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Objective

This study aimed to systematically evaluate the effects of exercise interventions on metabolic and inflammatory biomarkers in cancer patients, and to identify potential dose–response relationships and modulatory mechanisms using Robust Variance Estimation (RVE) and MetaForest models.





Methods

A systematic search of five databases was conducted from inception to March 6, 2025, based on the PICOS framework. Randomized controlled trials involving exercise interventions of ≥4 weeks in adults (≥18 years) with cancer were included. Effect sizes were pooled using RVE to estimate overall intervention effects. Risk of bias was assessed using the ROB2 tool, and the certainty of evidence was evaluated with the GRADE approach. Univariable RVE meta-regression was performed to examine the linear effects of each moderator. MetaForest was used to assess variable importance and to explore potential nonlinear relationships between moderators and intervention effects. Subgroup analyses were conducted by cancer type and intervention timing.





Results

A total of 83 eligible articles were included, representing 74 distinct randomized controlled trials, from which data were extracted. Exercise significantly reduced insulin levels (ES = –0.24, SE = 0.08, p < 0.01, I² = 49%), representing a small but meaningful effect. TNF-α showed a small effect (ES = –0.22, SE = 0.13) but was not statistically significant (p = 0.10, I² = 74%). MetaForest modeling revealed that the most favorable changes in IL-6, adiponectin, and IGF-1 were associated with high-intensity aerobic exercise; TNF-α, IL-8, and IL-10 responded best to longer weekly exercise duration; and improvements in glucose, leptin, and CRP were most pronounced when exercise was combined with caloric restriction.





Conclusion

Regular exercise confers modest but favorable effects on metabolic and inflammatory biomarkers in cancer patients. Meta-regression highlighted the importance of high-intensity aerobic exercise (HRR > 85%) in modulating IL-6, adiponectin, and IGF-1, as well as longer weekly exercise duration (>280 min/week) in improving TNF-α and IL-8. Mechanistically, high-intensity aerobic exercise may serve as a primary trigger for activating pathways that mediate metabolic and inflammatory improvements.





Systematic review registration

https://www.crd.york.ac.uk/PROSPERO/view/CRD420251002676.
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1 Introduction

For a long time, cancer has been regarded as a genetic disease (1). However, an increasing number of studies now suggest that cancer should also be considered a metabolic disease (1, 2). This shift in perspective is partly attributed to a deeper understanding of the mechanisms underlying changes in the tumor microenvironment (TME) (2). Persistent hypoxia, lactate accumulation, and energy competition within the TME can induce metabolic reprogramming in patients to meet the energy demands of tumor proliferation (3, 4). Metabolic reprogramming is characterized by alterations in host glucose and lipid metabolism that favor tumor growth and invasion (5). These tumor-centric metabolic changes may progressively extend throughout the body, leading to systemic metabolic disturbances (6). As a result, cancer patients often present with typical features of metabolic syndrome, such as insulin resistance and dyslipidemia (7–9). To date, numerous studies have shown that metabolic syndrome is associated with increased cancer risk and poor prognosis in various malignancies (10–12).

More complex still is the close interplay between metabolic dysregulation and inflammation (13, 14). Hypoxia and lactate accumulation within the TME impair the function of T cells and natural killer cells, thereby weakening antitumor immune responses (15). Metabolic disturbances can induce sustained secretion of pro-inflammatory cytokines in the TME, such as interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), and IL-1β, which activate systemic inflammatory pathways and exacerbate metabolic dysfunction (13, 16). Importantly, accumulating evidence suggests that combining inflammatory markers with metabolic indicators offers a reliable approach for prognostic prediction in cancer populations (17–20). Thus, abnormalities in glucose metabolism, lipid metabolism, and inflammatory signaling have become a key framework for understanding systemic cancer progression and underscore the need for multi-targeted interventions (4, 5, 21).

Beyond pharmacological therapies, exercise has emerged as a non-pharmacological strategy with multi-target effects (22). Mechanistic studies have partially confirmed that regular physical activity may exert anticancer effects by modulating metabolic signaling pathways and reshaping the TME (23, 24). Recent animal studies also suggest a potential conflict between tumor metabolic plasticity and exercise-induced metabolic reprogramming in stromal cells (25). At the clinical level, previous meta-analyses have provided preliminary evidence that exercise can improve common metabolic disturbances in cancer patients, including blood glucose, insulin, and triglycerides, as well as inflammatory markers such as IL-6, C-reactive protein (CRP), and TNF-α (26, 27). However, existing studies have primarily focused on breast cancer survivors, with a lack of cross-cancer analyses and comprehensive integration of systemic metabolic and inflammatory indicators.

Moreover, maximizing the benefits of exercise interventions depends heavily on the precise tailoring of exercise prescription parameters, such as frequency, intensity, and duration (28, 29). Although previous studies using subgroup analyses have indicated that intervention duration (e.g., >12 weeks vs. <12 weeks) may moderate changes in IL-6 and CRP levels among breast cancer survivors, Bayesian network meta-analyses have identified high-intensity aerobic and resistance exercise as the most promising modalities for reducing inflammation, with total exercise volume influencing TNF-α concentrations (30, 31). Nonetheless, these approaches have inherent limitations. Subgroup analysis often relies on dichotomizing continuous variables, and Bayesian network meta-analysis is generally restricted to comparing intervention types. Therefore, in the context of limited head-to-head trials, there is a pressing need for more advanced statistical modeling to explore how different exercise prescription parameters regulate metabolic and inflammatory responses in cancer patients, thereby informing precision exercise strategies (24, 32).

To address these methodological limitations, recent meta-analyses have begun to adopt more flexible and robust modeling techniques. Robust Variance Estimation (RVE) offers a flexible random-effects meta-regression framework that accommodates complex data structures (33). Even when the underlying correlation structure is unknown, RVE can model correlated effect sizes within the same study (34, 35). MetaForest, a machine learning approach that integrates random forest algorithms into meta-analytic models, enables the detection of nonlinear relationships and complex interactions among moderator variables (36). While MetaForest has been used to explore moderators of intervention effects, it has not yet been applied to optimize exercise prescription parameters (37, 38).

Therefore, this study aimed to systematically evaluate the effects of exercise interventions on metabolic dysregulation and inflammatory biomarkers in cancer patients, using both RVE and MetaForest models to identify potential dose–response patterns and regulatory mechanisms. We conducted a meta-analysis and regression based on randomized controlled trials reporting exercise interventions of at least 4 weeks that targeted metabolic and inflammatory biomarkers in cancer populations. The specific objectives were (1): to summarize effect sizes using RVE to determine overall intervention effects (2); to perform univariable meta-regression with RVE to assess linear influences of moderator variables (3); to apply the MetaForest model to evaluate the relative importance of moderators and interpret their nonlinear associations with intervention effects; and (4) to conduct subgroup analyses by cancer type and intervention timing.




2 Methods

This systematic review was registered with PROSPERO (registration number: CRD420251002676) and conducted in accordance with the PRISMA guidelines (Supplementary Information 1) (39).



2.1 Data sources, search strategy, and eligibility criteria

A systematic literature search was conducted from database inception to March 6, 2025, across five databases: PubMed (MEDLINE), Embase, the Cochrane Central Register of Controlled Trials (CENTRAL), SPORTDiscus, and Web of Science. In addition, reference lists of included studies and relevant systematic reviews or meta-analyses were manually screened to identify additional eligible studies. The search strategy was developed based on the PICOS framework (Supplementary Information 2).

The inclusion criteria were as follows: middle-aged and elderly cancer patients; intervention: exercise interventions lasting at least 4 weeks, with clearly reported exercise parameters aimed at increasing physical activity; comparator: non-exercise control groups, including usual care, health education, or waitlist controls; outcomes: at least one obesity-related or inflammatory biomarker; study design: randomized controlled trials (RCTs).

The exclusion criteria were as follows: population: cancer patients under the age of 18; intervention: rehabilitation programs, mind–body exercises (e.g., yoga, tai chi), or exergaming; comparator: absence of a non-exercise control group; outcomes: surgery-related outcomes (e.g., perioperative indicators, tumor resection quality, postoperative recovery, or prognosis); study design: systematic reviews, narrative reviews, animal studies, or non-English publications. Studies were also excluded if the full text or relevant data could not be obtained after contacting the corresponding authors.

In this review, we distinguished between “physical activity (PA)” (any bodily movement produced by skeletal muscles that results in energy expenditure) and “exercise” (a subset of physical activity that is planned, structured, and repetitive, with the objective of improving or maintaining physical fitness) (40). Interventions were included only if they provided clearly defined parameters and aligned with structured exercise or prescribed physical activity protocols (e.g., walking >10,000 steps per day or 30 minutes of moderate-intensity activity), even if labeled as “PA” in the original study.

This study focused on the effects of long-term exercise interventions, rather than the acute effects of single or infrequent exercise sessions. “Regular exercise” was defined as structured programs delivered at a consistent frequency for at least 4 weeks, following established clinical exercise prescription guidelines for patient populations (41, 42). In addition, given that recent network meta-analyses have reported minimal effects of mind–body exercises on inflammatory biomarkers (31), and that such interventions lack quantifiable exercise prescription parameters (e.g., intensity), randomized controlled trials using mind–body exercises as the sole intervention were not included in this review.




2.2 Study selection and data extraction

Two authors (YXH and ZQW) independently screened the eligible studies to identify trials that met the inclusion criteria. Discrepancies were resolved by a third, experienced author (JYW). The following study characteristics were extracted: basic study information (e.g., author, registration number), outcome measures (excluding follow-up data), and moderator variables. For studies reporting data in formats other than mean ± SD (e.g., median, interquartile range, standard error), values were converted according to the Cochrane Handbook for Systematic Reviews of Interventions (43).

Outcomes were categorized into three domains: Glucose–Insulin Group, Lipid Group, and Inflammatory Group (Supplementary Information 4). A total of 25 potential moderator variables related to exercise interventions were prespecified. Moderators with more than 30% missing data were excluded, while those with 0% to 30% missingness were imputed using multiple imputation. Moderator variables were classified into two groups based on their functional role: (1) exercise prescription moderators (e.g., type, duration, frequency, session intensity, total volume), which were the primary focus of the analysis; and (2) background moderators (e.g., age, male ratio, BMI), which were used to account for demographic and design-related heterogeneity.




2.3 Risk of bias and quality of evidence assessment

The risk of bias in included RCTs was assessed using the Cochrane Risk of Bias tool (RoB2) (44). Two authors (YXH and ZQW) independently conducted the assessments, with disagreements resolved by a third reviewer (JYW). Inter-rater agreement was acceptable (Kappa = 0.87). Given the nature of exercise interventions, “blinding of participants and personnel” was considered to be at low risk. The GRADE (Grading of Recommendations, Assessment, Development, and Evaluation) framework was applied to evaluate the quality of evidence (45).




2.4 Data analysis

All statistical analyses were conducted using R (version 4.4.1). Cohen’s d and its variance were used to summarize effect sizes (46). A d of 0.2 indicated a small effect, 0.5 a medium effect, and 0.8 a large effect. All effect sizes were transformed so that negative values indicated beneficial outcomes. For studies without explicit descriptions of moderator variables, mean imputation was conducted based on comparable studies. Meta-regression models were fitted using the “metafor” package, and variance inflation factors (VIF) were calculated to assess multicollinearity. Moderator variables with VIF > 10 were excluded. Data visualization was performed using the “ggplot2” package.

The RVE method was implemented using the “robumeta” package. Regression models assumed a correlated effects structure with an intrastudy correlation of 0.5 (model weights = “CORR”, rho = 0.5). Sensitivity analyses were conducted by varying rho from 0.1 to 0.9 in increments of 0.05 (e.g., rho = 0.1, 0.15, 0.2). An RVE meta-regression model without covariates was used to estimate the overall mean effect size. Between-study heterogeneity was assessed using the I² statistic, with I² > 25% indicating low, > 50% moderate, and > 75% high heterogeneity. Egger’s test was performed using the “metafor” package to detect publication bias, and the trim-and-fill method was used to adjust for potential bias and generate corrected funnel plots. Subsequently, univariable RVE meta-regression models were fitted, and I² and R² values were recorded for each model. In RVE models, R² represents the proportion of heterogeneity explained by moderators. The model with R² closest to 1 was considered optimal (47).

The MetaForest model was constructed following the method proposed by Van Lissa (36). Random-effects weights (“whichweights” = “random”) were applied, and 20,000 decision trees were grown. Convergence plots were generated. Cross-validation and parameter tuning were performed using the “caret” package, with 100 bootstrap resampling iterations. Bootstrapping ensured model robustness, particularly in small-sample contexts. Tuned parameters included weight type (random, fixed, uniform), number of variables per split (mtry = 2, 4, 6), and minimum node size (min.node.size = 2, 4). Partial dependence plots and variable importance plots were generated. In MetaForest, R² reflects model prediction accuracy and generalizability. Subgroup MetaForest analyses were conducted based on intervention timing and cancer type, with model parameters held constant.





3 Results

A total of 3,690 records were initially identified. A total of 83 full-text articles corresponding to 74 unique RCTs were retrieved, as some trials were reported in more than one publication. Detailed information on the included RCTs and reported outcomes is provided in Supplementary Information 3. Some biomarkers (e.g., IL-1β, IL-12) were excluded from analysis due to an insufficient number of RCTs (<10) or effect sizes (<15). For RCTs reporting multiple time points or intervention arms, effect sizes were extracted separately. The full screening and selection process is illustrated in Figure 1.

[image: Flowchart of study identification and selection for a meta-analysis. From databases, 3,690 records identified with 450 removed. Records screened: 3,240. Excluded: 3,107 (2,974 by title, 133 by abstract). 133 sought for retrieval; 133 assessed, 55 excluded for ineligibility. Studies included: 83. Additional 9 identified through citation searching; 7 assessed, 2 excluded.]
Figure 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of record identification, screening, and selection processes.



3.1 Overall effects

A total of 74 RCTs involving 4,654 cancer patients were included. Detailed information of the 74 RCTs is recorded in Supplementary Information 3. Exercise-related adverse events mainly included pain (e.g., muscle soreness, joint pain, shin pain), flu-like symptoms, foot blisters, and injuries (e.g., joint or meniscus injuries) (48–55). No serious exercise-related adverse events were reported in any of the studies.

Figure 2 displays the effect sizes of 481 outcomes synthesized using the RVE model. Insulin showed a small but statistically significant effect (ES = –0.24, SE = 0.08, p < 0.01, I² = 49%). TNF-α reached a small effect size (ES = –0.22, SE = 0.13, p = 0.10, I² = 74%) but did not reach statistical significance. Leptin, HOMA index, triglycerides, CRP, IL-6, and IL-8 approached the threshold of small effects (ES > 0.15). Effect sizes for all other biomarkers are reported in Supplementary Information 5, Supplementary Table S3. Sensitivity analyses indicated that variations in the assumed rho value did not affect the stability of the model (Supplementary Information 5, Supplementary Table S3). Forest plots displaying the original effect sizes for each biomarker are presented in Supplementary Information 5, Supplementary Figures S1–S16.

[image: Forest plot illustrating the effect sizes with 95% confidence intervals for various biomarkers, including Glucose, Insulin, IGF-1, and others. Each horizontal line represents a biomarker's effect size, with the point estimate marked by a dot and a line indicating the confidence interval. The vertical dashed line represents no effect at zero on the Cohen's d scale.]
Figure 2 | Forest plot for meta-analyses. IGF-1, insulin-like growth factor 1; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; CRP, C-reactive protein; IL-6, interleukin 6; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL-8, interleukin 8; IL-10, interleukin 10.




3.2 Risk of bias and publication bias

Risk of bias was assessed using the ROB2 tool. The main sources of potential bias included lack of trial preregistration, absence of missing data handling descriptions, and insufficient details regarding exercise intervention protocols (Supplementary Information 6). Supplementary Figure S17 presents the summary of risk of bias assessments, and Supplementary Figure S18 shows the individual risk of bias ratings for each included study. Egger’s tests for 16 outcome indicators yielded p values greater than 0.05, indicating no significant publication bias (Supplementary Information 6, Supplementary Figure S19).




3.3 Moderator analysis results

A total of 19 moderator variables met the criteria for multiple imputation and multicollinearity diagnostics and were included in the final analysis. The extraction methods and descriptive statistics of all moderators are presented in Supplementary Information 7. Several univariable RVE models identified linear trends in moderator effects and explained heterogeneity in overall outcomes (Supplementary Information 8). For example, weekly exercise volume showed a significant linear association with IL-10 (p = 0.03), explaining 64% of the variance (R² = 0.64).

Supplementary Information 9 provides MetaForest model parameters (Supplementary Tables S7, S8) and convergence diagnostics (Supplementary Figures S20, S37), all of which indicated good model convergence. Figure 3 presents the variable importance of exercise prescription moderators for 16 outcome indicators as identified by the MetaForest models.

[image: Heatmap showing variable importance for different outcomes. Variables are listed vertically, including exercise volume, duration, frequency, and intervention types. Outcome categories are listed horizontally, such as HDL-C, glucose, and triglycerides. Color intensity indicates importance values, ranging from 0.000 to 0.052, with darker red indicating higher importance.]
Figure 3 | Variable importance heatmap generated by the MetaForest model. EI Duration, exercise intervention duration; EI Type, exercise intervention type.

Table 1 summarizes the optimal effect ranges of each exercise prescription parameter derived from both RVE and MetaForest models (Supplementary Figures S21–S36). For categorical variables, RVE models identified significantly greater effects of aerobic exercise (AE) compared to resistance training (RT) for Adiponectin, HOMA, Total Cholesterol, and low-density lipoprotein cholesterol (LDL-C) (p < 0.05). For IL-6, AE also outperformed physical activity (PA) with statistical significance (p < 0.05). MetaForest models similarly identified AE as the most effective exercise type for IL-6, Adiponectin, and HOMA. Total cholesterol and LDL-C showed more favorable outcomes in studies with longer intervention durations (>20 weeks). CRP, glucose, leptin, and high-density lipoprotein cholesterol (HDL-C) demonstrated better improvements when combined with caloric restriction. No consistent pattern was found across outcomes regarding the mode of exercise supervision.


Table 1 | Overview of results from RVE and MetaForest models.
	Metabolic and inflammatory biomarkers
	Type (AE/RT/PA/AE+RT)
	Duration (week)
	Intensity (MET)
	Single time (min)
	Frequency (times/week)
	Weekly 
duration (min)
	Volume (MET-min/week)
	Other 
Intervention (Calorie restriction/No)
	Supervision (Yes/Half/No)



	(a) Glucose–Insulin Group


	Glucose
	–
	–
	–
	110-125
	≤3
	–
	<2500
	Calorie restriction
	No


	Insulin
	–
	–
	–
	110-125
	–
	150-250
	1250-2000
	No
	Half


	IGF-1
	–
	<12
	≥8
	<50
	–
	–
	–
	No*
	Half


	Adiponectin
	AE
#(RT ↓)
	–
	≥8#
	20-80
	–
	100-175
	500-1500
	–
	No*


	Leptin
	–
	–
	–
	40-80
	–
	225-350
	1000-2000
	Calorie restriction
	Yes


	HOMA index
	AE*
#(RT ↓)
	<12
	–
	>75
	–
	–
	–
	No
	No


	(b) Lipid Group


	Triglycerides
	–
	–
	–
	110-125
	≤3
	–
	800-1400
	–
	No


	Total cholesterol
	#(RT ↓)
	>25*
	–
	–
	2-4
	<200*
	>1000
	–
	–


	HDL-C
	–
	<20*
	–
	–
	≤3
	110-280
	800-1500
	Calorie restriction
	No


	LDL-C
	#(RT ↓)
	>20#
	5-8
	90-100
	–
	>300
	>2000
	–
	Yes


	(c) Inflammatory Group


	CRP
	–
	<20
	–
	<80
	–
	–
	<2000#
	Calorie restriction
	–


	IL-6
	AE
#(PA↓)
	–
	≥9
	–
	–
	<150
	>1500
	–
	–


	TNF-α
	–
	<20
	–
	>75
	–
	>280
	>2000
	No
	–


	IFN-γ
	–
	<10
	–
	<55
	≤5
	<200
	<2000
	–
	Yes


	IL-8
	–
	–
	–
	>75
	–
	>280
	>2000
	–
	Half


	IL-10
	–
	<10
	–
	–
	–
	>280#
	>2000*#
	–
	–





*indicates variable importance identified by the MetaForest model (p < 0.05). #indicates a significant association identified by the univariable RVE meta-regression (p < 0.05). – indicates negative variable importance or no clear nonlinear trend was observed. #(PA↓)/#(RT↓) means that the RVE regression model identified that PA or RT was significantly less effective than AE. IGF-1, insulin-like growth factor 1; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; CRP, C-reactive protein; IL-6, interleukin 6; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon gamma; IL-8, interleukin 8; IL-10, interleukin 10; AE, aerobic exercise; RT, resistance training; PA, physical activity; AE+RT, combined aerobic and resistance training.



For continuous variables, the current guideline-recommended exercise dose, as calculated in this study, corresponds to approximately 1,500 MET-min/week (at least 150 minutes per week of moderate-intensity AE and 2–3 sessions of RT). The optimal ranges for IL-6, TNF-α, IL-10, LDL-C, and IL-8 all exceeded 1,500 MET-min/week. Specifically, TNF-α, IL-10, and IL-8 showed stronger effects at longer weekly exercise durations (>280 minutes/week), while IL-6 (≥9 METs) and LDL-C (5–9 METs) demonstrated optimal effects at specific intensity levels. Although the optimal total dose did not exceed 1,500 MET-min/week, high-intensity exercise (≥8 METs) was associated with greater effects on Adiponectin and insulin-like growth factor 1 (IGF-1). Additionally, while IL-8, insulin, and triglycerides showed some moderator effects under specific prescription parameters, they did not provide stronger explanatory value regarding exercise intensity, weekly duration, or total dose.

Additional results regarding background moderators identified by the MetaForest model are shown in Supplementary Figure S38, with partial dependence plots provided in Supplementary Figures S39–S54. Overall, patient baseline status, BMI, and age exhibited moderating effects on several biomarkers, including glucose, insulin, and CRP. Other background variables, such as cancer stage and cancer type, also showed some influence on specific outcomes.




3.4 Subgroup analysis

Subgroup analyses were conducted based on cancer type (breast cancer, colorectal cancer, and prostate cancer) and intervention timing (before treatment, during treatment, or survivorship) (Supplementary Information 10, 11). Due to insufficient effect sizes, MetaForest analyses for individual outcomes were only performed for the BC and survivor subgroups. The MetaForest models did not identify nonlinear trends that substantially contradicted the findings presented in Table 1.

Additional subgroup analyses were performed for BC during-treatment and survivorship subgroups (Supplementary Information 12). For the Glucose–Insulin and Inflammatory groups, post-treatment interventions yielded moderate effects and were more effective than during-treatment interventions. In contrast, for the Lipid group, during-treatment interventions showed stronger effects (ES = –0.43) compared to post-treatment interventions (ES = –0.10). According to the MetaForest models, the optimal exercise intensity during treatment was ≤6.5 METs for both the Glucose–Insulin and Lipid groups. For the Glucose–Insulin group, the optimal intensity shifted to >6.5 METs in the post-treatment phase, and interventions longer than 20 weeks yielded greater effects. For the Inflammatory group, optimal exercise intensity was ≥9 METs in both during- and post-treatment periods.




3.5 Quality of evidence assessment

The quality of evidence was evaluated using the GRADE framework. Summary results are presented in Supplementary Information 13. The overall certainty of evidence based on effect size synthesis ranged from moderate to very low (Supplementary Table S22). The certainty of evidence derived from MetaForest models ranged from low to very low (Supplementary Table S23).





4 Discussion

The aim of this systematic review and meta-analysis was to determine the effects of different exercise prescription parameters on metabolic and inflammatory biomarkers in cancer patients. The results showed that regular exercise interventions led to a small but significant improvement in insulin levels among cancer patients. Improvements in leptin, HOMA index, triglycerides, and CRP were also close to small in magnitude and statistically significant. IL-6, TNF-α, and IL-8 showed improvements that did not reach statistical significance, and the effects on other biomarkers were smaller. MetaForest modeling revealed that the most favorable changes in IL-6, adiponectin, and IGF-1 were associated with high-intensity aerobic exercise; TNF-α, IL-8, and IL-10 responded best to longer weekly exercise duration; and improvements in glucose, leptin, and CRP were most pronounced when exercise was combined with caloric restriction.



4.1 Effects and mechanisms of exercise on metabolic and inflammatory biomarkers in cancer patients

Our findings indicate that regular exercise significantly improved insulin levels and HOMA index in cancer patients, with a non-significant reduction in glucose. These results are consistent with previous studies that did not distinguish between cancer types and were limited to cancer survivors (26, 56). Among biomarkers related to glucose metabolism, leptin showed the most substantial and statistically significant improvement, aligning with findings from studies focused on breast cancer survivors (57–59). Triglyceride and total cholesterol levels were also significantly reduced, consistent with the majority of prior research (59, 60). CRP, a marker of systemic inflammation, showed a significant decrease. Concentrations of pro-inflammatory cytokines IL-6, IL-8, and TNF-α were also reduced, though not significantly. These patterns are in line with recent studies exclusively targeting breast cancer survivors (59, 61). Changes in anti-inflammatory cytokines such as IL-10 and IFN-γ were limited, consistent with two prior studies focused on breast cancer patients (58, 62). Overall, regular exercise appears to improve several metabolic and inflammatory biomarkers. These improvements are clinically meaningful, as elevated levels of such markers have been associated with poor prognosis, as outlined in the background section. However, the changes in IGF-1 and adiponectin were relatively small, which contradicts several previous findings that reported favorable responses in these biomarkers (26, 58, 63). Additionally, while prior research has shown that exercise can reduce LDL-C and increase HDL-C levels, our study did not observe significant changes in either (64, 65). These discrepancies may be attributed to the broader inclusion of cancer types and intervention timings in our sample. Therefore, the complex nature of these outcome variations warrants further exploration from the perspective of exercise-induced mechanisms in metabolic and inflammatory regulation.

In recent years, the regulation of AMP-activated protein kinase (AMPK) by exercise has been recognized as a key mechanism through which exercise improves metabolic health (66, 67). AMPK acts as a cellular energy sensor and plays a central role in maintaining energy homeostasis (68). Early animal studies demonstrated that both acute exercise and insulin promote the translocation of glucose transporter 4 (GLUT-4) to facilitate glucose uptake, operating through distinct yet additive mechanisms (69–71). Additionally, acute exercise-induced AMPK activation has been implicated in lipolysis regulation. Specifically, it suppresses lipogenic transcription factors while activating anti-lipogenic signaling (72, 73). In non-cancer animal models, regular exercise improves hepatic and visceral fat steatosis and corrects lipid metabolism disorders by activating AMPK-related pathways (74–76). It also enhances insulin sensitivity and ameliorates hyperglycemia, hyperlipidemia, and aging-related markers (77, 78). In tumor-bearing models, regular exercise has been shown to restore metabolic homeostasis and suppress tumor growth through AMPK pathway modulation (79, 80). These mechanisms have been partially validated in human studies. A 12-week exercise intervention in both heart failure patients and animal models demonstrated that exercise enhances aerobic glucose metabolism by promoting skeletal muscle secretion of meteorin-like protein, which in turn activates the AMPK–HDAC4 pathway in cardiac tissue (81). Furthermore, a trial involving cancer patients undergoing chemotherapy showed that 10 weeks of regular exercise may alleviate cancer- and treatment-induced metabolic stress in skeletal muscle by modulating the GLUT4 and FOXO3a pathways, potentially involving downstream signaling of AMPK (82).

In addition to AMPK, our previous research has explored the role of acute inflammatory responses and long-term adaptation as key mechanisms underlying the anti-inflammatory effects of regular exercise (31). Briefly, skeletal muscle contraction during acute exercise leads to a sharp rise in circulating IL-6, which in turn stimulates the release of anti-inflammatory cytokines such as IL-10 (31). Moreover, studies have shown that the acute elevation of IL-6 during exercise is a critical upstream regulator of AMPK activation and significantly contributes to its maximal stimulation (83). AMPK, in turn, positively regulates IL-10 and inhibits inflammatory signaling pathways activated by IL-1β, TNF-α, and IL-6 (84–86). These effects suggest that AMPK may exert anti-inflammatory actions through multiple regulatory routes. Importantly, the beneficial effects mediated by AMPK-related pathways are not isolated. For example, swimming exercise has been shown to activate the SIRT1/AMPK axis, which mediates both lipid metabolism and inflammatory modulation (87). In tumor-bearing models, AMPK activation has been linked to enhanced T cell survival and antitumor function (88). Regular exercise may also suppress cancer-associated cachexia driven by IL-6 signaling (89, 90). Overall, AMPK may serve as a central molecular link between metabolic homeostasis and inflammation control in exercise-induced systemic adaptations. However, these mechanistic inferences are primarily based on animal studies, and there is a lack of RCT evidence confirming the AMPK-mediated benefits of exercise in cancer patients.

Changes in adipose tissue composition induced by regular exercise may also represent a key mechanism. Excess white adipose tissue contributes to elevated levels of circulating free fatty acids and adipokines such as leptin, IL-6, and TNF-α, promoting a chronic inflammatory state that supports tumor progression (91, 92). This adipose tissue inflammation facilitates a phenotypic shift in macrophages from the anti-inflammatory M2 type to the pro-inflammatory M1 type (93). M1 macrophages secrete cytokines such as IL-6 and TNF-α, leading to glucose and lipid metabolism disorders and insulin resistance can mitigate inflammation not only by reducing adipose tissue volume but also by promoting the browning of white adipose tissue, which possesses anti-inflammatory properties (94, 95). This browning process inhibits M1 macrophage infiltration and alleviates pro-inflammatory conditions (95). Moreover, activated brown adipose tissue has been shown to improve insulin sensitivity, lipid profiles, and glucose homeostasis (96). Although CRP is widely used as a marker of systemic inflammation, numerous studies have shown a positive correlation between adiposity and CRP levels (97, 98). In cancer patients, RCTs have reported that reductions in leptin are highly sensitive to weight loss (99–101). A 16% reduction in fat mass has been associated with improvements in CRP and other biomarkers (102). Changes in obesity-related measures have also been correlated with changes in IL-6 and CRP (103, 104). Collectively, these adipose tissue–mediated effects may partially explain the improvements in metabolic and inflammatory biomarkers observed in our study.

Although the changes in IGF-1 and adiponectin were limited in this study, previous research suggests that both biomarkers may play important roles in regulating metabolic and inflammatory processes. IGF-1 is involved in maintaining insulin sensitivity, increasing glucose uptake, reducing plasma triglycerides, and modulating cholesterol levels (105). Recent animal studies have shown that exercise-induced alterations in IGF-1 signaling can improve skeletal muscle quality and metabolic function (106, 107). Some studies also suggest that IGF-1 and AMPK-related pathways may act in tandem or interact to exert synergistic effects (108, 109). Moreover, in murine models of skin cancer, regular exercise has been shown to suppress IGF-1 signaling, contributing to potential anticancer protection (110). Similarly, adiponectin is involved in lipid metabolism, energy regulation, immune responses, inflammation, and insulin sensitivity (111). Its metabolic actions are closely linked to cancer suppression (112, 113). Animal studies have demonstrated that adiponectin regulates the release of cytokines such as IL-6 and IL-10 during post-exercise metabolic and inflammatory responses through AMPK signaling (114). In addition to directly activating AMPK, adiponectin also exerts its metabolic benefits via calcium-dependent signaling cascades involving AdipoR1 (115). Activation of adiponectin signaling may be part of the molecular mechanism through which exercise alleviates muscle atrophy associated with cancer cachexia (116). Although numerous studies support the beneficial effects of exercise on metabolism and inflammation through IGF-1 and adiponectin pathways, there remains no strong consensus on whether acute or chronic exercise consistently alters their circulating concentrations (117, 118). Therefore, we speculate that the metabolic regulatory effects of exercise involving IGF-1 and adiponectin may be mediated through AMPK or downstream effectors, rather than through consistent changes in their serum levels.




4.2 Modulatory effects of exercise prescription parameters on metabolic and inflammatory biomarkers in cancer patients

We observed shared patterns in how different metabolic and inflammatory biomarkers responded to various exercise prescription parameters. For example, both IL-6 and adiponectin showed optimal improvements under AE and higher-intensity interventions. Previous studies have demonstrated that high-intensity acute AE can significantly increase IL-6 and IL-10 levels, whereas moderate-intensity AE does not elicit similar responses (119). Consistently, RCTs in cancer populations have shown that 12 weeks of high-intensity AE lead to greater improvements in IL-6 and IL-10 compared to moderate-intensity AE (120). It has also been hypothesized that moderate-intensity interventions may be insufficient to induce significant changes in adiponectin levels (121). Although our regression models did not identify AE as a significant moderator for IGF-1, the results suggested that the most favorable changes in IGF-1 also depended on high-intensity exercise. Furthermore, an RCT in breast cancer patients reported that a combined high-intensity AE and RT program produced greater inhibition of breast cancer cell proliferation when serum was collected after an acute exercise session than when resting serum was obtained following six months of training (122). A recent RCT among breast cancer patients undergoing chemotherapy also indicated that beneficial effects of exercise on tumor biology were driven primarily by acute responses to individual sessions that exceeded a certain intensity threshold, rather than by long-term systemic training effects (123). Together with prior discussions on the roles of IL-6, adiponectin, IGF-1, and AMPK-related pathways in metabolic and inflammatory regulation, these findings suggest that high-intensity AE may serve as the most direct trigger for activating mechanisms that underlie exercise-induced metabolic and inflammatory improvements.

Moreover, AE demonstrated greater improvements in HOMA index compared to RT. Early animal studies have shown that the enhancement of skeletal muscle glucose uptake during acute exercise is highly specific to muscle fiber type (124). More recent animal experiments indicate that fast-twitch fibers exhibit stronger responses to exercise stimuli, whereas slow-twitch fibers respond less robustly (125). Additionally, recent findings suggest that although both AE and RT can improve insulin sensitivity through AMPK activation, RT may also induce more prolonged and elevated activation of mTORC1, which could partially offset the insulin-sensitizing effects of RT (126). In human studies, research in healthy males has shown that AE, in comparison to RT, more significantly promotes the phosphorylation of key molecules involved in glucose uptake and glycogen synthesis, such as AMPK, AS160, and glycogen synthase (127). Further studies have reported that RT leads to a smaller reduction in blood glucose compared to AE or combined AE+RT interventions (128). However, these findings do not diminish the value of RT. One RCT demonstrated that AE combined with RT during cancer treatment led to greater reductions in IL-6 compared to high-intensity interval training (HIIT) alone (129). Two RCTs reported that RT during cancer treatment effectively limited increases in TNF-α (130–132). Excessive expression of TNF-α has been shown to contribute to the development of insulin resistance (133, 134). Moreover, RT may mitigate treatment-induced elevations in IL-6, thereby alleviating cancer-related fatigue and pain (135). Taken together, high-intensity AE appears to provide systemic benefits in modulating metabolic and inflammatory biomarkers. Nonetheless, RT remains an indispensable complementary strategy within comprehensive exercise interventions for cancer patients. In addition, although current research highlights the positive role of enhancing PA in cancer prevention and treatment (136, 137), our findings did not reveal significant advantages of PA-focused exercise prescriptions (e.g., ≥10,000 steps/day walking routines) in improving metabolic or inflammatory biomarker levels.

Inflammatory markers such as TNF-α, IL-8, and IL-10 showed greater improvements when weekly exercise duration exceeded 280 minutes and total exercise volume surpassed 2,000 MET-min/week. These findings suggest that improvements in inflammatory biomarkers may require not only sufficient intensity per session but also an accumulation of weekly exercise volume. A large-scale RCT conducted by Brown and colleagues among colorectal cancer survivors compared the effects of 300 minutes versus 150 minutes per week of moderate-intensity AE on a range of health outcomes (50–52). The study emphasized that the dose–response relationship between exercise volume and inflammation was not linear. The optimal range for improving inflammatory markers through moderate-intensity AE was identified as 150–220 minutes per week. Similarly, another RCT among breast cancer survivors found that reductions in IL-6 concentrations were associated with increased total hours of moderate- or high-intensity AE (104). Our findings are generally consistent with these results, as our calculation of exercise volume included not only AE but also RT. Given that IL-6 in our analysis appeared to respond more strongly to per-session intensity rather than total duration, these findings collectively suggest that inflammatory biomarkers do not respond uniformly to exercise interventions.

Our findings indicate that when exercise intensity, intervention duration, and weekly exercise volume meet the minimum thresholds recommended by current exercise guidelines, improvements in glucose, leptin, and CRP are more pronounced when combined with caloric restriction. This is supported by two RCTs conducted in breast cancer survivors, which demonstrated that combined caloric restriction and exercise interventions yielded greater improvements in glucose, leptin, and CRP levels than caloric restriction alone (99, 100, 138). One proposed mechanism by which caloric restriction exerts metabolic benefits in cancer patients is through the reduction of circulating glucose, which promotes a metabolic shift from glucose to fat as the primary fuel source (2). This mechanism overlaps with those discussed earlier in our manuscript. Additionally, multiple RCTs have suggested that changes in CRP and other inflammatory markers may be related to changes in body weight in breast cancer patients (49, 103, 139). However, these findings do not diminish the independent role of exercise, as most biomarkers in our study did not show a strong interaction between exercise and caloric restriction. Moreover, an RCT in prostate cancer patients demonstrated that reductions in insulin following preoperative HIIT were independent of weight loss (140). Collectively, these findings suggest that for metabolic and inflammatory markers sensitive to fat reduction, combined caloric restrictions may offer enhanced benefits.

In addition, biomarkers that showed limited change in our study—such as total cholesterol, HDL-C, and LDL-C—exhibited distinct response patterns to exercise interventions. Total cholesterol (in studies lasting >25 weeks) and LDL-C (in studies >20 weeks) appeared to respond more favorably to long-term AE. LDL-C also required higher weekly exercise durations for improvement. HDL-C showed better responses when exercise was combined with caloric restriction. These findings suggest that improvements in cholesterol-related markers may require longer durations of intervention. However, the median duration of RCTs included in this review was only 12 weeks, which may explain the relatively small changes observed. Although recent studies have emphasized the importance of lipid metabolism in tumor growth and metastasis, and highlighted the potential of exercise to modulate lipid regulation in cancer patients, our findings further support this by showing significant improvements in triglyceride levels following exercise interventions (141, 142). Nonetheless, existing evidence only confirms the overall efficacy of exercise on lipid metabolism in cancer patients, while few RCTs have reported specific effects of different exercise prescription parameters on individual lipid biomarkers.




4.3 recommendations for optimizing exercise prescription parameters to improve inflammatory and metabolic biomarkers in cancer patients

Current exercise guidelines from the American College of Sports Medicine (ACSM) and Exercise & Sports Science Australia (ESSA) recommend a combination of AE and RT for cancer patients. The ACSM advises 150–300 minutes of moderate-intensity AE or 75–150 minutes of vigorous AE per week, combined with at least two sessions of RT (41). The ESSA further emphasizes maintaining at least moderate intensity and avoiding more than two consecutive rest days (42). Our findings indicate that the exercise doses recommended in current guidelines align with the optimal improvement ranges for key metabolic biomarkers, including glucose, insulin, triglycerides, and total cholesterol. Furthermore, combining regular exercise with caloric restriction appears to be more effective in reducing glucose, CRP, and leptin levels. Therefore, we suggest integrating caloric restriction with existing exercise prescriptions to enhance metabolic outcomes in cancer patients. In the included RCTs, caloric restriction was typically achieved by limiting processed meats, high-sugar and high-fat foods, sugary beverages, and alcohol, with an overall energy reduction of approximately 500–1000 kcal/day relative to baseline intake (48, 99, 100, 138, 143).

Our findings highlight the particular importance of high-intensity AE, especially for improving IL-6, IGF-1, and adiponectin, which play central roles in metabolic and inflammatory regulation. Moreover, TNF-α and IL-8 appeared to respond more favorably to interventions with longer weekly exercise durations (>280 minutes/week). Based on the conversion formulas used in this study, we recommend as a minimum effective dose for inflammation improvement: three sessions per week of high-intensity AE or HIIT (≥85% HRR), each lasting 40 minutes, in combination with two sessions of RT. Given concerns about the safety and adherence of high-intensity training in cancer populations, the implementation of such exercise prescriptions should strictly follow the general principles outlined in current guidelines, such as progressive intensity increases and individualized adjustment of exercise parameters. Notably, a recent systematic review by Mahdaviani et al. identified key enablers for HIIT adherence among cancer patients, including supervised delivery, standalone HIIT programs (without concurrent training), and relatively short session durations (144). In addition, Dias-da-Silva and colleagues proposed practical recommendations regarding HIIT format and prescription precision (145). Together, these studies represent important advancements in high-intensity exercise prescription for cancer patients and may serve as valuable references for clinicians designing individualized training programs.

Tailoring exercise prescriptions to different phases of cancer treatment is also necessary. The safety and efficacy of exercise during treatment have been demonstrated in multiple studies. A recent RCT in breast cancer patients undergoing neoadjuvant chemotherapy showed that combining AE and RT significantly reduced treatment discontinuation and may contribute to tumor shrinkage and pathological complete response (146). In our subgroup analysis, the Glucose–Insulin Group and Inflammatory Group showed smaller overall effects during treatment compared to the post-treatment phase. Multiple RCTs suggested that the impact of exercise on inflammation depends on the treatment modality, as cancer therapy induces a systemic inflammatory environment (129, 147). Another RCT found that concurrent endocrine therapy following radiotherapy may blunt exercise-induced improvements in metabolic and inflammatory biomarkers (143). Increases in IL-6, IGF-1, and TNF-α triggered by chemotherapy may be too substantial to be offset by exercise alone (121). Furthermore, treatment-related adverse effects may impair physiological adaptation to exercise during the early stages of intervention, thereby reducing its effectiveness (148, 149). These findings suggest that the complex pathophysiological milieu during cancer treatment may blunt the effectiveness of exercise in modulating metabolic and inflammatory biomarkers.

Our subgroup meta-regression for breast cancer patients showed that the optimal intensity range during treatment was ≤6.5 METs for Glucose–Insulin and Lipid groups, but ≥9 METs for the Inflammatory Group. This suggests that moderate-intensity exercise may be sufficient to improve metabolic outcomes during treatment, whereas enhancing anti-inflammatory effects likely requires higher intensity. One study argued that conventional linear progression models, while safe and feasible, may not adequately accommodate the physiological fluctuations caused by cancer treatment (28). Training intensity and volume should be proactively reduced during symptom peaks and gradually restored during recovery phases (150). Additionally, the feasibility and adherence to high-intensity exercise protocols must be carefully considered. An RCT in colorectal cancer patients reported that although overall adherence to the exercise prescription was high, adherence to HIIT was only 28.9%, compared to 95.7% for moderate-intensity continuous training (MICT) (151). A similar pattern was observed in breast cancer patients, where adherence to HIIT was lower than to MICT (152). Based on the above findings, how to balance the effectiveness and compliance of exercise intervention during cancer treatment is still a direction worthy of further study.




4.4 Limitations and future research directions

This study is not without limitations. First, due to the limited number of available trials, we excluded several biomarkers originally planned for analysis, including VEGF, IGFBP-1, and IL-1β. Second, few RCTs reported the effects of different exercise prescription parameters on lipid metabolism biomarkers, thereby restricting our understanding of how exercise modulates lipid metabolic pathways. Third, although background characteristics such as BMI and age were found to have moderating effects on several outcomes, the modeling in this study was based on aggregate rather than individual patient data (IPD), which limits the ability to adjust for confounding factors at the patient level. Fourth, incomplete reporting of exercise prescription parameters in several RCTs required imputation, which may have introduced inconsistency. Fifth, part of our mechanistic interpretations was informed by animal model evidence, which should be viewed as exploratory and hypothesis-generating rather than definitive. Finally, differences in baseline metabolic profiles, treatment regimens, and exercise tolerance across cancer types may have contributed to variability in intervention effects. Given the moderate-to-low quality of evidence based on risk of bias and GRADE assessments, our findings should be interpreted with caution and applied in clinical practice with consideration of individual patient characteristics.

Future research should prioritize the following directions. First, further mechanistic studies using tumor-bearing animal models are needed to elucidate the pathways through which exercise influences metabolism and inflammation. Second, studies should more frequently monitor the temporal dynamics of metabolic and inflammatory biomarkers throughout exercise interventions. Third, the specific effects of different exercise prescription parameters on lipid metabolism warrant further investigation. Fourth, IPD meta-analyses should be conducted to explore how patient background characteristics moderate the effects of exercise. Fifth, future studies should systematically evaluate the effects of varying caloric intake levels, dietary macronutrient composition, and their interactions with exercise interventions. Sixth, future research should explore whether exercise-induced remodeling of the TME differs by cancer type. Lastly, future research should examine the relationships between metabolic and inflammatory biomarkers and broader health outcomes in cancer populations.





5 Conclusion

Regular exercise confers modest but favorable effects on metabolic and inflammatory biomarkers in cancer patients. Meta-regression highlighted the importance of high-intensity aerobic exercise (HRR > 85%) in modulating IL-6, adiponectin, and IGF-1, as well as longer weekly exercise duration (>280 min/week) in improving TNF-α and IL-8. Mechanistically, high-intensity aerobic exercise may serve as a primary trigger for activating pathways that mediate metabolic and inflammatory improvements.
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