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Abstract
Background 
Glucagon-like peptide-1 (GLP-1)-based therapies induce a clinically relevant weight loss, which is associated with overall better prognosis in people with type 2 diabetes and/or clinical obesity.  However, a risk of excessive reduction in fat-free mass (FFM) and skeletal muscle mass (SSM), potentially leading to sarcopenia in at risk patients, is currently a matter of debate as this negative effect could minimize their benefit/risk balance. 
Methods
An extensive literature search to detect animal and human studies that investigated the effects of GLP-1-based therapies on changes in body composition (FFM and SMM), muscle strength, structure and function.
Results
Favourable effects on SMM, intramuscular lipid deposition, inflammation and mitochondrial health were consistently reported in different rodent models with GLP-based therapies. However, mixed results were reported in human studies, some reported an excessive FFM/SMM loss while others arguing for a protective effect against sarcopenia (including less myosteatosis). This controversy may result from misinterpretation of SMM derived from FFM changes and a lack of studies that properly investigate SMM, muscle function and structure in humans.
Conclusion
Maximizing fat loss while preserving lean (muscle) tissue mass and function is a central goal of modern obesity pharmacological treatments. Currently, available data preclude to have a definite conclusion about positive/negative effects of GLP-1-based therapies on muscle. Further investigations using accurate methodologies to assess not only SMM but also muscle structure, function (strength) and performance are needed to better analyze the effects of GLP-1-based therapies, especially among individuals at higher risk of sarcopenia, older patients and frail people.   
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Highlights
· Obesity sarcopenia is not a rare event and the prevalence of sarcopenia is increased among patients with type 2 diabetes, especially among older people
· Weight loss induced by dietary calorie restriction, bariatric surgery or pharmacological therapies results from fat mass loss associated with a significant reduction in fat-free mass (FFM), a proxy of skeletal muscle mass (SMM)
· The effects of glucagon-like-peptide-1(GLP-1)-based therapies on muscle mass and function has been debated in recent years with data suggesting a higher risk of sarcopenia while others rather arguing for some protection against sarcopenia
· Almost all in vitro and in vivo animal experiments showed beneficial effects of GLP-1-based therapies on muscle mass and function, notably by reducing inflammation and improving mitochondrial health 
· Even if overall a majority of results are rather reassuring in humans, further dedicated clinical studies using validated methodologies are needed to better understand the effects of GLP-1-based therapies on muscle mass, structure, strength and function as well as the potential risk of sarcopenia in at risk older frailty patients.

Introduction
Clinical obesity has been recently defined as a condition of illness that directly results from the effect of excess adiposity on the function of organs and tissues [1]. Weight loss is the primary treatment goal of obesity management because it can improve or resolve many obesity-related complications. People with clinical obesity should receive timely, evidence-based weight-loss treatment, with the aim to induce improvement (or remission, when possible) of clinical manifestations of excessive adiposity (such as type 2 diabetes or T2DM) and prevent progression to end-organ damage (for instance, heart failure or renal insufficiency) [2].
Major weight loss resulted in fat mass reduction, an expected benefit, but also in deleterious loss of skeletal muscle mass (SMM) [3]. Maintaining or even increasing SMM during weight reduction is important to overall health, metabolic function and long-term weight loss maintenance [4-6]. In pooled data from seven prospective cohorts, fat mass and fat-free mass (FFM) showed opposing associations with mortality, excess fat mass being related to increased mortality risk, whereas FFM (mainly SMM) being associated with a lower risk of mortality [7].  Thus, clinicians should consider possible changes in body composition when developing an obesity treatment plan for an individual patient. Especially, taking into account the effects of obesity pharmacotherapy on FFM and SMM appears to be a key objective [5, 6].
Sarcopenia is defined as a generalized skeletal muscle disease, combining both low SMM and reduced muscle strength [8, 9]. This complication has been neglected or at least underestimated for a long time in clinical practice, notably among people with overweight or obesity despite the existence of sarcopenic obesity. Several pharmacological candidates to prevent or treat sarcopenia are currently under clinical evaluation with some promising early results, but none have been approved for either frailty or sarcopenia [10]. Sarcopenic obesity is characterized by a concurrent decline in SMM and function, along with increased adipose tissue [11]. Sarcopenic obesity is a growing concern, especially among older adults, owing to its association with multiple important health consequences [12, 13]. Of note, weight loss therapies could increase the risk of sarcopenia in adults with obesity [3, 14]. If so, the potential health benefits of weight loss therapies might be compromised by the weight loss-associated loss of FFM/SMM, which could increase the risk of sarcopenia, at least in high risk patients (elderly, frailty with comorbidities)  [4]. Furthermore, mounting evidence suggests that the prevalence of sarcopenia is higher in patients with T2DM, especially in older adults, and different mechanisms may be responsible for this association [15-17]. In this context, emerging novel pharmacological agents that were developed for treating T2DM commonly associated with overweight/obesity or clinical obesity independently of the presence of T2DM may be relevant to sarcopenia-related health concern [13, 18].
When considering the administration of glucose-lowering agents for the management of T2DM, it is potentially important to understand not only their weight loss effect but also the degree of SMM loss caused by each drug in clinical practice [19-21]. Drugs currently used to treat T2DM may have different mechanisms of action that are relevant to the prevention and treatment of sarcopenia, for those with T2DM but also for those with obesity without diabetes [22]. Glucagon-like peptide-1 receptor agonists (GLP-1RAs) (liraglutide, semaglutide) and the co-agonist GIP (glucose-induced insulinotropic polypeptide)/GLP-1 receptor agonist tirzepatide are now recognized as efficient drugs not only for the management of T2DM by combining improved glucose control and weight reduction [23] [24], but also for the treatment of clinical obesity in association with reinforcement of lifestyle measurements (healthy well-balanced calorie-restricted diet and regular physical exercise) [25, 26]. However, the effects of these agents on muscle mass and function remain controversial [27-29].
The aim of this comprehensive review is to analyze the effects of GLP-1RAs and the dual agonist tirzepatide on the body composition (especially FFM), notably muscle mass and function, by considering and comparing animal findings in rodents and human studies (both randomised controlled trials [RCTs] and observational studies). Whether these incretin-based therapies may be associated with a higher risk of sarcopenia or in contrast would protect against sarcopenia within a weight-loss strategy remains indeed a matter of discussion [27-[29] (Figure 1). 
Literature search strategy
A literature search in PubMed, Scopus, Embase and the Cochrane Database of Systematic Reviews has been performed to identify English-language studies published between January 2010 and May 2025. In a first step, the terms used for the research were “GLP-1 receptor agonists” combined with “body composition” OR “fat-free mass” OR “skeletal muscle” OR “sarcopenia”. In a second step, the term “GLP-1 receptor agonists” was divided into the three GLP-1-derived medications that received the indication for the management of obesity, i.e. liraglutide, semaglutide and tirzepatide. The reference lists of previously published reviews regarding this topic were also scrutinized to identify any further reports of potential interest.

Weight loss and body composition
Intentional weight loss in people with obesity primarily decreases body fat, but also reduces FFM. SMM accounts for about 50% of FFM, whereas the remainder amount is composed of the FFMs of other fluids, organs, and body tissues. As recently emphasized [30], bringing body composition science into the modern era mandates the use of the chemically correct term FFM with the elimination of the duplicative term “lean body mass” (LBM) that today has value primarily in a historical context (thus, FFM was used instead of LBM throughout this article).  A number of technologies exist to measure body composition, each with advantages and disadvantages. The most relevant ones are hydrostatic weighing (densitometry) and air displacement plethysmography, bioelectrical impedance analysis (BIA), dual-energy X-ray absorptiometry (DEXA), computed tomography (CT) and magnetic resonance imaging (MRI) [14, 31, 32].  

	Factors affecting loss of fat-free mass
A widely cited rule guiding expected loss of lean tissue states that approximately one-fourth of weight loss will be FFM. However, this rule has been controverted, depending on how FFM has been measured [33]. In addition, this fraction may be influenced by initial body composition and total weight loss [33]. Furthermore, the rate of weight loss [34], the degree and type (protein content) of caloric restriction, and the impact of concomitant physical exercise also influence the proportion of weight lost as FFM (SMM) after dietary interventions [35]. There is consensus that FFM and SMM can be preserved, albeit to varying degrees, by including both endurance and resistance forms of exercise (but especially resistance) in every weight management intervention. Higher intakes of protein can also protect loss of these body compartments, acting either separately or synergistically with exercise [36-39].
Bariatric surgery is the weight-loss approach that induces the most rapid and important weight reduction associated with changes in body composition. In a recent study, at 12 months postsurgery, Roux-en-Y gastric bypass and sleeve gastrectomy resulted in comparable weight loss and changes in body composition assessed by DEXA (reduction in FFM by almost 18 %), yet improvements in relative muscle strength (handgrip, sit-to-stand test) and physical function (6-minute walking test) were noticed [40]. However, another meta-analysis of 24 articles (666 participants), showed that bariatric surgery reduces absolute lower-limb isometric strength, directly related to body weight loss, and also diminishes absolute handgrip strength [41].

Of note, changes in FFM should not be directly conflated with changes in SMM (see below, discussion). Additionally, the potential for obligatory loss of FFM from adipose tissue should be considered when interpreting FFM changes with large magnitudes of weight loss, such as those frequently obtained with GLP-1RAs (especially semaglutide) and coagonist tirzepatide to be compared with those achieved with bariatric surgery [14, 18, 37].
	
	Impact of GLP-1 RAs on body composition and fat-free mass
In a systematic review and network meta-analysis of 22 RCTs (2258 participants), GLP-1RAs significantly reduced total body weight (mean difference [MD] -3.55 kg, 95% confidence interval [CI] -4.81, -2.29), fat mass (MD -2.95 kg, 95% CI -4.11, -1.79]), and lean body mass (MD -0.86 kg, 95% CI -1.30, -0.42), with FFM loss comprising approximately 25 % of the total weight loss [42]. However, the relative lean mass, defined as percentage change from baseline, was unaffected. Of note, potent GLP-1 RAs, such as tirzepatide and semaglutide, demonstrated greater overall weight loss but were associated with a significant reduction in FFM, in contrast to liraglutide [42].
In another meta-analysis of 19 RCTs, greater reductions in FFM were also observed in GLP-1RA users compared with non-users (weighted mean difference [WMD] = -1.02 kg, 95% CI -1.46, -0.57 kg). Again, the changes in FFM percentage were comparable between GLP-1 receptor-based agonist users and non-users [43].
In a meta-analysis of six RCTs in people with overweight and obesity, tirzepatide was associated with a significant reduction in total fat mass and visceral adipose tissue, whereas the effect on FFM was considered as uncertain because the findings remained inconclusive [44]. In a substudy of SURMOUNT 1 among adults with obesity or overweight who underwent DEXA, the changes in body weight, fat mass and FFM from baseline to week 72 was -21.3%, -33.9% and -10.9% with tirzepatide, respectively (compared with -5.3%, -8.2% and -2.6% with placebo, respectively) [45]. 
[bookmark: _Hlk200038803]In a review of studies reporting the effects of GLP-1RAs and sodium-glucose cotransporter 2 (SGLT2) inhibitors on body composition, no clear differences existed between the two pharmacological classes when considering the reduction in FFM. In over half of the studies identified, the proportion of FFM reduction ranged between 20% and 50% of total weight lost, which is consistent with diet-induced weight loss and bariatric surgery [46]. An even higher heterogeneity in the reported effects of GLP-1-based therapies on FFM changes was noticed in another report: in some clinical trials, reductions in FFM ranged between 40% and 60% as a proportion of total weight lost, while other studies showed FFM reductions of only about 15% or less of total weight lost [47]. There are several potential reasons underlying this heterogeneity, including diverse techniques for measuring FMM, different population characteristics, various durations of follow-up, possible drug-specific/molecular properties, and potential comorbidity interferences [47].  There are several potential reasons to explain the heterogeneity in the reported effects of GLP-1RAs on FFM changes in clinical trials (Neeland et al 2024). These may include the specific effects of different molecules (for instance liraglutide versus semaglutide versus tirzepatide), the heterogeneity in dosing leading to different weight loss kinetics (for instance 1.0 versus 2.4 mg for semaglutide), varying duration of follow-up (< one year versus > two years), different population characteristics (e.g., with versus without diabetes, variable proportion of men versus women, different age groups), interference of concomitant lifestyle interventions (diet and exercise) prescribed with the pharmacological therapy, and finally possible methodological heterogeneity and bias in FFM and SMM assessments, as further analyzed below (see answer to the first question in the discussion).

The impact of GLP-1RA-based treatments on FFM has been carefully analyzed in 28 clinical trials that used DEXA for measuring FFM [48]. The percentage of FFM loss using GLP-1RA-based agents ranged between 20% and 40%. However, this review was limited to small substudies. Furthermore, DEXA does not measure SMM directly (FFM should be considered only a crude surrogate for SMM, because FFM may contain a variable amount of muscle, approximately 55%). Assessing quantity and quality of skeletal muscle using more accurate advanced imaging techniques (such as MRI) combined with functional testing should help fill the gaps in our current understanding about the impact of GLP-1-based therapies on FFM and SMM [48]. It has been proposed that tailored resistance exercise training should be recommended as an adjunct to incretin therapy to optimize changes in body composition by preserving SMM while achieving fat loss, and thus avoiding sarcopenia [49].

Risk of sarcopenia with GLP-1RAs
Besides SMM, other muscle properties appear to be critical, especially muscle strength, function and quality. While SMM (or at least its proxy FFM) has been widely assessed in human studies with GLP-1RAs, it was less the case for the evaluation of muscle strength and function. The study of skeletal muscle structure and quality requires biopsies, not available in human studies with GLP-1-derived therapies yet. Thus, specific observations about skeletal muscle are mostly derived from animal models, especially in rodents (mice and rats). 
	Effects of GLP-1RAs on muscle in animal models
	Initial animal studies that investigated the effects of GLP-1RAs on the skeletal muscle were primarily interested in the improvement of insulin sensitivity [50]. It has been shown that exenatide ameliorates intramyocellular lipid deposition in ob/ob mice and in diet-induced obese mice, an effect associated with the activation of AMP-activated protein kinase (AMPK) signaling pathway and improvement in insulin sensitivity, independent of weight loss [51]. Numerous more recent rodent studies have shown a positive impact on skeletal muscle quality and function [52]. These effects were demonstrated with different GLP-1RAs  : exenatide  [53-55], liraglutide [56-61], semaglutide [56, 62-64], dulaglutide  [55, 65]. No such studies were carried out with the dual GIP/GLP-1 agonist tirzepatide yet.
	Several mechanisms have been proposed to explain a protective effect of GLP-1RAs on SMM and muscle function in rodents and thus contributing to mitigate sarcopenia. Let us cite a few experimental results of potential interest, successively with exendin-4, liraglutide, semaglutide and dulaglutide. In skeletal muscle cells of obese nondiabetic fa/fa Zucker rats, exendin-4 strongly restructured the extracellular matrix and reinforced muscle contractile capabilities, while optimizing the cellular metabolism through the AMPK signaling pathway [53]. GLP-1RAs (exendin-4) ameliorated muscle wasting by suppressing myostatin and muscle atrophic factors and enhancing myogenic factors through GLP-1R-mediated signalling pathways [55]. Using a streptozotocin-induced diabetic mouse model, exendin-4 counteracted diabetes-induced muscle weight loss, weaker grip, and changes in muscle fiber cross-sectional area distribution, thus globally improving muscular dysfunction [54]. While high glucose promotes muscle cell aging and sarcopenia, liraglutide attenuated these processes by modulating the YAP/TAZ signaling, a critical aging pathway [61]. In another experimental study, liraglutide-treated KK-A y mice showed, despite final body weight loss, significant increase in SMM counteracting diabetic muscular atrophy, which coincided with a significant decrease in the expression levels of ubiquitin protease E3 MuRF1 and MAFbx [58]. Liraglutide exerted protection and restored myofibrillar architecture in diverse models of muscle atrophy in Sprague Dawley rats. Anti-atrophy actions of liraglutide involved suppression of atrogene expression and enhancement in expression of myogenic factors [60].  In in vitro studies in healthy C2C12 mouse skeletal muscle cells, liraglutide at an appropriate dose enhanced myotube differentiation and muscle contractile activity upon electric pulse stimulation; these positive changes included the promotion of muscle hypertrophy [57]. Liraglutide led to greater citrate synthase activity and cytochrome c oxidase subunit 5 B protein expression in the soleus of spontaneously diabetic torii fatty rats, independently of blood glucose. These findings suggest that the GLP-1RA may contribute to preservation of mitochondrial content on soleus muscle in a model of T2DM [59]. A study that investigated the effects of liraglutide and semaglutide on obesity-induced muscle atrophy concluded that these GLP-1RAs protect skeletal muscle against obesity-induced muscle atrophy via the SIRT1 pathway [56].  Semaglutide significantly reduced the accumulation of intramuscular fat in the gastrocnemius, promoted muscle protein synthesis, increased the relative proportion of skeletal muscle (increased type I/type II muscle fiber ratio, total muscle fiber area, muscle fiber density, sarcomere length, mitochondrial number and mitochondrial area), and improved muscle function of obese mice, possibly by altering the metabolism of muscle lipids and organic acids [62]. Semaglutide effectively inhibited psoas muscle atrophy and suppressed declines in grip strength in a diet-fed diabetic KK-A(y) mouse model. This effect of semaglutide on skeletal muscle atrophy was mediated by multiple functional pathways, notably associated with decreased proinflammatory cytokines and reduced accumulation of reactive oxygen species [63]. Treatment with a long-acting GLP-1RA, dulaglutide, recovered muscle mass and function in DBA/2J-mdx mice, a Duchenne muscular dystrophy model [55]. In db/db mice, high glucose inhibited the differentiation of C2C12 cells and decreased the mRNA and protein levels of myokines whereas dulaglutide could reverse the differentiation state induced in C2C12 cells by high glucose [65]. These findings suggest that a treatment with the GLP-1RA protects db/db mice against skeletal muscle injury by inhibiting inflammation and regulating the differentiation of myoblasts [65]. Another study showed that dulaglutide improved muscle mass and strength in aged mice by attenuating the expression of inflammatory cytokines. These observations suggest that the GLP-1RA may exert beneficial effects in the treatment of muscle wasting due to aging [66]. Finally, dulaglutide inhibited the decrease of muscle fiber size and the expression of atrophic factors in a model of disuse muscle atrophy in C57BL/6 mice. These beneficial effects against disuse-induced muscle atrophy were mainly attributed to the inhibition of inflammation and apoptosis by induction of heat shock protein 72 expression via the regulation of AMPK signaling [67]. 
In contrast to all positive abovementioned studies, an investigation using a cell model revealed that GLP-1 dose-dependently suppressed the expression of the myogenic marker, impeding myocyte fusion and the formation of polarized myotubes during differentiation [68]. 
	Of potential interest, even if still preliminary, blockade of activin type II receptors (ActRII) signaling using bimagrumab, a monoclonal antibody against ActRII, improved body composition (superior fat mass loss while simultaneously preserving lean mass) and metabolic parameters (associated with improved exercise performance) during calorie deficit driven by semaglutide in diet-induced obese mice [69].
Finally, according to a systematic review of studies that investigated the effects of GLP-1RAs on mitochondrial function within skeletal muscle, the emerging evidence derived from animal and in vitro models suggested that GLP-1RAs increase mitochondrial area and number while improving mitochondrial morphology (i.e., reduced swelling), but effects upon other aspects of mitochondrial health remain inconclusive [70]. It has been concluded that a protective effect on skeletal muscle by GLP-1-based therapies may result from a reduction in inflammation and apoptosis [71-73].
	Human studies 
Effects of GLP-1-based therapies on muscle mass
A systematic review and meta-analysis of 38 publications, involving 1735 participants, assessed the effects of GLP1RAs on various measures of SMM in individuals living with overweight or obesity, with and without T2DM [18]. In patients with T2DM, GLP1RAs induced a non-significant mean reduction in SMM measures (-0.74 kg, 95% CI -1.61, 0.14, P = 0.10), despite significantly reducing fat mass (-3.18 kg, 95% CI -4.09, -2.28, P < 0.0001). In the analysis in people without T2DM, a significant mean reduction in SMM measures was observed (-1.41 kg, 95% CI -2.12, -0.71, P = 0.0001); however, this was markedly less than the reduction in fat mass (-6.02 kg, 95% CI -7.53, -4.50). In both populations, the reduction in measures of SMM accounted for less than 20% of the total weight reduction [18].
		Liraglutide
In a systematic review of 15 studies involving 960 participants, liraglutide treatment was associated with substantial and consistent reduction in fat mass whereas FFM outcomes were more variable, with some studies reporting preservation or even gains in lean mass, while others indicated losses [74].
In a prospective study in patients with body mass index >/= 35 kg/m² receiving treatment in a tertiary care obesity clinic, absolute weight loss was associated with FFM loss. However, after controlling for weight loss, there was no difference in FFM loss between the group treated with liraglutide and the group treated with lifestyle intervention alone [75].
In obese Japanese drug-naive patients who had T2DM, treatment with liraglutide during 24 weeks reduced body fat, especially visceral fat and intrahepatic fat, while having no significant effect on SMM (unchanged appendicular skeletal muscle index, defined as appendicular skeletal muscle mass/height squared) [76].
A small-sized study in older (n = 9, mean age 68 years) people with overweight or obesity and T2DM showed that liraglutide treatment for 24 weeks was associated with reductions in fat mass but not in arm and leg FFM assessed by DEXA; a slight increase in skeletal muscle index has even been reported [77].

		Semaglutide
In a systematic review of six studies with 1,541 overweight or obese adults, semaglutide was associated with significant weight reductions, primarily due to fat mass loss. While the lean mass remained stable in some cases, notable reductions ranging from almost 0% to 40% of total weight reduction were observed in others, mainly in larger trials. Nevertheless, the proportion of lean mass relative to total body mass increased, suggesting a positive overall outcome, yet no specific measure of SMM was available [78].
In four observational studies that included adults with obesity (± T2DM) who received a 24-week treatment with semaglutide (however, all studies with limited number of participants, 25 to 43), weight reduction with semaglutide (injectable or oral) primarily resulted from fat mass reduction without substantial lean mass loss4. measured using BIA  [79-82]. These findings were observed consistently in different populations : European patients (Italy, Spain) [79, 80], Japanese patients [81], Chinese people [82].
 	In a pilot Japanese study, a 3-month treatment with semaglutide effectively reduced body adiposity while maintaining the SMM in 13 adult obese patients with T2DM. In limb muscle analyses, right upper and lower leg muscle percentages, left upper and lower leg muscles, and the ratios of the lower/upper muscles were maintained by semaglutide treatment [83]. These findings confirm other ones also obtained in Japanese patients, which showed that the appendicular skeletal muscle index remained unchanged after 24 weeks of semaglutide treatment [81].
In obese people with human immunodeficiency virus and metabolic dysfunction-associated steatotic liver diseases (SLIM LIVER study), a 24-week therapy with semaglutide resulted in a significant reduction of psoas muscle volume by 9.3%, without significant change in psoas muscle fat as assessed by MRI [84].
		Tirzepatide
In a first case report, a 68-year patient with obesity treated with tirzepatide during 15 months experienced a 4.5 kg loss of skeletal muscle mass, which was proportionate to the reduction in body weight - approximately 15% from the initial value for both. In this patient, muscle mass loss constituted 34% of the total body weight loss [85].
Of the body weight lost in SURMOUNT 1 among obese people without T2DM, approximately 75% was fat mass and 25% was lean mass for both tirzepatide and placebo. These proportions remained consistent across post hoc subgroup analyses according to gender, age (< 50 years vs 65 years) and total body weight reduction tertiles [45]. These results support the understanding that tirzepatide does not induce disproportionate FFM mass loss compared with other established obesity treatment modalities. However, no specific SMM measurement was performed in this study.
A recent preliminary study compared the effects of a low-energy ketogenic therapy versus a low-calorie diet, both combined with tirzepatide for 12 weeks in patients with obesity. The tirzepatide + low-calorie diet group exhibited significant declines from baseline in FFM (assessed by BIA) and muscle strength (assessed by handgrip strength) whereas no such significant changes was observed in the tirzepatide + low-energy ketogenic therapy group (differences confirmed by intergroup direct comparisons) [86].

	Effects of GLP-1-based therapies on muscle strength
In the SLIM LIVER Study, despite a decreased psoas muscle volume reported above with semaglutide, chair rise and gait speed showed no deteriorations (rather a trend for nonsignificant improvements), suggesting physical function was maintained despite significant loss of muscle [84]. Similarly, in Chinese patients with obesity, the skeletal muscle index, the calf circumference, the grip strength were not significantly decreased after a 6-month therapy with semaglutide, despite an averaged muscle mass loss of 4.8% [82]. 
In SURMOUNT 1 among patients with obesity but without T2DM, compared to placebo, participants in the tirzepatide 5, 10 and 15 mg groups had significantly improved physical function estimates (SF-36v2 PCS : Physical Functioning, Role-Physical, Bodily Pain, General Health), and IWQOL-Lite-CT Physical composite and Physical Function composite scores [87]. Of note, these positive physical function findings were observed to be significant despite decreases in lean mass assessed by DEXA [45], and higher percentages of weight reduction were associated with greater improvements in physical function [87].  However, muscular strength was not specifically evaluated in these overall scores.
	Effects of GLP-1-based therapies on muscle structure
Of note, no muscle biopsies were available in human studies with GLP-1derived therapies and only indirect assessment of muscle components (for instance intramuscular fat content) using MRI was performed. In general, when skeletal muscle accumulates intramuscular fat (for instance through age and obesity), muscle quality decreases, as measured of muscle strength per unit size [88].
In a cohort of predominantly women with overweight or obesity in the absence of T2DM, who underwent MRI, liraglutide was associated with a reduction in thigh muscle fat (mean percent change of -2.87% over median follow-up of 36 weeks) and adverse muscle composition (defined as high muscle fat infiltration plus low muscle volume: significant reduction from 11.0% to 8.2% of participants) [89].
In a single-arm pilot prospective study that included 21 patients with metabolic dysfunction-associated steatotic liver diseases who received a 6-month semaglutide treatment for T2DM, skeletal muscle area did not differ, but skeletal muscle steatosis-fraction values significantly decreased as assessed using MRI-based proton density fat fraction [90].

By applying an automated suite of CT-based artificial intelligence body composition tools, the effects of semaglutide were compared in patients with weight loss of 5 kg or more versus those with weight gain of 5 kg or more.  In the weight-loss group, the postsemaglutide scan, compared with the presemaglutide scan, showed a significant, yet rather modest (-7%), reduction in muscle area.  In the weight-gain group, the postsemaglutide scan, compared with the presemaglutide scan, showed an increase in visceral and subcutaneous adipose tissue areas, but also in intermuscular adipose tissue area associated with a decrease in muscle attenuation, an indirect marker of skeletal muscle lipid content [91].


Discussion	
The effects of weight loss induced by GLP-1-derived therapies on SMM and muscle function remain a matter of discussion [27]. Indeed, whereas some publications pointed out an excessive SMM loss and a potential risk of sarcopenia [6, 47, 92], associated with a higher risk of falls [93], others considered that that these medications could exert a positive effect on SMM and muscle function, thus making them valuable in addressing conditions such as sarcopenia  [5, 22, 28, 94]. 
Five main questions arise when considering this controversial topic, which all deserve further succinct discussion.
First, how is it accurate to derive changes in SMM from changes in FFM ? Numerous methods can be used to assess body composition, each of them having advantages and limitations [95-98]. The vast majority of published studies with GLP-1-derived therapies used nongold standard techniques (mainly, BIA and DEXA) for estimating FFM [99]. Since FFM contains a variable amount of muscle (approximately 55%), indirect measures may explain the heterogeneity in the reported data [48].  Nevertheless, based on the feasibility, accuracy, safety, and low cost, DEXA can be considered as the reference standard for measuring muscle mass in usual clinical practice [100]. However, these methods are prone to overestimating changes in SMM as they detect fat-free/lean tissue in all body compartments, including adipose tissue [37, 101]. When large magnitudes of weight loss occur, the magnitude of obligatory FFM loss from adipose tissue may be sufficient to inappropriately influence the interpretation of total FFM loss, or the proportion of weight loss as SMM [37]. In addition to the consideration of the obligatory loss of FFM from adipose tissue, it is essential to recall that even corrected FFM is not directly synonymous with SMM. In many investigations, losses of FFM have been conflated with losses of SMM. However, research using MRI has demonstrated the varied tissue or organ sources of FFM loss during weight loss (102 Bosy-Westphal A et al 2009). In a study that determined the accuracy of DXA at detecting changes in FFM, using MRI-derived muscle volume as a reference standard, a strong correlation between measures was observed cross-sectionally in agreement with previous investigations but there was only a modest correlation of percentage change over time between the two methods (103 Tavoian D et al 2019).
[bookmark: _Hlk200052187][bookmark: _GoBack]During marked weight loss, also when it results from GLP-1-derived therapies, some of that weight might come from a reduction in the fat stored within muscles, which can be mistakenly interpreted as a larger decrease in lean muscle mass by methods like BIA or even DEXA. MRI stands as the most modern and accurate method for studying body composition and quantifying SMM and muscle fat infiltration (so-called myosteatosis) (104 Faron et al 2020). However, challenges such as high costs, complexity, and limited availability restrict its clinical usage, making it primarily applicable in research settings [99]. Many phase-3 clinical trials with GLP-1RAs do not assess muscle/lean mass changes and those that do use a less accurate tool like DEXA rather than MRI, and only in a rather limited subgroup of the overall trial population [47]. Nevertheless, some recent studies used MRI to investigate skeletal muscle in a subset of participants to RCTs with liraglutide [89] and tirzepatide [105], with the demonstration of a significant reduction in muscle fat infiltration associated to these GLP-1-based therapies (see below).

Second, a key question is to decide if loss of SMM is more marked with GLP-1RAs compared with other weight-loss strategies, i.e. dietary caloric restriction or bariatric surgery, thus potentially leading to a higher risk of sarcopenia. Several studies have attempted to quantify both FFM and SMM loss following dietary intervention. Unsurprisingly, and as already mentioned, results are highly variable and may be influenced by several factors including the duration and the intensity of the intervention, different dietary and exercise approaches, heterogeneity of population characteristics, and the use of a variety of body composition assessment techniques [3, 106].  In a systematic review, the pooled mean %FFM loss/ total body weight loss averaged 27% for men and 20% for women using dietary and behavioural weight loss interventions [35]. Almost similar results were reported after bariatric surgery, depending, however, of the surgical procedure: the median % FFM loss/total body weight loss was 25.6, 31.3 and 17.5 % following biliopancreatic diversion, Roux en Y gastric bypass and laparoscopic adjustable gastric banding, respectively [35]. According to a systematic review and meta-analysis, the estimated proportional loss with respect to total weight loss at 12-month postsurgery averaged 20.8% for FFM, the most important changes occurring within the first three months [107]. In a recent meta-analysis of studies with GLP-1RAs [18], the mean reduction in measures of SMM constituted less than 20% of total weight loss, a value that thus appears to be less than the amount reported from dietary interventions and bariatric surgery (generally around 25% or above). 
However, some alarming data suggested that clinical trial participants receiving incretin-mimetic drugs for the treatment of obesity lost 10% or more of their muscle mass during 68- to 72-week interventions [92]. Nevertheless, other reassuring observations may be collected in a variety of clinical studies issued, especially from pharmacovigilance database [108] or Mendelian randomization analysis [109]. In a study that analyzed reports from the World Health Organization international pharmacovigilance database, glucose-lowering agents showed significant associations with sarcopenia, with SGLT2 inhibitors exhibiting the strongest association followed by metformin. Notably, despite numerous reports, GLP-1RAs did not show a significant association with sarcopenia [108]. A large Mendelian randomization study showed that genetically proxied GLP-1 receptor agonism is associated with a reduction in body mass index. Importantly, this reduction appeared to be predominantly due to a loss of fat mass rather than lean mass. As such, this study provides genetic evidence against recent concerns that GLP-1RAs induce weight loss through reductions in SMM with a risk of sarcopenia [109]. Intriguingly, a unique observation reported that GLP-1 plasma concentrations are significantly higher in individuals with sarcopenia than in those without sarcopenia, a finding that requires further confirmation. This clinical observation has prompted the Authors to hypothesize that elevated GLP-1 levels may directly interfere with myoblasts, impeding the process of myogenic differentiation and potentially contributing to the onset of sarcopenia [68].

Third, a critical question surrounding weight loss with GLP-1 RAs is whether loss of FFM/SMM translates into deficient muscle strength and physical function. Besides SMM, several parameters are indeed used to define sarcopenia [8, 9]: muscle quantity (evaluated by appendicular lean mass or skeletal muscle mass), muscle strength (evaluated by handgrip strength in most studies) and muscle function usually assessed by physical performance (gait speed, 6-min walking test or short physical performance battery) [15, 110]. Physical performance in older adults is significantly related to muscle strength, whereas the relationship between muscle mass and physical performance is either weak or negligible [111]. How diet-induced weight loss in adults with overweight or obesity impacts on muscle strength remains uncertain: a meta-analysis of seven interventions measuring knee extensor strength by isokinetic dynamometry found a significant decrease whereas a meta-analysis of ten interventions evaluating handgrip strength showed only a non-significant decrease, with significant heterogeneity [112]. Yet, evaluations of muscle strength and physical performance were rarely reported in RCTs with GLP-1-based therapies [113].
Beyond SMM and muscle strength, muscle quality should obviously be a critical determinant of functional capacity [14]. As described above, preclinical evidence in in vitro and in vivo experiments in rodents suggested that incretin-based therapies have a positive effect upon inflammation and certain indices of skeletal muscle mitochondrial health [70]. In humans, in absence of skeletal muscle biopsies, muscle quality was almost never properly assessed in studies with GLP-1RAs, the only information arising from MRI studies, as already mentioned. Interestingly, in a cohort of non-diabetic individuals with overweight or obesity, once-daily subcutaneous liraglutide was associated with a reduction in thigh muscle fat and adverse muscle composition [compared with placebo [89]. In the SURPASS-3 MRI substudy, in the context of significant improvements in bodyweight and fat distribution in patients with overweight/obesity and T2DM, 52-week treatment with the dual agonist tirzepatide was associated  with reductions in muscle volume broadly in accordance with the general association between changes in muscle volume and bodyweight, with potentially favourable changes in myosteatosis [114], as compared with insulin degludec used as control [105]. Interestingly, in the large UK Biobank imaging study using MRI in 40,174 participants, it has been suggested that measuring muscle health (namely, the patient's muscle volume and how much fat they have in their muscles) could help in the early detection of high-risk patients who will suffer from poor functional performance and comorbidities [115]. Muscle mass, muscle strength, and muscle fat infiltration were also shown to be predictors of incident mobility limitations in well-functioning older individuals [116].
Based on contemporary evidence, especially with the addition of MRI-based studies, skeletal muscle changes with GLP-1RA treatments may appear to be adaptive rather than maladaptive [27]. Reductions in SMM with GLp-1-based therapies seem to be commensurate with what is expected given ageing, disease status, and weight loss achieved, while the improvement in insulin sensitivity and muscle fat infiltration likely contributes to an adaptive process with improved muscle quality, lowering the probability for loss in strength and function [47]. Given the current body of evidence, the clinical functional significance of the GLP-1-based reduction in SMM (distinct from lean mass, as discussed above) remains unclear [47].
Fourth, even if overall available results appear to be reassuring, are there people who warrant more attention regarding the risk of developing sarcopenia with GLP-1-based therapies ? A 12-month real-world study documented benefits of semaglutide for treating obesity in T2DM subjects, with important changes on clinical and patient-reported outcomes, including satisfaction with treatment [117].  However, the rapid and significant decline in SMM while taking GLP-1RA could expose certain patient populations to a higher risk of sarcopenia [5]. This may occur not only in older adults [16], but also in patients with chronic kidney disease [118], metabolic dysfunction-associated steatotic liver disease [119] and advanced cardiovascular disease, especially heart failure [120], all comorbidities whose patients are at higher risk for muscle loss and adverse events [121].  These comorbidities are of particular interest because of their high prevalence in patients with T2DM and/or obesity and because GLP-1RAs are increasingly used along patients affected by such complications after the evidence-based demonstration of significant improvements and better overall prognosis in placebo-controlled outcome trials [25, 122]. It is generally considered that the severity of disease leading to frailty associated with a higher risk of sarcopenia may influence the selection of appropriate candidates for GLP-1-derived therapies, as recently discussed for patients with heart failure [123]. Even if chronic alcohol consumption does not appear to be associated with a higher risk of sarcopenia in absence of other risk factors [124], higher levels of alcohol consumption could have detrimental effects on muscle mass in middle- and older-aged men and women according to data of cross-sectional and longitudinal analyses among participants from the UK Biobank study [125]. Interestingly, GLP-1-based therapies are associated with a reduction risk of alcohol use disorders as recently reviewed [126, 127].
Fifth, how to preserve SMM loss and sarcopenia in at risk patients treated with GLP-1-derived therapies. Loss of lean mass associated with weight loss obviously warrants attention; thus, parallel strategies to preserve skeletal muscle and improve physical function are of great importance [117]. The ability to maintain SMM during caloric restriction-induced weight reduction is influenced by two key factors: nutrition and physical exercise [38, 39]. Nutrition therapy should ensure adequate intake and absorption of high-quality protein and micronutrients, which may require the use of oral nutritional supplements in older frail people [39]. Additionally, concurrent physical activity, especially resistance training, has been shown to effectively minimize loss of SMM and muscle function during weight reduction therapy [92]. Thus, patients treated with GLP-1RAs should be encouraged to practice regular physical exercise, not only to insure weight maintenance and/or improve glucose control, but also to  preserve SMM [49] and alleviate associated complications such as atherosclerotic cardiovascular disease, heart failure, chronic kidney disease or liver steatosis [128].
GLP-1-based medicines that achieve substantially greater and rapid weight loss may impact musculoskeletal health, providing a rationale for therapeutics that more selectively target adipose tissue loss while preserving muscle mass and strength [25].  An innovative approach under study to lessen loss of SMM is the use of myostatin-activin pathway inhibitors. Indeed, novel compounds in the pipeline, such as bimagrumab, have demonstrated promise in preventing SMM loss while promoting fat loss. Either alone or combined with incretin-based therapies, these medications may enhance fat loss while preserving or even increasing muscle mass [129, 130]. Other pharmacological strategies are also under current investigation to mitigate the risk of sarcopenia and frailty [10].

Conclusion
Maximizing fat loss while preserving lean tissue mass and function, especially skeletal muscle, is a central goal of modern obesity treatments. GLP-1-based therapies are increasingly used in clinical practice for the management of T2DM and obesity, notably because they are associated with a pronounced weigh reduction. While findings obtained in different rodent models seem positive regarding the effects of GLP-1RAs on skeletal muscle, especially with the demonstration of decreased inflammation and improved mitochondrial function, given the current body of evidence, the clinical significance of the GLP-1-based effects on muscle mass (distinct from lean mass or fat-free mass) and function remains unclear in humans, even if most observations appear rather reassuring. 
The complexity of assessing body composition (especially SMM) as well as muscle strength and other muscle features underscores the need for standardized definitions and methodologies in this field, especially to be able to make appropriate comparisons between weight loss studies, for instance trials with GLP-1-based therapies versus dietary caloric restriction or bariatric surgery.
It is important to consider the interplay between SMM and metabolic regulation, leading for instance to intramuscular fat infiltration as shown using MRI in human studies and mitochondrial dysfunction as demonstrated in rodents when treated with GLP-1-based therapies. Current available data highlight the need to consider not only muscle mass, but also its functional and biochemical properties (muscle quality) when evaluating the impact on metabolic health of weight loss induced by pharmacological interventions, such as incretin-based therapies. For the time being, considerations like advanced age and prefrailty may affect the choice of suitable candidates in clinical practice for GLP-1-based therapies due to the associated potential risk of sarcopenia. Obviously, the interrelationship between GLP-1RAs, weight loss and potential risk of sarcopenia is a hot topic in regard of the numerous recent publications dealing with the potential effects of GLP-1-based therapies on muscle mass/function. Further studies are awaited to more precisely delineate the positive or negative effects of these amazing medications on skeletal muscle in humans, also independently of the presence of obesity. 
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Figure 1 : Weight loss-related indirect effects of GLP-1-derived therapies and their potential impact on muscle health.
FFM : fat-free mass. SMM : skeletal muscle mass. VAT visceral adipose tissue
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