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Abstract
Purpose—Physically active women have a reduced risk of breast cancer, but the dose of activity
necessary and the role of energy balance and other potential mechanisms have not been fully
explored in animal models. We examined treadmill and wheel running effects on mammary
tumorigenesis and biomarkers in p53-deficient (p53+/−): MMTV-Wnt-1 transgenic mice.

Methods—Female mice (9 wks old) were randomly assigned to the following groups in
Experiment 1: treadmill exercise 5 d/wk, 45 min/d, 5% grade at 20 m/min, ~0.90 km/d (TREX1,
n=20); at 24 m/min, ~1.08 km/d (TREX2, n=21); or a non-exercise control (CON-TREX, n=22).
In Experiment 2, mice were randomly assigned to voluntary wheel-running (WHL, n=21, 2.46 ±
1.11 km/d (mean ± SD)) or a non-exercise control (CON-WHL, n=22). Body composition was
measured at ~9 weeks and serum insulin-like growth factor-1 (IGF-1) at 2–3 monthly time points
beginning at ~9 weeks on study. Mice were sacrificed when tumors reached 1.5 cm, mice became
moribund, or there was only one mouse per treatment group remaining.

Results—TREX1 (24 wks) and TREX2 (21 wks) had shorter survival median survival times than
CON-TREX (34 wks; p<0.01); WHL and CON-WHL survival was similar (23 vs. 24 wks;
p=0.32). TREX2 had increased multiplicity of mammary gland carcinomas compared to CON-
TREX; WHL had a higher tumor incidence than CON-WHL. All exercising animals were lighter
than their respective controls, and WHL had lower body fat than CON-WHL (p<0.01). There was
no difference in IGF-1 between groups (p>0.05).

Conclusion—Despite beneficial or no effects on body weight, body fat, or IGF-1, exercise had
detrimental effects on tumorigenesis in this p53-deficient mouse model of spontaneous mammary
cancer.
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Epidemiological evidence suggests that physically active women have a 20–30% reduced
risk of breast cancer compared to physically inactive women (20). Despite the reasonable
consistency of the evidence, details as to the types and amount of activity necessary to
reduce risk are lacking since not all studies have assessed physical activity in detail.
Although numerous mechanisms have been proposed to explain the risk reduction, there is
little evidence to substantiate any of them (35). Furthermore, key exercise-gene interactions
that may impact the breast cancer preventive effects of exercise have not been described.
Animal models that reflect important aspects of breast tumorigenesis in humans would be
useful to help fill these gaps in our understanding of the exercise-breast cancer relationship.

To date, the primary animal model used to examine exercise in breast cancer has been
chemically induced mammary carcinogenesis in rats or mice. Earlier studies were
remarkably consistent in finding beneficial effects of exercise on mammary tumor
development, as reviewed by Shephard (29); however, these studies often used particularly
long or strenuous exercise protocols. Recent studies have used more moderate treadmill
running protocols and generally found protection against either tumor incidence,
multiplicity, or growth (19;32;33;37;38) however, some have found negative effects of
exercise on the carcinogenic process (30;31). It has been shown that there may be an
intensity-dependent effect of treadmill running, with low-intensity running having no effect
on carcinogenesis, but with intensities beyond an oxygen consumption of ~35% of
maximum capacity resulting in decreased incidence and multiplicity in a dose-response
fashion (32;33). Voluntary wheel running has been shown to decrease tumor multiplicity
and increase tumor latency in rat models, although there are relatively few studies of the
effects of this type of exercise(5;7). In one prior study which examined both treadmill and
wheel running exercise, neither the incidence or multiplicity of lung tumor metastases
following injection of the MMT 66 mouse mammary tumor cell line was effected by the
exercise (16).

Taken together, exercise-training studies have shown variability in the relationship between
changes in body weight and/or body fat and changes in carcinogenesis. For example, in
studies in which exercise reduced tumor outcome/development, body weights have been
higher (5;6), lower (19), or no different (7;32;37) from the non-exercise control groups.
Similarly, body fat has been either unchanged (7) or lower (5;6) with exercise regimens;
conversely, in one study in which exercise resulted in lower body fat, carcinogenesis was
not inhibited (15). These disparate results suggest that the mechanism through which
exercise impacts tumorigenesis may be independent of energy balance, although the link
between exercise/physical activity in energy balance and breast cancer reduction is still
unclear (34). Animal models in which body weight and activity can be objectively and
accurately monitored in the context of carcinogenesis will provide more insight into these
potential relationships.

Newer models of carcinogenesis use mice with known mutations in specific genes. One such
model of breast cancer is the MMTV-Wnt-1 transgenic mouse model of breast cancer
(12;21). Female MMTV-Wnt-1 mice spontaneously develop mammary tumors with 100%
penetrance, and the latency for tumor development is greatly reduced by p53 deficiency. We
previously found that calorie restriction (CR) dramatically delayed tumorigenesis in
heterozygous p53-deficient (p53+/−):MMTV-Wnt-1 transgenic mice (18). We then sought to
determine how altering energy expenditure, the other side of the energy balance equation,
would affect mammary tumorigenesis in this model.

Other than changes in body weight or composition, few studies have examined potential
mechanisms of the exercise-induced protection against mammary tumors. In those that have
examined other markers, neither estrogen or progesterone, nor differential expression of
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estrogen or IGF-1 receptors in the tumors have been related to the exercise treatment
(7;36;38;39). In the current study, we have examined the effects of voluntary wheel running
and involuntary treadmill exercise on mammary tumorigenesis, insulin-like growth factor-1
and body composition in a mouse model of cancer.

METHODS
Animals

All experimentation was approved by the National Cancer Institute’s Animal Care and Use
Committee. NCI-Frederick is accredited by AAALAC International and follows the Public
Health Service Policy for the Care and Use of Laboratory Animals. Animal care was
provided in accordance with the procedures outlined in the Guide for Care and Use of
Laboratory Animals. (National Research Council; 1996; National Academy Press;
Washington, D.C.) Female heterozygous p53-deficient (p53+/−): MMTV-Wnt-1 transgenic
mice were obtained from a breeding colony at University of Texas MD Anderson Cancer
Center, Smithville, TX. Mice were received in five separate shipments of 16–26 mice and
were 9.3 ± 1.7 wks of age (mean ± SD). Within each shipment mice were randomized to
treatment groups. All mice were housed individually within 7 days of arrival, given water
and AIN-76A diet ad libitum, and kept on a 12-h light/dark cycle. All mice spent the first ~8
wks in quarantine, after which they were confirmed to be pathogen free and transferred to
the main animal facility.

Experimental Design
There were two primary experiments: one examining the effects of non-voluntary treadmill
running and the other voluntary wheel running. Both examined survival and specific
biomarkers as endpoints. In Experiment 1, mice were randomized to one of three groups: a
non-exercised control group (CON-TREX, n=22), a moderate (TREX1, n=20) intensity, or a
vigorous (TREX2, n=21) intensity treadmill running group. Treadmill running was done 5
days/wk, 45 min/day on a 5% grade, with TREX1 running at 20m/min and TREX2 at 24 m/
min. Mice were motivated to run using gentle hand prodding. We have previously found
exercise of this intensity to increase citrate synthase in the gastrocnemius/soleus complex in
mice.(8) CON-TREX mice were housed in the same room as the treadmill and were placed
briefly on the stationary treadmill each day that the TREX1 and TREX2 mice ran. In
Experiment 2, mice were randomized into either a non-wheel control group (CON-WHL,
n=21) or a voluntary wheel-running condition (WHL, n=20) in which they had 24-hr access
to a running wheel in their cage. Mice randomized to any of the exercise groups (TREX1,
TREX2, WHL) were given access to running wheels while in quarantine. Wheel running
activity was monitored during the study using magnetic switches in conjunction with
VitalView software (MiniMitter, Bend, OR). Time on study was considered to begin when
the mice were randomized.

Mouse body weights and food consumption were measured weekly. Mammary glands were
palpated twice per week for the detection of tumors, and dates, locations, and sizes of
tumors were recorded. Volume of the tumors (mm3) was calculated as
1/6*π*length*width*height and is calculated for the initial detection of the tumor and twice
weekly measurements until sacrifice. Retroorbital eye bleeds were drawn once per month
beginning at ~9 wks on study, and the serum was stored at −80°C.

When a palpable mammary tumor reached 1.5 cm in diameter, or when mice became
moribund, they were sacrificed. Additionally, when only one mouse per group was left in a
given treatment group in an experiment, they were sacrificed. Complete necropsies were
performed and gross lesions were recorded. Mammary gland (MG) masses were measured,
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and diagramed using mouse MG designation 1 though 10. MG 7&8, or other non-tumor
bearing glands were whole mounted. A portion of the largest mammary tumor in each
animal was collected in OCT for cryotomy, and a portion was snap frozen. Remaining
mammary glands were individually identified and fixed in 10% neutral buffered formalin.
Gastrocnemius muscle, heart, and a terminal serum sample were collected, frozen, and
stored. Mammary glands, lungs, and gross lesions designated by the pathologist, were taken
to hematoxylin and eosin stained slides. Sections were evaluated by a board-certified
veterinary pathologist to determine the histopathological classification of mammary tumors
and other lesions (author DCH).

Body composition
Fat mass, lean mass, and bone mineral density (BMD) values were determined on all mice,
(with the exception of mice in the last shipment due to an oversight), using dual-energy x-
ray absorptiometry (DXA) (GE Lunar Piximus II, Madison, WI). Each mouse was lightly
anesthetized with isoflurane and scanned three successive times, and the mean of those three
scans was used for analysis. Animals in the treadmill experiment were scanned at ~10 wks
on study and those in the wheel running experiment were scanned at ~8 wks on study. We
have previously validated the use of DXA on mice through comparison to gravimetric and
chemical (soxhlet) extraction methods (1).

IGF-1
Serum IGF-1 was measured using radioimmunoassay in a sample of mice at 2 or 3 monthly
time points, beginning with the first blood draw taken outside quarantine (Diagnostic
Systems Laboratories, Inc., Webster, TX). These early timepoints were selected with the
thought that potential IGF-1 changes would occur earlier on in the training program as
fitness was developing. Only mice that had no evidence of tumors at the time of the blood
draw were assayed at each time point to isolate the effects of exercise from any effects of
tumors themselves. Mice from each group within an experiment were assayed at the same
time. Sample size varied at each time from a minimum of 4 to a maximum of 11. The
average coefficient of variation (cv) for all samples (performed in duplicate) was 7.2%.

p53
Tumor loss of heterozygosity (LOH) for p53 was measured by Southern blotting as
described previously (13). Briefly, 5–10 ug of tumor DNA was digested with BamHI
restriction endonuclease, subjected to electrophoresis on a 0.7% agarose gel and then
Southern blotted. The blots were hybridized with a mouse p53 cDNA exon 2–6 probe
radiolabelled with alpha 32P-dCTP. Three bands were generally observed: a 5.0 kb wild-type
band, a 6.5 kb mutant band, and a 10.0 kb pseudogene band. Radioactivity was quantitated
on a GE Storm 860 phosphorimager. LOH was characterized by comparison of wild-type to
mutant bands, with bands that were 70–100+%, 30–70%, or 0–30% the intensity of the
mutant alleles considered “no LOH,” “partial LOH,” and “LOH,” respectively. Tumors from
10–19 mice/group were analyzed.

Wnt-1
Mammary gland Wnt-1 transgene expression was measured in non-tumor bearing mammary
glands in 8–10 mice/group, harvested at sacrifice. Briefly, RNA was extracted from frozen
glands using Stratagene’s Absolutely RNA® Miniprep kit, according to the manufacturer’s
protocol. RNA (2.5 μg of total RNA) was reverse transcribed with MMLV reverse
transcriptase and random primers (Promega). Real-time quantitative PCR was performed
using the ABI Prizm® 7900HT Sequence Detection System (Applied Biosystems). The pre-
designed TaqMan® gene expression assay for mouse Wnt-1 was purchased from Applied
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Biosystems. TATA box binding protein (TBP) was used as a reference gene. TBP primers
and probe were designed with Primer Express® software (Applied Biosystems) according to
manufacturer’s instructions, and cross-evaluated with the Oligo 4.0® Primer Design
software. The TBP primers and probe used were: forward primer (5′-
GGTGGCAGCATGAAGTGACA-3′), reverse primer (5′-
GCACAGAGCAAGCAACTCACA-3′) and TaqMan® probe (5′-FAM-
CCTCTGCACTGAAATCACCTGCAGCA-TAMRA-3′). A calibrator, i.e. relative standard
curve, was generated from cDNA from an untreated Wnt-1 transgenic mouse mammary
gland. Assays were run in duplicate and repeated on two different days, and the values
averaged. The average threshold cycle (Ct) of each sample was plotted against the log of the
nanograms cDNA added to the wells of each standard curve point, and the reverse log of
that number was normalized to its corresponding TBP value. The result is a unit-less number
that reflects the amount of target gene in different samples relative to the calibrator.

Statistical Analyses
Mice that did not run for more than 50% of their time on the treadmill portion of the study
were censored on the day they stopped running for both the survival and body weight
analysis, and, additionally, were not used in the tumor growth calculation in order to
examine the effects of the exercise specifically. A total of 10 out of the 41 mice (24%) run
on the treadmill were censored for poor running. Additionally, only mice with mammary
gland carcinomas were used in the tumor growth analysis.

All statistical tests were performed using SAS (Cary, NC). Log-rank tests were used for the
nonparametric comparison of survival across groups. Differences in tumor growth and Wnt
expression were analyzed using log-transformed data due to non-normal distributions.
ANOVA with Tukey’s post-hoc test was used for the three group comparisons in the
treadmill experiment and unpaired t-tests for the wheel experiment. Geometric means are
presented in the tables when log-transformed data were used. Fisher’s Exact Test was used
to compare the frequency of multiple tumors, metastatic tumors, and LOH of p53 in tumors
across treatment groups. Pearson correlations were calculated for the survival time and
Wnt-1 expression in tumors (log-transformed data).

For the analysis of body weight, food consumption, and IGF-1 levels over time, a two-factor
ANOVA with repeated measures on time was conducted using Proc Mixed. When
interaction terms were significant, contrast statements were used to determine specific
differences of interest. The body weight analysis was truncated at 30 weeks on study as this
is the point at which there were still at least 4 mice/group. ANOVA was used to examine
differences in body composition and body weights at sacrifice by treatment group in the
treadmill experiment, and unpaired t-tests were used in the wheel experiment. For BMD,
heart, and gastrocnemius weights, ANCOVA was used to adjust for body weight.

RESULTS
During their quarantine period, when all exercising mice had access to running wheels, mice
in the TREX1 group ran 1.60 km/d (1.24 – 3.32 km/d ) (median, interquartile range) on the
running wheels, while TREX2 mice ran 2.59 km/d (2.07 – 3.26 km/d). Mice in the WHL
group had their running monitored during their entire stay in quarantine, and during most of
the rest of their time on study (on average, 74% of their days on study). The WHL group ran
2.82 km/d (2.20 – 3.05 km/d).

There was no difference in tumor p53 LOH across treatment groups in either experiment. Of
the 53 tumors tested, 60% had complete LOH, 8% partial LOH, and 32% no LOH. A
representative Southern blot is shown in Figure 1. There was no significant difference in

Colbert et al. Page 5

Med Sci Sports Exerc. Author manuscript; available in PMC 2011 February 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mammary Wnt-1 mRNA expression by exercise treatment group in normal mammary glands
taken at sacrifice (p>0.05). Additionally, Wnt-1 expression was not correlated with survival
time (r= − 0.17, p=0.27).

The mammary neoplasm morphology was similar across the groups: glandular carcinomas.
Incidence and multiplicity (more than one gland with carcinoma), however, tended to be
higher in the exercise groups (Table 1). The increase in multiplicity was statistically
significant in the TREX2 group, and tended to be higher in TREX1 and WHL than in their
respective controls. Incidence of mammary carcinoma metastasis to the lung was similar
across the treadmill groups, but was elevated in WHL compared to CON-WHL. When the
poor runners from the TREX1 and TREX2 groups were excluded, the results were
unchanged. We also measured the time from the initial detection of a tumor until it reached
1.5 cm as a proxy measure of tumor growth. As seen in Table 1, tumor growth was faster in
TREX1 vs. CON-TREX (p=0.01) with no differences between TREX2 and CON-TREX.
Tumor growth tended to be slower in WHL vs. CON-WHL but was not significantly
different (p=0.10). Figure 2 depicts the growth of tumors in the mice uncensored from the
survival analysis. In cases where mice had more than one tumor, only the tumor that caused
their sacrifice is plotted.

Mice that did not develop mammary epithelial tumors were censored for the survival
analysis (specific reasons indicated in Table 1). Survival times were significantly different in
Experiment 1 (p<0.001) (Figure 3). The median survival times for TREX1 (24 wks; p<0.01)
and TREX2 (21 wks; p<0.001) were significantly different from that of CON-TREX (34
wks). Survival time was not significantly different in Experiment 2, in which median
survival of WHL was 21.5 wks vs. 24.0 wks in CON-WHL (p=0.39).

Body weights over the course of the first 30 wks of study are presented in Figure 4. In both
experiments, there were significant time by group interactions. TREX2 resulted in lower
body weights vs. CON-TREX during weeks 1–20 (p<0.05), while TREX1 had lower body
weights vs. CON-TREX from wks 11–20 (p=0.03). WHL body weight was significantly
lower than CON-WHL from wks 11–30 (p<0.001). Due to attrition in survival over the
course of the study, variability in the measurements increased with time.

There was a significant time-by-group interaction in food consumption (p<0.01) for the
treadmill experiment, but the main group effect was not significant (p=0.88) (data not
shown). Follow-up contrasts showed no significant difference between the CON-TREX
group and either TREX1 or TREX2 during weeks 1–10, 11–20, or 21–30 (p>0.05). There
was a significant time-by-group interaction in food consumption for the wheel (p<0.001)
experiments. In Experiment 2, WHL mice had lower food intakes than CON-WHL during
weeks 11–30 (p=0.001) but not weeks 1–10 (p=0.91).

In neither of the experiments were there any significant time-by-group interactions, nor were
there significant main effects of either group or time, on IGF-1 levels (data not shown).
Table 2 presents data on body composition at week ~8–10 on study, as well as body, heart,
and gastrocnemius weights at sacrifice. After ~8–10 wks on study, TREX2 weighed less
than CON-TREX (p<0.01), and WHL weighed less than CON-WHL (p<0.05). Although
percent body fat tended to be lower in exercised mice, the only significant difference was a
lower percent body fat in WHL vs. CON-WHL. Mice in all exercising groups had higher
BMDs than did their respective non-exercised controls. WHL mice had significantly greater
lean mass than CON-WHL at this time point. Among mice not censored from the survival
study, body weights at sacrifice were significantly lower in all exercising mice compared to
their respective controls. Additionally, WHL mice had greater heart and gastrocnemius
weights than CON-WHL, after adjustment for body weight.
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DISCUSSION
In p53 +/−:MMTV-Wnt-1 transgenic mice, we found that exercise produced an increase in
spontaneous mammary tumorigensis, including decreased latency and shortened survival
time. Previously, our group had seen beneficial effects of calorie restriction (CR) on
tumorigenesis in this same mouse model (27). Mice on moderate levels of CR, as we had
used previously, still grow and gain weight, but at a much slower rate compared to mice fed
ad libitum (17). We hypothesized that the same beneficial effects on tumorigenesis might be
attained by increasing energy expenditure rather than decreasing energy intake. With the ad
libitum feeding regimen used here, all mice had a positive energy balance throughout the
study based on the body weight trajectories. While treadmill exercise produced only a
modestly lower body weight, the voluntary wheel running condition, consistent with the
longer average distance run per day, resulted in a statistically significant lower body weight
over the course of the study, as well as a reduction in body fat compared to the control mice.
Despite this beneficial change in body composition, survival was not improved by the
physical activity and a higher proportion of exercised mice had multiple mammary
carcinomas. These data suggest that increasing energy expenditure does not have the same
effect as decreasing energy intake on mammary tumor development, at least in
p53 +/−:MMTV-Wnt-1 transgenic mice.

In contrast, we have previously observed beneficial exercise effects in the ApcMin model of
intestinal polyp development, in which a negative energy balance produced via wheel
running lowered polyp number, though still not of the same magnitude as with CR, while a
milder degree of negative energy balance produced through treadmill exercise had no effect
on polyps (9;10;23). This idea of the necessity for a negative energy balance with exercise
has also recently been supported by a study comparing skin gene expression in mice after
CR, ad libitum-fed exercise, or pair-fed exercise (22). Gene expression changes in pair-fed
exercised mice were more similar to CR mice, while changes in gene expression in ad
libitum-fed exercised mice were more similar to those seen in ad libitum-fed non-exercised
mice.

One interesting finding across our two experiments was that the median survival for the two
groups of control mice was quite different, at 34 wks for the treadmill control (CON-TREX)
vs. 24 wks for wheel control (CON-WHL) mice. This occurred despite no difference in the
ages of the mice at randomization, and we do not have an explanation for the difference,
other than the inherent differences between different litters of mice. We did randomize mice
from each shipment into the treatment groups within a given experiment, so valid
comparisons can only be made to the respective control group. This finding speaks to the
need to always use concurrent control groups when using these animals.

We saw no effect of the exercise treatments on serum IGF-1 levels in these mice over time.
A change in IGF-1 as a result of regular physical activity has been proposed as a potential
mechanism to explain the apparent reduction in cancer risk in active individuals compared to
their more sedentary peers (24); however, there is little evidence to support this (26). In
particular, prior exercise studies in various rodent models have found that exercise does not
lower circulating IGF-1 levels (4;9;10;25) unless the exercise is paired with calorie
restriction(40). Consequently, if IGF-1 is important for mammary tumorigenesis, our
treatment may have been insufficient. It is also possible that it is not the IGF-1 level alone
that is important, and that accounting for levels of relevant binding proteins, IGFBP-3 in
particular, might give a different result. To date though, evidence suggests that the ratio of
IGF-1/IGFBP-3 is also not related to chronic physical activity (26).
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To our knowledge, this is the first study to examine exercise effects in a transgenic model of
mammary cancer. Clearly, exercise accelerated mammary tumor development in this mouse
model. One possibility is that the exercise treatments may have increased expression of the
Wnt-1 transgene, but our results indicate that this was not the case. We cannot rule out,
however, that Wnt-1 expression was increased earlier on in the study or at some other time
point that we did not measure. Alternatively, there are several important pathologic and
physiologic differences between these mouse tumors and typical sporadic ER-positive
mammary tumors arising in women (2).

One example of such physiologic differences suggests that there could be interactions
between p53 status, responses to endocrine therapy, and exercise. For example, transgenic
p53+/−:MMTV-Wnt-1 mice develop estrogen receptor (ER)-positive mammary
adenocarcinomas, but these tumors are somewhat resistant to modulation of the estrogen
pathway: female MMTV-Wnt-1 transgenic mice with ER-alpha deleted still develop
mammary tumors, although these tumors arise much later in life than in MMTV-Wnt-1
transgenic mice with wild-type ER(3). Nevertheless, we have recently seen that mammary
tumor development in MMTV-Wnt-1 transgenic mice with wild type p53 is significantly
delayed by tamoxifen treatment, while p53+/−:MMTV-Wnt-1 transgenic mice are
completely resistant to tamoxifen treatment (unpublished data). This is consistent with a
hypothesis that we and others are currently testing, i.e., that p53 gene dosage impacts the
response to endocrine therapy.

Unfortunately, we did not compare exercise effects in p53+/− and wild-type p53 MMTV
Wnt-1 transgenic mice in the present study, but our data from this study conclusively show
that physical activity enhances mammary tumor development in p53+/−:MMTV-Wnt-1
transgenic mice. These surprising findings suggest that there may be an interaction between
p53 gene dosage and exercise that has not been previously reported, and if confirmed in
future studies, could have important implications for women at high risk for breast cancer.
Indeed, among epidemiologic studies there has been considerable heterogeneity in the
physical activity and breast cancer association, with some, but not all studies finding that the
association is limited to those without a family history of breast cancer(14). Thus, it is
certainly plausible that individuals with certain genetic susceptibilities may not benefit, or
may even be adversely affected, by increased physical activity of higher intensities.

Although we don’t know the specific intensity of the exercise in our study, we estimate both
the wheel and treadmill running to be at least of a moderate intensity based on prior
published reports(28). As can be seen by the attrition rate, it would be difficult to sustain a
treadmill intervention of higher intensity over the course of such a long study. Recently, it
has been demonstrated that mice voluntarily run on wheels at near maximal intensity (11),
although the pattern is quite different from a single bout of treadmill running. In terms of
distance run, the wheel runners voluntarily ran as much as four times farther than the
treadmill runners; however, these p53+/−: MMTV-Wnt-1 transgenic mice ran considerably
less than what has been reported previously in other models with different mouse strains
(10;16). It is therefore possible that these mice did not have a sufficient volume of exercise
to induce effects. Our work is limited by the fact that we did not measure markers of fitness
in our mice. It is possible that the doses of exercise we chose were not sufficient to alter
cardiorespiratory fitness, that the two different treadmill exercise treatments did not
substantially differ, or that these transgenic mice did not respond to exercise as we would
suspect. Our bone mineral density and muscle weight data do indicate some physiological
response to the exercise, but oxygen consumption or muscle enzymes should be measured in
future studies. Another limitation is that we do not have complete data on the wheel running
distances throughout the study. There is also some inherent error in the recording system in
that wheel revolutions are recorded when the wheel turns even if the mouse is not running
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(e.g., the mouse jumps off). Therefore, there is undoubtedly some error in the average
running distances we report.

In this study of exercise in a p53-deficient transgenic model of mammary tumorigenesis,
treadmill running exercise and voluntary wheel running were detrimental to overall survival,
tumor burden, or both. Treadmill running increased the rate of tumor development,
decreased survival time, and increased the proportion of mice with multiple mammary
carcinomas. Although wheel running did not affect survival or tumor growth, it did result in
increased incidence and multiplicity of mammary carcinomas. These effects occurred
despite favorable changes in body weight and fatness and no difference in IGF-1 levels.
They also contrast with data from concurrent studies showing that a reduction in caloric
intake (30% CR, 14% CR or a one-day per week fast) significantly delays mammary tumor
development in p53+/−:MMTV-Wnt-1 transgenic mice irregardless of p53 gene dosage(18).
These findings suggest, for the first time, the possibility of an important interaction between
p53 gene dosage and physical activity that may influence breast cancer preventive effects of
exercise. In addition, they suggest that increased energy expenditure may not have the same
effect as decreased energy intake on mammary tumor development in this model.
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Figure 1.
Southern blot hybridization analysis of p53+/− Wnt-1 TG mammary tumor DNA
demonstrates loss of the wildtype p53 allele in a subset of tumors. Genomic DNA was
prepared from p53+/− Wnt-1 TG mammary tumors and restricted with Bam HI prior to
agarose gel electrophoresis and Southern blot hybridization with a labeled mouse p53 cDNA
probe (from p53 exons 2–6)(13). Fourteen representative tumor DNAs are shown. Six of
these 14 tumors show definitive loss of the wildtype p53 allele (LOH) (fastest migrating
band). Residual presence of a wild type (WT) allele in these LOH tumors is ascribed to
stromal and normal cell contamination of the tumor samples.
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Figure 2.
Tumor growth by treatment group. Individual tumors from mice from each treatment group
are plotted. Volume of the tumors was calculated as 1/6*π*length*width*height and was
calculated for the initial detection of the tumor and twice weekly measurements until
sacrifice.
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Figure 3.
Survival by treatment group. Mice were censored for non-mammary tumor endpoints
including discontinuation of running (for TREX1 or TREX2) and death due to other causes.
a) CON-TREX vs. TREX1, p<0.01; CON-TREX vs. TREX2. p<0.001. b) CON-WHL vs.
WHL, p=0.39).
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Figure 4.
Body weight (mean ± SE) by time and group in each experiment. a) There was a significant
time-by-group interaction (p<0.01) in the treadmill experiment. Body weight was
significantly lower in TREX2 vs. CON-TREX during wks 1–10 (p=0.02) but not in TREX1
vs. CON-TREX during the same time (p=0.08). During wks 11–20, both TREX1 and
TREX2 were significantly lower than CON-TREX (p<0.05): in wks 21–30, when survival in
the TREX1 and TREX2 groups had fallen to less than 50%, there were no significant
differences between groups (p>0.05). b) There was a significant time-by-group interaction
(p<0.001) in the wheel experiment. WHL was significantly lower than CON-WHL during
weeks 11–30 (p<0.001), but not during wks 1–10 (p=0.20).
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