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ABSTRACT ARTICLE HISTORY
Background: This systematic review and meta-analysis evaluated the effects of chronic Received 13 January 2025
exercise on circulating insulin-like growth factor 1 (IGF-1) across different populations, ~ Accepted 30 October
including, healthy adults, individuals with obesity, and cancer patients or survivors. To 2025

minimize confounding, we excluded trials combining exercise with medications, KEYWORDS
hormone therapy, or structured dietary interventions. Exercise; insulin-like
Materials and Methods: PubMed and Embase were searched through July 2024 for growth factor 1; health
randomized controlled trials (RCTs) in adults (=18 years) with exercise interventions promotion; obesity;
lasting =8 weeks, a non-exercise control group, and reported changes in serum IGF-1. cancer survivors
Twenty-one RCTs with 1376 participants met the inclusion criteria. Pooled weighted

mean differences (WMD) with 95% confidence intervals (Cl) were calculated, and trial

sequential analysis was used to assess robustness.

Results: Exercise significantly increased IGF-1 in healthy individuals (WMD=21.41, 95%

Cl 8.01-34.81) and in those with obesity (WMD=15.46, 95% Cl -1.07-31.99), consistent

with metabolic and anabolic benefits via the GH-IGF-1 axis. In contrast, exercise

significantly reduced IGF-1 in cancer patients or survivors (WMD=-14.71, 95% Cl -19.77

to -9.65). In studies reporting both IGF-1 and IGF-binding protein 3 (IGFBP-3), exercise

increased IGFBP-3 in healthy and cancer populations, suggesting a modulatory role of

IGFBP-3 in IGF-1 regulation, particularly in cancer.

Conclusion: Chronic exercise exerts health status—dependent effects on circulating

IGF-1, supporting metabolic benefits in healthy and obese individuals and potentially

contributing to cancer care by reducing IGF-1 in cancer patients or survivors. These

findings demonstrate the complex endocrine response to exercise and support the

therapeutic potential of tailored exercise prescriptions. .

Introduction

Insulin-like growth factor 1 (IGF-1) is a polypeptide hormone primarily synthesized in the liver in response
to growth hormone (GH) stimulation. Once secreted into the bloodstream, IGF-1 exerts significant auto-
crine, paracrine, and endocrine effects [1]. The majority of its physiological actions are mediated through
activation of the IGF-1 receptor (IGF1R), primarily via the Akt signaling pathway, promoting cell survival,
growth, and proliferation. IGF-1 can also bind to the insulin receptor (IR), albeit with lower affinity,
thereby contributing some metabolic effects of insulin [2]. Given these roles, IGF-1 has been implicated
in various metabolic diseases. For instance, serum IGF-1 levels negatively correlate with obesity [3,4], the
risks of ischemic stroke [5], sarcopenia in elderly men [6], Alzheimer’s disease (AD) and AD-associated
brain atrophy [7], and cardiovascular diseases (CVD) [8]. Notably, IGF-1 levels also exhibit a U-shaped
relationship with CVD [9,10] and insulin resistance [11], wherein both low and high circulating IGF-1
concentrations are linked to increased risk.
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Although IGF-1 possesses growth-promoting and pro-metabolic properties, its relationship with adi-
posity remains complex. Despite early ex vivo reports suggesting its inhibitory effect on lipolysis by GH
[12], in vivo studies have not demonstrated significant effects of IGF-1 on adipose tissue development or
differentiation [13,14]. Conversely, the anabolic and mitogenic properties of IGF-1, alongside its onco-
genic role via IGF1R signaling, have been implicated in the pathogenesis of several common cancers [15]
and in promoting drug resistance across various tumor types [16]. Elevated IGF-1 levels have been shown
to be associated with increased risks of several cancers, particularly breast [10,17], prostate [10,17], thy-
roid [17], and colorectal cancers [17]. Moreover, IGF-1 secreted by tumor cells and the tumor microenvi-
ronment is known to support neovascularization, as well as the maintenance, proliferation, and migration
of malignant cells [18]. Conversely, higher circulating IGF-1 levels have been inversely associated with the
risks of liver, esophageal, ovarian, and oral cancers. These observations reveal complex and dual nature
of IGF-1's effects and suggest a need for further research to better understand its impact on health and
diseases, particularly in the context of cancer.

Participation in regular physical activity has been shown to provide broad health benefits, including a
reduced risk of metabolic diseases and cancers in adults [19], partly mediated by favorable endocrine adap-
tations [20]. Exercise promotes GH secretion across diverse populations [21,22], which, in turn, increases IGF-1
levels following both chronic [23,24] and acute [25] exercise. These elevations have been associated with
various health-promoting effects [2]. Although debate remains regarding whether IGF-1 secreted by skeletal
muscle during contraction exerts endocrine effects beyond its autocrine/paracrine actions within muscle tis-
sue [26], emerging evidence suggests that exercise-induced IGF-1 secretion from skeletal muscle, independent
of GH stimulation, may also contribute to circulating IGF-1 concentrations [27,28]. However, given IGF-1s ana-
bolic and metabolic roles, concerns have been raised that exercise-induced increases in IGF-1 could poten-
tially exacerbate cancer progression by enhancing cancer cell proliferation and survival. Nevertheless,
substantial evidence supports that regular exercise during active cancer treatment and survivorship is both
safe and beneficial. Accordingly, exercise is recommended for cancer patients and survivors to improve various
aspects of quality of life, alleviate treatment-related side effects, and, although further research is warranted,
potentially enhance treatment tolerance, therapeutic response, and even reduce cancer-specific mortality [29].
To advance our understanding of the complex interplay between exercise, IGF-1 regulation, and health out-
comes across diverse populations, further research is needed to elucidate these relationships and to confirm
the safety and efficacy of exercise interventions in both healthy and clinical populations.

The primary objective of this study is to systematically review and conduct meta-analyses to assess
alterations in serum IGF-1 levels resulting from chronic exercise interventions in human randomized con-
trolled trials (RCTs). To minimize the potential influence of significant IGF-1 modulators, including phar-
macological agents [30], nutrition and structured dietary intervention [31], sex hormones therapy [32],
growth hormone-replacement therapy [33], and radiotherapy [34], the present study was designed to
focus on trials in which exercise was the primary intervention, thereby allowing for a more specific eval-
uation of exercise-induced effects on IGF-1 regulation. To enhance the clinical relevance of the primary
objective, we conducted a pre-planned subgroup analysis based on population health status, healthy,
obese, and cancer, to explore potential heterogeneity in IGF-1 responses. By delineating these
population-specific effects, the study aims to elucidate the role of exercise in IGF-1 regulation and sup-
port the development of targeted exercise interventions to optimize health outcomes across diverse
clinical contexts. To support this objective, we limited our analysis to exercise-only interventions to
enhance internal validity and ensure that observed effects could be attributed primarily to exercise,
thereby improving the clarity and applicability of our findings.

Materials and methods

We employed a systematic review and meta-analysis methodology to evaluate the impact of chronic
exercise on serum IGF-1 levels across distinct health statuses: healthy individuals, obese individuals and
cancer survivors. This study adhered to the Preferred Reporting Items for Systematic Reviews and Meta
Analyses (PRISMA) guidelines [35], and the protocol was registered in the international prospective reg-
ister of systematic reviews PROSPERO under registration number CRD42024565448.
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Identification and inclusion criteria

To be eligible for inclusion, studies had to meet the following criteria: 1) Participants: adults aged
>18years identified as healthy, as having overweight or obesity as cancer patients (physician-diagnosed
malignancy) or survivors or cancer survivors after completion of primary treatment who were in follow-up/
surveillance and were not receiving active anti-cancer or adjuvant therapy at enrollment, with studies
involving pregnant women being excluded; 2) Intervention: supervised or unsupervised aerobic, resis-
tance, combined or any forms of exercise involving voluntary whole-body muscle activation, lasting lon-
ger than 8weeks with a minimum frequency of two sessions per week, excluding those used involuntary
form of muscle contraction such as vibration exercises, exergaming (virtual reality-based physical activ-
ity), or similar interventions; 3) Study design: RCTs with control groups that received no active interven-
tion (i.e. no exercise, dietary intervention, pharmacological treatment, hormone replacement therapy,
radiotherapy, or structured educational programs); 4) Outcome measure: serum IGF-1 concentration
reported at baseline and post-intervention. To minimize confounding and enhance comparability across
studies, we excluded trials that incorporated combined dietary and exercise interventions, as well as
those involving additional structured components such as hormone therapy, chemotherapy, radiotherapy,
or behavioral and supportive care. These factors may independently and substantially influence IGF-1
regulation, particularly in cancer patients, thereby limiting the ability to isolate the physiological effects
attributable solely to exercise. Our aim was to establish a clear relationship between physical activity and
circulating IGF-1 without interference from other potent modulators of the GH-IGF-1 axis.

Literature searching and data extraction process

An electronic search of PubMed and Embase was conducted from inception to July 5, 2024, using the
following terms: ‘insulin-like growth factor 1; ‘IGF-1, ‘exercise;, and ‘physical activity’ The search query for
each database is provided in Supplementary Method S1. Duplicate studies were excluded using reference
management software (EndNote 21). Two authors (YRK and YHK) independently screened titles, abstracts,
and full texts to assess eligibility for inclusion and collected the following information: (a) study details,
including authors’ names and years of publication; (b) participant characteristics, including sample size,
gender, age, and health status; (c) intervention details, including exercise modality, training duration
(weeks), frequency (sessions/week), and length of each training session (min/session); and (d) outcome
measure (serum free or total IGF-1) for each group. A third reviewer (YSK) checked the extracted data for
completeness and accuracy, and any discrepancies were resolved through review of the trial reports and
discussion.

Quality evaluation of included studies

The risk of bias was assessed independently by two authors (YRK, YHK) using the revised Cochrane Risk
of Bias Tool for Randomized Trials (RoB2). The RoB2 evaluated five key domains: (1) the randomization
process; (2) deviations from the intended interventions; (3) missing outcome data; (4) measurement of
the outcome; and 5) selection of reported outcomes. Each domain was rated as low risk (-), some con-
cerns (?), or high risk (+) of bias. Any disagreements were resolved by consensus with a third investigator
(YSK). A graphical representation was created to visualize and report the overall risk of bias across the
included studies (Supplementary Method S2).

Strategy for data synthesis

All statistical analyses were performed using STATA software (Version 19; StataCorp., College Station, TX,
USA). For each outcome, baseline and post-intervention measurements of IGF-1 were extracted in their
absolute units, including mean and standard deviation (SD). The pooled effect size (Cohen’s d) was cal-
culated using the within-group mean difference (MD) and expressed as the weighted mean difference
(WMD). Subgroup analyses were conducted based on participants’ health statuses: healthy, obese, and
cancer patients or survivors. Cluster-robust point estimates with 95% confidence intervals (95% Cls) were
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reported, weighted by inverse sampling variance to account for both within- and between-study variabil-
ity. Statistical heterogeneity was assessed using the /? statistic, with values of >25% indicating low het-
erogeneity, >50% indicating moderate heterogeneity, and >75% indicating high heterogeneity. Publication
bias was evaluated using funnel plots and Egger’s test.

Trial sequential analysis

To reduce the risks of type | and type Il errors inherent in cumulative meta-analyses, we conducted a
Trial Sequential Analysis (TSA) using TSA software version 0.9.5.10 Beta (Copenhagen Trial Unit, Centre
for Clinical Intervention Research, Denmark). The TSA was applied to the primary outcome, changes in
serum IGF-1 levels in response to chronic exercise interventions. Parameters were set according to pre-
viously described conventional methodology [36], assuming a two-sided a of 5%, power of 90% (3=10%),
and an anticipated effect size based on the pooled weighted mean difference (WMD) from our
meta-analysis. We used the O'Brien-Fleming alpha-spending function to construct the trial sequential
monitoring boundaries. The required information size (RIS) was estimated based on the diversity-adjusted
model, accounting for heterogeneity across studies. If the cumulative Z-curve crossed the trial sequential
monitoring boundary before reaching the RIS, the result was considered conclusive and robust, indicat-
ing sufficient evidence to confirm the effect despite the risk of random error.

Results
The literature search and characteristics of the included trials

Our search strategy initially identified a total of 841 studies. After removing 214 duplicates using a bib-
liographic management tool, 627 studies remained for further screening. Of these, 534 studies were excluded
based on the title and abstract review. Specifically, 446 studies that employed interventions other than exer-
cise (e.g. dietary intervention, hormone replacement therapy, drug treatment, radiotherapy), 12 studies that
included participants under 18years of age and pregnant women, 42 studies involving exercise modalities
that did not require full-body voluntary movement (e.g. passive vibration exercise, blood flow restriction train-
ing) and 34 studies that featured interventions less than 8weeks were excluded. The full texts of the remain-
ing 85 studies were further assessed against our eligibility criteria, leading to the exclusion of 64 studies due
to a lack of specific data or unavailable full text. This process resulted in a final selection of 21 studies for
inclusion in the analysis. A detailed schematic of the selection process is presented in Figure 1.

Risk of bias evaluation

The risk of bias in this meta-analysis was assessed using the Cochrane RoB2 Tool by the two aforemen-
tioned researchers. Overall, the risk of bias across the included studies was considered low.

Detailed characteristics of included studies

Table 1 summarizes the characteristics of the 21 studies included in this analysis, comprising a total of
1376 participants who underwent chronic exercise interventions and reported changes in serum IGF-1
levels (mean age: 57.1+5.9years; female proportion: 90.8%). Subgroup analyses were performed based
on health status: healthy individuals without diagnosed conditions (n=955; mean age: 60.1+5.3years;
female: 92.0%) from 11 studies [37-47], individuals with overweight or obesity (n=98; mean age:
47.0+4.3years; female: 87.7%; BMI: intervention group 30.30+2.69; control group 29.72+1.64) from 4
studies [48-51], and cancer patients or survivors (n1=323; mean age: 58.5+8.1years; female: 87.9%) from
6 studies [52-57]. In the subgroup of cancer patients or survivors, one trial [53] did not report treatment
status at enrollment; however, its trial registration and an associated publication under the same regis-
tration excluded prior hormone replacement therapy, chemotherapy, radiotherapy, smoking/alcohol use,
and structured physical activity within the previous six months. Taken together, these sources support
that, per the published eligibility for the associated population, participants were not receiving active
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Identifi

Records identified from:
Embase (n = 489)
Pubmed (n = 352)

Records removed before screening:
Duplicate records removed (n = 214)

\ 4

Records excluded
(1) Studies that included dietary control or drug intervention in
addition to exercise (n = 438)

Title & Abstract Records screened (2) Studies not targeting adults over 18 years of age (n = 12)
(n=627) (under 18 years of age, pregnant women, etc.)

\ 4

(3) Exercise type other than full body exercise (n = 42)
(cognitive game, vibration, blood flow restriction, etc.)

(4) Studies that did not exercise for more than 8 weeks (n = 42)

Full text Reports excluded

B33 4 (1) Missing data( n = 62)
Reports assessed for eligibility )
(n=93) (2) The full text of the study was unavailable (n = 1)

\ 4

(3) Studies involving interventions other than exercise (n = 8)

(4) Duplicate publication of the same data (n = 1)

Reports of included studies
(n=21)

Figure 1. PRISM flow chart illustrating the different phases of the search and study selection. PRISMA, Preferred
Reporting Items for Systematic Reviews and Meta-Analysis.

anti-cancer or adjuvant therapy at enrollment. Cancer types included breast cancer (n=180; stages 0-3b)
[54,56,57], prostate cancer (n=39; stages not reported) [53,55], and ovarian cancer (n=104; stages 0-3a)
[52]. Among the 21 studies, four were conducted in Europe (Denmark, Finland, Germany, and Poland),
seven in the Americas (Brazil, Canada, Chile, and USA), and six in Asia (Iran, Republic of Korea, Taiwan).

Detailed summary of intervention

All interventions (n=21) focused solely on exercise, with studies selected based on the absence of
reported dietary interventions, hormone replacement therapy, drug treatment, or radiotherapy during
the exercise intervention period. The duration of these interventions ranged from a minimum of 8 weeks
to a maximum of 2years, with the majority lasting 4months or less (n=16) and the remainder extending
6months or longer [42,47,52,55,57]. Studies with fixed weekly prescriptions prescribed two or three ses-
sions per week: 2/week in 3 trials [37,45,50] and 3/week in 12 trials [38-41,44,46-49,53,55,56]; one trial
used 2-3/week [54]. One trial instructed participants to accumulate 150min/week ad libitum with no
minimum sessions/week specified [52]. The most common exercise modalities were resistance exercise
(n=8), aerobic exercise (n=6), and combined exercise (n=5), used in 19 trials. The remaining studies
employed elastic-band exercises [41], and Tai Chi Chuan [56]. Exercise programs were supervised in 16
[37-41,44-47,49-51,53-56], semi-supervised via phone or web in 2 [48,52], hybrid (mixed in-person
supervision & independent sessions) in 2 [42,57], and unspecified in 1 [43].

The effects of exercise intervention on IGF-1 levels

Overall, analysis of serum IGF-1 changes from pre- to post-exercise intervention across 21 included
studies revealed a significant increase in post-intervention IGF-1 levels in the intervention groups
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compared to their respective control groups. The random effects model yielded a weighted mean
difference (WMD) of 9.13ng/mL (95% Cl [3.17, 15.10], p<0.001), with high heterogeneity across studies
(P = 97.9%), indicating substantial between-study variability (Figure 2). Subgroup analysis by health
status revealed divergent patterns in IGF-1 responses to chronic exercise. In healthy individuals (11
studies), serum IGF-1 levels significantly increased following exercise interventions (WMD = 21.41ng/
mL, 95% Cl [8.01, 34.81], p<0.001), accompanied by high heterogeneity (> = 96.2%) (Figure 3). Similarly,
among obese individuals (four studies), exercise also led to a significant increase in IGF-1 levels (WMD
= 15.46ng/mL, 95% Cl [-1.07, 31.99], p<0.001), with comparably high heterogeneity (> = 96.3%)
(Figure 4). In contrast, cancer patients and survivors (six studies) exhibited a significant decrease in
serum IGF-1 levels following exercise (WMD = —14.71ng/mL, 95% Cl [-19.77, —9.65], p<0.001), with
moderate-to-high heterogeneity observed (> = 79.2%) (Figure 5).

The effects of exercise intervention on IGFBP-3 levels

A subgroup meta-analysis was conducted on studies that reported both exercise-induced changes in
circulating IGF-1 and insulin insulin-like growth factor binding protein 3 (IGFBP-3) levels. Among healthy
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Figure 2. Forest plot of exercise-induced changes in IGF-1 levels compared to controls. Forest plot showing the weighted
mean difference (WMD) and 95% confidence intervals (Cls) for the effect of chronic exercise on circulating IGF-1 levels.
The overall meta-analytic effect size is represented by the center of the diamond, with its width indicating the 95% Cl.
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Figure 3. Forest plot of exercise-induced changes in IGF-1 levels in healthy individuals compared to controls. Forest plot
showing the weighted mean difference (WMD) and 95% confidence intervals (Cls) for the effect of chronic exercise on
circulating IGF-1 levels in healthy individuals. The overall meta-analytic effect size is represented by the center of the
diamond, with its width indicating the 95% CI.

WMD %
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Ratajczak et al., 2024 —L— E 1.14 (-7.15,9.43) 2476
Mahmoud et al., 2022 § —_— 35.00 (26.01, 43.99) 24.49
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Overall, DL (I = 96.3%, p < 0.001) <> 15.46 (-1.07, 31.99) 100.00

T T

-50 0 50

NOTE: Weights are from random-effects model

Figure 4. Forest plot of exercise-induced changes in IGF-1 levels in individuals with obesity compared to controls.
Forest plot showing the weighted mean difference (WMD) and 95% confidence intervals (Cls) for the effect of chronic
exercise on circulating IGF-1 levels in individuals with obesity. The overall meta-analytic effect size is represented by the
center of the diamond, with its width indicating the 95% Cl.

individuals, exercise tended to increase IGFBP-3 (WMD = 48.23ng/mL, 95% Cl [-84.20, 180.65, p=0.051),
accompanied by moderate heterogeneity (> = 61.3%) (Supplementary Result S1). In cancer patients or
survivors, exercise significantly increased IGFBP-3 levels (WMD = 4.58 ng/mL, 95% Cl [-1.36, 7.79, p<0.001),
with high heterogeneity (> = 91.4%) (Supplementary Result S2). One study conducted in cancer survivors
[57] was excluded from this analysis due to its extremely low statistical weight (0.01%), which may have
disproportionately influenced the pooled estimate and variance. None of the studies conducted in indi-
viduals with overweight or obesity reported both IGF-1 and IGFBP-3 outcomes, precluding subgroup
analysis for this population.
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WMD %
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Figure 5. Forest plot of exercise-induced changes in IGF-1 levels in individuals with cancer compared to controls. Forest
plot showing the weighted mean difference (WMD) and 95% confidence intervals (Cls) for the effect of chronic exercise
on circulating IGF-1 levels in cancer patients or survivors. The overall meta-analytic effect size is represented by the
center of the diamond, with its width indicating the 95% Cl.

Assessment of cumulative evidence using trial sequential analysis

The TSA showed that the cumulative Z-curve crossed both the conventional significance boundary and
the O'Brien-Fleming trial sequential monitoring boundary before reaching the required information size
(RIS) (Figure 6a). The RIS was estimated to be 1628 participants, while the accrued sample size in the
meta-analysis was 1372 participants. Despite falling slightly short of the RIS, the crossing of the monitor-
ing boundary indicates that the observed significant increase in IGF-1 levels following chronic exercise
interventions is statistically robust and unlikely to be a false-positive finding due to random error.

Publication bias

Publication bias was assessed using Egger’s test and visual inspection of the funnel plot. Egger’s test
showed no significant evidence of publication bias (p=0.277). Consistently, the funnel plot demonstrated
a symmetrical distribution (Figure 6c), further suggesting that publication bias is unlikely to have sub-
stantially influenced the findings of this meta-analysis.

Discussion

In this systematic review and meta-analysis, we included 22 studies investigating the effects of chronic
exercise on modulating serum IGF-1 levels across various health conditions, including healthy individuals,
individuals with overweight or obesity, and cancer patients or survivors. This study sought to minimize
confounding factors such as medications, hormone therapy, and structured dietary interventions by
excluding studies that explicitly combined these factors with exercise, thereby enabling a focused eval-
uation of exercise-specific effects. The results demonstrate that exercise training led to a significant
increase in serum IGF-1 levels in both healthy individuals and those with overweight or obesity, support-
ing the notion that exercise may mediate health benefits partially through the GH-IGF-1 axis [58].
Conversely, in cancer patients or survivors, exercise was associated with a significant reduction in IGF-1
levels, suggesting a more complex interaction between exercise and IGF-1 regulation in this population.
While these findings emphasize the modulatory role of exercise in modulating serum IGF-1, they also
highlight its diverse effects of exercise on IGF-1 across different populations, emphasizing its therapeutic
potential and the need for tailored exercise interventions.
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Figure 6. A. Trial sequential analysis of the effect of chronic exercise on IGF-1. Trial sequential analysis demonstrating
the cumulative Z-curve (blue line) plotted against the trial sequential monitoring boundaries (red lines) for a two-sided
a of 5% with a required information size (RIS) of 1,628 participants. The cumulative Z-curve crossed both the conven-
tional significance boundary and the O'Brien-Fleming monitoring boundary before reaching the RIS (accrued sample
size: 1,372), supporting the robustness of the observed exercise-induced increase in circulating IGF-1 levels while adjust-
ing for random errors and repeated significance testing. B. Egger’s test with pseudo 95% confidence limits. The
non-significant result (p=0.277) indicates no strong evidence of publication bias among the included studies. C. Funnel
plot with pseudo 95% confidence limits. The plot supports the conclusion that potential publication bias does not
substantially affect the interpretation of the meta-analysis results.
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Figure 6. Continued.

Beyond physical activity, circulating IGF-1 levels can also be influenced by hormonal and nutritional
factors. For instance, estrogen-based hormone replacement therapy (HRT) has been shown to decrease
IGF-1 levels [59-61], whereas testosterone and growth hormone (GH) therapies tend to elevate IGF-1,
particularly in healthy males across age groups [62-64]. While such interventions may offer theoretical
benefits in attenuating age-related declines in IGF-1, concerns about potential oncogenic risks often
outweigh their use in otherwise healthy individuals [65-67]. Additionally, higher dietary protein intake
has been positively associated with serum IGF-1 levels [31,68], with some studies suggesting this asso-
ciation may be stronger than that of physical activity [69]. However, examining the independent role
of dietary protein is challenging due to its correlation with increased caloric and carbohydrate intake,
which may also stimulate IGF-1 via insulin-mediated pathways [31,70]. Importantly, an isocaloric
protein-restricted diet did not significantly reduce serum IGF-1 [71], suggesting that protein intake
alone may not be a sufficient determinant. Collectively, these findings emphasize the complexity and
potential risks of modulating IGF-1 through exogenous or dietary means, further reinforcing the appeal
of exercise as a safer and more physiologically congruent intervention. In support of this, our review
found that exercise interventions were generally well tolerated across populations. Only two studies
mentioned safety-related outcomes; one study with healthy individuals excluded a small number of
participants due to elevated insulin levels not attributed to the intervention [43], and another study
with cancer patients excluded the participants due to disease recurrence, which is unrelated to the
exercise protocol [52]. The most commonly reported dropouts were predominantly due to non-specific
reasons such as loss to follow-up, non-adherence, or personal scheduling conflicts, rather than adverse
events. These findings suggest that chronic exercise programs can be safely implemented across
diverse clinical contexts.

In this context, accumulating evidence supports regular exercise as an effective and independent
strategy for increasing IGF-1 levels, particularly in healthy individuals. Although some studies report no
significant IGF-1 response to exercise training over similar durations in comparable age groups
[37,41,42,44], evidence from multiple RCTs suggests that regular exercise lasting beyond 8 weeks is pos-
itively associated with elevated serum IGF-1 levels in healthy individuals. Specifically, significant increases
have been observed following resistance exercise training [38,39,46,47], aerobic exercise training [38],
and combined exercise training [40,45]. Additionally, meta-analyses have further confirmed that both
acute bouts of aerobic and resistance exercise [25] and sustained resistance training [72] can signifi-
cantly elevate serum IGF-1 levels, supporting the anabolic and metabolic roles of exercise [22]. These
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findings are particularly relevant for older adults, a demographic commonly featured in the included
studies (age >50), where natural age-related declines in IGF-1 are well documented [73]. Importantly,
our analysis indicate that such exercise-induced IGF-1 enhancement occurs even in the absence of
pharmacological agents [30], nutritional interventions [31], or hormone therapy, emphasizing the inde-
pendent efficacy of physical activity in activating the GH-IGF-1 axis. This aligns with the established
physiological benefits of exercise in promoting muscle growth, tissue repair, and metabolic regulation
[74], reinforcing its role as a key strategy for ameliorating age-related endocrine decline. This is partic-
ularly relevant, as this population typically experiences a significant decline in serum IGF-1 level [73],
indicating the potential of exercise to attenuate age-related reductions in IGF-1 mediated health bene-
fits. This pattern of exercise-induced IGF-1 elevation has also been examined in broader meta-analytic
frameworks. For instance, a recent meta-analysis [75] evaluated the effects of physical activity on circu-
lating IGF-1 levels exclusively in female populations, regardless of health status. However, interpretation
of their results is complicated by methodological limitations, including heterogeneity and potential bias.
In contrast, our meta-analysis, which included both male and female participants and incorporated
stratification by health status, revealed a more differentiated pattern, in which exercise increased IGF-1
in healthy and obese individuals while decreasing it in cancer patients or survivors. These differences
indicate the importance of participant characteristics and methodological rigor when interpreting
exercise-induced IGF-1 modulation. In a qualitative, hypothesis-generating inspection of intervention
features across the included trials, resistance-training programs performed at least three times per
week, with sessions exceeding 60 min and continued for at least eight weeks, appeared more frequently
among trials reporting IGF-1 increases in healthy individuals. These observations are descriptive rather
than meta-analytic; given the small number of modality-specific trials and heterogeneous prescriptions,
we did not conduct a modality-stratified meta-analysis, and robust recommendations would require
pre-specified, adequately powered subgroup analyses stratified by exercise characteristics.

Along with the increasing prevalence of obesity, the association between IGF-1 levels with obesity has
been of interest, as IGF-1's strong anabolic effects may counteract certain health benefits by amplifying
obesogenic effects. Although some conflicting results exist [76], several recent clinical studies have
demonstrated a negative association between obesity and IGF-1 [3,4,77], with this association appearing
stronger in older populations [3]. This may be attributed to the obesity-related GH resistance in the liver,
leading to attenuated IGF-1 production and subsequently lower serum IGF-1 levels [78]. Additionally,
decreased ghrelin secretion from the stomach in obesity may blunt GH secretion from the pituitary,
further contributing to reduced serum IGF-1 level [79]. Furthermore, IGF-1-mediated signaling has been
reported to contribute only marginally to adipose tissue formation [13], playing a more critical role in
the differentiation of pre-adipocytes than in the maturation and hypertrophy of adipocytes [80].
Consequently, IGF-1 itself appears to have a limited direct impact on adipose tissue deposition and adi-
pocyte hypertrophy, while exerting beneficial effects across various other health domains. This suggests
that obese individuals who engage in regular exercise are likely to experience positive outcomes, poten-
tially benefiting from IGF-1's metabolic and anabolic effects without significantly promoting adiposity.
Our meta-analysis of four eligible studies suggests that regular exercise is associated with increased
serum IGF-1 levels in obese individuals. However, IGF-1 responses differed by participant characteristics
and exercise protocols within overweight and obese cohorts. Resistance-focused programs in overweight
women at high loads [49] and in sarcopenic-obese older adults using resistance or combined training
[50] showed increases. In contrast, a mixed-circuit program in insulin-resistant women [48] and a pre-
dominantly endurance program delivered five times per week in adults with metabolic syndrome [51]
showed marginal or no between-group differences. Although all four cohorts were overweight or obese,
these divergent findings likely reflect differences in concurrent disease context, exercise modality and
dose, and non-uniform post-intervention sampling windows, each of which can influence GH/IGF-1 axis
activation and recovery dynamics. This variability warrants further investigation, though our overall result
supports that regular exercise can increase IGF-1 levels in this population.

Exercise has been shown to exert direct effects on tumor-intrinsic factors, influence systemic physio-
logical responses, alleviate cancer-related adverse events, and enhance treatment efficacy [81]. However,
the anabolic and metabolic effects mediated by IGF-1 raise concerns regarding its potential role in exac-
erbating cancer progression and neoplastic processes [82]. The IGF-1 axis is known to contribute to
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proliferation, survival, metastasis, and inhibition of apoptosis of cancer cells through both direct and
indirect mechanisms [83]. Indeed, recent large cohort studies have demonstrated that elevated IGF-1
levels are associated with a higher incidence of various cancers [10,83] and increased cancer-related
mortality [10], with the strongest associations observed in prostate, breast, and colorectal cancers [84].
Moreover, tissue expression of IGF1R is often elevated in cancer patients, particularly those with lung,
gastric, endometrial, and breast cancers, compared to controls [83]. These findings suggest that serum
IGF-1 levels and related components should be carefully considered in the management of cancer
patients or survivors. Physical activity is recommended for its ability to improve various health outcomes
and enhance treatment tolerance and response in this population [29], and a substantial proportion of
cancer survivors have been reported to meet the recommended physical activity guidelines [85]. Our
meta-analysis demonstrated a significant reduction in serum IGF-1 levels following chronic exercise in
cancer survivors, alleviating concerns regarding exercise-induced IGF-1 elevation and its potential onco-
genic implications. This finding is consistent with prior meta-analyses that observed moderate decreases
in circulating IGF-1 following exercise interventions in breast cancer survivors [86-89]. Additionally,
another meta-analysis with breast cancer patients found a trend towards decreased IGF-I levels following
exercise interventions, though this reduction did not reach statistical significance [90]. In contrast, other
reviews reported no significant changes in IGF-1 in response to exercise in similar populations [91,92],
suggesting a more limited endocrine responsiveness under certain conditions. These discrepancies may
due to the differences in study populations and methodological stringency. Specifically, the previous
analyses focused exclusively on female breast cancer survivors, whereas our study included a more het-
erogeneous oncologic population, comprising individuals with breast, ovarian, and prostate cancers, and
incorporated both male and female participants. Furthermore, our meta-analysis applied more rigorous
inclusion criteria by excluding trials in which control groups received structured non-exercise interven-
tions (e.g. educational or behavioral support), thereby improving the specificity with which exercise-induced
effects on IGF-1 modulation could be assessed.

Given that exercise promotes GH secretion across various populations, subsequently increasing IGF-1
levels [21,22], and stimulates IGF-1 secretion from skeletal muscle independently of GH’s action on the
liver [27,28], there is limited specific literature explaining differential IGF-1 responses to exercise across
varying health statuses, particularly in cancer contexts. This may be largely due to the complex roles
IGF-1 plays in various metabolic and pathological processes, including cancer progression, which may
alter its regulation in distinct ways. Although exercise-induced reductions in IGF-1 may be benéeficial for
tumor suppression in cancer patients or survivors, regular exercise provides extensive therapeutic and
health benefits beyond IGF-1 modulation. Thus, regular exercise is recommended as a supportive inter-
vention for cancer patients or survivors, offering multifaceted health advantages. Further research is nec-
essary to clarify how IGF-1 reductions impact other health statuses and to determine the suitability of
exercise recommendations for cancer patients based on these effects.

IGFBP-3 functions as the primary circulating carrier of IGF-1, modulating its bioavailability, prolonging
its half-life, and regulating its interaction with IGF-1 receptors. Beyond its carrier role, IGFBP-3 also exerts
IGF-1-independent biological actions, including pro-apoptotic and anti-proliferative effects, which may
hold particular relevance in oncological settings [93]. In our subgroup meta-analysis restricted to studies
concurrently reporting both IGF-1 and IGFBP-3 outcomes, exercise appeared to increase both circulating
IGF-1 and IGFBP-3 levels in healthy individuals, which align with the recognized anabolic and metabolic
roles of exercise. By contrast, in cancer patients or survivors, exercise was associated with a significant
increase in IGFBP-3 levels alongside a reduction in circulating IGF-1 concentrations. This differential
response suggests that elevated IGFBP-3 may contribute to the exercise-induced suppression of IGF-1 in
cancer populations, potentially through sequestration of free IGF-1 or modulation of IGF-1 receptor avail-
ability, mechanisms that could attenuate IGF-1-mediated oncogenic signaling [94]. Supporting this notion,
epidemiological evidence has indicated that higher circulating IGF-1 concentrations combined with lower
IGFBP-3 levels are associated with an increased risk of breast [95] and colorectal cancers [96]. Accordingly,
our observation of exercise-induced IGFBP-3 elevation concurrent with IGF-1 reduction in cancer popula-
tions may represent a potentially beneficial adaptive response. Nevertheless, considering the heterogene-
ity of prior findings regarding the relationship between IGF-1 and IGFBP-3 in cancer populations [97,98],
as well as inconsistent reports from meta-analyses evaluating the effects of exercise on IGFBP-3
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[86,88,91,99,100], this interpretation remains speculative. Further mechanistic studies are warranted to elu-
cidate the interplay between exercise, IGF-1, and IGFBP-3, particularly in the context of cancer.

In this meta-analysis, we sought to minimize key confounding factors, such as pharmacological treat-
ments, hormone therapy, and structured dietary interventions, by excluding studies that explicitly com-
bined these factors with exercise. However, we acknowledge that dietary intake was not systematically
assessed in the majority of included studies. Although some trials instructed participants to maintain
their habitual diet, such guideline alone may not adequately control for dietary variability, which remains
a potential source of residual confounding. This methodological limitation constrains our ability to attri-
bute observed IGF-1 changes solely to exercise. Moreover, evidences suggest that energy availability as
a critical determinant of IGF-1 regulation, independent of exercise. For instance, caloric restriction has
been reported to markedly blunt IGF-1 responses despite elevated GH levels, indicating a state of ana-
bolic resistance [101]. Additional studies have demonstrated that energy deficits suppress IGF-1 secretion
in a dose-dependent manner [102,103], overriding the anabolic signaling typically induced by physical
activity. These results indicate the importance of considering both caloric intake and total energy balance
when interpreting exercise-induced IGF-1 modulation. In particular, the reduction in IGF-1 levels observed
among cancer survivors and patients and survivors in this meta-analysis may, in part, reflect
population-specific alterations in energy balance. Prospective cohort data indicate that cancer survivors
frequently exhibit sustained reductions in caloric intake following diagnosis [104], which may result in a
net energy deficit sufficient to suppress hepatic IGF-1 production when combined with increased energy
expenditure from exercise. Accordingly, the decrease in IGF-1 in this population may represent an adap-
tive endocrine response to caloric insufficiency, which has been shown to suppress hepatic IGF-1 synthe-
sis [101-103]. While the underlying mechanisms warrant further investigation, these considerations call
for the need to account for energy balance when evaluating endocrine dynamics to exercise, particularly
in in oncological contexts where baseline nutritional status may already be compromised.

Several limitations should be acknowledged. First, the high degree of statistical heterogeneity observed
across studies is a notable methodological consideration. The overall meta-analysis revealed substantial
heterogeneity (?=97.9%), with similarly high values in subgroup analyses of healthy individuals (?=96.2%)
and obese individuals (’=96.3%), and moderate-to-high heterogeneity among cancer patients or survivors
(P=79.2%). However, such levels of heterogeneity are not uncommon in exercise-based meta-analyses;
previous meta-analyses conducted in breast cancer populations have reported /? values as high as 84.15%
[75] and even 99% [91]. This variability likely reflects differences in exercise modalities [25,105], participant
characteristics such as age, sex, and baseline IGF-1 levels [72,106], and intervention duration [72]. The
inclusion of both male and female participants in our study, unlike prior meta-analyses that focused exclu-
sively on women with breast cancer [75,89,91], may have further contributed to between-study heteroge-
neity. These findings highlight the inherent difficulty of standardizing lifestyle interventions across
heterogeneous populations and study protocols, underscoring the need for more uniformly designed
future trials. Nevertheless, despite the observed variability, the overall consistency in directionality across
subgroups suggests a robust signal. To further validate the reliability of this effect and minimize the risks
of random error and cumulative type | error, we performed TSA over the primary outcome. Results from
the trial sequential analysis confirmed the robustness of our main finding, lending additional support to
the conclusion that exercise significantly increases circulating IGF-1 levels. This result reinforces the credi-
bility of our findings and strengthens confidence in the exercise-induced modulation of IGF-1 despite
high heterogeneity. Furthermore, our inclusion criteria limited the diversity of exercise interventions, par-
ticularly modality, intensity, and volume; and because these dimensions may differentially influence the
GH/IGF-1 axis, our dataset, constrained by few trials per modality and heterogeneous prescriptions, was
insufficient for robust modality-specific subgrouping, underscoring the need for adequately powered,
modality-stratified trials. The study population was predominantly female (91%) and relatively older (mean
age: 57.1+5.9years), which may limit the generalizability of our findings. In addition, our analysis of
IGFBP-3 was restricted to a subset of studies reporting both IGF-1 and IGFBP-3 outcomes, preventing
comprehensive evaluation of their interplay across all populations. Future studies with standardized dietary
assessments, broader participant demographics, and consistent measurement of IGF-1-related biomarkers
are needed to clarify the mechanisms underlying exercise-induced IGF-1 modulation across different clin-
ical and physiological contexts.
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Conclusion

In conclusion, this systematic review and meta-analysis demonstrates that regular exercise exerts differ-
ential effects on circulating IGF-1 levels depending on health status. Exercise significantly increased IGF-1
in healthy individuals and those with overweight or obesity, supporting its role in promoting metabolic
and anabolic health. In contrast, exercise was associated with a reduction in IGF-1 among cancer patients
or survivors, a response that may be partially mediated by concurrent increases in IGFBP-3 levels. Taken
together, these findings indicate divergent physiological responses across clinical contexts and highlight
the need for further work to delineate mechanisms and the broader clinical implications of exercise-induced
IGF-1 modulation.
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