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Objective: Overweight and obesity are major global health issues. Traditional interventions have limited efficacy, while pharmaco-
logical treatments are hindered by side effects and weight rebound. This study evaluates the effects of combined exercise and
medication on body composition and metabolic health in overweight/obese adults, using network pharmacology to explore potential
synergistic mechanisms.

Methods: A systematic search of PubMed, EMBASE, Scopus, Web of Science, Medline, and Cochrane up to October 2025 identified
18 randomized controlled trials with 5,620 participants. Meta-analysis was performed using RevMan 5.4 and Stata 14. Outcomes
included weight, BMI, body fat percentage, and metabolic markers. Network pharmacology was conducted using liraglutide and
orlistat to identify shared targets and perform enrichment analysis.

Results: Combined exercise and medication significantly reduced weight (MD = —2.49, 95% CI: —3.83, —1.14), BMI (MD = —0.79,
95% CI: —1.25, —0.34), and body fat percentage (MD = —1.97, 95% CI: —3.76, —0.18) compared to exercise alone. The combined
intervention also significantly reduced systolic and diastolic blood pressure and triglycerides. However, compared to medication alone,
it showed only reductions in weight and BMI, with no significant improvements in lean body mass, HDL, LDL, or fasting glucose.
Network pharmacology revealed 109 obesity-related targets, including IL1B, STAT3, and SIRT1, involved in inflammation, lipid
metabolism, and energy regulation. GO/KEGG analysis showed enrichment in fatty acid metabolism and AMPK signaling pathways.
These pathways were highly consistent with metabolic adaptations induced by exercise, suggesting potential synergistic effects
between exercise and medication in metabolic regulation.

Conclusion: Combined exercise and medication significantly enhance weight loss in overweight/obese adults. Network pharmacol-
ogy suggests that the [L1B-STAT3 inflammatory axis and SIRT1/CD36 lipid metabolism network may be central to the mechanisms.
Future studies should explore the long-term efficacy and mechanistic specificity of different drug-exercise combinations.
Keywords: exercise intervention, medication, obesity, overweight, meta-analysis, network pharmacology analysis

Introduction

The global obesity epidemic has emerged as one of the most pressing public health challenges of the 21st century.
According to data from the World Health Organization (WHO), the global adult obesity rate has more than doubled since
1990, while the adolescent obesity rate has increased nearly threefold. As of 2022, approximately 2.5 billion adults
worldwide are overweight, with 890 million suffering from obesity.' > Notably, the rise in obesity is particularly
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pronounced in rapidly urbanizing regions.* According to WHO criteria, overweight is defined as a body mass index
(BMI) >25, and obesity is defined as BMI >30. Obesity is strongly associated with numerous chronic diseases, including
type 2 diabetes, immune system disorders, cardiovascular diseases, hypertension, breast cancer, and colorectal cancer,” '°
making it a major driver of the global increase in non-communicable diseases (NCDs). This, in turn, leads to significant
reductions in quality of life, increased risk of premature death, and a heavy economic burden.'' ™' Therefore, establishing
efficient and sustainable weight management strategies is of paramount importance.

Currently, the core interventions for overweight/obese adults primarily consist of lifestyle management (diet and
exercise) and pharmacotherapy. Regular exercise serves as the foundation for weight management, offering a wide range
of benefits, including increased energy expenditure, improved cardiorespiratory fitness, enhanced insulin sensitivity,
maintenance of lean body mass, and improved psychological health.'* Even without significant weight loss, exercise can
notably improve metabolic health.'>'® Numerous studies have confirmed that aerobic exercise effectively reduces blood
pressure, blood lipids, and visceral fat.'”'® However, relying solely on exercise typically results in moderate weight loss
of 2—4 kg, which may be affected by compensatory mechanisms such as increased appetite or reduced non-exercise
activity thermogenesis (NEAT), thereby diminishing the extent of weight loss.'®>* To enhance weight management
outcomes, pharmacological interventions are widely used as adjunctive measures. The main mechanisms of pharma-
cotherapy include: (1) appetite suppression, such as liraglutide and phentermine, which reduce energy intake by
modulating neurotransmitters like norepinephrine, serotonin, and dopamine; (2) reduction of fat absorption, such as
orlistat, which inhibits gastrointestinal lipase to reduce fat intake; (3) increased energy expenditure, such as sibutramine,
which enhances sympathetic nervous system activity to promote lipolysis and thermogenesis.”>2® Despite the clear
advantages of pharmacotherapy for short-term weight loss, its long-term effectiveness is limited due to issues such as
cost, side effects, decreased adherence, and weight rebound after discontinuation. Single-drug interventions alone are
insufficient for achieving long-term weight maintenance.

Increasing evidence suggests that combined exercise and pharmacological interventions may offer superior weight
loss effects and greater metabolic benefits. Previous studies have shown that adding medication to a diet and exercise
regimen further enhances weight loss, improves body composition, and can increase patient adherence.”’ *° Exercise
helps maintain lean body mass and improves fitness, while medications rapidly establish an energy deficit by reducing
energy intake, creating a complementary, synergistic model. However, the existing evidence remains fragmented, making
it difficult to determine the overall effect of combined interventions and the optimal combination. A key obstacle to the
consistency of results is the significant heterogeneity in existing randomized controlled trials (RCTs). On one hand, there
are vast differences in medication types, doses, administration frequencies, and treatment durations, including orlistat,
phentermine/topiramate, naltrexone/bupropion, and various GLP-1 receptor agonists.”**'> On the other hand, exercise
prescriptions vary significantly in terms of type, intensity, frequency, supervision, and intervention period, all of which
affect treatment outcomes.’* > This multidimensional heterogeneity in prescriptions has made it difficult to answer
critical clinical questions: Is combined intervention generally superior to single interventions? Which medications and
exercise modalities exhibit the best synergistic effects? What are the long-term effects? While combination therapies are
widely used in clinical practice, there is still a lack of consistent, comprehensive evidence regarding the specific
comparative outcomes of exercise and medication treatments.

In recent years, researchers have systematically explored the synergistic effects of different medication and exercise
combinations, focusing on three main areas. First, GLP-1 receptor agonists (such as liraglutide) combined with structured
exercise (including both aerobic and resistance training) show significant metabolic synergy. A randomized controlled
trial by Sandsdal et al confirmed that combining exercise training with liraglutide treatment significantly reduced the
severity of metabolic syndrome, visceral fat content, and systemic inflammatory markers, with mechanisms involving
improved insulin sensitivity and alleviation of chronic inflammation.*” Jensen et al further found that the combined
regimen of exercise and GLP-1 receptor agonists was more effective in maintaining weight loss for up to one year after
medication cessation (with about 6 kg less weight rebound compared to medication alone), underscoring the crucial role
of exercise in long-term weight management.*! Second, orlistat, which promotes weight loss by inhibiting gastrointest-
inal fat absorption, shows enhanced efficacy when combined with dietary control and regular exercise. A multicenter
RCT by Chanoine et al indicated that orlistat combined with lifestyle interventions (including structured exercise)
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resulted in statistically significant improvements in weight and body fat percentage in obese adolescents, although long-
term effects still require further high-quality evidence.*? Third, exercise prescription heterogeneity is an important
variable influencing the effects of combined interventions. Willis et al found that aerobic training was most effective
for fat reduction, while resistance training was crucial for maintaining lean body mass; combining both training types
could optimize body composition synergistically.** Ho et al’s 12-week intervention trial further confirmed that combined
training outperformed single exercise modes in weight loss, fat reduction, and improvements in cardiorespiratory
function.** The HEARTY trial by Sigal’s team confirmed this conclusion in obese adolescents, demonstrating that
aerobic, resistance, and combined training all effectively reduced overall fat and waist circumference, with the most
significant benefits seen in participants with high adherence.* A meta-analysis by Liu et al also highlighted the
significant advantages of a multimodal exercise regimen, combining aerobic and resistance training, in improving
body composition and metabolic parameters in overweight/obese children and adolescents.*® This literature stratification
based on intervention types not only helps clarify the synergistic mechanisms of different drug-exercise combinations but
also provides evidence-based support for the optimization of future personalized obesity treatment strategies.

Understanding the molecular basis of the combined effects of exercise and pharmacological treatments is essential for
developing precise obesity intervention strategies. Exercise, as a powerful systemic metabolic stimulus, can simulta-
neously reshape the expression of thousands of genes, involving energy metabolism reprogramming, inflammation
modulation, neuro-endocrine regulation, and mitochondrial function enhancement.*’~>° Pharmacological treatments, on
the other hand, target specific receptors or metabolic enzymes (eg., GLP-1 receptors, pancreatic lipases, or the
norepinephrine system), triggering downstream signals that produce more specific pharmacological effects.> > Their
combination may lead to complex interactions, such as pathway cross-talk, signal amplification, or compensatory effects.
However, these “drug-exercise interaction networks” have not yet been systematically elucidated.’’>* Although clinical
trials have demonstrated the individual effects of exercise and pharmacological treatments, these studies have primarily
focused on outcome measures, without delving into the underlying mechanisms of their combined interventions. The
addition of network pharmacology could help bridge this gap, providing a novel perspective to generate mechanistic
hypotheses. By integrating drug target databases, exercise-induced molecular changes, GO/KEGG pathway enrichment
analyses, and protein-protein interaction (PPI) networks, network pharmacology can identify co-regulated molecular
nodes, core targets, and potential synergistic mechanisms, providing a theoretical framework and testable hypotheses for
the design of combined intervention strategies.”> > Previous systematic reviews have also suggested that multimodal
interventions (diet + exercise + drugs) yield better long-term weight loss results compared to single interventions.
However, poor adherence, inconsistent prescriptions, and diverse trial designs have led to inconclusive clinical
conclusions.’® Therefore, it is necessary to conduct rigorous and systematic evidence integration assessments based on
current evidence.

Methods
Meta-Analysis Methodology

Registration and Guidelines

This systematic review has been prospectively registered in the International Prospective Register of Systematic Reviews
(PROSPERO) under registration number CRD42024604403.%” The report of this systematic review and meta-analysis follows
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for literature search.>®

Inclusion and Exclusion Criteria
Study Type
Randomized controlled trials (RCTs).

Study Population

Adult participants aged >18 years with overweight/obesity (BMI > 25), regardless of nationality, ethnicity, gender, or age,
who received both exercise interventions and pharmacological treatment (including exercise training or physical activity
promotion combined with pharmacological agents).

Diabetes, Metabolic Syndrome and Obesity 2026:19 htps: 3



Peng et al

Interventions
Intervention groups combined exercise interventions (aerobic exercise, resistance training, high-intensity interval train-
ing, etc.) with medication. The control groups received either exercise alone or pharmacotherapy alone.

Outcome Measures

The primary outcomes measured were body weight, BMI, body fat percentage, waist circumference, hip circumference,
and lean body mass. The secondary outcomes included systolic blood pressure, diastolic blood pressure, fasting blood
glucose, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides (TG).

Exclusion Criteria

Studies were excluded if they involved duplicate publications, trials that only tested pharmacological treatments or
exercise alone, or studies without accessible raw data or full text concerning key outcomes. Also excluded were studies
that focused on outcomes unrelated to body composition and metabolic measures, such as cognitive function or quality of
life, and those combining exercise with other treatments (eg., bariatric surgery).

Literature Search Strategy

A comprehensive computer-based search will be conducted in the following databases: MEDLINE, EMBASE, Cochrane
Library, Scopus, Web of Science, and PubMed. The search will cover the period from database inception to October 2025.
The search terms will combine both subject headings and free text keywords, adjusted to suit each database’s characteristics
(as shown in Supplementary Table 1). Additionally, the reference lists of included studies will be examined to supplement

9% 66

relevant data. English search terms include: “Anti-Obesity Agents”, “Obesity”, “Overweight”, “Adults”, “Exercise inter-
ventions”, and others (detailed search strategies are listed in Supplementary Table 2).

Study Selection and Data Extraction

Two independent researchers will screen the literature, extract relevant data, and cross-check results. Discrepancies will
be resolved through discussion or consultation with a third researcher. Initial screening will involve reviewing titles to
exclude obviously irrelevant studies, followed by abstract and full-text assessments to determine eligibility. If necessary,
original authors will be contacted via Email or phone to obtain critical information not provided in the published studies.
Data to be extracted include: the first author and publication year, study population characteristics (eg., age, sample size),
intervention details (including exercise type and the name/dosage of medications), and primary outcome measures.

Risk of Bias Assessment in Included Studies

The risk of bias in included studies will be independently assessed by two researchers using the Cochrane Risk of Bias
5.1.0 tool. This will evaluate various bias risks, with particular attention to random sequence generation, allocation
concealment, blinding, outcome assessment, and selective reporting. Disagreements will be resolved through consensus.

Statistical Analysis

Meta-analysis will be performed using RevMan 5.4 and Stata 14.0 software. The choice between fixed-effects and
random-effects models will depend on whether a common true effect across studies is assumed, not solely on the I value.
When I? <50% (indicating moderate or low heterogeneity), a fixed-effects model will be used, while a random-effects
model will be applied for I* >50% (high heterogeneity), excluding clinical heterogeneity factors (eg., differences in drug
types and exercise interventions) to ensure accurate results. The DerSimonian-Laird estimator will be used for the
random-effects model to ensure reproducibility and consistency of the analysis. Data processing will standardize median
or quartile data to mean and standard deviation when necessary. When outcome measures are identical in measurement
and units, the Mean Difference (MD) will be used as the effect size; otherwise, Standardized Mean Difference (SMD)
will be employed, with a 95% confidence interval (95% CI) for statistical inference. The I* statistic will be used to
quantify heterogeneity; if I* >50%, a random-effects model will be applied; if I <50%, a fixed-effects model will be
used.”® Subgroup analyses will further explore sources of heterogeneity, such as exercise type, intensity, and supervision
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levels.®® The significance level for the meta-analysis will be set at a = 0.05. Sensitivity analysis (one-by-one exclusion
method) will be performed to assess the robustness of results, and Egger’s linear regression test will be used to detect
publication bias.

Assessment of the Quality of Evidence for Each Outcome

The quality of evidence for the outcomes was assessed using the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) system, and a Summary of Results table was generated for comparison. The
system was used to assess the quality of evidence for outcomes in randomised controlled trials. Using this system,
randomised controlled trials are initially high level evidence and randomised trial evidence is downgraded to moderate,
low or even very low quality evidence depending on the presence of five factors: risk of bias, inconsistency, indirectness,
imprecision and publication bias.®’ We have included a summary of results and reported the reasons for our judgements
in each of these domains as footnotes in the summary of results table.

Network Pharmacology Analysis Methodology

Databases and Software
This study integrates data from multiple databases to construct a network pharmacology analysis framework for drug-disease-
target interactions. Drug-related information is sourced from PubChem (https://pubchem.ncbi.nlm.nih.gov/), which provides

compound structure and SMILES data; target predictions are obtained from SwissTargetPrediction (http://www.swisstargetpre
diction.ch/), SEA (https://sea.bkslab.org/), and ChREMBL (https:/www.ebi.ac.uk/chembl/); disease-related targets are retrieved
from GeneCards (http://www.genecards.org), OMIM (https://omim.org/), TTD (https://db.idrblab.net/ttd/), and DrugBank
(https://go.drugbank.com/). Protein-protein interaction (PPI) analysis is conducted using STRING (https://string-db.org/), and
target annotations are standardized via UniProt (http:/www.uniprot.org). Functional enrichment analyses are carried out in
DAVID (https://david.ncifcrf.gov/). Network visualization is done using Cytoscape 3.9.1, and association analysis is completed
via the WeiShengXin platform (http://www.bioinformatics.com.cn/). All databases are queried for their latest versions to ensure

up-to-date and authoritative results.

Obtaining Drug Targets

The SMILES expressions of Orlistat and Liraglutide are extracted from the PubChem database and input into
SwissTargetPrediction, SEA, and ChEMBL for target prediction. Only potential targets with a prediction probability
(Probability) greater than 0 will be selected as candidates. These predicted targets will then be standardized using UniProt
(species: Homo sapiens), forming a standardized target set for each drug.

Identification of Potential Targets for Overweight and Obesity

Keywords such as “overweight” and “obesity” are used to search for relevant disease targets from the GeneCards,
OMIM, TTD, and DrugBank databases. For GeneCards, the Relevance Score is used as the selection threshold (above the
median value) to increase specificity. All relevant genes from the other databases are included. After integration and
deduplication, the disease-related target set for overweight/obesity is obtained.

Identification of Common Genes

The drug target predictions and disease targets are uploaded to the MicroLife platform for Venn analysis to obtain the
common targets, ie., the “drug-overweight/obesity” intersection targets. Venn diagrams are created online to visually
represent target overlap.

Constructing Drug-Target-Disease Network

Using the intersection target data, a drug-target-disease interaction network is built using Cytoscape 3.9.1. This network
demonstrates the polypharmacological nature of the drug’s action and reveals the topological positions of key targets,
highlighting the potential mechanisms of the drug’s effect on overweight/obesity.
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Building Protein-Protein Interaction (PPl) Network
The common targets are input into the STRING database, with Homo sapiens as the species and a confidence threshold of
0.4 (medium confidence). The PPI data is then downloaded and analyzed in Cytoscape 3.9.1 using network topology
analysis tools, calculating Betweenness Centrality (BEC), Closeness Centrality (CLC), and Degree Centrality (DEC).
The core hub targets are selected based on the criteria that all three parameters are greater than or equal to the median
value, leading to the identification of key targets for the drug’s effects.

GO Biological Process Enrichment and KEGG Pathway Analysis

To systematically analyze the potential molecular mechanisms of combined drug and exercise interventions, the
intersection targets of the drug and obesity-related differentially expressed genes are imported into the DAVID database
for functional annotation analysis. Gene Ontology (GO) analysis is performed in three categories: Biological Process
(BP), Cellular Component (CC), and Molecular Function (MF) to identify key biological functions involved in the
targets. Furthermore, KEGG pathway enrichment analysis is conducted in DAVID to identify the potential signaling
pathways and metabolic networks involved. All enrichment analyses are based on hypergeometric tests, and P-values are
corrected using the Benjamini—Hochberg method with an FDR <0.05 threshold for statistical significance. The results are
visualized using the MicroLife platform.

Results

Meta-Analysis Results

Literature Screening Process and Results

A total of 912 articles were initially identified, and after a stepwise screening process, 18 RCTs were finally included,
comprising 5620 participants.®* ’* The literature screening process and results are shown in Figure 1.

Basic Characteristics and Risk of Bias Assessment of the Included Studies
Table 1 summarizes the basic characteristics of the included studies. These 18 studies, published between 2011 and 2024,

6770717374 two each from Iran,**”> Turkey,”””®

originated from multiple countries: five studies from the United States,
and Denmark,%® 776 and one each from Austria,63 Germany,64 Norway,(’(’ Mexico,68 India,69 Ireland,72 and Brazil.”’ The
total sample size (n = 5620) ranged from 24 to 4008 participants, with the percentage of female participants varying from
0% to 100%. The average age of participants was between 18 and 75 years, and the BMI ranged from 25 to 45 kg/m?.
The predominant exercise intervention type was aerobic exercise, although some studies included combined aerobic and
resistance training. Only five studies reported specific exercise intensity, and half of the exercise interventions were
supervised. The pharmacological treatments used varied widely, with liraglutide and orlistat being the most frequently
studied. The dosage of these medications typically increased over the course of the intervention. The Cochrane Risk of
Bias tool was used to assess the risk of bias in the included studies.®’ Among the 18 studies, the randomization quality
was deemed adequate for all, with six studies providing information on allocation concealment. Eight studies employed
a double-blind design, and 17 described blinding in outcome assessments. The outcome data in all studies were complete,
and nine studies did not report selective outcomes. However, five studies were considered to have a high risk of other
biases due to funding from pharmaceutical companies.*® The risk of bias assessment results are shown in Figure 2.

Analysis of Key Indicators

This meta-analysis integrated data from RCTs investigating the combined effects of exercise and pharmacological
interventions on overweight/obese adults. The results of body weight, BMI, body fat percentage, lean body mass,
waist circumference, hip circumference, and metabolic parameters (blood pressure, blood lipids, and blood glucose) are
summarized in Table 2. The forest plots for the primary outcomes are provided in Supplementary Figures 1-15.

Body Weight and BMI
The combination of exercise and pharmacological interventions led to a significant reduction in body weight compared to
exercise alone (MD =—2.49, 95% CI: —3.83, —1.14). In subgroup analysis, the combination of exercise with liraglutide or
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Identified through database searching {7=1187) Identified through other sowrces (7=03

v

Records after duplicates removed (7=833)

Y

Tifles and abstracts screened (7=833)

> Excluded (#=806)

Y

Full-text articles assessed for eligibility {7=27}

Excluded (#=9) :
Inappropriate study design (7=5)
Datanot extractable {7=3)

4

Insufficient information {7=1)

v

Studies ncluded in qualitative synthesis {7=18)

v

Studies ncluded in meta-analysis {r=18)

Figure | Flowchart of study selection and inclusion. Number of articles retrieved per database: PubMed (n = 151), Web of Science (n = 478), Cochrane Library (n = 158),
Scopus (n = 263), EMBASE (n = 10), MEDLINE (n = 127). Excluded studies and reasons are listed in Supplementary Table 3.

orlistat (L+O) resulted in a more pronounced weight loss effect (MD = —4.37, 95% CI: —=7.95, —0.79). When compared to
pharmacological interventions alone, combined interventions also significantly reduced body weight (MD = —1.80, 95%
CI: —3.34, —0.26). BMI also showed a downward trend, with combined interventions significantly reducing BMI
compared to exercise alone (MD = —0.79, 95% CI: —1.25, —0.34). After excluding high-heterogeneity studies in
a subgroup analysis (>16 weeks, excluding Birketvedt 2000), this effect was more pronounced (MD = —0.96, 95% CI:
—1.21, —0.70). Compared to pharmacological interventions, combined interventions also showed a notable improvement
in BMI (MD = —0.93, 95% CI: —1.44, —0.42).

Body Fat Percentage and Lean Body Mass

Combined interventions significantly reduced body fat percentage compared to exercise alone (MD = —1.97, 95% CI:
—3.76, —0.18). Subgroup analysis revealed that combined aerobic and resistance training (A+R) significantly reduced
body fat percentage (MD = —1.96, 95% CI: —2.59, —1.33). However, there were no significant changes in lean body mass,
regardless of whether combined interventions were compared to exercise or pharmacological treatments.

Waist and Hip Circumference
No significant changes were observed in waist circumference or hip circumference when combined interventions were
compared to exercise alone.

Blood Pressure Parameters

Combined interventions significantly reduced systolic blood pressure (MD = —0.74, 95% CI: —1.34, —0.14) and diastolic
blood pressure (MD = —0.45, 95% CI: —0.87, —0.03) compared to exercise alone, after excluding the Birketvedt 2000
study.
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Table | Basic Characteristics of Included Studies

Included Study Country | Age (Years) | Sample Size | BMI Exercise Type | Medication Dose Intervention | Supervision | Outcomes
(Female) (kg/m?) (mgl/day) Duration

Nakhaee 2013¢? Iran 31 £88 40(30) 30.1 £26 Not reported Acarbose 150-300 5 months Unsupervised | @

Ofner 2014 Austria 30-60 40(32) 25-45 A+R Salacia extract 600 4 weeks Supervised oG

Pokhis 2015%* Germany | 21-75 115(79) 26-45 A Polyglucosamine 1700 26 weeks Unsupervised | ©@@®

Mensberg 2017 Denmark | >18 33(23) >25 A+R Liraglutide 0.6-1.8 16 weeks Supervised OOOO®

Birketvedt 2000%¢ Norway 18-59 60(55) >25 A Cimetidine Not reported | 42 months Unsupervised | Q@00®

Blackman 2016%” America 18-64 359(101) 230 Not reported Liraglutide 0.6-3.0 32 weeks Unsupervised | D20O0®®

Carlos Poston 2003¢® Mexico 21-65 108(108) 227 A Orlistat 360 12 months Unsupervised | Q2000000O®@

Dixit 2018%° India 21-50 140(58) 27-29.9 A LI85008F 900 16 weeks Unsupervised | OD@O0OOE®OL®@

DeFina 20117° America 30-60 128(88) 26-40 A Omega-3 15,000 6 months Supervised (0806}

Fidler 20117 America 18-65 4008(3194) 27-45 Not reported Lorcaserin 10/20 52 weeks Unsupervised | D@O®O®

Grannell 202172 Ireland 544 £ 10.7 78(38) 43 %6 A+R Liraglutide 0.6-3.0 16 weeks Supervised ®

Grube 20137 America 18-60 125(93) 25-35 A Litramine IQP G-002AS 1000 12 weeks Unsupervised | @

Zenk 20057* America 25-45 47(33) 227 A Lean System 7 3910.2 8 weeks Unsupervised | Q@@O0®

Zakavi 20187° Iran 33.63 £ 478 40(0) >30 A Chavir extract Not reported 12 weeks Supervised (0O

Lundgren 20217¢ Denmark 18-65 195(124) 32-43 A Liraglutide 0.6-3.0 12 months Supervised ®

Colak 200477 Turkey 37.9 £ 886 24 (21) 380487 | A Orlistat 360 4 weeks Supervised O

Ozcelik 201578 Turkey 39.6 £ 271 28 (28) 39.1 £25 A Orlistat 360 12 weeks Supervised DG

Bagherzadeh-Rahmani 20247° | Brazil 20-32 52(0) 36.15+ 143 | A+R Tirzepatide 0.36/0.71 6 weeks Supervised ©e®

Notes: A, Aerobic exercise; A+R, Combined aerobic and resistance training. The primary outcomes included: ®Body weight; @BMI; ®Body fat percentage; @Waist circumference; ®Hip circumference; ®Lean body mass. The

secondary outcomes included: @SBP; ®DBP; ®Fasting glucose; @HDL; @ LDL; @ TG.
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Figure 2 Risk of Bias Assessment of Included Studies. The methodological quality of the included randomized controlled trials was independently evaluated by two
reviewers using the Cochrane Collaboration’s Risk of Bias tool, covering the following seven domains: @ random sequence generation; @ allocation concealment; ® blinding
of participants and study personnel; @ blinding of outcome assessment; ® incomplete outcome data; ® selective reporting; and @ other potential sources of bias.
Disagreements were resolved through discussion or consultation with a third reviewer.

Blood Glucose and Lipids

No significant effect on fasting blood glucose was observed with combined interventions compared to exercise alone.
However, combined interventions significantly reduced TG levels (MD = —=7.68, 95% CI: —11.13, —4.23), while no
significant effects were seen on HDL or LDL.

Sensitivity Analysis

A sensitivity analysis was conducted by sequentially removing individual studies. The results indicated that the inclusion
of the Birketvedt et al (2000) study significantly increased heterogeneity in the effect sizes for BMI, waist circumference,
systolic blood pressure, and diastolic blood pressure. Further analysis revealed that this study was an open-label, non-
randomized design with a multifactorial intervention (diet + exercise + intermittent drug), and a long follow-up period of
42 months, which might explain the significant differences in participant characteristics, intervention types, and outcome
measurement methods compared to other RCTs. Excluding this study markedly reduced heterogeneity, suggesting that it

was a major source of inconsistency.

Publication Bias Test
Egger’s linear regression method was used to assess publication bias for the primary outcomes. The results indicated no

evidence of publication bias (P > 0.05) (see Supplementary Figures 16-23).

Overall Evidence Quality

The quality of evidence for the majority of outcomes was downgraded to “low” or “very low”, primarily due to high risk
of implementation bias, inconsistency (inconsistency between the 95% confidence intervals, I? values, or pooled effects),
and imprecision (small sample sizes). The overall quality assessment of evidence, including the quality assessment for
each outcome, is presented in Supplementary Table 4.

Network Pharmacology Analysis Results
To explore the potential molecular targets of anti-obesity medications (specifically liraglutide and orlistat) in the
treatment of obesity, and the potential synergistic mechanisms of combining exercise with these medications,
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Table 2 Meta-Analysis Results of Body Composition and Metabolic Indicators

Outcome No. of Heterogeneity Model Meta-Analysis Outcomes
Studies
12(%) | PValue MD (95% CI) P Value
BW (Exercise) 13 54 <0.05 Random | —2.49 (-3.83,-1.14) <0.05
L+O 4 0 0.55 Fixed —4.37 (-7.95,-0.79) <0.05
BW (Drug) 5 0 0.68 Fixed —1.80 (—3.34,-0.26) <0.05
BMI (Exercise) 13 78 <0.05 Random | —0.79 (—1.25, —0.34) <0.05
216 (excluding Birketvedt 2000) 8 31 0.17 Fixed —0.96 (—1.21,-0.70) <0.05
BMI (Drug) 4 40 0.15 Fixed —0.93 (—1.44,-0.42) <0.05
Body Fat Percentage (Exercise) 10 95 <0.05 Random | —1.97 (-3.76, —0.18) <0.05
A+R 2 0 0.9 Fixed —1.96 (—2.59, —1.33) <0.05
Lean Body Mass (Exercise) 2 19 0.27 Fixed 1.17 (—4.62,6.96) 0.69
Lean Body Mass (Drug) 2 0 0.95 Fixed 0.67 (—2.31,3.64) 0.66
Waist Circumference (Exercise) 9 87 <0.05 Random —1.70 (-3.57,0.16) 0.07
Hip Circumference (Exercise) 3 89 <0.05 Random =5.71 (-14.64,3.23) 0.21
Systolic Blood Pressure (Exercise) 7 88 <0.05 Random —3.76 (—6.36, —1.16) <0.05
Systolic Blood Pressure (Exercise) (excluding Birketvedt 2000%¢) 6 | 0.41 Fixed —0.75 (-1.37, —0.13) <0.05
Diastolic Blood Pressure (Exercise) 7 82 <0.05 Random —0.56 (—0.98, —0.15) <0.05
Diastolic Blood Pressure (Exercise) (excluding Birketvedt 2000°¢) 6 0 0 Fixed —0.45 (—0.87, —0.03) <0.05
Fasting Glucose (Exercise) 2 0 0.44 Fixed —0.18 (—0.36, 0.00) 0.05
HDL (Exercise) 3 8l <0.05 Random | —0.44 (-2.70, 1.83) 0.71
LDL (Exercise) 3 32 0.22 Fixed -0.31 (-1.75, 1.12) 0.67
TG (Exercise) 3 0 0.84 Fixed —7.68 (—11.13, —4.23) <0.05

Notes: Exercise, comparator was exercise alone; Drug, comparator was pharmacotherapy alone; 216, intervention duration 216 weeks; A+R, subgroup receiving combined
aerobic + resistance training; L+O, liraglutide + orlistat subgroup.

a comprehensive network pharmacology analysis was performed (Figure 3). Initially, target predictions for orlistat and
liraglutide were made using the SwissTargetPrediction, SEA, and ChEMBL databases. A total of 259 standardized drug
targets were identified with a probability >0 (Supplementary Table 5). Subsequently, 2563 genes related to overweight/

obesity were retrieved from GeneCards, OMIM, TTD, and DrugBank databases (Supplementary Table 6). A Venn

diagram was used to select 109 common therapeutic targets shared between anti-obesity drugs and obesity (Figure 3A).

To illustrate the potential therapeutic mechanisms of anti-obesity drugs in treating obesity, a “drug-target-disease”
network was constructed using Cytoscape software. The network, depicted in Figure 3B, demonstrates a typical multi-
target action mode, where some targets exhibit high connectivity, suggesting their potential key roles in lipid metabolism,
energy homeostasis, and inflammation regulation. These 109 common targets were imported into the STRING database,
leading to the construction of a protein-protein interaction (PPI) network with 28 nodes and 160 edges (Figure 3C). This
network predominantly involves biological processes closely related to obesity pathophysiology, such as inflammation
regulation, lipid metabolism, liver function, and neuroendocrine modulation.

Further analysis of the core nodes (Figure 3D) revealed that the protein ALB had the highest degree of connectivity,
interacting with 50 proteins, followed by IL1B, ESR1, ACE, MMP9, CYP3A4, STAT3, CD36, SIRT1, and HMGCR,
each interacting with 41, 33, 32, 28, 28, 27, 25, 25, and 25 proteins, respectively. Some of these identified hub genes,
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Figure 3 Network pharmacology analysis of anti-obesity drugs and obesity-related targets. (a) Venn diagram of 259 drug targets, 2,563 obesity/overweight targets, and 109 shared
targets. (b) Drug—target—disease network; node connectivity highlights potential key targets. (c) PPl network of shared targets; node size reflects centrality, color indicates
relevance, core targets located in inner circle. (d) Top 10 hub targets by degree. (e) GO enrichment analysis; fold enrichment (x-axis) versus term (y-axis), with Biological Process
(BP), Cellular Component (CC) and Molecular Function (MF) categories respectively. (f) KEGG enrichment analysis; fold enrichment (x-axis) versus term (y-axis).
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such as IL1B, STAT3, and SIRTI1, play critical roles in exercise interventions, with IL1B and STAT3 regulating
inflammation and lipid metabolism, while SIRT1 is involved in fat oxidation and energy balance.®'®* Therefore, these
genes not only serve as targets for pharmacological interventions but may also represent synergistic targets for exercise,
providing preliminary evidence for combined drug-exercise treatments.

To further elucidate the potential mechanisms of anti-obesity drug treatment, Gene Ontology (GO) enrichment
analysis was performed on the drug targets using the DAVID database. A total of 262 significant GO terms were
enriched, with 163 terms in biological processes (BP), 29 in cellular components (CC), and 70 in molecular functions
(MF). The top 10 results for each category are presented as a bubble chart (Figure 3E). The results indicated that the
targets of anti-obesity drugs are primarily enriched in biological processes such as fatty acid metabolism regulation,
lipoprotein processing, hormone response, inflammation mediator regulation, cell membrane receptor binding, and redox
processes, suggesting that these drugs may improve lipid metabolism and energy balance through multiple pathways.

To further explore the potential signaling pathways involved in anti-obesity drug mechanisms, KEGG pathway
enrichment analysis was conducted on the targets. A total of 25 significantly enriched pathways were identified, with the
top 20 pathways presented as a bubble chart (Figure 3F). These pathways include the renin-angiotensin system (RAS), fat
digestion and absorption, triglyceride metabolism, bile secretion and cholesterol metabolism, neuroactive ligand-receptor
interaction, AMPK signaling pathway, cAMP/cGMP-PKG metabolic regulation, adipocyte lipolysis regulation, estrogen
signaling pathway, and serotoninergic synaptic regulation. These pathways are highly relevant to the pathophysiological
characteristics of obesity, including energy metabolism dysfunction, lipid accumulation, enhanced inflammatory
responses, and endocrine signal imbalance.

Discussion

This study systematically integrated data from 18 RCTs and combined network pharmacology approaches to evaluate the
effects and potential mechanisms of exercise combined with pharmacological interventions in improving body composi-
tion and metabolic health in overweight/obese adults. Overall, combined interventions demonstrated a superior trend in
weight, BMI, and body fat percentage improvements compared to exercise alone. However, the effects varied across
different outcomes and should be interpreted with caution. Pharmacological treatments promote weight loss through
mechanisms such as appetite suppression, increased metabolic rate, and reduced fat absorption,** but their clinical
application remains limited due to side effects, decreased adherence, and weight rebound following cessation. Exercise
interventions, on the other hand, not only enhance energy expenditure but also improve cardiovascular health, psycho-
logical well-being, and insulin sensitivity, making it a crucial foundation for weight management.*>*® However, the
weight reduction effect of exercise alone is often modest, with WHO recommending at least 150 minutes of moderate-
intensity exercise per week for maintaining health and weight control.*” Our meta-analysis revealed that, compared to
exercise alone, combined interventions led to significant improvements in weight, BMI, and body fat percentage, but did
not show consistent improvements in lean body mass, HDL, LDL, or fasting glucose. The improvement in body fat
percentage was particularly pronounced, consistent with previous studies on medication combined with lifestyle
interventions.*®® Moreover, combined interventions demonstrated weight and BMI reductions when compared to
pharmacological treatments alone, possibly due to the number of studies included in the analysis. Further analysis
indicated that the combination of aerobic and resistance training was the most effective in reducing body fat, suggesting
that the structure of exercise prescriptions plays a significant role in the effectiveness of combined interventions.

In our analytical framework, we hypothesized that pharmacological and exercise interventions act on multiple
biological pathways of obesity through their independent mechanisms, thereby inducing a synergistic effect. The network
pharmacology analysis, from a systems biology perspective, revealed the molecular basis for this potential synergy,
identifying 109 shared drug-obesity targets, with core targets such as IL1B, STAT3, SIRT1, CD36, ESR1, ACE, and
MMP9 in the protein-protein interaction (PPI) network. These targets span multiple pathophysiological processes related
to obesity, including chronic inflammation, lipid metabolism dysregulation, muscle function decline, endocrine disrup-
tion, and cardiovascular activation.”®*® GO and KEGG enrichment analyses further indicated that anti-obesity drug
targets are primarily involved in fatty acid metabolism, redox regulation, AMPK and cAMP/PKG signaling pathways,
lipolysis regulation, the renin-angiotensin system (RAS), and neuroactive ligand-receptor interactions—key pathways
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also involved in exercise-induced physiological adaptations. These results suggest that pharmacological treatments and
exercise share overlapping and synergistic effects at multiple molecular levels.”” %"

The IL1B-STAT3 inflammatory axis represents the most prominent synergistic pathway. Chronic low-grade inflam-
mation induced by obesity weakens the beneficial effects of exercise on insulin sensitivity and fat oxidation. Our study
found that IL1B and STAT3 exhibited high centrality in the drug-obesity target network and were closely linked to
inflammation regulation. Previous evidence suggests that exercise can attenuate IL-1 and TNF-o expression through
muscle-derived IL-6, while GLP-1 receptor agonists can inhibit the NLRP3/IL-1p signaling pathway and improve
hypothalamic STAT3 activity, enhancing satiety signals and energy metabolism.”*'°> On the other hand, the significant
improvement in body fat percentage with combined interventions in this study aligns well with the enrichment of
metabolic targets. Core targets like SIRT1, CD36, and HMGCR are involved in fatty acid uptake, mitochondrial function,
and cholesterol metabolism. SIRT1 is a central regulator of exercise adaptation (eg., promoting PGC-1a activation) and
synergizes with GLP-1RA medications; CD36 is a key membrane protein in exercise-induced fat oxidation; HMGCR is
associated with cholesterol metabolism, which is consistent with the KEGG pathways related to “bile secretion” and
“triglyceride metabolism”.'*>"'%® These findings suggest that pharmacological treatments may amplify the fat metabo-
lism-enhancing effects induced by exercise, thereby explaining the advantage of combined interventions in reducing
body fat. In terms of energy intake control, while exercise may temporarily suppress appetite, it is difficult to maintain
this effect long-term; GLP-1 drugs, however, reduce energy intake by enhancing satiety and delaying gastric
emptying.'” The network pharmacology analysis revealed that ESR1 is significantly enriched in multiple neuroactive
ligand-receptor interaction pathways, indicating that combined interventions may exhibit complementary effects in
central appetite regulation and sex hormone-related metabolism, thus explaining the more stable improvements in weight
and BMI observed in this study.''%!!!

In cardiovascular risk indicators, combined interventions led to robust improvements in systolic and diastolic blood
pressure. Network pharmacology suggested that targets such as ACE and REN are involved in the RAS system and
regulate vascular relaxation and oxidative stress in conjunction with the cGMP-PKG pathway, consistent with our
findings of improved blood pressure.''>''* In contrast, combined interventions did not significantly impact HDL, LDL,
or fasting glucose, possibly due to insufficient exercise dosage, short intervention periods, or differences in drug effects.
It is important to emphasize that, within the context of short-term pharmacological weight loss, exercise plays an
irreplaceable role in maintaining lean body mass, improving cardiovascular health, and preventing weight rebound. Our
findings are consistent with previous literature. A study by Douketis et al (2005) showed that long-term pharmacological
treatments combined with lifestyle interventions significantly reduced weight and BMI, though the effect on cardiovas-
cular function was limited."'> Another review also confirmed that various FDA-approved anti-obesity medications were
effective in reducing weight and BMI with treatments lasting >1 year, further supporting the conclusions of this study.?®

In this study, liraglutide and orlistat were selected as representative drugs for network pharmacology analysis due to
their established clinical applications in chronic weight management and complementary pharmacological mechanisms.
Liraglutide, a GLP-1 receptor agonist initially used for type 2 diabetes, was later approved for long-term weight
management. Its effects on weight loss and metabolic improvements, including delayed gastric emptying, increased
satiety, and reduced energy intake, have been demonstrated in numerous clinical trials and systematic reviews, and it is
recommended by international guidelines.''®!'"” Orlistat, a gastrointestinal lipase inhibitor, reduces energy intake by
blocking the absorption of fat, representing a pharmacological mechanism distinct from GLP-1 drugs.''® Therefore, these
two drugs, when combined with exercise, comprehensively represent the primary categories of current pharmacological
treatments. It is worth noting that with the expanding drug portfolio for obesity treatment, new-generation drugs such as
semaglutide and tirzepatide have demonstrated more significant weight loss effects.''®'?® For example, in the
SURMOUNT-1 trial, tirzepatide at various doses resulted in an average weight loss of 15%-20%,'*" and other studies
have shown that semaglutide outperforms liraglutide in weight management.''® The emergence of these new drugs
suggests that future combined interventions may yield even more pronounced effects. However, high-quality randomized
controlled trials specifically evaluating the combination of these emerging drugs with exercise are still lacking. Hence,
liraglutide and orlistat, supported by extensive existing clinical evidence, were selected in this study to control for
heterogeneity and ensure the interpretability of the results.
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Although this study provides comprehensive evidence by combining RCTs with network pharmacology analysis, it
still has limitations, including insufficient quantification of exercise prescriptions, considerable heterogeneity in drug
types, insufficient sample sizes for some indicators, and short follow-up periods. Future research should adopt standar-
dized exercise prescriptions, conduct stratified randomized trials focusing on specific drug classes (including emerging
drugs), and extend follow-up periods. Additionally, omics techniques and network pharmacology should be integrated to
validate key pathways to further elucidate the drug-exercise synergistic mechanisms. Overall, this study demonstrates
that exercise combined with pharmacological treatments has an advantage in improving body composition and certain
metabolic indicators in overweight/obese adults, although the effects vary by outcome. Network pharmacology analysis
provides hypothetical mechanisms for their synergistic effects, offering valuable insights for developing personalized
comprehensive intervention strategies in clinical practice.

Conclusion

This study indicates that exercise combined with pharmacological interventions significantly improves weight, BMI, and
body fat percentage in overweight/obese adults compared to exercise alone, with some benefits for systolic and diastolic
blood pressure and triglycerides. However, no consistent improvements were observed in lean body mass, HDL, LDL, or
fasting glucose, suggesting variable effects depending on the outcome. Network pharmacology analysis further identified
core targets such as IL1B, STAT3, SIRT1, CD36, HMGCR, ESRI1, and ACE, as well as key pathways, including
inflammation regulation, fatty acid metabolism, AMPK and cAMP/PKG signaling, the RAS system, and neuroactive
ligand-receptor interactions, which may form the molecular basis for the synergistic effects of drugs and exercise.
Overall, drugs primarily enhance energy intake control through appetite suppression, reduced fat absorption, and
endocrine signaling modulation, while exercise enhances metabolic adaptation by improving fat oxidation, mitochondrial
function, and lean body mass. The two interventions complement each other in terms of inflammation alleviation, lipid
metabolism optimization, and cardiovascular regulation, providing a mechanistic foundation for the clinical benefits of
combined interventions. Given the existing heterogeneity in exercise prescriptions and drug types, future long-term,
standardized randomized controlled trials combined with mechanistic validation are needed to identify the optimal drug-
exercise combination strategies and promote precision obesity management.
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