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Impact of exercise on cancer:
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and new insights
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This review critically evaluates the substantial role of exercise in enhancing
cancer prevention, treatment, and patient quality of life. It conclusively
demonstrates that regular physical activity not only reduces cancer risk but
also significantly mitigates side effects of cancer therapies. The key findings
include notable improvements in fatigue management, reduction of cachexia
symptoms, and enhancement of cognitive functions. Importantly, the review
elucidates the profound impact of exercise on tumor behavior, modulation of
immune responses, and optimization of metabolic pathways, advocating for the
integration of exercise into standard oncological care protocols. This refined
abstract encourages further exploration and application of exercise as a pivotal
element of cancer management.
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1 Introduction

The global burden of cancer continues to escalate, with millions of new cases diagnosed
annually, which highlights the urgent need for effective prevention and treatment strategies.
Recent statistics from major health organizations underscore a concerning rise in cancer
incidence and mortality rates worldwide, compelling the medical community to explore
innovative therapeutic modalities beyond traditional medical interventions (1, 2). Exercise
oncology has emerged as a pivotal field of research, offering promising avenues for
enhancing cancer prevention, treatment efficacy, and patient quality of life. The
integration of exercise into oncological care is driven by a growing body of evidence that
demonstrates the multiple benefits of physical activity for cancer patients. These benefits
range from reducing the risk of cancer development and recurrence to alleviating the side
effects of conventional cancer treatments such as chemotherapy and radiotherapy (3, 4).
This review delves into the multifaceted advantages of exercise in the realm of cancer
prevention and treatment. Consistent physical activity is demonstrated to not only mitigate
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the incidence and recurrence of cancer but also augment the efficacy
of various cancer therapies, including surgery, radiotherapy,
chemotherapy, and immunotherapy. Moreover, exercise
significantly alleviates the adverse effects associated with cancer
treatments such as fatigue, cancer cachexia, and cognitive
impairments. Building upon these therapeutic supports, the
subsequent sections delve into the broader implications of
exercise on the tumor microenvironment, showcasing its
profound impact on tumor angiogenesis, cytokine modulation,
and overall tumor behavior. Here, ‘cancer cachexia’ refers to a
complex syndrome involving muscle and weight loss, while
‘cognitive impairments’ relate to difficulties with memory and
concentration that some patients experience (5, 6). In the
following sections, we explore the current state of exercise
oncology, emphasizing how exercise is being integrated into
cancer care protocols and highlighting the potential mechanisms
through which physical activity exerts its beneficial effects. By
providing healthcare professionals and researchers with a
comprehensive overview of the latest insights and developments
in this field, this review aims to foster a better understanding of the
role of exercise in cancer care and encourage further research and
clinical application of exercise as a standard component of
oncological treatment strategies.

2 The positive impact of exercise on
cancer prevention and treatment

The prevailing view was once that cancer survivors should
refrain from exercise, but contemporary research underscores that
with meticulous supervision, they can engage in exercise regimens
safely. Physical activity proves beneficial throughout the phases of
cancer prevention, treatment, and survivorship (Figure 1).

2.1 Exercise reduces cancer incidence and
prevents recurrence

To enhance the manuscript’s flow, discussions on exercise’s role
in reducing the incidence and recurrence of cancer are consolidated.
Exercise through its multiple forms such as aerobic and resistance
activities significantly lowers the risk of developing cancer. This
effect is supported by numerous studies including systematic
reviews and meta-analyses demonstrating reduced risks for
cancers such as breast, colon, and prostate, influencing body
weight, inflammation levels, and hormonal balances.
Transitioning from prevention, the subsequent sections will
explore how exercise also amplifies the therapeutic efficacy of
cancer treatments, thus providing a dual benefit in oncology care.
These exercises also modulate various metabolic pathways that are
often implicated in cancer progression (7, 8). For example, a
landmark study demonstrated that regular exercise reduces the
risk of colon cancer by up to 24% compared to individuals who are
inactive (9). These findings have helped shape current exercise
guidelines for cancer prevention, which recommend at least 150
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minutes of moderate-intensity or 75 minutes of vigorous-intensity
aerobic physical activity per week (10).

2.2 Exercise enhances the efficacy of
cancer treatments

Cancer patients typically undergo various treatments, including
surgery, chemotherapy, radiotherapy, targeted therapy, and
immunotherapy. There is ample evidence that exercise enhances the
effectiveness of these treatments. It also improves patient outcomes.

2.2.1 Surgery

Surgery is a principal method for treating cancer, often utilized
in clinical settings. However, surgical stress can induce significant
acute systemic disturbances and local damage, which may lead to
complications and promote cancer recurrence and metastasis
through neuroendocrine, immune, and metabolic imbalances (10,
11). Clinical practice recognizes high cardiovascular reserve
capacity and robust diastolic function as positive predictors for
surgical outcomes (12). Preoperative exercise benefits include
enhanced physical fitness, improved myocardial diastolic capacity,
augmented contractile reserve, increased muscle mass, and reduced
pulmonary congestion (13, 14). These benefits contribute to
improved preoperative health, accelerated postoperative recovery,
and reduced hospitalization duration (11). Research shows that
postoperative rehabilitation training decreases complication rates
post-gastric cancer surgery (15, 16), and home-based exercise
programs are feasible for elderly cancer patients. There is a
pressing need for large-scale, rigorous clinical trials to assess the
role of exercise in surgical cancer treatment.

2.2.2 Radiotherapy

Radiotherapy, utilized by approximately 60% of cancer patients,
targets malignant tumors effectively (17). The success of
radiotherapy hinges on the oxygenation of tumor tissues since
oxygen is essential for generating reactive oxygen species (ROS)
that damage cancer cells (18). Smaller, well-vascularized tumors
with minimal hypoxic cells respond better to radiotherapy, whereas
larger, poorly vascularized tumors with central necrosis are less
responsive (19). By normalizing tumor vasculature and improving
blood flow and oxygen delivery, exercise reduces tumor hypoxia
and enhances radiotherapy’s efficacy. Experimental studies, such as
those using 4T1 breast cancer and MC38 colorectal cancer (CRC)
models, have demonstrated that when exercise is combined with
radiotherapy, there is a significant reduction in tumor growth and
metastasis (20). Furthermore, exercise is thought to bolster the
immunological effects of radiotherapy. Animal studies have shown
that exercise increases the secretion of endothelin, boosts natural
killer (NK) cell infiltration, and enhances the expression of NK cell
receptors such as Klrkl and I12rf, with resistance training showing
particular efficacy in these enhancements (21). Moreover, a
combination of resistance and aerobic exercises has been observed
to synergistically amplify these anticancer effects. In clinical
settings, implementing exercise routines during radiotherapy has
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Exercise inhibits cancer. Schematic diagram of the review

shown promising results; for example, resistance training
significantly lowered serum kynurenine (KYN) levels in breast
cancer patients, suggesting a non-pharmacological approach to
improve radiotherapy outcomes (23).

2.2.3 Chemotherapy

Recent studies underscore the importance of incorporating
exercise into the regimen of cancer patients undergoing
chemotherapy. Exercise demonstrates significant benefits for
these patients by countering the negative effects of cytotoxic
drugs, which often increase systemic inflammation and local
tissue damage. This is achieved by modulating inflammation
markers such as interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-0), thereby reducing treatment-related fatigue and
enhancing overall physical well-being (24-26). Preclinical studies
have shown that exercise promotes angiogenesis, normalizes
tumor vasculature, and improves drug delivery efficacy,
illustrating the potential for exercise to magnify the anticancer
effects of chemotherapeutic agents such as gemcitabine and
doxorubicin (27, 28). For example, enhanced blood perfusion
facilitated by exercise in tumor areas has been shown to
improve the efficacy of these drugs (29).
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Clinical evidence supports these findings; for instance, studies
involving pancreatic cancer patients who engaged in structured
exercise programs during neoadjuvant chemotherapy observed
improvements in tumor vascularization, which plays a crucial role
in optimizing drug delivery and enhancing treatment efficacy (9).
Additionally, exercise interventions before and after chemotherapy
have been linked with significantly reduced risks of recurrence and
mortality in breast cancer patients, showcasing the potential of
exercise as a complementary therapy (9).

To integrate insights from animal studies with clinical trial
results, we have now included comparative analyses and summary
tables in our manuscript. These additions emphasize the
translational potential of preclinical findings and spotlight areas
where human trials could further explore the mechanistic bases of
these exercise benefits. This integrated approach not only clarifies
how exercise contributes to enhanced chemotherapeutic outcomes
but also provides a blueprint for future research aimed at harnessing
exercise as a standard adjunct in cancer treatment protocols.

2.2.4 Immunotherapy

Radiotherapy, utilized by approximately 60% of cancer patients,
effectively targets malignant tumors. The success of radiotherapy
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hinges crucially on the oxygenation of tumor tissues, as oxygen is
essential for generating reactive oxygen species (ROS) that damage
cancer cells (17, 18). Smaller, well-vascularized tumors with minimal
hypoxic cells respond better to radiotherapy, whereas larger, poorly
vascularized tumors with central necrosis are less responsive (19).

Exercise improves blood flow and oxygen delivery by
normalizing tumor vasculature, which reduces tumor hypoxia and
enhances the efficacy of radiotherapy. Experimental studies, such as
those using 4T1 breast cancer and MC38 colorectal cancer (CRC)
models, have demonstrated that when exercise is combined with
radiotherapy, there is a significant reduction in tumor growth and
metastasis (20). Furthermore, exercise is thought to bolster the
immunological effects of radiotherapy. Animal studies have shown
that exercise increases the secretion of endothelin, boosts natural
killer (NK) cell infiltration, and enhances the expression of NK cell
receptors such as Klrkl and I12rf}, with resistance training showing
particular efficacy in these enhancements (21).

In response to the reviewer’s comments, we have critically
discussed the methodologies of the cited studies and expanded
our examination of how variations in exercise protocols—such as
intensity, duration, and type of exercise—impact the outcomes. This
discussion now considers whether these differences have been
adequately addressed in the literature and how they might
contribute to discrepancies in study results. For example, we
contrast the effects of aerobic versus resistance training in various
cancer models and patient populations, and we highlight the need
for standardized exercise protocols to facilitate more consistent and
comparable results across studies.

This refined focus not only aligns with clinical observations but
also sets a stage for future research to standardize exercise protocols
as adjunct therapy in radiotherapy, ensuring more robust and
reproducible benefits across diverse patient demographics.

2.3 Physical activity helps to lessen cancer
symptoms and treatment-related
adverse effects

Cancer and its array of treatments often result in substantial
psychological and physiological distress, undermining both
productivity and overall quality of life. Exercise is recognized for its
role in mitigating these adverse effects, helping to sustain the physical
vitality and mental resilience of patients, thereby enhancing their
overall well-being. Numerous clinical guidelines advocate for physical
activity in cancer care, supporting patients in maintaining a life
enriched with activities beyond their identity as patients (37).

2.3.1 Fatigue

Cancer-related fatigue (CRF) is a common symptom
experienced by patients following a cancer diagnosis or the start
of treatment, differing from typical fatigue in that it is not alleviated
simply by rest (38). Research underscores the effectiveness of
exercise in reducing CRF. The American Society of Clinical
Oncology (ASCO) advises cancer survivors to engage in 150
minutes of moderate aerobic exercise weekly, like brisk walking
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or swimming, supplemented by two to three strength-training
sessions (37, 39, 40). This regimen, while seemingly modest,
significantly diminishes the intensity of CRF. A comprehensive
meta-analysis involving 11,525 participants across 113 trials
highlighted that exercise outperforms pharmacological
interventions in reducing fatigue during and post cancer therapy
(38). Moreover, a clinical trial segmented pancreatic cancer patients
into two cohorts—one receiving standard care and the other
standard care plus a structured exercise program. Results
indicated that the exercise group exhibited notable enhancements
in physical function, quality of life, and clinical symptoms, thus
affirming the role of physical activity in augmenting exercise
capacity and overall health status (41).

2.3.2 Cancer cachexia

Cancer cachexia (CC) is a multifaceted syndrome prevalent
among cancer patients, characterized by significant metabolic
changes leading to progressive weight loss, primarily due to
skeletal muscle atrophy, sometimes accompanied by fat loss. This
syndrome is propelled by an inflammatory response that drives
insulin resistance, hyperlipidemia, and mitochondrial dysfunction,
thus perpetuating a deteriorating cycle (42). Although nutritional
support is critical, it alone is insufficient to reverse the progression
of CC (44). CC is particularly common in individuals with lung,
colorectal, and gastrointestinal cancers, affecting over 85% of such
patients (45, 46). While pharmaceutical solutions are being
explored, standardized treatments remain limited.

Physical exercise serves as an effective non-pharmacological
intervention for CC, significantly enhancing the survival rates and
quality of life for affected patients. Most patients undergoing cancer
treatment report a reduction in muscle mass and strength (47). This
loss is often attributed to circulating tumor-derived factors that
promote muscle degradation. Furthermore, the secretion of
inflammatory adipokines in cancer patients may exacerbate
insulin resistance, while the accumulation of intramuscular fat
can impede blood flow within muscles, further aggravating
metabolic imbalances and promoting tumor growth. Research has
demonstrated that tumor-derived substances like parathyroid
hormone-related protein and myostatin are key contributors to
muscle atrophy and weight loss (47-50). Exercise has been shown to
effectively reverse these effects. For example, engaging in voluntary
wheel running during chemotherapy not only prevents weight loss
but also maintains lean body mass and muscle strength,
counteracting treatment-induced anorexia (51).

Despite promising results, the need for large-scale clinical trials
to validate the effectiveness of exercise in managing CC remains. A
particular study demonstrated the feasibility of exercise training
among advanced cancer patients, although it was limited by its
statistical power. Such multimodal approaches, which combine
exercise, nutritional support, and pharmacotherapy, appear
promising in addressing the multifaceted challenges of CC (52).
Moving forward, research should focus on elucidating the
molecular mechanisms through which exercise mitigates muscle
atrophy and enhances metabolic functions in CC, potentially
offering new avenues for treatment and patient care (43).
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2.3.3 Cognitive impairment

The causes of cognitive impairment in cancer patients are
diverse and complex. Beyond the direct cognitive decline due to
brain metastases from certain cancers, a multitude of factors
contribute to this condition. These include the stress and
psychological impact of a cancer diagnosis, the systemic effects of
the cancer itself, various treatments, and genetic predispositions.
Intriguingly, some breast cancer patients demonstrate cognitive
dysfunction even prior to receiving any treatment, suggesting that
specific characteristics inherent to breast cancer may predispose
individuals to cognitive impairments. The Apolipoprotein E4
(APOE) gene, a well-documented risk factor for Alzheimer’s
disease, has also been implicated in this context (53, 54). A
prospective cohort study involving 943 breast cancer patients
revealed that those adhering to national physical activity
guidelines exhibited superior cognitive function both six months
before and after undergoing chemotherapy, compared to their less
active counterparts (55). Nonetheless, other studies report no
significant correlation between higher self-reported physical
activity levels during chemotherapy or follow-up and improved
cognitive outcomes (56), highlighting the complexity of factors
influencing cognitive health in cancer patients.

Larger clinical trials are underway to assess whether exercise can
ameliorate cognitive impairment in cancer patients, focusing also
on the underlying molecular mechanisms involved. These studies
are designed to refine exercise protocols with the goal of enhancing
cognitive functions, thereby improving the quality of life for those
affected by cancer. By identifying the specific impacts of various
forms of exercise on cognitive health, researchers hope to develop
targeted strategies that effectively combat cognitive decline and
boost overall mental capabilities in cancer patients. This approach
could lead to more personalized exercise recommendations, tailored
to the needs and health statuses of individual patients, maximizing
the therapeutic benefits of physical activity in oncology settings.

3 Effects of exercise on tumor
microenvironment regulation and
molecular mechanisms

3.1 Effects of exercise on
tumor angiogenesis

Angiogenesis is crucial for the progression, spread, and
treatment of cancer. It involves the formation of new blood
vessels, which is essential for supplying nutrients to tumors and
facilitating the spread of cancer cells (57). Additionally, the oxygen
carried through these new vessels enhances tumor perfusion,
helping to reduce the effects of tumor hypoxia (58). Many cancer
therapies target angiogenesis, using inhibitors to prevent the
formation of these blood vessels within tumors. Improving
vascular conductivity can alleviate tumor hypoxia, enhance the
infiltration of immune cells into tumor tissues, inhibit tumor
growth, and increase the effectiveness of cancer therapies (59).

However, the blood vessels in tumors are often abnormal and
underdeveloped, leading to insufficient oxygen transport and
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significant tumor hypoxia (60). This hypoxic environment activates
the production of hypoxia-inducible factor 1-o. (HIF1ar), which not
only suppresses anti-cancer immune responses but also promotes
cancer invasion and metastasis (57). Additionally, HIFlo. drives
abnormal angiogenesis, further deteriorating blood perfusion and
oxygenation, thus reinforcing a cycle of hypoxia and increasingly
aggressive cancer behaviors. Under these low-oxygen conditions,
glycolysis is enhanced, resulting in an accumulation of lactate that
negatively impacts the tumor’s immune microenvironment.

Exercise influences tumor angiogenesis, or the process by which
new blood vessels form to supply the tumor, through several key
mechanisms. Think of it as building new roads to improve the
delivery of goods to a city—except in this case, the ‘goods’ are
nutrients that unfortunately help the tumor grow. Firstly, it
enhances the density and maturity of blood vessels within tumor
tissues, promoting vascular normalization. This helps improve the
delivery of oxygen and nutrients, which can affect tumor growth
and treatment response. Secondly, exercise increases interaction
between endothelial cells and other cells, boosting pericyte coverage
and enhancing the expression of angiogenic factors like VEGFA in
endothelial cells (61-63). Thirdly, it enhances nitric oxide
utilization, a promoter of angiogenesis, by upregulating
endothelial nitric oxide synthase, improving blood flow and
oxygen delivery to tumor areas (62, 64). Additionally, exercise-
induced secretion of myokines from skeletal muscles and
adipokines from fat tissue plays a crucial role in angiogenesis (65,
66). Within the tumor immune microenvironment, exercise can
decrease the number of M2 tumor-associated macrophages (TAMs)
and prevent tumor-associated neutrophils (TANs) from shifting to
a pro-angiogenic phenotype, thereby reducing the support for
tumor growth and spread.

Alleviating tumor hypoxia and increasing oxygen levels can
independently exert anti-cancer effects. An animal study showed
that inhaling high concentrations of oxygen reduced tumor
metastasis and improved survival rates (67). Enhanced oxygen
supply can boost the efficacy of immune cells in attacking tumor
cells by elevating pro-inflammatory cytokines and reducing
immunosuppressive molecules and regulatory T cells in mouse
tumors (67). However, further research is needed to fully
understand how exercise impacts tumor vasculature in cancer
patients. A notable study involving potential cancer patients
demonstrated that exercise could significantly remodel human
tumor vasculature. Moderate aerobic or anaerobic training
increased both the number and density of blood vessels within
tumor tissues, providing new avenues for targeting anti-cancer
drugs more effectively through the enhanced vasculature (28).

3.2 Effects of exercise on cytokines and
growth factors

The tumor microenvironment (TME) is a critical factor in
cancer progression and treatment response. Exercise exerts a
multifaceted impact on the TME through various mechanisms
that influence tumor growth, immune responses, and overall
disease trajectory. This section explores how physical activity
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compares with other non-pharmacological interventions,
highlighting its unique contributions to cancer care. Exercise
enhances the regulation of the TME primarily by improving
systemic metabolism and reducing inflammation. Regular
physical activity leads to an increased infiltration of immune cells
into the tumor, enhancing anti-tumor immune responses (20). It
also affects the production of cytokines and growth factors that can
either inhibit or promote tumor growth, depending on their balance
and the context of their release (21, 22). Comparatively, dietary
modifications can also influence the TME but typically focus more
on altering the nutrient supply to tumors and modifying systemic
metabolic pathways that cancer cells exploit for growth and survival
(23, 24). For example, ketogenic diets have been shown to reduce
glucose availability to tumors, potentially slowing their growth.
Psychological support, another crucial non-pharmacological
intervention, primarily affects cancer outcomes by improving
patients’ mental health, which can indirectly influence the TME
by reducing stress-induced alterations in immune function and
hormone levels (25). Stress reduction has been shown to decrease
the production of pro-inflammatory cytokines and stress hormones
that can promote tumor growth and metastasis (26). The
integration of exercise with dietary changes and psychological
support can provide a comprehensive approach that maximizes
the therapeutic potential of each modality. While exercise directly
modifies the physical and immune landscape of the TME, dietary
interventions can starve tumors of necessary nutrients, and
psychological support can maintain a healthier systemic
environment less conducive to cancer progression (68). Future
research should focus on creating integrated treatment protocols
that combine these non-pharmacological interventions to optimize
cancer treatment outcomes. By doing so, it is possible to leverage the
unique advantages of exercise alongside dietary and psychological
interventions, creating a multi-faceted strategy that addresses the
complex nature of cancer and enhances patient quality of life.

3.2.1 Myokines

Myokines (proteins released by muscle cells during exercise that
have various biological effects) are a group of proteins and peptides
secreted by skeletal muscles during exercise, including IL-6, irisin,
decorin, IL-15, BDNF, IL-10, and IL-8. These can also be released
from other organs and tissues. Myokines play dual roles in cancer
biology, exhibiting either anti-tumor or pro-tumor activities
depending on their nature and the surrounding environment. For
instance, irisin can directly curtail tumor growth by inducing G2/M
cell cycle arrest, escalating p21 levels, and simultaneously inhibiting
cell proliferation and migration, while promoting apoptosis in
glioblastoma cells (66, 69). Other myokines like IL-6 and IL-15
contribute to tumor suppression by hindering adipogenesis, while
IL-6, IL-10, and IL-8 can bolster immune cell activity, enhancing
their numbers and cytotoxic capabilities, thereby fostering a “hot”
immune microenvironment conducive to fighting cancer.

IL-15, a prevalent myokine in skeletal muscle, is particularly
important for its role in immunoregulation, supporting the
proliferation and maturation of T cells and NK cells, crucial for the
body’s defense against malignancies. Exercise stimulates the release of
adrenaline, which can trigger a cascade leading to an acute anti-
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inflammatory/immunoregulatory state, resulting in the production of
myokines such as IL-6 and IL-8. These myokines are essential for
modulating NK cells and CD8+ T cells to combat tumor growth (36).
Research has shown that exercise-induced IL-6 possesses both direct
and indirect anti-cancer properties. For example, serum collected
immediately after moderate-intensity aerobic interval exercise from
men with lifestyle risk factors significantly reduced the proliferation
of human colorectal cancer (CRC) cells, hinting at the potent
inhibitory influence of IL-6 on these cells. This suppression of CRC
cell proliferation by exercise could be partially attributed to IL-6-
driven DNA damage and repair dynamics. Animal studies have
illustrated that adrenaline and IL-6 released during exercise
facilitate NK cell mobilization, redistribution, activation, and
enhanced infiltration into tumor sites. Additionally, IL-6 might also
alleviate cancer-related fatigue, potentially via the actions of
pro-inflammatory cytokines IL-1B and TNE-o..

3.2.2 Adipokines

Exercise influences adipogenesis and the metabolism of adipose
tissue, with adipokines—proteins secreted by fat cells—having their
secretion levels modified by physical activity. Dysregulated
adipogenesis is a key contributor to cancer progression.
Adipokines such as leptin, resistin, estrogen, macrophage
migration inhibitory factor (MIF), and monocyte chemoattractant
protein-1 (MCP-1) are instrumental in this context (70, 71). Leptin,
for instance, promotes the growth of breast cancer cells, tumor
angiogenesis, and inhibits apoptosis, whereas adiponectin exhibits
opposing effects by reducing tumor cell proliferation and
angiogenesis, thus restricting nutrient supply to tumors (72).
Lower levels of adiponectin have been noted in patients with
various cancers, including endometrial, esophageal, and liver
cancers (65). Most other adipokines tend to facilitate cancer
progression and metastasis by enhancing cell proliferation and
migration, inhibiting apoptosis, and fostering inflammation.

A recently identified adipokine, kisspeptin, enhances the
sensitivity of organs to glucose, lipids, and oxygen, thereby
augmenting fat utilization during exercise and maintaining a
balance between fat production and consumption (73). Exercise
modulates adipose tissue by affecting adipokine levels, reducing
adipogenesis, enhancing lipolysis, increasing glucose uptake and
insulin sensitivity, and facilitating the conversion of white adipose
tissue to brown adipose tissue (66, 74, 75). Studies, such as one
involving a high-risk breast cancer population, have demonstrated
that aerobic exercise training can reduce breast cancer risk by lowering
body fat and modulating levels of leptin and adiponectin (76).

3.3 Effects of exercise on nutritional
components and metabolism in
cancer patients

3.3.1 Nutritional components and metabolic
pathways in cancer

Emerging research highlights the intricate relationship between
nutrition, exercise, and cancer recovery, demonstrating how these
elements interact to significantly influence patient outcomes.
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Studies involving post-surgical rats have underscored this
interaction, revealing a notable decline in muscle strength and
mass linked to the upregulation of genes associated with the
ubiquitin-proteasome system, autophagy-lysosome system, and
fast-twitch muscle fibers (77). Despite moderate exercise and
amino acid supplementation, these rats exhibited reduced muscle
strength. However, their gastrocnemius muscle mass increased,
muscle atrophy was slowed, and genes related to fast-twitch fibers
were downregulated, suggesting that postoperative intravenous
amino acid and calcium ion supplementation combined with
moderate exercise may help mitigate muscle loss.

Prolonged inactivity can disrupt the body’s nutrient balance,
affecting crucial elements like glucose and calcium ions, as well as
growth factors. Elevated levels of certain growth factors can activate
significant metabolic pathways such as the PI3K/AKT/mTOR
pathway, enhancing nutrient absorption and utilization, potentially
facilitating tumor growth and progression (78). Regular, long-term
exercise has been shown to reduce the levels of these growth factors
in the bloodstream, improve overall metabolic rates, and decrease
the stimulation of cancerous tissues by these growth factors. Chronic
physical activity substantially increases glucose uptake by skeletal
muscles, reduces circulating glucose levels, and decreases both
insulin and insulin-like growth factor (IGF) concentrations (79).

The general effects of exercise on growth factors, cytokines,
nutrients, and metabolites are well-documented. However, more
targeted clinical and basic research is required to verify these
impacts specifically in the tumor tissues of cancer patients. For
instance, a study involving prostate cancer patients who underwent
a 12-week exercise program revealed increased serum levels of
oncostatin M and myokines, decreased IGF levels, and a slowdown
in tumor cell growth, supporting the potential tumor-inhibitory
effects of exercise (80). Post-treatment exercise interventions have
also shown beneficial impacts on IGF1 and inflammatory biomarkers
in breast cancer patients (81). Additionally, research on breast cancer
survivors demonstrated that a combined regimen of aerobic and
anaerobic exercises effectively ameliorated metabolic disorders,
reduced circulating biomarkers related to insulin resistance and
inflammatory responses—such as insulin, IGF-1, IL-6, IL-8, and
TNF-o—and significantly decreased endothelin levels, which are
associated with muscle loss and degeneration. Concurrently, these
exercises increased adiponectin levels, further illustrating the
multifaceted benefits of physical activity in managing cancer-related
metabolic disruptions (80, 82).

3.4 Effects of exercise on anti-
cancer immunity

Exercise plays a pivotal role in modulating the immune
landscape within cancer patients, impacting both innate and
adaptive immune responses. This section delves into how exercise
influences these responses and highlights the potential for
personalizing exercise regimens to enhance their efficacy based on
individual patient profiles.

Physical activity has been shown to significantly improve the
functionality and number of various immune cells, which are
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crucial for combatting cancer. For example, exercise boosts
the number and activity of natural killer (NK) cells, T cells,
and dendritic cells, all of which play roles in recognizing
and destroying cancer cells (30, 31). Regular exercise also
reduces systemic inflammation, a common contributor to
immunosuppression in cancer patients, thereby enhancing the
overall immune surveillance and response to tumors (32).

Personalizing exercise regimens can maximize these
immunological benefits by tailoring the intensity, duration, and type
of exercise to individual patient needs. Factors such as the patient’s
cancer type, treatment stage, overall health, and genetic makeup
should guide the customization of exercise programs. For instance,
patients with solid tumors might benefit more from moderate-
intensity aerobic exercises, which have been shown to improve
blood flow and oxygenation to the tumor site, enhancing the
efficacy of other treatments like chemotherapy and radiotherapy (33).

Additionally, understanding the genetic and metabolic profiles of
cancer patients can further refine exercise prescriptions. Genetic
markers related to inflammation and immune cell functionality,
such as variations in cytokine genes, can indicate how a patient
might respond to different forms of exercise (34). Similarly, metabolic
profiling can reveal how exercise could influence cancer metabolism
directly or support the body’s natural anti-cancer mechanisms (35).

Ongoing research is increasingly supporting the idea of
integrating biomarker analysis into routine clinical practice to
guide exercise recommendations. By assessing markers of
inflammation, immune cell activity, and metabolic function,
clinicians can develop more effective, personalized exercise plans
that not only support the patient’s general health but also directly
contribute to cancer treatment and recovery.

Future studies should focus on longitudinal analyses to better
understand the long-term effects of personalized exercise on cancer
prognosis. Such research will provide deeper insights into the
optimal exercise modalities for different cancer types and stages,
potentially leading to standardized yet customizable exercise
guidelines within oncology.

3.4.1 Innate immunity

Natural killer (NK) cells are essential players in the body’s
innate immune response, and their activity and numbers can be
significantly influenced by exercise. Research using mouse tumor
models has demonstrated that interventions such as wheel-running
increase NK cell infiltration into tumor tissues, which considerably
slows cancer growth. This effect is primarily mediated by adrenaline
and muscle-derived interleukin-6 (IL-6) (48, 83). Although exercise
does not directly enhance the cytotoxicity of NK cells, it upregulates
ligands for activating NK cell receptors in both mouse cancer
models and human studies, thereby enhancing their cytotoxic
potential (48, 84). Furthermore, combining exercise with
radiation therapy has shown to increase NK cell infiltration and
upregulate gene expression of NK cell receptors, boosting the
effectiveness of the radiation treatment (21, 85).

Macrophages also play a crucial role in innate immunity and
anti-cancer responses, with the pro-inflammatory M1 phenotype
exhibiting anti-tumor effects, while the anti-inflammatory M2
phenotype supports tumor growth by releasing factors like IL-10
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and TGF-B. Exercise can influence macrophage polarization
towards the M1 phenotype, enhancing anti-cancer effects. Studies
suggest that long-term exercise disrupts the balance of macrophage
polarization, increasing differentiation towards the M1 phenotype,
and thus contributing to the delay in cancer progression (86).
However, the detailed mechanisms through which exercise
influences macrophage activity remain largely unexplored.
Neutrophils, particularly tumor-associated neutrophils (TANSs),
play dual roles in cancer progression. The pro-tumor N2 subtype
and the anti-tumor N1 subtype of TANs directly and indirectly
regulate cancer cell survival, migration, immune function, and
angiogenesis (87). Preclinical studies indicate that both swimming
and running can significantly delay tumor growth, associated with a
reduction in neutrophil counts (88-90). Furthermore, exercise-
induced release of high-mobility group box 1 (HMGBI1) has been
observed to enhance citric acid metabolism in the tricarboxylic acid
cycle, thereby improving immunosurveillance of senescent cells in a
mechanism dependent on nuclear factor erythroid 2-related factor
2 (NRF2) (11). These findings underline the significant role of
exercise in modulating the innate immune response against cancer,

suggesting potential therapeutic benefits for cancer patients.

3.4.2 Adaptive immunity

Exercise has demonstrated a positive influence on adaptive anti-
cancer immunity as well. In various studies, particularly with mouse
models of breast cancer, physical activity has been shown to not only
increase the number of CD8+ T cells infiltrating tumors but also to
enhance their cytotoxic capabilities. This boost in CD8+ T cell activity
due to exercise may be mediated through the CXCL9/11-CXCR3
signaling pathway, which is crucial for T cell recruitment and
function (91). Another research finding suggests that exercise
improves CD8+ T cell efficacy by altering central carbon metabolism,
thus optimizing their energy use and functional capacity (92).

In models of pancreatic cancer, exercise has been found to
facilitate the mobilization and intra-tumoral clustering of IL15Ro+
CD8+ T cells, thereby amplifying the anti-tumor immune responses
(93). Importantly, the augmentation in CD8+ T cells due to regular
physical activity can significantly enhance the effectiveness of
standard anti-cancer treatments, such as immunotherapy and
radiotherapy (85, 91, 93).

Moreover, exercise impacts adaptive immunity by regulating
various factors that not only increase the infiltration of CD8+ T cells
into tumors but also boost their expression of functional molecules,
crucial for their anti-tumor activity. Concurrently, exercise has been
observed to decrease the presence of immunosuppressive regulatory
T cells (Tregs), which can otherwise hinder effective immune
responses against tumors. Additionally, physical activity appears
to increase the number of memory CD8+ T cells, which are
important for long-term immune surveillance and cancer control.

These findings indicate that regular exercise can potentiate the
anti-cancer efficacy of treatments like radiotherapy and therapies
targeting PD-(L)1, by modulating the immune landscape in favor of
a more robust anti-tumor response. This highlights the potential of
exercise as a strategic complement in cancer treatment protocols to
leverage the body’s own immune system against cancer.
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3.5 Effects of exercise on cancer cells

Basic research has highlighted that exercise can impact cancer
cells by hindering their proliferation, promoting apoptosis, and
reducing their migration capabilities. For example, in a study
involving colorectal cancer (CRC) patients, it was found that
serum altered by exercise significantly suppressed the
proliferation of LOVO cancer cells. Acute exercise leads to a rise
in serum IL-6 levels (94), which in turn stimulates the release of
anti-inflammatory cytokines, mobilizes immune cells, and helps
mitigate DNA damage in early malignant cells, producing a range of
beneficial biological effects. In vitro experiments further
demonstrated that recombinant IL-6 at concentrations of 10 and
100 pg/mL could inhibit human CRC cell proliferation and reduce
v-H2AX expression, reflecting the anti-cancer properties associated
with exercise. Additionally, recent research has shown that serum
from metastatic castration-resistant prostate cancer (mCRPC)
patients, who engaged in long-term regular exercise, exhibited
delayed proliferation of human prostate cancer cells (95).

The mechanisms through which exercise influences cancer cells
are complex and multifaceted. Firstly, exercise reduces levels of
various nutrients and growth factors, such as glucose and insulin-
like growth factors (IGFs), which are known to activate key pro-
cancer signaling pathways like the PI3K/Akt/mTOR pathway
(96, 97). At the same time, it activates anti-cancer signaling
pathways, such as the AMPK pathway (98). Secondly, exercise
affects cancer biology by altering the levels of critical growth
factors and cytokines secreted by other organs. For instance,
exercise-induced myokines like IL-10 and CCL4 have been shown
to directly reduce tumor cell growth and migration in pancreatic
cancer patients (99). Thirdly, exercise has been observed to suppress
the Hippo/YAP signaling pathway in cancer cells, thereby inhibiting
tumor formation and cell viability (100). Furthermore, moderate
exercise increases dopamine levels in tumor tissues, which helps
inhibit cancer cell growth and lung metastasis through mechanisms
dependent on dopamine receptor 2 and TGF-B1 (101).

4 Conclusion and future perspectives

This review confirms the significant anti-cancer benefits of
exercise, including reducing tumor incidence, suppressing tumor
growth, mitigating treatment-related side effects, and enhancing
overall survival rates. Such benefits underscore the necessity of
integrating exercise as a standard component of cancer care
protocols across all stages of the disease.

Future research should focus on elucidating the specific
molecular and cellular mechanisms by which exercise impacts
cancer, which will aid in developing targeted therapeutic
strategies that leverage exercise’s full potential (102). A deeper
understanding of these mechanisms is essential for optimizing the
design of exercise programs that can be tailored to individual needs
based on cancer type, stage, and patient-specific characteristics such
as genetic, metabolic, and immunological profiles.
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There is a compelling need for personalized exercise
prescriptions to maximize the therapeutic potential of exercise in
oncology (103, 104). These prescriptions should be crafted by
interdisciplinary teams, including oncologists, exercise
physiologists, and data scientists, to ensure that exercise
interventions are safe, effective, and specifically tailored to
individual patient demographics. Additionally, it is crucial to
address potential risks associated with exercise, particularly for
patients with advanced cancer or significant comorbidities, by
developing comprehensive guidelines that ensure exercise
programs are implemented safely.

Enhancing cooperation among various healthcare professionals
is vital for developing more effective exercise programs tailored to
the specific needs of cancer patients (105). This collaborative
approach can help overcome barriers to the implementation of
exercise as a therapeutic strategy and pave the way for more
inclusive, holistic cancer treatment plans.

Moreover, longitudinal studies are needed to better understand
the long-term effects of exercise on cancer recurrence and survival.
These studies will help establish robust, evidence-based guidelines
for incorporating physical activity into cancer recovery and long-
term survivorship plans (106, 107). Such research is essential for
substantiating the benefits of exercise in the oncology setting and
for encouraging its broader adoption in routine clinical practice.

Ultimately, these efforts will better harness the potential of exercise
to complement traditional cancer therapies, potentially transforming
the standard of care in oncology and markedly improving patient
outcomes. By advancing our understanding and integration of exercise
in cancer treatment, we can hope to significantly enhance the quality of
life and survival rates for cancer patients worldwide.
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