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BACKGROUND: Obesity and overweight are major risk factors for cardiovascular diseases. Although various weight control
interventions have been evaluated individually, their comparative effectiveness across outcomes and populations remains uncertain.
OBJECTIVES: To evaluate the effects of weight control interventions on all-cause mortality and cardiovascular outcomes.
METHODS: A comprehensive search was conducted in PubMed, Embase, Web of Science, and the Cochrane Library from inception to June
2024. Meta-analyses reporting pooled effect sizes for all-cause mortality or cardiovascular outcomes were included. Reviews without
quantitative synthesis were excluded. Risk of bias and methodological quality were assessed using A Measurement Tool to Assess Systematic
Reviews and the Grading of Recommendations Assessment, Development and Evaluation approach. No new meta-analysis was conducted,
relevant data were re-analyzed when required to ensure consistency. This review was registered in PROSPERO (CRD42024573542).
RESULTS: Forty-seven effect sizes from 31 articles were extracted. Among pharmacologic interventions, high- to moderate-quality evidence
showed that glucagon-like peptide-1 receptor agonists (GLP1-RAs) were associated with reduced all-cause mortality, major adverse
cardiovascular events, stroke, cardiovascular mortality, myocardial infarction, and heart failure among individuals with type 2 diabetes or
overweight/obesity. Bariatric surgery was consistently associated with reduced risks for all cardiovascular outcomes except atrial fibrillation.
For dietary strategies, low-fat diets were linked to lower all-cause mortality, while Mediterranean and Nordic diets showed benefits for stroke
and cardiovascular mortality. Physical activity was associated with reduced all-cause and cardiovascular mortality. Comprehensive lifestyle
interventions showed no significant cardiovascular benefit. Most evidence was of moderate or low certainty due to methodological
limitations, including bias, imprecision, and inconsistency.

CONCLUSION: Weight control interventions are associated with improved all-cause mortality and cardiovascular outcomes. High- to
moderate-quality evidence supported benefits of GLP1-RAs in individuals with type 2 diabetes or overweight. Dietary, surgical, and exercise
interventions showed modest effects. No consistent cardiovascular benefit was observed for comprehensive lifestyle interventions.
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Graphical Abstract

Weight Control Interventions and Cardiovascular Outcomes. Associations between five categories of weight control interventions—
pharmacological interventions, bariatric surgery, dietary interventions, exercise interventions, and comprehensive lifestyle interventions—
and seven cardiovascular outcomes are illustrated. Beneficial associations are indicated in pink, and interventions with no observed
associations are shown in green. Created in BioRender. Chen, X. (2025) https://BioRender.com/km8jw8h.
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INTRODUCTION

Obesity and overweight are major global public health concerns.
In 2022, the World Health Organization reported that over 43% of
adults were classified as having overweight (body mass index
(BMI) 25-29.9kg/m? and nearly 16% as having obesity
(BMI = 30 kg/m?) [1]. These conditions are linked to adverse health
outcomes such as type 2 diabetes mellitus (T2DM), hypertension,
certain cancers, and cardiovascular diseases (CVDs) [2, 3]. Obesity
is a major risk factor for cardiovascular diseases [4-6]. Therefore,
effective weight control is crucial for reducing cardiovascular risk.

However, studies have suggested the ‘obesity paradox,” where
individuals with overweight or mild obesity, particularly elderly
and symptomatic individuals with cardiovascular disease (e.g.
heart failure) exhibit higher survival rates [7, 8]. Observational
studies on weight reduction in individuals with existing CVDs
show mixed results, ranging from moderate benefits to potential
harms [9-11]. This paradox underscores the need for cautious and
comprehensive evaluation of the relationship between BMI
reduction and cardiovascular outcomes, as well as the impact of
various weight control interventions.

Weight control interventions include pharmacological interven-
tions, bariatric surgery, dietary interventions, exercise interven-
tions, and comprehensive lifestyle interventions [12]. These
interventions are distinct and widely applied in clinical and
community settings. Pharmacological and surgical interventions
are typically reserved for severe cases of obesity, whereas dietary
and exercise interventions cater to a broader demographic.
Comprehensive lifestyle interventions integrate multiple
approaches (diet, exercise, and behavioral therapy) to ensure
sustained and holistic weight management.

Numerous meta-analyses of randomized controlled trials (RCTs)
and observational studies have explored the relationship between
weight control interventions and cardiovascular outcomes. How-
ever, challenges persist due to study design flaws, varying follow-
up periods, inconsistent results, and high heterogeneity, compli-
cating the ability to draw definitive conclusions. These issues also
present difficulties for clinicians and policymakers in identifying
the most effective interventions. Although several systematic
reviews exist, to our knowledge, no umbrella review has
comprehensively evaluated the comparative effectiveness of
diverse weight control interventions—pharmacological, surgical,
dietary, exercise, and lifestyle—across a broad range of cardio-
vascular outcomes. Furthermore, no previous review has com-
bined multiple grading strategies, including the Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) system, the A Measurement Tool to Assess Systematic
Reviews (AMSTAR), and predefined evidence classes, to stratify
evidence quality and interpret inconsistency across findings. This
integrative and methodologically layered approach is designed to
overcome limitations of prior evidence syntheses and offer
practical, comparative insights. This umbrella review consolidates
existing systematic reviews and meta-analyses to evaluate the
overall impact of various weight control interventions on all-cause
mortality and cardiovascular outcomes. Our goal is to clarify the
relative benefits and limitations of each intervention, thereby
providing a scientific foundation for clinical practice and public
health policy.

METHODS

Umbrella review methods

We conducted a systematic search, extraction, and analysis of data
from published systematic reviews and meta-analyses exploring
the associations between various weight control interventions and
all-cause mortality as well as cardiovascular outcomes [13, 14]. The
interventions included pharmacological interventions, bariatric
surgery, dietary interventions, exercise interventions, and com-
prehensive lifestyle interventions, all evaluated within meta-
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analyses. Systematic reviews without meta-analyses were
excluded. The study was prospectively registered in PROSPERO
(Registration number: CRD42024573542).

Literature search

We conducted a comprehensive search of systematic reviews and
meta-analyses of RCTs and observational studies in PubMed,
Embase, Web of Science, and the Cochrane Library, covering all
available literature up to June 2024. We used the following search
terms for English-language meta-analyses on body weight,
obesity, or overweight and CVDs: (body weight OR obesity OR
overweight) AND (cardiovascular diseases) AND (systematic review
OR meta-analysis). Two authors (XMC and XGZ) independently
carried out electronic searches, screened titles and abstracts, and
identified eligible meta-analyses through full-text review. Dis-
crepancies were resolved by a third author (XX). Additionally, we
manually examined the reference lists of all included articles to
identify any potentially overlooked meta-analyses and reviews.

Eligibility criteria

We included systematic reviews and meta-analyses of RCTs and
observational studies assessing weight control interventions,
such as pharmacological interventions, bariatric surgery, dietary
interventions, exercise interventions, and comprehensive life-
style interventions. Eligible studies were required to report
efficacy measures for all-cause mortality and cardiovascular
outcomes, including CVD mortality, major adverse cardiovascu-
lar events (MACE), stroke, myocardial infarction, heart failure,
and atrial fibrillation. Only studies published in English were
included.

Eligible studies evaluated the effects of various weight control
interventions on identical cardiovascular outcomes using metrics
such as relative risk (RR), odds ratio (OR), or hazard ratio (HR). For
studies reporting multiple health outcomes, data were extracted
for each outcome separately. In cases where multiple meta-
analyses assessed the same intervention and outcome, preference
was given to the most recent, largest, and most comprehensive
meta-analysis. When studies on the same outcome were
published more than 24 months apart, the most recent study,
typically with the largest sample size, was included. For studies
published within the same 24-month period, meta-analyses with
the highest number of prospective cohort studies and RCTs were
prioritized. If the number of prospective studies was identical,
those with the highest AMSTAR scores were selected.

Data extraction

Two reviewers, XMC and XGZ, independently extracted data from
each eligible study, including the first author’'s name, publication
year, type of weight control intervention (pharmacological,
bariatric surgery, dietary, exercise, comprehensive lifestyle),
control group, study population, all-cause mortality, cardiovascular
outcomes, number of included studies, study design (RCTs and
observational studies), case count, total participants, and pooled
overall effects (RR, OR, HR, and their 95% confidence intervals
(Cls)). We also extracted information on effect models (random-
effects and fixed-effects), heterogeneity (P statistic and Cochran’s
Q test P value), and publication bias assessments (Egger’s test or
funnel plot P value).

For meta-analyses of observational studies with stratified
analyses by study design, data extraction or re-analysis from
cohort studies was prioritized. Discrepancies were resolved by a
third author (XX).

Quality assessment of methods and evidence

Two reviewers (XMC and XGZ) evaluated the methodological
quality of the included studies using the AMSTAR tool, a validated
and reliable instrument for assessing systematic reviews and
meta-analyses [15]. Additionally, the quality of evidence for each
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Table 1. Evidence classification criteria.

Evidence class Description

Class I: convincing evidence

> 1000 cases (or> 20000 participants for continuous outcomes); statistical significance at P < 10~° (random

effects); no evidence of small-study effects and excess significance bias; 95% prediction interval excluded
null value; no large heterogeneity (1> < 50%)

Class II: highly suggestive evidence

> 1000 cases (or> 20000 participants for continuous outcomes), statistical significance at P < 10~° (random

effects), and largest study with 95% confidence interval excluding null value

Class Ill: suggestive evidence
Class IV: weak evidence

NS: non-significant P> 0.05

cardiovascular outcome was assessed using the GRADE approach,
with ratings of “high,” “moderate,” “low,” or “very low” quality [16].

Furthermore, we categorized the outcome evidence into four
classes: Class | (convincing evidence), Class Il (highly suggestive
evidence), Class lll (suggestive evidence), Class IV (weak evidence),
and NS (non-significant) [17, 18]. The specific criteria for these
classifications are outlined in Table 1.

Data analysis

We re-analyzed the OR, RR, and HR using both random-effects and
fixed-effects models. We calculated the F* statistic and Cochran’s Q
test P value for heterogeneity, and Egger’s regression test P value
for small-study effects (for meta-analyses with at least three
studies). The meta-analyses reported the metrics, case numbers,
and participant counts from the original studies [19]. For
outcomes classified as Class | or Il, we performed sensitivity
analyses to evaluate the robustness of the evidence by excluding
certain component studies.

If the latest meta-analysis excluded original studies included in
other meta-analyses, we incorporated these data and performed a
new analysis. We assessed inter-rater reliability between the two
authors (XMC and XGZ) for study selection using Cohen’s kappa
statistic and its 95% Cls, interpreting agreement levels according
to Landis and Koch'’s guidelines: slight (0.00-20), fair (0.21-40),
moderate (0.41-60), substantial (0.61-80), and almost perfect
(0.81-1.00) [20].

Moreover, when a meta-analysis aggregated effect estimates
from observational studies and RCTs, we re-evaluated these
estimates separately for each study type. When re-evaluation was
not feasible, we extracted summary data and assessed hetero-
geneity and publication bias where possible. We defined statistical
significance for heterogeneity tests as P values<0.10 and for
other tests as P values < 0.05.

For evidence synthesis, we used Review Manager version 5.4.
Egger’s test and sensitivity analysis were conducted with Stata
version 17.0. Cohen’s kappa statistic was computed using IBM
SPSS Statistics version 26.

RESULTS

Characteristics of included meta-analyses

Figure 1 presents the flowchart for the literature search and
screening process. A systematic search identified 15,911 unique
articles, among which 31 meta-analyses met the inclusion criteria
—13 derived from RCTs and 18 from cohort studies. The inter-
rater agreement between the reviewers (XMC and XGZ) was high
(k =0.8367, 95% Cl: 0.7472 to 0.9262; P < 0.001). Meta-analyses of
RCTs examined pharmacological, dietary, and lifestyle interven-
tions, resulting in 28 pooled effect sizes. Meta-analyses of cohort
studies assessed bariatric surgery, dietary, and exercise interven-
tions, yielding 19 pooled effect sizes. Both meta-analysis types
investigated seven cardiovascular outcomes: all-cause mortality,
CVD mortality, MACE, stroke, myocardial infarction, heart failure,
and atrial fibrillation. The full details of the associations between
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> 1000 cases (or> 20000 participants for continuous outcomes) and statistical significance at P < 0.001
Remaining significant associations with P < 0.05

weight control interventions and cardiovascular outcomes are
provided in Supplementary Table S1.

Figure 2 provides an overview of the intervention and outcome
distributions across included meta-analyses. Pharmacological
strategies were most frequently assessed (n =24, 51%), followed
by bariatric surgery (n =12, 26%) and dietary interventions (n =7,
15%). Cardiovascular outcomes most frequently evaluated
included all-cause mortality (n =10, 21%), CVD mortality (n =9,
19%), and stroke (n=9, 19%). Panel A of Fig. 2 shows the
proportion of studies by intervention type; Panel B illustrates the
distribution of extracted effect sizes across cardiovascular out-
comes. Among the 47 effect sizes, 30 were statistically significant.
According to GRADE and evidence classification standards, 7
(15%) effect sizes were rated as “high” quality, 16 (34%) as
“moderate” quality, and 24 (51%) as “low” or “very low” quality.
Evidence classification showed that 4 (9%) were Class |, 9 (19%)
were Class Il, and 34 (72%) were Class llI, IV, or NS evidence.

Pharmacological interventions

Pharmacological interventions have received increasing attention
for their potential cardiovascular benefits in individuals with
obesity or type 2 diabetes. Figure 3 summarizes study-specific
effect estimates with 95% Cls, GRADE ratings, AMSTAR scores,
study designs, and evidence classifications across relevant
outcomes.

High and moderate quality evidence. Mannucci et al. [21] (2020)
conducted a meta-analysis encompassing seven randomized,
placebo-controlled trials involving 56,004 high-risk diabetes
patients without prior cardiovascular events. The findings
demonstrated that glucagon-like peptide-1 receptor agonists
(GLP-1 RAs) significantly reduced the risk of MACE (OR = 0.86,
95% Cl: 0.81-91, F=0%; high, I (the quality of evidence is
reported as “GRADE, evidence class”)) (Egger's test P=0.216).
Furthermore, GLP-1 RAs were associated with a lower risk of stroke
(OR=0.83, 95% Cl: 0.75-93, P =0%; high, Ill) (Egger’s test
P=0.281). While GLP-1 RAs showed a trend towards reducing
all-cause mortality (OR=0.90, 95% Cl: 0.82-98, = 40%;
moderate, V) (Egger’s test P =0.818), they significantly reduced
the risk of CVD mortality (OR =0.88, 95% Cl: 0.70-97, > = 18%;
moderate, IV) (Egger’s test P = 0.624).

Yoshiji et al. [22] (2022) performed a meta-analysis of eight
randomized, placebo-controlled trials involving 60,800 T2DM
patients. Their findings demonstrated that GLP-1 RAs significantly
lowered the risk of all-cause mortality (HR = 0.88, 95% Cl: 0.82-94,
P =10.5%; high, Ill) (Egger’s test P = 0.3546). Additionally, GLP-1
RAs were associated with a significant reduction in the risk of
MACE (HR=0.86, 95% Cl: 0.80-93, *=44.5%; high, Ill) (Egger's
test P=0.9326), CVD mortality risk (HR=0.87, 95% Cl: 0.80-94,
P =12.8%; moderate, IV) (Egger's test P=0.7732), myocardial
infarction risk (HR = 0.90, 95% Cl: 0.83-98, I = 27.4%; moderate,
IV) (Egger’s test P =0.9863), and heart failure risk (HR = 0.89, 95%
Cl: 0.82-98, I* = 2.5%; moderate, IV) (Egger's test P = 0.8745).

Sigh et al. [23] (2024) conducted a meta-analysis comprising 10
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Fig. 1 Flow diagram of the systematic literature search and study selection process. The number of records identified, screened,excluded,
and included at each stage of the umbrella review is presented according to the PRISMA guideline framework.
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Fig.2 Distribution of study counts and cardiovascular outcome effect sizes across weight control interventions. A Proportion of included
studies categorized by intervention type, including pharmacological (51%), dietary (15%), bariatric surgery(26%), exercise (4%), and
comprehensive lifestyle interventions (4%). B Proportion of extracted effect sizes across cardiovascular outcomes, including all-cause mortality
(21%), stroke (19%), CVDmortality (19%), major adverse cardiovascular events (MACE, 15%), myocardial infarction (11%), heart failure (11%),
and atrialfibrillation (4%). Colors represent distinct categories of interventions and outcomes. Percentages are based on the total number
ofstudies or effect sizes.
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Intervention Control Population Outcome ::':‘::';“l‘l’n ‘n anirdi Risk estimate [95% CI] Estimate [95% CI| 1\\::/‘:::/; ! (%) ':””u‘:" AMSTAR GRADE  Evidence class
GLP-1RAs placebo or active comparators  high-risk individuals with diabetes(without CVD) all-cause mortality  27977/28027 ] 090(08210098) 770 40.0% 08180 10 Moderate 1V
GLP-1RAs placebo or active comparators  high-risk individuals with diabetes(without CVD) CVD mortality 27977728027 - 0880.8010097) 770 180% 0.6240 10 Moderate 1V
GLP-1RAs placebo or active comparators  high-risk individuals with diabetes(without CVD) MACE 24923124993 - 086(08110091) 660 0% 02160 10 High 1
GLP-1RAs placebo or active comparators  high-risk individuals with diabetes(without CVD) myocardial infarction  27977/28027 —| 0.900.8010100) 770 47.0% 07530 10 Moderate NS
GLP-1RAs placebo or active comparators  high-risk individuals with diabetes(without CVD) heart failure 2797728027 —e 093(085101.02) 770 0% 09800 10 Moderate NS
GLP-1RAs placebo or active comparators  high-risk individuals with diabetes(without CVD) stroke 27977728027 —.— 0830.7510093) 770 0% 02810 10 High ]
anti-obesity medications  Placebo adults with overweight or obesity all-cause mortality  19495/20380 —— 1030870121) 17170 0% 01290 9 Low NS
anti-obesity medications  Placebo adults with overweight or obesity CVD mortality 14941/13716 —e— 09207210 118) 880 0% 07590 9 Low NS
anti-obesity medications  Placebo aduls with overweight or obesity myocardial infarction  15826/14578 —p— 101086t01.19) 770 0% 09863 9 Low NS
anti-obesity medications  Placebo adults with overweight or obesity heart failure 642216212 —e— 095(0.7610120) 220 0%  NA 9 Low NS
anti-obesity medications  Placebo adults with overweight or obesity stroke 10899/10685 = 0930.7210120) 440 0% 03759 9 Low NS
GLP-1RAs Placebo aduls with overweight or obesity (without diabetes) MACE 519172514 e 0580230145 S50  121% 01200 8 Moderate NS
GLP-1RAs placebo or active comparators  individuals with diabetes and obesity atrial fibrillation 40855/33496 —— 097008310 1.12) 484800 0% 02300 9 High NS
GLP-1RAs Placebo T2DM all-cause mortality 30694/29386 -y 0.88(0.82100.94)  8/8/0 10.5%  0.3546 9 High m
GLP-1RAs Placebo T2DM CVD mortality 30694/29386 = 0.87(0.80t0 0.94)  8/8/0 128% 07732 9 Moderate IV
GLP-1RAs Placebo T2DM MACE 30694/29386 &= 0.86(0.8010 0.93)  8/8/0 44.5%  0.9326 9 High m
GLP-1RAs Placebo T2DM myocardial infarction  30694/29386 = 0.90(0.83 10 0.98)  8/8/0 274% 09863 9 Moderate IV
GLP-1RAs Placebo T2DM heart failure 30694/29386 == 0.89(0.82100.98)  8/8/0 25% 0.8745 9 Moderate IV
GLP-1RAs Placebo adults stroke 3084820532 = 0850.7710093) 11/11/0 0% 07538 8 Moderate IV
Placebo individuals with overweight or obesity without diabetes mellitus  all-cause mortality ~ 16678/12213 == 0800.7010092) 990 0% 00013 8 Low v
Placebo individuals with overweight or obesity without diabetes mellitus  CVD mortality 16355/12155 e 0840.70101.00) 990 0% 08366 8 Moderate NS
Placebo individuals with overweight or obesity without diabetes mellitus  MACE 14389/11211 - 0790.7110089) 6600 0% 06615 8 High 1l
GLP-1RAs Placebo individuals with overweight or obesity without mellitus  myocardial infarction  12281/10358 = 07206110085 440 0% 03531 8 High I
GLP-IRAs Placebo individuals with overweight or obesity without diabetes mellitus  stroke 12105/10179 T, 092074w0115) 330 0% 06639 8 Moderate NS

0.0

Fig. 3 Association between pharmacological interventions and cardiovascular outcomes. Cl confidence interval; T total No. of studies; R
randomized controlled trial; C cohort studies; GLP-1 RAs receptor agonists for glucagon-like peptide-1; MACE major adverse cardiac events;
CVD cardiovascular disease; T2DM type 2 diabetes mellitus; NA not available, NS non-significant.

randomized placebo-controlled trials, encompassing 29,325 indi-
viduals with overweight or obesity without diabetes. The analysis
revealed that GLP-1 RAs significantly reduced the risk of MACE
(OR=0.79, 95% Cl: 0.71-89, P =0%; high, Il (Egger’s test
P=0.6615), and decreased the risk of myocardial infarction
(OR=0.72, 95% Cl: 0.61-85, P =0%; high, Ill) (Eggers test
P=0.3531).

Adamou et al. [24] (2024) performed a meta-analysis of 11
randomized placebo-controlled trials involving 82,140 adults,
demonstrating that GLP-1 RAs significantly reduced the risk of
all-cause mortality (RR = 0.85, 95% Cl: 0.77-93, > = 0%; moderate,
IV) (Egger’s test P =0.7538).

Low-quality evidence. Sigh et al. [23] (2024) reported that GLP-1
RAs significantly reduced the risk of all-cause mortality (OR = 0.80,
95% Cl: 0.70-92, > = 0%; low, IV) (Egger’s test P=0.0013).

We found no significant associations between weight loss
medications (orlistat, liraglutide at 3.0 mg dose only, naltrexone
and bupropion, lorcaserin, phentermine, and topiramate) and
cardiovascular outcomes (including all-cause mortality, CVD
mortality, myocardial infarction, heart failure, and stroke) in
individuals with obesity or overweight [25]. Moreover, GLP-1 RAs
did not significantly impact myocardial infarction and heart failure
outcomes in high-risk diabetes patients without prior cardiovas-
cular events [21], nor did they show a significant association with
CVD mortality in individuals with overweight or obesity without
diabetes [23].

Bariatric surgery

Bariatric surgery is widely regarded as the best treatment for
individuals with severe obesity (BMI=40 Kg/m?. Figure 4
summarizes study-specific effect estimates with 95% Cls, stratified
by study design and evidence quality, for outcomes such as all-
cause mortality, MACE, heart failure, and stroke.

Meta-analyses of cohort studies revealed several key findings.
Berger et al. [26] (2018) demonstrated that bariatric surgery
significantly decreased the risk of heart failure in individuals with
severe obesity (RR = 0.44, 95% Cl: 0.36-55; low, I). Sutanto et al.
[27] (2021) reported a substantial reduction in the risk of MACE in
individuals with obesity cardiovascular diseases (OR = 0.49, 95%
Cl: 0.40-60; low, Il). Tang et al. [28] (2022) also observed a
significant reduction in MACE risk among individuals with severe
obesity (RR=0.53, 95% Cl: 0.45-62; low, Il). Van Veldhuisen et al.
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[29] (2022) found a notable decrease in all-cause mortality
(HR=0.53, 95% Cl: 0.45-62)(very low, Il) and stroke risk
(HR=0.64, 95% ClI: 0.53-77; very low, lll) in individuals with
obesity. Chandrakumar et al. [30] (2023) reported significant
reductions in CVD mortality (HR = 0.48, 95% Cl: 0.40-57; very low,
), myocardial infarction (HR = 0.53, 95% Cl: 0.44-64; very low, ll),
and heart failure risk (HR = 0.45, 95% Cl: 0.37-55; very low, Il). Cui
et al. [31] observed significant decreases in all-cause mortality
(OR=0.52, 95% Cl: 0.47-58; very low, ll), MACE risk (OR=0.58,
95% Cl: 0.51-66; very low, ), and stroke risk (OR = 0.75, 95% Cl:
0.63-89; very low, IV) in individuals with severe obesity.

However, no significant association between bariatric surgery
and atrial fibrillation outcomes in individuals with obesity was
observed in the included studies [30].

Dietary interventions

Dietary interventions are widely accessible strategies for weight
control. Figure 5 presents study-specific effect estimates with 95%
Cls and GRADE-based evidence ratings for various dietary
patterns, including low-fat, Mediterranean, and Nordic diets, in
relation to cardiovascular outcomes. The results are organized by
study design and evidence level to enable structured comparison
across interventions.

Moderate quality evidence. A meta-analysis by Ma et al. [32]
(2017) included 34 RCTs involving 21,699 individuals with obesity.
The analysis indicated that low-fat diets substantially decreased
the risk of all-cause mortality (RR = 0.82, 95% Cl: 0.71-95, = 0%;
moderate, 1IV) (Egger’s test P=0.2690). Similarly, Chen et al. [33]
(2019) conducted a meta-analysis of 20 cohort studies, encom-
passing 682,149 individuals without cardiovascular diseases,
which demonstrated that the Mediterranean diet notably reduced
stroke risk (RR=0.84, 95% Cl: 0.81-8, *=11.5%; moderate, /)
(Egger’s test P =0.2800).

Low and very low-quality evidence. A meta-analysis by Massara et al.
[34] (2022) found that the Nordic diet substantially decreased the risk of
CVD mortality (OR = 0.74, 95% Cl: 0.69-80; very low, Il), and stroke risk
(RR=0.87, 95% Cl: 0.78-97; low, |) in individuals with T2DM.

Additionally, low-fat diets did not show a significant association with
CVD mortality in individuals with obesity [32], and high-protein diets
were not associated with CVD mortality or stroke in individuals without
CVDs [35].

SPRINGER NATURE

1915



X. Chen et al.

1916

No. of

Intervention  Control  Population Outcome ?::;‘1‘::1:2 fcontroy  Riskestimate [95% CI] Estimate [95% CI| :_tl!l/;l{l/e(s) 17 (%) f,gf:;:l :fs' AMSTAR GRADE  Evidence class
bariatric surgery no surgery individuals with obesity and heart failure heart failure 54581/56546 o, o) 0.44(0.36 t0 0.55)  7/1/6 39.8%  0.7080 8 Low I
bariatric surgery no surgery adults with CVDs and obesity MACE 73734/1697562 =0 0.49(0.40 to 0.60)  10/0/10 93.0%  0.4230 9 Low 11
bariatric surgery no surgery individuals with obesity MACE 143945/1993996 o 0.53(0.45t0 0.62)  12/0/12 95.0%  0.3370 9 Low i
bariatric surgery no surgery adults with obesity all-cause mortality 133524/263478 - 0.55(0.49 t0 0.62)  21/0/21 78.0%  0.0017 10 Verylow I
bariatric surgery no surgery adults with obesity stroke 24015/80394 == 0.64(0.53 t0 0.77)  5/0/5 76.0%  0.0007 10 Very low 1T
bariatric surgery no surgery adults with obesity CVD mortality 157750/643770 = 0.48(0.40 t0 0.57)  15/0/15 71.0%  0.0000301 8 Very low 11
bariatric surgery no surgery adults with obesity myocardial infarction 231503/487727 = 0.53(044100.64) 16/0/16  79.0%  0.0044 8 Very low 1l
bariatric surgery no surgery adults with obesity heart failure 180961/202891 - 0.45(0.37 t0 0.55)  15/0/15 87.0%  0.0022 8 Verylow I
bariatric surgery no surgery adults with obesity atrial fibrillation 18309/32933 = 0.81(0.65 to 1.01) ~ 7/0/7 64.0%  0.0141 8 Verylow NS
bariatric surgery no surgery individuals with severe obesity all-cause mortality  112244/215204 > 05200470 0.58) 22/0/22  71.0%  0.0027 10 Verylow 1l
bariatric surgery no surgery individuals with severe obesity MACE 34311/31383 e 0.58(0.51 t0 0.66)  5/0/5 50.0%  0.1850 10 Verylow 11
bariatric surgery no surgery individuals with severe obesity stroke 19380/25776 =-= 0.75(0.63 t0 0.89)  8/0/8 0% 0.0774 10 Verylow IV

0

.0

0.5 1.0

1.5

Fig. 4 Association between bariatric surgery and cardiovascular outcomes. Cl confidence interval, T total No. of studies,
controlled trial, C cohort studies, MACE major adverse cardiac events, CVD cardiovascular disease, NS non-significant.

R randomized

No. of

Intervention Control Population Outcome IS""‘:;"V':n:f; rcontror RSk estimate [95% CI|  Estimate [95% CI] (“I““/‘:{I/e(‘) (%) ﬁgf:lru':“ AMSTAR GRADE  Evidence class
low fat diet regular diet adults with obesity all-cause mortality 11266/10433 == 0.82(0.71 t0 0.95)  34/34/0 0% 0.2690 10 Moderate IV
low fat diet regular diet adults with obesity CVD mortality 4547/4543 —p— 0.93(0.67 to 1.31)  8/8/0 0% 0.6190 10 Moderate NS
diet diet without CVD  stroke 682149(total) < 0.84(0.81to 0.88)  20/0/20  11.5%  0.2800 9 Moderate 1
Nordic dietary patterns non-Nordic dietary patterns T2DM CVD mortality 639068(total) = 0.74(0.69 to 0.80)  8/0/8 33.0%  0.2240 10 Low I
Nordic dietary patterns non-Nordic dietary patterns T2DM stroke 122133(total) = 0.87(0.78 t0 0.97)  3/0/3 2.0% 0.2850 10 Verylow IV
high protein diet low or normal protein diet  individuals without CVD CVD mortality 68581/153002 = 0.94(0.60 to 1.46)  6/0/6 98.0%  0.0138 9 Verylow NS
high protein diet low or normal protein diet  individuals without CVD stroke 37950/52281 ‘; 1.02(0.94 to 1.10)  3/0/3 0% 0.8211 9 Verylow NS

0.0 05 1.0

15

Fig.5 Association Between Dietary Interventions and Cardiovascular Outcomes. Cl confidence interval; T total No. of studies; R randomized
controlled trial, C cohort studies, CVD cardiovascular disease, T2DM type 2 diabetes mellitus, NS non-significant.

No. of

Intervention  Control Population Outcome Sampleiize Risk estimate [95% CI|  Estimate [95% CI] studies 17 (%) _55" "' AMSTAR GRADE Evidence class
intervention/control (T/RIC) P value
-
physical activity inactive physical activity individuals with diabetes all-cause mortality 154700(total) 0.57(0.49 t0 0.67)  15/0/15 83.0% 0.1300 9 Low )i
—e
physical activity inactive physical activity individuals with diabetes CVD mortality 31044(total) 0.55(0.34 t0 0.68)  8/0/8 68.1%  0.0600 9 Very low IV
05 1.0 15

Fig.6 Association between exercise interventions and cardiovascular outcomes. Cl confidence interval, T total No. of studies, R randomized

controlled trial, C cohort studies, CVD cardiovascular disease.

Exercise interventions
Exercise interventions represent a foundational behavioral
approach to weight management. Figure 6 presents cohort-
based findings on their association with cardiovascular outcomes.
Liu et al. [36] (2022) conducted a meta-analysis of cohort studies
and found that active physical exercise significantly decreased the
risk of all-cause mortality (RR =0.57, 95% Cl: 0.49-67)(low, Il) and
CVD mortality (RR=0.55, 95% Cl: 0.34-68; very low, IV) in
individuals with diabetes.

Comprehensive lifestyle interventions

Comprehensive lifestyle interventions, including dietary, exercise,
or behavioral therapy, showed no significant association with all-
cause mortality in either individuals with overweight or obesity
[37, 38]. Figure 7 illustrates these null associations across
cardiovascular outcomes, presenting effect estimates with 95%
Cls and corresponding evidence ratings.

Heterogeneity

We re-analyzed the heterogeneity of all cardiovascular outcomes
using random-effects or fixed-effects models. Approximately 32%
of the re-analyzed cardiovascular outcomes exhibited significant
heterogeneity (1> > 50% or P value < 0.1 for Cochran’s Q test). This
heterogeneity was likely influenced by various factors, including
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regional differences, race, study design, study quality, sample size,
gender, age, follow-up duration, and adjustments for confounding
factors.

Assessment of risk of bias

In our re-analysis, we performed Egger's test on 83% of the
outcomes. The results indicated publication bias in 11 outcomes.
Specifically, two all-cause mortality outcomes for bariatric surgery
and one for pharmacological interventions showed significant
publication bias, with P values of 0.0017, 0.0027, and 0.0013,
respectively. Two CVD mortality outcomes for bariatric surgery
and one for dietary interventions showed bias, with P values of
0.0000301, 0.0360, and 0.0138. Two myocardial infarction out-
comes for bariatric surgery showed bias, with P values of 0.0044
and 0.0081. One heart failure outcome for bariatric surgery
showed bias (P = 0.0022). One stroke outcome for bariatric surgery
showed bias (P=0.0007). One atrial fibrillation outcome for
bariatric surgery showed bias (P=0.0141). One outcome could
not be tested with Egger’s due to only two meta-analyses, and the
remaining outcomes showed no significant publication bias.

AMSTAR, GRADE, and evidence classification

The median AMSTAR score for cardiovascular outcomes was 9,
with a range from 6 to 10 and an interquartile range of 8.5 to 10.0
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intervention/control

No. of
Risk estimate [95% CI|  Estimate [95% CI| studies 7 (
(T/R/C)

Egger test

%) AMSTAR GRADE
P value

Evidence class

comprehensive lifestyle interventions normal care adults all-cause mortality  7508/7895

comprehensive lifestyle interventions normal care  adults with overweight and obesity all-cause mortality  9923/9816

0.85(0.73 0 1.00)  12/12/0 0% 0.6970 6 Moderate IV

0.86(0.73 to 1.02)  31/31/0 0% 0.1330 9 Moderate NS

0.0 0.5 1.0 15

Fig. 7 Association between comprehensive lifestyle interventions and cardiovascular outcomes. Cl confidence interval; T total No. of
studies; R randomized controlled trial; C cohort studies; NS non-significant.

(Supplementary Table S2). Detailed AMSTAR scores for each
specific outcome are provided in Supplementary Table S3.

Due to limitations and downgrading factors in observational
study designs—such as significant bias risk, inconsistency,
indirectness, imprecision, and potential publication bias—18
meta-analyses from cohort studies were rated as “low” or “very
low” quality. One stroke outcome from dietary interventions was
upgraded to “moderate” quality due to confounding factors. Of
the 28 meta-analyses from randomized controlled trials, 7 were
rated as “high” quality, 15 were downgraded to “moderate” quality
due to bias risk or imprecision, and 6 were downgraded to “low”
quality due to bias risk, imprecision, or publication bias
(Supplementary Table S1). Detailed GRADE classifications for each
outcome are presented in Supplementary Table S4.

Regarding evidence classification, four outcomes were categor-
ized as Class | evidence: bariatric surgery (heart failure), dietary
interventions (stroke, CVD mortality), and pharmacological inter-
ventions (MACE). Eight outcomes from bariatric surgery, covering
different populations and including all-cause mortality, MACE, CVD
mortality, myocardial infarction, and heart failure, as well as one
all-cause mortality outcome from exercise interventions, were
rated as Class Il evidence. Among the remaining 34 outcomes, 6
(13%) were rated as Class lll evidence, 12 (26%) as Class IV
evidence, and 16 (34%) as non-significant (Supplementary Table
S2). Sensitivity analyses for all Class | and Il outcomes showed no
change in the direction or significance of associations.

DISCUSSION

Main conclusions and possible explanations

This umbrella review examined the relationships between
different weight control interventions and both all-cause mortality
and cardiovascular outcomes. Interventions assessed included
pharmacological interventions, bariatric surgery, dietary interven-
tions, exercise interventions, and comprehensive lifestyle inter-
ventions. Out of 15,911 articles, we identified 31 meta-analyses
with 47 pooled effect sizes—19 from observational studies and 28
from RCTs. The analysis indicated that pharmacological interven-
tions, bariatric surgery, dietary interventions, and exercise inter-
ventions positively impact cardiovascular outcomes. However,
comprehensive lifestyle interventions did not show a significant
association with cardiovascular outcomes.

Among pharmacological interventions, GLP-1 RAs are signifi-
cantly associated with improved cardiovascular outcomes in
individuals with diabetes, obesity, or overweight. These outcomes
include reductions in all-cause mortality [21, 22], CVD mortality
[21, 22], MACE [21-23], stroke [21, 24], myocardial infarction
[22, 23], and heart failure [22]. Clinical trials have demonstrated
that liraglutide and semaglutide, both GLP-1 RAs, reduce
cardiovascular events in individuals with T2DM. Furthermore, a
meta-analysis of RCTs supports these findings, showing reduced
risks of cardiovascular outcomes (all-cause mortality, CVD
mortality, MACE, stroke, heart failure) in individuals with T2DM
with or without established cardiovascular disease [39]. GLP-1 RAs
function by targeting the incretin pathway, enhancing postpran-
dial insulin release, reducing glucagon secretion, improving
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glucose uptake, and maintaining optimal glucose levels [40, 41].
Additionally, GLP-1 RAs increase satiety through direct action on
the hypothalamus and by slowing gastric emptying, contributing
to overall weight loss [42]. Beyond glucose control, GLP-1 RAs
exhibit multifaceted effects on various organ systems. In the
cardiovascular system, they promote vasodilation, neurohormonal
regulation, natriuresis, anti-inflammatory actions, weight reduc-
tion, lipid profile improvement, and plaque inhibition [40, 41]. At
the molecular level, GLP-1 RAs provide cardiovascular protection
through multiple mechanisms. Firstly, GLP-1 RAs increase nitric
oxide (NO) production via the GLP-1 receptor-dependent AMPK/
Akt/eNOS signaling pathway, improving endothelial function and
inducing vasodilation [43, 44]. Secondly, GLP-1 RAs inhibit the
proliferation and migration of vascular smooth muscle cells
(VSMCs), regulate their phenotypic transformation, and prevent
vascular remodeling and the progression of atherosclerosis
[45, 46]. Additionally, GLP-1 RAs modulate macrophage polariza-
tion, promoting a shift towards the anti-inflammatory M2
phenotype, thereby reducing inflammatory cell infiltration and
foam cell formation in arterial walls [47-49]. Lastly, GLP-1 RAs help
maintain myocardial energy metabolism balance and alleviate
cardiomyocyte dysfunction by activating the PI3K/Akt and p38
MAPK pathways, as well as the Nrf-2/heme oxygenase-1 (HO-1)
axis [50-52]. In various animal models, GLP-1 RAs have demon-
strated significant cardiovascular protective effects. For instance,
in a high-fat diet-induced atherosclerosis mouse model, liraglutide
significantly slowed the progression of atherosclerosis by inhibit-
ing inflammation and foam cell formation [53]. Similarly, in
myocardial infarction rat models, exenatide reduced infarct size
and improved ventricular function, effectively mitigating myocar-
dial damage and the risk of heart failure [54]. Furthermore, GLP-1
RAs modulate multiple signaling pathways, such as the AMPK-
TXNIP pathway, to inhibit hyperglycemia-induced cardiomyocyte
pyroptosis, further validating their potential application in
preventing and treating cardiovascular diseases. These mechan-
isms collectively provide cardiovascular protection, making GLP-1
RAs crucial in managing cardiovascular health.

Low-fat diets are strongly associated with reduced all-cause
mortality in individuals with obesity [32], while the Mediterranean
diet shows a strong beneficial association with reduced stroke
incidence [33]. A low-fat diet typically provides <30% of energy
from fat. The Mediterranean diet emphasizes olive oil, fish,
vegetables, fruits, and whole grains. These dietary interventions
may offer cardiovascular protection by improving lipid profiles,
lowering blood pressure, enhancing insulin sensitivity, preventing
inflammation, reducing oxidative stress, improving endothelial
function, and optimizing glucose metabolism [55-58]. One cohort
study found low-fat diets associated with reduced all-cause
mortality and CVD mortality risk [59]. Another cohort study found
that a 2-point increase in the Mediterranean diet score correlates
with approximately a 10% reduction in cardiovascular disease
incidence [60]. Adherence to the Mediterranean diet has been
linked to lower all-cause mortality [61] and reduced incidence of
cerebrovascular disease [62], hypertension [63], and atrial fibrilla-
tion [64]. Our findings align with the Dietary Guidelines for
Americans [65], supporting the Mediterranean diet as a crucial
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measure for CVD prevention. Due to the limited number of studies
included, additional large-scale prospective research is required to
further elucidate the relationships between dietary interventions
and cardiovascular outcomes.

Despite beneficial associations between bariatric surgery and
cardiovascular outcomes in individuals with obesity, both with
and without cardiovascular diseases (all-cause mortality [29, 31],
CVD mortality [30], MACE [27, 28, 31], stroke [29, 31], myocardial
infarction [30], heart failure [26, 30], atrial fibrillation [30]), the
evidence quality remains low. Bariatric surgery is a last-line
treatment for severe obesity that is unmanageable through
lifestyle changes or medication alone. The low quality of
evidence regarding cardiovascular outcomes associated with
this intervention is due to the inclusion of non-randomized
studies, the predominance of individuals with severe obesity, the
complexity of the surgery, insufficient long-term follow-up data,
and risk of complications. An umbrella review of bariatric surgery
outcomes found similar results, indicating beneficial associations
with cardiovascular outcomes but also highlighting the low
quality of evidence [66]. Therefore, more high-quality, long-term
studies are needed to confirm the true effects of these
interventions.

Exercise interventions are associated with improved cardiovas-
cular outcomes in individuals with diabetes, although evidence
quality is low. Variability in intervention types and adherence
levels contribute to high heterogeneity. Despite limited studies,
evidence suggests exercise interventions may benefit cardiovas-
cular health. Future research should focus on high-quality RCTs,
optimizing protocols, ensuring long-term adherence, and explor-
ing the impacts of different exercise types.

Comprehensive lifestyle interventions do not show significant
associations with all-cause mortality and cardiovascular outcomes,
possibly due to smaller BMI, intervention complexity, and
adherence variability. Future studies should optimize protocols,
enhance long-term adherence, and conduct large-scale RCTs.
Research should focus on specific components and implementa-
tion methods to improve effectiveness.

Strengths and limitations of this umbrella review

This umbrella review synthesizes the most comprehensive and up-
to-date evidence on various weight control interventions and their
associations with cardiovascular outcomes. By integrating findings
across pharmacological, surgical, dietary, exercise-based, and
lifestyle interventions, we offer a broad comparative perspective
that is not readily available in individual meta-analyses. This
integrative approach enhances the practical utility of existing
evidence for clinical and public health decision-making. In
addition, the stratification of evidence quality using both the
GRADE framework and an objective evidence classification
scheme allows for a more nuanced interpretation of the strength
of findings.

To provide a balanced interpretation of our findings, we highlight
several key strengths and limitations of this umbrella review. The
review was conducted using a rigorous and systematic methodol-
ogy, including independent literature screening, data extraction,
and quality appraisal. The combined application of AMSTAR,
GRADE, and evidence classification enhances the transparency
and credibility of the evaluation. Given the global burden of
overweight and obesity, this study has significant clinical and
societal relevance in informing obesity management strategies.
However, several limitations should be noted. For certain interven-
tions, only a limited number of meta-analyses were available,
potentially affecting the robustness of conclusions. Furthermore,
discrepancies were observed between GRADE assessments and
evidence classification results in several outcomes, likely due to the
subjective nature of GRADE criteria. Thus, we recommend that both
methods be considered together when interpreting the strength of
evidence and guiding recommendations.
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CONCLUSIONS

This umbrella review highlights that pharmacological interven-
tions, particularly GLP-1 RAs, significantly improve all-cause
mortality and cardiovascular outcomes. Dietary interventions,
including low-fat and Mediterranean diets, also demonstrate
beneficial associations, although the number of studies is limited.
Bariatric surgery and exercise interventions offer cardiovascular
protection, though evidence quality is lower. Comprehensive
lifestyle interventions show no significant benefits, likely due to
their complexity and variable adherence. Future research should
prioritize high-quality trials to optimize and evaluate long-term
effects, providing a robust foundation for effective weight
management strategies in cardiovascular disease prevention and
management.
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