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Resistance Exercise Training in Patients 
With Genitourinary Cancers to Mitigate 
Treatment-Related Skeletal Muscle Loss
Oliver K. Glass, PhD, Sundhar Ramalingam, MD, and Michael R. Harrison, MD

Abstract: The use of targeted therapies in patients with genito-

urinary malignancies has significantly improved outcomes. For 

example, androgen receptor (AR) pathway inhibitors have improved 

outcomes for patients with prostate cancer, and antiangiogenic 

agents have improved outcomes for those with kidney cancer. 

However, these advances have been accompanied by musculoskel-

etal side effects that manifest as physical dysfunction. Although the 

effects of androgen deprivation therapy on skeletal muscle are well-

known, an additional concern is that the muscle loss associated with 

these newer drugs—especially AR pathway inhibitors—may result 

in insulin resistance and metabolic syndrome, thus increasing the 

risk for cardiovascular events and diabetes. Antiangiogenic agents 

also may cause muscle loss, although this has been poorly described 

in the literature. As these targeted therapies begin to be used in the 

earlier stages of treatment, there will be a critical need to prevent 

treatment-related toxicities with nonpharmacologic interventions. 

Over the past decade, exercise training has emerged as a novel 

nonpharmacologic adjunctive method to address toxicities resulting 

from these targeted therapies. Despite numerous studies in patients 

with prostate cancer, there remains a large gap in our knowledge 

of the true efficacy of exercise therapy, as well as the best way to 

prescribe exercise programs. Here, we suggest that the central role 

of skeletal muscle in the development of side effects of AR path-

way inhibitors and antiangiogenic agents may unlock a number of 

unique opportunities to study how exercise prescriptions can be 

used more effectively. Resistance training may be a particularly 

important modality.

Introduction

Over the past 5 to 10 years, targeted therapies have revolutionized 
the treatment of prostate cancer and kidney cancer, improving 
patient outcomes. Prostate cancer is the most common cancer in 
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men and the second leading cause of cancer-related deaths 
in men in the United States. In 2015, prostate cancer was 
diagnosed in an estimated 220,800 men, and 27,540 
men died of the disease.1 Although kidney cancer is much 
less common than prostate cancer, it was diagnosed in 
an estimated 61,560 people in 2015, and approximately 
14,080 people died of the disease that year.1 Compared 
with patients who have metastatic kidney cancer, survival 
in patients who have advanced prostate cancer is rela-
tively long. Survival in men with biochemically recurrent 
(nonmetastatic) prostate cancer is approximately 9 years, 
and the typical survival in men with metastatic castration-
resistant prostate cancer (mCRPC) ranges from 19 to 32 
months.2-4 On the other hand, patients with metastatic 
renal cell carcinoma (mRCC) who were treated in the 
prior cytokine era had a median survival of 10 months 
and a 2-year overall survival of 20%.5 In the current era 
of targeted therapy, these numbers have improved to 22 
months and 47%, respectively.6 Patients with favorable-
risk mRCC now may survive as long as 4 or 5 years.6 

The targeted therapies that have led to these improved 
outcomes include androgen receptor (AR) signaling 
inhibitors in prostate cancer and antiangiogenic agents 
in kidney cancer. Both of these classes of agents have 
significant side effects. Androgen deprivation therapy 
(ADT), arguably the first targeted therapy used for cancer, 
was pioneered in 1941.7 This initially involved bilateral 
orchiectomy to reduce serum androgen levels and was 
further developed to include gonadotropin-releasing 
hormone (GnRH) agonists and antagonists to achieve the 
same effect. In 2011 and 2012, the androgen biosynthesis 
inhibitor abiraterone acetate (Zytiga, Janssen) and the 
AR inhibitor enzalutamide (Xtandi, Astellas/Mediva-
tion), respectively, were approved for mCRPC based 
on favorable results of phase 3 studies; these labels were 
subsequently expanded in 2012 and 2014.4,8-10 Beginning 

in 2006, the vascular endothelial growth factor (VEGF) 
signaling pathway inhibitors sunitinib (Sutent, Pfizer), 
pazopanib (Votrient, Novartis), axitinib (Inlyta, Pfizer), 
sorafenib (Nexavar, Bayer/Onyx), and bevacizumab 
(Avastin, Genentech) were approved for mRCC.11-16 Most 
of these targeted therapies are not commonly used in 
other types of cancer and have idiosyncratic side effects, 
many of which appear to be related to on- and off-target 
effects on the cardiovascular and musculoskeletal systems. 
Thus, musculoskeletal system side effects due to targeted 
therapies that result in physical dysfunction are com-
mon in patients treated with these agents for mRCC or 
mCRPC (Table 1).

As patients with advanced prostate cancer and 
mRCC live longer, it becomes increasingly important 
to recognize and mitigate treatment-emergent adverse 
events. Although some adverse events can be reversed 
with discontinuation of the targeted therapy, others may 
persist after therapy is discontinued.17 Finally, although 
these targeted therapies initially were approved for the 
treatment of advanced or metastatic disease in both can-
cers, they currently are being studied in earlier stages of 
disease,18,19 when patients may be even more sensitive to 
treatment-emergent adverse events and long-term effects. 
This situation highlights the importance of strategies to 
prevent and mitigate the toxicities of these drugs.

One emerging commonality of AR-directed and anti-
VEGF agents is that they can cause sarcopenia. Sarcopenia 
has been defined as a decrease in skeletal muscle or lean 
body mass; more recent definitions may also include loss of 
muscle function, such as decreased strength or mobility.20,21 
In patients with several types of solid tumors, sarcopenia—
defined as an appendicular skeletal muscle index more than 
2 standard deviations below the mean (<7.26 kg/m2 for 
men and <5.45 kg/m2 for women)—has been shown to 
be associated with decreased survival,22,23 muscle strength, 

Table 1. Treatment-Related Physical Dysfunction Associated With First-Line Targeted Therapies in mCRPC and mRCC4,8-11,98,99

Agent Target Asthenic Conditionsa Falls Sarcopenia

Androgen receptor–directed

  Abiraterone CYP17b Fatigue, 39%-44%
Asthenia, 13%

5.9% 3%-4%c

  Enzalutamide Androgen receptor Fatigue, 36%-51% 6.4% NR

VEGF-directed

  Pazopanib VEGFR-1,2,3; c-KIT; PDGFR Fatigue, 55% NR NR

  Sunitinib VEGFR-1,2,3; c-KIT; PDGFR Fatigue, 63% NR At baseline predicts DLT
CYP17, cytochrome P-450 isoform 17; DLT, dose-limiting toxicity; mCRPC, metastatic castration-resistant prostate cancer; mRCC, metastatic renal cell carcinoma; NR, 
not reported; PDGFR, platelet-derived growth factor receptor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.

a Include fatigue and asthenia.

b Enzyme required for androgen biosynthesis.

c Retrospective analysis.
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physical functioning, and quality of life.24,25 In patients 
with mRCC, one retrospective study suggested that the 
VEGF receptor tyrosine kinase inhibitor (TKI) sorafenib 
may cause a loss of 5% of muscle after 6 months of treat-
ment.26 A post hoc report demonstrated that single-agent 
abiraterone may cause a loss of 3% to 4% of muscle in 
patients with mCRPC after 6 months of treatment.27 These 
results were bolstered by the observation that in a subset 
of patients for whom scans were available that had been 
obtained while they were on ADT alone, before starting 
abiraterone, cross-sectional muscle area was relatively stable. 
These results need to be prospectively validated. However, 
they do suggest that treatment-emergent sarcopenia may 
be an important and underrecognized issue, given the 
number of patients who continue to take AR-directed or 
anti-VEGF agents for many months.

This review focuses on the biology of AR- and VEGF-
directed therapies related to skeletal muscle, the evidence 
demonstrating that resistance exercise training may miti-
gate skeletal muscle loss in patients living with cancer, and 
the gaps in research regarding optimal exercise prescriptions 
for patients with treatment-emergent sarcopenia. 

Advanced Prostate Cancer

Importance of ADT-Induced Muscle Dysfunction
In patients who have prostate cancer treated with ADT, 
the central role of skeletal muscle in therapy-induced 
side effects is often overlooked. As serum testosterone 
is reduced by chemical or surgical castration, skeletal 
muscle—also known as lean body mass—is reduced. This 
reduction in turn leads to insulin resistance and a 44% 
increased risk for new-onset diabetes.28 Indeed, insulin 
resistance in skeletal muscle is now recognized to be the 
primary defect in type 2 diabetes.29 Insulin resistance in 
turn places the patient at increased risk for cardiovascular 
events.28 Reduction in skeletal muscle also has effects on 
patient-centered outcomes; as fatigue increases, quality of 
life decreases.30-32 

As will be expounded upon in this review, resistance 
exercise training with the goal of maintaining or increas-
ing muscle mass must be dosed differently than resistance 
training for strength endurance, maximal strength, or 
other purposes. Furthermore, exercise training to improve 
work capacity (ie, peak oxygen consumption, or peak 
Vo2) may compete with training to improve or maintain 
skeletal muscle mass. The competing goals of aerobic and 
resistance training are often referred to as the interfer-
ence effect, in which aerobic exercise has the potential to 
deleteriously affect muscle hypertrophy (increase in lean 
muscle mass) and strength development, depending on its 
frequency and duration.33 Although training to improve 
peak Vo2 may separately improve insulin sensitivity, it may 

do nothing to improve or maintain muscle mass. Here, 
we critically review the strength training protocols that 
have been used to date in genitourinary cancer research 
and provide a possible path forward for resistance training 
research based on the existing literature on strength and 
conditioning in all populations.

Brief Introduction: Exercise Training
Over the past decade, an increasing number of clinical 
studies have investigated the effects of exercise in patients 
undergoing ADT for prostate cancer.34-48 The primary 
rationale for these trials is the need to develop secondary 
measures to counteract the adverse effects of ADT with-
out adding toxicity. It is not surprising that a nonpharma-
cologic approach, such as exercise, would be considered a 
logical intervention choice, given its beneficial pleiotropic 
effects, many of which counter the detrimental biological, 
physiologic, and psychosocial effects of ADT.49 Against 
this background, a recent systematic review by Gardner 
and colleagues of more than 10 clinical studies suggested 
that exercise not only is safe in patients undergoing ADT 
for prostate cancer but also may help mitigate ADT-
related adverse effects and symptoms without concomi-
tant toxicity.50 However, as initially noted in a follow-up 
commentary by Winters-Stone and Beer, few randomized 
controlled trials to date have been designed to address 
adequately the outcomes associated with exercise.51 Thus, 
there remains a large gap in our knowledge regarding 
the true efficacy of exercise therapy, as well as the proper 
methods of tailoring exercise prescriptions in men who 
are undergoing ADT for advanced prostate cancer. 

Exercise Interventions in Men Undergoing ADT
Exercise interventions in men undergoing ADT for pros-
tate cancer have included increased general physical activity 
consisting of individualized, home-based aerobic exercise, 
stretching, and light resistance movements, in addition to 
prescriptions for supervised aerobic training and supervised 
resistance training according to the American College of 
Sports Medicine (ACSM) recommendations.37,46,47 Several 
studies and reviews have presented these data compre-
hensively and in detail.50 The current available evidence 
suggests that resistance training alone or in combination 
with aerobic training modestly increases muscular endur-
ance or strength. Surprisingly few data, however, support 
the idea that supervised aerobic training alone can improve 
cardiorespiratory fitness (assessed with peak Vo2), fatigue, 
or patient-reported measures of quality of life.50 

Effects of ADT on Skeletal Muscle
ADT may impact numerous aspects of the cardiovascu-
lar reserve, both directly and indirectly. It is likely that 
the direct effects of ADT on skeletal muscle are a major 
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 contributor to the inconsistencies seen in randomized tri-
als of exercise capacity and additional outcomes associated 
with changes in skeletal muscle. Although the underlying 
biological mechanisms are poorly understood, ADT-
mediated reductions in sex steroids are hypothesized to 
lead to the following: 

1.  activation of skeletal muscle atrophy–related genes and 
proteins via apoptosis, autophagy, and the ubiquitin-
proteasome pathway; 

2.  inhibition of anabolic muscle growth through reduced 
activation of the AR, β-catenin, insulin-like growth 
factor 1 (IGF-1), and Akt/mammalian target of rapa-
mycin (mTOR) pathways; and 

3.  inhibition of muscle repair mechanisms via reduced 
production of hepatocyte growth factor (HGF) and 
dysregulation of satellite cells in skeletal muscle. 

All of these contribute to the activation of an  
overall pro-atrophy phenotype at the initiation of ADT 
(Figure 1).52-54 Pro-atrophy phenotypes generally have 
been associated with numerous aspects of skeletal muscle 
dysfunction, which recently has emerged as an important 

prognostic factor in the oncology setting.55 Although 
muscle dysfunction can be defined as any impairment 
related to muscle strength or composition, the underlying 
reduction of total lean muscle mass, decrease in muscle 
strength, and impairment of mitochondrial function all 
contribute to overall muscle dysfunction (Figure 2).55,56 
ADTs, which lower serum testosterone levels, have been 
suggested to be a major causal factor in mitochondrial 
dysfunction.56 A study of 60 Swedish men with hypo-
gonadism and testosterone levels mimicking the levels 
of patients on ADT found impaired mitochondrial 
function in skeletal muscle and decreased expression of 
oxidative phosphorylation genes in these subjects. Oxi-
dative phosphorylation genes are necessary for aerobic 
respiration and serve as important biomarkers of overall 
exercise capacity.57 In addition, the importance of skeletal 
muscle–based mitochondrial function in overall exercise 
capacity has become increasingly evident in recent studies 
investigating exercise capacity in patients with heart fail-
ure. Abnormalities in skeletal muscle, specifically a shift in 
muscle fiber type toward muscle fibers less dense in mito-
chondria, are a major contributor to exercise intolerance 
and decline in physical functioning.58,59 Because physical 
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Figure 1. The pro–muscle atrophy phenotype induced at the initiation of androgen deprivation therapy. Androgen deprivation 
therapy has effects on numerous aspects of skeletal muscle physiology that contribute to overall muscle atrophy, including a 
decrease in neuromuscular performance, a decrease in muscle growth, a decrease in muscle repair, and an increase in muscle 
atrophy. Each of these effects is related to changes in cell-specific and biological pathway–specific mechanisms within skeletal 
muscle that result in muscle atrophy. Some of the underlying postulated mechanisms are represented in this figure. 

IGF-1, insulin-like growth factor 1; IGF-1R, insulin-like growth factor 1 receptor; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase.
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functioning continues to decline over 2 years following 
continuous ADT, with no apparent recovery, the use of 
targeted exercise to improve exercise capacity, strength, 
lean muscle mass, and other skeletal muscle–based 
outcomes is necessary to decrease the long-term adverse 
effects of ADT on muscle dysfunction.32 

Pathophysiology of Skeletal Muscle

Type 1 muscle fibers. The skeletal muscles are the largest 
system in the human body. Skeletal muscle is composed 
of multiple fiber types, each of which serves a unique 
physiologic function that ranges from postural sup-
port to forceful voluntary contraction.60 Type 1 muscle 
fibers (also called slow-twitch muscle fibers) are found in 
greater numbers in endurance athletes, appear red owing 
to large amounts of myoglobin, are densely populated 
with capillaries and mitochondria, and are responsible 
for long-duration muscle contractions.61 The abundant 
mitochondria found within type 1 muscle fibers play a 
critical role in determining exercise capacity through their 

ability to reduce available oxygen during the final step of 
oxidative phosphorylation, the primary mechanism of 
producing energy in the form of adenosine triphosphate 
(ATP) in muscle cells.62 The number of mitochondria 
found in skeletal muscle is an important determinant 
of exercise capacity, measured by maximal oxygen con-
sumption (Vo2 max); reduction in mitochondrial density 
within type 1 muscle fibers, total number of type 1 muscle 
fibers, or cross-sectional area of type 1 muscle fibers 
can lead to an overall whole-body reduction in exercise 
capacity.62-64 Emerging clinical data have shown a trend 
toward a decreased cross-sectional area of type 1 muscle 
fibers in patients undergoing ADT for prostate cancer.48 
Although a decrease in the cross-sectional area of type 1 
muscle fibers typically occurs through a decrease in lean 
muscle mass due to muscle atrophy, these clinical data 
suggest that a reduction in exercise capacity or an increase 
in fatigue in a patient receiving ADT for prostate cancer 
may be attributed either to a loss of type 1 muscle fibers or 
to a reduction in the number or function of mitochondria 
within type 1 muscle fibers. 
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Figure 2. Skeletal muscle dysfunction induced by androgen deprivation therapy (ADT): mechanisms of effects on 
measures of skeletal muscle–based and patient-reported outcomes. Skeletal muscle dysfunction is a central component 
of the musculoskeletal effects of ADT that may negatively impact patient-reported outcomes and additional, clinically 
relevant measurements of health and fitness.
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In addition, interest has been emerging in the role 
of the AR in directly regulating mitochondrial density 
in skeletal muscle beyond the effect of AR signaling on 
skeletal muscle size and strength. Although preclinical 
data in rats have indicated that AR blockade can signifi-
cantly suppress exercise-induced hypertrophy in skeletal 
muscle, transgenic mouse models have indicated that the 
AR also may be an important regulator of mitochondrial 
biogenesis in skeletal muscle.65,66 Blocking activation of 
the AR through ADT may reduce the effectiveness of 
aerobic training to facilitate increases in mitochondrial 
density in type 1 muscle fibers because both act through 
a peroxisome proliferator-activated receptor γ coactivator 
1α (PGC1-α)–dependent mechanism. 

In light of this evidence, exercise studies using aerobic 
training may be more effective before continuous ADT is 
initiated or during the pharmacologic nondosing intervals 
of intermittent ADT delivery seen in recent clinical trials, 
in order to prevent opposing effects on synonymous bio-
logical mechanisms.67 In addition, patients with prostate 
cancer who have a history of cardiovascular disease and 
are at increased risk for a cardiovascular event within the 
first 6 months of ADT may be a population that should be 
specifically targeted with this approach, to prevent further 
damage to their cardiac reserve.68 Certainly, preserving 
exercise capacity in patients at high risk should be a key 
objective during the nondosing segments of ADT therapy.

Type 2 muscle fibers. In contrast to type 1 fibers, type 2 
muscle fibers (also called fast-twitch muscle fibers) appear 
white owing to significantly less myoglobin and fewer 
capillaries. They rely primarily on anaerobic glycolysis, are 
more abundant in muscle biopsy specimens of strength 
and power athletes, and generate high-velocity muscle 
contractions.69 Recent evidence suggests that resistance 
training specifically targeting type 2b muscle fibers 
increases muscle hypertrophy, muscle mass, and strength 
but reduces running endurance, supporting a phenotype 
of short, high-velocity contractions.70 Resistance training 
alone, or in combination with aerobic training, in patients 
undergoing ADT for prostate cancer has been shown to 
increase muscle mass, volume, endurance, power, and 
strength, with associated improvements in physical func-
tioning and quality of life and a reduction in fatigue.44 
A recent investigation of the effects of strength training 
on cross-sectional area in patients undergoing ADT for 
prostate cancer showed a significant increase in type 2 
muscle fibers with no measurable change in type 1 fibers, 
indicating that resistance training with high relative loads 
targets specific muscle fibers.48 However, many of the 
muscular effects reported to date in numerous studies of 
patients undergoing ADT for prostate cancer have been 
demonstrated only in a subset of the total number of 

muscle groups trained, suggesting that improvements in 
muscular strength and endurance may not be axiomatic 
or that the selection of movement patterns was less than 
optimal.48 It is possible that the heterogeneous patient 
responses to prescribed resistance training or the non-
uniform distribution of the effects of ADT on skeletal 
muscle groups may account for the less-than-universal 
benefits of resistance training on skeletal muscle function. 

Exercise Prescriptions: Resistance Training
Based on evidence regarding resistance training in patients 
undergoing ADT for prostate cancer, it can be hypoth-
esized that the choice of resistance training exercises and 
modalities may become increasingly important when over-
all improvements in patients’ muscular strength, hyper-
trophy, and endurance are evaluated. Resistance exercises 
that recruit large areas of muscle tissue, such as squats and 
dead lifts, may elicit greater skeletomuscular changes than 
accessory movements, such as arm curls and seated rows. 
Full-body movements, especially when performed with 
free weights instead of machines, can have a larger effect 
on muscle recruitment.71 Synonymous recruitment of a 
greater number of type 2 muscle fibers through full-body 
compound movements may bring about a larger release 
of myokines, important signaling molecules released from 
contracted skeletal muscle that can alter body composi-
tion.72 It is also important to note that not all resistance 
training exercise prescriptions are equivalent, and cau-
tion should be exercised when the outcomes of resistance 
training as a general methodology are interpreted because 
protocols can vary significantly. Different types of exercises, 
percentages of one-repetition maximum (1RM), numbers 
of repetitions and sets, and amounts of rest time between 
sets can elicit different physiologic effects and adaptations 
in skeletal muscle by targeting different energy systems and 
muscle fibers (Table 2).73,74 

This is most evident in the physical and functional 
manifestations of various bodybuilders or Olympic weight 
lifters, who use defined resistance training protocols to 
achieve either muscle hypertrophy and definition or muscle 
power and strength, respectively. For example, although 
both Galvao and colleagues and Segal and colleagues used 
a 12-week, 2- or 3-times-weekly resistance training inter-
vention in patients undergoing ADT for prostate cancer, 
with a 16- to 24-repetition training volume per exercise, 
the targeted muscular effects were quite different.37,42 
According to ACSM resistance training guidelines, the 
prescription of Segal and colleagues of 60% to 70% of 
1RM with a 16- to 24-repetition training volume would be 
classified as a muscular endurance prescription. In contrast, 
the prescription of Galvao and colleagues of 60% to 85% 
of 1RM promotes a combination of muscular strength, 
hypertrophy, and endurance. Thus, the  prescription of Segal 
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and colleagues primarily increased muscle endurance with 
regard to musculoskeletal outcomes, and that of Galvao 
and colleagues increased muscle strength, muscle endur-
ance, and quadriceps thickness, aligning the measured 
outcomes with the intent of the prescription. 

However, not all randomized trials have consistently 
shown a direct association between the resistance training 
exercise prescription and the intended type of musculoskel-
etal outcome, which may highlight not only the heteroge-
neity of patients’ muscular and neuromuscular adaptations 
to exercise but also the importance of physiologic recovery 
from frequent acute bouts of resistance training. Resistance 
training protocols in which identical physiologic movement 
patterns consistently targeting the same muscle groups are 
performed in succession can lead to overtraining. 

Although the underlying biological mechanisms 
of overtraining are still being investigated, the concept 
of overtraining is defined as a maladaptive response to 
exercise stimulus due to excessive training load or vol-
ume without adequate recovery.75 The negative effects of 
overtraining may include activation of catabolic processes 
in skeletal muscle as well as neurologic, immunologic, 
and endocrine perturbations throughout the body, and 
these can decrease the body’s ability to adapt positively to 
exercise stimuli.76 Physiologic and musculoskeletal recov-
ery from exercise is an area of research that has received 
little attention in the context of oncology and should be 
especially considered in patients undergoing ADT and 
AR pathway inhibitor therapy. The reason is that ADT 
and AR pathway inhibitor therapy may significantly affect 
muscle growth and repair processes during rest intervals 
or the period of inactivity between continuous acute exer-
cise sessions, which are critical for adaptations to exercise. 

A key type of cell in muscle that is necessary for 
muscle repair and recovery is the satellite cell. Satellite 
cells have been shown to be essential stem and progenitor 
cells that can undergo myogenic differentiation to fuse 
and restore damaged muscle following exercise.54 A recent 
study investigated the effects of exercise on satellite cells in 
muscle biopsy specimens from patients undergoing ADT 
for prostate cancer and found no significant changes in 

satellite cells following 16 weeks of strength training.48 
However, the muscle biopsy specimens were taken 72 to 
96 hours after the last training session, which may be well 
beyond the period in which muscle repair from satellite 
cells can be detected. Within 24 hours after the last resis-
tance training or exercise session may be a better period 
during which to measure changes in satellite cell numbers 
and function. In future studies, it will become increas-
ingly important to ensure proper recovery from a previous 
acute bout of resistance training through measurement of 
circulating creatine kinase before the next resistance train-
ing session is initiated. This will ensure maximal muscle 
adaptation and the prevention of neuromuscular fatigue. 

It is also possible that neuromuscular fatigue may 
occur during exercise prescriptions of increased resistance 
loading that can reduce the force production capacity 
of skeletal muscles and prevent the intended benefits of 
the exercise prescription, leading to 1RM measurements 
lower than actual 1RM capabilities.77 Allowing more than 
24 to 36 hours between training sessions should provide 
optimal recovery. However, much of the musculoskeletal 
recovery likely will depend on the type and dose of ADT 
and AR pathway inhibitor therapy, as well as the inherent 
genetic potential of each patient.78 Taking into account 
the abilities and performance of each patient will become 
increasingly important for maintaining and improving 
musculoskeleton-based outcomes in patients with pros-
tate cancer who are undergoing ADT either alone or in 
combination with AR pathway inhibition.  

Metastatic Renal Cell Carcinoma

Significance of Muscle Loss in RCC
As mentioned earlier, skeletal muscle loss is associated 
with decreased physical functioning and poor overall 
survival in patients who have solid tumors.22,79 The clini-
cal implications of muscle loss in mRCC are unknown 
and currently under investigation. Nonetheless, decreased 
muscle mass may be a biomarker predictive of the devel-
opment of treatment-related toxicities in patients with 
mRCC. In one retrospective series, patients who had 

Table 2. Considerations for Resistance Training Prescriptions: American College of Sports Medicine Resistance Training 
Guidelines for Muscular Phenotypes in Healthy Adults73,74

Strength Power Hypertrophy Endurance

Load 60%-70% 
of 1RM

30%-60% of 1RM upper body; 
0%-60% of 1RM lower body

70%-85% of 1RM ≤70% of 1RM

Repetitions 8-12 3-6 8-12 10-25

Sets 1-3 1-3 1-3 2-4

Total volume repetition range 8-36 3-18 8-36 20-100

Rest interval between sets, min 1-3 1-2 1-2 0.5-1
1RM, one-repetition maximum.
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sarcopenia at the start of treatment with sunitinib, deter-
mined by cross-sectional area on computed tomography, 
were significantly more likely to experience dose-limiting 
toxicities such as fatigue and gastrointestinal adverse 
events than were patients who had normal muscle mass 
at the beginning of treatment.80 Patients in the highest 
(>75th) percentile for muscle mass experienced dose-
limiting toxicities 57% of the time, whereas patients in 
the lowest (<25th) percentile for muscle mass experienced 
dose-limiting toxicities 92% of the time.

Targeted Therapy in Patients With RCC and Muscle Loss
Cancer cachexia is a biologically complicated syndrome 
characterized by the tumor production of cytokines and 
inflammatory signals that result in decreased appetite, a 
catabolic state, and muscle loss, which ultimately lead 
to physical impairment.81 An underrecognized concern 
is that treatments themselves may contribute to skeletal 
muscle toxicity, with clinical consequences that have not 
yet been explored. For example, in one retrospective 
analysis of patients with mRCC, skeletal muscle declined 
by 4.9% after 6 months and by 8% after 12 months 
of treatment with sorafenib, compared with no sig-
nificant muscle loss after the administration of placebo.26 
Sorafenib is theorized to inhibit the Ras/Raf pathway, 
which facilitates muscle proliferation.81 Several other 
targeted agents have been approved by the US Food and 
Drug Administration (FDA) for the treatment of mRCC, 
yet data on the effects of these drugs on skeletal muscle 
are lacking. For instance, everolimus (Afinitor, Novartis) 
and temsirolimus (Torisel, Pfizer) work by blocking the 
phosphoinositide 3-kinase (PI3K)/Akt/mammalian target 
of rapamycin (mTOR) pathway, which is known to be 
important in muscle protein synthesis.81 Furthermore, 
a variety of VEGF inhibitors used in mRCC treatment, 
including sunitinib, pazopanib, axitinib, and cabozantinib 
(Cometriq, Exelixis), have slightly different mechanisms 
of action and generally different toxicity profiles. The 
potentiation and magnitude of the antiangiogenic effects 
of VEGF inhibitors and TKIs on skeletal muscle toxicity 
have yet to be explored. 

Pathophysiology of VEGF Inhibitor–Related Muscle Loss
A critical knowledge gap in the field, especially given that 
VEGF inhibitors are the most widely used agents in the 
treatment of mRCC today, is the lack of characteriza-
tion of skeletal muscle changes and the degree to which 
they occur as a result of VEGF blockade. Many of the 
toxicities of VEGF inhibitors, such as renal dysfunction 
and hypothyroidism, have been closely tied to their effects 
on capillary angiogenesis.82 Whether VEGF inhibitors 
cause a clinically meaningful degree of reduction in 
skeletal muscle angiogenesis is unclear because not all the 

evidence is consistent. For example, an organ analysis in 
mice after 1 to 3 weeks of VEGF receptor signaling inhibi-
tion indicated that capillary regression in skeletal muscle 
was extremely limited to undetectable (ie, no significant 
change in vascular density was evident).83,84 

Many studies do, however, suggest that VEGF sig-
naling is critical to muscle growth and generation.85,86 In 
cardiac muscle, VEGF signaling is shown to be essential 
for ventricular remodeling.87,88 Capillary growth in the 
heart is mediated through the stress-induced activation of 
hypoxia-inducible factor 1-alpha (HIF1A), which results 
in VEGF receptor activation. Furthermore, blocking 
VEGF receptors in the heart results in an inhibition of 
angiogenesis that prevents stress-induced compensatory 
hypertrophy, leading to dilated cardiomyopathy. Clini-
cally, it is thought that in approximately 10% to 15% of 
patients the cardiac ejection fraction may decline during 
treatment with various VEGF inhibitors and TKIs.11,89 
Preclinical studies also have suggested that VEGF signal-
ing plays an important role in initiating skeletal muscle 
myogenesis and terminal differentiation.85,86 Mouse 
models of selective skeletal muscle VEGF receptor gene 
knockouts show a 50% reduction in muscle capillary den-
sity and an 80% decrease in exercise capacity compared 
with controls.90 Given the preclinical evidence regarding 
the role of VEGF signaling in skeletal muscle growth, 
VEGF inhibitor treatment may prevent skeletal muscle 
regeneration in generally sedentary patients with cancer, 
who already have a tendency to lose muscle mass as part 
of the cancer cachexia syndrome. 

Considerations for Exercise Prescriptions
Elucidating the biological mechanisms of VEGF 
inhibitor toxicities in skeletal muscle may have very 
important clinical implications. To date, no available 
clinical studies have prospectively looked at changes in 
skeletal muscle as a result of VEGF inhibitor treatment 
in patients with cancer. The relationship between VEGF 
signaling and skeletal muscle angiogenesis, growth, and 
functioning needs to be better elucidated to determine 
the types and timing of exercise prescriptions that may 
be of optimal clinical efficacy in patients. For instance, 
one concern is that resistance exercise might be less 
effective during VEGF inhibitor therapy. Several studies 
suggest that VEGF pathways are upregulated as a result 
of exercise and may be important for muscle angiogen-
esis, proliferation, and remodeling.90-94 However, it may 
also be  possible that exercising during VEGF inhibitor 
treatment is still effective in building skeletal muscle 
density because pathways such as angiopoietin, trans-
forming growth factor beta (TGF-β), fibroblast growth 
factor (FGF), and thrombospondin may compensate 
for the deficiencies in muscle angiogenesis that result 
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from VEGF inhibition.90,95 These types of relationships 
between exercise and the biology of skeletal muscle 
are important for determining the optimal frequency, 
duration, and types of exercise required to benefit 
patients treated for mRCC with VEGF inhibition. As 
an example, sunitinib is often given on a 4-weeks-on, 
2-weeks-off schedule or a 2-weeks-on, 1-week-off sched-
ule. By contrast, pazopanib typically is administered 
continuously. It is unclear whether exercise prescriptions 
would be more effectively administered during on-
treatment or off-treatment periods, and whether there 
is a greater benefit of aerobic vs resistance exercise under 
different treatment schedules. By characterizing the 
biological changes in skeletal muscle that are associated 
with VEGF inhibitor treatment and exercise training, 
and by correlating these with clinical outcomes, we can 
begin to design optimal exercise strategies. 

Future Directions

In light of the current literature and evidence, a number 
of opportunities are available to enhance exercise studies 
of patients undergoing ADT and/or AR pathway inhibi-
tion treatment for advanced prostate cancer, as well as 
studies of patients who have mRCC and are being treated 
with VEGF inhibitors. First, the analysis of skeletal 
muscle biopsy specimens will provide a useful method 
to further characterize the direct and indirect effects of 
these therapies on skeletal muscle biology and function. 
Metabolomics, proteomics, genomic profiling, muscle 
fiber type analysis, and satellite cell analysis of biopsy 
specimens may help to determine the extent to which 
ADT, AR pathway inhibitors, and VEGF inhibitors affect 
particular outcomes of interest, and when these particular 
events may occur during the treatment process. Second, 
neuromuscular programming should be prioritized before 
resistance training protocols are initiated, with a focus on 
movements that support daily functional tasks. Ideally, 
these would include compound full-body exercises such 
as dead lifts, squats, and bench presses. Third, “smarter” 
resistance training protocols based on ACSM recom-
mendations and combinations of protocols that match 
outcomes of interest should be used instead of a catch-all 
protocol (Table 3). For instance, if the outcome of inter-
est is to prevent or decrease cancer cachexia, a resistance 
training prescription geared toward increasing lean 
muscle mass should be used, not one designed to improve 
muscular endurance.

Furthermore, evidence suggests that a block peri-
odization protocol, which allows the synergistic progres-
sion of training to optimize peak performance through 
workload progression, may elicit greater improvements 
in outcomes than a nonperiodization, or linear, model; 

this should be considered when the schedule of ADT or 
treatment with AR pathway inhibitors or VEGF inhibi-
tors in combination with resistance training is evalu-
ated.96 For example, block periodization encompasses 
a block, or defined training period (eg, 6-12 weeks) 
dedicated to muscle hypertrophy; this then leads to the 
next block for maximal strength and finally to the last 
block for power and explosive strength.97 Lastly, recov-
ery from the repeated acute bouts of exercise over the 
course of a protocol will need to be monitored more 
effectively to ensure that patients are getting adequate 
rest with time for muscle repair before the next exercise 
session is initiated. 

In summary, there is convincing evidence that pre-
scriptions for resistance training may mitigate the adverse 
effects of ADT, and additional studies are warranted in the 
context of AR pathway– and VEGF inhibition–targeted 
therapies. A critical step forward in achieving greater effi-
cacy of exercise in future clinical trials of patients with geni-
tourinary cancers will be to unravel the direct and indirect 
effects of cancer and cancer treatment on skeletal muscle.
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Table 3. Considerations for Resistance Training 
Prescriptions: Correlative Outcomes Associated With 
Muscular Phenotype Categoriesa

Strength Power Hypertrophy Endurance

Physical 
function-
ing

+ + + +

Lean 
muscle 
mass

+

Strength + +

Fatigue + + + +

Exercise 
capacity

+ + + +

Quality  
of life

+ + + +

Type 2 
muscle 
fibers

+ + + +

Type 1 
muscle 
fibers

+

a Plus sign indicates that the outcome is associated with the muscular phenotype 
category.



Clinical Advances in Hematology & Oncology  Volume 14, Issue 6  June 2016  445

PA T I E N T S  W I T H  G E N I T O U R I N A R Y  C A N C E R S  W H O  H A V E  S K E L E T A L  M U S C L E  L O S S

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin. 
2015;65(1):5-29.
2. Crook JM, O’Callaghan CJ, Duncan G, et al. Intermittent androgen suppression for 
rising PSA level after radiotherapy. N Engl J Med. 2012;367(10):895-903.
3. Tannock IF, de Wit R, Berry WR, et al; TAX 327 Investigators. Docetaxel plus 
prednisone or mitoxantrone plus prednisone for advanced prostate cancer. N Engl J 
Med. 2004;351(15):1502-1512.
4. Beer TM, Armstrong AJ, Rathkopf DE, et al; PREVAIL Investigators. Enzalutamide 
in metastatic prostate cancer before chemotherapy. N Engl J Med. 2014;371(5):424-433.
5. Motzer RJ, Mazumdar M, Bacik J, Berg W, Amsterdam A, Ferrara J. Survival 
and prognostic stratification of 670 patients with advanced renal cell carcinoma.  
J Clin Oncol. 1999;17(8):2530-2540.
6. Heng DY, Xie W, Regan MM, et al. Prognostic factors for overall survival in patients 
with metastatic renal cell carcinoma treated with vascular endothelial growth factor-tar-
geted agents: results from a large, multicenter study. J Clin Oncol. 2009;27(34):5794-5799.
7. Huggins C, Hodges CV. Studies on Prostatic Cancer. I. The effect of castration, of 
estrogen and of androgen injection on serum phosphatases in metastatic carcinoma of 
the prostate. Cancer Res. 1941;1(4):293-297.
8. de Bono JS, Logothetis CJ, Molina A, et al; COU-AA-301 Investigators. Abiraterone and 
increased survival in metastatic prostate cancer. N Engl J Med. 2011;364(21):1995-2005.
9. Ryan CJ, Smith MR, de Bono JS, et al; COU-AA-302 Investigators. Abiraterone 
in metastatic prostate cancer without previous chemotherapy. N Engl J Med. 
2013;368(2):138-148.
10. Scher HI, Fizazi K, Saad F, et al; AFFIRM Investigators. Increased survival with enzalu-
tamide in prostate cancer after chemotherapy. N Engl J Med. 2012;367(13):1187-1197.
11. Motzer RJ, Hutson TE, Cella D, et al. Pazopanib versus sunitinib in metastatic 
renal-cell carcinoma. N Engl J Med. 2013;369(8):722-731.
12. Motzer RJ, Hutson TE, Tomczak P, et al. Overall survival and updated results for 
sunitinib compared with interferon alfa in patients with metastatic renal cell carci-
noma. J Clin Oncol. 2009;27(22):3584-3590.
13. Motzer RJ, Hutson TE, Tomczak P, et al. Sunitinib versus interferon alfa in meta-
static renal-cell carcinoma. N Engl J Med. 2007;356(2):115-124.
14. Sternberg CN, Davis ID, Mardiak J, et al. Pazopanib in locally advanced or 
metastatic renal cell carcinoma: results of a randomized phase III trial. J Clin Oncol. 
2010;28(6):1061-1068.
15. Escudier B, Eisen T, Stadler WM, et al; TARGET Study Group. Sorafenib in 
advanced clear-cell renal-cell carcinoma. N Engl J Med. 2007;356(2):125-134.
16. Rini BI, Escudier B, Tomczak P, et al. Comparative effectiveness of axitinib versus 
sorafenib in advanced renal cell carcinoma (AXIS): a randomised phase 3 trial. Lancet. 
2011;378(9807):1931-1939.
17. Ewer MS, Suter TM, Lenihan DJ, et al. Cardiovascular events among 1090 cancer 
patients treated with sunitinib, interferon, or placebo: a comprehensive adjudicated 
database analysis demonstrating clinically meaningful reversibility of cardiac events. 
Eur J Cancer. 2014;50(12):2162-2170.
18. ClinicalTrials.gov. Sunitinib malate or sorafenib tosylate in treating patients with 
kidney cancer that was removed by surgery (ASSURE). https://clinicaltrials.gov/ct2/
show/NCT00326898. Identifier: NCT00326898. Accessed March 24, 2016. 
19. ClinicalTrials.gov. Safety and efficacy study of enzalutamide plus leuprolide in 
patients with nonmetastatic prostate cancer (EMBARK). https://clinicaltrials.gov/
ct2/show/NCT02319837. Identifier: NCT02319837. Accessed March 24, 2016. 
20. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, et al; European Working Group on Sarco-
penia in Older People. Sarcopenia: European consensus on definition and diagnosis: 
Report of the European Working Group on Sarcopenia in Older People. Age Ageing. 
2010;39(4):412-423.
21. Cederholm TE, Bauer JM, Boirie Y, Schneider SM, Sieber CC, Rolland Y. Toward 
a definition of sarcopenia. Clin Geriatr Med. 2011;27(3):341-353.
22. Prado CM, Lieffers JR, McCargar LJ, et al. Prevalence and clinical implications of 
sarcopenic obesity in patients with solid tumours of the respiratory and gastrointestinal 
tracts: a population-based study. Lancet Oncol. 2008;9(7):629-635.
23. Psutka SP, Carrasco A, Schmit GD, et al. Sarcopenia in patients with bladder can-
cer undergoing radical cystectomy: impact on cancer-specific and all-cause mortality. 
Cancer. 2014;120(18):2910-2918.
24. Fearon K, Strasser F, Anker SD, et al. Definition and classification of cancer 
cachexia: an international consensus. Lancet Oncol. 2011;12(5):489-495.
25. Galvão DA, Taaffe DR, Spry N, Newton RU. Exercise can prevent and even reverse 
adverse effects of androgen suppression treatment in men with prostate cancer. Prostate 
Cancer Prostatic Dis. 2007;10(4):340-346.
26. Antoun S, Birdsell L, Sawyer MB, Venner P, Escudier B, Baracos VE. Association of 

skeletal muscle wasting with treatment with sorafenib in patients with advanced renal cell 
carcinoma: results from a placebo-controlled study. J Clin Oncol. 2010;28(6):1054-1060.
27. Pezaro C, Mukherji D, Tunariu N, et al. Sarcopenia and change in body composi-
tion following maximal androgen suppression with abiraterone in men with castration-
resistant prostate cancer. Br J Cancer. 2013;109(2):325-331.
28. Keating NL, O’Malley AJ, Smith MR. Diabetes and cardiovascular disease 
during androgen deprivation therapy for prostate cancer. J Clin Oncol. 2006; 
24(27):4448-4456.
29. Defronzo RA. Banting Lecture. From the triumvirate to the ominous octet: a new 
paradigm for the treatment of type 2 diabetes mellitus. Diabetes. 2009;58(4):773-795.
30. Saylor PJ, Smith MR. Metabolic complications of androgen deprivation therapy 
for prostate cancer. J Urol. 2013;189(1)(suppl):S34-S42.
31. Alibhai SM, Breunis H, Timilshina N, et al. Impact of androgen-deprivation 
therapy on physical function and quality of life in men with nonmetastatic prostate 
cancer. J Clin Oncol. 2010;28(34):5038-5045.
32. Alibhai SM, Breunis H, Timilshina N, et al. Long-term impact of androgen-depriva-
tion therapy on physical function and quality of life. Cancer. 2015;121(14):2350-2357.
33. Wilson JM, Marin PJ, Rhea MR, Wilson SM, Loenneke JP, Anderson JC. Concur-
rent training: a meta-analysis examining interference of aerobic and resistance exercises. 
J Strength Cond Res. 2012;26(8):2293-2307.
34. Winters-Stone KM, Dieckmann N, Maddalozzo GF, Bennett JA, Ryan CW, Beer 
TM. Resistance exercise reduces body fat and insulin during androgen-deprivation 
therapy for prostate cancer. Oncol Nurs Forum. 2015;42(4):348-356.
35. Bourke L, Doll H, Crank H, Daley A, Rosario D, Saxton JM. Lifestyle interven-
tion in men with advanced prostate cancer receiving androgen suppression therapy: a 
feasibility study. Cancer Epidemiol Biomarkers Prev. 2011;20(4):647-657.
36. Galvão DA, Taaffe DR, Spry N, Joseph D, Newton RU. Combined resistance and 
aerobic exercise program reverses muscle loss in men undergoing androgen suppression 
therapy for prostate cancer without bone metastases: a randomized controlled trial. J 
Clin Oncol. 2010;28(2):340-347.
37. Galvão DA, Taaffe DR, Spry N, Joseph D, Newton RU. Acute versus chronic 
exposure to androgen suppression for prostate cancer: impact on the exercise response. 
J Urol. 2011;186(4):1291-1297.
38. Cormie P, Newton RU, Taaffe DR, et al. Exercise maintains sexual activity in men 
undergoing androgen suppression for prostate cancer: a randomized controlled trial. 
Prostate Cancer Prostatic Dis. 2013;16(2):170-175.
39. Culos-Reed SN, Robinson JW, Lau H, et al. Physical activity for men receiving 
androgen deprivation therapy for prostate cancer: benefits from a 16-week interven-
tion. Support Care Cancer. 2010;18(5):591-599.
40. Segal RJ, Reid RD, Courneya KS, et al. Randomized controlled trial of resis-
tance or aerobic exercise in men receiving radiation therapy for prostate cancer.  
J Clin Oncol. 2009;27(3):344-351.
41. Alberga AS, Segal RJ, Reid RD, et al. Age and androgen-deprivation therapy on exer-
cise outcomes in men with prostate cancer. Support Care Cancer. 2012;20(5):971-981.
42. Segal RJ, Reid RD, Courneya KS, et al. Resistance exercise in men receiving andro-
gen deprivation therapy for prostate cancer. J Clin Oncol. 2003;21(9):1653-1659.
43. Santa Mina D, Alibhai S MH, Matthew AG, et al. A randomized trial of aerobic ver-
sus resistance exercise in prostate cancer survivors. J Aging Phys Act. 2013;21(4):455-478.
44. Hanson ED, Sheaff AK, Sood S, et al. Strength training induces muscle hypertro-
phy and functional gains in black prostate cancer patients despite androgen deprivation 
therapy. J Gerontol A Biol Sci Med Sci. 2013;68(4):490-498.
45. Hansen PA, Dechet CB, Porucznik CA, LaStayo PC. Comparing eccentric resis-
tance exercise in prostate cancer survivors on and off hormone therapy: a pilot study. 
PM R. 2009;1(11):1019-1024.
46. Culos-Reed SN, Robinson JL, Lau H, O’Connor K, Keats MR. Benefits of a 
physical activity intervention for men with prostate cancer. J Sport Exerc Psychol. 
2007;29(1):118-127.
47. Galvão DA, Nosaka K, Taaffe DR, et al. Resistance training and reduction of treatment 
side effects in prostate cancer patients. Med Sci Sports Exerc. 2006;38(12):2045-2052.
48. Nilsen TS, Thorsen L, Fosså SD, et al. Effects of strength training on muscle cel-
lular outcomes in prostate cancer patients on androgen deprivation therapy. Scand J 
Med Sci Sports. 2015.
49. Vina J, Sanchis-Gomar F, Martinez-Bello V, Gomez-Cabrera MC. Exercise  
acts as a drug; the pharmacological benefits of exercise. Br J Pharmacol. 2012;167(1):1-12.
50. Gardner JR, Livingston PM, Fraser SF. Effects of exercise on treatment-related 
adverse effects for patients with prostate cancer receiving androgen-deprivation 
therapy: a systematic review. J Clin Oncol. 2014;32(4):335-346.
51. Winters-Stone KM, Beer TM. Review of exercise studies in prostate cancer sur-
vivors receiving androgen deprivation therapy calls for an aggressive research agenda 
to generate high-quality evidence and guidance for exercise as standard of care. J Clin 
Oncol. 2014;32(23):2518-2519.



446  Clinical Advances in Hematology & Oncology  Volume 14, Issue 6  June 2016

G L A S S  E T  A L

52. Cheung AS, Zajac JD, Grossmann M. Muscle and bone effects of andro-
gen deprivation therapy: current and emerging therapies. Endocr Relat Cancer. 
2014;21(5):R371-R394.
53. Sheehan SM, Tatsumi R, Temm-Grove CJ, Allen RE. HGF is an autocrine growth 
factor for skeletal muscle satellite cells in vitro. Muscle Nerve. 2000;23(2):239-245.
54. Wang YX, Rudnicki MA. Satellite cells, the engines of muscle repair. Nat Rev Mol 
Cell Biol. 2011;13(2):127-133.
55. Christensen JF, Jones LW, Andersen JL, Daugaard G, Rorth M, Hojman P. Muscle 
dysfunction in cancer patients. Ann Oncol. 2014;25(5):947-958.
56. Traish AM, Abdallah B, Yu G. Androgen deficiency and mitochondrial dysfunc-
tion: implications for fatigue, muscle dysfunction, insulin resistance, diabetes, and 
cardiovascular disease. Horm Mol Biol Clin Investig. 2011;8(1):431-444.
57. Pitteloud N, Mootha VK, Dwyer AA, et al. Relationship between testoster-
one levels, insulin sensitivity, and mitochondrial function in men. Diabetes Care. 
2005;28(7):1636-1642.
58. Kitzman DW, Nicklas B, Kraus WE, et al. Skeletal muscle abnormalities and exer-
cise intolerance in older patients with heart failure and preserved ejection fraction. Am 
J Physiol Heart Circ Physiol. 2014;306(9):H1364-H1370.
59. Haykowsky MJ, Brubaker PH, Morgan TM, Kritchevsky S, Eggebeen J, Kitzman 
DW. Impaired aerobic capacity and physical functional performance in older heart 
failure patients with preserved ejection fraction: role of lean body mass. J Gerontol A 
Biol Sci Med Sci. 2013;68(8):968-975.
60. Pedersen BK. Muscle as a secretory organ. Compr Physiol. 2013;3(3):1337-1362.
61. Scott W, Stevens J, Binder-Macleod SA. Human skeletal muscle fiber type clas-
sifications. Phys Ther. 2001;81(11):1810-1816.
62. Schwerzmann K, Hoppeler H, Kayar SR, Weibel ER. Oxidative capacity of muscle 
and mitochondria: correlation of physiological, biochemical, and morphometric char-
acteristics. Proc Natl Acad Sci U S A. 1989;86(5):1583-1587.
63. Hoppeler H, Hudlicka O, Uhlmann E. Relationship between mitochondria and 
oxygen consumption in isolated cat muscles. J Physiol. 1987;385:661-675.
64. Massie BM, Simonini A, Sahgal P, Wells L, Dudley GA. Relation of systemic and 
local muscle exercise capacity to skeletal muscle characteristics in men with congestive 
heart failure. J Am Coll Cardiol. 1996;27(1):140-145.
65. Usui T, Kajita K, Kajita T, et al. Elevated mitochondrial biogenesis in skeletal 
muscle is associated with testosterone-induced body weight loss in male mice. FEBS 
Lett. 2014;588(10):1935-1941.
66. Inoue K, Yamasaki S, Fushiki T, Okada Y, Sugimoto E. Androgen receptor antago-
nist suppresses exercise-induced hypertrophy of skeletal muscle. Eur J Appl Physiol 
Occup Physiol. 1994;69(1):88-91.
67. Higano CS. Intermittent versus continuous androgen deprivation therapy.  
J Natl Compr Canc Netw. 2014;12(5):727-733.
68. O’Farrell S, Garmo H, Holmberg L, Adolfsson J, Stattin P, Van Hemelrijck M. 
Risk and timing of cardiovascular disease after androgen-deprivation therapy in men 
with prostate cancer. J Clin Oncol. 2015;33(11):1243-1251.
69. Izumiya Y, Hopkins T, Morris C, et al. Fast/Glycolytic muscle fiber growth reduces fat 
mass and improves metabolic parameters in obese mice. Cell Metab. 2008;7(2):159-172.
70. Harrison BC, Leinwand LA. Fighting fat with muscle: bulking up to slim down. 
Cell Metab. 2008;7(2):97-98.
71. Schwanbeck S, Chilibeck PD, Binsted G. A comparison of free weight squat to Smith 
machine squat using electromyography. J Strength Cond Res. 2009;23(9):2588-2591.
72. Pedersen BK. Muscles and their myokines. J Exp Biol. 2011;214(Pt 2):337-346.
73. Reiman MP, Lorenz DS. Integration of strength and conditioning principles into a 
rehabilitation program. Int J Sports Phys Ther. 2011;6(3):241-253.
74. de Salles BF, Simão R, Miranda F, Novaes JdaS, Lemos A, Willardson JM. Rest 
interval between sets in strength training. Sports Med. 2009;39(9):765-777.
75. Alves Souza RW, Aguiar AF, Vechetti-Júnior IJ, Piedade WP, Rocha Campos GE, 
Dal-Pai-Silva M. Resistance training with excessive training load and insufficient 
recovery alters skeletal muscle mass-related protein expression. J Strength Cond Res. 
2014;28(8):2338-2345.
76. Kreher JB, Schwartz JB. Overtraining syndrome: a practical guide. Sports Health. 
2012;4(2):128-138.

77. Häkkinen K. Neuromuscular fatigue in males and females during strenuous heavy 
resistance loading. Electromyogr Clin Neurophysiol. 1994;34(4):205-214.
78. Mahoney DJ, Parise G, Melov S, Safdar A, Tarnopolsky MA. Analysis of global 
mRNA expression in human skeletal muscle during recovery from endurance exercise. 
FASEB J. 2005;19(11):1498-1500.
79. Martin L, Birdsell L, Macdonald N, et al. 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(12):1539-1547.
80. Cushen SJ, Power DG, Teo MY, et al. Body composition by computed tomogra-
phy as a predictor of toxicity in patients with renal cell carcinoma treated with sunitinib 
[published online April 21, 2014]. Am J Clin Oncol. 
81. Fearon K, Arends J, Baracos V. Understanding the mechanisms and treatment 
options in cancer cachexia. Nat Rev Clin Oncol. 2013;10(2):90-99.
82. Kamba T, McDonald DM. Mechanisms of adverse effects of anti-VEGF therapy 
for cancer. Br J Cancer. 2007;96(12):1788-1795.
83. Baffert F, Le T, Sennino B, et al. Cellular changes in normal blood capillaries under-
going regression after inhibition of VEGF signaling. Am J Physiol Heart Circ Physiol. 
2006;290(2):H547-H559.
84. Kamba T, Tam BY, Hashizume H, et al. VEGF-dependent plasticity of fenestrated 
capillaries in the normal adult microvasculature. Am J Physiol Heart Circ Physiol. 
2006;290(2):H560-H576.
85. Bryan BA, Walshe TE, Mitchell DC, et al. Coordinated vascular endothelial 
growth factor expression and signaling during skeletal myogenic differentiation. Mol 
Biol Cell. 2008;19(3):994-1006.
86. Sassoli C, Pini A, Chellini F, et al. Bone marrow mesenchymal stromal cells stimu-
late skeletal myoblast proliferation through the paracrine release of VEGF. PLoS One. 
2012;7(7):e37512.
87. May D, Gilon D, Djonov V, et al. Transgenic system for conditional induction 
and rescue of chronic myocardial hibernation provides insights into genomic pro-
grams of hibernation. Proc Natl Acad Sci U S A. 2008;105(1):282-287.
88. Shiojima I, Sato K, Izumiya Y, et al. Disruption of coordinated cardiac hyper-
trophy and angiogenesis contributes to the transition to heart failure. J Clin Invest. 
2005;115(8):2108-2118.
89. Groarke JD, Choueiri TK, Slosky D, Cheng S, Moslehi J. Recognizing and manag-
ing left ventricular dysfunction associated with therapeutic inhibition of the vascular 
endothelial growth factor signaling pathway. Curr Treat Options Cardiovasc Med. 
2014;16(9):335.
90. Wagner PD. The critical role of VEGF in skeletal muscle angiogenesis and blood 
flow. Biochem Soc Trans. 2011;39(6):1556-1559.
91. Della Gatta PA, Cameron-Smith D, Peake JM. Acute resistance exercise increases 
the expression of chemotactic factors within skeletal muscle. Eur J Appl Physiol. 
2014;114(10):2157-2167.
92. Lloyd PG, Prior BM, Li H, Yang HT, Terjung RL. VEGF receptor antagonism 
blocks arteriogenesis, but only partially inhibits angiogenesis, in skeletal muscle of 
exercise-trained rats. Am J Physiol Heart Circ Physiol. 2005;288(2):H759-H768.
93. Jensen L, Bangsbo J, Hellsten Y. Effect of high intensity training on capillarization 
and presence of angiogenic factors in human skeletal muscle. J Physiol. 2004;557(pt 
2):571-582.
94. Trenerry MK, Carey KA, Ward AC, Cameron-Smith D. STAT3 signaling is 
activated in human skeletal muscle following acute resistance exercise. J Appl Physiol. 
2007;102(4):1483-1489.
95. Kivelä R, Silvennoinen M, Lehti M, Jalava S, Vihko V, Kainulainen H. Exercise-
induced expression of angiogenic growth factors in skeletal muscle and in capillaries of 
healthy and diabetic mice. Cardiovasc Diabetol. 2008;7:13.
96. Lorenz DS, Reiman MP, Walker JC. Periodization: current review and suggested 
implementation for athletic rehabilitation. Sports Health. 2010;2(6):509-518.
97. Bartolomei S, Hoffman JR, Merni F, Stout JR. A comparison of traditional and 
block periodized strength training programs in trained athletes. J Strength Cond Res. 
2014;28(4):990-997.
98. Zytiga [package insert]. Horsham, PA: Janssen Biotech, Inc.
99. Xtandi [package insert]. San Francisco, CA: Medivation Inc.


