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Abstract

Time-restricted feeding (TRF), which confines food intake to a defined
daily window, has emerged as a promising nonpharmacological strategy to
improve health by aligning behavior and physiology with the endogenous
circadian clock. Preclinical research has expanded substantially, now span-
ning both nocturnal and diurnal species, diverse dietary regimens, varying
intervention durations, and examinations of sex-specific responses. These
consistently show that synchronizing feeding-fasting cycles with the natu-
ral active phase of an organism’s circadian rhythm enhances rhythmic gene
expression across tissues. Concomitantly, this mitigates metabolic dysfunc-
tion, reduces inflammation, and lowers disease risk, often without reducing
caloric intake.While findings in animal models are robust, human outcomes
have been more modest and variable, influenced by the timing and duration
of feeding window, metabolic state, and sex. This review synthesizes current
insights into the relationship between TRF and circadian rhythms, high-
lighting recent discoveries and the challenges that remain for translation to
humans.

Review in Advance. Changes may 
still occur before final publication.

8.1

mailto:joseph.takahashi@utsouthwestern.edu
https://doi.org/10.1146/annurev-nutr-112525-011241
https://doi.org/10.1146/annurev-nutr-112525-011241


D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  C
ho

nn
am

 N
at

io
na

l U
ni

ve
rs

ity
 (

ar
-1

13
50

6)
 IP

:  
16

8.
13

1.
19

0.
23

 O
n:

 W
ed

, 1
3 

M
ay

 2
02

6 
00

:5
8:

26

NU46_Art08_Takahashi ARjats.cls May 1, 2026 12:54

Contents

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.2
2. CIRCADIAN RHYTHMS ARE ESSENTIAL FOR HEALTH. . . . . . . . . . . . . . . . . . 8.3

2.1. Molecular Clocks Drive Daily Rhythms in Behavior and Physiology . . . . . . . . . 8.3
2.2. Circadian Decline, Desynchrony, and Disruption . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.3

3. TARGETING CIRCADIAN RHYTHMS TO IMPROVE HEALTH
IN MODEL ORGANISMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.5
3.1. Timed Feeding Entrains Peripheral Clocks and Enhances

Circadian Rhythms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.5
3.2. Time-Restricted Feeding as a Circadian Enhancing Intervention to Improve

Health in Model Organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.5
3.3. Time-Restricted Feeding as a Circadian Enhancing Intervention to Improve

Lifespan in Model Organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.13
4. CLINICAL APPLICATION AND HEALTH OUTCOMES

OF TIME-RESTRICTED EATING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.14
4.1. Human Health Benefits of Time-Restricted Eating . . . . . . . . . . . . . . . . . . . . . . . . . 8.14
4.2. Timing of Time-Restricted Eating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.19
4.3. Practicality of Time-Restricted Eating and Its Effect on Behavior . . . . . . . . . . . . 8.20

5. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.21

1. INTRODUCTION

The 24-h rotation of the Earth has shaped the evolution of circadian rhythms, daily oscillations
in physiology and behavior, which confer adaptive advantages by enabling organisms to antic-
ipate, rather than merely react to, changes in light, food availability, and activity demands (36,
83, 107). These rhythms are driven by endogenous clocks generating near-24-h cycles of gene
expression that coordinate sleep–wake behavior, feeding–fasting cycles, and metabolic homeosta-
sis (122, 128). High amplitude and synchronized oscillations between clocks across tissues of the
body are known to correlate with improved health (2), whereas misalignment, arising from shift
work, jet lag, irregular eating patterns, and the natural decline of aging are linked to metabolic
disease, inflammation, and neurodegeneration (10, 11, 40, 45, 93, 113). As feeding has been found
to be a powerful cue for entraining peripheral clocks, interventions such as time-restricted feeding
(TRF), or time-restricted eating (TRE) in humans, which consolidates food intake into consistent
daily windows of 12 h or less without necessarily altering total caloric intake, has been rising in
popularity as a way to enhance circadian rhythms and improve health (18, 81, 85).

Within the past decade,TRF has been shown to confer significant health benefits in preclinical
models. In classic model species such as mice, rats, and Drosophila melanogaster, TRF improves
metabolic flexibility, reduces obesity and hepatic steatosis, preserves cardiovascular function, and
promotes healthy aging, even when total food intake and body weight are unchanged (85). Recent
studies in species such as chickens and pigs also show enhanced circadian alignment, metabolism,
and fertility, expanding translational relevance (79, 86, 110, 132, 133). In humans, TRE shows
similar promise, although outcomes vary due to differences in timing, duration, and population
characteristics, and women remain underrepresented (86).

Here in this review, we discuss the current evidence linking TRF/TRE and circadian rhythms
and their impacts on health and longevity across model organisms and clinical studies, as well as
highlight data gaps and future directions of study.
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2. CIRCADIAN RHYTHMS ARE ESSENTIAL FOR HEALTH

2.1. Molecular Clocks Drive Daily Rhythms in Behavior and Physiology

Since the mid-20th century, studies in fruit flies and mice have defined the molecular basis of
circadian rhythms, revealing transcriptional-translational feedback loops (TTFLs) that generate
∼24-h cycles of gene expression (64). In mammals, circadian organization is orchestrated by the
suprachiasmatic nucleus (SCN) of the hypothalamus,which synchronizes physiology and behavior
to the light–dark cycle (91, 135).Light input from intrinsically photosensitive retinal ganglion cells
entrains the SCN via the retinohypothalamic tract (12, 77). At the molecular level, heterodimers
of activators CLOCK and BMAL1 drive transcription of period (Per1, Per2) and cryptochrome
(Cry1, Cry2) genes via binding at E-box elements (122). As PER and CRY proteins accumulate,
they inhibit CLOCK-BMAL1 activity, thereby closing the loopwith∼24-h periodicity.Additional
stabilizing loops involving nuclear receptors REV-ERBs and RORs fine-tune oscillations, creating
robust cycles of gene expression.The SCN relays temporal signals to the rest of the brain and body,
coordinating feeding–fasting, sleep–wake, and neuroendocrine rhythms (53), which in turn help
synchronize clocks in peripheral tissues (92).

Molecular clocks are present in nearly every tissue, including the liver, heart, pancreas, adipose
tissue, kidney, lung, and skeletal muscle (92, 144, 149). As in the SCN, these clocks operate via
TTFLs to generate tissue-specific rhythmic expression of genes and pathways for bodily functions.
For example, in the liver, the tissue with the most cycling genes, hepatic clocks regulate rhythms
in glucose homeostasis, lipid metabolism, and detoxification (105), while in skeletal muscle, clocks
drive rhythms in energy utilization and contractile function (49, 118).

While mammals depend on the SCN for central coordination, other taxa exhibit alternative
organizational strategies. In birds, pacemaking is distributed across the SCN, pineal gland, and
retina (15), whereas in invertebrates such as Drosophila melanogaster, pacemaker neurons reside
in discrete brain regions, yet peripheral tissues can also be directly light-entrained (52). Despite
these species-specific architectures, the evolution of circadian systems across taxa provides a shared
adaptive advantage, allowing organisms to anticipate and align physiology and behavior with the
daily environmental cycle.

2.2. Circadian Decline, Desynchrony, and Disruption

Functional molecular clocks and synchronized circadian rhythms are essential for health and
longevity (10, 11, 40, 45, 93, 113).With age, the numbers of rhythmic genes and rhythmic ampli-
tudes decline, and the coherence in the phase of gene expression (e.g., synchronized expression of
genes inmetabolic pathways) across tissues weakens, leading to desynchronized outputs in humans
and animal models (1, 2, 38, 59, 111, 138) (Figure 1). This circadian decay contributes to irreg-
ular sleep–wake cycles, reduced metabolic resilience, and greater vulnerability to diseases such as
Alzheimer’s, cardiovascular dysfunction, and type 2 diabetes mellitus (T2DM) (21, 112, 126). Ge-
netic ablation of core clock components further accelerates these outcomes (145). For instance,
mice lacking BMAL1 exhibit premature aging phenotypes, including sarcopenia, cataracts, and
shortened lifespan (72), while CLOCK mutant mice develop metabolic syndrome-like features,
heightened obesity risk, and similar reduced longevity (35).

Disease itself can also disrupt circadian rhythms. In obese mice fed a high-fat diet (HFD), food
intake extends into the inactive phase, damping oscillations of hepatic and adipose clock genes and
disrupting cross-tissue coherence (37, 71). Similarly, cancers can reprogram cellular metabolism
and alter the rhythmic expression of clock-controlled genes (58, 90). Thus, circadian disruption
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Figure 1

Robust and synchronized circadian rhythms are associated with improved health outcomes. Schematic
showing various environmental, lifestyle, and biological factors that contribute to damped, desynchronized,
or loss of rhythmicity in circadian rhythms.

is both a driver and a consequence of disease, underscoring the bidirectional link between clocks
and health.

Modern lifestyles further compound these effects. Acute circadian disruption from jet lag
induces insomnia, daytime fatigue, and cognitive impairment as the SCN rapidly adjusts but pe-
ripheral clocks lag behind, creating internal misalignment (130). Chronic jet lag, such as that
experienced by frequent international travelers, has even been linked to increased mortality in
rodents (28).

Other chronic circadian disruptions such as shift work, where workers remain active during the
night while still often being forced into daytime social obligations, result in persistent misalign-
ment between light cues, sleep–wake cycles, and feeding behavior (Figure 1). This is strongly
associated with obesity, T2DM, cardiovascular disease, gastrointestinal disorders, depression, and
certain cancers (139). Even subtle disruptions such as social jet lag (a difference in middle sleep
time between working days and days off ), nighttime light exposure (e.g., streetlamps, using elec-
tronic devices at night), or irregular eating patterns (e.g., late-night snacking, meal skipping) can
impair cognition, mood, and metabolic health (14).
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3. TARGETING CIRCADIAN RHYTHMS TO IMPROVE HEALTH
IN MODEL ORGANISMS

3.1. Timed Feeding Entrains Peripheral Clocks and Enhances
Circadian Rhythms

While light is the dominant synchronizer of the SCN, food intake is a major temporal cue for
entraining circadian clocks in peripheral organs (3, 47, 75, 106, 129). In rodents, restricting food
availability to specific times of day shifts the phase of clock gene expression in the liver, pan-
creas, kidney, and heart, independently of the SCN, which remains locked to the light–dark cycle
(25, 51, 119). The liver appears to play the central role in integrating and relaying feeding sig-
nals, as disruption of hepatic clocks alters the rhythmic transcription of clock-controlled genes
in other peripheral organs (84). Importantly, food-induced oscillations in metabolites such as
NAD+, acetyl-CoA, and AMP also feed back onto the core clock,modulating rhythmicity through
chromatin remodeling and energy-sensing pathways (95, 112).

3.2. Time-Restricted Feeding as a Circadian Enhancing Intervention to Improve
Health in Model Organisms

Given this powerful role of timed food intake, various dietary strategies have been developed to
harness feeding as an intervention to improve health and aging, themost notable of which is TRF, a
form of intermittent fasting (IF), in which food intake is consolidated into a 12-h or shorter feeding
window without a forced reduction in caloric intake (81, 85). Unlike other IF protocols, such as
alternate-day fasting, periodic fasting, or fasting-mimicking diets, which involve prolonged fasting
intervals of 24 h or more, TRF involves daily cycles of feeding–fasting that align feeding with
the organism’s active phase. In doing so, TRF reshapes gene expression patterns and strengthens
rhythmic oscillations in clock-controlled genes and rhythms in their downstream functions (13,
18, 19, 33, 39, 43, 54, 60, 73, 104, 115, 116, 132, 133). This makes TRF a particularly promising
intervention for strengthening metabolic rhythms, enhancing circadian coherence across tissues,
and promoting overall health.

3.2.1. Strong evidence for metabolic and cardiovascular benefits. The metabolic benefits
of TRF are among the most thoroughly characterized in preclinical models (Figure 2; Table 1).
In mice fed an HFD, restricting food intake to the night, the natural feeding phase for nocturnal
animals, mitigates symptoms of metabolic syndrome including obesity, fatty liver, insulin resis-
tance, and hyperlipidemia, even when food intake and body weight remain similar to ad libitum
(free-fed) controls (7, 19, 54, 120). These benefits can be further amplified by narrower feeding
windows or when combined with resistance training, which modestly reduces caloric intake and
enhances metabolic efficiency (24, 120). Notably, metabolic health improvements persist even in
clock-deficient mice, indicating that feeding–fasting cycles alone are sufficient to drive metabolic
oscillations (17). In nutritionally challenged rats or hypertensive mice models, TRF also improves
atherogenic indices, lowers blood pressure (BP), and restores heart rate rhythms, reflecting its
broader cardiometabolic protective effects (6, 61, 117).

Mechanistically, TRF appears to enhance cardiometabolic health by reestablishing rhythmic
transcriptional and metabolic programs within the liver, adipose tissue, skeletal muscle, and vas-
culature that are otherwise blunted by HFDs, including pathways regulating lipid and glucose
metabolism, nutrient transport, mitochondrial function, and redox homeostasis (99). In adipose
tissue, TRF further promotes thermogenic remodeling by enhancing creatine-driven substrate
cycling and energy dissipation (55).
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Figure 2

Circadian aligned time-restricted feeding improves circadian rhythms and health in model organisms. (a) Schematic of key nocturnal
and diurnal animal models used to study the impacts of time-restricted feeding. (b) Representation of appropriate temporal alignment
and enhanced amplitude in clock gene expression between diurnal and nocturnal species. (c) Types of health improvements conferred
by time-restricted feeding.

3.2.2. Expanding evidence for improved gut rhythms, cognition, and cancer. A growing
body of evidence indicates that TRF not only reorganizes host metabolism but also profoundly
reshapes the gut environment (Figure 2; Table 1). In addition to enhancing gut integrity (57),
TRF reestablishes diurnal oscillations in microbial community composition and metabolite pro-
duction, thereby restoring host–microbe synchrony and the rhythmic partitioning of nutrient
handling across the day–night cycle (26, 39, 132, 133). In diurnal pigs, TRF induced reprogram-
ming of hypothalamic aromatic amino acid metabolism (133) alongside altered colonic nutrient
flux and microbial rhythmicity (132), highlighting coordinated central-peripheral adjustments in
a species with human-like activity patterns and physiology. Similar work in rats has found that spe-
cific bacterial genera become upregulated by TRF, including Lactobacillus and Akkermansia, which
are associated with mucosal integrity, metabolism, and anti-inflammatory signaling (97). In mod-
els of chronodisruption, including jet lag and cancer, TRF also restored rhythmicity in intestinal
metabolism and microbiota-linked pathways, effectively counteracting circadian misalignment at
the gut level.

In the nervous system, TRF has been found to modulate neuroinflammation and cognitive
function (Figure 2; Table 1). In mouse models of Alzheimer’s disease, TRF reduced amyloid
deposition, improved sleep–activity rhythms, and rescued spatial memory performance through
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attenuation of pathology-related and neuroinflammatory gene expression (136). Complementary
findings from aging and obesity paradigms show preserved motor coordination, mitochondrial
function, and neuronal redox balance, reflecting enhanced resilience of neural circuits tometabolic
and circadian stress under TRF (16, 21, 127). These effects align with broader evidence linking
circadian alignment to neuroprotection and the stability of the gut–brain axis (21), suggesting
that TRF’s benefits for cognition may also arise in part through microbiome-mediated neuroim-
mune signaling and rhythmic regulation of metabolites such as short-chain fatty acids, tryptophan
derivatives, and bile acids.

Although still limited, emerging evidence suggests that TRF may exert protective effects
against cancer development and progression (Figure 2;Table 1). Inmurinemodels of lung adeno-
carcinoma, TRF delayed tumor progression, reprogrammed circadian metabolism, and restored
rhythmicity in hepatic and intestinal gene expression (39, 115). Similarly, TRF slowed the emer-
gence of neoplastic-prone tissue states during aging (114) and attenuated metabolic dysfunction
associated with steatohepatitis and hepatocellular carcinoma in obese mice (27).Collectively, these
results align with studies demonstrating that disrupted feeding–fasting cycles accelerate tumori-
genesis and metabolic reprogramming (131), reinforcing the concept that temporal alignment of
nutrient intake can modulate cancer susceptibility.

3.2.3. Female fertility: encouraging but controversial. More recently, in females, TRF has
been found to enhance reproductive function through coordination of endocrine and metabolic
pathways (Figure 2; Table 1). In mice, it improves ovarian clocks and estrous cyclicity, preserves
ovarian reserve, and increases fertility markers via hepatic fibroblast growth factor 21 (FGF21)
signaling, although more so under HFD feeding conditions (62, 73). In diurnal chickens and flies,
aligning feeding with the light phase also improves egg quality and reproductive longevity (57,
79, 110). However, contrasting work in finches suggests that TRF is instead detrimental to repro-
ductive fitness in both males and females (101, 102). Additional studies are needed to disentangle
the relative contributions of feeding phase, caloric intake, and species-specific metabolic demands
and to determine whether the reproductive benefits of TRF extend across sexes.

3.2.4. Key takeaways and knowledge gaps for future researchers using model organisms.
A defining feature of TRF is the alignment of feeding windows with the organism’s endogenous
circadian activity phase, thereby reinforcing circadian oscillations and promoting systemic health.
Across models, the most consistent and robust benefits occur when food intake coincides with the
active phase, nighttime in nocturnal rodents and daytime in diurnal species, whereas misaligned
feeding disrupts circadian clocks and blunts or abolishes these effects (1, 7, 9, 31, 55, 116, 142,
143) (Table 1).Within aligned feeding schedules, increasing attention has been given to whether
earlier or later feeding onset within the active phase confers greater benefits. Current evidence
suggests that earlier feeding windows enhance fat and body weight loss, insulin sensitivity, lipid
metabolism, and BP regulation, while delayed feeding shows damped or no effect (60, 104, 125).
These findings highlight the importance of considering both duration and phase of feeding when
designing TRF protocols. The distinction between early and late TRF remains underexplored in
model organisms, particularly beyond cardiometabolic health. Expanding this work will be key to
developing phase-appropriate, translational TRF strategies for humans with diverse chronotypes
and activity patterns.

Most of the current metabolic, cardiovascular, neurological, gut, and cancer data derive from
nocturnal rodents under nutritional challenges such as HFDs, raising some uncertainty about ef-
ficacy in diurnal, metabolically normal species (Table 1). Studies in diurnal flies strongly support
the idea that aligning feeding with the active phase preserves metabolic health, cardiac perfor-
mance, gut integrity, and fecundity (43, 57, 127); work in chickens also indicates benefits for
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fertility and egg quality (79, 110). Yet some mechanisms may not fully translate from inverte-
brates and birds to mammals. Encouragingly, the studies in pigs, a diurnal model physiologically
similar to humans, show that TRF reprograms brain and gut gene expression, enhances micro-
bial and digestive function, and even reduces body weight without a reduction in calories (132,
133). Continued investigations in diurnal mammalian models under normal dietary conditions
are critical to establish whether TRF’s health benefits extend beyond nocturnal physiology and
to elucidate the mechanistic links between feeding time, circadian alignment/enhancement, and
improved health.

Female animals remain markedly underrepresented in TRF research, despite emerging ev-
idence for sex-specific differences in circadian regulation (8, 74, 123). When included, females
exhibit not only improved reproductive outcomes (60, 62, 73, 79, 110) but also notable gains in
cardiometabolic health (16, 43, 57, 62, 73, 127, 136) (Table 1). However, direct male-to-female
comparisons reveal that these benefits are often less pronounced in females or show distinct re-
sponses, such as reduced food intake or improved sleep (16, 127, 136). Moreover, female rodents
are known to exhibit greater resistance to HFD-induced weight gain and can maintain feeding
rhythms under dietary challenge (94, 96, 100), suggesting that TRF effects and mechanisms likely
differ fundamentally across sexes. Future studies should therefore incorporate balanced sex com-
parisons and evaluate TRF outcomes side by side to better delineate sex-specific mechanisms and
responses.

Another limitation of the current TRF literature is analyses for age-specific and long-term ef-
fects.Many studies initiatedTRF in young adulthood and continued for 12weeks or less (Table 1).
Nevertheless, several investigations have begun to address this gap. In mice, TRF maintained
metabolic and inflammatory benefits into midlife, though the magnitude of improvement dimin-
ished with age (16, 19, 141). Similarly, in aged rats, TRF reduced hepatic steatosis, neoplastic
lesions, and oxidative stress while improving lipid metabolism and neurotrophic signaling (114).
Aging flies and hens have also exhibited prolonged fecundity and enhanced intestinal integrity
under daytime TRF regimens (57, 79), suggesting that benefits do extend across the lifespan.
Very recently, a lifelong TRF study in male and female mice further showed that TRF attenuated
age-related increases in body weight and adiposity, improved behavioral rhythms, reduced frailty,
and extended overall health span (66). Importantly, post-TRF studies indicate that some of these
benefits can persist even after a return to ad libitum feeding, suggesting a degree of metabolic
“memory” or reprogramming (19, 147). However, these studies are still sparse. Extending TRF
paradigms to include more longitudinal, late-onset, and postintervention designs will be essential
to determine whether TRF acts primarily as an acute circadian-metabolic reset or as a durable
chrononutritional strategy for healthy aging.

3.3. Time-Restricted Feeding as a Circadian Enhancing Intervention to Improve
Lifespan in Model Organisms

One of the most pressing questions is whether TRF can extend lifespan, as caloric restriction
(CR) robustly does across multiple species (2, 46). Evidence has remained limited largely due to
the substantial time and resources required for lifespan studies. In female Drosophila, restricting
feeding to an 8-h daytime window increased median lifespan by 26%, although this regimen also
reduced caloric intake (57) (Table 1). In mice, combining 30% CR with 12-h TRF during the
active phase enhanced median lifespan extension to 35%, compared with 10% under CR alone
(1) (Table 1). Recently, direct tests of TRF alone in mice found that a 12-h TRF regimen with
largely isocaloric feeding was not sufficient to extend lifespan in either male or female mice (66). In
contrast, restricting feeding to an 8-h window in the middle of the active phase extended lifespan
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in male mice by 12%, although this intervention also reduced food intake by ∼20% relative to
ad libitum controls. Collectively, these findings suggest that meal timing can influence longevity
outcomes, potentially in a sex-dependent manner, but additional work is needed to disentangle
the independent contributions of feeding window duration, feeding phase, and caloric intake.

4. CLINICAL APPLICATION AND HEALTH OUTCOMES
OF TIME-RESTRICTED EATING

Fasting is an ancient tradition that is ingrained in human history in spiritual, cultural, and medic-
inal contexts. Aside from personal experiments conducted on research subjects in the 19th and
early 20th centuries (70), formal studies of fasting as an obesity treatment began in 1915. This
initial research involved two obese individuals who underwent fasts lasting several days, with the
production of acetoacetic acid used to determine the fasting duration (41). However, prolonged
periods of food deprivation often proved difficult to sustain and presented safety issues, leading
researchers to explore paradigms of shorter andmoremanageable periods of CR.This exploration
gave rise to the modern framework of IF, which focuses on regular, planned periods of eating and
noneating rather than continuous energy deprivation (30). TRE is a specific and highly studied
form of IF that is defined by restricting the entire daily energy intake to a consistent, narrow
window, typically 4 to 12 h, without necessarily restricting what is eaten (30, 108). This protocol
has emerged as a viable solution for humans wishing to undergo dietary interventions without
having to necessarily conform to a strict deprivation of food. Seminal work by Gill & Panda (44)
explored the specific timing of caloric intake in humans and demonstrated that humans under ad
libitum conditions tend to consume food in an erratic manner, spanning 15 h or longer, as well
as a bias to eating later in the day. Modulating this erratic pattern by implementing a restrictive
daily 10-h window of food intake for 16 weeks resulted in weight loss, increased perceived en-
ergy levels, and improvements in sleep in overweight individuals. Prior and subsequent studies
in humans have confirmed these results, showing that TRE has a wide range of benefits includ-
ing weight loss, body composition, and cardiometabolic markers. In the following sections, we
attempt to identify the benefits of TRE and its ability to align circadian rhythms and human
physiology.

4.1. Human Health Benefits of Time-Restricted Eating

One of the most consistent findings across the literature is the efficacy of TRE in promoting
weight loss and improving body composition (Table 2). This outcome is largely achieved by the
spontaneous reduction in daily caloric intake that occurs when the feeding window is shortened.
Studies have reported a reduction of 150–600 kcal/day in energy intake under TRE, the mag-
nitude of which is affected by the timing of the feeding window itself. In some studies, a direct
comparison of early (e) versus late (1) TRE has been made, showing that eTRE often leads to a
greater spontaneous reduction in energy intake over lTRE times (98, 140, 148). In studies where
TRE led to a reduction of daily intake, weight loss of ∼3–6% occurred. Conversely, other studies
have utilized isocaloric diets to ensure that body weight remains unchanged during TRE, to de-
lineate whether the benefits of TRE are indirectly attributed to a loss in weight or through direct
action of TRE alone (29, 89, 121).

Body composition has also been used to determine the exact areas where body weight loss is
occurring. TRE has been shown to lead to reductions in visceral fat (67, 121), ectopic fat, and
intrahepatic fat depots. Additionally, TRE with resistance training (124) or applied to older pop-
ulations (89) preserves muscular strength and lean mass, demonstrating TRE to be a viable and
safe option for causing weight loss in desirable areas.
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Evidence for the direct metabolic benefits of TRE is most clearly demonstrated by its impact
on glycemic control, a change frequently observed independent of, or as an effect additive to,
weight loss. A 2018 controlled feeding, randomized crossover trial (RCT) in men with prediabetes
showed that TRE improved insulin sensitivity and reduced oxidative stress, even when calories
were matched to maintain body weight (121). In clinical populations, this translates to tangible
disease management; studies in adults with T2DM consistently report reduced hemoglobin A1c
levels (HbA1c) and enhanced effectiveness of insulin treatment (87, 88, 98). TRE has also led to
improvements in the efficacy of medications taken for individuals with T2DM (20).

Beyond core metabolic markers, TRE consistently shows positive impacts on cardiovascular
risk factors,most notably BP.Reductions in both systolic and diastolic BP are a widespread finding
across diverse cohorts, including those with obesity, metabolic syndrome, and hypertension (22,
42, 82, 121).The intervention’s power is demonstrated by its synergistic effects: a 2024 RCT found
that combining TRE with the Dietary Approaches to Stop Hypertension (DASH) diet yielded a
greater reduction in BP than the DASH diet alone (151). Importantly, this study showed that TRE
led to an increase in the diurnal rhythm of BP,which is a significant clinical finding, as an abnormal
BP diurnal rhythm (nondipping) is associated with an increased risk of cardiovascular morbidity
and mortality (56).

Beyond core outcomes, the benefits of TRE extend to improving cardiovascular health and
mitigating cellular stress. Regarding lipid profile, while results can vary, several studies report sig-
nificant improvements. For individuals with T2DM and overweight, a 10-h TRE protocol was
found to significantly lower triglycerides (TGs), total cholesterol (TC), and low-density lipopro-
tein cholesterol levels (20). Furthermore, a study of TRE in subjects with metabolic syndrome
showed overall improvements in TC and TG levels (87). This finding aligns with smaller trials
showing a reduction in fasting TGs in men with T2DM following eTRE. A second key bene-
fit is the reduction of oxidative stress, a direct indicator of cellular damage caused by metabolic
imbalance. In a controlled, isocaloric study on men with prediabetes, a 6-h eTRE protocol signifi-
cantly reduced oxidative stress markers, demonstrating an effect independent of weight loss (121).
This direct benefit was also reported in subjects with obesity following both 4-h and 6-h TRE
regimens (22). These findings collectively suggest that TRE modulates metabolic function and
cellular health through a direct chronobiological pathway, delivering benefits that extend beyond
simply reducing caloric intake.

4.2. Timing of Time-Restricted Eating

Research has investigated the relative contribution of the eating window’s timing and duration
in TRE (Table 2). Research shows that TRE can directly improve the rhythmicity of adipose
transcriptome after an 8-week intervention (150). The accumulated data also strongly support the
superiority of eTRE, where the eating window is deliberately shifted to the first half of the day
(Figure 3). Some studies have shown that weight loss is increased by eTRE (34, 65, 140, 146, 148).
This is often accompanied by a greater reduction in caloric intake. Additionally, glucoregulatory
benefits are seen in eTRE versus lTRE, with improvements in glucose tolerance and insulin
sensitivity along with reductions in fasting glucose and insulin resistance (23, 65, 121, 140, 148).
Peak insulin sensitivity occurs early in the day (109), and the efficiency at which food is processed
declines into the evening, suggesting that the benefits of eTRE are likely due to aligning caloric
intake with the early-day period of optimal metabolic efficiency. It is important to note that
many of the glucoregulatory measures themselves are subject to internal circadian regulation.
Studies have attempted to correct this by measurements at specific times either following a fast
or prior to the dictated meal timing. Long-term adaptation to a specific TRE protocol may also
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TRE

↑ Glucose
homeostasis/

insulin sensitivity

↑ Sleep +
mood

↓ Blood
pressure

↓ Body weight
+ adiposity

↓ Caloric intake
+ hunger

↓ Inflammation +
oxidative stress

M
idday/late

TRE

Early TRE

En
d:

~1
8:
00
–2
0:
00

Be
gi

n:
>1
1:
00

Begin: ~6:00–8:00

End: ~14:00–16:00

TRE

Benefits are stronger in early
TRE

Figure 3

Time-restricted eating (TRE) improves health in humans, with notable benefits under early TRE. Schematic
of the timings of early, midday, and late TRE paradigms tested in clinical trials and the various health
benefits found in humans. While early or late TRE shows improvements, benefits are strongest and most
consistent with early TRE.

influence these metabolic measures. The observation that human hunger peaks in the evening
while metabolic efficiency peaks in the morning presents a remaining evolutionary or behavioral
paradox for long-term adherence to eTRE.

4.3. Practicality of Time-Restricted Eating and Its Effect on Behavior

TRE has merit as an easy-to-implement lifestyle change that can be sustained long-term and
widely adopted across diverse populations. Unlike other fasting regimes, such as energy restric-
tion or IF, which require calorie deprivation and complex calorie counting, TRE simplifies the
dietary framework by relying on the single, unambiguous rule of when to eat. This attribute is
central to its feasibility as a public health intervention. Early studies investigated the practicality
and behavioral impacts that TRE has. Early observational studies (44) successfully demonstrated
the feasibility of self-selected 10–12-h daytime windows for free-living adults. Subsequent, more
rigorous trials confirmed high adherence rates even for more restricted windows, such as the
4/6-h TRE protocol (22) and an 8-h window in high-risk groups (34), or even in groups un-
dertaking shift work (88). The success in compliance is directly linked to the fact that participants
spontaneously reduce their energy intake, with deficits documented up to 650 kcal/day, making
the lifestyle adaptation straightforward and intuitive (124). While adherence is generally high,
TRE is not devoid of behavioral impacts; a study showed that eTRE was having a negative impact
on the subject’s ability to socialize in the evenings (5), and another noted increased impulsivity
to food (48), suggesting a temporary psychological and behavioral adjustment period during the
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transition to a regimented eating schedule. However, these minor effects are often balanced by
findings that TRE does not negatively alter general behavioral attitudes toward food or body im-
age. Overall, the consensus remains that the sheer simplicity and accessibility of TRE provides a
significant advantage in promoting sustainable, long-term metabolic health.

5. CONCLUSIONS

TRF and TRE have emerged as powerful interventions that align daily food intake with circadian
rhythms, improving metabolic, cardiovascular, and cognitive health across diverse species, even
without reducing calories. Across models ranging from flies to mammals, TRF restores rhyth-
mic gene expression, enhances metabolic flexibility, protects against diet-induced disease, and, in
some cases, promotes reproductive and neuroprotective benefits. In humans, TRE consistently
improves body composition, glycemic control, and cardiovascular function, with the strongest
benefits observed when eating is confined to the early part of the day. Yet, major gaps remain, as
most mechanistic data derive from nocturnal males under dietary challenge, leaving the effects
in diurnal, metabolically normal, and female models underexplored. Future work must there-
fore test phase-specific, longitudinal, and translational paradigms that reflect human diversity in
chronotype and lifestyle. Altogether, the convergence of circadian biology and nutritional sci-
ence positions TRF/TRE as one of the most promising, low-cost, and physiologically grounded
strategies to improve health and aging.
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