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Obesity and sleep disturbances are highly prevalent chronic conditions
that share multiple pathophysiological mechanisms, including chronic low-
grade inflammation, neuroendocrine dysfunction, circadian misalignment,
autonomic imbalance, insulin resistance, and metabolic dysregulation. These
conditions establish a multidirectional relationship that contributes to the
development and progression of cardiometabolic, respiratory, and psychological
comorbidities. In this context, physical exercise (PE) is widely recognized as
a non-pharmacological strategy for the prevention and treatment of obesity
and sleep disturbances that simultaneously modulates these interconnected
pathways while enhancing metabolic flexibility. Growing evidence also supports
its role as a non-photic zeitgeber that synchronizes central and peripheral
biological clocks, modulates clock gene expression, and influences metabolic
responses according to the time of day it is performed. Through these
multisystem adaptations, PE may interrupt the vicious cycle linking obesity and
sleep disturbances, thereby improving metabolic health and reducing the burden
of obesity-related comorbidities. This review discusses how PE modulates the
multidirectional relationship between sleep and obesity through integrated
multisystem adaptations, highlighting its potential to improve both sleep and
overall health.

KEYWORDS

chronoexercise, circadian rhythms, inflammation, metabolism, obesity, obstructive
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1 Introduction

Obesity is one of the most prevalent chronic diseases today and poses a significant
public health challenge due to its association with various metabolic, cardiovascular,
and neurobehavioral complications (World Health Organization, 2025). Traditionally
attributed to an imbalance between energy intake and expenditure, its etiology is
now recognized as multifactorial, involving genetic, environmental, behavioral, and
physiological aspects that interact in complex ways throughout the lifespan (Chooi et al.,
2019; Blüher, 2025). Among them, sleep and biological rhythms have assumed a
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central role in contemporary scientific discussions. Epidemiological
and experimental evidence demonstrates that short sleep
duration, poor sleep quality, irregular sleep-wake schedules, and
circadian misalignment are associated with an increased risk of
obesity, insulin resistance, type 2 diabetes, and cardiovascular
disease (Chattu et al., 2018; Lange et al., 2024). Furthermore,
alterations in the circadian timing system can influence energy
metabolism, appetite, glycemic homeostasis, hormone secretion,
and eating behavior, thereby contributing to the development and
maintenance of excess weight (Poggiogalle et al., 2018).

Sleep disorders frequently coexist with obesity and can
exacerbate its adverse effects. Together with them, obstructive
sleep apnea (OSA) stands out due to its high prevalence in
people with obesity and its association with intermittent hypoxia,
sleep fragmentation, oxidative stress, systemic inflammation, and
sympathetic hyperactivity (Jordan et al., 2014; Lévy et al., 2015).
However, OSA represents only one of the multiple mechanisms
by which alterations in sleep and the temporal organization of
biological processes can impact overall health. More broadly,
the interplay between obesity, inadequate sleep, and circadian
misalignment appears to contribute to a physiological environment
characterized by chronic inflammation, autonomic dysfunction,
metabolic alterations, and impaired quality of life (Hotamisligil,
2006; Ryan, 2017).

In this context, physical exercise (PE) has emerged as a
non-pharmacological strategy capable of simultaneously acting
on several of these mechanisms. In addition to its well-
established effects on body composition, energy expenditure, and
cardiorespiratory fitness, regular PE may improve sleep quality,
facilitate circadian synchronization, reduce inflammatory and
oxidative stress markers, and promote beneficial autonomic and
metabolic adaptations (Hawley et al., 2014; Mendelson et al., 2018)
(Figure 1).

The interaction between PE and the circadian system
encompasses both molecular and behavioral mechanisms. PE
can act as a non-photic zeitgeber, influencing peripheral clocks,
clock-gene expression, body temperature, hormonal rhythms, and
metabolic responses (Youngstedt et al., 2019; Ciorciari and Lamia,
2025). Conversely, circadian phase and individual chronotype
may influence PE performance and physiological responses,
indicating that the effects of exercise timing cannot necessarily
be generalized across individuals. Indeed, current evidence does
not support a universally optimal time of day for PE, and
individual circadian characteristics, habitual exercise timing, and
the alignment between training and performance should be
considered when evaluating time-of-day effects (Bruggisser et al.,
2023). This bidirectional relationship provides the basis for
chronoexercise, in which PE timing is considered alongside
individual circadian characteristics as a potential strategy to
optimize metabolic and circadian health and, under conditions
of circadian disruption, potentially facilitate circadian realignment
(Youngstedt et al., 2019; Ciorciari and Lamia, 2025).

Despite advances in this field, the mechanisms by which
PE simultaneously influences obesity, sleep, and the circadian
system remain incompletely understood. Elucidating the
interactions among these processes may contribute to the
development of more integrated and effective therapeutic
approaches. Accordingly, this review aims to synthesize

current evidence on the relationships among obesity, sleep,
biological rhythms, and PE, discuss the underlying physiological
mechanisms, and highlight the potential health implications of
these interactions.

1.1 Effects of physical exercise on weight
control, neuroendocrine and inflammatory
modulation

Obesity represents a major public health challenge, given its
increasing prevalence and its association with a broad range of
functional and metabolic complications, including musculoskeletal
disorders, chronic low-grade inflammation, and insulin resistance.
According to data from the World Health Organization (2025),
in 2022, approximately 2.5 billion adults were living with
overweight (body mass index ≥25 kg/m2), including more than 890
million adults with obesity (body mass index ≥30 kg/m2). These
numbers are expected to increase substantially, with projections
suggesting that by 2030, more than 2.9 billion adults could be
living with overweight, including approximately 1.2 billion with
obesity (World Obesity Federation, 2025). Obesity also imposes
a considerable economic burden, driven by increased healthcare
expenditures, morbidity, premature mortality, absenteeism, and
reduced work productivity. Considering changes in population
size and age structure, and assuming that current trends in
obesity prevalence persist, the global economic costs associated
with overweight and obesity are projected to increase from
approximately US$2 trillion in 2020 to more than US$3 trillion
by 2030, reaching over US$18 trillion by 2060, expressed in
2019 US dollars (Okunogbe et al., 2022; World Obesity Federation,
2022). Furthermore, analyses across 161 countries estimate that
the economic costs associated with overweight and obesity
could exceed 3.29% of global gross domestic product by 2060
(Okunogbe et al., 2022).

Sedentary behavior and physical inactivity are also key factors
associated with the development and worsening of obesity. Physical
activity (PA) encompasses any bodily movement produced by
skeletal muscles that results in energy expenditure, including
activities performed in occupational, domestic, transportation, and
leisure contexts. PE, in turn, constitutes a subcategory of PA
characterized by planned, structured, and repetitive movements
performed with the purpose of maintaining or improving physical
fitness, functional performance, and health (Donnelly et al., 2009;
Bull et al., 2020; Oppert et al., 2021; Bishop et al., 2025). This
distinction is particularly relevant in the context of obesity, as the
health benefits associated with an active lifestyle extend beyond
structured exercise.

Physically active individuals have a lower risk of all-cause
mortality (Momma et al., 2022; Kraus et al., 2019), as well as a lower
incidence of cancer, hypertension (World Health Organization,
2024), and type 2 diabetes (Momma et al., 2022). Regular PA is also
associated with improvements in body composition and reductions
in body fat (Donnelly et al., 2009), lower risks of depression and
cognitive decline (Pearce et al., 2022), and better sleep quality
(World Health Organization, 2024).
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FIGURE 1

Interconnected mechanisms linking obesity, sleep disturbances, and circadian disruption, and the multiple pathways through which physical exercise
may interrupt this vicious cycle. HRV, heart rate variability; SWS, slow-wave sleep; REM, rapid eye movement sleep; OSA, obstructive sleep apnea.

In individuals with obesity, regular PE is associated
with improvements in strength and cardiorespiratory fitness
(Oppert et al., 2021), increased fat oxidation and mitochondrial
activity (Stroh and Stanford, 2023), enhanced insulin sensitivity
and reduced liver fat (Pojednic et al., 2022), improved hunger
and satiety signaling (Gómez Escribano et al., 2017), better
blood pressure control (Oppert et al., 2021), and improvements in
biochemical parameters, such as glycated hemoglobin, triglycerides,
and HDL cholesterol, independent of weight loss (Pojednic et al.,
2022).

The isolated impact of PE on weight loss may be modest,
with reductions averaging 2–3 kg; however, its practice plays an
important role in obesity management, particularly regarding
body composition and the prevention of weight regain. It is
recommended that individuals with obesity perform 150–200 min
of moderate-intensity aerobic exercise per week, while higher
volumes, between 200 and 300 min, may promote greater weight
loss (Oppert et al., 2021).

Aerobic exercise, as well as high-intensity interval training
(HIIT), has also been associated with dose-response reductions
in body weight, waist circumference (Donnelly et al., 2009), body
fat percentage, and visceral adipose tissue (Brennan et al., 2019;
Oppert et al., 2021). This effect was observed by Berge et al. (2021),
who investigated the effects of aerobic exercise intensity on energy
expenditure and body composition in individuals with severe
obesity undergoing an exercise training program. Participants
were allocated to moderate-intensity continuous training or

high-intensity training groups. In both groups, energy expenditure
increased during PE and was associated with reductions in
body weight, without significant changes in basal metabolic
rate. However, high-intensity training yielded more substantial
results across the variables analyzed. Similarly, Creasy et al. (2025)
observed that individuals participating in a weight-loss program
who achieved a weekly training volume of ≥150 min showed
greater reductions in body weight and body fat, as well as greater
increases in aerobic capacity, compared with those who performed
<150 min of weekly PE.

Although resistance training has a lower impact on body
weight reduction through increased energy expenditure compared
with aerobic exercise (Willis et al., 2012), it is recommended
during the weight-loss process to preserve lean mass, preferably
at moderate-to-high intensity, with a minimum frequency of
two sessions per week (Donnelly et al., 2009; Oppert et al., 2021).
Furthermore, resistance training provides important benefits for
obesity management, including increased muscle mass, which may
contribute to maintaining or increasing basal metabolic rate, as
well as improvements in functional capacity and muscle strength
(Donnelly et al., 2009; Oppert et al., 2021).

Studies comparing combined resistance and aerobic training
with single-mode training programs have reported improvements
in muscle mass and strength, as well as insulin sensitivity
and skeletal muscle glucose uptake (van Baak et al., 2021).
Improvements in inflammatory markers and cardiorespiratory
fitness have also been observed (Lopez et al., 2022), while combined
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exercise interventions may additionally benefit functional capacity,
including flexibility, balance, and walking speed, and quality of life
(Al-Mhanna et al., 2024). The effects of PE may also be enhanced
when combined with other obesity treatments.

Regular PE also acts on pathways involved in energy
expenditure and metabolic homeostasis and may influence
the neuroendocrine control of food intake (Zhang et al., 2024;
Tanwar and Kalpana, 2025). Food intake and satiety are regulated
through central and peripheral signals involving different
neuropeptides and hormones, including insulin, cholecystokinin
(CCK), ghrelin, leptin, glucagon-like peptide-1 (GLP-1), peptide
YY (PYY), alpha-melanocyte-stimulating hormone (α-MSH),
neuropeptide Y (NPY), melanin-concentrating hormone (MCH),
and agouti-related peptide (AgRP; Alhabeeb et al., 2021).

Obesity can alter neuroendocrine food-intake signaling,
particularly through leptin resistance, which is commonly observed
in individuals with obesity (Jung and Kim, 2013). PE can modulate
appetite in people with obesity through physiological mechanisms
that influence eating behavior and gastric motility and reduce
hunger signals (Razi et al., 2025). Distinct effects on neuropeptides
involved in food intake and satiety have also been observed
according to the acute or chronic effects of PE.

Chronic PE appears to reduce appetite and food intake
and increase energy expenditure, potentially through mechanisms
involving greater anorexigenic activity, which may contribute
to reductions in body weight (Ibeas et al., 2021). In adolescents
with obesity, the neuroendocrine response to PE may also vary
according to PE modality and intervention duration. After 1
year of an interdisciplinary intervention including regular aerobic
exercise, an increase in MSH, an anorexigenic neuropeptide, was
observed. However, when aerobic exercise was combined with
resistance training, AgRP, an orexigenic neuropeptide, increased
after 6 months and decreased after 1 year of intervention. These
findings suggest that exercise modality and duration may influence
neuroendocrine responses involved in energy balance regulation
(Carnier et al., 2013).

Furthermore, longitudinal interventions involving regular PE
in adolescents with obesity showed significant reductions in leptin
and MCH, with no changes in ghrelin levels (Carnier et al.,
2008, 2010). More recently, a meta-analysis demonstrated that
individuals with overweight or obesity who engaged in regular
PE experienced benefits including reductions in body weight
and body mass index; however, across most studies involving
different exercise modalities, ghrelin concentrations were increased
or unchanged (Xin et al., 2025).

Regarding gastrointestinal peptides, a randomized controlled
trial in healthy males undergoing different PE protocols found that
PYY levels increased during and after aerobic training, whereas
ghrelin levels decreased during both aerobic and resistance exercise.
Subjective perceptions of hunger were also reduced during and after
both exercise protocols (Broom et al., 2009). Similarly, Liu et al.
(2023) investigated the effects of moderate- and low-load resistance
training (85% and 45%, respectively) on appetite regulation in
healthy young men. Immediately after both exercise protocols,
PYY concentrations increased, whereas ghrelin concentrations and
hunger perception decreased compared with the control condition.

In the same context, Anderson et al. (2024) showed that
high-intensity aerobic exercise may be more effective than
moderate-intensity exercise in reducing hunger perception
and ghrelin concentrations, with a potential influence of sex
on these responses. Regarding NPY, an orexigenic biomarker
involved in the neuroendocrine control of food intake,
Asri et al. (2024) reported that 60 min of cycling at 60% of
peak oxygen consumption (V̇O2peak) in men with obesity
suppressed this neuropeptide and was associated with reduced
appetite perceptions, although no differences were observed in
leptin concentrations.

PE may also contribute to the modulation of the inflammatory
state associated with obesity, particularly when combined with
medical support, nutritional interventions, and psychological
counseling (Dâmaso et al., 2024, 2026). Several studies have
reported positive changes in adipose tissue metabolism associated
with PE, with potential improvements in metabolic function and
reductions in inflammation.

PE may also promote the conversion of white adipose
tissue into beige adipose tissue through a process known as
browning, which may contribute to increased energy expenditure
(Sanchez-Delgado et al., 2015; Stroh and Stanford, 2023). In
obesity, metabolic alterations in white adipose tissue, primarily
driven by adipocyte hypertrophy and hypoxia, promote adipose
tissue dysfunction and increased secretion of pro-inflammatory
mediators, including interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-α), and leptin, accompanied by reductions in
anti-inflammatory markers such as adiponectin. This condition
contributes to obesity-related comorbidities and metabolic diseases
(Kawai et al., 2021).

Jeong et al. (2026) showed that adolescents with obesity
who underwent 12 weeks of regular plyometric exercise
had improvements in body mass index and body fat mass,
reductions in leptin, and increases in adiponectin levels,
indicating potential anti-inflammatory and metabolic benefits.
Similarly, a recent meta-analysis demonstrated positive effects
of regular PE on inflammatory biomarkers and abdominal
obesity in older adults, with benefits observed across different
modalities, including combined, aerobic, and resistance training
(Liu et al., 2026). Adiponectin is an anti-inflammatory adipokine
that is generally reduced in obesity. Mallardo et al. (2023)
reported that a PE protocol based on walking, running, or a
combination of both in young males with obesity increased
high-molecular-weight adiponectin, which is recognized for its
metabolic functions.

In adolescents with obesity, reductions in the homeostasis
model assessment of adiponectin (HOMA-AD) and increases
in adiponectin concentrations were observed only after an
interdisciplinary weight-loss protocol combining aerobic and
resistance training, compared with aerobic exercise alone
(da Silveira Campos et al., 2017). IL-6 levels are also higher in
individuals with obesity than in non-obese populations across
childhood, adolescence, and adulthood, contributing to a pro-
inflammatory state and increased cardiometabolic risk. Regular
PE can reduce pro-inflammatory biomarkers in obesity, including
IL-6 (De Filippo et al., 2015).
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A meta-analysis reported that combined aerobic and resistance
training was the most beneficial PE modality for improving
inflammatory markers and body composition in individuals with
overweight or obesity compared with isolated aerobic exercise,
resistance training, or HIIT (Wang et al., 2022). Overall, these
findings support the role of regular PE in improving body
composition, neuroendocrine regulation of energy balance, and
the pro-inflammatory state in individuals with obesity, particularly
when combined with other clinical interventions (Dâmaso et al.,
2024, 2026).

The adaptive response to PE can exhibit substantial inter-
individual variability and is influenced by biological, metabolic, and
behavioral factors. Genotype and other individual characteristics
may modulate exercise-induced physiological adaptations
(Timmons et al., 2010), while training-related factors, including
recovery between sessions and the ability to achieve prescribed
training loads, may also influence the response (Mann et al., 2014;
Pickering and Kiely, 2019). Circadian preferences, social schedules,
baseline fitness levels, dietary composition, emotional state, sleep
quality, body weight, and age may further contribute to this
variability. Therefore, adjustments in intervention timing, training
intensity and volume, exercise modality, and recovery may help
promote more effective and individualized responses.

Among these factors, individual differences in circadian
timing, represented by chronotype and social jetlag (SJL), may be
especially relevant. Chronotype reflects an individual’s preference
for earlier or later sleep and activity timing (Roenneberg et al., 2012;
Adan et al., 2012), whereas SJL refers to the misalignment between
biological and socially imposed schedules (Wittmann et al., 2006).
Both later chronotype and greater SJL have been associated
with obesity and adverse metabolic outcomes (Mathew et al.,
2020; Zhang et al., 2022; Arab et al., 2024; Lin et al., 2024). In
addition, evening chronotypes have been associated with lower
levels of PA and greater sedentary behavior (Sempere-Rubio et al.,
2022), suggesting that circadian preferences may also influence
engagement in regular exercise. Thus, considering circadian
preferences and social schedules may contribute to a more
individualized approach to exercise prescription.

Despite the various benefits associated with regular PE,
individuals with obesity frequently face individual, social, and
environmental barriers to initiating and maintaining a training
routine. Among the main limiting factors are obesity-related
comorbidities, low motivation, difficulties with adherence, pain and
physical discomfort, fatigue, lack of time or competing priorities,
and limited social, family, and peer support.

Environmental barriers, such as limited access to suitable
facilities, neighborhood insecurity, and lack of professional
guidance, can also reduce PE levels in this population. Conversely,
improvements in physical fitness, physical and mental wellbeing,
and perceived pleasure during PE have been associated with higher
levels of PE (Baillot et al., 2021), while resilience and realistic
expectations regarding outcomes may also contribute to greater
engagement (Curran et al., 2023). A sense of safety and accessibility
in the living environment has likewise been associated with higher
levels of PE (Deslippe et al., 2023).

Taken together, these findings suggest that interventions that
consider individual preferences, motivation, physical and clinical
capacity, available time, environmental context, and circadian

characteristics when prescribing PE may help optimize outcomes
and promote long-term adherence.

1.2 Circadian regulation by physical
exercise

Since sleep is regulated and intrinsically linked to the
circadian system, the assessment of sleep effects on metabolic
health and the development of obesity should also focus on
circadian health. Previous studies have shown that circadian
disruption is directly associated with metabolic dysfunctions, such
as glucose intolerance, insulin resistance, obesity, and alterations
in energy homeostasis (Poggiogalle et al., 2018; Chaput et al.,
2023). Therefore, the circadian rhythm should be considered a
fundamental factor in efforts to reduce the metabolic consequences
of sleep debt. Given that circadian health is a fundamental aspect
of metabolic regulation, interventions aimed at synchronizing
and strengthening biological rhythms deserve greater attention.
This perspective is particularly relevant when examining the
intricate relationship between sleep disturbances and obesity.
Indeed, a growing body of evidence accumulated in recent decades
indicates that disruption of the circadian rhythm contributes to the
development of numerous pathological conditions, many of which
are closely linked to metabolic dysfunction (Bass and Takahashi,
2010; Maury, 2019).

Circadian disruption not only results from obesity but
also contributes to its progression, creating a self-perpetuating
cycle of metabolic dysfunction (Chaput et al., 2023). Individuals
with obesity frequently exhibit altered melatonin rhythmicity,
impaired peripheral clock synchronization, and disturbances in
cortisol rhythmicity (Chaput et al., 2023; Cipolla-Neto and Amaral,
2018; McHill and Wright, 2017). These alterations contribute
to insulin resistance, impaired glucose homeostasis, reduced
metabolic flexibility, impaired lipid oxidation, and dysregulation
of appetite-related hormones, including leptin and ghrelin
(Qian and Scheer, 2016; Stenvers et al., 2019; Taheri et al., 2004).
Consequently, appetite regulation and satiety signaling become
impaired, favoring excessive energy intake, weight gain, and
further disruption of circadian organization. This multidirectional
interaction establishes a vicious cycle in which obesity and circadian
misalignment mutually reinforce one another, thereby accelerating
metabolic deterioration (Bass and Takahashi, 2010; Chaput et al.,
2023).

The circadian system regulates the sleep-wake cycle and
various physiological and behavioral processes. In mammals, the
central biological clock is located in the suprachiasmatic nucleus
of the hypothalamus, is primarily synchronized by light, and
coordinates the peripheral clocks present in different tissues
(Reppert and Weaver, 2002). While the central clock responds
predominantly to light stimuli, peripheral clocks are influenced by
non-light factors such as food intake, body temperature, hormonal
signals, and also PA (Healy et al., 2021). Disorganization between
central and peripheral clocks, common in situations such as
shift work and frequent travel across different time zones, can
lead to circadian misalignment, a condition associated with the
development and worsening of various chronic diseases. Therefore,
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habits that support circadian health and homeostasis are essential
for preventing these diseases (Healy et al., 2021).

At the molecular level, circadian rhythms are generated by
a highly conserved transcriptional–translational feedback loop
comprising core clock genes. The transcription factors CLOCK and
BMAL1 form a heterodimer that activates the expression of the
Period (Per1–3) and Cryptochrome (Cry1–2) genes. Subsequently,
PER and CRY proteins accumulate in the cytoplasm, translocate
to the nucleus, and inhibit CLOCK:BMAL1 activity, thereby
generating self-sustained oscillations with an approximately 24-h
periodicity. Additional regulatory components further stabilize
this molecular clock by modulating the transcription of Bmal1.
Beyond maintaining temporal organization, clock genes regulate
the rhythmic expression of numerous downstream genes involved
in glucose metabolism, insulin signaling, lipid metabolism,
mitochondrial function, and energy homeostasis (Takahashi et al.,
2008). Consequently, alterations in clock gene expression or
function have been associated with circadian disruption and an
increased risk of metabolic disorders, including obesity and type 2
diabetes (Takahashi et al., 2008).

From this perspective, PE can be considered an essential
physiological modulator, capable of simultaneously influencing
metabolic, neuroendocrine, and circadian processes, contributing
to health and wellbeing, but also acting at the molecular level,
leading to modifications in the expression of clock genes or genes
controlled by the clock, as we will discuss later. Beyond their
widely recognized metabolic benefits, PA and exercise also play
a crucial role in chronobiology, serving as key behavioral non-
photic time-givers (Zeitgebers) that synchronize circadian rhythms
and promote phase shifts in biological rhythms, particularly
in melatonin secretion (Atkinson et al., 2007). Current evidence
supports the notion that regular PE can reinforce the alignment
between central and peripheral biological clocks, thus improving
the temporal coordination of physiological functions, including
the regulation of the sleep-wake cycle, hormone secretion, and
energy metabolism (Youngstedt et al., 2019; Stenvers et al., 2019).
Through these mechanisms, PE contributes to greater circadian
robustness and promotes more consolidated, higher-quality sleep,
both of which are essential determinants of metabolic health.
Although light remains the primary environmental zeitgeber, PE
is increasingly recognized as a powerful non-photic synchronizer,
helping regulate circadian rhythms and strengthening alignment
among biological clocks. Consequently, in the complex interaction
between sleep disorders and obesity, exercise emerges as a
valuable non-pharmacological strategy to improve circadian health,
support metabolic regulation, and maintain overall physiological
homeostasis (Wolff and Esser, 2019; Gabriel and Zierath, 2019;
Shen et al., 2023) (Figure 2).

Although structured PE has been more extensively investigated
as a non-photic zeitgeber, it should be recognized that exercise
represents only one component of the broader spectrum
of PA. During wakefulness, habitual PA is accompanied by
physiological activation of the sympathetic nervous system and the
hypothalamic–pituitary–adrenal axis, leading to transient increases
in circulating catecholamines and glucocorticoids (Healy et al.,
2021). These neuroendocrine signals contribute to the entrainment
of peripheral clocks by modulating the expression of core clock

genes (Healy et al., 2021; Dyar et al., 2018). Experimental evidence
indicates that even in the absence of an acute bout of exercise,
physiological elevations in epinephrine during the wake phase
are sufficient to induce Per1 expression and restore dampened
oscillations of Bmal1 and Per2 in peripheral tissues, demonstrating
that circadian entrainment is not exclusive to physical training
(Terazono et al., 2003). Because structured exercise elicits a more
robust sympathetic and hormonal response, its synchronizing
effects are likely to be greater, suggesting that the circadian
adaptations induced by movement occur along a dose-dependent
continuum according to the magnitude of the physiological
stimulus (Goldsmith and Bell-Pedersen, 2013; Healy et al., 2021).

When evaluating these relationships, it is also relevant to
consider age-related factors, as PE has consistently been shown
to be an effective strategy for preventing obesity in children and
adolescents. Thus, the World Health Organization (2024), in its
recent guidelines, emphasizes that children and adolescents should
achieve adequate sleep in both duration and quality, reinforcing the
critical role of biological rhythms in obesity prevention across these
age groups (Dou et al., 2025).

Although considerable evidence exists regarding the role of
PE as a non-photic synchronizer of the circadian system, its
ability to modulate biological rhythms appears to depend on
characteristics such as the timing, intensity, and duration of exercise
(Atkinson et al., 2007; Shen et al., 2023). Among these factors,
the time of day when exercise is performed plays a particularly
relevant role. Available data indicate that exercise during the night
and early morning hours is more consistently associated with
delays in circadian phase, whereas the effects of daytime exercise
are less well-established (Atkinson et al., 2007; Shen et al., 2023).
Taken together, these findings illustrate the complexity of exercise-
induced circadian responses and reinforce the need for further
studies to clarify how PE can be optimally prescribed to improve
circadian alignment.

Importantly, the optimal timing of PE may also depend on
individual circadian characteristics, including chronotype and SJL.
Later chronotype and greater SJL have been associated with obesity
and adverse metabolic outcomes (Zhang et al., 2022; Arab et al.,
2024; Lin et al., 2024). Therefore, considering individual circadian
preferences and social schedules may be relevant when determining
the timing of PE interventions.

In a recent review, Kim et al. (2023) reinforce the concept of
chronoexercise, highlighting that the effects of PE on metabolic
health depend not only on its intensity, duration, and frequency
but also on the time of day it is performed. This emerging concept
suggests that PE timing should be considered not only in relation
to external clock time but also in relation to endogenous circadian
phase and individual chronotype (Martin et al., 2023) (Figure 3).
The authors emphasize that PE acts as a potent physiological
modulator, promoting adaptations in multiple organs—especially
skeletal muscle, liver, adipose tissue, and pancreas—through
complex interorgan communication mediated by molecules such
as myokines and hormones (Kim et al., 2023). Thus, as previously
discussed, the regulation of circadian rhythms in fundamental
functions, such as energy metabolism, hormone secretion, and
the sleep–wake cycle, can be influenced by PE, with important
implications for metabolic health.
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FIGURE 2

Physical exercise acts as a non-photic zeitgeber, influencing central and peripheral clocks and molecular clock regulation, with downstream effects
on circadian and metabolic processes. SCN, suprachiasmatic nucleus.

Although studies have demonstrated associations between
SJL, lower PA levels, and obesity, evidence regarding whether
PE can attenuate the metabolic alterations induced by SJL
remains limited, particularly in humans. Experimental evidence
from animal models, however, provides preliminary support for
a potential protective role of PE. In a mouse model of SJL,
voluntary wheel running accelerated the resynchronization of
locomotor activity and facilitated the adaptation of peripheral
circadian rhythms following repeated phase shifts (Oneda et al.,
2022). More recently, Dial et al. (2024) demonstrated that SJL

impaired glucose homeostasis and attenuated exercise-induced
metabolic and skeletal muscle adaptations, whereas voluntary
exercise partially restored glucose regulation and prevented excess
weight gain. Although these findings cannot yet be directly
extrapolated to humans, they suggest that PE may both facilitate
circadian re-entrainment and mitigate some of the metabolic
consequences associated with SJL.

One of the key aspects underlying the interaction between
PE and circadian regulation is the marked diurnal variation
in metabolic function. Glucose tolerance, insulin sensitivity,

Frontiers in Sleep 07 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

FIGURE 3

Chronoexercise integrates individual circadian characteristics with exercise timing and prescription to optimize metabolic responses, sleep, circadian
alignment, and adherence.

and β-cell responsiveness are generally higher in the morning
and progressively decline throughout the day, reaching their
lowest levels in the evening and at night (Morris et al., 2015;
Qian and Scheer, 2016). Likewise, lipid metabolism is under
circadian regulation, with genes involved in lipid synthesis
and storage exhibiting rhythmic expression patterns that favor
triglyceride and cholesterol synthesis during the biological night
(Panda, 2016; Stenvers et al., 2019). These temporal variations
indicate that metabolic responses to PE may differ depending on
when it is performed.

Supporting these findings, growing evidence suggests that the
timing of PE can influence the magnitude of metabolic adaptations.
Several studies have reported that PE performed in the late
afternoon or early evening is associated with greater improvements
in glycemic control, insulin sensitivity, blood glucose regulation,
and lipid metabolism compared with morning PE, particularly in
individuals with overweight, obesity, or type 2 diabetes (Savikj et al.,
2019; Gabriel and Zierath, 2019; Teo et al., 2020). Furthermore,
neuromuscular performance, including muscle strength and power
output, typically peaks later in the day, which may enhance PE
effectiveness (Chtourou and Souissi, 2012). Conversely, morning
PE may provide specific metabolic advantages, such as increased
fat oxidation during fasted conditions and a lower risk of delayed
post-exercise hypoglycemia in individuals with type 1 diabetes
(Van Proeyen et al., 2010; Campbell et al., 2015).

The physiological basis underlying these diurnal differences
in PE responsiveness is increasingly attributed to the interaction

between PE stimuli and the intrinsic molecular clock of skeletal
muscle, which temporally regulates metabolic pathways and
cellular function. As an example, using a tamoxifen-inducible
skeletal muscle-specific Bmal1 knockout model, Hodge et al.
(2015) demonstrated that BMAL1-dependent circadian regulation
coordinates the temporal expression of metabolic genes involved
in glucose utilization, lipid metabolism, and muscle fiber-type
specification, thereby orchestrating substrate metabolism in skeletal
muscle. The intrinsic skeletal muscle clock, centered on BMAL1-
dependent transcriptional regulation, plays a critical role in
coordinating glucose metabolism and maintaining the temporal
organization of muscle physiology. This circadian regulation
provides a biological rationale for the growing interest in whether
PE performed at different times of the day elicits distinct
physiological and metabolic responses.

Evidence from animal models further supports the role
of circadian mechanisms in exercise responsiveness. Studies in
mice have demonstrated time-of-day-dependent differences in PE
capacity and training adaptations, suggesting that the interaction
between the molecular clock and PE stimuli may influence
both performance and metabolic adaptation (Martin et al., 2023).
Experimental studies have also demonstrated that scheduled
PE can exert synchronizing effects on the circadian system,
providing additional evidence for PE as a non-photic zeitgeber
(Ciorciari et al., 2025). Importantly, these experimental models
allow the contribution of specific clock components to exercise
responses to be investigated and provide mechanistic evidence that
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complements findings from human studies. However, additional
well-designed human studies are still needed to determine the
extent and clinical relevance of the circadian synchronizing effects
of PE.

An additional molecular link between circadian regulation and
PE adaptation involves the cryptochrome proteins CRY1 and CRY2
and the nuclear receptor PPARδ. Jordan et al. (2017) demonstrated
in mice that CRY1/2 act as co-repressors of PPARδ in skeletal
muscle, limiting the expression of PPARδ target genes involved in
lipid utilization and PE metabolism. Genetic deletion of Cry1 and
Cry2 increased PPARδ activity and enhanced sprint PE capacity,
providing direct experimental evidence that components of the
circadian clock can modulate PE performance through metabolic
transcriptional pathways.

Supporting the importance of PE timing, Shen et al. (2025)
investigated the effects of a 12-week aerobic exercise intervention
performed in the morning or evening on a range of metabolic
and vascular parameters. The study demonstrated that aerobic
training significantly improves physical health in sedentary young
men (22–25 years). Notably, morning exercise (6–8 a.m.) was
associated with greater reductions in body fat, improvements
in lipid profile, and advancement of the circadian phase, while
evening exercise (6–8 p.m.) conferred more pronounced benefits
in vascular function. Although these findings are limited to a
specific population subgroup, they highlight the importance of PE
scheduling as a modifiable factor in optimizing cardiometabolic
health interventions.

The role of PE, particularly its timing, is also highly relevant
to muscle health. PE is a potent modulator of skeletal muscle
metabolism, leading to substantial health benefits. Given that
muscle metabolism exhibits a well-characterized circadian rhythm,
it is reasonable to propose that the timing of PE may be a
valuable therapeutic strategy to maximize its physiological benefits
(Gabriel and Zierath, 2019).

Skeletal muscle possesses a highly organized intrinsic
circadian system, characterized by an extensive network of
genes controlled by the biological clock that regulate key
processes involved in energy metabolism, mitochondrial function,
substrate utilization, and muscle adaptation. Alterations in the
molecular mechanisms of the skeletal muscle timing system,
whether due to circadian misalignment, sleep disorders,
or irregular behavioral patterns, have been associated with
metabolic impairments in various chronic diseases. Several
physiological functions of skeletal muscle exhibit marked diurnal
variations. Late afternoon and early evening are when physical
performance, muscle strength, and oxidative capacity peak. At
the same time, signaling pathways related to cellular energy
and metabolic stress responses tend to be more active in the
morning. These findings corroborate that the metabolic and
functional responses to PE can vary with the time of day at
which PE is performed (Dyar et al., 2018; Gabriel and Zierath,
2019).

As a significant non-photic synchronizer, PE has also been
the subject of studies on its role in the circadian molecular
machinery. Experimental studies indicate that PA, in addition
to inducing phase shifts in peripheral clocks, can modulate
the expression of central clock genes that regulate metabolic
and physiological processes. Through these mechanisms, PE

contributes to circadian realignment and may help mitigate some
of the adverse effects associated with sleep disorders and circadian
misalignment (Dyar et al., 2018; Gabriel and Zierath, 2019).

Therefore, it is noteworthy to emphasize that the circadian
effects of PE—which may depend not only on its timing but
also on its modality—have been shown to interact with molecular
pathways of the biological clock through distinct mechanisms,
leading to specific physiological and metabolic adaptations. Thus,
personalizing PE prescriptions according to individual circadian
characteristics, including chronotype, as well as therapeutic goals,
may help optimize the timing and effectiveness of lifestyle
interventions aimed at preventing or controlling metabolic
disorders. This concept has contributed to the growing interest in
chronoexercise as a promising component of precision medicine
approaches (Gabriel and Zierath, 2019; Wolff and Esser, 2019).

1.3 Influence of physical exercise on sleep
architecture and quality

The multidimensional aspects of sleep, such as efficiency,
latency, duration, and fragmentation, can be influenced by various
factors, including the accelerated pace of contemporary life,
stress, and poor lifestyle habits, such as an unbalanced diet and
sedentary behavior (Nelson et al., 2022). These factors are directly
associated with an increased prevalence of sleep disorders, which
compromise sleep architecture and adversely affect overall health
(Kovacevic et al., 2018).

Given this scenario, various approaches have been proposed
for the management of sleep disorders, including pharmacological
and non-pharmacological strategies (Wang et al., 2025). In this
context, regular PE has been increasingly recognized as an
effective intervention, not only for treating sleep disorders but
also for modulating sleep architecture and its functional outcomes,
including reducing the risk of obesity (Yang et al., 2012). These
benefits have been consistently observed across different exercise
modalities, particularly aerobic and resistance training, suggesting
that the sleep-promoting effects of PE are not restricted to a single
type of exercise (De Nys et al., 2022; Xu et al., 2024).

Numerous studies demonstrate that aerobic exercise promotes
improvements in sleep quality in older adults, adults and
adolescents of both sexes, including reductions in wake time and
the number of nocturnal awakenings (Wang and Youngstedt,
2014), as well as increased sleep duration and reduced
latency and occurrence of sleep disturbances (Yang et al.,
2012; Abd El-Kader and Al-Jiffri, 2019), with moderate intensity
frequently identified as the most effective in this context.
Additionally, resistance training-based interventions have also
shown consistent positive effects, with significant improvements
in sleep quality across diverse populations (D’Aurea et al., 2019;
Gupta et al., 2022).

Beyond improving body composition and cardiovascular
responses, a notable benefit of PE is its capacity to modulate
the autonomic nervous system by increasing parasympathetic
activity and reducing excessive sympathetic activity (Wang et al.,
2025). Heart rate variability (HRV) is a non-invasive marker of
cardiac autonomic modulation that provides valuable information
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on physiological adaptations to PE and their relationship with
sleep. Regular PE may increase HRV indices associated with
vagal activity, whereas sleep deprivation has been associated
with reduced parasympathetic modulation and lower HRV
(Amekran and El Hangouche, 2024; Zhang et al., 2025). In
addition, autonomic dysregulation may contribute to impaired
sleep quality, highlighting the close relationship between sleep and
autonomic function (Correia et al., 2023). Taken together, these
findings suggest that HRV may represent a potential physiological
link between exercise and sleep through autonomic modulation.
However, HRV is also sensitive to other factors, including
psychological stress, which may alter parasympathetic activity and,
in turn, influence sleep quality (Thielmann et al., 2021).

Exercise-induced thermoregulation may also play a central role
in this process, as the elevation in body temperature during PE may
interact with the physiological decline in core body temperature
that occurs during the evening and early night, a process that is
important for sleep initiation and may consequently contribute to
reduced sleep latency (Xie et al., 2024). Additionally, alterations in
the concentrations and actions of hormones and neurotransmitters,
including cortisol and catecholamines, as well as in immune
system function and changes in brain electrophysiological activity,
represent physiological responses to PE that modulate sleep
architecture and, consequently, sleep quality (Chennaoui et al.,
2015).

In light of these mechanisms, the physiological responses
induced by PE directly influence sleep architecture, with one of
the most consistent findings being an increase in slow-wave sleep
(SWS). This outcome is widely documented in the literature, with
meta-analytic evidence indicating that PE significantly increases
in SWS (MD = 2.19; 95%CI = 0.35–4.03; Wang et al., 2025).
However, the effects on rapid eye movement (REM) sleep are less
consistent, showing a tendency toward its reduction, particularly
in both acute and chronic intervention protocols (Chennaoui et al.,
2015). These outcomes are also corroborated by observational
studies, such as the one by Brand et al. (2010) which demonstrated
that adolescents with higher weekly PA levels exhibit greater sleep
efficiency, increased SWS, and reduced REM sleep.

The influence of PE on lighter sleep stages, such as N1 and
N2, remains less consistent in the literature than its effects on
SWS. However, recent evidence indicates that PE can modulate
sleep microarchitecture within these stages. Studies demonstrate
alterations in electroencephalographic activity, including increased
power in the alpha and theta bands during N1 and N2, as well
as increased beta activity in N2, suggesting greater stability and
neural organization of sleep, possibly related to sleep spindle
activity (Perrier et al., 2024). Furthermore, PE has been associated
with increased total EEG power during NREM sleep, reflecting
greater synchronization of brain activity and indicating improved
functional quality of sleep architecture across both light and deep
stages (Cassim et al., 2022).

Another relevant aspect pertains to the timing of PE. Although
evidence suggests that sessions performed between 4 and 8 h
before bedtime are more effective at increasing SWS, those
conducted too close to bedtime (less than 4 h) may be detrimental
(Leota et al., 2025). This effect can be partially explained by
the thermoregulatory response, in which the elevation in body

temperature during PE, followed by its subsequent reduction,
increases the propensity for sleep onset and facilitates progression
into deeper stages of sleep. However, the magnitude of these effects
may vary with individual physical fitness levels, PE modality, and
methodological differences across studies (Xie et al., 2024).

In the context of alterations in sleep architecture and quality
associated with comorbidities such as obesity, PE plays a relevant
role not only through its direct effects on sleep but also by
attenuating the pathophysiological mechanisms linking excess
adiposity to inadequate sleep (Silva et al., 2019). Reductions in
body weight are among its primary outcomes and are associated
with decreased systemic inflammation and improved insulin
sensitivity—processes that directly influence sleep regulation
(Mendelson et al., 2016). Furthermore, such adaptations may occur,
at least in part, independently of substantial changes in body
composition. Recent meta-analyses demonstrate that PE plays a
fundamental role in improving sleep disorders in populations
with obesity. Within this context, different modalities—including
aerobic, resistance, and combined training—prove effective in
promoting improvements in both sleep parameters and physical
outcomes (Wang et al., 2026). Although obesity is not the central
focus of this section, its interaction with sleep reinforces PE’s role as
a fundamental systemic modulator.

In summary, PE represents an effective strategy for modulating
sleep architecture and quality through multiple interrelated
exercise-induced physiological mechanisms. Its effects extend
beyond obesity, contributing broadly to sleep regulation and health
promotion. However, the magnitude of these effects may vary with
intensity, exercise modality, and individual characteristics.

1.4 Impact of physical exercise on
sleep-related respiratory symptoms

Obesity is one of the main risk factors for sleep-related
breathing disorders, particularly OSA. This association is driven by
anatomical and physiological alterations that increase upper airway
collapsibility during sleep. Excessive adipose tissue accumulation
in the cervical and abdominal regions contributes to a reduced
pharyngeal lumen and impaired respiratory mechanics, making
individuals more susceptible not only to intermittent hypoxia but
also to the consequences of sleep fragmentation (Jordan et al.,
2014). However, the interaction between obesity and OSA
extends beyond excess adiposity. Although they represent distinct
conditions, obesity and OSA share common pathophysiological
mechanisms, including chronic low-grade inflammation, oxidative
stress, autonomic dysfunction, and metabolic dysregulation, which
may interact to increase the risk of cardiometabolic comorbidities
(Lévy et al., 2015).

Weight loss represents an important therapeutic strategy for
improving OSA severity, particularly among individuals with
obesity. Clinical trials based on lifestyle interventions have
demonstrated that reductions in body weight are associated with
decreases in the apnea–hypopnea index (AHI) and improvements
in sleep-related symptoms, reinforcing the close relationship
between adiposity and upper airway collapsibility (Araghi et al.,
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2013a). In this context, Tuomilehto et al. (2009) demonstrated that
a lifestyle intervention focused on weight reduction effectively
attenuated OSA severity in overweight individuals. Specifically,
each 5-kg reduction in body weight was associated with
an approximate 2-event/h decrease in the apnea–hypopnea
index (AHI), highlighting the importance of body weight
management in the treatment of sleep-related breathing disorders
(Tuomilehto et al., 2009).

The pathophysiological interaction between obesity and OSA
cannot be explained solely by excess body weight or upper airway
anatomy. Rather, both conditions converge on common biological
pathways in which oxidative stress emerges as a central mechanism
linking metabolic dysfunction to respiratory abnormalities
(Lévy et al., 2015). In obesity, adipocyte hypertrophy leads to
local adipose tissue hypoxia and mitochondrial dysfunction,
resulting in excessive production of reactive oxygen species
(ROS) and the establishment of chronic low-grade inflammation
(Trayhurn et al., 2008). In OSA, repetitive cycles of intermittent
hypoxia further amplify ROS generation (Lavie, 2003). Together,
these alterations establish a pro-oxidative environment that
activates hypoxia- and redox-sensitive signaling pathways,
particularly HIF-1α and NF-κB. Collectively, these responses
promote macrophage infiltration into adipose tissue, increase
the production of pro-inflammatory adipokines, and induce
insulin resistance, establishing a self-perpetuating cycle in which
chronic inflammation and oxidative stress reinforce one another
(Hotamisligil, 2006).

Activation of HIF-1α and NF-κB contributes to adipocyte
dysfunction, stimulates lipolysis, and increases the release of
free fatty acids (FFAs) into the circulation (Lee et al., 2014;
Poulain et al., 2014). Persistently elevated circulating FFAs promote
ectopic lipid accumulation in insulin-sensitive tissues, such as
skeletal muscle and the liver, which contributes to systemic
insulin resistance (Hotamisligil, 2006). Thus, insulin resistance is
considered one of the earliest hallmarks of metabolic dysfunction
associated with obesity and OSA, often preceding the development
of metabolic dysfunction-associated nonalcoholic fatty liver disease
(NAFLD), type 2 diabetes mellitus, and other cardiometabolic
disorders (Ryan, 2017).

Beyond metabolic dysfunction, the oxidative stress and
inflammatory milieu generated by obesity and OSA also exert
important effects on respiratory control. Intermittent hypoxia
induces adaptive changes within the carotid body through
oxidative stress-dependent mechanisms, increasing peripheral
chemoreceptor sensitivity (Peng et al., 2009; Lavie, 2015).
Consequently, chronic exposure to intermittent hypoxia causes
relatively small reductions in arterial oxygen tension (PaO2)
to elicit exaggerated ventilatory responses, leading to transient
hyperventilation following upper airway reopening. In susceptible
individuals, this hyperventilation may reduce arterial carbon
dioxide tension (PaCO2) below the apneic threshold, temporarily
suppressing respiratory drive, further destabilizing ventilation. In
addition to promoting ventilatory instability, enhanced peripheral
chemoreceptor sensitivity also results in sustained sympathetic
activation through recurrent carotid body stimulation (Peng et al.,
2003). Of particular relevance, this sympathetic overactivity is not
restricted to sleep but persists during wakefulness, contributing

to endothelial dysfunction, hypertension, cardiac arrhythmia, and
increased cardiovascular risk in patients with OSA (Ryan, 2018).

Given the pivotal roles of peripheral chemoreceptor
sensitization and sympathetic overactivity in OSA pathophysiology,
PE has emerged as a promising non-pharmacological strategy
to improve autonomic regulation through mechanisms that
extend beyond weight loss alone (Aiello et al., 2016; Guerra et al.,
2019). In a randomized controlled trial, Guerra et al. (2019)
implemented a six-month supervised concurrent PE program
consisting of moderate-intensity aerobic and resistance training
performed three times per week. The intervention significantly
improved metaboreflex control and attenuated the exaggerated
sympathetic responses elicited during its activation, suggesting a
partial restoration of autonomic regulation in patients with OSA
(Guerra et al., 2019). Similarly, Maki-Nunes et al. (2015) combined
a similar supervised PE program with a hypocaloric dietary
intervention over 4 months. They observed significant reductions
in resting muscle sympathetic nerve activity, accompanied by
improvements in peripheral and central chemoreflex sensitivity
(Maki-Nunes et al., 2015). Although the latter intervention also
included dietary restriction, the findings from both studies suggest
that structured PE, either alone or as part of a comprehensive
lifestyle intervention, can attenuate peripheral chemoreflex
sensitization and sympathetic overactivity, thus partially
reversing the autonomic maladaptations induced by chronic
intermittent hypoxia.

These findings are further supported by studies evaluating
indirect markers of autonomic function. For example,
Lins-Filho et al. (2024) reported improvements in blood
pressure following high-intensity interval training in patients
with OSA (Lins-Filho et al., 2024), whereas Kline et al. (2013)
demonstrated enhanced heart rate recovery after exercise,
suggesting improved cardiac autonomic regulation (Kline et al.,
2013). Collectively, these observations reinforce the concept that
PE favorably modulates autonomic function in OSA through
multiple physiological pathways. Nevertheless, despite these
consistent improvements in intermediate cardiovascular outcomes,
current evidence remains insufficient to determine whether
exercise training reduces the long-term risk of hypertension, major
cardiovascular events, or cardiovascular mortality in patients with
OSA (Iftikhar et al., 2014; Mendelson et al., 2018). Importantly,
the biological mechanisms underlying these beneficial adaptations
remain incompletely understood. Although experimental studies
have established oxidative stress as a central mediator of carotid
body sensitization during chronic intermittent hypoxia through
pathways involving ROS, HIF-1α, NADPH oxidase, endothelin-1,
and pro-inflammatory signaling, there is a scarcity of animal studies
investigating whether exercise training directly modulates these
molecular pathways or reverses the oxidative and inflammatory
alterations induced by intermittent hypoxia (Nanduri et al., 2008;
Peng et al., 2009).

Another mechanism through which PE may attenuate OSA
severity involves body fluid dynamics. During prolonged sitting
or standing, gravitational forces promote fluid accumulation in
the lower limbs. Upon assuming the supine position during
sleep, part of this fluid is redistributed rostrally toward the
neck, increasing peripharyngeal tissue volume and upper airway
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collapsibility (Redolfi et al., 2009; White and Bradley, 2013). Redolfi
et al. demonstrated that 1 week of moderate-intensity walking
(45 min twice daily) increased daily PA by approximately 80%,
reduced overnight rostral fluid shift by 40%, decreased nocturnal
neck circumference enlargement by 64%, and attenuated the
reduction in pharyngeal air volume during sleep. These adaptations
were accompanied by a 30% reduction in the AHI, without
changes in body weight. Furthermore, the reduction in overnight
rostral fluid shift explained approximately 63% of the improvement
in OSA severity, highlighting lower-limb fluid redistribution as
an important weight-independent mechanism by which exercise
may reduce upper airway collapsibility during sleep (Redolfi et al.,
2015).

PE also promotes several metabolic adaptations that may
mitigate the cardiometabolic consequences of OSA. By enhancing
insulin sensitivity, improving mitochondrial function, increasing
lipid oxidation, and attenuating chronic low-grade inflammation,
regular PE can counteract many of the metabolic disturbances
associated with obesity and OSA (Hawley et al., 2014). Despite this
strong biological rationale, clinical studies evaluating the effects of
structured exercise programs on metabolic outcomes in patients
with OSA remain relatively scarce.

Clinical intervention studies consistently suggest that
structured PE programs improve metabolic health in patients
with OSA. Maki-Nunes et al. (2015) demonstrated that a lifestyle
intervention combining supervised exercise training with a
hypocaloric diet improved components of the metabolic syndrome
while reducing OSA severity. Likewise, Desplan et al. (2014)
observed favorable changes in fasting glucose, body composition,
blood pressure, and sleep-disordered breathing following a
multidisciplinary rehabilitation program that incorporated exercise
training. Consistent with these findings, a randomized clinical
trial involving patients with OSA and type 2 diabetes reported
improvements in postprandial glucose, insulin levels, lipid
profile, and exercise capacity after aerobic exercise, with even
greater benefits when exercise was combined with CPAP therapy
(Shen et al., 2019).

Complementing the evidence from intervention studies, a
prospective cohort study conducted by our group demonstrated
that physically active individuals with OSA had a significantly
lower risk of developing type 2 diabetes after an 8-year follow-up
than their physically inactive counterparts. Together, these findings
support the role of physical exercise as a valuable adjunctive
strategy for improving cardiometabolic health in patients with OSA
(Mônico-Neto et al., 2018). Nevertheless, the limited number of
available studies highlights the need for well-designed randomized
clinical trials to establish the independent effects of PE on metabolic
dysfunction and to clarify the biological mechanisms underlying
these adaptations.

Taken together, these findings indicate that the therapeutic
effects of PE in OSA cannot be explained solely by weight
loss. Instead, accumulating evidence suggests that regular PE
simultaneously modulates multiple pathophysiological pathways,
including oxidative stress, chronic inflammation, autonomic
dysfunction, body fluid redistribution, and metabolic impairment.
This multimodal action provides a plausible biological explanation
for the broad clinical benefits of PE observed in patients with
OSA, even when reductions in body weight or AHI are modest.

Nevertheless, further mechanistic studies and randomized clinical
trials are still needed to clarify the relative contribution of these
pathways and to determine whether these physiological adaptations
ultimately translate into reductions in cardiovascular morbidity
and mortality.

1.5 Behavioral and psychological effects
resulting from physical exercise

Recent advances in neuroscience, endocrinology, and
psychiatry have demonstrated that excess adiposity induces
significant neurobiological alterations that modify brain circuits
involved in regulating mood and eating behavior (Bremner et al.,
2020; Debski et al., 2024; Selman et al., 2025). Conversely,
depressive and anxiety disorders may also contribute to weight
gain through hormonal alterations, reduced PA, changes in eating
behavior, the use of psychotropic medications, and impaired
sleep quality, consequently establishing a reciprocal and self-
perpetuating relationship (Raman et al., 2013; Stunkard et al.,
2003; Monsalve et al., 2025).

The meta-analysis conducted by Luppino et al. (2010)
demonstrated that individuals with obesity are at increased
risk of developing depressive disorders over time. In contrast,
individuals with depression are more likely to develop obesity,
confirming the multidirectional nature of this relationship.
These findings have been reinforced by subsequent reviews
(Milaneschi et al., 2019; Silva et al., 2020; Jitte et al., 2024), which
showed that this association remains significant even after
adjusting for sociodemographic factors, lifestyle, and the presence
of chronic diseases. This suggests that the relationship cannot be
explained solely by confounding factors but rather reflects shared
pathophysiological mechanisms.

In addition to depression, anxiety disorders are also highly
prevalent among individuals with obesity. Although the strength
of this association varies across studies, evidence consistently
indicates a higher prevalence of generalized anxiety disorder, panic
disorder, social anxiety disorder, and subclinical anxiety symptoms
in individuals with overweight or obesity (Atlantis et al., 2009;
Jantaratnotai et al., 2017; Amiri and Behnezhad, 2019). Anxiety
also plays a significant role in eating behavior by promoting
emotional eating, binge eating, and a preference for highly palatable
foods rich in sugar and fat. Furthermore, the weight gain associated
with these behaviors may exacerbate feelings of guilt, shame,
worthlessness, body dissatisfaction, and low self-esteem, leading
to the perpetuation of anxiety symptoms (Bremner et al., 2020;
Dakanalis et al., 2023; Swainson et al., 2023).

Chronotype and SJL, which were previously mentioned,
represent additional factors linking circadian regulation to
PA/PE, psychological wellbeing, and metabolic health. Regarding
chronotype, evening-types have been associated with lower levels
of PA and greater sedentary behavior, suggesting that circadian
preference may influence engagement in health-related behaviors
(Sempere-Rubio et al., 2022; Back et al., 2023). Evening-types may
also be more likely to experience reduced sleep quality and
duration, particularly on weekdays, whereas these differences
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can become less pronounced or even disappear on weekends
(Vitale et al., 2015).

The discrepancy between sleep timing on weekdays and
weekends, referred to as SJL and discussed earlier in this review,
has also been associated with adiposity-related outcomes, including
higher body mass index, body fat, and waist circumference,
although the predominantly observational evidence does not
establish a causal relationship (Parsons et al., 2015; Arab et al.,
2024). Importantly, its potential implications extend to mental
health, as greater SJL and evening preference have been associated
with poorer mental health outcomes, particularly depressive
symptoms. These relationships are likely bidirectional, since
psychological distress, reduced PA, and irregular sleep may, in
turn, contribute to circadian disruption and maladaptive health
behaviors (Baron and Reid, 2014; Meyer et al., 2024).

Circadian timing may also influence eating behavior and
the temporal distribution of food intake. In addition to
dietary quantity and quality, meal timing and regularity are
increasingly recognized as relevant determinants of metabolic
health (Reytor-González et al., 2025; Schimenes et al., 2026).
Food intake also acts as a temporal cue (zeitgeber) for peripheral
circadian clocks, interacting with pathways involved in glucose
metabolism, energy balance, and appetite. Accordingly, later or
irregular meal timing has been associated with obesity and adverse
metabolic outcomes (Liu et al., 2024; Rovira-Llopis et al., 2024).
Importantly, emerging evidence suggests that the implications
of meal timing may also extend to psychological health. Greater
irregularity in eating schedules, including meal timing jetlag, has
been associated with depressive and anxiety symptoms, while other
chrononutrition behaviors, such as breakfast skipping, have also
been linked to poorer mental health outcomes (Tae and Chae,
2026; Fond et al., 2026; Tan et al., 2025). These findings suggest
that the timing and regularity of food intake may represent an
additional behavioral pathway linking circadian disruption to both
metabolic and psychological health.

Disruptions of sleep and circadian rhythms have also been
associated with adverse mental health outcomes, with shift work
providing a relevant example of chronic circadian misalignment.
Shift workers frequently experience sleep disturbances and have
an increased risk of psychological symptoms, depressive symptoms
(Torquati et al., 2019). In a large cohort study using UK Biobank
data, shift work was associated with a 22% higher risk of depression
and a 16% higher risk of anxiety (Xu et al., 2023). These associations
may reflect the combined effects of circadian misalignment, sleep
disruption, and behavioral changes accompanying shift work
(Lotti et al., 2025). At the biological level, circadian disruption may
also affect clock-gene expression in neural regions involved in
mood regulation, potentially altering neurotransmitter signaling
and increasing susceptibility to emotional disturbances (McClung,
2007).

Dysregulated eating behaviors represent another relevant
component of the interplay between obesity, circadian regulation,
and mental health. Binge-eating disorder (BED) is particularly
important in this context because it frequently co-occurs with
mood and anxiety disorders, illustrating the complex interplay
between eating behavior and mental health (Kowalewska et al.,
2024). Binge-eating behavior may also exhibit a temporal
pattern, with binge episodes, food cravings, and increased food

intake occurring more frequently later in the day. Evening
chronotype has similarly been associated with binge-eating
behavior, although current evidence regarding the direction
and mechanisms underlying this relationship remains limited
(Romo-Nava et al., 2022; Cera et al., 2026).

The temporal dimension of eating behavior further supports
the relevance of considering not only what and how much
individuals eat, but also when and how regularly they eat.
As discussed earlier, meal timing is closely linked to circadian
regulation and may provide an additional pathway through
which eating behavior interacts with metabolic and psychological
health (Reytor-González et al., 2025). Thus, irregular or delayed
eating patterns may coexist with other manifestations of circadian
disruption and contribute to a broader behavioral context
associated with both obesity and poorer mental health.

Taken together, these findings highlight the interconnected
nature of chronotype, SJL, sleep, PA, psychological factors, eating
behavior, and meal timing. Rather than acting as independent
risk factors, these components may interact bidirectionally
within a broader behavioral and circadian framework, potentially
contributing to both obesity and adverse mental health outcomes.
This integrated perspective emphasizes the importance of
considering circadian, behavioral, metabolic, and psychological
dimensions together when examining the complex relationships
among obesity, sleep, and mental health.

Meal timing and regularity represent additional behavioral
dimensions linking circadian regulation to metabolic health.
Delayed or irregular food intake, particularly when a substantial
proportion of daily energy intake occurs later in the day or close to
the habitual sleep period, has been associated with greater adiposity
and less favorable metabolic outcomes, whereas earlier and more
circadian-aligned eating patterns may be associated with metabolic
benefits (Peters et al., 2024; Liu et al., 2024).

These relationships may be particularly relevant in individuals
with mood disorders, in whom changes in sleep–wake timing,
emotional regulation, PA, and eating behavior may interact
with circadian disruption. Evidence suggests that psychological
distress may be accompanied by changes in food choice,
diet quality, degree of food processing, and eating patterns,
while changes in the amount of food consumed appear more
heterogeneous. Repeated emotional eating may also contribute to
less stable eating patterns, although its long-term physiological
consequences remain uncertain (Fu et al., 2026). From a broader
perspective, the interplay among meal timing, eating behavior,
circadian disruption, and psychological health appears complex
and potentially bidirectional, supporting an integrated view of
chrononutrition as part of the relationship between circadian and
mental health (Cuaranta, 2026).

Multiple risk factors are shared between obesity and mood
disorders, including genetic susceptibility, chronic stress exposure,
physical inactivity, unhealthy dietary patterns, sleep deprivation,
hormonal alterations, systemic inflammation, the use of certain
medications, and psychosocial factors related to weight stigma
(Gomes et al., 2019; Park et al., 2025). Another relevant aspect is the
greater vulnerability observed among women. Although depressive
disorders also affect men, epidemiological data consistently indicate
a higher prevalence among women (Aviles Gonzalez et al., 2025).
This increased female vulnerability appears to result from the
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interaction between hormonal factors, greater exposure to weight-
related stigma, and the higher lifetime prevalence of depressive
disorders (Silva et al., 2020; Alberti et al., 2024). However, recent
studies suggest that these sex differences tend to diminish
in individuals with severe obesity, in whom metabolic and
inflammatory disturbances become the primary drivers of disease
burden (Selman et al., 2025).

From a biological perspective, multiple mechanisms appear to
underlie this association. In obesity, the inflammatory mediators
can cross or signal through the blood–brain barrier, promoting
neuroinflammation (Jantaratnotai et al., 2017), alterations in
serotonergic and dopaminergic neurotransmission (Patist et al.,
2018), and impaired neuroplasticity and reduced hippocampal
neurogenesis (Selman et al., 2025), all of which have been
implicated in the pathophysiology of depression.

Another key component of this interaction involves
dysregulation of the hypothalamic–pituitary–adrenal (HPA)
axis. Chronic exposure to psychological stress leads to persistent
activation of this system, resulting in elevated circulating cortisol
levels. Excess cortisol promotes visceral fat accumulation,
insulin resistance, impaired glucose metabolism, and increased
appetite, particularly for highly palatable foods rich in fat and
sugar (Abraham et al., 2013). Simultaneously, hypercortisolemia
exerts deleterious effects on brain regions involved in emotional
regulation, including the hippocampus, prefrontal cortex, and
amygdala (Schellekens et al., 2012; Bremner et al., 2020), thereby
contributing to the onset and progression of depressive and anxiety
disorders (Patist et al., 2018).

In addition to inflammation and neuroendocrine dysfunction,
hormones produced by adipose tissue actively mediate
communication between energy metabolism and brain function.
Leptin, traditionally recognized for its role in regulating satiety, also
exerts neuroprotective effects by modulating synaptic plasticity,
memory, and emotional behavior (Harvey, 2007; Zarouna et al.,
2015). However, individuals with obesity frequently develop
leptin resistance, in turn reducing its central effects on reward
pathways and mood regulation (Zarouna et al., 2015). Conversely,
ghrelin, an orexigenic hormone produced primarily by the
stomach, plays a central role in the stress response and food
motivation (Zou et al., 2019), as well as in the modulation of
dopaminergic reward pathways (Volkow et al., 2011; Zou et al.,
2019), representing another important biological link between
obesity and mood disorders.

In recent years, sleep quality has emerged as a central
component in the understanding of obesity and its associated
comorbidities. Insufficient or fragmented sleep can induce
metabolic, hormonal, and behavioral alterations that contribute
to both obesity and emotional disturbances. Prospective studies
have demonstrated that short sleep duration is associated with
an increased risk of weight gain, central obesity, and metabolic
syndrome (Kohanmoo et al., 2024; Lange et al., 2024). Chronic
sleep deprivation can also increase cortisol secretion and reduce
insulin sensitivity (Chattu et al., 2018), while alterations in leptin
and ghrelin levels and enhanced hedonic hunger may promote
increased food intake (Rodrigues et al., 2021; Lange et al., 2024).
Sleep loss may further impair inhibitory control mediated by the
prefrontal cortex, potentially contributing to emotional and binge
eating (Chattu et al., 2018; Rodrigues et al., 2021).

As previously described, the relationship between obesity
and sleep disorders is clearly multidirectional (Figorilli et al.,
2025). Excess adiposity substantially increases the risk of OSA,
obesity hypoventilation, reduced sleep efficiency, and sleep
fragmentation (Araghi et al., 2013b; Figorilli et al., 2025). In turn,
these sleep disturbances can promote intermittent hypoxia,
sympathetic nervous system activation, systemic inflammation, and
neuroendocrine dysregulation (Genario et al., 2023; Figorilli et al.,
2025), potentially exacerbating weight gain and symptoms
of anxiety and depressive disorders (Rodrigues et al., 2021;
Genario et al., 2023). Recent reviews describe this interaction as a
pathophysiological cycle in which obesity, inadequate sleep, and
mood disturbances may continuously reinforce one another over
time (Rodrigues et al., 2021; Figorilli et al., 2025).

Beyond biological mechanisms, psychosocial factors also play
a critical role. Weight-related stigma, social discrimination, low
self-esteem, social isolation, and body dissatisfaction substantially
increase vulnerability to depressive and anxiety disorders. These
factors may trigger maladaptive coping strategies, including
emotional eating, physical inactivity, and reduced treatment
adherence, thus perpetuating weight gain and exacerbating
psychological distress (Raman et al., 2013; Annesi and Johnson,
2021).

Taken together, contemporary models propose that obesity
should be understood as a systemic condition involving tightly
interconnected metabolic, neuroendocrine, immunological,
behavioral, and emotional alterations. The clinical model of
obesity maintenance suggests that depressed mood, anxiety,
emotional dysregulation, cognitive dysfunction, limited health
literacy, habitual behavioral patterns, and sleep disorders interact
continuously, consequently promoting the persistence of obesity
throughout the lifespan (Raman et al., 2013).

More recently, intervention studies have demonstrated that
therapeutic strategies focused exclusively on weight reduction
may be insufficient when emotional factors remain unaddressed.
Multicomponent interventions combining PE, sleep quality
improvement, nutritional counseling, and psychological treatment
have shown concurrent benefits for body composition, depressive
symptoms, anxiety, quality of life, and long-term weight loss
maintenance (van den Hoek et al., 2023; Clavero-Jimeno et al.,
2025; Vosadi et al., 2025). These findings underscore the need
for a multidisciplinary approach that integrates metabolic health
and mental health within a comprehensive model of obesity care.
Advancing our understanding of these shared mechanisms offers
a major opportunity to develop more effective, personalized, and
sustainable interventions that improve not only body weight
management but also mental health, sleep quality, and overall
quality of life for individuals with obesity.

2 Discussion

The present review reinforces that obesity, sleep disturbances,
and circadian disruption should not be viewed as isolated
disorders but rather as interconnected manifestations that
mutually reinforce one another through shared metabolic,
neuroendocrine, inflammatory, autonomic, and behavioral
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pathways. Within this context, PE emerges as a valuable
non-pharmacological intervention capable of simultaneously
targeting multiple biological systems (Hawley et al., 2014;
Oppert et al., 2021). Beyond its well-established effects on body
composition and cardiometabolic health (Oppert et al., 2021;
Jakicic et al., 2024), PE modulates appetite regulation (Razi et al.,
2025), inflammatory signaling (Wang et al., 2022), circadian
synchronization (Gabriel and Zierath, 2019), sleep quality
(Yang et al., 2012; Xie et al., 2024), and mental health (Pearce et al.,
2022; Vosadi et al., 2025), thereby interrupting several mechanisms
involved in the vicious cycle linking poor sleep, circadian
misalignment, and obesity. Therefore, recognizing PE as both
a behavioral intervention and a non-photic synchronizer of the
circadian system broadens its clinical relevance and supports more
integrated strategies for preventing and treating obesity-related
comorbidities (Atkinson et al., 2007; Healy et al., 2021; Shen et al.,
2023) (Figure 4).

Despite the growing consistency of evidence supporting the
beneficial effects of PE on sleep, circadian rhythms, mental
health, and metabolic regulation (Yang et al., 2012; Shen et al.,
2023; Pearce et al., 2022; Oppert et al., 2021), important knowledge
gaps remain. Questions regarding the most effective PE modality,
intensity, duration, frequency, and particularly the timing of PE
remain incompletely answered (Bruggisser et al., 2023; Jakicic et al.,
2024; Teo et al., 2020). More importantly, accumulating evidence
suggests that there is unlikely to be a single optimal PE
prescription applicable to all individuals (Noone et al., 2024).
Considerable interindividual variability exists in physiological and
clinical responses to PE, with adaptations being influenced by
both intrinsic factors, including age, sex, chronotype, genetic
background, baseline physical fitness, and metabolic status, and
extrinsic factors such as exercise timing, modality, intensity,
sleep habits, dietary patterns, medication use, and environmental
influences (Mann et al., 2014; Noone et al., 2024). Rather than
implying that each of these factors should independently determine
exercise prescription, this variability highlights the need to identify
which individual characteristics meaningfully modify the response
to specific exercise stimuli (Moda et al., 2024; Noone et al., 2024).

This concept is particularly relevant in the context of sleep
and circadian biology. Although chronoexercise has emerged
as a promising field (Kim et al., 2023; Shen et al., 2023), the
available evidence remains insufficient to determine whether
morning, afternoon, or evening PE consistently provides
superior benefits for sleep or metabolic health (Bruggisser et al.,
2023; Teo et al., 2020; Shen et al., 2025). Accordingly, the
current evidence does not justify prescribing a universally
“best” time of day for PE (Bruggisser et al., 2023). Instead,
future research should determine whether specific exercise
characteristics interact with chronotype, sleep characteristics,
obesity severity, metabolic health, physical fitness, and
individual preferences to influence treatment responses. Such
evidence would provide a stronger basis for precision lifestyle
medicine than simply recommending exercise according to
clock time.

The potential relevance of circadian characteristics is further
illustrated by chronotype and SJL, reflecting individual differences
in preferred timing and misalignment between biological and

socially imposed schedules, respectively (Adan et al., 2012;
Wittmann et al., 2006). Both later chronotype and greater
SJL have been associated with obesity and adverse metabolic
outcomes (Arab et al., 2024; Zhang et al., 2022), while evening
chronotypes have also been associated with lower PA and
greater sedentary behavior (Sempere-Rubio et al., 2022). These
associations suggest that circadian characteristics may influence
not only metabolic health but also the behavioral context in
which exercise is performed. However, the predominantly
observational nature of this evidence limits causal interpretation,
and it remains unclear whether modifying exercise timing
according to chronotype or SJL improves clinical outcomes.
This uncertainty is particularly important when considering the
emerging field of chronoexercise (Kim et al., 2023; Shen et al.,
2023). Exercise responses are influenced by the interaction between
the physiological stimulus imposed by PE and the biological state
in which that stimulus is received (Gabriel and Zierath, 2019;
Youngstedt et al., 2019). Thus, the effects of exercise timing may
reflect not only external clock time but also endogenous circadian
phase, sleep-wake patterns, chronotype, and the metabolic state
of the individual (Wolff and Esser, 2019; Rynders and Broussard,
2024). Future studies should therefore move beyond comparisons
of fixed morning vs. evening exercise and investigate whether
aligning exercise characteristics with individual circadian
profiles produces clinically meaningful benefits in obesity and
sleep-related outcomes.

The complexity of these interactions also helps explain why
exercise interventions may produce heterogeneous outcomes
across individuals (Noone et al., 2024; Mann et al., 2014).
Genetic background, baseline fitness, recovery, sleep, dietary
patterns, emotional state, body weight, age, and environmental
circumstances may all contribute to variability in exercise
responsiveness (Noone et al., 2024; Pickering and Kiely, 2019).
Rather than repeating the broader principle that exercise
prescriptions should simply be “individualized,” the more relevant
research question is which of these characteristics can be used to
predict or modify treatment response. This approach may help
distinguish clinically meaningful sources of heterogeneity from
factors that have limited practical relevance and could contribute
to more precise exercise recommendations (Noone et al., 2024).

Long-term adherence represents another important
determinant of whether these physiological benefits translate
into meaningful clinical outcomes (Middleton et al., 2013;
Oppert et al., 2021). Individuals with obesity may experience
fatigue, daytime sleepiness, musculoskeletal discomfort, low
cardiorespiratory fitness, and functional limitations, while time
constraints, competing responsibilities, limited access to exercise
facilities, and insufficient social support may further interfere
with regular PE (Baillot et al., 2021; Deslippe et al., 2023). These
factors indicate that the effectiveness of exercise in real-world
settings depends not only on the biological response to a given
exercise stimulus but also on the feasibility of incorporating that
stimulus into everyday life. Accordingly, future research should
evaluate exercise interventions using outcomes that extend beyond
body weight and include adherence, functional capacity, sleep
quality, metabolic health, and quality of life (Pojednic et al., 2022;
Jakicic et al., 2024).
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FIGURE 4

Physical exercise modulates multiple interconnected pathways linking obesity, sleep, and circadian regulation, contributing to improvements in
metabolic, cardiovascular, respiratory, and mental health. HIIT, high-intensity interval training; AHI, apnea-hypopnea index.

An important limitation of the current literature in this
field is the marked heterogeneity across studies. Differences in
participant characteristics, PE protocols, intervention duration,
the complexities associated with obtaining objective sleep
measures, circadian biomarkers, and clinical outcomes make
direct comparisons challenging and limit the establishment
of evidence-based recommendations (Oppert et al., 2021;
Bruggisser et al., 2023; Xie et al., 2024). Publication bias may
also contribute to the small effect sizes and high variability
observed, particularly through underreporting of negative
findings. At the same time, part of this heterogeneity likely
reflects true biological variability in PE responsiveness rather than
methodological limitations alone (Moda et al., 2024; Noone et al.,
2024). This reinforces the importance of future randomized
controlled trials that combine standardized methodologies with
precision medicine approaches capable of identifying which
PE prescriptions are most beneficial for specific clinical and
behavioral phenotypes.

Ultimately, integrating PE, sleep, and circadian biology opens
new opportunities for multidisciplinary interventions. Combining
PE with nutritional strategies, sleep hygiene, cognitive-behavioral
interventions, and chronotherapeutic approaches may produce
synergistic effects capable of improving metabolic health more
effectively than isolated interventions. Understanding how
these lifestyle components interact may represent an important

step toward personalized strategies for obesity prevention
and treatment.

2.1 Practical implications and
recommendations for clinicians

Although the metabolic, neuroendocrine, and circadian
mechanisms discussed in this review support physical exercise as
a relevant strategy for modulating the interaction between sleep
and obesity, translating these physiological effects into clinical
practice depends largely on the ability to initiate and sustain
regular PA. Thus, biological efficacy should be distinguished
from clinical effectiveness, as the magnitude of real-world
benefits depends substantially on adherence, tolerability, and
long-term maintenance. This distinction is particularly relevant
in individuals with obesity, in whom sleep disturbances, fatigue,
low cardiorespiratory fitness, musculoskeletal discomfort, and
functional limitations may represent important barriers to regular
PA participation (Baillot et al., 2021).

Exercise prescription should therefore be individualized
according to baseline functional capacity, symptoms, preferences,
and tolerability. Gradual progression of exercise volume and
intensity, shorter sessions, adequate recovery, and the selection of
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lower-impact or combined aerobic and resistance modalities may
facilitate initial adaptation and reduce the risk of discontinuation
(Komici et al., 2026; Oppewal et al., 2026). Resistance training may
be particularly relevant because of its potential contribution
to the preservation or improvement of muscle mass, strength,
and functional capacity during weight-management interventions.
Accordingly, exercise modality should be selected not only
according to energy expenditure but also according to safety,
feasibility, and the likelihood of long-term adherence (Orange et al.,
2020; Lopez et al., 2022).

The bidirectional relationship between sleep and PA further
highlights the need for an integrated approach. Poor sleep may
contribute to fatigue, daytime sleepiness, and reduced PA, while
physical inactivity may limit opportunities to improve sleep and
metabolic health (Kline et al., 2013). Regular PA may attenuate this
cycle, given evidence of beneficial effects on sleep quality and sleep
disturbances (Alnawwar et al., 2023; Mostafa et al., 2026). However,
fatigue and sleepiness should not simply be interpreted as lack of
motivation. Clinically relevant sleep disturbances, including sleep-
related breathing disorders or insomnia, should be appropriately
investigated and managed (Samdal et al., 2017; Emsellem et al.,
2025). Sleep and circadian factors should also be considered when
prescribing PE, particularly chronotype, SJL, and exposure to shift
work, as misalignment between individual circadian preferences,
sleep–wake patterns, and socially imposed schedules may interfere
with exercise engagement and recovery.

Adherence is also influenced by behavioral, social, and
environmental factors, including lack of time, limited access
to facilities, financial and transportation barriers, work and
family responsibilities, and limited social support (Middleton et al.,
2013). Home-based, remotely delivered, shorter, or group-
based programs may help overcome some of these barriers,
while behavioral strategies such as realistic goal setting, self-
monitoring, feedback, and motivational interviewing may facilitate
sustained engagement (Sullivan and Lachman, 2017). Temporary
interruptions should therefore be viewed as opportunities to
reassess barriers and adapt the intervention rather than necessarily
indicating therapeutic failure.

The timing of exercise may also interact with circadian
rhythms, sleep, and metabolism. However, current evidence does
not support a universally optimal time of day, and exercise timing
should be individualized according to chronotype, daily routines,
sleep patterns, preferences, and tolerability (Bennett and Sato,
2023; Rynders and Broussard, 2024; Hesketh, 2026). Similarly,
treatment response should not be evaluated exclusively according
to changes in body weight. Improvements in cardiorespiratory
fitness, muscular strength, sleep quality, functional capacity,
energy levels, and metabolic or mental health may represent
clinically meaningful benefits even in the absence of substantial
weight loss. Clinicians should also consider regularity in daily
behaviors, including PA and food intake, as potential behavioral
zeitgeber that may support circadian alignment and contribute to
sleep and metabolic health (Healy et al., 2021; Lewis et al., 2020;
Clemente-Suárez et al., 2026).

Digital health technologies and artificial intelligence (AI) may
further support the implementation of individualized exercise and
sleep recommendations in clinical practice. Wearable devices and
mobile applications can facilitate the monitoring of PA, sleep

patterns, exercise timing, and adherence in real-world settings,
while AI-based approaches may integrate these data with individual
characteristics to support more personalized recommendations.
However, these technologies should complement rather than
replace clinical judgment, as their usefulness depends on the quality
and representativeness of the underlying data.

Overall, PE should be regarded as a progressive and
individualized intervention that considers functional capacity,
sleep, circadian characteristics, behavioral factors, and
environmental barriers. Such an integrated approach may
improve adherence and help translate the physiological benefits
of PE into sustainable improvements in metabolic, sleep, and
circadian health, particularly in individuals with obesity and
sleep disturbances.

3 Conclusion

Physical exercise represents a key non-pharmacological strategy
for the prevention and management of obesity, with benefits
extending to metabolic health, sleep, and circadian regulation. The
evidence discussed in this review reinforces that its effects depend
not only on exercise type, intensity, and duration but may also
be influenced by exercise timing and individual characteristics,
including chronotype, sleep patterns, SJL, metabolic status, and
behavioral context. In this perspective, chronoexercise expands
the traditional approach to exercise prescription by incorporating
its temporal dimension and interactions with other important
circadian synchronizers, such as the light–dark cycle and meal
timing. Although longitudinal studies and clinical trials are still
needed to establish causal relationships and define more precise
timing strategies, integrating PE, sleep, and circadian biology offers
a promising framework for more individualized interventions.
Further advances in this field may help improve adherence
and maximize the sustainable benefits of PE for the prevention
and management of obesity and its associated metabolic and
sleep disturbances.

Author contributions

RC: Conceptualization, Data curation, Methodology, Writing –
original draft, Writing – review & editing. HS: Conceptualization,
Data curation, Methodology, Writing – original draft, Writing
– review & editing. CF: Conceptualization, Data curation,
Methodology, Writing – original draft, Writing – review & editing.
GS: Conceptualization, Data curation, Methodology, Writing –
original draft, Writing – review & editing. LF: Conceptualization,
Data curation, Methodology, Writing – original draft, Writing
– review & editing. ST: Conceptualization, Data curation,
Methodology, Writing – review & editing, Supervision. HA:
Conceptualization, Data curation, Methodology, Writing – original
draft, Writing – review & editing. VD’A: Conceptualization,
Data curation, Methodology, Writing – original draft, Writing –
review & editing, Supervision. MM-N: Conceptualization, Data
curation, Methodology, Writing – original draft, Writing – review
& editing, Supervision.

Frontiers in Sleep 17 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by
the Associação Fundo de Incentivo à Pesquisa (AFIP), Conselho
Nacional de Desenvolvimento Científico e Tecnológico (CNPq),
and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES) (Finance Code 001). ST, VDA, and HKMA are fellowship
recipients of CNPq. CMF, GPS, and LCF are fellowship recipients
of CAPES.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was used in the
creation of this manuscript. The author(s) used ChatGPT (OpenAI,

accessed via https://chatgpt.com) to assist with language editing,
manuscript revision, refinement of scientific writing, and the
creation of all schematic figures presented in this manuscript. All
AI-assisted content was critically reviewed, verified, and revised by
the author(s). The author(s) take full responsibility for the accuracy,
interpretation, originality, and integrity of all content presented in
this manuscript.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References
Abd El-Kader, S. M., and Al-Jiffri, O. H. (2019). Aerobic exercise modulates
cytokine profile and sleep quality in elderly. Afr. Health Sci. 19, 2198–2207.
doi: 10.4314/ahs.v19i2.45

Abraham, S. B., Rubino, D., Sinaii, N., Ramsey, S., and Nieman, L. K. (2013). Cortisol,
obesity, and the metabolic syndrome: a cross-sectional study of obese subjects and
review of the literature. Obesity 21, E105–E117. doi: 10.1002/oby.20083

Adan, A., Archer, S. N., Hidalgo, M. P., Di Milia, L., Natale, V., and Randler, C.
(2012). Circadian typology: a comprehensive review. Chronobiol. Int. 29, 1153–1175.
doi: 10.3109/07420528.2012.719971

Aiello, K. D., Caughey, W. G., Nelluri, B., Sharma, A., Mookadam, F., and Mookadam,
M. (2016). Effect of exercise training on sleep apnea: a systematic review and meta-
analysis. Respir. Med. 116, 85–92. doi: 10.1016/j.rmed.2016.05.015

Alberti, A., Araujo Coelho, D. R., Vieira, W. F., Moehlecke Iser, B., Lampert, R. M.
F., Traebert, E., et al. (2024). Factors associated with the development of depression
and the influence of obesity on depressive disorders: a narrative review. Biomedicines
12:1994. doi: 10.3390/biomedicines12091994

Alhabeeb, H., AlFaiz, A., Kutbi, E., AlShahrani, D., Alsuhail, A., AlRajhi, S., et al. (2021).
Gut hormones in health and obesity: the upcoming role of short-chain fatty acids.
Nutrients 13:481. doi: 10.3390/nu13020481

Al-Mhanna, S. B., Batrakoulis, A., Wan Ghazali, W. S., Mohamed, M., Aldayel, A.,
Alhussain, M. H., et al. (2024). Effects of combined aerobic and resistance training on
glycemic control, blood pressure, inflammation, cardiorespiratory fitness and quality
of life in patients with type 2 diabetes and overweight/obesity: a systematic review and
meta-analysis. PeerJ 12:e17525. doi: 10.7717/peerj.17525

Alnawwar, M. A., Alraddadi, M. I., Algethmi, R. A., Salem, G. A., Salem, M. A., and
Alharbi, A. A. (2023). The effect of physical activity on sleep quality and sleep disorder:
a systematic review. Cureus 15:e43595. doi: 10.7759/cureus.43595

Amekran, Y., and El Hangouche, A. J. (2024). Effects of exercise training on heart
rate variability in healthy adults: a systematic review and meta-analysis of randomized
controlled trials. Cureus 16:e62465. doi: 10.7759/cureus.62465

Amiri, S., and Behnezhad, S. (2019). Obesity and anxiety symptoms: a systematic review
and meta-analysis. Neuropsychiatry 33, 72–89. doi: 10.1007/s40211-019-0302-9

Anderson, K. C., Mardian, T., Stephenson, B., Grammer, E. E., Stahl, M. E.,
Weeldreyer, N. R., et al. (2024). The impact of exercise intensity and sex on
endogenous ghrelin levels and appetite in healthy humans. J. Endocr. Soc. 8:bvae165.
doi: 10.1210/jendso/bvae165

Annesi, J. J., and Johnson, P. H. (2021). Emotional eating: a treatment-worthy
construct, or artifact of relations between mood and eating behaviors in younger
and older women with obesity. Scand. J. Psychol. 62, 193–202. doi: 10.1111/sjop.1
2685

Arab, A., Karimi, E., Garaulet, M., and Scheer, F. A. J. L. (2024). Social jetlag and obesity:
a systematic review and meta-analysis. Obesity Rev. 25:e13664. doi: 10.1111/obr.13664

Araghi, M. H., Chen, Y. F., Jagielski, A., Choudhury, S., Banerjee, D., Hussain, S.,
et al. (2013a). Effectiveness of lifestyle interventions on obstructive sleep apnea (OSA):
systematic review and meta-analysis. Sleep 36, 1553–1562. doi: 10.5665/sleep.3056

Araghi, M. H., Jagielski, A., Neira, I., Brown, A., Higgs, S., Thomas, G. N., et al. (2013b).
The complex associations among sleep quality, anxiety-depression, and quality of life
in patients with extreme obesity. Sleep 36, 1859–1865. doi: 10.5665/sleep.3216

Asri, S., Rahmani-Nia, F., Saidie, P., Fairchild, T. J., and Khodabandeh, S. (2024). Acute
effect of exercise on appetite-related factors in males with obesity: a pilot study. Physiol.
Rep. 12:e70167. doi: 10.14814/phy2.70167

Atkinson, G., Edwards, B., Reilly, T., and Waterhouse, J. (2007). Exercise
as a synchroniser of human circadian rhythms: an update and discussion
of the methodological problems. Eur. J. Appl. Physiol. 99, 331–341.
doi: 10.1007/s00421-006-0361-z

Atlantis, E., Goldney, R. D., and Wittert, G. A. (2009). Obesity and depression or
anxiety. BMJ 339:b3868. doi: 10.1136/bmj.b3868

Aviles Gonzalez, C. I., Barrui, V., Migliaccio, G. M., Curcio, F., Gioiello, G., Romero,
Z., et al. (2025). Gender differences in the perceived impact of major depressive
disorder on quality of life: a cross-sectional population study. J. Clin. Med. 14:5984.
doi: 10.3390/jcm14175984

Back, F. A., Hino, A. A. F., Bojarski, W. G., Aurélio, J. M. G., de Castro Moreno, C. R.,
and Louzada, F. M. (2023). Evening chronotype predicts dropout of physical exercise:
a prospective analysis. Sport Sci. Health 19, 309–319. doi: 10.1007/s11332-022-00963-8

Baillot, A., Chenail, S., Barros Polita, N., Simoneau, M., Libourel, M., Nazon, E., et al.
(2021). Physical activity motives, barriers, and preferences in people with obesity: a
systematic review. PLoS One 16:e0253114. doi: 10.1371/journal.pone.0253114

Baron, K. G., and Reid, K. J. (2014). Circadian misalignment and health. Int. Rev.
Psychiatry 26, 139–154. doi: 10.3109/09540261.2014.911149

Bass, J., and Takahashi, J. S. (2010). Circadian integration of metabolism and energetics.
Science 330, 1349–1354. doi: 10.1126/science.1195027

Frontiers in Sleep 18 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://chatgpt.com
https://doi.org/10.4314/ahs.v19i2.45
https://doi.org/10.1002/oby.20083
https://doi.org/10.3109/07420528.2012.719971
https://doi.org/10.1016/j.rmed.2016.05.015
https://doi.org/10.3390/biomedicines12091994
https://doi.org/10.3390/nu13020481
https://doi.org/10.7717/peerj.17525
https://doi.org/10.7759/cureus.43595
https://doi.org/10.7759/cureus.62465
https://doi.org/10.1007/s40211-019-0302-9
https://doi.org/10.1210/jendso/bvae165
https://doi.org/10.1111/sjop.12685
https://doi.org/10.1111/obr.13664
https://doi.org/10.5665/sleep.3056
https://doi.org/10.5665/sleep.3216
https://doi.org/10.14814/phy2.70167
https://doi.org/10.1007/s00421-006-0361-z
https://doi.org/10.1136/bmj.b3868
https://doi.org/10.3390/jcm14175984
https://doi.org/10.1007/s11332-022-00963-8
https://doi.org/10.1371/journal.pone.0253114
https://doi.org/10.3109/09540261.2014.911149
https://doi.org/10.1126/science.1195027
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

Bennett, S., and Sato, S. (2023). Enhancing the metabolic benefits of exercise: is timing
the key? Front. Endocrinol. 14:987208. doi: 10.3389/fendo.2023.987208

Berge, J., Hjelmesaeth, J., Hertel, J. K., Gjevestad, E., Småstuen, M. C., Johnson,
L. K., et al. (2021). Effect of aerobic exercise intensity on energy expenditure and
weight loss in severe obesity: a randomized controlled trial. Obesity 29, 359–369.
doi: 10.1002/oby.23078

Bishop, D. J., Beck, B., Biddle, S. J. H., Denay, K. L., Ferri, A., Gibala, M. J.,
et al. (2025). Physical activity and exercise intensity terminology: a joint American
College of Sports Medicine (ACSM) expert statement and Exercise and Sport
Science Australia (ESSA) consensus statement. Med. Sci. Sports Exerc. 57, 2599–2613.
doi: 10.1249/MSS.0000000000003795

Blüher, M. (2025). An overview of obesity-related complications: the epidemiological
evidence linking body weight and other markers of obesity to adverse health outcomes.
Diabetes Obes. Metab. 27, 3–19. doi: 10.1111/dom.16263

Brand, S., Gerber, M., Beck, J., Hatzinger, M., Pühse, U., and Holsboer-Trachsler, E.
(2010). High exercise levels are related to favorable sleep patterns and psychological
functioning in adolescents: a comparison of athletes and controls. J. Adolesc. Health 46,
133–141. doi: 10.1016/j.jadohealth.2009.06.018

Bremner, J. D., Moazzami, K., Wittbrodt, M. T., Nye, J. A., Lima, B. B., Gillespie, C. F.,
et al. (2020). Diet, stress and mental health. Nutrients 12:2428. doi: 10.3390/nu12082428

Brennan, A. M., Day, A. G., Cowan, T. E., Clarke, G. J., Lamarche, B., and Ross,
R. (2019). Individual response to standardized exercise: total and abdominal adipose
tissue. Med. Sci. Sports Exerc. 52, 490–497. doi: 10.1249/MSS.0000000000001930

Broom, D. R., Batterham, R. L., King, J. A., and Stensel, D. J. (2009). Influence of
resistance and aerobic exercise on hunger, circulating levels of acylated ghrelin, and
peptide YY in healthy males. Am. J. Physiol. Regul. Integr. Comp. Physiol. 296, R29–R35.
doi: 10.1152/ajpregu.90706.2008

Bruggisser, F., Knaier, R., Roth, R., Wang, W., Qian, J., Scheer, F. A. J. L., et al.
(2023). Best time of day for strength and endurance training to improve health
and performance? A systematic review with meta-analysis. Sports Med. Open. 9:34.
doi: 10.1186/s40798-023-00577-5

Bull, F. C., Al-Ansari, S. S., Biddle, S., Borodulin, K., Buman, M. P., Cardon, G., et al.
(2020). World Health Organization 2020 guidelines on physical activity and sedentary
behaviour. Br. J. Sports Med. 54, 1451–1462. doi: 10.1136/bjsports-2020-102955

Campbell, M. D., Walker, M., Trenell, M. I., Jakovljevic, D. G., Stevenson, E. J., Bracken,
R. M., et al. (2015). Large pre- and postexercise rapid-acting insulin reductions preserve
glycemia and prevent early- but not late-onset hypoglycemia in patients with type 1
diabetes. Diabetes Care 38, 2217–2224. doi: 10.2337/dc12-2467

Carnier, J., de Mello, M. T., Ackel-D’Elia, C., Corgosinho, F. C., Campos, R. M.,
Sanches, P. L., et al. (2013). Aerobic training is more effective than aerobic plus
resistance training to improve anorexigenic/orexigenic factors in obese adolescents.
Appetite 69, 168–173. doi: 10.1016/j.appet.2013.05.018

Carnier, J., de Piano, A., de Lima Sanches, P., Tock, L., do Nascimento, C. M., Oyama, L.
M., et al. (2010). The role of orexigenic and anorexigenic factors in an interdisciplinary
weight loss therapy for obese adolescents with symptoms of eating disorders. Int. J.
Clin. Pract. 64, 784–790. doi: 10.1111/j.1742-1241.2009.02306.x

Carnier, J., Lofrano, M. C., Prado, W. L., Caranti, D. A., de Piano, A., Tock, L.,
et al. (2008). Hormonal alteration in obese adolescents with eating disorder: effects of
multidisciplinary therapy. Horm. Res. 70, 79–84. doi: 10.1159/000139148

Cassim, T. Z., McGregor, K. M., Nocera, J. R., García, V. V., Sinon, C. G., Kreuzer, M.,
et al. (2022). Effects of exercise on the sleep microarchitecture in the aging brain: a study
on a sedentary sample. Front. Syst. Neurosci. 16:855107. doi: 10.3389/fnsys.2022.855107

Cera, G., Scarpelli, S., Boltri, M., Brusa, F., Scalia, A., Gorgoni, M., et al. (2026). Sleep,
circadian rhythms and eating disorders: a systematic review. Front. Neuroendocrinol.
82:101264. doi: 10.1016/j.yfrne.2026.101264

Chaput, J.-P., McHill, A. W., Cox, R. C., Broussard, J. L., Dutil, C., da Costa, B. G. G.,
et al. (2023). The role of insufficient sleep and circadian misalignment in obesity. Nat.
Rev. Endocrinol. 19, 82–97. doi: 10.1038/s41574-022-00747-7

Chattu, V. K., Manzar, M. D., Kumary, S., Burman, D., Spence, D. W., and Pandi-
Perumal, S. R. (2018). The global problem of insufficient sleep and its serious public
health implications. Healthcare 7:1. doi: 10.3390/healthcare7010001

Chennaoui, M., Arnal, P. J., Sauvet, F., and Léger, D. (2015). Sleep and exercise: a
reciprocal issue? Sleep Med. Rev. 20, 59–72. doi: 10.1016/j.smrv.2014.06.008

Chooi, Y. C., Ding, C., and Magkos, F. (2019). The epidemiology of obesity. Metabolism
92, 6–10. doi: 10.1016/j.metabol.2018.09.005

Chtourou, H., and Souissi, N. (2012). The effect of training at a specific time of day: a
review. J. Strength Cond. Res. 26, 1984–2005. doi: 10.1519/JSC.0b013e31825770a7

Ciorciari, A., and Lamia, K. A. (2025). From clock genes to exercise: shaping
the field of exercise chronophysiology. Curr. Opin. Physiol. 45:100835.
doi: 10.1016/j.cophys.2025.100835

Ciorciari, A. M., Irizarry, E., Montaruli, A., and Lamia, K. A. (2025). Exercise as
a synchronizer: effects on circadian re-entrainment of core body temperature and
metabolism following light-dark cycle inversion in mice. J. Pineal Res. 77:e70057.
doi: 10.1111/jpi.70057

Cipolla-Neto, J., and Amaral, F. G. D. (2018). Melatonin as a hormone:
new physiological and clinical insights. Endocr. Rev. 39, 990–1028.
doi: 10.1210/er.2018-00084

Clavero-Jimeno, A., Dote-Montero, M., Migueles, J. H., Camacho-Cardenosa, A.,
Medrano, M., Alfaro-Magallanes, V. M., et al. (2025). Time-restricted eating
and sleep, mood, and quality of life in adults with overweight or obesity: a
secondary analysis of a randomized clinical trial. JAMA Netw. Open 8:e2517268.
doi: 10.1001/jamanetworkopen.2025.17268

Clemente-Suárez, V. J., Redondo-Flórez, L., Beltrán-Velasco, A. I., Ramos-Campo, D.
J., Ruisoto, P., Yáñez-Sepúlveda, R., et al. (2026). Bidirectional effects of physical activity
and sleep on health: evidence and future directions. Front. Sports Act Living. 8:1739588.
doi: 10.3389/fspor.2026.1739588

Correia, A. T. L., Lipinska, G., Rauch, H. G. L., Forshaw, P. E., Roden, L. C., and Rae, D.
E. (2023). Associations between sleep-related heart rate variability and both sleep and
symptoms of depression and anxiety: a systematic review. Sleep Med. 101, 106–117.
doi: 10.1016/j.sleep.2022.10.018

Creasy, S. A., Ostendorf, D. M., Kaizer, L., Rosenberg, R., Breit, M. J., Bessesen, D. H.,
et al. (2025). Effect of physical activity on changes in weight and aerobic capacity during
an 18-month behavioral weight loss intervention. Int. J. Behav. Nutr. Phys. Act 22:57.
doi: 10.1186/s12966-025-01754-3

Cuaranta, I. (2026). Chrononutrition interventions for mental health: addressing
atypical depression, ultra-processed food use disorder, and circadian dysregulation.
Front. Psychiatry 16:1603595. doi: 10.3389/fpsyt.2025.1603595

Curran, F., Davis, M. E., Murphy, K., Tersigni, N., King, A., Ngo, N., et al.
(2023). Correlates of physical activity and sedentary behavior in adults living with
overweight and obesity: a systematic review. Obes Rev. 24:e13615. doi: 10.1111/obr.
13615

da Silveira Campos, R. M., Landi Masquio, D., Campos Corgosinho, F., de Lima
Sanches, P., de Piano, A., Carnier, J., et al. (2017). Homeostasis model assessment-
adiponectin: the role of different types of physical exercise in obese adolescents. J. Sports
Med. Phys. Fitness 57, 831–838. doi: 10.23736/S0022-4707.16.06235-6

Dakanalis, A., Mentzelou, M., Papadopoulou, S. K., Papandreou, D., Spanoudaki, M.,
Vasios, G. K., et al. (2023). The association of emotional eating with overweight/obesity,
depression, anxiety/stress, and dietary patterns: a review of the current clinical
evidence. Nutrients 15:1173. doi: 10.3390/nu15051173

Dâmaso, A. R., Corgosinho, F. C., Masquio, D. C. L., Figueiredo, N., Kattah, F., Cercato,
C., et al. (2026). Multidisciplinary therapy to target obesity and its complications
in adult population: a narrative review. Obes. Rev. 27:e70093. doi: 10.1111/obr.
70093

Dâmaso, A. R., Masquio, D. C. L., Campos, R. M. D. S., Corgosinho, F. C., and Cercato,
C. (2024). Effects of multidisciplinary therapy on energy balance, inflammation, and
metabolic diseases in adolescents with obesity: a narrative review. Ann. N. Y. Acad. Sci.
1542, 25–50. doi: 10.1111/nyas.15251

D’Aurea, C. V. R., Poyares, D., Passos, G. S., Santana, M. G., Youngstedt, S., Souza,
A. A., et al. (2019). Effects of resistance exercise training and stretching on chronic
insomnia. Rev. Bras. Psiquiatr. 41, 51–57. doi: 10.1590/1516-4446-2018-0030

De Filippo, G., Rendina, D., Moccia, F., Rocco, V., and Campanozzi, A. (2015).
Interleukin-6, soluble interleukin-6 receptor/interleukin-6 complex and insulin
resistance in obese children and adolescents. J. Endocrinol. Invest. 38, 339–343.
doi: 10.1007/s40618-014-0176-4

De Nys, L., Anderson, K., Ofosu, E. F., Ryde, G. C., Connelly, J., and
Whittaker, A. C. (2022). The effects of physical activity on cortisol and sleep:
a systematic review and meta-analysis. Psychoneuroendocrinology 143:105843.
doi: 10.1016/j.psyneuen.2022.105843

Debski, J., Przybyłowski, J., Skibiak, K., Czerwińska, M., Waledziak, M., and Różańska-
Waledziak, A. (2024). Depression and obesity: do we know everything about it? A
narrative review. Nutrients 16:3383. doi: 10.3390/nu16193383

Deslippe, A. L., Soanes, A., Bouchaud, C. C., Beckenstein, H., Slim, M., Plourde, H.,
et al. (2023). Barriers and facilitators to adherence to diet, physical activity, and lifestyle
behavior interventions: a qualitative systematic review of the literature. Int. J. Behav.
Nutr. Phys. Act 20:14. doi: 10.1186/s12966-023-01424-2

Desplan, M., Mercier, J., Sabaté, M., Ninot, G., Prefaut, C., and Dauvilliers, Y. (2014).
A comprehensive rehabilitation program improves disease severity in patients with
obstructive sleep apnea syndrome: a pilot randomized controlled study. Sleep Med. 15,
906–912. doi: 10.1016/j.sleep.2013.09.023

Dial, M. B., Malek, E. M., Cooper, A. R., Neblina, G. A., Vasileva, N. I., Hines, D. J.,
et al. (2024). Social jet lag impairs exercise volume and attenuates physiological and
metabolic adaptations to voluntary exercise training. J. Appl. Physiol. 136, 996–1006.
doi: 10.1152/japplphysiol.00632.2023

Donnelly, J. E., Blair, S. N., Jakicic, J. M., Manore, M. M., Rankin, J. W., and Smith, B.
K. (2009). American College of Sports Medicine position stand. Appropriate physical
activity intervention strategies for weight loss and prevention of weight regain for
adults. Med. Sci. Sports Exerc. 41, 459–471. doi: 10.1249/MSS.0b013e3181949333

Dou, Y., Guo, X., Wang, X., He, A., Li, F., and Gao, K. (2025). The research progress
and prospects of circadian rhythm in obesity: a bibliometric analysis. Front. Nutr.
11:1499984. doi: 10.3389/fnut.2024.1499984

Frontiers in Sleep 19 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://doi.org/10.3389/fendo.2023.987208
https://doi.org/10.1002/oby.23078
https://doi.org/10.1249/MSS.0000000000003795
https://doi.org/10.1111/dom.16263
https://doi.org/10.1016/j.jadohealth.2009.06.018
https://doi.org/10.3390/nu12082428
https://doi.org/10.1249/MSS.0000000000001930
https://doi.org/10.1152/ajpregu.90706.2008
https://doi.org/10.1186/s40798-023-00577-5
https://doi.org/10.1136/bjsports-2020-102955
https://doi.org/10.2337/dc12-2467
https://doi.org/10.1016/j.appet.2013.05.018
https://doi.org/10.1111/j.1742-1241.2009.02306.x
https://doi.org/10.1159/000139148
https://doi.org/10.3389/fnsys.2022.855107
https://doi.org/10.1016/j.yfrne.2026.101264
https://doi.org/10.1038/s41574-022-00747-7
https://doi.org/10.3390/healthcare7010001
https://doi.org/10.1016/j.smrv.2014.06.008
https://doi.org/10.1016/j.metabol.2018.09.005
https://doi.org/10.1519/JSC.0b013e31825770a7
https://doi.org/10.1016/j.cophys.2025.100835
https://doi.org/10.1111/jpi.70057
https://doi.org/10.1210/er.2018-00084
https://doi.org/10.1001/jamanetworkopen.2025.17268
https://doi.org/10.3389/fspor.2026.1739588
https://doi.org/10.1016/j.sleep.2022.10.018
https://doi.org/10.1186/s12966-025-01754-3
https://doi.org/10.3389/fpsyt.2025.1603595
https://doi.org/10.1111/obr.13615
https://doi.org/10.23736/S0022-4707.16.06235-6
https://doi.org/10.3390/nu15051173
https://doi.org/10.1111/obr.70093
https://doi.org/10.1111/nyas.15251
https://doi.org/10.1590/1516-4446-2018-0030
https://doi.org/10.1007/s40618-014-0176-4
https://doi.org/10.1016/j.psyneuen.2022.105843
https://doi.org/10.3390/nu16193383
https://doi.org/10.1186/s12966-023-01424-2
https://doi.org/10.1016/j.sleep.2013.09.023
https://doi.org/10.1152/japplphysiol.00632.2023
https://doi.org/10.1249/MSS.0b013e3181949333
https://doi.org/10.3389/fnut.2024.1499984
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

Dyar, K. A., Hubert, M. J., Mir, A. A., Ciciliot, S., Lutter, D., Greulich, F., et al.
(2018). Transcriptional programming of lipid and amino acid metabolism by the
skeletal muscle circadian clock. PLoS Biol. 16:e2005886. doi: 10.1371/journal.pbio.
2005886

Emsellem, H. A., Colwell, H. H., Cronin, J., Farkas, R. H., and Mathias, S. D. (2025).
Fatigue is distinct from sleepiness and negatively impacts individuals living with
obstructive sleep apnea (OSA): results from qualitative research of individuals with
OSA. Health Qual. Life Outcomes 23:26. doi: 10.1186/s12955-025-02355-1

Figorilli, M., Velluzzi, F., and Redolfi, S. (2025). Obesity and sleep disorders:
a bidirectional relationship. Nutr. Metab. Cardiovasc. Dis. 35:104014.
doi: 10.1016/j.numecd.2025.104014

Fond, G., Coelho, J., Stubbs, B., Yon, D. K., Achour, Y., Akbaraly, T., et al. (2026).
Meal Timing Jetlag is associated with anxiety, depressive and insomnia symptoms in
a French-speaking online cohort: a cross-sectional analysis of ALIMENTAL 2. J. Affect.
Disord. 413:122229. doi: 10.1016/j.jad.2026.122229

Fu, S., Chen, J., and Wang, X. (2026). Emotional eating under negative affect: a narrative
review from the perspectives of emotion regulation and reward processes in food
choice. Nutrients 18:1830. doi: 10.3390/nu18111830

Gabriel, B. M., and Zierath, J. R. (2019). Circadian rhythms and exercise:
re-setting the clock in metabolic disease. Nat. Rev. Endocrinol. 15, 197–206.
doi: 10.1038/s41574-018-0150-x

Genario, R., Gil, S., Oliveira-Júnior, G., Leitão, A. E., Franco, T., and dos Santos
Sales, R. C. (2023). Sleep quality is a predictor of muscle mass, strength, quality
of life, anxiety and depression in older adults with obesity. Sci. Rep. 13:11256.
doi: 10.1038/s41598-023-37921-4

Goldsmith, C. S., and Bell-Pedersen, D. (2013). Diverse roles for MAPK signaling in
circadian clocks. Adv. Genet. 84, 1–39. doi: 10.1016/B978-0-12-407703-4.00001-3

Gomes, A. P., Soares, A. L. G., Menezes, A. M. B., Assunção, M. C.,
Wehrmeister, F. C., Howe, L. D., et al. (2019). Adiposity, depression and
anxiety: interrelationship and possible mediators. Rev. Saude Publica 53:103.
doi: 10.11606/S1518-8787.2019053001119

Gómez Escribano, L., Gálvez Casas, A., Escribá Fernández-Marcote, A. R., Tárraga
López, P., and Tárraga Marcos, L. (2017). Review and analysis of physical exercise at
hormonal and brain level, and its influence on appetite. Clin. Investig. Arterioscler. 29,
265–274. doi: 10.1016/j.artere.2017.10.001

Guerra, R. S., Goya, T. T., Silva, R. F., Lima, M. F., Barbosa, E. R. F., Alves,
M. J. N. N., et al. (2019). Exercise training increases metaboreflex control
in patients with obstructive sleep apnea. Med. Sci. Sports Exerc. 51, 426–435.
doi: 10.1249/MSS.0000000000001805

Gupta, S., Bansal, K., and Saxena, P. (2022). A clinical trial to compare the effects of
aerobic training and resistance training on sleep quality and quality of life in older
adults with sleep disturbance. Sleep Sci. 15, 188–195. doi: 10.5935/1984-0063.2022
0040

Harvey, J. (2007). Leptin regulation of neuronal excitability and cognitive function.
Curr. Opin. Pharmacol. 7, 643–647. doi: 10.1016/j.coph.2007.10.006

Hawley, J. A., Hargreaves, M., Joyner, M. J., and Zierath, J. R. (2014). Integrative biology
of exercise. Cell 159, 738–749. doi: 10.1016/j.cell.2014.10.029

Healy, K. L., Morris, A. R., and Liu, A. C. (2021). Circadian synchrony: sleep, nutrition,
and physical activity. Front. Netw. Physiol. 1:732243. doi: 10.3389/fnetp.2021.732243

Hesketh, S. J. (2026). Chrono-exercise medicine: why biological timing matters for
human health. Biomedicines 14:1601. doi: 10.3390/biomedicines14071601

Hodge, B. A., Wen, Y., Riley, L. A., Zhang, X., England, J. H., Harfmann,
B. D., et al. (2015). The endogenous molecular clock orchestrates the temporal
separation of substrate metabolism in skeletal muscle. Skelet. Muscle 5:17.
doi: 10.1186/s13395-015-0039-5

Hotamisligil, G. S. (2006). Inflammation and metabolic disorders. Nature 444, 860–867.
doi: 10.1038/nature05485

Ibeas, K., Herrero, L., Mera, P., and Serra, D. (2021). Hypothalamus-skeletal muscle
crosstalk during exercise and its role in metabolism modulation. Biochem. Pharmacol.
190:114640. doi: 10.1016/j.bcp.2021.114640

Iftikhar, I. H., Kline, C. E., and Youngstedt, S. D. (2014). Effects of exercise training
on sleep apnea: a meta-analysis. Lung 192, 175–184. doi: 10.1007/s00408-013-9
511-3

Jakicic, J. M., Apovian, C. M., Barr-Anderson, D. J., Courcoulas, A. P., Donnelly,
J. E., Ekkekakis, P., et al. (2024). Physical activity and excess body weight
and adiposity for adults: American College of Sports Medicine consensus
statement. Med. Sci. Sports Exerc. 56, 2076–2091. doi: 10.1249/MSS.00000000000
03520

Jantaratnotai, N., Mosikanon, K., Lee, Y., and McIntyre, R. S. (2017). The interface
of depression and obesity. Obes. Res. Clin. Pract. 11, 1–10. doi: 10.1016/j.orcp.2016.
07.003

Jeong, D., Valentine, R. J., Park, K., Jeong, H., Hong, J., and Kang, S. (2026). Effect
of exercise on hormonal responses in adolescents with obesity and leptin resistance: a
randomized trial. Sci. Rep. 16:4099. doi: 10.1038/s41598-026-36045-9

Jitte, S., Keluth, S., Bisht, P., Wal, P., Singh, S., Murti, K., et al. (2024). Obesity and
depression: common link and possible targets. CNS Neurol. Disord. Drug Targets 23,
1425–1449. doi: 10.2174/0118715273291985240430074053

Jordan, A. S., McSharry, D. G., and Malhotra, A. (2014). Adult obstructive sleep apnoea.
Lancet 383, 736–747. doi: 10.1016/S0140-6736(13)60734-5

Jordan, S. D., Kriebs, A., Vaughan, M., Duglan, D., Fan, W., Henriksson, E., et al.
(2017). CRY1/2 selectively repress PPARδ and limit exercise capacity. Cell Metabol. 26,
243–255. e6. doi: 10.1016/j.cmet.2017.06.002

Jung, C. H., and Kim, M. S. (2013). Molecular mechanisms of central leptin resistance
in obesity. Arch. Pharm. Res. 36, 201–207. doi: 10.1007/s12272-013-0020-y

Kawai, T., Autieri, M. V., and Scalia, R. (2021). Adipose tissue inflammation and
metabolic dysfunction in obesity. Am. J. Physiol. Cell Physiol. 320, C375–C391.
doi: 10.1152/ajpcell.00379.2020

Kim, H. K., Radak, Z., Takahashi, M., Inami, T., and Shibata, S. (2023). Chrono-
exercise: time-of-day-dependent physiological responses to exercise. Sports Med.
Health Sci. 5, 50–58. doi: 10.1016/j.smhs.2022.11.003

Kline, C. E., Crowley, E. P., Ewing, G. B., Burch, J. B., Blair, S. N., Durstine, J. L.,
et al. (2013). Blunted heart rate recovery is improved following exercise training
in overweight adults with obstructive sleep apnea. Int. J. Cardiol. 167, 1610–1615.
doi: 10.1016/j.ijcard.2012.04.108

Kohanmoo, A., Akhlaghi, M., Sasani, N., Nouripour, F., Lombardo, C., and Kazemi, A.
(2024). Short sleep duration is associated with higher risk of central obesity in adults:
a systematic review and meta-analysis of prospective cohort studies. Obes. Sci. Pract.
10:e772. doi: 10.1002/osp4.772

Komici, K., Bianco, A., Cuomo, A., Bianco, R., Illario, M., Guerra, G., et al. (2026).
Practical guidelines for exercise prescription in different clinical populations. Front.
Sports Act Living. 8:1649549. doi: 10.3389/fspor.2026.1649549

Kovacevic, A., Mavros, Y., Heisz, J. J., and Fiatarone Singh, M. A. (2018). The effect of
resistance exercise on sleep: a systematic review of randomized controlled trials. Sleep
Med. Rev. 39, 52–68. doi: 10.1016/j.smrv.2017.07.002

Kowalewska, E., Bzowska, M., Engel, J., and Lew-Starowicz, M. (2024). Comorbidity
of binge eating disorder and other psychiatric disorders: a systematic review. BMC
Psychiatry 24:556. doi: 10.1186/s12888-024-05943-5

Kraus, W. E., Powell, K. E., Haskell, W. L., Janz, K. F., Campbell, W.
W., Jakicic, J. M., et al. (2019). Physical activity, all-cause and cardiovascular
mortality, and cardiovascular disease. Med. Sci. Sports Exerc. 51, 1270–1281.
doi: 10.1249/MSS.0000000000001939

Lange, M. G., Neophytou, C., Cappuccio, F. P., Barber, T. M., Johnson, S., and Chen, Y.
F. (2024). Sex differences in the association between short sleep duration and obesity:
a systematic review and meta-analysis. Nutr. Metab. Cardiovasc. Dis. 34, 2227–2239.
doi: 10.1016/j.numecd.2024.06.008

Lavie, L. (2003). Obstructive sleep apnoea syndrome—an oxidative stress disorder.
Sleep Med. Rev. 7, 35–51. doi: 10.1053/smrv.2002.0261

Lavie, L. (2015). Oxidative stress in obstructive sleep apnea and intermittent hypoxia
revisited—the bad ugly and good: implications to the heart and brain. Sleep Med. Rev.
20, 27–45. doi: 10.1016/j.smrv.2014.07.003

Lee, Y. S., Kim, J. W., Osborne, O., Oh, D. Y., Sasik, R., Schenk, S., et al. (2014).
Increased adipocyte O2 consumption triggers HIF-1α, causing inflammation and
insulin resistance in obesity. Cell 157, 1339–1352. doi: 10.1016/j.cell.2014.05.012

Leota, J., Presby, D. M., Le, F., Czeisler, M. É., Mascaro, L., Capodilupo, E. R., et al.
(2025). Dose-response relationship between evening exercise and sleep. Nat. Commun.
16:3297. doi: 10.1038/s41467-025-58271-x

Lévy, P., Kohler, M., McNicholas, W. T., Barbé, F., McEvoy, R. D., Somers, V. K.,
et al. (2015). Obstructive sleep apnoea syndrome. Nat. Rev. Dis. Primers 1:15015.
doi: 10.1038/nrdp.2015.15

Lewis, P., Oster, H., Korf, H. W., Foster, R. G., and Erren, T. C. (2020). Food as a
circadian time cue - evidence from human studies. Nat. Rev. Endocrinol. 16, 213–223.
doi: 10.1038/s41574-020-0318-z

Lin, M. Y., Kang, Y. N., Apriliyasari, R. W., and Tsai, P. S. (2024). Association
between social jetlag and components of metabolic syndrome: a systematic review and
meta-analysis. J. Nurs. Res. 32:e354. doi: 10.1097/jnr.0000000000000628

Lins-Filho, O., Germano-Soares, A. H., Aguiar, J. L. P., de Almeida, J. R. V., Felinto,
E. C., Lyra, M. J., et al. (2024). Effect of 12-week high-intensity interval training on
hemodynamic variables at rest and during exercise in patients with obstructive sleep
apnoea. J. Hypertens. 42, 742–745. doi: 10.1097/HJH.0000000000003654

Liu, H. W., Cheng, H. C., Tsai, S. H., and Shao, Y. T. (2023). Effects of
acute resistance exercise with different loads on appetite, appetite hormones and
autonomic nervous system responses in healthy young men. Appetite 182:106428.
doi: 10.1016/j.appet.2022.106428

Liu, H. Y., Eso, A. A., Cook, N., O’Neill, H. M., and Albarqouni, L. (2024). Meal timing
and anthropometric and metabolic outcomes: a systematic review and meta-analysis.
JAMA Netw Open 7:e2442163. doi: 10.1001/jamanetworkopen.2024.42163

Liu, Y., Mao, S., Xie, W., Qian, G., Wu, X., Xu, H., et al. (2026). Effect of exercise on
abdominal obesity and inflammatory response in the older adults: a systematic review

Frontiers in Sleep 20 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://doi.org/10.1371/journal.pbio.2005886
https://doi.org/10.1186/s12955-025-02355-1
https://doi.org/10.1016/j.numecd.2025.104014
https://doi.org/10.1016/j.jad.2026.122229
https://doi.org/10.3390/nu18111830
https://doi.org/10.1038/s41574-018-0150-x
https://doi.org/10.1038/s41598-023-37921-4
https://doi.org/10.1016/B978-0-12-407703-4.00001-3
https://doi.org/10.11606/S1518-8787.2019053001119
https://doi.org/10.1016/j.artere.2017.10.001
https://doi.org/10.1249/MSS.0000000000001805
https://doi.org/10.5935/1984-0063.20220040
https://doi.org/10.1016/j.coph.2007.10.006
https://doi.org/10.1016/j.cell.2014.10.029
https://doi.org/10.3389/fnetp.2021.732243
https://doi.org/10.3390/biomedicines14071601
https://doi.org/10.1186/s13395-015-0039-5
https://doi.org/10.1038/nature05485
https://doi.org/10.1016/j.bcp.2021.114640
https://doi.org/10.1007/s00408-013-9511-3
https://doi.org/10.1249/MSS.0000000000003520
https://doi.org/10.1016/j.orcp.2016.07.003
https://doi.org/10.1038/s41598-026-36045-9
https://doi.org/10.2174/0118715273291985240430074053
https://doi.org/10.1016/S0140-6736(13)60734-5
https://doi.org/10.1016/j.cmet.2017.06.002
https://doi.org/10.1007/s12272-013-0020-y
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1016/j.smhs.2022.11.003
https://doi.org/10.1016/j.ijcard.2012.04.108
https://doi.org/10.1002/osp4.772
https://doi.org/10.3389/fspor.2026.1649549
https://doi.org/10.1016/j.smrv.2017.07.002
https://doi.org/10.1186/s12888-024-05943-5
https://doi.org/10.1249/MSS.0000000000001939
https://doi.org/10.1016/j.numecd.2024.06.008
https://doi.org/10.1053/smrv.2002.0261
https://doi.org/10.1016/j.smrv.2014.07.003
https://doi.org/10.1016/j.cell.2014.05.012
https://doi.org/10.1038/s41467-025-58271-x
https://doi.org/10.1038/nrdp.2015.15
https://doi.org/10.1038/s41574-020-0318-z
https://doi.org/10.1097/jnr.0000000000000628
https://doi.org/10.1097/HJH.0000000000003654
https://doi.org/10.1016/j.appet.2022.106428
https://doi.org/10.1001/jamanetworkopen.2024.42163
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

and meta-analysis of randomized controlled trials. Front. Sports Act Living 7:1677087.
doi: 10.3389/fspor.2025.1677087

Lopez, P., Taaffe, D. R., Galvão, D. A., Newton, R. U., Nonemacher, E. R., Wendt, V. M.,
et al. (2022). Resistance training effectiveness on body composition and body weight
outcomes in individuals with overweight and obesity across the lifespan: a systematic
review and meta-analysis. Obes. Rev. 23:e13428. doi: 10.1111/obr.13428

Lotti, S., Moretton, M., Bulgari, M., Costantini, L., Dall’Asta, M., De Amicis, R., et al.
(2025). Association between shift work and eating behaviours, sleep quality, and mental
health among Italian workers. Eur. J. Nutr. 64:97. doi: 10.1007/s00394-025-03600-5

Luppino, F. S., de Wit, L. M., Bouvy, P. F., Stijnen, T., Cuijpers, P., Penninx,
B. W., et al. (2010). Overweight, obesity, and depression: a systematic review
and meta-analysis of longitudinal studies. Arch. Gen. Psychiatry 67, 220–229.
doi: 10.1001/archgenpsychiatry.2010.2

Maki-Nunes, C., Toschi-Dias, E., Cepeda, F. X., Rondon, M. U., Alves, M. J.,
Fraga, R. F., et al. (2015). Diet and exercise improve chemoreflex sensitivity in
patients with metabolic syndrome and obstructive sleep apnea. Obesity 23, 1582–1590.
doi: 10.1002/oby.21126

Mallardo, M., D’Alleva, M., Lazzer, S., Giovanelli, N., Graniero, F., Billat, V., et al.
(2023). Improvement of adiponectin in relation to physical performance and body
composition in young obese males subjected to twenty-four weeks of training
programs. Heliyon 9:e15790. doi: 10.1016/j.heliyon.2023.e15790

Mann, T. N., Lamberts, R. P., and Lambert, M. I. (2014). High responders and low
responders: factors associated with individual variation in response to standardized
training. Sports Med. 44, 1113–1124. doi: 10.1007/s40279-014-0197-3

Martin, R. A., Viggars, M. R., and Esser, K. A. (2023). Metabolism and exercise:
the skeletal muscle clock takes centre stage. Nat. Rev. Endocrinol. 19, 272–284.
doi: 10.1038/s41574-023-00805-8

Mathew, G. M., Hale, L., and Chang, A. M. (2020). Social jetlag, eating
behaviours and BMI among adolescents in the USA. Br J Nutr. 124, 979–987.
doi: 10.1017/S0007114520001804

Maury, E. (2019). Off the clock: from circadian disruption to metabolic disease. Int. J.
Mol. Sci. 20:1597. doi: 10.3390/ijms20071597

McClung, C. A. (2007). Circadian genes, rhythms and the biology of mood disorders.
Pharmacol Ther. 114:222–232. doi: 10.1016/j.pharmthera.2007.02.003

McHill, A. W., and Wright, K. P. Jr. (2017). Role of sleep and circadian disruption on
energy expenditure and in metabolic predisposition to human obesity and metabolic
disease. Obes. Rev. 18, 15–24. doi: 10.1111/obr.12503

Mendelson, M., Bailly, S., Marillier, M., Flore, P., Borel, J. C., Vivodtzev, I., et al.
(2018). Obstructive sleep apnea syndrome, objectively measured physical activity and
exercise training interventions: a systematic review and meta-analysis. Front. Neurol.
9:73. doi: 10.3389/fneur.2018.00073

Mendelson, M., Borowik, A., Michallet, A. S., Perrin, C., Monneret, D., Faure, P., et al.
(2016). Sleep quality, sleep duration and physical activity in obese adolescents: effects
of exercise training. Pediatr. Obes. 11, 26–32. doi: 10.1111/ijpo.12015

Meyer, N., Lok, R., Schmidt, C., Kyle, S. D., McClung, C. A., Cajochen, C., et al. (2024).
The sleep-circadian interface: a window into mental disorders. Proc. Natl. Acad. Sci.
U.S.A. 121:e2214756121. doi: 10.1073/pnas.2214756121

Middleton, K. R., Anton, S. D., and Perri, M. G. (2013). Long-term adherence to health
behavior change. Am. J. Lifestyle Med. 7, 395–404. doi: 10.1177/1559827613488867

Milaneschi, Y., Simmons, W. K., van Rossum, E. F. C., and Penninx, B. W. (2019).
Depression and obesity: evidence of shared biological mechanisms. Mol. Psychiatry 24,
18–33. doi: 10.1038/s41380-018-0017-5

Moda, T. E. D. R., Viana, R. B., Dias, R. K. N., Penna, E. M., and Coswig, V. S.
(2024). Responsiveness of functional performance and muscle strength, power, and
size to resistance training: a systematic review. Sports Med. Health Sci. 6, 111–122.
doi: 10.1016/j.smhs.2023.12.003

Momma, H., Kawakami, R., Honda, T., and Sawada, S. S. (2022). Muscle-strengthening
activities are associated with lower risk and mortality in major non-communicable
diseases: a systematic review and meta-analysis of cohort studies. Br. J. Sports Med.
56, 755–763. doi: 10.1136/bjsports-2021-105061

Mônico-Neto, M., Antunes, H. K. M., dos Santos, R. V. T., D’Almeida, V., de
Souza, A. A. L., Bittencourt, L. R. A., et al. (2018). Physical activity as a moderator
for OSA and cardiometabolic risk in EPISONO study. Eur. Respir. J. 51:1701972.
doi: 10.1183/13993003.01972-2017

Monsalve, F. A., Fernández-Tapia, B., Arriagada, O. C., González, D. R., and Delgado-
López, F. (2025). Obesity and depression: a pathophysiotoxic relationship. Int. J. Mol.
Sci. 26:11590. doi: 10.3390/ijms262311590

Morris, C. J., Yang, J. N., Garcia, J. I., Myers, S., Bozzi, I., Wang, W., et al. (2015).
Endogenous circadian system and circadian misalignment impact glucose tolerance
via separate mechanisms in humans. Proc. Natl. Acad. Sci. U.S.A. 112, E2225–E2234.
doi: 10.1073/pnas.1418955112

Mostafa, S. A., Singh, P., Babwah, F., Hanif, W., Balanos, G., Nirantharakumar, K., et al.
(2026). The effect of behavioral sleep interventions on measures of obesity, dietary
intake and physical activity in adults with poor sleep health: a systematic review,
meta-analysis and meta-regression analysis. Obes Rev. e70139. doi: 10.1111/obr.70139

Nanduri, J., Yuan, G., Kumar, G. K., Semenza, G. L., and Prabhakar, N. R. (2008).
Transcriptional responses to intermittent hypoxia. Respir. Physiol. Neurobiol. 164,
277–281. doi: 10.1016/j.resp.2008.07.006

Nelson, K. L., Davis, J. E., and Corbett, C. F. (2022). Sleep quality: an evolutionary
concept analysis. Nurs. Forum 57, 144–151. doi: 10.1111/nuf.12659

Noone, J., Mucinski, J. M., DeLany, J. P., Sparks, L. M., and Goodpaster, B. H.
(2024). Understanding the variation in exercise responses to guide personalized
physical activity prescriptions. Cell Metab. 36, 702–724. doi: 10.1016/j.cmet.2023.
12.025

Okunogbe, A., Nugent, R., Spencer, G., Powis, J., Ralston, J., and Wilding, J. (2022).
Economic impacts of overweight and obesity: current and future estimates for 161
countries. BMJ Glob. Health 7:e009773. doi: 10.1136/bmjgh-2022-009773

Oneda, S., Cao, S., Haraguchi, A., Sasaki, H., and Shibata, S. (2022). Wheel-
running facilitates phase advances in locomotor and peripheral circadian rhythm
in social jet lag model mice. Front. Physiol. 13:821199. doi: 10.3389/fphys.2022.
821199

Oppert, J. M., Bellicha, A., van Baak, M. A., Battista, F., Beaulieu, K., Blundell, J. E.,
et al. (2021). Exercise training in the management of overweight and obesity in adults:
synthesis of the evidence and recommendations from the European Association for
the Study of Obesity Physical Activity Working Group. Obes. Rev. 22(Suppl. 4):e13273.
doi: 10.1111/obr.13273

Oppewal, A., Sterke, S., Weterings, S., Engelen, M. M., and Mol, T. (2026). Physical
activity as a habit in long-term care: a multidisciplinary guideline. Healthcare 14:631.
doi: 10.3390/healthcare14050631

Orange, S. T., Madden, L. A., and Vince, R. V. (2020). Resistance training leads to
large improvements in strength and moderate improvements in physical function in
adults who are overweight or obese: a systematic review. J. Physiother. 66, 214–224.
doi: 10.1016/j.jphys.2020.09.009

Panda, S. (2016). Circadian physiology of metabolism. Science 354, 1008–1015.
doi: 10.1126/science.aah4967

Park, S. C., Kato, T. A., Lee, J. H., and Yu, S. H. (2025). Exploring the bidirectional
relationship between depression and obesity. Endocrinol. Metab. Clin. North Am. 54,
193–206. doi: 10.1016/j.ecl.2024.10.010

Parsons, M. J., Moffitt, T. E., Gregory, A. M., Goldman-Mellor, S., Nolan, P. M.,
Poulton, R., et al. (2015). Social jetlag, obesity and metabolic disorder: investigation
in a cohort study. Int. J. Obes. 39, 842–848. doi: 10.1038/ijo.2014.201

Patist, C. M., Stapelberg, N. J. C., Du Toit, E. F., and Headrick, J. P. (2018). The brain-
adipocyte-gut network: linking obesity and depression subtypes. Cogn. Affect. Behav.
Neurosci. 18, 1121–1144. doi: 10.3758/s13415-018-0626-0

Pearce, M., Garcia, L., Abbas, A., Strain, T., Schuch, F. B., Golubic, R., et al. (2022).
Association between physical activity and risk of depression: a systematic review
and meta-analysis. JAMA Psychiatry 79, 550–559. doi: 10.1001/jamapsychiatry.2022.
0609

Peng, Y. J., Nanduri, J., Yuan, G., Wang, N., Deneris, E., Pendyala, S.,
et al. (2009). NADPH oxidase is required for the sensory plasticity of the
carotid body by chronic intermittent hypoxia. J. Neurosci. 29, 4903–4910.
doi: 10.1523/JNEUROSCI.4768-08.2009

Peng, Y. J., Overholt, J. L., Kline, D., Kumar, G. K., and Prabhakar, N. R. (2003).
Induction of sensory long-term facilitation in the carotid body by intermittent hypoxia:
implications for recurrent apneas. Proc. Natl. Acad. Sci. U.S.A. 100, 10073–10078.
doi: 10.1073/pnas.1734109100

Perrier, J., Langeard, A., Ouma, C. K., Sesboüé, B., Clochon, P., Prevost, J. N., et al.
(2024). Effects of acute bouts of evening resistance or endurance exercises on sleep EEG
and salivary cortisol. Front. Physiol. 15:1313545. doi: 10.3389/fphys.2024.1313545

Peters, B., Vahlhaus, J., and Pivovarova-Ramich, O. (2024). Meal timing and
its role in obesity and associated diseases. Front. Endocrinol. 15:1359772.
doi: 10.3389/fendo.2024.1359772

Pickering, C., and Kiely, J. (2019). Do non-responders to exercise exist—and if so, what
should we do about them? Sports Med. 49, 1–7. doi: 10.1007/s40279-018-01041-1

Poggiogalle, E., Jamshed, H., and Peterson, C. M. (2018). Circadian regulation
of glucose, lipid, and energy metabolism in humans. Metabolism 84, 11–27.
doi: 10.1016/j.metabol.2017.11.017

Pojednic, R., D’Arpino, E., Halliday, I., and Bantham, A. (2022). The benefits of physical
activity for people with obesity, independent of weight loss: a systematic review. Int. J.
Environ. Res. Public Health 19:4981. doi: 10.3390/ijerph19094981

Poulain, L., Thomas, A., Rieusset, J., Casteilla, L., Levy, P., Arnaud, C., et al.
(2014). Visceral white fat remodelling contributes to intermittent hypoxia-induced
atherogenesis. Eur. Respir. J. 43, 513–522. doi: 10.1183/09031936.00019913

Qian, J., and Scheer, F. A. J. L. (2016). Circadian system and glucose metabolism:
implications for physiology and disease. Trends Endocrinol. Metab. 27, 282–293.
doi: 10.1016/j.tem.2016.03.005

Raman, J., Smith, E., and Hay, P. (2013). The clinical obesity maintenance model:
an integration of psychological constructs including mood, emotional regulation,
disordered overeating, habitual cluster behaviours, health literacy and cognitive
function. J. Obes. 2013:240128. doi: 10.1155/2013/240128

Frontiers in Sleep 21 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://doi.org/10.3389/fspor.2025.1677087
https://doi.org/10.1111/obr.13428
https://doi.org/10.1007/s00394-025-03600-5
https://doi.org/10.1001/archgenpsychiatry.2010.2
https://doi.org/10.1002/oby.21126
https://doi.org/10.1016/j.heliyon.2023.e15790
https://doi.org/10.1007/s40279-014-0197-3
https://doi.org/10.1038/s41574-023-00805-8
https://doi.org/10.1017/S0007114520001804
https://doi.org/10.3390/ijms20071597
https://doi.org/10.1016/j.pharmthera.2007.02.003
https://doi.org/10.1111/obr.12503
https://doi.org/10.3389/fneur.2018.00073
https://doi.org/10.1111/ijpo.12015
https://doi.org/10.1073/pnas.2214756121
https://doi.org/10.1177/1559827613488867
https://doi.org/10.1038/s41380-018-0017-5
https://doi.org/10.1016/j.smhs.2023.12.003
https://doi.org/10.1136/bjsports-2021-105061
https://doi.org/10.1183/13993003.01972-2017
https://doi.org/10.3390/ijms262311590
https://doi.org/10.1073/pnas.1418955112
https://doi.org/10.1111/obr.70139
https://doi.org/10.1016/j.resp.2008.07.006
https://doi.org/10.1111/nuf.12659
https://doi.org/10.1016/j.cmet.2023.12.025
https://doi.org/10.1136/bmjgh-2022-009773
https://doi.org/10.3389/fphys.2022.821199
https://doi.org/10.1111/obr.13273
https://doi.org/10.3390/healthcare14050631
https://doi.org/10.1016/j.jphys.2020.09.009
https://doi.org/10.1126/science.aah4967
https://doi.org/10.1016/j.ecl.2024.10.010
https://doi.org/10.1038/ijo.2014.201
https://doi.org/10.3758/s13415-018-0626-0
https://doi.org/10.1001/jamapsychiatry.2022.0609
https://doi.org/10.1523/JNEUROSCI.4768-08.2009
https://doi.org/10.1073/pnas.1734109100
https://doi.org/10.3389/fphys.2024.1313545
https://doi.org/10.3389/fendo.2024.1359772
https://doi.org/10.1007/s40279-018-01041-1
https://doi.org/10.1016/j.metabol.2017.11.017
https://doi.org/10.3390/ijerph19094981
https://doi.org/10.1183/09031936.00019913
https://doi.org/10.1016/j.tem.2016.03.005
https://doi.org/10.1155/2013/240128
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

Razi, O., Zamani, N., Moraes, C., Laher, I., and Hadjicharalambous, M. (2025). Exercise
suppresses appetite in obesity: a biochemical, metabolic, and molecular approach. Appl.
Sci. 15:6191. doi: 10.3390/app15116191

Redolfi, S., Bettinzoli, M., Venturoli, N., Ravanelli, M., Pedroni, L., Taranto-
Montemurro, L., et al. (2015). Attenuation of obstructive sleep apnea and overnight
rostral fluid shift by physical activity. Am. J. Respir. Crit. Care Med. 191, 856–858.
doi: 10.1164/rccm.201412-2192LE

Redolfi, S., Yumino, D., Ruttanaumpawan, P., Yau, B., Su, M. C., Lam, J.,
et al. (2009). Relationship between overnight rostral fluid shift and obstructive
sleep apnea in nonobese men. Am. J. Respir. Crit. Care Med. 179, 241–246.
doi: 10.1164/rccm.200807-1076OC

Reppert, S. M., and Weaver, D. R. (2002). Coordination of circadian timing in
mammals. Nature 418, 935–941. doi: 10.1038/nature00965

Reytor-González, C., Simancas-Racines, D., Román-Galeano, N. M., Annunziata, G.,
Galasso, M., Zambrano-Villacres, R., et al. (2025). Chrononutrition and energy balance:
how meal timing and circadian rhythms shape weight regulation and metabolic health.
Nutrients 17:2135. doi: 10.3390/nu17132135

Rodrigues, G. D., Fiorelli, E. M., Furlan, L., Montano, N., and Tobaldini, E. (2021).
Obesity and sleep disturbances: the “chicken or the egg” question. Eur. J. Intern. Med.
92, 11–16. doi: 10.1016/j.ejim.2021.04.017

Roenneberg, T., Allebrandt, K. V., Merrow, M., and Vetter, C. (2012). Social jetlag and
obesity. Curr. Biol. 22, 39–943. doi: 10.1016/j.cub.2012.03.038

Romo-Nava, F., Guerdjikova, A. I., Mori, N. N., Scheer, F. A. J. L., Burgess, H. J.,
McNamara, R. K., et al. (2022). A matter of time: a systematic scoping review on a
potential role of the circadian system in binge eating behavior. Front. Nutr. 9:978412.
doi: 10.3389/fnut.2022.978412

Rovira-Llopis, S., Luna-Marco, C., Perea-Galera, L., Bañuls, C., Morillas, C., and Victor,
V. M. (2024). Circadian alignment of food intake and glycaemic control by time-
restricted eating: a systematic review and meta-analysis. Rev. Endocr. Metab. Disord.
25, 325–337. doi: 10.1007/s11154-023-09853-x

Ryan, S. (2017). Adipose tissue inflammation by intermittent hypoxia: mechanistic
link between obstructive sleep apnoea and metabolic dysfunction. J. Physiol. 595,
2423–2430. doi: 10.1113/JP273312

Ryan, S. (2018). Mechanisms of cardiovascular disease in obstructive sleep apnoea. J.
Thorac. Dis. 10, S4201–S4211. doi: 10.21037/jtd.2018.08.56

Rynders, C. A., and Broussard, J. L. (2024). Running the clock: new insights into
exercise and circadian rhythms for optimal metabolic health. J. Physiol. 602, 6367–6371.
doi: 10.1113/JP287024

Samdal, G. B., Eide, G. E., Barth, T., Williams, G., and Meland, E. (2017). Effective
behaviour change techniques for physical activity and healthy eating in overweight and
obese adults; systematic review and meta-regression analyses. Int. J. Behav. Nutr. Phys.
Act 14:42. doi: 10.1186/s12966-017-0494-y

Sanchez-Delgado, G., Martinez-Tellez, B., Olza, J., Aguilera, C. M., Gil, Á., and Ruiz, J.
R. (2015). Role of exercise in the activation of brown adipose tissue. Ann. Nutr. Metab.
67, 21–32. doi: 10.1159/000437173

Savikj, M., Gabriel, B. M., Alm, P. S., Smith, J., Caidahl, K., Björnholm, M., et al.
(2019). Afternoon exercise is more efficacious than morning exercise at improving
blood glucose levels in individuals with type 2 diabetes: a randomised crossover trial.
Diabetologia 62, 233–237. doi: 10.1007/s00125-018-4767-z

Schellekens, H., Finger, B. C., Dinan, T. G., and Cryan, J. F. (2012). Ghrelin signalling
and obesity: at the interface of stress, mood and food reward. Pharmacol. Ther. 135,
316–326. doi: 10.1016/j.pharmthera.2012.06.004

Schimenes, B. C., Alvarenga, T. A., Tufik, S. B., Tufik, S., and Andersen, M. L. (2026).
Time-restricted eating and metabolic health: implications for nutritional strategies and
weight loss. Front. Nutr. 13:1872454. doi: 10.3389/fnut.2026.1872454

Selman, A., Dai, J., Driskill, J., Reddy, A. P., and Reddy, P. H. (2025). Depression and
obesity: focus on factors and mechanistic links. Biochim. Biophys. Acta Mol. Basis Dis.
1871:167561. doi: 10.1016/j.bbadis.2024.167561

Sempere-Rubio, N., Aguas, M., and Faubel, R. (2022). Association between chronotype,
physical activity and sedentary behaviour: a systematic review. Int. J. Environ. Res.
Public Health 19:9646. doi: 10.3390/ijerph19159646

Shen, B., Ma, C., Wu, G., Liu, H., Chen, L., and Yang, G. (2023). Effects
of exercise on circadian rhythms in humans. Front. Pharmacol. 14:1282357.
doi: 10.3389/fphar.2023.1282357

Shen, B., Zheng, H., Liu, H., Chen, L., and Yang, G. (2025). Differential benefits
of 12-week morning vs. evening aerobic exercise on sleep and cardiometabolic
health: a randomized controlled trial. Sci. Rep. 15:18298. doi: 10.1038/s41598-025-02
659-8

Shen, H. H., Xu, Y. M., Wang, N., Wang, J., Ren, L., and Chen, R. (2019). Efficacy of
nasal CPAP and aerobic exercise of different intensity in patients with obstructive sleep
apnea hypopnea syndrome and type 2 diabetes mellitus. Zhonghua Yi Xue Za Zhi 99,
2187–2192. doi: 10.3760/cma.j.issn.0376-2491.2019.28.007

Silva, D. A., Coutinho, E. D. S. F., Ferriani, L. O., and Viana, M. C. (2020). Depression
subtypes and obesity in adults: a systematic review and meta-analysis. Obes. Rev.
21:e12966. doi: 10.1111/obr.12966

Silva, R. P. D., Martinez, D., Bueno, K. S. D. S., and Uribe-Ramos, J. M. (2019). Effects
of exercise on sleep symptoms in patients with severe obstructive sleep apnea. J. Bras.
Pneumol. 45:e20180085. doi: 10.1590/1806-3713/e20180085

Stenvers, D. J., Scheer, F. A. J. L., Schrauwen, P., la Fleur, S. E., and Kalsbeek,
A. (2019). Circadian clocks and insulin resistance. Nat. Rev. Endocrinol. 15, 75–89.
doi: 10.1038/s41574-018-0122-1

Stroh, A. M., and Stanford, K. I. (2023). Exercise-induced regulation of adipose tissue.
Curr. Opin. Genet. Dev. 81:102058. doi: 10.1016/j.gde.2023.102058

Stunkard, A. J., Faith, M. S., and Allison, K. C. (2003). Depression and obesity. Biol.
Psychiatry 54, 330–337. doi: 10.1016/S0006-3223(03)00608-5

Sullivan, A. N., and Lachman, M. E. (2017). Behavior change with fitness technology in
sedentary adults: a review of the evidence for increasing physical activity. Front. Public
Health 4:289. doi: 10.3389/fpubh.2016.00289

Swainson, J., Reeson, M., Malik, U., Stefanuk, I., Cummins, M., and Sivapalan, S. (2023).
Diet and depression: a systematic review of whole dietary interventions as treatment in
patients with depression. J. Affect. Disord. 327, 270–278. doi: 10.1016/j.jad.2023.01.094

Tae, H., and Chae, J. H. (2026). Irregular meal frequency and depressive symptoms:
moderating roles of dietary diversity and breakfast skipping. J. Affect. Disord.
404:121417. doi: 10.1016/j.jad.2026.121417

Taheri, S., Lin, L., Austin, D., Young, T., and Mignot, E. (2004). Short sleep duration is
associated with reduced leptin, elevated ghrelin, and increased body mass index. PLoS
Med. 1:e62. doi: 10.1371/journal.pmed.0010062

Takahashi, J. S., Hong, H.-K., Ko, C. H., and McDearmon, E. L. (2008). The genetics
of mammalian circadian order and disorder: implications for physiology and disease.
Nat. Rev. Genet. 9, 764–775. doi: 10.1038/nrg2430

Tan, J., Meng, Q., Luo, C., Zhang, S., Tang, E., Jiang, Y., et al. (2025). Association
of skipping breakfast with depression: a systematic review and meta-analysis. Front.
Psychiatry 16:1548282. doi: 10.3389/fpsyt.2025.1548282

Tanwar, E., and Kalpana, K. (2025). Interactions between exercise, environmental
factors, and diet in modulating appetite-regulating hormones: implications for
athletes and physically active individuals. Korean J. Fam. Med. 46, 137–151.
doi: 10.4082/kjfm.24.0312

Teo, S. Y. M., Kanaley, J. A., Guelfi, K. J., Dimmock, J. A., and Fairchild, T. J. (2020).
Exercise timing in type 2 diabetes mellitus: a systematic review. Med. Sci. Sports Exerc.
52, 323–334. doi: 10.1249/MSS.0000000000002139

Terazono, H., Mutoh, T., Yamaguchi, S., Kobayashi, M., Akiyama, M., Udo, R., et al.
(2003). Adrenergic regulation of clock gene expression in mouse liver. Proc. Natl. Acad.
Sci. U.S.A. 100, 6795–6800. doi: 10.1073/pnas.0936797100

Thielmann, B., Schierholz, R. S., and Böckelmann, I. (2021). Subjective and objective
consequences of stress in subjects with subjectively different sleep quality—a cross-
sectional study. Int. J. Environ. Res. Public Health 18:9990. doi: 10.3390/ijerph18199990

Timmons, J. A., Knudsen, S., Rankinen, T., Koch, L. G., Sarzynski, M., Jensen, T., et al.
(2010). Using molecular classification to predict gains in maximal aerobic capacity
following endurance exercise training in humans. J. Appl. Physiol. 108, 1487–1496.
doi: 10.1152/japplphysiol.01295.2009

Torquati, L., Mielke, G. I., Brown, W. J., Burton, N. W., and Kolbe-Alexander, T. L.
(2019). Shift work and poor mental health: a meta-analysis of longitudinal studies. Am
J Public Health 109, e13–e20. doi: 10.2105/AJPH.2019.305278

Trayhurn, P., Wang, B., and Wood, I. S. (2008). Hypoxia in adipose tissue: a
basis for the dysregulation of tissue function in obesity? Br. J. Nutr. 100, 227–235.
doi: 10.1017/S0007114508971282

Tuomilehto, H. P., Seppä, J. M., Partinen, M. M., Peltonen, M., Gylling, H., Tuomilehto,
J. O., et al. (2009). Lifestyle intervention with weight reduction: first-line treatment
in mild obstructive sleep apnea. Am. J. Respir. Crit. Care Med. 179, 320–327.
doi: 10.1164/rccm.200805-669OC

van Baak, M. A., Pramono, A., Battista, F., Beaulieu, K., Blundell, J. E., Busetto, L.,
et al. (2021). Effect of different types of regular exercise on physical fitness in adults
with overweight or obesity: systematic review and meta-analyses. Obes. Rev. 22:e13239.
doi: 10.1111/obr.13239

van den Hoek, D. J., Miller, C. T., Fraser, S. F., Selig, S. E., Rice, T., Grima, M.,
et al. (2023). Mental health and quality of life during weight loss in females with
clinically severe obesity: a randomized clinical trial. J. Behav. Med. 46, 566–577.
doi: 10.1007/s10865-022-00377-4

Van Proeyen, K., Szlufcik, K., Nielens, H., Ramaekers, M., and Hespel, P. (2010).
Training in the fasted state improves glucose tolerance during fat-rich diet. J. Physiol.
588(Pt 21), 4289–4302. doi: 10.1113/jphysiol.2010.196493

Vitale, J. A., Roveda, E., Montaruli, A., Galasso, L., Weydahl, A., Caumo, A.,
et al. (2015). Chronotype influences activity circadian rhythm and sleep: differences
in sleep quality between weekdays and weekend. Chronobiol. Int. 32, 405–415.
doi: 10.3109/07420528.2014.986273

Volkow, N. D., Wang, G. J., and Baler, R. D. (2011). Reward, dopamine and
the control of food intake: implications for obesity. Trends Cogn. Sci. 15, 37–46.
doi: 10.1016/j.tics.2010.11.001

Vosadi, E., Hashemi Fard, E. S., Mirakhori, Z., and Borjian Fard, M. (2025). The
impact of exercise training on psychological outcomes, body composition, and quality

Frontiers in Sleep 22 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://doi.org/10.3390/app15116191
https://doi.org/10.1164/rccm.201412-2192LE
https://doi.org/10.1164/rccm.200807-1076OC
https://doi.org/10.1038/nature00965
https://doi.org/10.3390/nu17132135
https://doi.org/10.1016/j.ejim.2021.04.017
https://doi.org/10.1016/j.cub.2012.03.038
https://doi.org/10.3389/fnut.2022.978412
https://doi.org/10.1007/s11154-023-09853-x
https://doi.org/10.1113/JP273312
https://doi.org/10.21037/jtd.2018.08.56
https://doi.org/10.1113/JP287024
https://doi.org/10.1186/s12966-017-0494-y
https://doi.org/10.1159/000437173
https://doi.org/10.1007/s00125-018-4767-z
https://doi.org/10.1016/j.pharmthera.2012.06.004
https://doi.org/10.3389/fnut.2026.1872454
https://doi.org/10.1016/j.bbadis.2024.167561
https://doi.org/10.3390/ijerph19159646
https://doi.org/10.3389/fphar.2023.1282357
https://doi.org/10.1038/s41598-025-02659-8
https://doi.org/10.3760/cma.j.issn.0376-2491.2019.28.007
https://doi.org/10.1111/obr.12966
https://doi.org/10.1590/1806-3713/e20180085
https://doi.org/10.1038/s41574-018-0122-1
https://doi.org/10.1016/j.gde.2023.102058
https://doi.org/10.1016/S0006-3223(03)00608-5
https://doi.org/10.3389/fpubh.2016.00289
https://doi.org/10.1016/j.jad.2023.01.094
https://doi.org/10.1016/j.jad.2026.121417
https://doi.org/10.1371/journal.pmed.0010062
https://doi.org/10.1038/nrg2430
https://doi.org/10.3389/fpsyt.2025.1548282
https://doi.org/10.4082/kjfm.24.0312
https://doi.org/10.1249/MSS.0000000000002139
https://doi.org/10.1073/pnas.0936797100
https://doi.org/10.3390/ijerph18199990
https://doi.org/10.1152/japplphysiol.01295.2009
https://doi.org/10.2105/AJPH.2019.305278
https://doi.org/10.1017/S0007114508971282
https://doi.org/10.1164/rccm.200805-669OC
https://doi.org/10.1111/obr.13239
https://doi.org/10.1007/s10865-022-00377-4
https://doi.org/10.1113/jphysiol.2010.196493
https://doi.org/10.3109/07420528.2014.986273
https://doi.org/10.1016/j.tics.2010.11.001
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org


Campos et al. 10.3389/frsle.2026.1943600

of life in overweight or obese adults: a systematic review and meta-analysis of
randomized controlled trials. Biol. Res. Nurs. 27, 464–486. doi: 10.1177/1099800424131
3332

Wang, H., Wang, J., Zhao, L., and Zhu, Y. (2026). Network meta-analysis
and dose-response analysis of exercise on sleep quality and BMI in obese
populations. Front. Public Health 14:1766438. doi: 10.3389/fpubh.2026.176
6438

Wang, P., Chen, Y., Zhang, A., Xie, C., and Wang, K. (2025). Comparative efficacy of
exercise modalities on sleep architecture in adults with sleep disorders: a systematic
review and network meta-analysis of randomized controlled trials. Sleep Med.
134:106680. doi: 10.1016/j.sleep.2025.106680

Wang, S., Zhou, H., Zhao, C., and He, H. (2022). Effect of exercise training
on body composition and inflammatory cytokine levels in overweight and obese
individuals: a systematic review and network meta-analysis. Front. Immunol.
13:921085. doi: 10.3389/fimmu.2022.921085

Wang, X., and Youngstedt, S. D. (2014). Sleep quality improved following a single
session of moderate-intensity aerobic exercise in older women: results from a pilot
study. J. Sport Health Sci. 3, 338–342. doi: 10.1016/j.jshs.2013.11.004

White, L. H., and Bradley, T. D. (2013). Role of nocturnal rostral fluid shift in
the pathogenesis of obstructive and central sleep apnoea. J. Physiol. 591, 1179–1193.
doi: 10.1113/jphysiol.2012.245159

Willis, L. H., Slentz, C. A., Bateman, L. A., Shields, A. T., Piner, L. W., Bales,
C. W., et al. (2012). Effects of aerobic and/or resistance training on body mass
and fat mass in overweight or obese adults. J. Appl. Physiol. 113, 1831–1837.
doi: 10.1152/japplphysiol.01370.2011

Wittmann, M., Dinich, J., Merrow, M., and Roenneberg, T. (2006). Social
jetlag: misalignment of biological and social time. Chronobiol. Int. 23, 497–509.
doi: 10.1080/07420520500545979

Wolff, C. A., and Esser, K. A. (2019). Exercise timing and circadian rhythms. Curr.
Opin. Physiol. 10, 64–69. doi: 10.1016/j.cophys.2019.04.020

World Health Organization (2024). Physical Activity. Available online at: https://www.
who.int/news-room/fact-sheets/detail/physical-activity (Accessed May 11, 2026).

World Health Organization (2025). Obesity and Overweight. Geneva: World Health
Organization. Available online at: https://www.who.int/news-room/fact-sheets/detail/
obesity-and-overweight (Accessed May 7, 2026).

World Obesity Federation (2022). The Economic Impact of Overweight and Obesity 2nd
Edition with Estimates for 161 Countries. Available online at https://data.worldobesity.
org/publications (Accessed May 7, 2026).

World Obesity Federation (2025). World Obesity Atlas 2025. Available online
at: https://www.worldobesity.org/resources/resource-library/world-obesity-atlas-2025
(Accessed May 7, 2026).

Xie, W., Lu, D., Liu, S., Li, J., and Li, R. (2024). The optimal exercise intervention
for sleep quality in adults: a systematic review and network meta-analysis. Prev. Med.
183:107955. doi: 10.1016/j.ypmed.2024.107955

Xin, X., Wang, H., Guo, Y., and Xie, J. (2025). Effect of long-term exercise on circulating
ghrelin in overweight and obese individuals: a systematic review and meta-analysis.
Front. Nutr. 12:1518143. doi: 10.3389/fnut.2025.1518143

Xu, M., Tian, C., Liang, S., Tong, B., Wu, Y., and Zhou, L. (2024). Comparative
efficacy of exercise modalities on sleep quality in populations with sleep disorders:
a systematic review and network meta-analysis. Sleep Med. Rev. 73:101877.
doi: 10.1016/j.smrv.2023.101877

Xu, M., Yin, X., and Gong, Y. (2023). Lifestyle factors in the association
of shift work and depression and anxiety. JAMA Netw. Open 6:e2328798.
doi: 10.1001/jamanetworkopen.2023.28798

Yang, P. Y., Ho, K. H., Chen, H. C., and Chien, M. Y. (2012). Exercise training improves
sleep quality in middle-aged and older adults with sleep problems: a systematic review.
J. Physiother. 58, 157–163. doi: 10.1016/S1836-9553(12)70106-6

Youngstedt, S. D., Elliott, J. A., and Kripke, D. F. (2019). Human circadian phase-
response curves for exercise. J. Physiol. 597, 2253–2268. doi: 10.1113/JP276943

Zarouna, S., Wozniak, G., and Papachristou, A. I. (2015). Mood disorders: a potential
link between ghrelin and leptin on human body? World J. Exp. Med. 5, 103–109.
doi: 10.5493/wjem.v5.i2.103

Zhang, R., Cai, X., Lin, C., Yang, W., Lv, F., Wu, J., et al. (2022). The association
between metabolic parameters and evening chronotype and social jetlag in non-
shift workers: a meta-analysis. Front. Endocrinol. 13:1008820. doi: 10.3389/fendo.2022.
1008820

Zhang, S., Niu, X., Ma, J., Wei, X., Zhang, J., and Du, W. (2025). Effects of sleep
deprivation on heart rate variability: a systematic review and meta-analysis. Front.
Neurol. 16:1556784. doi: 10.3389/fneur.2025.1556784

Zhang, Y., Wang, R., Liu, T., and Wang, R. (2024). Exercise as a therapeutic
strategy for obesity: central and peripheral mechanisms. Metabolites 14:589.
doi: 10.3390/metabo14110589

Zou, X., Zhong, L., Zhu, C., Zhao, H., Zhao, F., Cui, R., et al.
(2019). Role of leptin in mood disorder and neurodegenerative
disease. Front. Neurosci. 13:378. doi: 10.3389/fnins.2019.
00378

Frontiers in Sleep 23 frontiersin.org

https://doi.org/10.3389/frsle.2026.1943600
https://doi.org/10.1177/10998004241313332
https://doi.org/10.3389/fpubh.2026.1766438
https://doi.org/10.1016/j.sleep.2025.106680
https://doi.org/10.3389/fimmu.2022.921085
https://doi.org/10.1016/j.jshs.2013.11.004
https://doi.org/10.1113/jphysiol.2012.245159
https://doi.org/10.1152/japplphysiol.01370.2011
https://doi.org/10.1080/07420520500545979
https://doi.org/10.1016/j.cophys.2019.04.020
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://data.worldobesity.org/publications
https://data.worldobesity.org/publications
https://www.worldobesity.org/resources/resource-library/world-obesity-atlas-2025
https://doi.org/10.1016/j.ypmed.2024.107955
https://doi.org/10.3389/fnut.2025.1518143
https://doi.org/10.1016/j.smrv.2023.101877
https://doi.org/10.1001/jamanetworkopen.2023.28798
https://doi.org/10.1016/S1836-9553(12)70106-6
https://doi.org/10.1113/JP276943
https://doi.org/10.5493/wjem.v5.i2.103
https://doi.org/10.3389/fendo.2022.1008820
https://doi.org/10.3389/fneur.2025.1556784
https://doi.org/10.3390/metabo14110589
https://doi.org/10.3389/fnins.2019.00378
https://www.frontiersin.org/journals/sleep
https://www.frontiersin.org

	Physical exercise as a modulator of the sleep–obesity interaction: metabolic, neuroendocrine and circadian mechanisms
	1 Introduction
	1.1 Effects of physical exercise on weight control, neuroendocrine and inflammatory modulation
	1.2 Circadian regulation by physical exercise
	1.3 Influence of physical exercise on sleep architecture and quality
	1.4 Impact of physical exercise on sleep-related respiratory symptoms
	1.5 Behavioral and psychological effects resulting from physical exercise

	2 Discussion
	2.1 Practical implications and recommendations for clinicians

	3 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References




