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Abstract: Increased visceral adiposity may influence the development of prostate cancer (PCa) ag-
gressive tumors and cancer mortality. White adipose tissue (WAT), usually referred to as periprostatic
adipose tissue (PPAT), surrounds the prostatic gland and has emerged as a potential mediator of
the tumor microenvironment. Exercise training (ET) induces several adaptations in both skeletal
muscle and WAT. Some of these effects are mediated by ET-induced synthesis and secretion of
several proteins, known as myo- and adipokines. Together, myokines and adipokines may act in
an endocrine-like manner to favor communication between skeletal muscle and WAT, as they may
work together to improve whole-body metabolic health. This crosstalk may constitute a potential
mechanism by which ET exerts its beneficial role in the prevention and treatment of PCa-related
disorders; however, this has not yet been explored. Therefore, we reviewed the current evidence
on the effects of skeletal muscle–WAT–tumor crosstalk in PCa, and the potential mediators of this
process to provide a better understanding of underlying ET-related mechanisms in cancer.
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1. Introduction

Prostate cancer (PCa) has risen to be the second most frequently diagnosed cancer for
males, representing 7.1% of all new cancer cases and 3.8% of all cancer deaths [1].

Existing data on the association between obesity and PCa incidence are inconsistent.
However, some epidemiological evidence has demonstrated an association between obesity,
specifically increased visceral adiposity, and PCa aggressiveness, poor treatment outcomes,
and cancer mortality [2,3]. Considering that male subjects likely accumulate adiposity
centrally, this question is of utmost importance for PCa patients [4].

White adipose tissue (WAT) is an organ closely associated with the etiology and/or
pathophysiology of obesity. It produces a remarkable level of plasticity by increasing or de-
creasing the adipocyte cell size and number or inducing a brown-adipocyte-like phenotype
through transdifferentiation processes to respond to a variety of stimuli, including diet or
exercise training (ET) [5–7]. The WAT, usually referred to as periprostatic adipose tissue
(PPAT), surrounds the prostatic gland and contributes to tumor microenvironment (TME)
modulation once PCa cells invade periprostatic adipose tissue (PPAT) [8,9]. The PPAT
appears to be involved in signaling pathways that influence PCa progression, emphasizing
pivotal roles for WAT and obesity in PCa [10,11]. Increased local and systemic inflammation
and fatty acid (FA) availability and the dysregulation of insulin and growth factor (GH),
the insulin-like growth factor (IGF)-1 axis, sex steroid hormones, and adipokine synthesis
and secretion [12] have emerged as possible mechanisms that could underpin the complex
and intricate crosstalk between PPAT and PCa.

Skeletal muscle is a highly malleable tissue that has a notorious impact on the whole-
body metabolism [13]. A loss of skeletal muscle mass and strength apparently impacts
cancer survival, not only through physiologic and metabolic-related mechanisms, but also
through behavioral aspects, e.g., reduced physical activity levels due to deconditioning
and fatigue imposed by cancer treatments [14]. Exercise training (ET) induces several adap-
tations in both skeletal muscle and WAT that likely result in protective effects on metabolic
and inflammatory features that typically characterize obesity and cancer diseases [5,7,15,16].
Moreover, ET promotes the synthesis and secretion of several factors known as myokines
(when released by skeletal muscle) or adipokines (when released by WAT). Together, they
likely act in an endocrine-dependent manner to favor the communication between skeletal
muscle and WAT [17,18], as they likely work in partnership to improve whole-body health.
This crosstalk may constitute a potential mechanism by which ET exerts its beneficial roles
in the prevention and treatment of PCa-related disorders; however, this question has not
been explored.

Therefore, in the present review, we focus on the current evidence on the effects of
skeletal muscle–adipose tissue–tumor crosstalk in PCa and the potential mediators of this
process in an attempt to determine the underlying ET-related mechanisms. A special box
briefly describes cancer-induced cachexia in obesity (Box 1).

2. Prostate Cancer and Obesity

PCa is the second most frequently diagnosed cancer and the sixth most common cause
of cancer-related mortality among men worldwide. Obesity has been established as a major
risk factor for several cancers, including PCa [19,20]. Concerning the epidemiological
association between obesity and PCa, the related body of evidence strongly suggests that
excessive visceral adiposity represents a major risk factor for developing more aggressive
disease and a higher PCa-specific mortality [3,21]. Nevertheless, controversies exist, par-
ticularly due to studies that have used body mass index (BMI) as a proxy for adiposity.
Findings from meta-analyses [3,19,22,23] have demonstrated a weak association between
BMI and PCa aggressiveness [23,24]. Considering that the BMI may also reflect increased
lean fat mass (e.g., bone, muscle), other anthropometric parameters, such as waist circum-
ference (WC) and waist–hip ratio (WHR) have been reported to be more consistent [3,25].
Both WC and WHR, in combination with BMI or not, seem to be more accurate indicators
of WAT distribution [3,25].
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Thus, the increase in WAT mass is responsible for the development of several obesity-
related complications when white adipocyte hypertrophy is accompanied by an inadequate
supply of nutrients, growth factors, and oxygen [26,27]. In this context, a set of events
may occur at the WAT and other tissues in contact with it, including hypoxia, apoptosis,
immunoinflammatory upregulation, extracellular matrix remodeling, and metabolic and
endocrine dysregulation [28–31]. Taken together, these events might favor tumorigene-
sis [2]. Although the association between obesity and PCa has been supported by several
studies [3,23–25], understanding and demonstrating the causal biological mechanisms
remains unaccomplished.

2.1. Obesity-Induced Periprostatic Adipose Tissue Modifications

The human prostate gland is surrounded by periprostatic adipose tissue (PPAT) that
lies directly adjacent to the prostatic capsule [32]. According to its anatomic localization,
it is noticeable that the surrounding microenvironment of PPAT influences the prostatic
gland [8,9]. Greater PPAT areas and thicknesses, which are influenced by age and body
composition, have been shown to be associated with PCa aggressiveness [33,34]. Thus, in
this adipocyte-rich microenvironment, namely when tumors contact the prostatic capsule,
likely promotes cancer growth, adipocytes and obesity have a pivotal role in PCa tumor
aggressiveness [10,11]. Extracapsular extension is a well-appreciated factor that is involved
in PCa aggressiveness, local dissemination, and recurrence [35]. Therefore, the complex
and intricate crosstalk between PPAT and PCa cells is likely to shape the prostate TME and
might be responsible for more aggressive PCa behavior. The previously described role of
PPAT in PCa reveals the prominent impact of local WAT deposits in tumor progression,
even beyond global adiposity measures.

2.1.1. Bidirectional Paracrine Signaling

Several different types of carcinoma are known to invade adjacent WAT, leading to
crosstalk between adipocytes and malignant cells. The reciprocal interaction between
cancer cells and adipocytes is highlighted by the reprogramming of adipocytes to a dedif-
ferentiated status, termed cancer-associated adipocytes (CAAs) [11]. CAAs delipidation
is accompanied by the secretion of inflammatory cytokines and proteases that fuel the
rapid growth of neighboring cancer cells and prompt a tumor-permissive niche, promoting
tumor growth and metastasis [11,32,36]. In PCa, periprostatic adipocytes promote the extra-
capsular invasion of PCa by secreting CCL7 and stimulating the migration of CCR3+ tumor
cells. Obesity upregulates the secretion of CCL7, contributing to increased extraprostatic
extravasation and dissemination. Accordingly, a high level of CCR3 expression in PCa is
associated with extended dissemination and aggressive disease [35]. Moreover, PPAT from
obese patients has been proven to secrete increased amounts of matrix metalloproteases
and to promote both the survival and migration of PCa cell lines [9].

Notwithstanding, the influence of WAT on tumor initiation and progression goes
beyond adipocyte-specific interactions. The adipose stromal compartment also plays a
critical role in cancer development. Mesenchymal adipocyte precursors, termed adipose
stromal cells (ASCs), have also been implicated in cancer. Given the rising numbers of
ASCs in the PPAT of obese PCa patients [9,37], it is apparent that these cells contribute
to the obesity-cancer relationship. In an obesity-driven mouse model of myc-induced
PCa, the increased expression of CXCL12 from ASCs promotes the homing of CXCR4+
and CXCR7+ cells to the PPAT [38]. The CXCL12/CXCR4 axis has been implicated in
the recruitment of both local adjacent and distant ASCs, showing that distant adipose
depots have a critical role in PCa [39]. In addition, the inactivation of CXCL12 in ASCs
was shown to preclude tumor growth and the epithelial to mesenchymal transition in
Myc-driven murine PCa models [40]. Importantly, ASCs can be recruited to the TME
from adjacent or distant adipose depots via chemokine gradients [41]. ASC trafficking to
prostate tumors was demonstrated to be dependent on the production of CXCL1 and IL-8
to chemoattract CXCR1+ and CXCR2+ ASCs. In fact, under conditions of obesity, PCa
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display increased expression of CXCL1 and IL-8 chemokines, promoting the homing of
ASCs to the tumor microenvironment and contributing to tumor growth promotion [42].
Infiltrating ASCs, upon arrival, contribute to a series of tumor-promoting processes that
include the recruitment of macrophages and T lymphocytes to the TME and the promotion
of angiogenic pathways. In fact, ASCs recruited to the tumor stroma are capable of
differentiating into different cell types, including adipocytes, fibroblasts, and pericytes,
depending on the environmental cues and tumor needs, providing another route for cancer
progression and metastasis [41,43,44].

2.1.2. Fatty Acid Availability and Metabolic Adaptations

Metabolic reprogramming is now widely considered to be a decisive process that
supports the malignant properties of cancer cells [45]. In fact, tumor cells often change
their metabolic status, generating adenosine triphosphate via glycolytic processes rather
than oxidative phosphorylation, even under aerobic conditions, through a process known
as the Warburg effect or aerobic glycolysis [45,46].

Cancer metabolism is heterogeneous and highly dependent on the TME cues and
characteristics of the tissue of origin [47,48]. Importantly, unlike other solid tumors that
are largely considered to be highly reliable on glycolysis, PCa metabolism is thought to be
less glycolytic, while increases mitochondria oxidative phosphorylation and lipogenesis
drive tumor progression [49,50]. Notably, androgen-receptor-mediated metabolic repro-
gramming increases the mitochondrial respiratory rate and de novo lipid synthesis [51].
However, the Warburg effect has been observed in the treatment of advanced PCa, specifi-
cally in metastatic tumors, which makes glucose-derived chemotherapeutics a promising
treatment for this type of PCa [52].

It is becoming increasingly clear that the heterogeneity of cancer metabolism depends
on both intrinsic cancer cell factors and other factors imposed by the tumor landscape [53].
For instance, lactate derived from glycolytic processes in hypoxic cancer cells is leveraged
by well-oxygenated neighboring cancer cells to produce energy via oxidative phospho-
rylation, underlying metabolic symbiosis that is mainly controlled by hypoxia inducible
factor (HIF)-related components through the regulation of glucose and lactate transporters
in different cancer populations. [45,53,54]. On the other hand, tumors surrounding non-
transformed cells may support tumor growth [55]. Notably, cancer-associated fibroblast
catabolic processes “feed” anabolic cancer cells [12].

Lipid-filled adipocytes are found in the vicinity of tumors, and the reciprocal crosstalk
between these cells leads to profound metabolic alterations that result in the release of
free FAs from the adipocyte compartment to sustain tumor growth [56]. This metabolic
symbiosis demonstrates that energy transfer occurs in cancer cells and is metabolically
able to reprogram both local and distant tissues, including PPAT [12,57]. The survival-
promoting effect of cancer-associated adipocytes relies on the capability of these cancer-
modified adipocytes to provide nutrients to tumor cells, sustaining growth and survival and
promoting metastatic behavior [58–60]. This impact has been evidenced by the ability of
PCa cells to induce a cancer-associated adipocyte phenotype in vitro and in vivo, reflecting
a more invasive phenotype [9]. This aggressive phenotype is also ensured by the induction
of oxidative stress in a nicotinamide-adenine dinucleotide phosphate oxidase-dependent
manner [9].

Hypoxia leads to increased lipid usage by cancer cells and lipid metabolization, which
is a feature of several human cancers, including PCa [61–63], since it provides the necessary
energy for cancer growth [64]. FAs are the main source of lipids used by cancer cells. The
use of FAs to produce energy via FA oxidation increases the energetic yield compared
with other energy sources [65,66]. Notably, malignant cells are capable of synthesizing
FAs de novo, even in the presence of exogenous FA sources. In fact, in fast growing
tumors, endogenous lipogenesis becomes limiting, and transformed cells increase their
extracellular FA uptake [67]. The lipolytic state induced by cancer cells on neighboring
adipocytes increases the FA availability and fulfils the energetic needs of the demanding
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and expanding tumor mass [36,57]. Fatty acid-binding proteins (FABPs) mediate the
trafficking of adipocyte-derived FAs toward cancer cells. In fact, FABP4, mainly expressed
in adipocytes, has already been shown to mediate this transport. In turn, cancer cells
upregulate the expression of FA transporters (e.g., cluster of differentiation 36 (CD36)),
increasing the influx of FAs and providing the tumor with sufficient substrates to sustain
growth and progression [68]. In PCa, extracellular FAs seem to be crucial contributors
to lipid synthesis and tumor progression [69], and the inhibition of FA uptake by CD36
abrogation has been demonstrated to be an effective strategy to reduce tumor growth
in preclinical models of PCa [70]. Therefore, adipocyte-derived FAs might constitute an
important substrate to support tumor growth and metastasis. Disabling FA uptake by
cancer cells and targeting lipid metabolism are important ways to improve therapies and
tailor novel therapeutic approaches.

2.1.3. Obesity-Driven Inflammation

Inflammation is a hallmark of cancer and a critical link in obesity-driven cancer
initiation and progression [43,45]. The unbalanced energy intake associated with WAT
hypertrophic growth generates surplus lipid accumulation, leading to alterations in in-
sulin sensitivity and mitochondria functioning [71]. This condition triggers a series of
defective neoangiogenic mechanisms and a consequent hypoxic environment that leads to
a sustained low-grade chronic inflammatory state [71–73]. Chronic inflammation repre-
sents a prolonged and dysfunctional protective mechanism in response to a loss of tissue
homeostasis and emerges as a driving mechanism for cytotoxic accumulation of reactive
oxygen and nitrogen species, leading to genomic instability [44,45,74]. In lean individuals,
WAT immune infiltration maintains tissue homeostasis, contributing to the clearance of
apoptotic cells, angiogenic regulation, and extracellular matrix remodeling, preserving
the balance of the microenvironment. On the other hand, adipocyte death, tissue hypoxia,
and mechanical stress induced by obesity [27,75] promote the recruitment and immune
cell phenotypic reprogramming toward a proinflammatory profile that contributes to
a sustained inflammatory state [76]. Notably, the hypoxic microenvironment induced
by obesity contributes to immune cell exhaustion, increasing the expression of immune
checkpoints such as programmed cell death-ligand 1 (PDL1 or CD274) and its receptor,
programmed cell death protein 1 (PD1 or CD279), on tumor-associated macrophages and T
cells, respectively, via HIF-1α, suppressing immunosurveillance [77–79].

WAT hypoxia upregulates the secretion of proinflammatory cytokines, namely tumor
necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and monocyte chemoattractant protein
(MCP)-1, providing a tumor-permissive niche for transformed infiltrating cells [31,80,81].
Macrophages accumulate in the vicinity of dying adipocytes and create phagocytic im-
mune aggregates, termed crown-like structures, and scavenge lipids and cellular debris,
which additionally exacerbates systemic and local inflammatory states with a high level
of production of proinflammatory cytokines [41,82,83]. Importantly, the presence of
crown-like structures has been associated with a higher prostate tumor grade in men
diagnosed with PCa [84]. Obesity increases the ratio of M1 pro-inflammatory to M2a anti-
inflammatory macrophages by enhancing the recruitment of C-C chemokine receptor type
2+ pro-inflammatory macrophages [85]. Moreover, obesity contributes to the enrichment of
WAT-educated helper and cytotoxic T cells through the additional aggravation of inflam-
matory mechanisms by secreting matrix metalloproteinases, vascular endothelial growth
factor (VEGF), TNF-α, IL-6, MCP-1, and IL-1β, therefore leading to an obesity-driven
inflammatory state [43,76,86,87].

This inflammatory environment helps to sustain pro-tumorigenic activities [88]. In
fact, IL-1β has been shown to promote PCa progression through the repression of androgen
receptor expression and promotion of the adaptor protein p62, a partner required for
nuclear factor kappa B induction of cancer cell proliferation, invasion, and metastasis [89].
Convincing results have been obtained for IL-6 whose roles in PCa initiation, progression,
and prognosis have been supported by several studies [88,90–92]. The level of IL-6 in
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PPAT was approximately 375 times greater than that observed in patient-matched serum.
Additionally, the level was correlated with the pathological grade [92]. These findings
demonstrate that there is greater phosphorylation on the signal transducer and activator of
transcription 3 in high-grade tumors (any component of Gleason score 4 or 5) [92]. IL-6
has been suggested to be an oncogene in PCa that upregulates insulin growth factor (IGF)
signaling [28], reprograms prostate gene expression, and drives PPAT inflammation [93].

2.1.4. Adipokines

A recent study contributed an important clue to PCa pathology using liquid chrom
atography-mass spectrometry-based proteomic analysis in PPAT-conditioned media [94].
Some adipokines, such as IL-6, adiponectin, and chemokine (C-C motif) ligand 7, were
found to be associated with PCa TME, while results for other factors are controversial. In
this context, the leptin concentration of PPAT was not found to be correlated with PCa
aggressiveness in a series of 30 PPAT samples obtained from patients who underwent
radical prostatectomy [2]. Recent evidence suggests an association between leptin and
PCa [95]. The level of adiponectin decreased in PPAT exposed to PCa-conditioned media [8],
suggesting an inverse association between adiponectin and the incidence of advanced PCa.
The role of adipokines on PCa requires further investigation.

Other adipocyte-secreted factors that have been pointed out, like TNF-α and VEGF,
were found to be associated with high-grade PCa in a small series of 69 patients who
underwent radical prostatectomy [34]. On the other hand, vascularization of the prostate
crosses PPAT and favors molecular exchanges between PPAT and cancer cells [96]. The
expression of osteopontin, a pro-metastatic protein involved in inflammatory and immune
responses, was shown to be increased in human PPAT following PCa-conditioned media
treatment [32].

2.1.5. Sex Steroid Hormones

Sex steroid hormones have important roles in the function of the prostate and may
also serve as a factor in the initiation and progression of carcinogenesis [29]. Obesity or
the presence of a hyperinsulinemia state likely contributes to a slow decrease in estradiol
levels, but this is not always to the same extent given the moderating effect of increased
peripheral aromatization [30]. Obesity is a key regulator of systemic sex steroid levels
through the peripheral conversion of testosterone to estrogens via aromatase in WAT [29].

Prostate epithelial cells require androgens both for normal physiology and during
malignancy development. Androgen deprivation therapy (ADT) is the primary systemic
treatment for hormone responsive advanced PCa, but it seems to also have an interesting
role in the earlier stages of disease [97]. Men receiving ADT suffer from muscle mass loss
and strength, anemia, sexual dysfunction, and accelerated bone loss and fractures [97].
Interestingly, ADT is associated with a proinflammatory and obesity-like PPAT microenvi-
ronment with adjacent effects in the PPAT [88]. In ADT-treated patients, the PPAT showed
a transcriptomic pro-inflammatory signature, characterized by the up-regulation of IL-
6/janus tyrosine kinase/ signal transducer and activator of transcription 3 pathway, the
increase of interferon gamma response, and the increment of macrophages within PPAT [88]
These findings seem to be relevant for localized disease, whereas further characterization
of this fat depot in later stages of disease is lacking, particularly phenotyping the PPAT
immunological environment. Cancer-induced cachexia is discussed in Box 1.
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Box 1. Special box—Cancer-induced cachexia.

Cancer-induced cachexia (CiC) is a multifactorial syndrome characterized by a progressive loss
of body weight, mainly the loss of skeletal muscle and/or WAT mass through energy imbalance [98],
representing a well-known component of cancer [99]. Although PCa has the lowest prevalence
of CiC and lower rates of weight loss compared with other types of cancer [100,101], it is the
most commonly diagnosed cancer in males worldwide [1]. CiC has important implications on
skeletal muscle quality, both in terms of tissue quantity and functionality, which leads to progressive
overall functional impairment [99,102] and is responsible for more than 20% of cancer deaths [99].
Considering only body weight, CiC and obesity may seem to be opposing diseases. However,
obesity also induces severe muscle depletion, known as sarcopenic obesity, which is an independent
risk factor for overall survival in several types of cancer [103,104], particularly in PCa [105]. In
fact, both CiC and obesity share several underlying mechanisms that lead to severe skeletal muscle
atrophy [106]. Concurrent gain of WAT and loss of skeletal muscle also occur during ADT [107,108],
highlighting not only the importance of maintaining the skeletal muscle quality but also the clinical
significance of adiposity, irrespective of CiC.

Among the therapeutic interventions available to mitigate the overall progress of CiC, ET
appears to have a significant impact on the skeletal muscle–adipose tissue–tumor axis [109]. The
effects of ET on the preservation of muscle mass and force in an animal model of PCa have been
reported [110]. In this study, a 20-week period on the free wheel was able to prevent skeletal
muscle loss by diminishing myostatin concentrations in the skeletal muscle of a transgenic mouse
prostate adenocarcinoma model. Myostatin has been described to trigger catabolic activity in
the skeletal muscle by downregulating protein kinase B signaling and stimulating SMAD2/3
signaling, inducing increased protein degradation and muscle wasting (for a review, see [111]).
Decreased myostatin signaling in response to ET suggests that exercise not only protects against
muscle loss by preventing atrophy but also promotes positive protein turnover [110]. Although the
pathophysiology of sarcopenia and muscle wasting is multifaceted, skeletal muscle must be seen as
a tissue of clinical relevance that can counteract the deleterious effects of both CiC and sarcopenic
obesity [112].

3. Exercise Training as an Intervention for Obesity and Prostate Cancer

ET is one of the most powerful lifestyle strategies used to prevent and/or miti-
gate against becoming overweight and/or the visceral adiposity accumulation associated
with obesity [113,114]. Even when body weight is not reduced, ET has a significant im-
pact on metabolic health [114]. Accumulating evidence reveals that ET can counteract
metabolic and inflammatory features usually observed in central adiposity, strengthening
the metabolic relevance of WAT on whole-body adaptations to ET and revealing a promis-
ing direct target in the treatment of obesity and associated disorders [5,6,115]. In this sense,
the modulation of PPAT by ET is of utmost importance for its implications in the TME of
PCa patients; however, to the best of our knowledge, no research has directly addressed
this question.

Studies conducted in PCa patients have shown that ET is an important strategy that
can be used to mitigate PCa-related clinical features, such as lower circulating glucose and
insulin levels, increased adipose tissue mass, and whole-body inflammatory markers as
well as improving hormonal levels [15,16,108]. Furthermore, the impact of ET in skeletal
muscle was observed by inducing phenotypic alterations mediated by transcriptional
responses that occur during and following an exercise session [7]. Some genes, such
as GRIK2, TRAF1, BICC1, and STAG1, are epigenetically sensitive to acute bouts of ET,
maintaining an hypermethylated state for up to 22 weeks of detraining [116]. This repeated
and transient increase in the expression of ET-responsive genes in skeletal muscle confers
ET adaptations over time and, thus, contributes to a better understanding of the benefits
widely reported in specific populations [117–120].

3.1. Aerobic Exercise

Aerobic exercise promotes the ability to perform moderate to vigorous ET within the
abilities of the respiratory, cardiovascular, and muscular systems to integrate physiological
and functional states for a prolonged period of time [121], which can be accessed via aerobic
capacity [122]. A poor aerobic capacity has been associated with a markedly increased risk
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of premature death [123] and the development of several non-communicable diseases [124],
including cancer [125]. In contrast, a high aerobic capacity is associated with a protective
effect against cancer specific mortality, cancer recurrence, and/or all-cause mortality [126].
Data from prospective population-based studies [127,128] and systematic review and meta-
analysis studies [129,130] have revealed an inverse association between advanced PCa risk
and physical activity, demonstrating a potential protective role of regular physical activity
against the risk of aggressive disease. After diagnosis, self-reported physical activity (>3 h
per week at high-intensity) was found to reduce the risk of PCa-specific mortality and
recurrence [131] compared with men who completed less than 1 h per week of vigorous
activity. These findings suggest that physical activity counselling has a positive impact on
PCa patients. Moreover, data from the Cancer of the Prostate Strategic Urologic Research
Endeavor [132] showed that walking duration and total non-vigorous activity were not
associated with risk of progression, but brisk walking may inhibit or delay PCa progression
among men diagnosed with clinically localized PCa. In the light of these results, ET
intensity may be a crucial factor in decreasing the risk of disease aggressiveness. However,
others have found no relationship between ET and PCa risk or aggressiveness [133].

In a cross-sectional study, muscle mass, size, and strength were found to be com-
promised in PCa patients treated with ADT [134]. A 12-week cycle ergometer program
performed at 65–75% of maximal oxygen consumption (V̇O2max) was shown to influence
peripheral tissue insulin sensitivity, visceral adiposity, skeletal muscle protein content
of glucose transporter type 4 (GLUT4), and total protein kinase B in both PCa patients
undergoing ADT and non-exercise groups [15]. These findings suggest that the testos-
terone ablation in men did not constitute an impediment for peripheral tissue to increase
insulin sensitivity in response to ET, which suggests that the insulin signaling cascade is a
potential underlying molecular mechanism. Hence, these effects may result from exercising
in general, and not from aerobic exercise specifically, as PCa patients undergoing ADT had
very similar adaptations to healthy men in response to the same ET program. Furthermore,
the benefits of ET extend to other aging-related comorbidities or cancer treatments side
effects. For example, patients with PCa exposed to ADT were shown to have an increased
risk for developing cardiovascular disease, which could be attenuated by regular ET [16].

Regular aerobic exercise induces alterations in DNA methylation patterns in the skele-
tal muscle, specifically with respect to genes associated with muscle growth, differentiation,
and metabolism [135]. The skeletal muscle miRNA expression kinetics in response to
aerobic exercise are less dependent on variables such as age, a specific ET regimen, or ET
history compared with resistance exercise. However, one of the best-characterized genes
that is upregulated in response to aerobic exercise and contributes to metabolic adaptation
is the peroxisome proliferator-activated receptor gamma coactivator (PGC)-1α gene [136].

As recently reviewed by Neil-Sztramko et al. [137], the dosage of ET (volume, intensity
and frequency) against cancer-specific mortality, recurrence, and/or all-cause mortality in
PCa patients is still scarce. Few studies have appropriately reported four or five principles
of ET, such as specificity, progression, overload, initial values, and diminishing returns.
Therefore, a lack of attention to the principles of ET may result in underestimation of
the real effect of ET and/or leave a gap in the information required for prescribing an
ET program.

3.2. Resistance Exercise

Resistance exercise can be characterized as voluntary contractions against an external
load. It is typically performed with specifically designed equipment, free weights, and/or
elastic bands [138], although it can also be performed using bodyweight as resistance [139].
Resistance exercise is widely recognized as a key strategy to promote beneficial effects for
the average population, such as reversing muscle loss, reducing body fat, and improving
physical function and mental health [140,141]. Resistance exercise has an important role
in decreasing the risk of nonfatal and total cardiovascular disease events [119]. In some
specific populations, such as elderly [120], diabetic [118], or cancer patients [142], resis-
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tance exercise plays an important role as a safe and effective strategy to improve body
composition as well as increasing skeletal muscle mass and strength.

Even if muscle hypertrophy and strength gains are commonly associated with each
other, it should be noted that adaptations may vary according to individuals’ genetic
characteristics [143] and/or the selection of programming methods [144]. Mechanical
tension is a key variable in the aforementioned neuromuscular adaptations and is mainly
influenced by training load and time under tension [145], triggering a series of intracellular
processes that regulate gene expression, increase protein synthesis [146], and enhance
cellular responses in myofibers and satellite cells [147]. Exposure to this type of regular
stress, i.e., mechanical and/or metabolic tension, promotes muscle damage, an important
mediator for increasing muscle mass [145]. These myotraumas initiate acute inflammatory
responses and activate the production of myokines, resulting in the release of growth
factors that stimulate satellite cell activity and, thus, muscle hypertrophy [145,148]. The
hypertrophic response relies mainly on anaerobic glycolysis for energy production, which
promotes increased secretion and production of hormonal factors as well as the activity of
growth-oriented transcription factors [149].

Although DNA methylation patterns are significantly altered in exercising skeletal
muscle, these alterations are of high importance for cell function under both physiological
and pathological conditions [136]. When exposed to resistance exercise, the mechanis-
tic/mammalian target of rapamycin complex 1 pathway is known as one of the central
players that mediates transcriptional changes, affecting a broad variety of genes [136].
Gene expression is regulated by miRNAs—small endogenous, single stranded, non-coding
RNAs that are regulated by ET. After their identification, their potential to be used as
novel diagnostic and prognostic biomarkers has increased substantially, as they have been
associated with improvements in markers of cardiovascular disease, cancer, diabetes, and
other pathologies [150]. The degree of individual adaptations, including DNA methylation
and gene expression via specific miRNAs without altering the DNA base, known as the
individual’s epigenetic “signature”, is based on previous ET history and the ET regimen
(aerobic or resistance) [136,151].

As mentioned in the special box, PCa patients can experience several cancer-treatment-
related adverse side-effects, such as the loss of skeletal muscle mass and strength, which
usually results in increased bone frailty and a high fracture risk [152]. Given that the in-
crease of skeletal muscle mass is a well-known factor in the maintenance and enhancement
of strength capacity [153], it is vital to identify muscle-hypertrophy-related mechanisms
to better understand how resistance exercise induces skeletal muscle adaptations. A few
studies conducted in PCa patients have provided an idea of the effects of unimodal ET
interventions. In one study, men undergoing ADT performed a resistance exercise program
for 20 weeks (6- to 12-repetition maximum) [154]. They experienced significant improve-
ments in skeletal muscle strength and endurance as well as in functional tasks (e.g., chair
rise, 6-m walk) without changes to fat mass, prostate-specific antigen, testosterone, growth
hormone, cortisol, or hemoglobin. Since this was an observational study, it is not possible
to state that the effects were specifically due to resistance exercise or to exercise in general.

In a randomized study with 58 PCa patients undergoing ADT while participating in
a 16-week resistance exercise program (three weekly sessions) or usual care [155], it was
observed that no significant effects on total lean body mass in either group. Nevertheless,
variations in lean body mass in the upper and lower limbs reduced significantly (by
0.49 kg and 0.15 kg, respectively). In the same study, PCa patients undergoing ADT were
shown to have greater strength and functional test scores (e.g., stair climbing), although
no benefits on fat mass, BMI, or quality of life were found compared with the usual care
group. However, the absence of a contrasting ET modality raises concerns as to whether
any effects were due to resistance exercise or to exercise in general.

A systematic review and meta-analysis assessed the effects of resistance exercise on
health and fitness parameters in PCa patients [142]. Generally, the majority of resistance
exercise-based programs showed promising results with significant improvements in
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upper and lower body strength, body fat percentage, lean body mass, trunk fat mass,
and cardiorespiratory parameters. It should be noted that the studies included both
ADT-treated and non-ADT-treated patients.

Globally, most randomized control trials have used a combination of aerobic and
resistance exercises (ranging from two to five sessions per week) and shown improvements
not only in functional performance tasks (e.g., 400 m walk test) but also in metabolic pa-
rameters (e.g., diastolic blood pressure, fasting blood glucose) and body composition [156].
Conversely, these markers have shown heterogeneous responses across trials, and those
effects have mostly been derived from a small subset of studies, as examined by Bourke
et al. [156]. It should be noted that although these statistical differences were detected, their
translation into clinically relevant improvements remains elusive.

3.3. High-Intensity Interval Training

High-intensity interval training (HIIT) involves repeated bouts of high-intensity effort
followed by varied recovery times [121] with promising data for enhancing physical
fitness. It is recognized as a time-efficient exercise modality that overcomes the barrier
of lack of time [157]. Studies on feasibility, safety, and the acute and chronic responses
of cancer patients to HIIT in cancer patients are still scarce. A meta-analysis showed
that HIIT is an effective training type compared to moderate and continuous ET that
induces similar or higher systemic and tissue changes, including effects on V̇O2max, cardiac
function, mitochondrial capacity, oxidative stress or inflammation, and the perception of
enjoyment [158].

In forty cancer survivors (20 breast and 20 PCa survivors), two cycle ergometer HIIT
protocols (10 × 1 min at peak power output (10 × 1) and 4 × 4 min at 85–95% peak HR
(4 × 4)) were demonstrated to be safe strategies after the end of primary therapy [157].
Ninety-five percent of participants completed the HIIT protocol. The authors observed that
the estimated energy expenditure, heart rate, and blood lactate concentration were higher
in the 4 × 4 min at 85–95% peak heart rate vs. The 10 × 1 min protocol [157]. It should be
noted that if a higher training stimulus is intended, the 4 × 4 protocol is more appropriate.

In PCa patients undergoing radiotherapy, short-term participation in HIIT on the
cycle ergometer (8–15 × 60 s intervals at ≥85% maximal heart rate, 3 sessions per week)
increased the functional exercise capacity assessed by the 6 min walk test and counteracted
cancer-treatment-related fatigue compared with the usual care group [159]. Thus, HIIT
may be an optimal exercise prescription for improving various aspects of health that are
typically impaired in PCa patients; however, further investigation is needed.

3.4. Skeletal Muscle–Adipose Tissue–Tumor Axis: Molecular Mechanisms Linking Exercise
Training in Prostate Cancer

The skeletal muscle may act as an energy storage site that can be used in strongly
catabolic periods, such as during cancer or cancer treatments [160]. A greater skeletal
muscle mass may assist in improving cancer-related outcomes [161]. Indeed, ET has been
largely used as an adjunct therapy for PCa patients [16], even though the isolated effects of
ET are not completely understood [162].

Beyond the general role of adiposity in the overall body composition [163], skeletal
muscle can actually display excess WAT deposits, a phenomenon known as myosteatosis,
which is negatively linked to health outcomes [164]. Myosteatosis has been proposed as a
prognostic biomarker in patients undergoing radical cystectomy [165] and in those with
endometrial cancer [166]. While a greater muscle cross-sectional area is prognostic of lower
mortality rates in older patients with cancer [167], its role may vary depending on the
degree of myosteatosis present [168]. Indeed, patients with similar levels of skeletal muscle
mass but distinct amounts of intramuscular WAT deposits are likely to experience greater
levels of toxicity in response to chemotherapy [169].

Myosteatosis is apparently derived from enhanced local secretion of inflammatory
adipokines which, in turn, may be indicative of increased insulin resistance [164]. In addi-
tion, intramuscular WAT accumulation may impair blood flow within the skeletal muscle,
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further aggravating insulin resistance [164] and stimulating neoplasic outgrowth [170]. Ac-
cordingly, it is possible that ET improves nitric oxide bioavailability, which would improve
myocardial function and peripheral blood flow [162]. In general, chronic ET may also
improve endogenous antioxidant pathways [171], potentially conferring extra protection
against cancer development.

Overall, ET may have distinct effects on cancer through sarcopenia and myosteatosis
in breast and PCa patients. Patients who regularly exercise showed improvements in these
two factors, which are independent prognostic factors of treatment outcomes [168,169].
However, greater consensus should be achieved regarding which cut-off values for clas-
sifying active or non-active subjects may be more appropriate for both health and/or
specific cancer populations. Alternatively, the skeletal muscle index and density may be
combined into a skeletal muscle indicator value [168], although future research is required
to understand the full applications and limitations of this index. The widely recognized
profits from systematic ET programs [141] with low risks and high benefits, together with
the ability to increase lean muscle mass and bone density, support its usage in PCa patients
undergoing ADT [162].

3.4.1. Effects of Exercise Training on the Tumor Microenvironment

ET has been shown to lack an impact on tumor growth, although it has been associated
with increased tumor vascularization and a shift toward reduced metastasis in an orthotopic
model of murine PCa [172]. In an in vitro study, it was observed that androgen dependent
LNCaP cell lines cultured in serum from exercised subjects grew less than in a control
group by limiting proliferation and cell cycles [173]. In addition, exposure to post-exercise
serum resulted in a >350% increase in cancer cell apoptosis through upregulation of the
pro-apoptotic p53 protein.

Mice subcutaneously implanted with LAPC-4 PC were randomly assigned to volun-
tary wheel running or a non-intervention control group [174]. The voluntary exercised
mice exhibited less tumoral necrosis, together with a ~150% increase in the microvessel
density, indicating the relevant role of ET as a potential intervention to inhibit PCa growth
and its underlying biologic mechanisms.

Therefore, studies assessing the optimal dosage and modality of ET in PCa patients are
required [142]. In this context, eccentric exercise should be included in future research once
it has been demonstrated to be a powerful ET modality in critically ill patients [175,176].

3.4.2. Effects of Exercise Training on Inflammation

Clinical data regarding the effects of ET on systemic inflammation are not straight-
forward. In non-cancer patients, strenuous ET bouts and heavy training loads have been
shown to modify T-cell immunity towards an anti-inflammatory state by increasing the
numbers of resting peripheral blood type-2 and regulatory T-cells, which produce mainly
the anti-inflammatory cytokines IL-4 and IL-10, respectively [177,178]. Nevertheless,
12 weeks of ET did not affect the systemic concentrations of TNF-α, IL-6, plasminogen
activator inhibitor-I, leptin or adiponectin, although a reduction of visceral adiposity was
observed in PCa patients receiving ADT [15]. The effects of ET on systemic inflammation
possibly depend on its baseline levels and, therefore, affect people distinctly. Moreover,
obese patients experience poorer outcomes during and after PCa treatments. Under these
conditions, ET may be especially helpful for these patients [179].

3.4.3. Effects of Exercise Training on Skeletal-Muscle-Derived Myokines and Impacts on
Adipose Tissue

The metabolic disturbances typically observed in PCa patients receiving ADT suggest
that skeletal muscle–adipose tissue–tumor crosstalk may represent an important opportu-
nity to investigate the mechanisms underlying a loss of anabolic signals, sarcopenia, and
frailty, and overall, they may contribute to metabolic dysregulation [97,107]. Additionally,
the promyogenic anabolic interventions associated with increased skeletal muscle mass
have been described as a potential strategy to improve cardiometabolic outcomes in PCa
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patients receiving ADT [15]. Thus far, to the best of our knowledge, this question has been
poorly investigated.

Mechanistically, the contracting skeletal muscle locally stimulates several signaling
pathways involved in its morphology and metabolism and produces and secretes bioactive
molecules—myokines—which act in an endocrine-like fashion in distant tissues [13], such
as WAT [180]. ET-associated skeletal-muscle-derived myokines may influence the metabolic
phenotype of WAT by inducing a brown-adipocyte-like phenotype and thus improving FA
oxidation and insulin sensitivity [7,181]. Therefore, myokines likely provide a conceptual
basis to understand, at least in part, the modulatory impact of ET on WAT, e.g., the crosstalk
in the skeletal muscle–WAT axis, which is of particular interest in both obesity and cancer
settings. Accordingly, several studies have focused on myokines released from skeletal
muscle during and immediately after ET, such as IL-6, -8, and -15, among others [7,13]. The
cleaved product of fibronectin type III-domain containing 5 (FNDC5), a PGC-1α-dependent
myokine, is secreted into the circulation, designed as irisin, and has the ability to initiate a
brown-adipocyte-like phenotype program in WAT [18]. Undifferentiated white adipocytes
treated with FNDC5 in vitro were shown to overexpress UCP1-positive cells and increase
mitochondrial density and gene expression concomitantly with increases in V̇O2, heat loss,
and energy expenditure [17]. These cells are metabolically more active, which may be
advantageous in obesity and/or cancer contexts. However, to the best of our knowledge,
this mechanism has been extensively reported for WAT depots but not for PPAT.

IL-6 is a proinflammatory cytokine expressed in tumors and in the stroma TME [90],
but it is also a myokine prototype [182]. Indeed, circulating levels of IL-6 were found
to be acutely elevated in response to ET [13]. Therefore, IL-6 has the ability to promote
metabolic alterations in the skeletal muscle itself as well as in other organs, including
WAT, in an endocrine manner [13]. The beneficial endocrine effects of increased IL-6
levels in response to ET on WAT have been postulated to be related to increases in the
activity of adenosine monophosphate-activated protein kinase (AMPK), an energy-sensing
enzyme [182–184]. Considering that an increase in the IL-6 concentration correlates tempo-
rally with increases in AMPK activity, some studies have suggested that IL-6 is involved in
AMPK activation during the later stage of ET when the energetic state of skeletal muscle is
lower [183,184]. Furthermore, the phosphorylation/activation of AMPK has been proposed
to be ET intensity-dependent [7,185]. Pre-clinical studies have found that AMPK has partic-
ularly relevance in certain primary tumors, including PCa. Chippa et al. [186] reported that
both androgen deprivation and hypoxia induce AMPK activation in androgen-dependent
cancer cells, which is required to initiate cells to undergo autophagy, prolonging their
survival; however, further research in this area is warranted.

The impact of ET on AMPK via the modulation of adiponectin levels has been shown
to inhibit PCa viability in prostate (PC-3) cancer cells [187], but, intriguingly, it increases
PCa cancer cell migration and the metastatic potential of human PCa cells [188]. In contrast
to the well-known metabolic benefits of AMPK upregulation, the role of ET in modulating
AMP activation in PCa remains elusive.

4. Future Directions

It would be interesting to conduct studies addressing the effects of ET alone, i.e.,
without any additional therapies [162]. It should be noted that a properly designed
randomized controlled trial with ET-only groups contrasted with ET plus additional
therapies will contribute significantly to improving the understanding of all interactions
between different therapeutical modalities.

The ET dosage (volume, intensity and frequency) and the perceived individual internal
load should be appropriately used but also reported and managed to understand the
influence of individual responses to ET and to close the gap in information related to the
prescription of effective ET programs.

Further research should address these issues to allow the guidelines for ET prescription
in patients with PCa to be updated. Currently, the American Cancer Society recommends a
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mixture of continuous aerobic exercise for 5 days per week or aerobic exercise 2–3 times
per week at a moderate intensity [189]. Although these guidelines were published in 2012,
they are still the most up-to-date version provided on their website [190]. The guidelines
for ET provided by the Prostate Cancer Foundation are more generic but are still based on
aerobic-based activities with an emphasis on vigorous intensity whenever possible [191].
Despite the acknowledged benefits of resistance exercise for PCa patients, there are neither
recommendations nor guidelines for practicing this modality [142]. Potentially, a greater
role should be granted to resistance exercise, in particular, to eccentric training. Moreover,
low versus high intensity exercise will likely promote differential benefits in PCa survivors,
and perhaps the two should be used complementarily [179].

The effects of ET on skeletal muscle and WAT have been studied extensively, but
the effects on the PPAT–tumor axis in PCa have not. Future studies should address this
question to understand how ET impacts this skeletal muscle–WAT–tumor axis.

5. Concluding Remarks

In summary, the ET program for PCa patients was demonstrated to promote several
positive adaptations in WAT by decreasing visceral adiposity and increasing skeletal mass
and strength, which may be reflected as positive modulation of the TME. While scarce,
the existing data seem to indicate that in cancer, particularly PCa, the skeletal muscle–
WAT–tumor axis may be affected by novel ET-induced adipokines/myokines secreted
by “trained” WAT and skeletal muscle (Figure 1); however, further research is needed.
Moreover, this skeletal muscle–WAT–tumor axis might be an essential mechanism by which
ET exerts its effects and investigation of this axis may improve the understanding of the
ET-related mechanisms underlying cancer.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 14 of 22 
 

 

 
Figure 1. Schematic view of hypothetical mechanisms underlying the effects of exercise training (ET) on the skeletal mus-
cle–white adipose tissue (WAT)– tumor axis in prostate cancer (PCa).ET promotes several positive adaptations in WAT 
by decreasing the visceral adiposity and increasing the skeletal muscle mass in PCa patients, which is reflected by a posi-
tive modulation of the tumor microenvironment (TME). Furthermore, adipokine/myokine production and secretion in 
response to ET may modulate the skeletal muscle–WAT–tumor axis in cancer. However, the role of ET on PPAT and PCa 
tumor remains elusive, with conflicting data; BW, body weight; PPAT, periprostatic adipose tissue; PGC-1α, peroxisome 
proliferator-activated receptor gamma coactivator; AMPK, adenosine monophosphate-activated protein kinase; IL-6, in-
terleukin-6; FNDC5, fibronectin type III-domain containing 5. 

Author Contributions: Substantial contributions to the conception of the work: S.R.R., A.M., J.A., 
M.M.F., M.J.O. and R.R. All authors have drafted and revised the work and agreed to the version to 
be published. All authors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable 

Acknowledgments: No acknowledgements to report. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of 

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424, doi:10.3322/caac.21492. 
2. Zhang, Q.; Sun, L.-J.; Qi, J.; Yang, Z.-G.; Huang, T. Influence of adipocytokines and periprostatic adiposity measurement pa-

rameters on prostate cancer aggressiveness. Asian Pac. J. Cancer Prev. 2014, 15, 1879–1883. 
3. Lavalette, C.; Trétarre, B.; Rebillard, X.; Lamy, P.J.; Cénée, S.; Menegaux, F. Abdominal obesity and prostate cancer risk: Epide-

miological evidence from the EPICAP study. Oncotarget 2018, 9, 34485–34494, doi:10.18632/oncotarget.26128. 
4. Nauli, A.M.; Matin, S. Why Do Men Accumulate Abdominal Visceral Fat? Front. Physiol. 2019, 10, 1486–1486, 

doi:10.3389/fphys.2019.01486. 

Figure 1. Schematic view of hypothetical mechanisms underlying the effects of exercise training (ET) on the skeletal
muscle–white adipose tissue (WAT)–tumor axis in prostate cancer (PCa).ET promotes several positive adaptations in
WAT by decreasing the visceral adiposity and increasing the skeletal muscle mass in PCa patients, which is reflected
by a positive modulation of the tumor microenvironment (TME). Furthermore, adipokine/myokine production and
secretion in response to ET may modulate the skeletal muscle–WAT–tumor axis in cancer. However, the role of ET on
PPAT and PCa tumor remains elusive, with conflicting data; BW, body weight; PPAT, periprostatic adipose tissue; PGC-1α,
peroxisome proliferator-activated receptor gamma coactivator; AMPK, adenosine monophosphate-activated protein kinase;
IL-6, interleukin-6; FNDC5, fibronectin type III-domain containing 5.



Int. J. Mol. Sci. 2021, 22, 4469 14 of 21

Author Contributions: Substantial contributions to the conception of the work: S.R.-R., A.M., J.A.,
M.M.-F., M.J.O. and R.R. All authors have drafted and revised the work and agreed to the version to
be published. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: No acknowledgements to report.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Zhang, Q.; Sun, L.-J.; Qi, J.; Yang, Z.-G.; Huang, T. Influence of adipocytokines and periprostatic adiposity measurement

parameters on prostate cancer aggressiveness. Asian Pac. J. Cancer Prev. 2014, 15, 1879–1883. [CrossRef]
3. Lavalette, C.; Trétarre, B.; Rebillard, X.; Lamy, P.J.; Cénée, S.; Menegaux, F. Abdominal obesity and prostate cancer risk:

Epidemiological evidence from the EPICAP study. Oncotarget 2018, 9, 34485–34494. [CrossRef]
4. Nauli, A.M.; Matin, S. Why Do Men Accumulate Abdominal Visceral Fat? Front. Physiol. 2019, 10, 1486. [CrossRef]
5. Rocha-Rodrigues, S.; Gonçalves, I.O.; Beleza, J.; Ascensão, A.; Magalhães, J. Physical exercise mitigates high-fat diet-induced

adiposopathy and related endocrine alterations in an animal model of obesity. J. Physiol. Biochem. 2018, 74, 235–246. [CrossRef]
6. Rocha-Rodrigues, S.; Rodríguez, A.; Becerril, S.; Ramírez, B.; Gonçalves, I.O.; Beleza, J.; Frühbeck, G.; Ascensão, A.; Magalhães,

J. Physical exercise remodels visceral adipose tissue and mitochondrial lipid metabolism in rats fed a high-fat diet. Clin. Exp.
Pharm. Physiol. 2017, 44, 386–394. [CrossRef]

7. Rocha-Rodrigues, S.; Rodríguez, A.; Gouveia, A.M.; Gonçalves, I.O.; Becerril, S.; Ramírez, B.; Beleza, J.; Frühbeck, G.; Ascensão,
A.; Magalhães, J. Effects of physical exercise on myokines expression and brown adipose-like phenotype modulation in rats fed a
high-fat diet. Life Sci. 2016, 165, 100–108. [CrossRef]

8. Ribeiro, R.; Monteiro, C.; Catalán, V.; Hu, P.; Cunha, V.; Rodríguez, A.; Gómez-Ambrosi, J.; Fraga, A.; Príncipe, P.; Lobato, C.;
et al. Obesity and prostate cancer: Gene expression signature of human periprostatic adipose tissue. BMC Med. 2012, 10, 108.
[CrossRef]

9. Ribeiro, R.; Monteiro, C.; Cunha, V.; Oliveira, M.J.; Freitas, M.; Fraga, A.; Príncipe, P.; Lobato, C.; Lobo, F.; Morais, A. Human
periprostatic adipose tissue promotes prostate cancer aggressiveness in vitro. J. Exp. Clin. Cancer Res. 2012, 31, 1–11. [CrossRef]

10. Nieman, K.M.; Romero, I.L.; Van Houten, B.; Lengyel, E. Adipose tissue and adipocytes support tumorigenesis and metastasis.
Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2013, 1831, 1533–1541.

11. Park, J.; Morley, T.S.; Kim, M.; Clegg, D.J.; Scherer, P.E. Obesity and cancer—Mechanisms underlying tumour progression and
recurrence. Nat. Rev. Endocrinol. 2014, 10, 455. [CrossRef]

12. Martinez-Outschoorn, U.E.; Sotgia, F.; Lisanti, M.P. Metabolic asymmetry in cancer: A “balancing act” that promotes tumor
growth. Cancer Cell 2014, 26, 5–7. [CrossRef] [PubMed]

13. Pedersen, B.K. Muscles and their myokines. J. Exp. Biol. 2011, 214, 337–346. [CrossRef]
14. Shachar, S.S.; Williams, G.R.; Muss, H.B.; Nishijima, T.F. Prognostic value of sarcopenia in adults with solid tumours: A

meta-analysis and systematic review. Eur. J. Cancer 2016, 57, 58–67. [CrossRef]
15. Hvid, T.; Winding, K.; Rinnov, A.; Dejgaard, T.; Thomsen, C.; Iversen, P.; Brasso, K.; Mikines, K.J.; van Hall, G.; Lindegaard,

B. Endurance training improves insulin sensitivity and body composition in prostate cancer patients treated with androgen
deprivation therapy. Endocr. -Relat. Cancer 2013, 20, 621–632. [CrossRef] [PubMed]

16. Bigaran, A.; Zopf, E.; Gardner, J.; La Gerche, A.; Murphy, D.G.; Howden, E.J.; Baker, M.K.; Cormie, P. The effect of exercise
training on cardiometabolic health in men with prostate cancer receiving androgen deprivation therapy: A systematic review and
meta-analysis. Prostate Cancer Prostatic Dis. 2020. [CrossRef] [PubMed]

17. Wu, M.V.; Bikopoulos, G.; Hung, S.; Ceddia, R.B. Thermogenic capacity is antagonistically regulated in classical brown and white
subcutaneous fat depots by high fat diet and endurance training in rats: Impact on whole-body energy expenditure. J. Biol. Chem.
2014, 289, 34129–34140. [CrossRef]

18. Boström, P.; Wu, J.; Jedrychowski, M.P.; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Boström, E.A.; Choi, J.H.; Long, J.Z.; et al. A
PGC1-α-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463–468.
[CrossRef] [PubMed]

19. Renehan, A.G.; Tyson, M.; Egger, M.; Heller, R.F.; Zwahlen, M. Body-mass index and incidence of cancer: A systematic review
and meta-analysis of prospective observational studies. Lancet 2008, 371, 569–578. [CrossRef]

20. Rocha-Rodrigues, S. Physical exercise and sex steroid hormones in breast cancer. Hum. Mov. 2021, 22. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.7314/APJCP.2014.15.4.1879
http://doi.org/10.18632/oncotarget.26128
http://doi.org/10.3389/fphys.2019.01486
http://doi.org/10.1007/s13105-018-0609-1
http://doi.org/10.1111/1440-1681.12706
http://doi.org/10.1016/j.lfs.2016.09.023
http://doi.org/10.1186/1741-7015-10-108
http://doi.org/10.1186/1756-9966-31-32
http://doi.org/10.1038/nrendo.2014.94
http://doi.org/10.1016/j.ccr.2014.06.021
http://www.ncbi.nlm.nih.gov/pubmed/25026205
http://doi.org/10.1242/jeb.048074
http://doi.org/10.1016/j.ejca.2015.12.030
http://doi.org/10.1530/ERC-12-0393
http://www.ncbi.nlm.nih.gov/pubmed/23744766
http://doi.org/10.1038/s41391-020-00273-5
http://www.ncbi.nlm.nih.gov/pubmed/32860010
http://doi.org/10.1074/jbc.M114.591008
http://doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/22237023
http://doi.org/10.1016/S0140-6736(08)60269-X
http://doi.org/10.5114/hm.2021.100006


Int. J. Mol. Sci. 2021, 22, 4469 15 of 21

21. Zhang, X.; Zhou, G.; Sun, B.; Zhao, G.; Liu, D.; Sun, J.; Liu, C.; Guo, H. Impact of obesity upon prostate cancer-associated
mortality: A meta-analysis of 17 cohort studies. Oncol. Lett. 2015, 9, 1307–1312. [CrossRef]

22. Harrison, S.; Tilling, K.; Turner, E.L.; Martin, R.M.; Lennon, R.; Lane, J.A.; Donovan, J.L.; Hamdy, F.C.; Neal, D.E.; Bosch, J.; et al.
Systematic review and meta-analysis of the associations between body mass index, prostate cancer, advanced prostate cancer,
and prostate-specific antigen. Cancer Causes Control 2020, 31, 431–449. [CrossRef]

23. Discacciati, A.; Orsini, N.; Wolk, A. Body mass index and incidence of localized and advanced prostate cancer–a dose-response
meta-analysis of prospective studies. Ann. Oncol. 2012, 23, 1665–1671. [CrossRef]

24. MacInnis, R.J.; English, D.R. Body size and composition and prostate cancer risk: Systematic review and meta-regression analysis.
Cancer Causes Control 2006, 17, 989–1003. [CrossRef]

25. Fowke, J.H.; Motley, S.; Dai, Q.; Concepcion, R.; Barocas, D.A. Association between biomarkers of obesity and risk of high-grade
prostatic intraepithelial neoplasia and prostate cancer–evidence of effect modification by prostate size. Cancer Lett. 2013, 328,
345–352. [CrossRef] [PubMed]

26. Wilson, W.R.; Hay, M.P. Targeting hypoxia in cancer therapy. Nat. Rev. Cancer 2011, 11, 393–410. [CrossRef]
27. Rocha-Rodrigues, S.; Gonçalves, I.O.; Beleza, J.; Ascensão, A.; Magalhães, J. Effects of endurance training on autophagy and

apoptotic signaling in visceral adipose tissue of prolonged high fat diet-fed rats. Eur. J. Nutr. 2018, 57, 2237–2247. [CrossRef]
28. Rojas, A.; Liu, G.; Coleman, I.; Nelson, P.S.; Zhang, M.; Dash, R.; Fisher, P.B.; Plymate, S.R.; Wu, J.D. IL-6 promotes prostate

tumorigenesis and progression through autocrine cross-activation of IGF-IR. Oncogene 2011, 30, 2345–2355. [CrossRef]
29. Boibessot, C.; Toren, P. Sex steroids in the tumor microenvironment and prostate cancer progression. Endocr. Relat. Cancer 2018,

25, R179–R196. [CrossRef]
30. Lane, B.R.; Stephenson, A.J.; Magi-Galluzzi, C.; Lakin, M.M.; Klein, E.A. Low testosterone and risk of biochemical recurrence and

poorly differentiated prostate cancer at radical prostatectomy. Urology 2008, 72, 1240–1245. [CrossRef]
31. Halberg, N.; Khan, T.; Trujillo, M.E.; Wernstedt-Asterholm, I.; Attie, A.D.; Sherwani, S.; Wang, Z.V.; Landskroner-Eiger, S.; Dineen,

S.; Magalang, U.J.; et al. Hypoxia-inducible factor 1alpha induces fibrosis and insulin resistance in white adipose tissue. Mol. Cell
Biol. 2009, 29, 4467–4483. [CrossRef] [PubMed]

32. Ribeiro, R.J.; Monteiro, C.P.; Cunha, V.F.; Azevedo, A.S.; Oliveira, M.J.; Monteiro, R.; Fraga, A.M.; Príncipe, P.; Lobato, C.; Lobo, F.
Tumor cell-educated periprostatic adipose tissue acquires an aggressive cancer-promoting secretory profile. Cell. Physiol. Biochem.
2012, 29, 233–240. [CrossRef] [PubMed]

33. Zhang, Q.; Sun, L.J.; Qi, J.; Yang, Z.G.; Huang, T.; Huo, R.C. Periprostatic adiposity measured on magnetic resonance imaging
correlates with prostate cancer aggressiveness. Urol. J. 2014, 11, 1793–1799. [PubMed]

34. Dahran, N.; Szewczyk-Bieda, M.; Wei, C.; Vinnicombe, S.; Nabi, G. Normalized periprostatic fat MRI measurements can predict
prostate cancer aggressiveness in men undergoing radical prostatectomy for clinically localised disease. Sci. Rep. 2017, 7, 4630.
[CrossRef]

35. Laurent, V.; Guérard, A.; Mazerolles, C.; Le Gonidec, S.; Toulet, A.; Nieto, L.; Zaidi, F.; Majed, B.; Garandeau, D.; Socrier, Y.; et al.
Periprostatic adipocytes act as a driving force for prostate cancer progression in obesity. Nat. Commun. 2016, 7, 1–15. [CrossRef]
[PubMed]

36. Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.; Le Gonidec, S. Cancer-
associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer Res. 2011, 71, 2455–2465.
[CrossRef] [PubMed]

37. Ribeiro, R.; Monteiro, C.; Silvestre, R.; Castela, A.; Coutinho, H.; Fraga, A.; Príncipe, P.; Lobato, C.; Costa, C.; Cordeiro-da-Silva,
A.; et al. Human periprostatic white adipose tissue is rich in stromal progenitor cells and a potential source of prostate tumor
stroma. Exp. Biol. Med. (Maywood) 2012, 237, 1155–1162. [CrossRef] [PubMed]

38. Saha, A.; Ahn, S.; Blando, J.; Su, F.; Kolonin, M.G.; DiGiovanni, J. Proinflammatory CXCL12-CXCR4/CXCR7 Signaling Axis
Drives Myc-Induced Prostate Cancer in Obese Mice. Cancer Res. 2017, 77, 5158–5168. [CrossRef]

39. Lin, G.; Yang, R.; Banie, L.; Wang, G.; Ning, H.; Li, L.C.; Lue, T.F.; Lin, C.S. Effects of transplantation of adipose tissue-derived
stem cells on prostate tumor. Prostate 2010, 70, 1066–1073. [CrossRef]

40. Su, F.; Daquinag, A.C.; Ahn, S.; Saha, A.; Dai, Y.; Zhao, Z.; DiGiovanni, J.; Kolonin, M.G. Progression of prostate carcinoma is
promoted by adipose stromal cell-secreted CXCL12 signaling in prostate epithelium. NPJ Precis. Oncol. 2021, 5, 26. [CrossRef]

41. Quail, D.F.; Dannenberg, A.J. The obese adipose tissue microenvironment in cancer development and progression. Nat. Rev.
Endocrinol. 2019, 15, 139–154. [CrossRef]

42. Zhang, T.; Tseng, C.; Zhang, Y.; Sirin, O.; Corn, P.G.; Li-Ning-Tapia, E.M.; Troncoso, P.; Davis, J.; Pettaway, C.; Ward, J.; et al.
CXCL1 mediates obesity-associated adipose stromal cell trafficking and function in the tumour microenvironment. Nat. Commun.
2016, 7, 11674. [CrossRef] [PubMed]

43. Lengyel, E.; Makowski, L.; DiGiovanni, J.; Kolonin, M.G. Cancer as a matter of fat: The crosstalk between adipose tissue and
tumors. Trends Cancer 2018, 4, 374–384. [CrossRef]

44. Donohoe, C.L.; Lysaght, J.; O’Sullivan, J.; Reynolds, J.V. Emerging concepts linking obesity with the hallmarks of cancer. Trends
Endocrinol. Metab. 2017, 28, 46–62. [CrossRef] [PubMed]

45. Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, J.S.; Mansour, M.; Palese, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P.
Localized oncolytic virotherapy overcomes systemic tumor resistance to immune checkpoint blockade immunotherapy. Sci.
Transl. Med. 2014, 6, 226ra32. [CrossRef]

http://doi.org/10.3892/ol.2014.2841
http://doi.org/10.1007/s10552-020-01291-3
http://doi.org/10.1093/annonc/mdr603
http://doi.org/10.1007/s10552-006-0049-z
http://doi.org/10.1016/j.canlet.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23079532
http://doi.org/10.1038/nrc3064
http://doi.org/10.1007/s00394-017-1500-5
http://doi.org/10.1038/onc.2010.605
http://doi.org/10.1530/ERC-17-0493
http://doi.org/10.1016/j.urology.2008.06.001
http://doi.org/10.1128/MCB.00192-09
http://www.ncbi.nlm.nih.gov/pubmed/19546236
http://doi.org/10.1159/000337604
http://www.ncbi.nlm.nih.gov/pubmed/22415092
http://www.ncbi.nlm.nih.gov/pubmed/25194078
http://doi.org/10.1038/s41598-017-04951-8
http://doi.org/10.1038/ncomms10230
http://www.ncbi.nlm.nih.gov/pubmed/26756352
http://doi.org/10.1158/0008-5472.CAN-10-3323
http://www.ncbi.nlm.nih.gov/pubmed/21459803
http://doi.org/10.1258/ebm.2012.012131
http://www.ncbi.nlm.nih.gov/pubmed/23038706
http://doi.org/10.1158/0008-5472.CAN-17-0284
http://doi.org/10.1002/pros.21140
http://doi.org/10.1038/s41698-021-00160-9
http://doi.org/10.1038/s41574-018-0126-x
http://doi.org/10.1038/ncomms11674
http://www.ncbi.nlm.nih.gov/pubmed/27241286
http://doi.org/10.1016/j.trecan.2018.03.004
http://doi.org/10.1016/j.tem.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27633129
http://doi.org/10.1126/scitranslmed.3008095


Int. J. Mol. Sci. 2021, 22, 4469 16 of 21

46. Jang, M.; Kim, S.S.; Lee, J. Cancer cell metabolism: Implications for therapeutic targets. Exp. Mol. Med. 2013, 45, e45. [CrossRef]
[PubMed]

47. Mayers, J.R.; Vander Heiden, M.G. Nature and nurture: What determines tumor metabolic phenotypes? Cancer Res. 2017, 77,
3131–3134. [CrossRef]

48. Hu, J.; Locasale, J.W.; Bielas, J.H.; O’sullivan, J.; Sheahan, K.; Cantley, L.C.; Vander Heiden, M.G.; Vitkup, D. Heterogeneity of
tumor-induced gene expression changes in the human metabolic network. Nat. Biotechnol. 2013, 31, 522–529. [CrossRef]

49. Costello, L.C.; Franklin, R.B. The clinical relevance of the metabolism of prostate cancer; zinc and tumor suppression: Connecting
the dots. Mol. Cancer 2006, 5, 1–13.

50. Zadra, G.; Photopoulos, C.; Loda, M. The fat side of prostate cancer. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2013, 1831,
1518–1532. [CrossRef] [PubMed]

51. Massie, C.E.; Lynch, A.; Ramos-Montoya, A.; Boren, J.; Stark, R.; Fazli, L.; Warren, A.; Scott, H.; Madhu, B.; Sharma, N.; et al.
The androgen receptor fuels prostate cancer by regulating central metabolism and biosynthesis. EMBO J. 2011, 30, 2719–2733.
[CrossRef]

52. Dyshlovoy, S.A.; Pelageev, D.N.; Hauschild, J.; Borisova, K.L.; Kaune, M.; Krisp, C.; Venz, S.; Sabutskii, Y.E.; Khmelevskaya, E.A.;
Busenbender, T.; et al. Successful Targeting of the Warburg Effect in Prostate Cancer by Glucose-Conjugated 1,4-Naphthoquinones.
Cancers 2019, 11, 1690. [CrossRef]

53. Kim, J.; DeBerardinis, R.J. Mechanisms and implications of metabolic heterogeneity in cancer. Cell Metab. 2019, 30, 434–446.
[CrossRef]

54. Hensley, C.T.; Faubert, B.; Yuan, Q.; Lev-Cohain, N.; Jin, E.; Kim, J.; Jiang, L.; Ko, B.; Skelton, R.; Loudat, L. Metabolic heterogeneity
in human lung tumors. Cell 2016, 164, 681–694. [CrossRef]

55. Martinez-Outschoorn, U.E.; Lisanti, M.P.; Sotgia, F. Catabolic cancer-associated fibroblasts transfer energy and biomass to anabolic
cancer cells, fueling tumor growth. In Seminars in Cancer Biology; Academic Press: Cambridge, MA, USA, 2014; pp. 47–60.

56. Attané, C.; Estève, D.; Chaoui, K.; Iacovoni, J.S.; Corre, J.; Moutahir, M.; Valet, P.; Schiltz, O.; Reina, N.; Muller, C. Human bone
marrow is comprised of adipocytes with specific lipid metabolism. Cell Rep. 2020, 30, 949–958.e946. [CrossRef] [PubMed]

57. Attané, C.; Muller, C. Drilling for Oil: Tumor-Surrounding Adipocytes Fueling Cancer. Trends Cancer 2020, 6, 593–604. [CrossRef]
[PubMed]

58. Gazi, E.; Gardner, P.; Lockyer, N.P.; Hart, C.A.; Brown, M.D.; Clarke, N.W. Direct evidence of lipid translocation between
adipocytes and prostate cancer cells with imaging FTIR microspectroscopy. J. Lipid Res. 2007, 48, 1846–1856. [CrossRef]

59. Gharpure, K.M.; Pradeep, S.; Sans, M.; Rupaimoole, R.; Ivan, C.; Wu, S.Y.; Bayraktar, E.; Nagaraja, A.S.; Mangala, L.S.; Zhang, X.;
et al. FABP4 as a key determinant of metastatic potential of ovarian cancer. Nat. Commun. 2018, 9, 2923. [CrossRef] [PubMed]

60. Shafat, M.S.; Oellerich, T.; Mohr, S.; Robinson, S.D.; Edwards, D.R.; Marlein, C.R.; Piddock, R.E.; Fenech, M.; Zaitseva, L.;
Abdul-Aziz, A.; et al. Leukemic blasts program bone marrow adipocytes to generate a protumoral microenvironment. Blood 2017,
129, 1320–1332. [CrossRef]

61. Zhu, W.-J.; Shu-di Yang, C.-X.Q.; Zhu, Q.-L.; Chen, W.-L.; Li, F.; Yuan, Z.-Q.; Liu, Y.; You, B.-G.; Zhang, X.-N. Low-density
lipoprotein-coupled micelles with reduction and pH dual sensitivity for intelligent co-delivery of paclitaxel and siRNA to breast
tumor. Int. J. Nanomed. 2017, 12, 3375. [CrossRef]

62. Stoykova, G.E.; Schlaepfer, I.R. Lipid metabolism and endocrine resistance in prostate cancer, and new opportunities for therapy.
Int. J. Mol. Sci. 2019, 20, 2626. [CrossRef]

63. Ray, U.; Roy, S.S. Aberrant lipid metabolism in cancer cells–the role of oncolipid-activated signaling. FEBS J. 2018, 285, 432–443.
[CrossRef] [PubMed]

64. Peck, B.; Schulze, A. Lipid metabolism at the nexus of diet and tumor microenvironment. Trends Cancer 2019, 5, 693–703.
[CrossRef]

65. Palm, W.; Thompson, C.B. Nutrient acquisition strategies of mammalian cells. Nature 2017, 546, 234–242. [CrossRef]
66. Beloribi-Djefaflia, S.; Vasseur, S.; Guillaumond, F. Lipid metabolic reprogramming in cancer cells. Oncogenesis 2016, 5, e189.

[CrossRef]
67. Zaidi, N.; Lupien, L.; Kuemmerle, N.B.; Kinlaw, W.B.; Swinnen, J.V.; Smans, K. Lipogenesis and lipolysis: The pathways exploited

by the cancer cells to acquire fatty acids. Prog. Lipid Res. 2013, 52, 585–589. [CrossRef] [PubMed]
68. Nieman, K.M.; Kenny, H.A.; Penicka, C.V.; Ladanyi, A.; Buell-Gutbrod, R.; Zillhardt, M.R.; Romero, I.L.; Carey, M.S.; Mills, G.B.;

Hotamisligil, G.S. Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nat. Med. 2011, 17,
1498. [CrossRef]

69. Balaban, S.; Nassar, Z.D.; Zhang, A.Y.; Hosseini-Beheshti, E.; Centenera, M.M.; Schreuder, M.; Lin, H.-M.; Aishah, A.; Varney,
B.; Liu-Fu, F. Extracellular fatty acids are the major contributor to lipid synthesis in prostate cancer. Mol. Cancer Res. 2019, 17,
949–962. [CrossRef] [PubMed]

70. Watt, M.J.; Clark, A.K.; Selth, L.A.; Haynes, V.R.; Lister, N.; Rebello, R.; Porter, L.H.; Niranjan, B.; Whitby, S.T.; Lo, J. Suppressing
fatty acid uptake has therapeutic effects in preclinical models of prostate cancer. Sci. Transl. Med. 2019, 11. [CrossRef]

71. Vegiopoulos, A.; Rohm, M.; Herzig, S. Adipose tissue: Between the extremes. EMBO J. 2017, 36, 1999–2017. [CrossRef]
72. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef]
73. Johansen, J.S. Studies on serum YKL-40 as a biomarker in diseases with inflammation, tissue remodelling, fibroses and cancer.

Dan Med. Bull. 2006, 53, 172–209.

http://doi.org/10.1038/emm.2013.85
http://www.ncbi.nlm.nih.gov/pubmed/24091747
http://doi.org/10.1158/0008-5472.CAN-17-0165
http://doi.org/10.1038/nbt.2530
http://doi.org/10.1016/j.bbalip.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23562839
http://doi.org/10.1038/emboj.2011.158
http://doi.org/10.3390/cancers11111690
http://doi.org/10.1016/j.cmet.2019.08.013
http://doi.org/10.1016/j.cell.2015.12.034
http://doi.org/10.1016/j.celrep.2019.12.089
http://www.ncbi.nlm.nih.gov/pubmed/31995765
http://doi.org/10.1016/j.trecan.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/32610069
http://doi.org/10.1194/jlr.M700131-JLR200
http://doi.org/10.1038/s41467-018-04987-y
http://www.ncbi.nlm.nih.gov/pubmed/30050129
http://doi.org/10.1182/blood-2016-08-734798
http://doi.org/10.2147/IJN.S126310
http://doi.org/10.3390/ijms20112626
http://doi.org/10.1111/febs.14281
http://www.ncbi.nlm.nih.gov/pubmed/28971574
http://doi.org/10.1016/j.trecan.2019.09.007
http://doi.org/10.1038/nature22379
http://doi.org/10.1038/oncsis.2015.49
http://doi.org/10.1016/j.plipres.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24001676
http://doi.org/10.1038/nm.2492
http://doi.org/10.1158/1541-7786.MCR-18-0347
http://www.ncbi.nlm.nih.gov/pubmed/30647103
http://doi.org/10.1126/scitranslmed.aau5758
http://doi.org/10.15252/embj.201696206
http://doi.org/10.1038/nature07201


Int. J. Mol. Sci. 2021, 22, 4469 17 of 21

74. Multhoff, G.; Molls, M.; Radons, J. Chronic inflammation in cancer development. Front. Immunol. 2012, 2, 98. [CrossRef]
75. Rocha-Rodrigues, S.; Rodríguez, A.; Gonçalves, I.O.; Moreira, A.; Maciel, E.; Santos, S.; Domingues, M.R.; Frühbeck, G.; Ascensão,

A.; Magalhães, J. Impact of physical exercise on visceral adipose tissue fatty acid profile and inflammation in response to a
high-fat diet regimen. Int. J. Biochem. Cell Biol. 2017, 87, 114–124. [CrossRef]

76. Johnson, A.R.; Justin Milner, J.; Makowski, L. The inflammation highway: Metabolism accelerates inflammatory traffic in obesity.
Immunol. Rev. 2012, 249, 218–238. [CrossRef] [PubMed]

77. Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 is a novel direct target of
HIF-1α, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J. Exp. Med. 2014, 211, 781–790. [CrossRef]
[PubMed]

78. Shirakawa, K.; Yan, X.; Shinmura, K.; Endo, J.; Kataoka, M.; Katsumata, Y.; Yamamoto, T.; Anzai, A.; Isobe, S.; Yoshida, N. Obesity
accelerates T cell senescence in murine visceral adipose tissue. J. Clin. Investig. 2016, 126, 4626–4639. [CrossRef] [PubMed]

79. Kado, T.; Nawaz, A.; Takikawa, A.; Usui, I.; Tobe, K. Linkage of CD8+ T cell exhaustion with high-fat diet-induced tumourigenesis.
Sci. Rep. 2019, 9, 1–8. [CrossRef]

80. Sun, K.; Tordjman, J.; Clément, K.; Scherer, P.E. Fibrosis and adipose tissue dysfunction. Cell Metab. 2013, 18, 470–477. [CrossRef]
[PubMed]

81. de Bono, J.S.; Guo, C.; Gurel, B.; De Marzo, A.M.; Sfanos, K.S.; Mani, R.S.; Gil, J.; Drake, C.G.; Alimonti, A. Prostate carcinogenesis:
Inflammatory storms. Nat. Rev. Cancer 2020, 20, 455–469. [CrossRef]

82. Haka, A.S.; Barbosa-Lorenzi, V.C.; Lee, H.J.; Falcone, D.J.; Hudis, C.A.; Dannenberg, A.J.; Maxfield, F.R. Exocytosis of macrophage
lysosomes leads to digestion of apoptotic adipocytes and foam cell formation. J. Lipid Res. 2016, 57, 980–992. [CrossRef]

83. Subbaramaiah, K.; Howe, L.; Bhardwaj, P.; Du, B.; Gravaghi, C.; Yantiss, R.; Zhou, X.; Blaho, V.; Hla, T.; Yang, P. Obesity is
associated with inflammation and elevated aromatase expression in the mouse mammary gland. Cancer Prev. Res. 2011, 4,
329–346. [CrossRef]

84. Gucalp, A.; Iyengar, N.M.; Zhou, X.K.; Giri, D.D.; Falcone, D.J.; Wang, H.; Williams, S.; Krasne, M.D.; Yaghnam, I.; Kunzel, B.
Periprostatic adipose inflammation is associated with high-grade prostate cancer. Prostate Cancer Prostatic Dis. 2017, 20, 418–423.
[CrossRef] [PubMed]

85. Lumeng, C.N.; DelProposto, J.B.; Westcott, D.J.; Saltiel, A.R. Phenotypic switching of adipose tissue macrophages with obesity is
generated by spatiotemporal differences in macrophage subtypes. Diabetes 2008, 57, 3239–3246. [CrossRef] [PubMed]

86. Lysaght, J.; Van Der Stok, E.; Allott, E.; Casey, R.; Donohoe, C.; Howard, J.; McGarrigle, S.; Ravi, N.; Reynolds, J.; Pidgeon, G.
Pro-inflammatory and tumour proliferative properties of excess visceral adipose tissue. Cancer Lett. 2011, 312, 62–72. [CrossRef]

87. Nishimura, S.; Manabe, I.; Nagasaki, M.; Eto, K.; Yamashita, H.; Ohsugi, M.; Otsu, M.; Hara, K.; Ueki, K.; Sugiura, S.; et al. CD8+
effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat. Med. 2009, 15, 914–920.
[CrossRef]

88. Mangiola, S.; Stuchbery, R.; McCoy, P.; Chow, K.; Kurganovs, N.; Kerger, M.; Papenfuss, A.; Hovens, C.M.; Corcoran, N.M.
Androgen deprivation therapy promotes an obesity-like microenvironment in periprostatic fat. Endocr. Connect. 2019, 8, 547.
[CrossRef]

89. Chang, M.; Patel, V.; Gwede, M.; Morgado, M.; Tomasevich, K.; Fong, E.; Farach-Carson, M.; Delk, N.A. IL-1β induces
p62/SQSTM1 and represses Androgen Receptor expression in prostate cancer cells. J. Cell. Biochem. 2014, 115, 2188–2197.
[CrossRef] [PubMed]

90. Giri, D.; Ozen, M.; Ittmann, M. Interleukin-6 is an autocrine growth factor in human prostate cancer. Am. J. Pathol. 2001, 159,
2159–2165. [CrossRef]

91. Liu, L.; Li, E.; Luo, L.; Zhao, S.; Li, F.; Wang, J.; Luo, J.; Zhao, Z. PSCA regulates IL-6 expression through p38/NF-κB signaling in
prostate cancer. Prostate 2017, 77, 1389–1400. [CrossRef]

92. Finley, D.S.; Calvert, V.S.; Inokuchi, J.; Lau, A.; Narula, N.; Petricoin, E.F.; Zaldivar, F.; Santos, R.; Tyson, D.R.; Ornstein, D.K.
Periprostatic adipose tissue as a modulator of prostate cancer aggressiveness. J. Urol. 2009, 182, 1621–1627. [CrossRef]

93. Liu, G.; Zhang, J.; Frey, L.; Gang, X.; Wu, K.; Liu, Q.; Lilly, M.; Wu, J. Prostate-specific IL-6 transgene autonomously induce
prostate neoplasm through amplifying inflammation in the prostate and peri-prostatic adipose tissue. J. Hematol. Oncol. 2017, 10,
1–10. [CrossRef]

94. Sacca, P.A.; Mazza, O.N.; Scorticati, C.; Vitagliano, G.; Casas, G.; Calvo, J.C. Human Periprostatic Adipose Tissue: Secretome from
Patients with Prostate Cancer or Benign Prostate Hyperplasia. Cancer Genom. Proteom. 2019, 16, 29–58. [CrossRef] [PubMed]

95. Angel, C.Z.; Iguacel, I.; Mullee, A.; Guha, N.; Wasson, R.; McKenna, D.J.; Gunter, M.J.; Smelov, V.; Huybrechts, I. Appetite-
regulating hormones-leptin, adiponectin and ghrelin-and the development of prostate cancer: A systematic review and ex-
ploratory meta-analysis. Prostate Cancer Prostatic Dis. 2020, 23, 11–23. [CrossRef]

96. Estève, D.; Roumiguié, M.; Manceau, C.; Milhas, D.; Muller, C. Periprostatic adipose tissue: A heavy player in prostate cancer
progression. Curr. Opin. Endocr. Metab. Res. 2020, 10, 29–35. [CrossRef]

97. Payne, H.; Mason, M. Androgen deprivation therapy as adjuvant/neoadjuvant to radiotherapy for high-risk localised and locally
advanced prostate cancer: Recent developments. Br. J. Cancer 2011, 105, 1628–1634. [CrossRef]

98. Baracos, V.E.; Martin, L.; Korc, M.; Guttridge, D.C.; Fearon, K.C.H. Cancer-associated cachexia. Nat. Rev. Dis. Primers 2018, 4,
17105. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2011.00098
http://doi.org/10.1016/j.biocel.2017.04.008
http://doi.org/10.1111/j.1600-065X.2012.01151.x
http://www.ncbi.nlm.nih.gov/pubmed/22889225
http://doi.org/10.1084/jem.20131916
http://www.ncbi.nlm.nih.gov/pubmed/24778419
http://doi.org/10.1172/JCI88606
http://www.ncbi.nlm.nih.gov/pubmed/27820698
http://doi.org/10.1038/s41598-019-48678-0
http://doi.org/10.1016/j.cmet.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23954640
http://doi.org/10.1038/s41568-020-0267-9
http://doi.org/10.1194/jlr.M064089
http://doi.org/10.1158/1940-6207.CAPR-10-0381
http://doi.org/10.1038/pcan.2017.31
http://www.ncbi.nlm.nih.gov/pubmed/28653675
http://doi.org/10.2337/db08-0872
http://www.ncbi.nlm.nih.gov/pubmed/18829989
http://doi.org/10.1016/j.canlet.2011.07.034
http://doi.org/10.1038/nm.1964
http://doi.org/10.1530/EC-19-0029
http://doi.org/10.1002/jcb.24897
http://www.ncbi.nlm.nih.gov/pubmed/25103771
http://doi.org/10.1016/S0002-9440(10)63067-2
http://doi.org/10.1002/pros.23399
http://doi.org/10.1016/j.juro.2009.06.015
http://doi.org/10.1186/s13045-016-0386-7
http://doi.org/10.21873/cgp.20110
http://www.ncbi.nlm.nih.gov/pubmed/30587498
http://doi.org/10.1038/s41391-019-0154-1
http://doi.org/10.1016/j.coemr.2020.02.007
http://doi.org/10.1038/bjc.2011.385
http://doi.org/10.1038/nrdp.2017.105
http://www.ncbi.nlm.nih.gov/pubmed/29345251


Int. J. Mol. Sci. 2021, 22, 4469 18 of 21

99. Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.;
et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489–495. [CrossRef]

100. Pressoir, M.; Desné, S.; Berchery, D.; Rossignol, G.; Poiree, B.; Meslier, M.; Traversier, S.; Vittot, M.; Simon, M.; Gekiere, J.P.; et al.
Prevalence, risk factors and clinical implications of malnutrition in French Comprehensive Cancer Centres. Br. J. Cancer 2010, 102,
966–971. [CrossRef] [PubMed]

101. Hébuterne, X.; Lemarié, E.; Michallet, M.; de Montreuil, C.B.; Schneider, S.M.; Goldwasser, F. Prevalence of malnutrition and
current use of nutrition support in patients with cancer. JPEN J. Parenter Enter. Nutr. 2014, 38, 196–204. [CrossRef]

102. Blum, D.; Stene, G.B.; Solheim, T.S.; Fayers, P.; Hjermstad, M.J.; Baracos, V.E.; Fearon, K.; Strasser, F.; Kaasa, S. Validation of the
Consensus-Definition for Cancer Cachexia and evaluation of a classification model—A study based on data from an international
multicentre project (EPCRC-CSA). Ann. Oncol. 2014, 25, 1635–1642. [CrossRef] [PubMed]

103. Baracos, V.E.; Arribas, L. Sarcopenic obesity: Hidden muscle wasting and its impact for survival and complications of cancer
therapy. Ann. Oncol. 2018, 29, ii1–ii9. [CrossRef]

104. Martin, L.; Birdsell, L.; Macdonald, N.; Reiman, T.; Clandinin, M.T.; McCargar, L.J.; Murphy, R.; Ghosh, S.; Sawyer, M.B.; Baracos,
V.E. Cancer cachexia in the age of obesity: Skeletal muscle depletion is a powerful prognostic factor, independent of body mass
index. J. Clin. Oncol. 2013, 31, 1539–1547. [CrossRef]

105. Ikeda, T.; Ishihara, H.; Iizuka, J.; Hashimoto, Y.; Yoshida, K.; Kakuta, Y.; Takagi, T.; Okumi, M.; Ishida, H.; Kondo, T.; et al.
Prognostic impact of sarcopenia in patients with metastatic hormone-sensitive prostate cancer. Jpn. J. Clin. Oncol. 2020, 50,
933–939. [CrossRef]

106. Molocea, C.E.; Tsokanos, F.F.; Herzig, S. Exploiting common aspects of obesity and cancer cachexia for future therapeutic
strategies. Curr. Opin. Pharm. 2020, 53, 101–116. [CrossRef] [PubMed]

107. Kimura, Y.; Yamada, M.; Ohji, S.; Ishiyama, D.; Nishio, N.; Otobe, Y.; Koyama, S.; Suzuki, M.; Ichikawa, T.; Ito, D.; et al. Presence
of sarcopenic obesity and evaluation of the associated muscle quality in Japanese older men with prostate cancer undergoing
androgen deprivation therapy. J. Geriatr. Oncol. 2019, 10, 835–838. [CrossRef]

108. Owen, P.J.; Daly, R.M.; Dalla Via, J.; Mundell, N.L.; Livingston, P.M.; Rantalainen, T.; Fraser, S.F. The clinical relevance of adiposity
when assessing muscle health in men treated with androgen deprivation for prostate cancer. J. Cachexia Sarcopenia Muscle 2019,
10, 1036–1044. [CrossRef]

109. Argilés, J.M.; Stemmler, B.; López-Soriano, F.J.; Busquets, S. Inter-tissue communication in cancer cachexia. Nat. Rev. Endocrinol.
2018, 15, 9–20. [CrossRef]

110. Patel, D.I.; Abuchowski, K.; Sheikh, B.; Rivas, P.; Musi, N.; Kumar, A.P. Exercise preserves muscle mass and force in a prostate
cancer mouse model. Eur. J. Transl. Myol. 2019, 29, 8520. [CrossRef] [PubMed]

111. Bowen, T.S.; Schuler, G.; Adams, V. Skeletal muscle wasting in cachexia and sarcopenia: Molecular pathophysiology and impact
of exercise training. J. Cachexia Sarcopenia Muscle 2015, 6, 197–207. [CrossRef]

112. Penna, F.; Ballarò, R.; Beltrà, M.; De Lucia, S.; García Castillo, L.; Costelli, P. The Skeletal Muscle as an Active Player Against
Cancer Cachexia. Front. Physiol. 2019, 10, 41. [CrossRef]

113. Way, K.L.; Hackett, D.A.; Baker, M.K.; Johnson, N.A. The Effect of Regular Exercise on Insulin Sensitivity in Type 2 Diabetes
Mellitus: A Systematic Review and Meta-Analysis. Diabetes Metab. J. 2016, 40, 253–271. [CrossRef]

114. García-Hermoso, A.; Ramírez-Vélez, R.; Ramírez-Campillo, R.; Peterson, M.D.; Martínez-Vizcaíno, V. Concurrent aerobic plus
resistance exercise versus aerobic exercise alone to improve health outcomes in paediatric obesity: A systematic review and
meta-analysis. Br. J. Sports Med. 2018, 52, 161–166. [CrossRef] [PubMed]

115. Giles, E.D.; Steig, A.J.; Jackman, M.R.; Higgins, J.A.; Johnson, G.C.; Lindstrom, R.C.; MacLean, P.S. Exercise Decreases Lipogenic
Gene Expression in Adipose Tissue and Alters Adipocyte Cellularity during Weight Regain after Weight Loss. Front. Physiol.
2016, 7, 32. [CrossRef] [PubMed]

116. Seaborne, R.A.; Strauss, J.; Cocks, M.; Shepherd, S.; O’Brien, T.D.; van Someren, K.A.; Bell, P.G.; Murgatroyd, C.; Morton, J.P.;
Stewart, C.E.; et al. Human Skeletal Muscle Possesses an Epigenetic Memory of Hypertrophy. Sci. Rep. 2018, 8, 1898. [CrossRef]

117. McGee, S.L.; Walder, K.R. Exercise and the Skeletal Muscle Epigenome. Cold Spring Harb. Perspect. Med. 2017, 7, a029876.
[CrossRef] [PubMed]

118. Strasser, B.; Pesta, D. Resistance training for diabetes prevention and therapy: Experimental findings and molecular mechanisms.
Biomed Res. Int. 2013, 2013, 805217. [CrossRef]

119. Saeidifard, F.; Medina-Inojosa, J.R.; West, C.P.; Olson, T.P.; Somers, V.K.; Bonikowske, A.R.; Prokop, L.J.; Vinciguerra, M.;
Lopez-Jimenez, F. The association of resistance training with mortality: A systematic review and meta-analysis. Eur. J. Prev.
Cardiol. 2019, 26, 1647–1665. [CrossRef] [PubMed]

120. Hunter, G.R.; McCarthy, J.P.; Bamman, M.M. Effects of resistance training on older adults. Sports Med. 2004, 34, 329–348.
[CrossRef] [PubMed]

121. Liguori, G. ACSM’s Guidelines for Exercise Testing and Prescription; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2020.
122. Kim, D.Y.; Kim, J.H.; Park, S.W. Aerobic capacity correlates with health-related quality of life after breast cancer surgery. Eur. J.

Cancer Care 2019, 28, e13050. [CrossRef]
123. Lee, D.C.; Artero, E.G.; Sui, X.; Blair, S.N. Mortality trends in the general population: The importance of cardiorespiratory fitness.

J. Psychopharmacol. 2010, 24, 27–35. [CrossRef]

http://doi.org/10.1016/S1470-2045(10)70218-7
http://doi.org/10.1038/sj.bjc.6605578
http://www.ncbi.nlm.nih.gov/pubmed/20160725
http://doi.org/10.1177/0148607113502674
http://doi.org/10.1093/annonc/mdu086
http://www.ncbi.nlm.nih.gov/pubmed/24562443
http://doi.org/10.1093/annonc/mdx810
http://doi.org/10.1200/JCO.2012.45.2722
http://doi.org/10.1093/jjco/hyaa045
http://doi.org/10.1016/j.coph.2020.07.006
http://www.ncbi.nlm.nih.gov/pubmed/32871469
http://doi.org/10.1016/j.jgo.2019.03.017
http://doi.org/10.1002/jcsm.12446
http://doi.org/10.1038/s41574-018-0123-0
http://doi.org/10.4081/ejtm.2019.8520
http://www.ncbi.nlm.nih.gov/pubmed/31908747
http://doi.org/10.1002/jcsm.12043
http://doi.org/10.3389/fphys.2019.00041
http://doi.org/10.4093/dmj.2016.40.4.253
http://doi.org/10.1136/bjsports-2016-096605
http://www.ncbi.nlm.nih.gov/pubmed/27986760
http://doi.org/10.3389/fphys.2016.00032
http://www.ncbi.nlm.nih.gov/pubmed/26903882
http://doi.org/10.1038/s41598-018-20287-3
http://doi.org/10.1101/cshperspect.a029876
http://www.ncbi.nlm.nih.gov/pubmed/28320830
http://doi.org/10.1155/2013/805217
http://doi.org/10.1177/2047487319850718
http://www.ncbi.nlm.nih.gov/pubmed/31104484
http://doi.org/10.2165/00007256-200434050-00005
http://www.ncbi.nlm.nih.gov/pubmed/15107011
http://doi.org/10.1111/ecc.13050
http://doi.org/10.1177/1359786810382057


Int. J. Mol. Sci. 2021, 22, 4469 19 of 21

124. Koh, A.S.; Gao, F.; Tan, R.S.; Zhong, L.; Leng, S.; Zhao, X.; Fridianto, K.T.; Ching, J.; Lee, S.Y.; Keng, B.M.H.; et al. Metabolomic
correlates of aerobic capacity among elderly adults. Clin. Cardiol. 2018, 41, 1300–1307. [CrossRef]

125. Bouaziz, W.; Schmitt, E.; Kaltenbach, G.; Geny, B.; Vogel, T. Health benefits of endurance training alone or combined with diet for
obese patients over 60: A review. Int. J. Clin. Pract. 2015, 69, 1032–1049. [CrossRef] [PubMed]

126. Friedenreich, C.M.; Wang, Q.; Neilson, H.K.; Kopciuk, K.A.; McGregor, S.E.; Courneya, K.S. Physical Activity and Survival After
Prostate Cancer. Eur. Urol. 2016, 70, 576–585. [CrossRef] [PubMed]

127. Johnsen, N.F.; Tjønneland, A.; Thomsen, B.L.; Christensen, J.; Loft, S.; Friedenreich, C.; Key, T.J.; Allen, N.E.; Lahmann, P.H.;
Mejlvig, L.; et al. Physical activity and risk of prostate cancer in the European Prospective Investigation into Cancer and Nutrition
(EPIC) cohort. Int. J. Cancer 2009, 125, 902–908. [CrossRef]

128. Nilsen, T.I.; Romundstad, P.R.; Vatten, L.J. Recreational physical activity and risk of prostate cancer: A prospective population-
based study in Norway (the HUNT study). Int. J. Cancer 2006, 119, 2943–2947. [CrossRef] [PubMed]

129. McTiernan, A.; Friedenreich, C.M.; Katzmarzyk, P.T.; Powell, K.E.; Macko, R.; Buchner, D.; Pescatello, L.S.; Bloodgood, B.; Tennant,
B.; Vaux-Bjerke, A.; et al. Physical Activity in Cancer Prevention and Survival: A Systematic Review. Med. Sci. Sports Exerc. 2019,
51, 1252–1261. [CrossRef]

130. Liu, Y.; Hu, F.; Li, D.; Wang, F.; Zhu, L.; Chen, W.; Ge, J.; An, R.; Zhao, Y. Does physical activity reduce the risk of prostate cancer?
A systematic review and meta-analysis. Eur. Urol. 2011, 60, 1029–1044. [CrossRef]

131. Kenfield, S.A.; Stampfer, M.J.; Giovannucci, E.; Chan, J.M. Physical activity and survival after prostate cancer diagnosis in the
health professionals follow-up study. J. Clin. Oncol. 2011, 29, 726–732. [CrossRef]

132. Richman, E.L.; Kenfield, S.A.; Stampfer, M.J.; Paciorek, A.; Carroll, P.R.; Chan, J.M. Physical activity after diagnosis and risk
of prostate cancer progression: Data from the cancer of the prostate strategic urologic research endeavor. Cancer Res. 2011, 71,
3889–3895. [CrossRef]

133. Benke, I.N.; Leitzmann, M.F.; Behrens, G.; Schmid, D. Physical activity in relation to risk of prostate cancer: A systematic review
and meta-analysis. Ann. Oncol. 2018, 29, 1154–1179. [CrossRef]

134. Owen, P.J.; Daly, R.M.; Livingston, P.M.; Mundell, N.L.; Dalla Via, J.; Millar, J.L.; Fraser, S.F. Efficacy of a multi-component exercise
programme and nutritional supplementation on musculoskeletal health in men treated with androgen deprivation therapy for
prostate cancer (IMPACT): Study protocol of a randomised controlled trial. Trials 2017, 18, 451. [CrossRef]

135. Nitert, M.D.; Dayeh, T.; Volkov, P.; Elgzyri, T.; Hall, E.; Nilsson, E.; Yang, B.T.; Lang, S.; Parikh, H.; Wessman, Y. Impact of an
exercise intervention on DNA methylation in skeletal muscle from first-degree relatives of patients with type 2 diabetes. Diabetes
2012, 61, 3322–3332. [CrossRef] [PubMed]

136. Widmann, M.; Nieß, A.M.; Munz, B. Physical exercise and epigenetic modifications in skeletal muscle. Sports Med. 2019, 49,
509–523. [CrossRef] [PubMed]

137. Neil-Sztramko, S.E.; Medysky, M.E.; Campbell, K.L.; Bland, K.A.; Winters-Stone, K.M. Attention to the principles of exercise
training in exercise studies on prostate cancer survivors: A systematic review. BMC Cancer 2019, 19, 321. [CrossRef]

138. Westcott, W.L. Resistance training is medicine: Effects of strength training on health. Curr. Sports Med. Rep. 2012, 11, 209–216.
[CrossRef]

139. Jaque, C.; Véliz, P.; Ramirez-Campillo, R.; Moran, J.; Gentil, P.; Cancino, J. High-Speed Bodyweight Resistance Training Improves
Functional Performance Through Maximal Velocity in Older Females. J. Aging Phys. Act. 2020, 1–11. [CrossRef]

140. Kraemer, W.J.; Ratamess, N.A.; French, D.N. Resistance training for health and performance. Curr. Sports Med. Rep. 2002, 1,
165–171. [CrossRef] [PubMed]

141. Bull, F.C.; Al-Ansari, S.S.; Biddle, S.; Borodulin, K.; Buman, M.P.; Cardon, G.; Carty, C.; Chaput, J.P.; Chastin, S.; Chou, R.; et al.
World Health Organization 2020 guidelines on physical activity and sedentary behaviour. Br. J. Sports Med. 2020, 54, 1451–1462.
[CrossRef] [PubMed]

142. Keilani, M.; Hasenoehrl, T.; Baumann, L.; Ristl, R.; Schwarz, M.; Marhold, M.; Sedghi Komandj, T.; Crevenna, R. Effects of
resistance exercise in prostate cancer patients: A meta-analysis. Support. Care Cancer 2017, 25, 2953–2968. [CrossRef]

143. Kostek, M.; Hubal, M.J.; Pescatello, L.S. The role of genetic variation in muscle strength. Am. J. Lifestyle Med. 2011, 5, 156–170.
[CrossRef]

144. Suchomel, T.J.; Nimphius, S.; Bellon, C.R.; Stone, M.H. The importance of muscular strength: Training considerations. Sports Med.
2018, 48, 765–785. [CrossRef] [PubMed]

145. Schoenfeld, B.J. The mechanisms of muscle hypertrophy and their application to resistance training. J. Strength Cond. Res. 2010,
24, 2857–2872. [CrossRef] [PubMed]

146. Sadusky, T.J.; Kemp, T.J.; Simon, M.; Carey, N.; Coulton, G.R. Identification of Serhl, a new member of the serine hydrolase family
induced by passive stretch of skeletal muscle in vivo. Genomics 2001, 73, 38–49. [CrossRef]

147. Toigo, M.; Boutellier, U. New fundamental resistance exercise determinants of molecular and cellular muscle adaptations. Eur. J.
Appl. Physiol. 2006, 97, 643–663. [CrossRef] [PubMed]

148. Vierck, J.; O’Reilly, B.; Hossner, K.; Antonio, J.; Byrne, K.; Bucci, L.; Dodson, M. Satellite cell regulation following myotrauma
caused by resistance exercise. Cell Biol. Int. 2000, 24, 263–272. [CrossRef] [PubMed]

149. Goto, K.; Ishii, N.; Kizuka, T.; Takamatsu, K. The impact of metabolic stress on hormonal responses and muscular adaptations.
Med. Sci. Sports Exerc. 2005, 37, 955–963.

http://doi.org/10.1002/clc.23016
http://doi.org/10.1111/ijcp.12648
http://www.ncbi.nlm.nih.gov/pubmed/25963846
http://doi.org/10.1016/j.eururo.2015.12.032
http://www.ncbi.nlm.nih.gov/pubmed/26774959
http://doi.org/10.1002/ijc.24326
http://doi.org/10.1002/ijc.22184
http://www.ncbi.nlm.nih.gov/pubmed/17019717
http://doi.org/10.1249/MSS.0000000000001937
http://doi.org/10.1016/j.eururo.2011.07.007
http://doi.org/10.1200/JCO.2010.31.5226
http://doi.org/10.1158/0008-5472.CAN-10-3932
http://doi.org/10.1093/annonc/mdy073
http://doi.org/10.1186/s13063-017-2185-z
http://doi.org/10.2337/db11-1653
http://www.ncbi.nlm.nih.gov/pubmed/23028138
http://doi.org/10.1007/s40279-019-01070-4
http://www.ncbi.nlm.nih.gov/pubmed/30778851
http://doi.org/10.1186/s12885-019-5520-9
http://doi.org/10.1249/JSR.0b013e31825dabb8
http://doi.org/10.1123/japa.2020-0129
http://doi.org/10.1249/00149619-200206000-00007
http://www.ncbi.nlm.nih.gov/pubmed/12831709
http://doi.org/10.1136/bjsports-2020-102955
http://www.ncbi.nlm.nih.gov/pubmed/33239350
http://doi.org/10.1007/s00520-017-3771-z
http://doi.org/10.1177/1559827610387251
http://doi.org/10.1007/s40279-018-0862-z
http://www.ncbi.nlm.nih.gov/pubmed/29372481
http://doi.org/10.1519/JSC.0b013e3181e840f3
http://www.ncbi.nlm.nih.gov/pubmed/20847704
http://doi.org/10.1006/geno.2000.6483
http://doi.org/10.1007/s00421-006-0238-1
http://www.ncbi.nlm.nih.gov/pubmed/16845551
http://doi.org/10.1006/cbir.2000.0499
http://www.ncbi.nlm.nih.gov/pubmed/10805959


Int. J. Mol. Sci. 2021, 22, 4469 20 of 21

150. Paul, P.; Chakraborty, A.; Sarkar, D.; Langthasa, M.; Rahman, M.; Bari, M.; Singha, R.S.; Malakar, A.K.; Chakraborty, S. Interplay
between miRNAs and human diseases. J. Cell. Physiol. 2018, 233, 2007–2018. [CrossRef]

151. Barrón-Cabrera, E.; Ramos-Lopez, O.; González-Becerra, K.; Riezu-Boj, J.I.; Milagro, F.I.; Martínez-López, E.; Martínez, J.A.
Epigenetic modifications as outcomes of exercise interventions related to specific metabolic alterations: A systematic review.
Lifestyle Genom. 2019, 12, 25–44. [CrossRef]

152. Shahinian, V.B.; Kuo, Y.F.; Freeman, J.L.; Goodwin, J.S. Risk of fracture after androgen deprivation for prostate cancer. N. Engl. J.
Med. 2005, 352, 154–164. [CrossRef]

153. Mayer, F.; Scharhag-Rosenberger, F.; Carlsohn, A.; Cassel, M.; Müller, S.; Scharhag, J. The intensity and effects of strength training
in the elderly. Dtsch. Arztebl. Int. 2011, 108, 359–364. [CrossRef]

154. Galvao, D.A.; Nosaka, K.; Taaffe, D.R.; Spry, N.; Kristjanson, L.J.; McGuigan, M.R.; Suzuki, K.; Yamaya, K.; Newton, R.U.
Resistance training and reduction of treatment side effects in prostate cancer patients. Med. Sci. Sports Exerc. 2006, 38, 2045–2052.
[CrossRef] [PubMed]

155. Nilsen, T.S.; Raastad, T.; Skovlund, E.; Courneya, K.S.; Langberg, C.W.; Lilleby, W.; Fosså, S.D.; Thorsen, L. Effects of strength
training on body composition, physical functioning, and quality of life in prostate cancer patients during androgen deprivation
therapy. Acta Oncol. 2015, 54, 1805–1813. [CrossRef]

156. Bourke, L.; Smith, D.; Steed, L.; Hooper, R.; Carter, A.; Catto, J.; Albertsen, P.C.; Tombal, B.; Payne, H.A.; Rosario, D.J. Exercise for
Men with Prostate Cancer: A Systematic Review and Meta-analysis. Eur. Urol. 2016, 69, 693–703. [CrossRef]

157. Schlüter, K.; Schneider, J.; Sprave, T.; Wiskemann, J.; Rosenberger, F. Feasibility of Two High-Intensity Interval Training Protocols
in Cancer Survivors. Med. Sci. Sports Exerc. 2019, 51, 2443–2450. [CrossRef]

158. Weston, K.S.; Wisløff, U.; Coombes, J.S. High-intensity interval training in patients with lifestyle-induced cardiometabolic disease:
A systematic review and meta-analysis. Br. J. Sports Med. 2014, 48, 1227–1234. [CrossRef]

159. Piraux, E.; Caty, G.; Renard, L.; Vancraeynest, D.; Tombal, B.; Geets, X.; Reychler, G. Effects of high-intensity interval training
compared with resistance training in prostate cancer patients undergoing radiotherapy: A randomized controlled trial. Prostate
Cancer Prostatic Dis. 2021, 24, 156–165. [CrossRef] [PubMed]

160. Gonzalez, M.C.; Heymsfield, S.B. Bioelectrical Impedance Analysis for Diagnosing Sarcopenia and Cachexia: What Are We Really
Estimating? Wiley Online Library: Hoboken, NJ, USA, 2017.

161. Rier, H.N.; Jager, A.; Sleijfer, S.; Maier, A.B.; Levin, M.D. The Prevalence and Prognostic Value of Low Muscle Mass in Cancer
Patients: A Review of the Literature. Oncologist 2016, 21, 1396–1409. [CrossRef] [PubMed]

162. Antonelli, J.; Freedland, S.J.; Jones, L.W. Exercise therapy across the prostate cancer continuum. Prostate Cancer Prostatic Dis. 2009,
12, 110–115. [CrossRef]

163. Zwick, R.K.; Guerrero-Juarez, C.F.; Horsley, V.; Plikus, M.V. Anatomical, physiological, and functional diversity of adipose tissue.
Cell Metab. 2018, 27, 68–83. [CrossRef]

164. Miljkovic, I.; Zmuda, J.M. Epidemiology of myosteatosis. Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 260. [CrossRef]
165. Yamashita, S.; Iwahashi, Y.; Miyai, H.; Iguchi, T.; Koike, H.; Nishizawa, S.; Matsumura, N.; Hagino, K.; Kikkawa, K.; Kohjimoto, Y.

Myosteatosis as a novel prognostic biomarker after radical cystectomy for bladder cancer. Sci. Rep. 2020, 10, 1–8. [CrossRef]
166. Rodrigues, C.S.; Chaves, G.V. Skeletal muscle quality beyond average muscle attenuation: A proposal of skeletal muscle

phenotypes to predict short-term survival in patients with endometrial cancer. J. Natl. Compr. Cancer Netw. 2018, 16, 153–160.
[CrossRef] [PubMed]

167. Ariën, F.; Baitar, A.; Perkisas, S.; Vandewoude, M.; De Cock, A.-M. The association between muscle mass and the degree of
myosteatosis of the psoas muscle and mortality in older patients with cancer. J. Geriatr. Oncol. 2020, 12, 85–90. [CrossRef]

168. Weinberg, M.S.; Shachar, S.S.; Muss, H.B.; Deal, A.M.; Popuri, K.; Yu, H.; Nyrop, K.A.; Alston, S.M.; Williams, G.R. Beyond
sarcopenia: Characterization and integration of skeletal muscle quantity and radiodensity in a curable breast cancer population.
Breast J. 2018, 24, 278–284. [CrossRef] [PubMed]

169. Aleixo, G.; Shachar, S.; Nyrop, K.; Muss, H.; Malpica, L.; Williams, G. Myosteatosis and prognosis in cancer: Systematic review
and meta-analysis. Crit. Rev. Oncol. Hematol. 2020, 145, 102839. [CrossRef]

170. Goodpaster, B.H.; Thaete, F.L.; Simoneau, J.-A.; Kelley, D.E. Subcutaneous abdominal fat and thigh muscle composition predict
insulin sensitivity independently of visceral fat. Diabetes 1997, 46, 1579–1585. [CrossRef] [PubMed]

171. Ji, L.L. Modulation of skeletal muscle antioxidant defense by exercise: Role of redox signaling. Free Radic. Biol. Med. 2008, 44,
142–152. [CrossRef] [PubMed]

172. Jones, L.W.; Antonelli, J.; Masko, E.M.; Broadwater, G.; Lascola, C.D.; Fels, D.; Dewhirst, M.W.; Dyck, J.R.; Nagendran, J.; Flores,
C.T.; et al. Exercise modulation of the host-tumor interaction in an orthotopic model of murine prostate cancer. J. Appl. Physiol.
2012, 113, 263–272. [CrossRef]

173. Leung, P.S.; Aronson, W.J.; Ngo, T.H.; Golding, L.A.; Barnard, R.J. Exercise alters the IGF axis in vivo and increases p53 protein in
prostate tumor cells in vitro. J. Appl. Physiol. 2004, 96, 450–454. [CrossRef]

174. Potter, M.; Freedland, S.; Poulton, S.; Dewhirst, M.; Jones, L. Effects of voluntary wheel running on prostate cancer growth and
progression in LAPC-4 xenografts. In Proceedings of the AACR Annual Meeting, San Diego, CA, USA, 12–16 April 2008.

175. Peñailillo, L.; Blazevich, A.J.; Nosaka, K. Factors contributing to lower metabolic demand of eccentric compared with concentric
cycling. J. Appl. Physiol. 2017, 123, 884–893. [CrossRef] [PubMed]

http://doi.org/10.1002/jcp.25854
http://doi.org/10.1159/000503289
http://doi.org/10.1056/NEJMoa041943
http://doi.org/10.3238/arztebl.2011.0359
http://doi.org/10.1249/01.mss.0000233803.48691.8b
http://www.ncbi.nlm.nih.gov/pubmed/17146309
http://doi.org/10.3109/0284186X.2015.1037008
http://doi.org/10.1016/j.eururo.2015.10.047
http://doi.org/10.1249/MSS.0000000000002081
http://doi.org/10.1136/bjsports-2013-092576
http://doi.org/10.1038/s41391-020-0259-6
http://www.ncbi.nlm.nih.gov/pubmed/32719354
http://doi.org/10.1634/theoncologist.2016-0066
http://www.ncbi.nlm.nih.gov/pubmed/27412391
http://doi.org/10.1038/pcan.2009.4
http://doi.org/10.1016/j.cmet.2017.12.002
http://doi.org/10.1097/MCO.0b013e328337d826
http://doi.org/10.1038/s41598-020-79340-9
http://doi.org/10.6004/jnccn.2017.7028
http://www.ncbi.nlm.nih.gov/pubmed/29439176
http://doi.org/10.1016/j.jgo.2020.06.024
http://doi.org/10.1111/tbj.12952
http://www.ncbi.nlm.nih.gov/pubmed/29139618
http://doi.org/10.1016/j.critrevonc.2019.102839
http://doi.org/10.2337/diacare.46.10.1579
http://www.ncbi.nlm.nih.gov/pubmed/9313753
http://doi.org/10.1016/j.freeradbiomed.2007.02.031
http://www.ncbi.nlm.nih.gov/pubmed/18191750
http://doi.org/10.1152/japplphysiol.01575.2011
http://doi.org/10.1152/japplphysiol.00871.2003
http://doi.org/10.1152/japplphysiol.00536.2016
http://www.ncbi.nlm.nih.gov/pubmed/28663378


Int. J. Mol. Sci. 2021, 22, 4469 21 of 21

176. Mitchell, W.K.; Taivassalo, T.; Narici, M.V.; Franchi, M.V. Eccentric exercise and the critically ill patient. Front. Physiol. 2017, 8, 120.
[CrossRef]

177. Rehm, K.; Sunesara, I.; Marshall, G.D. Increased Circulating Anti-inflammatory Cells in Marathon-trained Runners. Int. J. Sports
Med. 2015, 36, 832–836. [CrossRef]

178. Handzlik, M.K.; Shaw, A.J.; Dungey, M.; Bishop, N.C.; Gleeson, M. The influence of exercise training status on antigen-stimulated
IL-10 production in whole blood culture and numbers of circulating regulatory T cells. Eur. J. Appl. Physiol. 2013, 113, 1839–1848.
[CrossRef] [PubMed]

179. Champ, C.E.; Francis, L.; Klement, R.J.; Dickerman, R.; Smith, R.P. Fortifying the Treatment of Prostate Cancer with Physical
Activity. Prostate Cancer 2016, 2016, 9462975. [CrossRef] [PubMed]

180. Rodríguez, A.; Becerril, S.; Ezquerro, S.; Méndez-Giménez, L.; Frühbeck, G. Crosstalk between adipokines and myokines in fat
browning. Acta Physiol. 2017, 219, 362–381. [CrossRef]

181. Roca-Rivada, A.; Castelao, C.; Senin, L.L.; Landrove, M.O.; Baltar, J.; Belén Crujeiras, A.; Seoane, L.M.; Casanueva, F.F.; Pardo, M.
FNDC5/irisin is not only a myokine but also an adipokine. PLoS ONE 2013, 8, e60563. [CrossRef] [PubMed]

182. Knudsen, J.G.; Bertholdt, L.; Joensen, E.; Lassen, S.B.; Hidalgo, J.; Pilegaard, H. Skeletal muscle interleukin-6 regulates metabolic
factors in iWAT during HFD and exercise training. Obes. (Silver Spring) 2015, 23, 1616–1624. [CrossRef]

183. Bijland, S.; Mancini, S.J.; Salt, I.P. Role of AMP-activated protein kinase in adipose tissue metabolism and inflammation. Clin. Sci.
2013, 124, 491–507. [CrossRef]

184. Ruderman, N.B.; Keller, C.; Richard, A.M.; Saha, A.K.; Luo, Z.; Xiang, X.; Giralt, M.; Ritov, V.B.; Menshikova, E.V.; Kelley, D.E.;
et al. Interleukin-6 regulation of AMP-activated protein kinase. Potential role in the systemic response to exercise and prevention
of the metabolic syndrome. Diabetes 2006, 55 (Suppl. S2), S48–S54. [CrossRef]

185. Horowitz, J.F. Fatty acid mobilization from adipose tissue during exercise. Trends Endocrinol. Metab. TEM 2003, 14, 386–392.
[CrossRef]

186. Chhipa, R.R.; Wu, Y.; Ip, C. AMPK-mediated autophagy is a survival mechanism in androgen-dependent prostate cancer cells
subjected to androgen deprivation and hypoxia. Cell Signal. 2011, 23, 1466–1472. [CrossRef] [PubMed]

187. Zakikhani, M.; Dowling, R.J.; Sonenberg, N.; Pollak, M.N. The effects of adiponectin and metformin on prostate and colon
neoplasia involve activation of AMP-activated protein kinase. Cancer Prev. Res. 2008, 1, 369–375. [CrossRef]

188. Tang, C.H.; Lu, M.E. Adiponectin increases motility of human prostate cancer cells via adipoR, p38, AMPK, and NF-kappaB
pathways. Prostate 2009, 69, 1781–1789. [CrossRef] [PubMed]

189. Rock, C.L.; Doyle, C.; Demark-Wahnefried, W.; Meyerhardt, J.; Courneya, K.S.; Schwartz, A.L.; Bandera, E.V.; Hamilton, K.K.;
Grant, B.; McCullough, M.; et al. Nutrition and physical activity guidelines for cancer survivors. CA Cancer J. Clin. 2012, 62,
243–274. [CrossRef]

190. Kushi, L.H.; Doyle, C.; McCullough, M.; Rock, C.L.; Demark-Wahnefried, W.; Bandera, E.V.; Gapstur, S.; Patel, A.V.; Andrews, K.;
Gansler, T. American Cancer Society Guidelines on nutrition and physical activity for cancer prevention: Reducing the risk of
cancer with healthy food choices and physical activity. CA Cancer J. Clin. 2012, 62, 30–67. [CrossRef] [PubMed]

191. Prostate Cancer Foundation. Exercise for Prostate Cancer. 2021. Available online: https://www.pcf.org/patient-resources/living-
prostate-cancer/exercise-prostate-cancer/ (accessed on 22 March 2021).

http://doi.org/10.3389/fphys.2017.00120
http://doi.org/10.1055/s-0035-1547218
http://doi.org/10.1007/s00421-013-2614-y
http://www.ncbi.nlm.nih.gov/pubmed/23435500
http://doi.org/10.1155/2016/9462975
http://www.ncbi.nlm.nih.gov/pubmed/26977321
http://doi.org/10.1111/apha.12686
http://doi.org/10.1371/journal.pone.0060563
http://www.ncbi.nlm.nih.gov/pubmed/23593248
http://doi.org/10.1002/oby.21139
http://doi.org/10.1042/CS20120536
http://doi.org/10.2337/db06-S007
http://doi.org/10.1016/S1043-2760(03)00143-7
http://doi.org/10.1016/j.cellsig.2011.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21554950
http://doi.org/10.1158/1940-6207.CAPR-08-0081
http://doi.org/10.1002/pros.21029
http://www.ncbi.nlm.nih.gov/pubmed/19676095
http://doi.org/10.3322/caac.21142
http://doi.org/10.3322/caac.20140
http://www.ncbi.nlm.nih.gov/pubmed/22237782
https://www.pcf.org/patient-resources/living-prostate-cancer/exercise-prostate-cancer/
https://www.pcf.org/patient-resources/living-prostate-cancer/exercise-prostate-cancer/

	Introduction 
	Prostate Cancer and Obesity 
	Obesity-Induced Periprostatic Adipose Tissue Modifications 
	Bidirectional Paracrine Signaling 
	Fatty Acid Availability and Metabolic Adaptations 
	Obesity-Driven Inflammation 
	Adipokines 
	Sex Steroid Hormones 


	Exercise Training as an Intervention for Obesity and Prostate Cancer 
	Aerobic Exercise 
	Resistance Exercise 
	High-Intensity Interval Training 
	Skeletal Muscle–Adipose Tissue–Tumor Axis: Molecular Mechanisms Linking Exercise Training in Prostate Cancer 
	Effects of Exercise Training on the Tumor Microenvironment 
	Effects of Exercise Training on Inflammation 
	Effects of Exercise Training on Skeletal-Muscle-Derived Myokines and Impacts on Adipose Tissue 


	Future Directions 
	Concluding Remarks 
	References

