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Emerging evidence indicates that intrinsic differences and in-
duced changes in aerobic capacity are probably to play a critical
role in the development of chronic diseases like cancer. This study
was initiated: (i) to determine how citrate synthase activity, which
is routinely used as a marker of aerobic capacity and mitochon-
drial density in skeletal muscle, was affected by voluntary run-
ning on either a motorized activity wheel or a non-motorized free
wheel and (ii) to investigate the association between aerobic
capacity and the carcinogenic response induced in the mammary
gland by intraperitoneal injection of 1-methyl-1-nitrosurea. Over-
all, wheel running reduced cancer incidence (96 versus72%,
P 5 0.0006) and the number of cancers per animal (2.84 versus
1.78, P < 0.0001) and induced citrate synthase activity (276 versus
353 U/mg, P < 0.0001, sedentary control versus wheel runni-
ng,respectively). Both motorized and free wheel running in-
creased citrate synthase activity (373 ± 24, 329 ± 11 and 276 ± 9
U/mg protein, P < 0.0001) and reduced the average number of
cancers per rat (2.84, 1.96 and 1.63, P < 0.01), sedentary control,
free wheel and motorized wheel, respectively. However, regression
analyses failed to provide evidence of a significant association
between citrate synthase activity and either cancer incidence or
cancer multiplicity. Citrate synthase activity is a single measure in
a complex pathway that determines aerobic capacity. The multi-
faceted nature of intrinsic and inducible aerobic capacity limits
the usefulness of citrate synthase activity alone in elucidating
the relationship between aerobic capacity and the carcinogenic
response.

Introduction

Aerobic capacity is an integrated measure of the ability of the cardio-
vascular system to deliver oxygen and the capacity of mitochondria to
utilize oxygen for energy production (1). As summarized in (2), low
aerobic capacity is a strong predictor of early mortality and emerging
evidence also indicates that aerobic capacity is inversely associated
with the risk for becoming overweight and obese and for the occur-
rence of type-2 diabetes and heart disease (3). Low aerobic capacity
has also been associated with death due to breast cancer in a cohort
of .14 000 healthy women followed for a mean of 16.4 years with
68 breast cancer deaths (4). In physically inactive individuals, it is
estimated that genetic inheritance accounts for up to 70% of the
variation in intrinsic aerobic capacity (5). In most cases, adoption
of a physically active life style improves aerobic capacity; however,
activity-induced responses are grossly heterogeneous (6,7). Interest-
ingly, recent evidence suggests that variation in intrinsic aerobic ca-
pacity classified by treadmill testing of either animals or humans is
also reflected biochemically in tissues other than muscle and that the
differences observed may impact energy metabolism, fat accumula-
tion and host factors influenced by insulin sensitivity and cytokines
produced by adipose tissue (2,8). Moreover, these factors could con-
tribute to the risk for chronic diseases, including cancer.

The intensity of individuals’ patterns of physical activity affect
functional measures such as aerobic capacity and it has been argued
that measurement of aerobic capacity provides a more reliable index
of overall levels of physical activity than self report, although such
measures are expensive and not feasible to evaluate in large popula-
tion studies. However, assessment of aerobic capacity may be possible
in intervention studies in which compliance to a protocol is essential
to measure, and such functional measures are clearly achievable in
investigations that use animal models for physical activity and cancer.
Maximal citrate synthase activity is routinely used as a marker of
aerobic capacity and mitochondrial density in skeletal muscle in ex-
periments with humans and animals (9). A classic marker of mito-
chondrial density, citrate synthase is an enzyme of the tricarboxylic
acid cycle that catalyzes the condensation reaction of acetyl CoA and
oxaloacetate to form citrate (1).

Epidemiological investigations provide strong evidence that indi-
viduals who are most physically active have a lower incidence of
breast cancer and lower mortality rates than individuals who report
the lowest levels of physical activity (10–14). Moreover, the intensity
of physical activity is linked to protective activity against cancer (15).
Animal models for physical activity and for cancer have been devel-
oped in an effort to determine mechanisms that account for cancer
preventive activity, and it has been shown that forced exercise on
a treadmill and voluntary wheel running inhibit experimentally in-
duced breast cancer (16). While the intensity of exercise on a treadmill
has been reported to be inversely related to the carcinogenic response
and positively correlated with aerobic capacity measured as VO2max
(17,18), little is known about intensity of physical activity in rats that
run on an activity wheel. As reviewed in ref. 19, the running character-
istics of animals that are exercised on a treadmill according to an
investigator-defined training protocol differ markedly from those of
animals given access to an activity wheel and in which animals decide
on the intensity, duration of each bout of running, the time interval
between bouts of running and the total distance run per day.

Our laboratory has recently completed a series of investigations in
which the effects of wheel running on experimentally induced breast
cancer were evaluated using either a non-motorized free wheel or
a motorized activity wheel (20,21). For the study reported herein,
all animals from those experiments for which skeletal muscle was
available from a bank of tissue snap frozen in liquid nitrogen at
necropsy were included to create a group of animals with a wide range
of physical activity exposures across which to explore the linkage
between aerobic capacity and the carcinogenic response. By doing
this, a unique opportunity was created such that for each animal in-
cluded in the analysis, data were available on distance run in the
activity wheel, aerobic capacity measured as skeletal muscle citrate
synthase activity and breast tumor occurrence. Using these animals,
three questions were addressed: (i) how does running on a non-
motorized free wheel versus motorized activity wheel affect aerobic
capacity measured as skeletal muscle citrate synthase activity; (ii)
does aerobic capacity mediate inhibition of the carcinogenic response
associated with wheel running and (iii) can aerobic capacity measured
as citrate synthase activity reliably discriminate between wheel run-
ners and non-wheel runners?

Materials and methods

Experimental design

This preclinical model has been reported in detail in (21,22). Briefly, female
Sprague–Dawley rats were obtained at 20 days of age and housed in solid-
bottomed polycarbonate cages. At 21 days of age, rats were injected (intraper-
itoneally) with 50 mg 1-methyl-1-nitrosurea per kilogram body weight as
described previously (21). At 28 days of age, 1 week post carcinogen injection,
rats were randomized by weight to one of three groups: (i) a non-motorized
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free wheel; (ii) a motorized activity wheel or (iii) sedentary control. The
motorized wheel rats ran at a constant speed (40 m/min), whereas the free
wheel rats self-determined the speed at which they ran. The rats were not
forced to run in either circumstance. Rather, when the rat entered the wheel,
a proximity sensor detected the presence of the animal. In the case of the
motorized wheel, the wheel began to turn at a constant speed but it stopped
turning when the animal exited the wheel. In the free wheel, the rat turned the
wheel by running. In both cases, the revolutions run were counted and food
reward was delivered for the amount of distance run. Even though in both
circumstances, running behavior was reinforced by giving a food reward de-
livered using a food pellet dispenser, the rats in both groups still determined the
length of each running bout, the interval between running bouts and the total
distance run per day. Since no fitness goals were set for the animals, we do not
consider that this work modeled the effects of exercise training. Rather, our
view is that rats given free access to activity wheels model a population of
individuals with different physical activity levels, and that accordingly, these
animals would have a range of aerobic capacities. Rats were fed a purified
pelleted diet (Research Diet, New Brunswick, NJ). A computer device attached
to the activity wheel monitored distance run, which was recorded daily.

At necropsy, rats were skinned and the skin to which mammary gland chains
were attached was examined under translucent light for detectable mammary
pathologies. All grossly detectable mammary gland pathologies were excised
and prepared for histological classification, only confirmed mammary carci-
nomas are reported. The experimental protocols were reviewed and approved
by the Institutional Animal Care and Use Committee and conducted according
to the committee guidelines.

Muscle tissue preparation

Following an overnight fast, rats at rest were euthanized over a 3 h time interval
via inhalation of gaseous carbon dioxide and cervical dislocation. The
euthanization sequence was stratified across groups to minimize any treatment-
associated effects due to order. Once rats were euthanized, the entire gastrocne-
mius muscle was collected and immediately frozen between stainless steel
calipers precooled in liquid nitrogen. Excised tissue was stored at �80�C.

Gastrocnemius muscle was prepared (15% wt/vol; 0.15 mg/ml) in extraction
buffer (175 mM KCl, 2 mM ethylenediaminetetraacetic acid and 10 mM Tris,
pH 7.4) by homogenizing the entire piece of excised muscle (Brinkmann
Polytron; Brinkmann Instruments, Rexdale, Ontario, Canada) for 15 s followed
by sonication (Branson Sonifier 250) for 20 pulses in ice-cold conditions. After
centrifugation at 7500 g for 10 min at 4�C, aliquots of supernatant were stored
at �80�C before assays to determine protein concentration and citrate synthase
activity.

Citrate synthase activity assay

Supernatant of muscle homogenates was evaluated for citrate synthase activity
utilizing the method described by Srere (44). Briefly, as citrate synthase activ-
ity catalyzes the condensation reaction of acetyl CoA and oxaloacetic acid to
yield citrate, the exposed thiol group on CoA-SH reacted with 5,5#-dithiobis-
(2-nitrobenzoic acid) to form 5-thio-2 nitrobenzoic acid, which produced a yel-
low product detectable at 412 nm using a Molecular Devices (Sunnyvale, CA);
SpectraMax M5. Supernatants of muscle homogenates were evaluated for pro-
tein concentration using a commercially available kit from Pierce� (Thermo
Fisher Scientific, Rockford, IL) designed to follow the bicinchoninic acid
method originally described by Smith with bovine serum albumin as the stan-
dard. Citrate synthase activity was expressed in nanomoles per minute per
milligram of protein. The coefficient of variation for the assay was ,5%.

Statistical analyses

Cancer outcomes were evaluated by regression chi-square test if independence
(incidence) and Poisson regression (tumor count) (23). Group differences in
citrate synthase activity and body weight were evaluated by analysis of variance.
The associations between citrate synthase activity and the cancer outcomes were
evaluated using logistic regression for incidence and Poisson regression for
tumor count. Regression models were used to evaluate whether the effects of
wheel running on carcinogenic response are mediated through effects on citrate
synthase activity (24). Specifically, if citrate synthase activity mediates treat-
ment effect, the magnitude of the treatment effect will be greatly reduced when
the measure of citrate synthase activity is included as a covariate in the re-
gression of cancer response on treatment group, and citrate synthase activity
will be a significant predictor of the response (25). The potential for citrate
synthase activity as a discriminator of fitness was evaluated graphically, whereas
the relationship between citrate synthase activity and meters run was estimated
by linear regression. Analyses were done in SAS 9.2 (Sas Institute, Cary, NC).
Figures were created using R (A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna, Austria, 2009).

Results

The carcinogenic response observed in sedentary control rats versus
wheel runners is shown in Table I and is similar to that reported in the
parent studies (20,21). Both cancer incidence and cancer multiplicity
were reduced by wheel running in comparison with the sedentary
control, consistent with the hypothesis that higher aerobic capacity
is associated with a diminished carcinogenic response in this model
system. Overall, the relative risk for cancer was 1.33 in the sedentary
control group in comparison with animals that were given access to an
activity wheel (95% confidence interval 1.11, 1.60), an effect similar
to that reported in a number of meta analyses of the epidemiological
evidence (14,15,26). Also, shown in Table I are the effects of treatment
on final body weights. Average body weights varied ,5% between
sedentary controls and animals that ran. While this difference was
statistically significant, it is below the level that has been shown to
have a detectable effect on tumor occurrence in this model system (27).

Citrate synthase activity was greater in wheel runners than in sed-
entary control animals, as expected. To better understand how the
different characteristics of running for a food reward in either
a non-motorized free wheel or a motorized activity wheel affected
aerobic capacity measured as skeletal muscle citrate synthase activity,
enzymatic activity was plotted against the average daily distance that
each animal ran. Animals in the free wheel group ran farther than rats
in the motorized wheel group (8213 ± 1056 m/day versus 5544 ± 477
m/day, P 5 0.03); however, as shown in Figure 1, citrate synthase
activity was positively correlated with distance run in the motorized
wheel but not the free wheel wheels. As shown in Figure 2 and Table II,
the intrinsic aerobic capacity reflected by muscle citrate synthase ac-
tivity in this out-bred population of sedentary rats was variable and
overlapped considerably with the citrate synthase activity induced by
wheel running. Nonetheless, enzymatic activity was highest in the
motorized wheel group, a finding consistent with our hypothesis that

Table I. Effect of wheel running on citrate synthase activity and the carcinogenic response

Treatment Type N Incidence %
(N)

Average
AC/rat ± SEM

citrate synthase
activity ± SEM

Final body weight
(g) ± SEM

Wheel running Motorized wheel 27 70 (19) 1.63 ± 0.30 373.4 ± 24.0 199.2 ± 3.0
Free wheel 23 74 (17) 1.96 ± 0.30 329.1 ± 10.8 188.7 ± 1.9

Sedentary control None 50 96 (48) 2.84 ± 0.27 275.6 ± 9.0 204.9 ± 2.6
PA compared with SC P value 0.0006 0.0006 ,0.0001 0.0008
Motorized wheel compared with free wheel P value 0.78 0.39 0.26 0.02
Motorized wheel compared with SC P value 0.002 0.0013 ,0.0001 0.13
Free wheel compared with SC P value 0.007 0.03 0.004 ,0.0001

Differences were tested by chi-square test for independence of rows and columns (incidence), Poisson regression (tumor count) and one-way analysis of variance
(bodyweight and the log transformation of citrate synthase activity); AC, adenocarcinoma; SEM, standard error of the mean; PA, physical activity; SC, sedentary
control.
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the motorized wheel would provide more intense running. However,
citrate synthase activity was more variable in the motorized wheel
group while enzymatic activity tended to be lower and less variable
in the free wheel group. Consistent with the stepped effect of sedentary
versus free wheel versus motorized wheel on citrate synthase activity,
cancer incidence and multiplicity were reduced in both wheel running
groups relative to sedentary control; the differences between free wheel
and motorized wheel in both cancer incidence and cancer multiplicity
were not statistically significant.

There was a clear effect of wheel running on aerobic capacity mea-
sured by citrate synthase activity, as shown in Table II. Given the effect
of wheel running on both citrate synthase activity and the carcinogenic
response, we explored the possibility that the effect of wheel running is
mediated by citrate synthase activity. A logistic regression of cancer
incidence on citrate synthase activity provided no evidence of an as-
sociation between citrate synthase activity and cancer incidence
(P 5 0.78). Similarly, although cancer multiplicity is significantly dif-
ferent across treatment groups (Table I, P , 0.0001) and wheel running
increased citrate synthase activity significantly (Table II, P , 0.0001),
there was no significant association between citrate synthase activity and
cancer multiplicity (P 5 0.38, data not shown). A preliminary test of
the hypothesis that citrate synthase activity mediates the protective ef-
fect of wheel running on the carcinogenic response corroborated the
negative results of the regression analyses (supplementary data and
Table 1 are available at Carcinogenesis Online).

Discussion

Higher intensity physical activity is generally associated with in-
creased aerobic capacity and there appears to be an inverse associa-
tion between physical activity intensity and breast cancer risk
(14,15,26). However, to our knowledge, the relationship between aer-
obic capacity and the development of breast cancer has not been
investigated in either human observational studies or animal experi-
ments although breast cancer associated mortality has been reported
to be reduced in women with high cardiovascular fitness (4). While
treadmill-based exercise training protocols that increase VO2max
have been reported to reduce incidence and multiplicity in an exper-
imental model for breast cancer, the VO2max of individual animals in
those experiments were not reported, hence precluding the evaluation
of the relationship between aerobic capacity and the carcinogenic
response (17,18,29). Similarly, while a number of reports of the ef-
fects of voluntary wheel running on mammary carcinogenesis have
been published (30–32), there are no data available on how wheel
running affects any measure of aerobic capacity and in turn whether
aerobic capacity is associated with the carcinogenic response, al-
though the need for this information has been noted in a recent review
and analysis of preclinical studies in this field (19).

As defined in (1) and discussed further in (33), aerobic capacity
reflects the functional ability of an organism to perform work. Since
the mitochondrial density of skeletal muscle is one of the recognized
component of the complex array of determinants that constitute aer-
obic capacity, skeletal muscle mitochondrial density was evaluated
via the measurement of citrate synthase. Animals that ran in an ac-
tivity wheel were protected against the development of mammary
cancer during the post initiation stage of mammary carcinogenesis,
and on average, the animals that ran had higher muscle citrate syn-
thase activity. This provides direct evidence that running on an activ-
ity wheel improved aerobic capacity measured as citrate synthase
activity. However, citrate synthase activity was quite variable, even
in sedentary control animals, a finding consistent with a number of
reports of exercise training effects on citrate synthase activity in

Fig. 1. Citrate synthase activity by daily meters run by wheel-running group.
Slopes estimated by ordinary least squares regression: 0.018 ± 0.007,
P 5 0.02 (motorized wheel); 0.00 ± 0.004, P 5 0.95 (free wheel).

Fig. 2. Probability density of citrate synthase activity by treatment. While
the means are statistically different, the overlap of the distributions suggests
poor discrimination of wheel running physical activity (PA) by citrate
synthase activity; SC, sedentary control. A thorough discussion of the
implications of this result can be found in Ware (28).

Table II. Effect of Wheel running types on running duration and citrate synthase activity

Treatment Wheel running type N Distance run meters
per rat ± SEM

Citrate synthase activity
U/mg protein ± SEM

Wheel running Motorized wheel 27 5544 ± 477 373.4 ± 24.0
Wheel running Free wheel 23 8213 ± 1056 329.1 ± 10.8
Sedentary control None 50 N/A 275.6 ± 9.0
Wheel running compared with control P value N/A ,0.0001
Motorized wheel compared with free wheel P value 0.03 0.26
Motorized wheel compared with control P value N/A ,0.0001
Free wheel compared with control P value N/A 0.004

Differences were tested by appropriate contrasts in a one-way analysis of variance. Both meters run and citrate synthase activity were log transformed for analysis;
N/A, Not applicable.
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human participants (reviewed in ref. 9), and as shown in Figure 2,
there was considerable overlap between the citrate synthase activity in
sedentary controls and animals that ran; consequently, it would not be
a useful discriminator between those who are physically fit and those
who are not. Nonetheless, consistent with our expectation that running
in a motorized wheel at 40 m/min would be a more intense activity
and induce a higher aerobic capacity than running in a non-motorized
wheel, the average citrate synthase activity was highest in animals that
voluntarily ran in the motorized wheel (Table II). Citrate synthase
activity was highly variable in the motorized wheel group and conse-
quently, its enzymatic activity was not statistically different from the
levels of citrate synthase activity induced in rats that ran on the non-
motorized wheel. Citrate synthase activity was significantly associ-
ated with running duration on the motorized wheel but not on the free
wheel, despite the greater range of distance run by the free wheel
animals; this interaction highlights intensity of activity as a distinct
factor with clear implications for the modification of exercise regi-
mens. These findings underscore the complexity of the effects of
physical activity on aerobic capacity and the limitations of citrate
synthase activity as a sole index for its assessment. While effects of
wheel running on the carcinogenic response and on citrate synthase
activity were consistent with the hypothesis that aerobic capacity
mediates the carcinogenic response, there was no evidence of a direct
effect of muscle citrate synthase activity on carcinogenesis, highlight-
ing the limitations of a single biochemical measure in evaluating the
relationship between two complex processes, aerobic capacity and
carcinogenesis. Such information is useful to current deliberations
about the design of a clinical trial to investigate the effects of a phys-
ical activity intervention on either breast cancer risk in women at
elevated risk for the disease or on disease-free interval in breast cancer
survivors (34). While it might be presumed that a muscle biopsy taken
to evaluate citrate synthase activity could serve as a gold standard for
assessing training effects and improvements in aerobic capacity, the
data provided herein, which in essence were derived from a muscle
biopsy, do not support the usefulness of that approach.

Recently, there has been an upsurge of interest in elucidating the
role of aerobic capacity, particularly intrinsic aerobic capacity, on the
occurrence of obesity and associated chronic diseases (2,8,35–40).
While that work has been based on an animal model in which rats
were selected for differences in intrinsic aerobic capacity based on
treadmill running ability, those experiments have recently been ex-
tended to human populations with comparable findings (41). Regard-
ing carcinogenesis, while this paper failed to find support for
a relationship between a measure of aerobic capacity and risk for
developing cancer, the biological plausibility of the hypothesized re-
lationship is striking and indicates the need for a broader investigation.
Specifically, a direct link has been reported to exist between aerobic
capacity and ability to perform intense activity that is dependent in
part on p53 mediated transcription of the synthesis of cytochrome C
oxidase gene (42–45). Gene dose dependence of synthesis of cyto-
chrome C oxidase, aerobic capacity and exercise endurance have been
demonstrated with reduced electron transport activity and a severe
limitation in aerobic capacity and exercise endurance in p53 null mice
(46,47). Given that defects in p53 are known to occur in the majority of
human cancers and the growing understanding of the role of metabolic
reprogramming in the carcinogenic process (48), it seems prudent to
further investigate the relationship between aerobic capacity and the
development of cancer, but to do so using a more comprehensive panel
of the factors that contribute to the aerobic capacity of an organism.

Supplementary material

Supplementary data and Table 1 can be found at http://carcin
.oxfordjournals.org/
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