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Abstract

Visceral adipose tissue (VAT) dysfunction is a major determinant of obesity-related
metabolic disorders, including insulin resistance, metabolic syndrome, cardiovascular dis-
ease, and chronic low-grade inflammation. Growing evidence indicates that VAT function is
regulated by a complex interplay between nutrition, circadian rhythms, intestinal melatonin
secretion, and the gut microbiota rather than by isolated metabolic pathways. The gas-
trointestinal tract represents an important interface between dietary exposures, microbial
activity, immune signaling, and host metabolic regulation. Melatonin is a potential compo-
nent of this network because it participates in circadian regulation and has been detected in
gastrointestinal tissues, while experimental studies suggest that intestinal melatonin signal-
ing may interact with gut microbial and metabolic processes. However, the cellular sources,
quantitative contribution, local dynamics, and physiological significance of intestinal mela-
tonin remain incompletely established, particularly in humans. This narrative review inte-
grates current evidence regarding the interactions between nutrition, circadian regulation,
intestinal melatonin, gut microbiota, and visceral adipose tissue. Rather than proposing a
validated causal pathway, we introduce the Gut–Melatonin–Visceral Adipose Tissue (Gut–
Melatonin–VAT) Axis as an integrative, hypothesis-generating conceptual framework that
organizes established interactions together with candidate mechanisms requiring further
experimental validation. Particular attention is given to the bidirectional relationships
among dietary composition, meal timing, microbial rhythmicity, intestinal signaling, im-
mune regulation, and VAT dysfunction. The framework may provide a basis for generating
testable hypotheses concerning nutritional, chrononutritional, microbiota-targeted, and
melatonin-related interventions, while recognizing that direct human evidence validating
the complete pathway is currently lacking.

Keywords: visceral adipose tissue; melatonin; gut microbiota; circadian rhythms;
chrononutrition; metabolic health; obesity; intestinal barrier

1. Introduction
Obesity is one of the most important public health challenges worldwide and is

strongly associated with an increased risk of cardiovascular disease, type 2 diabetes mel-
litus, non-alcoholic fatty liver disease, and several cancers [1]. However, the metabolic
consequences of obesity depend not only on total body fat mass but also on adipose tissue
distribution. Among different adipose tissue depots, visceral adipose tissue (VAT) is con-
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sidered particularly detrimental because of its strong association with insulin resistance,
chronic inflammation, and cardiometabolic risk [2,3].

VAT differs from subcutaneous adipose tissue in its anatomical location, endocrine
activity, vascularization, and inflammatory profile [3,4]. Excessive VAT accumulation
promotes adipocyte hypertrophy, immune cell infiltration, and dysregulated secretion of
adipokines and inflammatory mediators [4,5]. Consequently, VAT is increasingly recog-
nized as a key driver of metabolic dysfunction [2,5,6].

Recent advances in microbiome research have identified the gut microbiota as an im-
portant regulator of adipose tissue biology [6]. The gut microbiota participates in digestion,
energy harvesting, immune regulation, and maintenance of intestinal barrier integrity [7].
Growing evidence indicates that microbial dysbiosis contributes to VAT expansion and
dysfunction through several interconnected mechanisms involving metabolic endotoxemia,
immune activation, microbial metabolites, and neuroendocrine signaling [6–8].

The gut microbiota is not metabolically static but exhibits pronounced diurnal rhyth-
micity, with the composition and activity of microbial communities changing across the
light–dark cycle. These microbial oscillations are closely linked to host circadian signals
and are influenced by feeding behavior, dietary composition, and the timing of food in-
take [9,10]. Experimental studies have demonstrated that high-fat feeding can dampen
the diurnal dynamics of the gut microbiome, whereas time-restricted feeding can partially
restore these microbial rhythms [10]. Circadian disruption may also alter the composition
and temporal organization of the intestinal microbiota, potentially contributing to distur-
bances in host metabolic homeostasis [9,11]. These observations suggest that nutrition and
meal timing represent important environmental cues linking circadian regulation with
gut microbial rhythmicity and metabolic homeostasis [10,12]. Importantly, the relation-
ship between the circadian system and the gut microbiota appears to be bidirectional, as
microbial rhythmicity may both respond to host and behavioral cues and contribute to
the regulation of host metabolic processes [7,9]. Within this framework, melatonin has
emerged as a potential mediator of the interaction between circadian regulation and the
intestinal microbiota, with experimental studies suggesting that melatonin administration
may influence microbial rhythmicity and gut microbial homeostasis, particularly under
conditions of circadian or metabolic disruption [13–15].

Melatonin may therefore represent one candidate signaling component within this
interconnected network. Beyond its well-established role in systemic circadian regulation,
melatonin has been detected in gastrointestinal tissues, and experimental studies have
provided evidence compatible with local intestinal synthesis or regulation [16,17]. How-
ever, the biological significance of this extra-pineal melatonin pool remains incompletely
defined. In particular, evidence for the presence or local production of melatonin should be
distinguished from evidence demonstrating sustained local accumulation, a quantitatively
relevant contribution to circulating melatonin concentrations, or a causal effect on distant
metabolic tissues such as visceral adipose tissue [13,18]. In particular, melatonin-induced
changes in the gut microbiota have been associated with reduced adiposity, improved
lipid metabolism, and attenuation of metabolic inflammation [18,19]. Moreover, the high
membrane permeability of melatonin further emphasizes the need to distinguish local
synthesis from local retention and tissue-specific exposure.

Experimental studies provide evidence that melatonin administration can influence
gut microbial composition and rhythmicity and can attenuate metabolic disturbances in
animal models [13,19]. In mice, circadian disruption was associated with alterations in
gut microbial composition, increased intestinal lipopolysaccharide exposure, and adipose
lipid dysmetabolism, whereas melatonin administration attenuated these changes [20].
Other experimental studies have shown that melatonin can restore microbial rhythmicity
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and reduce visceral adipose tissue accumulation in high-fat diet-fed mice [13]. However,
these observations do not establish that intestinally derived melatonin is the obligatory
mediator of these effects. Other pathways, including microbial metabolites, short-chain
fatty acids, bile acid signaling, AMPK, sirtuins, and immune-mediated mechanisms, may
operate independently or in parallel.

Accordingly, in this review, intestinal melatonin is considered a candidate component
of the gut–microbiota–metabolic network rather than a formally established causal mediator.
Moreover, the available evidence for nutrition and meal timing may therefore represent
important environmental cues linking circadian regulation with gut microbial rhythmicity
and metabolic homeostasis [10,12]. Rather than acting through a single pathway, dietary
composition and the temporal organization of food intake may simultaneously influence
microbial ecology, intestinal melatonin signaling, host circadian rhythms, and adipose
tissue metabolism.

In this context, we propose the Gut–Melatonin–VAT Axis as an integrative, hypothesis-
generating conceptual framework. The novelty of the framework does not lie in the
discovery of individual pathways linking nutrition, circadian biology, gut microbiota, or
adipose tissue, which have been studied extensively. Rather, the proposed framework inte-
grates these partially overlapping pathways and places intestinal melatonin among several
candidate signaling mechanisms potentially connecting nutritional and circadian cues with
intestinal, immune, microbial, and visceral adipose tissue responses. The framework is
intended to organize current evidence and identify testable biological relationships rather
than to imply that the complete pathway has already been causally validated.

2. Materials and Methods
2.1. Literature Search and Review Design

This article was designed as a narrative review integrating current evidence on the in-
teractions between nutrition, circadian regulation, intestinal melatonin, gut microbiota, and
visceral adipose tissue (VAT). Literature searches were conducted in PubMed/MEDLINE,
Scopus, and Google Scholar through August 2026. Additional relevant publications were
identified through manual screening of the reference lists of key articles and reviews
and meta-analyses.

The search strategy combined terms related to the major components of the pro-
posed framework: Gut–Melatonin–VAT Axis, including “visceral adipose tissue”, “visceral
fat”, “melatonin”, “intestinal melatonin”, “gut microbiota”, “gut microbiome”, “circa-
dian rhythm”, “circadian disruption”, “chrononutrition”, “meal timing”, “time-restricted
eating”, “intermittent fasting”, “short-chain fatty acids”, “intestinal barrier”, “gut perme-
ability”, “Akkermansia muciniphila”, and “Faecalibacterium prausnitzii”. Boolean operators
AND and OR were used to combine search terms.

The search focused primarily on English-language publications, with particular em-
phasis on recent literature. Earlier landmark studies were retained when they provided
fundamental mechanistic or conceptual evidence relevant to circadian regulation, mela-
tonin signaling, nutritional regulation of peripheral clocks, gut microbiota, or VAT biology.
Reference lists of relevant publications were additionally screened to identify studies not
retrieved through the database searches. Because this was a narrative review, the search was
not intended to constitute a systematic review or formal meta-analysis, and no quantitative
risk-of-bias synthesis was performed.

The literature was interpreted according to study type, with particular attention to
the distinction between human observational studies, human intervention studies, animal
experiments, and in vitro/mechanistic investigations.
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2.2. Study Selection and Evidence Synthesis

Studies were considered relevant when they addressed at least one of the following
areas: (i) nutritional regulation of circadian rhythms and peripheral clocks; (ii) melatonin
synthesis, signaling, and metabolism, with particular emphasis on the gastrointestinal
tract; (iii) circadian regulation of the gut microbiota; (iv) microbial metabolites, including
short-chain fatty acids, and their effects on intestinal barrier function and adipose tissue
metabolism; (v) interactions between gut microbiota, intestinal permeability, inflammation,
and VAT; or (vi) nutritional, chrononutritional, microbiota-targeted, or melatonin-based
interventions with potential relevance to metabolic health.

Experimental studies in animal models and cell culture were included when they
provided mechanistic evidence relevant to the proposed Gut–Melatonin–VAT Axis. Human
observational studies and clinical trials were considered particularly for evidence concern-
ing chronotype, meal timing, dietary interventions, intermittent fasting, time-restricted
eating, microbiota-targeted interventions, and metabolic outcomes. Relevant narrative
reviews, systematic reviews, and meta-analyses were used to provide broader context and
to identify additional primary studies.

For each relevant publication, information was extracted regarding study design,
experimental model or population, dietary or metabolic exposure, circadian or melatonin-
related mechanisms, microbiota-related findings, microbial metabolites, intestinal barrier
function, adipose tissue outcomes, and systemic metabolic effects. Particular attention
was given to mechanistic links connecting two or more components of the proposed
Gut–Melatonin–VAT Axis. The evidence was synthesized narratively and organized ac-
cording to the major biological components of the proposed framework. Throughout
the review, evidence was explicitly classified according to experimental level, including
human observational evidence, human intervention studies, animal/preclinical studies,
and in vitro or mechanistic studies. Particular caution was applied when extrapolating
mechanistic findings from experimental models to human physiology. Evidence supporting
individual interactions was distinguished from evidence directly supporting the complete
Gut–Melatonin–VAT framework.

2.3. Conceptual Framework

The Gut–Melatonin–VAT Axis presented in this review was developed as a conceptual
framework based on the integration and narrative synthesis of the identified literature.
The framework was used to illustrate the proposed interactions among dietary factors,
circadian regulation, intestinal melatonin, gut microbiota, microbial metabolites, intestinal
barrier function, and VAT. The proposed framework should not be interpreted as a formally
validated or linear causal pathway. Rather, it integrates relationships supported to different
degrees by human, animal, and in vitro evidence and identifies candidate mechanisms that
may contribute to gut–adipose communication. An important principle of the framework
is that the relationships among its components are considered bidirectional and context-
dependent. In particular, intestinal melatonin represents a candidate signaling component
rather than an established obligatory mediator. Other pathways, including short-chain
fatty acids, bile acids, indole-derived metabolites, AMPK, SIRT1, inflammatory mediators,
and immune signaling, may contribute independently or interactively.

The framework therefore serves primarily as a hypothesis-generating model. Its
main purpose is to integrate established biological relationships into a testable conceptual
structure and to identify specific questions for future experimental and clinical studies.

Figure 1 presents the proposed framework. The graphical representation was devel-
oped by the authors on the basis of the literature synthesis and technically assisted by
an artificial intelligence-based graphical tool. AI was used only for graphical/technical
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assistance; the scientific concepts, literature selection, interpretation, and final content were
developed and verified by the authors.

Figure 1. A Conceptual Model of the Gut–Melatonin–Visceral Adipose Tissue Axis (figure created
by the authors based on the literature synthesis and technically generated with the assistance of an
AI-based tool).

3. Circadian Rhythms, Melatonin, Gut Microbiota, and VAT
The gut microbiota exhibits circadian oscillations influenced by feeding behavior, sleep

patterns, and host circadian regulation [10,12,14]. Disruption of these rhythms through
sleep deprivation, circadian disorganization, or irregular feeding schedules may alter
microbial composition and metabolic function [20]. Experimental studies further suggest
that melatonin signaling may contribute to the maintenance of gut microbial rhythmicity,
whereas melatonin administration may partially restore microbial alterations induced by
circadian or metabolic disruption [14,15].

Melatonin has therefore emerged as a potential signaling molecule linking circadian
regulation with intestinal microbial homeostasis. The relationship appears to be bidirec-
tional: melatonin may influence microbial composition and rhythmicity, while microbial
metabolism may affect intestinal melatonin-related pathways [13,16,21]. However, most
mechanistic evidence originates from experimental models, and the magnitude and clinical
relevance of this interaction in humans remain insufficiently defined.
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The gastrointestinal tract represents an important extra-pineal site of melatonin biol-
ogy. Melatonin has been detected in gastrointestinal tissues, and intestinal cells have been
implicated in its local production [22–24]. Intestinal melatonin is structurally identical to
pineal melatonin but may exert predominantly local or paracrine effects, including modu-
lation of intestinal motility, mucosal immune responses, epithelial barrier function, and
host–microbiota interactions [23,24]. Importantly, the presence of substantial amounts of
melatonin in the gastrointestinal tract should not automatically be interpreted as evidence
that intestinal production represents a major source of circulating melatonin. The quan-
titative contribution of intestinal synthesis to systemic melatonin concentrations remains
insufficiently established, particularly in humans [22–24].

Animal model studies have demonstrated a positive correlation between intestinal
melatonin secretion and reduced inflammation in inflammatory bowel disease [21]. Egzoge-
nous melatonin supplementation, in turn, had a beneficial effect on the gut microbiota
profile, also contributing to the reduction in chronic inflammation [22,23]. Melatonin sup-
plementation corrected the risk associated with an unhealthy diet in mice and partially
restored the gut microbial composition and diversity toward that observed in healthy con-
trols [19]. This experiment is another attempt to explain the mechanisms behind melatonin’s
beneficial effects on body weight and metabolism.

Another important element of metabolic regulation by the biological clock is the assess-
ment of the energy status of the cell using the so-called nutrient sensors, sirtuin 1 (SIRT1),
AMPK and PGC1α [24–28]. SIRT1, a nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylase, is activated by nutrient deprivation and directly binds to CLOCK-
BMAL1 and deacetylates PER2, causing its degradation [29]. SIRT1 plays an important
metabolic role, and SIRT1 protein levels increase during periods of nutrient deprivation [30].
Among other things, SIRT1 reduces hepatic triglyceride levels by inhibiting lipogenesis and
stimulating fatty acid β-oxidation [31]. It is also involved in insulin metabolism and regulat-
ing insulin secretion by pancreatic islet B cells [29,30,32,33]. Furthermore, SIRT1 regulates
inflammatory processes and influences the maintenance of redox balance by influencing
the expression of IL-6, TNF-α, and activation of superoxide dismutase (SOD) [32].

VAT represents one of the primary peripheral targets of circadian and metabolic regu-
lation [34]. Compared with subcutaneous adipose tissue, VAT exhibits greater endocrine
activity, higher immune cell infiltration, enhanced lipolytic activity, and increased secretion
of pro-inflammatory adipokines [35,36]. Experimental evidence indicates that disruption
of circadian rhythms and impaired melatonin signaling promote adipocyte hypertrophy,
mitochondrial dysfunction, and chronic low-grade inflammation within VAT [37,38]. Conse-
quently, preservation of circadian homeostasis may represent an important mechanism pro-
tecting visceral adipose tissue from metabolic dysfunction. Collectively, these observations
support the concept that visceral adipose tissue functions as an integrative metabolic organ
translating circadian, nutritional, and microbial signals into systemic cardiometabolic re-
sponses, thereby providing the biological basis for the proposed Gut–Melatonin–VAT Axis.

3.1. Melatonin as a Hormone Influencing Metabolism

Melatonin exerts many of its physiological effects through two high-affinity G protein-
coupled receptors, MT1 and MT2, whose expression and functional effects vary across
tissues. Both receptors are expressed in human white and brown adipose tissue, indicating
that adipose tissue is a direct target of melatonin signaling [39]. Experimental studies
have shown that melatonin can modulate adipocyte metabolism, including cAMP/cGMP
signaling, GLUT4 expression and glucose uptake, as well as lipolysis [40,41]. More recently,
experiments using human subcutaneous and visceral adipose tissue explants demonstrated
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that melatonin can modulate insulin signaling in a time-of-day-dependent manner, with
reduced insulin sensitivity observed in visceral adipose tissue during the evening [42].

The clinical significance of MT2 melatonin receptor gene polymorphisms has also
been confirmed. The SNP variant rs10830963 (C/G) was associated with observed elevated
fasting glucose and a higher risk of developing type 2 diabetes [41,43]. The presence of the
G allele in this gene results in impaired early-phase insulin secretion and reduced β-cell
sensitivity to glucose [44], and also influences the rate of progression from prediabetes to
diabetes [45].

Previous reports indicate a significant role of melatonin in the development and
progression of metabolic syndrome features, including the ability of melatonin to modulate
the expression of glucose transporters in adipose tissue [46,47], and studies on animal
models have shown that melatonin supplementation limited the growth of visceral fat
despite a high-calorie diet [48]. Also, another studies on animal models clearly confirm that
one of the factors responsible for body weight gain is prolonged evening exposure to light
resulting in reduced melatonin synthesis, and this effect can be reversed by appropriate
supplementation [44,48,49].

Melatonin also interacts extensively with the previously mentioned SIRT1, SIRT3, and
SIRT6 signaling pathway proteins. Its effect on Bax protein expression results in maintaining
mitochondrial function, limiting the effects of oxidative stress, inhibiting apoptosis, and
regulating autophagy. Furthermore, melatonin exhibits antioxidant properties not only
by directly scavenging free radicals but also by activating the STAT3 antioxidant system
in mitochondria [50]. Melatonin may exert a protective effect against obesity-induced
cardiac remodeling through SIRT1-mediated activation of Nrf2 [51]. In cell line studies
using a hydrogen peroxide-induced oxidative stress model, melatonin activated SIRT1
and SIRT3 while simultaneously inhibiting p66Shc, which resulted in reduced levels of
reactive oxygen species and malondialdehyde within cells [52]. Malondialdehyde exhibits
cytotoxic, mutagenic, and carcinogenic properties. They can also inhibit enzymes associated
with defending cells against oxidative stress. Not only do these processes contribute to
the development of many diseases, but they are also a part of the aging process [53].
The relationship between SIRT1 and melatonin is reciprocal, as this protein can directly
influence melatonin secretion by the pineal gland. In summary, the complex interaction
between melatonin and SIRT1 and SIRT3 appears to be a key modulator of various signaling
pathways, with promising therapeutic implications for a wide range of diseases [54].

The importance of melatonin in obesity control is widely accepted, but the mechanisms
underlying this relationship have not yet been fully described. Experimental studies in
animal models have demonstrated, among other things, that chronic oral melatonin admin-
istration stimulates the browning of adipose tissue [55]. This phenomenon is metabolically
beneficial because beige and brown adipose tissue are responsible for, among other things,
increased energy expenditure in thermogenesis, improved glucose utilization, and de-
creased insulin resistance [43,56]. However, it remains unclear whether melatonin induces
beige adipose tissue through de novo cell differentiation or through transdifferentiation of
white adipocytes [57]. Another in vitro study demonstrated that melatonin has the ability
to inhibit white adipogenesis [58]. Attempts were also made to determine the effect of
melatonin on tissue insulin sensitivity. Zambrano’s study assessed the tissue response of
visceral and subcutaneous adipose tissue cells to melatonin supplementation depending
on the time of day, finding that melatonin reduced insulin sensitivity in the evening. These
results may partially explain previous studies demonstrating a decrease in glucose toler-
ance after oral administration of melatonin in the evening or during a late meal, when
endogenous melatonin is present in the body [46]. Clinical observations in a small (n = 46)
group of obese women showed that melatonin supplementation at a dose of 6 mg per day
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for 40 days significantly improved glucose tolerance and adipokine secretion profile [59].
In another studies: melatonin supplementation reduces the expression of glucose trans-
porter t.4 (GLUT-4) and glucose uptake by brown adipose tissue cells [41]. Furthermore, it
prolongs the survival of beta-cells in pancreatic islets by inhibiting apoptosis in response to
hyperglycemia [57].

3.2. Dietary Regulation of the Gut–Melatonin–VAT Axis

Dietary composition influences visceral adipose tissue (VAT) not only through energy
balance but also by regulating endocrine and immune metabolic pathways that determine
adipocyte function [60]. One potential mechanism linking nutrition with VAT homeostasis
may involve interactions between intestinal melatonin signaling and adipose tissue en-
docrine function. Increasing evidence indicates that the gastrointestinal tract should be
regarded as an important endocrine organ integrating nutritional signals with circadian
regulation, immune responses, and adipose tissue metabolism [61].

Unlike pineal melatonin, whose secretion is primarily regulated by the light–dark
cycle, gastrointestinal melatonin production is probably associated with food intake and
nutrient-related signals. Enterochromaffin cells contribute to gastrointestinal melatonin
synthesis, which is linked to the tryptophan–serotonin pathway [62]. Thus, nutrient
availability may influence gastrointestinal melatonin synthesis, although the magnitude
and physiological relevance of this effect appear to depend on the nutrient and experimental
model. Tryptophan-containing foods provide the amino acid precursor for serotonin
and melatonin biosynthesis; however, evidence that habitual dietary tryptophan intake
directly increases intestinal melatonin production remains limited. Moreover, several
micronutrients participate in pathways related to serotonin and melatonin biosynthesis,
with vitamin B6 playing a particularly important role in serotonin synthesis.

Beyond individual nutrients, dietary patterns may influence several components of
the gut–melatonin–VAT axis, including gut microbiota composition, inflammatory signal-
ing, and circadian metabolic regulation. The Mediterranean diet, characterized by high
consumption of vegetables, fruits, legumes, olive oil, whole grains, and polyphenol-rich
foods, has consistently been associated with reduced systemic inflammation, improved gut
microbiota composition, and enhanced circadian metabolic regulation [63]. Polyphenols,
including resveratrol and quercetin, can activate antioxidant and metabolic pathways in
adipose tissue, including AMPK-, SIRT1-, and Nrf2-related signaling, which may comple-
ment the antioxidant and mitochondrial effects of melatonin [64,65]. Conversely, Western
dietary patterns rich in saturated fat, refined carbohydrates, and ultra-processed foods pro-
mote gut dysbiosis, increased intestinal permeability, and chronic low-grade inflammation,
conditions that may impair intestinal melatonin synthesis and disrupt its physiological
protective functions [64,66].

Melatonin influences VAT through several complementary mechanisms: adipocyte dif-
ferentiation, mitochondrial metabolism, insulin sensitivity, inflammatory responses [67,68].
These effects are mediated through activation of MT1 and MT2 receptors expressed in
adipose tissue as well as through receptor-independent free radical scavenging and modu-
lation of intracellular signaling pathways involving AMP-activated protein kinase (AMPK),
sirtuin-1 (SIRT1), nuclear factor erythroid 2-related factor 2 (Nrf2), and nuclear factor-κB
(NF-κB) [27,69]. Collectively, these mechanisms reduce oxidative stress, suppress inflam-
matory cytokine production, and improve adipocyte metabolic flexibility [70].

An important but often underappreciated aspect of melatonin action involves regula-
tion of adipokine secretion [71]. Visceral adipose tissue functions as an active endocrine
organ producing numerous bioactive mediators that influence whole-body metabolism:
increased production of leptin, resistin, and visfatin, together with pro-inflammatory
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cytokines such as TNF-α and IL-6, and reduced production of the insulin-sensitizing
adipokine adiponectin (Table 1). This shift toward a pro-inflammatory adipokine profile
contributes to insulin resistance, endothelial dysfunction, hepatic steatosis, and cardiovas-
cular complications.

Experimental studies suggest that melatonin partially reverses this adverse secretory
phenotype [71]. Melatonin supplementation has been shown to reduce leptin, TNF-α, IL-6,
and MCP-1, while other experimental studies indicate restoration of adiponectin expression
in obese adipose tissue [72]. Adiponectin is particularly relevant because it promotes AMPK
activation, fatty acid oxidation and insulin sensitivity while exerting anti-inflammatory
effects. Melatonin has also been reported to attenuate macrophage infiltration into VAT and
promote polarization toward anti-inflammatory M2 macrophages, thereby further reducing
adipose tissue inflammation [73].

Table 1. Adipokines regulated by melatonin and their metabolic significance. “↑” is increasing by
melatonin; “↓” is decreasing.

Adipokine Effect of Melatonin Clinical Relevance References

Adiponectin ↑ expres-
sion/secretion/level

↑ insulin sensitivity; AMPK
activation; anti-inflammatory effects [48,74]

Leptin ↓ level/signaling Regulation of energy homeostasis;
leptin resistance in obesity [71,73,74]

Resistin ↓ level Associated with insulin resistance
and inflammation [74]

Omentin ↑ level Insulin-sensitizing and
anti-inflammatory effects [75]

Visfatin ↓ Pro-inflammatory and
metabolic effects [74]

TNF-α ↓ Adipose inflammation;
insulin resistance [71,73]

IL-6 ↓ Chronic inflammation;
metabolic dysfunction [71]

MCP-1/CCL2 ↓ Monocyte recruitment and
macrophage infiltration [71]

In summary, melatonin may partially reverse the obesity-associated adipokine and
inflammatory phenotype of visceral adipose tissue, including attenuation of leptin, TNF-α,
IL-6, and MCP-1 signaling and, in some experimental models, restoration of adiponectin
expression. These effects are associated with reduced adipose tissue inflammation and
improved metabolic homeostasis, although the effects of melatonin on adipose insulin
sensitivity may depend on circadian timing and metabolic context [46].

Emerging evidence suggests that many of these endocrine effects may be indirectly
mediated by the gut microbiota [12,16]. Dietary fiber fermentation generates short-chain
fatty acids (SCFAs), particularly butyrate, acetate, and propionate, which enhance intestinal
barrier integrity, stimulate glucagon-like peptide-1 (GLP-1) secretion, and may reduce
metabolic endotoxemia [6,7,64,70,74]. SCFAs may also influence enterochromaffin cell
activity and intestinal melatonin synthesis, thereby establishing a bidirectional interaction
between dietary nutrients, gut microbiota, and melatonin production [76,77]. Conversely,
impaired melatonin signaling associated with circadian disruption or an unhealthy diet
may exacerbate gut dysbiosis and intestinal inflammation, contributing to altered adipokine
secretion and VAT dysfunction [11,13,15,19,20,71].
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Taken together, current evidence supports the concept that dietary regulation of in-
testinal melatonin may represents an important mechanistic link connecting nutrition with
visceral adipose tissue biology [16,19,20,71]. Rather than acting solely as an antioxidant
hormone, intestinal melatonin appears to function as an integrative metabolic signal co-
ordinating gut microbial homeostasis, adipokine secretion, inflammatory activity, and
adipocyte metabolism [16,20,71,73,74]. Future clinical studies should determine whether
dietary interventions designed to enhance endogenous intestinal melatonin production
can improve adipokine profiles and reduce visceral adiposity, potentially offering a novel
strategy for the prevention of obesity-related cardiometabolic disorders.

4. Mechanisms Linking Gut Microbiota and VAT
Obesity is frequently associated with reduced microbial diversity and altered taxo-

nomic composition [78]. Although early studies focused on changes in the Firmicutes-to-
Bacteroidetes ratio, contemporary research indicates that microbial functionality may be
more important than simple taxonomic shifts [79].

Dysbiosis is characterized by reduced abundance of beneficial SCFA-producing bacte-
ria and increased prevalence of pro-inflammatory microbial communities [70,80]. These
changes contribute to impaired gut barrier function, chronic low-grade inflammation,
altered energy metabolism, and enhanced fat storage [6,81].

Recent metagenomic studies suggest that gut microbiota composition is associated
with visceral fat accumulation, highlighting the potential value of microbiome-derived
markers for metabolic risk assessment [82].

4.1. Intestinal Barrier Dysfunction and Metabolic Endotoxemia

One of the best-characterized pathways connecting gut microbiota and VAT involves
disruption of intestinal barrier integrity [6,81]. Under physiological conditions, the intestinal
epithelium prevents excessive translocation of microbial products into systemic circulation.
However, dietary factors, obesity, and dysbiosis may impair tight-junction function and in-
crease intestinal permeability [81,83]. As a consequence, bacterial lipopolysaccharide (LPS) can
enter the circulation, leading to a phenomenon known as metabolic endotoxemia. Metabolic
endotoxemia activates TLR4/NF-κB signaling, promoting macrophage recruitment, adipose
tissue inflammation, and impaired insulin signaling within VAT [84]. Within VAT, these in-
flammatory processes promote macrophage recruitment, adipocyte dysfunction, and impaired
insulin signaling, thereby contributing to metabolic syndrome development.

4.2. Immune Regulation and VAT Inflammation

In obesity, adipose tissue undergoes profound immune remodeling characterized by
infiltration of pro-inflammatory macrophages and T lymphocytes [39,40].

The gut microbiota influences systemic immune responses through microbial metabolites,
bacterial antigens, and interactions with intestinal immune cells. Dysbiosis promotes a pro-
inflammatory environment favoring M1 macrophage polarization and cytokine production,
whereas beneficial microbial communities stimulate regulatory T cells and anti-inflammatory
M2 macrophages [6]. This immune modulation represents a critical mechanism through
which gut microbiota contributes to VAT inflammation and metabolic dysfunction.

4.3. Beneficial Bacteria and Short-Chain Fatty Acids

Not all microbial taxa exert detrimental effects. Several bacterial genera, including
Lactobacillus, Bifidobacterium, Faecalibacterium, and Akkermansia, have been associated with
favorable metabolic outcomes and reduced visceral adiposity.
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Faecalibacterium prausnitzii
Faecalibacterium prausnitzii is one of the most abundant butyrate-producing bacteria in

the healthy human intestine [81]. Reduced abundance of this species has been observed in
obesity, insulin resistance, and inflammatory disorders [85]. Through butyrate production,
F. prausnitzii supports intestinal barrier function and suppresses inflammatory signaling
pathways [86,87].

Akkermansia muciniphila
Akkermansia muciniphila plays a key role in maintaining the intestinal mucus layer.

Numerous studies have reported inverse associations between its abundance and obesity-
related parameters, including VAT accumulation [88]. Clinical trials suggest that supple-
mentation with A. muciniphila may improve selected metabolic parameters, although effects
on whole-body insulin sensitivity appear to be context-dependent [89,90].

Short-Chain Fatty Acids (SCFAs)
SCFAs, particularly acetate, propionate, and butyrate, represent major mediators of

microbiota-host interactions [Table 2]. These metabolites activate G-protein-coupled recep-
tors (GPR41 and GPR43) and stimulate the secretion of glucagon-like peptide-1 (GLP-1)
and peptide YY (PYY), thereby contributing to appetite regulation and glucose home-
ostasis [91,92]. Moreover, butyrate enhances intestinal barrier integrity by supporting
tight-junction proteins and reducing systemic exposure to LPSs [93,94]. Consequently,
adequate SCFA production may contribute to protection against VAT accumulation and
metabolic dysfunction.

Table 2. The principal short-chain fatty acids produced by the gut microbiota and their effects on
visceral adipose tissue and metabolic regulation.

SCFA Key Molecular Mechanisms Metabolic Effects (VAT and Systemic) Ref.

Acetate

Activation of GPR43/FFAR2;
inhibition of excessive adipocyte
lipolysis; modulation of
insulin-dependent
lipid handling

Regulation of adipose lipid
metabolism; suppression of excessive
lipolysis and circulating FFA
availability; modulation of
insulin-mediated
fat accumulation

[95–97]

Propionate

Activation of GPR41/FFAR3 and
GPR43/FFAR2; stimulation of
intestinal gluconeogenesis via a
gut–brain–portal neural circuit

Increased GLP-1 and PYY secretion;
enhanced satiety; improved glucose
homeostasis and insulin sensitivity

[95,97,98]

Butyrate

Stabilization of HIF-1α; enhancement
of tight-junction proteins; HDAC
inhibition; support of epithelial
energy metabolism

Maintenance of intestinal barrier
integrity; reduced permeability and
bacterial/LPS translocation;
attenuation of intestinal and systemic
inflammation

[95,99,100]

Collectively, these findings indicate that microbial metabolites, intestinal barrier in-
tegrity, and immune regulation constitute major mechanisms through which the gut mi-
crobiota influences visceral adipose tissue. Importantly, many of these processes are
themselves regulated by dietary timing and circadian rhythms, providing the rationale for
chrononutrition-based interventions [101].

5. Chrononutrition
The concept of chrononutrition stems from observations indicating a significant impact

of meal times on metabolic health [102]. Observational and experimental studies indicate
that the timing of energy intake may influence body weight and metabolic outcomes,
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with later eating patterns generally associated with less favorable metabolic profiles [103].
An evening chronotype has been associated with a higher prevalence of overweight and
obesity and poorer metabolic health, despite comparable total energy intake in some popu-
lations [104]. According to the historical definition, chronotype is a biological characteristic
leading interindividual differences in the circadian phase relative to the light–dark cycle.
Chronotypes are commonly categorized as morning (MT), evening (ET), or intermediate
(IT) types. Morning types prefer activities at the beginning of the day, and evening types
prefer main activities in the late afternoon or evening [105].

Key cellular sensors linking nutritional status to circadian regulation include the
AMP/ATP and NAD+/NADH ratios [106]. An increase in the AMP/ATP ratio during
energy stress activates AMPK, whereas changes in the NAD+/NADH redox state influence
sirtuin activity; both pathways interact with the molecular circadian clock [107,108]. Inap-
propriate feeding patterns can disrupt peripheral circadian clocks, whereas appropriately
timed food intake can entrain and synchronize peripheral clocks [105].

In response to these reports, several dietary concepts have emerged that consider the
role of meal timing throughout the day [106]. Chrononutrition approaches include time-
restricted eating, early time-restricted eating, intermittent fasting, and other dietary patterns
that align food intake with the circadian cycle [109]. Intermittent fasting has been associ-
ated with improvements in several metabolic and inflammatory markers, while emerging
evidence suggests that it may also modulate the gut microbiota; however, evidence for
microbiota-mediated effects in humans remains limited [110].

6. Therapeutic Perspectives
Growing understanding of the Gut–Melatonin–VAT Axis has stimulated interest in

interventions targeting gut microbial composition, intestinal barrier integrity, microbial
metabolite production, and circadian regulation. Dietary fiber, prebiotics, probiotics, syn-
biotics, and postbiotics may modulate gut microbial composition and metabolite produc-
tion, potentially supporting intestinal barrier integrity and reducing low-grade inflamma-
tion [111].

Personalized nutrition and fecal microbiota transplantation are also being investigated,
although their role in the prevention and treatment of obesity-related metabolic disorders
remains to be established. Among potential microbial targets, Akkermansia muciniphila
and Faecalibacterium prausnitzii are of particular interest because of their associations with
intestinal barrier integrity, reduced low-grade inflammation, and improved metabolic
profiles [112].

Experimental studies suggest that melatonin supplementation may improve metabolic
homeostasis through effects on circadian regulation, intestinal barrier function, gut micro-
biota composition, and adipose tissue inflammation [13,19,20].

Furthermore, chrononutritional interventions may influence gastrointestinal microbial
composition and rhythmicity, potentially contributing to metabolic benefits. Circadian
misalignment has been associated with alterations in gut microbial composition and diver-
sity [106].

Intermittent fasting and caloric restriction induce beneficial metabolic adaptations
through cellular pathways involving mTOR, sirtuins, AMPK, and redox homeostasis,
including the stimulation of autophagy, the preservation of mitochondrial function,
the removal of damaged intracellular components, and improved glucose and lipid
metabolism [113]. The beneficial metabolic effect and influence on body weight control
apply to both individuals with a baseline normal body weight and obese patients [114,115].

Western dietary patterns characterized by high consumption of energy-dense, fat-
and sugar-rich foods may impair intestinal barrier integrity and promote gut dysbio-
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sis, contributing to adipose tissue inflammation through microbiota-dependent mecha-
nisms [97]. In addition, late-day energy intake and circadian misalignment may adversely
affect metabolic regulation and gut microbial rhythmicity [106,108]. These alterations may
contribute to hepatic and systemic metabolic dysfunction through increased intestinal
permeability and microbiota-derived signals [116].

Summary od these perspectives are in Table 3.

Table 3. Potential therapeutic strategies targeting the Gut–Melatonin–VAT Axis. “↑” is increasing;
“↓” is decreasing.

Intervention Microbiota Melatonin/Circadian
Regulation

VAT/Metabolic
Effects Evidence Ref.

Mediterranean
diet

↑ microbial
diversity and
beneficial taxa; ↑
SCFA production

Potential support of
circadian
metabolic regulation

↓ inflammation;
improved metabolic
profile; potential
reduction in
visceral adiposity

Strong [63,65]

High-fiber diet
↑ SCFA-producing
bacteria and
SCFA availability

Indirect effects
through microbial–
circadian signaling

Improved metabolic
health; potential
reduction in
VAT accumulation

Strong [74,76,108]

Tryptophan

Modulation of
tryptophan
metabolism
by microbiota

↑ substrate
availability for
melatonin synthesis

Potentially ↑
adiponectin/improved
metabolic signaling

Emerging [61,62]

Polyphenols
↑ beneficial taxa,
including
Akkermansia

↑ antioxi-
dant/metabolic
signaling; potentially
supports
melatonin pathways

↓ oxidative stress and
inflammation Emerging [64,65]

Time-
restricted eating

May restore
microbial
rhythmicity

↑ circadian
alignment; effects
depend on timing

↓ body weight and
improved insulin
sensitivity in
some studies

Moderate [106]

Intermittent
fasting

May modulate
microbial
composition

May improve
circadian/
metabolic signaling

↓ body weight;
improved glucose and
lipid metabolism

Moderate [107,110–112]

Melatonin
supplementation

May modulate
microbial
composition
and rhythmicity

Direct restoration of
melatonin signaling

Potential ↓ VAT
accumulation,
oxidative stress
and inflammation

Moderate/
preclinical [11,14,16,67,69]

Probiotics
Modulation of
microbial composi-
tion/function

Indirect

Potential improvement
in metabolic
parameters
and inflammation

Moderate [95,108]

Synbiotics

↑ beneficial
bacteria and
microbial
metabolites

Indirect
Potential metabolic
and anti-
inflammatory effects

Emerging [95]

Postbiotics

Provide
microbial-derived
metabo-
lites/components

Indirect

Potential effects on
barrier function,
inflammation and
metabolic health

Emerging [113]
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7. Conclusions
The present review highlights the complex interactions between nutrition, circadian

regulation, intestinal melatonin secretion, gut microbiota, and visceral adipose tissue
in maintaining metabolic homeostasis. Rather than acting as independent regulators,
these factors constitute an interconnected biological network that may influence obesity
development and its cardiometabolic complications.

Based on the available evidence, we propose the Gut–Melatonin–VAT Axis as a con-
ceptual framework integrating dietary composition, meal timing, intestinal melatonin,
microbial homeostasis, and visceral adipose tissue function. This model provides a broader
perspective on the mechanisms linking lifestyle factors with adipose tissue biology and
systemic metabolism.

Although many mechanistic observations originate from experimental studies, accu-
mulating clinical evidence supports the relevance of this integrated pathway in humans.
Future research should aim to identify reliable biomarkers of Gut–Melatonin–VAT Axis dys-
function and determine whether personalized nutritional, chrononutritional, microbiota-
targeted, or melatonin-based interventions may improve metabolic health and reduce
obesity-related cardiometabolic risk.
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