, Villin,
. ¢ Lo Tf£3)
MT (i.p. 20 mg/kg for 3 days), Phylum: | Firmicutes: .
FMT, w/o 10® CFU (Aeromonas Bacteroidetes ratio ﬁ??ls B, TNF-o, IL-17 fgzlight loss [183]
veronii), LPS (i.p., 2 mg/kg) w/o  Species: | Aeromonas veronii TIL—lO,IFN—y §
TAK-242 (TLR4 inhibitor) |NF-kB/NLRP3
| TLR4/MyD88/GSK-3p / B-
catenin/NF-«kB
loop
CD1 mice—28 days of SR (4 Phylum: |Firmicutes: J IL-6, TNF-«
h/day); Bacteroidetes ratio 1 IL-10, IFN-y INE, Cort, Glucose [175]

MT (10~° mol/L in drinking
water)

Genus: TLactobacillus
JHelicobacter, Clostridium

1GSH-Px, SOD, CAT, T-AOC
MDA

Abbreviations: 1, Increase; |, Decrease; MT-melatonin, SD-sleep deprivation, ICR—Imprinting control region,
iNOS—inducible nitric oxide synthase, Wnt5a—wingless-type MMTYV integration site family, SR—sleep rectriction,
CAT-catalase, SOD—superoxid dismutase, NF-kB—Nuclear factor kappa-light-chain-enhancer of activated B cells,
i.p.—intraperitoneal, DSS—dextran sulfate sodium, TNF-o—tumor necrosis factor- «, IL—interleukin, IFN-
y—interferon v, GSH-Px—glutathione peroxidase, SOD—superoxide dismutase, CAT—catalase, T-AOC—total
antioxidant capability, MDA—malondialdehyde, ZO-1—zonula occludens-1, Cort—corticosterone, ROS—reactive
oxygen species, FMT—fecal microbiota transplantation, AB—antibiotic, DAI—disease activity index, CARD9
—Caspase Recruitment Domain Family Member 9, HSP—heat shock protein, GR—glucocorticoid receptor, STAT
—Signal Transducer and Activator of Transcription, AP-1—activator protein-1, JL—jetlag, MCT1—monocarboxylate-
transporter 1, NLRP-3—Nucleotide-binding oligomerization domain, Leucine rich Repeat and Pyrin domain
containing Proteins, p-GSK-33—Glycogen synthase kinase-3, HIF-1o—Hypoxia-Inducible Factor-1«, HDAC3
—Histone Deacetylase 3, ANGPTL4—Angiopoietin-like 4, eWAT—white adipose tissue, LPS—lipopolysaccharide,
TLR4—Toll-like receptor, LPCAT1—Lysophosphatidylcholine acyltransferase 1, FATP4—fatty acid transporter
protein4, NPC1L1—NPC1-like intracellular cholesterol transporter 1, CD36—cluster of differentiation 36, Tff3
—Trefoil Factor 3, MyD88—Myeloid differentiation primary response 88, —norepinephrine.

Overall, MT supplementation in sleep disturbance-associated colitis reestablished
the gut microbiota balance and the integrity of the intestinal barrier. Thus, MT restored
the richness and diversity of the gut microbiota [21,76,77]. At the phylum level, it de-
creased the Proteobacteria and Firmicutes to Bacteroidetes ratio. At the genus level, MT
increased Akkermansia, Lactobacillus, Bacteroides, and Faecalibacterium, which are known ben-
eficial bacteria that could lower inflammation, and decreased colitogenic Aeromonas [76,77].
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MT significantly increased the Akkermansia muciniphila abundance [21,76,84], a bacterium
known for its beneficial roles in the gut (e.g., increased mucin production, barrier integrity
preservation) [177,184]. Additionally, by increasing the abundances of Bacteroides spp.,
Lactobacillus spp., Akkermansia spp., and Faecalibacterium spp., MT enhanced the levels of
butyrate, one of the gut microbiota’s main beneficial metabolites [20]. MT also reestablished
the integrity of the intestinal barrier by increasing the expression of the tight junction
proteins (claudin-1, occludin, ZO-1), and caspase recruitment domain-containing protein
9 (CARD?Y) [76,182], a signaling adaptor known to modulate the activation of the innate
immunity [185]. Moreover, MT restored the number of goblet cells, mucus production,
and enterocyte proliferation impaired by the SD [76,175]. The number of goblet cells and
MUC?2 protein were, in particular, associated with MT’s capacity of downregulating the
abundance of Aeromonas, reinforcing a possible microbiome-mediated effect [175].

By increasing the GSH-Px, SOD, and CAT levels, pivotal antioxidant enzymes involved
in scavenging harmful ROS and MT also proved to be effective in reducing the associated
oxidative stress [76,77]. As considered above, pathologic sleep also creates an important
pro-inflammatory systemic state. MT counteracts this effect by reducing the amount of
pro-inflammatory cytokine levels (IL-13, IL-6, IL-17, TNF-«) while increasing the anti-
inflammatory markers (IL-5, IL-10, IFN-«, IL-22) [76,77,181]. As a putative mechanism,
similar to IBD, MT downregulates TLR4 in sleep-deprived mice, decreasing the probability
of prolonged inflammatory responses [183].

Additionally, SD can activate the hypothalamic-pituitary—adrenal (HPA) axis, which
triggers the production of corticosterone (Cort) [76,77]. Therefore, a model of gut dysbiosis
was induced in mice using Cort administration [182]. MT proved again to represent an
effective way to mitigate these effects. MT supplementation reduced the plasma levels of
the stress hormone, acting as a homeostatic regulator of the HPA axis [77]. Moreover, MT
reestablished the balance of the gut microbiome following Cort exposure [182], reinforcing
its protective role in dysbiosis. This indolamine, via the MT2 receptor, blocked the gluco-
corticoid receptor synthesis and transport, and the activation of the STAT3/AP-1/NF-«xB
pathway caused by Cort. This further suppressed the oxidative stress, which mediated
the imbalance in the intestinal microbiota and its metabolites [182]. Furthermore, by block-
ing the TLR4/MyD88/GSK-33 / 3-catenin/ROS/NF-«kB loop, MT via the MT2-mediated
pathway restored MUC2 depletion, ultimately alleviating the induced colitis in mice [183].

To sum up, as a result of SD’s inhibition of MT production, the gut experiences oxida-
tive stress and inflammation, which leads to specific alterations in the gut microbiome. MT
plays a crucial role by alleviating mucosal damage and dysbiosis. These promising findings
suggest that MT could be used as a probiotic to treat SD-related intestinal impairments
and to assist in preserving the balance of the gut microbiota. Additionally, rather than the
stress caused by the SD per se, MT suppression may be the main culprit causing intestinal
damage and dysbiosis.

In conclusion, the exogenous administration of MT restores the systemic and gut
microbiota alterations induced by sleep disruptions (Figure 3), implying a putative role of
MT in modulating the microbial communities depending on the health status.

5.2.3. Melatonin, Sleep Disturbance, and IBD

A lack of sleep can harm the gut barrier, including the mucosa, and disturb the intesti-
nal microbiome, increasing the risk of developing IBDs. Additionally, sleep disturbances
are typically listed as stressors by individuals with IBD and they are also associated with
disease severity [186,187]. In experimental models of IBD, SD was shown to enhance
intestinal damage [181,188]. Colitis exacerbated by SD could respond favorably to MT
administration. To study its effects, MT was administered to DSS-induced colitis combined
with SD in mice. By reducing inflammation and erosion, MT was able to lessen the intestinal
damage in addition to preventing weight loss and enhancing survival rates. Furthermore,
MT strengthened its well-known anti-inflammatory effects by lowering pro-inflammatory
cytokine levels (IL-1f3, IL-6, IL-17, TNF-o, and INF-y) [181].
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In IBDs, where gut dysbiosis is strongly postulated, MT has an obvious influence by
modulating the intestinal milieu. In sleep disruptions, where the relationship between sleep
physiology and bacterial communities is not clearly stated, MT can exert its functions only
in specific circumstances when the mucosal impairment and dysbiosis are clearly stated.
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Figure 3. Melatonin’s beneficial systemic and GI effects in sleep disorders. In the gut, melatonin:
(i) reestablishes the intestinal microbiome—decreases the Firmicutes to Bacteroidetes ratio and Pro-
teobacteria at the phylum level; increases Akkermansia, Lactobacillus, and Faecalibacterium; and decreases

Akkermansia
Lactobacillus

Aeromonas at the genus level; (ii) restores the barrier integrity by increasing tight junction proteins
(claudin-1, occludin, ZO-1), goblet cell numbers (MUC2), and CARD?9; (iii) reduces the oxidative
stress by increasing the levels of the antioxidant enzymes (GSH-Px, SOD, CAT), T-AOC and decreas-
ing MDA, ROS; (iv) diminishes the inflammatory state by decreasing the proinflammatory cytokine
(IL-18, IL-6, IL-17) and increasing anti-inflammatory ones (IL-10, IFN-vy, IL-22). At the systemic level,
melatonin: (i) reduces the stress hormones (corticosterone, NE); (ii) diminishes the inflammatory
systemic state by decreasing the inflammatory cytokines (IL-1f, IL-6, IL-17, TNF-«, INF-y), and
increasing the anti-inflammatory ones (IL-5, IL-10, IFN-«); (iii) restores glucose homeostasis by
decreasing the glucose levels. Abbreviations: 1, Increase; |, Decrease; ZO-1, Zonula Occludens-1;
MUC?2, Mucin 2, oligomeric mucus gel-forming; GSH-Px, glutathione peroxidase; SOD, superoxide
dismutase; CAT, catalase; T-AOC, total antioxidant capability; MDA, malondialdehyde; ROS, reactive
oxygen species; TNF-«, tumor necrosis factor-«; IL, interleukin; IFN- vy, interferon y; CARD9, Caspase
Recruitment Domain Family Member 9; NE, norepinephrine.

5.3. Abnormal Light Exposure and Dysbiosis

The alteration of light-dark cycles, a feature of modern society’s lifestyle, impacts not
only the neurocognitive development, behavior, feeding habits, offspring development,
and reproductive health [189-192], but also the gut microbiota and body homeostasis. In
rodent studies, the disruption of the circadian rhythm altered the intestinal microbiome
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with a decreased abundance of Bacteroidetes and increased Firmicutes phyla, with the
effects enhanced by a high-fat or -sugar diet [193,194]. Deaver et al. showed that several
weeks of continuous light exposure to mice decreased intestinal microbiota diversity
and altered its composition. Specifically, chronodisruption increased the abundance of
Ruminococcus torques, bacteria associated with impaired intestinal barrier integrity; and
decreased Lactobacillus johnsonii, which regulates carbohydrates, the body’s metabolism, and
maintains gut barrier integrity, preventing abnormal inflammation and carcinogenesis [195].
The alteration of the circadian rhythm in rats impaired glucose metabolism and induced
reproductive changes similar to polycystic ovary syndrome—effects that were linked to gut
dysbiosis [196]. Further, in a study on zebra finches, nocturnal light exposure decreased the
abundance of Lactobacillus spp. and increased Proteobacteria phylum compared to normal
light-dark cycle exposure; changes that were associated with body mass gain and fat
accumulation in the liver were ameliorated by oral supplementation with Lactobacillus
rhamnosus [197].

Taken together, all these studies demonstrate that constant light exposure induces
dysbiosis and alters gut metabolic products, with a potential impact on the entire body’s
homeostasis. Various metabolites of commensal bacteria rhythmically produced, such as
SCFAs, depend on gut microbial composition and modulate host metabolic homeostasis
by maintaining gut barrier function and by the widespread reprogramming of circadian
transcriptional activity [107]. Additionally, it is well known that MT secretion is regulated
by light/dark exposure, and darkness stimulates the secretion of MT. A possible patho-
physiologic and therapeutic role of MT in the chronodisruption models of dysbiosis and
metabolic diseases should be considered [106].

5.4. Melatonin and Gut Microbiome Modulation in Other Diseases
5.4.1. Melatonin—Microbiome—Gut-Brain Axis

MT mitigates the effects on multiple neurological disorders [198] and recent studies
highlight this hormone’s impact on gut bacteria, suggesting possible crosstalk between MT
and the microbiome—gut-brain axis. Thus, the enteric microbiota may play an important
role in brain-related diseases also via MT modulation in the gut.

For example, in a zebrafish model, neural hyperactivity was induced by caffeine ad-
ministration to explore the gut microbiome-mediated regulatory effect of MT and probiotics
(Lactobacillus plantarum) on neurotransmitter secretion. Caffeine induced imbalances in the
brain neurotransmitter concentrations, such as increased dopamine, and reduced GABA
and serotonin, and also perturbed the intestinal microbiota. After 14 days of treatment,
MT managed to have a better effect than the probiotic and restored the neurotransmitter
concentrations to the levels of the control group. Moreover, MT recovered the microbial
community structure and restored the SCFA’s metabolism, which further modulated the
neurotransmitters. In the validation experiment using germ-free animals, the neurotrans-
mitter recovery and the SCFA content did not reach the same level as in the holobiotic
zebrafish after adding the same amount of MT. These results support the potential role of
MT through the microbiome-gut-brain axis modulation [83].

Another preclinical study revealed that MT might counteract some of the pathophysi-
ological processes seen in Alzheimer’s disease (AD), with the direct involvement of gut
microbiota [199]. The experimental model comprised genetically modified mice lacking
the gene for arylalkylamine N-acetyltransferase (Aanat)—an essential enzyme in MT syn-
thesis. The first observation was that Aanat~/~ mice exhibited multiple abnormalities of
metabolism and gene expression, including genes with a crucial role in neuronal function.
They also displayed excessive inflammation and a dysbiotic status, expressed by a decrease
in Bacteroidetes and a change in the Firmicutes to Bacteroidetes ratio. However, the rise in
Lactobacillus was inconsistent with previous studies where MT augmented the levels of this
bacteria [136]. These changes were completed with increased values of gut permeability
and fecal gut inflammation markers, indicating an affliction of the colonic mucosa. Simul-
taneously, an AD-like phenotype was observed, with decreased uric acid and increased
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total tau (T-tau), microglial activation, pro-inflammatory cytokines, and Amyloid beta
(AB) protein deposition in the brain, together with impaired spatial learning. The possible
involvement of the microbiota in these modifications might be inferred from the correlation
between increased Lactobacillus and decreased uric acid levels. After FMT was performed
from WT to Aanat™/~ mice, there was a notable enhancement in gut permeability, systemic
inflammation, microglial activation, and A{3 deposition. To conclude, these results reflect
MT'’s vital role in maintaining the homeostasis of various systems and organs, including
the brain, with a remarkable contribution to the microbiota.

Another dysbiosis-associated condition that could be improved by MT administration
is represented by spinal cord injury (SCI), as suggested by Jing et al. [200]. Indeed, besides
increased gut permeability, inflammation, and GIT motility alteration, it was reported that
mice in the SCI group suffered important changes in the composition of the gut bacterial
population. Thus, an elevation in Clostridiales was observed, together with a decrease in
Lactobacillales (e.g., Lactobacillus, a notable exponent of this order) and in Bifidobacteriales.
The post-SCI MT intervention managed to reverse these changes (except for the decrease in
Bifidobacteriales), bringing the overall bacterial population structure closer to that of mice
from the sham group. Additionally, MT attenuated motility, colonic inflammation, and
the intestinal barrier function and, more importantly, enhanced locomotion (assessed by
Basso Mouse Scale and DigiGait). Lactobacillales and Lactobacillus levels were positively
correlated with locomotion scores and negatively correlated with gut permeability, whereas
the opposite associations were identified regarding Clostridiales. Since these bacteria were
influenced by treatment with MT, it was suggested that their variation partly contributed to
the protective effect of MT. This possibility was further investigated by the administration
of antibiotics before SCI, to deplete the gut microbiota. Subsequently, the beneficial out-
comes of MT administration concerning locomotion and intestinal permeability partially
diminished, assuming they were mediated to a certain degree by the microbiota. However,
MT also enhanced the same functions in antibiotics + SCI + MT mice compared to SCI mice
who received antibiotics but not MT, underlining this compound’s capacity of re-balancing
the enteric communities.

Collectively, these results support the neuroprotective role of MT concerning micro-
biota modulation and may represent a foundation for future studies investigating the role
of this hormone in neurological conditions with a clear involvement of dysbiosis.

5.4.2. Melatonin—Microbiome in Obesity

Recently, the prevalence of obesity has suffered a dramatic increase, with nearly a
third of the total population being categorized as obese or overweight [201]. Given the
serious cardiovascular risk and the numerous comorbidities associated with this condition,
new ways to address this public health issue are needed.

It is a well-known fact that the microbiota of obese patients undergoes important
structural changes as compared to that of healthy individuals [202]. Moreover, it was
proved that FMT from humans adopting a Western diet even for a single day can engender
an imbalance in the intestinal milieu of germ-free mice [54]. Surprisingly, in germ-free
rodents, a high-fat Western-type diet did not manage to induce the usual metabolic alter-
ations, highlighting the vital role that intestinal bacteria play in the pathophysiology of
obesity [203]. Therefore, we can posit that MT’s recently discovered capacity of regulating
the gut microbiota might contribute considerably to its anti-obesity effect observed in
clinical studies.

According to recent preclinical studies, MT reverses most metabolic, clinical, morpho-
logical, and gut microbial composition changes generated by a high-fat diet (HFD)—the
main rodent model used for investigating obesity. Firstly, MT managed to restore the
diversity of the microbiota that had decreased as a result of HFD [204]. Another study
reported, on the contrary, that it reduced richness and diversity, but it modified the gut
microbial structure to resemble that of normal diet mice [205]. Yildirim and colleagues
found that MT augmented the bacterial populations in comparison to the control, but it
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prevented the abrupt bacterial overgrowth caused by HFD [82]. Interestingly, Yin and
colleagues found similarities between the cosine curves of daily oscillations of various taxa
in HFD mice who received MT and controls, in contrast to HFD-only mice, proving that
MT can also restore bacterial rhythmicity [108]. Collectively, these results show that, even
if MT sometimes leads to contrasting effects, they are generally opposite to those produced
by a high-fat diet.

Regarding specific taxa, MT consistently prevented the increase in the Firmicutes to
Bacteroidetes ratio [108,204,205]. It also stimulated Verrucomicrobia, including Akkermansia
—an effective probiotic in metabolic disorders [205]. Down-regulation was encountered in
Desulfovibrionaceae (endotoxin-producing bacteria), Alistipes, and Anaerotruncus, of which
are correlated with obesity [205].

In parallel with these outcomes related to the microbiome, MT led to a significant
improvement in the metabolic disorder in HFD rodents. MT decreased the total body
weight and the proportion of visceral adiposity and promoted the production of brown
adipose tissue and thermogenesis [84,108,205]. It also lowered inflammation, lipogenic gene
expression, and cholesterol and triglycerides levels [205]. Furthermore, it re-established
the normal circadian variations in the expression of clock genes and in serum triglycerides,
which were disrupted by HFD [108]. Additionally, it enhanced glucose metabolism by
decreasing glycemia and enhancing insulin sensitivity [205]. Concerning the liver, it
counteracted steatosis and inhibited the NF-«kB pathway, of which is associated with
nonalcoholic fatty liver disease (NAFLD) [205].

A particular mechanism by which MT might alleviate lipidic dysmetabolism is re-
lated to the inhibition of Escherichia coli [84]. To this end, Rong et al. investigated
metabolic syndrome-related changes in a model of jet-lag mice who exhibited an in-
crease in body weight, ileal lipid uptake, epididymal fat, and a decrease in angiopoietin-
like 4 (ANGPTL4)—a regulator of lipid metabolism. Simultaneously, an increase in Es-
cherichia coli and LPS production was observed. MT reversed all these modifications,
and, through the downregulation of E. coli together with LPS synthesis, it inhibited the
LPS/TLR4/STAT3/NFIL3 pathway, leading to a reduction in lipid uptake. However,
microbiota depletion through antibiotic administration neutralized MT’s capacity of re-
ducing ileal lipid uptake and epididymal fat, strengthening the contribution of the enteric
communities to MT’s actions.

Other bacteria that could participate in MT’s anti-obesity effect are SCFA-producing
species [204]. Thus, while HFD lowered fecal acetic and propionic acid, MT restored acetic
acid levels, which were correlated with Bacteroides and Alistipes (also upregulated by MT).
Following sodium acetate administration in HFD mice, the total weight and relative weight
of adipose tissue decreased, and the expression of genes involved in lipid metabolism
normalized, supporting the beneficial actions of SCFA.

A modality of proving the mediation of MT’s effect on obesity by the gut microbiota is
FMT. In this regard, the fecal transplant from MT + HFD mice to germ-free mice, followed
by HFD, decreased weight and weight gain and produced microbiota composition changes
similar to those elicited by MT treatment, when compared to the transplant from HFD
mice [204]. Interestingly, the fecal transplant from mice who were on a normal diet and
received MT did not exert similar benefits, which implies that MT’s effects might be diet-
and health status-dependent [204]. Another surprising finding is that the moment of the day
when FMT is performed can influence its outcomes, leading to differences in serum lipid
indexes and the amount of adipose tissue, which emphasizes once again the importance of
the circadian rhythm of the gut microbiota [108].

The critical role of MT in lipid metabolism is also underlined by the consequences of
its absence. Thus, in the previously mentioned study by Zhang et al. [199], Aanat~/~ mice
exhibited high glycemia, altered insulin sensitivity, and NAFLD-associated gene expression
in the liver. Following HFD, they also displayed increased body and epididymal white
tissue weights, hepatic steatosis, and altered glucose metabolism, in contrast with mice
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who were not arylalkylamine N-acetyltransferase-deficient. Furthermore, FMT from WT
mice to Aanat~/~ mice who received HFD managed to attenuate most of these changes.

In summary, recent data show that gut microbiota has a critical role in the develop-
ment of obesity and metabolic syndrome. Therefore, MT’s capacity to restore the normal
composition and function of this complex structure justifies its use as a medication in these
particular pathologies.

5.5. Melatonin in COVID-19-Associated Dysbiosis

The COVID-19 pandemic is one of the most devastating events in our recent history.
The SARS-CoV2 virus induces this disease characterized mainly by lung injury. However,
digestive afflictions can be present [206]. The gut alteration is associated with lower mortal-
ity but worse respiratory symptoms in these patients [207]. This could be explained by the
gut-lung axis’ anti-inflammatory and immunomodulatory effect on the lungs, probably
mediated by IL-10 and interferons [208-210]. SARS-CoV2 induces gut impairment by
microbiota dysfunction, as it has a high abundance of angiotensin-converting enzyme 2
(ACE2) receptors in the intestine. The ACE2 receptor represents a molecular chaperone
for BOAT1—a transporter of neutral amino acids, including tryptophan and glutamine, of
which have essential roles in the modulation of the immune response, inflammation, and
intestinal barrier integrity. Thus, the internalization of ACE2 and BOAT1 after a SARS-CoV2
infection might be one of the mechanisms leading to dysbiosis [211]. The gut microbiota
alteration of COVID-19 patients is characterized by a reduction in anti-inflammatory taxa,
with a higher abundance of opportunistic pathogens [211]. Importantly, dysbiosis is cor-
related with disease severity [212]. There are also some case reports describing severe
cases of acute hemorrhagic colitis due to the SARS-CoV2 infection associated or not with
respiratory symptoms [213-215].

MT was introduced as an adjuvant therapy in COVID-19 treatment from the beginning
of the pandemic [216,217]. MT was initiated after the observation of children’s mild
symptoms that are known for their high MT levels [218]. MT can improve sleep quality in
patients, but also has antioxidant, anti-inflammatory, and immunomodulatory effects [8].
MT’s antioxidant effect mediated by the neutrophil myeloperoxidase inhibition through
heme production, catalase-like activity, and HOCI scavenging also has a beneficial effect on
COVID-19 [219]. The effect of MT on the gut microbiome is another argument for its usage
in COVID-19, thus, improving the outcome. Moreover, several RCTs support the potential
role of MT as an adjunctive therapy in this disease [220-222].

6. Concluding Remarks

Originally, MT was considered to be synthesized exclusively in the pineal gland,
and the vast majority of studies focused mainly on its antioxidant, immunomodulatory,
and circadian rhythm regulation functions. MT can be also used as a medication mostly
recommended for sleep disturbances. However, its localization in the gut opened up new
avenues for research, since a growing body of evidence emphasizes that MT has potentially
beneficial effects on host health through interactions with the gut microbiota.

Recent scientific evidence reveals that MT and the colonic bacterial populations act
synergistically and maintain GI and systemic homeostasis through their multiple actions
on immunity, oxidative stress, circadian rhythm, and other functions that remain to be
elucidated. These findings may be of particular relevance in the context of the increasing
number of studies that show an association between dysbiosis and an array of conditions
(e.g., IBDs, chronodisruption-associated dysbiosis, obesity, and neuropsychiatric disorders)
(Figure 4), most of them with an unclear pathogenesis still. Although the causal relationship
between gut microbiota imbalance and these diseases has not been defined yet, therapeutic
agents capable of re-balancing the intestinal milieu hold great promise for improving
these conditions. Considering all the gathered studies and presented results, this review
hypothesizes that MT might be one of such agents, having the advantage of acting through
multiple pathways.
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Figure 4. Dysbiosis-associated conditions where melatonin’s effects have been studied. The bidi-
rectional arrows represent the mutual interactions between melatonin and these pathologies: while
melatonin alleviates symptomatology through microbiota modulation, the dysbiosis which occurs in
these conditions disrupts the intestinal mucosa, leading to a decreased synthesis of melatonin.

Despite its efficacy, the exact pathways by which MT modulates the microbiota are
not known. Whereas immunomodulatory and antioxidant mechanisms (e.g., NF-«B, TLR4,
ROS) are likely to play a decisive part, direct effects on intestinal bacteria have not been
studied enough. Available data suggest that MT exerts antibacterial actions on pathogens
through various mechanisms and could influence certain bacteria due to molecular mimicry.
Certainly, the direct impact of MT on gut bacteria is the subject of future mechanistic studies.
These are especially justified given the paramount contribution of microbiome-mediated
pathways involved in MT’s therapeutic effect and are emphasized by the experimental
validation models (e.g., GF and antibiotic-treated animals, FMT). Moreover, the presented
data strongly promote further investigations of MT’s probiotic-like effects in conditions
with a more recently discovered dysbiotic component, such as cancers, COVID-19, and
autoimmune and neuropsychiatric disorders.

In addition, future clinical studies are necessary to determine the efficacy, optimal
dose, administration route, and possible limitations. However, it is of note that exoge-
nous MT does not comprise only pharmacological interventions, but also diets containing
MT. An even more important source is the MT produced endogenously and modulated
through Trp-enriched diets, probiotic administration, a normal sleep/wake cycle, and an
eating schedule.

In conclusion, this review offers a new perspective on the functions of MT, with
gut microbiota modulation as an alternative mechanism of action. In addition to other
properties of this indolamine that have been thoroughly studied in the past, this pathway
might explain the clinical efficacy of MT in various pathologies. In its turn, the intestinal
milieu seems to have a considerable impact on the availability of MT. Thus, MT and the
gut microbiota appear to synchronize and potentiate each other, being part of a two-sided
interaction in dysbiosis-associated conditions.
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