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Abstract: Background: The mechanisms of diabetes remission following bariatric surgery
independent of calorie restriction and weight loss remain unclear. Objectives: To un-
dertake a systematic review and meta-analysis to investigate mechanisms underpinning
diabetes remission. Methods: We included individuals with type 2 diabetes who have
undergone RYGB, SG, and a very low-calorie diet (VLCD). In total, 234 studies were iden-
tified (N = 52 for qualitative; N = 40 for quantitative synthesis). Review Manager v5.4
and IBM SPSS for Windows (v28.0.1.1) were used for analysis. Results: Crude annualised
diabetes relapse rates for RYGB and SG are as follows: −6.98 ± 16.19 (p = 0.046) and
−2.75 ± 4.94 (p = 0.08); crude remission rates for RYGB and SG, respectively, are as follows:
39.59 ± 45.93 (p = 0.000) and 33.36 ± 33.87 SG (p = 0.006). Differences in other metabolic
outcomes (standardised mean difference and 95% confidence intervals (CIs)) are BMI:
([RYGB:−2.73, 95%CI: −3.14 to −2.32, p < 0.000001) (SG: −2.82, 95%CI: −5.04 to −0.60,
p = 0.01)]; HbA1c: [(RYGB:−1.58, 95%CI: −2.16 to −1.00, p < 0.00001) (SG:−1.42, 95%CI:
−1.69 to −1.15, p < 0.00001)]; insulin: [(RYGB:0.16, 95%CI: −0.19 to −0.50, p = 0.37) (SG:
−3.00, 95%CI: −3.17 to −2.82, p = 0.75)]; and fat mass [(RYGB: −2.56, 95%CI: −4.49 to
−0.64, p = 0.009) (SG: −1.69, 95%CI: −4.58 to 1.21, p = 0.25)]. RYGB and SG produced a
significant improvement in HOMA-B measurements. Adiponectin and the Matsuda index
were significantly increased with RYGB. No difference was observed for other metabolic
markers (RYGB: GLP-1, GIP, leptin, ghrelin, PYY) (SG: GLP-1 and FGF19) (VLCD: leptin,
GLP-1, GIP, and ghrelin). Conclusions: Diabetes remission following RYGB and SG was pri-
marily driven by improvement in beta-cell function, with improvement in insulin resistance
markers also observed for RYGB, driven by reductions in fat mass. No other metabolic
mechanism explaining diabetes remission was observed based on clinical studies.

Keywords: type 2 diabetes mellitus; bariatric surgery; VLCD; diabetes remission; mecha-
nisms; obesity

1. Introduction
The prevalence of obesity, defined as a body mass index (BMI) of greater than or

equal to 30 kg/m2, has nearly tripled in number since 1975 [1]. Obesity is now accepted
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to be influenced by a complex interplay of hormones and a cascade of adaptive metabolic
and physiological mechanisms that are central to the disease process [2]. An obesogenic
environment with increasing per-capita food supplies, sedentary lifestyles, genetics [3] and
the gut microbiome also contribute the rising epidemic.

Obesity and Type 2 Diabetes Mellitus (T2D) are intransigently associated with wors-
ening morbidity and mortality [4], representing a significant metabolic challenge with
increased risk of adverse long-term sequelae for both micro- and macrovascular compli-
cations [5]. Pathways to the development of overt T2D are broadly accepted to involve
a progressive loss of beta-cell function, often in the background of insulin resistance [6].
Calorie restriction and associated weight loss have been shown to be effective treatment
modalities to manage T2D, although sustaining calorie restriction can be challenging to
many patients.

Bariatric surgery, meanwhile, is the term for a collective group of surgeries that make
changes to the digestive system with the purpose of aiding weight loss alongside promot-
ing improved cardiometabolic health. Increased evidence has emerged on the efficacy
of bariatric surgery in inducing sustained diabetes remission. Remission rates of 24–95%
for nearly two years, depending on the surgical choice [7,8], have been reported. The
variation in reported remission rates is due to considerable heterogeneity between studies
due to differing patient populations, differing surgical protocols, and even different defi-
nitions of remission [9]. Ongoing debate persists on the underlying mechanism for this,
i.e., whether diabetes remission is driven primarily by loss of fat mass per se or whether
there are some additional metabolic mechanisms independent of fat loss. Clarification to
dissect fat loss-dependent or -independent mechanisms for diabetes remission is further
complicated by the fact that integral to bariatric surgery is the routine enrolment of patients
to a pre-operative ‘liver shrinkage’ diet (very low-calorie or low-calorie diets (VLCD and
LCD)) [10,11]. A large liver size can impede or complicate the approach to the gastroe-
sophageal junction and present an increased bleeding risk with surgical manipulation [12].
LCDs (1000–1200 kcal) and VLCDs (<800 kcal) are well recognised to improve glucose
metabolism—a further suggested link with early post-operative remission of T2D alongside
weight loss [13]. A previous study has shown that early improvements of RYGB in insulin
sensitivity and beta-cell function are mimicked with a VLCD [14], indicating that at least in
the short term, calorie restriction and subsequent weight loss are the predominant mecha-
nisms for diabetes remission. A further series of studies have shown that caloric restriction
and weight loss are the dominant mechanisms of improved glucose metabolism—the
former responsible for the early postsurgical recovery of insulin sensitivity and secretion,
while the latter determines final outcomes once weight is stable [15].

Data indicate that both RYGB and SG have a comparable impact on diabetes remis-
sion [16]. The mechanisms underpinning diabetes remission following bariatric surgery
independent of fat loss remain unclarified. It is suggested that baseline beta-cell glucose
sensitivity and restored GLP-1 response (by rapid delivery of nutrients to the distal small
intestine following RYGB) are the chief determinants governing diabetes remission sta-
tus [9,17]. Conversely, SG, often viewed as a restrictive/volume reduction surgery, is more
nuanced, as SG causes a reduction in ghrelin levels [18,19]. Further, with respect to RYGB,
enterohepatic pathways with bile acids, fibroblast growth factor 19 (FGF-19), and GLP-1
are also proposed to be mechanistic components [20,21]. This poses an important question
with respect to the delineation between these often-combined mechanisms as to which is
the fundamental cause of diabetes remission for different types of bariatric surgeries.

Research designed to review the mechanisms that underpin these improved glycaemic
profiles will help optimise surgical choices alongside promoting individualised treatment
and providing greater insight into decision processing for both the patient population and
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medical community. This systematic review aims to explore underpinning mechanisms
for glycaemic improvement, alongside reviewing differential anthropometric outcomes,
between RYGB and SG and pre-surgery VLCD by collating and synthesising currently
available clinical data. This work will produce a critical appraisal of the differential effects
between these interventions and has the potential to address areas of uncertainty, as well
as identify mechanistic factors that require further focussed research.

2. Methods
2.1. Protocol and Registration

The study protocol is registered in the International Prospective Register of Systematic
Reviews (PROSPERO ID: CRD42022312733), with registration following research question
finalisation and an implementation of our agreed search strategy.

We ensured that the study protocol would be compliant with Cochrane research
guidelines by adopting the participant, intervention, comparison and outcome (PICO)
framework for research question formulation to ensure all involved within this study had
clarity regarding the approach [22]. The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) reporting guidelines are included (Supplement S1) [23].

2.2. Eligibility Criteria

Inclusion criteria were adult human studies (>18 years of age). A minimum of one
arm in each study was required to have a population group with a diagnosis of T2D. The
population group had to be obese, defined as a body mass index (BMI) of greater than or
equal to 30 kg/m2. Interventions accepted were RYGB, SG, or hypocaloric diet. Outcomes
were to include all mechanistic potentials underpinning glycaemic improvement/diabetes
remission.

Eligible study designs were randomised clinical trials containing either the interven-
tion or comparator in at least one arm, non-randomised clinical trials containing either
the intervention or the comparator in at least one arm, retrospective analyses containing
either the intervention or comparator in at least one arm, pilot trials containing either the
intervention or comparator in at least one arm, review articles containing either the inter-
vention or the comparator in at least one arm, and systematic reviews and meta-analyses
containing either the intervention or comparator in at least one arm. Meta-analysis was
utilised as means to cross-check for references that were suitable for inclusion. Case studies,
abstracts only, and editorials were excluded. This systematic review and meta-analysis fo-
cused on sleeve gastrectomy and RYGB as the two most commonly performed procedures,
with studies investigating the mechanism of diabetes remission mainly utilising these two
procedures.

2.3. Information Sources and Searches

Sources searched include MEDLINE, Embase, PubMed, and Google Scholar (first ten
pages only). The date of access and database search for each was 19 November 2021. An
updated review of the literature up to 24 November 2023 was undertaken. Restrictions
applied included for publication in English language and access to full text. Excluded were
studies published in other languages, studies that were unpublished, economic evaluation
studies/case studies, editorials, and study protocol/abstract publications only.

The search strategy included the use of Medical Subject Headings (MESH), which
is a controlled vocabulary produced by the National Library of Medicine that is used for
indexing and cataloguing biomedical and health-related information. Peer-agreed MESH
terms for the research questions were then applied (Supplements S2 and S3).
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2.4. Data Collection Process

Data extraction was initially performed by a single researcher within two Microsoft
Excel spreadsheets where all outcomes of interest (clinical and/or mechanistic), intervention
type, lead author, duration of intervention, reported data format, and numerical values
(continuous data type) were inputted. These extracted data were then reviewed by two
other researchers, where (i) individual studies were re-assessed for PICOS compliance,
(ii) variable feasibility for forest plot implementation was considered, and (iii) inspection
for data reporting standardisation occurred. Any required modifications or clarifications
were relayed to initial single researcher for implementation and then confirmed with the
subsequent two reviewers. Subsequently, all data were imported into a separate, reference
Excel spreadsheet where all represented clinical and mechanistic variables were considered
for eventual analysis.

2.5. Analysis of Results

A final Excel spreadsheet was then created for any relevant data conversion, reorder-
ing of studies (in order of increasing follow-up interval), and calculation of the standard-
ised mean difference (SMD) with standard errors (SEs) for meta-analysis and sensitivity
analysis. Additional details pertaining to the data handling procedures are provided
(Supplement S4).

Individual studies were excluded if there were no data, the data format was not
consistent with our proposed statistical analysis (such as a non-normal distribution reported
data), there was no follow-up period identified, or there was any other contravention to
PICOS. Datapoints on individual studies were excluded if there were no pre-intervention
data to allow comparative assessments, and neither SD nor SE data were present.

It was determined that as a mixture of RCTs, single-arm and NRTs studies were used,
pre-intervention and post-intervention values should be selected in place of controls and
cases, respectively, for forest plot analysis. Any studies demonstrating only pre-intervention
and MD data were removed. The data were then imported into a global datasheet.

Forest plot generation was carried out using Review Manager v5.4.1 (Accesssed
August 2024 Review Manager (RevMan) [Windows version]. Version 5.4.1. The Cochrane
Collaboration). The inverse-variance statistical method and random effects model were
selected for all meta-analyses performed, with the effect measure being the SMD. Individual
files for variable-specific and RYGB versus SG comparisons, in accordance with the PICO
framework established previously, were created. Forest plots were generated if at least
two datapoints were present for a particular subgroup and/or variable to facilitate a
comparison.

2.6. Intra-Study Risk of Bias (RoB) Assessment

Studies that had reached the synthesis stage with a randomised intervention design
were assessed using the Cochrane Risk of Bias (RoB2) tool. Two researchers (YA and
RW) independently assessed all eligible studies using the ROB2 tool, with a third assessor
(AA) for consensus if necessary. The Review Manager (RevMan) application for Windows
(v.5.4.1) was used to present the individual domain and study results assessed. Decisions
for ROB2 questions 1.1, 1.2, 2.1, 2.2 and 4.3 and author judgments for 3, 5 and 4 were,
respectively, inputted into Revman questions 1–7.

All non-randomised trials were evaluated through the Newcastle Ottawa Scale
(NOS) [24] (revman.cochrane.org). Only studies that had reached the quantitative synthesis
stage were considered for RoB assessment. Assessment was performed by two independent
researchers (YA and RW), with a third (AA) providing consensus. A resultant rank was
determined by the summative count of stars. Assessment occurred within three subgroups:
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comparability of cases and controls, selection of cases and controls and exposure. Each
subgroup had 8 questions for which a single star could be inputted—-aside from compara-
bility, where 2 stars could be utilised. High quality was reflected with 7–9 stars, fair quality
4–6 stars and low quality 1–3 stars.

2.7. Inter-Study Risk of Bias Assessment and Sensitivity Analysis

The publication bias of continuous variables was assessed utilising meta-regression
of the residuals of sample size, in accordance with Cochrane guidelines (use subsequent
citation). STATA Standard Edition v16 was implemented to apply the published code, with
a forest plot generated for visual inspection of missing data (2024).

An assessment of sensitivity based on the decision to incorporate studies with a wide
follow-up interval was undertaken through the generated SMD data (utilising RevMan
5.4.1. with identical statistical procedures as described previously). Three clinical variables
(weight, BMI and HbA1c) were identified, and datapoints were divided based on follow-up
duration (less than or equal to 12 weeks versus 52 or more weeks for RYGB as the inter-
vention with the most voluminous data produced). Following effect size and significance
calculation, subgroup data for these variables were reported within a table with additional
study characteristic data and a 95% CI, in accordance with Cochrane recommendations
(https://handbook-5-1.cochrane.org/chapter_9/9_7_sensitivity_analyses.htm, accessed
on 20 December 2024).

3. Results
Study Selection

There were 234 studies included that were identified across all databases (minus
duplications). The Cohen K for doubly blinded inter-observer concordance was calculated
at 0.515, which indicates moderate agreement following the application of PICOS, a struc-
tured framework to address the research question. In total, 52 of these studies were then
determined suitable for qualitative synthesis and 40 of the same total were determined
to be suitable for quantitative synthesis [8,14,17,21,25–70]. With regard to data selection,
the following variables were excluded, insulin sensitivity index, liver fat mass, adipokine,
Branched-Chain Amino Acids, circulating Amino Acids, Glucagon-like Peptide-2, bile acid,
Exendin 9–39, oxyntomodulin, Stumyoll, First Phase Index, Pro-insulin, Acylcarnitine,
interleukin-6, as there were insufficient data points regarding methods.

From thereon, data extraction was completed. Forest plots were composed for each
clinical and mechanistic variable. Subgroups were delineated as per intervention type (i.e.,
RYGB vs. SG vs. VLCD).

4. Clinical Variables
4.1. BMI

In total, 23 studies were included with RYBG as the intervention type (Figure 1). The
results revealed an SMD of −2.73 (95% −3.14 to −2.12, p < 0.00001) (Figure 1). Further,
seven studies were included with SG as the intervention type; these results revealed an
SMD of −2.82 with a 95% CI of −5.04 to −0.60 (p < 0.05), indicating a slightly larger effect
size versus RYGB. Five studies were included for the VLCD intervention group, and these
results revealed an SMD of −0.96 with a CI of −2.19 to 0.27, alongside a non-statistically
significant result with p = 0.12.

Overall, combining these three intervention types for BMI, the results revealed an
SMD of −2.34, with a CI of −2.96 to 1.72, with statistical significance, p < 0.00001. BMI is
affected with significance for both RYBG and SG and RYBG/SG/VLCD combined but not
for VLCD in isolation.

https://handbook-5-1.cochrane.org/chapter_9/9_7_sensitivity_analyses.htm
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Heterogeneity was persistently observed across all three interventions, despite all
individual effect sizes favouring intervention (Figure 1). A substantial number of datapoints
presented with wide CIs associated with midpoint violation, indicative of commonplace
clinical heterogeneity (Figure 1). Furthermore, measurement of statistical heterogeneity
was considerable for SG (I2 = 99%, p < 0.00001) but indeterminate for RYGB and VLCD
(p > 0.05) (Figure 1).

4.2. Weight

In total, 27 studies were included for RYGB; the SMD was −1.69 (CI −3.22, −0.16) and
there was a significant p value of 0.03. Seven studies were included for SG, and the SMD
was −1.37 (CI −4.02, 1.28), with a non-significant p value of 0.31. For VLCD, five studies
were included, with an SMD of −0.90 (CI −0.44, 2.63) and a non-significant p value of
0.62. Overall, with all three interventions combined, the SMD was −1.52 (CI −2.76, −0.28;
p = 0.02), confirming that the pooled outcome of said interventions results in weight loss,
which indirectly supports the VLCD non-significance being due to factors beyond effect size.
Clinical heterogeneity was ubiquitous across all interventions for weight, with statistical
heterogeneity assessment demonstrating equivocal results (p > 0.05) (Supplement S5A).
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4.3. Fat Mass

Five studies were included for analysis for the RYGB intervention. Results re-
vealed an SMD of −2.56 (CI −4.49 to −0.64; p = 0.009). Two datapoints were identi-
fied with SG, showing an SMD of −1.06 with a CI of −4.58 to 1.21 and a non-significant
p value = 0.25. Analysis of VLCD was not possible due to an absence of data. Evidence
of clinical heterogeneity is present in both interventions, with the statistical heterogeneity
assessment being equivocal (p > 0.05) for both (Supplement S5B).

The overall results, when RYGB and SG are pooled, revealed an SMD of −2.30 (CI
−3.90, −0.69), with a significant p value of 0.005. Overall, there was a significant result in
fat mass (kg), although this was not delineated for the individual interventions included.

4.4. Fasting Glucose

Glucose (mmol/L) was also assessed in our study for each intervention as well as in
the combined results. In total, 25 studies were included for RYGB assessment; the SMD
was −1.01 (CI −1.25, −0.77), with a significant p value of <0.00001.

Five studies were included for SG, and the SMD was −0.82 (−1.29, −0.35), with a
significant p value of 0.0007. VLCD, also represented by five trials, revealed an SMD of
−1.49 (CI −2.34, v0.64), with a significant p value of 0.0006.

Clinical heterogeneity across all interventions was observed, with multiple trials
exhibiting substantially wide Cis. Statistical heterogeneity was also inferred to potentially
be substantial for VLCD (I2 = 64%, p = 0.03). Assessments for RYGB and SG were equivocal
(p > 0.05).

Altogether, the SMD for all interventions combined was −1.11 (CI −1.30, −0.91), with a
significant p value < 0.00001. Therefore, all interventions, alone and in combination, showed
significance in affecting the glucose measurements within these studies (Supplement S5C).

4.5. HBA1C

For HbA1c (mmol/mol), forest plots show for RYGB, for which there were 18 studies
included, an SMD of −1.58 (CI −2.16, −1.00), with a significant p < 0.00001. There were
five studies for SG, with an SMD of −1.42 (CI −1.69, v1.15) and significance p < 0.00001.
Sufficient data for VLCD were not identified.

Considerable clinical heterogeneity is identified in 5 of the 18 trials identified for RYGB
and 1 [36] for SG. Statistical heterogeneity is demonstrated to be considerable for RYGB
(I2 = 91%, p < 0.00001). The assessment was equivocal for SG (Figure 2).

Together, these interventions had an SMD of −1.52 (CI −1.98, −1.06), with a signifi-
cance of p < 0.00001. We can thus determine that both bariatric surgery modalities produce
greater glycaemic control in the population (Figure 2).

4.6. Insulin

IN total, 18 studies were included for RYGB analysis, and the SMD was 0.16 (CI −0.19,
0.50), with a non-significant p value of 0.37. There were four studies for SG included, with
an SMD of −3.00 (CI −3.17, −2.82) and a non-significant p value of 0.75. Three studies
were included for VLCD, with an SMD of −0.74 (CI −44.06, 42.59) and non-significance
(p = 0.97). Clinical heterogeneity was relatively limited in SG compared to RYGB and, in
particular, VLCD, as identified by the substantially wide CIs (S5D). Statistical heterogeneity
determination was equivocal for all three interventions.

All three interventions combined revealed an SMD of −1.14 (CI −2.87, 0.59), with
non-significance (p = 0.20).
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Figure 2. Clinical variable forest plot for HbA1c (mmol/mol): RYGB vs. SG.

5. Mechanistic Variables
5.1. FGF19

To being with, three studies were identified for FGF19 with RYGB being the interven-
tion type. The results revealed an SMD of 1.29 (95% −11.64 to 14.21, p = 0.85). Further,
two studies included assessing for FGF19 with SG as the intervention type; these results
revealed an SMD of 2.18 (95% −10.55 to 14.91, p = 0.74). FGF19 is not affected with sig-
nificance for either RYGB or SG. Heterogeneity was persistently observed across the two
interventions. Furthermore, a statistical measurement for heterogeneity for RYGB and SG
was indeterminate, p > 0.05 (Figure 3A).

5.2. GLP1

In total, 14 studies were included for the RYGB intervention. The results revealed an
SMD of 0.68 (95% −0.39 to 1.76, p = 0.21). A further two studies were identified for the SG
intervention, and these results revealed an SMD of −0.18 (95% −10.20 to 9.84, p = 0.97).
Thus, GLP-1 has not demonstrated significance with either RYGB or SG (Figure 3B).

Heterogeneity was also observed across the two interventions; a statistical measure-
ment for heterogeneity revealed an indeterminate result for both interventions (p = 0.05).

5.3. HOMA-B

Four studies were identified for HOMA-B for the RYGB intervention group (Figure 4).
These results revealed an SMD of −0.67 (95% −0.77 to −0.57, p < 0.00001). Three studies
for HOMA-B were identified for the SG intervention group, and these results revealed
an SMD of −1.00 (95% −1.12 to −0.88, p < 0.00001). These results reveal that HOMA-B
demonstrates statistical significance for effect in both the RYGB and SG intervention groups
(Figure 3C).
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Further, heterogeneity is consistently observed for both intervention groups, with
indeterminate significance (p = 0.05).

5.4. Adiponectin/Leptin/GIP/Ghrelin/Matsuda Index/Pyy

Individual mechanistic variables were also assessed if only one intervention provided
sufficient data to explore outcomes to determine statistical significance. For the RYGB
intervention group alone, results were as follows: five studies for adiponectin, with an
SMD of 1.22 (95% 0.61 to 1.84, significant p = 0.0001); four studies for leptin, with an SMD of
−1.40 (95% −7.37 to 4.58, non-significant p = 0.65); twelve studies for GIP, with an SMD of
−0.12 (95% −1.31 to 1.06 with a non-significant p = 0.84); four studies for ghrelin revealed
an SMD of −0.14 (95% −57.91 to 57.63, non-significant p = 1.00); four studies identified for
the Matsuda index revealed an SMD of 3.00 (95% 0.77 to 5.23, significant p = 0.008); and
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two studies for PYY, with an SMD of 0.48 (95% 7.86 to 8.82 with non-significant p = 0.91)
(Figure 4).
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For the SG intervention group, there were no additional mechanistic variables to be
explored for statistical significance.

However, for the VLCD intervention group, there were additional mechanistic vari-
ables identified from our dataset, with results as follows (Figure 5): two studies for leptin,
with an SMD of −0.92 (95% −6.91 to 5.06 with non-significant p = 0.76); three studies for
GIP, with an SMD of −0.12 (95% −6.54 to 6.30 with a non-significant p = 1.00); three studies
for GLP-1, with an SMD of −0.18 (95% −0.092 to 0.56 with a non-significant p = 0.64);
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and three studies for Ghrelin, with an SMD of −0.11 (95% −91.01 to 90.79, non-significant
p = 1.00).
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5.5. Absolute Risk Reduction and Absolute Relapse Reduction (T2D)

We also determined the absolute risk reduction (ARR) for each of the assessed inter-
ventions. We counted the total number of individuals with diabetes for each intervention
per study. Any entries that did not state both the follow-up period and absolute number
of patients with diabetes were removed. This allowed a crude group-level ARR to be
calculated (number of relapses per group/number of days follow up × 365.25). The study-
based crude group-level ARRs were then divided by intervention type. An assessment
of normality for each intervention was performed utilising the Shapiro–Wilk test using
SPSS v28.0.1.1., which confirmed a normal distribution for each. A one-sample t test was
undertaken, with a two-tailed significance threshold of p < 0.05 applied.

Crude ARR for relapse (Supplement S6) for the RYGB intervention group included
24 studies, with an SMD of −6.98 (95% −13.82 to −0.15) and a significant p = 0.046. SG
included 12 studies, with an SMD of −2.75 (−5.88 to 0.39) and a p = 0.080. VLCD included
three studies, with an SMD of −52.74 (95% −180.28 to 74.81 with p = 0.217).

For crude ARR (remission) for the RYGB intervention group, 24 studies were included,
which revealed an SMD of 39.59 (95% 20.19 to 58.98 with p = 0.000). Then, for SG 12 studies
were included, with an SMD of 33.36 (95% 11.85 to 54.88) and a p of 0.006. Then, VLCD had
three studies included, with an SMD of 119.97 (05% −157.64 to 397.57, p = 0.204).

RYGB has a higher remission rate for DM than SG (both values < 0.05). VLCD lacked
sufficient data. The normality assessments were then performed, which revealed parametric
data justifying the single group t test that was selected for use.
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6. Synthesis of Results
6.1. Risk of Bias Across Studies

Publication bias assessment was performed using weight as the selected variable,
resulting in 26 studies represented by constituent datapoints.

On visual inspection, there is no evidence of missing data, particularly for negative
results (Supplement S7). In addition, the distribution of data circumscribing the forest
plot is approximately equal (14 and 12 for negatively and positively, respectively, valued
meta-regression residuals) (Supplement S7) However, the calculated test for small-study
effects was equivocal (p = 0.25). In addition, as the number of datapoints is less than 30,
the statistical power to assess for publication bias utilising this approach is reduced (https:
//onlinelibrary.wiley.com/doi/full/10.1002/jrsm.1414#) (accessed 21 December 2024).

6.2. Sensitivity

The results from the sensitivity analysis for weight and HbA1c were equivocal, due
to the absence of statistical significance for the ≤12-week subgroup (p > 0.05). However,
BMI confirmed that a statistically significant difference existed between the intervention
duration subgroups (Supplement S8). As such, the broad follow-up interval has potentially
contributed to additional confounding of the presented results.

6.3. Risk of Intra-Study Study

There were 13 studies included for ROB2 assessment. The majority (10/13) were found
to have an overall judgement of a high risk of bias, 2/13 returned some concerns for overall
judgement and only 1 of the 13 returned with a global judgement of a low risk of bias.

RoB judgements performed on a domain-specific basis are presented within Supple-
mentary Materials 6. Most trials were unblinded and therefore high risk predominated in
the performance bias domain. Similarly, some trials did not conceal allocation or blind the
outcome assessment, reflected, respectively, in the high risk of bias for both the selection
bias and detection bias domains. The majority otherwise exhibited a low risk of bias for
selection bias, attrition bias, reporting bias and other bias.

The aforementioned judgements were then reiterated into a study-specific format for
ROB (Supplement S9). Hofso et al. [41] showed a low risk of bias across all seven domains.
Schauer et al. had a high risk for four of the seven domains: selection bias, performance bias
and detection bias. Of the 13 studies over a longer period included for this assessment, only
2 (Hofso et al. and Pournaras et al.) were of low/indeterminate risk for performance bias.

For the non-randomised manuscripts, the NOS tool was utilised. A total of
39 manuscripts were assessed using NOS, and 14 of these were deemed high-quality
with a low risk of bias (7–9 stars), 24 were found to be fair quality (4–6 stars) and only 1
was found to be poor quality (1–3 stars). Broadly speaking, these results confirm that intra-
study bias for the non-randomised manuscripts was not significant in terms of adverse
implications.

7. Discussion
Our SRMA showed that both RYGB and SG were associated with comparable BMI,

weight and HbA1c reduction, with associated improvement in beta-cell function as mea-
sured via HOMA-B. Intriguingly, fat mass loss was only significant for RYGB but not SG,
while insulin measurements as well as levels of other metabolic hormone markers, e.g.,
GLP-1, GIP, ghrelin, FGF-19 and PYY, did not appear to be significantly changed after
bariatric surgery. Markers of insulin resistance, such as adiponectin and the Matsuda
index, were improved primarily in RYGB. Our data suggest that the primary mechanism
for improved glucose metabolism contributing to diabetes remission is driven by BMI

https://onlinelibrary.wiley.com/doi/full/10.1002/jrsm.1414#
https://onlinelibrary.wiley.com/doi/full/10.1002/jrsm.1414#
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loss with subsequent improvements in beta-cell function and insulin resistance. Therefore,
at least in the early stages following bariatric surgery, no other metabolic mechanism to
explain diabetes remission was observed based on this systematic review of clinical stud-
ies. Based on this, we would infer that at least in the early stages after bariatric surgery,
caloric restriction inducing weight loss is the primary mechanism of improved glucose
metabolism.

This conclusion is supported by previous studies, which have shown that the degree
of caloric restriction and the amount of weight loss dictates the changes in glucostatic
parameters. Wing et al. demonstrated that an 11% reduction in body weight with a
400 kcal/day diet resulted in a greater improvement in insulin sensitivity compared with
the same weight reduction achieved over a longer period on a 1100 kcal/day diet [71].
Henry et al. [72] meanwhile demonstrated that on 330 kcal/day, most of the improvement
in fasting plasma glucose occurred within the first 10 days of caloric restriction, preceding
most of the weight loss. A subsequent study showed that improvement in beta-cell function
is comparable between RYGB and calorie restriction, provided that the amount of calorie
restriction is comparable with that of RYGB [14]. In a series of 204 patients whose marker
of insulin sensitivity was measured after bariatric surgery, bariatric surgery was observed
to improve the insulin resistance of T2D by ∼50% while at the same time causing a
∼30% decrease in BMI as early as 6 weeks after surgery [15]. This is explained by the
fact that early after surgery, caloric restriction per se (whether achieved by lower intake as
per restrictive procedures or reduced absorption as with malabsorptive operations) plays
a major role in improving insulin action. The mechanisms beyond 2 years after surgery,
however, are unclear. In a non-randomised study comparing gastric banding and RYGB in
many non-diabetic patients [73], HOMA at 30 months post-surgery was similar, but RYGB
induced a significantly larger weight loss than gastric banding.

The lack of evidence from this study linking metabolic hormones as important me-
diators of diabetes remission or improved glucose metabolism, while unexpected, based
on the ‘foregut’ [74] and ‘hind gut’ [75] hypothesis, is in fact supported by other studies.
Ghrelin levels after bariatric surgery, for example, have been inconsistent and unrelated to
the ensuing changes in insulin sensitivity [76]. GLP-1 levels, meanwhile, while increased at
6 weeks post-surgery in normotolerant and impaired glucose-tolerant subjects, were not
increased in T2D patients, despite similar improvements in insulin resistance and β-cell
dysfunction [77]. Inconsistent levels of GIP hormones hae also been reported following
gastric bypass operation in people with T2D [33,78]. The reasons for these inconsistencies
in the effects of bariatric surgery on GLP-1 levels is unclear, but our systematic review
indicates that these inconsistencies are likely to be partly driven by the heterogeneity of
patient population, i.e., presence or absence of type 2 diabetes or impaired glucose tolerance,
drug treatment, ethnic group and level of BMI and insulin resistance at baseline. Our study,
however, did not identify an adequate number of studies investigating the role of bile acids
(Pournaras, 2013) as a mediator of diabetes remission, nor did we find adequate evidence
linking the role of any metabolic hormone as a mediator of diabetes remission beyond two
years after bariatric surgery. Similarly, changes in gut microbiota following RYGB may
influence host metabolism and may play a role in diabetes remission [79]. However, we
did not explore this fully due to the limited number of mechanistic studies investigating its
role in inducing diabetes remission. Further studies are clearly needed to investigate the
role of gut microbiota changes as a mechanism of diabetes remission post-bariatric surgery.

We demonstrated that the crude annualised diabetes remission rate (ARR) was
6.98 ± 16.19 for RYGB (p = 0.046) vs. −2.75 ± 4.94 for SG (p = 0.080). Of particular
importance is that RYGB was found to be superior for achieving a greater remission rate
for diabetes mellitus as compared to SG, albeit both interventions were statistically signifi-
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cant. VLCD did not generate enough data for this assessment and further research/review
would be required for this. We also took the opportunity to perform an assessment of
crude annualised diabetes relapse rate; statistically significant results were returned for
RYGB (SD 16.19), illustrating that diabetes relapse can occur following bariatric surgery,
which would be recognised as an adverse outcome, although we are unable to delineate
why from these results. Results were not statistically significant for either SG or VLCD; in
part, this will be due to the lack of data returned for these interventions. Our results are in
concordance with preliminary data from a by-band sleeve study, which reported superior
weight loss and HbA1c reduction with RYGB compared with SG or gastric banding [80].
Further, from reviewing the glucose (mmol/L) data we can see that all interventions both
alone and pooled consistently demonstrate statistically significant results, supporting that
glucose control is in indeed ameliorated through these interventions. Similarly, HbA1c
(mmol/mol) also demonstrates statistically significant results for both RYGB and SG.

Throughout the literature, however, there were substantial sources of clinical and
statistical heterogeneity; their magnitude was either considerable or identified as equivocal.
There is a high risk in the overall judgements for the RoB2 assessments throughout the
randomised-intervention manuscripts. High risk is especially noted within the performance
bias, a direct reflection of studies not being blinded for participants and/or personnel.
However, it must be noted that the interventions RYGB vs. SG could never be truly blinded
by personnel as they are practitioners of the surgery, and similarly for consent purposes,
one would expect participants to have awareness of which surgery modality they are listed
for. Further, 38 of the 39 non-randomised manuscripts returned fair- to high-quality studies
(i.e., lower risk of bias). As such, the certainty of the evidence needs to be considered within
these caveats but should be considered as a fair assessment.

7.1. Study Limitations

The presented study of RCTs and NRS was undertaken in a systematic and formulaic
approach as per Cochrane guidance. Despite this, limitations are still evident.

The number of identified trials at the synthesis stage is limited to 56, suitable for
quantitative synthesis. Multiple sources of clinical heterogeneity within the published
manuscripts are recognised, with non-uniformity of body composition variables: age,
baseline BMI, baseline glycaemic control and other issues including pharmacotherapies,
duration of follow-up, timepoint of performance of post-operative HbA1c. These factors
may represent a contributory impact on the absence of statistical significance for some
clinical and metabolic outcomes. Sensitivity analysis confirmed the impact of a large follow-
up interval range (two or more weeks) on the effect size, and it should be considered as a
potential confounder. It should be recognised that the broad follow-up period was agreed
upon to attempt to retrieve as much available data as possible given the experimental
outcomes that have been analysed.

Publication bias assessment utilising continuous variables returned equivocal results
due to insufficient data. However, reassuringly the distribution across the graph is relatively
even and one could infer that it would therefore be unlikely to be adversely affected by
publication bias.

The representation of VLCD through a limited number of trials is a further limitation.
Although when reviewing weight as an outcome, it is noted that RYGB is the only inter-
vention demonstrating statistical significance, the three interventions pooled demonstrate
statistical significance. This indirectly suggests that VLCD non-significance is due to factors
beyond simply effect size/lack of data from the manuscripts studied.

Not included in the data extraction, as information was not readily provided through-
out the manuscripts, is whether pharmaceutical agents were also prescribed during the
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surgery recovery phase that may have influenced any glycaemic control outcome. In ad-
dition, our findings are conclusions that are limited to the short-term impact of bariatric
surgery. Longer-term data are required to clarify which metabolic markers play an impor-
tant role beyond weight loss in inducing diabetes remission.

7.2. Study Implications

The direct effects of RYGB, SG and VLCD with co-therapies on body composition and
glycaemic control further supports the established knowledge on metabolic improvement
following these interventions. There is potential to consider preferential application of
RYGB as the intervention with the greatest evidence body for greater glycaemic control, as
per our results. It must be noted that SG has a lower risk of complications, which was not
assessed in this SRMA but would require it being a basis for clinical judgement for surgery
selection.

Clinical recommendations could be considered using the Grade of Recommendations,
Assessment, Development and Evaluation (GRADE) framework, a transparent framework
for presenting evidence summaries.

Our results would support a stratified and individualised treatment approach to
surgery selection amongst the bariatric population cohort with disordered glycaemic
regulation.

7.3. Areas for Further Research and Recommendations

There was paucity of literature for pre-surgery VLCD or longer-term data after bariatric
surgery at our synthesis stage. This requires further focus to delineate the impact that
calorie restriction and metabolic hormone markers have both short and long term in these
surgical candidates. As more experimental data are released with ongoing studies/trials,
further SRMAs will be required to assess their wider influence.
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Risk Relapse and Absolute Risk Remission; Supplement material S7: Funnel plot assessment for
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List of Abbreviations

ARR Absolute risk reduction
BMI Body mass index
CI Confidence intervals
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
FGF-19 Fibroblast growth factor 19
GIP Gastric Inhibitory Polypeptide
GLP-1 Glucagon-like peptide-1
HbA1c Glycated Haemoglobin
HOMA-B Homeostatic Model Assessment of Beta Cell Function
MESH Medical Subject Headings
NOS Newcastle Ottawa Scale
NRT Non-randomised trial
PICOS Population Intervention Comparator Outcome Study design(s)
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PYY Hormone peptide YY
RCT Randomised controlled trial
ROB2 Risk of Bias 2
RYGB Roux-en-Y Gastric Bypass
SE Standard Error
SEM Standard Error Mean
SG Sleeve gastrectomy
SMD Standard mean deviation
SRMA Systematic Review and Meta-analysis
T2D Type 2 diabetes
VLCD Very Low-Calorie Diet
WHO World Health Organization
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24. Sterne, J.A.C.; Savović, J.; Page, M.J.; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.Y.; Corbett, M.S.; Eldridge,
S.M.; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ 2019, 366, l4898. [CrossRef]

25. Jørgensen, N.B.; Jacobsen, S.H.; Dirksen, C.; Bojsen-Møller, K.N.; Naver, L.; Hvolris, L.; Clausen, T.R.; Wulff, B.S.; Worm, D.;
Hansen, D.L.; et al. Acute and long-term effects of Roux-en-Y gastric bypass on glucose metabolism in subjects with Type 2
diabetes and normal glucose tolerance. Am. J. Physiol. Metab. 2012, 303, E122–E131. [CrossRef]

26. Kashyap, S.R.; Daud, S.; Kelly, K.R.; Gastaldelli, A.; Win, H.; Brethauer, S.; Kirwan, J.P.; Schauer, P.R. Acute effects of gastric
bypass versus gastric restrictive surgery on β-cell function and insulinotropic hormones in severely obese patients with type 2
diabetes. Int. J. Obes. 2009, 34, 462–471. [CrossRef]

27. Malin, S.K.; Bena, J.; Abood, B.; Pothier, C.E.; Bhatt, D.L.; Nissen, S.; Brethauer, S.A.; Schauer, P.R.; Kirwan, J.P.; Kashyap, S.R.
Attenuated improvements in adiponectin and fat loss characterize type 2 diabetes non-remission status after surgery. Diabetes
Obes. Metab. 2015, 16, 1230–1238. [CrossRef] [PubMed]

28. Katsogiannos, P.; Kamble, P.G.; Pereira, M.J.; Sundbom, M.; Carlsson, P.; Eriksson, J.W.; Espes, D. Changes in Circulating
Cytokines and Adipokines After RYGB in Patients with and without Type 2 Diabetes. Obesity 2021, 29, 535–542. [CrossRef]
[PubMed]

29. Romero, F.; Nicolau, J.; Flores, L.; Casamitjana, R.; Ibarzabal, A.; Lacy, A.; Vidal, J. Comparable early changes in gastrointestinal
hormones after sleeve gastrectomy and Roux-En-Y gastric bypass surgery for morbidly obese type 2 diabetic subjects. Surg.
Endosc. 2012, 26, 2231–2239. [CrossRef] [PubMed]

30. Nosso, G.; Griffo, E.; Cotugno, M.; Saldalamacchia, G.; Lupoli, R.; Pacini, G.; Riccardi, G.; Angrisani, L.; Capaldo, B. Comparative
Effects of Roux-en-Y Gastric Bypass and Sleeve Gastrectomy on Glucose Homeostasis and Incretin Hormones in Obese Type 2
Diabetic Patients: A One-Year Prospective Study. Horm. Metab. Res. 2016, 48, 312–317. [CrossRef]

https://bomss.org/wp-content/uploads/2021/08/Abstract_Book-V4.pdf
https://bomss.org/wp-content/uploads/2021/08/Abstract_Book-V4.pdf
https://doi.org/10.1093/ajcn/84.2.304
https://doi.org/10.1007/s11695-020-05070-6
https://www.ncbi.nlm.nih.gov/pubmed/33140292
https://doi.org/10.1016/j.jss.2013.06.014
https://doi.org/10.2337/db12-1762
https://doi.org/10.2337/dc08-1762
https://www.ncbi.nlm.nih.gov/pubmed/19246589
https://doi.org/10.3390/medicina59050985
https://doi.org/10.1210/jc.2013-2538
https://www.ncbi.nlm.nih.gov/pubmed/24057293
https://doi.org/10.1097/SLA.0000000000003614
https://doi.org/10.1038/35038090
https://doi.org/10.1210/jc.2013-3698
https://doi.org/10.2337/dc12-2255
https://www.ncbi.nlm.nih.gov/pubmed/29218294
https://pmc.ncbi.nlm.nih.gov/articles/PMC5714990
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1152/ajpendo.00073.2012
https://doi.org/10.1038/ijo.2009.254
https://doi.org/10.1111/dom.12376
https://www.ncbi.nlm.nih.gov/pubmed/25132119
https://doi.org/10.1002/oby.23093
https://www.ncbi.nlm.nih.gov/pubmed/33624436
https://doi.org/10.1007/s00464-012-2166-y
https://www.ncbi.nlm.nih.gov/pubmed/22302537
https://doi.org/10.1055/s-0041-111505


Obesities 2025, 5, 14 18 of 20

31. Laferrère, B.; Reilly, D.; Arias, S.; Swerdlow, N.; Gorroochurn, P.; Bawa, B.; Bose, M.; Teixeira, J.; Stevens, R.D.; Wenner, B.R.; et al.
Differential Metabolic Impact of Gastric Bypass Surgery Versus Dietary Intervention in Obese Diabetic Subjects Despite Identical
Weight Loss. Sci. Transl. Med. 2011, 3, 80re2. [CrossRef]

32. Bojsen-Møller, K.N.; Dirksen, C.; Jørgensen, N.B.; Jacobsen, S.H.; Serup, A.K.; Albers, P.H.; Hansen, D.L.; Worm, D.; Naver, L.;
Kristiansen, V.B.; et al. Early Enhancements of Hepatic and Later of Peripheral Insulin Sensitivity Combined With Increased
Postprandial Insulin Secretion Contribute to Improved Glycemic Control After Roux-en-Y Gastric Bypass. Diabetes 2014, 63,
1725–1737. [CrossRef] [PubMed]

33. Laferrère, B.; Teixeira, J.; McGinty, J.; Tran, H.; Egger, J.R.; Colarusso, A.; Kovack, B.; Bawa, B.; Koshy, N.; Lee, H.; et al. Effect of
Weight Loss by Gastric Bypass Surgery Versus Hypocaloric Diet on Glucose and Incretin Levels in Patients with Type 2 Diabetes.
J. Clin. Endocrinol. Metab. 2008, 93, 2479–2485. [CrossRef]

34. Khoo, C.M.; Chen, J.; Pamuklar, Z.; Torquati, A.M. Effects of Roux-en-Y Gastric Bypass or Diabetes Support and Education
on Insulin Sensitivity and Insulin Secretion in Morbidly Obese Patients With Type 2 Diabetes. Ann. Surg. 2014, 259, 494–501.
[CrossRef] [PubMed]

35. Sachdev, S.; Wang, Q.; Billington, C.; Connett, J.; Ahmed, L.; Inabnet, W.; Chua, S.; Ikramuddin, S.; Korner, J. FGF 19 and Bile
Acids Increase Following Roux-en-Y Gastric Bypass but Not After Medical Management in Patients with Type 2 Diabetes. Obes.
Surg. 2015, 26, 957–965. [CrossRef] [PubMed]

36. Wallenius, V.; Dirinck, E.; Fändriks, L.; Maleckas, A.; le Roux, C.W.; Thorell, A. Glycemic Control after Sleeve Gastrectomy and
Roux-En-Y Gastric Bypass in Obese Subjects with Type 2 Diabetes Mellitus. Obes. Surg. 2017, 28, 1461–1472. [CrossRef]

37. Martinussen, C.; Bojsen-Møller, K.N.; Dirksen, C.; Jacobsen, S.H.; Jørgensen, N.B.; Kristiansen, V.B.; Holst, J.J.; Madsbad, S.
Immediate enhancement of first-phase insulin secretion and unchanged glucose effectiveness in patients with type 2 diabetes
after Roux-en-Y gastric bypass. Am. J. Physiol. Metab. 2015, 308, E535–E544. [CrossRef]

38. Kratz, M.; Hagman, D.K.; Kuzma, J.N.; Foster-Schubert, K.E.; Chan, C.P.; Stewart, S.; van Yserloo, B.; Westbrook, E.O.; Arterburn,
D.E.; Flum, D.R.; et al. Improvements in glycemic control after gastric bypass occur despite persistent adipose tissue inflammation.
Obesity 2016, 24, 1438–1445. [CrossRef]

39. Nemati, R.; Lu, J.; Dokpuang, D.; Booth, M.; Plank, L.D.; Murphy, R. Increased Bile Acids and FGF19 After Sleeve Gastrectomy
and Roux-en-Y Gastric Bypass Correlate with Improvement in Type 2 Diabetes in a Randomized Trial. Obes. Surg. 2018, 28,
2672–2686. [CrossRef]

40. Johansson, L.; Roos, M.; Kullberg, J.; Weis, J.; Ahlström, H.; Sundbom, M.; Engström, B.E.; Karlsson, F.A. Lipid mobilization
following Roux-en-Y gastric bypass examined by magnetic resonance imaging and spectroscopy. Obes. Surg. 2008, 18, 1297–1304.
[CrossRef]

41. Hofsø, D.; Nordstrand, N.; Johnson, L.K.; I Karlsen, T.; Hager, H.; Jenssen, T.; Bollerslev, J.; Godang, K.; Sandbu, R.; Røislien, J.;
et al. Obesity-related cardiovascular risk factors after weight loss: A clinical trial comparing gastric bypass surgery and intensive
lifestyle intervention. Eur. J. Endocrinol. 2010, 163, 735–745. [CrossRef]

42. Khoo, C.M.M.; Muehlbauer, M.J.; Stevens, R.D.; Pamuklar, Z.; Chen, J.; Newgard, C.B.; Torquati, A.M. Postprandial Metabolite
Profiles Reveal Differential Nutrient Handling After Bariatric Surgery Compared With Matched Caloric Restriction. Ann. Surg.
2014, 259, 687–693. [CrossRef] [PubMed]

43. Nguyen, K.T.; Billington, C.J.; Vella, A.; Wang, Q.; Ahmed, L.; Bantle, J.P.; Bessler, M.; Connett, J.E.; Inabnet, W.B.; Thomas, A.;
et al. Preserved Insulin Secretory Capacity and Weight Loss Are the Predominant Predictors of Glycemic Control in Patients With
Type 2 Diabetes Randomized to Roux-en-Y Gastric Bypass. Diabetes 2015, 64, 3104–3110. [CrossRef]

44. Schauer, P.R.; Bhatt, D.L.; Kirwan, J.P.; Wolski, K.; Brethauer, S.A.; Navaneethan, S.D.; Aminian, A.; Pothier, C.E.; Kim, E.S.H.;
Nissen, S.E. Bariatric Surgery versus Intensive Medical Therapy for Diabetes—3-Year Outcomes. N. Engl. J. Med. 2014, 370,
2002–2013. [CrossRef]

45. Ikramuddin, S.; Korner, J.; Lee, W.J.; Connett, J.E.; Inabnet, W.B.; Billington, C.J.; Thomas, A.J.; Leslie, D.B.; Chong, K.; Jeffery,
R.W. Roux-en-Y Gastric Bypass versus Intensive Medical Management for the Control of Type 2 Diabetes, Hypertension and
Hyperlipidemia: An International, Multicenter, Randomized Trial. JAMA J. Am. Med. Assoc. 2013, 309, 2240–2249. [CrossRef]
[PubMed]

46. Dar, M.S.; Chapman, W.H.; Pender, J.R.; Drake, A.J.; O’Brien, K.; Tanenberg, R.J.; Dohm, G.L.; Pories, W.J. GLP-1 Response to a
Mixed Meal: What Happens 10 Years after Roux-en-Y Gastric Bypass (RYGB)? Obes. Surg. 2012, 22, 1077–1083. [CrossRef]

47. Laferrère, B.; Heshka, S.; Wang, K.; Khan, Y.; McGinty, J.; Teixeira, J.; Hart, A.B.; Olivan, B. Incretin Levels and Effect Are Markedly
Enhanced 1 Month After Roux-en-Y Gastric Bypass Surgery in Obese Patients With Type 2 Diabetes. Diabetes Care 2007, 30,
1709–1716. [CrossRef] [PubMed]

48. Lips, M.A.; de Groot, G.H.; van Klinken, J.B.; Aarts, E.; Berends, F.J.; Janssen, I.M.; Van Ramshorst, B.; Van Wagensveld, B.A.;
Swank, D.J.; Van Dielen, F.; et al. Calorie Restriction is a Major Determinant of the Short-Term Metabolic Effects of Gastric Bypass
Surgery in Obese Type 2 Diabetic Patients. Clin. Endocrinol. 2013, 80, 834–842. [CrossRef]

https://doi.org/10.1126/scitranslmed.3002043
https://doi.org/10.2337/db13-1307
https://www.ncbi.nlm.nih.gov/pubmed/24241533
https://doi.org/10.1210/jc.2007-2851
https://doi.org/10.1097/SLA.0b013e318294d19c
https://www.ncbi.nlm.nih.gov/pubmed/23732262
https://doi.org/10.1007/s11695-015-1834-0
https://www.ncbi.nlm.nih.gov/pubmed/26259981
https://doi.org/10.1007/s11695-017-3061-3
https://doi.org/10.1152/ajpendo.00506.2014
https://doi.org/10.1002/oby.21524
https://doi.org/10.1007/s11695-018-3216-x
https://doi.org/10.1007/s11695-008-9484-0
https://doi.org/10.1530/EJE-10-0514
https://doi.org/10.1097/SLA.0b013e318296633f
https://www.ncbi.nlm.nih.gov/pubmed/23787216
https://doi.org/10.2337/db14-1870
https://doi.org/10.1056/NEJMoa1401329
https://doi.org/10.1001/jama.2013.5835
https://www.ncbi.nlm.nih.gov/pubmed/23736733
https://doi.org/10.1007/s11695-012-0624-1
https://doi.org/10.2337/dc06-1549
https://www.ncbi.nlm.nih.gov/pubmed/17416796
https://doi.org/10.1111/cen.12254


Obesities 2025, 5, 14 19 of 20

49. Vetter, M.L.; Wadden, T.A.; Teff, K.L.; Khan, Z.F.; Carvajal, R.; Ritter, S.; Moore, R.H.; Chittams, J.L.; Iagnocco, A.; Murayama, K.;
et al. GLP-1 Plays a Limited Role in Improved Glycemia Shortly After Roux-en-Y Gastric Bypass: A Comparison With Intensive
Lifestyle Modification. Diabetes 2014, 64, 434–446. [CrossRef]

50. Holter, M.M.; Dutia, R.; Stano, S.M.; Prigeon, R.L.; Homel, P.; McGinty, J.J.; Belsley, S.J.; Ren, C.J.; Rosen, D.; Laferrère, B. Glucose
Metabolism After Gastric Banding and Gastric Bypass in Individuals With Type 2 Diabetes: Weight Loss Effect. Diabetes Care 2016,
40, 7–15. [CrossRef]

51. Purnell, J.Q.; Selzer, F.; Wahed, A.S.; Pender, J.; Pories, W.; Pomp, A.; Dakin, G.; Mitchell, J.; Garcia, L.; Staten, M.A.; et al. Type 2
Diabetes Remission Rates After Laparoscopic Gastric Bypass and Gastric Banding: Results of the Longitudinal Assessment of
Bariatric Surgery Study. Diabetes Care 2016, 39, 1101–1107. [CrossRef]

52. Camastra, S.; Muscelli, E.; Gastaldelli, A.; Holst, J.J.; Astiarraga, B.; Baldi, S.; Nannipieri, M.; Ciociaro, D.; Anselmino, M.; Mari, A.;
et al. Long-Term Effects of Bariatric Surgery on Meal Disposal and β-Cell Function in Diabetic and Nondiabetic Patients. Diabetes
2013, 62, 3709–3717. [CrossRef] [PubMed]

53. Murphy, R.; Tsai, P.; Jüllig, M.; Liu, A.; Plank, L.; Booth, M. Differential Changes in Gut Microbiota After Gastric Bypass and
Sleeve Gastrectomy Bariatric Surgery Vary According to Diabetes Remission. Obes. Surg. 2016, 27, 917–925. [CrossRef]

54. Camastra, S.; Gastaldelli, A.; Mari, A.; Bonuccelli, S.; Scartabelli, G.; Frascerra, S.; Baldi, S.; Nannipieri, M.; Rebelos, E.; Anselmino,
M.; et al. Early and longer term effects of gastric bypass surgery on tissue-specific insulin sensitivity and beta cell function in
morbidly obese patients with and without type 2 diabetes. Diabetologia 2011, 54, 2093–2102. [CrossRef]

55. Nannipieri, M.M.A. The Role of β-Cell Function and Insulin Sensitivity in the Remission of Type 2 Diabetes after Gastric Bypass
Surgery. J. Clin. Endocrinol. Metab. 2011, 96, E1372–E1379. [CrossRef]

56. Umeda, L.M.; Silva, E.A.; Carneiro, G.; Arasaki, C.H.; Geloneze, B.; Zanella, M.T. Early Improvement in Glycemic Control After
Bariatric Surgery and Its Relationships with Insulin, GLP-1, and Glucagon Secretion in Type 2 Diabetic Patients. Obes. Surg. 2011,
21, 896–901. [CrossRef] [PubMed]

57. Rizzello, M.; Abbatini, F.; Casella, G.; Alessandri, G.; Fantini, A.; Leonetti, F.; Basso, N. Early Postoperative Insulin-Resistance
Changes After Sleeve Gastrectomy. Obes. Surg. 2009, 20, 50–55. [CrossRef] [PubMed]

58. Basso, N.; Capoccia, D.; Rizzello, M.; Abbatini, F.; Mariani, P.; Maglio, C.; Coccia, F.; Borgonuovo, G.; De Luca, M.L.; Asprino, R.;
et al. First-phase insulin secretion, insulin sensitivity, ghrelin, GLP-1, and PYY changes 72 h after sleeve gastrectomy in obese
diabetic patients: The gastric hypothesis. Surg. Endosc. 2011, 25, 3540–3550. [CrossRef]

59. Casajoana, A.; Pujol, J.; Garcia, A.; Elvira, J.; Virgili, N.; de Oca, F.J.; Duran, X.; Fernández-Veledo, S.; Vendrell, J.; Vilarrasa, N.
Predictive Value of Gut Peptides in T2D Remission: Randomized Controlled Trial Comparing Metabolic Gastric Bypass, Sleeve
Gastrectomy and Greater Curvature Plication. Obes. Surg. 2017, 27, 2235–2245. [CrossRef]

60. Chen, Y.; Lu, J.; Nemati, R.; Plank, L.D.; Murphy, R. Acute Changes of Bile Acids and FGF19 After Sleeve Gastrectomy and
Roux-en-Y Gastric Bypass. Obes. Surg. 2019, 29, 3605–3621. [CrossRef]

61. Dutia, R.; Embrey, M.; O’Brien, S.; A Haeusler, R.; Agénor, K.K.; Homel, P.; McGinty, J.; Vincent, R.P.; Alaghband-Zadeh, J.; Staels,
B.; et al. Temporal changes in bile acid levels and 12α-hydroxylation after Roux-en-Y gastric bypass surgery in type 2 diabetes.
Int. J. Obes. 2015, 39, 806–813. [CrossRef]

62. Yoshino, M.; Kayser, B.D.; Yoshino, J.; Stein, R.I.; Reeds, D.; Eagon, J.C.; Eckhouse, S.R.; Watrous, J.D.; Jain, M.; Knight, R.; et al.
Effects of Diet versus Gastric Bypass on Metabolic Function in Diabetes. N. Engl. J. Med. 2020, 383, 721–732. [CrossRef] [PubMed]

63. Van der Schueren, B.J.; Homel, P.; Alam, M.; Agenor, K.; Wang, G.; Reilly, D.; Laferrère, B. Magnitude and Variability of the
Glucagon-Like Peptide-1 Response in Patients With Type 2 Diabetes up to 2 Years Following Gastric Bypass Surgery. Diabetes
Care 2011, 35, 42–46. [CrossRef] [PubMed]

64. Pournaras, D.J.; Nygren, J.; Hagström-Toft, E.; Arner, P.; le Roux, C.W.; Thorell, A. Improved glucose metabolism after gastric
bypass: Evolution of the paradigm. Surg. Obes. Relat. Dis. 2016, 12, 1457–1465. [CrossRef]

65. Clements, R.H.; Gonzalez, Q.H.; Long, C.I.; Wittert, G.; Laws, H.L. Hormonal changes after Roux-en Y gastric bypass for morbid
obesity and the control of type-II diabetes mellitus. Am. Surg. 2004, 70, 1–5. [CrossRef]

66. Steven, S.; Hollingsworth, K.G.; Small, P.K.; Woodcock, S.A.; Pucci, A.; Aribasala, B.; Al-Mrabeh, A.; Batterham, R.L.; Taylor, R.
Calorie restriction and not glucagon-like peptide-1 explains the acute improvement in glucose control after gastric bypass in Type
2 diabetes. Diabet. Med. 2016, 33, 1723–1731. [CrossRef]

67. Hofsø, D.; Fatima, F.; Borgeraas, H.; Birkeland, K.I.; Gulseth, H.L.; Hertel, J.K.; Johnson, L.K.; Lindberg, M.; Nordstrand, N.;
Småstuen, M.C.; et al. Gastric bypass versus sleeve gastrectomy in patients with type 2 diabetes (Oseberg): A single-centre,
triple-blind, randomised controlled trial. Lancet Diabetes Endocrinol. 2019, 7, 912–924. [CrossRef]

68. Tsoli, M.; Chronaiou, A.; Kehagias, I.; Kalfarentzos, F.; Alexandrides, T.K. Hormone changes and diabetes resolution after
biliopancreatic diversion and laparoscopic sleeve gastrectomy: A comparative prospective study. Surg. Obes. Relat. Dis. 2013, 9,
667–677. [CrossRef]

https://doi.org/10.2337/db14-0558
https://doi.org/10.2337/dc16-1376
https://doi.org/10.2337/dc15-2138
https://doi.org/10.2337/db13-0321
https://www.ncbi.nlm.nih.gov/pubmed/23835342
https://doi.org/10.1007/s11695-016-2399-2
https://doi.org/10.1007/s00125-011-2193-6
https://doi.org/10.1210/jc.2011-0446
https://doi.org/10.1007/s11695-011-0412-3
https://www.ncbi.nlm.nih.gov/pubmed/21559794
https://doi.org/10.1007/s11695-009-0017-2
https://www.ncbi.nlm.nih.gov/pubmed/19916040
https://doi.org/10.1007/s00464-011-1755-5
https://doi.org/10.1007/s11695-017-2669-7
https://doi.org/10.1007/s11695-019-04040-x
https://doi.org/10.1038/ijo.2015.1
https://doi.org/10.1056/NEJMoa2003697
https://www.ncbi.nlm.nih.gov/pubmed/32813948
https://doi.org/10.2337/dc11-1472
https://www.ncbi.nlm.nih.gov/pubmed/22124715
https://doi.org/10.1016/j.soard.2016.03.020
https://doi.org/10.1177/000313480407000101
https://doi.org/10.1111/dme.13257
https://doi.org/10.1016/S2213-8587(19)30344-4
https://doi.org/10.1016/j.soard.2012.12.006


Obesities 2025, 5, 14 20 of 20

69. Lim, E.L.; Hollingsworth, K.G.; Aribisala, B.S.; Chen, M.J.; Mathers, J.C.; Taylor, R. Reversal of type 2 diabetes: Normalisation of
beta cell function in association with decreased pancreas and liver triacylglycerol. Diabetologia 2011, 54, 2506–2514. [CrossRef]
[PubMed]

70. Jørgensen, N.B.; Dirksen, C.; Bojsen-Møller, K.N.; Jacobsen, S.H.; Worm, D.; Hansen, D.L.; Kristiansen, V.B.; Naver, L.; Madsbad,
S.; Holst, J.J. Exaggerated Glucagon-Like Peptide 1 Response Is Important for Improved β-Cell Function and Glucose Tolerance
After Roux-en-Y Gastric Bypass in Patients With Type 2 Diabetes. Diabetes 2013, 62, 3044–3052. [CrossRef]

71. Wing, R.R.; Blair, E.H.; Bononi, P.; Marcus, M.D.; Watanabe, R.; Bergman, R.N. Caloric restriction per se is a significant factor in
improvements in glycemic control and insulin sensitivity during weight loss in obese NIDDM patients. Diabetes Care 1994, 17,
30–36. [CrossRef]

72. Henry, R.; Scheaffer, L.; Olefsky, J. Glycemic effects of intensive caloric restriction and isocaloric refeeding in noninsulin-dependent
diabetes mellitus. J. Clin. Endocrinol. Metab. 1985, 61, 917–925. [CrossRef] [PubMed]

73. Lee, W.-J.; Lee, Y.-C.; Ser, K.-H.; Chen, J.-C.; Chen, S.C. Improvement of insulin resistance after obesity surgery: A comparison of
gastric banding and bypass procedures. Obes. Surg. 2008, 18, 1119–1125. [CrossRef]

74. Rubino, F.; Forgione, A.; Cummings, D.E.; Vix, M.; Gnuli, D.; Mingrone, G.; Castagneto, M.; Marescaux, J. The mechanism of
diabetes control after gastrointestinal bypass surgery reveals a role of the proximal small intestine in the pathophysiology of type
2 diabetes. Ann. Surg. 2006, 244, 741–749. [CrossRef] [PubMed]

75. Strader, A.D.; Vahl, T.P.; Jandacek, R.J.; Woods, S.C.; D’alessio, D.A.; Seeley, R.J. Weight loss through ileal transposition is
accompanied by increased ileal hormone secretion and synthesis in rats. Am. J. Physiol. Metab. 2005, 288, E447–E453. [CrossRef]

76. Hanusch-Enserer, U.; Cauza, E.; Brabant, G.; Dunky, A.; Rosen, H.; Pacini, G.; Tüchler, H.; Prager, R.; Roden, M. Plasma ghrelin in
obesity before and after weight loss after laparoscopical adjustable gastric banding. J. Clin. Endocrinol. Metab. 2004, 89, 3352–3358.
[CrossRef]

77. Morínigo, R.; Lacy, A.M.; Casamitjana, R.; Delgado, S.; Gomis, R.; Vidal, J. GLP-1 and changes in glucose tolerance following
gastric bypass surgery in morbidly obese subjects. Obes. Surg. 2006, 16, 1594–1601. [CrossRef]

78. Whitson, B.A.; Leslie, D.B.; Kellog, T.A.; Maddaus, M.A.; Buchwald, H.; Billington, C.J.; Ikramuddin, S. Entero-endocrine changes
after gastric bypass in diabetic and nondiabetic patients: A preliminary study. J. Surg. Res. 2007, 141, 31–39. [CrossRef] [PubMed]

79. Dang, J.T.; Mocanu, V.; Park, H.; Laffin, M.; Hotte, N.; Karmali, S.; Birch, D.; Madsen, K.L. Roux-en-Y gastric bypass and sleeve
gastrectomy induce substantiual and persistent change sin microbial communities and metabolic pathways. Gut Microbes 2022,
14, 2050636. [CrossRef]

80. Group, B.-S.C. Roux-en-Y Gastric Bypass, gastric banding, or sleeve gastrectomy for severe obesity: Baseline data from the
By-Band-Sleeve Randomized Controlled trial. Obesity 2023, 31, 1290–1299.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00125-011-2204-7
https://www.ncbi.nlm.nih.gov/pubmed/21656330
https://doi.org/10.2337/db13-0022
https://doi.org/10.2337/diacare.17.1.30
https://doi.org/10.1210/jcem-61-5-917
https://www.ncbi.nlm.nih.gov/pubmed/4044780
https://doi.org/10.1007/s11695-008-9457-3
https://doi.org/10.1097/01.sla.0000224726.61448.1b
https://www.ncbi.nlm.nih.gov/pubmed/17060767
https://doi.org/10.1152/ajpendo.00153.2004
https://doi.org/10.1210/jc.2003-031438
https://doi.org/10.1381/096089206779319338
https://doi.org/10.1016/j.jss.2007.02.022
https://www.ncbi.nlm.nih.gov/pubmed/17574036
https://doi.org/10.1080/19490976.2022.2050636

	Introduction 
	Methods 
	Protocol and Registration 
	Eligibility Criteria 
	Information Sources and Searches 
	Data Collection Process 
	Analysis of Results 
	Intra-Study Risk of Bias (RoB) Assessment 
	Inter-Study Risk of Bias Assessment and Sensitivity Analysis 

	Results 
	Clinical Variables 
	BMI 
	Weight 
	Fat Mass 
	Fasting Glucose 
	HBA1C 
	Insulin 

	Mechanistic Variables 
	FGF19 
	GLP1 
	HOMA-B 
	Adiponectin/Leptin/GIP/Ghrelin/Matsuda Index/Pyy 
	Absolute Risk Reduction and Absolute Relapse Reduction (T2D) 

	Synthesis of Results 
	Risk of Bias Across Studies 
	Sensitivity 
	Risk of Intra-Study Study 

	Discussion 
	Study Limitations 
	Study Implications 
	Areas for Further Research and Recommendations 

	References

