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ABSTRACT

Background: Regular exercise is a first-line nonpharmacological strategy for managing metabolic syndrome (MetS), but varied
exercise modalities and outcomes across studies have led to inconsistent findings that limit clinical guidance.

Objective: To synthesize up-to-date evidence on the efficacy of exercise-based interventions in improving MetS components and
cardiometabolic health in individuals with MetS.

Methods: Following the Preferred Reporting Items for Overviews of Reviews guideline, we searched seven databases from
inception to May 2025 for systematic reviews with meta-analyses evaluating various types of exercise-based interventions (aer-
obic, resistance, high-intensity interval training [HIIT], mind-body, and combined aerobic and resistance training). Outcomes
included MetS components—waist circumference (WC), systolic/diastolic blood pressure (SBP/DBP), high-density lipoprotein
cholesterol (HDL-C), triglycerides (TG), and fasting blood glucose (FBG)—along with other clinically relevant cardiometabolic
parameters.

Results: Twelve systematic reviews with meta-analyses, representing 122 primary studies (9639 participants), were included.
Overall, exercise-based interventions significantly improved all MetS components and secondary cardiometabolic outcomes (all
p<0.001). Subgroup analyses showed aerobic and mind-body exercises improved all MetS components, whereas resistance,
HIIT, and combined training enhanced specific components. Compared to usual care, combined training elicited larger effects
on reducing FBG (—0.73mmol/L, 95% CI: —1.43 to —0.02), TG (—=0.26 mmol/L, 95% CI: —0.48 to —0.05), SBP (—4.25mmHg, 95%
CI: -7.16 to —1.34), and DBP (-3.69 mmHg, 95% CI: —5.18 to —2.20) than aerobic or resistance exercise alone.

Conclusion: This umbrella review represents the largest evaluation specific to patients with MetS to date, indicating that
exercise-based interventions, across various modalities, significantly improve MetS components. The findings underscore the
versatility of exercise, supporting tailored, patient-centered prescriptions for managing MetS.

1 | Introduction one in four adults globally, with prevalence varying by diag-

nostic criteria [3]. This represents a significant public health
Metabolic syndrome (MetS) represents a cluster of intercon- concern as the high MetS prevalence also heightens the likeli-
nected risk factors, including hyperglycemia, elevated blood hood of developing other chronic conditions and comorbidities,
pressure, dyslipidemia, and central obesity [1, 2]. Recent epide- such as cardiovascular disease and type 2 diabetes mellitus

miological research estimated that MetS affects approximately [4]. Although the etiology of MetS is not fully understood, it is
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believed to be linked to a combination of genetic and lifestyle
factors, including poor diet and a sedentary lifestyle, which can
lead to obesity and insulin resistance—key components of MetS
[5, 6]. Although pharmacological interventions exist for individ-
ual MetS components, there is growing recognition of the need
for cost-effective, accessible, and sustainable nonpharmacolog-
ical approaches.

Physical activity (PA) has been widely recommended as a first-
line lifestyle intervention for the management of MetS and
related conditions. Authoritative organizations such as the
American College of Sports Medicine (ACSM) [7], Exercise
and Sports Science Australia (ESSA) [8, 9], American Heart
Association (AHA) [10], and World Health Organization
(WHO) [11] have established guidelines that underscore the
importance of regular PA in managing the condition. They
generally recommend that all adults engage in a minimum
of 150-300min of moderate-intensity PA or 75-150min of
vigorous-intensity PA each week, or a combination of both,
to improve health. However, these guidelines provide general
PA recommendations but often lack specificity for exercise
prescription. Moreover, global PA participation remains sub-
optimal [12], and the existing evidence base presents several
critical gaps. First, existing reviews often focus on single mo-
dalities or components, lacking a holistic synthesis of their ef-
ficacy for managing MetS. Although some systematic reviews
and meta-analyses have examined specific exercise modalities
including aerobic exercise [13, 14], resistance exercise [15],
combined training (combining aerobic and resistance exer-
cise) [16], mind-body exercise [17], or high-intensity interval
training (HIIT) [18, 19] on MetS, the relative efficacy of dif-
ferent exercise approaches remains unclear due to variability
in study designs and outcome measures. Second, previous
reviews have often focused on individual MetS components
rather than the syndrome as a whole, potentially overlooking
important interactions between metabolic parameters [14].
Third, the methodological quality and comprehensiveness of
existing evidence syntheses vary considerably, creating un-
certainty for clinical decision-making [20]. These limitations
pose challenges for healthcare professionals seeking to inter-
pret the body of evidence regarding the impact of various ex-
ercise modalities on the overall cardiometabolic profile among
the MetS cohort.

In this context, umbrella reviews—also known as overviews
of reviews or meta-reviews—have been proposed as a strategy
to comprehensively synthesize evidence on a given topic [21].
Umbrella reviews represent the highest level of evidence syn-
thesis by systematically evaluating and combining findings
from multiple reviews. This approach offers three distinct
advantages: (1) It provides a comprehensive overview of the
entire evidence landscape, potentially offering a more reliable
and comprehensive foundation for informing evidence-based
guidelines compared to individual systematic reviews [21];
(2) it uniquely integrates findings from multiple systematic
reviews and meta-analyses, which allows for a broader and
more comparative analysis than a single meta-analysis fo-
cused on one intervention or dataset; and (3) it enhances the
statistical power to detect meaningful effects through large-
scale meta-analyses. Their ability to synthesize the totality
of highest quality evidence (systematic reviews) makes them

an invaluable resource for researchers, clinicians, and allied
healthcare professionals.

To the best of our knowledge, no umbrella review has been con-
ducted to date examining exercise-based interventions for MetS.
Considering the rising prevalence and important healthcare
implications of MetS, along with the substantial increase in rel-
evant evidence published through systematic reviews and meta-
analyses in recent years, an umbrella review addressing the
aforementioned research gaps to further establish the benefits
and applications of various types of exercise-based interventions
among individuals with MetS appears timely. Furthermore,
with the growing use of glucagon-like peptide-1 receptor ago-
nists (GLP-1RAs) for cardiometabolic management, exercise
offers a unique and complementary nonpharmacological ap-
proach [22, 23]. Exercise interventions often provide distinct
benefits in cardiometabolic health parameters, which can occur
independently of weight loss [24, 25], highlighting their substan-
tial therapeutic potential for individuals with MetS. Therefore,
the primary aim of this review was to provide the most com-
prehensive synthesis of evidence to date by (1) quantifying the
overall efficacy of exercise-based interventions across all MetS
core components and related cardiometabolic parameters, (2)
comparing the relative effectiveness of different exercise mo-
dalities, and (3) critically appraising the methodological quality
of existing evidence. The findings will provide crucial guidance
for informing evidence-based clinical practice while identifying
key priorities for future research in MetS management.

2 | Methods
2.1 | Search Strategy

Our umbrella review of systematic reviews with meta-analyses
followed the Preferred Reporting Items for Overviews of Reviews
(PRIOR) statement [21]. The protocol for the umbrella review
was registered in the PROSPERO database (CRD420251058883).
The review focused exclusively on peer-reviewed systematic re-
view articles published in English from inception until 1 May
2025. Seven databases (PubMed, EMBASE, Cochrane Database,
CINAHL, Scopus, SPORTDiscus, and Web of Science) were
searched using subject heading, keyword, and Medical Subject
Headings (MeSH) term searches for “metabolic syndrome,”
“physical activity,” “exercise,” “systematic review,” and “meta-
analysis” (detailed search strategy is presented in Table S1). The
reference lists of the selected review articles were also examined
for other potentially eligible papers.

”

2.2 | Selection Procedure and Eligibility Criteria
The population, intervention, comparison, outcomes, and study
type (PICOS) framework was used to develop the inclusion
criteria.

2.2.1 | Populations

The population of interest was human participants who had
been diagnosed with MetS based on recognized diagnostic
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criteria established by authoritative organizations (such as IFD,
WHO, AHA/NHLBI, and NCEP-ATP III) [1]. No exclusion cri-
teria were applied to participants’ age, sex, and baseline fitness.
However, we excluded studies that combined MetS populations
with other clinical groups unless the MetS subgroup data could
be separately extracted.

2.2.2 | Interventions

Reviews that involved any type of exercise-based intervention
were included. Papers were eligible irrespective of exercise mo-
dality (e.g., aerobic exercise, resistance exercise, mind-body
exercise, or other forms of exercise training), setting (e.g., lab-
oratory, or community facility), or dose (e.g., weekly frequency
and volume). Interventions had to last at least 2weeks (regarded
as reflecting the minimum time frame to observe meaningful
changes in cardiometabolic health parameters in typical inter-
vention studies) [26]. Studies involving dietary or other lifestyle
interventions were only included if the intervention was used
equally by all participants (i.e., including those in the compar-
ator group).

2.2.3 | Comparator

Reviews that involved nonactive control comparison groups
were included. Reviews with no comparison groups or those
comparing with baseline values only were excluded.

2.2.4 | Outcomes

The primary outcomes for this umbrella review were MetS core
risk components, including waist circumference (WC), systolic
blood pressure (SBP), and diastolic blood pressure (DBP), high-
density lipoprotein cholesterol (HDL-C), triglycerides (TG), and
fasting blood glucose (FBG). Secondary outcome measures re-
lated to cardiometabolic health, including total body mass (BM),
BM index (BMI), fat mass (FM), body fat percentage (BF%),
cardiorespiratory fitness (Peak VO,), total cholesterol (TC), low-
density lipoprotein cholesterol (LDL-C), homeostatic model as-
sessment (HOMA-IR), and MetS z-score were also included in
the analyses.

2.2.5 | Studies

Systematic reviews with meta-analyses were selected.

2.3 | Data Management and Extraction

Search results were imported into EndNote X10 (Clarivate,
Philadelphia), where duplicates were removed. Two indepen-
dent reviewers (E.P. and H.L.) conducted title/abstract and
full-text screening in duplicate. Interreviewer disagreements
were resolved by consensus or arbitration by a third reviewer
(PW.). Data were extracted using a standardized extraction
form, and two independent reviewers (E.P. and H.L.) per-
formed the data extraction in duplicate. The extracted data

included the lead author, year of publication, population
characteristics, number of original studies, design of original
studies, sample size, exercise intervention protocols, included
outcomes, and main findings. Additional findings related to
certainty of evidence, risk of bias (RoB), study quality, sensi-
tivity analysis, publication bias, and potential moderators on
exercise outcomes were extracted as supplementary informa-
tion. Discrepancies were resolved through consensus or arbi-
tration by a third reviewer (P.W.).

2.4 | Methodological Quality Assessment
of Included Systematic Reviews

Two independent reviewers (E.P. and W.S.) assessed the
methodological quality of the included reviews in duplicate
using the A MeaSurement Tool to Assess systematic Reviews
(AMSTAR-2) [20]. Discrepancies were resolved through
consensus or arbitration by a third reviewer (PW.). The
AMSTAR-2 consists of 16 items, each scored as “yes,” “partial
yes,” or “no.” In this review, six items were considered “crit-
ical” because of their impact on evidence reliability, and 10
were considered “noncritical” [20]. The critical domains in-
cluded protocol registration, adequacy of search strategy, risk
of RoB assessment, appropriateness of meta-analysis methods,
use of RoB during interpretation, and assessment of publica-
tion bias. Reviews were rated as having “high confidence” (0
or 1 noncritical weakness), “moderate” (> 1 noncritical weak-
ness but 0 critical flaws), “low” (1 critical flaw with or without
noncritical weaknesses), or “critically low” (>1 critical flaw
with or without noncritical weaknesses) [20].

2.5 | Umbrella Review Synthesis Methods

The overlap in component primary studies included in all el-
igible reviews was assessed using the corrected covered area
(CCA) formula [27]: CCA=(N—-r)/(rc—r), where N is the sum
of total primary studies included in all the reviews, r is the
number of unique primary studies, and c is the total number
of reviews. The CCA ranges from 0% to 100%, with 100% in-
dicating that all the reviews in an umbrella review included
the same component original studies and 0% indicating that
each review included entirely unique original studies. The
CCA was categorized based on the following cutoffs: 0%-5%
as “slight,” 6%-10% as “moderate,” 11%-15% as “high,” and
>15% as “very high” overlap [27].

Meta-analysis results from each review reporting either stan-
dardized (i.e., standardized mean difference [SMD]) or unstan-
dardized effect sizes (i.e., weighted mean difference [WMD] in
absolute units) were presented using tables. SMD was calculated
by dividing the difference in means between the intervention
group and control group by the pooled standard deviation,
whereas WMD was calculated by taking the difference in means
between the intervention group and control group and weight-
ing it by the inverse of the square root of the variance. Data re-
ported by each review were cross-checked with the original data
reported by the primary studies for consistency. Aggregated
results were summarized using mean ranges of effect sizes, as
performed previously [28, 29].
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2.6 | Additional Meta-Analyses Based on Primary
Studies

To address the potential overlapping and methodological in-
consistencies between individual reviews, we conducted ad-
ditional meta-analyses using eligible primary studies (i.e.,
randomized controlled trials [RCTs]) included in all reviews,
as employed in prior research [30, 31]. Our analytical ap-
proach aligned with the guidance provided in the Cochrane
Handbook for Systematic Reviews of Interventions [32]. The
absolute change in mean difference and standard deviation of
the outcome values from postintervention between groups in
each study was calculated and pooled using the DerSimonian
and Laird random-effects method (RevMan Version 5.4.1;
Cochrane Collaboration, Oxford, UK). SMDs with 95% CIs
were used to synthesize continuous outcomes and create for-
est plots. To address the potential unit of analysis error, we
followed the Cochrane Handbook's recommendation by com-
bining all relevant exercise intervention groups (e.g., same
type of exercise with varying volume and durations) and non-
active comparator groups into single groups within individual
studies, creating a single pair-wise comparison for the overall
analysis [32]. Heterogeneity among studies was assessed using

the chi-square (Chi?) test, whereas the degree of inconsistency
was quantified with the I-square (I?) statistic. I? values of
<25%, 50%, and 75% were considered indicative of low, moder-
ate, and high heterogeneity, respectively [33]. Subgroup anal-
yses were conducted based on the exercise modalities (aerobic
exercise, resistance exercise, combined training, HIIT, and
mind-body exercise) for outcomes with at least three studies
in each comparison arm.

3 | Results
3.1 | Overview of Search Results

The search strategy yielded a total of 3962 records from seven
electronic databases. After removing duplicates, 2808 records
remained, out of which 2684 were subsequently excluded
based on title and abstract screening, and eight reports were
not retrieved. The full texts of the remaining 116 articles were
assessed, and 12 systematic reviews and meta-analyses that
met the inclusion criteria were included in this umbrella re-
view (refer to Figure 1 for flowchart and reasons for exclusions
in Table S2).

| Identification of studies via databases and registers |
Records identified from:
Databases (n = 3064)
5 - PubMed (n = 228) Records removed before
® - Web of Science (n = 817) screening:
- Cochrane Library (n = 24) > Duplicate records removed
- SPORTDiscus (n=11) (n=1077)
- CINAHL (n = 81)
- Scopus (n =687)
- Embase (n=108)
v
Records screened »| Records excluded
(n = 1988) (n=1910)
v
Reports sought for retrieval »| Reports not retrieved
- (n=78) (n=0)
; ]
EiRES Reports excluded (n=66):
Rego;;s assessed for eligibility Y| No meta-analysis (n = 8)
(n=78) Irrelevant outcomes (n = 14)

g Studies included in review
2 (n=12)

Not written in English (n = 2)
No isolate physical activity
intervention (n = 17)

Mixed with non-prediabetes
individuals (n = 12)

Mixed with T2DM individuals
(n=10)

Conference abstract (n = 3)

FIGURE1 | PRISMA 2020 flowchart of literature selection on systematic reviews.
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3.2 | Characteristics of Included Reviews

Table 1 presents a summary of the author, year, study type,
population and intervention characteristics, outcomes, and
main findings of the included systematic reviews. The sample
sizes of the 12 systematic reviews ranged from 245 [35] to 2290
[14], with the number of studies in each review varying from
4 [34] to 44 [14]. A total of 122 unique primary studies with
9639 unique participants were listed in the included system-
atic reviews (Table S3), with a CCA of 3.68% indicating slight
overlap. The publication year range of the primary studies was
from 2013 to 2024. Two included reviews focused exclusively
on aerobic exercise [13, 14|, one on resistance exercise [15],
three on HIIT [18, 19, 38], and three on mind-body exercise
(including yoga and martial arts such as tai chi and gigong)
[17, 34, 36]. Additionally, three reviews included multiple
types of exercise interventions [16, 35, 37]. All systematic re-
views consisted solely of RCTs, except one study [35] included
a combination of RCTs and clinical controlled trials. Notably,
most of the reviews concentrated on middle-aged adults aged
over 40years. All reviews included studies with a minimum
intervention period of 2weeks and a frequency of 1-8.2 times
per week, with each exercise session lasting between 10 and
90 min.

3.3 | Summary of Meta-Analyses Based on
Included Reviews

The cardiometabolic outcomes included in each systematic
review are summarized in Table 1, with Table S4 providing
a comprehensive summary of the meta-analysis results from
all 12 systematic reviews. In comparison with nonactive con-
trol conditions, our included reviews generally showed ben-
eficial effects of exercise-based interventions on improving
five core MetS components, including WC (Figure 2a), SBP
(Figure 2b), DBP (Figure 2c), HDL-C (Figure 2d), and TG
(Figure 2e), although several individual reviews displayed
relatively wide CIs that crossed 0. Additionally, FBG showed
improvements following exercise-based interventions in most
reviews (Figure 2f), except for one review focused on resis-
tance exercise [37] and another on mind-body yoga exercise
[34]. Regarding other parameters of cardiometabolic health,
all included reviews consistently revealed beneficial impacts
following exercise-based interventions as shown in Table S4,
which included BMI, BM, FM, HOMA-IR, TC, LDL-C, Peak
VO,, and MetS z-score.

With regard to moderation analysis, nine out of 12 reviews
in this umbrella review explicitly examined the potential
moderators of exercise effects. These investigations were typ-
ically conducted through subgroup analysis or linear meta-
regression analysis. However, because of the relatively small
sample sizes, lack of detailed information, and methodological
limitations in the original studies included, three systematic
reviews [19, 34, 35] were unable to perform quantitative anal-
yses for potential moderators of exercise effects. Nonetheless,
five systematic reviews [14, 15, 17, 36, 37] suggested that inter-
ventions lasting > 3-6 months may confer greater advantages
in improving MetS core components and/or other cardiomet-
abolic health outcomes compared with shorter interventions.

Additionally, several reviews reported that other intervention
components including exercise intensity [14, 37], volume [14],
and frequency [17, 37], as well as participants’ age [37] and
gender [37], may moderate the effects of exercise, although
other reviews did not observe clear moderation effects on
these parameters.

3.4 | Additional Meta-Analyses Based on Primary
Studies

To address potential overlaps among primary studies and meth-
odological inconsistencies between individual reviews, addi-
tional meta-analyses were conducted using eligible primary
studies from all reviews. This approach aimed to enhance the
certainty of the findings and facilitate comparisons regarding
the relative effectiveness of different exercise modalities (see
Table 2 for a tabulated summary). Overall, our meta-analyses
indicated that exercise-based interventions significantly im-
proved all MetS core components (all p<0.001), including WC
(k=93; WMD: —2.94cm; 95% CI: —3.54 to —2.34), SBP (k=98;
WMD: —-4.16 mmHg; 95% CI: —7.11 to —1.94), DBP (k=98;
WMD: —2.58 mmHg; 95% CI: —3.12 to —2.05), HDL-C (k=118;
WMD: 0.08 mmol/L; 95% CI: 0.05 to 0.10), TG (k=115; WMD:
—0.19mmol/L; 95% CI —0.23 to —0.15), and FBG (k=107
WMD: —0.37 mmol/L; 95% CI: —0.48 to —0.26). Other clinically
relevant parameters of cardiometabolic health also showed
consistent improvement trends (all p<0.001), including BMI
(k=80; WMD: —0.95kg/m?; 95% CI: —1.21 to —0.69), BM (k = 80;
WMD: -2.24kg; 95% CI: —4.84 to —0.20), FM (k=36; WMD:
—0.73kg; 95% CI: —1.05 to —0.41), BF% (k=21; WMD: —2.21%;
95% CI: —3.23 to —1.19), HOMA-IR (k=27; WMD: —0.56 unit;
95% CI: —0.81 to —0.32), TC (k=92; WMD: —0.25mmol/L; 95%
CI: —0.32 to —0.18), LDL-C (k=85; WMD: —0.18 mmol/L; 95%
CI: —0.24 to —0.12), Peak VO, (k=63; WMD: 3.68 mL/kg/min;
95% CI: 2.77 to 4.60), and MetS z-score (k=17; WMD: —0.31
unit; 95% CI: —0.36 to —0.26).

Subgroup analyses revealed differential effects of exercise mo-
dalities on MetS parameters (see Table 2). Both aerobic and
mind-body exercises demonstrated significant improvements
(p<0.05) across all six MetS components. Resistance exercise
significantly benefited WC, DBP, HDL-C, and TG (p<0.05),
whereas HIIT showed significant improvements in WC, SBP,
DBP, and TG (p<0.001). Combined training significantly im-
proved WC, SBP, DBP, TG, and FBG (p <0.05) but not HDL-C.
Of note, combined training showed greater effect sizes in re-
ducing FBG (WMD: —0.73mmol/L, 95% CI: —1.43 to —0.02),
TG (WMD: —0.26mmol/L, 95% CI: —0.48 to —0.05), SBP
(WMD: —4.25mmHg, 95% CI: —7.16 to —1.34), and DBP (WMD:
—3.69mmHg, 95% CI: —5.18 to —2.20) compared to aerobic or
resistance exercise alone (Table 2).

Regarding the subgroup analyses of secondary cardiometabolic
health outcomes (Table 2), the results were more equivocal,
potentially because of limited primary studies (i.e., k<10) for
certain modality-parameter combinations. Nonetheless, all ex-
ercise modalities appeared to confer additional benefits across
various cardiometabolic health markers, beyond their effects
on core MetS parameters. The detailed results are provided in
Table 2.
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(a) Waist circumference (cm)

Study Exercise modality Mean difference (95% ClI)
Leme etal 2018 Aerobic -2.09(-3.91,-0.26)
Ostman et al 2017 Aerobic —— -1.37(-2.02,-0.71)
Pattyn etal 2013 Aerobic —_— -3.36 (-4.87,-1.84)
Wewege et al 2018 Aerobic —_— -3.44 (-4.81,-2.07)
Ostman et al 2017 Combined - -3.80 (-5.65, -1.95)
Poon et al 2024 HIm L ] -4.12(-4.71,-353)
Serrablo et al 2020 HIT —— -2.26(-3.12,-1.40)

Li etal 2024 Mind-body —_— -2.20 (-3.34,-1.06)
Leme etal 2016 Resistance p——— it -1.09 (-2.30,0.12)
Wewege et al 2018 Resistance - -1.42(-5.14,2.31)

f T 1
6 3 0 3 6
(b) Systolic blood pressure (mmHg)

Study Exercise modality Mean difference (95% Cl)
Leme etal 2018 Aerobic —_—— -5.11(-7.36,-2.85)
Ostman et al 2017 Aerobic — -2.54 (-4.34,-0.75)
Pattyn et al 2013 Aerobic —— -7.11(-9.03,-5.18)
Wewege et al 2018 Aerobic -1.94(-4.31,0.44)
Ostman et al 2017 Combined —_————— -3.79 (-6.18, -1.40)
Serrablo et al 2020 HIT —_— -4.44 (:6.82,-2.06)
Poon et al 2024 HIT e e} -6.05 (-8.11,-4.00)

Li et al 2024 Mind-body e m -3.65(-5.56, -1.74)
Leme et al 2016 Resistance -4.08 (-6.82,-1.33)
Wewege et al 2018 R e -2.70(-9.27,3.87)

I T I 1
-10 5 0 5 10
(¢ Diastolic blood pressure (mmHg)

Study Exercise Mean difference (95% Cl)
Leme etal 2018 Aerobic -2.97 (-4.99,-0.94)
Ostman et al 2017 Aerobic ———t -2.27(-3.47,-1.06)
Pattyn et al 2013 Aerobic —— -5.15(-6.16,-4.13)
Wewege etal 2018 Aerobic —— -1.59(-2.86,-0.32)
Ostman etal 2017 Combined —y -0.23(-2.01,1.55)
Poon et al 2024 HIT -3.68 (-5.70,-1.65)
Serrablo et al 2020 HIT —_— -360 (-5.43,-1.78)
Li etal 2024 Mind-body —— -3.32(-3.77,-287)
Leme etal 2016 Resistance —e—— -1.39(-2.98,0.19)
Wewege etal 2018 Resistance - -2.72(-6.38,0.95)

| I I 1
7 35 0 35 7

FIGURE 2 | Summary of meta-analysis results from included reviews that compared exercise-based interventions with nonactive control condi-
tions for (a) WC, (b) SBP, (c) DBP, (d) HDL-C, (e) TG, and (f) FG (expressed in WMD with 95% CI).
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(d High-density lipoprotein - cholesterol (mmol/L)
Study Exercise modality Mean difference (95% ClI)
Leme etal 2018 Aerobic - 0.08 (0.03,0.13)
Ostman etal 2017 Aerobic b et 0.03(-0.01,0.08)
Pattynetal 2013 Aerobic —-— 0.06(0.03,0.09)
Wewege etal 2018 Aerobic t—— 0.05(0.01,0.08)
Wood et al 2021 Aerobic temt 0.08(0.05,0.11)
Ostman etal 2017 Combined 0.14(0.04,0.25)
Poon et al 2024 HIT —_—— 0.12(0.04,0.20)
Leme etal 2016 Resistance ——t 0.00 (-0.04, 0.05)
Wewege etal 2018 Resistance 0.00 (-0.15,0.15)
I T I 1
03 -0.15 0 0.15 03

(e) Triglyceride (mmol/L)

Study Exercise modality Mean difference (95% Cl)
Leme etal 2018 Aerobic —_— -0.09(-0.20, 0.03)
Ostman etal 2017 Aerobic ——— -0.21(-0.29,-0.13)
Pattyn et al 2013 Aerobic —_— -0.05 (-0.20, 0.09)
Wewege etal 2018 Aerobic —_— -0.29(-0.43,-0.14)
Wood et al 2021 Aerobic . -0.17 (-0.19,-0.14)
Ostman et al 2017 Combined —. -0.01(-0.04,0.02)

Poon et al 2024 HIT ——y -0.34(-0.41,-0.27)
Serrablo et al 2020 HIT . -0.01(-0.04,0.01)

Leme etal 2016 Resistance -0.03(-0.20,0.14)
Wewege et al 2018 Resistance -0.15(-0.58, 0.28)

I I I 1
06 03 0 0.3 06

® Fasting glucose (mmol/L)

Study Exercise modality Mean difference (95% ClI)
Leme etal 2018 Aerobic e B et -0.08 (-0.23,0.08)
Ostman et al 2017 Aerobic —_—— -0.16(-0.32,-0.01)
Pattyn et al 2013 Aerobic - -0.31(-0.64,0.01)
Wewege etal 2018 Aerobic —_— -0.15(-0.29,-0.02)
Ostman et al 2017 Combined -0.18(-0.47,0.25)
Poon et al 2024 HIT —_— -0.35(-0.54,-0.16)
Serrablo et al 2020 HIT —— -0.11(-0.16,-0.06)
Leme etal 2016 Resistance —_— -0.04(:0.21,0.12)
Wewege et al 2018 Resistance 0.13(-0.17,0.43)

r T T ]

07 035 0 035 07

FIGURE2 | (Continued)
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TABLE 2 | Summary of meta-analyses comparing various types of exercise-based interventions for MetS based on primary studies.

Mean difference

Outcome k Participants (95% CI) p Tau? Chi? (p) P
Primary outcome measures: MetS core risk factors
Waist circumference (cm) 93 5540 —2.94 (-3.54t0 —=2.34)  <0.001 3.75 329.3 (p<0.001) 72%
High-intensity interval 19 966 -2.96 (-3.90to —2.02)  <0.001 0.02 18.1 (p=0.45) 0%
training
Resistance exercise 10 412 —2.38 (—4.31 to —0.46) 0.02 3.73 21.3(p=0.01) 58%
Aerobic exercise 40 2102 —2.86(—3.83t0 —1.89)  <0.001 4.68 203.7 (p<0.001) 81%
Combined training 7 755 —2.85(—4.19to -1.50)  <0.001 0.94 9.0 (p=0.18) 33%
Mind-body exercise 14 1256 —2.91 (—4.23 to —1.59) <0.001 3.87 46.1 (p<0.001) 72%
Systolic blood pressure 98 5636 —4.16 (-5.13t0 -3.19)  <0.001  11.40 423.5 (p<0.001) 77%
(mmHg)
High-intensity interval 17 839 —5.23(=7.37t0 =3.09)  <0.001 9.12 41.9 (p<0.001) 62%
training
Resistance exercise 13 503 —2.09 (=7.20 to 3.03) 0.42 67.04 98.4 (p<0.001) 88%
Aerobic exercise 43 2312 -3.57(-5.17t0 —-1.98)  <0.001 13.53 155.8 (p<0.001) 73%
Combined training 7 749 —4.25 (-=7.16 to —1.34) 0.004 5.35 10.8 (p=0.10) 44%
Mind-body exercise 16 1191 -5.35(-7.32t0 —3.38)  <0.001  8.04 35.8 (p=0.002) 58%
Diastolic blood pressure 98 5501 —2.58(=3.12to —2.05)  <0.001 2.27 208.6 (p<0.001) 53%
(mmHg)
High-intensity interval 17 823 -3.20 (—4.44t0-1.97) <0.001 1.28 20.8 (p=0.19) 23%
training
Resistance exercise 13 503 -1.57(-2.18 to —0.95)  <0.001 0.00 6.3 (p=0.90) 0%
Aerobic exercise 44 2312 —2.18(=3.11to -1.25)  <0.001 3.87 106.5 (p<0.001) 60%
Combined training 7 369 —3.69 (—5.18 to —2.20)  <0.001 1.27 9.9 (p=0.13) 40%
Mind-body exercise 15 1056 —3.38 (—4.77 to —1.99) <0.001 3.78 35.3 (p=0.001) 60%
High-density lipoprotein 118 7169 0.08 (0.05 to 0.10) <0.001 0.01 1184.4 (p<0.001) 90%
cholesterol (mmol/L)
High-intensity interval 20 1040 0.05 (—=0.07 to 0.16) 0.41 0.06 558.1 (p<0.001) 97%
training
Resistance exercise 13 546 0.06 (0.01 to 0.11) 0.02 0.00 35.6 (p<0.001) 66%
Aerobic exercise 56 3285 0.08 (0.05 to 0.11) <0.001 0.01 260.4 (p<0.001) 79%
Combined training 9 819 0.03 (—0.04 to 0.10) 0.35 0.01 60.7 (p<0.001) 87%
Mind-body exercise 16 1351 0.12 (0.06 to 0.18) <0.001 0.01 121.3 (p<0.001) 88%
Triglycerides (mmol/L) 115 6935 -0.19(-0.23t0 —0.15)  <0.001  0.02 288.7(p<0.001)  61%
High-intensity interval 20 1040 —0.23(-0.32t0 -0.14)  <0.001 0.01 38.6 (p=0.005) 51%
training
Resistance exercise 13 509 —0.16 (—0.31 to —0.02) 0.03 0.02 22.2(p=0.04) 46%
Aerobic exercise 54 3059 —-0.17 (-0.22t0 —0.12)  <0.001 0.01 87.7 (p=0.002) 40%
Combined training 9 819 —0.26 (—0.48 to —0.05) 0.02 0.04 15.4 (p=0.05) 48%
Mind-body exercise 16 1406 —0.35(-0.51to —0.18)  <0.001  0.06 47.1 (p<0.001) 68%
(Continues)
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TABLE 2 | (Continued)

Mean difference

Outcome k Participants (95% CI) p Tau? Chi? (p) P
Fasting blood glucose 107 6315 —0.37(-0.48 to —0.26)  <0.001 0.21 1394.3 (p<0.001)  92%
(mmol/L)
High-intensity interval 19 966 —0.30 (—0.62 t0 0.03) 0.07 0.36 123.6 (p<0.001) 85%
training
Resistance exercise 12 442 —0.30 (-0.61 to 0.02) 0.07 0.21 57.5(p<0.001) 81%
Aerobic exercise 48 2529 —0.39(=0.57t0 —0.21)  <0.001 0.25 649.4 (p<0.001) 93%
Combined training 7 705 —0.73 (-1.43 to —0.02) 0.04 0.52 57.0 (p<0.001) 89%
Mind-body exercise 18 1571 —0.41 (-0.63 to —0.19) <0.001 0.14 145.2 (p<0.001) 88%
Secondary outcome measures: Other clinically relevant cardiometabolic health variables
Low-density lipoprotein 85 5582 —0.18 (-0.24to —0.12)  <0.001 0.04 496.8 (p<0.001) 83%
cholesterol (mmol/L)
High-intensity interval 13 628 —0.21 (=0.35 to —0.06) 0.004 0.03 37.9 (p<0.001) 68%
training
Resistance exercise 10 459 —0.21 (—0.38 to —0.04) 0.02 0.03 16.3 (p=0.06) 45%
Aerobic exercise 42 2711 —0.14 (-0.22to —0.06)  <0.001 0.03 117.9 (p<0.001) 65%
Combined training 6 764 —0.21 (-=0.69 t0 0.27) 0.39 0.03 118.7 (p<0.001) 96%
Mind-body exercise 12 962 —0.30 (—0.50 to —0.11) 0.002 0.08 172.2 (p<0.001) 94%
Total cholesterol (mmol/L) 92 5416 —-0.25(-0.32t0 —0.18)  <0.001  0.05 397.6 (p<0.001)  77%
High-intensity interval 14 612 —0.30(—0.45to —0.15)  <0.001 0.04 33.8 (p=0.001) 62%
training
Resistance exercise 11 410 —0.21 (=0.46 to 0.05) 0.12 0.10 32.1 (p<0.001) 69%
Aerobic exercise 42 2476 —0.16 (-0.26 to —0.07)  <0.001 0.04 126.3 (p<0.001) 68%
Combined training 9 819 —0.36 (—0.73 t0 0.01) 0.06 0.18 68.5 (p<0.001) 88%
Mind-body exercise 13 997 —0.49 (-0.75t0 —0.23)  <0.001 0.16 59.5(p<0.001) 80%
Homeostatic Model 27 1671 —0.56 (—0.81to —0.32)  <0.001 0.21 102.1 (p<0.001) 75%
Assessment for Insulin
Resistance (HOMA-IR)
High-intensity interval 5 288 —0.90 (-1.60 to —0.21) 0.01 0.49 29.3 (p<0.001) 86%
training
Aerobic exercise 15 587 —0.13 (—=0.34 t0 0.08) 0.23 0.00 11.6 (p=0.64) 0%
Combined training 3 611 —0.67 (=1.40 t0 0.07) 0.08 0.30 11.0 (p=0.004) 82%
Body mass index (kg/m?) 80 4669 —0.95(-1.21 to —0.69) <0.001 0.51 267.2 (p<0.001) 70%
High-intensity interval 14 721 —1.29 (-2.02to —0.56)  <0.001 0.45 18.6 (p=0.14) 30%
training
Resistance exercise 8 248 —1.05(=2.27 t0 0.18) 0.09 1.47 16.3 (p=0.02) 57%
Aerobic exercise 36 1921 —0.82(-1.21to —0.42)  <0.001 0.58 91.61 (p<0.001) 62%
Combined training 7 686 —0.74 (—1.39 to —0.09) 0.02 0.25 11.4 (p=0.08) 47%
Mind-body exercise 12 991 -1.45(-2.11t0 —-0.78)  <0.001 0.85 46.5 (p<0.001) 76%
Body mass (kg) 80 3945 —2.28 (-3.19 to -1.37) <0.001 5.85 354.8 (p<0.001) 83%
(Continues)
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TABLE 2 | (Continued)

Mean difference

Outcome k Participants (95% CI) p Tau? Chi? (p) P
High-intensity interval 14 718 —2.52(—4.84 to —0.20) 0.03 6.63 29.29 (p=0.0006)  56%
training

Resistance exercise 12 404 —1.26 (—3.17 t0 0.65) 0.20 4.35 30.7 (p=0.001) 64%
Aerobic exercise 37 1778 —2.91 (-4.20to -1.63)  <0.001 6.98 193.9 (p<0.001) 81%
Combined training 7 171 —0.79 (=3.91 to 2.33) 0.62 7.31 19.1 (p=0.004) 69%
Mind-body exercise 8 772 —1.92 (-3.59 to —0.25) 0.02 2.10 11.6 (p=0.12) 40%
Fat mass (kg) 36 1514 —0.73(-1.05t0o —0.41)  <0.001  0.09 41.9 (p=0.20) 16%
High-intensity interval 9 503 —1.56 (—3.70 to 0.59) 0.16 0.00 5.0 (p=0.76) 0%
training

Resistance exercise 6 245 —0.02 (—=0.64 to 0.60) 0.96 0.00 3.0(p=0.70) 0%
Aerobic exercise 15 610 -1.65(-2.60to —0.69)  <0.001 1.01 26.0 (p=0.03) 46%
Combined training 3 54 —0.72(=0.99 to —0.45)  <0.001 0.00 0.1 (p=0.96) 0%
Fat percentage (%) 21 675 —2.21(-3.23to —1.19) <0.001 2.17 58.7 (p=0.20) 66%
High-intensity interval 3 154 —3.34 (=7.74 to0 1.06) 0.14 11.05 7.6 (p=0.02) 74%
training

Resistance exercise 4 83 —2.15 (—6.66 t0 2.36) 0.35 11.80 7.3 (p=0.06) 59%
Aerobic exercise 12 389 —2.04 (-3.22t0 —0.85)  <0.001 1.83 37.7 (p<0.001) 71%
Peak VO, (mL/kg/min) 63 3223 3.68 (2.77 t0 4.60) <0.001  8.52 3494 (p<0.001)  82%
High-intensity interval 15 784 4.37 (1.65 to 7.09) 0.002 23.02 193.9 (p<0.001) 93%
training

Resistance exercise 7 193 2.40 (1.20 to 3.61) <0.001 0.00 1.7 (p=0.94) 0%
Aerobic exercise 30 1323 3.20(2.45 to0 3.95) <0.001 1.45 48.7 (p=0.01) 40%
Combined training 6 666 3.36 (1.79 to 4.94) <0.001 0.65 5.7(p=0.34) 12%
Metabolic syndrome 17 1017 —0.31(-0.36t0 —0.26)  <0.001 0.00 12.3(p=0.72) 0%
severity z-score (MetS

Z-score)

High-intensity interval 9 549 —0.32(-0.37t0 —0.27)  <0.001 0.00 4.4(p=0.82) 0%
training

3.5 | Methodological Quality of Included Reviews

Table 3 provides a summary of the AMSTAR-2 scores. Two re-
views received a moderate score, whereas five reviews received
a low score, and five received a critically low score (see File S1
for scoring justifications). Specifically, only five (42%) of the
reviews fully referred to a predefined methodology (Item 2).
None of the studies reported on the sources of funding for the
included studies (Item 10), and only four of the studies (33%)
provided a list of excluded studies with reasons for exclusions
(Item 7). Furthermore, four reviews (33%) did not employ appro-
priate methods for the statistical combination of meta-analysis
results (Item 11). Only seven reviews (58%) fully used a satis-
factory technique for assessing the RoB in individual studies
(Item 9), and six (50%) assessed the potential impact of RoB on
the results (Item 12). Seven reviews (58%) discussed heteroge-
neity in the results (Item 14) and investigated publication bias

(Item 15) when conducting meta-analyses. Results of certainty
of evidence using Grading of Recommendations Assessment,
Development and Evaluation (GRADE) and RoB reported by
included reviews were provided in Table S5. Out of the 12 in-
cluded original reviews, only two reviews provided GRADE as-
sessments for all MetS risk components [13, 15]. The reported
certainty of outcomes for WC, SBP, DBP, HDL-C, and TG ranged
from “low” to “moderate,” whereas the certainty for FBG was
assessed as “low.”

4 | Discussion

To the best of our knowledge, this is the first umbrella re-
view evaluating the efficacy of exercise-based interventions
in individuals with MetS. Synthesizing 12 systematic reviews
with meta-analyses, encompassing 122 primary studies and

Obesity Reviews, 2026

13 0f 19

85UB017 SUOLULLIOD BAIRRID 3|ed! dde au) Ag peuenob ae o 1Le YO 88N JO S9N 10} ARe1g 17 8UIIUO /8|1 UO (SUORIPUOD-PUR-SWLSY WO A8 1M Ae.q Ul UO//SdIY) SUORIPUOD PUE SIS L U3 885 *[9202/50/T0] U0 AXeigi8uliuo AB|iM ‘(PepILES 3P OLBISIUIN) UOKSIAOA [EUOIEN SURIUO0D USIUedS AQ #7410, 1G0/TTTT 0T/I0p/0d"AB] 1M Aeiq 1 ju!|uo//Sdny woiy pepeoumod ‘0 ‘X68LLoYT



TABLE 3 | AMSTAR-2 ratings of systematic reviews and meta-analyses.

Reference 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Confidence
Cramer et al. Y N Y PY Y Y Y Y Y N N Y Y N N Y  Critically low
[34]

Leme et al. Y PY Y PY Y N N PY PY N Y Y Y Y Y Y Moderate
[13]

Leme et al. Y PY Y PY Y Y Y PY Y N Y Y Y Y N Y Low

[15]

Lietal. [17] Y Y Y PY Y Y N Y Y N N N N N Y Y  Critically low
Ostman et al. Y Y Y PY Y Y N Y Y N Y N N N Y Y Low

[16]

Pattyn et al. N N Y N N Y Y N PY N N N N N Y Y  Critically low
[35]

Poon et al. Y Y Y PY Y Y N Y Y N Y Y Y Y Y Y Moderate
(18]

Serrabloetal. Y N Y PY Y N N Y PY N N N N N N Y  Critically low
[19]

Tao et al. [36] Y N Y N N N N Y Y N Y Y Y Y N N  Critically low
Wewegeetal. Y Y Y PY Y N Y N PY N Y N N Y Y Y Low

[37]

Wood et al. Y Y Y PY Y Y N N Y N Y Y Y Y N Y Low

[14]

Yin et al. [38] Y PY Y PY N Y N N PY N Y N N Y Y Y Low

Note:
ITEM—DESCRIPTION
1 Did the research questions/inclusion criteria include the components of PICO?

2 Did the review contain an explicit statement that the review methods were established prior to the conduct of the review?
3 Did the review authors explain their selection of the study designs for inclusion in the review?

4 Did the review authors use a comprehensive literature search strategy?
5 Did the review authors perform study selection in duplicate?
6 Did the review authors perform data extraction in duplicate?

7 Did the review authors provide a list of excluded studies and justify the exclusions?

8 Did the review authors describe the included studies in adequate detail?

9 Did the review authors assess the RoB in studies that were included in the review?

10 Did the review authors report on the sources of funding for the studies included in the review?

11 If a meta-analysis was performed, did the review authors use appropriate methods for statistical combination of results?

12 If meta-analysis was performed, did the review authors assess the potential impact of RoB in individual studies on the results of the meta-analysis?
13 Did the review authors account for RoB in individual studies when interpreting the results of the review?

14 Did the review authors provide a satisfactory explanation for, and discussion of, any heterogeneity observed in the results of the review?

15 If they performed quantitative synthesis, did the review authors investigate publication bias?

16 Did the review authors report any potential sources of conflict of interest, including any funding they received for conducting the review?

Abbreviations: N: no; PY: partial yes; Y: yes.

9639 unique participants, our findings establish exercise as a
pivotal nonpharmacological strategy for managing MetS (see
Figure 3 for the graphical representation of findings). Our
meta-analyses demonstrate that exercise-based interventions
overall significantly improve all MetS components—WC, SBP,
DBP, HDL-C, TG, and FBG. Secondary outcomes, including
BMI, FM, HOMA-IR, and Peak VO,, also exhibited consis-
tent improvements. These findings align with guidelines from
major health organizations advocating exercise for cardiomet-
abolic risk reduction [7, 10, 11], reinforcing exercise's broad
therapeutic potential. Our results, robustly supported by ad-
ditional meta-analyses addressing slight study overlaps (CCA:
3.68%) and methodological inconsistencies, underscore the

versatility of exercise modalities in addressing MetS's multi-
faceted risk profile.

4.1 | Modality-Specific Effects and Mechanisms in
Exercise Interventions for MetS

A highlighted aspect of the present umbrella review is the com-
parative analysis of modality-specific effects, offering insights
for tailored exercise interventions with MetS. As shown in
Table 2, our results suggest differential effects on MetS com-
ponents across modalities, which are possibly driven by com-
plementary yet distinct physiological mechanisms underlying
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Exercise for Metabolic Syndrome (MetS): An Umbrella Review

Methods Meta-analysis

Results
12 systematic reviews
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DBP (mmHg)
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) Not significant
(1] (1] (P>0.05)

Conclusion
for managing MetS.

@ X M MK 4
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exercise exercise training exercise
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(-3.90 to -2.02) (-4.31 to -0.46) (-3.83 to -1.89) (-4.19 to -1.50) (-4.23 to -1.59)
-5.23 -2.09 -3.57 -4.25 -5.35
(-7.37 to -3.09) (-7.20t0 3.03) (-5.17 to -1.98) (-7.16 to -1.34) (-7.32 t0 -3.38)
-3.20 -1.57 -2.18 -3.69 -3.38
(-4.44t0 -1.97) (-2.18 to -0.95) (-3.11to -1.25) (-5.18 to -2.20) (-4.77 to -1.99)
0.05 A 0.06 0.08 0.03 A 0.12 A
(-0.07 to 0.16) (0.01 to 0.11) (0.05 to 0.11) (-0.04 to 0.10) (-0.06 to 0.18)
-0.23 -0.16 -0.17 -0.26 -0.35
(-0.32 to0 -0.14) (-0.31 to -0.02) (-0.22 to -0.12) (-0.48 to -0.05) (-0.51 to -0.18)
-0.30 A -0.30 A -0.39 -0.73 -0.41
(-0.62 to 0.03) (-0.61 to 0.02) (-0.57 to -0.21) (-1.43 to -0.02) (-0.63 to -0.19)

Results expressed as weighted mean difference with 95% confidence interval

Darker shades indicate larger effects

The findings underscore the versatility of exercise, supporting tailored, patient-centered prescriptions

FIGURE3 | Graphical representation of the efficacy of exercise-based intervention in improving MetS components. DBP: diastolic blood pressure,

FBG: fasting blood glucose, HDL-C: high-density lipoprotein cholesterol, HIIT: high-intensity interval training, SBP: systolic blood pressure, TG:

triglyceride, WC: waist circumference.

their cardiometabolic benefits. Specifically, aerobic exercise
improved all MetS components. It is well-documented for pro-
moting cardiorespiratory fitness and sustained energy expendi-
ture [39], as well as improving insulin sensitivity via increased
skeletal muscle GLUT4 expression [40]. These pathways likely
explain its robust effect on FBG (—0.39 mmol/L) and Peak VO,
(3.20mL/kg/min). It also enhances endothelial function via
nitric oxide production, lowering SBP (-3.57mmHg) and DBP
(—2.18 mmHg) [41, 42]. Further, heightened fat oxidation medi-
ated by lipolytic hormones may drive reductions in abdominal
fat (WC: —2.86cm) [43] and improvements in lipid metabolism
(HDL-C: 0.08 mmol/L; TG: —0.17mmol/L) [44, 45]. Resistance
exercise is proficient in increasing muscle mass and function, as-
sociated with enhanced glucose uptake capacity, insulin sensi-
tivity, and lipid metabolism [46]. These changes may account for
its significant effects on WC (-2.38 cm), HDL-C (0.06 mmol/L),
and TG (-0.16 mmol/L). Its effect on DBP (—1.57 mmHg) may re-
flect improved vascular compliance [47], but its nonsignificant,
limited impact on SBP may stem from lower cardiovascular de-
mand compared to aerobic exercise. Combined training lever-
ages aerobic-driven fat oxidation and resistance-driven muscle
glucose uptake [48]. This comprehensive nature may explain
its larger effect sizes in improving SBP (—4.25mmHg), DBP
(-3.69mmHg), TG (—0.26 mmol/L), and FBG (—0.73 mmol/L)
when compared to aerobic or resistance exercise alone. However,
its lack of effect on HDL-C may reflect competing metabolic de-
mands [49] or insufficient aerobic intensity to optimize lipid me-
tabolism compared to single-component exercise.

With short bursts of intense exercise followed by brief recovery
periods, HIIT is purported to rapidly induce hormonal changes
and excess postexercise oxygen consumption (EPOC) [50, 51].

HIIT is known to enhance mitochondrial biogenesis and GLUT4
translocation, improving insulin sensitivity and lipid metab-
olism [50, 51]. These metabolic changes may drive its signifi-
cant effects on WC (-2.96cm), TG (—0.23mmol/L), and blood
pressure (SBP: —5.23mmHg; DBP: —3.20mmHg) despite the
relatively low energy cost of this approach when compared to
traditional higher volume exercise. Yet, its nonsignificant effect
on FBG and HDL-C may result from shorter intervention dura-
tions or variability in protocols (e.g., work: rest ratio, intensity,
and volume) [18]. Mind-body exercise (e.g., yoga and tai chi)
combines moderate activity with stress reduction techniques,
which may reduce systemic inflammation, a key contributor
to MetS, by decreasing basal levels of pro-inflammatory cyto-
kines (e.g., TNF-a, C-reactive protein, and IL-6) [52, 53]. Their
anti-inflammatory and stress-reducing effects may contribute to
their broad efficacy across all MetS components (WC: —2.91 cm;
SBP: —5.35mmHg; DBP: —3.38 mmHg; HDL-C: 0.12mmol/L;
TG: —0.35mmol/; FBG: —0.41 mmol/L) [54]. Collectively, these
modality-specific mechanisms, while sharing some common
pathways, differ in their primary physiological targets, contrib-
uting to the varied effects on MetS components and reinforcing
the value of tailored exercise prescriptions in MetS management.

4.2 | Methodological Issues Identified From
Included Reviews

Despite the robust evidence synthesized from our current work,
we identified several methodological issues that future system-
atic reviews should address. Firstly, it is noted that out of the 12
original reviews included, only two provided explicit GRADE
assessments. The certainty of the outcomes reported in both
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reviews was limited to six MetS risk components (e.g., WC,
SBP, DBP, HDL-C, TG, and FBG) and showed a diverse range
of judgments, varying from “low” to “moderate.” These obser-
vations suggest a lack of robust evaluation across individual re-
views, which may affect the interpretations of the certainty of
evidence across specific cardiometabolic parameters. Secondly,
arelatively high proportion of included systematic reviews were
rated as low (k=>5) or critically low (k=5) in quality based on the
AMSTAR-2 rating, and did not strictly adhere to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines, which currently present a widely ac-
cepted standard for reporting meta-analysis. For instance, Li
et al. [17] and Serrablo-Torrejon et al. [19] inaccurately reported
their meta-analysis results as standardized effect size (SMD) in
the text, whereas the actual synthesis was conducted in abso-
lute units (mean difference; MD), as indicated by the forest plots
provided by the authors. Reporting MD with the corresponding
units is preferred for ease of interpretation and offers a more
practical understanding of the therapeutic effect, particularly
when assessing the same health outcome using consistent mea-
surement units and comparable methodologies [32]. The errone-
ous use of SMD in place of MD could mislead readers unfamiliar
with meta-analytic techniques and result in incorrect interpre-
tations of the findings. Future studies should exercise greater
diligence in selecting and reporting effect measures to ensure
accuracy and clarity in meta-analytic research in accordance
with existing guidelines [32].

Moreover, four reviews [19, 34-36] did not explicitly refer to a
predefined methodology (i.e., adherence to a written protocol
that was established prior to the conduct of the review with in-
dependent verification by a registry such as PROSPERO or an-
other independent body). None of the reviews reported on the
sources of funding for the included studies, which may poten-
tially indicate publication bias. Furthermore, several reviews
did not employ appropriate methods for the statistical combi-
nation of meta-analysis results. In particular, one review [34]
did not investigate the causes of significant heterogeneity, two
reviews used multiple data points from individual studies with-
out accounting for the likely dependence between those points
[17, 35], whereas three applied a fixed-effect meta-analytic
model [17, 19, 35], which is unrealistic given that it is unlikely
any exercise intervention has a single true effect across samples.
There were also five reviews utilizing RoB/quality assessments
tools (i.e., either the PEDro tool [35, 37, 38] or TESTEX tools
[14, 16]) that do not fully assess bias arising from the selection
of reported outcomes, whereas six reviews did not perform
analyses to investigate the possible impact of RoB on summary
estimates [16, 17, 19, 35, 37, 38]. Taken together, these observa-
tions underscore the importance of exercising caution when in-
terpreting certain included reviews and highlight the need for
well-conducted systematic reviews in this field.

4.3 | Strengths, Limitations, and Future Directions

The strengths of this umbrella review include adherence to
PRIOR guidelines and the use of widely recognized benchmarks
(e.g., AMSTAR-2) to assess the scientific rigor of the included
systematic reviews. We focused exclusively on the highest level
of evidence (i.e., systematic reviews with meta-analyses) to

ensure the robustness of our analyses. With a relatively large
sample size of 9639 unique participants with MetS, our addi-
tional meta-analysis resolved overlap and standardized effects
to further enhance the accuracy and consistency of our sum-
marized results. This provides the most robust and compre-
hensive evaluation to date compared to previous reviews and
meta-analyses. Furthermore, we have provided important clin-
ical information and implications on the therapeutic magnitude
of various exercise modalities on each individual component of
MetS, thus clearly defining the novelty and significance of the
work as the largest evaluation specific to MetS.

We acknowledge that this umbrella review represents some
limitations. Firstly, some participants in the included studies
were diagnosed with MetS and were on medications that were
not withdrawn or reduced during the intervention period. This
raises the possibility of an interaction between the medication
and the exercise training effect. In addition, some of our out-
come measures presented relatively high heterogeneity in the
total meta-analysis, and this may reflect the diversity in exer-
cise protocols (e.g., work intensity, duration, and volume) used
in the included studies. Although we have included a series of
subgroup analyses based on exercise modalities in our present
work, it is noted that certain parameters were evaluated based
on a relatively small number of studies (e.g., <10 studies), as in-
dicated in Table 2. Notably, the current evidence is dominated
by aerobic exercise studies, with comparatively limited data on
resistance training, especially high-intensity variants. Future
research should focus on these underresearched modalities to
strengthen the evidence base.

Furthermore, our analysis identified limited reporting of safety
and adherence outcomes. Only two of the included reviews
[18, 36] reported satisfactory exercise adherence rates among in-
dividuals with MetS, whereas others provided no data. Cramer
et al. [34] and Poon et al. [18] indicated that some RCTSs reported
no adverse events, with others omitting safety data entirely. These
gaps underscore the need for future studies to systematically doc-
ument both adherence and adverse events. Additionally, this
umbrella review was restricted to exercise-based interventions,
precluding direct comparison with other MetS management
strategies such as dietary modifications or pharmacological treat-
ments. Although our focus on modality-specific efficacy and un-
derlying mechanisms remains a strength, it limits the ability to
offer patients a comprehensive overview of all available options.
Future research would benefit from advanced approaches, such
as network meta-analysis (NMA), to simultaneously compare
the relative efficacy of exercise, diet, pharmacotherapy, and com-
bined interventions in improving MetS components.

4.4 | Practical Application for Effective MetS
Management

From a practical perspective, the findings of this umbrella
review have potential implications for clinical practice. The
modality-specific benefits identified in our analysis should em-
power healthcare professionals to tailor exercise prescriptions
to patient preferences, fitness levels, and primary MetS com-
ponent(s) targeted, therefore enhancing adherence and effec-
tiveness. For instance, aerobic exercise—such as brisk walking
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or cycling—is effective in offering benefits for all MetS com-
ponents. Its accessibility and low-impact nature make it suit-
able for a broad population, including older adults and those
with mobility issues, promoting sustained engagement [7].
Resistance training, emphasizing muscular fitness (including
strength, endurance, power, and hypertrophy), is particularly
valuable for patients targeting body composition and functional
improvement [55]. Combined training, integrating aerobic and
resistance elements, provides a balanced, flexible approach for
those requiring comprehensive risk factor management [37].
HIIT, with its lower volume and time-efficient nature, may suit
individuals with demanding schedules, offering significant car-
diometabolic benefits in shorter sessions [18, 50]. Mind-body
exercise—including yoga or tai chi—not only improves meta-
bolic parameters but also may offer distinct psychological bene-
fits by integrating mindfulness and stress-reduction techniques
(e.g., meditation, controlled breathing) [34, 54, 56], which are
particularly effective in addressing prevalent comorbidities
such as stress and anxiety in individuals with MetS, poten-
tially enhancing adherence compared to traditional exercise.
This modality versatility is crucial given the global challenge
of suboptimal exercise participation [12] that limits the public
health impact of lifestyle interventions. To maximize reach and
adherence, clinicians can integrate these interventions into
community-based programs, workplace wellness initiatives,
or telehealth platforms [57], leveraging technology to deliver
tailored guidance and monitor progress [58, 59]. By aligning
exercise prescriptions with individual lifestyles and clinical
goals, healthcare providers might facilitate long-term behav-
ior change, amplifying the effectiveness of MetS management
strategies.

5 | Conclusion

This umbrella review presents a comprehensive and up-to-
date evidence synthesis supporting the efficacy of exercise as a
key nonpharmacological strategy for improving all MetS core
components, along with a broad range of clinically relevant
cardiometabolic health parameters. Aerobic and mind-body
exercises significantly enhanced all MetS components, whereas
resistance, HIIT, and combined training improved specific
components. Compared to usual care, combined training elic-
ited larger effects on reducing FBG, TG, and blood pressure
compared to aerobic or resistance exercise alone. HIIT most ef-
fectively reduced WC, whereas mind-body exercise excelled in
lowering blood pressure and improving lipid profile. These find-
ings highlight the versatility of exercise, providing healthcare
professionals with flexible, patient-centered treatment options
to enhance adherence and outcomes for MetS management.
Future systematic reviews in this field should focus on improv-
ing methodological quality in reporting to enhance the reliabil-
ity of the evidence.
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