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Abstract: Background: Recent evidence suggests prostate cancer independent of treatment has atrophic effects on
whole heart and left ventricular (LV) masses, associated with reduced endurance exercise capacity. In a pre-clinical
model, we tested the hypothesis that high-intensity training could prevent cardiac atrophy with prostate cancer and
alter cardiac protein degradation mechanisms. Methods: Dunning R-3327 AT-1 prostate cancer cells (1x10°) were
injected into the ventral prostate lobe of 5-6 mo immunocompetent Copenhagen rats (n=24). These animals were
randomized into two groups, tumor-bearing exercise (TBEX, n=15) or tumor bearing sedentary (TBS, n=9). Five days
after surgery, TBEX animals began exercise on a treadmill (25 m/min, 15° incline) for 45-60 min/day for 18+2
days. Pre-surgery (Pre), and post-exercise training (Post) echocardiographic evaluation (Vivid S6, GE Health Care),
using the parasternal short axis view, was used to examine ventricle dimensions. Markers of protein degradation
(muscle atrophy F-box, Cathepsin B, Cathepsin L) in the left ventricle were semi-quantified via Western Blot. Results:
There were no significant differences in tumor mass between groups (TBEX 3.4+0.7, TBS 2.8+0.6 g, P=0.3), or
body mass (TBEX 31715, TBS 33317 g, P=0.2). Heart-to-body mass ratio was lower in TBS group compared to TBEX
(2.320.1 vs. 2.5£0.1 mg/g, P<0.05). LV/body mass ratio was also lower in the TBS group (1.6£0.1 vs. 1.8+0.1
mg/g, P<0.05). From Pre-Post, TBEX had significant increases in SV (~20% P<0.05) whereas TBS had no significant
change. There were no significant differences between groups for markers of protein degradation. Conclusion: This
study suggests that high-intensity exercise can improve LV function and increase LV mass concurrent with prostate
cancer development, versus sedentary counterparts. Given cardiac dysfunction often manifests with conventional
anti-cancer treatments, a short-term high-intensity training program, prior to treatment, may improve cardiac func-
tion and fatigue resistance in cancer patients.
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Introduction 7]. Approximately 40% of patients with cancer
report symptoms of fatigue [8], however, eluci-
dating mechanisms of fatigue or atrophy with
cancer versus concurrent adjuvant therapies
is difficult, as withholding treatment to study

the independent effects of cancer would be

In the United States current models predict
~1.76 million people will be diagnosed with
non-skin cancer in 2020. Of those, ~870,000
will be men with ~175,000 being new prostate

cancer diagnoses [1]. With prostate cancer,
many patients receive pharmacological or sur-
gical androgen deprivation therapy (ADT), which
is associated with increased fatigue [2], loss of
muscle mass, and bone density [3, 4], as well
as enhanced risk of cardiovascular disease [5,
6]. Those not undergoing ADT may receive
other adjuvant therapies, such as radiation
therapy or chemotherapy, which can elicit and/
or exacerbate cardiovascular dysfunction [5,

unethical [9, 10]. Given cancer-related fatigue
or cardiovascular abnormalities can compro-
mise the completion of anti-cancer treatment
regimens, it is clinically important to under-
stand how cancer affects determinants of exer-
cise capacity (e.g., cardiac mass and function
and skeletal muscle mass).

Recent evidence suggests prostate cancer
induces whole heart and left ventricle (LV) atro-
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phy [11, 12]. In healthy individuals exercise
training can increase both cardiac and skeletal
muscle mass and, in cancer patients, may miti-
gate atrophy associated with cancer and anti-
cancer therapies [13-16]. To date, the benefi-
cial effects of exercise within the tumor micro-
environment include mitigation of tumor hypox-
ia [9, 17], increased infiltration of immune cells
[17], a more homogenous distribution of perfu-
sion [9, 18] and a shift towards vascular nor-
malization [19] that may contribute to increas-
ed delivery of chemotherapeutic agents [20].
However, beyond the tumor microenvironment,
the effects of exercise training on cancer relat-
ed cardiac atrophy and function are not well
understood, even though a significant portion
of cancer patients present cardiac comorbidi-
ties upon diagnosis [21].

Exercise training is efficacious in decreasing
morbidity and mortality of multiple diseases
[22-24], and is being recognized and recom-
mended for cancer patient care programs to
mitigate fatigue and/or a decline of aerobic
capacity [4, 25, 26]. Despite the prescription
of exercise programs, understanding the
beneficial effects of exercise training on heart
function, structure, and molecular signaling
with prostate cancer, independent of therapy,
is limited [21]. We have shown that long-term
moderate-intensity exercise training can help
mitigate tumor-induced cardiac atrophy in a
pre-clinical model of prostate cancer that may
be beneficial in combating cardiotoxicity asso-
ciated with adjuvant therapies [13]. However,
whether a shorter duration, but higher intensity
program could combat cardiac atrophy associ-
ated with cancer is unknown. This is important
as the period from diagnosis to treatment
may not be long-enough for a patient to utilize
long-duration (months) moderate-intensity ex-
ercise programs to enhance their cardiac phe-
notype to mitigate cancer-related atrophy.
Therefore, the purpose of this investigation
was to determine if high-intensity aerobic exer-
cise training can prevent heart and skeletal
muscle atrophy associated with prostate can-
cer, similar to that shown for moderate-intensi-
ty aerobic exercise training with other types of
cancer [12, 14]. We hypothesized that: 1) pros-
tate cancer-induced cardiac atrophy will be
mitigated with high-intensity exercise training,
2) left ventricular function (assessed with 2-D
echocardiography) will be preserved in the
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exercise-trained tumor-bearing rat compared
to its sedentary counterpart, and 3) that exer-
cise training will preserve locomotor skeletal
muscle mass and oxidative capacity. To in-
vestigate potential mechanisms of protein deg-
radation associated with atrophy/dysfunction,
we measured prominent markers from differ-
ent atrophy associated pathways including:
muscle atrophy F-box (MAFbx) from the ubiqui-
tin proteasome system (UPS) and cathepsins
B and L (CTSB, CTSL) from the lysosomal-
autophagy system. Further, cardiac Nuclear
erythroid-2-p45-related factor-2 (Nrf-2) was
measured as a potential target of associated
oxidative-stress regulation.

Methods
Animals

The procedures performed in this study were
approved by the Kansas State University
Institutional Animal Care and Use Committee
and complied with the National Institutes of
Health Guide for the Care and Use of Labora-
tory Animals (National Research Council Com-
mittee, Washington, D. C., rev. 2011). Male
immunocompetent Copenhagen rats (n=24,
~6 mo. old; COP/CrCrl: Charles River, Wilming-
ton, MA) were used in this study. Animals were
housed in a temperature-controlled room
(23°C) on a 12:12-h light-dark cycle, with water
and standard rat chow provided ad libitum.

Orthotopic model of cancer

Dunning R-3327 AT-1 strain of rat prostate
adenocarcinoma cells were utilized in this
study. These cells were chosen due to their
similar growth characteristics (e.g. a high
growth rate and low metastatic potential) as
human prostate cancer [27]. AT-1 cells were
cultured using RPMI-1640 media (GE Heal-
thcare Life Sciences, Marlborough, MA) con-
taining 10% fetal bovine serum (FBS; RMBIO,
Missoula, MT), 2 mM L-glutamine (Fisher
Scientific, Hampton, NH), 100 mM sodium
pyruvate (Thermo Fisher Scientific, Waltham,
MA), 1% penicillin/streptomycin (Thermo Fish-
er Scientific), and 0.025 mM dexamethasone
(Cayman Chemical, Ann Arbor, Ml) and incubat-
ed at 37°C with 5% CO,. Upon reaching ~80-
90% confluence, a sample of the cells was
quantified via hemocytometer to calculate the
appropriate dilution (100,000 cells/ml) of the
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Figure 1. Representative echocardiography image. A representative 2D im-
age (Top) and M-mode tracing (bottom) of the rat left ventricle at the level
of the papillary muscle in diastole. Arrows represent: 1. the left ventricle
chamber, 2. papillary muscle, 3. left ventricular diastolic dimension, and 4.

left ventricular systolic dimension.

viable cells for a tumor cell stock solution
placed in physiological saline solution (PSS).
This solution was aliquoted such that each 0.1
ml increment contained ~1x10° AT-1 cells.
These methods have been used previously to
induce orthotopic prostate tumors [9, 11, 13].

Animals were anesthetized with 2-5% isoflu-
rane, (0, balance) and after an appropriate
field of anesthesia was attained, (i.e., lack of
toe-pinch reflex), an abdominal incision of ~1
cm, lateral of the midline, was made. Using
aseptic technique, the bladder/prostate com-
plex was exposed. Thereafter, 10° AT-1 cells
suspended in 0.1 ml PSS were injected into
the ventral lobe of the prostate using a sterile
26 G insulin syringe. A sterile cotton tipped
applicator was placed alongside the needle
during removal to prevent any cell leakage. The
abdominal wall was closed with sterile 3-0,
polyglycolic acid coated suture (DemeTECH,
Miami Lakes, FL) and the overlying skin was
closed with 4-0 nylon monofilament (Deme-
TECH, Miami Lakes, FL) and sealed with skin
adhesive (Vet-Bond 3M St. Paul, MN). Iso-
flurane was terminated and animals were ad-
ministered 0.05 mg/kg buprenorphine (Patter-
son Veterinary, Boone, I1A) and 0.5 mg/kg
acepromazine (Patterson Veterinary, Boone, IA)
S.C. for analgesia and sedation, respectively.
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Animal health and welfare
were monitored daily until ani-
mals were placed into seden-
tary or exercise trained gro-
ups, ~5 days post-injection.
For determination of loss of
mass in either group versus
non-tumor bearing animals,
historical control/sham ani-
mal (same strain and sex, with
similar age) data from our lab-
oratory [11, 13, 28] was used
to make comparisons for
absolute and relative cardiac
masses, as our primary com-
parison was within the tumor
bearing animals. Five days
after cell injection animals
were separated into seden-
tary tumor-bearing (TBS; n=9)
and exercise-trained tumor-
bearing (TBEX; n=15) groups.
During the period from injec-
tion to group placement, no
difference in body mass gain was observed
between groups (TBEX, 3.3+0.9; TBS, 3.7+1.4
g, P>0.05).

v -
10,0020

Echocardiographic assessment of LV function

Echocardiographic evaluations were perfor-
med with a commercially available 2D ultra-
sound system (Logiq S8; GE Medical Systems,
Milwaukee, WI) with an 18 MHz linear trans-
ducer (L8-18i) by a trained ultrasound techni-
cian at two separate time points. An example
of the images used for analysis is demonstrat-
ed in Figure 1. The first evaluation “Pre” exer-
cise training and/or cancer was performed
the day before tumor injection, and the “Post”
measure was performed ~20 days after the
onset of exercise training. The various sy-
stem settings and parameters (i.e frame rate,
depth, brightness etc.) used for echocardio-
graphic evaluation remained unchanged th-
roughout the experimental protocol for a given
animal. Echocardiographic data was process-
ed using the manufacturer’s dedicated soft-
ware for imaging analysis. Prior to echocardio-
graphic measures, rats were subjected to 2%
isolflurane anesthesia (O, balance), placed on
a digital heating pad (42°C). Animals were
maintained at 2% isoflurane/0, balance to limit
anesthesia effects on heart function during the
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imaging processes [29, 30]. Animal hair was
cleared from the sternum using a depilatory
agent (Nair, Johnson & Johnson, New Brun-
swick, NJ). Two-dimensional guided M-mode
images were obtained from parasternal short-
axis views of the left ventricle (LV) at the level
of the mitral leaflets, similar to previous stu-
dies [13, 31, 32]. The following LV dimensions
were measured: left-ventricular end-diastolic
(LVEDD) and end-systolic dimensions (LVESD;
used to estimate volumes using the Teichholz
formula [33]) and LV posterior wall thickness-
es (PWT) at end-diastole (PWTD) and end-sys-
tole (PWTS). Measures of myocardial function
(i.e., stroke volume, ejection fraction, fractional
shortening) were evaluated using mean values
from a minimum of four cardiac cycles during
each visit.

Exercise training

All rats were habituated to treadmill exercise
prior to Pre-measures (see below) with a
motor-driven rodent treadmill for <5 min/day at
15 m/min (0° incline) for 3-5 days. In exercise-
trained animals, after the habituation period
and Pre-measures, the treadmill incline was
raised to 15° for the duration of the training
period and the speed was increased to 25 m/
min by day 10. During the initial week of train-
ing, the duration of exercise training was
increased by 10-15 min until 60-min duration
was reached by the 6" day for all animals. The
TBEX rats continued to exercise 5 days/week
for 45-60 min/day (as tolerated) for the re-
mainder of the 20-day training period. This
training program was modified from previously
used protocols [9, 13] to represent high-in-
tensity exercise training eliciting greater than
75% of maximal aerobic capacity response
from animals of similar age and body mass,
as previously described [34, 35]. After a mini-
mum of 24 hours between the last bout of
exercise for the exercise group, all animals
underwent Post ultrasound imaging, followed
by a thoracotomy and removal of the heart
while under a deep plane anesthesia (5%
isoflurane/0, balance), and the right ventricle
was detached from the left ventricle and intra-
ventricular septum. Thereafter, tumor, prostate
(when delineation from tumor was possible),
soleus muscle, plantaris muscle, and gastroc-
nemius muscle (separated into red and white
portions) were immediately excised, weighed,
flash-frozen in liquid nitrogen, and stored in an
ultra-low freezer (-80°C) for future analyses.
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The right femur was removed, cleaned of any
remnant tissue, and the length was measured
with a digital caliper.

Western blotting

Samples from the LV (~5 mg) were isolated
into 2 mL bead mill tubes containing ~0.5 g of
1.4 mm ceramic beads, 350 yL of RP1 lysis
buffer (Macherey-Nagel, Diren, Germany), and
3.5 pL of B-Mercaptoethanol, and homogeniz-
ed for 1 min at 5 m/s using a Bead Mill 4
(Fisherbrand™). Total protein and RNA from
tissues were prepared with the Nucleospin
RNA/Protein Kit (Macherey-Nagel) according
to the manufacturer’s instructions. Total pro-
tein concentrations were determined using
the Qubit 2.0 Fluorometer (Life Technologies,
Grand Island, NY, USA). Protein samples (~30
ug) were separated on 4-12% Bis-Tris Protein
Gels (Invitrogen™, Carlsbad, CA) by gel electro-
phoresis in MES running buffer (Invitrogen™)
employing 200 V for 22 min. Gels were then
transferred to mini-PVDF membranes using
the iBlot 2 Dry Transfer Device (Invitrogen™).
Membranes were incubated for ~3 hours with
the iBind device in iBind solution (Invitrogen™)
with primary antibodies anti-cathepsin B,
(1:1500; Abcam, Cambridge MA.), anti-cathep-
sin L (1:1000; Abcam), anti-muscle atrophy
F-box (MAFbx) (1:1000; Santa Cruz Biotech-
nologies), and anti-nuclear factor erythroid-
2-related factor 2 (Nrf2) (1:1000; Santa Cruz
Biotechnologies). Cathepsin B primary anti-
bodies were incubated with a goat anti-rabbit
IgG (H+L) secondary antibody conjugated
with Horse Radish Peroxidase (HRP) (1:5000;
Abcam). Cathepsin L, MAFbx, and Nrf-2 primary
antibodies were incubated with goat anti-
mouse secondary antibody IgG (H+L) conjugat-
ed with HRP (1:4000; Abcam). Membranes
were then incubated for ~5 min with Super-
Signal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) and
imaged with C-DiGit® Blot Scanner (Li-Cor
Lincoln, NE) high sensitivity method. After ini-
tial imaging, the membrane was re-incubated
with anti-Beta tubulin (1:1500; Santa Cruz
Biotechnologies) and Goat anti-Mouse 1gG
(H+L), secondary antibody conjugated with
Horse Radish Peroxidase (1:5000; Abcam) for
cathepsin B. The Cathepsin L, MAFbx, and
Nrf-2 membranes were re-incubated with anti-
Vinculin (1:2000; Abcam) and goat anti-mouse
(H+L), secondary antibody conjugated with HRP
(1:4000; Abcam) and imaged using the same
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Figure 2. Change in body mass. Body mass for both
sedentary (n=9) and exercise (n=15) groups were
not significantly different at Pre or Post measures of
echocardiography.

protocol previously described to ensure equal
protein loading. The protein bands were quanti-
fied, normalized to housekeeping gene, and
analyzed using the Image Studio software
(Li-Cor).

Citrate synthase activity

To evaluate training efficacy, and potential
effects of cancer on muscle oxidative capacity,
the red portion of the gastrocnemius muscle
and soleus muscle were selected for determi-
nation of citrate synthase enzymatic activity
according to the original methods of Srere
[36]. This mitochondrial enzyme is a marker
of muscle oxidative potential associated with
exercise training. In brief, skeletal muscle was
homogenized in a tris buffered cocktail and
diluted to a final concentration of 1:400. Next
15 ul and 30 pl samples of this 1:400 dilu-
tion were diluted further using 210 ul and 195
ul of tris buffer, respectively. In addition, 15 pl
of acetyl coenzyme A (Cayman Chemical), and
30 pl of DTNB (Thermo Fisher Scientific) were
added to each sample in duplicate in a 96-
well plate. Samples were analyzed in a spe-
ctrophotometer (accuSkan GO; Thermo Fisher
Scientific) after incubating for 5 min at 30°C
before readings. Following incubation, multiple
readings were collected with the spectropho-
tometer at 412 nm once per minute for 5 min
followed by the addition of 30 ul of oxaloa-
cetic acid (Sigma-Aldrich, St. Louis, MO) to all
sample wells and analyzed again immediately.
Citrate synthase enzyme activity is reported as
pmol/min/g wet weight of sample tissue for all
animals.
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Data analysis

For all statistical analysis, the Prism (version
8.1, Graphpad software, INC., La Jolla, CA)
data analysis software package was utilized.
Statistical comparisons were made with either
a two-sided Student’s t test, Mann-Whitney
test, and one- or two-way repeated measure
analysis of variance (ANOVA) with Holm-Sidak
post hoc tests as appropriate to assess stati-
stical differences between groups for all mea-
sures. A P<0.05 was set for statistical signifi-
cance with data reported as mean * SEM.
Given the primary outcome was the within can-
cer group, the initial data analysis was per-
formed solely on the TBSED and TBEX group. A
time-matched control group was not possible
as the vendor (Charles River) discontinued the
immunocompetent Copenhagen rat model,
and comparisons to immunocompromised
strains are not appropriate. Therefore, we uti-
lized post-hoc analysis of historical control and
sham values from our laboratory using one-way
(ANOVA) with Holm-Sidak post hoc tests.

Results

Body mass was unchanged in both TBS and
TBEX groups across the ~20-day period of
experiments with no differences between
groups at any time point (Figure 2). Tumor
mass and tumor burden (tumor mass/body
mass) were not different between TBEX and
TBS groups (Table 1). The femur length was
not different between TBEX and (39.0+0.1
mm) and TBS (39.2+0.2 mm) groups (P=0.33).

Echocardiographic assessment of LV function

Left ventricle measures Pre- to Post-interven-
tion were used to analyze potential changes in
heart function. Posterior wall thickness in
diastole and systole (PWT_, PWT respectively)
were not different between TBEX compared to
TBS group (Table 2). Longitudinal increases
Pre-Post in volume (LVEDV, SV) for the TBEX
group were significant (P<0.05, Figure 3),
whereas no change occurred for the TBS group.

Cardiac and skeletal muscle mass and skeletal
muscle citrate synthase activity

Absolute mass of the whole heart and LV were
normalized to body mass (Table 1) to account
for possible differences in relative size between
groups. Compared to sedentary counterparts,
TBEX had larger absolute heart mass (Table 1)
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Table 1. Cardiac and skeletal muscle mass characteristics

Sedentary Tumor-Bearing Exercise Tumor-Bearing

(n=9) (n=15)
Absolute Tissue Mass (g)
Heart 0.74+0.02 0.80+0.02*
Left Ventricle 0.54+0.02 0.57+0.01
Right Ventricle 0.20+0.01 0.21+0.01
Gastrocnemius 1.76+0.07 1.7510.04
Soleus 0.14+0.01 0.15+0.01
Plantaris 0.24+0.01 0.25+0.01
Tumor Mass 2.910.4 3.410.5
Tissue Mass Normalized to Body Mass (mg/g)
Gastrocnemius/Body mass 5.3+0.2 5.61+0.1
Soleus/Body mass 0.43+0.02 0.47+£0.02
Plantaris/Body mass 0.731£0.02 0.78+0.02
Tumor/Body mass (%) 1.0+£0.1 1.1+£0.2
Skeletal Muscle Citrate Synthase Activity (umol/min/g)
Soleus 18.1+£2.0 24.2+1.1%*
Red gastrocnemius 27.7+1.3 32.8+1.9*

Data are mean + SEM and were compared with Student’s t-tests. *P<0.05 vs. Sedentary Tumor-Bearing.

Table 2. Echocardiographic measures

Left Ventricle Measures

Sedentary Tumor-Bearing Exercise Tumor-Bearing

(n=9) (n=15)
Pre-Measures
LVEDD (cm) 0.75+0.01 0.72+0.02
LVESD (cm) 0.46+0.02 0.44+0.02
LVEDV Teich (ml) 0.95+0.04 0.87+0.05
LVESV Teich (ml) 0.26+0.03 0.23+0.02
PWT, (cm) 0.15+0.01 0.14+0.01
PWT, (cm) 0.26£0.01 0.23+0.01
SV (ml) 0.68+0.02 0.63+0.04
FS (%) 38.2+1.9 38.2+1.6
EF (%) 73.5%1.2 73.612.0
Post-Measures

LVEDD (cm) 0.74+0.01 0.78+0.01
LVESD (cm) 0.47+0.01 0.48+0.02
LVEDV Teich (ml) 0.9610.04 1.08+0.08#
LVESV Teich (ml) 0.2640.02 0.29+0.03
PWT, (cm) 0.13£0.01 0.16+£0.01
PWT, (cm) 0.23+0.01 0.24+0.01
SV (ml) 0.67+0.03 0.77+0.05#
FS (%) 38.0£1.4 37.8+1.7
EF (%) 72.2+1.7 73.2+1.8

Abbreviations: LVEDD, left ventricle end-diastolic dimension; LVESD, left ventricle
end-systolic dimension; PWTD, posterior wall thickness end-diastole; PWTS, posterior
wall thickness end-systole; LVEDV, left ventricle end-diastolic volume; LVESV, left
ventricle end-systolic volume; SV, Stroke volume; FS, fractional shortening; EF, ejec-
tion fraction; Teich, Teicholz formula. Data are mean + SEM and were compared with
Two-way ANOVA. #P<0.05 Pre vs. Post.
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and relative (normalized to
body mass) heart and LV
masses (Figure 4). There
was no significant difference
in RV mass normalized to
body mass (Figure 4). Ske-
letal muscle tissue mass
was also normalized to body
mass and was not different
between groups for the gas-
trocnemius (P=0.059), sole-
us (P=0.23), and plantaris
(P=0.21) muscles. However,
skeletal muscle citrate syn-
thase activity was greater in
the TBEX group for both the
soleus and red gastrocne-
mius muscle versus TBS
(P<0.05, Table 1).

Left ventricle protein expres-
sion

There was no difference in
CTSB or CTSL protein ex-
pression of the left ventricle
from the TBEX versus TBS
(Figure BA, 5B, P=0.71 and
P=0.62 respectively). Furth-
er, there were no differences

Am J Transl Res 2021;13(1):197-209
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stolic volume (LVEDV), left ventricle systolic volume
(LVESV), and stroke volume (SV) were compared
between tumor groups (TBS; n=9 vs. TBEX; n=15).
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Figure 4. Cardiac muscle. The whole heart, left ven-
tricle (LV), and right ventricle (RV) normalized to body
mass were compared between tumor bearing groups
(TBS; n=9 vs. TBEX; n=15). *P<0.05 vs. TBS.

in MAFbx, or Nrf-2 protein expression between
groups (Figure 5C, 5D, P=0.93 and P=0.44
respectively).

Discussion

Investigating the effects of prostate cancer on
cardiac atrophy and function, and the ability of
high-intensity continuous exercise training to
mitigate the effects of cancer on these param-
eters, is clinically important. Many cancer ther-
apy regimens are detrimental to cardiac func-
tion [5-7], and prior atrophy or dysfunction
associated with cancer could be detrimental to
patient treatment options or outcomes. The pri-
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mary finding of the current investigation is
that high-intensity exercise preserved heart
mass in prostate tumor-bearing animals as
whole heart and LV mass relative to body mass
was lower in the tumor-bearing sedentary ver-
sus tumor-bearing exercise trained animals. To
demonstrate the effect of cancer, when com-
paring the current data to age-matched con-
trol/sham animals of the same genus, spe-
cies, sex, and age from Esau et al. [11],
Baumfalk et al. [13], and Opoku-Acheampong
et al. [28], two important findings were attain-
ed: 1) TBS had a lower relative heart and LV
mass versus that found in non-tumor-bearing
animals (Figure 6), demonstrating the underly-
ing effects of cancer, independent of treat-
ment, detrimentally affecting the normal cardi-
ac phenotype, and 2) the relative heart mass
of the TBEX was not different than non-tumor
bearing, albeit sedentary, rats (Figure 6); dem-
onstrating that even short-duration high inten-
sity exercise programs can preserve a healthy
cardiac phenotype with cancer. Collectively,
there is a preservation of cardiac mass with
high-intensity exercise from the insult of can-
cer-related cardiac atrophy, that is not observ-
ed in TBS. Thus, high-intensity exercise may
help to preserve cardiac mass with cancer and
potentially provide a mechanism of cardiopro-
tection between time of diagnosis and initial
treatments of potentially cardiotoxic therapies.

Aerobic exercise training and atrophy

Aerobic exercise training is efficacious in in-
creasing LV mass in health as well as diseases
such as cancer and heart failure [12, 22, 37].
Previously, we have shown moderate-intensity
exercise prevented cardiac atrophy in a 5 week
study using the same orthotopic prostate can-
cer model and cell line [13]. However, in that
study the duration of training was ~40% longer
and may not reflect a realistic training period to
improve cardiac performance prior to treat-
ment. Therefore, we were particularly interest-
ed in whether similar benefits on preserving
cardiac mass could be achieved over a shor-
ter time frame, albeit with a higher intensity of
exercise. The current study demonstrates high-
intensity exercise induced similar adaptations,
in an expedited manner. This is important when
patients may have a shortened time before
beginning treatment to maximize cardiac adap-
tations. For example, across the cancer induc-
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groups as well (TBS; n=9 vs. TBEX; n=15).

tion through end of high-intensity training, the
TBEX group demonstrated positive cardiac ad-
aptations, compared to their sedentary coun-
terparts, evidenced through increased SV, and
LV hypertrophy from Pre-Post, not observed in
TBS counterparts. Importantly, there is growing
evidence that continuous moderate intensity
aerobic exercise may not be as beneficial for
improving heart function as higher intensity
exercise [38, 39], and multiple prominent stud-
ies [40, 41] and meta-analysis [42] demon-
strate the relative safety of high-intensity exer-
cise training in disease conditions e.g., heart
failure; [40, 42].

Cardiac atrophy is associated with cancer, and
cardiac atrophy is known to lead to decreased
time to exhaustion with endurance capacity
tests [11], and loss of aerobic capacity associ-
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ated with a diminished peak oxygen consump-
tion [12, 43, 44]. Cardiac atrophy has been
shown to be attenuated with exercise in mo-
dels of heart failure with reduction in both
MAFbx and muscle RING-finger protein-1
(MuRF-1) [45], and could be attributable to
modifications in the UPS [14, 16, 21]. A chronic
attenuation of inflammatory markers that are
upstream of the UPS have been associated
with these findings [12, 45]. Contrary to our
hypothesis, there was no difference in protein
expression of several proteins associated with
atrophic remodeling (MAFbx, CTSB, and CTSL).
Further, we did not observe an increased
MAFbx in TBS vs. TBEX, contrary to findings of
Adams et al. [45] of significantly lower expres-
sion of MAFbx in exercise-trained animals vs
sedentary animals post myocardial infarction,
which induces cardiac atrophy. The lack of a dif-
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trol.

ference between groups for MAFbx was unex-
pected however, there are other UPS targets,
such as muscle RING-finger protein-1 (MuRF-1),
that are associated with both atrophy and
cachexia [46, 47].

Nrf-2 was hypothesized to be higher in the TBEX
group supporting a less pro-ubiquitination envi-
ronment [48] via the mutual antagonistic rela-
tionship between pro-ubiquitin nuclear factor
kappa B (NF- B) and Nrf-2 [49, 50]. With in-
creased oxidative stress signals, Nrf-2 is acti-
vated through Kelch-like ECH-associated pro-
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tein 1 (Keapl) unbinding via conformational
changes in reactive cysteines [51]. NF- B has
been shown to be a pre-cursor to the increas-
ed UPS activity leading to dominant atrophy
mechanisms [48, 52], and the negative re-
gulation (via increased Nrf-2) associated with
exercise training would possibly buffer this
pro-ubiquitin effect. However, we did not
observe a detectable increase in Nrf-2 expres-
sion in the LV of exercise-trained vs. sedentary
animals with prostate cancer. This may be
due to a significant increase in the NF- B that
occurs with prostate cancer, [53, 54] counter-
acting any differences exercise training might
have upon inducing Nrf-2.

Prostate cancer and cathepsins

Cysteine cathepsins are a large group of prote-
ases of the papain family that, among many
proteases, regulate a multitude of functions
(i.e., cell proliferation, migration, tissue remod-
eling etc.) [55]. In prostate cancer cathepsins
increase invasion and risk of metastasis [56,
57]. Additionally, cathepsin L has been impli-
cated in cardiovascular disease (i.e., heart fail-
ure, dilated cardiomyopathy, atherosclerosis)
and an overexpression of cathepsin L in cardio-
myocytes has been associated with degrada-
tion and dysfunction of the extracellular ma-
trix, and a reduced expression leads to abnor-
mal hypertrophic remodeling [55, 58]. The un-
altered expression of both cathepsin B and
cathepsin L in the heart with training indicate
that the lysosomal abnormalities associated
with the tumor microenvironment and sur-
rounding tissue might not extend to the left
ventricle.

Left ventricular function in prostate cancer
and exercise

Contrary to our hypothesis, there were no
changes in many parameters from non-invasive
measures of cardiac function and mechanics
in the TBEX versus TBS groups, despite signifi-
cant differences in relative heart and LV mass
between groups. Echocardiography showed
longitudinal improvements in LVEDV and SV
for TBEX animals not observed in their corre-
sponding sedentary group (Figure 3), which
was likely a function of the larger LV mass
(Figure 4). Subsequently, the measures of LV
function herein reflect a non-stressed condi-
tion, from which subclinical alterations in func-
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tion may not be detected. However, there is
clear evidence that there is a decrease in rela-
tive heart mass, LV mass, and endurance
capacity with prostate cancer in a murine
model [11, 13].

Limitations

Several limitations from this study should be
addressed. The length of time and exercise
modality requisite to induce significant in-
creases in cardiac structure and function are
debated in healthy humans as well as in clini-
cal and pre-clinical studies [59, 60]. From ani-
mal studies, the ideal length of training is
typically 6-8 weeks of constant load moderate-
intensity exercise to induce an exercise trained
phenotype [61]. With the significantly higher
intensity used in this study, a training adapta-
tion of elevated citrate synthase was obtained
rapidly as evidenced by significant differences
in oxidative muscle citrate synthase activity
(Table 1). The lack of differences in markers of
atrophy between groups may be due to the
low tumor burden in these animals (Table 1).
Larger tumor burdens can induce a cachectic
condition and may interfere with the comple-
tion of an exercise regimen (due to altered
gait, or potential pain with ambulation). None-
theless, the lower relative heart mass in the
sedentary group vs. historic non-tumor bearing
animals (Figure 6) demonstrates even a low
tumor burden can induce cardiac abnormali-
ties. Lastly, the lack of a sham or sedentary
control group is noted. The strain of animal
used in the study was discontinued by the ven-
dor before completions of the study. Therefore,
we used historical control/sham of the same
strain, sex, and age for comparison.

Conclusions

In summary, this investigation demonstrates
that high-intensity exercise can attenuate car-
diac atrophy associated with prostate cancer,
independent of therapy. Specifically, high-in-
tensity exercise mitigated relative changes in
cardiac mass, LV mass, and increased overall
stroke volume. Such improvements may ben-
efit patients and supports exercise as a valu-
able component of cancer patient care as
increasing acknowledgement that different
cardiac phenotypes are associated with dis-
tinct clinical outcomes [62, 63]. Lastly, the pro-
tein expression of the atrophy markers investi-
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gated herein were not different between
groups. Specifically, UPS protein MAFbx was
not different between groups, which is con-
trary to previous findings of cachexia and atro-
phy [46, 58, 64]. Further, protein expression of
Cathepsin B, Cathepsin L, and Nrf-2 were unal-
tered between TBS and TBEX animals. How-
ever, these markers are a few of the compo-
nents of different atrophy-related pathways
that can be promoting the cardiac atrophy
associated with prostate cancer, and further
investigation is required to determine the domi-
nant mechanisms contributing to cardiac alter-
ations occurring with prostate cancer.
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