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resumo

 

Com o aumento da incidência e prevalência de cancro nos próximos anos, é 

expectável um aumento na incidência das síndromes paraneoplásicas que, por 

sua vez, têm um elevado impacto na qualidade de vida e sobrevida dos 

pacientes oncológicos. O exercício físico confere vários benefícios ao nível da 

função cardiovascular, tanto em condições fisiológicas como patológicas, pelo 

que se questionou a sua potencial utilização como medida preventiva e/ou 

terapêutica na caquexia cardíaca induzida pelo cancro. Assim, neste trabalho, 

reuniu-se o conhecimento atual sobre a caquexia cardíaca induzida pelo 

cancro, uma síndrome com impacto ao nível funcional, celular e molecular, 

discutindo-se as vias moleculares que poderão estar a ser moduladas no 

coração pelo exercício físico. Neste contexto, é de salientar a modulação da 

proliferação tumoral, do metabolismo e defesas antioxidantes, e da fibrose e 

regeneração cardíaca. Com base neste conhecimento, e tendo em consideração 

que o cancro da próstata (CaP) é um dos mais incidentes e prevalentes a nível 

mundial, foi avaliado o impacto do exercício físico de longa duração na função 

e reestruturação cardíaca de um modelo animal de CaP induzido por via 

química e hormonal. Apesar de apenas se terem verificado alterações subtis na 

função cardíaca dos animais pelo CaP, detetou-se um aumento de 

acilcarnitinas e aminoácidos ramificados no coração, em conjunto com 

diminuição da eficiência mitocondrial, indicativo de depleção das reservas 

energéticas do coração, do tecido adiposo e possivelmente de outros grupos 

musculares. Por sua vez, os resultados obtidos nos animais com CaP treinados 

evidenciaram um aumento mais subtil do metabolismo de ácidos gordos, não 

demonstrando qualquer alteração do metabolismo de aminoácidos 

ramificados, o que parece estar relacionado com um aumento da eficiência 

mitocondrial, através da modulação da expressão quer de mediadores 

moleculares, como o PGC-1α, quer de efetores, como a citrato sintase ou ATP 

sintase β. Ao mesmo tempo, um aumento da expressão de CITED4 foi 

detetado nestes animais, indicativo de ativação das vias de regeneração 

cardíaca. Estas alterações parecem relacionar-se com o aumento de expressão 

dos recetores de androgénio e estrogénio no coração. 
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abstract

 

With the incidence and prevalence of cancer expected to increase in the 

coming years, an increase in the incidence of concomitant paraneoplastic 

syndromes with great impact in patient quality of life and survival can also be 

expected. Since exercise training provides several cardiovascular benefits in 

both physiologic and pathologic conditions, its use as a preventive and/or 

therapeutic tool for cancer-induced cardiac cachexia has been hypothesised. 

In this work, we report on the current knowledge on cancer-induced cardiac 

cachexia, a syndrome with impact at the functional, cellular and molecular 

levels, and discuss the molecular pathways that may be modulated by exercise 

training in this setting, particularly, modulation of tumoral activity, 

metabolism and antioxidant defences, and cardiac fibrosis and regeneration. 

Based on this knowledge, and given that prostate cancer (PCa) is one of the 

most incident and prevalent cancers, the impact of life-long exercise training 

on cardiac function and remodelling was studied in an animal model with 

chemically- and hormonally-induced PCa. Despite subtle changes in animals’ 

cardiac function, PCa promoted an increase of acylcarnitines and branched-

chain amino acids, together with diminished mitochondrial efficiency, which 

is indicative of energetic storages depletion in the heart, adipose tissue, and 

possibly other muscle groups. On the other hand, the heart of trained PCa 

animals was more reliant on fatty acid oxidation, without involvement of 

amino acid metabolism, which appeared to be related with increased 

mitochondrial efficiency, through the modulation of expression of molecular 

regulators, such as PGC-1α, and molecular effectors, such as ATP synthase β 

and citrate synthase. At the same time, the increased expression of CITED4, a 

marker of cardiac regenerative capacity, was detected in these animals. These 

changes were apparently associated with increased expression of androgen and 

oestrogen receptors in the heart.
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 Cancer is the second leading cause of death worldwide, and was responsible for 9.56 

million deaths in 2017 [1]. Even though this number represents an increase of 25.4% in the 

number of deaths in just one decade, the corresponding estimated death rate is diminishing, 

currently standing at 121.2 deaths per 100 000, a decrease of 4.4% in the same time period 

[1]. In part, this trend is explained by the increased number of years living with disability 

(YLD), with modern diagnostic and therapeutic interventions allowing for a significant 

improvement in life expectancy post-cancer diagnosis. This is a double edge-sword, with 

increased YLD leading to an increased cancer prevalence among worldwide population, 

which is currently estimated to be over 100 million persons [2]. This number is expected to 

increase mainly because the incidence of cancer is estimated to rise by as much as 75% in 

the next two decades [3]. This poses a dreadful problematic as cancer is one of the deadliest 

group of diseases and is also associated with a number of paraneoplastic syndromes that 

have been the subject of a great deal of scrutiny in recent years. Of particular interest is 

cancer cachexia, a condition that is present in 50–80 % of cancer patients (more prevalent 

within pancreatic, colon, or non-small-cell lung malignancies) and accounts for up to 20 % 

of cancer-associated deaths [4]. Cancer cachexia is an insidious multi-organ syndrome that 

not only has a dramatic impact on the patient’s quality of life, but is also associated with 

poor responses to chemotherapy and decreased survival [5]. The heart is among the organs 

suffering from cancer-induced changes, with the first reports of such changes in patients 

dating back to 1968. In that seminal study, Burch and colleagues described EKG changes, 

cardiac atrophy, cardiomyocyte disarrangements and myocardial infiltration by leucocytes 

in patients that died from cancer [6]. Until very recently, these features were considered side-

effects of cardiotoxic anti-cancer therapy, a notion that has been recently updated with the 

observation of cardiac cachexia in therapy-naïve cancer patients [7,8]. The clinical impact 

of these findings needs to be discussed, as the negative effects of the cancer-induced cardiac 

changes could eventually limit tolerance to anti-cancer therapy, postponing its initiation, 

and/or it may exacerbate cardiac dysfunction and failure secondary to cardiotoxic anti-cancer 

therapy, thus leading to dyspnoea, fatigue and  reduced quality of life [9]. With this in mind, 

a new challenge is emerging in terms of developing strategies that could counteract the 

cardiac effects of cancer. Exercise training has a great potential for such a role, given its 

numerous benefits that have been extensively demonstrated over the past couple of years, 

not only in physiological states, but also in a myriad of pathological conditions [10]. The 
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mechanisms by which exercise training exerts its beneficial effects are still not fully 

understood, though a combination of factors, both locally and systemically, could be 

involved [11]. In recent years, the increasing number of studies reporting benefits in 

exercising patients suffering from cardiac diseases has mustered support for its use amongst 

clinical physicians [10]. This is in contrast with what was recommended not so long ago for 

these patients, where rest was mandatory [12]. While there are specific medical conditions 

that may limit or even contraindicate exercise [10], the truth is that exercise is safe, beneficial 

and should be recommended for stable and well medicated cardiac patients [12]. In 

accordance, it has been hypothesised that exercise training could potentially be used as an 

adjuvant therapy to prevent cancer-induced cardiac cachexia. This is, however, an 

underdeveloped area with only two pre-clinical studies published so far, in the setting of 

bladder and breast cancer, showing that exercise training positively modulated cardiac 

structural and metabolic remodelling and improved antioxidant defences in the myocardium 

[13,14]. Therefore, it is of utmost importance to explore the beneficial effects of exercise 

training in the specific setting of cancer-induced cardiac cachexia and to characterize the 

underlying molecular and cellular pathways. Pre-clinical studies might help not only to push 

for the use of exercise training in daily clinical practice, but could also lead to the discovery 

of therapeutic targets with potential to be used as an alternative to exercise [15], a critical 

need for patients whose mobility/physical condition is reduced or that exercise is 

contraindicated. To add new insights on this topic, the present work begins with a narrative 

review followed by an experimental work. In the first, we discuss what is known so far about 

cancer-induced cardiac cachexia, about the exercise-induced cardiac adaptations in 

physiological states and, by hypothesizing interplay between these two settings, we further 

discuss possible cellular and molecular pathways modulated by exercise in cancer-induced 

cardiac cachexia (Antunes et al., 2018). On the second, we evaluated the impact of life-long 

exercise training on cardiac function and remodelling in an animal model of prostate cancer. 
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1. Introduction 

 Cardiomyopathy and heart failure in surviving cancer patients is a well-established 

complication secondary to chemotherapy or radiotherapy-induced cardiotoxicity, adversely 

impacting the overall morbidity and mortality [1]. A relatively underexplored topic is related 

with the influence of cancer itself on cardiac function and remodelling of chemotherapy- and 

radiotherapy-naive patients, as recently reviewed by our group [2]. Briefly, clinical studies 

showed increased circulating levels of biomarkers of cardiac damage [3–5], myocardial 

fibrosis [6] and cardiac dysfunction [7,8] in therapy-naive cancer patients, which is further 

supported by several pre-clinical models [9–13]. While the mechanisms underlying such 

changes remain to be disclosed, it has been hypothesized that cytokines released by the 

tumour cells could play a major role [14]. Cancer-induced changes may directly worsen the 

patient’s prognosis by limiting or delaying the use of certain therapies and, in addition, it 

may also contribute for some of the cardiovascular complications occurring later in life in 

cancer survivors [15]. Thus, it is mandatory to characterize the changes taking place in the 

heart of therapy-naïve cancer patients, to understand if they are cancer-type and/or stage 

specific, to clarify the molecular mediators for the cross-talk between the heart and cancer 

cells and, ultimately, to develop preventive or therapeutic strategies for such changes. 

 The cardioprotective effects of exercise training have been extensively 

acknowledged both in physiological and pathological scenarios [16], from which 

cardiovascular diseases are of particular interest given that cancer seems to cause cardiac 

dysfunction [2]. While there are specific medical conditions that may limit or even 

contraindicate exercise [17], the truth is that, for stable and well medicated cardiac patients, 

exercise training is safe, beneficial and highly recommended [16]. For instance, in patients 

with heart failure, exercise training was shown to reduce hospitalization rate, to increase 

survival, and to improve cardiac function and remodelling [17]. In accordance, it has been 

hypothesised that exercise training could potentially be used as an adjuvant therapy to 

prevent cancer-induced cardiac cachexia [2]. Early pre-clinical studies in the setting of 

bladder and breast cancer support this hypothesis, showing that exercise training positively 

modulated cardiac structural and metabolic remodelling and improved antioxidant defences 

in the myocardium [18,19]. Because the remodelling of the heart may be cancer-specific, it 

is imperative to design studies in different types of cancer [2]. Considering that prostate 

cancer is the fifth most incident and the second most prevalent worldwide, with a 41% 



44 
 

increase in years living with disability during the last decade [20], we explored the 

preventive potential of life-long exercise training in cancer-induced cardiac remodelling in 

an animal model of chemically- and hormonally-induced prostate cancer submitted to 53 

weeks of exercise training. 

 

2. Material and Methods 

2.1. Animals 

 Fifty-four male WU rats (age= 4 weeks) were obtained from Charles River 

Laboratories (France). During the experimental protocol, the animals were housed in the 

University of Trás-os-Montes e Alto Douro’s (UTAD) bioterium. After arrival, the animals 

remained in quarantine for two weeks, after which they were randomly divided according to 

the experimental groups and allocated in cages (5 rats per cage) and maintained under 

controlled conditions: 18±2ºC temperature, 55±5% relative humidity, inverted 12-hour 

day/night (20:00-8:00) cycles, with free access to food (standard laboratory diet 4RF21®, 

Mucedola, Italy) and water. The experimental protocol was approved by UTAD’s 

Committee for Animal Well-Being (Órgão Responsável pelo Bem-Estar Animal), and by the 

Portuguese Ethics Committee for Animal Experimentation (Direção Geral de Alimentação 

e Veterinária) (license nº 021326). 

 

2.2. Experimental Protocol 

 After the quarantine period, animals were assigned to one of four experimental 

groups: sedentary control (CONT+SED, n=10), exercised control (CONT+EX, n=10), 

sedentary with prostate cancer (PCa+SED, n=15) and exercised with prostate cancer 

(PCa+EX, n=19). Animals from the exercise training groups started the training programme 

at the 8th week of age. First, in order to determine the training speed (70% of maximal 

running speed), a maximal running speed test was performed. After that, the animals started 

the training program that consisted of running on an electric treadmill (Treadmill Control 

LE 8710, Harvard Apparatus, USA) for 60 min/day, at 70% of maximal running speed, 5 

days per week, for 53 weeks. In the first two weeks of training, the load (intensity and 

duration) of exercise was progressively increased until the target duration and running speed 

was reached. During the course of the exercise programme, running speed was adjusted 

based on a maximal running speed test that was performed every 6 weeks. In order for the 
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sedentary groups (CONT+SED and PCa+SED) to be subjected to the same handling stress 

as those in the exercise training groups, sedentary rats were regularly placed on a non-

moving treadmill for a couple minutes. 

 At the 12th week of age, prostate cancer was induced in the animals from PCa groups 

(PCa+SED and PCa+EX) (Figure 1). Initially, flutamide (20 mg/Kg, prepared in 10% 

propylene glycol and 5% ethanol) was administered subcutaneously for 21 consecutive days. 

Two days after the end of flutamide administration, testosterone propionate (100 mg/Kg, 

dissolved in corn oil) was subcutaneously administered, and two days later, methylnitrosurea 

(MNU, 30 mg/Kg, prepared in 0.1 M pH 4.8 citrate buffer) was administered 

intraperitoneally. Fifteen days after MNU administration, crystalline testosterone capsules 

[3.5 cm length, silicone tubes (Silastic® Tubbing) filled with crystalline testosterone and 

sealed with medical glue (Silastic® Medical Adhesive Silicone Type] were implanted 

subcutaneously through a small incision in the interscapular region, followed by closure with 

a surgical suture. The procedure was done under anaesthesia (75 mg/Kg of ketamine and 10 

mg/Kg of xylazine, i.p.). 

 At the 61st week of age (53 weeks after the initiation of the treadmill exercise 

programme and 45 weeks after MNU administration), animals were euthanised with an 

overdose of ketamine/xylazine (i.p), followed by exsanguination by cardiac puncture. Blood 

was collected immediately to obtain serum, and thereafter a complete necropsy was 

performed. Heart, prostate, lung, liver, mesenteric adipose tissue and gastrocnemius were 

removed and weighted (Figure 1). The heart was divided in two sections, with one being 

stored at -80ºC for biochemical analysis and the other (apex) immediately processed for 

histological analysis. 
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Figure 1. Overview of the experimental protocol followed in this study. After arrival, animals spent two 

weeks in quarantine, after which they were divided into four experimental groups: sedentary control 

(CONT+SED, n=10), exercised control (CONT+EX, n=10), sedentary with prostate cancer (PCa+SED, n=15) 

and exercised with prostate cancer (PCa+EX, n=19). Animals from EX groups started the exercise-training 

programme with 8 weeks of age. It consisted of treadmill running 60 mints/day, 5 day/week at 70% their 

maximal capacity, during 53 weeks. Four weeks after exercise initiation, cancer was induced in PCa groups 

through the sequential administration of flutamide, testosterone propionate, MNU and implantation of 

testosterone capsules. One week prior to the end of the protocol, echocardiographic evaluation was performed. 

Twenty-four hours after the last training session, rats were euthanised, and the organs and blood were extracted, 

followed by evaluation of several parameters. Figure was made using Servier Medical Art by Servier 

(https://smart.servier.com/), which was modified by the authors under the Creative Commons Attribution 3.0 

Unported License (CC BY 3.0). 

 

2.3. Analysis of biochemical parameters in serum samples 

 Serum testosterone concentration was determined using an ELISA Kit (582701; 

Caymann Chemical, MI, USA), following the manufacturer’s instructions. Briefly, this is a 

competitive assay based on the competition between testosterone and a testosterone-

acetylcholinesterase conjugate, with a concentration range from 3.9 to 500 pg/mL and a 

sensitivity of approximately 6 pg/mL. Eight testosterone standards with decreasing 

testosterone concentrations were prepared and the corresponding absorbance was measured 

at 412 nm using a microplate reader (Tecan® Infinite M200), generating a standard curve. 

https://smart.servier.com/
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The serum samples were diluted according to the manufacturer’s instructions, the 

absorbance was measured and the circulating levels of testosterone were determined by 

using the standard curve. Values are presented in pg/mL. 

 Regarding serum albumin, total protein, triglycerides, glucose and creatine kinase, 

these parameters were measured in duplicate on a Prestige 24i automated analyser (PZ 

Cormay, Poland). 

 

2.4. Echocardiographic assessment 

 Echocardiographic evaluation was conducted with animals at rest one week prior to 

the end of the protocol. Transthoracic echocardiography was performed by an Acuson 

Sequoia C512 (Siemens, Germany) ultrasound device with a 15 MHz linear cardiac 

transducer. Measurements were obtained from standard views according to accepted 

standards for dogs and humans, using transthoracic two-dimensional, M-mode, tissue and 

colour Doppler imaging [21,22]. Rats were anaesthetised with inhalation of 8% sevoflurane 

(Sigma Delta Anaesthetic Vaporizer; Penlon, United Kingdom) through an in-house 

manufactured co-axial breathing system, and endotracheally intubated (14–16G iv catheter). 

Anaesthesia was maintained with 2.5–3 % sevoflurane and adjusted according to toe-pinch 

reflex. All data were collected using a track ball-driven cursor and the help of the ultrasound 

system software. The measured beats were selected on the basis of quality of the recording 

and presence of a regular cardiac rhythm. Three representative cardiac cycles were analysed, 

and a mean value was calculated for each measurement. 

 

2.5. Histological analysis of cardiac muscle and prostate  

 Cardiac muscle samples (collected from the apex) and prostates were fixed by 

diffusion in 4% (v/v) buffered paraformaldehyde for 24 hours, subsequently dehydrated 

through graded ethanol and then included in paraffin blocks (xylene was used in the 

transition from ethanol to paraffin). Serial sections (5 μm of thickness) of paraffin blocks 

were cut utilizing a microtome and mounted on silane-coated slides. The slides were 

dewaxed in xylene, hydrated through graded ethanol and washed in water. Thereafter, 

deparaffinised sections of cardiac tissue were stained with Haematoxylin-Eosin or 

Picrosirius red for cardiomyocyte cross-sectional area or cardiac fibrosis analysis, 

respectively, as previously described by our group [23]. Prostate sections were stained with 
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Haematoxylin-Eosin and slides were observed blindly, under a light microscope, by two 

independent researchers from UTAD. 

 

2.6. Biochemical analysis of cardiac muscle 

2.6.1. Cardiac muscle preparation 

 Portions of cardiac muscle of approximately 50 mg were homogenised in 1 mL of 

100 mM phosphate buffer (50 mM KH2PO4, 50 mM Na2HPO4.H20 pH 7.4 with 200 mM 

PMSF and protease inhibitor cocktail (P0044 and P5726, Sigma 1:1000)). The protein 

content of the cardiac muscle homogenates was assayed with RC-DC™ Protein Assay (Bio-

Rad, CA, USA) following the manufacturer’s instructions. In brief, to 5 μL of cardiac muscle 

sample or protein standard (bovine serum albumin; concentrations ranging from 0.3 to 10.0 

mg/mL), 25 μL of Reagent A’ (mixture of reagent S with reagent A in a 20 μL:1 mL ratio) 

was added, which was followed by mixture. Subsequently, 200 μL of Reagent B was added, 

followed by mixture and incubation at room temperature for 15 minutes. Thereafter, 

absorbance was measured at 750 nm in a Multiskan GO microplate spectrophotometer 

(Thermo Scientific, MA, USA). 

 

2.6.2. Myosin Heavy Chain isoforms analysis 

 Myosin Heavy Chain (MHC) isoforms were separated according to Talmadge and 

Roy [24]. Briefly, 20 μg of cardiac muscle protein of each sample were diluted in loading 

buffer (125 mM Tris, pH 6.8; 4% SDS (w/v); 15% glycerol (v/v); 20% β-mercaptoethanol 

(v/v); 0.1% bromophenol blue) in a 1:2 ratio and incubated at 97ºC for 5 minutes. 

Subsequently, loaded samples were electrophoresed in modified polyacrylamide gels – the 

stacking gel consisted of 30% (v/v) glycerol, 4% acrylamide, acrylamide:bis-acrylamide 

(50:1), 0.07 mM Tris (pH 6.8), 4 mM EDTA and 0.4% (w/v) SDS. The separating gel was 

composed of 30% (v/v) glycerol, 8% acrylamide, acrylamide:bis-acrylamide (50:1), 0.2 mM 

Tris (pH 8.8), 0.1 M glycine and 0.4% (w/v) SDS – for 20h at 80V. After electrophoresis, 

gels were stained in Coomassie Brilliant Blue G250 and scanned in a Gel Doc™ XR+ 

System (Bio-Rad). 
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2.6.3. Gelatin zymography 

 Zymography assays were performed according to Vitorino et al. [25]. Briefly, 40 μg 

of cardiac muscle protein of each sample were diluted in charging buffer (100 mM Tris pH 

6.8, 5% SDS (w/v), 20% glycerol (v/v), 0.1% bromophenol blue, and completed with 

deionised water) in a 1:2 ratio and incubated at room temperature for 10 minutes. 

Subsequently, samples were electrophoresed in 10% gelatin-containing polyacrylamide gels 

(0.1% gelatin) for 90 minutes at 125V. After the run, gels were incubated 2x30’ in 

renaturation buffer (2.5% Triton X-100) at room temperature with soft agitation. Thereafter, 

gels were incubated in development buffer (50 mM Tris, 5 mM NaCl, 10 mM CaCl2, 1 μM 

ZnCl2, pH 7.4, 0.02% (v/v) Triton X-100) for 30 minutes at room temperature with soft 

agitation, which was followed by overnight incubation (approximately 16 hours) at 37ºC in 

new development buffer. For specific inhibition of metalloproteinases, zymograms were 

incubated in a development buffer containing 10 mM EDTA. After incubation, gels were 

stained in 0.4% (w/v) Coomassie Brilliant Blue G250 prepared in 50% (v/v) ethanol and 

10% (v/v) acetic acid. Gels were distained through graded ethanol solutions starting at 25% 

(v/v) ethanol with 5% (v/v) acetic acid and scanned in a GS-800™ Calibrated Densitometer 

(Bio-Rad). 

 

2.6.4. Acylcarnitine and Amino Acid Quantitation 

 Acylcarnitine (AC) and Amino Acid (AA) quantitation was performed according to 

Petucci et al. [26]. In brief, 100 µL of cardiac muscle homogenate of each sample were 

added to 360 µL of methanol, followed by vortexing and centrifugation at 14000 rpm (10ºC, 

5 minutes). Afterwards, 140 µL of supernatant were collected to a 96-well plate and 100 µL 

of methanol containing deuterated acylcarnitine internal standard solutions (Cambridge 

Isotope labs, MA, USA) was added to each well. The mixture was subsequently dried using 

nitrogen at 45ºC and shortly thereafter derivatised to the corresponding methyl esters by 

incubation with 95 µL of 3N methanolic HCl at 50ºC for 15 minutes. The samples were then 

dried once again using nitrogen at 45ºC and reconstituted with 200 µL of 80% methanol for 

flow injection MS/MS in an API 4000 QTRAP (Sciex, Washington, D.C., USA). 
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2.6.5. Citrate synthase activity 

 Citrate synthase (CS) activity was measured in cardiac muscle homogenates 

according to the method described by Coore et al. [27]. In brief, a determined amount of 

cardiac muscle homogenate (4 μL) was diluted in reaction buffer (0.1% of Triton X-100, 

200 μM DTNB, 200 μM acetyl-CoA and 100 mM of buffer [Tris pH 8.0]). The solution was 

completed to a final volume of 200 μL with deionised water, stirred and the absorbance was 

measured at 412 nm for 2 minutes. Thereafter, oxaloacetate (OAA) was added to achieve a 

100 μM concentration, the solution was stirred, and absorbance was immediately measured 

at 412 nm for 2 minutes. The first measurement is a measure of mitochondrial integrity, 

while the second is the measurement of CS activity, measured by the appearance of DTNB-

CoA (product of DTNB reaction with released SH-CoA from OAA reaction with acetyl-

CoA, catalysed by CS; molar extinction coefficient of 13.6 mM-1.cm-1). All absorbance 

measurements were done in a Multiskan GO microplate spectrophotometer (Thermo 

Scientific). 

 

2.6.6. Immunoblotting analysis 

 Forty μg of cardiac muscle protein of each sample were diluted in loading buffer 

(125 mM Tris, pH 6.8; 4% SDS (w/v); 15% glycerol (v/v); 20% β-mercaptoethanol (v/v); 

0.1% bromophenol blue) in a 1:2 ratio and incubated at 97ºC for 5 minutes. Subsequently, 

loaded samples were electrophoresed in 12.5% (or 15% for CITED4) polyacrylamide gels 

as described by Laemmli [28]. After adequate separation, gels were blotted onto a 

nitrocellulose membrane (Amersham™ Protan™, GE Healthcare Lifesciences) in transfer 

buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 2 hours at 200 mA. After 

membrane preparation, non-specific binding was blocked for 1h in 5% (w/v) non-fat dry 

milk in TBS-T (100mM Tris, 1.5 mM NaCl, 0.5% Tween 20). Immediately, membranes 

were incubated with primary antibody [diluted 1:1000 in 5% (w/v) non-fat dry milk in TBS-

T] for 1h at room temperature, followed by overnight incubation at 4ºC (mouse monoclonal 

anti-ATP synthase subunit β, ab14730, Abcam; rabbit anti-GAPDH, ab9485, Abcam; rabbit 

anti-PGC-1α, ab191838, Abcam; rabbit anti-ETFDH, ab91508, Abcam; rabbit anti-PPARα, 

ab24509, Abcam; rabbit anti-AR, 06-680, Merck Millipore; rabbit anti-ErRα, 07-662, Merck 

Millipore; rabbit anti-CITED4, MBS833529, MyBioSource; all antibodies are polyclonal, 

unless otherwise stated). Thereafter, membranes were washed 3 x 10 minutes in TBS-T, 
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which was followed by incubation with secondary HRP-conjugated anti-mouse or anti-rabbit 

(GE Healthcare Life Sciences; diluted 1:1000 in 5% (w/v) non-fat dry milk in TBS-T) for 2 

hours at room temperature. Finally, membranes were again washed 3 x 10 minutes in TBS-

T and immunoreactive bands were detected by enhanced chemiluminescence 

(WesternBright™ ECL, Advansta) according to the manufacturer's procedure. Images were 

recorded using a ChemiDoc™ Imaging System (Bio-Rad) and analysed with Image Lab 

(version 5.0, Bio-Rad). The optical densities obtained were expressed in arbitrary units. 

Equal protein loading was confirmed by Ponceau S staining. 

 

2.7. Statistical analysis 

 Values are presented as mean ± standard deviation for all variables. The 

Kolmogorov-Smirnov test was performed to check the normality of the data. Statistical 

analysis was performed using a two-way analysis of variance (ANOVA) followed by the 

Tukey multiple comparisons post hoc test. Results were considered significantly different 

when p < 0.05. GraphPad Prism (version 7.0) was the software used. 

 

3. Results 

3.1. Characterisation of morphometric and serum parameters  

 Morphometric parameters are displayed in Table 1. Body weight was significantly 

reduced in PCa+SED, CONT+EX and PCa+EX in comparison to CONT+SED (p < 0.001), 

while no differences where noted between the exercised groups. Exercise resulted in greater 

body weight loss in the presence of PCa, as PCa+EX presented a lower body mass than their 

sedentary counterpart (p < 0.001 vs. PCa+SED). No differences were detected in 

gastrocnemius mass, suggesting that body weight loss was not related to muscle mass. 

Mesenteric fat mass was used in representation of adipose tissue depots and was significantly 

reduced only in CONT+EX (p < 0.01 vs. CONT+SED) and PCa+EX (p < 0.01 vs. 

PCa+SED). These differences were confirmed when mesenteric fat mass was adjusted to 

tibia length - in morphometric characterisation, adjustment to tibia length has been suggested 

as an ideal alternative to body mass normalisation in situations in which body mass might 

be affected by the experimental conditions [29]. Regarding heart mass, we found an 

intriguing reduction in the heart mass of CONT+EX group (p < 0.05 vs. CONT+SED), which 

was prevented in PCa+EX (p < 0.01 vs. CONT+EX). These differences were confirmed 
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when heart mass was adjusted to tibia length. The liver was also weighted and its mass was 

significantly reduced by exercise in both CONT+EX (p < 0.001 vs. CONT+SED) and 

PCa+EX (p < 0.01 vs. CONT+EX). Cancer per se had no effect. These differences were 

confirmed when liver mass was adjusted to tibia length. Lung mass was unaffected by PCa 

or exercise in isolation. However, when combined, it resulted in lung mass reduction as 

observed in PCa+EX group (p < 0.01 vs. PCa+SED and p < 0.01 vs. CONT+EX), which was 

also confirmed when lung mass was adjusted to tibia length. Finally, prostate mass was 

significantly increased in both PCa+SED and PCa+EX groups (p < 0.001 vs. CONT+SED 

and p < 0.001 vs. CONT+EX, respectively), but also in CONT+EX group (p < 0.05 vs. 

CONT+SED), suggesting that exercise per se had an impact on prostate mass. Similar 

findings were observed after adjustments to tibia length.  

 Consistent with prostate mass changes, all animals from PCa groups developed pre-

neoplastic and neoplastic prostate lesions. Invasive carcinomas alone or associated with PIN 

and/or dysplasia were observed in both sedentary and exercised animals. Curiously, 

exercised animals developed more frequently multiple neoplastic and pre-neoplastic lesions 

(data not shown). Intriguingly, a small number of control animals also developed pre-

neoplastic and neoplastic prostate lesions. From these, only exercised animals developed 

invasive carcinomas (data not shown). 
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Table 1. General morphometric parameters. 

 Experimental groups 

 CONT+SED PCa+SED CONT+EX PCa+EX 

Body mass (g) 554.69±25.70 494.59±34.12*** 442.02±19.03*** 416.81±24.36***§§§ 

Gastrocnemius mass (g) 4.408±0.279 4.438±0.266 4.386±0.308 4.325±0.364 

Gastrocnemius-to-tibia 

length (g/mm) 
0.956±0.042 0.956±0.039 0.974±0.056 0.946±0.067 

Mesenteric fat mass (g) 0.943±0.363 0.756±0.171 0.485±0.168** 0.430±0.265***§§ 

Mesenteric fat-to-tibia 

length (g/mm) 
0.208±0.078 0.157±0.051 0.120±0.053* 0.096±0.060***§ 

Heart mass (g) 1.506±0.113 1.423±0.118 1.316±0.118* 1.505±0.176## 

Heart-to-tibia length 

(g/mm) 
0.334±0.028 0.314±0.019 0.287±0.025** 0.329±0.037## 

Liver mass (g) 12.917±2.083 12.610±0.847 10.000±0.239*** 11.918±1.756## 

Liver-to-tibia length 

(g/mm) 
2.619±0.545 2.740±0.172 2.123±0.077* 2.552±0.475# 

Lung mass (g) 1.589±0.201 1.589±0.196 1.591±0.197 1.364±0.081**##§§ 

Lung-to-tibia length 

(g/mm) 
0.355±0.040 0.345±0.047 0.348±0.049 0.300±0.018**#§ 

Prostate mass (g) 2.889±0.283 4.685±0.534*** 3.450±0.257* 4.799±0.415***### 

Prostate-to-tibia length 

(g/mm) 
0.637±0.058 1.041±0.139*** 0.759±0.073* 1.054±0.097***### 

aValues are expressed as mean ± standard deviation (*p < 0.05 vs. CONT+SED; #p < 0.05 vs. CONT+EX; §p 

< 0.05 vs. PCa+SED; **p < 0.01 vs. CONT+SED; ##p < 0.01 vs. CONT+EX; §§p < 0.01 vs. PCa+SED; ***p 

< 0.001 vs. CONT+SED; ###p < 0.001 vs. CONT+EX; §§§p < 0.001 vs. PCa+SED). 

 

 Serum parameters analysis results are displayed in Table 2. Testosterone levels were 

greatly increased in both PCa groups when compared with the respective controls (p < 0.001 

vs. CONT+SED and p < 0.001 vs. CONT+EX, respectively), as expected considering the 

pre-clinical model used in this study [30]. Moreover, exercise exacerbated the increase in 

the levels of serum testosterone in tumour bearing animals (p < 0.001 vs. PCa+SED). No 

significant difference was detected between control groups regarding this parameter. When 

we assessed the interaction between morphometric and serum testosterone data, we detected 

a significant positive correlation between serum testosterone concentration and prostate (p 

< 0.001, r = 0.8351; Figure 2A) and heart mass (p < 0.05, r = 0.3625; Figure 2C); and a 

significant, but negative correlation between serum testosterone and body (p < 0.05, r = -

0.3785; Figure 2B) and lung mass (p < 0.05, r = -0.3458; Figure 2D). No correlation was 
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detected between serum testosterone concentration and liver or mesenteric fat mass (data not 

shown). 

 

 

Figure 2. Correlation analysis between morphometric parameters and serum testosterone concentration. 

A, prostate mass; B, body mass; C, heart mass; D, lung mass. 

 

 Albumin was decreased in all groups but significance was obtained only for PCa+EX 

(p < 0.01 vs. CONT+SED and p < 0.05 PCa+SED), while total protein was significantly 

reduced in all groups (p < 0.01 vs. CONT+SED). Triglycerides were also decreased in all 

groups, but significance was found only for the PCa groups (p < 0.01 vs. CONT+SED). 

Glucose was significantly reduced in both EX groups (p < 0.05 vs. CONT+SED), as 

previously described in human patients [31]. Finally, CK levels were increased in both 

exercised groups, though significance was found only for PCa+EX in comparison to its 

sedentary counterparts (p < 0.01 vs. PCa+SED), possibly an acute manifestation of the last 

training session that was performed 24 hours before blood collection. 
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Table 2. General serum parameters. 

 Experimental groups 

 CONT+SED PCa+SED CONT+EX PCa+EX 

Testosterone (pg/mL) 140.08±64.28 1862.17±608.66*** 233.74±66.98 
2680.54±550.25*** 

###§§§ 

Albumin (g/L) 42.45±6.11 40.57±4.02 39.77±1.36 37.04±2.60**§ 

Total protein (g/L) 63.14±7.33 56.33±2.03** 56.04±2.25** 54.03±3.23*** 

Triglycerides (mg/dL) 52.59±18.81 28.60±8.81** 41.74±17.49 32.88±11.07** 

Glucose (mg/dL) 285.39±43.67 254.16±49.00 184.24±41.59** 201.14±81.42* 

Creatine kinase (U/L) 22.33±7.55 19.55±5.54 29.44±6.71 30.98±9.75§§ 

aValues are expressed as mean ± standard deviation (§p < 0.05 vs. PCa+SED; **p < 0.01 vs. CONT+SED; §§p 

< 0.01 vs. PCa+SED; ***p < 0.001 vs. CONT+SED; ###p < 0.001 vs. CONT+EX; §§§p < 0.001 vs. PCa+SED). 

 

3.2. Characterisation of cardiac function 

 Cardiac function parameters of the four groups determined by echocardiographic 

evaluation are shown in Table 3. Heart rate was significantly increased in trained groups, 

though significantly only in the CONT+EX group (p < 0.01 vs. CONT+SED). Overall, 

systolic function was similar between the different groups, except for CO that was greater in 

PCa+EX in comparison to its sedentary counterparts (p < 0.05 vs. PCa+SED) and ET that 

was smaller in PCa+EX in comparison to sedentary control rats (p < 0.05 vs. CONT+SED). 

Diastolic dysfunction was unchanged in PCa groups except for peak mitral inflow velocity 

during early diastole in PCa+SED (p < 0.05 vs. CONT+SED). Exercise training improved 

diastolic function in both exercised groups, as supported by their lower E/A ratio and DT (p 

< 0.05 vs. CONT+SED), though the decrease in DT was not significant in PCa+EX. 

Regarding cardiac dimension, exercise training induced a significant increase in aortic 

diameter of both exercised groups (p < 0.05 vs. CONT+SED). 
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Table 3. Cardiac function parameters determined by echocardiography. 

 Experimental groups 

 CONT+SED PCa+SED CONT+EX PCa+EX 

Systolic Function 

HR (bpm) 215.5±21.9 215.4±29.3 264.3±48.1** 236.9±37.8# 

CO (mL/min) 39.2±6.7 35.6±10.3 48.9±8.6 45.1±8.0§ 

SV (mL) 0.178±0.027 0.173±0.056 0.191±0.010 0.176±0.037 

IVCT (ms) 17.2±4.4 16.3±4.3 15.3±3.6 14.3±3.6 

ET (ms) 85.0±9.9 80.6±6.4 82.3±3.6 76.2±8.8* 

AoVTI (cm) 6.6±1.0 6.2±1.0 6.2±0.4 6.4±1.1 

EF (%) 78±11 83±7 78±9 80±5 

FS (%) 41±10 45±7 41±7 42±5 

Diastolic Function 

Tei index 0.54±0.14 0.51±0.09 0.47±0.09 0.52±0.13 

E (cm/sec) 0.62±0.08 0.71±0.10* 0.63±0.05 0.67±0.09 

A (cm/sec) 0.35±0.10 0.40±0.06 0.42±0.09 0.43±0.08 

E/A 2.06±0.60 1.81±0.29 1.55±0.31* 1.60±0.30* 

IVRT (ms) 26±6 25±4 23±4 24±5 

DT (ms) 68.1±13.4 65.8±22.6 48.5±13.1* 55.9±12.8 

Wall dimensions 

LV mass (mg) 0.91±0.13 0.88±0.21 0.92±0.21 0.93±0.18 

LVd (mm) 7.12±0.56 7.28±0.63 6.68±0.88 7.56±0.80# 

IVSd (mm) 1.82±0.16 1.71±0.24 1.79±0.20 1.72±0.28 

LVPWd (mm) 1.75±0.28 1.80±0.40 2.07±0.62 1.75±0.28 

Aod (cm) 0.37±0.03 0.39±0.02 0.40±0.02* 0.40±0.02** 

LVs (mm) 4.21±0.80 4.13±0.85 3.96±0.74 4.40±0.70 

IVSs (mm) 2.86±0.56 2.88±0.27 2.80±0.47 2.77±0.36 

LVPWs (mm) 2.68±0.56 2.86±0.26 2.86±0.32 2.74±0.40 

aValues are expressed as mean ± standard deviation (*p < 0.05 vs. CONT+SED; #p < 0.05 vs. CONT+EX; §p 

< 0.05 vs. PCa+SED; **p < 0.01 vs. CONT+SED; ##p < 0.01 vs. CONT+EX; §§p < 0.01 vs. PCa+SED; ***p 

< 0.001 vs. CONT+SED; ###p < 0.001 vs. CONT+EX; §§§p < 0.001 vs. PCa+SED). 

bAbbreviations: A, peak mitral inflow velocity at atrial contraction; Aod, aortic diameter; AoVTI, aortic 

velocity/time integral; CO, Cardiac Output; DT, mitral deceleration time; E, Peak mitral inflow velocity during 

early diastole; EF, Ejection Fraction; ET, Ejection Time; FS, Fractional Shortening; HR, Heart Rate; IVCT, 

isovolumic contraction time; IVRT, isovolumic relaxation time; IVSd, interventricular septum at the end of 

diastole; IVSs, interventricular septum at the end of systole; LV, Left Ventricle; LVd, LV dimension at the end 
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of diastole; LVPWd, LV posterior Wall thickness at the end of diastole; LVPWs, LV posterior Wall thickness 

at the end of systole; LVs, LV dimension at the end of systole; SV, Stroke Volume. 

 

3.3. Evaluation of the impact of prostate cancer and/or exercise training on 

molecular markers of cardiac remodelling 

 As shown in Figure 3, no switch in myosin heavy chain (MHC) isoforms was 

detected. The more beneficial MHC isoform (MHCα) was the most abundant isoform, 

contributing with 92% of overall MHC content [32]. Cardiac expression of each of the 

isoforms of MHC did not significantly changed between groups. 

 

 

Figure 3. Effect of PCa and/or exercise on the expression of MHC isoforms. A representative gel is shown 

above the graphic – samples were loaded in the gel two per group side-by-side. Values are expressed as mean 

± standard deviation. 

 

 Activity of cardiac metalloproteinases (more specifically MMP2 and MMP9) was 

assessed by gelatin zymography. The results shown in Figure 4A indicate an increase in 

extracellular matrix turnover by MMP2 in PCa+SED group (p < 0.05 vs. CONT+SED). 

Exercise training was not able to reverse this state. MMP9 activity had no differences 

between groups (Figure 4B). Unfortunately, due to technical problems in the histological 

preparation of the samples, we have, to this point, been unable to relate with collagen 

accumulation and its consequences at the structural level. 
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Figure 4. Effects of PCa and/or exercise on MMPs activities. A, MMP2; B, MMP9. A representative gel is 

shown above the graphics – samples were loaded in the gel two per group side-by-side. Values are expressed 

as mean ± standard deviation (*p < 0.05 vs. CONT+SED). 

 

 CBP/p300-interacting transactivator with ED-rich carboxy-terminal domain-4 

(CITED4) was shown to be greatly overexpressed in the PCa+EX rats (p < 0.001 vs. 

CONT+SED, p < 0.01 vs. CONT+EX and p < 0.01 vs. PCa+SED; Figure 5). Despite not 

significant, a tendency was also found in PCa+SED rats and CONT+EX rats. Currently, 

analysis of c-kit and CCAAT-enhancer binding protein β (C/EBPβ) expression is underway 

to better evaluate the contribution of regeneration to PCa and/or exercise-induced cardiac 

remodelling. 

 



59 
 

 

Figure 5. Effects of PCa and/or exercise on CITED4. A representative membrane is shown above the graphic 

– samples were loaded in the gel two per group side-by-side. Values are expressed as mean ± standard deviation 

(##p < 0.01 vs. CONT+EX; §§p < 0.01 vs. PCa+SED). 

 

 In order to unravel the metabolic adaptations of cardiac muscle to prostate cancer, 

glycolytic and oxidative pathways were assessed (Figure 6). No changes were found 

between groups for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), electron-

transferring-flavoprotein-dehydrogenase (ETFDH) or peroxisome proliferator-activated 

receptor alpha (PPARα) (Figure 6A-C). On the other hand, PCa led to a reduction of the 

expression of ATP synthase in the PCa+SED group (p < 0.05 vs. CONT+SED), which was 

prevented by exercise in PCa+EX (p < 0.01 vs. PCa+SED; Figure 6D). No changes were 

found in CONT+EX for this parameter. Regarding the ratio GAPDH to ATP synthase, which 

informs about the shift in the metabolic status, no significant changes were detected between 

groups (Figure 6G).  

 Since fatty acid oxidation mainly occurs in mitochondria, the contribution of 

mitochondrial function and biogenesis was evaluated by assessing the protein expression of 

peroxisome proliferator-activated receptor γ coactivator-1 α (PGC-1α), a transcription 

regulator highly involved with the PPAR family of transcription factors and with significant 

functions in OXPHOS [33]. While no changes were detected in both control groups 

(CONT+SED and CONT+EX), PGC-1α protein expression was significantly increased in 
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PCa+SED (p < 0.05 vs. CONT+SED; Figure 6E), and this was prevented by exercise in 

PCa+EX group (p < 0.001 vs. PCa+SED). The activity of the Krebs cycle enzyme citrate 

synthase, a rough marker of mitochondrial density [34], was also measured, which was 

increased in all groups in comparison to CONT+SED (p < 0.05; Figure 6F). When PGC-1a 

was normalized to CS activity, an indicator of mitochondrial efficiency, it was noticed that 

this ratio was significantly decreased in both exercised groups (p < 0.001 vs. CONT+SED 

and p < 0.001 vs. PCa+SED; Figure 6H).  

 

 

Figure 6. Effects of PCa and/or exercise on different molecular markers of metabolism. A, GAPDH 

protein expression; B, ETFDH protein expression; C, PPARα protein expression; D, ATP synthase subunit β 

protein expression; E, PGC-1α protein expression; F, CS activity; G, ratio GAPDH to ATP synthase subunit 

β; H, ratio PGC-1α to citrate synthase activity. Representative blots are shown above the corresponding graphic 
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– samples were loaded in the gel two per group side-by-side. Values are expressed as mean ± standard deviation 

(*p < 0.05 vs. CONT+SED; §§p < 0.01 vs. PCa+SED; ***p < 0.001 vs. CONT+SED; §§§p < 0.001 vs. 

PCa+SED). 

 

 To better comprehend the effect of PCa and/or exercise on cardiac metabolism, 

metabolite profiling was performed by MRM MS/MS. Regarding acylcarnitine profile, the 

lipidic profile of the heart was altered in both PCa+SED and CONT+EX, leading to greater 

concentrations of β-oxidation intermediates (Figure 7). This was particularly evident in the 

hydroxylated intermediates, resulting in a greater accumulation of C6 and C4 fatty acids. 

Similar results were found for PCa+EX. However, on several intermediates, this was not 

verified, which can be explained, at least partially, by the lower fat storages in these animals, 

given by the visceral adipose tissue mass (Table 1). Of note, no change was detected 

between groups in 3-hydroxybutyrilcarnitne (C4-OH) concentration (data not shown), the 

carnitine bound form of the ketone body β-hydroxybutyrate, suggesting neither PCa nor EX 

promoted alterations in ketone bodies metabolism. Again, a tendency was detected for lower 

levels of this metabolite when both stimuli were combined. 
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Figure 7. Effects of PCa and/or exercise on the heart’s acylcarnitine profile. On the left, the complete 

sequence of oxidation of an octadecadienoyl fatty acid (C18:2) is shown; in total, nine acetyl molecules are 

yielded. On the right, the data resultant from the analysis of the heart’s acylcarnitine profile. Values are 

expressed as mean ± standard deviation (*p < 0.05 vs. CONT+SED; #p < 0.05 vs. CONT+EX; §p < 0.05 vs. 

PCa+SED; **p < 0.01 vs. CONT+SED; ##p < 0.01 vs. CONT+EX; ***p < 0.001 vs. CONT+SED; ###p < 

0.001 vs. CONT+EX). 
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 Despite not being the main energetic substrates of the heart [35], the putative 

contribution of amino acids metabolism to cardiac remodelling was also assessed by MRM 

MS/MS. The changes observed (Figure 8) were subtler than the ones observed for the 

acylcarnitine profile. In general, PCa was able to affect amino acid content in sedentary 

animals, as shown by the significant increase in concentration of valine, leucine and 

isoleucine (analysed together with leucine due to their equal molecular weight) in PCa+SED 

group (p < 0.01 vs. CONT+SED). These branched amino acids are a preferential source of 

acetyl-CoA and succinyl-CoA, supporting the TCA cycle after transamination [36]. 

Isoleucine and leucine were also significantly increased in CONT+EX (p < 0.05 vs. 

CONT+SED), while valine, leucine and isoleucine, and aspartate where decreased in 

PCa+EX when compared to their sedentary PCa counterparts (p < 0.01 vs. PCa+SED). In 

this regard, aspartate is of particular importance since it is a regulator of TCA intermediates 

levels [36]. In PCa+EX, valine, leucine and isoleucine were also decreased in comparison to 

the respective control (p < 0.05 vs. CONT+EX).  

 

 

Figure 8. Effects of PCa and/or exercise on the heart’s amino acid profile. A, Alanine; B, Valine; C, 

Leucine/Isoleucine; D, Aspartic Acid; E, Glutamic Acid. Values are expressed as mean ± standard deviation 

(*p < 0.05 vs. CONT+SED; #p < 0.05 vs. CONT+EX; §p < 0.05 vs. PCa+SED; **p < 0.01 vs. CONT+SED; 

***p < 0.001 vs. CONT+SED; §§§p < 0.001 vs. PCa+SED). 
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3.4. The role of testosterone in cardiac remodelling 

 To evaluate the potential role of testosterone in the prostate cancer-induced cardiac 

remodelling, we evaluated androgen (AR) and oestrogen-related receptor α (ErRα) 

expression in the heart. We found increased expression of both receptors only for PCa+EX 

in comparison to PCa+SED or CONT+SED (p < 0.05 vs. PCa+SED or CONT+SED in AR 

– Figure 9A – and p < 0.05 vs. CONT+SED or p < 0.01 vs. PCa+SED in ErRα – Figure 

9B). 

 

 

Figure 9. Effects of PCa and/or exercise on androgen and oestrogen receptors. A, AR protein expression; 

B, ErRα protein expression. Representative blots are shown above the corresponding graphic – samples were 

loaded in the gel two per group side-by-side. In A, only the upper bands were used to quantify protein. Values 

are expressed as mean ± standard deviation (§p < 0.05 vs. PCa+SED; §§p < 0.01 vs. PCa+SED). 

 

4. Discussion 

 The purpose of the present study was to explore the preventive potential of life-long 

exercise training in cancer-induced cardiac remodelling in an animal model of chemically- 

and hormonally-induced prostate cancer submitted to 53 weeks of exercise training. Our 

main findings are: a) prostate cancer does not seem to impair cardiac function or structure, 

b) myocardial metabolism seems to be modulated by prostate cancer and c) exercise training 

prevents cardiac metabolic remodelling. 

 While cardiac dysfunction and remodelling are relatively well studied in the setting 

of cancer as a side-effect of anti-cancer therapy, a relatively underexplored topic is related 

with the influence of cancer itself on cardiac function and remodelling of chemotherapy- and 
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radiotherapy-naive patients, as recently reviewed by us [2]. Cancer-induced changes may 

directly worsen the patient’s prognosis by limiting or delaying the use of certain therapies 

and, in addition, it may also contribute for some of the cardiovascular complications 

occurring later in life in cancer survivors [15]. Because the remodelling of the heart may be 

cancer-specific, it is imperative to design studies in different types of cancer [2]. In the 

current study, we assessed for the first time the impact of prostate cancer on the heart and 

the preventive effects of exercise by using a chemically- and hormonally-induced model in 

Wistar rats. This model constitutes a good correlator to human prostate cancer not only due 

to the tumour slow growth (approximately 50 weeks), which allows for the study of the 

preventive effects of exercise training, but also due to the morphological similarities between 

human and rat prostates [30]. Data from our study suggest that PCa did not induce cardiac 

functional or structural alterations (Tables 1 and 3). Previous studies reported altered LVFS 

and LVEF induced by other types of cancer, both at the preclinical [11,37–40] and clinical 

[5] level. Even clinical studies in which LVEF was preserved, ventricle mechanics (strain 

analysis) were disrupted, suggesting that standard echocardiographic parameters, as we used 

in our study, might fail to detect early changes [7,8]. Thus, cancer-induced changes may be 

cancer-stage dependent. Previous studies have associated cardiac functional impairment 

with structural alterations, from which cardiac atrophy is of particular incidence [6,11,13,37–

42], with concomitant wall thinning [11,38], chamber dilation [37,40] and cardiomyocyte 

atrophy [13,19]. The serum levels of testosterone could be a possible explanation for this 

lack of structural alteration. In our study, the levels of serum testosterone in the PCa groups 

were extremely elevated (13- (PCa+SED) and 12-fold (PCa+EX) compared with the 

respective CONT groups; as shown in Table 2). Testosterone has anabolic properties and 

previous studies showed that it induces cardiac hypertrophy and modulates cardiac function 

by regulating cardiac calcium homeostasis [43]. Another important factor that might be 

contributing to preserved heart mass is fibrosis [18]. We were not able to determine fibrosis 

histologically, but MMP2 activity was increased in the sedentary PCa rats (Figure 4A), 

consistent with previous findings [12], suggesting that fibrosis could also contribute for the 

maintenance of heart mass. MHC isoform shift from the alpha to the beta isoform is also a 

traditional marker of maladaptation found to be elevated in cancer-induced cardiac 

remodelling [44,45]. In our study, this parameter was similar among the different groups 

(Figure 3), suggesting that the hypertrophic phenotype, at least until this time point, was 
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adaptive. Indeed, it has been shown that cardiac hypertrophy toward pathological state after 

treatment with every supra-physiological dose of testosterone is time-dependent [46]. 

Moreover, a great increase in CITED4 content was found in PCa+EX animals. This molecule 

has been reported to be associated with cardiomyocyte proliferation [47] and to work as a 

regulator of mTOR signaling that is sufficient to induce physiologic hypertrophy and 

mitigate adverse ventricular remodelling after ischemic injury [48]. Thus, while we do not 

have enough data to support that PCa induced a maladaptive phenotype, it seems that the 

combination of PCa with exercise training modulates cardiac hypertrophy in the direction of 

an adaptive phenotype. 

 At the metabolic level, exercised PCa animals retained the profile of the exercised 

control ones. Not only that, but compared to the sedentary PCa animals, exercise appeared 

to prevent the PCa-induced decrease of ATP synthase β and increase of PGC-1α expression, 

while increasing CS activity to the levels of the control exercised animals (Figure 6D, 6E 

and 6F, respectively), suggestive of increased mitochondrial efficiency, as evidenced by 

the ratio PGC-1α to CS activity (Figure 6H), and thus increased metabolic efficiency, with 

higher yields of ATP. In the sedentary PCa animals, despite a similar pattern, the increase in 

PGC-1α correlates with increased mitochondrial biogenesis, which together with increases 

in CS activity and decreases in ATP synthase β expression indicates lower efficiency, despite 

increased mitochondrial activity. One previous paper reported increased maximal 

mitochondrial respiratory capacity in neonatal rat cardiomyocytes cultured in a cancer-

conditioned medium, which led to lipid storages depletion [13]. In our study, both the 

sedentary PCa and exercised control animals presented themselves with increased levels of 

acylcarnitines (Figures 7), evidencing increased activity of fatty acid oxidation, the main 

source of ATP in the heart [49]. The reliance on fatty acids as energetic substrate was lower 

in exercised PCa animals compared both to the sedentary and control exercised counterparts 

(Figure 7), which could be explained by a higher reliance on glucose. Indeed, PCa animals 

presented lower body mass, which seemed to be the result of fat mass storages depletion 

(Table 1). Moreover, lower serum levels of triglycerides were observed in these animals 

(Table 2), suggestive of lower sources of available lipids to support heart metabolism. These 

results suggest a switch of the energetic substrate from fatty acids to glucose, a metabolic 

adaptation often reported in cardiac dysfunction [49]. However, the levels of the glycolytic 

enzyme GAPDH were not impacted by exercise or PCa, suggesting no changes of glucose 
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metabolism. In the setting of PCa, this could also be the result of increased metabolic needs 

by the tumour. On the other hand, the analysis of the amino acid profile highlighted 

significant changes (Figure 8), particularly of branched amino acids like leucine, isoleucine 

and valine in the heart of trained PCa rats compared with the sedentary PCa and control 

exercised animals, denoting their usage as acetyl-CoA and succinyl-CoA donors for the TCA 

[36]. To further understand the molecular mechanisms involved in the regulation of cardiac 

metabolism, the expression levels of AR and ErRα, two transcription factors with regulatory 

functions over various cardiac processes, were analysed (Figure 9A and B), and 

interestingly, their levels were increased compared to both the sedentary PCa animals and 

the exercised controls. The genomic testosterone pathway has been previously reported to 

induce cardiomyocyte hypertrophy and control calcium cardiac metabolism [43], while 

estrogen-related receptors have been described in the regulation of fatty acid uptake and 

oxidation [49], supporting our hypothesis. PPAR levels were also probed, but no changes 

were found (Figure 6C), despite previous reports on the impact of exercise training on the 

upregulation of this transcriptional factor [35]. 

 

Limitations 

 Contrary to what has been reported, we found a lower heart mass in the CONT+EX 

in comparison to their sedentary counterparts. Analysis of cross-sectional area of 

cardiomyocytes and quantification of fibrosis will be determinant to clarify the reasons for 

this observation. It is possible that sedentary aging could induce an increase in cardiac mass 

due to hypertrophy and fibrosis in sedentary animals, while training would prevent fibrosis 

(and thus its contribution to heart weight). It should also be noted that while we found no 

evidence of cardiac dysfunction, we evaluated traditional parameters, and as evidenced in 

recent clinical studies, sub-clinical dysfunction might occur even before traditional 

parameters are altered. Moreover, in this study we used a carcinogenic model of cancer, and 

while our study developed over the course of a year to maximize the effect, a longer prostate 

tumorigenesis could eventually impact cardiac function. One might wonder if increased 

exposure to PCa would eventually produce more pronounced cardiac effects. Several other 

caveats might be considered; however, we do think these are the ones deserving of some 

reflection. 

 



68 
 

Conclusion 

 In conclusion, prostate cancer did not lead to significant functional or structural 

alteration, but promoted metabolic remodelling of the heart in PCa animals. Exercise training 

in PCa animals prevented metabolic remodelling. Future studies should continue assessing 

the effects of different types of cancers on the heart and focus on the intensity and duration 

of the exercise programme. 
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 The presence of cardiac cachexia in therapy-naïve cancer patients is already 

established. It is an underappreciated syndrome with a tremendous burden on patient 

mortality and quality of life. Given the benefits already demonstrated by exercise training in 

several diseases, such as CVDs, it has emerged as a high-quality adjuvant therapy. Exercise 

training appears to exert its effects through the modulation of tumoral activity, inflammation, 

cardiac fibrosis and cardiomyocyte organization, metabolism and oxidative defences. In our 

experimental work, we further explored the effects of exercise on cancer-induced cardiac 

remodelling.  

 Data showed that while prostate cancer did not produce pronounced cardiac 

alterations, it did lead to metabolic remodelling through the increase of acylcarnitine and 

branched amino acid levels, PCG-1α expression and CS activity, and decreased ATP 

synthase content in the heart, which were modulated by exercise training. Moreover, by 

inducing CITED4 expression, it also appeared that exercise promoted an adaptive phenotype 

in cancer-bearing animals. However, further studies are necessary to support this claim. 

Importantly, in this study we studied the preventive effect of exercise, for the first time, 

supporting the benefit of life-long exercise training.  

 Despite the aforementioned positive developments, several questions still remain 

unanswered, namely which type of exercise, endurance or resistance, would prove more 

beneficial, or would it be a combination of both? Are the benefits a result of direct interaction 

between exercise and the heart or tumour? Future studies should help shed some light on 

these and other questions. Specifically, they should focus on the cross-talk between cancer-

induced cardiac remodelling and distinct exercise training programs, considering cancer type 

and stage, age, and gender, envisioning an ever-increasing personalisation of treatment 

strategies not only to improve the cardiac health of cancer patients, but also to promote 

compliance with training programmes. 

 

 

 

 

 

 

 


