
Am J Cancer Res 2019;9(4):650-667
www.ajcr.us /ISSN:2156-6976/ajcr0078651

Original Article
Prostate cancer cell growth characteristics in serum and 
prostate-conditioned media from moderate-intensity 
exercise-trained healthy and tumor-bearing rats

Alexander B Opoku-Acheampong1, Dryden R Baumfalk1, Andrew G Horn1, Olivia N Kunkel1, Charan K Ganta2, 
Danielle J McCullough3, Dietmar W Siemann4, Judy Muller-Delp5, Bradley J Behnke1

1Department of Kinesiology, Kansas State University, Manhattan, KS 66506, USA; 2Department of Diagnostic 
Medicine, College of Veterinary Medicine, Kansas State University, Manhattan, KS 66506, USA; 3Department of 
Anatomy and Physiology, Edward Via College of Osteopathic Medicine-Auburn Campus, Auburn, AL 36832, USA; 
4Department of Radiation Oncology, University of Florida, Gainesville, FL 32610, USA; 5Department of Biomedical 
Sciences, College of Medicine, Florida State University, Tallahassee, FL 32306, USA

Received April 27, 2018; Accepted March 11, 2019; Epub April 1, 2019; Published April 15, 2019

Abstract: Physical activity is associated with diminished risk of several cancers, and preclinical studies suggest 
exercise training may alter tumor cell growth in certain tissue(s) (e.g., adipose). From moderate-intensity exercise-
trained rats versus sedentary controls, we hypothesized 1) there will be a decreased prostate cancer cell viability 
and migration in vitro and, within the prostate, a reduced 5α-reductase 2 (5αR2) and increased caspase-3 expres-
sion, and 2) that exercise training in tumor-bearing (TB) animals will demonstrate a reduced tumor cell viability 
in prostate-conditioned media. Serum and prostate were harvested from sedentary or exercise-trained (treadmill 
running, 10-11 weeks) immune-competent (Copenhagen; n = 20) and -deficient (Nude; n = 18) rats. AT-1 and PC-3 
prostate cancer cells were grown in one or more of the following: serum-supplemented media (SSM), SSM from TB 
rats (SSM-TB), prostate-conditioned media (PCM) or PCM from TB rats (PCM-TB) for 24-96 h under normoxic (18.6% 
O2) or hypoxic (5% O2) conditions. Under normoxic condition, there was a decreased AT-1 cell viability in SSM and 
PCM from the exercise-trained (ET) immune-competent rats, but no difference in PC-3 cell viability in SSM and PCM 
from ET Nude rats versus the sedentary (SED) group, or in SSM-TB from ET-TB Nude rats versus the SED-TB group. 
However, there was a decreased PC-3 cell viability in the PCM-TB of the ET-TB group versus SED-TB group. PC-3 cell 
viability in all conditioned media types was not altered between groups with hypoxia. In the prostate, exercise train-
ing did not alter 5αR2 expression levels, but increased caspase-3 expression levels. In conclusion, prior exercise 
status reduced prostate cancer cell viability in the serum and prostate of trained rats but did not modify several 
other key prostate tumor cell growth characteristics (e.g., migration, cell cycle except in S phase of PC-3 cells in PCM-
TB). Importantly, once the tumor was established, exercise training reduced tumor cell viability in the surrounding 
prostate, which may help explain the reduced severity of the disease in patients that exercise. 
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Introduction

In males, prostate cancer is the most com- 
monly diagnosed cancer in the US and second 
leading cause of cancer death [1], with tumor 
aggressiveness being negatively related to 
patient prognosis and survivorship [2]. Althou- 
gh emerging research suggests that exercise 
training may alter the tumor microenvironment 
to facilitate conventional treatment [3], the 
effects of exercise training on prostate cancer 
survival and progression are equivocal [4-8]. In 
general, men who are physically inactive have 

an increased risk for prostate cancer relative  
to physically active men [9] (see [10] for ex- 
ception), suggesting the adoption of a seden-
tary lifestyle as a potential risk factor for  
prostate cancer [9]. However, once diagnosed 
with prostate cancer, men that engage in exer-
cise training do have a lower rate of progres- 
sion [6] and increased survivorship of the dis-
ease [7]. This suggests exercise training may 
have both a preventative and mitigating in- 
fluence upon the development of prostate can-
cer or its impact once the disease is estab-
lished [6, 7, 9]. 
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Exercise training-induced systemic changes in 
serum and local alterations in certain tissue(s) 
(e.g., adipose) may alter or arrest tumor cell 
growth with certain cancers. For example, exer-
cise training inhibited serum-stimulated LNCaP 
prostate cancer cell growth in vitro [11], and 
delayed tumor formation in mice when LNCaP 
[12] and MCF7 breast [13] cancer cells were 
pre-incubated with exercise-conditioned se- 
rum, prior to subcutaneous injection (i.e., ecto-
pic model). Further, in male rats fed a high-fat 
diet, exercise training mitigated the adipose-
dependent proliferative effects of MCF7 cells in 
vitro [14]. Thus, it is possible that exercise train-
ing impacts systemic blood composition (i.e., 
serum) as well as the local prostate environ-
ment, to diminish cancer cell viability, prolifera-
tion and tumorigenesis. In a normal prostate, 
the initial stages of prostate cancer progres-
sion depend, in part, upon androgens that can 
increase cell proliferation as well as inhibit 
apoptosis [15]. Testosterone, the primary circu-
lating androgen in males, is converted by isoen-
zymes of the 5α-reductase family into the more 
potent dihydrotestosterone (DHT), which can 
stimulate prostate tumor development and pro-
gression [16]. Specifically, 5α-reductase 2 
(5αR2) is found predominantly in the prostate 
and catalyzes the conversion of testosterone to 
DHT [17]. It is yet to be determined if exercise 
training modulates prostate 5αR2 expression. 
On the other hand, caspases play a significant 
role in apoptotic cell death, with caspase-3 
being the prominent executioner caspase [18]. 
In humans, caspase-3 expression was decre- 
ased in prostate cancer compared to benign 
prostatic hyperplasia [19]. Therefore, cas-
pase-3 expression and induction may serve as 
an important marker for tumor progression, as 
well as a locus of therapeutic manipulation 
(e.g., via exercise training) by promoting pro-
grammed cell death.

There were three specific purposes of this 
series of investigations, including 1) examining 
the effects of moderate-intensity exercise train-
ing on serum-supplemented media (SSM) and 
prostate-conditioned media (PCM) on prostate 
cancer cell growth characteristics in vitro. We 
hypothesized that SSM and PCM from moder-
ate-intensity exercise-trained (ET) rats will 
decrease prostate cancer cell viability versus 
sedentary (SED) counterparts. 2) Quantifying 
prostate 5αR2 and caspase-3 protein expres-
sion after exercise training. Further, given that 

data suggests a slower progression of pros- 
tate cancer in patients that engage in exercise 
training [6], 3) to investigate the effects of exer-
cise training on prostate cancer cell viability 
from the prostate after a tumor is established. 
Specifically, we hypothesized that exercise 
training will result in a diminished cancer cell 
viability in PCM from prostate tissue surround-
ing an established tumor.

A key facet of malignancy is the ability of cancer 
cells to metastasize via the invasion of local 
tissue(s) and blood vessels [20]. Cell prolifera-
tion and metabolism are influenced by low oxy-
gen tension (hypoxia). Solid tumors contain 
regions with hypoxia as a result of rapid oxygen 
depletion, insufficient vascularization, and sub-
optimal tumor blood flow to the growing tumor 
nodules [21]. Thus, establishing a hypoxic envi-
ronment for cell culture is vital to mimicking the 
physiologic conditions that exist in the core of 
tumors. Therefore, in vitro experiments were 
repeated in a hypoxic environment to recapitu-
late expected in vivo conditions [22-24]. 

Materials and methods

Animals

All procedures were approved by the Institu- 
tional Animal Care and Use Committee at Ka- 
nsas State University and complied with the 
National Institutes of Health Guide for the Care 
and Use of Laboratory Animals (National Re- 
search Council Committee, Washington, D. C., 
rev. 2011). A total of 20 male Copenhagen rats 
(COP/CrCrl; Charles River, Wilmington, MA) and 
18 male Nude rats (Crl: NIH-Foxn1rnu; Charles 
River) were investigated at ~6-7 months of age. 
The rats were housed at 23°C and maintained 
on a 12:12-h light-dark cycle and provided 
standardized laboratory rat chow and water ad 
libitum.

Study 1: Effects of aerobic exercise training 
on prostate cancer cell growth characteristics 
in serum or prostate-conditioned media from 
healthy rats

Exercise training

Copenhagen (immune-competent) and Nude 
(immune-deficient) rats (~3-4 mo old) were ran-
domly assigned to an ET (Copenhagen, n = 10; 
Nude, n = 6) or SED control (Copenhagen, n = 
10; Nude, n = 4) groups. Rats were exercise-
trained by habituating them to treadmill exer-
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cise, during which both Copenhagen and Nude 
rats walked on a motor-driven treadmill at 15 
m/min (0° incline), 5 min/day for 3 days. After 
the habituation period, the incline was raised to 
15° for the duration of the training period while 
the 15 m/min speed was maintained for 
Copenhagen rats. From preliminary studies, 
the initial exercise capacity was lower in the 
Nude versus Copenhagen rats; therefore, the 
incline was raised to 6° for the duration of the 
training period while the 15 m/min speed was 
increased to 25 m/min for Nude rats. Given the 
considerable differences in exercise capacity 
and training responses in murine models [25], 
this was not surprising. Importantly, a training 
effect was demonstrated from both ET groups 
(see “Results”). During the first 5 weeks of 
training, the time of exercise training was 
increased by 10 min/week, until 60-min dura-
tion was reached by the 6th week. All animals 
continued to exercise 5 days/week for 60 min/
day for the remainder of the 10- to 11-week 
training period. This training program corre-
sponded to a moderate-intensity exercise train-
ing program, as previously described [26]. 
Sedentary counterparts were confined to nor-
mal cage activity during this 10- to 11-week 
period. All animals subjected to exercise train-
ing were euthanized 24 h after the last exercise 
bout to avoid potential effects of acute exercise 
on reported measures. Sedentary animals 
were euthanized at a corresponding time and 
age. After collection of serum and prostate tis-
sue (see below) and euthanasia, the red por-
tion of the gastrocnemius, soleus muscle, and 
heart were immediately excised, weighed, 
flash-frozen in liquid nitrogen, and stored at 
-80°C for future analysis of citrate synthase 
activity within locomotory muscles. Training ef- 
ficacy was confirmed when an ET group de- 
monstrated at least one of the following ver- 
sus SED counterparts: increased heart:body 
weight (BW) ratio or elevated citrate synthase 
activity of the soleus or red portion of the gas-
trocnemius muscle.

Serum, prostate collection and PCM

Twenty-four hours after the last bout of exer-
cise, the rats were anesthetized by isoflurane 
(5%/O2 balance). A midline abdominal incision 
from pubis to xiphoid was made to the abdomi-
nal cavity. The abdominal aorta was exposed 
below the renal vessels [27], punctured, and 
arterial blood was collected with a 5-ml syringe 

and placed in serum separator tubes (Becton, 
Dickinson and Company, Franklin Lakes, NJ). 
Subsequently, the rat was euthanized by remov-
al of the heart under a deep plane of anesthe-
sia. The collected arterial blood was allowed to 
clot at room temperature for 30 min, centri-
fuged at 2000 g for 10 min (4°C), then the 
serum was extracted and stored at -20°C  
for future analysis. The prostate was isolated 
from the urinary bladder, excised and weigh- 
ed. Under aseptic conditions, one half of each 
prostate from Copenhagen rats and the whole 
prostate from Nude rats was used for preparing 
PCM, as modified from Theriau et al [14]. Briefly, 
the prostate was washed in phosphate buff-
ered saline (PBS) and minced into ~5- to 10-mg 
pieces. The prostate pieces from Copenha- 
gen rats were then added to a 15-ml vented 
conical tube, containing a solution of 10 ml 
RPMI-1640 media (GE Healthcare Life Scie- 
nces, Marlborough, MA) supplemented with 
10% fetal bovine serum (FBS; RMBIO, Missoula, 
MT), 2 mM L-glutamine (Fisher Scientific, 
Hampton, NH), 1% PenStrep (100 U/ml Penicillin 
and 100 µg/ml Streptomycin; Thermo Fisher 
Scientific, Waltham, MA), 100 mM sodium pyru-
vate (Thermo Fisher Scientific) and 0.025 mM 
dexamethasone (Cayman Chemical, Ann Arbor, 
MI). The prostate pieces from Nude rats were 
added to a 15-ml vented conical tube, contain-
ing a solution of 10 ml RPMI-1640 media (ATCC, 
Manassas, VA) supplemented with 10% FBS, 2 
mM L-glutamine and 1% PenStrep, and incu-
bated for 24 h at 37°C with 5% CO2. After 24 h 
incubation, the PCM was centrifuged at 1000 g 
for 15 min (37°C), filtered with a 0.22-µm ster-
ile filter, collected and stored at -80°C until use. 
The PCM was later diluted 5 times with RPMI-
1640 media (without FBS) for the studies 
detailed below, as a highly concentrated condi-
tioned media is detrimental to cell growth [28]. 
This resulted in a final FBS concentration in 
PCM of 2%. The other half of each prostate 
from Copenhagen rats was fixed in 10% neutral 
buffered formalin for 48 h and then transferred 
to 70% ethanol, until processing in the Kansas 
State University Veterinary Diagnostic Labora- 
tory as described below (see “Immunohisto- 
chemical Analyses”).

Cancer cell culture

AT-1 (Dunning R-3327; rat dorsal prostate ade-
nocarcinoma) and PC-3 human prostate adeno-
carcinoma cells were purchased from American 
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Type Culture Collection (ATCC) and cultured fol-
lowing provider’s instructions. Briefly, AT-1 cells 
were cultured in RPMI-1640 media (GE 
Healthcare Life Sciences) supplemented with 
10% FBS (RMBIO), 2 mM L-glutamine (Fisher 
Scientific), 1% PenStrep (100 U/ml Penicillin 
and 100 µg/ml Streptomycin; Thermo Fisher 
Scientific), 100 mM sodium pyruvate (Thermo 
Fisher Scientific) and 0.025 mM dexametha-
sone (Cayman Chemical), and incubated at 
37°C with 5% CO2. PC-3 cells were cultured in 
RPMI-1640 media (ATCC) supplemented with 
10% FBS and 2 mM L-glutamine, and incubated 
at 37°C with 5% CO2.

Establishment of optimal growth media for 
serum

Previously, serum with supplemental fetal calf 
serum [12], and without supplemental FBS 
[11], has been used to determine characteris-
tics of tumor cell survival. Therefore, prior to 
the determination of cell viability, cell migration 
and cell cycle phases, we first optimized the 
growth media for the serum-supplemented 
media from the SED rats. Ten thousand AT-1 
cells were seeded in 96-well tissue culture 
plates with RPMI-1640 media supplemented 
with 5% serum from Copenhagen SED rats, 
with or without FBS, for 24, 48 and 96 h. Viable 
cell number was quantified using the CellTiter 
96 Non-Radioactive Cell Proliferation Assay 
(MTT; Promega Corporation, Madison, WI) with 
a UV/Vis spectrophotometer (accuSkan GO; 
Fisher Scientific) at 570 nm. Results presented 
are from two replicates (rat group x media type) 
of the experiments. Five percent serum from 
SED rats with 5% FBS significantly increased 
viable cell number at 48 and 96 h incubation, 
compared to 5% serum from SED rats without 
FBS (Figure 1). Subsequently, this protocol (i.e., 
5% serum with 5% FBS), referred to as serum-
supplemented media (SSM), was applied for 
cell viability, cell migration, and cell cycle stud-
ies for group comparisons.

Viability of prostate cancer cells

AT-1 cells (1 × 104) were seeded in 96-well tis-
sue culture plates with either SSM or PCM from 
SED and ET Copenhagen rats, while PC-3 cells 
(2 × 104) were seeded in 96-well tissue culture 
plates with either SSM or PCM from SED and ET 
Nude rats for 24, 48 and 96 h. AT-1 cell viability 
studies were performed in normoxic condition 

(via the mixture of room air with gaseous water 
and CO2 to form the incubator’s gas mixture of 
70.2% N2, 18.6% O2, 5% CO2 and 6.2% H2O(gaseous 

water)) [29], while PC-3 cell viability studies were 
performed in normoxic and hypoxic (via the mix-
ture of gaseous water and 90% N2, 5% O2 and 
5% CO2 to form the hypoxia chamber’s gas mix-
ture of 83.8% N2, 5% O2 and 5% CO2 and 6.2% 
H2O(gaseous water)) conditions [29]. Studies in 
hypoxia were performed in a customized air-
tight plexiglass chamber with a volume of 3.28 
L. The hypoxia chamber was placed in the incu-
bator for growth at 37°C. Viable cell number 
was quantified using the CellTiter 96 Non-
Radioactive Cell Proliferation Assay (MTT) with 
a UV/Vis spectrophotometer (accuSkan GO) at 
570 nm. Viable cell number was expressed as 
percentage of cell number in the SED group. 
Results presented are from two replicates (rat 
group x media type) of the experiments.

Cell exclusion zone assay

The migration rate was quantified using an 
assay by Platypus Technologies (Platypus 
Technologies Llc., Fitchburg, WI). Twenty thou-
sand AT-1 cells in RPMI-1640 media with 10% 
FBS were seeded per well around the inserts to 
reach rapid confluence. After a 24 h incubation 
period, the inserts and media were removed, 
and SSM or PCM from SED and ET Copenhagen 
rats was added to each well of AT-1 cells and 
incubated for 24-96 h. Images of the center of 
the well were captured with a microscope 
(Micromaster; Fisher Scientific) at 40X magnifi-
cation magnification for 24, 48 and 96 h incu-
bation. Migration was determined with the 
ImageJ software (NIH), by quantifying cell num-
ber from the images. Results presented are 
from two replicates (rat group x media type) of 
the experiments.

Transwell migration assay

In the transwell cell migration assay, 24-well 
inserts from Corning (Corning Inc., Corning, NY) 
were used. AT-1 and PC-3 cells were re-sus-
pended at a concentration of 5 × 105 cells/ml 
in the migration buffer consisting of RPMI-1640 
media without FBS. SSM from Copenhagen 
SED and ET rats was used as the chemoattrac-
tant for AT-1 cells, while SSM or PCM from SED 
and ET Nude rats was used as the chemoat-
tractant for PC-3 cells. Cells (2.5 × 105) sus-
pended in 500 µl of migration buffer were 
placed upon the transwell membrane in the 
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upper chamber and 750 µl of chemoattractant 
was added to the lower chamber. The cells were 
incubated for 24 h at 37°C with 5% CO2 and 

stained using the Diff Quik kit (Fisher Scientific). 
The stained cells were photographed with a 
microscope (Micromaster; Fisher Scientific) at 
40X magnification magnification and subjected 
to cell counting using the ImageJ software. The 
migration was calculated as the mean ± SEM of 
cell number per field, and multiplied by 100.

Cell cycle analysis

AT-1 and PC-3 cells, in either SSM or PCM from 
SED and ET Copenhagen rats, or SED and ET 
Nude rats, respectively, were each seeded in 
6-well tissue culture plates. AT-1 cells were 
plated at 2.5 × 105 cells/well for SSM or 7.5 × 
105 cells/well for PCM. AT-1 cells had a relative-
ly slow growth rate in PCM than SSM, therefore 
the cells were seeded at a higher density in 
PCM to obtain the threshold cell count required 
for quantification by the flow cytometer. PC-3 
cells were plated at 2.5 × 105 cells/well for all 
conditioned media types. At 80% confluence, 
cells were isolated via trypsinization, washed  
in cold PBS, and fixed by dropwise addition of 
ice-cold 70% ethanol. Cells were again washed 
twice in PBS, re-suspended in a propidium 
iodide/RNase solution (Thermo Fisher Scien- 
tific) and subjected to fluorescence-activated 
cell sorting (FACS) analysis, using LSR Fortessa 
× 20 equipment (BD Biosciences, San Jose, 
CA), yielding the relative number of cells in G0/
G1, S and G2/M cell cycle phase.

Study 2: Effects of aerobic exercise training on 
5α-reductase 2 and caspase-3 expression in 
the prostate of healthy rats

Immunohistochemical analyses

5α-reductase 2: Prostate tissue sections (4 
µm) from Copenhagen rats in Study 1 were 
treated for 20 min at 100°C in EDTA buffer 
(Epitope Retrieval 2 pH 9.0; Leica Biosystems, 
Buffalo Grove, IL) for antigen retrieval. Immu- 
nohistochemical staining was performed on 
the Leica Bond-Max autostainer with commer-
cial 5α-reductase 2 (5αR2) antibody (rabbit 
polyclonal, DPBT-65712RR; Creative Diagnos- 
tics, Shirley, NY) diluted 1:1000 with Bond 
Primary Antibody Diluent (Leica Biosystems), 
with an immunoenzyme peroxidase polymer 
detection system (HRP α-Rabbit IgG from the 
Bond Polymer Refine Detection kit, Leica Bio- 
systems) and diaminobenzidine (DAB) chromo-

Figure 1. Effect of 24, 48 and 96 h incubation with 
serum-supplemented media (SSM) from Copenha-
gen sedentary (SED; n = 10) rats without FBS (-FBS) 
and with FBS (+FBS) on viable AT-1 cell number. 
There was a significant increase in cell number in 
SSM (+FBS) vs. SED SSM (-FBS) from Copenhagen 
SED rats at 48 and 96 h (P ≤ 0.05). Values are ex-
pressed as mean cell number (%) ± SEM. *P ≤ 0.05 
vs. SSM (-FBS).
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gen (Refine Polymer Detection kit, Leica Bio- 
systems). Slides were counterstained with 
hematoxylin. Rabbit Flex Universal negative 
control (IS60061-2; Dako, Glostrup, Denmark) 

Quantification of positive staining

A board-certified pathologist (CKG) identified 
areas of positive staining for 5αR2 and cas-

Table 1. Body weight, tissue weight, relative tissue weights, and skeletal muscle citrate synthase activ-
ity of SED and ET Copenhagen rats, and SED, ET, SED-TB and ET-TB Nude rats

Animal  
Characteristics

Copenhagen rats Nude rats
SED  

(n = 10)
ET  

(n = 10) p-value SED  
(n = 4)

ET  
(n = 6) p-value SED-TB  

(n = 4)
ET-TB  
(n = 4) p-value

Body weight (BW) (g) 340.7 ± 7.1 333.8 ± 10.4 0.59 403.8 ± 12.6 373.0 ± 13.9 0.16 403.3 ± 20.0 379.8 ± 19.5 0.43

Prostate weight (PW) (g) 0.56 ± 0.03 0.58 ± 0.04 0.70 0.69 ± 0.09 0.72 ± 0.05 0.79 0.41 ± 0.04 0.69 ± 0.13 0.09

PW/BW (%) 0.17 ± 0.01 0.17 ± 0.01 0.51 0.17 ± 0.02 0.19 ± 0.02 0.44 0.10 ± 0.00 0.18 ± 0.04 0.07

Heart weight/BW (%) 0.24 ± 0.00 0.27 ± 0.01 0.0017* 0.28 ± 0.00 0.29 ± 0.01 0.67 0.27 ± 0.01 0.30 ± 0.01 0.28

Tumor weight (g) - - - - - - 0.26 ± 0.12 0.26 ± 0.10 0.97

Skeletal Muscle Citrate Synthase Activity (µmol/min/g)

    Soleus 27.5 ± 0.7 38.6 ± 2.2 < 0.0001** 9.86 ± 0.55 13.91 ± 1.83 0.12 10.01 ± 0.20 14.54 ± 1.55 0.02*

    Red gastrocnemius 42.8 ± 2.2 50.9 ± 2.2 0.02* 9.04 ± 0.30 10.93 ± 1.00 0.02* 8.68 ± 0.83 11.07 ± 1.43 0.73
Values are expressed as mean ± SEM. n, number of rats; SED, sedentary (control); ET, exercise-trained; SED-TB, sedentary tumor-bearing; ET-TB, exercise-trained tumor-
bearing. *P ≤ 0.05 vs. SED or SED-TB; **P ≤ 0.0001 vs. SED.

Figure 2. Effect of 24, 48 and 96 h incubation with serum-supplemented me-
dia (SSM; A) and prostate-conditioned media (PCM; B) from sedentary (SED; 
n = 6-10) and exercise-trained (ET; n = 9-10) Copenhagen rats on viable AT-1 
cell number. There was a significant decrease in cell number in ET vs. SED 
for SSM and PCM at 24-96 h (P ≤ 0.05). Values are expressed as mean cell 
number (%) ± SEM. *P ≤ 0.05 vs. SED, within SSM or PCM treatment group.

was used for negative con- 
trol.

Caspase-3: For detection of 
caspase-3 positive cells in 
prostate tissue, sections (4 
µm) were stained with rabbit-
anti-cleaved caspase-3 by 
routine immunohistochemic- 
al methods. Paraffin sections 
were heated in a pressure 
cooker (10 min at 100°C)  
for antigen retrieval and in- 
cubated with anti-caspase-3 
antibody (ab4051; diluted 
1:50 dilution; ABCAM, Cam- 
bridge, MA) overnight at 4°C, 
followed by incubation for 20 
min with biotinylated goat-
anti-rabbitIgG secondary anti-
body (BA-1000; 1:200 dilu-
tion; Vector Laboratories,  
Inc., Burlingame, CA) and 
VECTASTAIN Elite ABC-HRP 
Kit (PK-6100; Vector Labora- 
tories, Inc.). Bound antibo- 
dies were visualized by use  
of Nova Red (Vector Labora- 
tories, Inc.) and counterstain- 
ed with hematoxylin. Rabbit 
Flex Universal negative con-
trol (IS60061-2; Dako) was 
used for negative control.
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pase-3 in prostate sections. These areas were 
scanned using a Pannoramic Midi scanner (3D 
Histech, Budapest, Hungary) with a 20 × objec-
tive, giving 2-megapixel resolution. Scanned 
5αR2 images were then annotated using HALO 
software (Indica Labs, Coralles, NM) and quan-
tified using the HALO CytoNuclear immunohis-
tochemistry module (Indica Labs); which was 
set to identify nuclei based on hematoxylin, and 
5αR2 positive cells based on the intensity of 
DAB staining in the cytoplasm. Six equal ran-
dom fields from images were used for quantifi-
cation. Thresholds for positivity were defined so 
that they matched what was seen visually. This  
was done by observing images across the 
range of intensities so that the defined thr- 
esholds best fit the entire group rather than 
shifting the threshold image by image. 
Caspase-3 positive cells based on the intensity 
of Nova Red staining in the cytoplasm were 
quantified manually under a Nikon Eclipse 

E600 microscope (Nikon Instruments, Inc., Me- 
lville, NY). 

Study 3: Effects of aerobic exercise training 
on prostate cancer cell growth characteristics 
in serum or prostate-conditioned media from 
tumor-bearing rats

Orthotopic model of prostate cancer

The PC-3 cells were used in this study for ortho-
topic tumor implantation in tumor-bearing (TB) 
groups of Nude rats placed in SED (SED-TB; n = 
4) or ET (ET-TB; n = 4) groups. Under anesthesia 
(isoflurane, 2%/O2 balance), cells were injected 
into the prostate of SED-TB and ET-TB rats. The 
bladder and prostate complex were exposed 
through a small incision (< 1 cm) lateral to the 
midline of the abdomen. Using sterile syringes 
(26 gauge), 0.1 ml of cell stock solution (1 × 106 
cells) was injected into the ventral lobe of the 

Figure 3. Effect of 24, 48 and 96 h incubation with serum-supplemented media (SSM; A) and prostate-conditioned 
media (PCM; B) from sedentary (SED; n = 6-7) and exercise-trained (ET; n = 8-9) Copenhagen rats on migration of 
AT-1 cells. A representative image of cell migration utilizing a cell exclusion zone technique in a 96-well tissue cul-
ture plate is illustrated to the right of each bar graph. No significant difference in cell migration between SED and 
ET groups was observed in SSM or PCM from 24-96 h (P > 0.05). Bars with different letters are statistically differ-
ent from one another within SED group over time. Bars with different numbers are statistically different from one 
another within ET group over time. Values are expressed as mean cell number ± SEM. P ≤ 0.05 for 24 vs. 48, 24 vs. 
96, and 48 vs. 96 h within SED or ET group.
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prostate. Following the injection, closure of the 
abdominal wall (4-0, polyglycolic acid coated; 
DemeTECH, Miami Lakes, FL) incisions was 
performed, and the animal was allowed to 
recover. All procedures were performed under 
aseptic conditions. Post-operative monitoring 
of the animals was performed daily until ani-
mals recovered. One week after tumor cell 
injection, animals in the ET-TB group began 
exercise training as described in Study 1 (see 
“Exercise Training”).

Viability of prostate cancer cells, transwell 
migration assay, and cell cycle analysis

The same methods as described above in 
Study 1 were used for studies with PC-3 cells. 

Citrate synthase activity

The red portion of the gastrocnemius, and sole-
us muscle, were used for determination of 
citrate synthase activity, a mitochondrial 
enzyme and marker of muscle oxidative poten-

Statistical analysis

Body weight, tissue weight, relative tissue 
weights, tumor weights, skeletal muscle citrate 
synthase activity, cell viability, cell migration, 
percentage of cells in cell cycle phase, 5αR2 
and caspase-3 expression levels between rat 
groups were analyzed with unpaired Student’s 
t-test, utilizing GraphPad Prism 7.04 (GraphPad 
Software, Inc., La Jolla, CA). A two-way ANOVA 
using Holm-Sidak’s multiple comparison test 
was used to compare cell migration (cell exclu-
sion zone assay) at the different time points 
within SED and ET groups. Data are presented 
as mean ± SEM, with P ≤ 0.05 considered sta-
tistically significant. 

Results

Study 1 

In Copenhagen rats, relative heart weight was 
significantly increased in ET compared to SED 

Figure 4. Effect of 24, 48 and 96 h incubation with serum-supplemented 
media (SSM; A) and prostate-conditioned media (PCM; B) from sedentary 
(SED; n = 4) and exercise-trained (ET; n = 4-6) Nude rats on viable PC-3 cell 
number in normoxia. There was no significant difference in cell number in ET 
vs. SED group for SSM or PCM at 24-96 h (P > 0.05). Values are expressed 
as mean cell number (%) ± SEM.

tial, according to the method 
of Srere [30]. Briefly, 15 µl 
and 30 µl samples were dilut-
ed using 210 µl and 195 µl of 
tris buffer, respectively, and 
15 µl of acetyl Co-A (Cayman 
Chemical) and 30 µl of DTNB 
(Thermo Fisher Scientific) 
were added to each sample. 
All samples were incubated 
for 5 min in a UV/Vis spectro-
photometer (accuSkan GO; 
Fisher Scientific) at 30°C. 
Readings were taken with a 
UV/Vis spectrophotometer at 
412 nm once per min for 5 
min, after which, 30 µl of oxa-
loacetic acid (OAA; Sigma-
Aldrich, St. Louis, MO) was 
added to all samples and 
immediately analyzed again. 
The absorbance values re- 
corded pre-OAA addition rep-
resent citrate synthase activi-
ty before citrate formation, 
while the absorbance values 
recorded post-OAA addition 
represent citrate synthase 
activity following the reaction 
of acetyl-CoA and OAA to form 
citrate. Citrate synthase activ-
ity is reported as µmol/min/g 
wet weight. 
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rats (Table 1). There were no significant chang-
es in body weight or absolute and relative pros-
tate weight between groups. There was a sig-
nificant increase in citrate synthase activity in 
soleus and red portion of the gastrocnemius 
muscle for ET compared to SED rats, confirm-
ing the efficacy of the exercise training pro-
gram. In Nude rats, there was no significant dif-
ference in body weight, relative heart weight, 
and absolute and relative prostate weight 
between SED and ET rat groups (Table 1). There 
was a significant increase in citrate synthase 
activity in the red portion of the gastrocnemius 
muscle for ET compared to SED rats, confirm-
ing the efficacy of the exercise training program 
(Table 1).

Effects of SSM and PCM on cell viability and 
migration

In SSM (Figure 2A) and PCM (Figure 2B) from 
ET rats, there was a significant reduction in AT-1 

tion, no significant differences were observed 
between SED and ET rat groups for PC-3 cell 
viability with SSM (Figure 5A) and PCM (Figure 
5B) (24, 48 and 96 h incubation in each media 
type). There was no significant difference 
between SED and ET rat groups for transwell 
migration assay with SSM (0.75 ± 0.03 vs. 0.69 
± 0.05 cell count/total area (pixels2); P > 0.05) 
and PCM (0.62 ± 0.04 vs. 0.75 ± 0.06 cell 
count/total area (pixels2); P > 0.05), respective-
ly, after 24 h incubation in each media type. 

Cell cycle analysis

In AT-1 cells, there was no significant change in 
percentage of cells in G0/G1, S, and G2/M cell 
cycle phase after treatment with SSM (Figure 
6A) or PCM (Figure 6B) in ET compared to SED 
rats. Similarly, in PC-3 cells under normoxic 
condition, no significant differences in percent-
age of cells in G0/G1, S, and G2/M cell cycle 
phase were observed between SED and ET rat 

Figure 5. Effect of 24, 48 and 96 h incubation with serum-supplemented 
media (SSM; A) and prostate-conditioned media (PCM; B) from sedentary 
(SED; n = 3-4) and exercise-trained (ET; n = 4-6) Nude rats on viable PC-3 cell 
number in hypoxia. There was no significant difference in cell number in ET 
vs. SED group for SSM or PCM at 24-96 h (P > 0.05). Values are expressed 
as mean cell number (%) ± SEM.

viable cell number at 24, 48 
and 96 h incubation com-
pared to that from SED rats. 
No significant differences 
were observed with training 
for the cell exclusion zone 
(migration) assay with SSM 
(Figure 3A) and PCM (Figure 
3B) (24, 48 and 96 h incuba-
tion in each media type), or 
transwell migration assay 
with SSM (0.40 ± 0.02 vs. 
0.43 ± 0.01 cell count/total 
area (pixels2); P > 0.05) in ET 
vs. SED rats, respectively, 
after 24 h incubation. Cell 
migration increased over time 
(i.e., at 24 vs. 48, 24 vs. 96, 
and 48 vs. 96 h incubation) in 
SSM of SED and ET rats 
(Figure 3A) and at 24 vs. 48, 
24 vs. 96, and 48 vs. 96 incu-
bation in PCM of SED rats, 
and at 24 vs. 96, and 48 vs. 
96 h incubation in PCM of ET 
rats (Figure 3B). In PC-3 cells 
under normoxic condition, no 
significant differences were 
observed between SED and 
ET rat groups for cell viability 
with SSM (Figure 4A) and 
PCM (Figure 4B) (24, 48 and 
96 h incubation in each media 
type). Under hypoxic condi-
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groups after treatment with SSM (Figure 6C) or 
PCM (Figure 6D).

Study 2 

5α-reductase 2 and caspase-3

Representative images of immunohistochemi-
cal sections stained for 5αR2 (A and B) and 
caspase-3 (C and D) in the prostate of SED and 
ET rats, respectively, are shown in Figure 7. 
Prostate 5αR2 expression showed no signifi-
cant difference in staining intensity between 
the groups (Figure 7E). However, caspase-3 
expression was significantly increased (Figure 
7F) with exercise training compared to SED 
group. 

Study 3 

Training efficacy and tissue weights

In Nude tumor-bearing rats, there was no sig-
nificant difference in body weight, relative heart 
weight, absolute and relative prostate weight, 
and tumor weights between SED-TB and ET-TB 

in each media type). There was no significant 
difference between SED-TB and ET-TB rat 
groups for transwell migration assay with SSM-
TB (24 h incubation) (Figure 10A) and PCM-TB 
(24 h incubation) (Figure 10B). 

Cell cycle analysis

No significant differences in percentage of cells 
in G0/G1, S, and G2/M cell cycle phase were 
observed between SED-TB and ET-TB groups 
after treatment with SSM-TB (Figure 10C). 
However, there was a significant decrease of 
PC-3 cells in S phase in ET-TB vs. SED-TB rats 
after treatment with PCM-TB (P ≤ 0.05) (Figure 
10D).

Discussion

There are several novel findings from this series 
of investigations. Specifically, exercise training 
in healthy Copenhagen rats reduced prostate 
cancer (AT-1 cells) cell viability in conditioned 
media from the prostate and serum versus that 
from sedentary counterparts. Further, there 
was an upregulation of caspase-3 expression 

Figure 6. Bar graph representing the percentage of cells in G0/G1, S, and 
G2/M cell cycle phase after treatment of AT-1 cells with serum-supplement-
ed media (SSM; A) and prostate-conditioned media (PCM; B) from sedentary 
(SED; n = 5-10) and exercise-trained (ET; n = 9-10) Copenhagen rats, or PC-3 
cells (in normoxia) with SSM (C) and PCM (D) from SED (n = 4) and ET (n = 6) 
Nude rats. There was no significant effect of media type on AT-1 or PC-3 cell 
population in different cell cycle phase, in SED vs. ET rats (P > 0.05). Values 
are expressed as mean proportion of cells (%) ± SEM.

rat groups (Table 1). There 
was a significant increase in 
citrate synthase activity in 
soleus for ET-TB compared to 
SED-TB rats confirming the 
efficacy of the exercise train-
ing program (Table 1).

Effects of SSM-TB and 
PCM-TB on cell viability and 
migration

There was no significant dif-
ference in viable PC-3 cell 
number in ET-TB vs. SED-TB 
rats at 24, 48 and 96 h incu-
bation with SSM-TB in nor-
moxia (Figure 8A). However, 
there was a significant de- 
crease in viable cell number 
in ET-TB vs. SED-TB rats at 48 
and 96 h incubation with 
PCM-TB (Figure 8B). Under 
hypoxic condition, no signifi-
cant differences were ob- 
served between SED-TB and 
ET-TB rat groups for PC-3 cell 
viability with SSM-TB (Figure 
9A) and PCM-TB (Figure 9B) 
(24, 48 and 96 h incubation 
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within the prostate of exercise-trained versus 
sedentary groups. This suggests a potential 
preventative effect of exercise on the establish-
ment and viability of cancerous cells in the 
prostate and/or circulation. However, in condi-
tioned media from healthy Nude rats, exercise 
training did not alter prostate cancer cell (PC-3 
cells) growth characteristics. This suggests 
potential cell and/or immune-status variability. 
For example, exercise training may not reduce 
prostate cancer cell viability to the same de- 
gree in subjects with a chronically suppressed 
immune system as it does in immune-compe-
tent subjects. Importantly and clinically rele-
vant to the prostate cancer patient, once the 
tumor was established, we demonstrated that 
exercise training can reduce the viability of 
tumor cell (PC-3 cells) treated with conditioned 
media from the prostate surrounding the tumor. 
Further, cell cycle analysis from the PCM of the 
exercise-trained tumor bearing animals demon-
strated a lower portion of cells in the active S 
phase. Collectively, these studies suggest that 
exercise training may cause systemic changes 
in serum or modify the growth-supporting envi-
ronment of the prostate to reduce prostate 

cancer cell viability in healthy individuals, and 
that aerobic exercise may alter the local envi-
ronment of the prostate surrounding a tumor to 
reduce cell viability and replication, thus slow-
ing the progression of the disease. The latter 
provides one potential mechanism for the 
increased survivorship of patients with pros-
tate cancer that engage in exercise training [7].

Exercise training effects on the anti-cancer 
potential of serum 

Various training intensities and/or durations 
(chronic or acute exercise) can elicit differential 
responses in the levels of insulin-like growth 
factor-1 (IGF-1) and insulin-like growth factor-
binding protein-1 (IGFBP-1), two growth factors 
that play significant roles in tumor cell growth 
[31]. Although we did not quantify these growth 
factors, previous studies using serum from 
long-term endurance trained humans identified 
reduced levels of IGF-1 and increased levels of 
IGFBP-1 as factors responsible for the inhibito-
ry effect of exercise-conditioned serum on 
LNCaP cell growth [11, 32, 33]. Previous human 
studies evaluated the effect of acute exercise 

Figure 7. Representative images of immunohistochemical sections stained for 5αR2 (A and B) and caspase-3 (C and 
D) in the prostate of SED and ET Copenhagen rats, respectively. The arrows within the tissues are representative 
stained sections showing 5αR2 and caspase-3 staining. Images were captured at 200X magnification. Bar graph 
representing prostate 5αR2 (E) and caspase-3 (F) expression between sedentary (SED; n = 10) and exercise-trained 
(ET; n = 10) Copenhagen rats. No significant difference in 5αR2 between SED and ET groups was observed (P > 
0.05). Caspase-3 was significantly increased in ET vs. SED group (*P ≤ 0.05 vs. SED). Values are expressed as mean 
positive cells per tissue area ± SEM. 
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training on serum [12], whereas, we utilized 
chronic exercise training to mimic the long-term 
effects of exercise on serum and the local pros-
tate environment. Therefore, results in this 
study represent how moderate exercise train-
ing may impact prostate cancer cell viability 
and thereby suppress tumor progression over 
the disease’s long latency period [34]. Further, 
we chose androgen-insensitive prostate cancer 
cell lines [35, 36] to avoid potential effects of 
altered testosterone concentrations that occur 
with long-term exercise training. Specifically, 
acute exercise usually increases serum te- 
stosterone [37]; whereas, long-term aerobic 
exercise decreases serum testosterone levels 
[38]. Thus, the inhibitory effect of serum from 
exercise-trained rats on prostate cancer (AT-1 
cells) cell viability found herein would not result 
from altered serum androgen concentrations. 

tend beyond those of the actively-contracting 
muscle [41], we had hypothesized that exercise 
training will induce both a systemic effect on 
serum as well as a local effect on the prostate. 
Consistent with our hypothesis, PCM from exer-
cise-trained healthy rats (i.e., immune-compe-
tent) caused an inhibitory effect on prostate 
cancer (AT-1 cells) cell viability, which is consis-
tent with other studies demonstrating an 
altered tumor growth-supporting environment 
of some tissues after exercise training. For 
example, Theriau et al [14] demonstrated that 
in rats fed a high-fat diet, voluntary physical 
activity mitigated several MCF7 cell growth 
characteristics in conditioned media from vis-
ceral (epidydimal) adipose tissue, including 
decreasing the percentage of cells in S phase. 
There are several potential differences between 
studies, including the comparison of the tis-

Figure 8. Effect of 24, 48 and 96 h incubation with serum-supplemented 
media from tumor-bearing rats (SSM-TB; A) and prostate-conditioned media 
from tumor-bearing rats (PCM-TB; B) from sedentary tumor-bearing (SED-TB; 
n = 4) and exercise-trained tumor-bearing (ET-TB; n = 4) Nude rats on viable 
PC-3 cell number in normoxia. There was no significant difference in cell 
number in ET-TB vs. SED-TB group for SSM-TB at 24-96 h (P > 0.05). How-
ever, a significant decrease in cell number in ET-TB vs. SED-TB group was ob-
served for PCM-TB at 48 and 96 h (P ≤ 0.05). Values are expressed as mean 
cell number (%) ± SEM. *P ≤ 0.05 vs. SED-TB, within PCM-TB.

In general, circulating tumor 
cells do not survive well in the 
systemic circulation due, in 
part, to the chaotic nature of 
cardiovascular physical forc-
es (e.g., significant hemody-
namic shear stress) [39]. 
However, those that do sur-
vive may ultimately result in 
metastatic disease. The cur-
rent results suggest that exer-
cise training may inhibit the 
viability of some cancer cell 
types when exposed to com-
ponents of the blood (i.e., 
serum), possibly diminishing 
the metastatic potential of 
such cells once they have 
migrated into the systemic 
circulation. 

Effects of exercise training on 
the local environment within 
the prostate of non-tumor 
bearing animals

During moderate-intensity ex- 
ercise (< 70% VO2max), blood 
flow to the prostate does not 
change considerably in rats 
[40], demonstrating the lack 
of change in the organ’s meta-
bolic activity during exerci- 
se of this intensity. However, 
given that the beneficial ef- 
fects of exercise training ex- 
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sues for the conditioned media, exercise train-
ing, and cancer type. Specifically, we investi-
gated the effect of moderate-intensity exercise 
training on the host-tissue (prostate) of pros-
tate cancer; whereas, Theriau et al [14] investi-
gated the effect of voluntary physical activity 
on visceral (epidydimal) adipose tissue which, 
although not the tissue of origin for breast can-
cer cells, may act in a paracrine fashion to sup-
port breast cancer growth [42]. Whether exer-
cise training alters the mammary duct(s) (pre-
dominant site of breast cancer neoplasms) is 
unknown. The current results suggest that 
exercise training changes some facets of the 
growth-supporting environment of the prostate 
on prostate cancer cell growth; however, in the 
PCM and SSM from the Nude (immune-defi-
cient) non-tumor bearing rats, exercise training 
did not alter PC-3 cell growth characteristics 
and the mechanisms that contribute to the dif-

will decrease the enzyme’s expression in the 
prostate. Contrary to our hypothesis, 5αR2 in 
the prostate was not significantly changed with 
exercise training, suggesting that in the pros-
tate, exercise training may not modulate local 
bioactive androgen metabolism. Serum testos-
terone levels are known to decrease with endur-
ance aerobic exercise training [38]; however, 
this may not affect local concentrations in the 
prostate [43]. In fact, the prostate can maintain 
a functional level of androgen regardless of 
serum androgen levels [43]. The level of 5αR2 
in the prostate of ET rats was probably suffi-
cient to convert any prostate testosterone lev-
els to DHT such that 5αR2 expression in the 
prostate remained unaltered. Some studies 
report an increase in 5α-reductase 1 (5αR1) in 
skeletal muscles following acute exercise [44] 
or an increase in 5α-reductase activity in blood 
following high-intensity interval exercise [45] in 

Figure 9. Effect of 24, 48 and 96 h incubation with serum-supplemented 
media from tumor-bearing rats (SSM-TB; A) and prostate-conditioned media 
from tumor-bearing rats (PCM-TB; B) from sedentary tumor-bearing (SED-TB; 
n = 4) and exercise-trained tumor-bearing (ET-TB; n = 4) Nude rats on viable 
PC-3 cell number in hypoxia. There was no significant difference in cell num-
ber in ET-TB vs. SED-TB group for SSM-TB or PCM-TB at 24-96 h (P > 0.05). 
Values are expressed as mean cell number (%) ± SEM.

ferences between immune-
deficient and immune-compe-
tent rats are unknown. It is 
possible that the depressed 
immune function of the Nude 
rats countered any potential 
local or systemic changes in 
the prostate or serum, respec-
tively that could impact tumor 
cell viability. Further, the exer-
cise capacity of the Nude rats 
was considerably lower, as 
was the oxidative capacity of 
locomotory skeletal muscle 
(Table 1), mandating a lower 
absolute intensity of exercise 
that may have also influenced 
those results. 

Exercise training and 5αR2

To our knowledge, this is the 
first study to evaluate the 
effect of exercise training on 
prostate 5αR2 expression, an 
essential component of an- 
drogen metabolism in pros-
tate cancer [16]. Given that 
an increased 5αR2 may con-
vert testosterone to DHT to 
potentially stimulate prostate 
tumor development and pro-
gression [16], we had hypoth-
esized that exercise training 
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response to an elevated uptake and utilization 
of testosterone [46]. There are several poten-
tial differences between studies, including the 
comparison of the isoenzymes, exercise train-
ing, and tissue types. Our study measured 
5αR2 in the prostate of moderate-intensity ET 
rats; whereas, Aizawa et al [44] measured 
5αR1 in skeletal muscles of a single period of 
acute exercise-trained rats. We would not 
expect an increased uptake and/or utilization 
of testosterone in the prostate during exercise 
training. 

Exercise training and caspase-3

Consistent with our hypothesis, there was an 
increase in caspase-3 in the prostate with exer-
cise training. This is similar to findings in a study 
demonstrating increased apoptosis in the rat 

crease tumor growth versus sedentary counter-
parts [54], exercise training may lead to a less 
aggressive phenotype once the tumor is estab-
lished. PCM’s inhibitory effect on cell viability 
suggests caspase-3 activity in the prostate 
may be required to induce significant changes 
in the tumor growth-supporting environment of 
the prostate.

Exercise of exercise training on the prostate 
from tumor-bearing animals

One of the most intriguing findings from the cur-
rent study was the influence of exercise training 
on reducing tumor cell (human PC-3 cells) via-
bility in prostate-conditioned media from the 
prostate surrounding the orthotopic tumor.  
The inhibition of PC-3 cells in the PCM of the 
exercise-trained tumor-bearing animals may, in 

Figure 10. Effect of 24 h incubation with serum-supplemented media from 
tumor-bearing rats (SSM-TB; A) and prostate-conditioned media from tumor-
bearing rats (PCM-TB; B) from sedentary tumor-bearing (SED-TB; n = 3-4) 
and exercise-trained tumor-bearing (ET-TB; n = 4) Nude rats on migration 
(via Transwell migration assay) of PC-3 cells in normoxia. No significant dif-
ference in cell migration between groups was observed (P > 0.05). Values 
are expressed as mean cell count/total area (pixels2) ± SEM. Bar graph rep-
resenting the percentage of PC-3 cells in G0/G1, S, and G2/M cell cycle 
phase after treatment of PC-3 cells with serum-supplemented media from 
tumor-bearing rats (SSM-TB; C) and prostate-conditioned media from tumor-
bearing rats (PCM-TB; D) from sedentary tumor-bearing (SED-TB; n = 4) and 
exercise-trained tumor-bearing (ET-TB; n = 4) Nude rats in normoxia. There 
was no significant effect of SSM-TB on cell population in different cell cycle 
phase in SED-TB vs. ET-TB rats (P > 0.05). PCM-TB however caused a sig-
nificant decrease of cells in S phase in ET-TB vs. SED-TB (P ≤ 0.05). Values 
are expressed as mean proportion of cells (%) ± SEM. *P ≤ 0.05 vs. SED-TB, 
within PCM-TB.

ventral prostate after exer-
cise [47], thus potentially eli- 
minating cells with increased 
potential for malignancy (e.g., 
cells with damaged DNA or 
aberrant cell cycling) [48,  
49]. A reduction in circulat- 
ing levels of testosterone, as 
occurs with aerobic exercise 
training [38], was found to 
increase caspase-3 in human 
prostate cancer xenografts 
[50]. Previous studies also 
demonstrating an inhibition  
of MCF7 cell growth in exer-
cise serum-conditioned me- 
dia suggest this was associ-
ated with an induction of 
apoptosis [51]. Such increase 
in apoptosis has been as- 
sociated with a reduction in 
circulating IGF-1 and an in- 
crease in IGFBP-1 [11]. IGF-1 
is known to promote cell pro-
liferation and inhibit apopto-
sis [52]. Although we did not 
determine levels of these gr- 
owth factors, these may be 
underlying mechanisms for 
the upregulation of caspase-3 
in the prostate. The induction 
of apoptosis has been associ-
ated with tumor regression 
[53]. Although exercise train-
ing does not consistently de- 
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part, result from S phase deceleration, as 
observed in this study, and evidenced by others 
[14, 55] as a possible mechanism for the anti-
proliferative effects of exercise training. It is 
also noteworthy that this effect was not 
observed in the PCM from the non-tumor bear-
ing nude rats. This may be due to a higher rela-
tive intensity of exercise between the two 
groups. Recently we have demonstrated that 
prostate cancer, independent of treatment, 
lowers endurance capacity [56] leading to pre-
mature fatigue, which may be associated with 
cardiac dysfunction with the disease [57]. 
Therefore, given the lower exercise capacity of 
the tumor-bearing versus non-tumor-bearing 
animal, for a given speed and incline on a tread-
mill, the tumor-bearing rats would be at a high-
er relative intensity (i.e., higher % of aerobic 
capacity). These findings in the exercise-trained 
immune-deficient animals are clinically relevant 
given the depressed immune function that 
occurs in many human patients treated with 
traditional anti-cancer therapies. Indeed, data 
suggest that in men diagnosed with prostate 
cancer, exercise training can reduce the sever-
ity of the disease [7], although the precise 
mechanisms remain unknown. 

The decrease in tumor cell viability induced by 
PCM from exercise-trained tumor bearing ani-
mals was abolished when the PC-3 cells were 
incubated in a hypoxic environment. This high-
lights the importance of hypoxia on tumor cell 
characteristics and the aggressiveness of the 
tumor microenvironment [40]. Importantly, we 
have demonstrated a reduction in tumor hypox-
ia after training [54], suggesting the results 
from cells incubated in normoxia may better 
recapitulate the local environment in the pros-
tate after training. In breast cancer, Betof and 
collegaues have also demonstrated a more 
homogenous basal tumor perfusion after train-
ing [58]; collectively suggesting the beneficial 
effects of exercise may be conserved across 
multiple cancers. 

Taken together, our results suggest that exer-
cise could provide therapeutic benefits for 
prostate cancer patients. Our results show that 
exercise training was beneficial in modifying 
the prostate environment to diminish prostate 
cancer cell viability in vitro. Further, exercise 
training may impact the prostate tumor micro-
environment by mitigating tumor hypoxia [3], a 

well-known driver of tumor aggressiveness and 
therapeutic resistance. 

Limitations

Exercise training can affect circulating stress 
hormone (cortisol) levels in rats, with the latter 
affecting immune responses [59]. However, it 
should be noted that in humans, exercise inten-
sities above 40% of VO2max significantly increase 
circulating cortisol levels [60], similar to what  
is observed in animals that exercise [59]. 
Generally, the lack of differences in cell cycle 
phases in conditioned media types between  
rat groups may have resulted from cells not 
attaining the threshold size where cells irre-
versibly commit to at least one round of divi-
sion, thereby not achieving adequate size 
required for DNA synthesis and mitosis [61]. 
The use of genetically matched cell line (AT-1 
cells) specific to the immunocompetent Co- 
penhagen rat may have avoided any potential 
effects of immune responses on cell growth, 
hence the differences in cell viability with SSM 
and PCM between rat groups [62]. On the other 
hand, PC-3 cells are not a genetically matched 
cell line specific to Nude rats, and this could 
have affected immune responses on cell 
growth and resulted in the lack of differences 
we observed in cell viability with SSM, PCM and 
SSM-TB in normoxia, or with all conditioned 
media types in hypoxia. Due to limited amount 
of SSM and/or PCM from Copenhagen rats, we 
were unable to perform transwell migration 
assay and hypoxia studies with AT-1 cells.

Conclusions

Overall, our findings suggest that moderate-
intensity exercise training significantly reduced 
prostate cancer cell viability in the serum and 
prostate of trained rats but did not modify sev-
eral other key prostate tumor cell characteris-
tics (e.g., migration, cell cycle except in S phase 
of PC-3 cells in PCM-TB). Importantly, once the 
tumor was established, exercise training 
reduced tumor cell viability in the surrounding 
prostate, which may help explain the reduced 
severity of the disease in patients that 
exercise.
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