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A B S T R A C T

Prostate cancer (PC) is one of the most prevalent malignancies worldwide. Metastatic PC remains an incurable 
disease, with the androgen receptor (AR) pathway being the primary driver of tumor progression and the main 
target for therapeutic strategies. Thus, patients usually undergo long-term treatments, particularly androgen 
deprivation therapy (ADT), which can worsen the intrinsic deterioration in quality of life (QoL) caused by the 
disease burden. Increasing evidence supports the use of physical activity (PA) and structured exercise (EX) as 
complementary measures to mitigate treatment-related adverse effects and improve clinical outcomes across 
tumor types. EX has shown benefits across multiple systems and plays a significant role in modulating tumor 
progression through several cellular pathways. Furthermore, it has confirmed potential to alleviate cancer- 
related symptoms while enhancing functional capacity and tolerability of treatment. This review gathers the 
current evidence regarding the impact of PA and EX on patients with metastatic PC, integrating both epidemi
ological and interventional studies. Despite promising findings, most of the available evidence is documented on 
non-metastatic populations, highlighting the need for directed studies in advanced disease settings. Future 
research is needed in metastatic PC patients, in order to assess long-term impacts of EX in this population.

Introduction

Physical activity (PA) is any bodily movement produced by skeletal 
muscles that requires energy expenditure. Exercise (EX), on the other 
hand, is a specific type of PA that is planned, structured, and repetitive, 
aimed at improving or maintaining physical fitness. Throughout this 
review, we will use these terms somewhat interchangeably although 
recognizing above distinctions [1,2]. PA has been characterized and 
investigated in epidemiologic studies by the domain in which the ac
tivity is achieved (e.g., occupational, leisure time, household, trans
portation), the volume of the activity (e.g., frequency, duration, 
intensity), and the time periods when the activity was done (ranging 

from current to lifetime activity) [3]. PA and EX are associated with 
numerous health benefits, such as improvements in weight control, 
muscular and cardiorespiratory fitness, bone health, functional out
comes, and a decreased risk of falls and several noncommunicable dis
eases like diabetes, cardiovascular disease, depression, and some forms 
of cancer (Fig. 1) [4]. The guidelines published by the World Cancer 
Research Fund [5], the American College of Sports Medicine [6] as well 
as the American Cancer Society [7] support PA for or patients with 
cancer, given the correlation with enhanced outcomes.

In 2022, the number of new patients diagnosed with prostate cancer 
(PC) reached 1,46 million, and resulted in 0,39 million deaths, posi
tioning PC as the second leading cancer among male and the fourth most 
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prevalent cancer globally [8]. In Europe, PC constitutes the most 
frequently diagnosed cancer in men and the third cancer-related cause of 
death in men [9]. Incidence rates, even though variable between 
geographical areas partly because of differences in prostate-specific 
antigen (PSA) testing and recommendations on screening, are 
increasing and it is estimated that 1 in 6 men will suffer it [10]. Over 
time, advancements in cancer treatment and a decline in mortality rates 
have led to improved life expectancy, which rose by approximately 20 % 
between 1981 and 2010 [8]. Despite being so incident, only 3–4 % of 
men with PC will die from the disease, as even in the context of meta
static disease patients may have long-term survivals [11]. Nevertheless, 
cancer survivors still face significant functional challenges, with the 
global burden of cancer estimated at 233.5 million disability-adjusted 
years between 1990 and 2017. Consequently, there is a growing inter
est in adopting healthy behaviours, such as PA, to explore their potential 
impact on both cancer-related and non-cancer-related morbidity in in
dividuals with cancer [12,13].

PC is a prototypical hormone-dependent tumor, as its development 
and progression rely heavily on androgen signaling. Androgen depri
vation therapy (ADT) remains a cornerstone of treatment, as it reduces 
circulating androgen levels and suppresses androgen receptor signal
ing—a central pathway driving disease progression, particularly in 
recurrent and metastatic stages [12,14,15]. In addition to ADT, other 

androgen receptor pathway inhibitors (ARPIs) such as abiraterone, 
enzalutamide, apalutamide, and darolutamide have emerged as front
line treatments over the past decade, significantly improving overall 
survival and disease-free survival in patients with metastatic hormone- 
sensitive PC (mHSPC) [16–19]. These agents inhibit the androgen re
ceptor pathway, either binding to the androgen receptor or blocking the 
androgen syntesis. Due to the strong inhibition of androgen signaling, 
both ARPIs and ADT impact other androgen-dependent tissues, leading 
to a range of adverse effects that can impair quality of life (QoL) and 
reduce life expectancy in PC patients. The most common adverse effects 
include hot flushes, sarcopenia, reduced bone density, cognitive 
impairment, erectile dysfunction, metabolic syndrome, and increased 
risk of cardiovascular disease, summarized in Fig. 1 [13,20].

Given the prolonged survival of metastatic PC patients who often 
receive long-term treatment with ARPIs and ADT—therapies associated 
with the afore mentioned side effects—there is increasing interest in 
promoting healthy behaviors, such as PA and EX, to explore their po
tential to enhance prognosis and QoL in this population. This is partic
ularly relevant for patients with metastatic PC, whose QoL is 
significantly impaired by disease-related factors—such as asthenia or 
pain resulting from bone metastases—and by the adverse effects of 
cancer treatments [21,22].

Since PA and EX benefits counteract the side effects of ADT, it is 

Fig. 1. Adverse effects of metastatic prostate cancer treatments including ADT, ARPIs and chemotherapy (docetaxel). These adverse events may present chronic 
toxicities, significantly impacting QoL of patients.
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expected that higher PA levels, and especially orgaized EX programs, 
could imply a benefit on the QoL of patients with metastatic PC [23,24]. 
Besides, PA is associated with a 33 % lower risk of cancer-specific 
mortality in patients with PC, as well as a 20 % mortality reduction 
[6,7]. However, the World Health Organization (WHO) reports that a 
significant portion of the global population, approximately 31 % of 
adults worldwide and 35 % in Europe, remains physically inactive 
[1,25]. Regarding PC patients, only 18 % of them are considered 
physically active [26].

EX has been increasingly recognized as a powerful non- 
pharmacological intervention with broad health benefits, particularly 
for cancer patients. Across the cancer continuum—from prevention to 
treatment, survivorship, and palliative care—EX plays a supportive role 
by improving drug tolerance, minimizing adverse effects, and reducing 
comorbidities [27,28]. This review aims to provide a comprehensive 
overview of the latest evidence on the effects of PA in PC, including its 
underlying biological mechanisms, impact on metabolism and the im
mune system, its role in cancer risk prevention, prognosis, alleviation of 
treatment side effects, as well as practical recommendations for 
healthcare professionals on PA counselling.

Molecular and physiological changes induced by exercise

By challenging whole-body homeostasis, EX induces adaptations 
across cells, tissues, and organ systems. These effects are mediated 
through different biological mechanisms, summarized in Fig. 2 as the 
Hallmarks of Exercise. The consequences of these biological changes, 
directly affect tumor biology and tumor microenvironment, influencing 
cancer development and progression [3,27].

Preclinical studies in animal models have shown that EX can reduce 
tumor growth rates by modulating genes involved in proliferation and 
apoptosis, suppressing metastatic potential, altering tumor metabolism 
and endocrine signals including stress hormones, myokines, and circu
lating exosomes [27]. These chronic changes also impact the immune 

system, promoting the activation of pro-inflammatory cells such as T 
lymphocytes and natural killer (NK) cells, which play a crucial role in 
eliminating cancer cells [27,29,30]. EX also influences energy balance 
and oxidative stress, redirecting metabolic resources away from tumors 
and potentially creating an inhospitable environment for cancer cells 
[27]. Furthermore, EX has been linked to epigenetic modifications, such 
as DNA methylation and changes in microRNA expression, that regulate 
gene expression patterns relevant to tumor suppression. It can promote 
DNA repair and maintenance mechanisms through increased expression 
of DNA damage sensors and repair-associated genes [31]. There is also 
preclinical evidence showing that EX can reduce the levels of oncogenic 
genes such as rat sarcoma virus (RAS) family (e.g., PAN, RAB14, and 
RAB8A), hyperphosphorylated retinoblastoma (RB1), a major regulator 
of cell cycle, and increase ß-catenin phosphorylation. These adaptations 
can slow cancer progression by impairing the molecular pathways 
associated with tumor growth and dissemination [32,33]. Notably, EX 
has shown greater potential in reducing metastatic capacity than in 
shrinking established tumors [27]. This is achieved through mechanisms 
such as enhanced cell adhesion, modulation of immune and inflamma
tory pathways, and the preservation of barrier integrity, which helps 
prevent the spread of metastatic cells to secondary organs [34].

In this section, we describe the biological hallmarks of exercise in 
cancer, with a particular focus on PC, and examine the mechanisms 
through which exercise modulates tumor biology, metabolism, immune 
response, and disease progression.

Exercise and metabolic effects

In relation to endocrine changes, numerous preclinical studies linked 
PA and EX to cancer protection through regulation of cell energy 
metabolism and disrupting physiological processes regulated by ho
meostatic circuits [35].

Fig. 2. Hallmarks of physical activity and exercise effects on human health. They provide wide-ranging benefits for overall health, positively affecting multiple 
systems – including the cardiovascular, immune, metabolic and neuroendocrine systems, and playing a role in cancer prevention and management.

F.J. Muñoz-Carrillo et al.                                                                                                                                                                                                                     Cancer Treatment Reviews 139 (2025) 102996 

3 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en septiembre 05, 
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



Mitochondrial metabolism
EX modifies the tumor microenvironment, by reducing mitochon

drial function in tumor models, which slows tumor growth. In a colo
rectal murine cancer model, aerobic EX altered carbon metabolism and 
delayed tumor progression, with notable changes in the tricarboxylic 
acid cycle, glutamate, and succinate levels [36]. EX also impacts 
nucleotide metabolism, increasing ADP-ribose and adenine while 
decreasing hypoxanthine and inosine monophosphate in purine meta
bolism, as well as modifying pyrimidine metabolism markers like UDP 
and uracil. Additionally, EX promotes lipid β-oxidation by reducing 
levels of stearoyl carnitine, acylcarnitines, and L-palmitoyl carnitine, 
which are critical for lipid oxidation [36]. A significant reduction in 
phosphocreatine, essential for high-energy metabolic conditions, has 
also been observed [36]. In addition to metabolic alterations, EX in
fluences immune function through metabolites such as succinate, 
fumarate, α-ketoglutarate, and acetyl-CoA, which regulate immune re
sponses and support stem cell maintenance and lymphangiogenesis 
[37]. The intricate relationship between PA and tumor energy meta
bolism suggests that EX may play a role in slowing tumor progression. 
However, its effects appear to vary by tumor stage and subtype, 
underscoring the need for further research to clarify the mechanisms 
driving its anti-cancer benefits in PC [38].

Glucose metabolism
EX plays a crucial role in mitigating several adverse metabolic ef

fects, making it especially valuable for PC patients. As previously 
mentioned, ADT is associated with significant metabolic dysfunctions, 
including insulin resistance, dyslipidemia, and increased fat mass, all of 
which elevate the risk for diabetes, cardiovascular disease [39]. Regular 
PA improves insulin sensitivity and enhances glucose metabolism, 
thereby helping to prevent weight gain and control blood sugar levels 
[40].

EX facilitates glucose uptake in skeletal muscle, leading to reduced 
blood glucose levels and lower circulating insulin levels (hyper
insulinemia) [40]. One of the mechanisms involved includes the 
reduction of insulin-like growth factor 1 (IGF-1), a hormone that pro
motes cell growth and survival and is often elevated in cancer [41]. By 
lowering IGF-1, EX activates AMP-activated protein kinase (AMPK)—a 
key energy sensor in the cell—which subsequently inhibits the mecha
nistic target of rapamycin (mTOR) pathway [41]. This pathway, 
frequently hyperactivated in PC due to mutations in tumor suppressor 
genes such as PTEN, promotes cell proliferation, survival, and metastasis 
[42]. Inhibition of Ak strain transforming (AKT), phosphoinositide 3-ki
nase (PI3K) or mTOR, therefore, can contribute to slowing cancer pro
gression and are current target therapies for PC and breast cancer [43]. 
Moreover, PA increases the bioavailability of sex hormone–binding 
globulin (SHBG), a glycoprotein that binds to sex hormones like estrogen 
and testosterone, reducing their free —and consequently, bio
active—levels in circulation [44]. Since elevated levels of circulating sex 
hormones can contribute to the development and progression of hor
monally driven cancers, such as PC and breast cancer, increasing SHBG 
through EX may offer a protective effect by lowering hormonal stimu
lation of tumor cells [40,44].

Lipid metabolism
PA plays a critical role in both cancer prevention and progression by 

reshaping lipid metabolism and reducing inflammation [45]. By 
enhancing fatty acid oxidation and suppressing lipogenic enzymes, EX 
limits the lipid availability that tumors rely on for growth. This is 
particularly relevant in hormone-sensitive cancers, such as breast cancer 
and PC, where obesity-related inflammation and metabolic dysregula
tion contribute to disease risk [45]. EX also lowers harmful adipokines 
such as leptin and boosts protective ones like adiponectin, creating a less 
supportive environment for tumor development [46]. Additionally, 
muscle-derived myokines like irisin and SPARC promote anti-tumor 
immunity and inhibit tumor angiogenesis, while improved insulin 

sensitivity reduces hyperinsulinemia, a known driver of cancer pro
gression [41,47,48].

Regarding PC specifically, where abnormal lipid synthesis and stor
age are central to tumor growth, EX has shown particularly strong 
benefits [49]. EX stimulates fatty acid oxidation pathways (e.g., CPT1, 
PPAR-α) and suppresses lipogenic enzymes (FASN, ACLY), thereby 
starving tumors of essential lipids for membrane production and 
signaling. This is especially important for patients undergoing ADT, 
which often leads to dyslipidemia and visceral fat accumulation [50]. 
Aerobic training improves lipid profiles by increasing high-density li
poprotein (HDL) cholesterol and reducing low-density lipoprotein (LDL) 
cholesterol, and triglycerides, while resistance training preserves lean 
body mass and prevents sarcopenic obesity [51,52]. Besides it disrupts 
the sterol regulatory element-binding protein (SREBP) activity, a master 
regulator of lipid biosynthesis pathways hijacked by tumors. Together, 
these adaptations not only mitigate ADT-induced metabolic distur
bances but also help disrupt the “lipogenic phenotype” of PC, making EX 
a potent non-pharmacological intervention to slow disease progression 
and enhance overall outcomes [51,52].

Exercise and gut microbiome

EX effects on the gastrointestinal tract by reducing the time it takes 
food to travel through it, decreasing the exposure of the gastrointestinal 
tract to possible carcinogens, altering the metabolism of bile acids, and 
decreasing the exposure of the gastrointestinal tract to these suspected 
carcinogens [53]. EX positively influences the gut microbiome, by 
enhancing microbial diversity, promoting the growth of beneficial 
bacteria that produce anti-inflammatory metabolites like short-chain 
fatty acids (SCFAs), particularly butyrate, which has been linked to 
reduced cancer risk and improved immune surveillance [54]. EX also 
modulates bile acid metabolism and reduces gut inflammation, creating 
an environment less favorable for tumor growth. Additionally, a 
healthier microbiome may improve the efficacy of cancer therapies, 
including anti-PD1 and anti-PD-L1 immunotherapies [55].

Effects of EX on gut microbiome have been mostly studied in colon 
cancer, where EX has proven to modify the gut microbiome, particularly 
increasing beneficial bacteria families such as Akkermansia, Rumino
coccus, Veillonella,and Lachnospira, along with butyrate producers like
Prevotella, Faecalibacterium, and Roseburia [53,56]. These microbial 
shifts are linked to improved gut homeostasis, reduced inflammation, 
and enhanced immune function. The gut microbiome influences cancer 
development through multiple pathways, including altered metabolite 
production, DNA damage modulation, and immune regulation, creating 
a less favorable environment for tumor initiation and progression 
[53,56]. In PC a potential link exists between disease and increased 
inflammatory levels from gut dysbiosis [57], although more evidence is 
needed to assess if EX directly impacts in gut microbiota and affects 
clinical outcomes of PC patients.

Exercise, DNA damage and telomeres

EX also affects DNA damage repair mechanisms that are critical 
pathways in PC, frequently altered in advanced disease [58]. Besides, 
poly ADP-ribose polymerase (PARP) inhibitors have emerged as the 
main targeted therapy for PC with altered DNA repair mechanisms, 
particularly the Homologous Recombination Repair pathway [59]. A 
study on PC compared gene alterations between men who were physi
cally active and sedentary and found that sedentary patients had dys
regulation of genes involved in DNA damage repair, like breast cancer 1 
and 2 (BRCA1 and BRCA2), and in the histone deacetylase pathway 
[33]. Other studies investigating cellular repair markers have reported 
that PA upregulates tumor protein 53 (TP53), promoting the repair or 
elimination of damaged cells [60,61]. A trial conducted by Ornish et al. 
found that regular lifestyle interventions and PA downregulated RAS 
pathway while upregulated TP53, with a consequent blockage of the 
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androgen receptor [32]. Besides DNA repair, PA has substantial effects 
in telomere length and telomerase activity, that represents a hallmark of 
aging and many other diseases, including cancer [62]. Werner and 
colleagues observed that, compared to sedentary adults, active in
dividuals participating in long-distance running showed elevated telo
merase activity, increased telomere-stabilizing proteins, down- 
regulated cell-cycle inhibitors, and decreased telomere erosion in the 
circulating leukocytes [63,64]. Another study demonstrated that telo
mere length in physically active patients with localized PC was associ
ated with a reduction in PSA progression and risk of metastasis [65].

Regulation of tumor growth by systemic factors and cytokines

Numerous preclinical studies demonstrate that EX induces a tumor
–organ crosstalk capable of extrinsically regulating tumor growth, 
involving coordinated actions of the cardiovascular, immune, muscular, 
and endocrine systems, among others [27]. This systemic regulation of 
the tumor has been clearly demonstrated: serum from patients engaging 
in moderate, regular EX exhibited nearly an eightfold greater inhibitory 
effect on the growth of cultured androgen-dependent PC cells compared 
to serum from inactive individuals [66]. The mechanisms that may be 
responsible for these findings are multiple [2]. Firstly, EX induces 
changes in blood circulation through activation of the sympathetic 
nervous system, leading to increased levels of circulating catechol
amines, elevated heart rate and blood pressure, and modulation of 
vascular tone. Additionally, EX can promote vasodilation and enhance 
vascular permeability at the tumor site [67]. Collectively, these bio
physical adaptations have the potential to increase tumor perfusion, 
angiogenesis and intratumoral vascularization through upregulation of 
vascular endothelial growth factor (VEGF) [67,68]. Taking into 
consideration that hypoxia and poor blood supply promote an aggres
sive cancer phenotype and contribute to adverse tumor microenviron
ment (TME), EX promotes a shift toward a healthy, non-hypoxic TME 
[69–71]. These changes have several favourable consequences, 
including increased oxidative stress within the TME and improved ac
cess for antitumor immune cells, hormonal factors, and therapeutic 
agents [27,67,68].

There is also evidence of muscle-to-tumor crosstalk, as skeletal 
muscle releases peptides known as myokines into the bloodstream 
during contractions. These myokines exert systemic health-promoting 
effects, and some have been shown to possess direct anticancer prop
erties [48]. Although evidence on the protective role of myokines in 
cancer is still emerging, preclinical studies have shown that oncostatin 
M and irisin, can inhibit growth and promote apoptosis in breast cancer 
cells, while osteonectin and SPARC have demonstrated similar effects in 
colon cancer cells. The impact of myokines on cancer development and 
progression appears to stem from their ability to directly regulate cell 
proliferation and antagonize pro-growth signaling pathways such as 
TGF-β and Wnt. Indirectly, myokines may also enhance EX-induced 
immune responses by promoting NK cell infiltration into tumors and 
boosting immune cell activity, as discussed in the next section 
[27,29,30]. Besides, EX reduces systemic inflammation, a key driver of 
cancer progression, by lowering pro-inflammatory cytokines, such as 
TNF or IL6, and decreases levels of tumor-promoting adipokines like 
leptin, while increasing anti-inflammatory mediators such as adipo
nectin [72,73]. These shifts are further supported by reductions in 
visceral fat and chronic stress hormone levels [74].

Taken together, EX may target tumor development and progression 
through several mechanisms. On the one hand, during acute EX per
formance, release of multiple systemic factors (catecholamines, myo
kines, etc.), sympathetic activation, increased blood flow, shear stress on 
the vascular bed, and increased temperature exert immediate stress on 
tumor metabolism and homeostasis, by increasing oxygen delivery, 
intratumoral metabolic stress, cellular damage, and ROS production. 
The final consequence of all these changes is the reduction of the growth 
rate and elicitation of signaling pathways that prevent metastasis. On 

the other hand, following chronic long-term EX, these acute effects lead 
to intratumoral adaptations of improved blood perfusion and systemic 
metabolism adjustments, which further contribute to slower tumor risk 
and progression [27].

Effects of exercise on the immune system

EX plays a vital role in enhancing immune function against cancer by 
activating both the innate and adaptive immune systems, promoting the 
redistribution of NK and T-cells to peripheral tissues through several 
mechanisms [30,73,75,76]. This mobilization increases the availability 
of cytotoxic lymphocytes without necessarily generating new immune 
cells [77]. EX also enhances lymphatic circulation, facilitating more 
efficient immune cell transport throughout the body [78]. These mobi
lized cytotoxic immune cells survey the body to identify and eradicate 
transformed cells, avoiding tumoral development and suppressing tu
moral growth by the previously explained hyperthermia dependent and 
adrenergic dependent immune cell infiltration into tumors, due to 
vasodilation and increased vascular permeability [2,27,29,67,69,79]. 
Both acute and chronic aerobic EX improve immune cell trafficking and 
functionality, strengthening anti-tumor responses, whereas sedentary 
behavior is associated with immune exhaustion and increased tumor 
survival [80]. EX influences various immune cell types, as summarized 
in Fig. 3, enhancing tumor recognition, antigen presentation, tumor 
control, and cytotoxic activity. Conversely, EX reduces immunosup
pressive cells—such as regulatory T cells and myeloid-derived sup
pressor cells—that are critical for tumor immune evasion and metastatic 
progression. The result is a shift from a more cold/immunosuppressive 
TME towards a hot/immune-infiltrated TME [81]. However, not all 
forms of EX have the same effects on the immune system. Acute and 
high-intensity PA can lead to transient increases in immune components 
such as lymphocytes, monocytes, neutrophils, and eosinophils [82]. 
Moderate-intensity EX (≤9 metabolic-equivalent-[MET]-hours/week) 
has been shown to enhance immune function, while continuous, high- 
intensity or excessive EX (>24 MET-hours/week) may suppress it [83].

T cells

T lymphocytes benefit from EX through the reversal of age-related 
immunosenescence and chemotherapy-induced dysfunction. Regular 
EX boosts thymic output, increases naive T-cell levels, and enhances 
tumor-specific cytotoxicity against antigens like PRAME and MAGE 
[84]. Both acute and chronic EX improve T-cell responses, representing 
an interesting complement to immunotherapies such as checkpoint in
hibitors (ICI). Notably, the synergistic interaction between EX and 
immunotherapy has been demonstrated across various preclinical tumor 
models. Martín-Ruiz et al. observed significantly increased T cell infil
tration and tumor necrosis in lung cancer-bearing mice treated with 
both EX and ICI [85]. Similarly, in a melanoma mouse model, combining 
EX with anti–PD-1 therapy led to a substantial reduction in tumor 
weight and volume, indicating enhanced tumor growth suppression 
[86]. Nevertheless, there is currently no evidence supporting the effects 
of EX combined with ICI treatment in PC patients, as immunotherapies 
have shown limited efficacy in this particular cancer type [87].

B cells

B cells are also responsive to EX. Acute EX mobilizes immature and 
memory B cells, potentially improving antibody production and vaccine 
responses [88]. Athletes tend to have higher levels of regulatory B cells, 
suggesting a role for EX in optimizing B-cell-mediated immunity and 
supporting cancer control. Moreover, tumor-infiltrating B lymphocytes 
have demonstrated to be a favorable prognostic biomarker in patients 
with solid malignancies and predictive of ICI response [88].
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Natural killer (NK) cells

NK cells are rapidly mobilized into circulation during acute bouts of 
EX, enhancing their cytotoxic capacity, essential for recognizing and 
destroying cancer cells [89]. These cells recognize and eliminate tumor 
cells via ligands such as MICA/MICB and the NKG2D receptor. However, 
their activity can be suppressed by soluble MICA and HLA class I mol
ecules. Interestingly, EX mimics the effects of certain immunomodula
tory drugs, temporarily boosting NK cells and their anti-tumor activity, 
increasing tumor expression of activating ligands and improving im
mune surveillance [90].

Macrophages

Macrophages also shift their behavior in response to EX transitioning 
from a pro-tumor M2 phenotype to an anti-tumor M1 phenotype [82]. 
This shift is mediated through suppression of the JAK-STAT signaling 
pathway and decreased levels of CCL22, which recruits regulatory T 
cells (T regs). In breast and PC models, EX has been shown to reduce M2 
markers like Arg and CD206, correlating with slower tumor progression. 
PA also reduces immunosuppressive factors like myeloid-derived sup
pressor cells (MDSCs) that are associated with disease progression, 
aggressiveness, and immune-resistance in metastatic PC patients [91].

Neutrophils

Neutrophils are known for their roles in phagocytosis and the for
mation of neutrophil extracellular traps (NETs), can be both protective 
and harmful in cancer [92]. While excessive NETs can promote metas
tasis, exercise enhances neutrophil chemotaxis and phag
ocytosis—especially in aging and cancer contexts—thereby helping to 
reduce infection risk and potentially limit tumor spread [93]. Again, 
evidence is needed to assess the role of EX and neutrophils in PC.

Dendritic cells (DCs)

DCs are key antigen-presenting cells that initiate and regulate 

immune responses. PA has been shown to increase both their number 
and function in healthy individuals [94,95]. Thus, enhanced expression 
of IL-12 and MHC II following EX improved antigen presentation and T- 
cell activation [94]. Plasmacytoid DCs are mobilized post-EX [95], 
further contributing to enhanced immune surveillance, although more 
research is needed on their cancer-specific effects.

Platelets

Platelets often protect circulating tumor cells (CTCs) from immune 
attack by forming aggregates and engage in cross-talk with cancer cells, 
a phenomenon referred to as tumor-educated platelets. [96]. EX reduces 
platelet-CTC interactions and lowers expression of adhesion molecules 
such as P-selectin, potentially decreasing the risk of metastasis [97]. 
While moderate EX is protective, overly intense EX may increase platelet 
activation and tumor-associated platelets [97], emphasizing the 
importance of EX dose.

In summary, there is a lack of well-designed studies in PC patients 
that properly assess immune function and immune densities differences 
between exercisers and non-exercisers. Existing research is limited by 
high heterogeneity and the presence of multiple confounding factors, 
making it difficult to draw definitive conclusions. This inconsistency 
suggests that individual factors, such as tumor onset, growth rate, and 
possibly the timing of EX relative to disease progression, may influence 
the immune response to PA [83].

Effects of exercise on cancer prevention

Overall cancer prevention

Considering the rising incidence of cancer, particularly PC, alongside 
improving survival rates, there is an urgent need to advance research in 
both primary and secondary prevention strategies. These efforts are 
essential to reduce the overall burden of the disease, lower the long-term 
healthcare costs associated with prolonged treatments, and minimize 
years of life lost, ultimately enhancing patient outcomes and quality of 
life [98]. It has been estimated that 30–40 % of cancers can be prevented 
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Fig. 3. Exercise plays a fundamental role in strengthening the immune response against cancer by activating both innate and adaptive immunity. Through its in
fluence on several immune cell types, it enhances immunosurveillance, supports tumor control, and helps reduce the risk of metastasis, leading to an improvement in 
treatment outcomes. M1: M1 macrophages. MDSC: Myeloid derived suppressor cells. NK: Natural Killers. Treg: T regulatory lymphocytes.
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through changes in modifiable lifestyle and environmental risk factors 
known to be associated with cancer incidence, including PA and EX 
[3,98].

Taking together the data from observational epidemiologic studies 
with several million study participants, systematic reviews, and meta- 
analyses, the World Cancer Research Fund and the American Institute 
for Cancer Research concluded that regular, sustained PA protects 
against several types of cancer independent of body fat [99]. Most of the 
evidence comes from recent epidemiological studies performed in high- 
income countries and is mainly based on leisure-time PA [3,69,100]. All 
these findings have also been reviewed and endorsed by the WHO 2020 
Guidelines Development Group, among other international bodies. 
Their conclusion supports that high levels of PA are associated with a 
significantly reduced risk for 11 different types of cancer, with emerging 
but limited evidence suggesting benefits for additional cancer sites 
(Table 1) [3,67,98,100,101].

There is no conclusive evidence regarding the amount of PA needed 
to significantly reduce cancer risk, since the methods for measuring and 
categorizing PA levels across epidemiologic studies have been incon
sistent, which precludes any definitive conclusions regarding the exact 
volume of PA that provide given levels of effect [3,69,98]. However, the 
consensus is that individuals who perform EX at a moderate intensity 
level for 3–4 h a week or greater have approximately a 10–20 % 
reduction in the risk of cancer. Moreover, there is some evidence on 
dose–response-type of associations and on the fact that overall PA is 
more relevant than the intensity of PA [2,29,67,100,103]. The necessary 
amounts of PA are also likely tumor-dependent, although limited in
formation exists at present on how the association between PA and 
cancer varies by cancer subtypes [3,69]. As an example of the dos
e–response-type of associations, in colon cancer a benefit was observed 
in men meeting current guidelines of PA ≥ 7.5 MET-hours/week (17 % 

risk reduction), but the maximum benefit was observed for PA ≥ 30 
MET-hours/week (32 % risk reduction); and in breast cancer, the 
decrease in the risk was greater for PA > 20 MET-hours/week, with a 
reduced risk of 5 % per 6 MET-hours/week [69,103,104]. Furthermore, 
the earlier people start EX and the greater the number of other healthy 
lifestyle factors a person has, the stronger the link is to a lower cancer 
risk [2,98,100].

Furthermore, insufficient evidence is available to determine whether 
the association between PA and cancer risk varies by domain or type (e. 
g., occupational versus recreational, or aerobic versus resistance EX), 
although some findings suggest that aerobic PA may offer greater ben
efits [103,102]. There is also insufficient evidence on whether the as
sociation between PA and cancer risk varies depending on the timing of 
the activity across the lifespan. However, some studies suggest that 
lifelong PA is particularly beneficial. Importantly, engaging in PA later 
in life may also confer protective effects—for instance, postmenopausal 
PA has been associated with a reduced risk of breast cancer, regardless of 
premenopausal activity. In contrast, for certain cancers such as breast 
and pancreatic cancer, a greater benefit has been observed in younger 
individuals, indicating that age and timing may influence the protective 
effects of PA [3,102,105].

With respect to how PA varies across population subgroups, current 
evidence indicates that PA provides comparable health benefits for both 
men and women, as well as across diverse racial and ethnic groups. This 
suggests that the protective effects of PA against cancer and other 
chronic diseases are broadly applicable, regardless of sex or ethnicity 
[3].

Independently of PA levels, high levels of sedentary behavior are 
moderately associated with an increased risk of developing endometrial, 
colon, and lung cancer. However, the evidence for a clear dose–response 
relationship between sedentary time and cancer incidence remains 
limited [3,67,106].

Exercise and prostate cancer prevention

Regarding PC prevention, evidence classification remains as 
“Limited/Non conclusive” [3,69] since there is substantial heterogene
ity among the conflicting and inconclusive results of the 86 observa
tional studies that have been conducted about this topic, including more 
than 2 million participants and 150,000 PC cases. In concretion, 22 re
ported a statistically significant risk reduction, 25 reported a nonsig
nificant risk reduction, 31 did not find any association, and 8 found an 
adverse effect of PA [23,24,69]. One of the most extensive studies 
analyzed data collected from 1982 to 2019 involving 57,652 Swedish 
men who had completed at least two fitness assessments. The goal was to 
determine whether higher levels of PA correlated with a reduced risk of 
PC. Approximately 1 % of participants were later diagnosed with PC. 
The findings revealed that changes in cardiovascular fitness were 
inversely correlated with risk of PC incidence, and those men who 
improved their fitness had a 35 % reduction in developing the disease 
compared to those who decreased fitness [107]. The preventive effects 
of PA on PC risk are shown by the many studies that report a lower 
incidence of PC among the more physically active participants. Evidence 
obtained by large meta-analyses of observational studies suggests PA is 
associated with a statistically significant 10 % risk reduction of incident 
overall PC (RR = 0.90; 95 % CI, 0.84–0.95) [108,109], although other 
studies suggest that this risk reduction may be as high as 30 % 
[23,110,111]. Additionally, some of them state that increased EX levels 
are associated with a significant reduction in aggressive subtypes 
including metastatic and letal PC [2]. Giovannucci et al demonstrated 
that men with the highest level of vigorous PA demonstrated a 67 % 
reduced risk of metastatic PC [110,112].

PA and PC risk has also been examined among varying geographic 
and ethnic groups including Europeans, North Americans, and African 
Americans, being generally similar between racial subgroups, although 
the largest reductions in PC risk appear in African American and Asian 

Table 1 
Summary of the observational evidence on the association of physical activity 
and cancer risk [3,22,29,69,99–101,102].

Cancer site Classification of 
evidence

Relative risk 
reduction

Dose- 
response 
effect

Biologic 
plausibility

Colon Strong/ 
Convincing

17–32 % Yes Yes

Breast Strong/Probable 10–27 % Yes Yes
Endometrial Strong/Probable 17–29 % Yes Limited
Oesophageal 

ADK
Strong/ 
Suggestive

19–51 % Yes Yes

Gastric cardia Strong/Non 
conclusive

15–22 % Yes Limited

Renal cell 
carcinoma

Strong/Non 
conclusive

12–23 % Limited Yes

Bladder Strong/Non 
conclusive

12–24 % Limited Limited

Pancreas Moderate/Non 
conclusive

9–25 % Yes Yes

Ovarian Moderate/Non 
conclusive

2–23 % Limited Yes

Lung Moderate/ 
Suggestive

24–28 % Yes Limited

Prostate Limited/Non 
conclusive

3–30 % Limited Limited

Liver Insufficient/ 
Suggestive

19–27 % Limited Limited

Oesophageal 
SCC

Insufficient/ 
Suggestive

6–24 % Limited Limited

Myeloid 
leukemia

Insufficient/ 
Suggestive

8–30 % Limited Limited

Myeloma Insufficient/ 
Suggestive

5–28 % Limited Limited

Rectus Insufficient/ 
Suggestive

7–22 % Limited Limited

Head and neck 
SCC

Insufficient/ 
Suggestive

5–20 % Limited Limited

Abbreviations: ADK: Adenocarcinoma, SCC: Squamous Cell Carcinoma.
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men [108,109]. Regarding age, younger men seem better protected by 
PA than older men and statistically significant reductions in PC risk were 
observed among the 20–65 group [108,109,113].

However, not all types and intensities of PA have the same effect on 
PC prevention. The protective benefit of PA against cancer has been 
shown to follow a dose–response relationship, with vigorous-intensity 
PA offering the greatest risk reduction [23]. Interestingly, occupa
tional PA—defined as PA performed as part of one’s job—has been 
associated with a more pronounced reduction in PC risk (RR = 0.81; 95 
% CI, 0.73–0.91) compared to recreational PA (RR = 0.95; 95 % CI, 
0.89–1.00), suggesting that consistent, daily movement may play a 
particularly important role in lowering cancer risk [108,109,113,114].

Nevertheless, other studies and meta-analyses showed relative risk 
estimates for overall, metastatic, and non-metastatic PC incidence close 
to the null [108,115,116], and some even a deleterious effect, suggest
ing a higher incidence of PC among the more physically active partici
pants. Concerning these last ones, there is no known biological rationale 
to explain this conclusion and the increase of the risk was small (HR, 
1.05; 95 % CI, 1.03–1.08) and even smaller when the results were 
adjusted by BMI (HR, 1.04; 95 % CI, 1.01–1.07) [101]. Moreover, the 
authors recognized that these findings may be due to screening bias, 
since there is a higher probability of PC screening in physically active 
men, which increases the likelihood of diagnosing indolent PC [101]. 
Posterior analyses were consistent with this hypothesis since they found 
no association between PA and metastatic PC: this difference in associ
ations for overall PC and metastatic PC implies that results for overall PC 
were influenced by screening bias. Nonetheless, an etiological rela
tionship cannot be fully ruled out [69,101].

In conclusion, observational evidence suggests that PA provides a 
reduction in the overall risk of PC of approximately 10–30 % including 
metastatic, and non-metastatic PC, protective effects being maximum 
with occupational PA and in younger patients, with a suggested dos
e–response relationship [23,108]. However, since some other studies 
have found conflicting and inconclusive results, a definitive postulate 
cannot be stated [113,115].

Effects of exercise on prostate cancer outcomes

Traditionally, cancer treatment has been considered a reason to 
preclude EX, given the major impact these treatments have on the pa
tients’ wellbeing. However, this view is changing with the emerging 
literature, showing that EX not only attenuates treatment toxicity, but 
may also have the potential to augment the potency and efficacy of these 
therapies, emerging as a potential coadjuvant treatment [27,69].

PC has various treatment strategies, including surgery or radio
therapy for localized disease, and hormonal therapies or chemotherapy 
for locally advanced or metastatic disease [12]. EX has demonstrated to 
improve outcomes of these different treatment modalities for both 
localized and metastatic PC.

Radiotherapy requires sufficient oxygen delivery to tumors, which is 
essential for promoting the generation of ROS that facilitate the thera
peutic effect; similarly, the efficacy of both neoadjuvant [117] and 
adjuvant [118] chemotherapy and immunotherapy relies on adequate 
intratumoral blood perfusion to deliver the cytotoxic drugs and immune 
cells, respectively, to the interior of the tumours [68]. As previously 
explained, EX increases blood perfusion, oxygen delivery and tempera
ture to the tumor, therefore improving the efficacy of these modalities, 
while concomitantly demonstrating safety, adequate tolerance, and 
fitness improvements [68,117,118]. As an example, there are different 
murine models of combination of EX with chemotherapy (e.g., cyclo
phosphamide, anthracyclines) versus chemotherapy alone, finding 
delayed growth rates in the combination group [70,119]. An important 
consideration is that EX interventions concomitant with adjuvant ther
apy must find a safe starting time to be sure that surgical wounds are 
completely scarred [27,69]. The ERADICATE study is an ongoing phase 
II randomized controlled trial (RCT) in which 50 patients diagnosed 

with PC and undergoing radiotherapy will be randomized to an EX 
intervention group or control group for the duration of treatment. Sec
ondary outcomes included treatment-related toxicity, quality of life and 
survival outcomes [120].

Regarding surgery, prostatectomy is one of the main treatment 
strategies for PC patients; however, it carries significant side effects and 
requires the patient to be in good general health with few comorbilities 
[121]. EX is a potent, feasible, and effective supportive strategy in the 
pre-operative period, because of its potential to improve physical ca
pacity of frail patients to lower post-operative morbidities, improve 
physical fitness, maintain muscle, and bone mass, and allow cardiac 
rehabilitation [67,69]. Additionally, as previously explained, EX can 
regulate maladaptive responses in paracrine, endocrine, and immune- 
related factors, which are key determinants of long-term risk of tumor 
progression and metastases, thus lowering the risk of postoperative 
complications and reducing the risk of residual disease. Furthermore, 
these same benefits of EX are applicable and beneficial during the post- 
treatment phase to increase patients’ wellbeing [27,67].

In PC patients, Razdan et al. showed that postoperative pelvic floor 
muscle training and PA resulted in significantly improved continence 
outcomes and health related quality of life [122]. However, evidence 
classification remains as “limited” [100], due to the small amount of 
published literature, most of which are based on measures from self- 
reported PA questionnaires, with only a few interventional EX pro
grams [69].

Effects of exercise on cancer survival and disease progression

Several reviews and meta-analyses of epidemiologic observational 
studies have suggested the benefit of PA on cancer outcomes. Most of the 
studies included breast cancer and colon cancer survivors, and a few 
studies have been conducted on patients with other types of neoplasms, 
such as prostate, esophageal, lung and kidney cancer. Most studies 
included an analysis of leisure-time PA based on measures from self- 
reported questionnaires, and only a few of interventional PA pro
grams, and the outcomes reported were usually overall survival, cancer- 
related survival, cancer recurrence, and QoL. Most of the studies did not 
perform a multivariable analysis to exclude the effect of other prognostic 
factors, such as stage, nodal status, age, or type of treatment [69].

Overall, a moderate association has been found between higher 
levels of regular PA, either before or after a cancer diagnosis, and 
reduced all-cause and cancer-specific mortality in individuals with 
breast and colorectal cancer. This is supported by data from six meta- 
analyses for each cancer type [69,100]. A recent phase 3 randomized 
trial showed improvement in both disease-free survival and overall 
survival with an structured EX program in with resected colorectal 
cancer after chemotherapy completion [123]. Limited evidence also 
exists for this association in patients with esophageal, lung, and PC. 
These associations demonstrate relative risk reductions of up to 40–50 % 
[67,100,124,125]. There is very limited evidence supporting the bene
ficial effects of PA on survival for other cancers, including non-Hodgkin 
lymphoma, gastric cancer, and malignant glioma [22]. Additionally, 
evidence is limited regarding the reduction in cancer recurrence risk for 
breast, colon, esophageal, and renal cancers among patients who 
engaged in any PA compared to those who were completely inactive 
[2,69,126,127]. In line with the previously discussed mechanisms, one 
possible explanation for the association between PA and reduced cancer- 
related mortality is its role in reducing fat accumulation and improving 
cardiovascular and skeletal muscle function. Like the evidence on cancer 
prevention, there is no conclusive data regarding the amount of PA 
required to significantly improve cancer prognosis. This is largely due to 
inconsistencies in how PA levels are measured and categorized across 
epidemiological studies, which prevents definitive conclusions about 
the exact volume of PA needed to achieve specific benefits [3,69]. Most 
importantly, there does not appear to be a minimum threshold below 
which PA has no effect, or in other words, nearly any level of PA is likely 
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to confer some benefit.
However, for several cancers, dose–response relationships have been 

observed. For example, in lung cancer, improvements in overall survival 
were not significant for patients engaging in the general recommended 
level of PA (≥ 7.5 MET-hours/week) but became significant for those 
who exceeded 9 MET-hours/week [69,128]. The necessary amounts are 
also likely tumor-dependent, although limited information exists at 
present on how the association between PA and cancer varies by cancer 
subtypes [3,69].

Focusing on PC, there are associated with improved all-cause mor
tality, PC-specific mortality, and disease progression rates [110,113]. In 
fact, six prospective observational studies found a strong association 
between higher levels of PA and EX and an improved PC prognosis, 
independent of other known prognostic factors, with a decreased risk of 
progression to aggressive and fatal disease [69]. Subsequent meta- 
analyses of these data revealed a risk reduction of 30–38 % for PC- 
specific mortality and 37–49 % for all-cause mortality in patients who 
engaged in EX [109,115]. These findings are consistent with previously 
reported risk reductions for other neoplasms, such as breast and colon 
cancer, which have higher levels of evidence [26,100,110,115,129]. In 
addition, men who exercised more vigorously or for more hours per 
week had even greater reductions in all-cause mortality in several 
studies, suggesting a dose–effect relationship [2,100,130–133]. Kenfield 
et al. observed a 61 % risk reduction in PC-specific mortality in patients 
who did more than 3 h of vigorous PA per week (RR = 0.39; 95 % CI, 
0.18–0.84) [130]. Regarding disease progression, another observational 
study reported a 57 % risk reduction in patients who walked briskly for 
more than 3 h per week (RR = 0.43; 95 % CI, 0.21–0.91) [131]. Jones 
et al. developed a single-center, phase 1 non-randomized trial in which 
53 sedentary patients diagnosed with localized PC were assigned to six 
escalating EX sessions, based on both the duration per session and the 
weekly frequency [134]. The study reported a tumor biological response 
to this neoadjuvant EX approach, with the aim of identifying the PA dose 
that led to the greatest reductions in both Ki-67 and PSA, for further 
testing in phase 2 trials. However, weaknesses in the study design, as 
well as potential biases, may limit the conclusions and future application 
of these results.

When it comes to tumoral markers as PSA, a recent meta-analysis 
showed that EX exerted a positive effect on PSA levels of PCa patients 
under active surveillance [135]. There is additional data coming from 
two of the studies cited, an old RCT from 2005 that reported a signifi
cantly lower PSA level in the group that received an EX program [66], 
while another RCT reported that an EX program induced improvements 
in the EX behaviour of the patients, but this evidence is very preliminary 
[136].

It is important to note that most of the evidence on survival outcomes 
comes from populations of patients with non-metastatic PC, as the three 
largest trials included only non-metastatic patients, and in the remaining 
trials, most participants also had non-metastatic PC. As a result, there is 
a significant lack of evidence for metastatic PC. Additionally, much of 
the data comes from observational retrospective studies. To address 
these gaps, a multinational RCT is currently underway to examine the 
effects of a 2-year structured EX program in men with castration- 
resistant PC. In this trial, 866 patients with metastatic PC were 
randomly assigned in a 1:1 ratio to either a high-intensity supervised EX 
program or self-directed PA, with guidelines provided for the latter 
[137]. Preliminary results support the potential benefits of EX programs 
on survival in metastatic PC [69,110,113,137].

QoL-related outcomes

Additionally, PA interventions may have beneficial effects on QoL of 
PC patients, cardiorespiratory fitness, cancer symptoms, side effects 
associated with cancer treatment, and psychological and social functions 
[21,138,139]. PA provides numerous benefits on the QoL of cancer 
patients, including those with localized or metastatic disease. It helps 

ameliorate the negative impacts of cancer on both physical and psy
chological health, while also having a positive effect on patient survival 
[69,139,140]. On the one hand, for those with curable cancers, the role 
of PA is often to maintain fitness to improve QoL, body composition, 
function, and physical fitness into survivorship [135,140,141]. On the 
other hand, in patients with advanced and metastatic disease, EX is a 
safe and effective tool to improve fitness and functional capacity, 
strength, QoL and fatigue [142]. In this setting the purpose of PA is 
different, focusing on managing symptoms and maintaining fitness and 
functional independence, and the most important consideration is that 
EX interventions must find safe modifications based on comorbidities, 
side effects and symptoms typical of advanced cancer stage: pain, dys
pnea, nausea, fatigue, sleep disturbances, cachexia-anorexia, and 
deconditioning, which may lead to reduced mobility and physical 
functioning. Specialists recommend that PA should be adapted to 
include light stretching or low-intensity aerobic EX, with the exception 
of cachexia and osteoporosis, where PA should focus on resistance EX to 
build and maintain muscle mass and bone mineral density (BMD) [143]. 
Pain, fatigue, dyspnea, and peripheral neuropathy should be monitored 
as indicators to guide PA. These factors should be assessed before and 
after each session, and adjustments made accordingly to ensure patient 
comfort. EX should be stopped if symptoms worsen, supplementary 
oxygen should be provided if needed, and measures should be taken to 
prevent falls [140]. In the concrete cases of thrombocytopenia, EX must 
focus on functional exercises only while minimizing risk of fall, impact 
or increased intra-abdominal pressure to avoid bleeding; in leukopenia, 
it is important to ensure sanitization of equipment and frequent hand 
washing and group and public EX should be avoided; in patients with 
bone metastasis, EX should be modified according to which bones are 
affected, it should be stopped if any acute increase in pain or new 
neurologic symptoms appear, and it should avoid high impact and heavy 
resistance EX to diminish the risk for pathologic fractures; and finally, in 
patients with a previous spinal cord compression, aerobic, resistance, 
and flexibility EX should be encouraged, focusing on improving function 
with passive range of motion EX for paralyzed limbs [28,69].

Regarding PC, PA has also showed benefits in ameliorating the QoL, 
although again the evidence is limited to only 6 trials, including two 
prospective observational studies, 5 RCTs, and a non-RCT (Table 2) [2]. 
Therefore, there is increasing, though still limited, evidence that higher 
levels of PA, particularly through supervised EX programs, significantly 
improve psychological outcomes and treatment side effects. Specifically, 
PA and EX have been shown to enhance overall and physical QoL- 
vitality scores, muscle strength, self-perception of masculinity, func
tional capacity, and social participation. Additionally, they help reduce 
treatment side effects, including those caused by local treatments (e.g., 
urinary incontinence) and those associated with ADT and other anti
cancer treatments (e.g., fatigue, impaired sexual function, depression, 
cognitive impairment) that will be discussed in the next section 
[26,113,144–146].

Again, most of the evidence regarding side effects and QoL-related 
outcomes has been obtained from populations with non-metastatic PC. 
The only two trials specifically designed for metastatic PC patients have 
a combined population of only 79 patients. As a result, there remains a 
significant lack of evidence for metastatic PC patients with no RCT 
designed to address the effects of EX in QoL in this population.

In conclusion, observational evidence suggests that PA and EX confer 
a benefit on PC prognosis, with risk reductions of 30–38 % for PC- 
specific mortality and of 37–49 % for all-cause mortality, even with 
modest amounts of PA, and with a possible dose–response relationship 
[26,110,113]. Additionally, they also show benefits on progression rate 
and some ADT side effects and QoL-related outcomes [131,151]. How
ever, evidence is considered “Limited” due to the small number of RCT 
conducted, with just 5 including interventional EX programs, and the 
general lack of evidence in patients with metastatic PC, especially 
regarding QoL-related outcomes and ADT side effects. All these reasons 
highlight the need for further investigation the relationship between PA, 
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EX and PC prognosis, particularly in metastatic patients. While survival 
is already being analyzed in a large RCT, side effects and QoL-related 
outcomes remain important targets for future research, and deserve 
interventional approaches with rigorous EX programs [114].

Effects of exercise on alleviation of symptoms and adverse effects 
in prostate cancer patients

PA and EX are associated with numerous health benefits, since it 
challenges whole-body homeostasis, leading to widespread adaptations 
in cells, tissues, and organ systems, with the potential to modify symp
toms of cancer and mitigate therapy-related adverse effects experienced 
by cancer patients throughout the entire cancer continuum and that can 
reduce overall well-being (Fig. 4). Among the most prevalent and serious 
cancer-related symptoms are significant muscle loss (sarcopenia/ 
cachexia), metabolic disturbances, and depression, especially affecting 
those patients living with advanced cancer. However, emerging evi
dence suggests that these conditions can be targeted and improved 
through EX interventions [27,28]. These benefits are particularly valu
able for PC patients, offering protection against comorbidities such as 
diabetes and cardiovascular disease, and resulting in positive changes in 
objective physiological measures such as cardiopulmonary fitness, 
physical function, and body composition [3,27].

Muscular impairments and cachexia

Muscular impairments and cachexia are common in PC patients 
undergoing ADT. Muscular fitness is strongly associated with cancer- 
specific and overall mortality risk, treatment tolerance, functional 
decline, and the risk of complications in cancer patients [152]. Pre
clinical studies using mouse models of colon and lung cancer have 
shown that tumor-derived factors like parathyroid hormone-related 
protein (PTHrP) and myostatin drive muscle wasting and weight loss 
[153]. Nevertheless, EX interventions have been shown to counteract 
tumor-induced loss of body weight and muscle mass [152]. In other 
types of cancer, muscle wasting is primarily caused by anti-cancer 

Table 2 
Summary of the observational evidence on the association of PA and EX with the 
prognosis of PC [69,110].

Survival and progression outcomes

Study: Author 
and type

Population Intervention Outcome Results

Nilsen et al. 
(2006)[147] 
Observational 
prospective

957 PC High post- 
diagnosis PA

PC 
mortality

HR 0.67 
(95 % CI 
0.48–0.94)

Richman et al. 
(2011)[131] 
Observational 
prospective

1455 non- 
metastatic 
PC

Walk briskly >
3 h/week

Rate of 
progression

HR 0.43 
(95 % CI 
0.21–0.91)

Kenfield et al. 
(2011)[130] 
Observational 
prospective

2705 non- 
metastatic 
PC

Walk > 1.5 h/ 
week 
Vigorous PA > 3 
h/week 
Vigorous PA > 3 
h/week

All-cause 
mortality 
All-cause 
mortality 
PC 
mortality

HR 0.54 
(95 % CI 
0.41–0.71) 
HR 0.51 
(95 % CI 
0.36–0.72) 
HR 0.39 
(95 % CI 
0.18–0.84)

Bonn et al. 
(2015)[132] 
Observational 
prospective

4623 non- 
metastatic 
PC

PA > 5 MET- 
hours/day 
Walk/Cycle >
20 min/day 
Household 
work > 1 h/day 
EX > 1 h/week 
Walk/Cycle >
20 min/day 
EX > 1 h/week

All-cause 
mortality 
All-cause 
mortality 
All-cause 
mortality 
All-cause 
mortality 
PC 
mortality 
PC 
mortality

HR 0.63 
(95 % CI 
0.52–0.77) 
HR 0.70 
(95 % CI 
0.57–0.86) 
HR 0.71 
(95 % CI 
0.59–0.86) 
HR 0.74 
(95 % CI 
0.61–0.90) 
HR 0.61 
(95 % CI 
0.43–0.87) 
HR 0.68 
(95 % CI 
0.48–0.94)

Friedenreich 
et al. (2016) 
[133] 
Observational 
prospective

830 Stage 
II-IV PC

PA > 119 MET- 
hours/week

All-cause 
mortality

HR 0.58 
(95 % CI 
0.42–0.79)

Di Maso et al. 
(2021)[148] 
Observational 
prospective

777 PC High lifetime PA All-cause 
mortality

HR 0.58 
(95 % CI 
0.38–0.90)

Treatment side effects and QoL-related outcomes
Study: Author 

and type
Population Intervention Outcome Results

Phillips et al. 
(2015)[146] 
Observational 
prospective

1917 non- 
metastatic 
PC

Non-vigorous 
PA > 5 h/week 
Walk > 1.5 h/ 
week

Vitality/ 
hormonal 
score 
Urinary 
continence 
Sexual 
function

P = 0.001 
P = 0.01 
P = 0.001

Langelier et al. 
(2018)[144] 
Observational 
prospective

50 PC Moderate or 
vigorous aerobic 
PA > 2.5 h/ 
week

Score of 
masculinity 
Physical 
well-being 
PC well- 
being 
Overall QoL

P < 0.01 
P < 0.05 
P < 0.05 
P < 0.05

Ornish et al. 
(2005)[66] 
RCT

93 non- 
metastatic 
PC

Aerobic and 
resistance EX vs 
usual PA

PSA level P = 0.016

Bourke et al. 
(2011)[136] 
RCT

25 
metastatic 
PC in ADT

12-week EX 
program vs 
usual PA

EX behavior 
ADT-related 
fatigue 
EX 
tolerance 
Muscle 
strength

P < 0.001 
P = 0.002 
P < 0.001 
P = 0.033

Table 2 (continued )

Survival and progression outcomes

Study: Author 
and type 

Population Intervention Outcome Results

Livingston et al. 
(2015)[145] 
RCT

54 treated 
PC

12-week EX 
program vs 
usual PA

Meeting 
guidelines 
Cognitive 
function 
Depression

P = 0.002 
P = 0.06 
P = 0.06

Hojan et al. 
(2016)[142] 
RCT

54 high- 
risk PC

Supervised 
moderate PA vs 
usual PA

Functional 
capacity 
Cytokine 
levels 
Fatigue

P < 0.05 
P < 0.05 
P < 0.05

Galvão et al. 
(2025)[149] 
RCT

112 treated 
PC

6-month aerobic 
and resistance 
EX vs same +
educational 
intervention vs 
usual PA

IIEF P = 0.04

Yoo et al. (2023) 
[150] 
Non-RCT

17 PC in 
ADT

12-week high- 
intensity 
interval training 
(HIIT) vs 12- 
week moderate- 
intensity 
continuous 
training (MICT)

FACT-P 
(HIIT) 
EPIC

P = 0.009 
P = 0.006

Abbreviations: EX: Exercise, PA: Physical activity, PC: Prostate cancer, RCT: 
Randomised control trial, ADT: Androgen derivation therapy, FACT-P: Func
tional Assessment of Cancer Therapy-Prostate (FACT-P), EPIC: Expanded Pros
tate Cancer Index Composite, IIEF: International Index of Erectile Function
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treatments, especially chemotherapy, which induces anorexia, physical 
inactivity, and direct degradation of muscular proteins by factors such as 
the ubiquitin ligases [152]. However, EX has been found to prevent 
cisplatin-induced muscle wasting and restore normal levels of food 
intake by promoting the production of ghrelin [141]. In the case of PC, 
ADT leads to significant loss of muscle mass and increased body fat, 
while EX has been shown to have beneficial effects on reducing adiposity 
and improving insulin sensitivity [27,28].

Bone mineral density loss and osteoporosis

Osteopenia and osteoporosis occur frequently in PC patients, 
particularly in those with bone metastasis and those undergoing hor
mone therapy for many years [2,27,154]. ADT and ARPIs significantly 
increase the risk of osteoporosis due to BMD loss: low testosterone dis
rupts the balance between osteoblasts and osteoclasts, increasing bone 
resorption, reducing bone formation, and calcium absorption [155,156]. 
Besides, bone metastasis increases the risk of bone fractures which 
significantly impair patient’s quality of life. PA plays an essential role in 
preventing loss of bone density. Moderate-vigorous intensity programs 
that include balance exercises seem to be particularly effective to reduce 
the risk of accidental falls and maintain bone strength, which may 
reduce the risk of fractures [157]. Multiple studies have assessed the 
effects of EX in BMD including multicomponent EX programs that 
combined aerobic, resistance, impact-loading exercises, and football 
training. Three trials reported positive effects of PE on lumbar spine, hip, 
femoral shaft bone mass density, significantly increasing T-score mean 
[155,158]. Another meta-analysis concluded that EX alone was not 
sufficient to prevent osteoporosis, compared to bisphosphonates in PC 
patients [156]. Although more evidence is needed, recent guidelines 
recommend multicomponent EX programs for PC patients—including 
resistance and neuromotor exercises—as a strategy to reduce the risk of 
accidental falls, prevent osteoporosis, and improve muscle strength.

Cardiovascular disease

Cardiovascular disease is a common comorbidity in many patients 
with PC, contributing significantly to both morbidity and mortality. ADT 
and ARPIs represents a fundamental component in the management of 
PC; however, it has been associated with an increased risk of developing 
diabetes, coronary artery disease, acute myocardial infarction, and 
sudden cardiac death [159]. These adverse metabolic effects may be 
partly attributed to the use of gonadotropin-releasing hormone (GnRH) 
agonists, and the consequent decrease in testosterone levels, which have 
been shown to significantly increase adipose tissue mass and fasting 
glucose concentrations, while concurrently reducing insulin sensitivity 
[159,160].

EX plays a crucial role in maintaining a healthy body weight, 
reducing the risk of obesity and metabolic abnormalities, and disrupting 
the vicious cycle of chronic inflammation, which implies a risk factor for 
many malignancies, including PC [2]. EX exerts these effects by directly 
inducing anti-inflammatory cytokines and indirectly improving comor
bidities and cardiovascular risk factors, in particular, decreasing the 
amount of visceral fat, which in turn decreases the secretion of anabolic 
pro-tumorigenic adipokines (e.g., leptin) [72]. Ultimately, several 
studies have shown that long-term EX can lead to reduced systemic 
levels of CRP, TNF-α, IL-6, prostaglandins, and other pro-inflammatory 
factors [2,3,27,67]. In a recent meta-analysis conducted by Andresen 
and colleagues in metastatic PC patients, a positive significant effect was 
seen in aerobic EX over whole-body fat mass, blood pressure hyper
glycaemia and dyslipidaemia [161]. In this other interventional study 
led by Zabegalina et al., a six-month supervised physical EX program in 
PC patients improved cardio-metabolic profile (including lower blood 
pressure, abdominal circumference, improved cholesterol levels, and 
better glucose metabolism) [162].

Fatigue, depression, and anxiety

Mood disorders are common side effects of anti-cancer therapy 

Fig. 4. Schematic representation of some of the most important multisystemic benefits that EX has been shown to impact in patients with PC cancer. Exercise 
interventions positively impact cardiovascular, metabolic, bone and mental health systems among others, contributing to improved quality of life and alleviation 
of symptoms.
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[163]. Specifically, ADT and ARPIs are closely associated with an 
increased risk of mood disorders, by reducing testosterone levels, which 
can disrupt mood regulation and contribute to emotional changes such 
as irritability, anxiety, and a sense of disconnection. Multiple studies 
have shown that PC patients on ADT are at a higher risk of developing 
clinical depression compared to those not receiving hormonal therapy 
[163].

Several EX interventional studies have found strong evidence that EX 
alleviates anxiety and depression in the cancer patient population, 
elevating mood, and self-esteem, enhancing compliance to medical in
terventions, reducing fears of relapse [164]. Besides, EX programs in
crease light exposure, which has been linked to a reduction in non- 
seasonal depressive disorders [2,22,98].

Focusing on PC, numerous studies on EX interventions have 
confirmed significant physiological and psychological benefits for pa
tients. A systematic review of 25 randomized controlled trials on PA in 
PC patients found that supervised clinical EX, especially during medical 
treatment, improves incontinence, fitness, fatigue, quality of life and 
reduces anxiety and pain. Most studies were moderate in quality (level 
2b), with only four reaching high evidence level (1b). Supervised EX 
appears more effective than non-supervised [165].

Regular PA helps regulate the hypothalamic–pituitary–adrenal axis, 
leading to lower cortisol levels and reducing stress. It also stimulates the 
release of endorphins, which act as natural mood elevators by binding to 
opioid receptors in the brain. Additionally, EX enhances the levels of key 
monoamine neurotransmitters such as serotonin, dopamine, and 
norepinephrine, all of which are crucial in mood regulation and elevate 
core body temperature [38]. On a molecular level, PA upregulates the 
transcription factor PGC-1α in skeletal muscle, promoting the conver
sion of kynurenine—a metabolite linked to anxiety and depres
sion—into kynurenic acid, which cannot cross the blood–brain barrier, 
thereby protecting the brain from neurotoxic effects [74]. It also upre
gulates antioxidant pathways and modulates tryptophan metabolism. 
These changes, combined with improved sleep quality and circadian 
rhythm regulation, position EX as a potent non-pharmacological inter
vention for anxiety management in cancer care [2,27,68,74,166,167].

Cognitive impairment

Recent research suggests that ADT and hormonal therapies are 
linked to cognitive impairment, which can lead to issues like loss of 
independence, increased risk of falls and fractures, and greater health
care utilization [168]. ADT may increase brain immune cell infiltration 
[169], genetic predisposition (e.g., apolipoprotein E gene variants), 
biological factors such as elevated interleukin-6 levels, patients’ 
comorbidities, and other concomitant medications [170]. Additionally, 
the interaction between these various elements may contribute to 
cognitive decline, complicating its assessment and management.

While few studies have directly examined the effect of EX on 
cognitive function in ADT patients, research on healthy adults shows 
that multimodal EX, including aerobic EX, progressive resistance 
training, and motor control exercises, can potentially reduce cognitive 
decline [171]. Aerobic EX has been shown to increase concentrations of 
serum brain-derived neurotrophic factor (critical for cognitive func
tion), impact dopamine and norepinephrine synthesis, and increase cell 
proliferation in the hippocampus [171]. In breast cancer patients, EX 
correlated positively with cognitive function and moderate EX has been 
shown to improve memory and decrease white matter lesions [172]. EX 
was associated with better functioning in multiple cognitive domains in 
men with PC undergoing ADT, providing proof-of-concept evidence that 
EX may be a feasible intervention to limit cognitive dysfunction [173]. 
Therefore, the latest guidelines indicate that EX is the intervention with 
the strongest evidence for managing cancer-related cognitive impair
ment. They recommend aerobic EX as a first line, easily implementable 
strategy for patients presenting with cognitive symptoms [168]. In 
summary, as hormonal therapies for PC are increasingly administered 

over the long term and given that PC patients are often older and have 
comorbidities, there is a growing need for further evidence supporting 
EX programs that incorporate objective cognitive assessments.

Other side effects

Finally, there is also strong evidence that EX is safe and effective in 
PC patients that develop lymphedema secondary to lymph node 
dissection, although most of the evidence comes from breast cancer 
patients [174]. Other conditions that may benefit from EX, though 
requiring further research to draw definitive conclusions, include sleep 
quality, hot flushes, sexual dysfunction. and thromboembolism risk, all 
of them common among patients with PC. There is also limited but 
promising evidence suggesting that PA may help prevent chemotherapy- 
induced toxicity such as peripheral neuropathy, anemia, constipation, 
nausea, or cardiotoxicity [2,22,175,176].

Conclusions and future directions

There is clear evidence that regular PA is associated with significant 
benefits for cancer patients, including cancer prevention, a reduced risk 
of disease progression, and relief of symptoms and adverse events of 
anti-cancer treatments. The mechanisms through which EX exerts its 
antitumor activity are still not well understood but might be related to a 
direct effect on tumor cells (intrinsic tumoral factors like inhibition of 
tumor cell proliferation, induction of apoptosis, upregulation of tumor 
suppressor genes, anti-inflammatory effects) and to an interplay with 
whole-body homeostasis, especially with an enhancement of immune 
function.

There is moderate evidence that regular PA reduces cancer-related 
and all-cause mortality in some tumour types, particularly breast and 
colon cancer, while the existing evidenceon PC is still considered 
“limited/non conclusive”. Current evidence remains conflicting and 
preliminary, with a lack of interventional studies for patients with 
metastatic PC, particularly exploring QoL and treatment tolerance.

These findings carry important medical and societal implications and 
should prompt a shift in cancer treatment strategies. In this context, the 
field of EX-oncology aims to integrate structured EX programs into the 
comprehensive care of cancer patients. These programs have been 
shown to be feasible and safe throughout the disease con
tinuum—including the presurgical phase, during adjuvant systemic 
therapy, in survivorship, and even in advanced metastatic settings. 
Unfortunately, the introduction of EX programs into the global man
agement of cancer patients remains a challenge due to conceptual and 
logistic issues. Yet, several major cancer centers have already created 
multidisciplinary EX-oncology units to implement these programs in a 
timely and organized manner, and these models could serve as a refer
ence for other institutions.

Many aspects of the relationship between PA and EX with PC remain 
to be clarified. Firstly, there is an urgent need to better understand the 
biological mechanisms that make EX an effective intervention to 
decrease PC incidence and mortality, and to improve overall health in 
PC patients. Therefore, studies examining the modification of biological 
biomarkers before and after EX are crucial for understanding the un
derlying mechanisms through which EX can influence cancer biology 
and the immune system. Secondly, more studies are needed to determine 
the associations between PA and cancer incidence, focusing on dos
e–response relationships and the impact of EX on outcomes related to 
different PC treatments, such as ADT, ARPIs and docetaxel. Third, the 
current evidence is based on heterogeneous epidemiological studies, 
with varying methods of PA assessment and classification, most of 
which, as previously mentioned, did not adequately control confound
ing factors such as lifestyle behaviors or other pre-existing illnesses. 
Lastly, it is essential to establish the minimum and optimal intensity, 
frequency, and duration of PA interventions needed to achieve these 
benefits. Developing more concrete and actionable guidelines for EX in 
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cancer patients is essential—not only for EX-oncology specialists but 
also for oncologists and other healthcare providers involved in cancer 
care.

In conclusion, although current evidence underscores the substantial 
benefits of PA and structured EX in improving outcomes for PC patients, 
critical gaps remain regarding their optimal role across different stages 
of the disease and treatment strategies. Future well-designed studies, 
particularly those with a strong translational component, are needed to 
clarify these relationships and to establish robust, evidence-based rec
ommendations that can be seamlessly integrated into clinical practice.
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