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ABSTRACT

Bariatric surgery (BS) has short- and medium-term benefits in improving metabolic syndrome (MetS) components, but its long-
term impact remains incompletely characterized. This systematic review and meta-analysis aimed to quantify the long-term ef-
fects of BS (> 5years) on fasting blood glucose (FBG), HDL cholesterol, triglycerides (TG), waist circumference (WC), and systolic
and diastolic blood pressure (SBP and DBP). A comprehensive literature search was conducted across relevant databases. Eligible
studies included randomized controlled trials and observational cohorts reporting pre- and postsurgical metabolic outcomes
after at least Syears of follow-up. Random-effects meta-analyses and meta-regressions were performed. Fifty-four articles (49
cohorts and five RCTs), including 37,840 baseline participants, were analyzed. BS was associated with significant improvements
across all outcomes, with effect sizes varying by study design. Pooled estimates ranged from —22.97 to —44.68 mg/dL for FBG,
+10.25 to +11.94 mg/dL for HDL, —54.11 to —59.59 mg/dL for TG, —20.55cm for WC, —7.82 to —9.76 mmHg for SBP, and —4.80 to
—6.48 mmHg for DBP. Meta-regression showed stronger effects in patients with higher baseline values. BS provides sustained,
long-term improvements in all major MetS components. However, these findings are primarily driven by studies on Roux-en-Y
gastric bypass, whereas long-term data on sleeve gastrectomy remain limited. High-quality longitudinal evidence on sleeve gas-
trectomy is needed to improve the generalizability of these results to contemporary surgical practice.

Abbreviations: BMI, body mass index; BPD, biliopancreatic diversion; BS, bariatric surgery; CI, confidence interval; CVD, cardiovascular disease; DBP, diastolic
blood pressure; Dsw, duodenal switch; FBG, fasting blood glucose; FSO, International Federation for the Surgery of Obesity and Metabolic Disorders; GB, gastric
bypass; Gband, gastric banding; GLP-1, glucagon-like peptide-1; HDL, high-density lipoprotein; IB, intestinal bipartition; Mesh, medical subject headings; MetS,
metabolic syndrome; NHANES, National Health and Nutrition Examination Survey; PRISMA, preferred reporting items for systematic reviews and meta-analyses;
PYY, Peptide YYCCKCholecystokininI; RCT, random clinical trial; RoB, risk of bias; RYGB, Roux-en-y gastric bypass; SBP, systolic blood pressure; SG, sleeve
gastrectomy; T2DM, type 2 diabetes mellitus; TG, triglycerides; WC, waist circumference; WMD, weighted mean difference.
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1 | Introduction

Metabolic syndrome (MetS) is a highly prevalent and complex
condition defined by a cluster of interconnected metabolic ab-
normalities that increase the risk of cardiovascular disease
(CVD), type 2 diabetes mellitus (T2DM), and all-cause mor-
tality. It is characterized by the presence of abdominal obesity,
insulin resistance, elevated blood pressure, reduced levels of
high-density lipoprotein (HDL) cholesterol, and elevated serum
triglycerides (TG) [1-4]. Its etiology is multifactorial, involving
genetic predisposition, unhealthy dietary patterns, physical in-
activity, and socioeconomic disparities [1, 5].

MetS represents a significant global health burden, with
prevalence estimates ranging from 20% to over 30%, partic-
ularly among older and urbanized populations. In the United
States, the National Health and Nutrition Examination Survey
(NHANES, 2007 to 2014) showed a prevalence of 34.3% among
adults, increasing to 54.9% in individuals aged 60years and
older [3]. Similar age-associated increases have been reported in
European populations, where MetS prevalence exceeds 30% in
adults over 70years of age [2].

In particular, obesity plays a central role in the pathogenesis of
MetS, acting as a key driver of insulin resistance, dyslipidemia,
and elevated blood pressure [1, 6]. The growing prevalence of
obesity worldwide has been closely paralleled by the rising in-
cidence of MetS, underscoring the importance of addressing
excess adiposity as a therapeutic target [1, 7]. The global rise
in excess body weight has reached critical proportions, with
over 2.5 billion adults classified as overweight and more than
890 million as obese as of 2022. Obesity now represents one of
the most pervasive and multifaceted public health challenges
worldwide, primarily due to its strong, well-documented asso-
ciation with numerous chronic conditions—most notably CVD
[6, 7]. Although lifestyle modifications and pharmacological in-
terventions remain first-line treatments, their long-term effec-
tiveness is often limited, particularly in individuals with severe
or treatment-resistant obesity [8-10]. In this context, bariatric
surgery (BS)—also known as metabolic surgery—has emerged
as the most effective treatment for achieving sustained weight
loss and marked improvements in metabolic health. Robust
evidence indicates that BS can induce remission of T2DM,
normalize lipid profiles, lower blood pressure, and modulate
inflammatory and hormonal pathways implicated in MetS.
Beyond metabolic control, BS has also been associated with
a 25%-50% reduction in overall mortality over long-term fol-
low-up, highlighting its potential not only to improve comorbid-
ities but also to enhance survival [8-11]. However, despite the
robust evidence supporting the short- and medium-term bene-
fits of BS, its long-term impact on the individual components of
MetS remains incompletely characterized [12, 13]. Most exist-
ing studies differ by short follow-up durations, heterogeneous
populations, and varying definitions of metabolic outcomes
[12, 13], which hinder a clear understanding of the sustained
metabolic effects of different surgical procedures. Given the
global burden of MetS and the increasing reliance on BS as a
therapeutic option, a comprehensive synthesis of long-term ev-
idence is essential to inform clinical decision-making, refine
patient selection, and optimize long-term management strat-
egies. To address this gap, we conducted a systematic review

and meta-analysis to evaluate the long-term effects of BS on key
metabolic outcomes.

2 | Materials & Methods
2.1 | Study Design

This systematic review was conducted according to a pre-
defined protocol registered in PROSPERO with number
CRD42024625365 [14] and is reported following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 guidelines [15]. The review focused on evalu-
ating the long-term metabolic effects of BS, specifically on key
components of MetS: fasting blood glucose (FBG), HDL, TG,
waist circumference (WC), and systolic blood pressure (SBP)
and diastolic blood pressure (DBP).

2.2 | Search Strategy and Study Selection

A comprehensive systematic literature search was conducted
across four major databases: MEDLINE/PubMed, EMBASE,
Cochrane Library, and Web of Science. The search strategy in-
corporated a combination of free-text terms and Medical Subject
Headings (MeSH) related to the intervention (e.g., bariatric
surgery and specific surgical techniques), the follow-up dura-
tion (e.g., long-term), and the outcomes of interest. The com-
plete search terms and strategies are detailed in Table S1. The
search was performed on December 9, 2024. No restrictions
were applied to the year of publication, and studies published
in English, French, Italian, Portuguese, and Spanish were con-
sidered for the inclusion, by reviewers fluent in the respective
languages or with documented proficiency in those languages.
Eligible studies included randomized controlled trials (RCT), as
well as observational studies (cohort, case—control, and cross-
sectional designs) that assessed the long-term effects (> 5years)
of BS, comparing follow-up outcomes with baseline values. No
restrictions were applied regarding the type of BS procedure,
study population, or age group, ensuring broad inclusion across
surgical techniques and demographic profiles. Articles were ex-
cluded if they were conference abstracts, review papers, meta-
analyses, expert commentaries, opinion pieces, or if they lacked
sufficient methodological detail or extractable outcome data.
Additionally, studies were excluded if follow-up outcomes were
assessed exclusively via telephone, were based solely on par-
ticipant self-reports, or if outcomes were defined only through
medication use without accompanying biochemical evaluations.
Inclusion criteria were developed according to the Participants,
Interventions, Comparisons, Outcomes, and Study Design
(PICOS) framework, as detailed in Table S2.

Study selection was performed in two stages. First, titles
and abstracts were independently screened by two reviewers
(B.P.B. and L.Y.). In the second stage, full texts of the stud-
ies selected by both reviewers were retrieved and assessed for
eligibility. When full-text articles were unavailable or con-
tained missing information, the corresponding authors were
contacted for clarification. Disagreements between reviewers
were resolved through consultation with a senior investigator
(P.F.), who facilitated consensus.
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2.3 | Data Extraction and Analysis

Key characteristics and outcome data were extracted from each
included study, including study design, year of publication,
country, baseline characteristics of the study population, inclu-
sion and exclusion criteria, type of BS performed, duration of
long-term follow-up, and outcome values at baseline and at fol-
low-up. Continuous outcomes measures for FBG, HDL, and TG
were standardized to mg/dL to improve interpretability [16, 17].
When necessary, parametric values were estimated from non-
parametric data and pooled means and pooled standard devia-
tions were calculated in accordance with the recommendations
of the Cochrane Handbook [18] and Wan et al. [19]. The com-
plete set of formulas used for these conversions is provided in
Table S4.

Two reviewers (B.P.B. and L.Y.) assessed the possible risk of
bias (RoB) using the Joanna Briggs Institute (JBI) Critical
Appraisal tools for observational studies [20], and Revised
Cochrane risk-of-bias tool for randomized trials (Rob-2) for
RCTs [21].

For the quantitative synthesis of outcomes, random-effects
meta-analyses were conducted for all models. Results were sum-
marized as pooled estimates with 95% confidence intervals (95%
CI). Heterogeneity across studies was assessed using the I sta-
tistic and Cochran'’s Q-test. In addition, subgroup analyses were
performed based on BS type, duration of follow-up, age, baseline
BMI category, and risk of bias.

For meta-analysis including 10 or more studies, potential pub-
lication bias and small-study effects were evaluated through
visual inspection of funnel plots and formally tested using
Egger's test [22]. To explore the influence of baseline mean
values, age, BMI, male sex proportion, and other potential
moderators—such as surgical procedure, follow-up duration,
and risk of bias—on pooled effect estimates, random-effects
meta-regression analyses were conducted for outcomes with
at least 10 included studies [22]. Potential moderators were
initially assessed in univariable meta-regression models.
Variables with p-values below 0.05 were subsequently in-
cluded in a multivariable model to evaluate their combined
contribution to between-study heterogeneity. Leave-one-out

( Identification of studies via databases )

Records identified from:
Pubmed (n = 300)

Records removed before
screening:

Cochrane Library (n = 199)
Web of Science (n = 917)
Embase (n = 2073)

Identification

Records screened
(n=2078)

Reports sought for retrieval
(n=77)

Screening

Reports assessed for eligibility
(n=77)

Studies included in review
(n =54)

Included |

Duplicate records removed (n
=1411)

Records excluded
(n=2001)

Reports not retrieved
(n=0)

Reports excluded:
Follow-up shorter than 5
years (n=4)
Insufficient outcome
information (n = 14)
Full text not available (n = 4)
Published in a non-eligible
language (n=1)

FIGURE1 | PRISMA flow diagram of study identification, screening, and inclusion.
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analyses and the trim-and-fill method were applied to assess
the robustness and sensitivity of the results in meta-analyses
including at least 10 studies. All analyses and graphical out-
puts were performed using STATA software, version 18.0
(StataCorp, College Station, TX, USA).

3 | Results
3.1 | Literature Search and Studies Overview

From the initial search, which yielded 3489 records, 51 cohorts
of BS patients were included according to the predefined eligibil-
ity criteria. Data from these cohorts were sourced from a total of
54 individual articles, as in two cases [23, 24] it was necessary to
refer to sister publications [25-27] to complete baseline and clin-
ical information (Figure 1). Overall, the 54 articles comprised 49
cohort studies [10, 23-70] and five RCT [71-75]. With regard to
the outcomes, the BS long-term effect on FBG was assessed in
36 studies, HDL cholesterol in 38, TG in 42, and SBP and DBP in
23. When distinct subcohorts could be identified within a study
(e.g., according to BS type), they were analyzed separately. An
overview of the number of subcohorts and participants contrib-
uting to each outcome is provided in Figure 2, together with a
summary of the pooled estimates.

The included studies collectively enrolled a baseline sample of
37,840 participants, of whom more than 70% were female. Key
baseline characteristics of the included cohorts are summarized
in Table 1, whereas complete study characteristics, and baseline
and long-term outcomes are reported in Table S3. Participant age
ranged from 16.5+1.3years [40] to 54.2+11.2years [67], whereas
BMI varied from 27.2+3.2kg/m? [10], in an Asian population, and
35.1+2.6kg/m? in non-Asian population [48], up to 56.7+10.0kg/
m? [61]. In terms of geographical distribution, 40.7% of the studies
(22/54) were conducted in Europe, 27.8% (15/54) in the Americas,

24.1% (13/54) in Asia, and 7.4% (4/54) in Oceania. Regarding the
type of BS performed, the most frequently reported procedure was
Roux-en-y Gastric Bypass (RYGB), included in 45.1% of studies.
This was followed by Sleeve Gastrectomy (SG) in 23.5%, mixed
procedures in 17.6%, gastric banding in 11.8%, Gastric Bypass (GB)
in 9.8%, Biliopancreatic Diversion (BPD) in 5.9%, and Duodenal
Switch (Dsw) and Intestinal Bipartition (IB) in 2% of studies each.
Follow-up duration ranged from 5 to 15years, with 52.9% of stud-
ies reporting a 5-year follow-up and 47.1% exceeding 5years.

Participant attrition varied across outcomes, with >50% loss
reported in 18.6% of studies for FBG, 16.3% for HDL, 14.6%
for TG, 16.7% for WC, and 14.9% for SBP/DBP (Tables 1 and
S3). Across studies, the overall direction of effect was consis-
tent and indicated improvement in all evaluated outcomes.
However, isolated studies reported no significant changes in
FBG (n=3) [48, 67, 74], HDL (n=1) [10], TG (n=1) [54], and
SBP (n=1) [71].

A few studies assessed outcomes categorically, confirming im-
provements in low HDL levels [29, 39], hypertension [33], and
high TG levels [39].

Only two studies explicitly evaluated MetS diagnosis [37, 66],
both showing postsurgical improvement despite using different
criteria (the International Diabetes Federation and NCEP ATP
I11, respectively).

Overall, the risk of bias assessment indicated a moderate-to-high
methodological quality across the included studies. Among cohort
studies, nearly half (49%) achieved JBI conformity scores >70%
[23-25, 28-30, 34, 36, 39, 41, 42, 44, 48, 51-53, 57, 65-70], suggest-
ing good adherence to methodological standards. Among RCTs,
only one study was classified as having a high risk of bias [73],
whereas the remaining trials were judged as having some con-
cerns, mainly related to deviations from intended interventions or

Outcome of cNalf)l.Lms of p’:g;)nls P‘()aorfzzgi/{omé;te 2 (%)
FBG (Cohorts) 36 7,307 -22.97 mg/dL (-27.19; -18.75)  98.3
FBG (RCTs) 7 264 -44.68 mg/dL (-67.40; -21.96) 95.4
HDL (Cohorts) 37 7,106 +10.25 mg/dL (8.49; 12.00) 95.9
HDL (RCTs) 6 371 +11.94 mg/dL (8.76; 15.12) 80.2
TG (Cohorts) 42 7,873 -59.59 mg/dL (-65.84; -53.34) 95.8
TG (RCTs) 6 403 -54.11 mg/dL (-72.65; -35.57)  85.1
WC (Cohorts) 10 2,331 -20.55 cm (-28.35; -12.74) 99.5
SBP (Cohorts) 21 18,692 -9.76 mmHg (-11.87; -7.64) 98.5
SBP (RCTs) 6 220 -4.80 mmHg (-6.62; -2.99) 99.1
DBP (Cohorts) 21 18,636 -7.82 mmHg (-13.19; -2.44) 79.5
DBP (RCTs) 6 220 -6.48 mmHg (-8.93; -4.02) 63.8
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FIGURE2 | Summary of pooled long-term metabolic outcomes following bariatric surgery, by study design. Pooled estimates were calculated us-

ing random-effects meta-analytic models. Abbreviations: 95%CI, 95% confidence interval; DBP, diastolic blood pressure (mmHg); FBG, fasting blood

glucose (mg/dL); HDL, high-density lipoprotein cholesterol (mg/dL); RCT, randomized controlled trial; SBP, systolic blood pressure (mmHg); TG,

triglycerides (mg/dL); WC, waist circumference (cm).
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TABLE1 | Summary characteristics of the included studies.

Follow-up
Author, year Baseline population Intervention (years) Outcomes
Adams T. et al. 2015 N=418 RYGB 12 FBG
AdamsT. et al. 2017 M=65(15.6%) HDL
F=353 (84.4%) TG
Baseline age =42.5 (£10.9) SBP
Baseline BMI=47.3 (+7.7) DBP
Aftab H. et al. 2014 N=184 GByp 5.25 FBG
M=46(25.0%) HDL
F=128 (75.0%) TG
Baseline age =38.0 (£9.0) SBP
Baseline BMI=46.0 (+5.0) DBP
wC
Ahmed B. et al. 2018 Group SG SG 5 Low HDL!
N=57 RYGB
M=18 (32.0%)
F=39 (68.0%)
Baseline age =50.0 (IQR 36.0 to 55.0)
Baseline BMI=56.4 (IQR 47.2 to 63.2)
Group RYGB
N=57
M=18 (32.0%)
F=39 (68.0%)
Baseline age =48.0 (IQR 38.0 to 54.0)
Baseline BMI=56.0 (IQR 47.7 to 63.2)
Aminiam A. et al. 2014 N=136 RYGB (87.2%) 8 (range 5-14) FBG
Aminiam A. et al. 2015 M=46 (37.8%) SG (12.8%) HDL
Aminiam A. et al. 2020 F=90(62.2%) TG
Baseline age =51.1 (£9.4) SBP
Baseline BMI=42.5 (+9.0) DBP
Andersson D. et al. 2017 Group nonomentectomy GByp 5 FBG
N=41 HDL
M=0(0%) TG
F=41 (100%) SBP
Baseline age =41 (+9.0) DBP
Baseline BMI=43.1 (£5.4)
Group omentectomy
N=40
M=0(0%)
F=40 (100%)
Baseline age =43.0 (+9.0)
Baseline BMI=44.3 (+4.7)
Angrisani L. et al. 2015 Group 1 (Baseline BMI< 50) SG 5 FBG
N=61
M=17 (28.0%)
F=44(72.0%)
Baseline age =40.0 (+10.0)
Group 2 (Baseline BMI > 50)
N=44
M=21(48.0%)
F=23(52.0%)
Baseline age =38.0 (+11.0)
Artero A. et al. 2017 N=79 RYGB 10 FBG
M=. HDL
F=. TG
Baseline age =37.3 (£9.8)
Baseline BMI=55.0 (+10.2)
(Continues)
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TABLE1 | (Continued)

Follow-up
Author, year Baseline population Intervention (years) Outcomes

Ballesteros-Pomar M. N=299 BPD 5 tol0 FBG

et al. 2015 M=71(23.9%) HDL
F=228(76.1%) TG

Baseline age =43.0 (+£10.7) SBP

Baseline BMI=50.1 (+7.2) DBP

Bhandari M. et al. 2019 Group GByp GByp 5 Hypertension?
N=82 RYGB
M =44 (53.6%)
F =138 (46.4%)
Baseline age =44.1 (£10.5)
Baseline BMI=44.0 (£7.2)
Group RYGB
N=90
M =60 (66.7%)
F=30(33.3%)
Baseline age =44.0 (£10.9)
Baseline BMI=46.0 (+6.9)

Bhasker A. et al. 2014 N=106 RYGB 5 HDL
M =43 (40.6%) TG
F=63(59.4%)
Baseline age =50.3 (£9.1)
Baseline BMI=45.0 (+7.9)

Busetto L. et al. 2014 N=318 GBand >10 FBG
M=58 (18.2%) HDL
F=260(81.8%) TG
Baseline age =38.6 (£10.4) SBP
Baseline BMI=46.7 (+7.2) DBP

Castro M. et al. 2020 Group SG SG 5 FBG
N=83 RYGB HDL
M=20 (24.1%) GByp TG
F=63(75.9%)
Baseline age =43.5 (+10.2)
Baseline BMI=45.2 (+9.2)
Group RYGB
N=152
M=32(21.1%)
F=120(78.9%)
Baseline age =44.1 (£11.6)
Baseline BMI=43.6 (+8.9)
Group GB
N=123
M=33(26.8%)
F=90(73.2%)
Baseline age =42.4 (£11.0)
Baseline BMI=43.8 (+9.2)

Chahal-Kummen et al. N=124 RYGB 10 MS
2020 M=.
F=.
Baseline age=.
Baseline BMI=45.6 (IQR 42.6 to 50.8)

Chang D. et al. 2018 N=1759 SG 5tol0 wC
M =533 (30.3%)
F=1226(69.7%)
Baseline age =35.2 (+10.3)
Baseline BMI=37.9 (+7.7)

(Continues)
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TABLE1 | (Continued)

Follow-up
Author, year Baseline population Intervention (years) Outcomes
Dewberry L. et al. 2020 N=13 Gband 5 Low HDL3?
M=2(14.0%) High TG*
F=11(86.0%)
Baseline age =18.2 (+£0.4)
Baseline BMI=51.0 (+8.8)
Elhag W. et al. 2021 N=146 SG 5,7 and9 FBG
M=74(50.7%) HDL
F=72(49.3%) TG
Baseline age =16.5 (+1.3) SBP
Baseline BMI=46.9 (£7.3) DBP
Gao X. et al. 2021 N=24 RYGB 5 FBG
M=10 (41.7%) HDL
F=14(58.3%) TG
Baseline age =47.7 (+5.3) WwC
Baseline BMI=27.6 (+2.3)
Gao X. et al. 2022 Group large pouch RYGB 6 FBG
N=42 HDL
M=19 (45.2%) TG
F=23(54.8%) WC
Baseline age =47.3 (£5.3)
Baseline BMI=29.4 (+1.9)
Group small pouch
N=53
M =20 (47.7%)
F=33(62.3%)
Baseline age =48.1 (£5.0)
Baseline BMI=28.3 (+2.1)
Golomb I. et al. 2015 N=443 SG 5 HDL
M=. TG
F=.
Baseline age =42.2 (£12.4)
Baseline BMI=43.9 (+6.6)
Gomez-Abril A. et al. N=66 GByp 5 FBG
2016 M=13 (19.7%) HDL
F=53(80.3%) TG
Baseline age =40.8 (£9.8)
Baseline BMI=48.0 (+7.2)
Gottardi L. et al. 2023 N=65 SG (65.0%) 5 FBG
M=13(20.0%) RYGB (35.0%) HDL
F=52(80.0%) TG
Baseline age =18.6 (+1.3)
Baseline BMI=.
Guimaraes M. et al. 2021 N=281 RYGB >10 FBG
M=40 (14.2%) HDL
F=241 (85.8%) TG
Baseline age =42.8 (£10.6)
Baseline BMI=44.4 (+6.1)
Heald A. et al. 2024 N=79 GByp (85.0%) 11.5 (IQR10.3 HDL
M=32(41.0%) Gband (4.0%) to 12.1) TG
F=47 (59.9%) SG (10.0%) SBP
Baseline age = 51.5 (+8.3) Other (1.0%) DBP
Baseline BMI=50.8 (+7.1)
(Continues)
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TABLE1 | (Continued)

Follow-up
Author, year Baseline population Intervention (years) Outcomes
Heffron S. et al. 2014 N=46 Gband 5 FBG
M=. HDL
F=. TG
Baseline age =43.8 (+.) SBP
Baseline BMI=35.1 (£2.6) DBP
wC
Huang Y. et al. 2020 N=1999 SG (16.5%) 5 FBG
M =840 (42.0%) GB (32.6%) HDL
F=1159 (58.0%) RYGB (22.1%) TG
Baseline age =41.5 (+11.1) GBand (9.2%) SBP
Baseline BMI=38.7 (£7.9) Duodenojejunal DBP
bypass with
SG (9.7%)
Inge T. et al. 2017 N=58 RYGB 8 (range 5.4 FBG
M=21(26.0%) to 12.5) HDL
F=37(64.0%) TG
Baseline age=17.1 (+1.7) SBP
Baseline BMI=58.5 (+10.5) DBP
Ji G. et al. 2020 N=52 RYGB 6 FBG
M=30(57.7%) HDL
F=22(42.3%)
Baseline age =46.8 (£9.5)
Baseline BMI=27.2 (£3.2)
Jimenéz A. et al. 2019 Group RYGB RYGB 10 FBG
N=381 SG HDL
M=94(24.7%) TG
F=287(75.3%) SBP
Baseline age =43.6 (+10.3) DBP
Baseline BMI=46.3 (£5.1)
Group SG
N=123
M=47 (38.2%)
F=76(61.8%)
Baseline age =44.3 (+11.3)
Baseline BMI=53.7 (£8.1)
Joret M. et al. 2022 N=65 DSw 5 HDL
M=14(21.5%) TG
F=51(78.5%)
Baseline age =.
Baseline BMI=49.9 (+5.3)
Kokkinos A. et al. 2024 N=28 SG (%) 10 FBG
M=5(17.9%) RYGB (%) HDL
F=23(82.1%) TG
Baseline age =50.3 (£8.1) SBP
Baseline BMI=49.6 (+6.8) DBP
WC
Lee M. et al. 2015 N=157 RYGB (%) 5 FBG
M=52(33.1%) GB (%) TG
F=105 (66.9%) SG (%) SBP
Baseline age =35.7 (range 18 to 64) DBP
Baseline BMI=39.8 (range 21.5 to 61.7) wC
Lemanu D. et al. 2014 N=55 SG 5 HDL
M=10 (18.2%) TG
F=45(81.8%)
Baseline age =46.9 (95%CI 47.5 to 52.3)
Baseline BMI=50.7 (95%CI 49.0 to 52.4)
(Continues)
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TABLE1 | (Continued)

Follow-up
Author, year Baseline population Intervention (years) Outcomes
Magno F. et al. 2018 N=323 RYGB 5 FBG
M =90 (28.0%) HDL
F=233(72.0%) TG
Baseline age =38.0 (+10.0)
Baseline BMI=45.4 (+6.1)
Mingrone G. et al. 2015 Group RYGB RYGB 5 FBG
N=20 BPD HDL
M=. TG
F=. SBP
Baseline age=. DBP
Baseline BMI=44.0 (+4.6) WC
Group BPD
N=20
M=.
F=.
Baseline age=.
Baseline BMI=44.7 (+7.7)
Moriconi D. et al. 2024 Group T2DM-PA RYGB 5 FBG
N=15 HDL
M=9(60.0%) TG
F=6(40.0%)
Baseline age = 54.0 (£9.0)
Baseline BMI=46.0 (+6.1)
Group T2DM-noPA
N=61
M=14 (23.0%)
F=47 (77.0%)
Baseline age =56.0 (£7.0)
Baseline BMI=46.2 (+6.0)
Group noT2DM-PA
N=29
M=5(27.0%)
F=24(83.0%)
Baseline age =45.0 (+10.0)
Baseline BMI=43.2 (+5.7)
Group noT2DM-noPA
N=43
M=13 (30.0%)
F=30(70.0%)
Baseline age =51.0 (£12.0)
Baseline BMI=45.3 (+7.4)
Obeid N. et al. 2015 N=328 RYGB 5to 10 FBG
M=57 (17.0%) HDL
F=271 (83.0%) TG
Baseline age =41.4 (+9.8) SBP
Baseline BMI=47.5 (7.1) DBP
Otake R. et al. 2022 N=230 SG 5 FBG
M=127 (55.2%) HDL
F=103 (44.8%) TG
Baseline age =46 (range 19 to 72) SBP
Baseline BMI=40.6 (range 30.3 to 77.7) DBP
Pajecki D. et al. 2007 N=75 RYGB 5t09 HDL
M=18 (24.0%) TG
F=57(76.0%)
Baseline age=.
Baseline BMI=56.7 (+10.0)
(Continues)
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TABLE1 | (Continued)

Author, year

Baseline population

Follow-up

Intervention (years)

Outcomes

Pata G. et al. 2012

Pontirolli A. et al. 2009

Salminen P. et al. 2017

Sanchez-Pernaute A.

et al. 2022

Sarkis R. et al. 2018

Schauer P. et al. 2017

Schiavon C. et al. 2024

N=874
M =397 (45.4%)
F=477 (54.6%)
Baseline age =39 (range 18 to 69)

Baseline BMI=52.0 (IQR 49.0 to 54.4)

Group GBand
N=78
M=10(22.8%)
F=68 (87.2%)
Baseline age =44.2 (+1.2)
Baseline BMI=44.8 (+0.7)
Group BPD
N=23
M=17(30.4%)
F=16(69.6%)
Baseline age =45.3 (+1.8)
Baseline BMI=48.6 (+1.4)

Group RYGB
N=121
M=39 (32.8%)
F=80(67.2%)
Baseline age =48.4 (£9.3)
Baseline BMI=46.4 (+£5.9)
Group SG
N=121
M=34(28.1%)
F=87(71.9%)
Baseline age =48.5 (£9.6)
Baseline BMI=45.5 (+6.2)

N=164
M=65(39.6%)
F=99 (60.4%)
Baseline age =47.0 (range 22 to 71)

Baseline BMI=45.8 (range 34.0 to 67.0)

N=7
M=2(28.6%)
F=5(71.4%)

Baseline age =51.0 (+6.0)
Baseline BMI=36.7 (+1.6)

Group RYGB
N=50
M=21(42.0%)
F=29 (58.0%)
Baseline age =48.3 (£8.4)
Baseline BMI=37.0 (£3.3)
Group SG
N=50
M=21(42.0%)
F=29 (58.0%)
Baseline age =47.9 (+8.0)
Baseline BMI=36.2 (+3.9)

N=50
M=12(24.0%)
F=38(76.0%)

Baseline age =43.8 (+£9.2)
Baseline BMI=36.9 (+2.7)

BPD with DSw 5to15

Gband >5
BPD

RYGB 5
SG

Duodenoileal 5to0 10
bypass with SG

1B 5

RYGB 5
SG

RYGB 5

FBG
TG

FBG
TG
SBP
DBP

FBG
HDL
TG

FBG
HDL
TG

TG

FBG
HDL
TG
SBP
DBP

SBP
DBP

(Continues)
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TABLE1 | (Continued)

Follow-up
Author, year Baseline population Intervention (years) Outcomes
Steffen R. et al. 2009 N=388 GBand 7 MS
M=89 (33.0%)
F=299 (77.0%)
Baseline age =42.7 (£10.0)
Baseline BMI=42.6 (+4.0)
Sundbom M. et al. 2017 N=26,119 RYGB 5 FBG
M=6323 (24.2%) HDL
F=19,796 (75.8%) TG
Baseline age=. SBP
Baseline BMI=42.8 (£5.5) DBP
wC
Tan M. et al. 2022 N=65 SG (80.0%) 5t06 FBG
M=30 (46.2%) GBand (10.8%) TG
F=35(53.8%) GB (9.2%) SBP
Baseline age =54.2 (£11.2) DBP
Baseline BMI=45.8 (+8.8)
Wentworth J. et al. 2017 N=60 GBand 10 FBG
M=29 (48.3%) HDL
F=31(51.7%) TG
Baseline age =50.0 (IQR 44.0 to 53.0) SBP
Baseline BMI=40.2 (IQR 37.5 to 47.1) DBP
wC
XingY. et al. 2024 N=37 RYGB 5 FBG
M=14 (37.8%) HDL
F=23(62.2%) TG
Baseline age =45.3 (+10.7)
Baseline BMI=30.9 (+5.0)
Zetu C. et al. 2020 N=60 SG 5 HDL
M=10 (16.7%) TG
F=50(83.3%) WC

Baseline age =41.7 (£12.5)
Baseline BMI=44.6 (+9.9)

Note: Complete information on the included studies is reported in Table S3.

Abbreviations: +, standard deviationl; 1, <40mg/dL (male)/ < 50mg/dL (female); 2, hypertension was defined as blood pressure >140/90mmHg; 3, <40mg/dL; 4,
>130mg/dL; 95%CI: 95% confidence interval; BMI, body mass index (kg/m?); BPD, biliopancreatic diversion; DBP, diastolic blood pressure (mmHg); DSw, duodenal
switch; F, female; FBG, fasting blood glucose (mg/dL); GBand, gastric banding; GByp, gastric bypass; HDL, high-density lipoprotein cholesterol (mg/dL); IB, intestinal
bipartition; IQR, interquartile range; M, male; MS, metabolic syndrome; PA, physical activity; RCT, randomized clinical trial; RYGB, Roux-en-y gastric bypass; SBP,
systolic blood pressure (mmHg); SG, sleeve gastrectomy; T2DM, type 2 diabetes mellitus; TG, triglycerides (mg/dL); WC, waist circumference (cm).

outcome measurement, rather than to major issues in randomiza-
tion or selective reporting (Tables S5, S6; Figure S1) 71, 72, 74, 75].

Leave-one-out sensitivity analyses and trim-and-fill method
were applied for all meta-analyses with 10 studies or more.
No substantial changes in the pooled estimates or improve-
ments in heterogeneity were observed for any of the outcomes
(Figures S3-S6).

3.2 | Fasting Blood Glucose

Long-term FBG data were available for 7571 patients across
the included studies at follow-up. In cohort studies, the pooled
weighted mean difference (WMD) was —22.97mg/dL (95%CI
—27.19 to —18.75mg/dL; I*=98.3%, Q-test p<0.001), with no
significant heterogeneity reduction after BS subgroup analyses

(Figure S7). Meta-regression indicated that higher baseline FBG
and a greater proportion of male participants were significantly
associated with greater post-BS reduction in univariate analy-
ses (8=-0.61mg/dL; p<0.001 and f=-65.61mg/dL; p<0.05,
respectively). However, in the multivariable model, only base-
line FBG retained statistical significance (p <0.001), indicating
that the postsurgical reduction increased by 0.68 mg/dL for each
1mg/dL increase in the mean baseline FBG (Table S7). No pub-
lication bias was detected (Egger's test p=0.153) (Figure S7).
In RCTs, the pooled effect was —44.68mg/dL (95%CI —67.40
to —21.96mg/dL; I*=95.4%, Q-test p<0.001) (Figure S9).
Stratification by baseline BMI, improved heterogeneity, and re-
vealed a stronger effect in participants with BMI 35-39.9kg/m?
(=70.58 mg/dL; 95%CI —84.33 to —56,84mg/dL; I>=31.8%, Q-
test p=0.231) compared to those with BMI 40-49.9kg/m?
(—23.36 mg/dL; 95%CI —42.40 to —4.31 mg/dL) (Figure S10). No
further subgroup analyses yielded substantial improvements.

Obesity Reviews, 2026
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3.3 | HDL Cholesterol

HDL cholesterol was assessed in 7477 individuals. In co-
hort studies, the pooled effect was +10.25mg/dL (95%CI 8.49
to 12.00mg/dL), with high heterogeneity (I*=95.9%, Q-test
p<0.001) (Figure S11). Each 1kg/m? increase in baseline BMI
was significantly associated with greater postsurgical increases
in HDL cholesterol (f=0.48 mg/dL; p<0.001) at univariable
meta-regression analysis (Table S7). The funnel plot was sym-
metric (Figure S12), and no evidence of small-study effects was
detected (Egger's test p=0.426). Subgroup analyses did not re-
duce heterogeneity. In RCTSs, the pooled effect was +11.94 mg/dL
(95%C1 8.76 to 15.12mg/dL), with high heterogeneity (I =80.2%,
Q-test p<0.001), which remained unchanged after subgroup
analysis (Figure S13).

3.4 | Triglycerides

This outcome was assessed in 8276 individuals at follow-up.
In cohort studies, the pooled WMD was —59.59 mg/dL (95%CI
—65.84 to —53.34mg/dL) with high heterogeneity (I>=95.8%,
Q-test p<0.001). Among studies evaluating gastric band-
ing procedures, the effect size was smaller —41.39mg/dL
(95%CI —43.68 to —39.11 mg/dL) but showed no heterogeneity
(I’=0.0%, Q-test p=0.785) (Figure S14). Meta-regression anal-
yses identified mean baseline TG as a significant moderator
of the pooled WMD, with each 1mg/dL increase in baseline
TG associated with a 0.55mg/dL reduction in long-term TG
levels (8=-0.55mg/dL; p<0.001; Table S7). No subgroup
analyses reduced heterogeneity. Although the funnel plot ap-
peared symmetrical, a small-study effect was detected (Egger's
test p<0.001) (Figure S15). In RCTs, the pooled effect was
—54.11 mg/dL (95%CI —72.65 to —35.57 mg/dL), with high het-
erogeneity (I>=85.1%, Q-test p<0.001) (Figure S16) that per-
sisted after analysis.

3.5 | Waist Circumference

Long-term WC data were available for 2369 patients after fol-
low-up. When analyzed in cohort studies, the pooled WMD was
—20.55¢m (95% CI: —28.35 to —12.74 cm; I> = 99.5%) (Figure S17).
Among the surgical techniques, SG showed the greatest re-
duction (WMD: —31.14cm; 95%CI —32.74 to —29.53cm), fol-
lowed by mixed procedures (WMD: —26.22cm; 95%CI —27.93
to —24.51cm) and gastric banding (WMD: —15.36cm; 95%CI
—17.36 to —12.77 cm). Studies reporting SG and gastric banding
outcomes showed no heterogeneity (I>=0.0%, and respective Q-
test p=0.905 and Q-test p=0.654). Analyses indicated that base-
line WC (f=-0.61cm per 1cm increase, p <0.01), baseline BMI
(B=-1.15cm per 1kg/m?, p<0.01), and male sex proportion
(B=+66.24cm per 1 unit increase, corresponding to +6.62cm
per 10% increase, p <0.05) were significant moderators of the
pooled outcome in univariable meta-regression. However, none
of these associations remained significant in the multivariable
model (Table S7). Only one RCT was identified for this out-
come, which evaluated the effects of RYGB and BPD, reporting
a WC reduction of —22.4+9.3cm and —28.8 £12.4cm, respec-
tively [75].

3.6 | Systolic and Diastolic Blood Pressure

SBP data were available for 18,912 individuals, and DBP data for
18,856.Incohortstudies, the pooled WMD for SBPwas —9.76 mmHg
(95% CI —11.87 to —7.64 mmHg; I> = 98.5%; Q-test p < 0.001) and for
DBP —4.80mmHg (95% CI —6.62 to —2.99 mmHg; I>=99.1%; Q-test
p<0.001) (Figure S18; Figure S20). Univariable meta-regression
showed that for each 1 mmHg increase in baseline SBP and DBP
values were significantly associated with greater post-BS reduc-
tions (SBP: f=-0.59mmHg, p<0.001; DBP: f=—-0.56mmHg,
p<0.01). However, in the multivariable meta-regression model,
the association remained significant only for SBP, with a 8 coef-
ficient of —0.40mmHg per each 1 mmHg increase in baseline SBP
(p<0.05) (Table S7). Subgroup analyses did not reduce heteroge-
neity. Funnel plots were symmetrical (Figure S19; Figure S21),
though a small-study effect was identified for SBP (Egger's test
p=0.032), but not for DBP (Egger's test p=0.144). In the RCTs, the
pooled effect was —7.82mmHg (95%CI —13.19 to —2.44mmHg) for
SBP and —6.48mmHg (95% CI —8.93 to —4.02mmHg) for DBP,
both indicating moderate-to-high heterogeneity (SBP: I>=79.5%,
Q-test p<0.001; DBP: I?’=63.8%, Q-test p=0.017) (Figure S22;
Figure S23). Subgroup analyses based on surgery type and base-
line BMI reduced heterogeneity but did not significantly alter the
overall effect measure (Figures S22-S25).

4 | Discussion

This systematic review and meta-analysis provides comprehen-
sive evidence of the long-term (> 5years) metabolic benefits of
BS across key components of MetS. Significant and sustained
improvements across all six core components FBG, TG, HDL,
WC, SBP, and DBP. These results support an association be-
tween BS and sustained long-term improvements in metabolic
control and cardiovascular risk reduction.

The long-term metabolic benefits of BS are likely mediated by a
combination of sustained hormonal and metabolic adaptations,
as well as behavioral changes [8-10, 70, 76]. Among the most
consistently supported mechanisms are persistent changes in gut
hormone secretion—particularly GLP-1, glucagon-like peptide-1
(GLP-1), postprandial levels of peptide YY (PYY), and cholecys-
tokinin (CCK)—and bile acid signaling, which contribute to
improved insulin sensitivity, glycemic control, and lipid metabo-
lism over time [10, 70]. These effects are complemented by dura-
ble alterations in energy balance and appetite regulation, which
support long-term weight maintenance and metabolic stability
[8, 56, 77-79]. Although changes in gut microbiota composition
have also been described, their independent contribution to long-
term metabolic outcomes remains less clearly defined and is likely
context-dependent. Overall, the available evidence suggests that
the durability of metabolic improvements after BS is driven pri-
marily by sustained endocrine and metabolic adaptations rather
than by short-term weight loss alone. A conceptual summary of
the main pathways potentially contributing to the sustained met-
abolic benefits of BS is provided in Figure 3.

FBG exhibited one of the most pronounced reductions among
all outcomes, and meta-regression showed that individuals
with higher baseline FBG experienced greater improvements,
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THE
NEURO-HUMORAL SHIFT
(GUT-BRAIN AXIS)

A biological reset of the gut-brain
axis, not just mechanical restriction

Hypothalamic
Appetite Reset

Durable adjustment of
energy balance and
feeding behavior.

_Enhanced
Satiety Hormones
Persistent increases in
GLP-1, PYY, CCK
promote lasting appetite
regulation and satiety

A Neuro-Humoral
Intervention

Surgery functions as a
biological reset of the
gut-brain axis rather than

@
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s
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SUSTAINED ADAPTATIONS
(Durable Metabolic Benefits)

Improved Glycemic Control

Restored B-cell function and significant,
long-term reductions in fasting blood glucose

POOLED LONG-TERM IMPROVEMENT (25 YEARS)
Fasting Blood Glucose: < -22.97 to -44.68 mg/dL . ]

Systolic Blood Pressure: 4 -7.82 to -9.76 mmHg
¥ -54.11 10 -59.59 mg/dL

SYSTEMIC METABOLIC
ADAPTATIONS

Long-term improvements in insulin
sensitivity and lipid metabolism
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Bile Acid
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FIGURE3 | Conceptual model of the main mechanisms contributing to sustained metabolic benefits after bariatric surgery. Bariatric surgery may
induce long-term metabolic improvements through multiple interconnected pathways, including altered gut hormone secretion (e.g., GLP-1, PYY,
and CCK), changes in bile acid signaling, modifications of gut microbiota composition, reduced appetite and energy intake, and improved insulin
sensitivity and lipid metabolism. These mechanisms may jointly contribute to durable improvements in glycemic control, lipid profile, blood pres-

sure, and waist circumference. Abbreviations: CCK, cholecystokinin; FXR, farnesoid X receptor; GLP-1, glucagon-like peptide-1; mg/dL, milligrams

per decilitre; mmHg, millimeters of mercury; PYY, peptide YY; TGR5, Takeda G protein-coupled receptor 5; 3-cell, pancreatic beta cell.

suggesting that BS may act as a potent corrective intervention in
patients with poor glycemic control. These findings are consis-
tent with previous evidence indicating that BS can induce remis-
sion of T2DM, especially when performed earlier in the disease
trajectory [8, 9, 76]. Moreover, subgroup analyses revealed that
participants with BMI between 35 and 39.9 kg/m? benefited the

most, challenging traditional BMI-based eligibility thresholds
and supporting more personalized patient selection criteria.

From a clinical perspective, the magnitude of the observed long-
term metabolic improvements is meaningful. A sustained reduc-
tion in FBG of approximately 20-45mg/dL is within a range that
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has been associated with substantial reductions in microvascu-
lar complications and increased likelihood of diabetes remis-
sion, as demonstrated in landmark research [77, 78]. Similarly,
long-term reductions in SBP of approximately 8-10mmHg are
clinically relevant, as they are associated with meaningful de-
creases in cardiovascular morbidity and mortality and may
translate into reduced need for antihypertensive therapy, in line
with established blood pressure risk thresholds [79].

HDL levels improved by more than 10mg/dL. These findings
confirm that BS has a positive impact on HDL, a key protective
factor against atherosclerosis. Interestingly, the magnitude of
HDL increase appears to be directly influenced by baseline BMI.
After BS, patients with higher baseline BMI may experience
more substantial metabolic improvements—such as increased
insulin sensitivity, reduced inflammation, and improved lipid
metabolism—which can lead to greater increases in HDL levels.
Their greater visceral fat loss may also help restore HDL produc-
tion and reduce its catabolism [56, 80, 81]. Similarly, TG levels
were significantly reduced, supporting a long-term association
between BS and improved atherogenic dyslipidemia [56, 80, 81].
Meta-regression identified baseline TG levels as a significant
predictor of response. Notably, studies involving gastric banding
procedures yielded smaller effects, underscoring the superior ef-
ficacy of malabsorptive or mixed procedures in lipid regulation
[35, 48, 63, 68]. However, the presence of a small-study effect
suggests that smaller trials might have overestimated the bene-
fit, warranting cautious interpretation.

Among all anthropometric outcomes, WC showed the highest
variability. The pooled WMD of —20.55cm indicates a substan-
tial visceral fat reduction, a critical component of MetS. Stratified
analysis revealed SG to be the most effective procedure, followed
by mixed techniques and gastric banding. However, the paucity
of RCTs on this outcome limits the strength of causal inference.

Several considerations emerge from our findings. First, meta-
regression analyses suggest that higher baseline metabolic val-
ues were associated with greater postsurgical improvements,
reflecting a potential homeostatic compensatory response in
individuals with more severe metabolic imbalance. Second, al-
though our review included heterogeneous surgical techniques,
RYGB was overrepresented relative to SG, which is currently the
most performed procedure worldwide [82]. This likely reflects
historical trends in surgical practice and highlights the need
for more long-term data on SG, especially given its different
physiological effects and safety profile [82]. This may shift in
future years as more data from recent SG cohorts become avail-
able. Third, the long-term metabolic benefits demonstrated in
this review must be interpreted in light of real-world access to
BS. Although BS has been shown to be cost-effective over the
long term [83, 84], socioeconomic and health system factors con-
tinue to influence who is able to benefit from these sustained
metabolic improvements. Population-based evidence indicates
disparities in access by sex, income, and healthcare setting, sug-
gesting that the long-term reductions in cardiometabolic risk
observed in clinical studies may not be equitably realized across
all patient groups [85, 86]. From a translational perspective,
these findings underscore the importance of aligning clinical
evidence with health policy and service organization to en-
sure broader and more equitable access to BS and its long-term

metabolic benefits. Fourth, moderate-to-substantial heterogene-
ity was observed across several outcomes and was only partly
explained by subgroup and meta-regression analyses. This likely
reflects differences in patient populations, surgical procedures,
follow-up duration, outcome measurement, and postoperative
care. Therefore, pooled estimates should be interpreted as av-
erage long-term metabolic changes across diverse clinical set-
tings. Nevertheless, pooling was considered appropriate given
the common clinical question, comparable endpoints, and gen-
erally consistent direction of effect across studies. Fifth, the
present work focused on metabolic surrogate endpoints, includ-
ing glycemic, lipid, anthropometric, and blood pressure mea-
sures, rather than hard clinical outcomes such as major adverse
cardiovascular events, cardiovascular mortality, or all-cause
mortality. Although these outcomes are clinically meaningful
and closely related to cardiometabolic risk, they should not be
interpreted as direct evidence of reduced clinical events. Future
long-term studies should integrate metabolic endpoints with
hard clinical outcomes to better define the overall clinical im-
pact of BS. A further methodological consideration is that sev-
eral included studies were based on pre—post comparisons and
did not include a nonsurgical comparator group. Accordingly,
the pooled estimates should be interpreted as long-term meta-
bolic changes observed after BS, rather than as definitive causal
effects. Although the inclusion of randomized trials, subgroup
analyses, and sensitivity analyses strengthens the evidence
base, residual confounding related to lifestyle modifications,
medication adjustments, regression to the mean, or differences
in long-term follow-up care cannot be fully excluded. Moreover,
ethnic, genetic, and epigenetic factors may contribute to inter-
individual variability in metabolic response but remain largely
unaccounted for in the current evidence base.

Evidence suggests that preoperative weight loss through lifestyle
interventions and pharmacotherapy is associated with better post-
operative outcomes, potentially due to improvements in glycemic
control, lipid profile, and body composition [83, 87-89]. However,
a recent systematic review by MacVicar et al. [84] identified in-
consistent evidence on whether the magnitude of preoperative
weight loss consistently correlates with long-term outcomes.

Although the mechanisms underlying weight loss and comorbidity
resolution after BS are well documented, several hypotheses still
require confirmation in human studies [8-10, 85, 86, 90]. Dietary
restriction, reduced gastric volume, and hormonal changes—such
as decreased orexigenic and increased anorexigenic signals—
contribute to reduced energy intake [9, 10, 85, 86, 90]. Postprandial
levels of peptide YY GLP-1, and CCK likely influence central appe-
tite regulation via circulatory and vagal pathways [90].

Emerging evidence also highlights the role of gut microbiota
[85, 86, 90, 91]. Both RYGB and SG significantly alter microbial
composition and bile acid profiles, with RYGB inducing more
pronounced shifts. Specific genera involved in secondary bile
acid metabolism, such as Blautia and Veillonella, may play a role
in glucose and HDL regulation and have been proposed as po-
tential predictors of T2DM remission [86, 90].

This is one of the most comprehensive evaluations of long-term
metabolic outcomes following BS to date, encompassing over
37,000 participants from over 50 studies. Methodologically, we
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adhered to rigorous PRISMA guidelines, employed multiple sensi-
tivity analyses, and used meta-regression to explore heterogeneity.
Nevertheless, limitations remain. These include variability in out-
come definitions, missing data on concomitant pharmacologic or
lifestyle interventions, limited information on surgical technique
nuances (e.g., pouch size, limb length, or whether the procedure
was a primary, revisional, or conversion surgery), and residual
confounding. Additionally, the persistence of high heterogeneity
despite subgroup and regression analyses suggests substantial
individual variability in response to BS. This variability is likely
influenced by factors not captured in the current evidence base,
including genetics, epigenetics, or behavioral determinants.

5 | Conclusion

Bariatric surgery was associated with sustained long-term im-
provement in all major components of metabolic syndrome,
with consistent benefits observed across FBG, lipid profile,
blood pressure, and WC. Although the magnitude of improve-
ment varied across procedures and populations, the overall
direction of effect was uniformly favorable. However, consid-
erable heterogeneity remains, partly due to differences in sur-
gical techniques, patient profiles, and study methodologies.
Future research should prioritize the standardized reporting
of concurrent interventions, follow-up protocols, and meta-
bolic endpoints to improve comparability and refine pooled
estimates. Notably, although SG is currently the most widely
performed bariatric procedure globally, it remains underrep-
resented in the available long-term evidence. This limits the
generalizability of current findings to contemporary surgical
practice and highlights the urgent need for dedicated, high-
quality longitudinal studies on SG to inform clinical decision-
making and health policy.

Acknowledgments

This work was supported by a PhD scholarship from the University of
Milan-Bicocca. The author also acknowledges the Center for Public
Health Research, where the work was conducted, for providing a
supportive research environment and valuable resources through-
out the duration of the project. Open access publishing facilitated by
Universita degli Studi di Milano-Bicocca, as part of the Wiley - CRUI-
CARE agreement.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analysed during the current study.

References

1.J. J. Noubiap, J. R. Nansseu, E. Lontchi-Yimagou, et al., “Geographic
Distribution of Metabolic Syndrome and Its Components in the General
Adult Population: A Meta-Analysis of Global Data From 28 Million In-
dividuals,” Diabetes Res Clin Pract 188 (2022): 109924, https://doi.org/
10.1016/j.diabres.2022.109924.

2. A. Scuteri, S. Laurent, F. Cucca, et al.,, “Metabolic Syndrome
Across Europe: Different Clusters of Risk Factors,” Eur J Prev

Cardiol 22, no. 4 (2015): 486-491, https://doi.org/10.1177/2047487314
525529.

3.D. Shin, K. Kongpakpaisarn, and C. Bohra, “Trends in the Preva-
lence of Metabolic Syndrome and Its Components in the United States
2007-2014,” International Journal of Cardiology 259 (2007): 216-219,
https://doi.org/10.1016/j.ijcard.2018.01.139.

4. M. J. Zibaeenezhad, M. Sayadi, A. Karimi-Akhormeh, A. Ardekani,
N. Parsa, and I. Razeghian-Jahromi, “Potential of Four Definitions of
Metabolic Syndrome to Discriminate Individuals With Different 10-
Year Cardiovascular Disease Risk Scores: A Cross-Sectional Analysis of
an Iranian Cohort,” BMJ Open 12, no. 2 (2022): e058333, https://doi.org/
10.1136/bmjopen-2021-058333.

5.C. E. Hostinar, K. M. Ross, E. Chen, and G. E. Miller, “Early-Life
Socioeconomic Disadvantage and Metabolic Health Disparities,” Psy-
chosomatic Medicine 79, no. 5 (2017): 514-523, https://doi.org/10.1097/
PSY.0000000000000455.

6. F. Rubino, D. E. Cummings, R. H. Eckel, et al., “Definition and
Diagnostic Criteria of Clinical Obesity,” Lancet Diabetes Endocrinol
13, no. 3 (2025): 221-262, https://doi.org/10.1016/S2213-8587(24)
00316-4.

7. M. Ng, E. Gakidou, J. Lo, et al., “Global, Regional, and National Prev-
alence of Adult Overweight and Obesity, 1990-2021, With Forecasts to
2050: A Forecasting Study for the Global Burden of Disease Study 2021,”
Lancet 405, no. 10481 (2025): 813-838, https://doi.org/10.1016/S0140-
6736(25)00355-1.

8. M. Yin, Y. Wang, M. Han, et al., “Mechanisms of Bariatric Surgery
for Weight Loss and Diabetes Remission,” J Diabetes 15, no. 9 (2023):
736-752, https://doi.org/10.1111/1753-0407.13443.

9.S. Kloock, C. G. Ziegler, and U. Dischinger, “Obesity and Its
Comorbidities, Current Treatment Options and Future Perspec-
tives: Challenging Bariatric Surgery?,” Pharmacology & Therapeu-
tics 251 (2023): 108549, https://doi.org/10.1016/j.pharmthera.2023.
108549.

10.Y. Ji, H. Lee, S. Kaura, et al., “Effect of Bariatric Surgery on Meta-
bolic Diseases and Underlying Mechanisms,” Biomolecules 11, no. 11
(2021): 1582, https://doi.org/10.3390/biom11111582.

11. V. Hainer, H. Toplak, and A. Mitrakou, “Treatment Modalities of
Obesity,” Diabetes Care 31 (2008): S269-S277, https://doi.org/10.2337/
dc08-s265.

12. A. Budny, A. Janczy, M. Szymanski, and A. Mika, “Long-Term Fol-
low-Up After Bariatric Surgery: Key to Successful Outcomes in Obe-
sity Management,” Nutrients 16, no. 24 (2024): 4399, https://doi.org/10.
3390/nu16244399.

13. D. Capoccia, “Il Follow-Up a Lungo Termine Della Chirurgia Met-
abolica,” L'’Endocrinologo 24, no. 2 (2023): 154-159, https://doi.org/10.
1007/540619-023-01235-4.

14. B. Barboza Paz, P. Ferrara, G. Perseghin, G. Cesana, P. Berta, and
L. Mantovani, Long-Term Impact of Bariatric Surgery on Metabolic Syn-
drome: A Systematic Review (Centre for Reviews and Dissemination
(CRD). accessed June 15, 2025), https://www.crd.york.ac.uk/PROSP
ERO/view/CRD42024625365.

15. M. J. Page, J. E. McKenzie, P. M. Bossuyt, et al., “The PRISMA 2020
Statement: An Updated Guideline for Reporting Systematic Reviews,”
BMJ 372 (2020): n71, https://doi.org/10.1136/bmj.n71.

16. B. Rugge, H. Balshem, R. Sehgal, R. Relevo, P. Gorman, and M.
Helfand, Screening and Treatment of Subclinical Hypothyroidism or Hyper-
thyroidism (Agency for Healthcare Research and Quality (US), 2011. ac-
cessed June 16, 2025), http://www.ncbi.nlm.nih.gov/books/NBK83496/.

17.R. Riemsma, I. C. Ramos, R. Birnie, et al., Integrated Sensor-
Augmented Pump Therapy Systems [the MiniMed Paradigm™ Veo System
and the Vibe™ and G4® PLATINUM CGM (Continuous Glucose Monitor-
ing) System] for Managing Blood Glucose Levels in Type 1 Diabetes: A

Obesity Reviews, 2026

150f 18

85U80]7 SUOWIWIOD 88,0 8|qeol(dde aup Aq peusenob afe ol VO ‘8sn Jo sejn. 1oy Areiq1TaulUO A3 LD (SUO N IPUOD-PLR-SLLBY/LI0O" A3 | IMAe.q)1|Bu UO//:SANY) SUONIPUOD Pue swie 1 8y} &8s *[9202/60/20] Uo ARiqiTauljuo fe|IM Bpe)ed Ues aines-el A IseAIUN A TTZ0L 1G0/TTTT OT/I0p/W0 A8 | Im AIq U1 [UO//SANY WOy pepeo|umod ‘0 ‘X682.9%T


https://doi.org/10.1016/j.diabres.2022.109924
https://doi.org/10.1016/j.diabres.2022.109924
https://doi.org/10.1177/2047487314525529
https://doi.org/10.1177/2047487314525529
https://doi.org/10.1016/j.ijcard.2018.01.139
https://doi.org/10.1136/bmjopen-2021-058333
https://doi.org/10.1136/bmjopen-2021-058333
https://doi.org/10.1097/PSY.0000000000000455
https://doi.org/10.1097/PSY.0000000000000455
https://doi.org/10.1016/S2213-8587(24)00316-4
https://doi.org/10.1016/S2213-8587(24)00316-4
https://doi.org/10.1016/S0140-6736(25)00355-1
https://doi.org/10.1016/S0140-6736(25)00355-1
https://doi.org/10.1111/1753-0407.13443
https://doi.org/10.1016/j.pharmthera.2023.108549
https://doi.org/10.1016/j.pharmthera.2023.108549
https://doi.org/10.3390/biom11111582
https://doi.org/10.2337/dc08-s265
https://doi.org/10.2337/dc08-s265
https://doi.org/10.3390/nu16244399
https://doi.org/10.3390/nu16244399
https://doi.org/10.1007/s40619-023-01235-4
https://doi.org/10.1007/s40619-023-01235-4
https://www.crd.york.ac.uk/PROSPERO/view/CRD42024625365
https://www.crd.york.ac.uk/PROSPERO/view/CRD42024625365
https://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/books/NBK83496/

Systematic Review and Economic Evaluation (NTHR Journals Library,
2016).

18.J. Higgins, J. Thomas, J. Chandler, et al., Cochrane Handbook for
Systematic Reviews of Interventions, Version 6.5 ed. (Cochrane, 2024).

19. X. Wan, W. Wang, J. Liu, and T. Tong, “Estimating the Sample Mean
and Standard Deviation From the Sample Size, Median, Range and/
or Interquartile Range,” BMC Medical Research Methodology 14, no. 1
(2014): 135, https://doi.org/10.1186/1471-2288-14-135.

20. S. Moola, Z. Munn, C. Tufanaru, et al., “Chapter 7: Systematic Re-
views of Etiology and Risk,” in JBI Manual for Evidence Synthesis, eds.
E. Aromataris and Z. Munn (JBI, 2020).

21.J. A. C. Sterne, J. Savovi¢, M. J. Page, et al., “RoB 2: A Revised Tool
for Assessing Risk of Bias in Randomised Trials,” bmj 366 (2019): 14898,
https://doi.org/10.1136/bm;.14898.

22.]J. Deeks, J. Higgins, and D. Altman, “Analysing Data and Undertak-
ing Meta-Analyses,” in Cochrane Handbook for Systematic Reviews of
Interventions (Wiley Online Library. Version 6.4, 2023), www.training.
cochrane.org/handbook.

23.T.D. Adams, L. E. Davidson, S. E. Litwin, et al., “Weight and Meta-
bolic Outcomes 12 Years After Gastric Bypass,” N EnglJ Med 377, no. 12
(2017): 1143-1155, https://doi.org/10.1056/NEJMo0a1700459.

24. A. Aminian, J. Vidal, P. Salminen, et al., “Late Relapse of Diabetes
After Bariatric Surgery: Not Rare, but Not a Failure,” Diabetes Care 43,
no. 3 (2020): 534-540, https://doi.org/10.2337/dc19-1057.

25.T.D. Adams, L. E. Davidson, S. E. Litwin, et al., “Health Benefits of
Gastric Bypass Surgery After 6 Years,” JAMA 308, no. 11 (2012): 1122—
1131, https://doi.org/10.1001/2012 jama.11164.

26. A. Aminian, C. R. Daigle, H. Romero-Talamas, et al., “Risk Predic-
tion of Complications of Metabolic Syndrome Before and 6 Years After
Gastric Bypass,” Surg Obes Relat Dis 10, no. 4 (2014): 576-582, https://
doi.org/10.1016/j.soard.2014.01.025.

27. A. Aminian, M. Jamal, T. Augustin, et al., “Failed Surgical Weight
Loss Does Not Necessarily Mean Failed Metabolic Effects,” Diabetes
Technol Ther 17, no. 10 (2015): 682-684, https://doi.org/10.1089/dia.
2015.0064.

28. H. Aftab, H. Risstad, T. T. Sevik, et al., “Five-Year Outcome After
Gastric Bypass for Morbid Obesity in a Norwegian Cohort,” Surgery for
Obesity and Related Diseases 10, no. 1 (2014): 71-78, https://doi.org/10.
1016/j.s0ard.2013.05.003.

29.B. Ahmed, W. C. King, W. Gourash, et al.,, “Long-Term Weight
Change and Health Outcomes for Sleeve Gastrectomy (SG) and Matched
Roux-En-Y Gastric Bypass (RYGB) Participants in the Longitudinal As-
sessment of Bariatric Surgery (LABS) Study,” Surgery 164, no. 4 (2018):
774-783, https://doi.org/10.1016/j.surg.2018.06.008.

30. L. Angrisani, A. Santonicola, A. Hasani, G. Nosso, B. Capaldo, and P.
Tovino, “Five-Year Results of Laparoscopic Sleeve Gastrectomy: Effects
on Gastroesophageal Reflux Disease Symptoms and Co-Morbidities,”
Surgery for Obesity and Related Diseases 12, no. 5 (2016): 960-968,
https://doi.org/10.1016/j.s0ard.2015.09.014.

31. A. Artero, J. Martinez-Ibafiez, M. Civera, et al., “Anthropomet-
ric Parameters and Permanent Remission of Comorbidities 10 Years
After Open Gastric Bypass in a Cohort With High Prevalence of Super-
Obesity,” Endocrinologia, Diabetes y Nutricion 64, no. 6 (2017): 310-316,
https://doi.org/10.1016/j.endinu.2017.03.013.

32. M. D. Ballesteros-Pomar, T. Gonzalez De Francisco, A. Urioste-
Fondo, et al., “Biliopancreatic Diversion for Severe Obesity: Long-Term
Effectiveness and Nutritional Complications,” Obes Surg 26, no. 1
(2016): 38-44, https://doi.org/10.1007/s11695-015-1719-2.

33. M. Bhandari, H. K. Nautiyal, W. Mathur, and S. Kosta, “OAGB vs
BGBP: A Retrospective Comparative Study of a Cohort of Patients Who
Had Bariatric Surgery in 2012 at One Centre by a Single Surgeon,” Clini-
cal Obesity 9, no. 4 (2012): 12308, https://doi.org/10.1111/cob.12308.

34. A. G. Bhasker, C. Remedios, P. Batra, A. Sood, S. Shaikh, and M.
Lakdawala, “Predictors of Remission of T2DM and Metabolic Effects
After Laparoscopic Roux-En-Y Gastric Bypass in Obese Indian Dia-
betics—A 5-Year Study,” Obesity Surgery 25, no. 7 (2015): 1191-1197,
https://doi.org/10.1007/s11695-014-1501-x.

35. L. Busetto, F. De Stefano, S. Pigozzo, G. Segato, M. De Luca, and
F. Favretti, “Long-Term Cardiovascular Risk and Coronary Events in
Morbidly Obese Patients Treated With Laparoscopic Gastric Band-
ing,” Surgery for Obesity and Related Diseases 10, no. 1 (2014): 112-120,
https://doi.org/10.1016/j.soard.2013.03.010.

36. M. J. Castro, J. M. Jimenez, M. A. Carbajo, et al., “Long-Term Weight
Loss Results, Remission of Comorbidities and Nutritional Deficiencies of
Sleeve Gastrectomy (SG), Roux-En-Y Gastric Bypass (RYGB) and One-
Anastomosis Gastric Bypass (OAGB) on Type 2 Diabetic (T2D) Patients,”
International Journal of Environmental Research and Public Health 17,
no. 20 (2020): 7644, https://doi.org/10.3390/ijerph17207644.

37. M. Chahal-Kummen, O. B. K. Salte, S. Hewitt, et al., “Health Bene-
fits and Risks During 10 Years After Roux-En-Y Gastric Bypass,” Surg
Endosc 34, no. 12 (2020): 5368-5376, https://doi.org/10.1007/s00464-
019-07328-2.

38.D. M. Chang, W.J. Lee, J. C. Chen, K. H. Ser, P. L. Tsai,and Y. C. Lee,
“Thirteen-Year Experience of Laparoscopic Sleeve Gastrectomy: Surgi-
cal Risk, Weight Loss, and Revision Procedures,” Obesity Surgery 28, no.
10 (2018): 2991-2997, https://doi.org/10.1007/s11695-018-3344-3.

39. L. C. Dewberry, A. Jalivand, R. Gupta, et al., “Weight Loss and
Health Status 5 Years After Adjustable Gastric Banding in Adolescents,”
OBES SURG 30, no. 6 (2020): 2388-2394, https://doi.org/10.1007/s1169
5-020-04504-5.

40. W. Elhag and W. El Ansari, “Durability of Cardiometabolic Out-
comes Among Adolescents After Sleeve Gastrectomy: First Study With
9-Year Follow-Up,” Obesity Surgery 31, no. 7 (2021): 2869-2877, https://
doi.org/10.1007/s11695-021-05364-3.

41. X. Gao, S. Dai, G. Wang, et al., “Large Versus Small Gastric Pouch
for Roux-En-Y Gastric Bypass in Individuals With Type 2 Diabetes
and a Body Mass Index < 35 kg/m2: Six-Year Outcomes,” Frontiers in
Endocrinology 13 (2022): 913062, https://doi.org/10.3389/fendo.2022.
913062.

42.X. Gao, L. Zhu, W. Li, S. Zhu, and P. Li, “Revisional Large Gastric
Pouch With Roux-En-Y Gastric Bypass for Patients With Type 2 Dia-
betes and a Body Mass Index Less Than 35 kg/m2: A Cause and Effect
Analysis,” Surgery Today 52, no. 2 (2022): 287-293, https://doi.org/10.
1007/s00595-021-02317-2.

43.1. Golomb, M. Ben David, A. Glass, T. Kolitz, and A. Keidar,
“Long-Term Metabolic Effects of Laparoscopic Sleeve Gastrectomy,”
JAMA Surgery 150, no. 11 (2015): 1051, https://doi.org/10.1001/jamas
urg.2015.2202.

44.S. A. Gomez-Abril, C. Morillas-Arifio, J. L. Ponce-Marco, et al.,
“Short- and Long-Term Effects of Weight Loss on the Complement
Component C3 After Laparoscopic Gastric Bypass in Obese Patients,”
Obes Surg 26, no. 11 (2016): 2756-2763, https://doi.org/10.1007/s1169
5-016-2195-z.

45. L. Gottardi, A. Tinoco, and L. R. Alberti, “Laparoscopic Bariatric
Surgery in Adolescents: Early and Five-Year Clinical and Laboratory
Assessment,” ABCD: Arquivos Brasileiros de Cirurgia Digestiva 36
(2023): €1748, https://doi.org/10.1590/0102-672020230030e1748.

46. M. Guimaries, C. Osdrio, D. Silva, et al., “How Sustained Is Roux-
En-Y Gastric Bypass Long-Term Efficacy?: Roux-En-Y Gastric Bypass
Efficacy,” Obes Surg 31, no. 8 (2021): 3623-3629, https://doi.org/10.1007/
511695-021-05458-y.

47. A. Heald, F. Mannan, R. Wiltshire, et al., “The Effects of Bariatric
Surgery on the Requirement for Antihypertensive Treatment in Type
2 Diabetes: Insights From a Long-Term Follow-Up Study,” Diabetes

16 of 18

Obesity Reviews, 2026

85U80]7 SUOWIWIOD 88,0 8|qeol(dde aup Aq peusenob afe ol VO ‘8sn Jo sejn. 1oy Areiq1TaulUO A3 LD (SUO N IPUOD-PLR-SLLBY/LI0O" A3 | IMAe.q)1|Bu UO//:SANY) SUONIPUOD Pue swie 1 8y} &8s *[9202/60/20] Uo ARiqiTauljuo fe|IM Bpe)ed Ues aines-el A IseAIUN A TTZ0L 1G0/TTTT OT/I0p/W0 A8 | Im AIq U1 [UO//SANY WOy pepeo|umod ‘0 ‘X682.9%T


https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1136/bmj.l4898
http://www.training.cochrane.org/handbook
http://www.training.cochrane.org/handbook
https://doi.org/10.1056/NEJMoa1700459
https://doi.org/10.2337/dc19-1057
https://doi.org/10.1001/2012.jama.11164
https://doi.org/10.1016/j.soard.2014.01.025
https://doi.org/10.1016/j.soard.2014.01.025
https://doi.org/10.1089/dia.2015.0064
https://doi.org/10.1089/dia.2015.0064
https://doi.org/10.1016/j.soard.2013.05.003
https://doi.org/10.1016/j.soard.2013.05.003
https://doi.org/10.1016/j.surg.2018.06.008
https://doi.org/10.1016/j.soard.2015.09.014
https://doi.org/10.1016/j.endinu.2017.03.013
https://doi.org/10.1007/s11695-015-1719-2
https://doi.org/10.1111/cob.12308
https://doi.org/10.1007/s11695-014-1501-x
https://doi.org/10.1016/j.soard.2013.03.010
https://doi.org/10.3390/ijerph17207644
https://doi.org/10.1007/s00464-019-07328-2
https://doi.org/10.1007/s00464-019-07328-2
https://doi.org/10.1007/s11695-018-3344-3
https://doi.org/10.1007/s11695-020-04504-5
https://doi.org/10.1007/s11695-020-04504-5
https://doi.org/10.1007/s11695-021-05364-3
https://doi.org/10.1007/s11695-021-05364-3
https://doi.org/10.3389/fendo.2022.913062
https://doi.org/10.3389/fendo.2022.913062
https://doi.org/10.1007/s00595-021-02317-2
https://doi.org/10.1007/s00595-021-02317-2
https://doi.org/10.1001/jamasurg.2015.2202
https://doi.org/10.1001/jamasurg.2015.2202
https://doi.org/10.1007/s11695-016-2195-z
https://doi.org/10.1007/s11695-016-2195-z
https://doi.org/10.1590/0102-672020230030e1748
https://doi.org/10.1007/s11695-021-05458-y
https://doi.org/10.1007/s11695-021-05458-y

Ther 15, no. 9 (2024): 2097-2107, https://doi.org/10.1007/s13300-024-
01627-1.

48.S. P. Heffron, A. Singh, J. Zagzag, et al., “Laparoscopic Gastric Band-
ing Resolves the Metabolic Syndrome and Improves Lipid Profile Over
Five Years in Obese Patients With Body Mass Index 30-40 kg/m2,”
Atherosclerosis 237, no. 1 (2014): 183-190, https://doi.org/10.1016/j.ather
osclerosis.2014.08.030.

49.Y. Huang, Y. Lin, W. Lee, et al., “Long-Term Outcomes of Meta-
bolic Surgery in Overweight and Obese Patients With Type2 Diabetes
in Asia,” Diabetes, Obesity and Metabolism 23, no. 3 (2021): 742-753,
https://doi.org/10.1111/dom.14279.

50. T. H. Inge, T. M. Jenkins, S. A. Xanthakos, et al., “Long-Term Out-
comes of Bariatric Surgery in Adolescents With Severe Obesity (FABS-
5+): A Prospective Follow-Up Analysis,” Lancet Diabetes Endocrinol 5,
no. 3 (2017): 165-173, https://doi.org/10.1016/S2213-8587(16)30315-1.

51. A.Jiménez, A. Ibarzabal, V. Moizé, et al., “Ten-Year Outcomes After
Roux-En-Y Gastric Bypass and Sleeve Gastrectomy: An Observational
Nonrandomized Cohort Study,” Surg Obes Relat Dis 15, no. 3 (2019):
382-388, https://doi.org/10.1016/j.soard.2019.01.020.

52. A. Kokkinos, D. Tsilingiris, S. Simati, et al., “Bariatric Surgery,
Through Beneficial Effects on Underlying Mechanisms, Improves Car-
diorenal and Liver Metabolic Risk Over an Average of Ten Years of Ob-
servation: A Longitudinal and a Case-Control Study,” Metabolism 152
(2024): 155773, https://doi.org/10.1016/j.metabol.2023.155773.

53.M. H. Lee, W. J. Lee, K. Chong, et al., “Predictors of Long-Term Di-
abetes Remission After Metabolic Surgery,” J Gastrointest Surg 19, no. 6
(2015): 1015-1021, https://doi.org/10.1007/s11605-015-2808-1.

54.D. P. Lemanu, P. P. Singh, H. Rahman, A. G. Hill, R. Babor, and
A. D. MacCormick, “Five-Year Results After Laparoscopic Sleeve Gas-
trectomy: A Prospective Study,” Surgery for Obesity and Related Diseases
11, no. 3 (2015): 518-524, https://doi.org/10.1016/j.soard.2014.08.019.

55.M. O. Joret, A. Nanayakkara, S. Kulasegaran, J. Robertson, and
H. Hammodat, “Duodenal Switch Combined With Systematic Post-
Operative Supplementation and Regular Patient Follow-Up Results in
Good Nutritional Outcomes,” Obesity Surgery 32, no. 7 (2022): 1-11,
https://doi.org/10.1007/s11695-022-06063-3.

56. F. C. C. M. Magno, P. A. M. D. Sousa, M. P. Rodrigues, et al., “Long
Term Maintenance of Glucose and Lipid Concentrations After Roux-
En-Y Gastric Bypass,” Archives of Endocrinology and Metabolism 62,
no. 3 (2018): 346-351, Published online May?7, https://doi.org/10.20945/
2359-3997000000047.

57. M. Sundbom, J. Hedberg, R. Marsk, et al., “Substantial Decrease in
Comorbidity5 Years After Gastric Bypass: A Population-Based Study
From the Scandinavian Obesity Surgery Registry,” Annals of Surgery
265, no. 6 (2017): 1166-1171, https://doi.org/10.1097/SLA.0000000000
001920.

58.D. Moriconi, L. Manca, E. Rebelos, et al., “Long-Term Effects of
Physical Activity on Weight Loss, Metabolic Parameters and Blood
Pressure in Subjects Undergoing Bariatric Surgery: A 5-Year Follow-Up
Study,” American Journal of Surgery 234 (2024): 143-149, https://doi.
org/10.1016/j.amjsurg.2024.04.020.

59.N. R. Obeid, W. Malick, S. J. Concors, G. A. Fielding, M. S. Kurian,
and C. J. Ren-Fielding, “Long-Term Outcomes After Roux-En-Y Gastric
Bypass: 10- to 13-Year Data,” Surgery for Obesity and Related Diseases
12, no. 1 (2016): 11-20, https://doi.org/10.1016/j.s0ard.2015.04.011.

60. R. Otake, Y. Seki, K. Kasama, R. Yokoyama, Y. Kurokawa, and M.
Tani, “Long-Term Impact of Laparoscopic Sleeve Gastrectomy on Drug
Costs of Japanese Patients With Obesity and Type 2 Diabetes Mellitus,”
Obesity Surgery 32, no. 6 (2022): 1831-1836, https://doi.org/10.1007/
$11695-022-06036-6.

61. D. Pajecki, L. Dalcanalle, C. P. Marques Souza De Oliveira, et al.,
“Follow-Up of Roux-En-Y Gastric Bypass Patients at 5 or More Years

Postoperatively,” Obesity Surgery 17, no. 5 (2007): 601, https://doi.org/
10.1007/s11695-007-9104-4.

62.G. Pata, N. Crea, E. Di Betta, O. Bruni, C. Vassallo, and F.
Mittempergher, “Biliopancreatic Diversion With Transient Gastroplasty
and Duodenal Switch: Long-Term Results of a Multicentric Study,”
Surgery 153, no. 3 (2013): 413-422, https://doi.org/10.1016/j.surg.2012.
06.039.

63. A. E. Pontiroli, M. Laneri, A. Veronelli, et al., “Biliary Pancreatic
Diversion and Laparoscopic Adjustable Gastric Banding in Morbid Obe-
sity: Their Long-Term Effects on Metabolic Syndrome and on Cardio-
vascular Parameters,” Cardiovascular Diabetology 8, no. 1 (2009): 37,
https://doi.org/10.1186/1475-2840-8-37.

64. A. Sanchez-Pernaute, M. A. R. Herrera, N. P. Ferré, et al., “Long-
Term Results of Single-Anastomosis Duodeno-Ileal Bypass With Sleeve
Gastrectomy (SADI-S),” Obes Surg 32, no. 3 (2022): 682-689, https://doi.
0rg/10.1007/s11695-021-05879-9.

65. R. Sarkis, A. Khazzaka, and R. Kassir, “Pilot Study of a New Model
of Bariatric Surgery: Laparoscopic Intestinal Bipartition—Safety and
Efficacy Against Metabolic Disorders,” Obesity Surgery 28, no. 11 (2018):
3717-3723, https://doi.org/10.1007/s11695-018-3483-6.

66. R. Steffen, N. Potoczna, N. Bieri, and F. F. Horber, “Successful Multi-
Intervention Treatment of Severe Obesity: A 7-Year Prospective Study
With 96% Follow-Up,” Obesity Surgery 19, no. 1 (2009): 3-12, https://doi.
0rg/10.1007/s11695-008-9675-8.

67. M. M. C. Tan, X. Jin, C. Taylor, et al., “Long-Term Trajectories in
Weight and Health Outcomes Following Multidisciplinary Publicly
Funded Bariatric Surgery in Patients With Clinically Severe Obesity (>3
Associated Comorbidities): A Nine-Year Prospective Cohort Study in
Australia,” Journal of Clinical Medicine 11, no. 15 (2022): 4466, https://
doi.org/10.3390/jcm11154466.

68.J. M. Wentworth, C. Cheng, C. Laurie, et al., “Diabetes Outcomes
More Than a Decade Following Sustained Weight Loss After Lapa-
roscopic Adjustable Gastric Band Surgery,” Obesity Surgery 28, no. 4
(2018): 982-989, https://doi.org/10.1007/s11695-017-2944-7.

69.Y. Xing, R. X. Bai, Y. G. Li, et al., “Analysis of Long-Term Outcome
of Modified Gastric Bypass for Type 2 Diabetes Mellitus in Chinese Pa-
tients,” World J Clin Cases 12, no. 25 (2024): 5697-5705, https://doi.org/
10.12998/wjcc.v12.i25.5697.

70. C. Zetu, S. Popa, A. L. Golli, A. Condurache, and R. Munteanu,
“Long-Term Improvement of Dyslipidaemia, Hyperuricemia and Met-
abolic Syndrome in Patients Undergoing Laparoscopic Sleeve Gas-
trectomy,” Archives of Endocrinology and Metabolism 64, no. 6 (2020):
704-709, Published online Junel9, 2020, https://doi.org/10.20945/2359-
3997000000273.

71. C. A. Schiavon, A. B. Cavalcanti, J. D. Oliveira, et al., “Randomized
Trial of Effect of Bariatric Surgery on Blood Pressure After 5 Years,”
Journal of the American College of Cardiology 83, no. 6 (2024): 637-648,
https://doi.org/10.1016/j.jacc.2023.11.032.

72. P. R. Schauer, D. L. Bhatt, J. P. Kirwan, et al., “Bariatric Surgery Ver-
sus Intensive Medical Therapy for Diabetes —5-Year Outcomes,” N EnglJ
Med 376, no. 7 (2017): 641-651, https://doi.org/10.1056/NEJM0al600869.

73.D. P. Andersson, D. Eriksson-Hogling, J. Bickdahl, et al., “Omen-
tectomy in Addition to Bariatric Surgery—A 5-Year Follow-Up,” Obe-
sity Surgery 27, no. 4 (2017): 1115-1118, https://doi.org/10.1007/s1169
5-017-2576-y.

74. P. Salminen, M. Helmid, J. Ovaska, et al., “Effect of Laparoscopic
Sleeve Gastrectomy vs Laparoscopic Roux-En-Y Gastric Bypass on
Weight Loss at 5 Years Among Patients With Morbid Obesity: The
SLEEVEPASS Randomized Clinical Trial,” Jama 319, no. 3 (2018): 241-
254, https://doi.org/10.1001/jama.2017.20313.

75. G. Mingrone, S. Panunzi, A. De Gaetano, et al., “Bariatric-Metabolic
Surgery Versus Conventional Medical Treatment in Obese Patients With

Obesity Reviews, 2026

17 of 18

85U80]7 SUOWIWIOD 88,0 8|qeol(dde aup Aq peusenob afe ol VO ‘8sn Jo sejn. 1oy Areiq1TaulUO A3 LD (SUO N IPUOD-PLR-SLLBY/LI0O" A3 | IMAe.q)1|Bu UO//:SANY) SUONIPUOD Pue swie 1 8y} &8s *[9202/60/20] Uo ARiqiTauljuo fe|IM Bpe)ed Ues aines-el A IseAIUN A TTZ0L 1G0/TTTT OT/I0p/W0 A8 | Im AIq U1 [UO//SANY WOy pepeo|umod ‘0 ‘X682.9%T


https://doi.org/10.1007/s13300-024-01627-1
https://doi.org/10.1007/s13300-024-01627-1
https://doi.org/10.1016/j.atherosclerosis.2014.08.030
https://doi.org/10.1016/j.atherosclerosis.2014.08.030
https://doi.org/10.1111/dom.14279
https://doi.org/10.1016/S2213-8587(16)30315-1
https://doi.org/10.1016/j.soard.2019.01.020
https://doi.org/10.1016/j.metabol.2023.155773
https://doi.org/10.1007/s11605-015-2808-1
https://doi.org/10.1016/j.soard.2014.08.019
https://doi.org/10.1007/s11695-022-06063-3
https://doi.org/10.20945/2359-3997000000047
https://doi.org/10.20945/2359-3997000000047
https://doi.org/10.1097/SLA.0000000000001920
https://doi.org/10.1097/SLA.0000000000001920
https://doi.org/10.1016/j.amjsurg.2024.04.020
https://doi.org/10.1016/j.amjsurg.2024.04.020
https://doi.org/10.1016/j.soard.2015.04.011
https://doi.org/10.1007/s11695-022-06036-6
https://doi.org/10.1007/s11695-022-06036-6
https://doi.org/10.1007/s11695-007-9104-4
https://doi.org/10.1007/s11695-007-9104-4
https://doi.org/10.1016/j.surg.2012.06.039
https://doi.org/10.1016/j.surg.2012.06.039
https://doi.org/10.1186/1475-2840-8-37
https://doi.org/10.1007/s11695-021-05879-9
https://doi.org/10.1007/s11695-021-05879-9
https://doi.org/10.1007/s11695-018-3483-6
https://doi.org/10.1007/s11695-008-9675-8
https://doi.org/10.1007/s11695-008-9675-8
https://doi.org/10.3390/jcm11154466
https://doi.org/10.3390/jcm11154466
https://doi.org/10.1007/s11695-017-2944-7
https://doi.org/10.12998/wjcc.v12.i25.5697
https://doi.org/10.12998/wjcc.v12.i25.5697
https://doi.org/10.20945/2359-3997000000273
https://doi.org/10.20945/2359-3997000000273
https://doi.org/10.1016/j.jacc.2023.11.032
https://doi.org/10.1056/NEJMoa1600869
https://doi.org/10.1007/s11695-017-2576-y
https://doi.org/10.1007/s11695-017-2576-y
https://doi.org/10.1001/jama.2017.20313

Type 2 Diabetes:5 Year Follow-Up of an Open-Label, Single-Centre,
Randomised Controlled Trial,” Lancet 386, no. 9997 (2015): 964-973,
https://doi.org/10.1016/S0140-6736(15)00075-6.

76. M. De Luca, M. Zese, G. Bandini, et al., “SICOB Italian Clinical
Practice Guidelines for the Surgical Treatment of Obesity and Associ-
ated Diseases Using GRADE Methodology on Bariatric and Metabolic
Surgery,” Updat Surg 77, no. 5 (2024): 1603-1625. Published online Oc-
tober 17, https://doi.org/10.1007/s13304-024-01996-z.

77.M. J. Davies, V. R. Aroda, B. S. Collins, et al., “Management of
Hyperglycemia in Type 2 Diabetes, 2022. A Consensus Report by the
American Diabetes Association (ADA) and the European Association
for the Study of Diabetes (EASD),” Diabetes Care 45, no. 11 (2022): 2753~
2786, https://doi.org/10.2337/dci22-0034.

78. L. Khachikyan and J. H. Shubrook, “The Cardiovascular and Macro-
vascular Benefits of Achieving Early Type 2 Diabetes Remission,” Diabe-
tology 6, no. 10 (2025): 120, https://doi.org/10.3390/diabetology6100120.

79. X. Xie, E. Atkins, J. Lv, et al., “Effects of Intensive Blood Pressure
Lowering on Cardiovascular and Renal Outcomes: Updated Systematic
Review and Meta-Analysis,” Lancet Lond Engl 387, no. 10017 (2016):
435-443, https://doi.org/10.1016/S0140-6736(15)00805-3.

80. K. A. Berk, H. Borgeraas, I. Narverud, et al., “Differential Effects
of Bariatric Surgery and Lifestyle Interventions on Plasma Levels of
Lp(A) and Fatty Acids,” Lipids in Health and Disease 21, no. 1 (2022):
145, https://doi.org/10.1186/s12944-022-01756-1.

81. M. E. Piché, 1. Tardif, A. Auclair, and P. Poirier, “Effects of Bariatric
Surgery on Lipid-Lipoprotein Profile,” Metabolism: Clinical and
Experimental 115 (2021): 154441, https://doi.org/10.1016/j.metabol.
2020.154441.

82.L. Angrisani, A. Santonicola, P. Iovino, et al., “IFSO Worldwide
Survey 2020-2021: Current Trends for Bariatric and Metabolic Proce-
dures,” Obes Surg 34, no. 4 (2024): 1075-1085, https://doi.org/10.1007/
$11695-024-07118-3.

83. K. Alabduljabbar and C. W. Le Roux, “Pharmacotherapy Before and
After Bariatric Surgery,” Metabolism 148 (2023): 155692, https://doi.org/
10.1016/j.metabol.2023.155692.

84. E. MacVicar, J. Lucocq, G. Geropoulos, P. J. Lamb, and A. G.
Robertson, “The Role of Preoperative Weight Loss Interventions on
Long-Term Bariatric Surgery Outcomes: A Systematic Review,” JCM 14,
no. 9 (2025): 3147, https://doi.org/10.3390/jcm14093147.

85. D. E. Magouliotis, V. S. Tasiopoulou, E. Sioka, C. Chatedaki, and D.
Zacharoulis, “Impact of Bariatric Surgery on Metabolic and Gut Micro-
biota Profile: A Systematic Review and Meta-Analysis,” Obesity Surgery
27, no. 5(2017): 1345-1357, https://doi.org/10.1007/s11695-017-2595-8.

86. L. Ocafia-Wilhelmi, G. M. Martin-Nufez, P. Ruiz-Limén, et al., “Gut
Microbiota Metabolism of Bile Acids Could Contribute to the Bariatric
Surgery Improvements in Extreme Obesity,” Metabolites 11, no. 11
(2021): 733, https://doi.org/10.3390/metabo11110733.

87. M. R. Tabesh, M. Eghtesadi, M. Abolhasani, F. Maleklou, F. Ejtehadi,
and Z. Alizadeh, “Nutrition, Physical Activity, and Prescription of
Supplements in Pre- and Post-Bariatric Surgery Patients: An Updated
Comprehensive Practical Guideline,” Obesity Surgery 33, no. 8 (2023):
2557-2572, https://doi.org/10.1007/s11695-023-06703-2.

88. D. Edholm, J. Kullberg, A. Haenni, et al., “Preoperative 4-Week Low-
Calorie Diet Reduces Liver Volume and Intrahepatic Fat, and Facilitates
Laparoscopic Gastric Bypass in Morbidly Obese,” Obesity Surgery 21,
no. 3 (2011): 345-350, https://doi.org/10.1007/s11695-010-0337-2.

89. A. Iannelli, F. Martini, A. S. Schneck, et al., “Preoperative 4-Week
Supplementation With Omega-3 Polyunsaturated Fatty Acids Reduces
Liver Volume and Facilitates Bariatric Surgery in Morbidly Obese Pa-
tients,” Obesity Surgery 23, no. 11 (2013): 1761-1765, https://doi.org/10.
1007/811695-013-0942-y.

90. T. M. Cook, M. M. Bethea, and D. A. Sandoval, “The Role of the Gut-
Brain Axis in Bariatric Surgery,” Current Opinion in Neurobiology 92
(2025): 103041, https://doi.org/10.1016/j.conb.2025.103041.

91. S. H. Zyoud, M. Shakhshir, A. Barqawi, et al., “Comprehensive Vi-
sualization of Bariatric Surgery and Gut Microbiota Research: A Global
Analysis,” Translational Medicine Communications 9, no. 1 (2024): 13,
https://doi.org/10.1186/s41231-024-00173-z.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Search strategy. Table S2:
PICOS framework and inclusion/exclusion criteria. Table S3: Detailed
baseline and long-term outcomes of the included studies. Table S4:
Set of formulas used for parameters’ conversion. Table S5: Risk of
bias (RoB) of randomized controlled trials. Table S6: Risk of bias
(RoB) of nonrandomized studies (cohort studies). Table S7: Random-
effects meta-regression results of the long-term effects of bariatric
surgeries in metabolic syndrome indicators. Figure S1: Visual rep-
resentation of risk of bias using ROB-2 Tool. Figure S2: Leave-one-
out sensitivity analysis plot of fasting blood glucose in cohort studies.
Figure S3: Leave-one-out sensitivity analysis plot of tryglicerides
levels in cohort studies. Figure S4: Leave-one-out sensitivity analy-
sis plot of waist circumference in cohort studies. Figure S5: Leave-
one-out sensitivity analysis plot of systolic blood pressure in cohort
studies. Figure S6: Leave-one-out sensitivity analysis plot of dia-
stolic blood pressure in cohort studies. Figure S7: Long-term effects
of bariatric surgery on fasting blood glucose: meta-analysis of cohort
studies (Forest plot). Figure S8: Funnel plot: assessment of publica-
tion bias for long-term fasting blood glucose changes after bariatric
surgery (cohort studies). Figure S9: Long-term effects of bariatric
surgery on fasting blood glucose: meta-analysis of fasting blood glu-
cose. Figure S10: Long-term effects of bariatric surgery on fasting
blood glucose, stratified by baseline BMI: meta-analysis of random
clinical trials (Forest plot). Figure S11: Long-term effects of bariatric
surgery on high-density lipoprotein: meta-analysis. Of cohort studies
(Forest plot). Figure S12: Funnel plot: assessment of publication bias
for long-term high-density lipoprotein changes after bariatric surgery
(cohort studies). Figure S13: Long-term effects of bariatric surgery
on high-density lipoprotein: meta-analysis of random clinical tri-
als (Forest plot). Figure S14: Long-term effects of bariatric surgery
on tryglicerides levels: meta-analysis of cohort studies (Forest plot).
Figure S15: Funnel plot: assessment of publication bias for long-term
tryglicerides levels changes after bariatric surgery (cohort studies).
Figure S16: Long-term effects of bariatric surgery on tryglicerides lev-
els: meta-analysis of random clinical trials (Forest plot). Figure S17:
Long-term effects of bariatric surgery on waist circumference: meta-
analysis of cohort studies (Forest Plot). Figure S18: Long-term effects
of bariatric surgery on systolic blood pressure: meta-analysis of cohort
studies (Forest plot). Figure S19: Funnel plot: assessment of publica-
tion bias for long-term systolic blood pressure changes after bariatric
surgery (cohort studies). Figure S20: Long-term effects of bariatric
surgery on diastolic blood pressure: meta-analysis of cohort studies
(Forest plot). Figure S21: Funnel plot: assessment of publication bias
for long-term diastolic blood pressure changes after bariatric surgery
(cohort studies). Figure S22: Long-term effects of bariatric surgery on
systolic blood pressure: meta-analysis of random clinical trials (Forest
plot). Figure S23: Long-term effects of bariatric surgery on systolic
blood pressure, stratified by baseline BMI: meta-analysis of random
clinical trials (Forest plot). Figure S24: Long-term effects of bariatric
surgery on diastolic blood pressure: meta-analysis of random clinical
trials (Forest plot). Figure S25: Long-term effects of bariatric surgery
on diastolic blood pressure, stratified by baseline BMI: meta-analysis
of random clinical trials (Forest plot).

18 of 18

Obesity Reviews, 2026

85U80]7 SUOWIWIOD 88,0 8|qeol(dde aup Aq peusenob afe ol VO ‘8sn Jo sejn. 1oy Areiq1TaulUO A3 LD (SUO N IPUOD-PLR-SLLBY/LI0O" A3 | IMAe.q)1|Bu UO//:SANY) SUONIPUOD Pue swie 1 8y} &8s *[9202/60/20] Uo ARiqiTauljuo fe|IM Bpe)ed Ues aines-el A IseAIUN A TTZ0L 1G0/TTTT OT/I0p/W0 A8 | Im AIq U1 [UO//SANY WOy pepeo|umod ‘0 ‘X682.9%T


https://doi.org/10.1016/S0140-6736(15)00075-6
https://doi.org/10.1007/s13304-024-01996-z
https://doi.org/10.2337/dci22-0034
https://doi.org/10.3390/diabetology6100120
https://doi.org/10.1016/S0140-6736(15)00805-3
https://doi.org/10.1186/s12944-022-01756-1
https://doi.org/10.1016/j.metabol.2020.154441
https://doi.org/10.1016/j.metabol.2020.154441
https://doi.org/10.1007/s11695-024-07118-3
https://doi.org/10.1007/s11695-024-07118-3
https://doi.org/10.1016/j.metabol.2023.155692
https://doi.org/10.1016/j.metabol.2023.155692
https://doi.org/10.3390/jcm14093147
https://doi.org/10.1007/s11695-017-2595-8
https://doi.org/10.3390/metabo11110733
https://doi.org/10.1007/s11695-023-06703-2
https://doi.org/10.1007/s11695-010-0337-2
https://doi.org/10.1007/s11695-013-0942-y
https://doi.org/10.1007/s11695-013-0942-y
https://doi.org/10.1016/j.conb.2025.103041
https://doi.org/10.1186/s41231-024-00173-z

	Long-Term Metabolic Outcomes Following Bariatric Surgery: A Systematic Review, Meta-Analysis, and Meta-Regression
	ABSTRACT
	1   |   Introduction
	2   |   Materials & Methods
	2.1   |   Study Design
	2.2   |   Search Strategy and Study Selection
	2.3   |   Data Extraction and Analysis

	3   |   Results
	3.1   |   Literature Search and Studies Overview
	3.2   |   Fasting Blood Glucose
	3.3   |   HDL Cholesterol
	3.4   |   Triglycerides
	3.5   |   Waist Circumference
	3.6   |   Systolic and Diastolic Blood Pressure

	4   |   Discussion
	5   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


