
Abstract. Background: The clinical use of the highly
effective chemotherapeutic agent doxorubicin (DOX) is
limited by its dose-dependent cardiotoxicity. This
cardiotoxicity is associated with a cardiac myosin heavy
chain (MHC) isoform shift from the α isoform to the β
isoform. Exercise prior to DOX treatment has been shown to
attenuate the MHC shift associated with DOX, but little is
known about the cardioprotective nature of exercise during
DOX treatment. Materials and Methods: DOX-treated rats
were assigned to normal cage activity (sedentary,
SED+DOX) or 24-hour voluntary wheel running access
(WR+DOX). All animals received weekly 2.5 mg/kg DOX
injections for 6 weeks (15 mg/kg cumulative) and hearts
were subsequently excised for determination of MHC isoform
expression using sodium dodecyl sulfate polyacrylamide gel
electrophoresis. Results: At baseline, WR+DOX rats on
average ran 62±4 km, and at week 6 ran 30±5 km, which
was significantly lower than baseline (p<0.05). SED+DOX
hearts expressed 57±7% of MHC as the α-MHC isoform and
43±7% as the β-MHC isoform. WR+DOX hearts expressed
76±4% as the α-MHC and 24±4% as the β-MHC isoform,
which was significantly different from that of SED+DOX
(p<0.05). Conclusion: DOX treatment significantly reduced
wheel running activity, but this reduced running distance
deemed to be cardioprotective as hearts from WR+DOX rats
contained significantly greater levels of the favorable α-
MHC isoform than SED+DOX.

Doxorubicin (DOX; trade name Adriamycin) is an
anthracycline antibiotic used in the treatment of a wide variety
of cancer types. Although DOX is highly effective at treating

a range of systemic cancer types and solid tumors, its clinical
use is limited by a dose-dependent cardiotoxicity. This
cardiotoxicity is evident only days after administration (1), and
this early-onset cardiotoxicity can develop into a chronic
cardiotoxicity which manifests itself as dilated
cardiomyopathy or congestive heart failure months (2) or
years (3) after the cessation of treatment. The nature of DOX-
induced cardiomyopathy is highly complex and the causes
have been attributed to, among other things, oxidative stress
(4), myocardial bioenergetic alterations (5), and apoptosis (6). 

Because of its value as an antineoplastic agent, numerous
adjunct therapies aimed at minimizing DOX-induced
cardiotoxicity have been investigated which include iron
chealators (7, 8) and antioxidants (9-11). Another intervention
gaining attention involves endurance exercise in conjunction
with DOX administration. Previously, it was shown that weeks
of exercise preconditioning attenuates early-onset DOX-
induced cardiotoxicity (12-15). Likewise, one bout of
treadmill running prior to DOX administration has been
shown to minimize early onset cardiotoxicity in previously
untrained rats (16). These strategies (i.e. exercise prior to
DOX treatment) may have limited application clinically as
cancer patients receiving DOX may not have previous
endurance training experience and a high intensity exercise
bout may not be advantageous to cancer patients (17-19).
Therefore, approaches incorporating low intensity exercise
during DOX treatment may be more clinically relevant. 

Motorized treadmill running during DOX treatment has
been used as a successful means of ameliorating cardiotoxicity
(20), however, this mode of training required DOX-treated
animals to run at identical loads as controls, and therefore,
training intensity and volume relative to the DOX-treated
animals’ physical condition could not be taken into
consideration. One way of employing an endurance training
stimulus to animals receiving DOX treatment is through the
use of voluntary wheel running (WR) which has been shown
to be effective at minimizing cardiac dysfunction associated
with hypertension (21, 22), myocardial infarction (23) and
hormone deprivation therapy (24). Besides allowing animals
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to run at an intensity and duration appropriate to their physical
condition, WR allows for an analysis of the effects of disease,
disorders, and, in this case, drugs. Therefore, the first purpose
of this study was to investigate the effects of DOX treatment
administered over the course of six weeks on WR activity. It
was hypothesized that, due to the cardiotoxicity associated
with DOX, running distances would be substantially reduced.

In addition to its effects on the diseased heart, exercise
training has a positive impact on the healthy heart (25-27).
Limited data, however, are available regarding the impact of
exercise on the heart during DOX treatment. The study of the
exercise and DOX interaction has typically focused on oxidative
stress and antioxidants (12, 14, 20, 28). These profiles can be
somewhat transient over the course of weeks depending on when
DOX and/or exercise was administered, and thus may not
always be the best representation of DOX-induced cardiotoxicity
or exercise-induced cardioprotection. One consistent DOX-
induced cardiac maladaptation is an up-regulation in β-myosin
heavy chain (MHC) with a corresponding down-regulation in α-
MHC (15, 29). This α-MHC to β-MHC shift may be the result
of numerous DOX cardiotoxicity mechanisms (i.e. oxidative
stress, DNA interference, metabolic disruption), but this isoform
shift results in reduced myosin ATPase activity and sliding
filament velocity (30), which ultimately leads to impaired
cardiac function (31-33). Although 10 weeks of exercise
preconditioning has been shown to protect against DOX-induced
MHC alterations (15), it is unknown whether exercise during
DOX treatment can protect against such alterations. Therefore,
the second purpose of this study was to examine the effects of
voluntary WR on MHC distribution during six weeks of DOX
treatment. It was hypothesized that WR during DOX treatment
would minimize the up-regulation of β-MHC and the
corresponding down-regulation of α-MHC. 

Materials and Methods

Animals and animal care. All protocols were approved by the
University of Northern Colorado Institutional Animal Care and Use
Committee and were in compliance with the Animal Welfare Act
guidelines. Female Sprague-Dawley rats (200-220 g) were housed in
an environmentally controlled facility on a 12:12-h light:dark cycle
and provided chow and water ad libitum. Rats were randomly assigned
to either a sedentary DOX group (SED+DOX, n=8) or the voluntary
WR DOX group (WR+DOX, n=9). SED+DOX animals were housed
2 per cage in standard rat cages, and WR+DOX animals were housed
individually in cages outfitted with stainless steel, commercially
available rat running wheels (Mini Mitter, Bend, OR, USA). 

Doxorubicin and wheel running. Animals received 2.5 mg/kg
DOX weekly via i.p. injections for 6 weeks to a cumulative DOX
dose of 15 mg/kg. Animals in the WR+DOX group were
introduced to running wheel cages one week before the start of
DOX treatment in order to obtain baseline WR data. WR+DOX
rats remained in these cages 24 hours per day (with the exception
of the weekly DOX injection) for the remainder of the treatment

period. Running distances were recorded using a VitalView data
acquisition system (Mini Mitter). Animals in the SED+DOX
group remained in standard rat cages throughout the 6-week
treatment period. Seven days following the final DOX injection,
animals were anesthetized with an i.p. injection of heparinized
(500 U) sodium pentobarbital (50 mg/kg), and when a tail pinch
reflex was absent, the heart was rapidly excised. Each heart was
then flushed of coronary blood, weighed, dissected, and the left
ventricle was isolated, frozen in liquid N2, and stored at –80˚C
for ensuing analysis of MHC. 

Myosin heavy chain isoform expression. Left ventricular
homogenates from SED+DOX and WR+DOX rats were analyzed
for MHC isoform expression according to the techniques described
by Talmadge and Roy (34) and as used elsewhere (15, 24). In
addition, left ventricle homogenates from age-matched, non-treated,
non-wheel run female rats were analyzed to serve as controls (CON,
n=10). Approximately 100 mg of ventricular tissue was minced in
10 volumes of 4˚C homogenizing buffer (250 mM sucrose, 100 mM
KCl, 5 mM EDTA, and 20 mM Tris-Base, pH 6.8) and
homogenized using a glass tissue grinder. Cell membranes were
further disrupted using sonication. Homogenates were centrifuged
at 1000 × g using a microcentrifuge for 10 min at 4˚C. The resulting
supernatant was discarded, and the pellet was resuspended in 4˚C
washing buffer (175 mM KCl, 0.5% Triton® X-100, 2 mM EDTA,
and 20 mM Tris-Base, pH 6.8) at an identical volume as the
homogenization buffer. The sample was centrifuged using a
microcentrifuge at 1000 × g for 10 min at 4˚C. The resulting
supernatant was discarded, and the pellet was again resuspended in
washing buffer (same volume as before). The sample was again
centrifuged using a microcentrifuge at 1000 × g for 10 min at 4˚C.
The resulting supernatant was discarded, and the pellet was
resuspended in final resuspension buffer (150 mM KCl and 20 mM
Tris-Base, pH 7.0) at a high concentration (1/12 previous volume). 

Total protein concentration was determined using the method of
Bradford (35). Protein (9.75 μg) was separated using sodium dodecyl
sulfate polyacrylamide gel electrophoresis on an 8% polyacrylamide
separating gel with a 4% polyacrylamide stacking gel at 100 V in a
Novex Sure-Lock electrophoresis unit (Invitrogen Corporation,
Carlsbad, CA, USA) until the tracking dye ran to the bottom of the
gel. Gels were stained using Coomassie blue. Stained gels were
scanned and protein bands were analyzed using densitometry.

Statistical analysis. All results are expressed as mean±SEM.
Student’s t-tests were used to analyze body, heart, soleus, and
extensor digitorum longus (EDL) mass differences between
SED+DOX and WR+DOX groups. Repeated measures ANOVA
with Dunnett’s post hoc testing was performed to analyze weekly
WR distances. One-way ANOVA with Tukey’s post hoc testing was
performed to analyze differences in MHC distribution between
SED+DOX, WR+DOX, and CON. For all procedures, significance
was set at α=0.05.

Results

Animal characteristics. Body mass, heart mass, and skeletal
muscle mass data are presented in Table I. No body mass
differences were observed immediately prior to the initial
DOX injection, and no body mass differences were observed
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at the time of sacrifice (p>0.05). Similarly, absolute heart
mass and heart mass expressed in terms of body mass were
not found to differ between groups (p>0.05). Additionally,
no significant difference was found in soleus or EDL mass
between SED+DOX and WR+DOX groups (p>0.05).

Wheel running distance. Total weekly running distance is
illustrated in Figure 1. One week prior to the start of DOX
treatment, WR+DOX rats ran on average 62±4 km. In the
week following the first DOX injection, there was an 11%
decline in running distance, but this difference was not
found to be significant (p>0.05). Significantly lower
running distances, however, were observed at 2, 3, 4, 5, and
6 weeks as animals ran 25%, 33%, 44%, 55%, and 53%
less, respectively, than baseline (p<0.05). Figure 2
illustrates the effect of each 2.5 mg/kg DOX injection on
the daily running distances. Each DOX treatment tended to
reduce the subsequent daily running distance, but running
distances tended to rebound toward pre-DOX levels
following the initial lag in activity. Even after
administering a cumulative 15 mg/kg dose of DOX over the
course of six weeks, animals still ran a mean of 30±5 km
during the final week, at an average daily distance of
4.3±0.4 km. 

Myosin heavy chain distribution. Figure 3 illustrates α- and
β-MHC isoform expression in left ventricles from CON,
SED+DOX, and WR+DOX rats. In CON left ventricles,
93±2% of MHC was expressed as the α-MHC isoform and
7±2% as the β-MHC isoform. In SED+DOX left ventricles,
57±7% as the α-MHC isoform and 43±7% as the β-MHC
isoform was expressed which was found to be significantly
different from that of CON (p<0.001). Left ventricles from
WR+DOX animals expressed 76±4% as α-MHC and 24±4%
as β-MHC, which was also found to be significantly
different from that of CON (p<0.01). However, WR+DOX
α-MHC and β-MHC expression was found to be
significantly different from that of SED+DOX (p<0.05). 

Discussion

To our knowledge, this is the first report investigating the
effects of weekly DOX injections on voluntary WR activity.
Overall, DOX treatment resulted in significantly lower
distances beginning at week 2 and continued through week
6. Daily running distances in response to the injections
revealed that each injection was associated with depressed
daily activity which eventually increased until the next DOX
injection. Although a placebo WR control group was not
used in this study, we demonstrated previously that control
female rats progressively increase WR activity from weeks
1 through 4 at which time running distances plateau through
week 8 (24). In the present study, however, this was not the
case as running distances progressively declined from weeks
1 through 6. Nonetheless, during the final week of the
present study, animals ran ~30 km. This finding is promising
since one of the purposes of this study was to investigate the
effects of DOX treatment on running activity, and although
DOX is highly cardiotoxic, animals were able to maintain
running activity throughout the course of the observation
period.

As exercise has been shown to be cardioprotective prior
to DOX treatment (12-15), the question of cardioprotection
due to exercise during DOX treatment is of clinical concern.
Chicco et al. (20) demonstrated that forced treadmill running
during two weeks of DOX treatment resulted in
cardioprotection, and although the exercise intensity
employed was relatively low, it is difficult to extrapolate how
that intensity relates to the conditions experienced by the
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Table I. Animal characteristics. 

SED+DOX WR+DOX

Initial BM (g) 209±3 218±4
Sacrifice BM (g) 243±2 249±5
Heart mass (g) 1.00±0.02 1.03±0.02
Rel heart mass (g/kg) 4.12±0.10 4.13±0.06
Soleus mass (mg) 99±2 104±4
EDL mass (mg) 101±2 100±1

Values are mean±SEM. SED+DOX, Sedentary doxorubicin-treated;
WR+DOX, wheel run doxorubicin-treated; BM, body mass; Rel heart
mass, heart mass per kg sacrifice body mass; EDL, extensor digitorum
longus. No significant differences were observed.

Figure 1. Weekly running distances for wheel-run rats receiving
doxorubicin. DOX, Doxorubicin; Pre-DOX, one week prior to the
beginning of doxorubicin injections; *p<0.05 vs. Pre-DOX running
distances. 



DOX-treated animals. Employing a voluntary WR model, as
in the present study, allows for animals to run at-will based
on the severity of DOX toxicity experienced on any given
day. When compared to forced treadmill running, voluntary
WR has been shown to elicit a lower stress response (36).
This low-stress exercise model is consistent with the clinical
recommendation of prescribing low intensity exercise to
cancer patients (17-19), as high intensity exercise may
compromise immune function (37, 38). 

The fluctuations in daily running distances in response to
DOX injections demonstrates that the animals’ willingness
to run was reduced on the days following each treatment, but
running activity tended to rebound in the ensuing days until
the next injection. This variation in WR activity corresponds
to serum DOX and DOX metabolite (doxorubicionol and 7-
deoxydoxorubicinolone) concentrations being elevated up to
2 days following administration; however, DOX and its
metabolite levels are undetectable 7 days post (39). Although
DOX is known to accumulate in cardiomyocytes, the effect
of increased physical activity on myocardial DOX
concentrations has yet to be determined. There is evidence,
however, that exercise training up-regulates cardiac

multidrug-resistance protein 1 (Mrp1) which is involved in
extruding DOX out of the cell (40). Even if there is potential
for exercise reducing levels of DOX in the heart, Jones et al.
(41) demonstrated that exercise training during DOX
treatment did not interfere with its antineoplastic effect.

With our observation that female rats receiving DOX will
continue to run voluntarily, albeit to a lesser extent, the next
purpose of this study was to analyze cardiac MHC distribution
to gain a better understanding of the cardioprotective nature
of voluntary WR. Animals receiving DOX that remained
sedentary during the 6 week treatment period expressed
significantly lower α-MHC and significantly greater β-MHC
than sedentary controls, which is consistent with other reports
(15, 29). Hearts from DOX animals allowed free access to
running wheels also expressed significantly lower α-MHC and
significantly greater β-MHC than did sedentary controls, but
also expressed significantly greater α-MHC and lower β-MHC
than did sedentary treated animals. Although WR did not
completely ameliorate the cardiac MHC shifts induced by
DOX, the increased α-MHC expression and reduced β-MHC
expression in wheel run animals demonstrates the
cardioprotective nature of exercise during DOX treatment. 
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Figure 2. Daily wheel running activity in rats receiving doxorubicin. Arrows with corresponding shaded boxes indicate when doxorubicin was
administered intraperitoneally. 



The cardiotoxic effect of DOX has been primarily
attributed to myocardial oxidative stress as DOX
accumulates in cardiac mitochondria and undergoes redox
cycling at complex I of the electron transport chain. This
redox cycling then leads to the generation of reactive
oxygen species (ROS), and free radical formation can lead
to the up-regualtion of β-MHC with corresponding down-
regulation of α-MHC (42). In addition to ROS, myocardial
bioenergetics disruption has been reported as another
mechanism behind DOX cardiotoxicity (43), which may
also lead to disruption in cardiac MHC expression. The
ATPase associated with the α-MHC isoform has a two-fold
greater ATP hydrolysis rate than that for the β-MHC isoform
(30), and thus the reduced expression of α-MHC and
increased expression of β-MHC in the DOX-treated heart
may be an attempt to conserve ATP while compromising
myocardial performance. Nonetheless, changes in the
cardiac MHC profile have a dramatic impact on cardiac
function, and as such, up-regulation of β-MHC with
corresponding down-regulation of α-MHC has been
reported as one mechanism responsible for cardiac
dysfunction associated with heart failure (44), diabetes (45),
and hypothyroidism (46). Increased β-MHC and reduced α-
MHC isoform expressions have been shown to impair power
output of isolated cardiocytes (31, 46) and systolic function
in the isolated perfused heart (33). Interestingly, even a
relatively small disruption in the MHC profile can
significantly affect cardiac performance (32). 

The protective effect of exercise on DOX-induced MHC
alterations was demonstrated previously in a treadmill
preconditioning model (15), and voluntary WR has also been
shown to protect against cardiac MHC disruption during sex
hormone ablation (24). The primary mechanism behind the
exercise-induced cardioprotection in the present study may
very well be due to the quenching of free radicals, as
exercise training has been shown to increase myocardial
antioxidant status (47). However, exercise training also has a
direct impact on contractile performance and MHC profile.
Natali et al. (26) reported that myocytes isolated from wheel
run rats demonstrated improved contractility following only
6 weeks of voluntary running wheel access. Moreover, in
analyzing gene expression changes following exercise, Jin et
al. (25) reported that of the genes analyzed, only α-MHC
mRNA was found to increase following a 13-week
progressive treadmill training protocol. Wheel running also
has a positive impact on the diseased heart as Konhilas et al.
(48) reported that voluntary WR up-regulated α-MHC
mRNA in a hypertrophic cardiomyopathy model. In the
present study, it is possible that the positive effects of WR
on MHC may have superseded the negative effects of DOX
on MHC thereby attenuating the MHC shift.

The present study demonstrates that while DOX
administration results in depressed running wheel activity,
animals will still continue to voluntarily run even while
undergoing treatment. Specifically, our data show that even
after receiving a cumulative dose of DOX at 15 mg/kg over
a 6-week period, animals maintained an average voluntary
running distance in excess of 4 km/day. Although running
distance was significantly depressed starting at week 2, this
reduced running distance was sufficient to attenuate the
cardiac MHC shifts associated with DOX. The significance
of the attenuated MHC isoform shifts observed in the present
study lies in its importance in contractile performance.
Voluntary WR-induced cardioprotection in the current study
also provides insight as to how to enhance the clinical
management of DOX cardiotoxicity. Because of increased
fatigue, DOX treated cancer patients may lack the energy
and motivation to exercise for long durations (i.e. long
distance walking, running, cycling), but it is promising that
the lower running distances observed in DOX-treated
animals in the present study was cardioprotective in the form
of attenuated MHC shifts. It is possible that cancer patients
whose therapy includes DOX may benefit from short
duration exercise (i.e. short distance walking, running,
cycling) during treatment.
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Figure 3. α- and β-myosin heavy chain expression in left ventricular
homogenates from control rats, sedentary rats receiving doxorubicin,
and wheel-run rats receiving doxorubicin. CON, Control; SED,
sedentary; WR, wheel run; DOX, doxorubicin; *p<0.05 vs. CON.
†p<0.05 vs. SED+DOX.



References
1 Neilan TG, Jassal DS, Perez-Sanz TM, Raher MJ, Pradhan AD,

Buys ES, Ichinose F, Bayne DB, Halpern EF and Weyman AE:
Tissue Doppler imaging predicts left ventricular dysfunction and
mortality in a murine model of cardiac injury. Eur Heart J 27:
1868-1875, 2006.

2 Belham M, Kruger A, Mepham S, Faganello G and Pritchard C:
Monitoring left ventricular function in adults receiving
anthracycline-containing chemotherapy. Eur J Heart Fail 9: 409-
414, 2007.

3 Lipshultz SE, Lipsitz SR, Sallan SE, Dalton VM, Mone SM,
Gelber RD and Colan SD: Chronic progressive cardiac
dysfunction years after doxorubicin therapy for childhood acute
lymphoblastic leukemia. J Clin Oncol 23: 2629-2636, 2005.

4 Chaiswing L, Cole MP, St Clair DK, Ittarat W, Szweda LI and
Oberley TD: Oxidative damage precedes nitrative damage in
Adriamycin-induced cardiac mitochondrial injury. Toxicol Pathol
32: 536-547, 2004.

5 Wakasugi S, Fischman AJ, Babich JW, Callahan RJ, Elmaleh
DR, Wilkinson R and Stauss HW: Myocardial substrate
utilization and left ventricular function in Adriamycin
cardiomyopathy. J Nucl Med 34: 1529-1535, 1993.

6 Arola OJ, Saraste A, Pulkki K, Kallajoki M, Parvinen M and
Voipio-Pukki LM: Acute doxorubicin cardiotoxicity involves
cardiomyocyte apoptosis. Cancer Res 60: 1789-1792, 2000.

7 Hasinoff BB: Dexrazoxane use in the prevention of
anthracycline extravasation injury. Future Oncol 2: 15-20, 2006.

8 Cusack BJ, Gambliel H, Musser B, Hadjokas N, Shadle SE,
Charlier H and Olson RD: Prevention of chronic anthracycline
cardiotoxicity in the adult Fischer 344 rat by dexrazoxane and
effects on iron metabolism. Cancer Chemother Pharmacol 58:
517-526, 2006.

9 Tesoriere L, Ciaccio M, Valenza M, Bongiorno A, Maresi E,
Albiero R and Livrea MA: Effect of vitamin A administration on
resistance of rat heart against doxorubicin-induced cardiotoxicity
and lethality. J Pharmacol Exp Ther 269: 430-436, 1994.

10 Breed JG, Zimmerman AN, Dormans JA and Pinedo HM: Failure
of the antioxidant vitamin E to protect against Adriamycin-induced
cardiotoxicity in the rabbit. Cancer Res 40: 2033-2038, 1980.

11 Agapito MT, Antolin Y, del Brio MT, Lopez-Burillo S, Pablos
MI and Recio JM: Protective effect of melatonin against
Adriamycin toxicity in the rat. J Pineal Res 31: 23-30, 2001.

12 Ascensao A, Magalhaes J, Soares J, Ferreira R, Neuparth M,
Marques F, Oliveira J and Duarte J: Endurance training
attenuates doxorubicin-induced cardiac oxidative damage in
mice. Int J Cardiol 100: 451-460, 2005.

13 Chicco AJ, Schneider CM and Hayward R: Voluntary exercise
protects against acute doxorubicin cardiotoxicity in the isolated
perfused rat heart. Am J Physiol Regul Integr Comp Physiol
289: R424-R431, 2005.

14 Chicco AJ, Schneider CM and Hayward R: Exercise training
attenuates acute doxorubicin-induced cardiac dysfunction. 
J Cardiovasc Pharmacol 47: 182-189, 2006.

15 Hydock DS, Lien CY, Schneider CM and Hayward R: Exercise
preconditioning protects against doxorubicin-induced cardiac
dysfunction. Med Sci Sports Exerc 40: 808-817, 2008.

16 Wonders KY, Hydock DS, Schneider CM and Hayward R: Acute
exercise protects against doxorubicin cardiotoxicity. Integr
Cancer Ther 7: 147-154, 2008.

17 Burnham TR and Wilcox A: Effects of exercise on physiological
and psychological variables in cancer survivors. Med Sci Sports
Exerc 34: 1863-1867, 2002.

18 Schneider CM, Hsieh CC, Sprod LK, Carter SD and Hayward
R: Effects of supervised exercise training on cardiopulmonary
function and fatigue in breast cancer survivors during and after
treatment. Cancer 110: 918-925, 2007.

19 Schneider CM, Hsieh CC, Sprod LK, Carter SD and Hayward
R: Exercise training manages cardiopulmonary function and
fatigue during and following treatment in male cancer survivors.
Integrative Cancer Therapies 6: 235-241, 2007

20 Chicco AJ, Hydock DS, Schneider CM and Hayward R: Low-
intensity exercise training during doxorubicin treatment protects
against cardiotoxicity. J Appl Physiol 100: 519-527, 2006.

21 Hagg U, Andersson I, Naylor AS, Gronros J, Jonsdottir IH,
Bergstrom G and Gan LM: Voluntary physical exercise-induced
vascular effects in spontaneously hypertensive rats. Clin Sci
(Lond) 107: 571-581, 2004.

22 Kingwell BA, Arnold PJ, Jennings GL and Dart AM: The effects
of voluntary running on cardiac mass and aortic compliance in
Wistar-Kyoto and spontaneously hypertensive rats. J Hypertens
16: 181-185, 1998.

23 Przyklenk K and Groom AC: Effects of exercise frequency,
intensity, and duration on revascularization in the transition zone
of infarcted rat hearts. Can J Physiol Pharmacol 63: 273-278,
1985.

24 Hydock DS, Lien CY, Schneider CM and Hayward R: Effects of
voluntary wheel running on cardiac function and myosin heavy
chain in chemically gonadectomized rats. Am J Physiol Heart
Circ Physiol 293: H3254-3264, 2007.

25 Jin H, Yang R, Li W, Lu H, Ryan AM, Ogasawara AK, Van
Peborgh J and Paoni NF: Effects of exercise training on cardiac
function, gene expression, and apoptosis in rats. Am J Physiol
Heart Circ Physiol 279: H2994-3002, 2000.

26 Natali AJ, Wilson LA, Peckham M, Turner DL, Harrison SM
and White E: Different regional effects of voluntary exercise on
the mechanical and electrical properties of rat ventricular
myocytes. J Physiol 541: 863-875, 2002.

27 Natali AJ, Turner DL, Harrison SM and White E: Regional
effects of voluntary exercise on cell size and contraction-
frequency responses in rat cardiac myocytes. J Exp Biol 204:
1191-1199, 2001.

28 Ascensao A, Magalhaes J, Soares JM, Ferreira R, Neuparth MJ,
Marques F, Oliveira PJ and Duarte JA: Moderate endurance
training prevents doxorubicin-induced in vivo mitochondriopathy
and reduces the development of cardiac apoptosis. Am J Physiol
Heart Circ Physiol 289: H722-731, 2005.

29 de Beer EL, Bottone AE, van Der Velden J and Voest EE:
Doxorubicin impairs crossbridge turnover kinetics in skinned
cardiac trabeculae after acute and chronic treatment. Mol
Pharmacol 57: 1152-1157, 2000.

30 Krenz M, Sanbe A, Bouyer-Dalloz F, Gulick J, Klevitsky R,
Hewett TE, Osinska HE Lorenz, JN Brosseau C, Federico A,
Alpert NR, Warshaw DM, Perryman MB, Helmke SM and
Robbins J: Analysis of myosin heavy chain functionality in the
heart. J Biol Chem 278: 17466-17474, 2003.

31 Korte FS, Herron TJ, Rovetto MJ and McDonald KS: Power
output is linearly related to MyHC content in rat skinned
myocytes and isolated working hearts. Am J Physiol Heart Circ
Physiol 289: H801-812, 2005.

ANTICANCER RESEARCH 29: 4401-4408 (2009)

4406



32 Herron TJ and McDonald KS: Small amounts of alpha-myosin
heavy chain isoform expression significantly increase power
output of rat cardiac myocyte fragments. Circ Res 90: 1150-
1152, 2002.

33 Tardiff JC, Hewett TE, Factor SM, Vikstrom KL, Robbins J and
Leinwand LA: Expression of the beta (slow)-isoform of MHC
in the adult mouse heart causes dominant-negative functional
effects. Am J Physiol Heart Circ Physiol 278: H412-419, 2000.

34 Talmadge RJ and Roy RR: Electrophoretic separation of rat
skeletal muscle myosin heavy-chain isoforms. J Appl Physiol 75:
2337-2340, 1993.

35 Bradford MM: A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72: 248-254, 1976.

36 Noble EG, Moraska A, Mazzeo RS, Roth DA, Olsson MC,
Moore RL and Fleshner M: Differential expression of stress
proteins in rat myocardium after free wheel or treadmill run
training. J Appl Physiol 86: 1696-1701, 1999.

37 Nieman DC: Exercise, infection, and immunity. Int J Sports Med
15(Suppl 3): S131-141, 1994.

38 Pedersen BK and Bruunsgaard H: How physical exercise
influences the establishment of infections. Sports Med 19: 393-
400, 1995.

39 Gotlieb WH, Bruchim I, Ben-Baruch G, Davidson B, Zeltser A,
Andersen A and Olsen H: Doxorubicin levels in the serum and
ascites of patients with ovarian cancer. Eur J Surg Oncol 33:
213-215, 2007.

40 Krause MS, Oliveira LP, Jr., Silveira EM, Vianna DR, Rossato
JS, Almeida BS, Rodrigues MF, Fernandes A J, Costa JA, Curi R
and de Bittencourt PI: MRP1/GS-X pump ATPase expression: is
this the explanation for the cytoprotection of the heart against
oxidative stress-induced redox imbalance in comparison to
skeletal muscle cells? Cell Biochem Funct 25: 23-32, 2007.

41 Jones LW, Eves ND, Courneya KS, Chiu BK, Baracos VE,
Hanson J, Johnson L and Mackey JR: Effects of exercise training
on antitumor efficacy of doxorubicin in MDA-MB-231 breast
cancer xenografts. Clin Cancer Res 11: 6695-6698, 2005.

42 Aragno M, Mastrocola R, Medana C, Catalano MG,
Vercellinatto I, Danni O and Boccuzzi G: Oxidative stress-
dependent impairment of cardiac-specific transcription factors in
experimental diabetes. Endocrinology 147: 5967-5974, 2006.

43 Tokarska-Schlattner M, Wallimann T and Schlattner U:
Alterations in myocardial energy metabolism induced by the
anti-cancer drug doxorubicin. C R Biol 329: 657-668, 2006.

44 Emter CA, McCune SA, Sparagna GC, Radin MJ and Moore
RL: Low-intensity exercise training delays onset of
decompensated heart failure in spontaneously hypertensive heart
failure rats. Am J Physiol Heart Circ Physiol 289: H2030-2038,
2005.

45 Zhong Y, Reiser PJ and Matlib MA: Gender differences in
myosin heavy chain-beta and phosphorylated phospholamban in
diabetic rat hearts. Am J Physiol Heart Circ Physiol 285: H2688-
2693, 2003.

46 Herron TJ, Korte FS and McDonald KS: Loaded shortening and
power output in cardiac myocytes are dependent on myosin
heavy chain isoform expression. Am J Physiol Heart Circ
Physiol 281: H1217-1222, 2001.

47 Pushpalatha K, Nishanth K and Sathyavelu Reddy K:
Myocardial antioxidant status and oxidative stress after
combined action of exercise training and ethanol in two different
age groups of male albino rats. Acta Biol Hung 58: 173-185,
2007.

48 Konhilas JP, Watson PA, Maass A, Boucek DM, Horn T, Stauffer
BL, Luckey SW, Rosenberg P and Leinwand LA: Exercise can
prevent and reverse the severity of hypertrophic cardiomyopathy.
Circ Res 98: 540-548, 2006.

Received June 2, 2009
Revised August 21, 2009

Accepted September 15, 2009

Hydock et al: Wheel Running in Rats and Doxorubicin

4407


