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Introduction:
Obesity, defined as the abnormal or excessive accumulation of fat (1), plays a significant 
pathological role in the development and progression of various chronic diseases, including 
hypertension, diabetes, heart disease, stroke, and cancer. It has also been shown to reduce 
both quality of life and life expectancy (2). In the United States today, the prevalence of 
obesity among adults is just over 40% based on the most used definition of body mass index 
(BMI) ≥ 30 kg/m2 (3). Globally, adult obesity has more than doubled over the past 25 years, 
with rates of adolescent obesity quadrupling during this same time frame (1). Given the 
immense impact of obesity on the development of multiple medical comorbidities, effective 
treatments and their successful implementation continue to play a critical role in combating 
this growing public health crisis.

The treatment of obesity involves weight loss achieved through interventions, including 
behavioral modification, bariatric surgery, and pharmacological therapy (4). For adults with 
obesity, losing as little as 5% body weight can lead to significant improvements in blood 
pressure, hemoglobin A1c, LDL cholesterol, and markers of insulin sensitivity (5). In adults 
with both obesity and diabetes, a modest weight loss as little as 2 kg achieved through 
diet modification over the course of 6 months can reduce the need for glucose-lowering 
medications (6). Some patients undergoing bariatric surgery may even experience potential 
remission of diabetes (7). Furthermore, weight loss improves measurable outcomes in 
physical function and quality of life for patients with obesity (8).

Despite the numerous benefits of weight loss, concerns persist about the loss of lean body 
mass and bone mineral density (BMD) associated with weight loss interventions (9; 10). 
This is especially troubling for older adults undergoing weight loss interventions who risk 
worsening age-related sarcopenia and osteoporosis (11). Consequently, the most recent 
iteration of the American College of Cardiology/American Heart Association/The Obesity 
Society (AHA/ACC/TOS) guidelines for the management of obesity continues to assert 
that “the overall safety of weight loss interventions for patients aged 65 and older remains 
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Abstract
The primary treatment for obesity involves calorie restriction (CR) to promote dietary weight 
loss achieved through interventions including behavioral modification, bariatric surgery, and anti-
obesity medications. In adults with obesity, CR-induced weight loss enhances physical function 
and improves quality of life, while also reducing the burden of various obesity-related chronic 
conditions, including hypertension, diabetes, obstructive sleep apnea, and atherosclerotic heart 
disease. However, it is also associated with a decline in lean mass and bone mineral density 
(BMD), which increases the risk of sarcopenia and osteoporosis. When performed alongside 
CR, progressive resistance training (RT) attenuates this loss of lean mass and bone mass, while 
the addition of aerobic training (AT) further improves cardiorespiratory fitness. The individual 
benefits of RT and AT are complementary and combining both exercise training modalities during 
CR provides the most optimal benefits for body composition and physical function. The World 
Health Organization (WHO) recommends that adults engage in at least 150 minutes of moderate-
intensity or 75 minutes of vigorous-intensity AT weekly and participate in RT activities involving 
major muscle groups at least two days per week. While this recommendation applies to the general 
adult population, regular exercise training that incorporates both RT and AT is particularly crucial 
for adults with obesity undergoing weight loss interventions. This clinical perspective highlights 
the benefits of exercise training alongside current weight loss strategies, such as lifestyle changes, 
bariatric surgery, and pharmacotherapy focusing on incretin-based therapies.
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Weighted vests may allow an individual to replace the lost 
weight externally, and preliminary data support that their use 
can enhance muscle and bone outcomes during weight loss 
[97]. If proven beneficial in larger, longer- term studies, such 
an intervention could be useful for people who comply poorly 
with exercise or who have limitations in performing certain 
exercise routines.

3.5.2   |   Adequate Dietary Protein Intake

Dietary protein is probably the most studied macronutrient in 
relation to bone, with well- established anabolic effects, includ-
ing increases in circulating IGF- 1 levels, enhanced intestinal 
calcium absorption, and maintenance of muscle mass [98]. In 
the context of diet- induced weight loss, a higher protein intake 
is also thought to be beneficial for bone health. For example, 
older adults who followed a hypocaloric, nutritionally complete, 
high- protein (≥ 1 g/kg body weight/day) diet for 6 months lost 
approximately 9% of their initial body weight but had similar 
aBMD (total hip, femoral neck, and lumbar spine) to controls 
who maintained their body weight over the same period [99]. In 
contrast, a meta- analysis of studies that compared differences 
between weight loss diets with high and normal protein content 
during weight loss showed that protein quantity had only mod-
est effects on bone changes, with little/limited clinical signif-
icance [34]. These findings may, in part, reflect differences in 
study demographics and baseline dietary characteristics or may 
be explained by other factors related to protein intake, which 
were not considered in this meta- analysis. Indeed, in addition 
to protein quantity, protein quality and complex interactions of 
food matrices may also be important for bone outcomes and re-
quire further investigation.

3.5.3   |   Key Bone- Related Micronutrients via Diet 
or Supplementation

3.5.3.1   |   Calcium. During diet- induced weight loss, 
calcium supplementation of 1 g/day was shown to slightly 
improve lumbar BMD and significantly reduce PTH levels 
[100, 101]. Higher doses of calcium supplementation (1.7 g/
day), combined with adequate vitamin D status, attenuate but 
do not fully prevent bone loss in postmenopausal women los-
ing body weight [102]. Additionally, calcium supplementation 
of 1.8 g/day has been strongly associated with increased femo-
ral neck BMD and elevated serum levels of 25- hydroxyvitamin 
D (25[OH]D)  in premenopausal women with overweight 
during weight loss [103].

A food- first approach to calcium intake is generally recom-
mended, not only due to concerns about excessive calcium 
supplementation, especially in the context of high total cal-
cium intake (i.e., gastrointestinal distress, nephrolithiasis, 
and adverse cardiovascular events) [104, 105] but also because 
calcium- rich foods, particularly dairy, provide additional bene-
ficial nutrients within a complex food matrix [106]. Few further 
studies have examined whether calcium sources (supplements 
vs. dairy products) have differential effects on bone outcomes 
in the context of diet- induced weight loss. An RCT comparing 
two calcium sources to a placebo reported better bone outcomes 
with calcium and vitamin D supplements, while dairy products 
were linked to improved metabolic outcomes, including a lower 
decrease in lean mass and greater reductions in fat mass [107]. 
Another study comparing the skeletal responses to different cal-
cium sources and weight loss found lower urinary markers of 
bone resorption with calcium lactate supplementation, an effect 
not observed with calcium phosphate or milk [108].

FIGURE 1    |    Summary of the negative bone consequences of diet- induced weight loss and strategies to preserve bone health in the context of in-
tentional weight loss. Ca, calcium; IGF- 1, insulin- like growth factor- 1.
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Abstract
Purpose This review focuses on recent findi+ngs regarding the management of adverse skeletal effects following weight 
loss in people living with obesity (PwO). We summarize the guidelines provided by various societies for the prevention and 
treatment of osteoporosis resulting from bariatric surgery. Next, we discuss the use of traditional antiosteoporosis medica-
tions in this population.
Recent Findings Guidelines for preventing and treating osteoporosis resulting from bariatric surgery have been recently 
provided by various societies setting specific treatment criteria for postmenopausal women and men aged ≥ 50 years, based 
on the occurrence of fragility fractures and/or T-score thresholds. Several studies have highlighted the positive effects of 
lifestyle changes in preventing high-turnover bone loss; however, data on fracture outcomes are currently unavailable. It 
is generally accepted that following bariatric procedures, sufficient intake of calcium, vitamin D, and protein, along with 
regular exercise incorporating progressive, supervised resistance training, is crucial to counteract negative impacts on bone. 
Regarding the need for medications to combat osteoporosis, most societies recommend zoledronic acid as the preferred 
choice. This preference is due to the problems associated with oral bisphosphonates, including poor tolerance and absorption 
issues. Denosumab is typically considered the second choice when bisphosphonates are not suitable or well tolerated. Two 
randomized controlled studies have recently demonstrated the effectiveness and safety of zoledronic acid and denosumab 
in addressing high-turnover bone loss.
Summary Although guidelines exist for managing skeletal health before and after bariatric surgery, more research is required 
to validate these recommendations and the use of anti-osteoporosis medications.
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Introduction

The increasing prevalence of obesity is a major global public 
health challenge. The prevalence of obesity has more than 
doubled since the 1990. In 2022, it was estimated that more 
than 890 million adults (16% of the adult population) are 
living with obesity [1]. The common health consequences of 

obesity include cardiovascular disease, hypertension, type 2 
diabetes mellitus, metabolic disorders such as dyslipidemia 
and nonalcoholic fatty liver disease, certain cancers, and 
musculoskeletal disorders, such as osteoarthritis and low 
back pain [2].

Currently, the arsenal of obesity treatment includes life-
style changes in combination with antiobesity medication 
(liraglutide, naltrexone/bupropion, orlistat, phentermine/
topiramate, semaglutide, and tirzepatide) and bariatric sur-
gery [3]. Although the screening and management of car-
diometabolic complications of obesity are part of routine 
endocrine and bariatric clinical care, this is not the case for 
fracture risk. This review will address new developments 
in the prevention and treatment of adverse skeletal effects 
following bariatric surgery in people living with obesity 
(PwO).
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physical capacity. Gait speed in particular is strongly associ-
ated with falls and fractures and is a reliable indicator of
physical function when trialing interventions.45 Resistance
training may be even more beneficial for men than women:
a Sweden-based randomized-controlled trial found that men
participants performing resistance training had a better
Short Physical Performance Battery score and reduced TUG
times compared with their non-exercising counterparts,
whereas women participants experienced less pronounced
improvements in these outcomes.46 Exercising, particularly
resistance training, in men may be more productive than in
women. Overall, the limited evidence available suggests
that resistance training yields minimal yet appreciable
developments in functional performance.

Alternative exercises explored in this review, such as
IAC, WBV, Tai Chi, and Qi Gong, had a limited effect on
bone and muscle health. Machine-based IAC was found to
be insufficient in generating an osteogenic response at
the major skeletal sites.22 WBV improved handgrip
strength, but this was likely due to the need for subjects
to grip the available handgrips to self-stabilize while on
the vibrating platforms. Self-stabilization also trains the
lower extremities to maintain balance, contributing to
significant improvements seen during the CRT. Low-
impact and low-effort training modalities, such as Qi
Gong and Tai Chi, involve slow, meditative movements
and emphasize control of posture and balance. While Tai
Chi generally focuses on more complex, choreographed
movements than Qi Gong, the 2 practices overlap in
terms of style and movement. Some studies suggest
that traditional Chinese movements improve BMD in
older adults; however, the evidence is poor and
inconsistent.47,48 While traditional Chinese exercises
have not been proven to be beneficial for bone and mus-
cle health, these exercises remain appealing as less phys-
ically demanding alternatives to high-intensity exercises.

Study limitations

The absence of control groups and randomization in some
studies prevents us from interpreting improvements to bone
and muscle health as being a direct result of exercise
alone.18,21,22,29 It was deemed unethical to request that clin-
ical trial participants with low bone density forego exercise
if randomly placed in the control group. Because of the lack
of activity monitoring in some control groups, it is possible
that control subjects continued to exercise unsupervised,
which could significantly confound the results. Additionally,
despite the included studies reporting few or no fractures,
there are other factors that reduce the reliability of these
results, such as a small number of participants, absence of
randomization, and possibly selection bias, such as selecting
patients with limited to no comorbidities that would
increase frailty and susceptibility to fractures.

There was considerable heterogeneity in bone and mus-
cle outcomes assessed and exercise regimens chosen in the
included studies, rendering results difficult to compare. Nat-
urally, numerical data from different studies and at different
skeletal sites are not calculated to be directly compared.
This is because focal remodeling activity in response to
mechanical loading differs between skeletal sites, leading
to differences in expected percentage changes.11 An impor-
tant primary outcome in osteoporosis research is fracture
prevention. Because none of the included studies assessed
this outcome, we are unable to comment on the effective-
ness of exercise in preventing fractures. The review protocol
was also not prospectively registered.

Conclusions

Exercise is a favorable non-pharmacologic intervention that
is under-used in men with osteoporosis. Compared with

Fig 2 Summary of bone and muscle outcomes in response to exercise in men with low bone density.
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well as how exercise in!uences these outcomes in the context 
of obesity. Finally, we discuss weight loss interventions, such 
as incretin therapies and bariatric surgery, and their potential 
effectiveness in combination with exercise and the consider-
ation of multiple factors, such as potential compensatory life-
style changes and ensuring inclusive courses of treatment 
when addressing obesity and its possible therapeutic strategies 
(Fig. 1).

Obesity and the Potential Benefits of Exercise
Obesity is increasing at epidemic proportions across the 
United States and worldwide, and the rise in obesity is con-
comitant with an increase in several obesity-related diseases. 
The most common obesity-associated diseases include T2D, 
CVD, and MASH (22, 23). T2D is a chronic metabolic disease 
characterized by high blood glucose levels and impaired insu-
lin homeostasis (24, 25). CVD includes diseases that affect the 
circulatory system of the body, such as the heart and vascula-
ture (26). Increased fat accumulation in the liver in conjunc-
tion with in!ammation and "brosis results in MASH (27). 
The risk of other diseases, including cancer and Alzheimer’s 

Disease, are also increased in people with obesity (28, 29), 
highlighting the signi"cance of obesity as a comorbidity.

Exercise is an important therapeutic tool to combat 
obesity and obesity-related disorders (30-32). Exercise is a 
well-established tool to improve aerobic capacity, resting heart 
rate, blood pressure, and overall metabolic health (33-35). 
Additionally, exercise can mediate indices such as body mass in-
dex (BMI), waist circumference (WC), hip circumference, body 
fat percentage (BFP), insulin resistance, and waist to height ratio, 
which have been shown to be signi"cant risk factors in determin-
ing metabolic health and associated diseases (10, 36-42). Among 
multiple different forms of exercise, aerobic exercise and resist-
ance training are the most well-studied with regard to impacting 
and potentially improving anthropometric measures in individu-
als with obesity (5, 7-9). Exercise is also known to affect key mo-
lecular pathways adversely impacted by obesity, including 
mitochondrial activity and glucose and lipid metabolism in adi-
pose tissue, liver, and skeletal muscle (43-46).

While exercise improves metabolic health and upregulates 
multiple metabolic pathways, individuals with obesity- 
associated metabolic diseases such as T2D have reduced expres-
sion of genes involved in mitochondrial biogenesis and oxidative 

Figure 1. Exercise modulates potent beneficial effects to various metabolic organs impacted by obesity such as increasing (upward arrow) lipid and 
glucose metabolism and reducing (downward arrow) inflammation for white and brown adipose tissue, the liver, and skeletal muscle in humans and 
animals. Alternative therapies, including bariatric surgery and incretin therapy, provide a unique perspective of possible combinatorial interventions to 
attenuate the undesirable effects of obesity. Figure made in Biorender.
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Abstract
Obesity is increasing rapidly worldwide and is projected to affect approximately half the US population by the year 2035. Obesity is a complex 
condition, and individuals who have obesity are at greater risk for developing associated metabolic diseases such as type 2 diabetes (T2D), 
metabolic dysfunction–associated steatohepatitis (MASH), and cardiovascular diseases (CVD). Understanding the underlying factors which 
contribute to obesity and that impact key molecular mechanisms of metabolic organs such as adipose tissue, liver, and muscle is crucial for 
combating the disease. Exercise is a well-established measure to prevent or mitigate the adverse consequences of obesity, with several 
beneficial effects to whole-body metabolism and adaptations to metabolic tissues. This review explores the impact of obesity on the 
development of metabolic diseases. Specifically, we will discuss: how obesity alters metabolic function and the potential benefits of 
exercise; the specific effects of obesity and exercise on muscle, adipose tissue, and liver; and potential effects of pharmacotherapeutics or 
bariatric surgery in combination with exercise.
Key Words: obesity, metabolic adaptations, exercise modulations, molecular mechanisms, combinatorial therapies
Abbreviations: 12,13-diHOME, 12,13-dihydroxy-9Z-octadecenoic acid; AdEVs, adipose-derived extracellular vesicles; AMPK, AMP-activated protein kinase; 
BAT, brown adipose tissue; BFP, body fat percentage; BMI, body mass index; BW, body weight; CPT1, carnitine palmitoyl transferase I; CVD, 
cardiovascular disease; DIO, diet-induced obesity; EVs, extracellular vesicles; FDG-PET CT, 18F-fluorodeoxyglucose positron emission tomography– 
computed tomography; FGF21, fibroblast growth factor 21; FTO, fat mass and obesity-associated (gene); GLP-1, glucagon-like peptide 1; GLP-1 RA, 
glucagon-like peptide 1 receptor agonist; HFD, high-fat diet; HIIT, high-intensity interval training; IL-, interleukin; KYN, kynurenine; KYNA, kynurenic acid; 
LepR, leptin receptor; MAFLD, metabolic dysfunction–associated fatty liver disease; MASH, metabolic dysfunction–associated steatohepatitis; MICT, 
moderate intensity continuous training; miRNA, microRNA; MIT, moderate intensity exercise; NRF1, nuclear respiratory factor 1; OXPHOS, oxidative 
phosphorylation; Pgc1a, peroxisome proliferator-activated receptor-Ȗ�coactivator; Prdm16, PR domain containing 16; ROS, reactive oxygen species; RYGB, 
Roux-en-Y gastric bypass; scWAT, subcutaneous white adipose tissue; SG, sleeve gastrectomy; SREBP1, sterol regulatory element-binding transcription 
factor 1; T2D, type 2 diabetes; Tfam, mitochondrial transcription factor A; TGF-ȕ2, transforming growth factor beta receptor 2; TNF-Į, tumor necrosis factor 
alpha; Ucp1, uncoupling protein 1; vWAT, visceral white adipose tissue; WAT, white adipose tissue; WC, waist circumference. 

Essential Points Covered in the Review

• Obesity affects multiple metabolic pathways in metabolic 
organs, speci!cally white adipose tissue, brown adipose 
tissue, liver, and skeletal muscle

• Exercise studies provide compelling evidence to in"uence 
obesity-induced alterations in metabolic organs

• The potential of exercise, in combination with bariatric 
surgery and incretin therapy, presents a promising area 
for future research targeted at advancing therapeutic strat-
egies to combat obesity
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© The Author(s) 2025. Published by Oxford University Press on behalf of the Endocrine Society. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. See the journal About page for add-
itional terms.

Obesity is drastically increasing, with the World Health 
Organization (WHO) indicating a 2-fold increase in the 
prevalence of obesity from 1990 to 2022, and an estimation 
of approximately half the US population having obesity by 
2030 (1). The increasing presence of obesity correlates with 
the increased risk of cardiovascular disease (CVD), metabolic 
dysfunction–associated steatohepatitis (MASH), and type 2 
diabetes mellitus (T2D), among others, highlighting the 

critical importance of understanding mechanisms and strat-
egies to combat obesity (2-4).

Exercise is a compelling therapeutic tool to combat obesity 
and metabolic disease (5-9). Among the various forms of exer-
cises, aerobic and resistance training are often investigated in 
terms of their role to induce molecular adaptations to key 
metabolic organs such as adipose tissue, liver, and skeletal 
muscle (5, 7, 8, 10-16). Recent strategies to combat obesity, 
including bariatric surgery and weight loss drugs, have gained 
increasing popularity in promoting weight loss with improve-
ments in overall health including cardiovascular outcomes 
and glucose homeostasis (17-19). The latest emerging research 
studies have investigated the potentially synergistic combin-
ation of exercise and weight loss drugs or bariatric surgery 
(20, 21).

In this review, we will discuss the effects of obesity on vari-
ous metabolic organs including adipose tissue, liver, and skel-
etal muscle, in both animal models and human studies. We 
will explore how obesity impacts various metabolic processes, 
including mitochondrial function, thermogenic capacity, 
endocrine regulation, and glucose and lipid metabolism, as 
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Figure 1. Mean Percentage Changes in Physical Function, Lean Mass, and BMD at the Total Hip 
during the Interventions.
Measures of physical function included the Physical Performance Test (PPT; scores 
range from 0 to 36, with higher scores indicating better functional status), peak oxygen 
consumption, Functional Status Questionnaire (FSQ; scores range from 0 to 36, with higher 
scores indicating better functional status), and strength (measured as total one-repetition 
maximum [i.e., the total of the maximum weight a participant can lift, in one attempt, in the 
biceps curl, bench press, seated row, knee extension, knee flexion, and leg press]). Scores 
on the PPT were used as an objective measure of frailty (primary outcome), and scores 
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Abstract
The primary treatment for obesity involves calorie restriction (CR) to promote dietary weight 
loss achieved through interventions including behavioral modification, bariatric surgery, and anti-
obesity medications. In adults with obesity, CR-induced weight loss enhances physical function 
and improves quality of life, while also reducing the burden of various obesity-related chronic 
conditions, including hypertension, diabetes, obstructive sleep apnea, and atherosclerotic heart 
disease. However, it is also associated with a decline in lean mass and bone mineral density 
(BMD), which increases the risk of sarcopenia and osteoporosis. When performed alongside 
CR, progressive resistance training (RT) attenuates this loss of lean mass and bone mass, while 
the addition of aerobic training (AT) further improves cardiorespiratory fitness. The individual 
benefits of RT and AT are complementary and combining both exercise training modalities during 
CR provides the most optimal benefits for body composition and physical function. The World 
Health Organization (WHO) recommends that adults engage in at least 150 minutes of moderate-
intensity or 75 minutes of vigorous-intensity AT weekly and participate in RT activities involving 
major muscle groups at least two days per week. While this recommendation applies to the general 
adult population, regular exercise training that incorporates both RT and AT is particularly crucial 
for adults with obesity undergoing weight loss interventions. This clinical perspective highlights 
the benefits of exercise training alongside current weight loss strategies, such as lifestyle changes, 
bariatric surgery, and pharmacotherapy focusing on incretin-based therapies.
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obesity medications. In adults with obesity, CR-induced weight loss enhances physical function 
and improves quality of life, while also reducing the burden of various obesity-related chronic 
conditions, including hypertension, diabetes, obstructive sleep apnea, and atherosclerotic heart 
disease. However, it is also associated with a decline in lean mass and bone mineral density 
(BMD), which increases the risk of sarcopenia and osteoporosis. When performed alongside 
CR, progressive resistance training (RT) attenuates this loss of lean mass and bone mass, while 
the addition of aerobic training (AT) further improves cardiorespiratory fitness. The individual 
benefits of RT and AT are complementary and combining both exercise training modalities during 
CR provides the most optimal benefits for body composition and physical function. The World 
Health Organization (WHO) recommends that adults engage in at least 150 minutes of moderate-
intensity or 75 minutes of vigorous-intensity AT weekly and participate in RT activities involving 
major muscle groups at least two days per week. While this recommendation applies to the general 
adult population, regular exercise training that incorporates both RT and AT is particularly crucial 
for adults with obesity undergoing weight loss interventions. This clinical perspective highlights 
the benefits of exercise training alongside current weight loss strategies, such as lifestyle changes, 
bariatric surgery, and pharmacotherapy focusing on incretin-based therapies.
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Abstract
Obesity is increasing rapidly worldwide and is projected to affect approximately half the US population by the year 2035. Obesity is a complex 
condition, and individuals who have obesity are at greater risk for developing associated metabolic diseases such as type 2 diabetes (T2D), 
metabolic dysfunction–associated steatohepatitis (MASH), and cardiovascular diseases (CVD). Understanding the underlying factors which 
contribute to obesity and that impact key molecular mechanisms of metabolic organs such as adipose tissue, liver, and muscle is crucial for 
combating the disease. Exercise is a well-established measure to prevent or mitigate the adverse consequences of obesity, with several 
beneficial effects to whole-body metabolism and adaptations to metabolic tissues. This review explores the impact of obesity on the 
development of metabolic diseases. Specifically, we will discuss: how obesity alters metabolic function and the potential benefits of 
exercise; the specific effects of obesity and exercise on muscle, adipose tissue, and liver; and potential effects of pharmacotherapeutics or 
bariatric surgery in combination with exercise.
Key Words: obesity, metabolic adaptations, exercise modulations, molecular mechanisms, combinatorial therapies
Abbreviations: 12,13-diHOME, 12,13-dihydroxy-9Z-octadecenoic acid; AdEVs, adipose-derived extracellular vesicles; AMPK, AMP-activated protein kinase; 
BAT, brown adipose tissue; BFP, body fat percentage; BMI, body mass index; BW, body weight; CPT1, carnitine palmitoyl transferase I; CVD, 
cardiovascular disease; DIO, diet-induced obesity; EVs, extracellular vesicles; FDG-PET CT, 18F-fluorodeoxyglucose positron emission tomography– 
computed tomography; FGF21, fibroblast growth factor 21; FTO, fat mass and obesity-associated (gene); GLP-1, glucagon-like peptide 1; GLP-1 RA, 
glucagon-like peptide 1 receptor agonist; HFD, high-fat diet; HIIT, high-intensity interval training; IL-, interleukin; KYN, kynurenine; KYNA, kynurenic acid; 
LepR, leptin receptor; MAFLD, metabolic dysfunction–associated fatty liver disease; MASH, metabolic dysfunction–associated steatohepatitis; MICT, 
moderate intensity continuous training; miRNA, microRNA; MIT, moderate intensity exercise; NRF1, nuclear respiratory factor 1; OXPHOS, oxidative 
phosphorylation; Pgc1a, peroxisome proliferator-activated receptor-Ȗ�coactivator; Prdm16, PR domain containing 16; ROS, reactive oxygen species; RYGB, 
Roux-en-Y gastric bypass; scWAT, subcutaneous white adipose tissue; SG, sleeve gastrectomy; SREBP1, sterol regulatory element-binding transcription 
factor 1; T2D, type 2 diabetes; Tfam, mitochondrial transcription factor A; TGF-ȕ2, transforming growth factor beta receptor 2; TNF-Į, tumor necrosis factor 
alpha; Ucp1, uncoupling protein 1; vWAT, visceral white adipose tissue; WAT, white adipose tissue; WC, waist circumference. 

Essential Points Covered in the Review

• Obesity affects multiple metabolic pathways in metabolic 
organs, speci!cally white adipose tissue, brown adipose 
tissue, liver, and skeletal muscle

• Exercise studies provide compelling evidence to in"uence 
obesity-induced alterations in metabolic organs

• The potential of exercise, in combination with bariatric 
surgery and incretin therapy, presents a promising area 
for future research targeted at advancing therapeutic strat-
egies to combat obesity

Received: 10 September 2024. Editorial Decision: 13 June 2025. Corrected and Typeset: 4 July 2025 
© The Author(s) 2025. Published by Oxford University Press on behalf of the Endocrine Society. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. See the journal About page for add-
itional terms.

Obesity is drastically increasing, with the World Health 
Organization (WHO) indicating a 2-fold increase in the 
prevalence of obesity from 1990 to 2022, and an estimation 
of approximately half the US population having obesity by 
2030 (1). The increasing presence of obesity correlates with 
the increased risk of cardiovascular disease (CVD), metabolic 
dysfunction–associated steatohepatitis (MASH), and type 2 
diabetes mellitus (T2D), among others, highlighting the 

critical importance of understanding mechanisms and strat-
egies to combat obesity (2-4).

Exercise is a compelling therapeutic tool to combat obesity 
and metabolic disease (5-9). Among the various forms of exer-
cises, aerobic and resistance training are often investigated in 
terms of their role to induce molecular adaptations to key 
metabolic organs such as adipose tissue, liver, and skeletal 
muscle (5, 7, 8, 10-16). Recent strategies to combat obesity, 
including bariatric surgery and weight loss drugs, have gained 
increasing popularity in promoting weight loss with improve-
ments in overall health including cardiovascular outcomes 
and glucose homeostasis (17-19). The latest emerging research 
studies have investigated the potentially synergistic combin-
ation of exercise and weight loss drugs or bariatric surgery 
(20, 21).

In this review, we will discuss the effects of obesity on vari-
ous metabolic organs including adipose tissue, liver, and skel-
etal muscle, in both animal models and human studies. We 
will explore how obesity impacts various metabolic processes, 
including mitochondrial function, thermogenic capacity, 
endocrine regulation, and glucose and lipid metabolism, as 
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Table 2. Recent findings on outcomes of combination of incretin therapy, bariatric surgery, and exercise in humans

Combinatorial 
therapies in human 
studies

Weight loss 
procedure

Interventions Outcomes

Incretin therapy and 
exercise

Liraglutide 1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
intensity exercise 4 times a week (344)

• Abdominal fat percentage reduced by 6.1%
• Metabolic syndrome severity z-score decreased 

by 0.48

1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
exercise 4 times a week (21)

• Weight loss of 9.5 kg
• Body fat reduction by 3.9%
• Improvements in insulin sensitivity and glycated 

hemoglobin

1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
intensity exercise 4 times a week (345)

• 6.88 kg of weight loss change
• Unchanged bone mineral density at hip and 

lumbar spine

1 year follow up after termination of intervention from same 
cohort that previously received 1 year of liraglutide at 
3.0 mg/day and moderate to vigorous intensity exercise 
4 times a week (346)

• Reduced body weight of approximately 5.1 kg
• Reduced body fat percentage of 2.3%
• Weight regain of 2.5 kg

Semaglutide 20 weeks of 0.5 mg or 1.0 mg of semaglutide weekly then 
combined with aerobic exercise (average heart rate reserve 
of 75% of maximum) 3 times per week for 12 weeks in 
patients with T2D (347)

• Improved body fat percentage
• Improved glycemic control
• Improved pancreatic beta cell insulin secretion

Tirzepatide 6 weeks of 2.5 mg or 5.0 mg of tirzepatide weekly and 3 
sessions per week of resistance and aerobic exercises (348)

• Reduced body weight, waist circumference, fat 
mass, and waist to hip ratio

• Exercise did not have an additive effect on 
fasting blood glucose and triglyceride levels

Bariatric surgery and 
exercise

Presurgery Aerobic dance-based exercise for 60 minutes, 2 days a week 
for 8 weeks. Analysis after 8 weeks of intervention and 
5 months post SG (349)

• Improved functional capacity
• Improved muscle strength and endurance
• Improved physical activity
• Improved fatigue scores
• These results were seen both at 8 weeks post 

intervention and 5 months postsurgery

12 weeks of endurance and strength training. 3 sessions per 
week for 80 minutes and monthly aqua gym (350)

• Improved 6-minute walking test
• Increased half-squats
• Increased arm curl repetitions
• Improved social interaction score

1 year postsurgery RYBG or SG evaluation of presurgery 
exercise intervention mentioned previously (350, 351)

• Increased physical activity
• Increased 6-minute walking test
• Increased half-squat test
• Decreased BMI

Aerobic and stretching exercises, 25 minutes each, 2 
sessions weekly in addition to cognitive-behavioral 
therapy (CBT), once a week for 4 months (352)

• Reduced body weight for the exercise and 
exercise + CBT groups

• Reduced BMI for the exercise group and 
exercise + CBT group

• Improved functional capacity and 
cardiometabolic parameters such as blood 
pressure for both exercise and exercise + CBT 
groups

Aerobic (including HIIT) and resistance training, 2 sessions 
per week for 6 months (353)

• Reduced BMI
• Reduced fat mass
• Improved blood pressure

Postsurgery Resistance training for 1 hour, 3 times a week for 18 weeks 
post RYGB in addition to supplemental whey protein 
dose of 48 grams/day (354)

• Increased lower-limb muscle strength

5-year postsurgery follow up of previously mentioned 
intervention (20, 354)

• Increased physical activity
• Lower weight regain

60-min group exercise classes with functional strength, 
flexibility, and aerobic activities, 2 times per week for 6 
months and at least 3 days per week of self-directed 
exercise post RYG, SG, and GB (355)

• Increased aerobic fitness after 6 months of 
intervention that lasted an additional 6 months 
with maintenance

(continued)
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Abstract
Purpose To examine the effects of differently structured exercise programs (strength training (ST) vs endurance training 
(ET) vs a control group (CG)) on glucose metabolism and weight loss following Roux-en-Y Gastric Bypass (RYGB).
Methods After RYGB, patients were randomized to a standardized ST or ET program or a control group, the intervention 
started within 28 days. Outcomes at 6 months were glucose and lipid metabolism, anthropometrics, inflammation, and qual-
ity of life.
Results 93 patients were randomized (30 in ST and 31 in ET, 32 in CG; 28% with type 2 diabetes mellitus, 8.5% insulin-
dependent). Total weight was − 2.5 kg (95% CI − 4.7 to − 0.4, p = 0.023) lower in pooled intervention group (PIG) and fat 
mass according to bioelectrical impedance analysis was − 3.0 kg (95% CI − 5.0 to − 1.0, p = 0.0037) lower in the PIG. Fat-
free mass decreased by − 4.2 kg with no difference between the groups. The primary endpoint, glucose concentration after a 
2 h oral glucose tolerance test, did not differ between the PIG and the CG, − 0.29 mmol/L (95% CI − 1.22 to 0.63, p = 0.54). 
Similarly, we did not detect any differences in lipid metabolism, inflammation, and quality of life between the groups.
Conclusion In our study, we found that an additional exercise training 6 months postoperatvely- independent of the type 
of training- resulted in greater weight loss and loss of fat mass. However, it had no effect on glucose/lipid parameters or 
inflammation beyond the surgery itself.

Keywords Postoperative weight loss · Structured exercise program · Strength training · Endurance training · Bariatric 
surgery
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Also, the BMI dropped significantly more in the PIG than 
in the CG by − 0.82 kg/m2 (95% CI: − 1.55 to − 0.10 kg/
m2; p = 0.029); again, with no difference between the ST 
and ET group.

The EWL was + 3.47% (95% CI: 0.22 to 6.73%) higher 
inly the PIG (p = 0.040) with no difference between the 
intervention groups (Fig. 1).

There were no significant differences in WHR between 
PIG and CG or between the intervention groups. For all 
anthropometrics see Table 2.

Fat mass and fat-free mass

There was a significantly lower fat mass in the PIG by − 3 kg 
(95% CI: − 5 to − 1 kg, p = 0.0037) as determined by BIA, 
but again there was no difference between the intervention 
groups (Fig. 2A). Fat-free mass changed very little overall 
(− 4.2 kg in 6 months) and we saw almost no difference 
between groups with + 0.2 kg (95% CI: − 1.4 to 1.8 kg; p = 
0.79). The difference between ST and ET was also negligible 
at + 0.1 kg (95% CI: − 2.4 to 2.5), see Fig. 2B and Table 2.

Table 1  Patients characteristics

Patients were randomized according to age, sex, BMI and T2DM status. Over all patients, were age: 44.8 
± 9.3 years, sex: 70% females, BMI: 43.5 ± 6.3 and T2DM status: 28%

Control group
(n = 32)

Strength training group
(n = 30)

Endurance 
training 
group
(n = 31)

Number of females 23 (72%) 21 (70%) 21 (68%)
Age (years)
 ≥ 45

45.7 ± 8.4
17 (53%)

42.3 ± 10.3
14 (47%)

43.5 ± 9.2
13 (42%)

BMI (kg/m2) pre surgery
 > 50

47.7 ± 6.4
6 (19%)

47.9 ± 6.2
8 (27%)

48.5 ± 6.9
10 (32%)

BMI (kg/m2) 43.4 ± 6.1 43.0 ± 6.1 43.9 ± 6.6
Smokers (%)* 5/31 (16%) 8/30 (27%) 4/30 (13%)
Blood pressure
systolic
diastolic

121 ± 16
80 ± 9

128 ± 12
83 ± 12

131 ± 17
86 ± 12

Typ II diabetes (%) pre surgery
Of those using insulin

7 (22%)
2 (29%)

6 (20%)
1 (17%)

13 (42%)
5 (38%)

Fig. 1  Excess weight loss over 
time in all groups. The excess 
weight loss over 6 months was 
significant in the PIG vs CG 
was + 3.47% (95% CI: 0.22 to 
6.73%; p = 0.04). Excess weight 
loss in ST vs CG was + 3.66% 
(95% CI: −1.13 to 8.46%) and 
in ET vs CG + 3.29 (95% CI 
−1.5 to 8.08%), without sig-
nificant difference between the 
intervention groups

Excess weight loss over time in all groups.

Excess weight loss in:
PIG vs CG was + 3.47%, p<0.05
ST vs CG: + 3.66%
ET vs CG: +3.29 %
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Abstract
Purpose To examine the effects of differently structured exercise programs (strength training (ST) vs endurance training 
(ET) vs a control group (CG)) on glucose metabolism and weight loss following Roux-en-Y Gastric Bypass (RYGB).
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started within 28 days. Outcomes at 6 months were glucose and lipid metabolism, anthropometrics, inflammation, and qual-
ity of life.
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Similarly, we did not detect any differences in lipid metabolism, inflammation, and quality of life between the groups.
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Lipid metabolism and inflammation parameters

There were no significant changes in the parameters of the 
lipid metabolism (cholesterol, triglycerides, HDL and LDL) 
and of inflammation (leukocytes, interleukin 6 and CRP) in 
comparison of the different groups (see Table 2).

Quality of life

Valid data from IPAQ were available at screening from 80% 
(n = 74), at baseline in 91% (n = 81) of all patients, and at 
6 months in 73% (n = 65) of all patients. The results include 
a physical activity category (low, moderate, high) and an 

Fig. 2  Fat mass (A) and Fat-
free mass (B) over time in all 
groups. A: The loss of fat mass 
over 6 months was significant 
in the PIG vs CG was −3 kg 
(95% CI: −5 to −1 kg; p = 
0.0037). Excess weight loss 
in ST vs CG was −2.8 kg 
(95% CI: −5.7 to 0.1 kg) and 
in ET vs CG −3.2 kg (95% 
CI −6.1 to −0.3 kg), without 
significant difference between 
the intervention groups. B: The 
development of fat-free mass 
over 6 months was in the PIG vs 
CG was + 0.2 kg (95% CI: −1.4 
to 1.8 kg; p = 0.79). Excess 
weight loss in ST vs CG was 
0.2 kg (95% CI: −2.1 to 2.6 kg) 
and in ET vs CG −0.2 kg (95% 
CI −2.2 to 2.6 kg), without 
significant difference between 
the intervention groups

Fat mass over time in all groups.
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Conclusion An additional exercise training 6 months
postoperatvely, independent of the type of training, resulted in 
greater weight loss and loss of fat mass. However, it had no 
effect on free fat mass, glucose/lipid parameters or 
inflammation beyond the surgery itself. 
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Abstract
Background Bariatric surgery is a recognized treatment option for severe obesity, and its effectiveness in reducing weight and 
controlling obesity-related conditions has been demonstrated. However, it can also lead to decreased skeletal muscle mass 
and strength, increasing the risk of sarcopenia after surgery. This randomized clinical trial studied the effects of a 16-week 
exercise program on sarcopenia in bariatric surgery patients.
Methods Thirty-seven surgery candidates participated in the EXPOBAR (EXercise POst BARiatric) program and were 
randomized into experimental or control groups. The intervention lasted 16 weeks, starting 1 month after surgery, and 
included a circuit training with aerobic and resistance exercise intervention. The outcomes included physical fitness param-
eters (anthropometry, body composition, and physical performance) and were assessed at four time points. All participants 
underwent gastric bypass surgery (RYGB).
Results The EXPOBAR trial revealed significant and meaningful effects of the exercise intervention on anthropomet-
ric indices, such as weight (p = 0.039) and waist circumference (p = 0.010). The most substantial improvements were 
observed in physical function and strength metrics (p = 0.005 and p < 0.001, respectively), along with a reduction in fat 
mass (p = 0.006), indicating the intervention’s effectiveness on sarcopenia parameters and in enhancing both physical fitness 
and body composition.
Discussion Current findings indicate that following an initial decrease due to bariatric surgery, exercise training significantly 
improves functional physical capacity and strength. The exercise program in this study effectively reversed the surgery-
induced loss in function and strength, reducing the number of patients at risk of sarcopenia. Physical and functional capacity 
are crucial noninvasive indicators for diagnosing muscle quality and sarcopenia.
Conclusion Long-term management of sarcopenia and sarcopenic obesity in bariatric surgery patients requires frequent 
monitoring of body composition and muscle function. This approach is essential for tracking progress and optimizing 

Key Points
• The high prevalence of obesity leads to increased mortality 

and morbidity. Bariatric surgery is one of the most effective 
treatments for severe obesity, but it is significantly associated 
with a reduction in skeletal muscle mass and function.

• Sarcopenia is a disease characterized by a generalized loss of 
skeletal muscle mass and function and is associated with poor 
quality of life. It is also associated with diabetes, metabolic 
syndrome, and cardiovascular disease.

• In the first months after bariatric surgery, muscle mass 
significantly decreased and continued to decline for up to 18 
months, with muscle mass loss and strength greater than 20%.

• Combined moderate-intensity exercise (which includes aerobic 
and strength training) and a progressive walking program can 
increase muscle strength and metabolic improvements and can 
be effective in preventing sarcopenic after surgery.

Extended author information available on the last page of the article
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The first phase included 20 min of interval training, 
encompassing circuit strength training. Each posterior phase 
has an increment of 10 min in the central block, always with 
an interval assessment of the patient’s adaptive response, 
based on heart rate reserve and the Borg scale [53].

Three personal trainers with training in sports sciences 
assessed physical fitness and prescribed and accompanied 
the training sessions. All training sessions took place in a 
fitness facility three times per week on nonconsecutive days 
from 7 to 10 a.m. The patients participated in the sessions 
in small groups (1–3) and were educated and motivated to 
exercise regularly.

Control Group: Participants in the control group received 
standard care, including regular health check-ups and nutri-
tional counseling, but did not participate in any additional 
structured exercise program.

Statistical Methods

The statistical analysis was performed with SPSS version 27.0 
(IBM SPSS, Inc., Chicago, IL, USA) to determine the outcomes. 
To assess whether the incidence of risk and diagnosis of sarcope-
nia were dependent on exercise, the chi-square test was used, and 
a type I error probability of 0.05 was used for all the inferential 

Fig. 2  FITT-VP exercise for individuals after bariatric surgery

Week 3-4
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analyses. Categorical variables are expressed as frequencies and 
percentages, and continuous variables are expressed as the mean 
and standard deviation. The percentages were compared using 
the chi-square test or Fisher’s exact test. Data normality was 
assessed with the ShapiroᒩWilk test, and group differences were 
examined with an independent t test or a MannᒩWhitney test. To 
compare dependent variables, two-way ANOVA with spheric-
ity and homogeneity tests, Spearman correlation, and regression 
logistic analyses were performed considering the intervention 
group and control group and the four sequential assessments (one 
pre- and three post-intervention programs).

Results

A total of 37 patients participated in this study. The mean 
age was 46.9 (± 11.4) years and the mean BMI was 42.9 
(± 5.14) kg/m2. All patients were previously sedentary 

before surgery. Of the study participants, 15 patients (33.3%) 
had T2DM, 13 (28.8%) had arterial hypertension, 19 (42%) 
had dyslipidemia, 10 (22.2%) had hypothyroidism, and 17 
(37.8%) had obstructive sleep syndrome apnea (OSAP).

The participants were randomly assigned to the IG or 
CG. At baseline, no significant differences were observed 
between the groups (p > 0 0.05), except for weight, which 
was greater in the IG (103 ± 14.5 V, 91.8 ± 14.7; p = 0.025), 
as presented in Table 1.

To determine the prevalence of sarcopenia and sarcopenic 
obesity, three algorithms were used to assess the parameters 
of these diseases (Table 2).

The EXPOBAR trial showed that the intervention had 
significant and meaningful effects on several anthropometric 
measures, body composition parameters, physical function, 
and strength outcomes. While several variables, such as BMI 
and ASMM score, had nonsignificant global group effects 
(p = 0.142, p = 0.705), they still had significant effects at 4, 

Fig. 2  (continued)
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Fig. 2  (continued)

The EXPOBAR trial showed that the intervention had significant and meaningful
effects on body composition parameters, physical function, and strength
outcomes. However, muscle mass decreased continuously after surgery in both
groups despite the exercise protocol used in the intervention group. 
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A B S T R A C T

Background: bariatric surgery stands as an effective intervention for weight loss and improved metabolic control in
obesity, although over time there is a proportion of weight regain and type-2-diabetes (T2D) relapse. Aims: to
explore the role of physical activity (PA) after surgery and its impact on metabolic parameters during a 5-year
follow-up.
Methods: 148 individuals who underwent bariatric surgery completed scheduled examinations over 5-years.
Physical assessments and laboratory tests were conducted pre-surgery and annually thereafter. PA levels were
evaluated using the International Physical Activity Questionnaire.
Results: participants were split into the PA group, who engaged in regular physical activity, and No-PA group, who
remained sedentary throughout. In T2D individuals before surgery, PA group showed significant reductions in
blood pressure and a lower T2D recurrence (6.7 % vs 36 %) compared to No-PA group. In normoglycemic in-
dividuals, the PA group led to sustained BMI reduction and improved blood pressure control (p < 0.001)
compared to No-PA group, for the entire duration of follow-up.
Conclusions: regular PA demonstrated cardio-metabolic benefits post-bariatric surgery. Integrating PA into post-
bariatric care could enhance long-term outcomes.

1. Introduction

The coexistence of obesity and type-2-diabetes (T2D), known as
diabesity, is becoming increasingly prevalent and exacerbates the burden
on healthcare systems.1

In obesity management, bariatric surgery is currently considered to be
an efficient therapy to obtain long-term weight loss, improvement in
glycemic homeostasis and quality of life.2

However, although the impact of surgery on weight-decrease and
T2D remission is impressive in the first years, studies with long follow-up
show progressive weight regain and relapse of T2D over time in a non-
negligible percentage of patients.2,3 For this reason, the management of
body weight and T2D following the surgery remains multifaceted and

complex, and bariatric surgery should not be seen as a stand-alone so-
lution, but rather as part of an overall health management strategy, in
which physical activity (PA) can be considered as an integral component
of post-bariatric surgery care to optimize diabetes management, weight
control and long-term outcomes.

Engaging in regular exercise not only contributes to weight loss, but
also improves cardiometabolic health, systemic blood pressure control,
glycemic control and enhances mental well-being in patients with obesity
in medical therapy, making it a crucial non-pharmacological intervention
also for type-2-diabetes management.4

Thus, in the context of bariatric surgery, where physiological changes
and metabolic adaptations are significant, PA could have a potential
synergistic effect on postoperative outcomes.5,6
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3.2. effect of exercise on metabolic outcomes from 1 to 5 years of follow-up

In the T2D cohort (76 pts), hypertension prevalence was 62 % in the
No-PA group at the end of 5-year follow-up, compared to 33 % in the PA
group (15 pts), p¼0.043 (Table 4).

Using linear mixed model, we found a significant effect of PA on both
SBP and DBP (p < 0.001) (Fig. 1, 2) during 5-years follow up. Further-
more, when we performed a post hoc analysis, after dividing the T2D
subjects into PA and No-PA group, the PA individuals showed lower
values of systemic blood pressure in all time points considered (p <

0.001) (Figs. 1 and 2). This result remained significant also when ac-
counting for the need of anti-hypertensive treatment. Concerning the
other parameters analysed, there was no effect of physical activity on
BMI and kidney function (Fig. 3, Table 2).

Analysing the lipid profile, LDL was lower in the PA group both in the

first and third year, similarly to the triglycerides, whose levels were
significantly lower in the first and fifth year in PA group compared to no-
PA group (Table 2). However, using a linear mixed model test, we did not
find any effect of physical activity on HDL, LDL and triglycerides. The
statin use increased similarly of 13 % and 12 % from the first to the fifth
year of follow up, in the no-PA and PA groups respectively, without
difference (Table 4).

Concerning glycemic profile, we observed lower HbA1c values in the
PA compared to No-PA group at each follow-up period, although there
was no significant impact of physical activity using linear mixed model
(Table 2). However, T2D recurrence progressively increased in the no-PA
group from 23 % to 36 % (Table 4), while no individual developed
relapse at 5 years in PA group, with the prevalence of diabetes remaining
stable (6.7 %), p¼0.034.

In individuals without T2D, we found a significant effect of PA on BMI
(p < 0.001), with the median BMI further decreasing from the first to the
fifth year of follow-up by "1.6 kg/m2 ["3.3 to 0.9], while in the No-PA
group it gradually increased by 0.6 kg/m2 ["1.4 to 2.1] (Fig. 3).

Concerning blood pressure control, 8 patients (19 %) in the No-PA
group exhibited hypertension after the first year of follow-up. Subse-
quently, an additional 4 patients experienced a recurrence of hyperten-
sion at the end of the 5-years of follow-up period, resulting in an overall
prevalence of 28 %. In contrast, among PA group, the prevalence of hy-
pertension in the first year after surgery was 6.9%, and it remained stable
until the end of the 5-years follow-up.

Using linear mixed model, we found a significant effect of PA on
systemic blood, SBP and DBP (p< 0.001, for both). Whenwe performed a
post hoc analysis, after dividing the patients into PA and No-PA group,
the PA individuals showed lower values of systemic blood pressure, at
each time points considered (p < 0.001, for both) (Figs. 1 and 2). The
difference about the blood pressure levels remained significant also when
accounting for the anti-hypertensive treatment used.

On the contrary, there were no effect of physical activity on kidney
function as well as on lipid profile (HDL, LDL, triglycerides), with statin
use increasing from 9% to 26% in the no-PA group and from 3% to 10 %
in the PA group (Tables 3 and 4) during 5-years of FU.

In terms of glycemic control, physical activity showed no impact on
fasting glucose and HbA1c values (Table 3).

4. Discussion

The main results of this study are: i) moderate physical activity has
superior impact on weight reduction/maintaining in patients without
T2D compared to inactivity; ii) moderate physical activity has a major
effect on systemic blood pressure, resulting in reduced medication, for

Table 1
Baseline characteristics of participants before bariatric surgery.

Parameters Individuals with T2D Individuals without T2D

PA No-PA PA No-PA

Numbers of patients 15 61 29 43
Age, years 54 # 9 56 # 7 45 # 10 51 # 12*
Gender, F(%) 6 (40) 47 (77)* 24 (83) 30 (70)
BMI, kg/m2 46.0# 6.1 46.2# 6.0 43.2# 5.7 45.3 # 7.4
Hypertension, n(%) 11 (73 %) 48 (79 %) 6 (21 %) 21 (49

%)*
SBP, mmHg 137 # 6 139 # 12 131 # 12 135 # 13
DBP, mmHg 84 # 6 84 # 8 79 # 9 83 # 10*
Fasting glucose, mg/dl 124 # 35 135 # 61 83 # 12 90 # 11*
HbA1c, % 7.0 # 1.1 7.3 # 1.6 5.7 # 0.3 5.8 # 0.4
Diabetes duration 3.8 # 2.1 3.3 # 2.5 – –
eGFR (EPI), ml/min/
1.73m2

96 # 16 87 # 20 108 # 13 100 # 17*

Dyslipidemia, n(%) 9 (60) 41 (67) 9 (31) 13 (30)
Tot Cholesterol, mg/dl 188 # 46 199 # 39 179 # 38 175 # 31
LDL, mg/dl 122 # 35 125 # 34 114 # 29 126 # 26
HDL, mg/dl 46 # 11 44 # 12 49 # 12 52 # 13
Triglycerides, mg/dl 138 # 45 177 # 73 129 # 53 125 # 40

Continuous variables with a normal distribution were compared between PA and
No-PA by the Student T test, while the not-normally distributed variables by the
Mann-Whitney U test.
The statistical tests were applied separately within the group of individuals with
and without T2D: Statistically significant differences (p < 0.05) are expressed as
*.
Abbreviations: T2D, type-2-diabetes; SBP, systolic blood pressure; DBP, diastolic
blood pressure; eGFR, estimated glomerular filtration rate; BMI, body mass
index.

Fig. 1. Shows the trajectories of systolic blood pressure (SBP). The solid red line and the dashed red line represent, respectively, PA and No-PA subjects with T2D. The
solid blue line and the dashed blue line represent, respectively, PA and No-PA subjects without T2D. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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both T2D and no-T2D individuals; iii) there are no impact of moderate
physical activity on glycated hemoglobin levels during the 5 years, but
we observe a significant increase in the recurrence of T2D in sedentary
subjects.

Currently, there is a notable absence of evidence-based physical ac-
tivity (PA) guidelines tailored for individuals who have undergone bar-
iatric surgery. Various organizations, such as the American Society for
Metabolic and Bariatric Surgery (ASMBS) and the American Heart As-
sociation (AHA), have put forth recommendations regarding PA for these
individuals.13

These guidelines advocate for postoperative patients to engage in a
health-promoting lifestyle, including a minimum of 30 min of daily ex-
ercise.14 However, it is to acknowledge the limited availability of
empirical data upon which to construct PA guidelines designed for bar-
iatric surgery patients. The American College of Sports Medicine (ACSM)
recommends that individuals with obesity participate in at least 150
min/week of moderate-intensity aerobic PA to elicit modest reductions in
body weight and reduce associated chronic disease risk factors. However,
greater weight loss and enhanced prevention of weight regained seems to
be obtained with doses of moderate intensity PA that approximate
250–300 min/week (approximately 2000 kcal/week).15

A clinical trial indicated that a short-term (6-months) exercise pro-
gram did not lead to additional weight loss after RYGB, with weight loss
of 22.0 vs 22.8 kg for conventional treatment and the exercise program,
respectively.16

Furthermore, Shah et al.,17 demonstrated that a high-volume exercise
regimen (>2000 kcal⋅wk!1 at 60%–70 % of VO2 max) post-bariatric
surgery had no discernible effect on body weight and waist circumfer-
ence compared to a control group. In our opinion, in those short-term
follow up studies, the absence of a discernible exercise-induced effect
on weight loss is likely attributed to the significant impact of the surgery
itself, being the studies carried out in the first months after surgery.

Hence, investigations with long-term follow-up period, could better
clarify if, after surgery, a moderate/high level of physical activity can
exert more influence on weight loss and weight-regain. This is because,
over time, the impact of bariatric surgery tends to diminish after about 18
months,1 underscoring the importance of sustained lifestyle measures in
further weight maintenance.

We noticed that physical activity had a remarkable effect in main-
taining body weight over a period of 5-years in subjects without T2D.
This observation aligns with the findings of recent research, including a
randomized controlled trial (RCT) and a retrospective 5-year follow-up

Fig. 2. Shows the trajectories of diastolic blood pressure (DBP). The solid red line and the dashed red line represent, respectively, PA and No-PA subjects with T2D.
The solid blue line and the dashed blue line represent, respectively, PA and No-PA subjects without T2D. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Shows the trajectories of body mass index (BMI). The solid red line and the dashed red line represent, respectively, PA and No-PA subjects with T2D. The solid
blue line and the dashed blue line represent, respectively, PA and No-PA subjects without T2D. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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both T2D and no-T2D individuals; iii) there are no impact of moderate
physical activity on glycated hemoglobin levels during the 5 years, but
we observe a significant increase in the recurrence of T2D in sedentary
subjects.

Currently, there is a notable absence of evidence-based physical ac-
tivity (PA) guidelines tailored for individuals who have undergone bar-
iatric surgery. Various organizations, such as the American Society for
Metabolic and Bariatric Surgery (ASMBS) and the American Heart As-
sociation (AHA), have put forth recommendations regarding PA for these
individuals.13

These guidelines advocate for postoperative patients to engage in a
health-promoting lifestyle, including a minimum of 30 min of daily ex-
ercise.14 However, it is to acknowledge the limited availability of
empirical data upon which to construct PA guidelines designed for bar-
iatric surgery patients. The American College of Sports Medicine (ACSM)
recommends that individuals with obesity participate in at least 150
min/week of moderate-intensity aerobic PA to elicit modest reductions in
body weight and reduce associated chronic disease risk factors. However,
greater weight loss and enhanced prevention of weight regained seems to
be obtained with doses of moderate intensity PA that approximate
250–300 min/week (approximately 2000 kcal/week).15

A clinical trial indicated that a short-term (6-months) exercise pro-
gram did not lead to additional weight loss after RYGB, with weight loss
of 22.0 vs 22.8 kg for conventional treatment and the exercise program,
respectively.16

Furthermore, Shah et al.,17 demonstrated that a high-volume exercise
regimen (>2000 kcal⋅wk!1 at 60%–70 % of VO2 max) post-bariatric
surgery had no discernible effect on body weight and waist circumfer-
ence compared to a control group. In our opinion, in those short-term
follow up studies, the absence of a discernible exercise-induced effect
on weight loss is likely attributed to the significant impact of the surgery
itself, being the studies carried out in the first months after surgery.

Hence, investigations with long-term follow-up period, could better
clarify if, after surgery, a moderate/high level of physical activity can
exert more influence on weight loss and weight-regain. This is because,
over time, the impact of bariatric surgery tends to diminish after about 18
months,1 underscoring the importance of sustained lifestyle measures in
further weight maintenance.

We noticed that physical activity had a remarkable effect in main-
taining body weight over a period of 5-years in subjects without T2D.
This observation aligns with the findings of recent research, including a
randomized controlled trial (RCT) and a retrospective 5-year follow-up

Fig. 2. Shows the trajectories of diastolic blood pressure (DBP). The solid red line and the dashed red line represent, respectively, PA and No-PA subjects with T2D.
The solid blue line and the dashed blue line represent, respectively, PA and No-PA subjects without T2D. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 3. Shows the trajectories of body mass index (BMI). The solid red line and the dashed red line represent, respectively, PA and No-PA subjects with T2D. The solid
blue line and the dashed blue line represent, respectively, PA and No-PA subjects without T2D. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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In T2D individuals before surgery, PA showed
significant reductions in blood pressure and a 
lower T2D recurrence (6.7 % vs 36 %) 
compared to No-PA group. 



Table 2. Recent findings on outcomes of combination of incretin therapy, bariatric surgery, and exercise in humans

Combinatorial 
therapies in human 
studies

Weight loss 
procedure

Interventions Outcomes

Incretin therapy and 
exercise

Liraglutide 1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
intensity exercise 4 times a week (344)

• Abdominal fat percentage reduced by 6.1%
• Metabolic syndrome severity z-score decreased 

by 0.48

1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
exercise 4 times a week (21)

• Weight loss of 9.5 kg
• Body fat reduction by 3.9%
• Improvements in insulin sensitivity and glycated 

hemoglobin

1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
intensity exercise 4 times a week (345)

• 6.88 kg of weight loss change
• Unchanged bone mineral density at hip and 

lumbar spine

1 year follow up after termination of intervention from same 
cohort that previously received 1 year of liraglutide at 
3.0 mg/day and moderate to vigorous intensity exercise 
4 times a week (346)

• Reduced body weight of approximately 5.1 kg
• Reduced body fat percentage of 2.3%
• Weight regain of 2.5 kg

Semaglutide 20 weeks of 0.5 mg or 1.0 mg of semaglutide weekly then 
combined with aerobic exercise (average heart rate reserve 
of 75% of maximum) 3 times per week for 12 weeks in 
patients with T2D (347)

• Improved body fat percentage
• Improved glycemic control
• Improved pancreatic beta cell insulin secretion

Tirzepatide 6 weeks of 2.5 mg or 5.0 mg of tirzepatide weekly and 3 
sessions per week of resistance and aerobic exercises (348)

• Reduced body weight, waist circumference, fat 
mass, and waist to hip ratio

• Exercise did not have an additive effect on 
fasting blood glucose and triglyceride levels

Bariatric surgery and 
exercise

Presurgery Aerobic dance-based exercise for 60 minutes, 2 days a week 
for 8 weeks. Analysis after 8 weeks of intervention and 
5 months post SG (349)

• Improved functional capacity
• Improved muscle strength and endurance
• Improved physical activity
• Improved fatigue scores
• These results were seen both at 8 weeks post 

intervention and 5 months postsurgery

12 weeks of endurance and strength training. 3 sessions per 
week for 80 minutes and monthly aqua gym (350)

• Improved 6-minute walking test
• Increased half-squats
• Increased arm curl repetitions
• Improved social interaction score

1 year postsurgery RYBG or SG evaluation of presurgery 
exercise intervention mentioned previously (350, 351)

• Increased physical activity
• Increased 6-minute walking test
• Increased half-squat test
• Decreased BMI

Aerobic and stretching exercises, 25 minutes each, 2 
sessions weekly in addition to cognitive-behavioral 
therapy (CBT), once a week for 4 months (352)

• Reduced body weight for the exercise and 
exercise + CBT groups

• Reduced BMI for the exercise group and 
exercise + CBT group

• Improved functional capacity and 
cardiometabolic parameters such as blood 
pressure for both exercise and exercise + CBT 
groups

Aerobic (including HIIT) and resistance training, 2 sessions 
per week for 6 months (353)

• Reduced BMI
• Reduced fat mass
• Improved blood pressure

Postsurgery Resistance training for 1 hour, 3 times a week for 18 weeks 
post RYGB in addition to supplemental whey protein 
dose of 48 grams/day (354)

• Increased lower-limb muscle strength

5-year postsurgery follow up of previously mentioned 
intervention (20, 354)

• Increased physical activity
• Lower weight regain

60-min group exercise classes with functional strength, 
flexibility, and aerobic activities, 2 times per week for 6 
months and at least 3 days per week of self-directed 
exercise post RYG, SG, and GB (355)

• Increased aerobic fitness after 6 months of 
intervention that lasted an additional 6 months 
with maintenance
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Abstract
Obesity is increasing rapidly worldwide and is projected to affect approximately half the US population by the year 2035. Obesity is a complex 
condition, and individuals who have obesity are at greater risk for developing associated metabolic diseases such as type 2 diabetes (T2D), 
metabolic dysfunction–associated steatohepatitis (MASH), and cardiovascular diseases (CVD). Understanding the underlying factors which 
contribute to obesity and that impact key molecular mechanisms of metabolic organs such as adipose tissue, liver, and muscle is crucial for 
combating the disease. Exercise is a well-established measure to prevent or mitigate the adverse consequences of obesity, with several 
beneficial effects to whole-body metabolism and adaptations to metabolic tissues. This review explores the impact of obesity on the 
development of metabolic diseases. Specifically, we will discuss: how obesity alters metabolic function and the potential benefits of 
exercise; the specific effects of obesity and exercise on muscle, adipose tissue, and liver; and potential effects of pharmacotherapeutics or 
bariatric surgery in combination with exercise.
Key Words: obesity, metabolic adaptations, exercise modulations, molecular mechanisms, combinatorial therapies
Abbreviations: 12,13-diHOME, 12,13-dihydroxy-9Z-octadecenoic acid; AdEVs, adipose-derived extracellular vesicles; AMPK, AMP-activated protein kinase; 
BAT, brown adipose tissue; BFP, body fat percentage; BMI, body mass index; BW, body weight; CPT1, carnitine palmitoyl transferase I; CVD, 
cardiovascular disease; DIO, diet-induced obesity; EVs, extracellular vesicles; FDG-PET CT, 18F-fluorodeoxyglucose positron emission tomography– 
computed tomography; FGF21, fibroblast growth factor 21; FTO, fat mass and obesity-associated (gene); GLP-1, glucagon-like peptide 1; GLP-1 RA, 
glucagon-like peptide 1 receptor agonist; HFD, high-fat diet; HIIT, high-intensity interval training; IL-, interleukin; KYN, kynurenine; KYNA, kynurenic acid; 
LepR, leptin receptor; MAFLD, metabolic dysfunction–associated fatty liver disease; MASH, metabolic dysfunction–associated steatohepatitis; MICT, 
moderate intensity continuous training; miRNA, microRNA; MIT, moderate intensity exercise; NRF1, nuclear respiratory factor 1; OXPHOS, oxidative 
phosphorylation; Pgc1a, peroxisome proliferator-activated receptor-Ȗ�coactivator; Prdm16, PR domain containing 16; ROS, reactive oxygen species; RYGB, 
Roux-en-Y gastric bypass; scWAT, subcutaneous white adipose tissue; SG, sleeve gastrectomy; SREBP1, sterol regulatory element-binding transcription 
factor 1; T2D, type 2 diabetes; Tfam, mitochondrial transcription factor A; TGF-ȕ2, transforming growth factor beta receptor 2; TNF-Į, tumor necrosis factor 
alpha; Ucp1, uncoupling protein 1; vWAT, visceral white adipose tissue; WAT, white adipose tissue; WC, waist circumference. 

Essential Points Covered in the Review

• Obesity affects multiple metabolic pathways in metabolic 
organs, speci!cally white adipose tissue, brown adipose 
tissue, liver, and skeletal muscle

• Exercise studies provide compelling evidence to in"uence 
obesity-induced alterations in metabolic organs

• The potential of exercise, in combination with bariatric 
surgery and incretin therapy, presents a promising area 
for future research targeted at advancing therapeutic strat-
egies to combat obesity

Received: 10 September 2024. Editorial Decision: 13 June 2025. Corrected and Typeset: 4 July 2025 
© The Author(s) 2025. Published by Oxford University Press on behalf of the Endocrine Society. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. See the journal About page for add-
itional terms.

Obesity is drastically increasing, with the World Health 
Organization (WHO) indicating a 2-fold increase in the 
prevalence of obesity from 1990 to 2022, and an estimation 
of approximately half the US population having obesity by 
2030 (1). The increasing presence of obesity correlates with 
the increased risk of cardiovascular disease (CVD), metabolic 
dysfunction–associated steatohepatitis (MASH), and type 2 
diabetes mellitus (T2D), among others, highlighting the 

critical importance of understanding mechanisms and strat-
egies to combat obesity (2-4).

Exercise is a compelling therapeutic tool to combat obesity 
and metabolic disease (5-9). Among the various forms of exer-
cises, aerobic and resistance training are often investigated in 
terms of their role to induce molecular adaptations to key 
metabolic organs such as adipose tissue, liver, and skeletal 
muscle (5, 7, 8, 10-16). Recent strategies to combat obesity, 
including bariatric surgery and weight loss drugs, have gained 
increasing popularity in promoting weight loss with improve-
ments in overall health including cardiovascular outcomes 
and glucose homeostasis (17-19). The latest emerging research 
studies have investigated the potentially synergistic combin-
ation of exercise and weight loss drugs or bariatric surgery 
(20, 21).

In this review, we will discuss the effects of obesity on vari-
ous metabolic organs including adipose tissue, liver, and skel-
etal muscle, in both animal models and human studies. We 
will explore how obesity impacts various metabolic processes, 
including mitochondrial function, thermogenic capacity, 
endocrine regulation, and glucose and lipid metabolism, as 
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Table 2. Recent findings on outcomes of combination of incretin therapy, bariatric surgery, and exercise in humans

Combinatorial 
therapies in human 
studies

Weight loss 
procedure

Interventions Outcomes

Incretin therapy and 
exercise

Liraglutide 1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
intensity exercise 4 times a week (344)

• Abdominal fat percentage reduced by 6.1%
• Metabolic syndrome severity z-score decreased 

by 0.48

1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
exercise 4 times a week (21)

• Weight loss of 9.5 kg
• Body fat reduction by 3.9%
• Improvements in insulin sensitivity and glycated 

hemoglobin

1 year of liraglutide at 3.0 mg/day and moderate to vigorous 
intensity exercise 4 times a week (345)

• 6.88 kg of weight loss change
• Unchanged bone mineral density at hip and 

lumbar spine

1 year follow up after termination of intervention from same 
cohort that previously received 1 year of liraglutide at 
3.0 mg/day and moderate to vigorous intensity exercise 
4 times a week (346)

• Reduced body weight of approximately 5.1 kg
• Reduced body fat percentage of 2.3%
• Weight regain of 2.5 kg

Semaglutide 20 weeks of 0.5 mg or 1.0 mg of semaglutide weekly then 
combined with aerobic exercise (average heart rate reserve 
of 75% of maximum) 3 times per week for 12 weeks in 
patients with T2D (347)

• Improved body fat percentage
• Improved glycemic control
• Improved pancreatic beta cell insulin secretion

Tirzepatide 6 weeks of 2.5 mg or 5.0 mg of tirzepatide weekly and 3 
sessions per week of resistance and aerobic exercises (348)

• Reduced body weight, waist circumference, fat 
mass, and waist to hip ratio

• Exercise did not have an additive effect on 
fasting blood glucose and triglyceride levels

Bariatric surgery and 
exercise

Presurgery Aerobic dance-based exercise for 60 minutes, 2 days a week 
for 8 weeks. Analysis after 8 weeks of intervention and 
5 months post SG (349)

• Improved functional capacity
• Improved muscle strength and endurance
• Improved physical activity
• Improved fatigue scores
• These results were seen both at 8 weeks post 

intervention and 5 months postsurgery

12 weeks of endurance and strength training. 3 sessions per 
week for 80 minutes and monthly aqua gym (350)

• Improved 6-minute walking test
• Increased half-squats
• Increased arm curl repetitions
• Improved social interaction score

1 year postsurgery RYBG or SG evaluation of presurgery 
exercise intervention mentioned previously (350, 351)

• Increased physical activity
• Increased 6-minute walking test
• Increased half-squat test
• Decreased BMI

Aerobic and stretching exercises, 25 minutes each, 2 
sessions weekly in addition to cognitive-behavioral 
therapy (CBT), once a week for 4 months (352)

• Reduced body weight for the exercise and 
exercise + CBT groups

• Reduced BMI for the exercise group and 
exercise + CBT group

• Improved functional capacity and 
cardiometabolic parameters such as blood 
pressure for both exercise and exercise + CBT 
groups

Aerobic (including HIIT) and resistance training, 2 sessions 
per week for 6 months (353)

• Reduced BMI
• Reduced fat mass
• Improved blood pressure

Postsurgery Resistance training for 1 hour, 3 times a week for 18 weeks 
post RYGB in addition to supplemental whey protein 
dose of 48 grams/day (354)

• Increased lower-limb muscle strength

5-year postsurgery follow up of previously mentioned 
intervention (20, 354)

• Increased physical activity
• Lower weight regain

60-min group exercise classes with functional strength, 
flexibility, and aerobic activities, 2 times per week for 6 
months and at least 3 days per week of self-directed 
exercise post RYG, SG, and GB (355)

• Increased aerobic fitness after 6 months of 
intervention that lasted an additional 6 months 
with maintenance
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reduction of up to 25.2% (368-370). Forty weeks of com-
bined liraglutide treatment and physical activity also affects 
the visceral adiposity of individuals, leading to a reduction 
of vWAT by 12.49% (371). Similarly, semaglutide treatment 
for 68 weeks, alongside lifestyle modi!cations, led to signi!-
cant reductions in BW, BMI, vWAT, and cardiometabolic 
risk factors such as lipid levels and blood pressure (18, 372, 
373). Tirzepatide studies showed signi!cant weight loss as 
well, with reductions up to 25.3% and notable improvements 
in cardiometabolic parameters like WC, fasting insulin, and 
lipid levels across various doses (374-377).

Although GLP-1 RAs mediate favorable effects in the set-
ting of obesity, the bene!ts of GLP1-RAs are accompanied 
by con"icting results about bone health, particularly the risk 
of bone fractures and reduced bone mass density (378-380). 
Weight regain after the termination of GLP-1 RAs treatments 
is also a concern for current therapeutic strategies (381, 382). 
Less is known about the combined effects of exercise and sem-
aglutide or tirzepatide. One study showed that a combination 
of semaglutide and aerobic exercise for 12 weeks in T2D indi-
viduals with prior semgalutide use for 20 weeks directly en-
hances insulin secretion, body composition parameters such 
as body fat, and glycemic control (347). A 68-week study 
demonstrated that weekly semaglutide administration in com-
bination with 150 minutes of weekly physical activity resulted 
in 14.9% of BW reduction when compared to the control 
groups (18). However, once treatment was terminated, partic-
ipants regained approximately two-thirds of BW lost in a year 
and the bene!ts to cardiometabolic risks were reversed (18, 
382). In the case of tirzepatide treatment, a 6-week study com-
bining tirzepatide and aerobic and resistance training showed 
no additive effects of exercise to fasting blood glucose and tri-
glyceride levels (348).

Studies investigating the combined effects of liraglutide and 
moderate to vigorous intensity exercise reported improve-
ments in multiple metabolic health parameters, such as insulin 
sensitivity, hemoglobin glycation levels, and reduced abdom-
inal obesity and BFP (21, 344), while a year-long regimen 

helped preserve bone mass density in the hip and lumbar spine 
(345). This suggests that the combination of liraglutide and 
exercise not only provides metabolic and in"ammation related 
bene!ts but also supports bone health. Interestingly, Jensen 
et al studied the long-term bene!ts of daily liraglutide in com-
bination with vigorous exercise 1 year after the termination of 
interventions (346) and found that participants who had re-
ceived a combination of liraglutide and exercise had main-
tained weight loss up to 10% of initial BW and the same 
group had a weight regain of only 2.5 kg 1 year after termin-
ation of treatment, and increased physical activity when com-
pared to the control groups, suggesting that vigorous exercise 
could potentially prolong bene!cial effects of GLP1-RAs dir-
ectly or indirectly through encouraging healthy physical activ-
ity habits (346).

These recent !ndings imply that any form of physical activ-
ity strengthens the effects of GLP1-RAs. Moderate to vigorous 
exercise amplify the impacts of GLP1-RAs on weight loss and 
overall metabolic health. Extensive studies would be required 
to identify the exact synergistic mechanisms of exercise and 
GLP1-RAs in curbing the adverse effects reported with 
GLP-1 RAs therapy alone.

Bariatric surgery and exercise
Bariatric surgeries are a set of stomach or intestinal proce-
dures aiming to achieve long-term weight loss in cases of se-
vere obesity, with results of weight loss up to 25% at 10 
years after intervention (17, 343, 383, 384). Some of the 
most common procedures include Roux-en-Y gastric bypass 
(RYGB) and the sleeve gastrectomy (SG) (17). Bariatric sur-
gery enhances transcriptional signatures for mitochondrial 
oxidative phosphorylation in scWAT (385, 386) and can alter 
circulating factors such as IL-27 (387). With the drastic 
weight loss after bariatric surgery comes the long-term adverse 
effects of decreased muscle strength, weight regain, and pro-
tein and micronutrient de!ciencies (20, 381, 388, 389). 
Notably, studies have demonstrated that exercise training, 

Table 2. Continued

Combinatorial 
therapies in human 
studies

Weight loss 
procedure

Interventions Outcomes

12 weeks of aerobic and strength training, 3 times per week 
post RYGB and SG (356)

• Reduced weight
• Reduced percent body fat
• Reduced fat mass
• Increased change in 12-minute walk test

Resistance training for 12 weeks, 60-80 minutes, 3 times a 
week post RYGB (357)

• Improved muscle strength and quality including 
less press strength, leg extension strength, and 
leg press quality

Aerobic and resistance training for 60 minutes, 3 times a 
week for 12 weeks post RYGB, SG, and GB (358)

• Decreased fat mass
• Improved physical function

Aerobic and resistance exercise up to 74 minutes, for 5 
months separated into 5 blocks for every 4 weeks post SG 
(359)

• Reduced fat mass
• Reduced blood glycemic levels
• Reduced cholesterol levels

Aerobic exercise for 120 minutes, 3 to 5 times per week for 6 
months post RYGB (360)

• Reduced fat mass
• Reduced abdominal adipose tissue
• Maintenance of skeletal muscle mass

Abbreviations: BMI, body mass index; GB, gastric banding; HIIT, high-intensity interval training; RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; T2D, type 
2 diabetes.
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Summary

Understanding how to incorporate exercise into metabolic and bariatric surgery pro-

grams to optimize treatment outcomes is of great interest, as evidenced by

11 reviews published on this topic in 2022 alone. This overview of reviews was con-

ducted to create a single cohesive resource to aid clinicians and researchers by

exploring the effects of pre- and post-operative exercise training on health outcomes.

A literature search of 7 electronic databases was performed (updated 09/2023) and

24 reviews met preset PICOS eligibility criteria and were included: 4 exploring preop-

erative exercise training, 13 postoperative, and 7 both. Comparing reviews, outcome

results were organized as concordant, discordant, or inconclusive, and then catego-

rized into “what we currently know”, “what we think we know” and “what we still

don't know”. We do not currently know the effects of pre- or post-operative exercise

training on any outcomes, but we think we know that preoperative exercise training

has a positive effect on BMI and 6-minute walking test distance, and postoperative

exercise training has a positive effect on body weight and BMI, waist circumference,

bone mineral density, 6-minute walking test distance, muscle strength, and systolic

blood pressure. Despite the abundance of research, much still needs to be done in

terms of enhancing methodological rigor and reporting to achieve greater confidence

in our conclusions; recommendations for the next research steps are made.

K E YWORD S

obesity, physical activity, umbrella review

1 | INTRODUCTION

Metabolic and bariatric surgery (MBS) offers a multitude of health

benefits beyond weight loss to the growing number of adults living

with obesity.1 Patients experience improved health-related quality of

life (QoL),2 improved insulin sensitivity,3 and reduced type 2 diabetes

and other cardiometabolic risk factors (e.g., reduced triglycerides and

total cholesterol).3 However, like with all obesity treatments, MBS
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which 4 focused on preoperative ET,13,16,20,21 13 focused on postop-

erative ET,7–9,11,12,14,15,17,18,35–38 and 7 focused on pre- and post-

operative ET.6,10,19,39–42

For the included reviews, (a) methodological details, (b) a break-

down of the AMSTAR2 ratings, (c) a summary of the CCA calculations,

and (d) author conclusions on potential reporting or publication bias

per outcome (including GRADE COE when reported) are available in

Appendix E, F, G, and N respectively.

3.1 | Certainty of evidence of RCT-only meta-
analyzed outcomes

A summary of the COE calculations is presented in Table S22 and

missing data impacting COE calculations is presented in Table S23

(see Appendix O). Imprecision (i.e., sample size) and ROB (both trial

quality and review quality) negatively impacted COE the most and a

majority of the calculated COEs were very low (80.00% preMBS,

F IGURE 2 Summary of outcome conclusions pre- and post-MBS. Note. The flow diagram used to categorize each outcome, and a summary
of these categorizations, are presented in Appendix P and R respectively. The second column is titled “what we think we know” to demonstrate
the lack of absolute conclusions. BMI = body mass index, HOMA-IR = homeostatic model assessment for insulin resistance,
HbA1c = hemoglobin A1C, AIRg = acute insulin response to glucose, Di = disposition index, SPISE = single-point insulin sensitivity estimator.
aLean body mass = weight of your muscles, bones, ligaments, tendons, and internal organs, while fat free mass = total body mass – fat mass.
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domains from the American College of Sports Medicine
(ACSM) clinical exercise physiology credential (e.g., Exercise
Testing, Exercise Prescription, Exercise Training and Leader-
ship, Education and Behavior Change) [41]. The expert group
noted that some tasks should not be included, such as postoper-
ativePAclearance (frequentlyprovidedbyanadvancedpractice
registered nurse [APRN], physician’s assistant or surgeon). The
group also indicated itmight beworthwhile includingother psy-
chosocial support factors as well, including lessening stigmati-
zation, which may contribute to PA/exercise avoidance in
bariatric patients [42,43]. Overall, the results indicate that the
exercise professional may have skills and abilities to provide
a larger role than that suggested by Mechanick [44] and others
[45], which appear to limit tasks to “lifestyle medicine evalua-
tion”, physical activity counseling, monitoring adherence to PA
guidelines, and supervising exercise sessions.
How exercise professionals are classified ostensibly varies

by country. Research reviewed in this study demonstrated the
exercise professional wasmost often an exercise physiologist
in the USA, and a physiotherapist/physical therapist outside
the USA, the 2 professions noted by the ASMBS Integrated
Health Section [46]. It is possible that physical therapists
are frequently utilized due to reimbursement issues, but we
were unable to determine this in the current analysis. It is
important to note that in Australia, Canada and the United
Kingdom, like the USA, exercise physiologists work inde-
pendent of physical therapists [47,48], and in some countries,
like Singapore, they may work together. In Brazil, the

exercise professional was typically a physical educator.
Regardless, our analysis determined that the job tasks exer-
cise professionals conducted in MBS differed on only 2 di-
mensions (i.e., Psychosocial support, Dietary support). The
expert group did not make any specific recommendations
regarding profession, credentialing, or qualifications, but it
is clear that credentials of the exercise professional (e.g., ex-
ercise physiologist [also known as EP] versus clinical exer-
cise physiologist [CEP]) should match the clinical
complexity characteristics of the patients. Moreover, the ex-
perts rated as “imperative” that bariatric patients should have
customized exercise guidance from credentialed exercise
professionals (regardless ofwhether the professional is an ex-
ercise physiologist, physical therapist, or other qualified pro-
fessional), and exercise services in theMBS setting should be
incorporated into the reimbursable services of care.

The current study has several notable strengths, the first of
which is the broad, robust methodological approach used to
address the topic, which provided several levels of confirma-
tive evidence for the results. The process was inductive,
starting with the literature, and the tasks identified were
categorized and refined by an expert group that included a
multidisciplinary team of exercise practitioners, scientists,
nurses, surgeons, and dietitians from multiple nations.
Moreover, the bariatric exercise practitioners involved
have several decades of combined experience in this area.

This investigation had some limitations. Studies in the re-
view were predominantly research- and not clinical-focused.

Fig. 2. Illustrated final model (Version B) for clinical use. Certain aspects of tasks may be outside the scope of training for some specific exercise professions,
and patients with multiple comorbidities would be better served seeing a clinical exercise physiologist as opposed to a personal trainer.
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Supplement 11.  Illustrated final model (Version A) for clinical use. 

 

Image by Osama Alowaish, M.S., Teachers College ± Columbia University, NY, NY 

Copyright ± The Authors (Stults-Kolehmainen et al., 2023). Use of figure permitted with Authors permission. 615 

 

 

  

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted August 18, 2023. ; https://doi.org/10.1101/2023.04.20.23288698doi: medRxiv preprint 



Grazie



R E V I EW

B a r i a t r i c S u r g e r y

Exercise training in metabolic and bariatric surgery: An
overview of systematic reviews

Julia Hussien1 | Marine Asselin1,2 | Dale Bond3 | Yin Wu3 | Valentina Ly4 |

David Creel5 | Pavlos Papasavas3 | Bret H. Goodpaster6 | Aurélie Baillot1,7,8

1Interdisciplinary School of Health, Université
du Québec en Outaouais, Gatineau, QC,
Canada
2Université de Lorraine, 2LPN, Metz, France
3Center for Obesity Research, Innovation and
Education, Digestive Health Institute, Hartford
HealthCare, Hartford, CT, USA
4University of Ottawa Library, Ottawa, ON,
Canada
5Department of Endocrinology, Cleveland
Clinic, Cleveland, OH, USA
6Translational Research Institute,
AdventHealth, Orlando, FL, USA
7Institut du savoir de l'hôpital Montfort
recherche, Ottawa, ON, Canada
8Centre de Recherche enMédecine
Psychosociale, Centre Intégré de Santé et Services
Sociaux de l'Outaouais, Gatineau, QC, Canada

Correspondence
Aurélie Baillot, School/Department, Université
du Québec en Outaouais, 283, boulevard
Alexandre-Taché (CP 1250, Hull branch),
Gatineau QC, J8X 3X7, Canada.
Email: aurelie.baillot@uqo.ca

Funding information
This research did not receive any specific
grant. AB is a recipient of salary awards from
the Fonds de recherche du Québec-Santé
(FRQ-S). DSB is supported by a grant from the
National Institute of Diabetes and Digestive
and Kidney Diseases (R01 DK135463). PP is
supported by a grant from the National
Institute of Diabetes and Digestive and Kidney
Diseases (R01 DK113408).

Summary

Understanding how to incorporate exercise into metabolic and bariatric surgery pro-

grams to optimize treatment outcomes is of great interest, as evidenced by

11 reviews published on this topic in 2022 alone. This overview of reviews was con-

ducted to create a single cohesive resource to aid clinicians and researchers by

exploring the effects of pre- and post-operative exercise training on health outcomes.

A literature search of 7 electronic databases was performed (updated 09/2023) and

24 reviews met preset PICOS eligibility criteria and were included: 4 exploring preop-

erative exercise training, 13 postoperative, and 7 both. Comparing reviews, outcome

results were organized as concordant, discordant, or inconclusive, and then catego-

rized into “what we currently know”, “what we think we know” and “what we still

don't know”. We do not currently know the effects of pre- or post-operative exercise

training on any outcomes, but we think we know that preoperative exercise training

has a positive effect on BMI and 6-minute walking test distance, and postoperative

exercise training has a positive effect on body weight and BMI, waist circumference,

bone mineral density, 6-minute walking test distance, muscle strength, and systolic

blood pressure. Despite the abundance of research, much still needs to be done in

terms of enhancing methodological rigor and reporting to achieve greater confidence

in our conclusions; recommendations for the next research steps are made.

K E YWORD S

obesity, physical activity, umbrella review

1 | INTRODUCTION

Metabolic and bariatric surgery (MBS) offers a multitude of health

benefits beyond weight loss to the growing number of adults living

with obesity.1 Patients experience improved health-related quality of

life (QoL),2 improved insulin sensitivity,3 and reduced type 2 diabetes

and other cardiometabolic risk factors (e.g., reduced triglycerides and

total cholesterol).3 However, like with all obesity treatments, MBS
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11 reviews published on this topic in 2022 alone. This overview of reviews was con-

ducted to create a single cohesive resource to aid clinicians and researchers by

exploring the effects of pre- and post-operative exercise training on health outcomes.
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24 reviews met preset PICOS eligibility criteria and were included: 4 exploring preop-

erative exercise training, 13 postoperative, and 7 both. Comparing reviews, outcome

results were organized as concordant, discordant, or inconclusive, and then catego-

rized into “what we currently know”, “what we think we know” and “what we still

don't know”. We do not currently know the effects of pre- or post-operative exercise

training on any outcomes, but we think we know that preoperative exercise training

has a positive effect on BMI and 6-minute walking test distance, and postoperative

exercise training has a positive effect on body weight and BMI, waist circumference,

bone mineral density, 6-minute walking test distance, muscle strength, and systolic

blood pressure. Despite the abundance of research, much still needs to be done in

terms of enhancing methodological rigor and reporting to achieve greater confidence

in our conclusions; recommendations for the next research steps are made.
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CONCLUSIONS

which 4 focused on preoperative ET,13,16,20,21 13 focused on postop-

erative ET,7–9,11,12,14,15,17,18,35–38 and 7 focused on pre- and post-

operative ET.6,10,19,39–42

For the included reviews, (a) methodological details, (b) a break-

down of the AMSTAR2 ratings, (c) a summary of the CCA calculations,

and (d) author conclusions on potential reporting or publication bias

per outcome (including GRADE COE when reported) are available in

Appendix E, F, G, and N respectively.

3.1 | Certainty of evidence of RCT-only meta-
analyzed outcomes

A summary of the COE calculations is presented in Table S22 and

missing data impacting COE calculations is presented in Table S23

(see Appendix O). Imprecision (i.e., sample size) and ROB (both trial

quality and review quality) negatively impacted COE the most and a

majority of the calculated COEs were very low (80.00% preMBS,

F IGURE 2 Summary of outcome conclusions pre- and post-MBS. Note. The flow diagram used to categorize each outcome, and a summary
of these categorizations, are presented in Appendix P and R respectively. The second column is titled “what we think we know” to demonstrate
the lack of absolute conclusions. BMI = body mass index, HOMA-IR = homeostatic model assessment for insulin resistance,
HbA1c = hemoglobin A1C, AIRg = acute insulin response to glucose, Di = disposition index, SPISE = single-point insulin sensitivity estimator.
aLean body mass = weight of your muscles, bones, ligaments, tendons, and internal organs, while fat free mass = total body mass – fat mass.
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Physiological adaptation to exercise training after bariatric surgery. 

Figure 1. Physiological adaptation to exercise training after bariatric surgery.
An overview of findings from prior research that show exercise training plays a role 
in improving cardiometabolic, anthropometric, and physical function parameters in post-
bariatric individuals. HR, heart rate; HRV, heart rate variability
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