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Abstract
In the present study, we investigated the effect of voluntary exercise on the formation and growth of
human pancreas Panc-1 and prostate PC-3 tumors in immunodeficient mice. Female severe combined
immunodeficient (SCID) mice were injected subcutaneously with human pancreas cancer Panc-1
cells, and male SCID mice were injected subcutaneously with human prostate cancer PC-3 cells.
Voluntary running wheel exercise for 63 days starting one week before the subcutaneous injection
of Panc-1 or PC-3 tumor cells into SCID mice suppressed the growth of both Panc-1 and PC-3 tumors.
The exercise regimen increased food and fluid consumption in both female and male mice. Exercise
also decreased the size of the parametrial fat pads in female mice and the paradidymis fat pads in
male mice, but there was no effect on body weight. Mechanistic studies showed that voluntary
running wheel exercise inhibited proliferation as reflected by decreased mitosis, and the exercise
regimen also stimulated apoptosis as reflected by increased caspase-3 (active form) expression in
both Panc-1 and PC-3 tumors. Voluntary running wheel exercise decreased the ratio of the percent
mitotic cells/apoptotic cells in Panc-1 and PC-3 tumors by 38% and 32%, respectively. The present
study demonstrates an inhibitory effect of voluntary exercise on the growth of pancreas and prostate
tumors in a SCID mouse xenograft model.
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INTRODUCTION
Pancreas and prostate cancers are important causes of death in the United States. Pancreas
cancer ranks fourth among U.S. cancer deaths (males and females), and the five year survival
is less than 5% (1) whereas prostate cancer ranks second among U.S. cancer deaths in males
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(after lung) (1). Attempts to inhibit the formation or treat these cancers are important goals of
the cancer research community. Studies in experimental animals indicate an inhibitory effect
of voluntary exercise on colon, breast, skin and pancreas carcinogenesis (2-7), but to the best
of our knowledge there are no studies on the effect of exercise on prostate carcinogenesis or
on the growth of prostate or pancreas tumors.

Epidemiology studies on the relationship between physical activity and overall prostate cancer
risk have been inconclusive (8-11), but large population-based studies suggest that physical
exercise is associated with a reduced risk of advanced prostate cancer and prostate cancer death
(12,13). In additional studies, serum from exercising men inhibited the growth and increased
apoptosis in prostate cancer LNCaP cells (14,15). Although the results of epidemiology studies
on a possible association between physical activity and pancreas cancer risk are inconclusive
(16-18), laboratory-based studies demonstrated that voluntary exercise reduced the growth of
preneoplastic pancreatic foci and inhibited azaserine-induced pancreas carcinogenesis in Lewis
and F344 rats (6,7).

The present study was undertaken to determine the effects of voluntary running wheel exercise
on the formation and growth of human pancreas Panc-1 and androgen-independent prostate
PC-3 xenograft tumors in SCID mice. Our study showed that voluntary running wheel exercise
inhibited the growth of both pancreas Panc-1 and prostate PC-3 tumors in SCID mice.
Mechanistic studies showed that voluntary running wheel exercise inhibited proliferation and
stimulated apoptosis in these tumors.

MATERIALS AND METHODS
Cell culture and reagents

Panc-1 cells were kindly provided by Dr. Pamela Crowell (Indiana University-Purdue
University Indianapolis, IN). PC-3 cells were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA). Matrigel was obtained from BD Biosciences
(Bedford, MA). RPMI-1640 and DMEM tissue culture media, penicillin-streptomycin, L-
glutamine and fetal bovine serum (FBS) were from Gibco (Grand Island, NY). Panc-1 cells
were maintained in DMEM, and PC-3 cells were maintained in RPMI-1640 culture medium.
Both DMEM and RPMI media contained 10% FBS and were supplemented with penicillin
(100 units/ml)-streptomycin (100 μg/ml) and L-glutamine (300 μg/ml). Cultured cells were
grown at 37°C in a humidified atmosphere of 5% CO2 and were passaged twice a week.

Formation and growth of Panc-1 and PC-3 tumors in immunodeficient mice with or without
voluntary running wheel exercise

SCID mice (6-7 weeks old) were obtained from Taconic Farms Inc. (Germantown, NY). The
animals were housed in sterile filter-capped microisolator cages and provided with sterilized
food (laboratory rodent diet 5010) and water. Female mice were injected subcutaneously with
Panc-1 cells (2×106 cells/0.1 ml/mouse) suspended in 50% Matrigel in DMEM medium, and
male mice were injected subcutaneously with PC-3 cells (2×106 cells/0.1 ml/mouse) suspended
in 50% Matrigel in RPMI 1640 medium. In the experiment with Panc-1 cells, 12 female mice
were placed in cages equipped with running wheels (6 mice/cage) and 10 female mice were
placed in cages with no running wheel (5 mice/cage) one week before the tumor cell
inoculation. In the experiment with PC-3 cells, 12 male mice were placed in cages equipped
with running wheels and 12 male mice were placed in cages with no running wheel one week
before the tumor cell inoculation (6 mice/cage). Mice in cages with running wheels had free
access to the wheel 24 h/day during the whole experimental period (63 days). The running
wheels had digital counters that measured running wheel revolutions (5)). Tumor size
measurements were started on day 21 after tumor cell injection. Tumor size was measured by
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determining tumor length and width (expressed as cm2) once per week until the end of the
experiment. Body weight was also measured once every week. All animal experiments were
carried out under an Institutional Animal Care and Use Committee (IACUC)-approved
protocol.

Determination of mitotic cells
Panc-1 and PC-3 tumors in mice from each experimental group were excised. The samples
were fixed overnight in 10% formalin and then transferred into 70% ethanol. Paraffin-
embedded tissue sections of 5-μm thickness were stained with hematoxylin and eosin (H&E).
Mitotic cells were counted under a light microscope as described elsewhere (19).

Caspase-3 (active form) immunostaining
An antibody that reacts with the active form of caspase-3 was purchased from R&D Systems
(Catalog number: AF835). Tumor sections used for the measurement of caspase-3 (active form)
were stained by the horseradish peroxidase-conjugated avidin method with some modification
(20). Briefly, sections were incubated with caspase-3 primary antibody (1:2,000 dilution) for
30 min at room temperature followed by incubation with a biotinylated anti-rabbit secondary
antibody for 30 min and incubation with conjugated-avidin solution (ABC ellite kit purchased
from Vector Laboratories) for 30 min. Color development was achieved by incubation with
0.02% 3,3'-diaminobenzidine tetrahydrochloride containing 0.02% hydrogen peroxide for 10
min at room temperature. The slides were then counterstained with hematoxylin, dehydrated,
and coverslips were added for permanent mounting. A positive reaction was shown as a brown
precipitate in the cytoplasm and/or perinuclei of the cells. The percent of caspase-3 positive
cells was determined in each tumor.

Statistical analyses
The Student's t test was used to determine differences for percent mitotic cells, percent
caspase-3 positive cells, and ratio of percent mitotic cells/caspase-3 positive cells between the
running wheel and the no running wheel groups. The analyses of increase in tumor size were
based on the mixed effect regression (repeated measurement) model (21). The treatment effects
were assessed by comparing the rates of change over time between treatment groups (i.e.
comparing the slopes between treatment groups).

RESULTS
Effects of voluntary running wheel exercise on the consumption of food and water in SCID
mice

In female mice injected with Panc-1 cells, the running wheel group consumed 21% more food
and 23% more water when compared with mice in the non-running wheel group (Table 1). The
average distance the mice ran on the running wheel was 1.09±0.16 miles/mouse/day (Table
1). In the experiment with PC-3 cells in male mice, the running wheel group consumed 26%
more food and 22% more water when compared with mice in the non-running wheel group
(Table 1). The average distance the mice ran in the running wheel group was 1.38±0.21 miles/
mouse/day (Table 1).

Effects of voluntary running wheel exercise on body weight and tissue fat in SCID mice
Running wheel exercise had no effect on body weight in the mice injected with Panc-1 or PC-3
cells, but there was a 30% decrease in the weight of the parametrial fat pads in the female mice
injected with Panc-1 cells and a 32% decrease in the weight of paradidymis fat pads in the male
mice injected with PC-3 cells (Table 2).
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Effects of voluntary running wheel exercise on the growth of Panc-1 and PC-3 tumors in SCID
mice

2 × 106 Panc-1 or PC-3 cells were injected subcutaneously into SCID mice as described in Fig.
1. Voluntary running wheel exercise delayed the formation of Panc-1 tumors in some mice.
All mice in the control group formed a measurable tumor by 21 days after the injection of
Panc-1 cells while 17% of the mice in the running wheel group were tumor free at this time.
Eight percent of the animals in the running wheel group remained tumor-free at 42 days after
the injection of Panc-1 cells and all mice had a tumor by 49 days.

The growth of Panc-1 tumors was measured in 10 control mice and in 12 running wheel mice.
In the control group, all 10 mice had a measurable tumor on day 21, and tumor size was
determined on days 21, 28, 35, 42, 49, and 58 (N=10 on each day). In the running wheel group,
not all animals had a tumor at 21 days after injection of Panc-1 cells, and tumor size was
measured on day 21 (N=10), days 28, 35, and 42 (N=11), and on days 49 and 56 (N=12) (Fig.
1A). From the fitted regression equations, the rates of tumor growth between days 21 and 56
were 0.00654 cm2 per day for the control group, and 0.00476 cm2 for the running wheel group.
This implied that, on average, the rate of tumor growth for the control group was 0.00179
cm2 per day faster than that for the running wheel group per day (the difference was significant
with p=0.0331). The difference in tumor size between the control group and the running wheel
group increased from 0.0930 cm2 to 0.156 cm2 from day 21 to day 56. The differences were
statistically significant at the 5% level beginning on day 28 (p≤0.0069). At the end of the
experiment, the average tumor size per mouse (length × width; cm2) was 0.51±0.03 for the
control group and 0.35±0.02 for the running wheel group (Fig.1). Statistical analysis using the
Student's t test showed that the difference for tumor size between the control and running wheel
group at the end of the study was statistically significant (p<0.001). Running wheel exercise
had no effect on body weight throughout the study (data not shown).

Although running wheel exercise did not delay the formation of PC-3 tumors measured at 21
days, it suppressed the growth of PC-3 tumors in the mice (Fig.1B). From fitted regression
equations, the rates of tumor growth between days 21 and 56 were 0.00537 cm2 per day for
the control group and 0.00263 cm2 for the running wheel group (10 mice/group). This implied
that, on average, the rate of PC-3 tumor growth for the control group was 0.00274 cm2 per day
faster than that for the running wheel group per day (the difference was significant with p =
0.0065). On average, the difference in tumor size between the control group and the running
wheel group increased from 0.106 cm2 to 0.202 cm2 from day 21 to day 56. The differences
were statistically significant at the 5% level beginning on day 28 (p < 0.0388). At the end of
the experiment, the average tumor size per mouse was 0.49±0.07 cm2 for the control group
and 0.28±0.03 cm2 for the running wheel group (Fig.1). Statistical analysis using the Student's
t test showed that the difference in tumor size between the control and running wheel group
was statistically significant (p<0.05). There was no significant difference in the body weight
between the control and running wheel group throughout the study (data not shown).

Effects of voluntary running wheel exercise on mitosis and apoptosis in Panc-1 and PC-3
tumors

The effects of voluntary running wheel exercise on proliferation and apoptosis in Panc-1 and
PC-3 tumors described in Figure 1 were studied by determining the percentage of mitotic cells
and caspase-3 (active form) positive cells in these tumors. As shown in Table 3, the percentage
of mitotic cells was decreased and the percentage of apoptotic cells was increased in Panc-1
and PC-3 tumors in mice with running wheel exercise as compared to the control group.
Running wheel exercise decreased the ratio of the percent mitotic cells/percent caspase-3
(active form) positive cells in Panc-1 and PC-3 tumors by 38% and 32%, respectively (Table
3). Our results indicate a shift in the balance between cell proliferation and cell death towards
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decreased tumor growth. Similar results were obtained when data from the two animals that
developed a measurable pancreas tumor only after 21 days post-tumor cell injection were
excluded from the analysis.

DISCUSSION
In the present study, we demonstrated for the first time that voluntary running wheel exercise
inhibited the growth of human pancreas and prostate tumors in immunodeficient SCID mice,
and these effects of exercise were paralleled by decreased proliferation and increased apoptosis.
In a previous study, it was found that voluntary running wheel exercise suppressed the size and
growth rate of azaserine-induced preneoplastic pancreatic foci in rats (6). Voluntary running
wheel exercise was also found to inhibit the formation of N-nitrosomethylurea-induced
mammary cancer (3) and the formation of azoxymethane-induced colon cancer (2) in rat
models. In addition, Welsch and colleagues found that voluntary running wheel exercise
reduced the growth of breast xenograft tumors in athymic mice (22). However, these earlier
studies did not examine the effects of voluntary exercise on apoptosis in preneoplastic or tumor
cells. Recent studies showed that voluntary exercise inhibited UVB-induced carcinogenesis,
enhanced UVB-induced apoptosis in the epidermis and also enhanced apoptosis in UVB-
induced tumors but not in non-irradiated normal epidermis or in the epidermis away from
tumors in tumor-bearing mice (5,23).

The mechanisms by which voluntary exercise inhibits the growth and stimulates apoptosis in
tumor cells are not known. Voluntary exercise is known to modify circulating growth factors
and cytokines such as insulin-like growth factor 1, interleukin 6, interleukin 10 and leptin
(10,12,24). Recent in vitro studies showed that serum from exercising men inhibited the growth
and stimulated apoptosis in cultured human prostate cancer LNCaP cells (14,15). We have
obtained similar results using serum from exercising mice (unpublished observation). Further
studies are needed to determine if exercise-induced growth inhibition and enhanced apoptosis
in Panc-1 and PC-3 tumors are mediated by cytokines that are modulated by running wheel
exercise in SCID mice.

Although there were no differences in body weight between mice in the running wheel group
and mice in the non-running wheel control group, tissue fat was decreased in mice with access
to running wheels when compared to mice with no access to running wheels (Table 2). A recent
study showed that voluntary running wheel exercise inhibited UVB-induced skin
carcinogenesis and decreased the weight of the parametrial fat pads and the thickness of the
dermal fat layer in SKH-1 mice (5). Surgical removal of the parametrial fat pads (partial
lipectomy) 2 weeks before UVB irradiation enhanced UVB-induced apoptosis (23) suggesting
that fat cells secrete substances that inhibit apoptosis in cells with DNA damage and possibly
in tumors. Further studies are needed to determine whether the exercise-induced decrease in
tissue fat plays a role in the exercise-induced inhibition of Panc-1 and PC-3 tumor growth. In
epidemiology studies, exercise was reported to be associated with a decreased risk of advanced
prostate cancer (12,13,25). Additional studies are needed to determine whether exercise
decreases the risk or growth of pancreas cancer in humans.
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Figure 1.
Effect of voluntary exercise on the growth of pancreas Panc-1 and prostate PC-3 tumors in
SCID mice. Female SCID mice were injected subcutaneously with human pancreas cancer
Panc-1 cells (2.0 × 106 cells/mouse), and male SCID mice were injected subcutaneously with
human prostate cancer PC-3 cells (2.0 × 106 cells/mouse). Both male and female mice were
randomly assigned into two groups. One group was placed in cages (5-6 mice/cage) equipped
with running wheels (1 running wheel/cage) one week before the injection of tumor cells, and
the running wheels remained until the end of the study (56 days after the tumor cell injection).
Mice in another group were in cages without a running wheel (5-6 mice/cage). Starting at day
21 after tumor cell injection, tumor size (length × width; cm2) per mouse was measured once
a week until the end of the experiment. In A, tumor size was measured in the control group for
all 10 tumors on each day as indicated. In the running wheel group, tumor size was measured
on day 21 (N=10), days 28, 35 and 42 (N=11) and on days 49 and 56 (N=12). In B, tumor size
was measured in the control and running wheel groups in all 10 tumors on each day as indicated.
Each value represents the mean ± S.E.
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Table I

Effects of voluntary exercise on food and fluid consumption in SCID mice

Group Gender/number of mice Food consumption (g/mouse/day) Fluid consumption (ml/mouse/day) Running distance (miles/mouse/day)

Panc-1

Control F/10 3.83±0.08 4.32±0.09 -

Running wheel F/12 4.62±0.09*** 5.29±0.10*** 1.09±0.16

PC-3

Control M/12 4.54±0.12 5.50±0.11 -

Running wheel M/12 5.71±0.10*** 6.69±0.09*** 1.38±0.21

Female (F) SCID mice were injected with human pancreas cancer Panc-1 cells (2.0 × 106 cells/mouse). Male (M) SCID mice were injected with

human prostate cancer PC-3 cells (2.0 × 106 cells/mouse). Twelve female and 12 male mice were placed in cages (6 mice/cage) equipped with running
wheels (1 running wheel/cage) one week before the injection of tumor cells and remained until the end of the study (56 days after the tumor cell
injection). Wheel revolutions and consumption of food and fluid were recorded. Each value represents the mean ± S.E. The student's t test was used
to determine the difference between the control and running wheel group.

***
p<0.001.
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Table II

Effects of voluntary exercise on body weight and parametrial/paradidymis fat pads in SCID mice

Group Gender/number of mice Initial and final body
weight (g/mouse)

Parametrial (F) or
paradidymis (M)
fat pads (g/mouse)

Percentage
decrease in fat

pad weight

Panc-1

Control F/10 22.6±0.30 0.33±0.03 -

24.2±0.40

Running wheel F/12 22.2±0.29 0.23±0.02* 30.3

23.5±0.48

PC-3

Control M/12 26.2±0.74 0.31±0.02 -

28.0±0.49

Running wheel M/12 26.3±0.53 0.21±0.02** 32.3

27.9±0.65

Body weights of female (F) and male (M) SCID mice in the experiments described in Table 1 were measured. Parametrial fat pads from female mice
and paradidymis fat pads from male mice were weighed. Each value represents the mean ± S.E. The student's t test was used to determine the difference
between the control and running wheel group.

*
p<0.05

**
p<0.01.
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