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Abstract

Obesity and metabolic disorders remain major global health concerns, traditionally at-
tributed to excessive caloric intake and poor diet quality. Recent studies emphasize that the
timing of meals plays a crucial role in determining metabolic health. This review explores
chrononutrition, a growing field that examines how food intake patterns interact with
endogenous circadian rhythms to influence energy balance, glucose and lipid metabolism,
and cardiometabolic risk. The circadian system, which includes a central clock in the
suprachiasmatic nucleus and peripheral clocks in metabolic tissues, regulates physiological
functions on a 24 h cycle. While light entrains the central clock, feeding schedules act as
key synchronizers for peripheral clocks. Disrupting this alignment—common in modern
lifestyles involving shift work or late-night eating—can impair hormonal rhythms, reduce
insulin sensitivity, and promote adiposity. Evidence from clinical and preclinical studies
suggests that early time-restricted eating, where food intake is confined to the morning or
early afternoon, offers significant benefits for weight control, glycemic regulation, lipid
profiles, and mitochondrial efficiency, even in the absence of caloric restriction. These
effects are particularly relevant for populations vulnerable to circadian disruption, such as
adolescents, older adults, and night-shift workers. In conclusion, aligning food intake with
circadian biology represents a promising, low-cost, and modifiable strategy to improve
metabolic outcomes. Integrating chrononutrition into clinical and public health strategies
may enhance dietary adherence and treatment efficacy. Future large-scale studies are
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needed to define optimal eating windows, assess long-term sustainability, and establish
population-specific chrononutritional guidelines.

Keywords: chrononutrition; circadian rhythms; time-restricted eating; metabolic health;
obesity; insulin sensitivity; meal timing; intermittent fasting; healthcare

1. Introduction
Obesity and its associated metabolic disorders, including type 2 diabetes mellitus

(T2DM), cardiovascular diseases, and metabolic dysfunction-associated steatotic liver dis-
ease (MASLD), have emerged as significant public health challenges worldwide [1–9]. The
World Health Organization (WHO) reports a tripling of global obesity rates since 1975,
with over 650 million adults diagnosed with obesity in 2016 [10]. In the United States, the
prevalence of obesity has remained steady at approximately 40%, while severe obesity has
increased, particularly among women, reaching nearly 10% of the population [11]. This
growing trend highlights the pressing need for effective approaches to address obesity and
its associated metabolic disorders. Historically, dietary interventions for weight manage-
ment and other numerous systemic health conditions have emphasized caloric restriction
and macronutrient composition [6,12,13]. Some of these traditional approaches are the
Mediterranean diet—rich in fruits, vegetables, legumes, fish, and healthy fats [14–19]—as
well as the ketogenic diet (KD) and the very-low-calorie ketogenic diet (VLCKD) [20–26].
Both KD and VLCKD promote a state of ketosis through severe carbohydrate restriction
(<50 g/day), which contributes to improvements in insulin sensitivity and metabolic pa-
rameters. The VLCKD is characterized by an energy intake of less than 800 kcal/day, with
approximately 13% carbohydrates, 44% protein (1–1.5 g/kg of body weight), and 43% fat,
and is primarily used for rapid weight loss and intensive metabolic intervention [23]. In
contrast, the standard KD typically allows for a higher caloric intake, with a macronutrient
distribution emphasizing high fat, moderate-to-low protein, and minimal carbohydrates [26].
The energy balance model posits that weight gain results from an imbalance between energy
intake and expenditure regulated by brain response (internal signals to control food intake)
to external signals from food [27,28]. Consequently, dietary guidelines have focused on
reducing caloric intake and adjusting macronutrient ratios to promote weight loss [29].
However, emerging evidence suggests that this approach may oversimplify the complex
interplay of factors influencing energy balance and metabolic health.

Studies indicate that not all calories exert identical effects on metabolism. For instance,
the thermic effect of food varies among macronutrients, with protein requiring more energy
for digestion compared to carbohydrates and fats [30]. Additionally, individual differences
in hormonal responses and genetic factors can influence how calories are processed and
stored, challenging the notion of a one-size-fits-all approach to calorie counting [28,31].

Obesity is a chronic and multifactorial disease influenced not only by the quantity
and quality of dietary intake, but also by the timing, frequency, and temporal distribution
of meals. Accordingly, contemporary weight management strategies are increasingly
incorporating these complex dimensions of eating behavior. In this context, the field of
chrononutrition has emerged as a significant area of interest, emphasizing the role of
meal timing and its alignment with endogenous circadian rhythms in the regulation of
metabolic health and energy balance [32–35]. Circadian rhythms are internal, roughly 24 h
cycles that control a range of physiological functions, such as metabolism, hormone release,
and sleep–wake patterns [36–38]. Disruptions to these rhythms, such as irregular eating
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patterns or shift work, have been linked to adverse metabolic outcomes, including obesity
and T2DM [39].

Research suggests that meal timing can significantly influence metabolic health. Con-
suming meals during the body’s active phase, typically earlier in the day, aligns with
peak insulin sensitivity and glucose tolerance [40]. Conversely, late-night eating has been
associated with impaired glucose metabolism and increased fat storage [41]. These findings
highlight the potential of chrononutrition as a complementary approach to traditional
dietary strategies [42].

This review aims to explore the interplay between meal timing, circadian rhythms, and
energy balance, emphasizing their collective impact on weight regulation and metabolic
health. The literature discussed in this narrative review was identified through a targeted
search of PubMed and Scopus databases, focusing on observational, experimental, and
review studies published between 2010 and 2025 related to the main topics of the review.
Seminal papers published before this period were also included when relevant. We will
examine the basic mechanisms by which circadian rhythms influence metabolic processes,
the effects of meal timing on energy homeostasis, and the implications for lipid metabolism.
Furthermore, we will discuss targeted nutritional interventions, such as time-restricted
eating (TRE), that leverage chrononutrition principles to improve metabolic outcomes.

2. Foundations of Chronobiology and Circadian Rhythms
Circadian rhythms are internal cycles lasting about 24 h that regulate countless physio-

logical and behavioral functions in living organisms, including sleep–wake cycles, hormone
secretion, metabolism, and feeding behaviors [36]. These rhythms are governed by an
intricate network of biological clocks that align internal processes with external environ-
mental signals, chiefly the light–dark cycle. In mammals, the master clock is located in the
suprachiasmatic nucleus (SCN) of the hypothalamus, which synchronizes peripheral clocks
found in nearly all cells and tissues. These local clocks are now believed to independently
regulate rhythmic activities specific to their respective tissues [43].

The SCN, situated above the optic chiasm, receives direct photic input from the retina
via the retinohypothalamic tract. This input allows the SCN to align internal timekeeping
with the external light–dark cycle, thereby regulating daily physiological rhythms [44]. The
SCN exerts its influence through neural and hormonal signals, synchronizing peripheral
clocks found in tissues such as the liver, pancreas, adipose tissue, and skeletal muscle. These
peripheral clocks, while capable of maintaining autonomous rhythms, rely on cues from the
SCN to remain in phase with the external environment. Disruption of this synchronization
can lead to metabolic dysregulation and disease [43].

On a molecular level, circadian rhythms are driven by feedback loops of transcrip-
tion and translation that involve key clock genes and the proteins they produce [36]. In
mammals, the primary components include the transcription factors CLOCK and BMAL1,
which heterodimerize to activate the expression of Period (Per1, Per2) and Cryptochrome
(Cry1, Cry2) genes [45]. PER and CRY proteins build up in the cytoplasm, form complexes,
and then move back into the nucleus, where they suppress their own gene expression by
inhibiting CLOCK–BMAL1 activity. This negative feedback loop generates oscillations that
follow a cycle of about 24 h [46–48]. Additional regulatory loops and post-translational
modifications (including phosphorylation, acetylation, and ubiquitination) further refine
the stability and precision of the circadian clock [49].

2.1. The Interplay Between Hormonal Modulation and Circadian Rhythms

Circadian regulation extends profoundly into the endocrine system, with several
hormones displaying pronounced diurnal fluctuations. The rhythmic secretion of these
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hormones orchestrates systemic physiological states appropriate for different phases of the
day–night cycle [50–52].

Melatonin, produced by the pineal gland, serves as a key marker of the circadian
phase. Its synthesis is initiated in response to darkness and suppressed by light exposure,
under direct control of the SCN via a multi-synaptic pathway. Melatonin promotes sleep
initiation and exerts chronobiotic effects on peripheral tissues by resetting peripheral clocks
via melatonin receptors expressed in tissues like liver and adipose, enhances the amplitude
of clock gene expression (e.g., BMAL1) and synchronizes metabolic rhythmicity, reinforcing
circadian synchronization [53,54].

Cortisol, the principal glucocorticoid in humans, follows a different circadian rhythm
characterized by a sharp rise in the early morning hours and a gradual decline throughout
the day. This diurnal variation prepares the body for the upcoming active period by
promoting gluconeogenesis, immune modulation, and arousal [55–57].

Circadian rhythms also affect insulin secretion, with greater glucose tolerance and
insulin sensitivity typically occurring during the early active phase. Disruptions to the
circadian clock in pancreatic β-cells [58,59]—caused by factors like shift work, late-night
eating, or genetic alterations—can impair insulin release and disrupt glucose regulation,
leading to poor blood sugar control and a higher risk of developing type 2 diabetes [60,61].

Appetite-regulating hormones, such as ghrelin and leptin, are similarly regulated by
circadian mechanisms. Ghrelin levels rise preprandially, promoting hunger, whereas leptin
secretion peaks during the sleep phase, promoting satiety and reducing appetite [62,63]. Cir-
cadian misalignment alters the normal secretion patterns of these hormones, contributing
to dysregulated appetite and weight gain [63–65].

Moreover, circadian disruption alters the expression of appetite-regulating neuropep-
tides in the hypothalamus, including neuropeptide Y (NPY), agouti-related peptide (AgRP),
and pro-opiomelanocortin (POMC), further exacerbating imbalances between hunger
and satiety signaling [62,66]. Night-shift workers, who experience chronic circadian mis-
alignment, often exhibit increased caloric intake, preference for energy-dense foods, and
impaired satiety responses, emphasizing the pivotal role of circadian timing in appetite
regulation [55].

2.2. Synchronization of Biological Clocks: Entrainment Mechanisms

The process of aligning endogenous circadian rhythms with environmental cycles is
known as entrainment [67]. Light is the principal zeitgeber (time-giver) for the SCN and
the broader circadian system. Specialized photoreceptive retinal ganglion cells expressing
melanopsin sense ambient light and transmit this information to the SCN, which adjusts its
phase accordingly. This photic entrainment ensures that the endogenous clock remains in
synchrony with the 24 h day [67–69].

However, feeding patterns emerge as potent zeitgebers for peripheral clocks [70].
Experimental studies in animals demonstrate that scheduled feeding can shift the phase of
peripheral oscillators independently of the SCN, particularly in metabolic organs such as
the liver and pancreas [71–73]. Some of the liver functions regulated by the circadian clocks
include nutrient uptake, glucose and lipid metabolism, and amino acid processing, aligning
them with feeding–fasting cycles. The liver clock can function independently of the central
SCN clock, with feeding acting as a dominant time cue. Rhythmic gene expression is shaped
by molecular clock components (e.g., CLOCK–BMAL1) and is influenced by intercellular
communication and peripheral clock interactions. Recent studies also highlight spatial
(zonation) and temporal coordination of liver metabolism, as well as emerging roles for
ultradian rhythms [74]. This phenomenon suggests that while light primarily entrains the
central clock, food intake timing predominantly entrains peripheral clocks [75–78].
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The misalignment between light-driven and food-driven entrainment pathways, such
as that seen in the central and peripheral clocks of night-shift workers who eat at biolog-
ically inappropriate times [55]. Chronodisruption of this nature has been related to the
pathogenesis of obesity, insulin resistance, and cardiovascular diseases [40,79–81].

3. Mechanisms Linking Circadian Rhythms to Energy Metabolism
3.1. Regulation of Appetite and Satiety

Circadian rhythms exert a deep influence on the regulation of appetite and satiety
through coordinated hormonal and neuronal signaling. The master clock within the
SCN orchestrates daily fluctuations in the secretion of key orexigenic and anorexigenic
hormones, notably ghrelin and leptin, respectively. Ghrelin, primarily secreted by the
stomach, displays a preprandial rise, signaling hunger and promoting food intake. In
contrast, leptin, predominantly produced by adipocytes, peaks during the nocturnal period
to suppress appetite and promote energy storage [66,82,83].

Temporal misalignment between endogenous hormonal rhythms and actual eating
behavior, such as consuming food during the biological night, disrupts this finely tuned
balance, predisposing individuals to hyperphagia and weight gain [75,84,85]. Studies in
rodents and humans have proven that food intake during the inactive/rest phase leads
to greater weight gain compared to equivalent caloric intake during the active phase,
independent of total energy consumed [41,86–89].

Moreover, circadian disruption alters the expression of appetite-regulating neuropep-
tides in the hypothalamus, including the amplification of neuropeptide Y (NPY), agouti-
related peptide (AgRP) expression, and reduction of pro-opiomelanocortin (POMC) ex-
pression, further exacerbating imbalances between hunger and satiety signaling [62,80].
Night-shift workers, who experience chronic circadian misalignment, often exhibit in-
creased caloric intake, preference for energy-dense foods, and impaired satiety responses,
emphasizing the pivotal role of circadian timing in appetite regulation [55].

3.2. Impact on Insulin Sensitivity, Glucose Metabolism, and Lipid Storage

The circadian system tightly regulates glucose metabolism through rhythmic modu-
lation of insulin sensitivity, pancreatic insulin secretion, and hepatic glucose production.
Insulin sensitivity follows a diurnal pattern, peaking during the morning and declining
toward the evening, coinciding with periods of greater metabolic efficiency. Despite high
morning cortisol promoting gluconeogenesis, insulin sensitivity is also greatest in the morn-
ing. Cortisol aids glucose availability, while insulin receptors and downstream signaling in
muscle/liver are most responsive earlier in the day due to robust peripheral clock gene
expression [60,90–92].

A cross over study demonstrates that eating at biological night—when insulin sensi-
tivity is reduced—leads to higher postprandial glucose excursions and impaired glucose
tolerance, independent of meal composition or quantity [93] and results of a systematic
review and meta-analysis of acute postprandial studies suggest poor glucose tolerance at
night compared to the day [94]. Similarly, the timing of meals relative to circadian phase
significantly influences glycemic responses; late-night eating is consistently associated with
elevated glucose levels and increased risk for T2DM [39,95].

Molecular clock components within pancreatic β-cells, such as CLOCK and BMAL1,
regulate the timing and amplitude of insulin secretion. Genetic disruption of these core
clock genes impairs glucose-stimulated insulin secretion and predisposes to diabetes [96].
Furthermore, hepatic glucose production is subject to circadian regulation, with clock
genes modulating the expression of key gluconeogenic enzymes such as phosphoenolpyru-
vate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase). The CLOCK–BMAL1
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heterodimer binds to E-box elements in promoters of Pck1 (PEPCK), G6pc, and other
gluconeogenic genes, activating transcription in a time-of-day-specific fashion. Addition-
ally, CRY proteins suppress CREB-mediated transcription of gluconeogenic genes during
fasting [97,98].

Beyond glucose homeostasis, circadian rhythms play a crucial role in lipid metabolism,
including the regulation of lipogenesis, lipolysis, and lipid transport. There are key genes
involved in lipid metabolism, such as sterol regulatory element-binding protein-1c (SREBP-
1c), as it peaks during feeding times, promoting lipogenesis during the day; peroxisome
proliferator-activated receptor gamma (PPARγ), which oscillates with circadian control
via BMAL1 and PER2, regulating adipogenesis; and acetyl-CoA carboxylase (ACC), the
activity of which activity follows feeding rhythms, with higher expression during the day
promoting fatty acid synthesis. The mentioned genes exhibit circadian expression patterns
that align lipid biosynthesis with periods of feeding and fasting [99–101].

Adipose tissue clocks modulate lipolytic activity in a time-dependent manner, pro-
moting lipid mobilization during fasting phases and lipid storage during feeding [102,103].
Disruption of circadian rhythms, whether through genetic manipulation or behavioral per-
turbations, leads to dysregulated lipid metabolism characterized by increased triglyceride
accumulation, ectopic fat deposition, and elevated plasma free fatty acids [103,104].

Importantly, the timing of food intake impacts lipid profiles. Animal studies reveal that
high-fat meals consumed during the rest phase exacerbate lipid accumulation and impair
metabolic flexibility compared to equivalent meals consumed during the active phase (as
in the time-restricted dietary strategy) [105]. Human observational studies corroborate
these findings, showing that late-night eating patterns are associated with dyslipidemia,
increased visceral adiposity, and heightened risk of metabolic syndrome [106,107].

3.3. Thermogenesis and Diurnal Variations in Energy Expenditure

Energy expenditure exhibits marked circadian variation, reflecting the temporal orga-
nization of metabolic processes. Components of total daily energy expenditure, including
basal metabolic rate (BMR), diet-induced thermogenesis (DIT), and activity energy expen-
diture (AEE), are influenced by circadian rhythms [108–110].

Resting energy expenditure is generally higher during the biological morning and early
afternoon compared to the evening and night [111]. Controlled studies employing constant
routine protocols confirm that endogenous circadian rhythms contribute to fluctuations in
metabolic rate independent of behavioral factors [111–113].

Diet-induced thermogenesis—the energy the body uses for digesting, absorbing, and
storing nutrients from food—also follows a circadian pattern, being greater in response to
morning meals compared to evening meals. This suggests that consuming larger meals
earlier in the day may confer metabolic advantages by enhancing energy expenditure and
reducing postprandial glucose and lipid excursions [41,114–116].

Brown adipose tissue (BAT)-mediated thermogenesis, a process crucial for non-
shivering heat production, is under circadian control as well. The expression of thermogenic
genes such as uncoupling protein 1 (UCP1) in BAT peaks during the active phase, aligning
heat production with periods of increased energy demand [117–119].

Circadian disruption blunts these rhythms in energy expenditure, contributing to pos-
itive energy balance and weight gain over time (Figure 1). Consequently, chrononutrition
strategies aiming to align food intake with periods of higher metabolic efficiency offer
promising avenues for obesity prevention and treatment [33].
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Figure 1. Illustration of the bidirectional relationship between the circadian system and metabolic
regulation. It emphasizes how feeding behavior and light exposure interact with the master clock
in the SCN and peripheral clocks in metabolic tissues. Disruption of this network, particularly
through inappropriate meal timing, contributes to metabolic dysregulation, including impaired
insulin sensitivity, altered lipid metabolism, and increased risk for obesity [62,63]. Abbreviations:
SCN = suprachiasmatic nucleus.

3.4. Hypothalamic Integration of Peripheral and Central Signals

The hypothalamus functions as a key center for integrating central circadian signals
with peripheral metabolic inputs. Within this region, various nuclei—such as the arcuate
nucleus (ARC), ventromedial hypothalamus (VMH), dorsomedial hypothalamus (DMH),
and lateral hypothalamus (LH)—work together through intricate neuroendocrine pathways
to regulate energy balance [66,120,121].

The ARC contains two primary populations of neurons: the orexigenic NPY/AgRP
neurons and the anorexigenic POMC/CART neurons. These neurons process hormonal
signals—including leptin, insulin, ghrelin, and peptide YY (PYY)—to regulate feeding
behavior and energy expenditure in response to the body’s metabolic needs [122–124].
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Circadian input from the SCN to the hypothalamus modulates the rhythmicity of
these metabolic processes. For instance, the SCN projects to the paraventricular nucleus
(PVN), influencing the secretion of corticotropin-releasing hormone (CRH) and subse-
quently regulating glucocorticoid rhythms, which are essential for maintaining energy
homeostasis [125–127].

Moreover, feeding-related cues provide feedback to the central clock, creating a bidi-
rectional relationship between metabolism and circadian timing. Peripheral metabolic
signals, including circulating levels of glucose, free fatty acids, and ketone bodies, can
influence hypothalamic activity and, in turn, modulate behavioral outputs such as hunger,
satiety, and thermogenesis [128–130].

Evidence suggests that disruption of hypothalamic clock genes impairs the ability
to appropriately respond to metabolic signals, leading to hyperphagia, reduced energy
expenditure, and obesity. For example, selective deletion of Bmal1 in the VMH results in
impaired leptin sensitivity and dysregulated body weight control [131,132].

Thus, the hypothalamus operates as an integrative center where circadian information
and metabolic status converge to regulate energy balance dynamically. Interventions that
reinforce circadian synchrony within hypothalamic circuits may offer novel therapeutic
approaches for combating obesity and metabolic disease.

4. Meal Timing and Metabolic Outcomes
4.1. Early Versus Late Eating Patterns: Insights from Human and Animal Studies

Food intake timing plays a crucial role in metabolic health. Numerous studies have
demonstrated that early eating patterns, in which the majority of caloric intake occurs
earlier in the day, are associated with improved metabolic outcomes compared to late
eating patterns.

In human studies, early time-restricted eating (eTRE)—consuming meals within the
early part of the day—has shown beneficial effects on weight regulation, insulin sensitivity,
and lipid profiles [133]. A randomized controlled trial conducted in 2025 by Yu et al. in
young adult women demonstrated that eTRE, with food intake confined to an 8:00 AM–2:00
PM window, led to significant reductions in body weight while preserving lean muscle
mass. These outcomes were superior when compared to both a delayed TRE group (12:00
PM–6:00 PM) and a control group following a conventional eating window (8:00 AM–8:00
PM) [134]. Similarly, a 2022 randomized clinical trial involving 90 adults with obesity
compared the effects of eTRE combined with energy restriction (an 8 h eating window
from 7:00 AM to 3:00 PM) versus energy restriction alone with a ≥12 h eating window.
The findings revealed that eTRE was more effective in promoting weight loss, improving
diastolic blood pressure, and enhancing mood relative to the control condition [135].

However, there is ongoing debate on whether early or late is the optimal timing of
the eating window in TRE intervention. To address this, a recent network meta-analysis
evaluated the comparative efficacy of early versus late TRE on weight loss and metabolic
health outcomes in adults who were overweight or obese. The analysis included twelve
randomized controlled trials encompassing a total of 730 participants, with data sourced
from PubMed, Embase, Web of Science, and the Cochrane Library up to 16 October 2022.
Both early and late TRE protocols were found to induce moderate reductions in body
weight and insulin resistance, as assessed by the homeostasis model assessment of insulin
resistance (HOMA-IR), relative to non-TRE controls. Notably, eTRE was significantly more
effective than late TRE in improving insulin resistance (mean difference: −0.44; 95% CI,
−0.86 to −0.02; p < 0.05), although no significant difference was observed between the two
interventions in terms of weight loss (mean difference: −0.31 kg; 95% CI, −1.15 to 0.53 kg;
p > 0.05). Furthermore, eTRE showed superior benefits in glycemic control and blood
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pressure regulation compared to non-TRE, whereas these advantages were not statistically
significant for late TRE. However, no meaningful differences were detected between early
and late TRE regarding fasting glucose levels, blood pressure, or lipid profiles. These
findings suggest a potential metabolic advantage of early TRE, though larger and more
robust clinical trials are needed to substantiate these preliminary observations [133].

Similarly, animal studies have supported these observations. Mice that underwent
time-restricted feeding during their active phase (comparable to daytime in humans)
showed a reset in clock genes and genes related to lipid metabolism, mediated by nutrient-
sensing pathways in the liver, brown fat, and peri-epididymal adipose tissue. In contrast,
mice fed during their inactive phase or given unrestricted access to food did not exhibit
these changes [71].

Another study in animals supports this information. In the study by de Goede et al.,
45 male Wistar rats were assigned to three feeding conditions—ad libitum (AL), TRE during
the light phase (light-TRE), or dark phase (dark-TRE)—for four weeks to assess how feeding
time relative to circadian phase affects glucose metabolism. Using intravenous glucose
tolerance tests (ivGTT), the study found that TRE aligned with the active (dark) phase
improved insulin sensitivity, as evidenced by reduced insulin levels with similar glucose
clearance compared to other groups. In contrast, TRE during the inactive (light) phase
did not improve glucose tolerance, likely due to chronic adaptation and prolonged fasting
benefits. The study demonstrated that both circadian timing and feeding-fasting patterns
influenced metabolic outcomes, with the most favorable glucose handling observed when
TRE was synchronized with the natural active phase. These findings suggest that adherence
to circadian-aligned feeding windows may enhance the effectiveness of TRE in metabolic
regulation [136].

More updated studies in animals show similar insights of TRE patterns. In the 2024
study by Yang and Liu, middle-aged and old high-fat-diet-induced obese male mice under-
went an 8 h daily TRE regimen for 8 weeks to assess its effects on obesity and metabolic
health in aged subjects. Clinically relevant findings include that while TRE did not reduce
overall fat mass in aged mice, it led to a loss of lean mass—raising concerns given the
importance of muscle preservation in aging. Despite this, TRE significantly improved
metabolic parameters by reducing brown adipose tissue adiposity, reversing hepatic lipid
accumulation, and enhancing glucose homeostasis. These effects were attributed to down-
regulation of genes involved in hepatic adipogenesis and adipose tissue inflammation. The
study emphasizes the potential of TRE to restore metabolic health in aged obese mice, but
also underscores the need for complementary strategies to preserve lean mass in older
populations undergoing dietary interventions [137].

Overall, both preclinical and clinical data underline that aligning eating patterns with
the body’s natural circadian rhythm—favoring early-day energy intake—may optimize
metabolic outcomes.

4.2. Effects of Breakfast Skipping, Late-Night Eating, and TRE Impact on Weight Regulation, Fat
Distribution, and Metabolic Syndrome Risk Factors

Breakfast is currently considered the most important meal of the day for metabolic reg-
ulation [138,139]. Emerging evidence continues to support this notion. Skipping breakfast
has been linked to increased risk of obesity, T2DM, and cardiovascular diseases [140–142].

A 2019 systematic review and meta-analysis of prospective cohort studies found
an association between skipping breakfast and an increased risk of developing T2DM,
with the risk rising by 33% compared to those who regularly eat breakfast. Even after
adjusting for body mass index (BMI), the increased risk remained significant at 22%,
indicating that adiposity only partially explains the association. Based on data from six
cohort studies involving 96,175 participants and 4935 diabetes cases, the analysis revealed a



Nutrients 2025, 17, 2135 10 of 28

nonlinear dose–response relationship: the risk of T2DM increased with each additional day
of breakfast skipping but plateaued after 4–5 days per week, showing a maximum relative
risk of 1.55. These findings suggest that frequent breakfast skipping is an independent and
modifiable risk factor for T2DM [143].

Building on the evidence that breakfast skipping increases the risk of T2DM, a 2019
systematic review of four large prospective cohort studies involving 199,634 adults further
indicates that skipping breakfast is also associated with a significantly higher risk of
cardiovascular events and mortality. Over a median follow-up of 17.4 years, individuals
who regularly skipped breakfast were found to have a 21% increased risk of developing or
dying from cardiovascular disease and a 32% higher risk of all-cause mortality compared
to those who ate breakfast consistently. Although these findings are compelling, the studies
varied in how they defined breakfast skipping and adjusted for confounding variables,
suggesting that while the association is strong, causality cannot be firmly established
without further large-scale, standardized research. Together, these results support the
clinical recommendation of regular breakfast consumption as a potentially important
strategy for cardiometabolic disease prevention [144].

Late-night eating has emerged as a detrimental behavior for metabolic health. Consum-
ing meals close to the biological night—when endogenous melatonin levels rise—impairs
glucose tolerance and lipid metabolism [52].

A 2022 randomized, controlled, crossover trial by Vujović et al. found that late eating,
compared to early eating, significantly increased hunger (p < 0.0001) and disrupted appetite-
regulating hormones, notably raising the ghrelin-to-leptin ratio (p < 0.0001 and p = 0.006,
respectively). It also reduced waketime energy expenditure (p = 0.002) and core body
temperature (p = 0.019), suggesting a lower metabolic rate. Transcriptomic analysis of
adipose tissue revealed that late eating altered key metabolic pathways—such as p38
MAPK and TGF-β signaling—toward decreased lipolysis and increased adipogenesis.
These findings suggest that late eating may promote a positive energy balance and increase
the risk of obesity through hormonal, metabolic, and gene expression changes [145].

Additionally, late-night eating is associated with desynchronization between central
and peripheral clocks. Nighttime ingestion leads to inappropriate activation of nutrient-
sensing pathways (e.g., AMPK, mTOR) at a time when the body is primed for fasting and
cellular repair, promoting metabolic dysfunction [146–148].

Regarding time-restricted eating, a systematic review and meta-analysis by Fernandes-
Alves et al., evaluated the effects of TRE, with and without caloric restriction (CR), on body
weight and composition in adults with overweight or obesity. Analyzing 30 randomized
controlled trials comprising 1341 participants, the study found that TRE significantly
reduced body weight, fat mass, and fat-free mass in both non-isocaloric (mean difference
[MD] in body weight: −2.82 kg; 95% CI: −3.49, −2.15; fat mass: −1.36 kg; 95% CI: −2.09,
−0.63; fat-free mass: −0.86 kg; 95% CI: −1.23, −0.49) and isocaloric conditions (body
weight: −1.46 kg; 95% CI: −2.65, −0.26; fat mass: −1.50 kg; 95% CI: −2.77, −0.24; fat-free
mass: −0.41 kg; 95% CI: −0.79, −0.03). These results suggest that TRE offers beneficial
anthropometric outcomes even when caloric intake is controlled, indicating that circadian
mechanisms may augment the metabolic effects of CR [149].

Several reviews on this topic have demonstrated that TRE exhibits a range of benefi-
cial metabolic effects, some of which occur independently of CR. Evidence from multiple
randomized trials indicates that TRE can reduce body weight, fat mass, body mass index
(BMI), waist circumference, fasting glucose, insulin resistance, systolic blood pressure,
triglycerides, and total cholesterol levels. Specifically, eTRE in isocaloric conditions has
improved glycemic control and insulin sensitivity and even achieve blood pressure re-
ductions comparable to pharmacological interventions. Notably, TRE has been associated
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with increases in adiponectin, a fasting-induced adipokine that enhances insulin sensitivity
and stimulates lipolysis via AMPK activation, potentially explaining fat mass reduction
independent of caloric intake. Some studies also report increased HDL cholesterol lev-
els [150–153]. Table 1 shows a comparison of the key metabolic outcomes in the additional
cited systematic reviews. However, the role of physical activity in mediating these effects
remains underexplored, as only a few trials have systematically measured or controlled for
physical activity levels. Thus, avoiding late-night meals and adopting early or mid-day
time-restricted feeding appears to optimize metabolic outcomes.

Table 1. Comparative table of the metabolic effects of TRE.

Study Design and
Population TRE Intervention Key Metabolic

Outcomes Observations

Réda et al.
(2020) [150]

Systematic review of
23 human studies

4–12 h eating
windows without
caloric restriction

Average 3%
reduction in body
weight and fat loss;
improved glucose,
lipid levels, and
blood pressure,
independent of
weight loss

Benefits attributed to
circadian rhythm
realignment

Kamarul Zaman et al.
(2023) [151]

Systematic review
and meta-analysis of
studies with varying
eating window
durations

8 h and >8 h
windows

8 h windows showed
significant weight
loss (−1.18 kg); >8 h
windows showed no
significant difference

Interventions longer
than 12 weeks were
associated with
greater benefits

Silva et al.
(2025) [152]

Systematic review
and meta-analysis of
studies in
overweight or obese
adults

Restricted eating
windows

Increased hunger;
variable effects on
weight loss and body
composition

Highlights the need
to consider
adherence and
impact on appetite

Hays et al.
(2025) [153]

Systematic review
and meta-analysis of
15 studies with 338
participants
combining TRE and
exercise

TRE combined with
exercise (aerobic,
resistance, or both)

Significant reduction
in fat mass (effect
size: −0.20) and
body fat percentage
(effect size: −0.23);
no significant
changes in fat-free
mass

TRE combined with
exercise may be more
effective for reducing
fat while preserving
muscle mass

This table compares findings from four systematic reviews investigating the metabolic
effects of TRE in various contexts. The study by Réda et al. (2020) [150] highlights the
metabolic health benefits of TRE even without CR, attributing them to circadian rhythm
alignment. Kamarul Zaman et al. (2023) [151] report that an 8 h eating window is more
effective for weight loss than longer windows, particularly in interventions exceeding
12 weeks. Silva et al. (2025) [152] note an increase in hunger among overweight or obese
adults undergoing TRE, which may impact adherence. Finally, Hays et al. (2025) [153]
demonstrate that combining TRE with physical exercise can reduce fat mass without
compromising muscle mass. Collectively, these studies suggest that TRE can be an effective
strategy to improve metabolic health, especially when tailored to individual needs and
combined with exercise.
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4.3. Macronutrient Timing

Emerging research indicates that not only when we eat, but also which macronutrients
are consumed at specific times of the day, significantly influences metabolic health [41].

4.4. Carbohydrate Timing

A 2021 randomized, open-label, parallel-group study that included 43 patients di-
agnosed with T2DM investigated how the timing of carbohydrate intake—restricted to
either breakfast or dinner—impacts glucose fluctuations and energy metabolism [154].
Both groups followed an isocaloric, carbohydrate-restricted diet (10% carbohydrate at
one meal only) over two days. The intervention led to a significant reduction in both
average 24 h blood glucose levels and postprandial glucose spikes in both groups. Notably,
carbohydrate restriction at breakfast led to a significant increase in glucose levels after
lunch (iAUC0–2h), a reduction in diet-induced thermogenesis at breakfast (223 ± 117 to
109 ± 104 kcal, p = 0.002), and a marked rise in pre-lunch plasma free fatty acids (0.20 ± 0.09
to 0.63 ± 0.19 mEq/L, p < 0.001), effects not observed with dinner-time restriction. These
findings suggest that the timing of carbohydrate intake modulates glycemic control and
metabolic responses in a meal-specific manner in patients with T2DM.

In a previous analysis of 6155 UK adults from the National Diet and Nutrition Sur-
vey (2008/09–2015/16), Wang et al. (2019) identified day-time carbohydrate (CH) in-
take patterns and examine their association with T2DM [155]. Three distinct CH eat-
ing profiles emerged: low-CH eaters (28.1%), moderate-CH eaters (28.8%), and high-CH
eaters (43.1%). High-CH eaters consumed most of their CH during traditional meal times
(6–9 a.m., 12–2 p.m., 5–8 p.m.) and had the highest fiber and lowest fat and protein in-
take. In contrast, low-CH eaters consumed more total daily energy—especially from fat
and alcohol—primarily in the evening (after 8 p.m.) and had significantly higher odds
of self-reported T2D compared to high-CH eaters. These findings suggest that not only
the quantity but also the timing of carbohydrate intake may influence metabolic health,
highlighting the potential role of chrononutrition in T2D risk.

4.5. Protein Timing

A multicenter, double-blind randomized controlled study from the Full4Health project
by Crabtree et al., investigated the acute effects of breakfast drink quantity and protein
content on appetite control across age groups, weight categories, genders, and European
sites (Scotland and Greece) in 391 participants. Subjects consumed four test drinks varying
in protein content (15% vs. 30% of energy) and volume (100% vs. 140% of basal metabolic
rate) across four separate days. While subjective appetite was significantly lower in elderly
participants compared to adults (p < 0.004), no differences were observed in ad libitum
energy intake across age, weight, gender, or site. Notably, high-protein drinks significantly
elevated postprandial concentrations of anorectic hormones GLP-1 and PYY (p < 0.001),
particularly in older adults. Additionally, GLP-1 and PYY levels were higher in the elderly,
while ghrelin and fasting leptin levels varied significantly across weight categories, genders,
and sites (p < 0.05) [156]. This study focused on protein quantity and age differences, offer-
ing insight into how breakfast composition and volume (nutrient timing) may differentially
affect appetite hormones (GLP-1, PYY, and ghrelin) depending on the time of day they
are consumed.

A systematic review and meta-analysis conducted by Nunes et al. (2022), which
analyzed 74 randomized controlled trials, assessed the effects of increased daily pro-
tein intake on lean body mass (LBM), muscle strength, and physical function in healthy,
non-obese adults [157]. The findings show that higher protein intake, particularly when
combined with resistance exercise (RE), led to modest but significant gains in LBM
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(SMD = 0.22; 95% CI: 0.14–0.30; p < 0.01). These effects were most pronounced in older
adults (≥65 years) consuming 1.2–1.59 g/kg/day and in younger adults (<65 years) consum-
ing ≥1.6 g/kg/day during RE. Additional protein intake also slightly improved lower-body
strength (SMD = 0.40) and bench press strength in younger adults (SMD = 0.18), though
effects on handgrip strength and overall physical function were minimal or unclear. Over-
all, the evidence supports increased protein intake as a beneficial strategy for enhancing
muscle mass and lower-body strength when combined with RE, particularly in age- and
dose-specific contexts.

Another systematic review and meta-analysis, by Wirth et al., encompassing 65 ran-
domized controlled trials with 2907 healthy adults, evaluated the effects of protein supple-
mentation on body composition and muscle function, with particular attention to intake
timing. The findings demonstrate that protein supplementation significantly increased
lean body mass (LBM) in both adults (mean difference: 0.62 kg; 95% CI: 0.36, 0.88) and
older adults (0.46 kg; 95% CI: 0.23, 0.70), regardless of the timing of intake. However,
improvements in muscle strength (handgrip and leg press) were not statistically signifi-
cant, and evidence for enhanced muscle protein synthesis was limited and inconclusive.
Importantly, subgroup and sensitivity analyses confirmed that the benefits to LBM were
consistent even without concurrent exercise training, and that timing of protein intake had
no additional effect on outcomes [158]. Although these findings suggest that total protein
intake improves lean body mass regardless of timing, these findings must be interpreted
within the context of emerging chrononutritional evidence. For instance, morning protein
intake may align better with peak muscle protein synthesis and hormonal profiles, such as
elevated insulin sensitivity and anabolic hormone levels earlier in the day.

5. TRE and Intermittent Fasting
Time-restricted eating (TRE) and intermittent fasting (IF) are dietary approaches that

emphasize the timing of meals rather than the amount or type of food consumed. TRE in-
volves confining daily food consumption to a specific time window, typically ranging from 4
to 10 h, followed by a fasting period of 14 to 20 h [159]. This approach aligns eating patterns
with the body’s circadian rhythms, potentially enhancing metabolic health [153,159,160].
In contrast, IF encompasses various patterns, including alternate-day fasting, the 5:2 diet
(five days of normal eating and two non-consecutive days of reduced caloric intake), and
periodic fasting, where fasting occurs for extended periods intermittently [161–163].

These dietary patterns have gained popularity due to their simplicity and potential
health benefits. Unlike traditional calorie-restricted diets, TRE and IF do not necessarily
require calorie counting, making them more accessible to the general population [164–167].
The flexibility in choosing eating windows allows individuals to tailor these approaches to
their lifestyles, potentially improving their adherence.

5.1. Evidence from Clinical Trials

Numerous clinical trials have explored the efficacy of TRE and IF in improving
metabolic health outcomes. In a systematic review and meta-analysis by Dai et al., the
authors evaluated the combined effects of TRE and exercise on body composition and
metabolic health in adults, synthesizing data from 19 randomized controlled trials involv-
ing 568 participants. The findings demonstrate that TRE combined with exercise signifi-
cantly reduced body mass (mean difference [MD]: −1.86 kg; 95% CI: −2.75 to −0.97 kg)
and fat mass (MD: −1.52 kg; 95% CI: −2.07 to −0.97 kg) compared to a control diet
paired with exercise. Additionally, this intervention lowered triglycerides (MD: −13.38
mg/dL), low-density lipoprotein cholesterol (LDL-C) (MD: −8.52 mg/dL), and leptin levels
(MD: −0.67 ng/mL), indicating potential improvements in lipid metabolism and adiposity
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regulation. However, there were no notable differences in fasting glucose, insulin, total
cholesterol, or HDL cholesterol levels. These results suggest that TRE, when combined
with exercise, may be an effective strategy for improving body composition and select
metabolic parameters in adults, although further high-quality trials are needed to confirm
its long-term efficacy and wider metabolic impacts [168].

Previously, in a 2023 umbrella review—a high-level synthesis that evaluates and
integrates findings from multiple systematic reviews and meta-analyses—Chew et al.
assessed the efficacy of TRE on weight loss, fasting blood glucose, and lipid profiles in
individuals who were overweight and obese, synthesizing evidence from 7 systematic
reviews and 30 meta-analyses involving 7231 participants across 184 primary studies. The
analysis reveals that TRE significantly reduced body weight (p = 0.006), fasting blood
glucose (p < 0.01), and low-density lipoprotein cholesterol (LDL-C) (p = 0.03). Subgroup
analyses indicated that Ramadan fasting was more effective than conventional TRE in
lowering fasting glucose, total cholesterol, and LDL-C. However, the credibility of evidence
was limited, with only 14.3% of reviews rated as moderate quality and 85.7% as critically
low, and just 3.3% of associations classified as suggestive. These findings suggest that while
TRE shows potential as a dietary strategy for improving cardiometabolic health, higher-
quality randomized controlled trials with diverse populations and extended follow-up
durations are necessary to confirm its clinical utility [169].

Regarding IF, an umbrella review by Sun et al. analyzed 23 meta-analyses encompass-
ing 351 associations to assess the effects of IF on health outcomes. The review, based on ran-
domized controlled trials and rated with high methodological quality (91% high confidence
per AMSTAR), found that IF significantly improved multiple cardiometabolic parameters
in adults with obesity or who were overweight. Specifically, IF reduced waist circumference
(MD = –1.02 cm), fat mass (MD = –0.72 kg), fasting insulin (SMD = –0.21), LDL cholesterol
(SMD = –0.20), total cholesterol (SMD = –0.29), and triacylglycerols (SMD = –0.23), while
increasing fat-free mass (MD = +0.98 kg) and HDL cholesterol (MD = +0.03 mmol/L).
Notably, although IF showed broad benefits compared to non-intervention diets and some-
times continuous energy restriction (CER), its systolic blood pressure-lowering effect was
less pronounced than that of CER. These findings suggest IF as a promising dietary inter-
vention to improve metabolic health, though evidence quality varies across outcomes and
warrants further targeted investigation [170]. These findings complement and reinforce the
conclusions previously drawn by Patikorn et al. in a similar umbrella review [171].

5.2. Mechanistic Insights: Autophagy, Insulin Sensitivity, and Mitochondrial Function

One of the foundational mechanisms through which TRE and IF confer metabolic
benefits is the stimulation of autophagy. During periods of fasting, the reduction in nutrient
and insulin signaling activates autophagy, a highly conserved cellular process that involves
the degradation and recycling of damaged or dysfunctional organelles, misfolded proteins,
and other cellular debris. This self-cleaning mechanism enhances cellular function and
resilience, contributing to improved metabolic efficiency. By clearing intracellular clutter
and supporting cellular renewal, autophagy helps to prevent the accumulation of oxidative
damage, inflammation, and mitochondrial dysfunction—all of which are key drivers of
metabolic diseases such as obesity, insulin resistance, and T2DM [172–176]. Furthermore,
enhanced autophagy has been linked to protection against age-related metabolic decline and
chronic conditions like nonalcoholic fatty liver disease and cardiovascular disease [6,100].

Another major mechanism underpinning the metabolic effects of TRE and IF is the
improvement in insulin sensitivity. Fasting periods naturally lower circulating insulin
levels and allow insulin receptors to regain sensitivity, particularly in peripheral tissues
such as muscle and adipose tissue. This effect reduces the burden on pancreatic beta
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cells and improves glucose uptake and utilization, ultimately leading to better glycemic
control. Clinical and experimental studies have demonstrated that regular fasting cycles can
decrease fasting insulin levels, reduce insulin resistance markers, and enhance the insulin-
mediated glucose disposal rate. These changes are especially beneficial for individuals
with metabolic syndrome or T2DM, as they help restore glucose homeostasis and lower
the risk of disease progression [172,177]. Additionally, aligning food intake with circadian
rhythms appears to amplify these insulin-sensitizing effects, suggesting that meal timing is
just as critical as fasting duration.

Fasting also promotes improved mitochondrial health, another critical factor in
metabolic regulation. TRE and IF can trigger mitochondrial biogenesis—the process by
which new mitochondria are formed—and enhance mitochondrial efficiency, leading to
more effective ATP production and reduced reactive oxygen species (ROS) generation.
These adaptations result in better energy utilization and reduced metabolic stress, con-
tributing to improved endurance, fat oxidation, and overall metabolic flexibility. Enhanced
mitochondrial function not only supports the energetic demands of cells but also plays a
protective role against metabolic diseases by decreasing oxidative damage and preserving
cellular homeostasis. Studies in both animal models and humans suggest that fasting-
induced improvements in mitochondrial quality control are associated with delayed aging,
reduced inflammation, and lower risk of obesity-related complications [178,179]. Thus, the
enhancement of mitochondrial dynamics represents a key avenue through which TRE and
IF exert systemic metabolic benefits [180].

5.3. Benefits and Challenges in Long-Term Adherence

While TRE and IF offer promising health benefits, their long-term adherence poses
challenges. Factors influencing adherence include individual lifestyle, work schedules,
social commitments, and personal preferences.

TRE appears to offer meaningful cardiometabolic benefits, particularly in supporting
weight management and improving metabolic markers, yet its real-world effectiveness is
limited by variable adherence. Across studies, adherence rates to TRE protocols ranged
widely from 47% to 95% of days, highlighting a significant challenge in consistent imple-
mentation. Reported barriers to adherence included family responsibilities, social events,
work schedules, and other lifestyle factors, all of which can disrupt the eating window.
These findings emphasize that while TRE may be physiologically beneficial, its success in
clinical and everyday settings depends heavily on behavioral and environmental factors.
To enhance outcomes, future applications of TRE should incorporate structured behavioral
interventions and personalized support strategies that address these common barriers,
thereby improving adherence and the overall effectiveness of the dietary approach [181].

IF also offers numerous health benefits, including improved insulin sensitivity, en-
hanced body composition when paired with resistance training, and potential reductions
in inflammation and emotional stress. These effects contribute to IF’s growing appeal as a
strategy for managing metabolic health and weight. However, sustaining IF in the long
term presents notable challenges. Adherence can be hindered by the restrictive nature
of fasting protocols such as 16/8, 5:2, or alternate-day fasting, which may be difficult
to integrate into daily routines, especially without individualized support. Despite its
benefits, the success of IF depends heavily on a participant’s ability to maintain the regimen
over time, which is influenced by lifestyle compatibility, social factors, and psychological
resilience. Therefore, long-term effectiveness requires careful consideration of personal
and behavioral factors, and the guidance of healthcare professionals to ensure sustainable
adherence and minimize adverse effects [182].



Nutrients 2025, 17, 2135 16 of 28

Moreover, potential side effects such as hunger, irritability, and decreased energy
levels during fasting periods may deter individuals from sustaining these dietary pat-
terns. Therefore, healthcare professionals should consider individual circumstances when
recommending TRE or IF and provide guidance to mitigate potential challenges.

6. Chrononutrition in Special Populations
In special populations, such as shift workers, adolescents, the elderly, or when consid-

ering sex differences, meal timing often deviates from the natural light–dark cycle. These
deviations amplify disruptions of clock-controlled hormones (e.g., cortisol, melatonin,
ghrelin, leptin) and core clock genes (CLOCK, BMAL1, PER, etc.), contributing to adverse
metabolic outcomes.

6.1. Shift Workers and Metabolic Disruption

Shift work induces circadian misalignment by forcing wake–sleep and eating–fasting
cycles to occur at “wrong” biological times. Night and rotating shift workers have sub-
stantially higher rates of obesity, metabolic syndrome, diabetes, and cardiovascular disease
than day workers [146,183]. The misalignment originates in desynchrony of the central
clock (SCN) and peripheral clocks: light exposure at night suppresses melatonin, while
feeding at night (when the body is programmed for sleep) disrupts metabolic rhythms.
For example, night-shift nurses exhibit blunted nocturnal melatonin secretion and altered
cortisol rhythms [183,184]. In an observational study, night workers had attenuated cortisol
secretion during work hours and more pronounced social jet lag than day workers [184],
indicating HPA-axis dysregulation.

Metabolically, eating out of phase worsens glucose and lipid tolerance. In humans, late
meals reduce postprandial energy expenditure and elevate glycemia. For instance, shifting
a standard lunch from 13:00 to 16:30 lowered resting energy expenditure and worsened
glucose handling [185].

At the molecular level, chronic shift work dampens clock gene expression. In ro-
dent models of simulated shift schedules, CLOCK–BMAL1 binding in pancreatic β-cells
weakens, reducing rhythmic gene transcription essential for insulin release [183].

6.2. Adolescents and Meal-Timing Irregularities

Adolescence is characterized by a late-shifted circadian phase and erratic eating
schedules. Puberty delays endogenous melatonin release by 1–3 h, causing teens to feel
sleepy later and often rise early for school [186,187]. As a result, many adolescents skip
breakfast and consume a disproportionate amount of calories in the evening or at night.

A 2021 systematic review by Souza et al., encompassing 43 observational studies
with a total of 192,262 adolescents aged 10 to 19 years, found that breakfast skipping is
significantly associated with increased cardiometabolic risk factors, particularly excess
adiposity, elevated levels of total cholesterol, LDL cholesterol, triglycerides, and high
blood pressure. Despite these associations being observed in both cross-sectional and
longitudinal analyses, no significant relationship was found between breakfast omission
and glycemic control.

The prevalence of breakfast skipping ranged significantly among studies, from 0.7% to
94%. Although most studies showed a low risk of bias, the overall quality of the evidence
was assessed as low according to the GRADE system. These findings suggest a potential
link between skipping breakfast and poorer cardiometabolic health in adolescents, though
the evidence remains inconclusive and underscores the need for standardized definitions
and well-designed prospective studies to clarify long-term health implications [188].
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6.3. Elderly Individuals and Altered Circadian Rhythms

Normal aging entails progressive weakening and phase-shifting of circadian sys-
tems [189,190]. Older adults tend to awaken and eat earlier (“morning chronotype”),
experience fragmented sleep, and nap more. These behavioral changes reflect central clock
deterioration: the SCN’s neuronal output (its firing amplitude) declines with age, and
responsiveness to light diminishes. Consequently, rhythms of key hormones show advance
and dampening. In elderly subjects, the nocturnal melatonin and cortisol peaks occur
earlier and with reduced amplitude. Core body temperature rhythms likewise advance
and flatten, contributing to earlier sleepiness and morning fatigue [191].

A scoping review by Ferreira et al. analyzed 42 studies investigating age-related differ-
ences in circadian rhythms of body fluid composition, highlighting significant disruptions
in circadian regulation among the elderly. Across 48 identified parameters—including
cortisol, melatonin, sex hormones, thyroid hormones, steroids, and aldosterone—most
studies indicated a general flattening of circadian oscillations in older adults, potentially
contributing to age-related physiological decline and disease. However, findings were
inconsistent across studies, with some parameters showing no age-related changes or
yielding contradictory results. Despite the volume of research, the clinical implications
of altered circadian rhythms in aging remain unclear, emphasizing the need for further
targeted studies to clarify their impact on health outcomes in the elderly population [192].

6.4. Gender-Specific Considerations

Sex differences permeate circadian physiology and chrononutrition outcomes [193].
Men and women differ in clock gene regulation, hormone profiles, and body composition—
factors that modify how meal timing affects metabolism. For example, females generally
have higher 24 h leptin levels (even when BMI-matched) and a slightly shorter intrinsic
circadian period than males. These differences mean that identical eating schedules may
yield divergent hormonal responses by sex [194].

Experimental evidence highlights this dimorphism. In lab protocols of circadian
misalignment, women suffered greater metabolic derangement than men. Specifically,
Scheer’s group showed that under shifted sleep–feeding cycles, women exhibited decreased
leptin and increased active ghrelin, whereas men had the opposite (increased leptin, stable
ghrelin). This suggests that misalignment elicits a stronger hunger drive in females [194].
Consistent with this, epidemiological studies report more pronounced links between late
eating and inflammation in women: one cohort found that each 10% increase in daily
calories consumed after 17:00 raised CRP levels by 3% in women, but not in men [32]. It
appears that women are more vulnerable to the pro-inflammatory and insulin-resistant
effects of nocturnal eating, possibly due to estrogen’s interactions with clock-controlled
metabolic pathways.

7. Influence of Lifestyle Factors on Circadian Health
7.1. Sleep Quality and Quantity

Sleep is a fundamental component of circadian health. The sleep–wake cycle is one of
the most prominent manifestations of circadian rhythms. Adequate sleep supports cogni-
tive function, emotional regulation, immune response, and metabolic processes [195–198].
Disruptions in sleep patterns can lead to misalignment of circadian rhythms, resulting in
various health issues. Insufficient or poor-quality sleep has been linked to numerous ad-
verse health outcomes. Chronic sleep deprivation can impair glucose metabolism, increase
appetite, and elevate the risk of obesity and T2DM. It also affects cardiovascular health by
increasing blood pressure and promoting inflammation. Moreover, sleep disturbances can
exacerbate mental health conditions such as depression and anxiety [196,199].
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Several lifestyle factors influence sleep quality. Caffeine and alcohol consumption can
delay sleep onset and disrupt sleep architecture [200–203]. Exposure to blue light from
screens before bedtime suppresses melatonin production, leading to poor sleep. Irreg-
ular sleep schedules desynchronize the internal clock, while stress and anxiety elevate
cortisol levels, further impairing sleep. Strategies to enhance sleep quality include main-
taining a consistent sleep schedule, creating a conducive sleep environment, limiting screen
time before bed, managing stress through relaxation techniques, and monitoring dietary
intake [204,205].

7.2. Physical Activity Timing

Physical activity serves as a potent zeitgeber capable of influencing circadian rhythms.
Regular exercise can help synchronize the internal clock, improving sleep quality and
overall health. The timing of physical activity can differentially affect circadian rhythms.
Morning exercise can advance the circadian phase and is beneficial for individuals with
delayed sleep phase disorders. Afternoon exercise aligns with the body’s peak performance
time, enhancing workout efficiency and circadian alignment. Evening exercise, depending
on intensity, may delay sleep onset, though moderate activities like yoga may be less
disruptive [206–208].

Exercise influences circadian rhythms through temperature regulation, hormonal
effects, and gene expression. Physical activity increases core body temperature, which
subsequently drops post-exercise, facilitating sleep onset. Exercise also affects hormones
like cortisol and melatonin and modulates the expression of clock genes in peripheral
tissues. To optimize exercise benefits on circadian health, individuals should maintain
consistency, align exercise timing with personal schedules, and combine morning workouts
with natural light exposure [209,210].

7.3. Stress and Social Rhythms

Chronic stress can disrupt circadian rhythms by affecting the hypothalamic–pituitary–
adrenal (HPA) axis. Elevated evening cortisol levels can delay sleep onset and reduce
sleep quality. Stress-induced circadian misalignment is associated with metabolic disorders,
cardiovascular diseases, and mood disorders [184]. Social cues, such as meal times, work
schedules, and social interactions, act as secondary zeitgebers. Irregular social rhythms,
common among shift workers and individuals with erratic schedules, can desynchronize
internal clocks and impair circadian health [57,184,211].

7.4. Light Exposure (Natural vs. Artificial)

Light is the primary zeitgeber for the human circadian system. Exposure to natural
light during the day promotes alertness and synchronizes the internal clock with the
external environment. Natural light exposure, particularly in the morning, enhances mood,
improves sleep quality, and reinforces circadian rhythms. In contrast, artificial light at
night, especially blue light from electronic screens, suppresses melatonin production and
delays sleep onset [212–215].

Excessive artificial lighting in urban environments, or light pollution, can lead to
chronic circadian disruption. To mitigate these effects, individuals should maximize day-
light exposure, particularly in the morning, limit exposure to artificial light in the evening,
and ensure the sleep environment is dark. The use of blackout curtains and reduced screen
time before bed are practical measures for maintaining circadian alignment [214,216,217].

8. Conclusions
The current review underscores the significant role of chrononutrition in shaping

energy balance, weight regulation, and overall metabolic health. An expanding body of
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research demonstrates that not only what we eat, but when we eat, profoundly impacts
lipid metabolism, glucose homeostasis, and body composition. Key findings reveal that
meal timing, particularly aligning food intake with circadian rhythms—such as through
TRE or early eating windows—can enhance metabolic outcomes independently of caloric
intake or macronutrient composition. Specifically, consuming meals earlier in the day
has a link with improved lipid profiles, reduced insulin resistance, and lower body fat
percentage, supporting the emerging concept of circadian-aligned eating.

The timing of meals is emerging as a promising and adjustable lifestyle factor that
could support conventional dietary approaches in preventing and managing metabolic
disorders. Unlike rigid dietary restrictions, optimizing meal timing offers a feasible and
sustainable behavioral intervention with minimal cost and wide applicability. Its potential
for public health impact is especially compelling given the increasing global burden of
obesity, T2DM, and cardiovascular disease.

To fully harness the benefits of chrononutrition, future strategies must adopt an inte-
grated approach—combining optimal diet composition, consistent meal timing, and the
maintenance of circadian health through regular sleep–wake cycles and light exposure. Such
a holistic framework recognizes the interplay between biological rhythms and metabolic
regulation, providing a more personalized and effective model of nutritional intervention.

However, current evidence is still limited by short study durations, small sample sizes,
and heterogeneity in protocols. Long-term, large-scale randomized clinical trials are needed
to establish causality, define optimal timing windows, and assess the sustainability and
safety of meal-timing interventions across diverse populations. Additionally, mechanistic
studies exploring human circadian biology—particularly at the molecular and hormonal
levels—are essential to elucidate how temporal patterns of eating interact with endogenous
clocks to influence metabolic pathways.

In conclusion, while preliminary data are promising, advancing chrononutrition
from theory to clinical practice will require robust scientific inquiry and multidisciplinary
collaboration. Only through such efforts can we unlock its full potential for improving
metabolic health and preventing chronic disease.
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