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Pre-tumor exercise decreases breast cancer in old mice 
in a distance-dependent manner
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Abstract: Epidemiological evidence supports a protective effect of physical activity for breast cancer but pre-clinical 
studies are needed to help define the underlying mechanisms in an age-related manner. We utilized 18-month old 
BALB/c mice injected in the mammary fat pad with syngeneic 4T1 tumor cells as a model of invasive breast can-
cer. A negative correlation was observed between daily distance ran, prior to tumor injection, and absolute tumor 
mass measured at necropsy (Pearson’s r = -0.89, P = 0.0066, R2 = 0.80). A correlation was also observed between 
distance ran before tumor implant and the histological score for mitotic index (Pearson’s r = -0.85, P = 0.034, R2 = 
0.72). Runners showed an increased respiratory exchange ratio during the light cycle (P = 0.029) suggesting that 
voluntary running shifted resting substrate metabolism toward glucose oxidation, relative to lipid oxidation. The shift 
in substrate metabolism was significantly different from baseline for both groups of animals, indicating that the 
tumor burden might have been responsible. The observations from this study indicate that running longer distances 
is associated with decreased breast tumor burden in old mice, suggesting that physiological factors generated by 
exercising before tumor onset are protective against tumor progression. The mechanisms for this protective effect 
are not known but the data show that older mice are useful models to address specific questions in cancer research 
and support further studies on the ability of exercise training to protect older women at risk for breast cancer. 
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Introduction

Cancer is an age-associated disease, with ad- 
vancing age a primary risk factor for developing 
the disease in humans. Supporting this view is 
the observation of an exponential increase in 
the age-specific incidence of breast cancer in 
women until menopause and then a slower rate 
of increase thereafter [1]. In addition, up to 
80% of women diagnosed with breast cancer 
are over 50 years of age [2]. The explanations 
for the increased incidence of age-dependent 
breast cancer are multi-factorial, including pro-
longed lifetime exposure to carcinogens and 
reproductive hormones, and age-associated 
changes in tissue repair and immune function. 
Consequently, the biological characteristics of 
breast cancer are different between young and 
old individuals and can be distinguished by 
their histology and molecular markers. Histo- 
logically, breast tumors from older individuals 
are frequently papillary, lobular and mucinous 

whereas breast tumors from young individuals 
are usually inflammatory and medullary can-
cers [2]. As well, breast tumors from older indi-
viduals are commonly estrogen receptor posi-
tive and have low proliferation rates [2]. Finally, 
younger women tend to be diagnosed with high-
er grade breast cancers that are related to poor 
prognosis, compared with older women. This 
does not mean that the proportion of benign 
tumors is higher in older women, but a reflec-
tion of the complex nature of the disease, which 
may be modified by age, the host milieu and 
lifestyle behaviors. 

Epidemiological evidence supports a protective 
effect of physical activity against breast cancer. 
For example, the risk of death from invasive 
breast carcinoma was 30% lower in American 
women aged 35-64 years that participated in 
recreational physical activity throughout their 
lifetime compared with women that were sed-
entary [3]. Women with stage I-III breast cancer 
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who participated in more than 9 metabolic 
equivalent hours per week had decreased risk 
of breast cancer recurrence and mortality [4]. 
Moderate physical exercise, including brisk 
walking, reduced postmenopausal breast can-
cer risk suggesting that increases in activity 
after menopause are beneficial [3]. In a 6 year 
follow up of women diagnosed with local or 
regional breast cancer, any recreational physi-
cal activity and consumption of better quality 
diets was associated with a 91% reduced risk 
of death from breast cancer [5]. However, not 
all studies have shown positive associations.  
For example, a negative correlation between 
amount of physical activity and risk of breast 
cancer mortality was recently reported [6]. The 
limitation of physical activity-focused epidemio-
logical studies is that they are observational. 
Therefore, in order to investigate and define the 
underlying mechanisms associated with a ben-
eficial effect of physical activity on cancer biol-
ogy, pre-clinical studies would be useful.

The dichotomy in tumor pathology between 
young and old women suggests that breast 
cancer is a heterogeneous disease stratified by 
age. This stratification of an age-dependent 
nature of breast cancer necessitates an indi-
vidualized interventional approach in cancer 
prevention and treatment tailored to women of 
different ages. Pre-clinical animal models are 
useful and necessary to address the molecular 
and cellular complexities of age-dependent 
breast cancer and response to physical activity 
and chemotherapy. However, the majority of 
cancer researchers utilizing model organisms 
to elucidate mechanisms of disease progres-
sion or develop therapeutics, commonly use 
young mice or rats. This experimental approach 
does not recapitulate the physiological chang-
es due to aging and thus misses critical molec-
ular and cellular targets that are expressed dif-
ferently between the young and old. For 
instance, Gravekamp and colleagues vaccinat-
ed young and old BALB/c mice with Mage-b, a 
breast cancer vaccine, and found a lack of an 
immune response in the old mice, correspond-
ing with their inability to inhibit primary tumor 
growth and metastatic outgrowth [7]. In a dif-
ferent study, depletion of immunosuppressive 
T-regulatory cells that contribute to tumor 
growth elicited different responses in young 
and old C57BL/6 mice [8]. Hence, pre-clinical 
studies designed to address the effects of 

drugs or other intervention strategies in cancer 
need to consider the age-associated biological 
responses. 

We utilized old BALB/c mice orthotopically 
implanted with 4T1 breast cancer cells as a 
model of breast cancer and aging. The 4T1 
breast cancer cell line was originally isolated 
from a spontaneous breast tumor of a BALB/c 
mouse that expressed the mouse mammary 
tumor virus [9]. This cancer cell line is inject-
able in the mouse mammary fat pad and is 
highly invasive, with the ability to metastasize 
to lungs, brain, liver, bone, lymph nodes and 
blood. The disease in mice has some character-
istics similar to triple negative invasive breast 
cancer in women [9]. We report here that volun-
tary wheel running before tumor challenge 
attenuated primary tumor growth in old mice in 
a distance-dependent manner.

Materials and methods

Animals and wheel running activity 

Studies were conducted using BALB/cBy (Na- 
tional Institute on Aging) females 18 months of 
age. Mice were randomly selected, with 15 
mice in the running group and 15 mice in the 
non-running group. Runners were given access 
to free running wheels in individual cages and 
non-runners were also given access to running 
wheels that were locked. We monitored the run-
ning activity continuously for 60 days before 
4T1 tumor injection and another 30 days follow-
ing tumor cell injection, at which time the mice 
were terminated. Running wheels (measuring 
15.5 cm by diameter) transmitted electronic 
signals wirelessly to a monitoring hub (Med 
Associates ENV-044, Vermont) and raw data 
was exported to Microsoft Excel for processing. 
The distance ran by the mice was calculated as 
(3.14 x 15.5 cm x number of revolutions)/(100 
cm per m x 1000 m per km). Mice were housed 
in a standard rodent room within a specific 
pathogen free (SPF) barrier facility with 12-hour 
light and dark cycles. Ambient temperature in 
the room was kept at 70-74 degrees F. Mice 
were fed standard rodent chow (5053; Picolab, 
Richmond, IN) and water ad libitum. The experi-
mental protocol was reviewed and approved by 
the Institutional Animal Care and Use 
Committee at the University of Washington, 
Seattle. 



Exercise decreases cancer in old mice

380	 Am J Cancer Res 2014;4(4):378-384

Tumor model

4T1 cells (ATCC, Manassas, VA) were thawed 
from liquid nitrogen and cultured in 100 mm 
plates, using Dulbecco’s modified Eagle Media 
(DMEM, Life Technologies), supplemented with 
10% FBS and 1% penicillin/streptomycin. Cells 
were maintained in an incubator at 37°C, and 
10% CO2. Cells were passaged routinely at 
80-90% confluence and the total number of 
passages did not exceed 10. At passage 3, 
DMEM was removed and cells were washed 
with phosphate buffered saline (PBS), trypsin-
ized (EDTA 0.05%) and counted with using try-
pan blue exclusion and a hemocytometer. The 
appropriate cell numbers were resuspended in 
100 uL of PBS for each injection site. Each 
mouse was injected with 1 x 104 cells in the 4th 
mammary fat pad. Mice were palpated for 
tumor growth 1 week after tumor implantation. 
Once palpable, tumors were measured in two 
dimensions (length, width) with digital calipers 
to calculate surface area. At 30 days post-
tumor cell injection, mice were euthanized via 
CO2 asphyxiation. Carcasses and mammary 

tumors were weighed to obtain tumor burden, 
defined as tumor weight normalized to carcass 
weight. The breast tumor from each mouse was 
cut in half, with half fixed in 10% neutral buff-
ered formalin and the other half flash-frozen in 
liquid nitrogen and kept at -80°C. Lungs were 
removed and individual lobes perfused with 
10% neutral buffered formalin. Hearts were 
removed, weighed and flash-frozen in liquid 
nitrogen.

Indirect calorimetry

A subset of mice was randomly chosen from 
each group and placed in metabolic cages. 
Metabolic rates for a 24-hour period were 
assessed in these mice using indirect calorim-
etry (Oxymax; Columbus Instruments, Colum- 
bus, OH). The system consisted of metabolic 
cages, each fitted with water bottles. The rates 
of oxygen consumption (VO2; mL/kg/hour) and 
carbon dioxide production (VCO2; mL/kg/hour) 
was measured at intervals of 20 minutes over 
24 hours.  Mice were given free access to regu-
lar chow (5053; Picolab, Richmond, IN) and 

Figure 1. Singly housed, 18 months old BALB/c 
mice readily and consistently use slanted running 
wheels placed inside the cage in a tumor depen-
dent manner. The mice were allowed to run 60 days 
before injection with 4T1 breast tumor cells, and 
an additional 30 days after tumor cell injection, at 
which time they were euthanized and tumors mea-
sured. A. Mice ran longer distances before tumor 
cell injection compared to after tumor cell injec-
tion, p = 0.0006. B. Mice that ran longer distances 
before tumor cell injection had decreased tumor 
mass measured at the time of euthanasia, Pear-
son’s r = -0.89, P = 0.0066, R2 = 0.80. C. There 
was also a negative correlation between pre-tumor 
running distance and primary tumor mitotic index, 
Pearson’s r = -0.85, P = 0.034, R2 = 0.72. 
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water. The amount of food given and remaining 
were weighed. Metabolic experiments were 
conducted prior to group randomization (base-
line, N = 7 runners, N = 6 non-runners) and one 
week prior to termination (end-point, N = 8 run-
ners, N = 8 non-runners). The respiratory 
exchange ratio (RER) was calculated from the 
ratio of VCO2/VO2. 

Histopathology 

Formalin-fixed tumors and lungs were pro-
cessed routinely and stained with Hematoxylin 
and Eosin. Stained sections of primary tumors 
were evaluated for mitosis, necrosis and inflam-
mation at various magnifications (20X to 400X) 
with a light microscope. If multiple tumor mass-
es were present on the primary tumor slide, 
scores were performed on the largest tumor. 
Normal and aberrant mitotic figures were char-

acterized by tri-radial or circular metaphase 
plates and counted in three random fields at 
400X magnification. Necrosis was estimated 
as the percentage of necrotic area within the 
largest tumor section, that is, regions that were 
hypocellular and hypo-or hypereosinophilic with 
basophilic cellular and nuclear debris. Inflam- 
mation was graded as 0 (minimal), 1 (mild), 2 
(moderate), or 3 (marked) at a 40X or 100X 
magnification. Invasiveness was characterized 
by neoplastic epithelial cells within skeletal 
muscle, outside of the confines of the base-
ment membrane. Lung sections were examined 
for metastatic lesions. 

Statistics

Student’s t-test was used to detect significant 
differences between groups for the following 
dependent variables: running distance, body 

Figure 2. Voluntary wheel running induces a metabolic response in 18 months old BALB/c mice. The rates of oxygen 
consumption (VO2; mL/kg/hour) and carbon dioxide production (VCO2; mL/kg/hour) were measured at intervals 
of 20 minutes over 24 hours using the Oxymax system (Columbus Instruments, Columbus, OH).  The respiratory 
exchange ratio (RER) was calculated from the ratio of VCO2/VO2. Assessments were conducted prior to group ran-
domization (baseline) with 7 runners and 6 non-runners, and one week prior to euthanasia (final) with 8 runners 
and 8 non-runners. A. An increase in VO2 during the active night cycle measured one week before euthanasia was 
positively correlated with increased running distance measured in mice before 4T1 tumor cell injection, Pearson’s r 
= 0.83, P = 0.041, R2 = 0.69. B and C. The average RER increased in both runners (P = 0.001) and non-runners (P = 
0.0024, respectively. D. The average RER measured during the inactive (daytime) cycle one week before euthanasia 
was significantly higher in runners compared to non-runners (P = 0.029). 
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weights, lean mass, fat mass, tumor outcomes, 
immunostaining intensity and immuno-labeling 
index, tibia length, cardiac weights and food 
intake. Pearson’s correlation analysis was used 
to assess relationships between distance ran 
by runners and the following dependent vari-
ables: tumor burden (absolute, normalized), 
mitotic index, necrosis index. Prism (Graph Pad, 
Version 5) was used to perform the statistical 
analyses. All results are presented as means ± 
standard deviation unless stated otherwise.

Results and discussion

Old mice with cancer run less that old mice 
without cancer

Mice randomized to the running group ran an 
average daily distance of 4.89 ± 1.73 km over 
60 days prior to 4T1 tumor cell injection, and 
2.38 ± 1.51 km over 30 days after tumor cell 
injection (Figure 1A, P = 0.0006). The fact that 
old female BALB/c mice reduced their running 
distance after cancer onset suggests that they 
are sensitive to the debilitating effects of inva-
sive tumor growth. The decrease in physical 
activity closely mimics the debilitating effects 
of invasive cancer in older people, and provides 
compelling evidence that old mice are useful 
models to address specific questions in cancer 
research. 

Old mice that run longer distances before 
tumor challenge have smaller tumors

Because many older women are at risk for 
breast cancer, but have not yet been diag-
nosed, we wanted to see if exercise before 
tumor onset would affect cancer risk in old 
mice. Therefore, we placed 18 month old 
BALB/c females on voluntary running wheels 
60 days before orthotopic challenge with 4T1 
breast tumor cells. There was a negative corre-
lation between daily distance ran, prior to 
tumor cell injection, and absolute tumor mass 
measured 30 days after tumor cell injection 
when mice were euthanized (Figure 1B, 
Pearson’s r = -0.89, P = 0.0066, R2 = 0.80). 
The correlation was still significant when tumor 
mass was normalized to body weight at the ter-
mination of the experiment (Pearson’s r = -0.87, 
P = 0.011, R2 = 0.75, data not shown). A nega-
tive correlation was also observed between dis-
tance ran before tumor cell injection and the 
histological score for mitotic index (Figure 1C, 

Pearson’s r = -0.85, P = 0.034, R2 = 0.72), sug-
gesting that pre-tumor running may release fac-
tors that prevent tumor cell multiplication.  
Runners and non-runners showed no differenc-
es in tumor growth either one week or two 
weeks after tumor cell injection. Tumor burden 
was similar between the two groups after 30 
days of running when the mice were eutha- 
nized. 

Few research groups have investigated the 
effects of exercise training or voluntary physi-
cal activity in old mouse cancer models. Our 
study is one of the first to demonstrate a signifi-
cant correlation between tumor progression 
and average distance run in aged mice using 
the voluntary wheel running paradigm. This 
observation is based on distance run before 
mice were challenged with tumor suggesting 
that clinical studies may be of interest to see if 
older women without cancer could decrease 
their risk of developing breast cancer by engag-
ing in some type of exercise program.

Runners develop a metabolic response to exer-
cise training

A positive correlation in runners was observed 
between distance ran prior to tumor cell injec-
tion and average night VO2 at the termination of 
the study (Figure 2A, Pearson’s r = 0.83, P = 
0.041, R2 = 0.69). The average 24-hour oxygen 
consumption during tumor progression was 
greater in non-runners compared to runners, 
3552 ± 130.4 mL/kg/hr vs 3451 ± 100.9 mL/
kg/hr, respectively, but did not reach statistical 
significance. Mice from both groups presented 
with changes in substrate oxidation over the 
course of the study, as evidenced by changes in 
respiratory exchange ratio (RER) between base-
line and prior to euthanasia. Both runners and 
non-runners experienced significant increases 
in average RER, respectively (Figure 2B, P = 
0.001; Figure 2C, P = 0.0024).  Because noc-
turnal physical activities may shift the RER clos-
er to 1.0, RER values were calculated for both 
light and dark cycles, which corresponded with 
day time and night time activity values respec-
tively. Runners showed increased RER during 
the inactive light cycle (Figure 2D, P = 0.029) 
suggesting that voluntary running shifted rest-
ing substrate metabolism toward glucose oxi-
dation, relative to lipid oxidation. This shift in 
substrate metabolism was significantly differ-
ent from baseline for both groups of animals, 
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indicating that the tumor burden might have 
been responsible. However, runners demon-
strated an even greater increase in RER values 
suggesting that the ability to oxidize glucose 
was enhanced possibly due to the imposition of 
physical activity. Food intake measurements 
showed that runners had greater food intake 
than non-runners, 6 weeks after being random-
ized into running or non-running conditions (P = 
0.043, data not shown). Runners did not dem-
onstrate significant differences in heart weight 
at sacrifice, compared with non-runners. This 
was somewhat surprising since we have seen 
increased heart weights in younger mice after 
several weeks of voluntary wheel running [11]. 
Perhaps the hearts in older mice take longer to 
adapt to the physiological stress of running.

Voluntary wheel running in mice is a transla-
tional model of exercise training 

We would like to point out that while the volun-
tary wheel running paradigm has a number of 
strengths as an exercise training model, there 
is an issue of whether the intensity and dura-
tion of wheel running done by the mice com-
pares to a reasonable exercise program for 
women. It has been our experience that all 
mice will run voluntarily, with older mice run-
ning less compared with younger mice. Running 
distance and rate are strain dependent, with 
BALB/c mice considered average distance run-
ners [12]. Our old BALB/c females ran an aver-
age daily distance of close to 5 km before tumor 
onset during their 12 hour active night cycle 
period. This is less than one half a km per hour, 
which is very attainable by many older women 
in various types of exercise training. The ques-
tion is whether one hour of training would pro-
vide the same protective anti-tumor benefits as 
12 hours of voluntary wheel running. Mice run 
in spurts with periods of intense running and 
periods of light running or no running. We have 
observed that mice run most intensely the first 
several hours of the beginning of the active 
dark cycle and have shown that the first hour of 
running generates physiological responses 
similar to 12 hours of running [13]. It would be 
of interest to compare the anti-tumor effects of 
these two time frames. 

Another question is whether energy expendi-
ture needs to be comparable. If we consider 
that the average stride of a mouse is 5 cm and 

the average stride of an older woman is 135 
cm, then a comparable one hour running dis-
tance would be about 10 km. A 10 km run over 
one hour is probably doable by many older 
women but most likely not a reasonable expec-
tation. However, if the same energy expendi-
ture needed to complete the 10 km run were 
compressed into a shorter time frame with 
more enticing but comparable energy demand-
ing types of exercise training, then older women 
might be more enthused about participating. 
The metabolic parameters of energy expendi-
ture can easily be measured in tumor and non-
tumor bearing mice engaged in exercise train-
ing experiments as we have demonstrated in 
the present study. These same parameters can 
also be easily measured in women so that rela-
tive energy expenditures can be compared to 
help further validate voluntary wheel running as 
a translational model for exercise training.  

In summary, our results demonstrate that run-
ning longer distances is associated with 
decreased tumor burden in 18 month old 
BALB/c mice injected with 4T1 mouse breast 
cancer cells, suggesting that physiological fac-
tors generated by exercising before tumor 
onset are protective against tumor progression. 
The mechanisms for this protective effect are 
not known but the data support further studies 
on the ability of exercise training to protect 
older women at risk for breast cancer. 
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