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Abstract

Introduction Doxorubicin is a chemotherapeutic drug used to treat various cancers. Exercise training (ET) can
attenuate some cardiotoxic effects of doxorubicin (DOX) in tumor-free animals. However, the ET effects on cardiac
function and glucose metabolism in DOX-treated breast cancer models remain unclear.

Objectives This study investigated ET-induced structural, functional, vascular, oxidative stress, and plausible glucose
uptake alterations of the left ventricle (LV) in @ murine breast cancer model during DOX treatment.

Methods Female FVB/N-mice were divided to tumor-free groups with or without voluntary wheel-running ET

and those inoculated subcutaneously with mammary tumor-derived I13TC-cells with or without exercise or DOX
treatment (5 mg/kg/week). Mice underwent 2-['®FIfluoro-2-deoxy-D-glucose positron emission tomography and
echocardiography after two and four DOX-doses. The cardiac histology, oxidative stress, maximal metabolic enzyme
activities, and mitochondrial respiration were analyzed.

Results DOX increased LV glucose uptake (LVGU) and mitochondrial uncoupling and decreased running activity,
LV-weight, and ejection fraction (EF). In DOX-treated group ET blunted the increase in LVGU, increased LV-weight and
EF, and lowered LV lactate dehydrogenase activity. DOX-treated exercised mice did not differ from tumor-bearing
group without DOX in LVGU or from the tumor-free ET-group in LV-weight or EF whereas unexercised DOX-treated
group did. ET also increased LV citrate synthase activity in tumor-bearing animals. There was an inverse association
between LVGU and EF and LV-weight.

Conclusion In a murine breast cancer model, voluntary ET moderated DOX-induced cardiotoxicities such as
increased LVGU, LV-atrophy and decreased EF. This suggests that ET might benefit patients with cancer undergoing
doxorubicin treatment by mitigating cardiotoxicity.
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Introduction
Anthracyclines have long been used to treat cancers
such as breast cancer, leukemia, and lymphoma due to
their effectiveness against tumors cells, however they can
cause cardiotoxicity. Currently not many pharmacologi-
cal interventions exist for prevention of anthracycline-
induced cardiotoxicity, with Dexrazoxane being the only
U.S. FDA approved drug for the purpose [1]. The cardio-
toxic effects of anthracycline doxorubicin (DOX) limit its
use and therefore investigations to mitigate its toxicity
are needed. Many preclinical studies and some clinical
studies have shown that exercise training (ET) can reduce
DOX-induced cardiotoxicity, but majority of preclini-
cal studies utilize tumor-free models and ET precondi-
tioning [2—4]. There is a lack of ET intervention studies
utilizing tumor-bearing cardiotoxicity models and inves-
tigating alterations in glucose metabolism [4]. Glucose
metabolism being interesting in this context because
there is increasing evidence of DOX altering cardiac
metabolism [10]. Therefore, in the present study we com-
prehensively investigated possible alterations in cardiac
structure and function such as glucose uptake to explore
if ET could mitigate the cardiotoxic effects of DOX-dos-
ing during treatment in mammary tumor-bearing mice.
ET has already been shown to improve at least the skel-
etal muscle glucose metabolism in tumor bearing animals
[5] and there is evidence that exercise could be beneficial
therapeutic tool in the clinical setting, affecting particu-
larly the skeletal muscle but also possibly the heart [6, 7].
ET has been shown to reduce mitochondrial DOX-accu-
mulation and reduce DOX-induced cardiac dysfunction
and in some cases cardiac oxidative stress by increas-
ing antioxidative enzyme activities [4, 8, 9]. A review
by Russo et al. (2021), however, addressed the need for
more studies focusing on DOX-induced metabolic altera-
tions since antioxidant treatments have been unable to
effectively counter anthracycline-induced cardiotoxicity,
suggesting significant contribution of other mechanisms
besides oxidative stress [10]. Indeed, drugs used to treat
metabolic diseases, such as sodium-glucose co-trans-
porter 2 inhibitors, have had promising effects regarding
reduction of anthracycline-induced cardiotoxicity [10].
DOX increases cardiac glucose uptake (GU) as mea-
sured by glucose analog 2-['®F]fluoro-2-deoxy-D-glu-
cose (FD@G) [11-14], and it has been theorized that this
could be a compensatory mechanism to improve cardiac
metabolism or maintain NADPH-reserves for glutathi-
one antioxidative function in response to DOX-induced
oxidative stress [12]. However, to our knowledge the
effects of ET on cardiac GU during DOX treatment of
breast cancer have not been studied earlier.
Consequently, the main aims of this study were to
investigate comprehensively the effects of DOX on the
cardiac GU and maximal metabolic enzyme activities, LV
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structure and function and vasculature, oxidative stress
as well as how voluntary wheel-running ET could influ-
ence these variables during DOX treatment in a murine
breast cancer model.

Materials and methods
Detailed materials and methods are provided in supple-
mentary material Additional File 1.

Animals and the experimental protocol

The animal studies were approved by the national
Project Authorization Board (permission number
ESAVI1/26508/2021) and were carried out in compliance
with the EU Directive 2010/EU/63 on the protection
of animals used for scientific purposes. Ten-week-old
female FVB/NHan"Hsd mice (21+1.5 g) were randomly
divided into six groups: tumor-free control (C, n=10);
tumor-free control with exercise (CE, n=12); I3TC-
tumor group (T, n=15); I3TC-tumor group with exercise
(TE, n=13); I3TC-tumor group with DOX treatment
(TD, n=12); I3TC-tumor group with DOX treatment and
exercise (TDE, n=12). Power calculation was not done as
this was an explorative study, the sample size was chosen
according to review of mouse studies on exercise effects
on DOX induced cardiotoxicity, majority of which had
sample size of 7-13 animals [3].

Day after subcutaneous inoculation of 1.8 x 10° I3TC-
cells [15, 16] or phosphate-buffered saline (PBS) to the
flank, the animals (2/cage) were given running wheels
(locked for no-exercise) (Fig. 1A). Eight days later intra-
peritoneally administered DOX or PBS treatment was
started (5 mg/kg/week). The animals were euthanized,
and organs were collected a week after the fourth DOX-
dose or earlier if the tumor diameter reached 1.5 cm.
Mice in the same cage were assumed to run equally, pos-
sibly underestimating running activity since mice can
also use the wheel simultaneously.

Echocardiography

All mice underwent transthoracic echocardiography at
baseline (T1), 2.8 weeks (T2) and 4.8 weeks after tumor
cell inoculation (T3). Heart rate (HR), ejection fraction
(EF), left ventricle mass (LVM), LV outflow tract veloc-
ity time integral (LVOT VTI) and mitral early diastolic
(E) and late diastolic (A) blood velocity ratio (E/A) were
calculated.

PET/CT-imaging

A random subset of mice was imaged with PET/CT at T2
and T3. The LV standardized FDG-uptake values (FDG-
SUVs) normalized for the injected radioactivity dose and
animal body weight as a measure for LVGU were calcu-
lated using Carimas-software [17].
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Fig. 1 (A) Study-timeline, (B) wheel-running +SE, (C) body weights and (D

Exercise effect P=0.22 DOX effect P = 0.001
Exercise x DOX P =0.29

) heart weights. Groups are female FVB-mice with or without subcutaneous

I3TC-tumors or DOX treatment with group n-numbers (N) indicated overtime in group colors or on the x-axis below each group boxplot. Two-way ANOVA
P<0.05 are highlighted in bold. Holm-Sidak *P<0.05 and t1P<0.01 and #P<0.001 versus Tumor-DOX-Exercise and #P < 0.05 versus Tumor-Exercise. The
data obtained for current manuscript in C and D from the tumor group without exercise and without doxorubicin treatment has been previously pub-

lished in Koivula et al. (2024) to support clinical findings [36]

Mitochondrial respiration from tissue homogenate

The mitochondrial respiration of LV homogenates,
which tells about the mitochondrial oxygen consump-
tion rate, was measured with high-resolution respirom-
etry oxygraph 2k [18]. The substrates/inhibitors were
added sequentially to assess oxygen fluxes corresponding
to uncoupled proton leak (LEAK), complex 1-2 linked
oxidative phosphorylation, maximal electron transfer
capacity, complex 2 linked electron transfer and maxi-
mal complex 4 activity. Mitochondrial respirations were
normalized in three different ways respectively; per tissue
mass, citrate synthase activity and mitochondrial index
measured using qPCR. The coupling efficiency was cal-
culated by complex 1 driven coupled respiration divided
by complex 1 linked total respiration. Additionally, CS/
CIV-ratio was calculated by maximal citrate synthase

(CS) activity divided by complex 4 linked maximal res-
piration, both per tissue mass. Normalization per tissue
mass revealing tissue level oxygen consumption rate and
the citrate synthase activity and mitochondrial index
normalization revealing oxygen consumption rate in rela-
tion to mitochondrial quantity assessed in different ways.

Histology

Average LV capillary density and cell numbers were cal-
culated from transversal paraffin-embedded sections
stained with Periodic Acid-Schiff Stain [19].

Enzymatic assays and oxidative stress measurements

The mouse LVs were homogenized for spectrophotomet-
ric measurement of lipid peroxidation (LPX) and pro-
tein carbonylation (CARB) and the maximal activities of
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3-hydroxyacyl-CoA dehydrogenase (HOAD), CS, lactate
dehydrogenase (LDH), superoxide dismutase and cata-
lase. Gastrocnemius LDH, CS and LPX were also mea-
sured. Outliers >2 x SD were excluded from analyses due
to the possibility of methodological outliers.

Statistical analysis

Single time point parameters were compared with two-
way ANOVA to analyze DOX and ET effects within can-
cer groups (comparison between T, TE, TD, TDE) and
to analyze cancer and ET effects within no-DOX groups
(comparisons between C, CE, T, TE).

The running activity between ET groups was com-
pared using two-way RM ANOVA with time and group
as factors. The other repeated measure parameters were
compared between all the groups over time using proc
Glimmix linear mixed model on repeated measures with
unstructured covariance. All groups were compared
together using exercise, time point, and chemotherapy
nested under breast cancer as the factors. The effect of
cancer alone was tested separately comparing the no-
DOX groups using breast cancer, exercise and time point
as factors. Spearman correlation of LV FDG-SUV with EF
and LVM at T2 and T3 was analyzed as well as correla-
tion of T3 EF with mitochondrial coupling, LEAK and
LVM.

For all group comparisons Holm-Sidak post-hoc
test was performed if ANOVA or linear mixed model
detected significant factor interactions. Post hoc pairwise
comparisons were made between groups within time
point and within groups between time points. Statistical
software SAS°® Enterprise Guide®, Graph Pad Prism 5.01
and Sigmaplot 15 were used for the statistical analyses.

Results

General observations

The tumors grew fast with high variability causing
many animals to be euthanized due to tumor size and
as a result the study duration was 3.8+ 1.2 weeks for the
tumor-bearing animals. Neither DOX nor ET affected
the animal survival (P=0.85, P=0.84, respectively, inter-
action P=0.75). DOX decreased mouse running activ-
ity over time in the TDE-group compared to TE and CE
groups (Figs. 1B and 2.2+1.7, 3.7+3.16, 4.2+0.9 mean
km/day + SD, respectively).

Within tumor-bearing animals DOX decreased mouse
body weight (Fig. 1C) and the relative heart weight to
tibia length (RHW, Fig. 1D), wheel-running exercise
had no effect on these variables. The same variables for
the examination of the cancer effects alone and exercise
effects without DOX are shown in Supplemental Fig. 1
Additional File 1. Within no-DOX groups, ET increased
RHW (P<0.001), which was most prominent in the
CE-group, whereas subcutaneous mammary tumors
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decreased the RHW (P=0.034) but did not affect animal
body weights.

DOX decreased relative gastrocnemius weight to tibia
length (RGW) but neither ET nor tumor-burden affected
RGW (Supplemental Tables 3—4, Additional File 1). The
ET effect was verified by measuring gastrocnemius CS
activity (Supplemental Tables 3-4, Additional File 1).
Additional gastrocnemius data is provided in the Supple-
mental Tables 3—4, Additional File 1.

Echocardiogram results

When comparing all groups, DOX decreased time
dependently the LV EE, LVOT VTI and relative LV-mass
to tibia length (RLV-mass) (Fig. 2). Post hoc test revealed
that at T2 EF was significantly lower in TD-group com-
pared to CE-group, LVOT VTI was significantly lower
in TD-group at T2 compared to T1 while RLV-mass of
TD-group at T3 was significantly smaller compared to
TE-group.

Meanwhile, ET increased LV EF and RLV-mass over
time, and there was a tendency towards higher LVOT
VTI in exercised animals (Fig. 2). The post hoc com-
parison revealed that EF of CE-group was significantly
greater at T2 compared to T-group and TD-group
while EF of TE-group was higher in T3 compared to
T2. Notably TDE-group EF did not differ from the other
groups, suggesting that exercise blunts the DOX-effect
on EE. Similarly, post hoc found no statistical difference
between baseline and following timepoints in TDE-group
unlike within TD-group. Importantly, there was a three-
way timexexercisexDOX interaction on RLV-mass with
the post hoc analysis revealing ET increased RLV-mass
prominently in CE-group, with the RLV-mass of CE-
group being greater compared to all unexercised groups
at T3, suggesting that ET can blunt the DOX-induced
reduction of RLV-mass.

There was timexexercise and timexDOX interaction,
with E/A increasing over time with ET and with DOX but
without post hoc finding significant alterations between
timepoints or groups (Fig. 1D). The comparison of no-
DOX groups further confirmed that ET increased EF,
LVOT-VTI and RLV-mass while there was no ET effect
on E/A ratio (P=0.056, Supplemental Fig. 2, Additional
File 1). The comparisons of no-DOX groups also con-
firmed that ET increases EF particularly within CE-
group. Post hoc test revealing that tumor-burden blunts
ET-induced cardiac hypertrophy as the CE-group RLV-
mass was significantly greater compared to TE-group at
T3.

Importantly, within no-DOX groups tumor-burden had
no effect on EF, LVOT VTI, E/A ratio, or RLV-mass (Sup-
plemental Fig. 2A-F, Additional File 1). The heart rate is
presented in Supplemental Fig. 3A-B, Additional File 1.
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Fig. 2 Changes in mouse cardiac function over time. Ejection fraction (A), outflow track velocity time integral (B), early to late filling velocity ratio (C) and
left ventricle mass relative to tibia length (D) in female FVB-mice with or without subcutaneous 13TC-tumors or DOX treatment at baseline (T1), 2.8 weeks
(T2) and 4.8 weeks (T3) after tumor inoculation. Panel A has group n-numbers (N) indicated with numbers on the x-axis below each group boxplot. Linear

mixed model P<0.05 are highlighted in bold with colored circles showing
versus T3-Control-Exercise

In summary, DOX decreased cardiac systolic function
and LV-mass while exercise mitigated these effects with
cancer having no effect aside blunting exercise-induced
physiological LV hypertrophy.

LVGU and enzyme activities

The average fasting blood glucose during the FDG-
PET imaging did not differ between the groups over
time (Supplemental Fig. 3C-D, Additional File 1). DOX
increased LVGU over time and ET decreased it (Fig. 3A).
Post hoc test revealed that at T3 LVGU was significantly
greater in TD-group compared to CE-group, T-group
and TE-group and compared to TD-group at T2, while
at T3 LVGU of TDE-group was significantly greater only
compared to CE; suggesting that ET blunted some of the
DOX-induced increase in LVGU.

model-predicted values +Cl-95%. Holm-Sidak: *P<0.05, tP<0.01, #P <0.05

Although average fasting blood glucose did not differ
between groups during PET-imaging, the blood glucose
decreased more in DOX-treated animals during PET-
imaging compared to no-DOX tumor-bearing animals
while ET had no effect (Fig. 3B). Within the tumor-bear-
ing groups ET increased the LV CS activity in both exer-
cising groups compared to both non-exercising groups
(Fig. 3C). Meanwhile there was DOXxexercise interac-
tion on LV LDH activity so that ET decreased LDH-activ-
ity only in DOX-treated mice (Fig. 3D).

In no-DOX groups ET decreased LVGU and did not
affect change in blood glucose during PET-imaging,
while ET increased LV LDH activity (Supplemental Fig. 4,
Additional File 1). Interestingly, there was no significant
ET effect on LV CS activity within no-DOX groups, sug-
gesting more prominent ET effect in TDE-group. Tumor-
burden did not affect LV CS activity, LDH activity, and
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LVGU. However, within no-DOX groups there was
timexcancer interaction on LVGU, with LVGU increas-
ing over time within both tumor-bearing groups together
compared to both tumor-free groups, in which LVGU
remained constant. Additionally, tumor-bearing groups
showed a decrease in blood glucose during PET-imaging
compared to both tumor-free groups.

Additionally, there was a negative correlation between
LV EF and the LVGU at both T2 and T3 (Fig. 4A-B).
However, at T2 there was no significant correlation
between the LVGU and the RLV-mass, whereas within
T3 the LVGU had a negative correlation with RLV-
mass (Fig. 4C-D). Interestingly, the negative correla-
tion between LVGU and RLV-mass at T3 was present in
all groups except CE group, which had positive variable
relationship. T3 LV EF also positively correlated with LV
mass (Supplemental Fig. 5A, Additional File 1).

In summary, DOX and cancer increased LV glucose
uptake decreasing blood glucose during PET-imaging
with exercise decreasing LV glucose uptake.

Mitochondrial function in the LV homogenate

DOX increased mitochondrial LEAK and decreased cou-
pling efficiency and CS/CIV ratio in the tumor-bearing
animals (Table 1). ET did not significantly affect these
parameters, although there was a trend of LEAK decreas-
ing and coupling efficiency increasing with ET. Further-
more, at T3 the LV EF negatively correlated with LEAK
and positively with mitochondrial coupling (Supplemen-
tal Fig. 5B-C, Additional File 1). All other mitochondrial
parameters in LV were unaffected by DOX or ET in
tumor-bearing mice (Table 1). Tumor-burden or ET had
no significant effect within no-DOX groups on any of the
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mitochondrial function parameters (Supplemental Table
5, Additional File 1).

Oxidative stress and anti-oxidative enzymes in the LV
Within the tumor-bearing animals neither DOX nor
ET affected LV oxidative stress, or the LV anti-oxidative
enzymes measured (Table 2). Similarly, neither ET nor
tumor-burden affected LV oxidative stress or anti-oxida-
tive enzyme activity within no-DOX groups (Supplemen-
tal Table 6, Additional File 1).

LV histology
DOX did not affect LV capillary density within the tumor-
bearing animals, although there was a non-significant

trend towards decreasing capillary density (P=0.063,
Fig. 5A). However, DOX did significantly decrease LV
capillaries per myocardial cells in both DOX-treated
groups compared to untreated groups (Fig. 5B). Within
tumor-bearing mice neither DOX nor ET affected the
average transversal LV cardiomyocyte size, nor did ET
affect the LV capillary density or LV capillaries per cell
(Fig. 5). Within no-DOX groups ET and tumor-burden
had no effect on LV capillary density, number of capillar-
ies per cell or cell size (Supplemental Fig. 6, Additional
File 1).
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Table 1 The left ventricle mitochondrial respiration parameters
Tumor Tumor Exercise Tumor DOX Tumor DOX DOX Exercise DOX x
N=10 N=8 N=12 Exercise effect effect Exer-
N=9 cise
LEAK (pmol/(sxmDNA)) 0.004+0.003 0.003+0.002 0.007 +£0.004 0.005+0.003 0.024 0.097 0.53
(pmol/(sxmq)) 14.1+119 12.8+6.7 2540+11.79 177125 0.030 0.23 038
(pmol/(sxCS)) 45432 40+2.1 1434109 57+39 0.023 0.14 0.12
CI-OXPHOS (pmol/(sxmDNA)) 0.041+0.016 0.037+0.012 0.044+0.014 0.047+0.010 0.14 0.85 049
(pmol/(sxma)) 141.6+43.6 165.3+38.2 156.2+28.8 1733+42.7 037 0.11 0.79
(pmol/(sxCS)) 479+80 5104120 95.0+889 5844135 0.11 031 023
CI&CII-OXPHOS (pmol/(sxmDNA)) 0.14+0.03 0.12+£0.04 0.15+£0.05 0.14+0.03 0.098 0.30 0.73
(pmol/(sxma)) 4926+96.3 5184+97.19 541.1+839 537.1+998 0.28 0.72 0.63
(pmol/(sxCS)) 180.0+66.8 160.8+35.3 320.0+270.3 181.0+31.9 0.12 0.13 0.25
ETS max (pmol/(sxmDNA)) 0.14+0.03 0.12+0.05 0.17£0.05 0.15+£0.03 0.06 0.22 0.81
(pmol/(sxma)) 513.2+101.0 5344+101.7 580.6+83.0 564.6+106.9 0.13 094 0.56
(pmol/(sxCS)) 186.9+66.6 165.6+35.8 342.5+2864 189.9+31.5 0.10 0.11 0.23
CII-ETS (pmol/(sxmDNA)) 0.11+£0.02 0.09+0.04 0.12+0.04 0.11+£0.02 0.08 0.18 0.88
(pmol/(sxma)) 390.1+88.1 398.9+755 4352+60.6 4154+799 0.22 0.82 0.56
(pmol/(sxCS)) 1440+61.2 123.8+28.1 256.5+2124 13954222 0.12 0.10 0.24
CIV max (pmol/(sxmDNA)) 0.39+£0.10 0.38+0.2 045+0.2 046+0.2 0.23 0.89 042
(pmol/(sxmg)) 1393.3+2575 1601.2+547.6 15263+474.7 17255+701.6 0.49 027 1.00
(pmol/(sxCS)) 5074+169.1 491.1+£153.2 918.2+862.0 5759+220.3 0.14 0.28 0.33
Cyt Cresponse (%) 11.7+120 10.7+74 9.1+6.0 124+10.7 0.88 0.70 0.48
Coupling efficiency 0.92+0.06 0.93+0.03 0.86+0.06 0.91+0.06 0.045 0.07 0.27
(CS-activity/CIV) 0.39+0.11 0.39+0.12 0.31+0.15 0.38+0.12 0.049 046 0.65
x1073
Mitochondrial index 1823.8+301 24903+ 1359 1855.5 + 364 1889.8+403 0.21 0.12 0.16

Groups consist of subcutaneous 13TC—tumor bearing female FVB—mice with or without DOX treatment. All the values shown are mean+SD normalized to
mitochondrial index, tissue weight and citrate synthase activity respectively unless stated otherwise. Two—way ANOVA P-values are shown with P—values <0.05
are highlighted in bold. CI-OXPHOS = Complex 1 linked oxidative phosphorylation CI&ClI-OXPHOS = Complex 1 & Complex 2 linked oxidative phosphorylation,
ClI-ETS = Complex 2 linked electron transfer capacity, CIV max = maximal activity of complex 4, CS = citrate synthase, Cyt C = cytochrome C, DOX = doxorubicin, ETS

max = maximal electron transfer capacity, LEAK = respiration

Table 2 Left ventricle oxidative stress, anti-oxidative enzymes, and metabolic enzyme activities

Tumor Tumor Exercise  Tumor DOX Tumor DOX Exercise DOX effect Exercise effect DOX x Exercise
HOAD (umol/min/mg) 0.08+0.04 0.10£0.04 0.13+0.08 0.09+0.06 0.39 046 0.08
SOD-activity (%) 688+44 683+35 67.8+56 68.8+5.1 0.88 0.86 0.58
CAT-activity (umol/min/mg) 34.6+54  382+6.7 376+52 382484 0.38 0.27 034
LPX-level (uM/mQ) 364+54  379+£56 36.0+4.5 350+46 0.25 0.83 0.39
CARB-level (umol/mg) 115421 115422 124+26 11.0+£28 0.82 033 032
N-Number 15, 141080 1 170D 12,1147 11,12°0D.L%%

Groups consist of subcutaneous I3TC-tumor bearing female FVB-mice with or without DOX treatment. All the values mean+SD are presented relative to protein
amount unless stated otherwise with P-values for the two-way ANOVA tests. N-numbers apply to all assays unless stated otherwise with superscript. CARB = protein
carbonylation, CAT = catalase, DOX = doxorubicin, HOAD = 3-hydroxyacyl-CoA dehydrogenase, LPX = lipid peroxidation indicated by lipid hydroxyl peroxides, SOD

= superoxide dismutase

Discussion

The current study demonstrated that in DOX-treated
tumor-bearing mice, short-term ET was associated
with higher LV EF, greater LV-mass, lower LVGU, and
lower LV LDH activity and higher CS activity, com-
pared with non-exercised tumor-bearing DOX-treated
mice. The increased LVGU indicated by increased FDG-
uptake significantly correlates with loss of LV-mass and
the decrease in EF. The lower LDH activity suggests
decreased glycolysis or decreased lactate utilization and
may contribute to the blunted increase in cardiac glucose
uptake in DOX-treated exercised animals.

Effects of DOX on cardiac and skeletal muscle

Expectedly, we found DOX causing loss of body weight,
cardiac and skeletal muscle mass and to impair cardiac
function and affect cardiac vasculature, which are all in
agreement with previous findings [2—4, 20]. In the cur-
rent study the reduced LV-mass and the impaired mito-
chondrial function likely contributed to the impaired
cardiac function, which in turn together with the reduced
gastrocnemius muscle mass contributed to the decreased
physical activity of DOX-treated mice. Indeed, in our
study LV EF positively correlated with the LVM and
mitochondrial coupling and negatively with mitochon-
drial LEAK. DOX damages skeletal muscle contributing
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Fig. 5 Left ventricle histology of 13TC-tumor-bearing female FVB-mice. Capillary density (A), capillaries per cell (B) and transversal cell size (C) of groups
with or without DOX treatment. Exemplary PAS-stained histological 20x images with contrasts and tone adjusted for visibility only. Arrowheads denote
capillary vessels and two-way ANOVA P <0.05 are highlighted in bold. Panel A has group n-numbers (N) indicated with numbers above each group box-
plot. The data obtained for current manuscript in A-C from the tumor group without exercise and without doxorubicin treatment has been previously

published in Koivula et al. (2024) to support clinical findings [36]

to skeletal muscle weakness thus affecting voluntary
physical activity of mice [21]. DOX-treated breast cancer
patients have reduced exercise behaviors [22], but there
are contrasting results about DOX effects on rodent
physical activity [23, 24]. The differential DOX-effect on
physical activity could be due to differences in DOX-
dosing and tumor burden. In the current study voluntary
exercise was used, which is likely more comfortable than
forced running, and thus more feasible for individuals
with cancer. Furthermore, it has been shown that even
short-term low-intensity ET is protective against DOX-
induced toxicity in non-tumor-bearing mice [25, 26].
DOX has been shown to increase cardiac FDG-uptake
as a measure for LVGU in both preclinical and clinical
studies [11, 12]. In accordance with previous studies,
we found DOX to increase cardiac FDG-uptake which
is thus indicative of increased glucose uptake. This was
supported by the greater decrease in blood glucose dur-
ing FDG-PET imaging in the DOX-treated mice. Link
between DOX-induced increase in LVGU and increased
cardiac glucose consumption has been hard to confirm
due to its possibly short duration compared to persis-
tently increased FDG-uptake [12]. One in vitro study
showing that DOX increases specifically FDG-uptake
[13] while another in vitro study showed that for a short
duration glucose consumption was also increased along

with FDG-uptake [27]. In line with increased glucose
consumption DOX has been shown to increase car-
diac glycolytic activity [28]. We did not measure cardiac
immune cell infiltration, but recruitment of inflamma-
tory cells and their glucose utilization during tissue
damage could increase FDG-uptake, although in one
previous study DOX increased FDG-uptake also without
increased inflammatory infiltrate [13].

In the current study DOX-treated mice showed
increased mitochondrial electron leak, decreased cou-
pling efficiency, decreased CS/CIV ratio in LV-homoge-
nate, and decreased LV capillaries per myocardial cells,
which can impair energy production and availability,
thus making increased LVGU a possible compensatory
mechanism to maintain cardiac energy metabolism.
However, the LV EF inversely correlated with the cardiac
LVGU, suggesting that increased glucose uptake does
not serve to maintain cardiac function, and that the
increased FDG-uptake works as a marker of cardiac dys-
function. This is further supported by previous stud-
ies which linked DOX-induced LVGU directly with the
DOX-induced oxidative stress [12, 13]. Furthermore,
the inverse correlation between EF and cardiac LVGU is
supported by studies in cancer patients receiving anthra-
cycline chemotherapy, who exhibited increased cardiac
GU associated with decline in cardiac function [29, 30].
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Our findings also showed a negative correlation between
LVGU and LV-mass. This inverse relationship was not
present in CE-group which could be explained by the
prominent ET-induced LV-hypertrophy in this group.

Although previous evidence showed DOX to increase
cardiac oxidative damage [4], we did not find increased
oxidative damage of cardiac lipids or proteins. Some
studies similarly reported no increase in cardiac lipid
peroxidation or protein carbonylation in response to
treatment with DOX [26, 31], which could be due to the
timing of sample collection since DOX-administration,
which in our study unfortunately varied between tumor-
bearing animals due to tumor growth. DOX-induced oxi-
dative damage is an early event [27] and might therefore
be overlooked if measured after the oxidative damage has
been repaired or when damaged cells have been removed
via apoptosis.

Effects of ET on heart and skeletal muscle

In the current study DOX decreased mouse running
activity; however, there was an ET effect evidenced by
the significantly increased gastrocnemius CS activity.
FVB/NJ-mice have been shown to perform on average
4 km/night voluntary wheel-running [32], and in our
study no-DOX mice ran similar distances. Although ET
did not alleviate gastrocnemius atrophy in our study, the
increased CS activity is a beneficial alteration for the skel-
etal muscle function.

Evidence supports that more intense ET, usually per-
formed via forced treadmill exercise, and ET precondi-
tioning can yield greater beneficial effects on the heart
function, although lower intensity, i.e. voluntary wheel-
running, was also beneficial when performed concomi-
tantly with DOX treatment [3]. In one study, 6-week
wheel-running attenuated the shift in myocardial con-
tractile protein expression in DOX-treated non-tumor-
bearing rats, despite their running activity declining
approximately 50% by the end of the study [23]. Impor-
tantly, we found that nearly 4-week exercise blunted
DOX-induced cardiac functional impairment and atro-
phy, despite running activity of mice declining by the
end of the study. A meta-analysis of preclinical exercise
intervention studies with varying levels of exercise sup-
ported the mitigating effects of exercise on DOX-induced
cardiotoxicity [3]. However, the lowest exercise intensity
among these studies (2-week treadmill running 450 m/
day five days a week) did not mitigate DOX-induced car-
diotoxicity in melanoma-bearing male mice [33]. The
benefits of exercise may differ among the studies due to
differences in DOX-dosing and the cancer model since
cancer may alter the metabolic state with a wide array
of tumor-secreted factors. For example, our study shows
that despite CE-mice seemingly running less towards the
end of the study compared to TE-mice, they have more
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LV-hypertrophy, suggesting that cancer may blunt ET-
induced LV-hypertrophy, which could affect how well
exercise can counter functional impairment of the myo-
cardium. Tumor-burden alone also increased LVGU
over time, which could be indicative of increased cardiac
inflammation, further highlighting the importance of
employing tumor models in DOX-cardiotoxicity studies.
In line with this, blood glucose decreased more in tumor-
bearing mice compared to tumor-free during PET-imag-
ing, which is reasonable also considering tumor glucose
uptake.

In the current study the seemingly higher running
activity of the tumor-bearing no-DOX mice compared to
tumor-free mice is likely due to greater running underes-
timation in tumor-free mice towards the end of the study.
At the beginning of the study the running distances were
underestimated similarly for all mice because mice were
housed in pairs to improve mouse welfare, and the run-
ning-activity was assumed equal and halved for calcula-
tion activity per mouse although mice could use wheel
simultaneously. Due to tumor growth some mice were
euthanized earlier, leaving some tumor-bearing animals
housed alone causing less underestimation of their run-
ning activity.

Previously we found that greater mouse running activ-
ity with shorter ET duration can increase the LV capil-
larity of DOX-treated animals with lower cumulative
DOX-dose [34]. Previously we also found lower wheel-
running activity at a shorter duration to increase cardiac
capillarity in melanoma-bearing male mice [35]. How-
ever, in the current study ET did not improve LV capillar-
ity even within the no-DOX groups with higher physical
activity. These differing results could be explained by
variable DOX-dosing, exercise intensity and high vari-
ability within tumor-bearing groups.

To our knowledge, our study is the first to report that
exercise can blunt the DOX-induced increase in LVGU.
ET did not however reduce the DOX-induced mitochon-
drial uncoupling, although there was a trend towards
decreased LEAK and increased coupling efficiency in all
tumor-bearing exercised mice. Our results indicate that
in the exercised tumor-bearing DOX-treated animals,
the cardiac muscle shifts to use preferentially glucose via
aerobic pathway as was evidenced by the increased car-
diac CS activity and reduced cardiac LDH activity, signi-
fying possibly reduced glycolysis. However, we measured
overall LDH activity without differentiating its subtypes,
which means that decreased LDH activity in exercised
DOX-treated animals could also signify reduced car-
diac usage of lactate. Previously DOX has been shown
to increase cardiac glycolysis [28], which could contrib-
ute to DOX-mediated increase in LVGU. However, in
our current study the LDH activity was not increased in
unexercised DOX-treated mice, which could be because
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of different running duration/activity and DOX-dosing.
Differing from our current results, our previous study
showed increased LV LDH activity in DOX-treated mice
with higher wheel-running activity in shorter dura-
tion with smaller cumulative DOX-dose [34]. Similarly,
in the current study LV LDH activity increased in exer-
cised no-DOX mice which also ran more than DOX-
treated mice. Differing exercise intensity and duration
could explain the differences in our previous findings
and/or that the changes in total LV LDH activity reflect
the increase in the activity of different LDH subtypes.
Further investigation is needed into the contribution of
different LDH-subtypes in relation to cardiac glucose
uptake in DOX-mediated cardiotoxicity. More studies
are also needed on what causes the increased mitochon-
drial uncoupling (increased LEAK), for example it could
be speculated that there might be changes in uncoupling
protein expression. It is possible that increased LEAK
could drive increased glycolysis since LEAK makes the
electron transfer chain less efficient at producing energy
aerobically.

Limitations

Firstly, the mouse running activities might be underesti-
mated because the mice were housed in pairs (to reduce
stress) and assumed to run equally thus halving the wheel
readings, although mice were witnessed using the wheel
also simultaneously. Voluntary ET is also a compromise
as the exercise amount cannot be controlled; however, it
allows mice to move at a comfortable intensity according
to their natural circadian rhythm, thus reducing stress.
Secondly, the use of non-orthotopic breast cancer model
is a limitation, as the results might be different from the
orthotopic primary tumor model, which may have dif-
ferent profile of tumor-secreted factors. Non-orthotopic
model was used to avoid tumor location affecting mouse
running activity and inducing additional stress. How-
ever, subcutaneous models account for some tumor-
secreted factors and mimic a tumor which has spread
from mammary tissue to nearby regions. Thirdly, the dif-
ferent euthanasia times of the tumor-bearing mice may
increase the variability of endpoint parameters, making it
harder to detect smaller differences between the groups.
The animals were euthanized based on tumor size,
thus there was no direct selection according to cardiac
responses, which were the focus of the current study. Dif-
ferent euthanasia times could introduce survivor bias at
T3-measurements, representing animals with the slow-
est tumor growth or with the best treatment/exercise
response.
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Conclusions

In DOX-treated tumor-bearing mice, short-term volun-
tary wheel-running ET was associated with lower cardiac
GU, higher EF, greater LV-mass, higher CS activity and
lower LV LDH activity compared with non-exercised
tumor-bearing DOX-treated mice. Further studies are
needed to translate these findings into clinical level, and
to determine whether ET-induced reduction of LVGU
could predict improvement of cardiac outcomes in DOX-
treated patients. Future preclinical studies should more
often employ tumor-bearing models.

Abbreviations

cs Citrate synthase

DOX Doxorubicin

E/A Early to late ventricular filling velocity ratio
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PET Positron emission tomography

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512967-025-06108-y.

Supplementary Material 1: Additional file 1 consists of detailed materials
and methods as well as additional supportive data in figures and tables.
The additional figures and tables provide data and statistical comparisons
for testing the effects of cancer alone which support and supplement
the findings of the manuscript on the effects of doxorubicin in the tumor
bearing animals. The additional figures and tables also contain data that
was used to verify the training effect on the animals as well as additional
skeletal muscle data. Supplemental data verifying cardiac functional
changes association with changes in cardiac mass and mitochondrial
function are also provided

Acknowledgements

We would like to thank the staff of University of Turku Central Animal
Laboratory and the staff of University of Turku PET Centre for animal care
and imaging, respectively. We would like to extend a special thank you to
PET camera controller Aake Petteri Honkaniemi for his invaluable help with
PET-imaging.

Author contributions

Study design: Uurasmaa T-M, Saraste A, Nammas W, Roivainen A, Rundqvist
H, Autio A, Heinonen |, Anttila K; Animal experiments & mitochondrial
measurements: Uurasmaa T-M, Anttila K; PET-scans & data analysis: Liljenbéck
H, Uurasmaa T-M, Eskola O, Rajander J; Echocardiography & data analysis:
Nammas W, Saraste A, Uurasmaa T-M; IHC-staining & data analysis: Latifi S;
Enzymatic assays, gPCR & the data analysis: Bourdin P, Uurasmaa T-M; Statistics
& figure preparation: Uurasmaa T-M; Manuscript draft: Uurasmaa T-M, Latifi

S, Nammas W; Manuscript correction & approval: Uurasmaa T-M, Bourdin P,
Latifi S, Liljenback H, Saraste A, Nammas W, Eskola O, Rajander J, Roivainen A,
Rundqvist H, Autio A, Heinonen |, Anttila K; Supervision: Anttila K, Heinonen |,
Autio A, Rundgyvist H.

Funding

Turku University Foundation, Research Council of Finland (#350315, #350117),
Finnish Physiological Society, Lounaissuomalaiset Syopajarjestot, Jane and
Aatos Erkko Foundation, Finnish Foundation for Cardiovascular Research, and
State Research Funding of the Turku University Hospital.


https://doi.org/10.1186/s12967-025-06108-y
https://doi.org/10.1186/s12967-025-06108-y

Uurasmaa et al. Journal of Translational Medicine (2025) 23:89

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All animal experiments were performed in compliance with the European
Union directive 2010/EU/63 on the protection of animals used for scientific
purposes and were approved by the national Project Authorization Board in
Finland (license number: ESAVI/26508/2021).

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no competing interests. Antti Saraste
discloses speaker fees or consultancy fees from Abbott, Astra Zeneca, BMS,
Janssen and Pfizer. Anu Autio discloses current employment in MSD Finland.

Author details

‘Department of Biology, University of Turku, Turku, Finland

Turku PET Centre, University of Turku, Turku University Hospital, Turku,
Finland

*Turku Center for Disease Modeling, University of Turku, Turku, Finland
“Heart Centre, Turku University Hospital and University of Turku, Turku,
Finland

Accelerator Laboratory, Abo Akademi University, Turku, Finland
SInFLAMES Research Flagship, University of Turku, Turku, Finland
7Department of Laboratory Medicine, Karolinska Institute, Stockholm,
Sweden

Received: 7 October 2024 / Accepted: 8 January 2025
Published online: 21 January 2025

References

1. ZhengH, Zhan H. Preventing anthracycline-associated heart failure: what is
the role of dexrazoxane? JACC CardioOncol. 2024:6:318-21.

2. Gaytan SL, Lawan A, Chang J, et al. The beneficial role of exercise in prevent-
ing doxorubicin-induced cardiotoxicity. Front Physiol. 2023;14:1133423.

3. Naaktgeboren WR, Binyam D, Stuiver MM, et al. Efficacy of physical exercise
to offset anthracycline-induced cardiotoxicity: a systematic review and meta-
analysis of clinical and preclinical studies. J Am Heart Assoc. 2021;10:¢021580.

4. Dozic S, Howden EJ, Bell JR, Mellor KM, Delbridge LMD, Weeks KL. Cellular
mechanisms mediating exercise-induced protection against cardiotoxic
anthracycline cancer therapy. Cells. 2023;12:1312.

5. Foley JM, Stark KD, Zajchowski S, Meckling KA. Fatty acids and exercise affect
glucose transport but not tumour growth in F-344 rats. Can J Appl Physiol.
2004;29:604-22.

6. Afzal M, Greco F, Quinzi F, et al. The effect of physical activity/exercise on
mirna expression and function in non-communicable diseases—a systematic
review. Int J Mol Sci. 2024;25:6813.

7. Kang D-W, Dawson JK, Barnes O, et al. Resistance exercise and skeletal
muscle-related outcomes in patients with cancer: a systematic review. Med
Sci Sports Exerc. 2024;56:1747-58.

8. Sequeira CM, Martins MA, Alves R, et al. Aerobic exercise training attenuates
doxorubicin-induced ultrastructural changes in rat ventricular myocytes. Life
Sci. 2021,264:118698.

9. ParryTL, Hayward R. Exercise training does not affect anthracycline antitumor
efficacy while attenuating cardiac dysfunction. Am J Physiol Regul Integr
Comp Physiol. 2015;309:675.

10. Russo M, Della Sala A, Tocchetti CG, Porporato PE, Ghigo A. Metabolic aspects
of anthracycline cardiotoxicity. Curr Treat Options Oncol. 2021;22:18.

11, Bulten BF, Sollini M, Boni R, et al. Cardiac molecular pathways influenced by
doxorubicin treatment in mice. Sci Rep. 2019;9:2514.

12. Bauckneht M, Cossu V, Miceli A, et al. FDG-PET imaging of doxorubicin-
induced cardiotoxicity: a new window on an old problem. Curr Cardiovasc
Imaging Rep. 2019;12:41.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 12 of 13

Bauckneht M, Pastorino F, Castellani P, et al. Increased myocardial 18F-FDG
uptake as a marker of doxorubicin-induced oxidative stress. J Nucl Cardiol.
2020;27:2183-94.

Bauckneht M, Ferrarazzo G, Fiz F, et al. Doxorubicin effect on myocardial
metabolism as a prerequisite for subsequent development of cardiac toxicity:
a translational 18 F-FDG PET/CT observation. J Nucl Med. 2017;58:1638-45.
Weiland A, Roswall P, Hatzihristidis TC, Pietras K, Ostman A, Strell C. Fibroblast-
dependent regulation of the stem cell properties of cancer cells. Neoplasma.
2012,59:719-27.

Rundqvist H, Velica P, Barbieri L, et al. Cytotoxic T-cells mediate exercise-
induced reductions in tumor growth. Elife. 2020;9:¢59996.

Rainio O, Han C, Teuho J, et al. Carimas: an extensive medical imaging data
processing tool for research. J Digit Imaging. 2023;36:1885-93.

Canté C, Garcia-Roves PM. High-resolution respirometry for mitochon-

drial characterization of ex vivo mouse tissues. Curr Protoc Mouse Biol.
2015;5:135-53.

Uurasmaa T-M, Streng T, Alkio M, Heinonen |, Anttila K. Short-term exercise
affects cardiac function ex vivo partially via changes in calcium chan-

nel levels, without influencing hypoxia sensitivity. J Physiol Biochem.
2021;77:639-51.

Wang F, Iskra B, Kleinerman E, et al. Aerobic exercise during early murine
doxorubicin exposure mitigates cardiac toxicity. J Pediatr Hematol Oncol.
2018;40:208-15.

Smuder AJ, Kavazis AN, Min K, Powers SK. Exercise protects against
doxorubicin-induced markers of autophagy signaling in skeletal muscle. J
Appl Physiol. 2011;111:1190-8.

Crowgey T, Peters KB, Hornsby WE, et al. Relationship between exercise
behavior, cardiorespiratory fitness, and cognitive function in early breast
cancer patients treated with doxorubicin-containing chemotherapy: a pilot
study. Appl Physiol Nutr Metab. 2014;39:724-9.

Hydock DS, Wonders KY, Schneider CM, Hayward R. Voluntary wheel running
in rats receiving doxorubicin: effects on running activity and cardiac myosin
heavy chain. Anticancer Res. 2009;29:4401-7.

Wakefield ZR, Tanaka M, Pampo C, et al. Normal tissue and tumor microen-
vironment adaptations to aerobic exercise enhance doxorubicin anti-tumor
efficacy and ameliorate its cardiotoxicity in retired breeder mice. Oncotarget.
2021;12:1737-48.

Lien C-Y, Jensen BT, Hydock DS, Hayward R. Short-term exercise train-

ing attenuates acute doxorubicin cardiotoxicity. J Physiol Biochem.
2015;71:669-78.

Chicco AJ, Hydock DS, Schneider CM, Hayward R. Low-intensity exercise
training during doxorubicin treatment protects against cardiotoxicity. J Appl
Physiol. 2006;100:519-27.

Hrelia S, Fiorentini D, MaraldiT, et al. Doxorubicin induces early lipid peroxida-
tion associated with changes in glucose transport in cultured cardiomyo-
cytes. Biochim et Biophys Acta (BBA) - Biomembr. 2002;1567:150-6.
Carvalho RA, Sousa RPB, Cadete VJJ, et al. Metabolic remodeling associated
with subchronic doxorubicin cardiomyopathy. Toxicology. 2010;270:92-8.
Sarocchi M, Bauckneht M, Arboscello E, et al. An increase in myocardial
18-fluorodeoxyglucose uptake is associated with left ventricular ejection
fraction decline in Hodgkin lymphoma patients treated with anthracycline. J
Transl Med. 2018;16:295.

Kim J, Cho S-G, Kang S-R, et al. Association between FDG uptake in the right
ventricular myocardium and cancer therapy-induced cardiotoxicity. J Nucl
Cardiol. 2020;27:2154-63.

Moulin M, Piquereau J, Mateo P, et al. Sexual dimorphism of doxorubicin-
mediated cardiotoxicity. Circ Heart Fail. 2015;8:98-108.

Lerman |, Harrison BC, Freeman K; et al. Genetic variability in forced and
voluntary endurance exercise performance in seven inbred mouse strains. J
Appl Physiol. 2002;92:2245-55.

Sturgeon K, Schadler K, Muthukumaran G, et al. Concomitant low-dose
doxorubicin treatment and exercise. Am j Physiol Regul Integr comp Physiol.
2014;307:R685-92.

Uurasmaa T-M, Ricardo C, Autio A, Heinonen IHA, Rundqvist H, Anttila K. Vol-
untary wheel running reduces tumor growth and increases capillarity in the
heart during doxorubicin chemotherapy in a murine model of breast cancer.
Front Physiol. 2024;15:1347347.

Uurasmaa T-M, Streng T, Alkio M, Karikoski M, Heinonen |, Anttila K. Subcuta-
neous B16 melanoma impairs intrinsic pressure generation and relaxation of
the heart, which are not restored by short-term voluntary exercise in mice.
Am J Physiol Heart Circ Physiol. 2022,322:H1044-56.



Uurasmaa et al. Journal of Translational Medicine (2025) 23:89

36. Koivula T, Uurasmaa T-M, Han C, et al. Myocardial blood flow in newly
diagnosed breast cancer patients at rest and during exercise. iScience.
2024,27:111081.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 13 of 13



	﻿Exercise training partly ameliorates cardiac dysfunction in mice during doxorubicin treatment of breast cancer
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals and the experimental protocol
	﻿Echocardiography
	﻿PET/CT-imaging
	﻿Mitochondrial respiration from tissue homogenate
	﻿Histology
	﻿Enzymatic assays and oxidative stress measurements
	﻿Statistical analysis

	﻿Results
	﻿General observations
	﻿Echocardiogram results
	﻿LVGU and enzyme activities
	﻿Mitochondrial function in the LV homogenate
	﻿Oxidative stress and anti-oxidative enzymes in the LV
	﻿LV histology

	﻿Discussion
	﻿Effects of DOX on cardiac and skeletal muscle
	﻿Effects of ET on heart and skeletal muscle
	﻿Limitations

	﻿Conclusions
	﻿References


