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ABSTRACT

Background: Metabolic syndrome (MetS) is a complex con-
dition characterized by central obesity, insulin resistance, hyper-
tension, and dyslipidemia, significantly raising the risk for
chronic diseases such as cardiovascular disease and type 2 dia-
betes. Recent research emphasizes meal timing and frequency
as potentially modifiable lifestyle factors influencing metabolic
health independently of caloric intake.

Objective: To systematically review how meal timing and
meal frequency impact the development, prevention, and
management of metabolic syndrome.

Methods: A comprehensive search across Semantic
Scholar, Google Scholar, and Scopus extensive academic
database, identified relevant literature. Studies were included
if they assessed meal timing/frequency interventions in
adults, reported metabolic syndrome components, involved
human subjects, and lasted at least four weeks. Data extrac-
tion systematically focused on study design, participant char-
acteristics, intervention specifics, and metabolic outcomes.

Results: Thirty-two studies were reviewed, comprising
randomized controlled trials, cohort studies, meta-analyses,
and intervention studies. Key findings indicate that regular
and early time-restricted eating significantly improves insulin
sensitivity, glucose metabolism, lipid profiles, and body com-
position (e.g., reduced visceral fat and waist circumference).
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Conversely, irregular or infrequent eating patterns, such as
one meal per day, are associated with negative outcomes, in-
cluding elevated blood pressure and cholesterol levels.

Conclusions: Aligning meal timing and frequency with cir-
cadian rhythms and maintaining consistent meal schedules
notably enhances metabolic health markers. These findings
provide strong support for incorporating chrononutrition prin-
ciples into public health recommendations and clinical prac-
tices for managing metabolic syndrome.

KEYWORDS
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INTRODUCTION

Metabolic syndrome represents a complex and pervasive
public health challenge, characterized by a constellation of in-
terconnected physiological and biochemical abnormalities, in-
cluding central obesity, hypertension, dyslipidemia, and im-
paired glucose tolerance!. This syndrome is not merely a
collection of symptoms but a significant risk factor for the de-
velopment of severe chronic non-communicable diseases,
most notably cardiovascular disease and type 2 diabetes. The
escalating global prevalence of metabolic syndrome under-
scores an urgent need for a deepened understanding of its
multifactorial etiology and the identification of effective, scal-
able interventions for both its prevention and management?.

Conventional strategies for addressing metabolic syndrome
typically encompass a multifaceted approach that combines
pharmacological treatments with foundational lifestyle modifi-
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cations. These lifestyle interventions primarily involve dietary
adjustments and recommendations for increased physical ac-
tivity, aiming to improve individual metabolic parameters and
reduce overall disease burden3. While these established
methods have demonstrated efficacy in mitigating the pro-
gression of metabolic syndrome, their implementation often
faces challenges related to patient adherence and long-term
sustainability, highlighting the imperative for exploring com-
plementary or alternative strategies that could enhance their
impact.

In recent years, scientific inquiry has increasingly shifted
focus beyond the macronutrient composition of diets to the
temporal aspects of food intake—specifically, meal timing and
frequency. This emerging paradigm recognizes that when and
how often an individual eats can exert profound effects on
metabolic processes, independent of total caloric intake.
Studies suggest that maintaining consistent meal schedules,
particularly those that front-load energy intake earlier in the
day, can optimize glucose regulation, enhance insulin sensi-
tivity, and modulate other crucial metabolic markers*>.
However, a comprehensive and synthesized understanding of
these temporal dietary patterns in the context of metabolic
syndrome remains crucial for clinical application.

Despite the growing recognition of chrononutrition’s poten-
tial, a clear, unified picture of how specific meal timing and
frequency patterns directly influence the development, pre-
vention, and management of metabolic syndrome is still
evolving. There is a discernible research gap in systematically
consolidating the evidence across diverse study designs and
populations. Therefore, this paper aims to address this gap by
conducting a comprehensive review of the existing literature.
Our primary objective is to elucidate the specific effects of
meal timing and meal frequency on key metabolic syndrome
outcomes, thereby contributing to evidence-based recom-
mendations for improved public health interventions.

METHODOLOGY

To comprehensively investigate the influence of meal tim-
ing and frequency on the development, prevention, and man-
agement of metabolic syndrome, a systematic search was ex-
ecuted across the extensive Semantic Scholar corpus, Google
Scholar, and Scopus, encompassing over 126 million aca-
demic papers. This initial broad search strategy was designed
to capture a wide array of relevant literature, resulting in the
retrieval of 500 papers identified as most pertinent to the
core research question. Subsequent to the initial retrieval, a
rigorous screening process was implemented to ensure the
inclusion of only high-quality and directly relevant studies.
The predefined inclusion criteria for this screening phase
were multifaceted: studies must have examined meal timing
and/or frequency interventions (e.g., time-restricted feeding,
intermittent fasting, meal spacing, specific number of meals
per day); all study participants must have been adults (aged

18 years or older); the studies were required to measure at
least one component of metabolic syndrome (e.g., hyperten-
sion, dyslipidemia, insulin resistance, central obesity); eligible
study designs included intervention studies (randomized con-
trolled trials, quasi-experimental designs), prospective cohort
studies, or systematic reviews/meta-analyses; the interven-
tion or follow-up duration needed to be a minimum of four
weeks; studies had to be conducted in human subjects; and
the intervention’s focus needed to extend beyond mere
caloric restriction to include timing or frequency components.
Additionally, participants were required to be free from se-
vere medical conditions that could independently confound
metabolic outcomes. Each screening question was carefully
considered in conjunction with the others to make a holistic
judgment on a paper’s suitability for inclusion.

Data extraction from the selected papers was systemati-
cally performed utilizing a large language model, which was
meticulously guided by precise, pre-defined instructions for
each data column. The model was provided with pre-defined
instructions specifying: (1) identification of study design
(e.g., randomized controlled trial, cohort, intervention, or
meta-analysis); (2) extraction of participant characteristics
(sample size, age range, sex ratio, and inclusion/exclusion
criteria); (3) description of meal timing or frequency inter-
vention (type, duration, timing schedule, and number of
meals per day); and (4) extraction of primary metabolic out-
comes (body weight, glucose metabolism, insulin sensitivity,
lipid profile, and blood pressure). The outputs were subse-
quently verified manually by two independent reviewers for
accuracy and completeness. To ensure data validity and re-
producibility, a manual review by two independent re-
searchers was conducted on all extracted data entries. The
human reviewers cross-verified the model’s outputs against
the original publications to confirm accuracy, completeness,
and proper contextual interpretation of study parameters.
Any discrepancies between the model output and the source
text were corrected manually, and consensus was reached
through discussion. For every included study, the model was
tasked with specifying the exact study design, differentiat-
ing between randomized controlled trials, cohort studies,
cross-sectional studies, and intervention studies, with par-
ticular attention paid to descriptions within the methods sec-
tion. In instances where the design was not explicitly stated,
the methodology was thoroughly reviewed to determine the
most appropriate classification, and any multiple design ele-
ments were comprehensively listed. Participant characteris-
tics, extracted primarily from “Participants” or “Subjects”
sections, included the total number of participants, age
range or mean age, gender distribution, specific health sta-
tus or metabolic conditions (e.g., metabolic syndrome, obe-
sity, diabetes risk), and clear inclusion/exclusion criteria.
Missing participant information was explicitly noted. Details
of meal timing and frequency interventions were extracted
from the methods section, focusing on precise descriptions
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of protocols, such as the number of meals per day, specific
meal timings (e.g., hours or relative to circadian rhythms),
intervention duration, and any unique instructions regarding
meal consumption. For studies comparing multiple groups,
details for each were extracted separately. Finally, primary
metabolic outcomes, including body weight changes, glu-
cose metabolism markers, insulin sensitivity, lipid profile,
and blood pressure, were extracted from the results section,
emphasizing statistically significant findings, specific mea-
surement values, statistical significance (p-values), and
measurement units.

RESULTS
Characteristics of Included Studies

The analysis of the included studies reveals a diverse land-
scape of research designs and participant populations explor-
ing the impact of meal timing and frequency on metabolic
health. Out of the 32 studies analyzed, the majority, 22, were
randomized controlled trials (RCTs), including both crossover
and parallel designs. Additionally, four cohort studies, four in-
tervention studies, three meta-analyses, and two pilot trials
were identified. This variety in study designs indicates a ro-

Table 1. Characteristics of Included Studies

40 women with obesity

. Population Intervention Type .
S SEE LEE Characteristics (Timing or Frequency) RITETR7 (CHEEETED
) . . 12 healthy adults, mean | Daytime (08.00-19.00h) Body weight, glucose
Allésooznoe(tsﬂ., Rar\;ﬁt?hméiggsg?/gtrg!? rt]rlal age 26.3 + 3.4 years, vs. Delayed (12.00- metabolism, insulin sensitivity,
o BMI 19-27 kg/m2 23.00h) eating schedule lipid profile
Blazev et al Systematic review and meta-| Adults aged 18 years, Low (3 meals/day) Body weight, Body Mass
Y i analysis of randomized healthy, overweight, vs. High (4 meals/day) Index (BMI), glucose
2023 (7) : . : ! -
controlled trials and obese eating frequency metabolism, lipid profile
Body Mass Index (BMI),
Dedov et al 77 patients with 3 meals/day at specific body fat, insulin sensitivity
2021 (8) i Intervention study metabolic syndrome, times (7-9 am, 1-2 pm, (Homeostatic Model
32 men and 45 women 6-7 pm) Assessment of Insulin
Resistance (HOMA-IR))
. . . Body weight, glucose
Grangeiro et al., | Randomized controlled trial 6 meals/day

metabolism, insulin sensitivity,

2020 (9) with parallel design vs. 3 meals/day lipid profile
Guo et al 39 patients with 8 weeks of “two-day”
N Randomized controlled trial metabolic syndrome, modified intermittent Fat mass
2020 (10) 3
aged 30-50 years fasting
He et al., Randomized controlled trial Participants with 8-hour time-restricted Body weight, visceral fat,
2022 (11) metabolic syndrome eating schedule fasting glucose, lipid profile

Kessler et al.,
2020 (12)

Randomized controlled trial
with crossover design

29 non-diabetic men,
mean age
45.9£2.5 years

High-carb meal at 09:00
and high-fat meal
at 15:40, or vice versa

Lipid metabolism,
insulin sensitivity

Kunduraci and
Ozbek, 2020 (13)

Randomized controlled trial

70 metabolic syndrome
patients,
aged 18-65 years

Intermittent Energy

Restriction vs. Continuous

Energy Restriction

Body weight, glucose
metabolism, insulin sensitivity,
lipid profile, and blood
pressure

design

pm) vs. Control

. Randomized controlled trial Women aged 8-hour time-restricted Bod_y we_lght,_glucosg_ .
Lin et al., - 40-65 years, - o metabolism, insulin sensitivity,
with open-label and parallel- . feeding vs. traditional L
2021 (14) roun desian BMI 24 kg/m2 or waist weiaht-loss method lipid profile,
group 9 circumference > 80 cm o and blood pressure
Lynch et al Randomized controlled trial Early-TRF (7 am-3 pm)
2020 (15)" with an intervention study No mention found vs. Late-TRF (12 pm-8 No mention found
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Table 1 continuation. Characteristics of Included Studies

Study

Study Design

Population
Characteristics

Intervention Type
(Timing or Frequency)

Primary Outcomes

Makarem et al.,
2020 (16)

Prospective cohort
study

116 US women, aged
20-64 years, mean age
33%12 years

Observational study of nightly
fasting duration and eating
timing

Waist circumference, fasting
glucose, blood pressure

Manoogian et al.,
2022 (17)

Randomized
controlled trial

137 firefighters,
aged 23-59 years,
9% female

10-hour time-restricted
eating

VLDL particle size, glycated
hemoglobin A1C, and
diastolic blood pressure

Manoogian et al.,
2024 (18)

Randomized
controlled trial

108 adults with metabolic
syndrome, mean age
59 years

8-10 hour time-restricted
eating

Glycated Hemoglobin
(HbA1c)

Meessen et al.,
2022 (19)

Randomized
controlled trial with
crossover design

11 free-living healthy
lean individuals, mean
age 31.0%1.7 years

3 meals/day
vs. 1 meal/day
(between 17:00 and 19:00)

Body weight, glucose
metabolism, insulin
sensitivity, lipid profile

Palomar-Cros
et al., 2023 (20)

Cohort study

103,312 adults, mean
age 42.7 years,
79% women

Observational study of meal
timing and frequency

Incidence of type 2
diabetes

Pureza et al.,
2020 (21)

Meta-analysis
of randomized
controlled trials

Adults older than
18 years with
BMI > 25 kg/m$/°2$

Early time-restricted feeding

Fasting glucose,
Homeostatic Model
Assessment of Insulin
Resistance (HOMA-IR)

Samiilenko et al.,

Intervention study
with before-and-

77 patients with
metabolic syndrome,

3 meals/day at specific times

Body Mass Index (BMI),
body fat, insulin sensitivity
(HOMA-IR), waist

crossover design

vs. 12-hour feeding period

2020 (22) after design 32 men and 45 women (7-9 am, 1-2 pm, 6-7 pm) .
circumference

. Randomized . . Body weight, glucose
Singh et al., controlled trial with 22 healthy adults Morning Vs E_venlng meal metabolism, and blood

2019 (23) . timing

crossover design pressure
Srour et al., 103,312 adults, mean Observational study of meal Incidence of type 2
2022 (24) Cohort study age 42.7 years, timing and frequency diabetes
79% women
Randomized Early time-restricted feeding

Sutton et al., controlled trial with Men with prediabetes (6-hour feeding period, Insulin sensitivity, blood

2018 (25) P dinner before 3 p.m.) pressure

Vaughan and
Mattison, 2018
(26)

Cross-over study
with intervention
design

8 pre-diabetic men,
overweight and
borderline hypertensive

Early time-restricted feeding
(6-hour period, meals
completed by 3 p.m.)

vs. 12-hour feeding period

Insulin sensitivity, blood
pressure, lipid profile

Wang et al.,
2023 (27)

Systematic review

and meta-analysis of
randomized

controlled trials

372 healthy and obese
adults

Time-restricted feeding
and alternate-day fasting
combined with physical
activity

Body weight, glucose
metabolism, lipid profile,
and blood pressure

Wehrens et al.,
2017 (28)

Intervention study
with crossover
design

10 healthy young men

3 meals/day,
early (0.5h after wake) vs.
late (5.5h after wake) timing

Glucose metabolism

Swiatkiewicz
et al., 2021 (29)

Multicenter single-
arm pilot clinical
trial with pre-post

intervention design

30 patients with
metabolic syndrome

10-hour time-restricted
eating

No mention found

Swiatkiewicz
et al,, 2024 (30)

Pilot clinical trial
(intervention study)

26 patients with metabolic
syndrome, mean age 45
+ 13 years, 62% women

10-hour time-restricted
eating

Body weight, glucose
metabolism, blood
pressure, waist
circumference
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bust effort to investigate causality and associations across dif-
ferent methodologies.

Regarding population characteristics, the sample sizes var-
ied considerably, with 12 studies having fewer than 50 partic-
ipants, 5 studies between 50 and 100, 3 studies between 100
and 1000, and 3 studies with over 1000 participants. The
populations studied also varied: 9 studies focused on individ-
uals with metabolic syndrome, 8 included healthy or normal-
weight individuals, 6 were women-only studies, 5 were men-
only, 3 included mixed-weight populations, and 2 focused on
individuals with prediabetes. These diverse populations pro-
vide a broad perspective on the applicability of findings.

The types of interventions examined were primarily time-
restricted eating (11 studies), meal timing (10 studies), and
meal frequency (9 studies). Fewer studies focused on inter-
mittent fasting (2), energy restriction (1), and meal compo-
sition (1). This highlights a strong interest in temporal eat-
ing patterns as interventions. The most frequently assessed
outcomes were glucose metabolism (16 studies), lipid pro-

file (15 studies), insulin sensitivity (14 studies), body weight
(13 studies), and blood pressure (12 studies). Less com-
monly examined parameters included body fat/waist cir-
cumference (7 studies), BMI (3 studies), diabetes incidence
(3 studies), glycated hemoglobin (HbAlc) (2 studies), and
thermic effect of food (1 study).

Effects of Meal Timing and Frequency:
Metabolic Outcomes

Our analysis of the 32 included studies revealed a predom-
inant trend of positive effects from various meal timing and
frequency interventions on metabolic parameters. Specifically,
20 studies reported positive effects, indicating a beneficial im-
pact on metabolic health markers. Five studies showed mixed
effects, suggesting that the outcomes might be dependent on
specific conditions or individual variability. Three studies re-
ported negative effects, while one study reported neutral ef-
fects. For three studies, information regarding the effect di-
rection on metabolic parameters was not available.

Table 2. Effects of Meal Timing and Frequency on Metabolic Outcomes

Study Intervention Category Metabolic Parameters Effect Direction Clinical Significance
Allison et al., Daytime vs. Delayed Bod_y weight, _Glucos_e_ . Positive for Improved_ metaboll_c
2020 (6) eating metabollsnj,.Insulln sensitivity, daytime eating outcomgs with a daytime
Lipid profile eating schedule
. Body weight, Body Mass Index No significant differences
Blazey et al, High vs. Low meal (BMI), Glucose metabolism, Neutral between high and low meal
2023 (7) frequency o -
Lipid profile frequencies
Dedov et al., 3 meals/day at specific Body Mass Index (BMI), . Improved Body Mass.Inde.x
: - R Positive (BMI), body fat, and insulin
2021 (8) times Body fat, Insulin sensitivity o
sensitivity
Grangeiro et al., 6 meals/day Body weight, glucose Improvements in both groups,

metabolism, Insulin sensitivity,

Positive for both

2020 (9) vs. 3 meals/day Lipid profile with some differences
Guo et al., . . .
2020 (10) Intermittent fasting Fat mass Positive Reduced fat mass
He et al., Time-restricted eatin Body weight, Visceral fat, Positive Improvements in various
2022 (11) 9 Fasting glucose, Lipid profile metabolic parameters
. . Effects on lipid metabolism
Kessler et al, Meal composition timing Lipid metabolism, Mixed and insulin sensitivity

2020 (12)

Insulin sensitivity

depending on timing

Kunduraci and
Ozbek, 2020

Intermittent vs. Continuous
energy restriction

Body weight, Glucose
metabolism, Insulin sensitivity,

Positive for both

Improvements in both groups

(13) Lipid profile, Blood pressure
netal, | Tmerestricied feeding | b SV LIS | e ncreased fasing olucose
2021 (14) vs. traditional ' b 99

Lipid profile, Blood pressure

with TRF
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Table 2 continuation. Effects of Meal Timing and Frequency on Metabolic Outcomes

Study Intervention Category Metabolic Parameters Effect Direction Clinical Significance
Lynch et al., . No mention .
2020 (15) Early vs. Late TRF No mention found found No mention found

Makarem et al.,
2020 (16)

Nightly fasting duration
and eating timing

Waist circumference, Fasting
glucose, Blood pressure

Negative for
longer fasting
and later eating

Poorer metabolic outcomes
with longer fasting and later
eating

Manoogian et al.,

VLDL particle size, Glycated

Improvements in

Palomar-Cros et al.,
2023 (20)

Meal timing and
frequency

Type 2 diabetes incidence

earlier and more
frequent meals

2022 (17) Time-restricted eating Hemoglobin (HbA1c), Positive cardiometabolic markers
Diastolic blood pressure

Manoogian et al., . . ) Glycated Hemoglobin . Improved Glycated
2024 (18) Time-restricted eating (HbA1c) Positive Hemoglobin (HbA1c)
Body weight, Glucose Improved metabolic

Me;g;;n(le;)al., v53 T?;]Ea/ 33}_; metabolism, Insulin Mixed flexibility but increased

' Y sensitivity, Lipid profile LDL-C with one meal/day

Positive for

Lower risk of type 2
diabetes

Pureza et al.,

Early time-restricted

Fasting glucose, Homeostatic

Improved fasting glucose
and Homeostatic Model

2020 (21) feeding Moigsgi:izznzﬂgﬁ:;gu“n Positive Assessment of Insulin
Resistance (HOMA-IR)
. 3 meals/day Body Mass Index (BMI), .
samiilenko et al., at specific Body fat, Insulin sensitivity, Positive Improvements in all
2020 (22) - L measured parameters
times Waist circumference
Singh et al,, Morning vs. Evening Body welght,. glucose Positive for Better metabolic outcomes
2019 (23) meal timing metabolism, morning eating with morning eating
and blood pressure
L Positive for .
Srour et al., Meal timing Type 2 diabetes incidence earlier and more Lower IT'SK of type 2
2022 (24) and frequency diabetes
frequent meals
Sutton et al., Early time-restricted Insulin sensitivity, Positive Improved insulin sensitivity
2018 (25) feeding blood pressure and blood pressure
Vaughan and Early time-restricted Insulin sensitivity, . Improved insulin sensitivity
. . - Mixed and blood pressure,
Mattison, 2018 (26) feeding Blood pressure, Lipid profile . ; .
increased triglycerides
Wang et al., TRF/ADF + Physical Body welght,. Glucose N Improvements in body
2023 (27) activity metabolism, Positive mass, fasting glucose, and
Lipid profile, Blood pressure HDL-C
Effects on glucose
Wehrens et al., Early vs- I__ate meal Glucose metabolism Mixed metabolism depending on
2017 (28) timing .
timing
éwiatkiewicz etal, Time-restricted . No mention .
2021 (29) cating No mention found found No mention found

Among the most frequently examined metabolic parame-
ters, insulin sensitivity and lipid profile were each assessed in
13 studies, highlighting their common relevance in chrononu-
trition research. Body weight and blood pressure were eval-
uated in 10 studies each, while glucose metabolism was a

primary outcome in 11 studies. Less commonly, but still no-
tably, fasting glucose, Body Mass Index (BMI), and type 2 di-
abetes incidence were each examined in 3 studies. Waist cir-
cumference and Glycated Hemoglobin (HbAlc) were
assessed in 2 studies each.
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Circadian System Effects

Several studies within this review underscore the critical
role of aligning meal timing with natural circadian rhythms
for optimal metabolic health. For instance, (28) demon-
strated that even a 5-hour delay in meals led to significant
alterations in glucose rhythms, indicating a direct impact of
meal timing on the body’s internal clock. Further support
comes from studies on early time-restricted feeding (eTRF),
such as those by (25) and (26), which suggest that harmo-
nizing food intake with circadian rhythms can lead to im-
proved metabolic outcomes. Observational studies further re-
inforce this, with research by (16), (20), and (24) providing
evidence that earlier meal timing and shorter eating windows
are associated with better metabolic health and a reduced
risk of type 2 diabetes.

Body Composition Changes

Meal timing and frequency interventions have also been re-
ported to induce significant changes in body composition.
Regarding weight loss, (14) observed a greater reduction in
weight in the time-restricted feeding group compared to the
control group, with a mean difference of -1.7% (p=0.012).
Fat mass reduction was another notable outcome, with (10)
reporting that intermittent fasting significantly reduced fat
mass, although specific values were not provided in their ab-
stract. Visceral fat, a metabolically active fat depot, was also
found to be reduced by time-restricted eating and combina-
tion treatments, as indicated by (11).

Waist circumference, a key indicator of central obesity and
metabolic syndrome risk, showed improvements in several
studies. (22) reported a decrease from 100.9+16.8 cm to
92.0£14.6 cm (p=0.003). Similarly, (30) documented a 2%
decrease (2.5+3.9 cm, p=0.003). Body fat percentage also
saw significant decreases. (8) and (22) both reported reduc-
tions in body fat percentage; for example, (22) found a re-
duction from 40.7%7.0 to 35.8+7.5 (p=0.007).

DISCUSSION

The systematic review of 32 studies investigating the impact
of meal timing and frequency on metabolic syndrome param-
eters consistently highlights the significant influence of tem-
poral eating patterns on various markers of metabolic health.
A substantial majority of the included studies reported positive
effects, indicating that strategically structuring when and how
often individuals eat can lead to beneficial outcomes. This ev-
idence underscores a paradigm shift in nutritional science,
moving beyond solely focusing on macronutrient and caloric
intake to incorporate chronobiological considerations as crucial
determinants of metabolic well-being.

One of the most compelling findings from this review is the
consistent demonstration that aligning meal patterns with the
body’s natural circadian rhythms can profoundly improve

Nutr Clin Diet Hosp. 2025; 45(4):183-191

metabolic outcomes. Studies by (28), (25), and (26) collec-
tively emphasize that early meal timing and time-restricted
eating, particularly with earlier eating windows, can optimize
glucose metabolism and insulin sensitivity. This alignment is
thought to leverage the body’s inherent physiological rhythms,
where insulin sensitivity is typically higher in the morning and
declines throughout the day, thus making earlier nutrient in-
take more metabolically efficient.

Furthermore, the regularity and distribution of meals
throughout the day emerge as critical factors. Studies com-
paring regular meal patterns to irregular or infrequent ones
consistently show benefits for improved insulin sensitivity,
lipid profiles, and reduced glucose responses. Beyond physi-
ological markers, significant changes in body composition
were frequently observed. Interventions involving specific
meal timing and frequency patterns, such as time-restricted
eating, consistently led to reductions in body weight, visceral
fat, waist circumference, and overall body fat percentage.
The findings from (14), (10), (11), and (22) provide strong
evidence for the efficacy of these approaches in improving
anthropometric measures that are central to metabolic syn-
drome diagnosis and risk assessment. These body composi-
tion changes contribute directly to a reduced cardiometabolic
risk profile.

Time-restricted eating (TRE) stands out as a particularly
promising intervention, with a notable number of studies fo-
cusing on its efficacy. The positive effects of TRE on various
metabolic parameters, including glucose metabolism, insulin
sensitivity, lipid profiles, and body weight, were widely re-
ported (11,21). The mechanism behind TRE’s benefits likely
involves extended fasting periods, which can promote
metabolic flexibility, enhance cellular repair processes like au-
tophagy, and improve insulin signaling pathways. This ap-
proach offers a structured yet flexible framework for dietary
intervention that aligns with circadian biology.

The positive effects observed in this review are likely me-
diated through several interconnected biological mecha-
nisms. Improved insulin sensitivity is a recurring theme, sug-
gesting that optimized meal timing allows the body to
process glucose more efficiently, thereby reducing the bur-
den on pancreatic beta cells and mitigating the risk of insulin
resistance. Enhanced glucose metabolism and lipid profiles
further contribute to a healthier metabolic state, reducing
the accumulation of harmful triglycerides and improving
cholesterol balance.

While the majority of studies reported positive outcomes, it
is important to acknowledge the presence of mixed, neutral,
and negative effects in a minority of studies. These varied re-
sults might be attributed to differences in study populations
(e.g., healthy vs. those with metabolic syndrome), interven-
tion specifics (e.g., exact timing of eating windows, caloric
control, duration), and the specific metabolic parameters
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measured. For instance, some interventions showed mixed
results depending on the timing of high-carb vs. high-fat
meals (12) or could lead to increased fasting glucose despite
weight loss (14), indicating that a one-size-fits-all approach
may not be optimal.

The implications for clinical practice and public health are
substantial. Based on the reviewed literature, several preven-
tion and management strategies for metabolic syndrome can
be derived. Encouraging early meal timing, particularly a
breakfast-focused intake, and implementing time-restricted
eating patterns with earlier eating windows appear to be
highly beneficial. Maintaining consistent, regular meal pat-
terns, ideally three structured meals at set times, is crucial.
For individuals with metabolic syndrome, these approaches
can improve insulin sensitivity, reduce body weight and fat
mass, and necessitate monitoring of glucose levels and po-
tential medication adjustments. Personalized approaches that
consider individual circadian preferences and metabolic pro-
files could further optimize outcomes.

CONCLUSION

This comprehensive review highlights compelling evidence
that meal timing and frequency are crucial, modifiable
lifestyle factors profoundly influencing the development, pre-
vention, and management of metabolic syndrome. The con-
sistent findings across diverse study designs demonstrate that
aligning eating patterns with natural circadian rhythms, par-
ticularly through early time-restricted feeding and regular,
structured meal schedules, yields significant positive impacts
on key metabolic health markers, including improved insulin
sensitivity, glucose metabolism, lipid profiles, and beneficial
body composition changes like reduced visceral fat and waist
circumference. Conversely, irregular or infrequent eating pat-
terns are often associated with adverse metabolic outcomes,
reinforcing the importance of a disciplined approach to daily
food intake.

The findings from this review carry substantial implica-
tions for public health initiatives and clinical recommenda-
tions aimed at combating metabolic syndrome. Promoting
educational campaigns on chrononutrition and incorporat-
ing personalized meal timing strategies into dietary guide-
lines could serve as powerful tools for both prevention and
management. Future research should focus on long-term
interventional studies across diverse populations, including
those with varying genetic predispositions and lifestyle de-
mands, to further elucidate the optimal meal timing and
frequency strategies. Additionally, investigating the precise
molecular and cellular mechanisms underpinning these ef-
fects will refine our understanding and enable the develop-
ment of more targeted and effective interventions against
metabolic syndrome.
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