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Summary

Obesity is a chronic condition whose management is a critical challenge for physi-

cians. The scientific community has increased its focus on the molecular mechanisms

involved in obesity etiopathogenesis to better manage patients with obesity and its

associated complications. The tight connection between adipose tissue and the

immune system has been demonstrated to play a crucial role in inflammation, and

melatonin is important for circadian rhythm regulation and metabolic homeostasis, in

which it orchestrates several molecular mechanisms involved in obesity and associ-

ated inflammation. Melatonin also regulates innate and adaptive immunity; its antiox-

idant properties are linked to reduced predisposition to infection and weight gain in

patients with obesity through the modulation of the immune response, which has a

significant beneficial effect on inflammation and, consequently, on the metabolic

state. Low melatonin levels have been linked to obesity, and melatonin supplementa-

tion can reduce body weight, improve metabolic profile, and ameliorate immune

responses and pro-inflammatory stimuli. The role of melatonin in obesity is mainly

related to improved oxidative stress signaling, modulation of adipokine secretion, and

a switching from white-to-brown adipose tissue phenotype and activity. Moreover,

the role of melatonin in obesity modulation by controlling circadian rhythm has

recently emerged as a pivotal mechanism for lipid and glucose metabolism dysfunc-

tion in adipose, muscle, and liver tissues. Melatonin may also regulate the immune

system by acting directly on thymus morphology and activity as well as by modulat-

ing oxidative stress and inflammatory states during infections. The tight association

between melatonin and immune response regulation is coordinated by Toll-like

receptors, which are rhythmically expressed during the day. Their expression may be

strongly modulated by melatonin as their signaling is highly inhibited by melatonin.

The current review summarizes studies of melatonin-induced mechanisms involved

in infection regulation, particularly the modulation of obesity-associated inflamma-

tion and systemic complications.
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1 | INTRODUCTION

Obesity is a public health problem with pandemic proportions, which

has prompted the scientific community to better study the molecular

mechanisms that can be effectively targeted by therapeutic strate-

gies.1 Obesity is characterized by a significant increase in adipose tis-

sue caused by an imbalance in food intake and energy expenditure. It

is a pathological condition that includes multifactorial aspects, includ-

ing genetic and endocrine defects.1 Moreover, obesity represents a

crucial health problem both in developed and developing countries

that is mainly linked to a general change in human lifestyle, associated

with a sedentary lifestyle and availability of high-energy refined

foods.1,2 The failure of the healthcare system in treating obesity dur-

ing its early stages makes the management of patients with obesity a

greater challenge because it requires the concomitant presence of

several factors. These factors include the psychological predisposition

of patients to ameliorate their physical illness and a multidisciplinary

medical approach that can overload the healthcare system and dra-

matically impact economic and social costs.1,3,4

Obesity has long been associated with increased morbidity and

mortality caused by cardiovascular disease,5 diabetes,6

hyperlipidemia,7 and complications from and predisposition to infec-

tious diseases.8 Complex modifications to adipose tissue arrangement,

including immune cell infiltration and pro-inflammatory cytokine

secretion, impact predisposition to several infectious diseases.8 Obe-

sity is closely related to chronodisruption, which is characterized by

the deregulation of physiological and behavioral central and peripheral

circadian rhythms that contribute to obesity-related metabolic impair-

ment. Eating and sleeping time schedules can strongly influence the

hunger-satiety circuit and body weight gain, which are relevant syn-

chronizers of the human biological clock9 and in which melatonin

plays an important role. Moreover, its intake has been suggested as a

potential regulator of circadian rhythms,10 the molecular mechanisms

of which underlie the onset of obesity,11,12 innate and adaptive

immune responses,13 and oxidative reactions during infections.14–17

Here, we present a comprehensive review that discusses the main

molecular mechanisms triggered by melatonin in the control of infec-

tions in an obesity setting, focusing on the regulation of chronic low-

grade inflammation (metaflammation) that occurs primarily through

the antioxidant properties of melatonin and its ability to entrain the

central and peripheral circadian rhythms.

2 | SEARCH STRATEGY

The current review critically analyzes the basic and translational evi-

dence of the role of melatonin in the regulation of infections during

obesity by describing the available literature from 2000 to 2021.

Particular attention has been given to the molecular mechanisms

implicated in metaflammation and in the regulation of oxidative stress,

of which melatonin is a strong modulator. The relevant literature was

screened from PubMed (MEDLINE) using the search terms “obesity,”
“inflammation,” “metaflammation,” “infections,” “circadian rhythm,”
“melatonin,” “melatonin and circadian rhythm,” “melatonin and

inflammation,” “melatonin and immune system,” “melatonin and

infections,” “melatonin and glucose metabolism,” “melatonin and lipid

metabolism,” “melatonin and aging,” “melatonin and thymus

involution,” “melatonin and adipogenesis,” “melatonin and bone mar-

row adipogenesis,” and “melatonin and chemotherapy.”

3 | THE LINK BETWEEN OBESITY,
METAFLAMMATION, AND INFECTION

Adipose tissue is a metabolically active organ that is tightly inter-

connected with the immune system. Inflammation plays a pivotal role

in the interaction between adipose tissue and the immune system.18

Changes in adipose tissue architecture, including adipocyte hypertro-

phy and hypoxia and typical features of obesity, can induce pro-

inflammatory cytokine production that attracts immune cells at the

local level in adipose tissue and triggers chronic low-grade inflamma-

tion.19 This chronic state of inflammation is mainly mediated by mac-

rophages whose polarization from the anti-inflammatory (M2) to pro-

inflammatory (M1) phenotype is important for the pathogenesis of

metabolic disease.19,20 Along with macrophages, lymphocytes (B and

T cells) can infiltrate the hypertrophic adipose tissue and contribute

to the increased production and release of pro-inflammatory cyto-

kines, including interleukin (IL)-8, IL-6, and tumor necrosis factor α

(TNFα).21 Studies on adipose tissue during obesity onset demon-

strated that approximately two-thirds of the stromal vascular fraction

in adipose tissue is represented by immune cells, increasing the abil-

ity of adipose tissue to act as an immunological tissue and control

systemic inflammation and metabolism.18,22 In turn, the immune sys-

tem may actively participate in several obesity-linked disorders such

as atherosclerosis and nonalcoholic steatosis.22 More recently, the

onset of infections has been found to be among the systemic compli-

cations associated with obesity.23 Indeed, strong evidence indicates

that patients with obesity with systemic metaflammation more fre-

quently experience infections, contract more severe infections, and

have poorer prognoses.8

4 | MELATONIN: SYNTHESIS AND
GENERAL MECHANISMS OF ACTION

Melatonin, or 5-methoxy-N-acetyltryptamine, is an indolamine

secreted by the pineal gland during the dark phase of the circadian
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rhythm in both diurnal and nocturnal species, earning it the nickname

“hormone of darkness.”24 Melatonin has a half-life of approximately

30 min and is produced from serotonin through two enzymatic steps:

acetylation and transfer of a methyl group. Hence, serotonin and mel-

atonin show opposite circadian secretions.24,25 The main functions of

melatonin are related to circadian rhythms and sleep–wake cycle con-

trol.24 Moreover, melatonin is related to a wide range of physiological

activities, such as memory, mood, anxiety control, blood pressure

reduction, and osteoblast differentiation.24,26 In addition, melatonin

can regulate the secretion of gonadotrophin-releasing hormone from

the hypothalamic neurons, stimulate the secretion of progesterone

from granulosa cells, and suppress the expression of estrogen

receptors,27 thus influencing the reproductive state. Exogenous mela-

tonin is usually administered to treat disturbances of the sleep–wake

cycle related to circadian rhythm disruption, such as jet lag,28 and it

has recently emerged as a supplement to conventional therapies for

several diseases, including cancer.29 The increasing use of melatonin

in clinical practice is linked to its powerful anti-inflammatory and anal-

gesic effects.30 All these processes are mediated by the specific bind-

ing of melatonin to G protein-coupled receptors that are widely

expressed in the central nervous system (CNS) and different periph-

eral organs; these receptors are divided into two types: melatonin

receptor type 1a (MT1) and melatonin receptor type 1b (MT2).24,27,31

MT1 is generally expressed in the skin and related to the inhibition of

cyclic adenosine monophosphate (cAMP) formation, together with the

inhibition of protein kinase A (PKA) and CREB phosphorylation.24,27,31

MT1 can also increase the phosphorylation of mitogen-activated pro-

tein kinase 1/2 (MAPK1/2), including the extracellular signal-regulated

kinase 1/2 (ERK1/2), as well as potassium conductance. Similarly, acti-

vation of the MT2 receptor leads to inhibition of both cAMP and

cGMP formation, activation of protein kinase C (PKC) in the

suprachiasmatic nuclei (SCN), and decreased calcium-dependent

dopamine release in the retina.24,27,31

The activation of MT1 receptors leads to vasoconstriction, indi-

cating that vascular tone is differently regulated by melatonin recep-

tors, whereas the activation of MT2 receptors leads to

vasodilation.24,27,31 Moreover, melatonin interacts with intracellular

proteins, such as calmodulin, calreticulin, and tubulin, suggesting mel-

atonin may act as an antiproliferative agent in cancer.32 Regarding

immunomodulatory effects of melatonin, the expression and function

of the retinoid-related orphan nuclear hormone receptor (RZR/ROR)

family was recently shown to be modulated by melatonin.33 It has

been demonstrated that IL-2 and IL-6, which are the main interleu-

kins involved in immune and inflammatory responses, are produced

following the activation of nuclear melatonin receptor RZR/ROR by

human peripheral blood mononuclear cells (PBMCs).34 Moreover,

melatonin has also been widely used as an antioxidative agent and

free radical scavenger because of its ability to stimulate several anti-

oxidant enzymes, such as superoxide dismutase, glutathione peroxi-

dase, and glutathione reductase.15 The antioxidant properties of

melatonin are potentially useful in the prevention of inflammatory

diseases, such as liver injury,35 pulmonary,36 cardiovascular

diseases,37 and cancer.38

5 | THE ROLE OF MELATONIN IN OBESITY

5.1 | Melatonin: Implications of chronobiology on
metabolic pathways

Melatonin is well known as one of the main mediators through which

the central master clock coordinates several areas of the CNS and the

F IGURE 1 Melatonin regulation of peripheral clocks. All vertebrates synthesize and release melatonin through the pineal gland in a circadian-
dependent manner that has a classical peak during the night and is suppressed during the day. The nocturnal synthesis and release of melatonin
are highly controlled by the master clock residing in the suprachiasmatic nucleus (SCN) through a fine molecular mechanism that is inhibited by
light exposure. In turn, melatonin synchronizes peripheral clocks by acting at different levels and regulating several physiological functions. When
melatonin synthesis and secretion are deregulated and/or desynchronized due to loss of master clock function, there is misalignment of
peripheral clocks and a failure of physiological function control. Illustrations created with BioRender.com
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peripheral organs, acting as an internal synchronizer, also named

“internal zeitgeber”24 (Figure 1). Melatonin production from the pineal

gland is strictly controlled by the circadian rhythm and is chemically

expressed in the dark. For this reason, melatonin production is always

circumscribed to the night, regardless of the behavioral distribution of

activity and the rest of mammalian species (diurnal, nocturnal, or cre-

puscular species).24 In humans, the endogenous circadian clock regu-

lates a wide range of physiological activities and is formed by a master

clock residing in the suprachiasmatic nuclei of the hypothalamus,

which receives information from external and internal inputs to syn-

chronize the peripheral clocks with these inputs.39,40 Master and

peripheral clocks are composed of the same clock genes and proteins

that oscillate at the single-cell level and are finely regulated by tran-

scriptional and translational feedback loops.41 Specifically, two tran-

scriptional activators, BMAL1 (brain and muscle aryl hydrocarbon

receptor nuclear translocator [ARNT]-like protein 1) and CLOCK

(clock circadian regulator) form the BMAL1/CLOCK complex by

heterodimerization in the cytoplasm that then translocates into the

nucleus where it induces the gene expression of PERIOD (PER1/2/3)

and CRYPTHOCROME (CRY1/2).42 PER and CRY are two gene tran-

scription factors for the PER/CRY complex by heterodimerization in

the cytoplasm and also translocate into the nucleus to repress gene

expression and the activity of the BMAL1/CLOCK complex, which is

also able to repress PER/CRY protein expression and activity through

proteasome-mediated pathway activation.42 In this way, the BMAL1/

CLOCK and PER/CRY complexes make a negative feedback loop to

control each other's function. Clock genes and proteins are rhythmi-

cally expressed during the day and cooperate to induce clock machin-

ery function.42 As major regulators of the master and peripheral clock,

BMAL1/CLOCK can modulate the expression of several genes dis-

located in various tissues,43 mainly in the mouse liver, where Bmal1

has been demonstrated to bind 2000 target genes in a circadian-

dependent manner, with a peak of DNA binding occurring during the

day.44 Chromatin immunoprecipitation sequencing (ChIP-seq) has

been used to analyze mouse hepatic gene binding sites for clock

genes, and we confirmed that Bmal1 binds genes during the middle of

the day, whereas gene ontology analysis revealed a large predomi-

nance of gene expression regulated by Bmal1, particularly genes

involved in metabolic pathways.45 Moreover, the maximum occu-

pancy of transcriptional activators by Bmal1/Clock genes occurs con-

comitantly with H3K9 acetylation, which is characteristic of an active

promoter region.45 In addition, in mouse intestine tissues, Bmal1 can

regulate the circadian expression of three peroxisome proliferator-

activated receptor (PPAR) target lipid enzymes: acyl-CoA oxidase

(Aox), 3-hydroxy-3-methylglutaryl coenzyme A (Hmg-CoA) synthase

and cellular retinol-binding protein II (CrbpII) by directly acting on the

promoter activities of these genes.46 Conversely, Per and Cry bind

mouse hepatic genes during the night concomitantly with Hk34

trimethylation, characteristic of an inactive promoter region.45 More-

over, Per2-deficient mice have been reported to show a strong reduc-

tion in total triacylglycerol and nonesterified fatty acids, resulting in

dysregulated lipid metabolism. Per2 can inhibit PPARγ recruitment to

target promoters, resulting in transcriptional activation.47

Melatonin induces phase shifts and entrainment of the circadian

clock by modulating clock gene expression and neuroplasticity.24,48,49

Thereafter, nocturnal melatonin not only conveys temporal informa-

tion to peripheral clocks in several organs but also harmonizes the

central and peripheral clocks, improving circadian coordination.50

Along with its synchronizing ability, melatonin is a key mediator

between the circadian rhythm and lipid and carbohydrate metabolism

at different tissue levels, such as skeletal muscle, adipose tissue, and

the liver (Figure 2).

In particular, the effect of circadian rhythm disruption in skeletal

muscle has been linked to dysregulation of glucose internalization,51

insulin signaling,52 and physical training.53 MT1 and MT2 receptor

knockout (KO) mice showed conserved Per2 and Bmal1 circadian

expression but a loss of the blood glucose physiological rhythm.54

Circadian rhythms play a fundamental role in lipid homeostasis, as

reported in 10 healthy subjects with physiological cortisol and melato-

nin circulation levels consisting in cortisol nadir at 12:00 pm and

F IGURE 2 Molecular mechanisms induced by
melatonin in different peripheral targets.
Melatonin entrains the expression of clock genes
in hepatocytes, reduces lipid accumulation, and
decreases hepatic steatosis by downregulating
Fas, Pparγ, and Srebp1 gene expression in the
liver. The action of melatonin on white adipocytes

induces a switch to the brown adipocyte
phenotype, activating thermogenic action through
stimulation of Ucp-1, Irisin, and Pparγ gene
expression. The lack of melatonin action in
muscle cells induces a loss of the physiological
rhythm of glucose. Illustrations created with
BioRender.com
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melatonin zenith at 3:00 am. Cultured and synchronized myocytes

with forskolin from the same subjects showed a superimposed circa-

dian expression of lipid regulated by clock machinery and a diurnal

lipid profile that was correlated with the transcription profiles of lipid

key enzymes.55 Moreover, Clock mutant mice retained melatonin diur-

nal oscillation but lost peripheral clock machinery components, partic-

ularly Per2, and had impaired glucose tolerance; however, these mice

also had reduced plasma free fatty acids, increased plasma

adiponectin, and improved insulin sensitivity.56 Analysis of the main

enzymes involved in lipid metabolism in epigonadal fat such as

hormone-sensitive lipase (hsl), adiponutrin, and desnutrin genes rev-

ealed that there was a difference in HSL expression in Clock mutant

mice, as well as a loss of Per2 and a conserved Bmal1 genes expres-

sion rhythmicity. Conversely, adiponectin and desnutrin expression

levels were maintained between mutant and wild type, but the circa-

dian expression showed an anti-phasic trend from 10:00 pm to

8:00 am.56 Moreover, melatonin is synthesized and released during

the dark hours of the night together with higher lipid adsorption,57

suggesting a pivotal role of melatonin and the circadian system for the

regulation of lipid homeostasis.

Patients with melatonin deficiency due to radiotherapy or surgical

removal of the pineal gland who were administered 3 mg melatonin

for 3 months displayed improved cholesterol and triglyceride blood

levels, although body weight and liver fat remained unchanged.58

These patients showed increased brown adipose tissue volume and

activity, indicated by positron emission tomography–magnetic reso-

nance imaging (MRI) measurement.58 In animal models, melatonin was

also reported to be important for the regulation of lipid levels and

body fat composition. Male mice fed a high-fat diet (HFD) and

exposed to constant light for 24 h showed increased body weight and

insulin resistance onset than mice in the control group, who were

exposed for 12 h dark and 12 h light.59 Moreover, the same mouse

model exposed to constant light exhibited increased absorption and

digestion of lipids. In addition, male obese, high fat and high caloric

diet-induced rats treated for 8 weeks with 10, 20, and 50 mg/kg body

weight melatonin showed a significant increase in circulating irisin, a

myokine that is particularly important in the switching of white adi-

pose tissue into brown adipose tissue.60 Furthermore, these doses of

melatonin significantly reduced white adipocyte levels in inguinal

depots and in the same district, as well as significantly increased Pparγ

and uncoupling protein-1 (Ucp-1) gene expression levels that are asso-

ciated with decreased lipoprotein (Lpl) transcriptional levels, thus con-

firming the browning transformation of white adipose tissue at the

morphological and molecular level.60 Similarly, male pinealectomized

rats supplemented with melatonin showed higher physiological

UCP-1 gene and protein expression and Hsl gene expression levels in

brown adipose tissue than in non-treated rats.61 Moreover, rat62 and

human63 cultured adipocytes express MTs, and 1 nM melatonin was

reported to regulate lipolysis isoproterenol-induced when adminis-

tered for 4 h.62 Moreover, 1 nM melatonin combined with 5 nM insu-

lin for 6 h is able to stimulate leptin secretion and gene expression f in

cultured rat adipocytes.64

The role of melatonin in the regulation of pluripotent mesenchy-

mal stem cells (MSCs) in the bone marrow and adipose tissue has

emerged. Human MSCs cultured in adipogenic-inducing medium con-

taining 10�4 M melatonin showed the downregulation of mRNA

expression levels of markers of terminal adipocyte differentiation,

such as LPL, adiponectin, and leptin and the upregulation of osteo-

blast differentiation markers, suggesting both anti-adipogenic and

anti-osteoporotic effects.65 Interestingly, the protective role of mela-

tonin against bone marrow damage, particularly cadmium-induced

damage, has been demonstrated in vitro.66 Human adipose MSCs

chronically exposed to cadmium toxicity (e.g., 21 days of treatment

with 0.5–2 μmol/L cadmium) showed a decrease in cellular lipid accu-

mulation and attenuation of osteogenic response when cells were

exposed to 50 nmol/L melatonin for 4 h compared with cells treated

with cadmium and melatonin alone, respectively.66 These results con-

firmed that melatonin inhibited the adipogenic differentiation of

MSCs induced by cadmium exposure, leading to a preferential com-

mitment of the precursor cell toward an osteogenic lineage. Similarly,

the involvement of AMPK/β-catenin signaling has been reported in

C3H/10T1/2 mouse pluripotent stem cells.67 Exposure to 100 μM

melatonin for 3, 5, and 7 days promoted the osteogenic differentia-

tion of C3H/10T1/2 cells and showed a synergistic effect when com-

bined with bone morphogenetic protein 9 (BMP9). This effect was

mediated by the phosphorylation of Smad1/5/8 and β-catenin and by

the activation of AMPKα proteins, which are the main factors involved

in osteogenic cellular lineage development.67

The anti-lipogenic effect of melatonin in patients with non-

alcoholic fatty liver disease (NAFLD), as well as the molecular mecha-

nisms involved, such as the scavenger activity via stimulation of

antioxidative enzymes has been investigated in in vivo human and ani-

mal models.68–71 Conversely, a recent study comparing clock gene

expression in PBMCs before and after a period of alcohol consump-

tion in daytime and nighttime workers demonstrated significant differ-

ences in melatonin secretion and clock gene expression.72 In the

nighttime workers, alcohol consumption delayed physiological melato-

nin secretion, increased the total amount of PER1 expression, and

decreased the total amount of CRY1 expression compared with day-

time workers.72 Similar results have been reported in obese mice

exposed to constant light, fed with HFD and supplemented with

50 mg/kg body weight melatonin from 8:00 pm to 8:00 am.59 After

10 weeks of melatonin exposure, obese mice showed decreased liver

weight and hepatic lipid content levels, decreased circulating levels of

glycemia, and ameliorated insulin sensitivity when compared with ani-

mals that did not receive melatonin treatment used as control

group.59

As demonstrated at the molecular level, constant light exposure

can cause an anti-circadian expression of clock genes in mouse liver

tissues that restore the physiological pattern with melatonin supple-

mentation.59 The main proteins involved in cellular and tissue lipid

accumulation, such as fatty acid synthase (FAS), cluster of differentia-

tion 36 (CD36), PPARγ, and sterol regulatory element-binding tran-

scription factor-1 (SREBP-1), were upregulated in the liver of mice
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exposed to constant light, whereas they were decreased when the

same mice were treated with 50 mg/kg body weight melatonin,

suggesting a clear role for melatonin in the regulation of light/dark

cycle and, consequently, lipid metabolism.59 Figure 3 illustrates the

effects of melatonin on the metabolic profiles and hepatic lipid

homeostasis of mice exposed to constant light conditions.

Melatonin supplementation improved the gut microbiota compo-

sition of HFD-fed mice exposed to constant light by increasing the

genera Roseburia and Eubacterium and reducing the ratio between

Firmicutes and Bacteroidetes, which are butyrate-producing bacte-

ria.59 Similarly, the anti-obesogenic effects of melatonin on gut

microbiota modulation have been demonstrated.73 HFD-fed mice

treated daily for 2 weeks with 0.4 mg/ml melatonin showed

improved visceral and subcutaneous adipose tissue accumulation

when compared with those were not supplemented with melatonin

used as control group. Similar to what was demonstrated in the con-

trol group, HFD mice supplemented with melatonin showed restored

rhythmicity of clock genes that were otherwise lost as a result of

HFD.73 Fecal microbiota was explanted from the control, HFD, and

HFD melatonin-treated mice groups and transplanted into antibiotic-

treated mice at two different time points (8 am and 4 pm) to investi-

gate the circadian response to HFD feeding. Although there was no

significant difference detected in the dysmetabolism of HFD mice

when melatonin was administered in the daytime or nighttime, a sig-

nificant improvement in lipid content was revealed after circadian gut

microbiota transplantation. In detail, transplantation in the control

group at 4:00 pm significantly increased subcutaneous inguinal fat

and circulating triglycerides compared with transplantation at

8:00 am. Moreover, transplantation in HFD melatonin-treated mice

groups showed decreased inguinal, perirenal, and periuterine fat

depots when compared with control and HFD mice groups.73 More-

over, no significant difference was observed in body weight gain

after transplantation in the two different time points evaluated, and

interestingly, the lipid profile of the receiving group was influenced

by the time at which the microbiota were transplanted.73 In particu-

lar, microbiota transplanted at 8:00 am in the HFD group increased

serum triglyceride, cholesterol, and HDL concentrations in the receiv-

ing control group. However, this effect was slightly reversed when

the control group received transplants from HFD melatonin-treated

mice at 8 am. Conversely, serum triglyceride levels decreased when

microbiota from the HFD was transplanted into the receiving group

at 4:00 pm.73

These clinical and preclinical findings indicate that the role of mel-

atonin in the control of adipose, muscle, and liver tissue fat accumula-

tion, circulating lipid levels, and adipocyte differentiation is clearly

linked to the expression of circadian rhythm components.

F IGURE 3 Metabolic and immune effects of melatonin in rodent models. High-fat diet (HFD) mice exposed to constant light for 24 h showed

dysregulated circadian rhythms accompanied by increased body weight. On the hepatic level, mice displayed upregulated levels of Fas and Srebp1
genes, which are associated with hepatomegaly and steatosis. These mice were also hyperglycemic and insulin resistant, and treatment with
melatonin improved their metabolic profile by decreasing body weight and downregulating Fas and Srebp1 gene expression in the liver. Thus,
hepatic steatosis decreased, and systemic insulin sensitivity and glycemia were improved.59 Pinealectomized rats exposed to constant light
showed decreased levels of thymosin α1 and thymulin, which are important factors secreted by the thymus involved in the maturation of immune
cells (B cells, T cells, and natural killer cells). Interestingly, melatonin supplementation in this rat model promoted the secretion of thymosin α1 and
thymulin, thus improving cell-mediated immunity.83 Illustrations created with BioRender.com
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5.2 | Melatonin: Implications of chronobiology on
the immune system

The most important evidence of the relationship between immunity

and cirrhosis is the rhythmic expression of Toll-like receptors (TLRs)

during the day.74,75 TLR expression and function may be modulated

by melatonin,65–69 creating tight crosstalk between melatonin, circa-

dian rhythm, and the immune system. TLRs are proteins expressed on

the surface of many cells and within endosomes that play an impor-

tant role in pathogen recognition and the consequent activation of

the innate immune system.76 In vivo and in vitro studies have demon-

strated the circadian expression of TLRs and the effects of melatonin

in the regulation of TLR expression, thus demonstrating a strong cor-

relation between circadian rhythm and immunity. In particular, TLR9,

which belongs to the group of endosomal receptors of the innate

immune system and are capable of recognizing hypomethylated CpG

sequences from DNA, showed circadian expression and functionality

in in vivo studies in humans74 and mice.75 In humans, the daily varia-

tions in TLR9 responsiveness may modulate the efficacy of CpG

oligodeoxynucleotide (ODN)-adjuvanted immunization,74 whereas in

immunized mice, the maximum TLR9 responsiveness is Per2

expression-related and, for this reason, correlated with maximum

expression levels of Per2, which helped develop a stronger adaptive

immunity 4 weeks after immunization, confirming the circadian regu-

lation of this innate immune pathway.75 Moreover, peritoneal macro-

phages isolated from circadian-deficient Per2-mutant mice and

challenged with different pathogen-associated molecular patterns

(PAMPs) targeting multiple TLRs produced significantly lower

amounts of TNF-α and IL-12 than macrophages isolated from wild-

type mice.75 Similarly, an in vitro model of adherent splenocytes and

splenic macrophages demonstrated that TLR3 protein levels fluctu-

ated over the daily light–dark cycle and that mRNA levels of TLR2 and

TLR6 exhibited rhythmic expression.75

The inhibitory effect of melatonin on TLR action has been

recently demonstrated in in vivo preclinical studies77,78 and in vitro

models.79–81 In an in vivo animal model of ovarian cancer, it was

reported that 200 μg/100 g body weight melatonin reduced TLR2

and TLR4 function by abolishing inflammatory status typical of

ovarian cancer via myeloid differentiation factor 88 (MyD88) and

TLR-associated activator of interferon (TRIF) inhibition,77 suggesting

that melatonin can influence TLR expression by modulating the

inflammatory responses observed in cancer. Moreover, a KO TLR2

mouse model demonstrated a feedback loop between TLR activation

and melatonin synthesis and action.78 Mice with allergic airway

inflammation induced by intraperitoneal injection of ovalbumin

showed increased TLR2 expression associated with increased activa-

tion of the nucleotide oligomerization domain-like receptor family,

pyrin domain containing-3 (NLRP3) inflammasome and airway inflam-

mation, which were significantly reduced in TLR2 KO mice. Addition-

ally, wild-type mice exhibited reduced melatonin biosynthesis, which

was otherwise restored in the TLR2 KO mice,78 demonstrating that

the TLR2–NLRP3-allergic airway inflammation circuit was responsible

for decreased melatonin secretion. Similarly, in vitro experiments with

macrophages demonstrated the inhibitory effects of melatonin on

TLR3,80 TLR4,79 and TLR981 pro-inflammatory effects through the

prevention of the intracellular activation of pathways typically

involved in cellular inflammatory responses, such as ERK1/2 and AKT

phosphorylation, NF-κB activation, and MyD88 transcription.79–81

In addition to TLR expression, the role of melatonin in the regula-

tion of immunity related to the circadian rhythm has also been studied

in animal models.82,83 In a rat model of arthritis, decreased levels of

melatonin were detected, and ornithine decarboxylase activity

(an index of lymph cell proliferation), which is a typical feature of

inflammation of the submaxillary lymph node and spleen, was signifi-

cantly increased, specifically with an acrophase in the afternoon or

the morning in lymph nodes and spleen, respectively.82 Surprisingly,

daily injection of 100 μg melatonin increased the amplitude of orni-

thine decarboxylase activity, especially in old rats, suggesting not only

the circadian role of melatonin in immune function regulation but also

age dependency.82 Moreover, pinealectomized rats continuously

exposed to light showed decreased levels of thymosin α1 and

thymulin proteins, which are secreted from the thymus and enhanced

cell-mediated immunity.83 Moreover, exposure to 10 mg/kg body

weight melatonin during the day caused an increase in the levels of

thymosin α1 and thymulin in pinealectomized rats, demonstrating the

role of melatonin in the regulation of immunity related to circadian

rhythms.83 Figure 3 summarizes the effects of melatonin on cell-

mediated immunity in pinealectomized rats exposed to constant light

conditions.

Taken together, several studies have reported a central role for

melatonin in the circadian regulation of metabolic and immune func-

tions in human and animal models as well as in in vitro models,

suggesting a pivotal therapeutic role for melatonin in the entrainment

of metabolism and the immune system.

5.3 | Melatonin: Implications of chronobiology on
aging and immune system

Melatonin levels gradually decrease over the lifespan,10 and this con-

dition may be related to lowered sleep efficacy and circadian rhythm

disruption. Diminished nocturnal melatonin secretion with associated

disturbances in the sleep–wake rhythm has been reported in elderly

healthy subjects.84 Moreover, an in vivo study performed in a hamster

model revealed that the expression of circadian clock machinery com-

ponents was highly related to age, as demonstrated by the reduction

of Bmal1, Clock, and Per1 gene expression in aged hamsters subjected

to a light stimulus.85 Moreover, old laboratory mice showed decreased

Per2 gene expression in the SNC compared with young adult mice,

regardless of light exposure.86 The intricate role of melatonin in the

regulation of clock gene expression and sleep–wake cycle modulation

has been investigated in mouse models in which age has been corre-

lated with increased daytime sleep and decreased nighttime wakeful-

ness.87 Moreover, old Wistar rats treated with 30 μg/kg body weight

melatonin for 11 days showed restored circadian clock gene expres-

sion, which was otherwise altered by aging.88 In 24-month-old rats,
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Bmal1, Cry1, and Cry2 gene expression in the SNC displayed an

abolished daily rhythm whose synchronization was restored by mela-

tonin supplementation, suggesting the role of melatonin in the bal-

ance of the sleep–wake cycle and circadian rhythm is significantly

influenced by age.88 Finally, because melatonin has potent antioxidant

and free radical scavenger properties, it may play an important role in

all age-related disturbances, including sleep disturbances, thymus

involution, and immune system dysfunction.89

Age-related disturbances are often associated with subcellular

constituents, cells, and organ deterioration, which mainly result from

increased toxic free radical action.90 Therefore, to counterbalance the

cell and tissue damage caused by free radicals, the body needs a piece

of powerful machinery capable of eliminating these continuously pro-

duced reactive species.90 Melatonin is an antioxidant capable of scav-

enging highly toxic hydroxyl radicals and stimulating the activity of a

great number of antioxidative enzymes.15,90,91 Particularly, a role in

the restoration of age-related thymus involution has been demon-

strated in preclinical in vivo92,93 and in vitro studies.92 Thymus involu-

tion is a physiological process, particularly related to age, associated

with immunosenescence that leads to a progressive reduction in thy-

mus size and structure that can cause degeneration of the immune

system and mainly affects T-cell composition and efficiency.94 In

22-month-old female mice and 7-month-old male mice, the daily

exogenous supplementation of 60 μg melatonin for 60 and 40 consec-

utive days, respectively, increased thymus weight, thymocyte total

number, and percentage at G2/S phases of the cell cycle, demonstrat-

ing the ability of melatonin to improve the replication rate of thymo-

cytes and inhibit apoptotic cell death due to senescence and oxidative

stress processes.93 Restoration of the thymus has been reported to

contribute to the immune response, indicating not only an improved

thymus morphology but also improved thymus functionality. Melato-

nin supplementation in old mice induced a significant increase in natu-

ral killer cell activity compared with old untreated mice.93 Similarly,

cultured mouse thymocytes exposed to hydroxyl radicals (�OH) and

subjected to apoptotic cell death were pretreated with 100 and

200 μM melatonin for 1 h to evaluate if melatonin participated in res-

toration of thymocyte proliferation.92 The �OH-induced apoptotic cell

death was almost completely abolished by 1 h of melatonin pre-

treatment through the significant reduction in caspase-3 activity and

DNA cleavage, as demonstrated with a terminal deoxynucleotide

transferase dUTP nick end labeling (TUNEL) assay.92

Considering these findings, melatonin not only functions in the

regulation of circadian rhythm but also in age-related immune dys-

function, such as thymus involution, by modulating oxidative pro-

cesses associated with aging and loss of immune responses due to

thymus regression. These findings further underline the strong scav-

enger capability of melatonin.

5.4 | Melatonin: Insight into antioxidant molecular
mechanisms

Alongside the well-known role of melatonin as a pivotal regulator of

the circadian rhythm, melatonin has recently emerged as a player in

the control of body weight. Melatonin effects are mainly mediated by

its antioxidant properties,95 which are stronger than those of other

indoles.96 Indeed, several pathologies, including metabolic and

immune dysfunctions, are tightly related to oxidative stress or even

caused by chronic and long-lasting oxidative stimuli.95 The anti-

obesogenic actions of melatonin depend on several molecular mecha-

nisms, as recently demonstrated by clinical11,97–99 and preclinical

data.100–103 Surprisingly, a significant increase in melatonin serum

levels between 6:00 pm and 8:00 am emerged when nondiabetic men

with obesity were compared with lean men.97 Moreover, nondiabetic

men with obesity showed higher nocturnal plasma levels of melatonin

than men with Type 2 diabetes mellitus (T2DM), indicating a higher

amplitude of nocturnal melatonin production in nondiabetic subjects

with obesity, which was mainly due to increased leptin levels that are

capable of stimulating stronger sympathetic innervation and the pineal

gland to secrete melatonin.97 These findings demonstrated that noc-

turnal melatonin secretion was highly related to both body weight and

insulin sensitivity, but specifically to leptin levels and action.97

Although melatonin generally shows low toxicity and side effects,

to avoid the risk of prolonged supra-physiological diurnal melatonin

levels, supplementation with exogenous melatonin should range from

low doses of 0.3 mg 1 h before bedtime up to a maximum of 1 or

2 mg melatonin to best mimic its normal physiological levels.104 Inter-

estingly, subjects with obesity (five men and 10 women) sup-

plemented with a high dose (10 mg/day) of melatonin and subjected

to caloric restriction for 30 days showed significant weight loss,

increased circulating levels of adiponectin and leptin, and decreased

levels of resistin compared with subjects with obesity treated only

with caloric restriction.11 Additionally, the subjects with obesity sup-

plemented with melatonin showed improved antioxidant defense

machinery, as demonstrated by decreased levels of the oxidative

stress biomarker malondialdehyde (MDA), demonstrating the positive

effects of melatonin on body weight loss through the reduction of oxi-

dative stress and adipokine regulation.11 Women with obesity sup-

plemented with melatonin at a high dose (6 mg/day) and subjected to

a low-calorie diet for 40 days showed only improved antioxidative

stress defense but not an alteration in body weight and composi-

tion.98,99 Similarly, a group of postmenopausal women with

osteopenia who were treated with melatonin supplementation at dif-

ferent dosages (1 and 3 mg/day) for 12 months showed improved

body composition and increased lean mass and upregulated levels of

adiponectin compared with subjects treated with placebo.99

Male patients with deficient melatonin secretion due to pineal

gland surgical removal or radiotherapy damage in the pineal area

showed improved volume and activity of brown adipose tissue when

supplemented with 3 mg/day melatonin 30 min before sleep for

3 months, as demonstrated by integrated 18F-fluorodeoxyglucose

positron emission tomography magnetic resonance imaging (FDG-

PET/MRI) performed after cold exposure.58 Similar results have been

reported in experimental studies on animal models. Male obese

Sprague–Dawley rats fed an HFD were treated with 30 mg/kg body

weight melatonin for 3 weeks.100 When melatonin was administered

at zeitgeber time 11 lights-out (the active phase of a nocturnal
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animal), the body weight of obese rats was significantly decreased

compared with rats that did not receive melatonin used as control.

Additionally, plasma glucose, triglycerides, and leptin levels decreased,

confirming that melatonin may mediate body weight, lipid, and

adipokine regulation.100 Similarly, male obese C57BL/6 mice fed an

HFD and treated with 1 mg/kg body weight melatonin during the dark

phase for 10 weeks showed a significant decrease in food intake and

body weight, accompanied by a significant reduction in fat depots in

the inguinal, epididymal, and retroperitoneal zones.12 Moreover, mor-

phological analysis of inguinal region adipocytes demonstrated that

obese mice treated with melatonin displayed a significant decrease in

white adipocyte area and volume, which was associated with

increased gene expression levels of CCAAT/enhancer-binding protein

α (C/EBPα), PPARγ, glucose transporter 4 (GLUT4), and adiponectin

markers for mature adipocytes and insulin sensitivity.12 In addition,

genetically obese (ob/ob) mice, whose sex was not reported, that

were exposed for 8 weeks to 100 mg/kg body weight melatonin

showed a significant increase in adiponectin and a decrease in TNF-α,

resistin, and visfatin in adipose tissue deposits, thus indicating a

reduction in adipose tissue inflammatory infiltration markers.101

The antioxidative properties of melatonin are particularly impor-

tant in the prevention of cardiovascular risk, mainly due to its protec-

tive effects on cardiomyocytes and heart features reported in

mice.102,103 Male ob/ob mouse models treated with 100 mg/kg body

weight melatonin for 13 weeks showed ameliorated heart function

and morphology through the restoration of sirtuin-1 (SIRT-1) protein

expression and increased pAMPK/AMPK protein expression ratios

that strongly contributed to decreased heart oxidative stress, typically

observed in obese mice.103 Similarly, melatonin may also reduce adi-

pocyte hypertrophy and inversely regulate hydroxynonenal (4HNE), a

product of cellular lipid peroxidation and adiponectin expression at

the pericardium levels in male ob/ob mice models.102

In vitro experiments revealed that melatonin may influence adipo-

cyte differentiation by improving adipocyte functionality and

switching them into brown adipocytes. In 3T3-L1 preadipocytes105

and bovine intramuscular preadipocytes (BIPs),106 supplementation

with 1 mM melatonin significantly stimulated C/EBPα gene expres-

sion and PPARγ gene and protein expression, two main regulators of

terminal adipogenesis, thus showing melatonin involvement in white

adipocyte differentiation. In addition, melatonin-treated BIPs also

formed smaller lipid droplets and abundantly expressed several genes

and proteins associated with lipolysis, including HSL, adipocyte tri-

glyceride lipase (ATGL), and perilipin-1.106 Melatonin exposure in BIPs

reduced intracellular reactive oxygen species (ROS) levels by increas-

ing the production and activities of superoxide dismutase 1 (SOD1)

and glutathione peroxidase 4 (GPX4), which are responsible for

destroying cellular free superoxide radicals.106 Adipocytes explanted

from the inguinal fat pads of Sprague–Dawley male rats during the

mid-light phase and were exposed to 1 nM melatonin to simulate a

physiological dose and inhibited lipolysis via MT-1 and MT-2 recep-

tors expressed by cultured cells.62 According to in vivo results, the

expression of UCP-1, which is the main marker for adipose tissue

browning, was also present at both the gene and protein levels in

melatonin-treated cells, confirming the role of melatonin in the induc-

tion of the white-to-brown adipose tissue shift and thus adipose tis-

sue functionality.107

Human adipose-derived mesenchymal stem cells (AdMScs)

exposed to 10 μM melatonin showed a higher proliferation rate and

higher gene and protein expression levels of MT-1 and MT-2 recep-

tors than untreated cells.108 Contrary to what was observed in differ-

entiated adipose tissue, in melatonin-treated AdMScs, the expression

levels of C/EBPα and lipid droplet accumulation was reduced when

compared with untreated cells used as control, as demonstrated by

Red Oil staining.108 Surprisingly, when human mesenchymal stem cells

(hMScs) were exposed to 10�8, 10�6 M, and 10�4 M melatonin, their

differentiation lineage changed from adipogenic to osteogenic, which

was associated with downregulated gene expression of PPARγ, leptin,

LPL, and adiponectin, as well as unregulated markers of osteoblast dif-

ferentiation such as osteopontin, osteocalcin and phosphatase alkaline

after 10�4 M melatonin treatment.65

Together, these findings demonstrate that melatonin can reduce

adipogenesis and stimulate brown adipose tissue differentiation

and that supplementation with high doses of melatonin can induce

beneficial effects on adipose tissue functionality by stimulating brown

adipose tissue activity and reducing total cholesterol and triglyceride

levels.

5.5 | Melatonin: Implications in chemotherapy
responsiveness

Chemotherapy is one of the most used and effective treatments for

cancer management but often shows high adverse reactions that

severely limit its clinical applicability. However, a large body of

evidence highlights the adjuvant role of melatonin in cancer treatment

due to its antioxidant and immunoregulatory activities.109–113 In

particular, the concomitant administration of melatonin with chemo-

therapy has been associated with a better quality of life and increased

free survival rate in patients with cancer.114,115 Similarly, preclinical

data from animal116,117 and in vitro cancer models118–120 have

reported a therapeutic role for melatonin in the improvement of

chemotherapy efficacy and in the reduction of chemotherapy-

associated side effects by decreasing ROS production, activating

apoptotic pathways, and arresting the cell cycle in the G0/G1 phase

or delaying the S phase. Interestingly, transgenic mice bearing

mammary adenocarcinomas that were treated with cyclophospha-

mide, adriamycin, and 5-fluorouracil (CAF) and adriamycin and

docetaxel (AT) cytotoxic drug combinations during the morning and

late afternoon were supplemented with 20 mg/L melatonin during the

night 1 week before or 3 weeks after treatment or during both treat-

ment periods.121 After 14 and 21 days, all the treatment schedules

had reduced tumor volume compared with controls, except when AT

treatment was administered in the late afternoon without melatonin

supplementation. This demonstrated a lower efficacy of AT compared

with CAF if administered in the late afternoon. Surprisingly, the

administration of AT in the late afternoon in combination with
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melatonin resulted in a more efficient chemotherapy schedule,

indicating that melatonin improved AT chemotherapeutic action and

the importance of chronobiology for chemotherapy treatment.121

Taken together, this evidence highlights the efficacy of melato-

nin in enhancing chemotherapeutic effects in both in vivo and

in vitro models, which supports the clinical data. In particular,

melatonin effects seem to be mediated by antioxidative and

antiproliferative/proapoptotic pathway activation in several cancer

models.

5.6 | Melatonin: Insight into anti-inflammatory
molecular mechanisms

Inflammation is a biological response in tissues and cells to harmful

stimuli, such as pathogens, to protect the body from cellular inju-

ries using the activation of immune cells, blood vessels, and cellular

mediators.122 In addition to its antioxidant properties, melatonin

may also induce anti-inflammatory actions,123 and recent studies

have suggested the important role of inflammasomes in the patho-

genesis of different inflammatory diseases.124 Inflammasomes are

present in a variety of cells and activated by various endogenous

or exogenous stimuli. Inflammasomes are intracellular multiprotein

complexes that trigger inflammatory caspases, which in turn induce

the secretion of pro-inflammatory cytokines such as IL-1β and IL-

18. To date, five different inflammasomes (nucleotide-binding oligo-

merization domain-like receptor pyrin domain-containing [NLRP] 1–

3) have been clearly identified: NLRP1, NLRP2, NLRP3, AIM2, and

IPAF/NLRC4.124 More recently, the role of melatonin in the modu-

lation of inflammasomes has been reported,125–127 particularly

NLRP3, which is a multiprotein complex of the innate immune sys-

tem that can be activated by microbial molecules, endogenous

cytokines, or endogenous danger molecules, such as damage-

associated molecular patterns (DAMPs).125

New therapeutic approaches aimed to reduce inflammatory

processes without significantly altering physiological responses and

with limited side effects are challenging for clinicians.128 In this

regard, melatonin, which has immunomodulatory properties and

minimal toxicity, is well suited for this purpose. Scientific evidence

for the role of melatonin in the immune response through the

modulation inflammasome formation and action has been reported

in the literature. Despite the diversity of pathological models used

to evaluate this mechanism, they all focus on the inflammatory

state on which melatonin acts. In a lipopolysaccharide (LPS)-

induced acute lung injury (ALI) mouse model, intratracheal adminis-

tration of 30 mg/kg body weight melatonin 3 days before ALI

induction improved histological changes in the lung caused by LPS

stimulus, as well as lung density and aerated lung volume, and

decreased the infiltration of macrophages and neutrophils and IL-

1β and caspase-1 levels by inhibiting NLRP3 activation.125 Similarly,

it has been demonstrated that melatonin may delay intervertebral

disc degeneration by inactivating the IL-1β/NF-κB-NLRP3 positive

feedback loop both in in vivo and in vitro models.127 Rat models

with intervertebral disc degeneration administered 30 mg/kg body

weight melatonin for 3 weeks showed decreased levels of NLRP3,

p20, IL-1β, aggrecan, and collagen II levels when compared with

rats that did not receive melatonin treatment, used as control

group. Moreover, cultured rat nucleus pulposus cells treated with

melatonin doses from 0.5 to 2 mM for 12–24–48 h showed

decreased levels of NLRP3 and p20 protein expression compared

with the untreated controls, thus demonstrating that the anti-

inflammatory properties of melatonin may be mediated by NLRP3

signaling.127 Interestingly, in a chronic obstructive pulmonary dis-

ease rat model obtained by chronic exposure to cigarette smoke

and LPS, 10 mg/kg/day melatonin improved lung function com-

pared with untreated rats.126 Moreover, lung tissues of rats treated

with melatonin showed decreased NLRP3, cleaved caspase-1, and

ASC protein levels associated with higher SIRT-1 protein expres-

sion, suggesting the airway anti-inflammatory action of melatonin

was SIRT-1-mediated.126

These molecular data demonstrate that the anti-inflammatory

actions of melatonin are mainly mediated by the inhibition of NLRP3

inflammasome formation.

5.7 | Melatonin, obesity, and the immune system:
Human clinical evidence

Exposure to artificial light at night (ALAN) is associated with the dis-

ruption of the circadian system and has been shown to have detri-

mental effects on health. Exposure to ALAN is very frequent in

industrialized countries because of shifts that require employees to

workday and night shifts. Regarding overweight and obesity, there is

growing evidence129,130 of a relationship between night shift work or

short sleep duration and indicators for adiposity, such as body mass

index (BMI) or waist circumference (WC). Beyond the traditional

determinants of obesity, such as energy intake and expenditure,

mounting interest has been directed toward environmental factors,

with recent evidence131,132 for the association between exposure

to ALAN and health outcomes. Although epidemiological studies

exploring ALAN and excess adiposity are scarce, they are crucial to

overcoming the hurdle of the use of sleep duration and night shift

work as hypothetical proxies of ALAN exposure. Here, we summarize

evidence from human studies that reported a link between ALAN and

overweight/obesity conditions.

Only three cross-sectional studies have examined outdoor ALAN

captured by satellite sensors. Data from 8526 Korean participants in

the KoGES study (47% men, mean age: 52.9 ± 9.0 years) highlighted

that high ALAN exposure (i.e., living in bright areas) was significantly

associated with obesity (definition based on BMI) after adjustment for

confounding variables (odds ratio [OR] 1.20, 95% CI = 1.06–1.36,

p = 0.003).133 Similar findings were reported by Abay and Amare134

in 33,586 Nigerian women (age 15–49 years), who showed a signifi-

cant nonlinear relationship between satellite-based night light inten-

sity (above 50–75th, 75–90th, and above 90th percentiles of ALAN)

and overweight and obesity occurrence using BMI classification,
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regardless of potential confounders.134 The association between out-

door ALAN data from the US Defense database and obesity preva-

lence rates from a WHO countrywide database was investigated in an

elegant study by Rybnikova et al. conducted in men and women from

more than 80 countries.135 ALAN was found to be a significant risk

factor for obesity in women (B = 0.002–0.009, t = 2.739–2.877,

p < 0.01) and men (B = 0.003–0.043, t = 1.972–2.658, p < 0.1). Thus,

when other explanatory variables (i.e., country-level development

indicators) are included in the analysis, ALAN explained 72%–73% of

worldwide overweight and obesity prevalence rates in women and

67%–68% in men.135

In a Japanese study including 528 elderly men (47% men,

mean age: 72.8 ± 6.5 years), ALAN exposure while sleeping was

measured using a portable photometer. Body weight, BMI, and WC

were significantly higher in the ALAN group (≥3 lx) than in the dim

group (<3 lx).136 Notably, ALAN exposure was associated with a

higher OR for obesity (BMI: OR, 1.89; p = 0.02; abdominal obe-

sity: OR, 1.62; p = 0.04) independent of demographic and socio-

economic variables.136 Similar findings were reported by McFadden

et al. in a large cohort (n = 113,343, mean age: 47.2 ± 13.6 years)

of women living in the United Kingdom that used self-reported

lightness during bedtime to show an association with increased OR

for overweight and obesity using both BMI and waist-to-hip

ratios.137 These observations are consistent with results from a

cohort of 43,722 women from the Sister Study that involved sub-

jects from the United States and Puerto Rico (mean age:

55.4 ± 8.9 years), which reported a positive association between

self-reported ALAN exposure while sleeping and higher prevalence

ratios (PR) for obesity as identified using BMI (PR: 1.03, 95% CI

1.02–1.03) and visceral adiposity (WC, waist-to-hip ratio, and

waist-to-height ratio).138 After a 5.7-year follow-up, the prospective

analysis revealed that sleeping with an ALAN source was

associated with obesity (relative risk [RR]: 1.19, 95% CI: 1.06–

1.34).138 Another longitudinal study of 766 Japanese participants

who were followed up over 21 months showed that both evening

(≥100 lx) and nighttime (≥3 lx) exposures to objectively measured

high light intensity were significantly associated with % waist-to-

height gain and BMI augmentation in fully adjusted models.136

Beyond the link between shift work and obesity, reports have

also highlighted that the immune system may also be affected by shift

work and can lead to an increased susceptibility to infections due to

the disruption of adaptive and innate immune responses.139 It has

been reported that shift work affects the production rhythms of leu-

kocytes, phagocytosis, and cytokine and their proliferative responses

to antigens.140 The increased number of lymphocytes and/or leuko-

cytes in shift workers has been suggested to reflect increased inflam-

mation, thus representing a favorable milieu for infections. Indeed,

studies carried out in shift workers reported a higher incidence and

severity of respiratory infections compared with non-shift

workers.141,142 Night-shift workers have also been reported to have a

higher number of monocytes than non-shift workers. However, there

were no large differences in monocyte functionality and T-cell prolif-

erative responses to various stimuli between night-shift and non-shift

workers.139 In conclusion, shift workers have a higher risk of develop-

ing obesity and immune system disturbances than non-shift

workers.139 Furthermore, the numbers of lymphocytes and/or leuko-

cytes were higher in shift workers, although no significant differences

were found in the numbers of other immune cells or the functional

aspects of monocytes and T cells.139 Changes in the immune system

in addition to obesity could contribute to increased susceptibility to

infections in shift workers. Thus, in humans, melatonin exerts protec-

tive effects against infections by indirectly improving the immune sys-

tem by modifying the metabolism, inflammatory signals, and oxidative

stress143–145 (Figure 4).

F IGURE 4 Possible mechanistic routes in
which melatonin affects the infection process.
Melatonin can reduce body weight and thus
contributes to the reduction of visceral
adipose tissue, which is the main source of
inflammatory signals. In addition, melatonin
has been reported to have antioxidant
properties that reduce both reactive oxygen
species (ROS) and nitrogen species. The
reduction of low-grade inflammation, along
with antioxidant effects, contributes to an
improved insulin resistance at both hepatic
and muscle sites. All these mechanisms result
in an improvement in both innate and cellular
immunity to infections. Illustrations created
with BioRender.com
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6 | CONCLUSIONS

In conclusion, a review of the scientific literature of the molecular

mechanisms of melatonin in the regulation of body weight and fat

composition as well as the immune responses in obesity revealed that

melatonin anti-inflammatory and antioxidant actions can influence not

only body weight and energy metabolism but also immune responses

to infections. The close correlation between circadian rhythms and

immunity has been demonstrated in several in vivo and in vitro

models and highlights the pivotal role of melatonin as an entrainer of

both metabolic and immune functions, which can be further improved

by the direct effect of melatonin on the metaflammation state of

obese conditions.

This review touches on a very innovative topic that is poorly

investigated. Nevertheless, substantial analysis of the literature has

pointed to different experimental models of how melatonin is related

to obesity and immunity. The strength of this review is the collective

analysis of the molecular mechanisms underlying the predisposition to

infection in patients with obesity and points to the importance to con-

sider these mechanisms as targets of future therapeutic strategies.

Unfortunately, the lack of specific studies evaluating the role of mela-

tonin concomitantly with the regulation of chronodisruption and

infections in obesity conditions implies a limitation that still requires

addressing in the field.
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