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ABSTRACT

Keywords: Background and aims: While glucagon-like peptide-1 receptor agonists (GLP-1RAs) effectively reduce body
GLP-1 receptor agonist weight, their impact on lean mass remains uncertain. This meta-analysis evaluated the effects of GLP-1RAs and
Obesity GLP-1/GIP receptor dual agonists (GLP-1/GIP-RAs) on body composition, focusing on total weight, fat mass, and
Diabetes . . . . .

) . lean mass in adults with diabetes and/or overweight/obesity.
Cardio-renal-metabolic health ) A .
Body weight Methods: A systematic search of Medline, Embase, and the Cochrane Library was conducted through November
Fat mass 12, 2024. Data were analyzed using random-effects pairwise and network meta-analyses to compare in-
Lean mass terventions with placebo or active comparators.
Body composition Results: Twenty-two randomized controlled trials (2258 participants) were included. GLP-1RAs significantly
Sarcopenia reduced total body weight (MD -3.55 kg, 95 %-CI [—4.81, —2.29]), fat mass (MD -2.95 kg, 95 %-CI [—4.11,

Fat free mass

—1.79]), and lean mass (MD -0.86 kg, 95 %-CI [—1.30, —0.42]), with lean mass loss comprising approximately
25 % of the total weight loss. However, the relative lean mass, defined as percentage change from baseline, was
unaffected. Liraglutide, at 3.0 mg weekly or 1.8 mg daily, was the only GLP-1RA to achieve significant weight
reduction without significantly reducing lean mass. Tirzepatide (15 mg weekly) and semaglutide (2.4 mg weekly)
were the most effective for weight and fat mass reduction but were among the least effective in preserving lean
mass.

Conclusions: Potent GLP-1 RAs, such as tirzepatide and semaglutide, demonstrate greater overall weight loss but
are associated with a significant reduction in lean mass.

1. Introduction

Elevated blood glucose levels and obesity are recognized as inde-
pendent factors contributing to the onset and advancement of sarcope-
nia, a complication frequently observed in individuals with type 2
diabetes mellitus (T2D) [1]. Impaired insulin signaling, the buildup of
glycation end products, and chronic inflammation may drive muscle
degradation in individuals experiencing persistent hyperglycemia and/
or obesity [2]. Importantly, muscle loss not only diminishes physical
function and quality of life but is also associated with increased rates of
all-cause mortality [3,4].

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) and glucose-
dependent insulinotropic polypeptide/GLP-1 receptor dual agonists
(GLP-1/GIP-RAs) represent a class of pharmacological agents widely

employed in the management of T2D and obesity. These agents are well-
recognized for their weight-lowering properties, which affect various
body components, including adipose tissue and skeletal muscle [5]. The
potential reduction in skeletal muscle is a significant concern for clini-
cians, particularly when treating patients with sarcopenia, thereby often
limiting the use of these medications in such populations [6]. In fact,
previous research has indicated a modest yet significant loss in lean mass
with glucose-lowering agents that have a more moderate effect on
weight, such as sodium-glucose cotransporter-2 (SGLT2) inhibitors
[7,8]. Studies have indicated that patients treated with GLP-1RAs
exhibited reductions in both fat mass and lean mass compared to
those receiving gliclazide [9]. However, recent findings suggest that
GLP-1RAs may not decrease muscle mass and may even promote its
increase [10]. Furthermore, it has been proposed that activation of GLP-
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1 receptors may play a role in regulating skeletal muscle remodeling and
could potentially mitigate the onset of sarcopenia [11].

Given the contradictory evidence, this meta-analysis aimed to fill the
knowledge gap regarding the effect of GLP-1RAs on body mass
composition and to quantify changes in total body weight, fat mass, and
lean mass according to the type and dosage of these medications.

2. Material and methods

The study adhered to the guidelines specified in the Cochrane
Handbook for Systematic Reviews [12], and was reported following the
PRISMA 2020 standards for systematic reviews and meta-analyses [13],
along with the relevant extension statement for NMA [14] (Supple-
mental Table 1). The study protocol was registered a priori on the Open
Science Network (10.17605/0SF.10/SU5HC), and no amendments were
made to the original protocol thereafter.

2.1. Search strategy

A comprehensive literature search was systematically conducted by
two independent researchers across multiple databases, including
MEDLINE (via PubMed), Embase (via Embase.com), and the Cochrane
Central Register of Controlled Trials, covering all records from database
inception through November 12, 2024. No limitations were applied
concerning date, language, publication status, or year at the initial
search stage. The primary search terms included “Glucagon-like peptide-
1 receptor agonist”, “GLP-1 receptor-based agonist”, “body composi-
tion”, “fat mass” and “lean mass” applied both as free-text keywords and
using Medical Subject Headings (MeSH). Additional searches were car-
ried out manually on ClinicalTrials.gov, the Epistemonikos database,
and Google Scholar. Furthermore, backward and forward citation
tracking was employed using the {citationchaser} R package [15].
Detailed search strategies are provided in Supplemental Tables 2—4.

2.2. Eligibility criteria

2.2.1. Inclusion criteria

Eligible studies included randomized controlled trials (RCTs) that
examined the effects of GLP-1RAs and dual agonists on body composi-
tion in adults (aged 18 years or older) with baseline diabetes or over-
weight/obesity.

2.2.2. Exclusion criteria

Studies with the following characteristics were excluded: (i) obser-
vational studies, case reports, case series, and narrative reviews; (ii)
editorials, letters, commentaries, and expert opinions; (iii) clinical
practice guidelines, conference abstracts, protocols, and dissertations;
(iv) studies reporting exclusively on body weight without assessing
changes in fat or lean mass; and (v) studies for which the full text was not
retrievable.

2.3. Outcomes

The endpoints for the meta-analysis were changes in total body
weight, fat mass, and lean mass, measured using dual-energy X-ray ab-
sorptiometry (DXA), magnetic resonance imaging (MRI), or computed
tomography (CT), comparing GLP-1RAs with placebo or any active
comparator.

2.4. Study selection

In the initial phase, two authors independently screened all titles and
abstracts from records identified through the prespecified search strat-
egy. To enhance the sensitivity of the study selection process, discrep-
ancies at this stage did not result in exclusions. Subsequently, two
investigators independently evaluated the full texts of potentially
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eligible studies. Any disagreements were resolved through consensus or,
if necessary, by consulting a senior author. The screening process in the
initial phase was facilitated by the Abstrackr tool [16], while Mendeley
was utilized for reference management.

2.5. Data extraction

A data extraction form was developed and underwent a pilot phase
using a subset of four studies. Following a series of training and cali-
bration sessions, a standardized form for data extraction was finalized.
Data extraction was conducted independently in duplicate, with any
discrepancies resolved by consensus or, when necessary, by consulting a
senior author. For each study, we extracted information on sample size,
relevant clinical and demographic characteristics, and adjusted effect
estimates for outcomes of interest, when such adjustments were avail-
able. Additionally, corresponding authors from the included studies
were contacted to request supplementary information if subgroup-level
data were missing or not explicitly provided in the published reports.

2.6. Quality assessment

Two authors independently evaluated the risk of bias in the included
studies, considering all predefined domains from the revised Cochrane
Collaboration tool (RoB 2): bias arising from the randomization process,
bias due to deviations from intended interventions, bias due to missing
outcome data, bias in outcome measurement, and bias in selection of the
reported result [17]. Trials were classified as having an overall low risk
of bias only if all five domains were rated as low risk. Any discrepancies
in assessment were resolved through discussion or, if needed, by
involving a third author with greater expertise.

2.7. Data analysis

All analyses were conducted using R Statistical Software, version 4.2,
utilizing the meta, netmeta, and dmetar packages. Categorical variables
are reported as frequencies and percentages (%), while continuous
variables are presented as means with standard deviations (SD) for
normally distributed data, and as medians with interquartile ranges
(IQR) for non-normally distributed data. All outcomes are reported as
absolute changes from baseline between the GLP-1RAs and control
groups, unless otherwise stated. To estimate the relative effects between
intervention and control groups, effect estimates, and their 95 % con-
fidence intervals (CIs) were pooled using random-effects pairwise
models, employing the restricted maximum likelihood estimator for
between-study variance within a frequentist framework. A two-tailed p-
value of <0.05 was considered statistically significant for summary ef-
fect estimates. All analyses followed an intention-to-treat approach.

The I2 statistic was calculated to assess the proportion of total vari-
ability due to between-study heterogeneity, indicating the degree of
inconsistency across studies. Additionally, heterogeneity was formally
assessed using Cochran's Q test. Generally, thresholds of 25 %, 50 %, and
75 % are used to indicate low, moderate, and high heterogeneity,
respectively [18]. To evaluate small-study effects and potential publi-
cation bias, contour-enhanced funnel plots (plotting effect size against
standard error) were used for visual assessment, with Egger's test
providing a formal statistical evaluation.

To explore potential effect modification, pre-specified subgroup an-
alyses were conducted based on the primary indication (diabetes or
overweight/obesity), the measurement modality used (DXA, MRI, or
CT), and the median follow-up duration (below or above 6 months).
Meta-regression analyses were undertaken to investigate the potential
association of change in total body weight with changes in fat mass and
lean mass.

Lastly, leave-one-out meta-analyses were conducted, systematically
excluding each study one at a time. This approach was used to evaluate
how individual studies affected the overall effect size estimate and to
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identify any studies exerting a particularly strong influence on the
results.

2.8. Network meta-analysis

Transitivity is a fundamental assumption in network meta-analysis
(NMA) [19]. Our assessment of transitivity focused on (i) whether the
trials included in the analysis were jointly randomized, and (ii) whether
potential effect modifiers were evenly distributed across each treatment
comparison in the network. To address the first concern, we examined
the similarity of patient populations within the network and consulted
with clinical experts to confirm that patients across the trials were
eligible to receive any of the interventions considered in the network.
For the second issue, we reviewed the dataset of eligible studies for in-
consistencies in predefined effect modifiers, such as average patient age,
sex, duration of intervention, length of follow-up, and risk of bias. If the
distribution of effect modifiers was deemed sufficiently comparable, the
studies were considered appropriate for data synthesis.

Network diagrams were created for each outcome to visually
examine the interventions directly compared within the included RCTs.
Direct effect estimates and 95 % CIs were calculated using random-
effects maximum likelihood models. Direct and indirect estimates
were then combined using a random-effects frequentist NMA [20].
Global network homogeneity was assessed using Cochran's Q test, while
between-study variance was evaluated with 72, Statistical inconsistency
was examined globally using the design-by-treatment test [21]. Small
study effects, including potential publication bias, were assessed visu-
ally with comparison-adjusted funnel plots and formally tested using
Egger's test.

The ranking probabilities for various GLP-1RAs were assessed using
P-scores, which quantify the comparative performance of each treat-
ment. P-scores range from 0 to 1, where a higher score denotes superior
overall efficacy of the treatment relative to its competitors. Finally, a
partial ordering of treatments was undertaken to evaluate their
comparative performance for the combined outcomes of total body
weight loss and changes in lean mass [22].

Considering that lean individuals with diabetes are thought to be at
increased risk for sarcopenia and frailty, the impact of GLP-1RAs on
body composition—particularly on lean body mass—in this population
is of concern. Therefore, we conducted a sensitivity analysis that
included exclusively patients with diabetes.

3. Results
3.1. Study selection and characteristics

The PRISMA diagram detailing the database search and study se-
lection process is provided in Supplemental Fig. 1. After duplicate re-
cords were removed, an initial set of 515 identified studies was screened
by title and abstract. Of these, 361 studies were excluded. The remaining
128 studies underwent a thorough full-text evaluation, resulting in the
inclusion of 22 RCTs that satisfied the eligibility criteria [5,9,23-42].

The baseline characteristics of the included studies are summarized
in Table 1. In total, 22 studies involving 2258 participants were
analyzed. The proportion of male participants varied between 5 % and
87 %, with mean ages ranging from 34.4 to 63.7 years. The median
follow-up duration was 24 weeks (IQR 16-48 weeks). At baseline, the
median body mass index (BMI) was 33 kg/rn2 (IQR 31-37), and the
median lean mass was 56 kg (IQR 51-59).

The majority of RCTs were assessed as having a low risk of bias,
while four studies were rated as having some concerns for bias (Sup-
plemental Fig. 2).
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3.2. Pairwise meta-analysis

3.2.1. Total body weight

A total of 18 RCTs, including 1369 individuals, evaluated the effect
of GLP-1RAs on total body weight. Participants randomized to those
agents had a significantly higher reduction in total body weight
compared to placebo or active controls [Mean difference (MD) = —3.55
kg, 95 % confidence interval (CI) = [—4.81, —2.29], P < 0.001; ?=81
%, heterogeneity P < 0.01; Fig. 1]. Non-significant subgroup differences
were observed based on the primary indication (diabetes or overweight/
obesity, Supplemental Fig. 3A). RCTs with duration above the median
follow-up of 6 months reported greater reduction in total body weight
compared to those duration of <6 months (P for subgroup difference =
0.03, Supplemental Fig. 3C).

3.2.2. Fat mass

The change in fat mass was reported by 15 RCTs, involving 1387
participants. The use of GLP-1RAs resulted in a significant reduction in
fat mass compared to placebo or active comparator (MD = —2.95 kg, 95
% CI = [—4.11, —1.79], P < 0.001; =83 %, heterogeneity P < 0.01;
Fig. 1). This reduction was not significantly modified by the indication
(diabetes or overweight obesity), the imaging modality (DXA, MRI or
CT) or the duration of follow-up (Supplemental Fig. 4).

3.2.3. Lean mass

In total 20 RCTs, including 1623 participants, evaluated the absolute
change in lean mass. Individual receiving GLP-1RAs had a significantly
greater reduction in lean mass compared to placebo or active compar-
ator (MD = —0.86 kg, 95 % CI = [—1.30, —0.42], P < 0.001; I = 54 %,
heterogeneity P < 0.01; Fig. 1). No significant differences were observed
in the prespecified subgroup analyses (Supplemental Fig. 5).

The relative change in lean mass—defined as the percentage change
compared to baseline lean mass—was evaluated in 8 RCTs involving 692
participants. Specifically, the percentage change in lean mass did not
differ significantly between individuals receiving GLP-1RAs and those
receiving a placebo or active comparator (MD = —0.87 %, 95 % CI =
[-2.28, 0.53], P = 0.224; 2 =87 %, heterogeneity P < 0.01; Fig. 1).
Similarly to the absolute change in lean mass, no significant differences
were observed across subgroups (Supplemental Fig. 5).

3.2.4. Meta-regression analysis

Total body weight reduction was significantly associated with
changes in fat mass (Fig. 2A), whereas it did not significantly affect the
pooled mean difference in lean mass (Fig. 2B).

3.2.5. Sensitivity analyses and publication bias

The sensitivity analysis, utilizing a leave-one-out approach, identi-
fied no outliers or influential studies that impacted the pooled effect
estimates (Supplemental Figs. 7-10). Additionally, no evidence of small-
study effects or publication bias was detected, as indicated by sym-
metrical, contour-enhanced funnel plots comparing effect size with
standard error, along with results from Egger's tests (Supplemental Figs.
11-14).

3.3. Network meta-analysis

A total of 22 RCTs were included in the network meta-analyses,
involving 2258 participants. The individual drugs included in the net-
works were divided in the following categories: (i) GLP-1RAs (liraglu-
tide, semaglutide and exenatide), (ii) GLP-1/GIP-RAs (tirzepatide), (iii)
sodium-glucose cotransporter-2 inhibitors (canagliflozin), (iv) dipep-
tidyl peptidase-4 inhibitors (sitagliptin), (v) biguanides (metformin),
(vi) sulfonylureas (gliclazide), (vii) insulins (insulin glargine) and (viii)
placebo. All interventions included at least one placebo-controlled trial
assessing one or more outcomes, and all networks exhibited robust
connectivity.
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Table 1

Characteristcs of included randomized controlled trials.
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Author, year Treatment Primary Intervention No. of Age Men DM Baseline BMI Baseline Baseline lean
duration indication for patients (years) (%) (%) (kg/mz) Weight mass
(weeks) GLP-1RAs (kg) (kg)
Astrup A, 2012 20 Obesity Liraglutide 1.2 mg 95 47.2 23 6 34.8 (2.6) 96.2 55 (8.9)
[40] qd sc 9.7) (13.5)
Liraglutide 1.8 mg 90 45.5 24 2 35 (2.6) 98 (12.5) 51.7 (11.3)
qd sc (10.9)
Liraglutide 2.4 mg 93 45.0 24 1 35(2.8) 98.4 (13) 50.6 (11.9)
qd sc (11.1)
Liraglutide 3.0 mg 93 45.9 25 4 34.8 (2.8) 97.6 53.1 (10.3)
qd sc (10.7) (13.7)
Placebo 98 45.9 25 4 34.9 (2.8 97.3 51 (11)
(10.3) (12.3)
Gibbons C, 2021 12 T2D Oral Semaglutide 15 58.2 86.7 100 30.8(4) 93.9 (27) NR
[29] 14 mg po (13.3)
Placebo
Harder H, 2004 8 T2D Liraglutide 0.6 mg 21 59.9 (11) 52.4 100 36.8 (4.6) 106.9 59.6 (2.5)"
[42] qd sc (2.9)
Placebo 12 60.1 8.3 100 36.1 (3.4) 98 (3.8) 49.7 (1.9)"
6.7)
Ghanim H, 2020 26 T1D Liraglutide 1.8 mg 37 47 (2) 47 100 33.3(1.2) 94.2 (3.1) 52 (2.1)"
[39] qd sc
Placebo 27 45 (3) 41 100 29.5(1.3) 83.3(3.4) 50.1 (2.2)"
Neeland 1J, 2017 49 Overweight/ Liraglutide 3.0 mg 73 49.6 8 0 37.2(6) 101 (17.9) NR
[36] obesity qd sc 9.8)
Placebo 55 50.9 7 0 38.1(6.1) 102.3 NR
(8.8) (17.9)
Ishgy PL, 2017 13 Obesity Exenatide 2.0 mg 20 37.4 55 0 39.5(3.5) 1183 (16) 59.9 (11.7)
[34] qw sc (10.7)
Placebo 20 34.4 45 0 38.6 (6.3) 111.7 (18)  57.4 (7.5)
(10.6)
Dubé MC, 2018 24 T1D Liraglutide 1.8 mg 15 35.8 - 100 30.5 (0.9) 89 (3.8) 58.9 (3.4)"
[23] qd sc 1.7)
Placebo
Mensberg P, 16 T2D Liraglutide 0.6 mg 17 56.4 (9) 76 100 32.5(3.7) 101.0 63.3 (12.2)
2017 [38] qd sc (14.5)
Placebo 16 55.6 (12) 62 100 32.4(5.2) 96.8 58 (12)
(17.4)
Silver HJ, 2023 14 Obesity/ Liraglutide 1.8 mg 44 50.3 32 0 38.6 (6.1) 108.5 53.6 (9.3)
[26] prediabetes qd sc (10.8) (21.6)
Sitagliptin po 22 0 39.6 (5.7) 1121 57.5(13.9)
(23.9)
Calorie restriction 22 0 38.4 (5.7) 109.9 56 (9.7)
(16.9)
van Eyk HJ, 26 T2D Liraglutide 1.8 mg 22 55 (11) 36 100 30.4 (3.8) 81.9 (11) 62.2 (9.4)
2020 [37] qd sc
Placebo 25 55 (9) 44 100 28.6 (4) 77.8 60 (12.1)
(12.4)
Feng WH, 2019 24 T2D Liraglutide 1.8 mg 29 46.8 72.4 100 28.1 (0.6) 81.1 (2.3) 52 (8.7)h
[9] qd sc 1.8)
Metformin 1 g bid 29 46.3 65.5 100 26.8 (0.7) 74.8 (2.5) 47.6 (9.6)"
po (2.3)
Gliclazide 120 mg 27 48.2 70.4 100 27.5 (0.5) 78.13 50.3 (9.4)"
qd po (2.5) 2.4)
Yin TT, 2018 16 Overweight/ Exenatide 10 pg 19 47.6 63 100 28.1 (0.5) 80.8 (2.4) 52 (2.1)"
[35] obesity and T2D bid sc (2.5)
Insulin glargine 18 48.3 67 100 27.0 (0.6) 75.1 (1.8) 48.4 (1.3)"
2.3)
Heise T, 2023 28 T2D Semaglutide 1 mg 44 63.7 77.3 100 30.8 (3.8) 92.7 (14) 56.3 (10.3)
[32] qw sc (5.9)
Tirzepatide 15 mg 45 61.1 68.9 100 31.3(5) 94.2 (14) 57.7 (9.3)
qw sc 7.1)
Placebo 28 60.4 75.0 100 32.2 (4) 98.7 59.1 (10.3)
(7.6) (14.6)
Jendle J, 2009 26 (LEAD-2) T2D Liraglutide 0.6 mg 27 58 (10) 77 100 NR 93 (12) NR
[5] qd sc
Liraglutide 1.2 mg 31 59 (8) 55 100 NR 86 (15) NR
qd sc
Liraglutide 1.8 mg 37 58 (9) 51 100 NR 91 (15) NR
qd sc
Glimepiride 4 mg 37 56 (9) 70 100 NR 97 (12) NR
qd po
Placebo 20 56 (10) 75 100 NR 94 (16) NR
52 (LEAD-3) T2D Liraglutide 1.2 mg 23 55 (11) 52 100 NR 94 (15) NR

qd

(continued on next page)
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Table 1 (continued)
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Author, year Treatment Primary Intervention No. of Age Men DM Baseline BMI Baseline Baseline lean
duration indication for patients (years) (%) (%) (kg/m?) Weight mass
(weeks) GLP-1RAs (kg) (kg)
Liraglutide 1.8 mg 20 54 (9) 50 100 NR 94 (14) NR
qd
Glimepiride 8 mg 18 54 (13) 33 100 NR 88 (14) NR
qd
Kadouh H, 2020 16 Obesity Liraglutide 3.0 mg 19 42 5 NR 37.2 NR 48.9
[24] qd sc (32-51)" (33.6-41)" (44.1-53.8)"
Placebo 21 37 14 NR 34.6 NR 48.4
(26-51)" (33.4-38.9)" (45.7-52.1)"
Lundgren JR, 48 Obesity Liraglutide 3.0 mg 49 44 (12) 36 0 32.6 (2.9) 96.7 60.4 (11.6)
2021 [25] qd sc (12.5)
Placebo 49
Grannell A, 16 Obesity Liraglutide 3.0 qw 59 53.7 51 NR 43 (6.2) 123.2 64 (12)
2021 [27] sc 09.2) (23.3)
Standard care 19 56.7 53 NR 43 (5.7) 119.5 65.1 (17.2)
(12.7) (24.1)
Blundell J, 2017 12 Obesity Semaglutide 1.0 28 42 66 0 33.8 101.3 NR
[28] mg qw sc
Placebo
McCrimmon RJ, 52 T2D Semaglutide 1.0 88 57.8 NR 100 32.6 (6.4) 89 (18.2) 51.3 (10.1)
2020 [31] qw weekly sc (9.9)
Canagliflozin 300 920 58.6 NR 100 32.3(5.5) 87.6 51.3(10.7)
mg qd po (10.1) (18.2)
Wilding JPH, 68 Overweight/ Semaglutide 2.4 95 NR NR NR NR NR NR
2021 [30] obesity mg qw sc
Placebo 45 NR NR NR NR NR NR
Bunck MC, 2010 48 T2D Exenatide 20 pg 29 58.4 64 100 30.9 (0.7)° 90.3(2.4)" 57.8(2.1)
[33] bid sc (1.4)°
Insulin glargine 28 58.3 67 100 30.1(0.6)" 94.1 (25"  60.1 (1.7)
(1.3)°
Jastreboff AM, 72 Obesity Tirzepatide 5, 10 255 NR NR NR NR NR NR
2022 [41] or 15 mg qw sc

Placebo

Abbreviations: BMI, body mass index; bid, twice daily; kg, kilograms; NR, not reported; po, per os; sc, subutaneous; T1D, type 1 diabetes; T2D, type 2 diabetes; qd, once

daily; qw, once weekly.

Reported as mean (SD) unless otherwise indicated.
2 Reported as median (Q1-Q3).
b Reported as mean (SE).

Number of Between-study
Outcome comparisons Participants (n) variance Mean Difference MD 95%-Cl 12
Total body weight (kg) 23 1369 6.5256 -3.55 [-4.81;-2.29] 81%
Fat mass (kg) 20 1387 51929 ——+— -2.95 [-4.11;-1.79] 83%
Lean mass (kg) 25 1623 0.5373 = -0.86 [-1.30; -0.42] 54%
Lean mass (%) 11 692 5.1056 | # I -0.87 [-2.28; 0.53] 87%

Fig. 1. Forest plots of pairwise meta-analyses on the effects of GLP-1RAs on total body weight (kg), fat mass (kg), lean mass (kg), and percentage change in lean mass

(%) compared to placebo or active comparator.

Abbreviations: 95 %-CI, 95 % confidence interval; kg, kilograms; MD, mean difference.

3.3.1. Total body weight

The change in total body weight was evaluated in 17 RCTs, involving
1127 participants. Tirzepatide at 15 mg sc (subcutaneously) weekly
resulted in a greater reduction in total body weight compared to placebo
(MD -10.81 kg, 95 % CI [-13.55, —8.07], Fig. 3). The network plot and
the league table of network estimates are presented in Fig. 4. Supple-
mental Fig. 15 presents network estimates for comparisons among all
possible reference groups.

3.3.2. Fat mass

The change in fat mass was assessed across 14 RCTs encompassing
1145 participants. A weekly dose of 15 mg sc tirzepatide led to a
significantly greater reduction in fat mass compared to placebo (MD
—8.75 kg, 95 % CI [-11.33, —6.17], Fig. 3). The network plot and
league table of network estimates are provided in Fig. 5. Additionally,

Supplemental Fig. 16 depicts network estimates for all possible refer-
ence group comparisons.

3.3.3. Lean mass

Lean mass changes were evaluated across 19 RCTs involving 1381
participants. Among the GLP-1RAs examined, only semaglutide at 2.4
mg sc weekly, tirzepatide at 15 mg sc weekly, liraglutide at 3.0 mg sc
daily, and semaglutide at 1.0 mg sc weekly resulted in a statistically
significant reduction in lean mass relative to placebo (Fig. 4). Fig. 6
presents the network plot and league table of network estimates, while
Supplemental Fig. 17 provides network estimates for all possible refer-
ence group comparisons.

3.3.4. Ranking of GLP-1RAs
Fig. 2 and Supplemental Figs. 18-20 present P-score values and
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Fig. 2. Meta-regression analysis demonstrating the association of total body weight reduction with changes in fat mass (p = 0.7, 95 %-CI 0.45 to 0.94; A) and lean

mass (p = 0.09, 95 %-CI -0.05 to 0.22; B).

ranking probabilities for the prespecified endpoints. At a weekly dose of
15 mg sc, tirzepatide was the most effective agent for reducing total
body weight and fat mass yet ranked among the least effective in pre-
serving lean mass. Among GLP-1RAs, only liraglutide—administered
either at 1.8 mg sc daily or 3.0 mg sc weekly—achieved significant
weight reduction without their impact on lean mass reaching statistical
significance. Based on the partial order of treatments analysis, liraglu-
tide at 3.0 mg sc weekly ranked as the best therapy for the combined
endpoints of total body weight reduction and change in lean mass
(Fig. 7).

3.3.5. Network consistency and heterogeneity
All fitted models demonstrated good convergence, and no statistical

evidence of inconsistency was found across NMA estimates. No viola-
tions of transitivity assumptions were identified. The contribution of
direct evidence to each network estimate is detailed in Supplemental
Figs. 21-23, while comparisons of direct versus indirect evidence for
each network are presented in Supplemental Figs. 24-26.

3.3.6. Small study effects and publication bias

No evidence of small-study effects (including publication bias) was
detected, as indicated by symmetrical, contour-enhanced funnel plots
and by results from Egger's tests, suggesting minimal risk of bias in the
network pooled estimates.
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A
Treatment P-score Total body weight (kg) MD 95%-Cl p-value
Tirzepatide 15 mg weekly 1.00 —— -10.81 [-13.55;-8.07] <0.01
Semaglutide 1.0 mg weekly  0.85 B -6.24 [-7.87;-4.60] <0.01
Liraglutide 3.0 mg daily 0.81 — -5.71 [-8.32;-3.09] <0.01
Liraglutide 3.0 mg weekly 0.79 —E. -5.38 [-7.63;-3.13] <0.01
Liraglutide 1.8 mg daily 0.58 - -2.76 [-3.86;-1.67] <0.01
Semaglutide 14 mg daily 0.55 -2.60 [-5.41; 0.21] 0.07
Liraglutide 1.2 mg daily 0.40 -1.15 [-3.28; 0.98] 0.29
Metformin 2000 mg daily 0.36 — -0.76 [-6.13; 4.61] 0.78
Exenatide 2.0 mg weekly 0.30 — 0.30 [-8.27; 8.87] 0.95
Sitagliptin 100 mg daily 0.29 —E -0.36 [-2.74; 2.02] 0.77
Liraglutide 0.6 mg daily 0.23 - 0.05 [-1.53; 1.62] 0.95
Gliclazide 120 mg daily 0.11 : | —'—f | 2.24 [-3.12; 7.60] 0.41
-10 -5 0 5 10
B
Treatment P-score Fat mass (kg) MD 95%-Cl p-value
Tirzepatide 15 mg weekly 0.97 —ma— -8.75 [-11.33;-6.17] <0.01
Semaglutide 2.4 mg weekly  0.90 . -7.03 [-8.94;-5.12] <0.01
Semaglutide 1.0 mg weekly 0.72 . -4.37 [-5.92;-2.82] <0.01
Liraglutide 3.0 mg daily 0.72 —= -4.60 [-7.56;-1.64] <0.01
Liraglutide 3.0 mg weekly 0.63 - -3.68 [-5.39;-1.97] <0.01
Canagliflozin 300 mg daily 0.61 R -3.57 [-6.00;-1.14] <0.01
Liraglutide 1.8 mg daily 0.47 = -2.36 [-3.63;-1.09] <0.01
Metformin 2000 mg daily 0.43 -1.46 [-14.86; 11.94] 0.83
Semaglutide 14 mg daily 0.42 —m | -2.00 [-4.33; 0.33] 0.09
Liraglutide 1.2 mg daily 0.32 —aar -1.16  [-3.44; 1.12] 0.32
Gliclazide 120 mg daily 0.31 : 0.64 [-12.25; 13.53] 0.92
Liraglutide 0.6 mg daily 0.21 .3 -0.28 [-1.77; 1.20] 0.71
Sitagliptin 100 mg daily 0.12 : | —l—'— : ; 0.64 [-1.54; 2.83] 0.56
-0 -5 0 5 10
C
Treatment P-score Lean mass (kg) MD 95%-Cl p-value
Semaglutide 2.4 mg weekly  0.07 = -3.50 [-5.18;-1.82] <0.01
Tirzepatide 15 mg weekly 0.21 -1.84 [-2.95;-0.72] <0.01
Liraglutide 3.0 mg daily 0.25 -1.70 [-2.94;-0.47] <0.01
Semaglutide 1.0 mg weekly 0.34 | -1.22 [-2.05;-0.40] <0.01
Gliclazide 120 mg daily 0.48 ; -1.17 [-23.67; 21.33] 0.92
Semaglutide 14 mg daily 0.52 =1 -0.60 [-2.07; 0.87] 0.42
Liraglutide 1.8 mg daily 0.52 : -0.57 [-1.33; 0.19] 0.14
Liraglutide 3.0 mg weekly 0.57 ; -0.42 [-1.42; 0.57] 0.40
Canagliflozin 300 mg daily 0.57 = -0.42 [-1.92; 1.08] 0.58
Metformin 2000 mg daily 0.52 ; -0.27 [-20.26; 19.71] 0.98
Sitagliptin 100 mg daily 0.61 . -0.27 [-1.70; 1.15] 0.71
Liraglutide 1.2 mg daily 0.69 o 0.22 [-2.27; 2.71] 0.86
Exenatide 2.0 mg weekly 0.63 —Ba— 0.30 [-4.70; 5.30] 0.91
Liraglutide 0.6 mg daily 0.81 ; : —l'— : : 0.59 [-0.88; 2.07] 0.43
20 -10 0 10 20

Fig. 3. Forest plots of random-effects network meta-analyses on change in total body weight (A), fat mass (B), and lean mass (C) compared to placebo.
Abbreviations: 95 %-CI, 95 % confidence interval; kg, kilograms; MD, mean difference.

3.3.7. Sensitivity analysis

In the sensitivity analysis, which included exclusively individuals
with baseline diabetes, tirzepatide at 15 mg sc weekly resulted in the
most pronounced reduction in total body weight, fat mass, and lean
mass. In contrast, the other GLP-1RAs had a non-significant effect on
lean mass compared to placebo (Supplemental Fig. 30). The network
estimates are presented in Supplemental Tables 5-7.

4. Discussion

This is the first meta-analysis to examine the impact of GLP-1RAs on
body composition across their commercially available doses. Our

findings indicate that GLP-1RAs produce a substantial absolute reduc-
tion in total body weight, fat mass, and lean mass, with lean mass
contributing approximately 25 % to the total weight loss. However,
these agents do not significantly alter the percentage of lean mass when
assessed in relation to concomitant changes in total body weight. We
were not able to analyze the impact on muscle function.

Mechanistic insights from preclinical studies show that liraglutide
may protect against obesity-induced muscle atrophy by activating the
silent information regulator type 1 pathway, which plays a pivotal role
in enhancing insulin sensitivity, reducing lipid accumulation, and
mitigating muscle degradation [43]. Additionally, liraglutide exerts
anti-atrophy effects by suppressing the expression of muscle atrophy
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Fig. 5. Network plot and league table presenting estimates from the random-effects network meta-analysis for the association between different GLP-1RAs and the

change in fat mass (kg).

genes (atrogenes) and promoting the expression of myogenic differen-
tiation factors, thereby supporting muscle regeneration and structural
integrity [44]. Its actions involve a complex network of cyclic adenosine
monophosphate -dependent signaling pathways, including protein ki-
nase A, phosphoinositide 3-kinase/protein kinase B, p38 mitogen-
activated protein kinase, and extracellular signal-regulated kinase,
which collectively enhance myogenesis and prevent structural muscle
loss [44]. These mechanistic effects, along with the demonstrated
reduction in muscle fat and improvement in adverse muscle composition
observed in RCTs [45], need to be confirmed by future studies and need
to be taken under consideration when considering medications leading
to significant weight loss without disproportionally compromising lean

muscle mass. Further randomized studies are needed to validate and
expand these findings in terms of both muscle mass and muscle function.

Loss of muscle mass during significant weight reduction can have
profound implications for metabolic health and future weight manage-
ment [46]. Muscle tissue plays a central role in glucose utilization and
energy expenditure; its reduction can exacerbate insulin resistance,
hinder glycemic control, and lower metabolic rate, potentially
increasing the risk of type 2 diabetes and cardiovascular diseases [46].
Additionally, diminished muscle mass may contribute to sarcopenic
obesity, where a combination of low muscle and high fat mass exacer-
bates metabolic dysfunction [46]. The loss of muscle strength and
function can also impair physical performance and quality of life.
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Fig. 6. Network plot and league table presenting estimates from the random-effects network meta-analysis for the association between different GLP-1RAs and the

change in lean mass (kg).

Moreover, reduced muscle mass is associated with weight regain due to
its impact on basal metabolic rate, creating a cycle of weight loss and
gain that further deteriorates body composition [46]. Strategies that
focus on preserving or even enhancing lean mass, such as resistance
training, adequate protein intake, and emerging pharmacotherapies
targeting muscle preservation, are critical in mitigating these risks [46].

The use of GLP-1RAs is widely recognized for its ability to delay
gastric emptying and enhance feelings of fullness, ultimately reducing
energy intake [47]. These agonists increase satiety and lower caloric
consumption, promoting weight loss that primarily targets fat mass;
however, lean mass may also be affected, especially during substantial
weight loss, where the preservation of lean mass becomes essential [28].
Reports of sporadic skeletal muscle loss among patients treated with
GLP-1RAs have raised concerns about the risk of sarcopenia [48,49].
Sarcopenia, characterized by a decline in muscle mass and physical
function, may develop as a primary condition or as a secondary outcome
of other underlying disorders, potentially resulting in adverse prognosis
for patients [50,51].

In the present meta-analysis, the users of GLP-1RAs had only a
modest reduction in absolute lean mass, with no significant effect on the
percentage of lean mass. The impact of these agents on skeletal muscle
mass is complex and influenced by multiple factors. Although a decrease
in lean mass has been observed among patients taking these agonists,
emerging evidence suggests that GLP-1RAs may, in fact, enhance skel-
etal muscle function. Diabetes itself is an independent risk factor for
skeletal muscle loss, and GLP-1RAs, by exerting antidiabetic effects, may
mitigate glucotoxicity in skeletal muscle [52]. Additionally, these ago-
nists may reduce ectopic fat deposits that compromise skeletal muscle
quantity and quality [53]. Further, GLP-1RAs can enhance vascular
blood flow and stimulate glucose uptake in skeletal muscle via the AMP-
activated protein kinase pathway, thereby promoting muscle synthesis
and inhibiting muscle degradation [54,55].

The application of GLP-1RAs in muscular disorders has been inves-
tigated using animal models. In rodent models, liraglutide and

semaglutide demonstrated a reduction in obesity-induced muscle atro-
phy via the GLP-1/Sirtuin (SIRT1) pathway [43]. Additionally, multiple
studies have examined the effects of dulaglutide on skeletal muscle at-
rophy and inflammation in rodents, proposing it as a potential treatment
for muscle injury associated with sarcopenic obesity [56,57]. Recent
preclinical studies also suggest that GLP-1RAs may positively influence
muscle lipid distribution, muscle fiber content, and muscle fiber size
[44,58]. Some studies further indicate that GLP1-RAs could facilitate
skeletal muscle remodeling by altering muscle fiber type, composition,
and energy substrate utilization [11]. However, it is important to note
that these findings, primarily derived from preclinical models, require
validation through studies in humans.

Advanced imaging techniques, such as MRI, offer a promising
alternative to address the inherent variability observed in DXA-based
studies and provide granular evidence of muscle composition changes
associated with GLP-1RAs. In this regard, a subgroup analysis from the
SURPASS-3 MRI study recently demonstrated that the dual incretin re-
ceptor agonist tirzepatide reduced muscle fat infiltration by 4.4 % in
subjects with T2D compared to controls after 52 weeks of treatment
[59]. Similarly, an MRI-based substudy by Pandey et al. evaluated
muscle quality in 128 obese women without baseline diabetes. This
study found that, compared to placebo, liraglutide reduced thigh muscle
fat by 7.8 % from baseline and improved muscle composition, with a
notable reduction in the incidence of adverse muscle composi-
tion—defined as high muscle fat and low muscle mass—relative to
controls [45].

Future research should focus on assessing lean mass loss with greater
precision, employing state-of-the-art techniques such as advanced im-
aging modalities (e.g., MRI, CT, and DXA with enhanced algorithms) to
provide detailed insights into the composition of lean mass. While many
current studies report aggregate lean mass changes, the inability to
distinguish between muscle and bone loss limits our understanding of
the metabolic and structural impacts of weight reduction. Addressing
this limitation is particularly crucial for improving treatment strategies
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that preserve both skeletal muscle and bone integrity during weight loss.
Accurate differentiation between muscle and bone loss would enable
researchers to identify targeted interventions, to mitigate muscle atro-
phy and bone mineral density decline, respectively.

This differentiation is especially critical for specific populations,
such as postmenopausal women, who are already at an elevated risk of
osteoporosis and fractures due to hormonal changes that accelerate bone
loss [60]. In this group, substantial bone loss during weight reduction
could exacerbate fracture risk, undermining the benefits of obesity
treatments. Similarly, older adults and individuals with sarcopenia or
sarcopenic obesity may experience compounded functional decline if
both muscle and bone mass are significantly reduced. Future studies
should therefore not only prioritize the detailed evaluation of lean mass
loss and muscle function but also explore the interplay between muscle
and bone health in these high-risk populations. This nuanced under-
standing will be key to optimizing treatment protocols and ensuring that
weight-loss strategies do not compromise long-term musculoskeletal
health.

Emerging myostatin and activin inhibitors represent a promising
new class of medications that could complement GLP-1RAs to mitigate
lean muscle loss during weight reduction [61,62]. By targeting path-
ways involved in muscle degradation, these agents have the potential to
enhance “quality weight loss,” focusing on fat reduction while preser-
ving muscle and bone mass, thereby improving overall metabolic and
physical health outcomes [61,62]. However, more research is needed to
explore their efficacy, safety, and long-term impact, particularly when
used alongside GLP-1RAs. Future studies should aim to validate these
combinations across diverse populations and clinical settings, ensuring
their benefits are broadly applicable.
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4.1. Clinical implications and future research

Sarcopenia, characterized by the progressive decline in muscle mass
and strength, is among the most prevalent conditions associated with
aging, affecting over 10 % of the global population, or approximately
70.3 million individuals worldwide [63]. Individuals aged 65 years and
older with sarcopenia are at increased risk of disability, reduced quality
of life, and premature mortality, imposing significant personal and so-
cioeconomic challenges [64]. Sarcopenic obesity, a clinical condition
defined by excess adiposity combined with reduced skeletal muscle mass
and/or function, has gained widespread recognition [65]. It is estimated
that approximately 11 % of older adults globally are affected by sarco-
penic obesity, with prevalence rates rising sharply beyond the age of 70
[66]. This condition is a critical prognostic indicator for disability and
survival, significantly elevating the risk of obesity- and age-associated
diseases [67,68]. Importantly, sarcopenic obesity is highly prevalent
among individuals with T2D and is significantly associated with severe
adverse outcomes, thereby further complicating the prognosis of these
patients [69]. Consequently, achieving effective weight reduction while
simultaneously preserving lean mass has emerged as a critical yet
challenging objective for this vulnerable population.

To this end, determining the optimal dose of therapy with GLP-1RAs
to balance weight loss, fat mass reduction, and lean mass preservation is
of paramount importance. To date, no RCT has directly compared the
various doses of these commercially available agents, leaving the
optimal dosing strategy unclear. Notably, the present meta-analysis
bridges this critical gap in knowledge. Although the available data
appear limited, an emerging pattern suggests that the greater the effi-
cacy of GLP-1RAs in inducing weight loss, the greater the associated loss
of muscle mass. This phenomenon appears to be a class effect; however,
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dual GLP-1RAs, along with semaglutide, seem to result in more pro-
nounced weight loss compared to other agents. A recent study involving
individuals with obesity found that tirzepatide treatment alone does not
impair physical function; however, it is less effective compared to a
combination of resistance training and aerobic exercise [70] an area that
needs to be studied in more detail in the future. Therefore, treatment
with GLP-1RAs could be complemented by the implementation of high
protein diets and exercise programs to minimize muscle mass reduction
and enhance physical status and cardiorespiratory fitness in individuals
across the spectrum of cardio-renal-metabolic diseases [25,71]. This
approach is expected to be most effective among younger individuals
and remains to be studied in the future.

Finally, studies assessing the correlation between lean mass changes
after GLP-1RAs treatment and changes in physical function indices are
eagerly awaited [72]. To date, similar to detailed studies on the
magnitude of weight loss, solid evidence on its functional significance is
lacking, aside from findings from small studies in specific populations.
For example, a secondary analysis from the SLIM LIVER study [73],
which involved individuals with HIV receiving low-dose semaglutide for
metabolic dysfunction-associated steatotic liver disorder, showed
decreased psoas muscle volume but no significant change in physical
function, suggesting that functionality was maintained. Similarly,
another study involving patients with T2D reported that treatment with
semaglutide preserved hand grip strength over a 6-month follow-up
period [74].

4.2. Strengths and limitations

Despite the rigorous execution of the present study, it is essential to
acknowledge several potential limitations. Firstly, variations in meth-
odologies for assessing body composition were evident across studies,
ranging from DXA to MRI and CT. While lean mass was analyzed due to
its consistent reporting in the primary studies compared to other indices
of non-fat mass, analyses of its individual components were not con-
ducted due to the unavailability of such data. Secondly, while sarcope-
nia encompasses not only a reduction in lean mass but also a decline in
muscle function, this latter aspect was not evaluated due to insufficient
data. Consequently, further randomized studies are needed to examine
the clinical significance of our findings and their implications for the
functional status of these patients. Thirdly, certain studies may have
been limited by small sample sizes, and the inclusion of individuals with
diabetes and/or overweight/obesity may restrict the generalizability of
the findings to broader populations. Therefore, further randomized
studies are needed to determine whether the non-significant effect on
lean mass is genuine or a result of insufficient statistical power.
Regarding liraglutide, which ranked as the best treatment in the cluster
ranking analysis, it should be noted that it was the most studied GLP-
1RA among the included RCTs, potentially limiting the statistical con-
cerns related to its non-significant effect on lean mass. Additionally,
lifestyle factors, dietary habits, and concurrent medical conditions that
could influence the effects of GLP-1RAs were not fully accounted for,
possibly introducing biases into the results. Given the median duration
of 6 months across the available studies, the extended, long-term effects
of GLP-1RAs remain insufficiently elucidated and warrant comprehen-
sive investigation in future RCTs. Lastly, due to the scarcity of available
evidence, no comparisons could be made between GLP-1RAs and other
approved weight-lowering medications, such as orlistat, phentermine,
naltrexone/bupropion, and topiramate.

5. Conclusions

GLP-1RAs result in substantial reductions in total body weight, fat
mass, and lean mass. Approximately 25 % of the total weight loss is
attributed to lean mass, with no significant effect on the percentage of
lean mass relative to total body weight. Among the different doses, only
liraglutide at 1.8 mg sc daily or 3.0 mg sc weekly showed a significant
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reduction in total body weight without significantly affecting lean mass.
Future RCTs should further assess the long-term robustness of these
findings and explore their impact on prognosis and functional capacity
in this patient population.
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