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Background: Semaglutide, a glucagon-like peptide-1 receptor agonist, effectively promotes weight loss and improves metabolic 
parameters in individuals with obesity. However, its use is often accompanied by reductions in lean mass, raising concerns about 
long-term muscle health. This study explored whether combining semaglutide with exercise could preserve muscle mass and en-
hance metabolic outcomes.
Methods: Ldlr−/−.Leiden mice with diet-induced obesity, insulin resistance, metabolic dysfunction-associated steatohepatitis 
and atherosclerosis were either left untreated (control) or treated with semaglutide, exercise or the combination for 14 weeks. His-
tological and transcriptomic analyses were conducted on adipose tissue, muscle, liver and heart to explore underlying mecha-
nisms.
Results: Semaglutide significantly reduced fat mass (–31%) but also lean mass (–11%). Combining semaglutide with exercise fur-
ther reduced fat mass (–45%) and lean mass as well but to a lesser extent (–8%). Semaglutide alone or with exercise improved in-
sulin sensitivity and plasma lipids. The combination improved adipose tissue inflammation, liver steatosis, liver inflammation and 
atherosclerotic lesion area. Only combination treatment significantly improved grip strength and diameter of gastrocnemius 
myofibers. Multi-organ histological and transcriptomic analyses revealed organ-specific and synergistic effects of combination 
therapy, including activation of pathways involved in mitochondrial function, glucose metabolism, and inflammation resolution.
Conclusion: Semaglutide improves metabolic, liver, vascular and adipose parameters but reduces lean mass and muscle strength. 
Combining semaglutide intervention with exercise enhances these benefits with partial preservation of muscle mass and function 
and activation of distinct molecular pathways not engaged by either monotreatment, thereby underscoring the potential of inte-
grating lifestyle interventions with pharmacological treatment.
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INTRODUCTION

In recent years, glucagon-like peptide-1 (GLP-1) receptor ago-
nists, including semaglutide, have gained widespread attention 
for their efficacy in managing obesity. Although initially devel-
oped for glycemic control in patients with type 2 diabetes mel-
litus, they were revealed to have substantial weight-lowering 

effects as well [1,2]. This dual action resulted in their approval 
as the first pharmacological intervention specifically indicated 
for treatment of obesity [3]. Their mechanisms of action, rang-
ing from delayed gastric emptying and enhanced insulin secre-
tion to appetite suppression and altered lipid metabolism, are 
now well characterized [4,5].

Nevertheless, concerns have been raised regarding the rapid 
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weight loss induced by semaglutide, as the reductions in body 
weight involve a concurrent reduction in lean body mass as 
well. Skeletal muscle is not only essential for mobility and 
strength but also plays a crucial role in maintaining insulin 
sensitivity and metabolic homeostasis. While the pleiotropic 
effects of semaglutide are well documented, the long-term 
metabolic effects, particularly those related to loss of lean mass, 
remain poorly understood. Preservation of lean body mass 
during semaglutide-induced weight loss is therefore essential 
to mitigate the risk of sarcopenia.

We hypothesized that combining semaglutide intervention 
with exercise could preserve muscle mass, thereby optimizing 
body composition as well as metabolic and functional out-
comes. To investigate this, we used diet-induced obese Ldlr−/−.
Leiden mice, a mouse model that recapitulates key features of 
the metabolic syndrome when fed a high-fat diet (HFD), in-
cluding insulin resistance, hyperlipidemia, metabolic dysfunc-
tion-associated steatohepatitis (MASH) and atherosclerosis [6-
11]. These animals were treated with semaglutide, exercise or 
the combination thereof, and changes in body composition 
were followed in time. Multi-tissue histological and transcrip-
tomic analyses were conducted to elucidate the molecular 
mechanisms and inter-organ communication underlying the 
physiological responses to semaglutide and exercise, and to ex-
plore their potential synergistic effects.

METHODS

Detailed information on experimental methods can be found 
in the Supplementary Methods.

Experimental design
Experimental procedures were approved by the governmental 
central committee on animal experiments (AVD5010020172064) 
and an independent Animal Welfare body of The Netherlands 
Organization for Applied Scientific Research (IVD TNO; TNO-
558). Animals were bred and housed at an AAALAC-accredit-
ed specific pathogen-free animal facility (TNO Metabolic Health 
Research, Leiden, the Netherlands). The Ldlr−/−.Leiden mouse 
model was chosen because these mice develop characteristics 
of the metabolic syndrome including obesity, insulin resis-
tance, hyperlipidemia, metabolic dysfunction-associated stea-
totic liver disease (MASLD) with fibrosis and atherosclerosis 
when fed an HFD.

Statistical analysis
All data are presented as mean±standard error of the mean 
(SEM). Non-parametric testing was done to determine differ-
ences between groups. To this end, Kruskal-Wallis testing was 
performed, followed by Mann-Whitney U testing for indepen-
dent samples. All statistical analyses were performed using 
SPSS software version 29.0.2.0 (IBM Co., Armonk, NY, USA). 
Two-tailed P values are reported and a P<0.05 was considered 
statistically significant. 

For transcriptome analysis, differentially expressed pathways 
(DEPs) and upstream regulators (URs) were selected based on 
pathway enrichment (P value Fisher’s exact test <0.01) and z-
score for directionality. A z-score <–2 indicates a predicted re-
duced activity and a z-score >2 indicates a predicted increased 
activity based on the direction of gene expression changes of 
target genes.

RESULTS

Semaglutide alone and with exercise improves metabolic 
parameters in obese Ldlr−/−.Leiden mice
HFD feeding increased body weight (21% vs. chow) (Fig. 1A) 
without any significant difference in food intake (Fig. 1B). The 
increase in body weight was primarily due to an increase in fat 
mass (67%), with lean mass unchanged (Fig. 1C and D). HFD 
decreased insulin sensitivity, as reflected by a 2-fold increase in 
plasma insulin levels (P=0.065, vs. chow) (Fig. 1E). Plasma 
cholesterol, triglycerides and alanine transaminase (ALT) were 
increased as well, while blood glucose remained similar in 
HFD-fed versus chow-fed mice (Supplementary Fig. 1A-D).

Semaglutide intervention during the last 14 weeks precluded 
the increase in body weight (–19%) (Fig. 1A), driven by de-
creases in fat (–31%) and lean mass (–11%) (Fig. 1C) versus 
HFD control. Exercise alone reduced body weight by 6%, main-
ly through fat mass reduction (–13%) while maintaining lean 
mass. Combining semaglutide with exercise profoundly re-
duced body weight (–24% vs. HFD control), with fat and lean 
mass reduced by 45% and 8%, respectively. Although lean mass 
was lower at the study endpoint, it appeared higher throughout 
the study in the combination group versus semaglutide alone 
(Fig. 1D). All semaglutide-treated mice showed a temporary 
decline in calorie intake during the first week, which normal-
ized thereafter (Fig. 1B). Semaglutide alone and with exercise 
improved glucose (semaglutide: –15%; combination: –17%) 
(Supplementary Fig. 1A) and insulin levels (semaglutide: 
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Fig. 1. Semaglutide alone and with exercise improve metabolic parameters in obese Ldlr−/−.Leiden mice and reduce white adipose 
tissue (WAT) inflammation. Body weight (A), food intake (B), fat and lean mass (endpoint) (C), lean mass over time (D) and plas-
ma insulin (E). Representative images of WAT cross-sections stained with hematoxylin-phloxine-saffron (HPS; arrow indicates 
Crown-like structures) (F). Weights of perigonadal WAT (pgWAT), subcutaneous WAT (scWAT) and brown adipose tissue (BAT) 
(G), adipocyte size (H), adipocyte size as percentage of total adipocytes (I) and WAT inflammation (J). Values are presented as 
mean±standard error of the mean for n=14–15 mice. CLS, Crown-like structure. aP<0.05, bP<0.01, cP<0.001 vs. high-fat diet 
(HFD) control.
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–41%; combination: –62%) (Fig. 1E) relative to untreated con-
trols, with insulin significantly lower in the combination group 
than semaglutide monotreatment group (–36%), indicating 
enhanced insulin sensitivity. Cholesterol and triglyceride levels 
were reduced by semaglutide alone (both –33%), tended to be 
reduced by exercise (cholesterol: –13%, P=0.089; triglycerides: 
–24%, P=0.098) and were significantly reduced by the combi-
nation (–35% and –47%, respectively) (Supplementary Fig. 1B 
and C). Plasma ALT concentrations were reduced by semaglu-
tide (–71%), exercise (–28%), and the combination (–77%) rel-
ative to untreated controls (Supplementary Fig. 1D). Similarly, 
semaglutide and the combination of semaglutide and exercise 
reduced plasma levels of the fibrosis surrogate marker TIMP 
metallopeptidase inhibitor 1 (TIMP1) (Supplementary Fig. 
1E).

Semaglutide, exercise, and the combination reduce white 
adipose tissue inflammation
Thirty-four weeks of HFD feeding increased subcutaneous 
white adipose tissue (scWAT; 100%) and brown adipose tissue 
(BAT; 43%) mass, while perigonadal white adipose tissue (pg-
WAT) remained unchanged (Fig. 1G). Relative to HFD con-
trols, semaglutide reduced scWAT (–26%) and BAT (–33%) 
weight, while pgWAT remained similar. Exercise alone did not 
affect adipose depot weights. Conversely, combination treat-
ment had the strongest effect, significantly reducing pgWAT 
(–31%), scWAT (–53%) and BAT (–36%) weights versus HFD 
controls and pgWAT (–25%) and scWAT (–49%) versus HFD 
reference. Compared to semaglutide alone, the combination 
further lowered pgWAT (–20%) and scWAT (–37%).

Histological analysis of pgWAT (Fig. 1F) revealed no increase 
in adipocyte size in HFD controls versus aging chow-fed mice 
(Fig. 1H). Surprisingly, exercise tended to increase adipocyte 
size (11%, P=0.065), but not when combined with semaglu-
tide. More detailed analysis revealed that semaglutide reduced 
the percentage of large hypertrophic adipocytes (>8,000 µm2) 
(–47%) (Fig. 1I). Exercise increased adipocytes in the 6,000 to 
8,000 µm2 (69%) and >8,000 µm2 (44%) ranges. Conversely, 
combination treatment increased the percentage of small adi-
pocytes (<2,000 µm²) (7%) and reduced medium and large 
ones (4,000–6,000: –33%; 6,000–8,000: –48%; >8,000: –34%). 
Since larger adipocytes promote inflammation [12], crown-
like inflammatory structures were quantified (Fig. 1F and J). 
Inflammation was significantly reduced by semaglutide 
(–72%), exercise (–47%), and the combination (–68%), with 

both semaglutide-treated groups reaching levels below start of 
treatment HFD reference.

Combination of semaglutide and exercise improves muscle 
function
Since exercise partly prevented semaglutide-induced lean mass 
loss (Fig. 1D), muscle parameters were further analyzed. HFD 
feeding reduced relative weight of gastrocnemius and soleus 
(–9% vs. chow) (Fig. 2B). Only the combination treatment 
with semaglutide and exercise increased their weight versus 
HFD controls (20%) and versus semaglutide (13%). Grip 
strength was impaired in HFD controls (–32% vs. chow) and 
was significantly improved by the combination treatment only 
(17%) (Fig. 2C).

In the soleus, HFD feeding reduced the percentage of slow 
(type I) myofibers versus chow-fed mice (–15%) (Fig. 2A and 
D). Semaglutide alone or with exercise, restored slow myofi-
bers levels to those observed in chow-fed mice (15% and 18%, 
respectively, vs. HFD control), while exercise alone had no ef-
fect.

In the gastrocnemius, HFD feeding reduced myofiber size 
(minimal Feret’s diameter) (–10% vs. chow) (Fig. 2E). Sema-
glutide tended to increase myofiber size (4%, P=0.0502), while 
exercise (8%) and the combination (9%) significantly increased 
this. Despite reduced absolute muscle weight, combination in-
tervention increased myofiber diameter, a discrepancy that 
was not due to changes in intramuscular triglyceride content, 
which remained stable across groups (Fig. 2F).

Mechanistic effects were further studied by assessing the ef-
fects of semaglutide on myotube differentiation and function 
in C2C12 cells (Fig. 2G). In differentiating C2C12 cells, prosta-
glandin D2 (negative control) reduced myofiber size (–39% vs. 
phosphate-buffered saline) while semaglutide had no effect 
(Fig. 2H), indicating the in vivo increase in myofiber size is not 
due to direct action on muscle cells. Semaglutide also did not 
affect myotube differentiation (fusion index, Supplementary 
Fig. 2A) or glucose uptake, while insulin (positive control) did 
increase glucose uptake (11%) (Fig. 2I). Furthermore, plasma 
concentrations of the inflammatory myokine interleukin 6 
were not significantly affected by semaglutide, exercise, or the 
combination (Supplementary Fig. 2B). Similarly, semaglutide 
and exercise alone did not affect plasma levels of the marker of 
neuro-muscular signaling brain-derived neurotrophic factor 
(BDNF), while combination treatment significantly increased 
plasma BDNF levels (Supplementary Fig. 2C). Finally, plasma 
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Fig. 2. Combination of semaglutide with exercise improves muscle function. Representative images of soleus muscle cross-sec-
tions stained with anti-myosin heavy chain 7 (MYH7) (slow, type I fibers) and laminin (basal lamina) (A). Weight of the gastroc-
nemius and soleus muscle, absolute values and relative to body weight (B), 2-paw grip strength (C), percentage of type I myofibers 
in the soleus muscle (D), minimal Feret’s diameter of myocytes in the gastrocnemius muscle (E), triglyceride content of the gas-
trocnemius muscle (F). In vitro experiment in C2C12 myotubes with representative image of a Jenner-Giemsa staining (G), myo-
fiber diameter (H) and glucose uptake (I). Values are presented as mean±standard error of the mean for n=14–15 mice (B-F) or 
for n=3–6 measurements per condition in vitro (H-I). aP<0.05, bP<0.01, cP<0.001 vs. high-fat diet (HFD) control (B-F) or phos-
phate-buffered saline (PBS) (H-I).
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levels of the muscle-specific marker myostatin significantly re-
duced with HFD feeding relative to chow controls, but in-
creased with semaglutide, exercise, or combination interven-
tion (Supplementary Fig. 2D). These findings suggest that 
semaglutide-induced changes in muscle morphology are likely 
mediated through indirect mechanisms.

Semaglutide alone and with exercise has beneficial effects 
on hepatic steatosis and inflammation but not fibrosis
Thirty-four weeks on HFD increased liver weight (43% vs. 
chow), which was partially reversed by semaglutide (–39%), 
exercise (–19%), and their combination (–46%) (Fig. 3B). His-
tological analysis (Fig. 3A) revealed that semaglutide reduced 
macrovesicular (–65%) and microvesicular (–43%) steatosis, 
exercise reduced macrovesicular steatosis (–43%) and the 
combination had additive effects on macrovesicular steatosis 
(–79% vs. HFD control; –41% vs. semaglutide; –64% vs. exer-
cise) (Fig. 3C and D). Additionally, microvesicular steatosis 
was almost completely abolished in the combination treatment 
group (–98% vs. HFD control).

Hepatic inflammation, minimal in chow-fed mice, was 
markedly elevated in HFD-fed mice, with aggregates of mono-
nuclear and polymorphonuclear cells visible at intervention 
start (HFD reference; Fig. 3E). Hepatic inflammation was sig-
nificantly reduced by semaglutide (–81%), exercise (–66%), 
and their combination (–89%) versus HFD controls, even be-
low levels observed in the HFD reference group.

HFD feeding induced hepatic fibrosis (Fig. 3A and F), which 
progressed during the intervention period (Fig. 3F). However, 
fibrosis was not significantly affected by semaglutide, exercise 
or the combination relative to HFD control group (Fig. 3F). 
Similarly, fibrosis stage was not affected by either intervention, 
with fibrosis present within perisinusoidal and periportal areas 
(stage F2) and bridging fibrosis (stage F3) (Fig. 3G).

Combining semaglutide intervention with exercise reduces 
cardiac mass, cardiomyocyte size and atherosclerotic lesion 
area
HFD feeding induced an increase in heart weight (15% vs. 
chow), which was reversed by semaglutide alone (–13%) and in 
combination with exercise (–11%), but not by exercise alone (Fig. 
4B). Similarly, semaglutide reduced cardiomyocyte size (sema-
glutide: –11%; combination: –15% vs. HFD control) (Fig. 4C).

Ldlr−/−.Leiden mice naturally develop atherosclerosis dur-
ing aging, which can be aggravated by HFD feeding (Fig. 4A). 

HFD feeding for 34 weeks increased total cholesterol exposure 
(concentration×weeks) throughout the whole study (2.5-fold 
increase vs. chow) (Fig. 4D). Despite lower cholesterol levels 
during the final 14 weeks, none of the interventions reduced 
total cholesterol exposure.

Elevated cholesterol exposure induces atherosclerosis devel-
opment (Fig. 4A), illustrated by a 3.3-fold increase in athero-
sclerotic lesion area in HFD-fed mice (vs. chow) (Fig. 4E). 
Semaglutide tended to reduce lesion area (–20%, P=0.067) 
and while exercise did not affect lesion area, combination 
treatment significantly reduced lesion area (–27%). Lesion se-
verity, already high in chow-fed mice, worsened with HFD 
(Fig. 4F) but was not significantly affected by any intervention. 
However, combination intervention resulted in 35% fewer se-
vere lesions compared to semaglutide alone.

Differential effects of semaglutide, exercise and 
combination intervention on transcriptomics profile
Histological analysis of white adipose tissue (WAT), muscle, 
liver and hearts, revealed substantial benefits of semaglutide, 
exercise and their combination. Next generation sequencing 
identified DEPs across treatments and tissues (Fig. 5, Venn di-
agrams proportional in size). Semaglutide predominantly af-
fected gene expression in the liver, while exercise mainly im-
pacted muscle tissue. Overlap between interventions was min-
imal in WAT, modest in aorta, and more pronounced in mus-
cle and liver. Combination of semaglutide with exercise in-
duced many new pathways, especially in WAT and aorta, while 
losing other pathways, demonstrating that combination treat-
ment was not merely the sum of monotreatments. The combi-
nation treatment clearly affected the most pathways, with the 
most pronounced effects observed in the liver. 

In WAT, semaglutide affected a modest number of DEPs 
(n=88), albeit more than exercise monotreatment (n=48). The 
top 15 most enriched pathways (Fig. 5A) demonstrate that 
semaglutide influenced diverse signaling pathways, while exer-
cise mainly upregulated inflammatory and metabolic path-
ways. For combination intervention, 58% of pathways en-
riched by semaglutide monotreatment overlapped, while this 
overlap with exercise monotreatment was only 15%. Notably, 
the combination treatment activated 211 novel pathways not 
observed in either monotreatment. These were primarily relat-
ed to signaling and cancer-associated processes, with most 
genes showing reduced expression, underscoring a distinct 
synergistic effect.
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Fig. 3. Semaglutide with exercise reduces hepatic steatosis and inflammation but not fibrosis. Representative histological images 
of liver cross-sections stained with hematoxylin and eosin (H&E; arrows indicate areas with macrovesicular and microvesicular 
steatosis and aggregated inflammatory cells) and Sirius Red (arrow indicates area with fibrosis) (A). Liver weight (B), macrovesic-
ular steatosis (C) and microvesicular steatosis (D) as percentage of surface area, inflammation as number of inflammatory aggre-
gates (E), fibrosis as percentage of surface area (F) and fibrosis stage (F0–F4) (G). Values are presented as mean±standard error of 
the mean for n=14–15 mice. aP<0.05, bP<0.01, cP<0.001 vs. high-fat diet (HFD) control.
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In the gastrocnemius, semaglutide affected 131 pathways, 
with the top 15 most enriched pathways mainly involved in 
metabolic and inflammatory processes (Fig. 5B). Exercise had 

strong effects on muscle (152 DEPs), for the top 15 DEPs espe-
cially involved in mitochondrial processes and with most genes 
upregulated. Combination of semaglutide with exercise in-
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Fig. 4. Combining semaglutide with exercise reduces heart weight, cardiomyocyte size and atherosclerotic lesion area. Represen-
tative images of hematoxylin-phloxine-saffron (HPS)-stained cross-sections of the aortic root area (lesion area of interest indicat-
ed in green) (A). Heart weight (B), cardiomyocyte area (C), total cholesterol exposure (D), atherosclerotic lesion area (E) and le-
sion severity (F). Values are presented as mean±standard error of the mean for n=14–15 mice. aP<0.05, bP<0.01, cP<0.001 vs. 
high-fat diet (HFD) control.
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Undiseased Mild (I–III) Severe (IV–V)

duced differential expression of n=143 pathways that largely 
(75%) overlapped with both monotreatments and introducing 
36 new pathways. The top 15 of those additional pathways 
were largely involved in metabolic processes, including glucose 
metabolism and insulin signaling, which were not affected by 
either monotreatment in muscle.

In liver, the effect of semaglutide was largest (n=457 DEPs), 
with the top 15 most enriched pathways involved in metabolic, 

inflammatory and signaling processes (Fig. 5C). Exercise alone 
had minimal effects in the liver (n=31), mostly affecting mito-
chondrial and metabolic pathways. Combination intervention 
altered n=531 pathways, largely overlapping with those in-
duced by semaglutide alone, including all top 100 DEPs. Addi-
tionally, 143 unique pathways were induced in the combina-
tion intervention group, for the top 15 primarily related to fi-
brotic and mitochondrial processes.
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Fig. 5. Continued to the next page.
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Fig. 5. Continued to the next page.
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Among the four organs, the aorta showed the least DEPs. 
Semaglutide affected 51 pathways, primarily involved in meta-
bolic and inflammatory processes (Fig. 5D), including athero-
sclerosis signaling, consistent with observed atherosclerotic le-
sion reductions (Fig. 4). Exercise enriched n=46 pathways in-
volved in similar processes. Combination intervention induced 
n=130 pathways with limited overlap with both monotreat-
ments (n=30) and n=100 unique pathways of which the top 
15 were primarily involved in fibrosis and collagen synthesis.

Semaglutide and exercise have synergistic effects on key 
upstream regulators
In an UR analysis, the predicted activation or deactivation 
states (z-score) of URs, e.g., transcription factors, signaling 
proteins and metabolites, are determined based on down-
stream gene expression. Fig. 6 displays the top eight (or less if 
not available) most significantly upregulated (z-score >2.0) 
and top eight most significantly downregulated (z-score <–2.0) 
URs in WAT, muscle, liver and aorta for each intervention.

In WAT, semaglutide enhanced activation of URs across var-
ious processes, including reduced activity of glycogen synthase 
kinase-3 beta (GSK3B; glycogen metabolism) and acyl-CoA 
synthetase long chain family member 4 (ACSL4; fatty acid me-
tabolism). Exercise strongly activated URs linked to glucose 
homeostasis, such as hepatocyte nuclear factor 4 alpha (HN-
F4A) and HNF1A. Combination of semaglutide with exercise 
strongly downregulated URs including immunoglobulin E, in-
terferon alpha, transforming growth factor beta 1 (TGFB1), 
and colony stimulating factor 2 (CSF2), further substantiating 
the anti-inflammatory effects observed at the histological level.

In muscle, semaglutide activated URs involved in lipid and 
sterol metabolism (Niemann-Pick type C1 [NPC1], cyto-
chrome P450 family 7 subfamily B member 1 [CYP7B1]) and 

deactivated URs involved in glucose homeostasis (HNF4A, 
HNF1A, adiponectin, C1Q and collagen domain containing 
[ADIPOQ]). Exercise activated URs central to energy metabo-
lism, glucose homeostasis and mitochondrial health (PPARG 
coactivator 1 alpha [PPARGC1A], insulin receptor [INSR], 
frataxin [FXN]). The combination treatment activated shared 
URs from both monotreatments (CYP7B1, FXN, calcium 
binding protein 39 like [CAB39L]) and similarly deactivated 
URs involved in glucose and lipid metabolism (HNF4A, HN-
F1A, ADIPOQ, dual specificity tyrosine phosphorylation reg-
ulated kinase 1B [DYRK1B]).

In the liver, semaglutide activated URs involved in inflam-
mation and lipid metabolism, consistent with histological im-
provements in steatosis and inflammation. Notably, immuni-
ty-related GTPase family M member 1 (Irgm1; a suppressor of 
inflammasome activation) and MLX interacting protein like 
(MLXIPL; central in glucose metabolism) were strongly acti-
vated, while inflammatory cytokines such as interferon alpha, 
CSF2, and interleukin 33 were deactivated. Exercise alone had 
minimal effects, with only four URs deactivated across various 
processes. The combination treatment largely mirrored the ef-
fects of semaglutide monotreatment, with slightly broader UR 
activation and deactivation.

In aorta tissue, semaglutide mainly deactivated URs linked 
to immune activation (CSF2, IL1A, tumor necrosis factor 
[TNF], interferon gamma [IFNG], mitogen-activated protein 
kinase kinase kinase 8 [MAP3K8]). Exercise predominantly 
deactivated URs involved in lipid and glucose metabolism 
(nuclear receptor subfamily 1 group H member 4 [NR1H4], 
PPARG, ADIPOQ, HNF1A, HNF4A). The combination treat-
ment had the strongest effects, activating URs related to extra-
cellular matrix remodeling and fibrosis (FKBP prolyl isomer-
ase 10 [FKBP10], collagen type V alpha 1 chain [COL5A1], 

Fig. 5. Venn diagrams illustrating the overlap of differentially expressed pathways. Differentially expressed pathways in white adi-
pose tissue (WAT) (A), muscle (B), liver (C) and aorta (D) between Ldlr−/−.Leiden mice receiving semaglutide vs. untreated mice 
(blue circle), mice that received exercise intervention vs. untreated mice (yellow circle) or mice receiving the combination of 
semaglutide and exercise vs. untreated mice (green circle). The top 15 most significantly enriched are shown for different portions 
of the Venn diagram, i.e., the genes affected by semaglutide treatment (blue bars), the genes affected by exercise (yellow bars) and 
the genes uniquely affected by combination treatment (green bars). Hatched bars represent downregulated genes, open bars rep-
resent upregulated genes. PAK, p21-activated kinase; LXR, liver X receptor; RXR, retinoid X receptor; DHCR24, 24-dehydrocho-
lesterol reductase; FXR, farnesoid X receptor; LPS, lipopolysaccharide; IL-1, interleukin 1; GTPase, guanoside triphosphatase; 
TCA, tricarboxylic acid; BMAL1, brain and muscle arnt-like 1; CLOCK, circadian locomotor output cycles kaput; NPAS2, neuro-
nal PAS domain protein 2; MHC, major histocompatibility complex; CLEAR, coordinated lysosomal expression and regulation; 
RAC, Ras-related C3 botulinum toxin substrate; EIF2, eukaryotic initiation factor 2; ADME, absorption, distribution, metabo-
lism, and excretion; XBP1, X box binding protein 1; TRIM21, tripartite motif containing 21; FcγRIIB, Fc gamma receptor IIb.
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Fig. 6. Semaglutide and exercise have synergistic effects on key upstream regulators (URs). UR analysis illustrating the predicted 
activation state (z-score) of URs, based on expression changes of their target genes. The overlap P value indicated significance of 
the overlap between the known target genes of an UR and the differentially expressed genes measured in the experiment. Red col-
or indicates upregulation and blue color indicates downregulation. The top 8 most significantly upregulated and top 8 most sig-
nificantly downregulated URs (if applicable) are shown for semaglutide, exercise and the combination of semaglutide with exer-
cise for white adipose tissue (WAT), muscle, liver, and aorta.
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miR-29b-3p), consistent with findings from the DEP analysis 
(Fig. 5D), and deactivating inflammatory regulators (on-
costatin M [OSM], C-C motif chemokine receptor 2 [CCR2], 
TGFB1, MAP3K8).

In summary, UR analysis revealed distinct effects of sema-
glutide and exercise alone across organs, with the combination 
treatment showing the largest effects. Furthermore, UR analy-
sis revealed additional regulatory responses, indicating that 
combining semaglutide with exercise is not merely the sum of 
the two monotreatments.

DISCUSSION

Besides their effectiveness on glycemic control, GLP-1 receptor 
agonists like semaglutide have demonstrated significant bene-
fits in treating obesity as well, yet concerns have emerged re-
garding associated loss of muscle mass during treatment. In 
this study using HFD-fed Ldlr−/−.Leiden mice, we have dem-
onstrated that exercise partly protects against this semaglutide-
induced loss of lean mass, while preserving reductions in fat 
mass and metabolic benefits. Moreover, while semaglutide 
alone already had strong beneficial effects, these were further 
enhanced by adding exercise. The added value of combining 
semaglutide with exercise was reflected in improved insulin 
sensitivity, more pronounced reductions in WAT weights, in-
creased weight of gastrocnemius and soleus muscles, enhanced 
grip strength, and further reductions in hepatic steatosis and a 
significant reduction in atherosclerotic lesion area with fewer 
severe atherosclerotic lesions. Detailed histological and tran-
scriptomics analysis revealed both organ-specific and inter-or-
gan effects, providing mechanistic insights that support the 
added benefit of combining exercise with semaglutide in indi-
viduals with metabolic syndrome.

Sarcopenic obesity is associated with a 38% increased risk of 
developing type 2 diabetes mellitus [13]. Additionally, patients 
with MASLD and sarcopenia have worse (cardiovascular) out-
comes and higher mortality rates [14-16]. Therefore, preserva-
tion of lean mass during rapid weight loss is crucial. In this 
study, semaglutide significantly reduced fat and lean mass. 
However, when combined with exercise, the reduction in lean 
mass was attenuated, while fat mass was further reduced. No-
tably, relative mass of gastrocnemius and soleus increased only 
in the combination intervention group, whereas the monotreat-
ments separately had no effect. Moreover, combination inter-
vention improved grip strength, indicative of enhanced muscle 

function as well. In patients with obesity, muscle composition 
analysis showed significantly lower proportion of type I fibers 
(slow) and higher proportion of type II fibers (fast) compared 
to lean individuals, with partial restoration of type I fibers fol-
lowing weight loss [17]. Here, semaglutide alone and with ex-
ercise promoted a shift toward type I myofiber composition. 
These myofibers are associated with better insulin sensitivity 
due to their higher expression of glucose-handling molecules 
compared to type II myofibers [18]. Possibly, this shift in myo-
fiber composition contributed to glycemic control as evi-
denced by the synergistic effect of semaglutide and exercise on 
lowering insulin levels and thus improving insulin sensitivity. 
Transcriptomics analysis in muscle further substantiated these 
additive findings and revealed that only in the combination 
treatment, pathways concerning glucose metabolism and insu-
lin secretion signaling were affected. In C2C12 myotubes, we 
found no direct effects of semaglutide on either glucose uptake 
or myofiber diameter. Furthermore, plasma levels of the mus-
cle-specific marker myostatin were significantly increased only 
in the combination treatment group. These data support a con-
sistent interpretation that semaglutide may not act directly on 
muscle fibers but instead improves systemic metabolic condi-
tions that enhance the muscle-adaptive response to exercise. 
This aligns with growing evidence that GLP-1 receptor ago-
nists exert several acute, weight- and food-intake independent 
effects that optimize the metabolic environment in which 
muscle responds to external stimuli. GLP-1 can acutely im-
prove hepatic and muscle insulin sensitivity and reduce endog-
enous glucose production [19-21], and can enhance insulin 
action via microvascular recruitment in muscle [22]. It is well 
known that GLP-1 affects different neural circuits involved in 
the regulation of energy and metabolism, including the sup-
pression of neuropeptide Y/agouti-related peptide (NPY/
AgRP) neurons, thereby immediately affecting metabolism in 
peripheral tissues [23,24]. For NPY we previously showed that 
selective sympathetic denervation of the liver could completely 
block the metabolic effects of NPY on hepatic insulin resis-
tance, while this was not the case for parasympathetic denerva-
tion [25]. All together, these acute endocrine, vascular and 
neural effects offer a concise mechanistic framework explain-
ing how semaglutide primes systemic metabolism and thereby 
enhances the capacity of exercise to induce metabolic and mi-
tochondrial adaptations. Semaglutide alone already had strong 
effects on circulating risk factors of metabolic syndrome and 
adding exercise provided significant additional benefit for 
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plasma insulin levels only. In the liver, semaglutide improved 
markers of MASLD, which has been described before in pre-
clinical [26-28] and clinical studies. Here, semaglutide, exercise 
and to a larger extent their combination all improved steatosis 
and inflammation in the liver. The latter was further substanti-
ated at the transcriptomics level, where the interventions af-
fected pathways involved in e.g., leukocyte extravasation and 
acute phase response signaling and URs involved in lipid me-
tabolism. Hepatic fibrosis was not affected by either of the 
treatments, while in the latest phase 3 trial semaglutide im-
proved steatohepatitis in 63% of the patients, but also reduced 
hepatic fibrosis in 37% of the patients. This apparent contra-
diction can be explained by the fact that mice were fed a HFD 
for 34 weeks in total with treatment during the final 14 weeks. 
Due to the relatively long half-life of collagen fibers and slow 
turn-over of matrix remodeling, a 14-week intervention is 
likely insufficient to produce end-stage histologically detect-
able changes in fibrosis, whereas de novo collagen synthesis is 
already decreased as we have demonstrated previously for in-
tervention with an fibroblast growth factor 21 (FGF21) mi-
metic [29]. Furthermore, in our previous study in the same 
mouse model, we have demonstrated that while semaglutide 
also in that study did not affect histological fibrosis expressed 
as percentage of surface area, a more detailed analysis revealed 
that semaglutide ameliorated the collagen network architec-
ture and significantly decreased the more aggregated collagen 
fibers in the liver [26]. In the present study, mice treated with 
semaglutide alone or with exercise, also showed improvements 
in the circulating marker of fibrosis TIMP1, indicative of re-
duced extracellular matrix turnover. Taken together with the 
observation that among the most significantly affected DEPs 
in the combination treatment group were pathways involved 
in fibrosis processes, such as collagen biosynthesis, these find-
ings support the hypothesis that a longer treatment duration 
may ultimately result in detectable antifibrotic effects. 

Metabolic syndrome is independently associated with car-
diovascular risk and cardiovascular and all-cause mortality 
[30]. In the vasculature, we have demonstrated that semaglu-
tide reduced heart weight and cardiomyocyte size, which is in 
line with a previous study in both human subjects and mice 
[31]. Despite the long exposure to high cholesterol levels, 
semaglutide monotreatment also tended to reduce atheroscle-
rotic lesion area and combined with exercise atherosclerotic le-
sion area was significantly reduced. These results were substan-
tiated by the transcriptomics analysis of the aorta that revealed 

semaglutide indeed affected the atherosclerotic signaling path-
way. These observations are in line with the clinical Semaglu-
tide Effects on Cardiovascular Outcomes in People with Over-
weight or Obesity (SELECT) trial reporting that semaglutide 
reduced the risk of major adverse cardiovascular events in 
overweight or obese, but non-diabetic subjects [32].

While the presence of GLP-1 receptors on different tissues is 
still debated, clearly semaglutide affected directly or indirectly 
the different tissues examined in our study and demonstrated 
several beneficial effects. Despite the concomitant loss of lean 
body mass upon semaglutide, an effect that may become dis-
advantageous after long-term use of semaglutide, we did not 
find detrimental effects of semaglutide on muscle function in 
our study and in fact found several beneficial effects on muscle 
parameters, in line with the recent “A single-arm, open-label, 
pilot study of semaglutide for non-alcoholic fatty liver disease” 
SLIM trial [33]. We observed an increase in type I myofiber 
proportion and a tendency towards increased myofiber size (as 
shown by the increase in minimal Feret’s diameter) that be-
came significant when combined with exercise. Furthermore, 
only in the combination group we observed an improved grip 
strength. Nevertheless, to mitigate any potential long-term ef-
fects of semaglutide-induced sarcopenia, especially combined 
with aging, we strongly recommend accompanying lifestyle 
advice with sufficient exercise (e.g., resistance training) for 
semaglutide users. When taking all our data into account, the 
combination therapy clearly demonstrated the most beneficial 
effects. The additive value of the combination therapy became 
evident in the improved insulin levels, improved grip strength, 
macrovesicular steatosis and atherosclerotic lesion area and 
was supported by transcriptomics analysis of the different tis-
sues that revealed complementary effects of semaglutide and 
exercise on several pathways.

Our study demonstrates that combining semaglutide with 
exercise yields synergistic benefits in the treatment of obesity 
and metabolic syndrome. While semaglutide alone effectively 
improves metabolic parameters and reduces fat mass, it also 
induces a concomitant loss of lean mass and muscle strength. 
The addition of exercise not only amplifies the beneficial meta-
bolic effects of semaglutide, including enhanced insulin sensi-
tivity and reduced hepatic steatosis and atherosclerosis, but 
also partially preserves lean mass and improves muscle func-
tion. Multi-organ transcriptomic profiling revealed that com-
bination therapy activated distinct molecular pathways not en-
gaged by either intervention alone, underscoring a unique in-
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ter-organ crosstalk mechanism. These findings provide com-
pelling evidence that lifestyle interventions can potentiate 
pharmacological therapies and mitigate their adverse effects, 
offering a translational strategy to optimize outcomes in pa-
tients with obesity and metabolic dysfunction.
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SUPPLEMENTARY METHODS

Experimental design
Males were selected due to their higher susceptibility to obesity 
and inflammation. Mice (aged 14 to 19 weeks) were group-
housed in a temperature-controlled room at 50% to 60% hu-
midity and 12-hour light-dark cycle. Mice received food and 
water ad libitum. Body weight, food intake per cage and clini-
cal signs were monitored regularly. One group (n=8) served as 
healthy control group and received the grain-based chow diet 
(Ssniff Spezialdiäten, Soest, Germany) and 75 mice received a 
high-fat diet (HFD) containing 45 kCal% fat from lard, 35 
kCal% carbohydrates and 20 kCal% casein (Research Diets, 
New Brunswick, NJ, USA) to induce metabolic dysfunction-
associated steatohepatitis (MASH) and atherosclerosis.

At t=0, after a 20-week run-in period on HFD, mice were 
matched on body weight, age and glucose, cholesterol and tri-
glyceride levels into equal groups (n=15). Group sizes were 
calculated by power analysis (GPower), using a minimal effect 
size of 30%, two-sided t-test with 95% confidence interval, 
90% power and α of 0.05. One group served as HFD reference 
group and was sacrificed at t=0 to indicate the histological se-
verity (in particular MASH and atherosclerosis) at the start of 
the intervention period and determine whether the interven-
tions affected parameters beyond levels at the start of the inter-
vention period or merely blocked further progression. Anoth-
er group on HFD received daily subcutaneous saline injections 
(HFD vehicle control) for 14 weeks. The third group on HFD 
received daily subcutaneous semaglutide injections (100 µL; 
Ozempic, Novo Nordisk, Bagsværd, Denmark). To acclimatize 
to the final semaglutide dosage (0.12 mg/kg body weight/day), 
the dose was escalated over the course of 5 days at a rate of 
0.024 (20%), 0.048 (40%), 0.072 (60%), 0.096 (80%) mg/kg 
body weight/day until the final dose was reached that was 
maintained for 14 weeks. Doses were adjusted based on weekly 
individual body weights. For the fourth group of mice on 
HFD, a running wheel (Mouse Igloo+Fast Trac, Datesand, 
Bredbury, UK) was added into the cage, to which the mice had 
unlimited access and which has been shown to increase volun-
tary movement in these mice [1]. The last group on HFD re-
ceived both subcutaneous semaglutide injections and a run-
ning wheel in the cage. At the study endpoint at t=14 weeks (or 
at t=0 for the HFD reference group), mice were sacrificed by 
gradual fill CO2 asphyxiation and tissues were collected.

Biochemical analyses
Liver tissue, hearts with aortic roots, ascending aortas, perigo-
nadal white adipose tissue (pgWAT) and subcutaneous white 
adipose tissue and brown adipose tissue were collected. Left 
gastrocnemius and soleus muscles were isolated jointly and 
right gastrocnemius and quadriceps were isolated separately. 
Tissues were snap-frozen in liquid nitrogen for biochemical/
transcriptome analyses or formalin-fixed and paraffin-embed-
ded (FFPE) for histological analyses.

Lean and fat mass were determined at several timepoints us-
ing an NMR EchoMRI whole-body composition analyzer 
(EchoMRI 2-in-1, Echo Medical Systems LTD, Houston, TX, 
USA). Two paw grip strength was measured using a grip force 
meter (TSE Systems GmbH, Bad Homburg, Germany). To this 
end, mice were placed on a grid attached to a force gauge and 
steadily pulled by the tail. Per mouse, five trials were performed 
with 1 minute resting intervals, the highest and lowest values 
for maximum strength produced before releasing the grid were 
excluded and averages of the remaining three trials were taken.

Blood was drawn at several timepoints from the tail vein 
into ethylenediaminetetraacetic acid-coated tubes (Sarstedt, 
Nümbrecht, Germany) after a 5-hour fasting period. At the 
time of blood sampling, blood glucose concentrations were 
determined using a hand analyzer and glucose strips (FreeStyle 
Lite, Chicago, IL, USA). Plasma insulin concentrations were 
measured by enzyme-linked immunosorbent assay (ELISA) 
(#90080; Crystal Chem, Elk Grove Village, IL, USA). Plasma 
cholesterol and triglyceride levels were measured using enzy-
matic colorimetric assays (Roche Diagnostics, Almere, the 
Netherlands). Plasma alanine transaminase concentrations 
were determined by SimpleStep ELISA (Abcam, Cambridge, 
UK). Plasma TIMP1 (DY980; R&D Systems, Abingdon, UK) 
and plasma myostatin (DY788-05; R&D Systems) were all 
measured by ELISA. Plasma interleukin 6 and brain-derived 
neurotrophic factor were measured using a multiplex immu-
noassay panel (U-PLEX Assay Platform, Mesoscle Discovery 
[MSD], Rockville, MD, USA) in accordance with the manufac-
turer’s protocol on a MEDO QuickPlex SQ 120 reader (MSD).

Histological assessment of adipose tissue
A pgWAT (FFPE) was cross-sectioned (5 µm) and stained with 
hematoxylin-phloxine-saffron (HPS). Adipocyte size was ana-
lyzed in ImageJ version 1.53 (National Institutes of Health, 
Bethesda, MD, USA) using the Adiposoft plugin [2] in three 
randomly selected non-overlapping fields (view size 2.4 mm2) 
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as described previously in detail [3-5]. Inflammation was ana-
lyzed in the same fields by counting the number of crown-like 
structures and expressed as number per 1,000 adipocytes [3-5].

Histological and biochemical assessment of muscle tissue
Jointly isolated tissue of the soleus and gastrocnemius (FFPE) 
was cross-sectioned (5 µm) at the thickest part. Epitope retriev-
al was performed by incubating slides in 10 mM sodium citrate 
(pH 6.0) at 95°C for 25 minutes, followed by blocking of endog-
enous peroxidase activity using 0.3% hydrogen peroxide (v/v) 
for 10 minutes. Slides were then blocked in 5% normal goat se-
rum in Tris-buffered saline (TBS) for 30 minutes, followed by 
overnight incubation with a primary antibody mixture contain-
ing anti-myosin heavy chain 7 (MYH7; for slow myofibers) 
(SAB4200670-1:200; Sigma-Aldrich, Burlington, MA, USA) 
and laminin (for basal lamina) (NB300-144-1:100; Novus Bio-
logicals, Centennial, CO, USA) in 1% normal goat serum at 
4°C. Subsequently, slides were incubated with a secondary anti-
body mixture containing goat anti-rabbit horseradish peroxi-
dase (HRP) (Ab6721-1:400, Abcam) and goat anti-mouse alka-
line phosphatase (Ab7069-1:400, Abcam) for 1 hour at room 
temperature. Slides were developed using an HRP substrate kit 
(SK-4700, Vector Laboratories, Burlingame, CA, USA) and al-
kaline phosphatase substrate kit (SK-5100, Vector Laboratories) 
in accordance with the manufacturer’s protocols. Slides were 
scanned with the Pannoramic 500 scanner at 20× magnifica-
tion. In the soleus muscle, MYH7-positive type I (slow) myofi-
bers were counted and expressed as percentage of total myofi-
bers. In the gastrocnemius muscle, minimal Feret’s diameter, 
reported to be least sensitive for sectioning angle of the muscle 
[6], was measured using ImageJ for 15 muscle fibers in three 
randomly selected areas (view size 4.5 mm2), yielding 45 mea-
surements per mouse. In the gastrocnemius muscle, fiber den-
sity was measured manually in three randomly selected areas 
(view size 2.6 mm2). Density of muscle fibers was calculated as 
the total number of muscle fibers relative to the total area of 
muscle fibers analyzed. Intramuscular triglycerides, were deter-
mined in snap-frozen homogenized gastrocnemius samples, 
from which lipids had been extracted as described previously 
[7]. Lipids were separated by high performance thin layer chro-
matography, stained with a color reagent (5 g MnCl2·4H2O, 32 
mL 95%–97% H2SO4 added to 960 mL of CH3OH:H2O 1:1 v/v) 
and quantified using Image Lab software version 5.2.1 (Bio-Rad 
Laboratories B.V., Veenendaal, the Netherlands).

In vitro muscle analysis
Murine C2C12 myoblasts (American Type Culture Collection 
[ATCC], CRL-1772) were cultured in high-glucose Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% fe-
tal calf serum, 1% penicillin-streptomycin, and 1% GlutaMAX 
(Sigma-Aldrich) at 37°C and 5% CO₂. Cells were seeded at 
12,500 cells/well in 24-well plates and differentiated at approxi-
mately 90% confluency (day 0) using DMEM containing 2% 
horse serum, 1% penicillin-streptomycin, 1% glutamax, and 
1% sodium pyruvate (Sigma-Aldrich). Differentiation medium 
was refreshed every other day. On day 6–7, myotubes were 
used for morphological or functional assays. To assess the ef-
fects of semaglutide on differentiation, cells were treated with 
1, 10, or 100 nM semaglutide from day 0. Prostaglandin D₂ (10 
µM, Sigma-Aldrich) served as a negative control [8]. On day 6, 
cells were fixed in methanol and stained with Jenner-Giemsa 
[9]. Myofiber morphology was evaluated by microscopy, and 
ImageJ was used to quantify minimal Feret’s diameter and fu-
sion index (percentage of nuclei within myotubes; approxi-
mately 490±95 nuclei/well) [8]. For glucose uptake, 6-day dif-
ferentiated myotubes were serum-deprived and treated with 
semaglutide (1–100 nM) for 16 hours. After phosphate-buff-
ered saline and buffer washes, glucose uptake was measured 
using a bioluminescent 2-deoxyglucose assay (Promega, Madi-
son, WI, USA; J1341). Insulin (5 nM, Sigma-Aldrich) was used 
as a positive control. Each condition was assessed in replicate 
wells across multiple experiments (n=5–6 measurements, n=3 
for insulin positive control, and n=4 for prostaglandin D2 neg-
ative control).

Histological assessment of the liver
Tissue of the left liver lobe (FFPE) was cross-sectioned (3 µm) 
and stained with hematoxylin and eosin (H&E) or Sirius Red 
(SR). Presence of metabolic dysfunction-associated steatotic 
liver disease (MASLD) was evaluated by a board-certified pa-
thologist in two liver slides per mouse and by using an adapted 
grading system of human MASLD [10,11]. Macrovesicular 
and microvesicular steatosis were determined in H&E-stained 
slides at 40× magnification and expressed as percentage of the 
total analyzed surface area. Inflammation was scored in H&E-
stained slides by counting the number of aggregated inflam-
matory cells per field at 100× magnification. Five random, 
non-overlapping fields (view size 4.2 mm2) were scored and 
data were expressed as average score per mm2. Fibrosis was 
scored in SR-stained slides with computerized analysis and 
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positive staining was expressed as percentage of total analyzed 
liver surface. Fibrosis stage was scored in the same slides by the 
board-certified pathologist consistent with the adapted scoring 
protocol by Tiniakos et al. [12]. Accordingly, fibrosis was scored 
as absence of fibrosis (F0), fibrosis within perisinusoidal/peri-
venular or periportal area (F1), fibrosis within both perisinu-
soidal and periportal areas (F2), bridging fibrosis (F3) or cir-
rhosis (F4).

Histological assessment of vasculature
Heart tissue (FFPE) was cross-sectioned (5 µm) at 50 µm inter-
vals perpendicular to aorta axis. Sections were stained with HPS 
and scanned with the Pannoramic 500 scanner (3DHISTECH 
Ltd., Budapest, Hungary). Atherosclerosis was evaluated in 
four sections per mouse at 50 µm intervals and total lesion area 
per cross-section was determined in SlideViewer version 2.8 
(3DHISTECH Ltd.). Lesion severity was scored into five cate-
gories in line with the American Heart Association classifica-
tion. Accordingly, lesions are classified as undiseased (0), early 
fatty streak (type I), regular fatty streak (type II), mild plaque 
(type III), moderate plaque (type IV), or severe plaque (type V) 
[13,14].

Additional heart tissue (FFPE) was cross-sectioned (5 µm) 
and epitope retrieval was performed by incubating slides in 10 
mM sodium citrate (pH 6.0) at 95°C for 25 minutes, followed 
by blocking of endogenous peroxidase activity using 0.3% hy-
drogen peroxide (v/v) for 10 minutes. Slides were then blocked 
in 5% normal goat serum in TBS for 30 minutes, followed by 
overnight incubation with laminin (for basal lamina) (NB300-
144-1:100, Novus Biologicals) in 1% normal goat serum at 4°C. 
Subsequently, slides were incubated with a goat anti-rabbit HRP 
secondary antibody (Ab6721-1:400; Abcam) for 1 hour at room 
temperature. Slides were developed using an HRP substrate kit 
(SK-4700, Vector Laboratories) in accordance with the manu-
facturer’s protocols. Slides were scanned with the Pannoramic 
500 scanner at 20× magnification. Cardiomyocyte size was de-
termined in the left ventricular wall in one randomly selected 
field per mouse (view size: 0.06 mm2). Cardiomyocyte size was 
quantified using customized macros in ImageJ, yielding mea-
surement of approximately 100 cells per mouse.

Transcriptomics
For transcriptomics analysis, snap-frozen tissue of the right 
liver lobe, right quadriceps femoris, pgWAT and ascending 
aorta were used. RNA was extracted using the RNA-Stat60 to-

tal RNA isolation kit (Amsbio, Cambridge, UK) for liver, mus-
cle and aorta and using the Ambion RNAqueous total RNA 
isolation kit (ThermoFisher Scientific, Waltman, MA, USA) 
for white adipose tissue (WAT).

Total RNA was processed into tagged random sequence li-
braries (NEBNext Ultra II Directional RNA Library Prep Kit 
for Illumina, NEB #E7760S/L, Biolabs, Cambridge, MA, USA) 
and a quality check for proper size distribution was performed 
(300–500 bp peak, Fragment Analyzer). Mixed (multiplex) 
sample libraries were sequenced at GenomeScan BV (Leiden, 
the Netherlands) on an Illumina NovaSeq6000 sequencer with 
a pair-read 150-cycle sequencing protocol, yielding in approxi-
mately 20–40 million read counts per sample. A concentration 
of 1.1 nM DNA was used yielding paired-end reads (2×150 
basepairs) and NovaSeq control software (NCS version 1.7) 
was used. Image analysis, base calling, and quality check was 
performed with the Illumina data analysis pipeline RTA3.4.4 
and Bcl2fastq v2.20. Trimmed Fastq files were merged (in case 
of paired-end reads) and aligned to the reference genome 
(Mus_musculus.GRCm38.gencode.vM19) using the STAR 2.5 
algorithm with default settings (https://github.com/alexdobin/
STAR). Based on the mapped read locations and the gene an-
notation, Htseq-count 0.6.1p1 was used to obtain the read 
mapping frequency per gene per sample (counts), that subse-
quently served as input for the differentially expressed genes 
analysis using the DESeq2-method.32. Due to technical issues 
(% reads mapped to too many loci) with in particular WAT 
and aorta tissue some samples had to be excluded from further 
analysis, ultimately resulting in analysis of n≥14 (and n=8 for 
chow) for muscle and liver, but n=7 chow, n=10 HFD control, 
n=7 semaglutide, n=10 exercise and n=8 combination mice 
for WAT and n=4 chow, n=7 HFD control, n=8 semaglutide, 
n=9 exercise and n=7 combination mice for aorta. These were 
used as input for pathway analysis through Ingenuity Pathway 
Analysis (IPA; Ingenuity Systems Inc., Redwood City, CA, 
USA, accessed May 2025). IPA uses gene expression data of 
known downstream target genes to predict the activation state 
or deactivation state of upstream regulators (e.g., transcription 
factors, signaling proteins, and metabolites). Area-proportion-
al Venn diagrams were prepared using the web application of 
Hulsen et al. [15]. The datasets obtained in this study are acces-
sible at the National Center for Biotechnology Information 
(NCBI) Gene Expression Omnibus (GEO-ID: GSE304862).
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Supplementary Fig. 1. Semaglutide alone and with exercise improve metabolic parameters in obese Ldlr−/−.Leiden mice. Blood 
glucose (A), plasma cholesterol (B), plasma triglycerides (C) plasma alanine transaminase (ALT) (D) and plasma tissue inhibitor 
of metalloproteinases 1 (TIMP1) (E). Values are presented as mean±standard error of the mean for n=14–15 mice. aP<0.05, 
bP<0.01, cP<0.001 vs. high-fat diet (HFD) control.
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Supplementary Fig. 2. In vitro experiment in C2C12 myotubes illustrating fusion index. Values are presented as mean±standard 
error of the mean for n=6 wells (A). Plasma interleukin 6 (IL-6) (B), brain-derived neurotrophic factor (BDNF) (C), and myo-
statin (D). Values are presented as mean±standard error of the mean for n=14–15 mice. aP<0.05 vs. phosphate-buffered saline 
(PBS); bP<0.05, cP<0.01, dP<0.001 vs. high-fat diet (HFD) control.
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