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ABSTRACT 
Breast cancer patients treated with anthracycline chemotherapeutics such as 
doxorubicin (DOX) have increased risk of cardiomyopathy. Studies suggest that 
exercise training (ET) might increase the efficacy of DOX and reduce its cardiotoxic 
effect, but ET effects on tumor and cardiac pathophysiology are not yet fully known. 
This thesis aimed to elucidate the effects of voluntary wheel running ET during DOX 
treatment on the tumor growth and DOX induced cardiotoxicity. The thesis focused 
particularly on the ET induced alterations in the tumor and heart glucose uptake, 
mitochondrial metabolism, and blood flow.  

Female FVB-mice subcutaneously inoculated with I3TC-mammary tumor cells or 
saline were given running wheels with DOX or saline treatment. The heart function 
was measured at baseline and after two (T2) and four DOX doses (T3). Heart and 
tumor glucose uptake were measured with positron emission tomography (PET) at T2 
and T3. Tumor blood flow and blood mean transit time (MTT) were measured with 
PET at T2. Several molecular variables were also measured from the tumors and 
hearts. The Study I showed that ET inhibits tumor growth by increasing tumor 
apoptosis without vascular normalization. ET also increased left ventricle (LV) 
capillarity and lactate dehydrogenase (LDH) activity. Study II revealed that DOX 
reduced over time mouse running activity, body weight, LV mass, ejection fraction, 
LV capillarity and mitochondrial coupling, and increased LV glucose uptake. ET 
ameliorated all of these changes except body weight loss and capillary rarefaction. 
Furthermore, ET increased LV citrate synthase activity of all mice and decreased LV 
LDH activity in DOX treated mice. Study III revealed that a longer time period ET 
with lower running activity than in Study I reduces tumor metabolic volume, 
maximum glucose uptake without affecting total lesion glycolysis, mitochondrial 
function or tumor growth. Initially at T2 ET without DOX reduced tumor MTT, blood 
vessel α-smooth muscle actin coverage, larger vessel density and caused a trend 
towards improved blood flow, but vascular changes did not persist until T3. This thesis 
clearly reveals beneficial effects of ET on tumor and heart glucose uptake and blood 
flow warranting further studies with more effective DOX treatment and more intense 
ET, particularly regarding tumor effects. 
KEYWORDS: cardiac dysfunction, physical activity, chemotherapy, heart function, 
oxidative stress, mitochondrial function, blood flow, glucose uptake  
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TURUN YLIOPISTO 
Matemaattis-luonnontieteellinen tiedekunta 
Biologian laitos 
Tytti-Maria Uurasmaa: Liikunnan vaikutukset kasvaimen ja sydämen 
patofysiologiaan doksorubisiini kemoterapian aikana hiiren rintasyöpä 
mallissa – tutkimuksia glukoosinotosta, verenvirtauksesta ja 
mitokondrioiden toiminnasta 
Väitöskirja, 169 s. 
Biologian, maantieteen ja geologian tohtoriohjelma (BGG) 
Heinäkuu 2025 

TIIVISTELMÄ 
Rintasyöpäpotilailla, joita on hoidettu antrasykliinikemoterapialla, kuten doksorubi-
siinilla (DOX), on suurentunut kardiomyopatian riski. Tutkimusten mukaan liikunta 
voisi tehostaa DOX-hoitoa ja vähentää sen kardiotoksisuutta, mutta liikunnan 
vaikutuksia kasvainten ja sydämen patofysiologiaan ei täysin tunneta. Väitöskirjassa 
selvitettiin vapaaehtoisen juoksupyöräliikkunnan vaikutuksia kasvaimen kasvuun ja 
DOX:n aiheuttamaan kardiotoksisuuteen DOX-hoidon aikana hiirillä, keskittyen 
etenkin liikunnan vaikutuksiin glukoosinottoon, verenkiertoon ja mitokondrioihin 

FVB-hiiri naaraiden ihon alle injektoitiin I3TC-rintasyöpäsoluja tai suolaliuosta ja 
niille annettiin juoksupyörät. Hiiriä hoidettiin DOX:lla tai suolaliuoksella ja sydämen 
toimintaa mitattiin lähtötilanteessa sekä kahden (T2) ja neljän (T3) DOX-annoksen 
jälkeen. Positroniemissiotomografialla (PET) mitattiin sydämen ja kasvaimen 
glukoosinottoa T2:ssa ja T3:ssa. Kasvaimen verenvirtaus ja veren keskimääräinen 
läpikulkuaika (MTT) mitattiin PET:lla T2:ssa. Kasvaimista ja sydämistä mitattiin 
myös molekyylitason muuttujia. Tutkimus I osoitti liikunnan estävän kasvaimen 
kasvua lisäämällä apoptoosia ilman verisuonten normalisoitumista. Liikunta lisäsi 
myös vasemman kammion (LV) laktaattidehydrogenaasin (LDH) aktiivisuutta ja 
hiussuonitusta. Tutkimus II paljasti DOX:n vähentävän ajan mittaan hiirten juokse-
mista, painoa, ejektiofraktiota, LV:n massaa, LV:n hiussuonitusta ja mitokondrioiden 
kytkentää sekä lisäävän LV:n glukoosinottoa. Liikunta lievitti kaikkia näitä muutoksia 
paitsi painonpudotusta ja hiussuonten harventumista. Liikunta lisäsi myös LV:n 
sitraattisyntaasin aktiivisuutta kaikilla hiirillä ja vähensi LV:n LDH:n aktiivisuutta 
DOX-hoidetuilla hiirillä. Tutkimus III paljasti, että pidempi liikuntajakso alhai-
semmalla juoksumäärällä kuin tutkimuksessa I vähensi kasvaimen maksimi glukoo-
sinottoa ja glukoosinottoa suuren aineenvaihdunnan alueella vaikuttamatta koko 
kasvaimen glukoosinottoon, mitokondrioiden toimintaan tai kasvuun. Aluksi, T2:ssa, 
liikunta ilman DOX:ia vähensi kasvaimen MTT:tä, α-sileälihas aktiinin peittävyyttä 
verisuonissa, suurien verisuonien tiheyttä ja aiheutti lähes merkittävän nousun 
kasvaimen verenvirtauksessa, mutta verisuonimuutokset eivät säilyneet T3:n asti. 
Väitöskirja osoittaa selkeästi liikunnan hyödylliset vaikutukset kasvaimen ja sydämen 
glukoosinottoon ja verenkiertoon. Jatkotutkimuksia tarvitaan tehokkaamman DOX-
hoidon ja intensiivisemmän liikunnan vaikutuksista etenkin kasvaimiin. 
ASIASANAT: sydämen toimintahäiriö, fyysinen aktiivisuus, kemoterapia, sydämen 
toiminta, oksidatiivinen stressi, mitokondrioiden toiminta, verenkierto, glukoosinotto.  
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1 Introduction 

Breast cancer is the most common cancer in women, as well as the leading cause of 
cancer death in women (Bray et al., 2024). The incidence of breast cancer is growing 
in high-income countries, with low-income countries having lower incidence but 
disproportionally higher breast cancer mortality (Bray et al., 2024). Accordingly, in 
Finland the yearly breast cancer incidence has been growing while the mortality has 
been declining, but with breast cancer remaining the most common cause of cancer 
related death in women under 70 years of age (Pitkäniemi et al., 2024). The increase 
in breast cancer incidence and the overall higher incidence in high-income countries 
could be due to lifestyle factors such as exposure to oral contraceptives, alcohol 
consumption, high-fat diet, and physical inactivity, as well as due to better detection 
of breast cancer (Bray et al., 2024).  

Despite the increasing incidence of breast cancer in high-income countries, the 
mortality rates of breast cancer have been in the decline since 1990s (Bray et al., 
2024). With the improved survival of cancer patients, the prevalence of the long-
term health effects of the cancer treatments are becoming more common (Jiang et 
al., 2022). It has been shown that breast cancer patients who have received 
anthracycline chemotherapy treatment have a higher risk of heart failure and 
cardiomyopathy compared to patients without history of anthracycline treatment 
(Greenlee et al., 2022). 

Doxorubicin (DOX) is one of the most commonly used anthracycline 
chemotherapies and it is used, for example, to treat many solid tumors like breast 
cancer (Octavia et al., 2012). The exact mechanisms in which anthracyclines like 
DOX drive cardiotoxic effects are still not fully understood, but it is known that 
DOX affects the heart via multiple mechanisms and particularly via inhibiting 
topoisomerase IIβ (T OP IIβ), which is expressed throughout the cell cycle even in 
post mitotic cells, and for example within the myocardium (Capranico et al., 1992; 
Zhang et al., 2012). The proposed mechanisms underlying doxorubicin-induced 
cardiac toxicity (DCT) include cardiac apoptosis, calcium dysregulation, 
inflammation, oxidative stress and particularly mitochondrial dysfunction (Linders 
et al., 2024). The cardiotoxic effects of cancer treatments not only affect patient 
prognosis, but also limit the use of the drug affecting their treatment efficacy. 
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Treatment efficacy is also affected by development or the presence of chemotherapy 
resistant cancer cells, with chemotherapy resistance contributing to cancer mortality. 
Therefore, it is important to find ways to reduce cardiotoxic effects of common 
cancer treatments like DOX but also to enhance their efficacy.  

Higher physical activity is associated with lower risk of cancers such as colon 
cancer and breast cancer, as well as lower risk of cardiovascular disease (Lee 2003). 
Exercise has been recognized as a potential adjunct therapy for cancer patients, as it 
has low risk of side effects, low cost and easy access. Exercise after breast cancer 
treatment can lower patient fatigue, improve physical activity level, aerobic fitness, 
muscular strength, functional quality of life, lower anxiety, and increase self-esteem 
(Speck et al., 2010). Some studies have also suggested that exercise could potentially 
improve chemotherapy efficacy in clinical and preclinical setting (Yang et al., 2021). 
Furthermore, exercise has been shown to be effective at combating DCT particularly 
in the preclinical setting (Dozic et al., 2023). However, the mechanisms in which 
exercise protects the heart from DCT and boosts chemotherapy efficacy not yet 
completely understood.  

Exercise can likely attenuate DCT and potentially boost the chemotherapy 
efficacy via multiple mechanisms. So far, the alterations in the vascularity, blood 
flow and glucose metabolism remain understudied, particularly in breast cancer, and 
this thesis will aim to increase the knowledge on how these variables change the 
heart and tumor during exercise intervention done concomitantly with DOX 
treatment of breast cancer. Particularly, this thesis will focus on investigating how 
exercise could modify mammary tumor blood flow, vasculature, and mitochondrial 
function during DOX treatment. In addition, the investigation will focus on DOX 
induced vascular effects, oxidative stress, mitochondrial function and related 
metabolic enzyme function in the heart, and how exercise could alter these. 
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2 Review of the Literature 

2.1 Breast cancer 

2.1.1 Subtypes 
Breast cancers arise in the cells of the collecting ducts in the breast within the 
terminal duct lobular units (Harbeck et al., 2019). Like all cancers breast cancer cells 
become cancerous by accumulating genetic mutations that enable them to express 
the hallmarks of cancer, such as apoptosis evasion, insensitivity to anti-growth 
signals as well as ability to make their own growth signals, induce angiogenesis, and 
to metastasize (Harbeck et al., 2019). Metastases are the cause of death in most 
cancers because they disrupt organ function at the site of metastasis; with breast 
cancer most often metastasizing into bone, axillary lymph nodes, liver, and lungs 
(Harbeck et al., 2019). World Health Organization (WHO) has classified breast 
cancer by histological and molecular classification into 19 different subtypes with 
ductal carcinoma of no special type (NST) being the most common subtype (Harbeck 
et al., 2019; Weigelt et al., 2008).  

Breast cancers are often divided clinically to five subtypes (Table 1) which are 
the triple negative breast cancer (TNBC), human epidermal growth factor 2 (HER2) 
enriched non-luminal type, and three luminal-types characterized by being positive 
for oestrogen receptor-α (ER+) and progesterone receptor (PR+) (Harbeck et al., 
2019). The luminal subtypes are luminal B-like positive for HER2 (HER2+), luminal 
B-like negative for HER2 (HER2‒), and luminal A-like, which is also HER2‒ 
(Harbeck et al., 2019). Besides the expression status of the ER, PR, and HER2, the 
classification is further based on proliferation marker Ki67 expression and the grade 
of the tumor, which is determined according to number of cell divisions, proportion 
of cells in tubular formation, and variation in cell nuclei size and shape (Harbeck et 
al., 2019). TNBC has the highest grade and Ki67 expression, while luminal A-like 
breast cancer has the lowest Ki67 expression, lowest grade, and the best prognosis 
(Harbeck et al., 2019). Cancer prognosis and tumor growth depend on molecular 
characteristics of the tumor which affect things such as tumor vascularity and 
oxygenation. 
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Table 1.  The features of common breast cancer subtypes (Harbeck et al., 2019). 

  
TNBC 

HER2-enriched 
non-luminal 

Luminal  
B-like HER+ 

Luminal  
B-like HER‒ 

Luminal  
A-like 

ERα ‒ ‒ + ++ +++ 

PR ‒ ‒ + ++ +++ 

HER2 ‒ ++ + ‒ ‒ 

Ki67 +++++ ++++ +++ ++ + 

Grade +++++ ++++ +++ ++ + 

Associated 
histotypes 

NST, 
metaplastic, 

adenoid cystic, 
medullary-like, 

secretory 

NST NST, 
pleiomorphic 

NST, 
micropapillary, 

lobular 
pleiomorphic 

NST, tubular 
cribriform, 

classic lobular 

TNBC = Triple negative breast cancer, HER2 = human epidermal growth factor 2, ERα = oestrogen 
receptor α, PR = progesterone receptor, Ki67 = proliferation marker antigen Kiel 67, NST = Non-
specific type, + = positive expression or grade level, ‒ = negative/no expression. 

2.1.2 Tumor vascularity and hypoxia 
Many cancer cells can secrete or induce the secretion of pro-angiogenic factors that 
are used to communicate with the cells of the tumor microenvironment to trigger the 
formation of new vasculature, termed as angiogenesis. Vasculature is required to 
allow rapid tumor growth because it allows sufficient delivery of nutrients for 
cellular growth and proliferation. In cancer cells, and normal cells, the angiogenesis 
is regulated by anti-angiogenic factors and pro-angiogenic factors, such as fibroblast 
growth factor (FGF) and vascular endothelial growth factor (VEGF). These factors 
regulate the proliferation, survival, and migration of vascular endothelial cells (EC) 
that form the inner lining of blood vessels (Madu et al., 2020). 

The dysregulation of the pro-angiogenic and anti-angiogenic factors that regulate 
angiogenesis causes tumors to be in a constant pro-angiogenic state which generates 
improperly matured abnormal vasculature. Tumor blood vessel often have abnormal 
ECs and abnormal pericyte coverage which causes blood vessel leakiness and 
dilation which both contribute to poor tumor perfusion and hypoxia (Morikawa et 
al., 2002a). The increased fluid leakage between tumor cells (excess interstitial fluid) 
leads to increased tumor interstitial pressure which further hinders tumor perfusion 
(Morikawa et al., 2002a). Pericytes in tumors are sometimes detected using the 
contractile filament α-smooth muscle actin (α-SMA) as a marker (Gomes-Santos et 
al., 2021a) and it is also a marker of smooth muscle and thus blood vessel 
arterialization. The α-SMA is expressed in pericytes of venules, arterioles, and 
capillaries in different quantities, and often in abnormal quantities in tumor pericytes 
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which contributes to abnormal tumor vasculature function (Alarcon-Martinez et al., 
2018; Bergers & Song, 2005; Morikawa et al., 2002a). 

Due to the abnormal vasculature many cancer regions are poorly perfused and 
hypoxic despite the presence of blood vessels (Buss et al., 2020). Hypoxia is an 
important stimulator angiogenesis in tumors and in normal cells. Hypoxia inducible 
factors (HIFs) function as transcription factors that regulate expression of multiple 
pro-angiogenic genes like VEGF. Importantly, tumor hypoxia, detected using 
hypoxia markers such as Carbonic anhydrase IX (CA IX) and HIF1-α, is linked to 
poor prognosis and treatment resistance in breast cancer (Chia et al., 2001; Generali 
et al., 2006). The abnormal tumor vasculature promotes cancer metastasis, but also 
makes it more difficult for most cancer drugs to penetrate the tumor due to inefficient 
tumor perfusion (Bergers & Song, 2005; Madu et al., 2020). Inefficient tumor 
perfusion also alters tumor metabolism because HIFs regulate several genes involved 
in expression of metabolic enzymes.  

2.1.3 Tumor metabolism 
Increased tissue glucose utilization is common in cancer, and in mammary tumor 
cells the glycolytic changes have been shown to correlate with the increased glucose 
uptake (Alvarez et al., 2014). Increased tumor glucose accumulation is usually 
detected using positron emission tomography (PET) imaging and radioactive tracer, 
glucose analog 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) which is not fully 
metabolized and accumulates in cells. Tumor cells often accumulate more [18F]FDG 
than surrounding tissue because of their high metabolic activity and preference to 
utilize glycolysis to produce energy over utilizing mitochondrial oxidative 
phosphorylation (OXPHOS). 

 The preference of the tumor to produce energy through glycolysis even when 
there is enough oxygen and functional mitochondria has been termed as the Warburg 
effect. In glycolysis glucose is converted to pyruvate in a series of reactions in 
cytoplasm and the pyruvate can enter tricarboxylic acid (TCA) cycle or be used to 
generate lactate. In TCA cycle pyruvate is converted to acetyl-CoA and then to 
citrate by citrate synthase (CS) followed by series of reactions generating several 
compounds used in cellular metabolism. Importantly, these reactions generate 
oxidized nicotinamide adenine dinucleotide (NADH) and flavin adenine 
dinucleotide (FADH2) which fuel the OXPHOS in mitochondrial electron transport 
system (ETS) producing ATP in aerobic conditions (Figure 1). In Warburg effect 
there is increased conversion of pyruvate to lactate via lactate dehydrogenase (LDH) 
without requirement for oxygen. Lactate maintains acidic tumor microenvironment 
which favors metastasis and angiogenesis and is immunosuppressive (de la Cruz-
López et al., 2019). The LDH A preferentially utilizes the cellular pyruvate to 
generate lactate while LDH B does the opposite with preference to bind with lactate. 
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Figure 1. The Warburg effect, the glycolysis and mitochondrial electron transfer system (ETS) and 

its reactions. First glucose is converted to pyruvate in glycolysis. Pyruvate can be 
transported to the mitochondria to the tricarboxylic acid cycle (TCA) which produces 
high energy compounds needed in the ETS. Alternatively, pyruvate can be converted to 
lactate by lactate dehydrogenase in a reaction that does not require oxygen. In Warburg 
effect (red arrows) that happens within tumors the glycolysis and lactate production is 
increased even in the presence of sufficient oxygen. In ETS the hydrogen ions (protons) 
are pumped from the mitochondrial matrix into the mitochondrial intermembrane space 
via series of electron transfer reactions done by the mitochondrial complexes I-V and 
the electron carriers Cytochrome C (Cyt C) and Coenzyme Q (Q). The protons and 
electrons originate from the tricarboxylic cycle (TCA) where nicotinamide adenine 
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are produced and which 
are then dehydrogenated by the mitochondrial complexes I and II. The electron transfer 
ends with reduction of oxygen which generates water. The proton gradient generated 
between mitochondrial intermembrane space and matrix drives the proton current back 
to matrix through ATP synthase in a process where ATP is generated from ADP. 

How Warburg effect benefits cancer cells remains incompletely understood, 
considering that glycolysis is less efficient to produce ATP than OXPHOS and that 
tumors utilizing Warburg effect often still have a significant level of mitochondrial 
respiration. Some of the proposed benefits of Warburg effect are for example more 
rapid ATP generation and the lactate production to acidify tumor microenvironment 



Review of the Literature 

 17 

(Liberti & Locasale, 2016). Glycolysis is faster than mitochondrial OXPHOS thus 
potentially giving cancer cells a competitive edge over limited substrates (Liberti & 
Locasale, 2016). Furthermore, it has been suggested that increased glycolysis may 
affect mitochondrial reactive oxygen species (ROS) generation via altering substrate 
balance for OXPHOS, which can promote cell signaling that induces inflammation, 
angiogenesis, and metastasis (Aggarwal et al., 2019; Liberti & Locasale, 2016).  

Although ROS is important for cell signaling, particularly in tumor cells, 
excessive production of ROS can lead to oxidative stress and cellular damage and 
even apoptosis through mitochondrial release of cytochrome C (Cyt C). Oxidative 
stress is caused by imbalance between the oxidative species like ROS and the cellular 
antioxidants. Antioxidant molecules like glutathione (GSH) and antioxidative 
enzymes like superoxide dismutase (SOD) both scavenge ROS, with SOD 
generating H2O2 which catalase (CAT) then removes generating water and oxygen. 
Mitochondria are a natural source of cellular ROS and cancer cells have increased 
production of ROS thanks to their high metabolic activity. 

 Despite the Warburg effect, many cancer cells still depend on mitochondrial 
OXPHOS. Accordingly, it has been shown that uncoupling the mitochondrial ETS 
inhibits breast cancer cell proliferation and breast tumor growth by for example 
diminishing ATP production and increasing ROS accumulation and apoptosis 
(Sanchez-Alvarez et al., 2013; Zunica et al., 2021). The mitochondrial uncoupling, 
often quantified by mitochondrial respiratory control ratio (RCR), is descriptive of 
mitochondrial coupling efficiency. RCR is the ratio of complex I driven maximal 
respiration to state 4 respiration uncoupled from ATP production, which is measured 
in absence of ADP and without uncouplers. State 4 respiration is therefore oxygen 
consumption not related to ATP generation and it is considered a measure of proton 
leak through the mitochondrial membrane (LEAK). The mitochondrial uncouplers 
are a potential cancer treatment, but their use is hindered by their effect on non-
cancer cells. For example, uncoupling the tumor associated fibroblasts has been 
shown to promote tumor growth by increasing the ‘fueling’ of epithelial cancer cells 
in a paracrine fashion (Sanchez-Alvarez et al., 2013; Zunica et al., 2021). 

2.1.4 Breast cancer treatments 
Radiation therapy, surgical removal of tumors, and pharmacological treatments are 
used to treat cancer in different combinations, with neoadjuvant therapy 
administered before surgery and adjuvant therapy after surgery. Several 
pharmacological treatments exist for breast cancer, among which are 
immunotherapies, cytotoxins affecting predominantly fast dividing cells, and 
targeted cancer therapies, such as hormone therapies. Amongst the commonly used 
chemotherapeutic treatments are the broad-spectrum anthracycline antibiotics that 
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can be used to treat haematological cancers and several different solid tumors, such 
as breast cancer tumors (Octavia et al., 2012). The current recommendation for breast 
cancer treatment states that endocrine therapy with or without targeted therapy, 
depending on the other molecular characteristics, is recommended for all luminal-
like HER2‒ breast cancers (Harbeck et al., 2019). For HER2+ breast cancer 
combination of HER2 inhibitors, blocking both receptor and its dimerization, 
together with chemotherapy is recommended (Harbeck et al., 2019). Meanwhile 
chemotherapy or immunotherapy are recommended for TNBC (Harbeck et al., 
2019). Chemotherapies, such as anthracyclines, are often recommended later when 
other options have been tried for TNBC and for luminal-like HER2‒ breast cancers 
unresponsive to endocrine treatments (Harbeck et al., 2019).  

Amongst the most widely used anthracyclines is DOX, also known as 
Adriamycin®, isolated from Streptomyces peucetius variant caesius (Arcamone et 
al., 1969). DOX tightly binds to DNA interfering with various DNA-related 
functions causing DNA double-strand breaks through inhibition of topoisomerase II 
thus eventually leading to cell death (Tewey et al., 1984). DOX particularly affects 
tumor cells through topoisomerase IIα which is expressed during S/G2/M phase of 
the cell cycle and often overexpressed in more cell cycle independent manner in 
tumor cells, such as breast cancer cells (Villman et al., 2002). However, like most 
anticancer treatments DOX also affects non-cancer cells leading to several side 
effects, such as nausea, loss of appetite, diarrhea, hair loss and leukopenia. The most 
severe and perhaps well-known side effect of DOX is DCT that can lead to 
development of heart failure (Cardinale et al., 2015). DOX also has toxic effects on 
other organs, such as liver, skeletal muscles, kidneys, brain, and reproductive organs; 
some of which may indirectly also contribute to DCT (Pugazhendhi et al., 2018). 
Increasing DOX efficacy would potentially allow the use of lower DOX dose, thus 
reducing the risk of DCT while also lowering chemotherapy resistance, which can 
develop through ineffective treatment and subsequent selection for treatment 
resistant cancer cells. 

2.2 Effects of exercise on doxorubicin treatment 
efficacy of breast cancer 

Many preclinical studies have shown that exercise alone could inhibit tumor growth 
and metastasis via its effect on the immune cell function and distribution (Gomes-
Santos et al., 2021a; Miao et al., 2024; Pedersen et al., 2016; Rundqvist et al., 2020). 
However, not all studies have found exercise alone to inhibit tumor growth, with 
some preclinical studies even suggesting that exercise could increase metastasis 
(Schadler et al., 2016; Smeda et al., 2017). Thus far, not very many studies have 
investigated whether exercise during cancer treatment could enhance treatment 
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efficacy. Nonetheless, the studies so far seem to support the notion that exercise 
could boost chemotherapy or tamoxifen efficacy against various tumors including 
breast cancer (Yang et al., 2021). A review by Yang et al. (2021) on preclinical and 
clinical studies regarding the effects of exercise on chemotherapy efficacy included 
only one preclinical breast cancer study utilizing DOX, which however, did not 
support that exercise could boost DOX efficacy in immunodeficient animals (Jones 
et al., 2005). Meanwhile, only one of the clinical breast cancer studies included in 
the review found exercise to affect cancer treatment efficacy (Courneya et al., 2014). 
Later on, at least one additional study using retired breeder mice found that exercise 
enhanced DOX anti-tumor efficacy in breast cancer (Wakefield et al., 2021). 
However, due to the varied results more studies are still needed on whether exercise 
could affect DOX efficacy against breast cancer and at which stage of the treatment. 

Also, the exact mechanisms in which exercise could boost cancer treatment 
efficacy are not well elucidated and more studies are needed on these mechanisms. 
Exercise could potentially affect chemotherapy efficacy through boosting the 
immune system, but exercise could also affect tumor growth via its effects on tumor 
vascularization and subsequently drug delivery and tumor metabolism. 

2.2.1 Tumor glucose uptake as a measure of treatment 
response 

Cancer treatment induced decrease in tumor [18F]FDG accumulation, indicative of 
decreased glucose uptake and thus also glucose metabolism, has been shown to 
predict the response of metastatic mammary tumors to anthracycline treatment even 
after just one cycle of chemotherapy (Dose Schwarz et al., 2005) Accordingly, 
primary mammary tumor metabolic tumor volume (MTV) and total lesion glycolysis 
(TLG), which describe metabolically active tumor regions and their [18F]FDG 
accumulation, are associated with higher risk of adverse effects (Pak et al., 2020). In 
vitro DOX has been shown to inhibit mammary tumor cell [18F]FDG uptake, glucose 
transport and decrease tumoral ATP content, but paradoxically it was also shown to 
increase hexokinase activity, the rate limiting enzyme of glycolysis (Sharma et al., 
2011). It is known that exercise modulates glucose metabolism and lowers the risk 
of breast cancer (Zhu et al., 2008), but before this thesis it had not been studied 
whether exercise could enhance the reduction in tumor glucose uptake during DOX 
treatment. In absence of treatment exercise has been shown to shift TNBC cells to 
preferentially utilize carbohydrates, whereas in absence of exercise the tumors used 
both lipids and carbohydrates as energy source (Vulczak et al., 2020). 

One mechanism through which exercise could affect tumor metabolism is via 
alterations to tumor vasculature and subsequent drug delivery, oxygenation, and 
nutrient supply. 
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2.2.2 Modulating tumor blood flow 
Some studies have shown that exercise can help improve tumor blood delivery which 
could potentially improve treatment efficacy via improved drug delivery (Seet-Lee 
et al., 2022). However, the current evidence is inconclusive due to mixed results 
which highlights a need for more studies on exercise effects on tumor vasculature 
(Seet-Lee et al., 2022). Tumor blood delivery could be enhanced either via increasing 
vascular density or by normalizing the tumor vasculature or through both. Increasing 
tumor vascularity may seem counterintuitive because typically higher vascular 
density has been linked with more aggressive tumor growth (Uzzan et al., 2004). 
However, increased tumor vascularity could improve tumor perfusion and 
oxygenation, and therefore reduce tumor hypoxia, thus potentially improving 
prognosis and allowing better drug delivery and immune cell infiltration into tumor. 

Few studies have investigated whether exercise can improve treatment delivery 
to tumors during DOX treatment and these studies have shown that exercise can 
improve DOX delivery to Ewing’s sarcoma and melanoma tumors while improving 
the efficacy of the treatment (Morrell et al., 2019; Schadler et al., 2016). However, 
there are not many studies like this on treatment of breast cancer. Nonetheless, many 
studies have investigated the effect of exercise on mammary tumor blood delivery, 
vascularity, and hypoxia; although mostly in absence of DOX treatment (Betof et al., 
2015; Buss et al., 2020; Buss & Dachs, 2018; Faustino-Rocha et al., 2016; Jones et 
al., 2005; Wakefield et al., 2021). Few preclinical studies have shown that exercise 
can increase mammary tumor microvessel density and reduce tumor hypoxia (Betof 
et al., 2015; Faustino-Rocha et al., 2016), but many studies have also had contrasting 
results showing that tumor microvessel density is not altered by exercise (Buss et al., 
2020; Buss & Dachs, 2018). The differing findings regarding tumor vascularity 
could be due to the exercise intensity and timing and because tumor blood vessel 
density is difficult to quantify due to its heterogeneity.  

The blood vessel density alone may not reflect extent of tumor perfusion due to 
presence of poorly perfused blood vessels. Indeed, some studies have found that 
exercise did not affect quantity of mammary tumor blood vessel markers or their 
vascular density, but exercise did increase number of perfused tumor blood vessels, 
normalized tumor vasculature, and reduced tumor hypoxia (Gomes-Santos et al., 
2021a; Jones et al., 2010). It has been suggested that exercise may normalize tumor 
vasculature also via pruning nonfunctional tumor microvessels thus leading to 
decreased vascular density rather than increased one (Ashcraft et al., 2019). 
Nonetheless, one study showed that exercise can in some instances both normalize 
orthotopic mammary tumor vasculature and also increase the tumor microvessel 
density regardless whether tumors were ER+ or ER‒ (Betof et al., 2015). Conversely, 
one study reported that 21 days of voluntary running wheel exercise did not increase 
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microvessel density nor normalize mammary tumor vasculature as indicated by 
number of perfused blood vessels (Buss et al., 2020). 

Increase in tumor blood vessel perfusion suggests more functional vasculature. 
Exercise induced increase in tumor blood vessel perfusion is often associated with 
increased blood vessel maturity, which is often measured as pericyte coverage 
detected using markers like for example desmin or α-SMA (Betof et al., 2015; 
Gomes-Santos et al., 2021a). However, stromal expression of α-SMA, found for 
example in tumor associated fibroblasts, in HER2+ mammary tumors has been 
linked with tamoxifen treatment resistance (Vathiotis et al., 2021). Interestingly, 
DOX treatment can also increase stromal α-SMA expression in murine breast cancer 
tumors which may contribute to development of treatment resistance (Morita et al., 
2020). DOX can also slightly downregulate mammary tumor ECs and VEGF while 
having synergistic effect with anti-angiogenic treatment (Shi et al., 2021).  

Due to the varying results regarding exercise effects on mammary tumor 
vasculature more research on this is needed. Particularly in vivo measurements of 
blood flow are needed as blood vessel tone may also be altered which could affect 
tumor blood flow. Worryingly, studies on breast cancer and prostate cancer have 
shown that exercise mediated improvement in vascular density or tumor oxygenation 
is sometimes accompanied with increased tumor growth (Faustino-Rocha et al., 
2016; McCullough et al., 2014). However, in a murine model of melanoma it was 
shown that exercise normalized tumor vascularity and exacerbated tumor growth in 
absence of treatment, but inhibited tumor growths when exercise was done 
concomitantly with DOX treatment (Schadler et al., 2016). This, and the fact that 
DOX can affect α-SMA and EC expression, highlights need for studies on tumor 
vasculature with exercise done concomitantly with treatment. Furthermore, since 
exercise can alter tumor hypoxia and oxygenation it might also alter tumor 
metabolism which may significantly affect tumor growth. 

2.2.3 Modulating tumor metabolism 
Exercise has been shown to reduce tumor growth of ER+ breast cancer while also 
decreasing tumor lactate, lactate transporters and increasing the expression of LDH 
B (Aveseh et al., 2015). It was also demonstrated that the estrogen related receptor-
α modulated the changes in LDH and lactate transporter. These findings fit with 
previous findings about exercise reducing tumor hypoxia and they also suggest 
reduction in tumor Warburg effect. However, one other study found that while 
exercise did boost DOX efficacy against mammary tumors in retired breeder mice 
and decreased tumoral HIF expression, suggesting reduced tumor hypoxia, it did not 
alter tumor lactate levels (Wakefield et al., 2021). Nonetheless, in the same study the 
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tumor citrate species were increased suggesting increased flux through TCA cycle 
which suggests potential for increased OXPHOS capacity. 

HIF expression seems to be a crucial determinant of exercise mediated tumor 
growth acceleration in mammary tumors in absence of cancer treatment (Glass et al., 
2017). Within claudin-low breast cancers a high expression and protein level of HIF 
in tumors was associated with exercise accelerating tumor growth while the opposite 
was found with low HIF expression (Glass et al., 2017). In contrast, Vulczak et al. 
(2020) showed that exercise reduced TNBC tumor growth and increased tumor HIF-
1α expression and lactate importer MCT-1 without affecting tumor lactate levels. 
Furthermore, they also found that exercise decreased mitochondrial respiration 
linked with maximal electron transfer capacity (Vulczak et al., 2020). These 
differential findings could be due to cancer subtype and or differences in exercise 
intensity.  

Exercise might also inhibit metastasis and tumor growth by reducing nutrient 
availability to the tumor through increasing the nutrient demand of the other organs 
(Sheinboim et al., 2022). This remains to be studied during DOX treatment in breast 
cancer, which would be of interest considering that previously DOX in combination 
with other anti-cancer drugs has been shown to decrease resting metabolic rate likely 
through its systemic toxicity (Demark-Wahnefried et al., 1997). The reduction of the 
systemic toxicity of DOX, particularly DCT, could increase DOX efficacy as DCT 
limits the use of DOX hindering its efficacy. 

2.3 Doxorubicin induced cardiotoxicity 
DCT is often defined as >10% decline in left ventricle ejection fraction (LVEF) to 
ejection fraction value that indicates lower than half of blood volume in LV being 
ejected by the heart during systole (Cardinale et al., 2015). DOX-induced cardiac 
dysfunction occurs in a dose dependent manner, with patients scheduled on receiving 
a cumulative dose ≥250 mg/m2 of DOX having high risk of developing cardiac 
dysfunction (Cardinale et al., 2015; Lyon et al., 2022). Additionally, existing 
cardiovascular pathologies and lifestyle factors, such as alcohol consumption, high-
fat diet, and physical inactivity, that affect incidence of cardiovascular diseases can 
increase the risk of developing DOX-induced cardiac dysfunction (Lyon et al., 
2022).  

Although DOX affects several tissues, heart is particularly vulnerable to DOX 
induced toxicity due to its high mitochondrial density, high energy demands and 
because it is known that DOX accumulates within the mitochondria disrupting their 
function (Kavazis et al., 2017; Morton et al., 2019). In the clinical setting the initial 
plasma concentration of DOX following a bolus injection is typically between 1–
2 µM which falls within an hour to a range of only 25–250 nM (Gewirtz, 1999; 
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Harahap et al., 2020). The cardiac accumulation of the drug can be 50-fold compared 
to plasma concentration (Timour et al., 1988) or even higher (Zeng et al., 2019) 
Furthermore, mitochondrial DOX concentration can be two-fold compared 
cytoplasmic concentration (Morton et al., 2019). Therefore, the cardiac mitochondria 
are exposed to higher DOX concentrations than expected by the plasma 
concentrations which explains why heart function is particularly affected by DOX. 

2.3.1 Functional impairment and vascular toxicity 
DOX-induced reduction in LVEF, cardiac output/stroke volume and left ventricular 
fractional shortening (LVFS) have been shown in patients and in rodent models 
(Babaei et al., 2020; Kim et al., 2020; Nousiainen et al., 2002; Pan et al., 2021). 
LVFS is the percentage reduction of LV diameter in systole, which can be used as 
an alternative of LVEF to detect systolic dysfunction in DCT. Additionally, DOX 
can induce arrythmias and decrease E/A which represents the ratio of LV blood flow 
peak velocities during ventricular relaxation in early diastole (the E wave) and in late 
diastole due to atrial contraction (the A wave) (Steinberg et al., 1987; Upshaw et al., 
2020a). Decreased of E/A ratio can indicate insufficient ventricular filling and 
diastolic dysfunction (Upshaw et al., 2020a). 

Reduced LVEF, FS and cardiac output are signs of impaired cardiac contractility 
and decreased E/A can be a sign of impaired cardiac relaxation, all of which can be 
caused by, for example, weakness of the LV, hypertrophy, and stiffening of the 
myocardium. Indeed, DOX has been shown to increase cardiac fibrosis (Chan et al., 
2021; Díaz-Guerra et al., 2024; Zhang et al., 2012) which can stiffen the myocardium 
making it more difficult for the heart to contract or relax effectively (Migrino et al., 
2008; Piek et al., 2016). DOX can cause cardiac fibrosis, myocardial accumulation 
of connective tissue, by inducing activation of cardiac extracellular remodeling via 
matrix metalloproteinases (MMPs) or by inducing cardiomyocyte apoptosis which 
results in reparative processes replacing apoptotic cardiomyocytes with connective 
tissue (Bulten et al., 2019; Chan et al., 2021; Piek et al., 2016). DOX can also 
increase cardiac fibrosis by activating cardiac fibroblasts independent of apoptosis 
(Narikawa et al., 2019). Besides causing cardiac fibrosis, DOX can reduce cardiac 
contractility by causing reduction in LV mass and cardiac contractile proteins 
through cardiomyocyte apoptosis, cardiomyocyte atrophy, and through activation of 
MMPs (Chan et al., 2021; Willis et al., 2019; Xia et al., 2020). 

DOX induced perivascular fibrosis can impair also microvessel function which 
can affect gas exchange and blood vessel stiffness thus contributing to the cardiac 
dysfunction more indirectly (Pan et al., 2021). In fact, the DOX induced arterial 
stiffness has been shown to precede the decline in LVEF (Bosman et al., 2023). DOX 
can also cause myocardial capillary rarefaction and cardiac endothelial dysfunction, 
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with the latter contributing to blood vessel stiffness (Räsänen et al., 2016). DOX also 
increases cardiac blood vessel permeability by increasing EC death, with cardiac 
ECs being particularly vulnerable to DOX (Hoffman et al., 2021; Tao et al., 2021). 
Blood vessel permeability could also be affected by DOX induced decrease in 
cardiac blood vessel pericyte coverage, which might compromise efficient vascular 
function (Tao et al., 2021; Wang et al., 2021). Cardiac EC death likely contributes 
to the DOX induced cardiac capillary rarefaction, but also the downregulation of 
VEGF might be involved (Räsänen et al., 2016). However, in contrast one study 
found that DOX upregulated HIF inducing VEGF A expression likely as a protective 
mechanism (Refaie et al., 2022). Meanwhile one other study found HIF expression 
to be unchanged following DOX treatment (Bulten et al., 2019). Due to these varied 
results, there is a need for more studies on the role of HIF and VEGF in DCT. 

Besides the vascular effects, apoptosis, and fibrosis; many other mechanisms are 
known to affect heart function in DCT. DOX can shift the expression of α- and β-
myosin heavy chain expression, which affects the ability of the myocardium to 
contract (Herron & McDonald, 2002; Hydock et al., 2012, 2009). Additionally, DOX 
can affect the calcium handling of the heart contributing to the weakened heart 
function through altered calcium ion currents that determine the strength of the 
myocardial contraction (Hanna et al., 2014; Zhang et al., 2014). Perhaps most 
importantly, DOX impairs the cardiac energy metabolism, reducing energy available 
for cardiac function and affecting generation of oxidative stress that damages cellular 
components. 

2.3.2 Glucose uptake as a measure of cardiotoxicity 
Some preclinical studies have shown that DOX causes decreased cardiac glucose 
uptake which could be expected considering that DOX impairs cardiac function and 
metabolism (Díaz-Guerra et al., 2024). However, strong evidence from both 
preclinical and clinical studies suggests that DOX can more often cause instead a 
significant increase in cardiac glucose uptake as indicated by increased cardiac 
[18F]FDG SUV (Bauckneht et al., 2017, 2020; Bulten et al., 2019; Guerra et al., 2024; 
Hrelia et al., 2002; Sarocchi et al., 2018). This increase in glucose uptake is 
supported further by studies that have shown that DOX causes a shift in cardiac 
metabolism that favors glucose as energy source over fatty-acid oxidation, which is 
often downregulated by DOX treatment (Bordoni et al., 1999; Carvalho et al., 2010; 
Guerra et al., 2024). However, some studies have found DOX to increase cardiac 
reliance on fatty-acid utilization (Brandão et al., 2023). It is possible that differential 
findings on cardiac glucose uptake and fatty-acid utilization are due to variability in 
genetic background, the dose of DOX, and different stage of DCT. The differential 
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findings regarding DCT highlight need for more studies on DOX induced alterations 
in cardiac metabolism.  

Acutely the increased cardiac glucose uptake may be driven by the DOX induced 
upregulation of glucose transporter 1 (Hrelia et al., 2002). The increase in cardiac 
glucose uptake has been shown to correlate positively with the cardiac oxidative 
stress (Bauckneht et al., 2020) and in preclinical and patient studies it has been 
associated with decreased cardiac function (Bauckneht et al., 2019, 2017; Sarocchi 
et al., 2018). There has been evidence that the DOX induced increase in cardiac 
[18F]FDG uptake could potentially serve to maintain cardiac antioxidative 
mechanisms by generating reducing agent nicotinamide adenine dinucleotide 
phosphate (NADPH) via pentose phosphate pathway (Bauckneht et al., 2019). 
NADPH is needed for the reduction of oxidized GSH which can combat cellular 
oxidative stress generated by DOX in the mitochondria. 

2.3.3 Cardiac mitochondrial function 
DOX can inhibit several pathways related cardiac mitochondrial function. Some 
studies indicate that DOX inhibits glycolysis via inhibition of its rate-limiting 
enzyme muscle type 6-phosphofrucktokinase or by inhibiting hexokinase 2 and 
pyruvate dehydrogenase isoenzyme 4 (Brandão et al., 2023; Díaz-Guerra et al., 2024; 
Zhou et al., 2022). Conversely, some studies found DOX to increase glycolysis, as 
was indicated by phosphorylation of glycolysis enzymes and by increased lactate 
production (Carvalho et al., 2010; Gratia et al., 2012). The increased glycolysis could 
be compensatory effect to generate ATP or NADH when OXPHOS capacity is 
compromised. These mixed results highlight a need for more DCT studies regarding 
cardiac glycolysis and lactate production. 

DOX can also affect the TCA cycle by inhibiting CS-activity (Pillai et al., 2017; 
Yao et al., 2011). Reduction in CS can also be indicative of reduced mitochondrial 
content instead of just decreased enzyme function or content. DOX can indeed 
decrease mitochondrial content by altering mitochondrial degradation and 
biogenesis (Díaz-Guerra et al., 2024; Sun et al., 2023). Excessive loss of 
mitochondria could be detrimental to heart, but removal of mitochondria could also 
be protective since damaged mitochondria contribute increased oxidative stress. 
Damaged mitochondria are usually removed from the cell via mitophagy, a form of 
autophagy that controls the breakdown and recycling of damaged mitochondria (Lee 
et al., 2023; Toda et al., 2023). However, DOX can cause accumulation of 
dysfunctional mitochondria via inhibiting mitophagy (Toda et al., 2023). Indeed, one 
study showed that transiently increased mitophagy during early DCT was associated 
with preserved mitochondrial structure while persistently upregulated mitophagy 
was associated with mitochondrial fragmentation (Díaz-Guerra et al., 2024). 
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DOX particularly damages mitochondria because it accumulates to them by 
binding to the mitochondrial inner membrane proteins called cardiolipins 
(Goormaghtigh et al., 1980). Mitochondrial DOX accumulation and the formation 
of cardiolipin-DOX complex can then lead to inhibition of the mitochondrial energy 
metabolism enzymes (Goormaghtigh et al., 1982). The DOX accumulation also 
inhibits the binding of cardiac sarcomeric mitochondrial creatine kinase (mtCK) and 
Cyt C to mitochondrial membranes thus impairing ETS function (Tokarska-
Schlattner et al., 2007). DOX can impair cardiac mitochondrial ETS function both 
acutely after single high dose or after multiple smaller doses of DOX (Huang et al., 
2017; Montaigne et al., 2010; Pointon et al., 2010). 

DOX has been shown to be able to inhibit the function of mitochondrial 
respiratory complexes I-IV in the ETS (Goormaghtigh et al., 1982; Marcillat et al., 
1989; Muraoka & Miura, 2003; Pointon et al., 2010). The complex I has been shown 
to be inhibited through its DOX redox cycling by lower concentrations of DOX than 
the complex II (Marcillat et al., 1989). Meanwhile, complex II can be directly 
inhibited by oxidised DOX in vitro (Muraoka & Miura, 2003). However, without 
cellular agents capable of oxidizing DOX, like horseradish peroxidase and its 
substrate H2O2, complex II is only inhibited at high DOX concentrations (Muraoka 
& Miura, 2003). Removal of such oxidizing agents using CAT and GSH can prevent 
the DOX inhibition of complex II (Muraoka & Miura, 2003). DOX inhibition of 
respiratory complex IV, or the ETS in general can exacerbate the formation of ROS 
if oxygen is not fully reduced (Goormaghtigh et al., 1982).  

DOX induced mitochondrial damage can lead to mitochondrial release of Cyt C 
which triggers apoptosis which contributes to DCT (Childs et al., 2002). 
Mitochondrial damage can also deprive heart from energy needed for its normal 
function and multiple studies do show that DOX can decrease cardiac ATP and its 
regeneration (Díaz-Guerra et al., 2024; Nicolay et al., 1987; Ohhara et al., 1981; 
Zhou et al., 2001). DOX reduces the cardiac ATP supply by inhibiting ETS function 
and by inhibiting mtCK, which regulates ADP levels in mitochondrial 
intermembrane space affecting OXPHOS (Saks et al., 2000; Tokarska-Schlattner et 
al., 2007). 

DOX dose affects degree of mitochondrial damage. However, mode in which 
cardiomyocytes are exposed to DOX seems to also affect degree in which 
mitochondria are affected. Cardiomyocytes exposed to DOX in vitro appear more 
sensitive to mitochondrial damage than cardiomyocytes exposed ex vivo through 
isolated organ exposure, with 1 or 5 µM of DOX in vitro and 20 µM DOX ex vivo 
being required to impair mitochondrial or heart function (Toda et al., 2023; 
Tokarska-Schlattner et al., 2005). Compensatory activation of brain-type CK 
maintains heart function at 2 µM DOX exposure ex vivo despite inhibition of muscle-
type CK (Tokarska-Schlattner et al., 2005). In contrast, in vivo 20 mg/kg of DOX 
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does not acutely (within 48 hours) decrease mitochondrial complex activity in rats 
but decreases the mitochondrial RCR (Montalvo et al., 2023). The differential study 
outcomes highlight need for further studies on mitochondrial effects of DOX in vivo 
to better elucidate mechanisms that might be occurring in clinical setting. 

Mitochondrial transplantation has been shown to ameliorate DCT, but it also 
decreases cardiac glycolysis and increases mitochondrial respiration through 
enhanced glutamine metabolism, which is essential for the cardioprotection to occur 
(Sun et al., 2023). Sun et al. (2023) proposed that the enhanced glutamine 
metabolism was cardioprotective through fueling TCA cycle via generation of α-
ketoglutaric acid from glutamine, and because glutamine is also used to generate 
cellular antioxidant GSH thus helping to combat oxidative stress. However, 
glutamine supplementation in food alone did not enhance glutamine metabolism nor 
was it cardioprotective. One proposed main mechanism through which DOX 
damages cardiac mitochondria is through inducing oxidative stress. 

2.3.4 Oxidative stress 
Oxidative stress generated by DOX is one of the main mechanisms driving DCT as 
is evidenced by the well-known DOX mediated increase in oxidative species and 
increased oxidative damage to proteins and lipids in the myocardium (Burridge et 
al., 2016; Liao et al., 2023; Rajagopalan et al., 1988; Ye et al., 2022; Zhang et al., 
2012). Importantly, DOX induced increase in oxidative species does not have major 
contribution to the toxic effects against the tumors themselves (Myers et al., 1977). 

DOX induces oxidative stress via multiple mechanisms summarized in Figure 
2, one such mechanism being the redox reactions of the DOX molecule caused by 
cellular electron carriers (Bachur et al., 1979; Gutiérrez et al., 1983; Kalyanaraman 
et al., 1984; Vásquez-Vivar et al., 1997). In these reactions DOX molecule is reduced 
and then reacts with molecular oxygen which leads to formation of highly reactive 
oxygen radical that can react with cellular components damaging them, or it may be 
converted to H2O2 spontaneously or via antioxidative enzymes (Rajagopalan et al., 
1988; Svingen & Powis, 1981). However, more recent studies suggest that DOX 
redox reactions may not contribute to DOX generated oxidative stress as 
significantly in vivo as has been shown in vitro, mainly due to the greater partial 
oxygen pressure in vitro (Pointon et al., 2010). Nonetheless, the DOX mediated 
formation of H2O2 can further induce formation of ROS by reacting with the cellular 
redox-active iron via the Fenton reaction (Minotti, 1990). Redox-active iron can also 
directly react with DOX forming complexes that drive formation of more oxidative 
species by reacting with H2O2 and forming hydroxyl radicals (Muindi et al., 1984). 
Furthermore, DOX exacerbates this formation of oxidative species by causing 
mitochondrial iron accumulation through interfering with their iron homeostasis 
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(Ichikawa et al., 2014; Minotti, 1990; Montalvo et al., 2023). The mitochondrial iron 
accumulation can also cause iron induced apoptosis, ferroptosis, which contributes 
to DCT (Tadokoro et al., 2020). 

Cardiomyocytes are more susceptible to oxidative stress because they possess 
less antioxidants compared to other cells (Doroshow et al., 1980) and one indirect 
mechanism in which DOX can also increase cardiac oxidative stress is by decreasing 
the cellular antioxidants. For example, DOX has been shown to decrease SOD and 
CAT in heart (Montalvo et al., 2023; Sequeira et al., 2021; Ye et al., 2022). Perhaps 
the most significant way that DOX induces oxidative stress is indirectly through 
inhibiting the TOP IIβ (Zhang et al., 2012). DOX mediated TOP IIβ inhibition 
causes mitochondrial DNA damage affecting the cardiomyocyte transcriptome in a 
way that drives disturbations in mitochondrial biogenesis and function which 
induces the formation of ROS (Zhang et al., 2012). It has been shown that as much 
as 70% of the DOX induced ROS generation in the cardiomyocytes was induced 
through TOP IIβ and that TOP IIβ was essential for the formation of DCT (Zhang et 
al., 2012). 

 
Figure 2. Doxorubicin (DOX) induced oxidative stress within cardiomyocytes. DOX inhibits 

topoisomerase IIβ (Top IIβ) causing DNA damage in nucleus and mitochondria which 
induces disruptions in mitochondrial biogenesis and accumulation of damaged 
mitochondria which produce more reactive oxygen species (ROS). DOX also 
accumulates to mitochondria and inhibits antioxidative enzymes like catalase (CAT) 
and superoxide dismutase (SOD) and directly generates ROS through its redox 
reactions and by inhibiting the electron transfer system (ETS). 
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2.4 Exercise as a treatment for doxorubicin 
induced cardiotoxicity 

Currently there are not many FDA approved pharmacological treatments against 
DCT, with dexrazoxane being the only US FDA approved treatment for DCT thus 
far (Boen et al., 2024). However, some studies have shown that dexrazoxane could 
possibly reduce treatment response rate (Swain et al., 1997). Therefore, safer 
treatment options for DCT are needed, exercise possibly being one of them. 

2.4.1 Protection of cardiac function and vasculature 
Aerobic exercise could be expected to alleviate DCT through its well-known effects 
to improve cardiac function and vascular function in healthy individuals. However, 
the cardioprotective effects of exercise against DCT are not well elucidated in 
clinical setting and the studies thus far have had rather modest findings regarding 
cardioprotective effects of exercise (Naaktgeboren et al., 2023; Upshaw et al., 
2020b). Strong support for cardioprotective effects of exercise, however, comes from 
multiple preclinical studies. Meta-analyses on preclinical DCT studies with exercise 
intervention have shown that both forced treadmill exercise and voluntary running 
wheel exercise can reduce DOX induced decline in cardiac FS measured in vivo and 
the decline in cardiac pressure development measured ex vivo (Ghignatti et al., 2021; 
Naaktgeboren et al., 2021). Only few of the studies found no cardioprotective effect 
of exercise, with one utilizing ovariectomized rats and other mice with melanoma 
(Phungphong et al., 2020; Sturgeon et al., 2014a). 

 The meta-analyses revealed that exercise preconditioning before anthracycline 
treatment seems to have slightly greater cardioprotective effect compared exercise 
training performed concomitantly with the treatment. However, preclinical studies 
with exercise done concomitantly with cancer treatment may better apply to clinical 
setting since many people do not meet minimal physical activity requirements (Strain 
et al., 2024). However, one preclinical study and one study on breast cancer patients 
showed that even a single bout of exercise a day before DOX administration could 
be cardioprotective at least against some of the acute effects of DOX (Kirkham et 
al., 2017; Wonders et al., 2008). Currently most animal studies use FS as a measure 
of the cardiac function in vivo, although in clinical setting the LVEF is preferentially 
used. This could hinder translating the results to the clinical setting.  

Few preclinical studies do, however, show that also the reduction in LVEF is 
mitigated by exercise regardless of whether exercise is done before treatment, 
concomitantly or after it (Souza et al., 2022; Suthivanich et al., 2024; Wang et al., 
2018). Although, one study showed that treatment concomitant exercise preserved 
LVEF while exercise performed after treatment did not (Wang et al., 2018). Besides 
systolic function of the heart, the DOX induced decline in diastolic function has also 
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been shown to be mitigated by exercise (Dolinsky et al., 2013; Parry & Hayward, 
2015; Wang et al., 2021). Unfortunately, there are not many preclinical DCT studies 
with exercise intervention that use tumor bearing models despite the fact that cancer 
itself can affect the heart. Breast cancer, for example, alters the cardiac capillary 
vessel permeability and reduces LV longitudinal and circumferential strain which 
could affect exercise outcomes (Hoffman et al., 2021; Tadic et al., 2018). The few 
studies using tumor-bearing models have found mixed results possibly due to 
difference in tumor models, treatments, and exercise regimens used (Parry & 
Hayward, 2015; Sturgeon et al., 2014a; Wang et al., 2018). To better recapitulate the 
clinical setting and the molecular mechanisms of DCT more studies are needed on 
exercise effects against DCT in tumor bearing animal models (Naaktgeboren et al., 
2021). 

Besides heart function exercise can also mitigate the DOX induced vascular 
changes. Vascular smooth muscle function is improved by exercise preconditioning 
without changes in vascular DOX accumulation (Gibson et al., 2013). Exercise done 
concomitantly with DOX treatment can improve cardiac vascular function by 
abolishing the DOX mediated reduction in ECs and blood vessel pericyte coverage 
(Tao et al., 2021; Wang et al., 2021). Recent studies have shown that one way 
exercise can protect the cardiac vasculature is by promoting bone marrow cell 
migration to heart which then differentiate to ECs and pericytes repairing damaged 
vasculature (Tao et al., 2021). This could be assumed to also reduce DOX induced 
vascular rarefaction, but before this thesis not many studies have looked into this 
specifically or the factors regulating angiogenesis like HIF-1α and VEGF. However, 
exercise has been shown to upregulate HIF-1α in rats with heart failure (Xu et al., 
2024) as well as VEGF and the capillarity in the aging rat myocardium (Iemitsu et 
al., 2006). Therefore, exercise could be expected to potentially affect also HIF and 
VEGF in DCT. Furthermore, exercise has been shown to reduce DOX induced 
cardiac fibrosis, (Sequeira et al., 2021; Wang et al., 2021; Yang et al., 2020) which 
could also reduce perivascular fibrosis. Exercise can reduce cardiac fibrosis by 
directly reducing cardiac fibroblast activation or indirectly by reducing 
cardiomyocyte apoptosis and cardiac inflammation (Tao et al., 2021; Wang et al., 
2024; Yang et al., 2020).  

Although it seems clear that exercise can be cardioprotective, the exact 
mechanisms of exercise induces cardioprotection and the optimal exercise timing 
and dose in relation to drug dosage are still unclear. One way, physical exercise could 
potentially mediate its cardioprotective effects is through its well-known benefits to 
mitochondrial function (Han & Kim, 2013; Laker et al., 2017). 
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2.4.2 Cardiac energy metabolism 
Exercise preconditioning has been shown to decrease cardiac mitochondrial DOX 
accumulation leading to decreased mitochondrial ROS production and maintained 
heart function (Morton et al., 2019). However, the cardiac mitochondrial function 
has been shown to be improved also when the mitochondrial DOX accumulation is 
not improved, with exercise improving RCR in intramyofibrillar mitochondria and 
the cardiolipin content in intermyofibrillar and subsarcolemmal mitochondria of 
DOX treated animals (Montalvo et al., 2023). Indeed, many studies have shown that 
both voluntary running-wheel exercise and forced treadmill exercise can mitigate 
DOX induced decrease of RCR when done as preconditioning or concomitantly with 
DOX treatment (Ascensão et al., 2005b; Kavazis et al., 2010; Marques-Aleixo et al., 
2015; Morton et al., 2019).  

DOX can decrease RCR through both reducing coupled respiration or by 
increasing LEAK respiration or by altering both, while exercise has been shown to 
be able to counter both changes (Ascensão et al., 2005b; Kavazis et al., 2010; 
Marques-Aleixo et al., 2015; Morton et al., 2019). Marques-Aleixo et al. (2015) 
found that exercise increases activity levels of mitochondrial complex I and ATP-
synthase, but the mitochondrial uncoupling protein 2 content was not altered. They 
also found that treadmill exercise additionally increased complex IV content whereas 
voluntary running wheel exercise additionally increased complex III content, which 
was not increased by treadmill training. This suggests that the intensity of exercise 
may significantly alter through which complexes exercise improves mitochondrial 
function. Furthermore, Dolinsky et al. (2013) showed that DOX increases 
mitochondrial UCP protein content and decreases both complex I and complex II 
protein levels in mitochondria, with treatment concomitant treadmill exercise 
maintaining the mitochondrial complex content, but not UCP content, at control 
levels. However, they did not measure the mitochondrial respiration. There is also 
evidence that the mitochondrial RCR may be more important than changes in the 
individual mitochondrial complexes. For example, one study showed that the 
activities of mitochondrial complexes I-IV or LEAK were not altered, but the DOX 
induced decrease in RCR was mitigated by exercise (Montalvo et al., 2023). This 
likely means that smaller cumulative changes in the activities of the complexes were 
behind the changes in RCR.  

What is currently lacking is confirmation whether exercise can improve 
mitochondrial function also in tumor bearing animals during DOX treatment. 
Furthermore, it is not known whether specific mitochondrial complexes mediate the 
exercise induced cardiac protection during DOX treatment. Use of tumor-bearing 
models in mitochondrial response is particularly important as breast cancer alone has 
been show to affect the expression of proteins involved in mitochondrial dynamics 
(Jafari et al., 2021). Additionally, there are not many studies on whether exercise 
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alters myocardial cell metabolism outside ETS and fatty acid oxidation in DCT, such 
as the glucose uptake, glycolysis, and TCA cycle enzymes. One study found that 
neither DOX nor exercise affected cardiac CS-activity, but they did not look into the 
cardiac glycolysis or related lactate production or LDH activity (Ascensão et al., 
2005a). Before this thesis it had not been yet studied whether exercise could alter 
DOX mediated changes in cardiac glucose uptake in DCT. This could be expected 
as exercise has been shown to boost cardiac glucose uptake and glycolysis capacity 
in mice with ischemic induced heart failure (Jiang et al., 2020). Better understanding 
of the changes in cardiac glucose uptake could be useful as cancer patients are 
routinely imaged using [18F]FDG PET, which could offer important insight to DCT 
and benefits of exercise in patients. Exercise might affect cardiac glucose uptake by 
enhancing the mitochondrial function and thus energy production per molecule of 
glucose. The mitochondrial function could be improved through exercise mediated 
reduction in DOX induced oxidative stress. 

2.4.3 Mediating doxorubicin induced oxidative stress 
Aerobic exercise has been shown to be cardioprotective through its ability to 
improve cardiac antioxidative capacity and by improving energy metabolism in heart 
failure patients (Powers et al., 2014; Ventura-Clapier et al., 2007). Reduction in 
cardiac oxidative stress can reduce mitochondrial damage and reduce cardiac 
apoptosis and the subsequent loss of cardiac mass thus helping to preserve cardiac 
function. One way through which exercise can reduce cardiac oxidative stress is via 
reducing cardiac and mitochondrial accumulation of DOX, which could potentially 
reduce all cardiotoxic effects of DOX via limiting cardiac exposure to the drug. 
Indeed, some studies show that exercise preconditioning with or without treatment 
concomitant exercise can reduce cardiac/mitochondrial DOX accumulation via 
increasing cardiac expression of multidrug resistance proteins or mitochondria-
specific ABC transport proteins able to pump out DOX (Jensen et al., 2013; Morton 
et al., 2019; Parry & Hayward, 2015; Wang et al., 2018). One study showed that 
exercise specifically reduced cardiac mitochondrial accumulation without affecting 
cytosolic fraction of DOX (Morton et al., 2019). Importantly exercise reduced 
cardiac DOX accumulation, but not its tumor accumulation (Parry & Hayward, 
2015). The reduced mitochondrial DOX accumulation was shown to be accompanied 
by reduced mitochondrial ROS production (Morton et al., 2019). Interestingly it has 
also been shown that exercise preconditioning can improve DOX redox balance 
without affecting cardiac accumulation of DOX (Montalvo et al., 2023).  

Other way in which exercise can reduce DOX induced oxidative stress is by 
enhancing the cardiac antioxidant mechanisms, which could reduce mitochondrial 
damage leading to further decrease in ROS production. Aerobic exercise can 



Review of the Literature 

 33 

decrease oxidative damage to proteins and lipids by increasing the expression or 
activity of many cardiac antioxidants like SOD, CAT, glutathione peroxidase (GPx), 
GSH, and heat shock proteins (Ascensão et al., 2005a, 2005b; Dolinsky et al., 2013; 
Kavazis et al., 2010; Wang et al., 2024). Particularly cardiac SOD has been shown 
to be increased by exercise preconditioning and by exercise done at least partially 
concomitantly with DOX treatment (Ascensão et al., 2005b; Dolinsky et al., 2013; 
Kavazis et al., 2010; Marques-Aleixo et al., 2015; Sequeira et al., 2021). In contrast, 
some studies have shown that exercise does not alter SOD expression, but it does 
upregulate GPx or heat shock proteins or CAT (Ascensão et al., 2005a; Chicco et al., 
2006, 2005). One study showed that short term exercise preconditioning specifically 
increased SOD in subsarcolemmal mitochondria while the intermyofibrillar 
mitochondria were less protected by exercise (Montalvo et al., 2023). The variability 
in antioxidative mechanisms altered by exercise suggests that exercise can be 
cardioprotective through different antioxidative mechanisms depending on exercise 
timing, modality, and intensity. There are not many studies confirming whether 
exercise can improve cardiac antioxidative enzyme function also in tumor bearing 
DOX treated animals. 

There is also evidence that exercise mediated abolishment of DOX induced 
oxidative stress is not always enough and that in female animals the anti-
inflammatory effects of estrogen are vital for cardioprotection (Phungphong et al., 
2020). Some studies also suggest that exercise can be cardioprotective even in the 
absence of reduction in cardiac oxidative stress or in absence of enhancement in 
antioxidative enzymes which suggests that these changes might not be necessary for 
exercise mediated cardioprotection against DCT (Chicco et al., 2006, 2005).  

2.5 Aims 
The purpose of my thesis was to investigate how voluntary wheel running exercise 
training (ET) could affect the tumor physiology to potentially enhance the 
chemotherapy effect of DOX during the treatment of mouse model of breast cancer. 
Particularly, the aim was to investigate the changes in tumor growth and the 
potentially beneficial changes in tumor glucose uptake, blood flow, vasculature, 
mitochondrial function, and metabolic enzyme function. The purpose of my thesis 
was also to investigate whether voluntary exercise done at the same time with 
treatment could also mitigate cardiotoxic effects of DOX and what would be the 
metabolic and vascular drivers behind the potential exercise benefits. The aim was 
to investigate the underlying mechanisms driving the cardiac changes relating to 
glucose uptake, oxidative stress, mitochondrial function, metabolic enzyme function 
and vasculature. The thesis consists of three separate studies with each having 
distinct aims: 
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Study I: Investigation of whether short-term voluntary wheel-running exercise 
during DOX treatment of breast cancer-bearing mice could induce beneficial cardiac 
effects and affect tumor growth during DOX treatment. This study focused on 
vascular changes such as changes in vascular density in tumor and the heart as well 
as the α-SMA coverage of the tumor blood vessels. Furthermore, this study aimed to 
measure the factors regulating vascularity like HIF and VEGF in tumors and heart, 
with HIF being also indicative of hypoxia. The tumor and heart maximal activities 
of LDH and CS were also measured to see the degree of glycolysis substrates 
directed to lactate production or degree of lactate utilization in relation to substrates 
directed to TCA cycle. These factors had not been studied before in response to 
exercise during DOX treatment of breast cancer. The aim of the Study I was also to 
evaluate the correct DOX dose and experiment duration for follow up studies of 
thesis. 

Study II: Unlike study I which focused only on exercise effects during DOX 
treatment, this study aimed to investigate whether voluntary running wheel exercise 
could reduce DOX and breast cancer effects on the murine heart. Specifically, this 
study focused on investigating the underlying changes in cardiac oxidative stress, 
vasculature, metabolic enzyme function and glucose uptake. To do so the cardiac 
function was measured with ultrasound and the cardiac vascular density, cell size 
and antioxidative enzyme activities were measured together with markers of 
oxidative damage to lipids and proteins. The cardiac glucose uptake was measured 
with [18F]FDG-PET imaging followed by the measurement of maximal activities of 
cardiac CS, LDH, β-Hydroxyacyl CoA dehydrogenase (HOAD) and mitochondrial 
complex activities. To best of my knowledge, these variables had not been studied 
together in response to exercise and DOX before this study, particularly in a tumor 
bearing model. 

Study III: This study aimed to investigate whether voluntary running wheel exercise 
could affect DOX efficacy or cause potentially beneficial physiological changes in 
the tumor mitochondrial function, metabolic enzyme function, vascularity, blood 
flow and glucose uptake. The changes in tumor glucose uptake were measured with 
[18F]FDG-PET together with the measurement of the maximal activities of tumoral 
CS, LDH and mitochondrial complexes. Furthermore, the tumor blood flow was 
measured following exercise and treatment using [15O]H2O-PET and [15O]CO-PET. 
In addition, the tumor vascular density changes in capillaries and bigger vessels was 
measured together with the blood vessel α-SMA coverage and histological tumor 
hypoxia marker. The measurements are novel since these cellular markers have not 
been measured before in breast cancer bearing mice treated with DOX during ET 
and second, the PET imaging of blood flow of tumors has not been done before in 
best of my knowledge.  
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3 Materials and Methods 

The Studies I-III were conducted using a mouse model of breast cancer as exercise 
effects cannot be studied using a cell line and certain mechanistic effects cannot be 
studied in patients. Human breast cancer implanted on animals, i.e. xenograft tumor 
model was not used in these studies although it would offer a possibility to study 
human cancer. This was because xenograft model requires a host that is not 
immunocompetent, which may significantly alter translatability to clinical setting 
where active immune system is present. Furthermore, exercise has been shown to 
have significant impact on the immune system and therefore immunocompetent host 
is a more preferable choice for an exercise intervention study. 

Only female animals were used because it is more relevant for breast cancer since 
male breast cancer is exceedingly rare. Furthermore, majority of preclinical DCT 
studies have been done utilizing male rodents (Podyacheva et al., 2021), thus 
important information about females’ responses is lacking. Also, DCT studies with 
exercise intervention have mainly been done in male rodents although there is data 
also in females (Naaktgeboren et al., 2021). Importantly, differences in DCT 
susceptibility and mechanisms between sexes have been shown in rodents, with 
females being more resistant, but it is still poorly understood whether these sex 
differences translate to clinical setting (Belger et al., 2024; Moulin et al., 2015). In 
contrast, majority of the very few clinical DCT studies with exercise intervention 
thus far have been done on female breast cancer patients undergoing chemotherapy 
(Naaktgeboren et al., 2021). More preclinical studies utilizing female animals are 
needed to better understand the mechanisms of DCT and exercise interventions 
happening in clinical setting in female patients.  

3.1 Animals and experimental protocol (I, II, III) 
The experiments were conducted in Karolinska institute (Study I) and in University 
of Turku (Studies II, III) with ethical licenses approved by the Swedish Agricultural 
Agency’s regional animal testing committee of Stockholm (permission number 
N101-16) and national Project Authorization Board (permission number 
ESAVI/26508/2021). All the experiments were carried out in compliance with the 
EU Directive 2010/EU/63 on the protection of animals used for scientific purposes.  
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Study I-III utilized female FVB-mice (Janvier Labs, Inotiv and Charles River 
Laboratories) of similar age range (8–10 weeks) that were divided to different groups 
doing voluntary wheel running exercise training (ET) and no-ET groups according 
to Figure 3A. This thesis will refer to the voluntary wheel running exercise used in 
the studies I–III as ET to clarify that the acute effects of exercise were not studied, 
although voluntary wheel running exercise is not structured exercise of a specific 
intensity.  

All animals were housed in pairs with ad libitum access to food and tap water 
and with 24/7 access to wireless low-profile running wheels (locked for no-exercise) 
with the spins of the wheels being recorded. All exercising mice were assumed to 
run equally per cage, which could underestimate their running activity as the animals 
have been seen using the wheels also simultaneously. The experiments had similar 
protocols, with minor variations in timing of imaging and sample collection as shown 
in Figure 3B. The time points in which data were obtained in the studies are: T1, the 
baseline before cancer inoculation; T2, few days after 2nd dose of DOX treatment 
(total 10 mg/kg); and T3, few days after 4th DOX dose (total 20 mg/kg). 

All the animals were euthanized either day after the last dose of DOX (Study I) 
or about a week after last dose of DOX (Study II & III) unless if their tumors reached 
the end-point criteria defined in the ethical permits before experiment end. End-point 
criteria were wound formation on tumor (total of 2 animals), tumor volume of >1 cm³ 
(Study I) or total tumor diameter of 1.5 cm (Study II & III). The hearts and tumors 
from animals euthanized earlier due to tumor growth were still collected and 
analysed for pooled T3 results. Organs could not be collected from few animals, but 
these animals were still included for tumor growth, heart function and running 
activity analyses. Tumor growth and animal weights were monitored throughout the 
study period and the tumor-free animals were handled equally and exposed to similar 
number of times to anaesthetics as the tumor-bearing animals. Tumor volume was 
measured with calipers (Study I) or with ultrasound under isoflurane anaesthesia 
(2%, Study II & III). Final tumor dimensions were measured at three dimensions 
from the dissected tumors using calipers. Tumor volumes were calculated using 
equation (1) with width and depth assumed equal in caliper measurements. 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡×𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ×𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ×3.14
6

 (1) 
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Figure 3. The experimental test groups (A) and experimental protocols (B) used in the studies I–III. 

Each experiment started with subcutaneous murine mammary tumor cell inoculation or 
phosphate buffered saline (PBS) injection (day 0) to the mouse flank. At day 1 (day 2 in 
Study I) all mice received voluntary running wheel (locked or spinning). The mice received 
weekly administration of DOX (5mg/kg) or PBS indicated by the red syringes. In Study I 
hearts and tumors were collected from TD and TDE groups. In Study II the heart and 
gastrocnemius muscle were collected at T3 from the test groups C, CE, T, TE, TD and 
TDE. The time of ultrasound and [18F]FDG-PET imaging is indicated by picture of the 
respective machine at different time points (T1-T3). Also the tumors were collected from 
T, TE, TD and TDE at T3 for the Study III. In Study III the tumors were collected also from 
a subset of tumor-bearing mice from T, TE, TD, TDE at T2 couple days after imaging them 
using [15O]H₂O-PET and [15O]CO-PET. Collected tissues were divided for cardiac and 
tumor mitochondrial respiration measurements (Study II and III) and for enzyme activity, 
protein quantity and histological analyses (Study I–III). The n-numbers are indicated for 
each study, with only a subset of the animals imaged in PET at T2 and T3. 

3.2 Cell culture and cancer initiation (I, II, III) 
I3TC cells used in the experiments were previously isolated from the mammary tumors 
of transgenic PyMT-MMTV FVB-mice developing spontaneous mammary tumors 
(Weiland et al., 2012). One reason why the 13TC cells were chosen was because the 
tumors of the transgenic PyMT-MMTV model have been shown to cluster with 
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luminal B-like subtype and to mimic the progression of human cancer, with the gradual 
loss of ER and PR (Attalla et al., 2021). These cells were cultured in the same way in 
all experiments and inoculated subcutaneously to the animals’ flank in the same way. 
However, in Study I the animals were inoculated without sedation under restraint while 
in Study II and III the inoculation was done under light isoflurane sedation (5% 
induction, 2% maintenance). More detailed cell cultivation and inoculation methods 
can be found from the studies I–III. In experiment I two million cells were inoculated 
while in experiments II and III 1.8 million cells suspended in phosphate buffered saline 
were inoculated. The tumor cells were inoculated subcutaneously to the flank of the 
animals, meaning the tumors would grow non-orthotopically. The flank inoculation 
was done, because it would prevent tumors from potentially getting mechanical 
irritation from rubbing against the bedding and from interfering with the running of 
the animals when growing larger in size if the tumors would be in mammary tissue. 
Subcutaneous breast cancer implanted near mammary glands mimics a situation where 
cancer has spread from mammary tissue to nearby tissue regions, and it accounts for 
some tumor secreted factors despite being non-orthotopic. 

3.3 Echocardiography (II) 
The transthoracic echocardiography was performed using Vevo 2100 (VisualSonics, 
Inc., Toronto, ON, Canada) on a heated surface with animal kept under light 
isoflurane anaesthesia (5% induction, ≈1.5% maintenance) without inducing 
bradypnea or bradycardia. More detailed description of the protocol is described in 
the Study II additional file 1. The LVEF was measured in B-mode by detecting the 
change in LV area between systole and diastole. LVEF was used as a measure of the 
cardiac contractility and function as it is more accurate than cardiac LVFS measured 
at M-mode by using only the change in cardiac diameter in the calculation. The LV 
wall thickness in diastole and systole were analysed from the M-mode images and 
the estimated LV mass was automatically calculated by the software. Left ventricular 
outflow tract velocity time integral (LVOT VTI) and the mitral blood flow peak 
velocities in early and late diastole (E/A) were measured in doppler mode. LVOT 
VTI reflects the column of blood moving through the left ventricular outflow tract 
during each systole and thus it can be used as a descriptor of stroke volume and, thus, 
used to calculate cardiac output. 

3.4 Positron emission tomography (II, III) 
Glucose analogy [18F]FDG was used to monitor the organ accumulation of glucose 
using PET imaging with [18F]FDG being commonly used to monitor cancer patients 
and offering important information of the glucose metabolism of the tissue in 
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question (Figure 4A). Radioactive water with radioactive isotope of oxygen 
[15O]H2O and carbon monoxide with the same isotope of oxygen [15O]CO was used 
to monitor blood flow and blood volume within the organs (Figure 4B). Use of 
[15O]H2O and [15O]CO to image small animals such as mice has novelty as not many 
studies have used these techniques in mice due to challenges related to the animal’s 
body size, imaging resolution and the 3 mm positron range of 15O-isotope (Slart et 
al., 2024). The [15O]H2O can be injected to the bloodstream, and it is freely diffusible 
and metabolically inert thus not accumulating into organs but offering information 
about the perfusion of organs. Meanwhile [15O]CO can be inhaled within a mixture 
air and once diffused into blood from the lungs it binds to haemoglobin forming 
carboxyhaemoglobin. [15O]CO remains within the blood giving information about 
the blood volume within tissues while together blood flow and volume allow the 
calculation of blood mean transit time (MTT) through tissue. 

All PET/CT done in the Studies II and III were performed under light isoflurane 
anesthesia (3–5% induction, 1–3% maintenance) using small animal PET/CT 
(Molecubes NV, Ghent, Belgium) with a heated mouse bed. All animals had their 
tail vein cannulated for tracer injections and data analysis was done using Carimas 
software (Rainio et al., 2023) and an inhouse program. More detailed imaging 
protocols are given within the Study II and III.  

 
Figure 4. Exemplary mouse positron emission tomography (PET) images. The images are 

showing the glucose analog [18F]FDG-PET images (A) and the 15O-tracer images (B) 
with the [15O]H2O-PET on left and [15O]CO-PET on the right. Exemplary images within 
A are from the same animal from coronal and sagittal plane. The mean weighted 15O-
tracer images are shown from the same animal from last three imaging frames (≈300–
480 s). The tumors are indicated with a white rectangle. The heart is clearly visible within 
[18F]FDG-PET sagittal plane image. 
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3.4.1 Glucose uptake measurements (II, III) 
The [¹⁸F]FDG imaging was done for two mice at a time at T2 and T3 according to 
Figure 3. If the mouse was euthanized prior T3 due to tumor growth, another random 
mouse from the same group was picked for T3 imaging. The mice were fasted for 
approximately two hours before the imaging, with their blood glucose measured 
using a glucometer (glucometer, Bayer Contour, Bayer AG, Leverkusen, Germany) 
from the saphenous vein before and after the [18F]FDG/CT imaging. The animals 
had 3±0.2 MBq (140±15 MBq/kg) of [18F]FDG tracer injected via tail vein, after 
which they were CT imaged for attenuation correction and anatomical reference. 
After 20 minutes from tracer injection the mice were PET imaged using static 
imaging with framing 1×1200s. The PET [18F]FDG images were analysed by 
drawing regions of interest (ROI) for each analysed tissue, like LV wall and whole 
tumor as well as metabolic tumor volume (MTV). MTV was defined as tumor area 
with a signal >50% of whole tumor standardized uptake value maximum (SUVmax). 
The standardized uptake value (SUV) for [18F]FDG was calculated for each drawn 
ROI with equation (2) using decay corrected radioactivity values. For the tumor the 
whole tumor glucose uptake heterogeneity (GUH) was also calculated using 
equation (3) and total lesion glycolysis (TLG) using equation (4). The [18F]FDG 
SUV values (indicative of tissue glucose uptake) were calculated also for other 
organs such as liver, femur (containing both marrow and compact bone), 
gastrocnemius muscle and brain. 

 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅(𝐵𝐵𝐵𝐵/𝑚𝑚𝑚𝑚)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝐵𝐵𝐵𝐵)/𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡(𝑔𝑔)

 (2) 

 𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅
𝑆𝑆𝑆𝑆𝑆𝑆 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅𝑅𝑅

× 100 (3) 

 𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑆𝑆𝑆𝑆𝑆𝑆 ×  𝑀𝑀𝑀𝑀𝑀𝑀 (4) 

3.4.2 Blood flow measurements (III) 
The [15O]H2O and [15O]CO imaging was done for one mouse at a time at T2 
according to Figure 3. After being positioned in the bed the mice were injected with 
[15O]H2O (10 MBq) via tail vein cannula with injection lasting one-minute. The 7.5-
minute dynamic PET-imaging was started at the same time with injection with 
framing totalling to 450 seconds (frames 20×5s, 3×10s, 4×20s, 4×30s, 2×60s). After 
radioactive decay another dynamic scan was started at the same time with continuous 
3-minute inhalation of gaseous [15O]CO mixed with isoflurane and room air which 
was delivered using an inhouse developed automated gaseous radiopharmaceutical 
administration system (Shimochi et al., 2024). The total length of the dynamic 
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[15O]CO-scan was 480 seconds (frames 8×60s). Finally, the mice were CT imaged 
for anatomical reference and the correction for attenuation and scatter.  

The signals were corrected for radioactive decay and the regions of interest 
(ROIs) were drawn for the whole tumor and the high flow region determined by 
drawing ROI covering the highest flow signal areas for each tumor. ROI was also 
drawn within the LV cavity for the determination of LV input function (LV IF). The 
LV IF signal was corrected for spill-over radioactivity caused by the limited spatial 
resolution of PET images relative to the size of LV. LV spill-over was corrected by 
determination of ROI recovery coefficient done as previously validated for clinical 
PET imaging (Iida et al., 1992). However, this spill-over correction requires to be 
validated further in the future studies. The blood flow was determined for each ROI 
from [15O]-H2O time activity curves (TACs) as described in Study III. The fitted 
parameters were the rate constants K1 blood flow (ml blood × ml volume-1×min-1) 
and k2 (min-1) as well as the arterial blood volume fraction (Va, ml arterial-blood 
×ml volume-1). Vascular blood volume fraction was calculated from the [15O]-CO 
TAC using the mean pixel counts from the end of TAC when the distribution reached 
equilibrium using the same ROIs that were utilized in blood flow determination. 
Tissue blood vascular volume fraction was calculated using equation (5) and the 
blood MTT (Mihara et al., 2003) was calculated using equation (6). Similarly, the 
blood flow, blood volume fraction and MTT was calculated for the mouse brain, 
liver, femur, and muscle gastrocnemius muscle by drawing ROIs for each tissue. 

 Blood vascular volume fraction = ROI radioactivity at end of [15O]CO TAC 
Total blood activity concentration mean signal 

 (5) 

 𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐾𝐾₁

 (6) 

3.5 Mitochondrial respiration measurements (II, III) 
Mitochondrial function of LV and tumor were measured from tissue homogenates in 
studies II and III. The tissues were kept in cold biopsy preservation solution BIOPS 
(Study II Additional file 1) until homogenization in mitochondrial respiration 
medium (Study II Additional file 1) according to the protocol provided in studies II 
and III. Mitochondrial function was measured by measuring changes in 
mitochondrial oxygen consumption following addition of substrates and inhibitors 
using high-resolution respirometry oxygraph 2k (Oroboros Instruments corp., 
Innsbruck, Austria). The measurement chamber oxygen level was raised at the 
beginning of each measurement using pure oxygen injected to partially open 
respirometer chamber and the oxygen level was maintained during the measurements 
after antimycin-A addition using catalase and H2O2 injections to a closed chamber. 
The mitochondrial respiration was allowed to stabilize before addition of each 
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substrate and inhibitor to measure the mitochondrial respiration linked to different 
respiratory states according to Table 2. The coupling efficiency was calculated by 
dividing complex I driven coupled respiration with complex I linked total 
respiration. For the hearts also the CS/CIV-ratio was calculated by dividing maximal 
CS activity per grams of tissue with maximal complex IV activity. 

Table 2.  The substrates and inhibitors in order of addition and mitochondrial respiratory state 
calculations. 

Substrates & 
Inhibitors 

Respiratory state measured Organ 

No exogenous 
substrates 

Residual oxygen consumption: ROX Tumor 

Pyruvate (P) 
Malate (M) 
Glutamate* (G) 

Complex I driven uncoupled respiration: LEAK 
= (Respiration with PMG) ‒ROX 

Left ventricle 
Tumor 

ADP-K●H2O# 

(+0.6 mol MgCl2 
/ ADP mol) 

Complex I driven coupled respiration: CI-OXPHOS 
= (Respiration at this stage) ‒LEAK‒ROX 

Left ventricle 
Tumor 

Cytochrome C Cytochrome C response: CytC response (%) 
= (Respiration at this stage) ‒ (Respiration with PMG+ADP) ÷ 
(Respiration with PMG+ADP) ×100 

Left ventricle 
Tumor 

Succinate Complex I&II driven coupled respiration: CI&CII-OXPHOS 
= (Respiration at this stage) ‒LEAK‒ROX 

Left ventricle 
Tumor 

FCCP Maximal electron transfer capacity: ETSmax  
= (Respiration at this stage) ‒ROX 

Left ventricle 
Tumor 

Rotenone Complex II linked maximal electron transfer capacity CII-ETS  
= (Respiration at this stage) ‒ROX 

Left ventricle 
Tumor 

 Complex I linked maximal electron transfer capacity: CI-ETS 
= ETSmax ‒ CII-ETS 

Tumor 

Antimycin-A Residual oxygen consumption: ROX Left ventricle 

Ascorbate + 
TMPD 

Maximal activity of complex IV: CIV max 
= (Respiration at this stage) ‒ROX, ‒autoxidation) 

Left ventricle 
Tumor 

Sodium azide Autoxidation Left ventricle 
Tumor 

*G was only added for LEAK calculation in heart, #Two different values of CI-OXPHOS were 
calculated for the tumors: with G and without G. FCCP = Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone. More details are provided within the Study II and III. 
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3.5.1 Determination of the mitochondrial quantity (II, III) 
In the study II, the cardiac mitochondrial quantity was estimated using mitochondrial 
index calculated as the ratio of mitochondrial gene (mDNA) for NADH-ubiquinone 
oxidoreductase chain 1 protein and nuclear gene (nDNA) hexokinase 2 determined 
using qPCR and the equations (7) and (8) (Quiros et al., 2017). Additionally, CS-
activity was used as a proxy for the mitochondrial quantity in hearts and tumors in 
the Study II and Study III. 

 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 2 × 2𝛥𝛥𝛥𝛥𝛥𝛥 (7) 

 𝛥𝛥𝛥𝛥𝛥𝛥 = 𝐶𝐶𝐶𝐶(𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) − 𝐶𝐶𝐶𝐶(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔) (8) 

3.6 Spectrophotometric assays (I, II, III) 
A piece of snap frozen LV, tumor and gastrocnemius muscle was homogenized in 
1 mg / 10 µl of homogenization solution (50 mM Hepes, 1 mM EDTA, 0.1%  
Triton-X, pH 7.4) and in methanol (Study I) or 1 mg / 10 µl of 100 mM K-phosphate 
buffer containing 150 mM KCl solution with pH 7.4 (studies I, II). The raw 
homogenate or supernatant from centrifuged homogenate was used for 
spectrophotometric measurements listed in Table 3. 

Table 3.  Spectrophotometric techniques used, for further detais see original studies (I,II, III). 

Measurement Assay method Kit or method source OrganStudy 

Catalase activity Chromogenic probe 
assay 

(Vuori & Kanerva, 2018) LVI, II 

Citrate synthase activity Dynamic CoA(SH) + 
DTNB measurement 

(Anttila et al., 2013) LVI, II, TumorI, III, 
M GastroII 

HOAD activity Dynamic NADH 
measurement 

(Driedzic & Fonseca de 
Almeida-Val, 1996) 

LVII 

Lactate dehydrogenase 
activity 

Dynamic NADH 
measurement 

(Anttila et al., 2013) LVI, II, TumorI, III, 
M GastroII 

Lipid hydroxyl peroxide 
content 

Ferrous Oxidation − 
Xylenol Orange Assay 

(Raja-aho et al., 2012) LVI, II, M GastroII 

Protein carbonyl content DNPH method Sigma-Aldrich MAK094 LVII 

Superoxide dismutase 
activity 

Indirect xanthine 
oxidase-based method 

Sigma-Aldrich 19160 LVII 

Total protein 
concentration 

Bicinchoninic acid 
assay 

Thermo Scientific™ 
Pierce™ Cat. 23225 

LVI, II TumorI, III, 
M GastroII 

I, II, III Original study in which the measurement was used, HOAD = 3-Hydroxyacyl-CoA 
dehydrogenase, M Gastro = Muscle gastrocnemius, LV = Left ventricle 



Tytti-Maria Uurasmaa 

44 

3.7 Histology and western blot (I, II, III) 
The protein detection was done using western blot and immunostaining of the gel 
separated proteins according to Table 4 with images of Tris-Glycine eXtended stain-
free fast cast acrylamide kit 12% (Bio-Rad) used to detect the total protein per lane.  

All histological staining was done using paraffin embedded tissue sections using 
either conventional staining or immunohistology staining methods according to 
Table 4. In Study II the heart capillary staining was done using Periodic Acid-Schiff 
(PAS) staining. The sections were sealed using aqueous Kaiser’s glycerol gelatin in 
Study I (108635 Sigma-Aldrich) while aqueous sealing agent VECTASHIELD® 
HardSet™ Antifade Mounting Medium with DAPI (H-1500-10) was used for 
fluorescent stained sections in studies II and III with rest of the sections being sealed 
with non-aqueous DPX mounting media (Sigma-Aldrich, Merck). 

Table 4. Primary antibodies that were used in the experiments. See the original studies for further 
details such as the concentrations and incubation times. 

Antigen Type and host Manufacturer Application Organ Study 

Anti-Actin  
α-Smooth 
Muscle-Cy3™ 

Mouse monoclonal 
clone 1A4 

Sigma-Aldrich C6198, 
clone 1A4 

Histology Tumor I, III 

Carbonic 
anhydrase 9 

Rabbit polyclonal Novus Biologicals Bio 
Techne NB100-417 

Histologya Tumor III 

Cleaved 
Caspase-3 

Polyclonal rabbit Cell signaling 
technology® #9661 

Histologya, 
WBb 

Tumor I, III 

HIF1-α Rabbit polyclonal Abcam ab2185 WBb Heart, 
Tumor 

I 

Ki67 Rabbit polyclonal Sigma-Aldrich AB9260 Histologya, 
WBb 

Tumor I, III 

Podocalyxin Goat Polyclonal R&D systems AF1556 Histologya,c Heart, 
Tumor 

I, III 

VEGF-A Rabbit monoclonal Abcam ab214424 WBb Heart, 
Tumor 

I 

aAnti-rabbit or anti-goat biotinylated secondary antibodies were used (Invitrogen #31732, Vector 
laboratories BA-1000), bThe secondary goat anti-rabbit antibody IRDye® 800CW 926–32211, LI-
COR was used, cAnti-goatsecondary antibody AlFl.488 LifeTech A11055 was used.  

3.8 Statistical methods (I, II, III) 
Statistical testing listed in Table 5 was done using Sigma Plot 15, SAS® Enterprise 
Guide®, GraphPad Prism 5.01 and SPSS 27. The data normality and equality of 
variance was tested with Shapiro-Wilk and Brown-Forsythe respectively. LOG 
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transformed data was used for testing if the data normality and variance was 
improved, otherwise non-parametric tests were used when possible. If the non-
parametric test was not possible then non-transformed data was used with the 
approximate normality checked with a histogram. Approximate normality and 
equality of residual variances was confirmed for linear model with residual 
histogram, residual QQ-plot or linear predictor plot. All correlation tests were done 
using Pearson or Spearman correlation test. 

Table 5. Statistical tests used in studies I,II and III 

Variable type Groups compared Statistical test Factors Study 

Single time 
point variables 

TD, TDE t-test or Mann-Whitney 
Rank Sum or Welch’s t-
test 

- I 

Single time 
point variables 

T, TE, TD, TDE Two-way ANOVA ET & DOX II, III 

Single time 
point variables 

C, E, T, TE Two-way ANOVA ET & cancer II 

Running 
activity 

TDE: Running at 
week 1–2, week 3 & 
week 4 

One way ANOVA Timeframe I 

Running 
activity 

CE, TE, TDE 
or TE, TDE 

Two-way RM ANOVA Group & Time II, III 

Tumor growth TD, TDE Linear model on repeated 
measures 

Group & Time I 

Tumor growth T, TE, TD, TDE Proc Glimmix LM RM, 
with unstructured 
covariance 

ET, DOX & time  III 

Heart 
PET-FDG 

C, E, T, TE, TD, TDE 
or C, E, T, TE 

Proc Glimmix LM RM, 
with unstructured 
covariance 

ET, Time & *DOX 
or ET, cancer & 
time 

II 

Tumor 
PET-FDG 

T, TE, TD, TDE Proc Glimmix LM RM, 
with unstructured 
covariance 

ET, DOX & time, 
covariate: tumor 
Vol 

III 

ET = Exercise training, DOX = Doxorubicin, C = tumor-free control group, E = tumor-free ET group, 
T = Tumor group, TE = Tumor ET group, TD = Tumor group treated with DOX without ET, TDE = 
Tumor group treated with DOX and with ET. LM RM = linear model on repeated measures, *DOX 
nested under cancer. 
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4 Main Results and Discussion 

4.1 Exercise training effects on doxorubicin 
efficacy and breast cancer tumors 

4.1.1 Tumor growth, apoptosis, and proliferation 
To investigate whether voluntary wheel running ET affected DOX efficacy, the 
changes in tumor volume over time were evaluated together with the tumor 
proliferation and apoptosis using proliferation marker Ki67 and apoptosis marker 
cleaved caspase 3 (cas3). In Study I four weeks of voluntary running wheel ET 
significantly slowed tumor growth in DOX treated animals, although the final tumor 
volumes were similar between the groups (Fig 1 in Study I). ET slowed tumor growth 
via increasing tumor cell apoptosis without affecting tumor cell proliferation as 
indicated by significantly increased cas3 positive cells and similar levels of 
proliferation marker Ki67 (Fig 3 in Study I). However, without test groups lacking 
DOX treatment, it could not be confirmed whether ET enhanced chemotherapy or 
sensitized tumors to treatment, or whether ET alone inhibited tumor growth. 

In contrast, in study III ET had no effect on tumor growth or animal survival in 
shorter time frame or in longer time frame (Fig 1 and Fig 4 in Study III). However, 
in the longer time frame DOX significantly decreased the mouse running activity 
(Fig 4 in Study III). In accordance with these findings the tumor proliferation and 
apoptosis markers were similar between the groups in study III (Fig 1 and Fig 4 in 
Study III). The ET intensity may not have been enough to affect tumor growth in 
Study III because the average running activity of the animals was lower compared 
to Study I no matter if mice were treated with DOX or not (Table 6). 

Besides running intensity, the timing of running program in relation to cancer 
cell inoculation might influence whether ET can affect tumor growth or not. This is 
because previously it has been shown that exercise alone 6 km/day for four weeks 
started two weeks prior cancer initiation could inhibit tumor growth of the 13TC 
tumors (Rundqvist et al., 2020). This finding also supports that more intense ET 
might be needed to inhibit tumor growth. Furthermore, Wakefield et al. (2021) 
showed that exercise 10–12 km/day for 4.2 weeks started concurrently with DOX 
treatment could sensitize EMT6 intraductal mammary tumors to otherwise 
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inefficient DOX treatment. ET in Study III did not sensitize tumors to DOX 
treatment, but more efficient treatment dosage together with the same level of 
physical activity could have more beneficial effects against the subcutaneously 
inoculated breast tumors. However, this requires further investigations. 

Table 6. Comparison of average running activity and duration of the mice in Study I and III. 

 Tumor DOX ET 
Study I 

Tumor DOX ET 
Study III T3 

Tumor ET 
Study III T3 

Tumor DOX ET 
Study III T2 

Running (km/day) 4.7±0.6 2.2±1.73 3.9±3.16 3.6±1.7 

Run duration (wk) 3.7±0.1 3.85±0.99 3.80±1.26 3.12±0.13 
Study III T3 = mice kept for T3, Study II T2 = mice kept for T2, DOX = Doxorubicin, ET = Exercise 
training (voluntary wheel running) 

Besides running activity and timing, the initial tumor growth rate might also 
affect the differences in study outcomes. In Study I the tumors grew initially 
significantly slower than tumors in Study III as indicated by tumor volumes prior 
chemotherapy (Figure 5). However, tumors from Study III which were allowed to 
grow only until T2 grew, nevertheless, similarly as in Study I before DOX treatment 
(Figure 5). Despite this, all Study III tumors had the DOX treatment started earlier 
than in Study I. Both the higher initial tumor growth rate as well as longer 
preconditioning with voluntary wheel running ET prior treatment could affect the 
differential tumor growth outcomes, although ET did not affect tumor volumes until 
after DOX was started in Study I. Furthermore, the mice from Study I, Study III T2, 
and Study III T3 were all ordered from different sources and the Study I was done at 
a different facility, which could contribute to different initial tumor growth through 
potentially differential gut microbiota composition. The gut microbiota has been 

shown to affect tumor growth in 
several cancers in mice (Sethi et al., 
2018). Lastly, it must be noted that the 
tumor size change may not tell 
everything about the tumoral response 

Figure 5. Tumor volume comparison between 
studies before chemotherapy. Volumes were 
recalculated similarly using tumor length and 
width. Two-way ANOVA P values are shown 
with Holm Sidak post hoc done to compare 
studies *P<0.05, ***P<0.001. ET = Exercise 
training, DOX = Doxorubicin. Study III T3 = 
mice kept for T3, Study II T2 = mice kept for 
T2. 
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to DOX and ET as tumors can contain large inactive regions with necrosis or 
connective tissue (Parihar et al., 2023). 

4.1.2 Tumor vascularity and blood flow 
The tumor vascularity and blood vessel maturation detected via α-SMA blood vessel 
coverage were investigated to see whether blood delivery to the tumor would be 
altered by vascular changes induced by ET, which could in turn potentially affect the 
drug delivery to the tumor. To investigate changes in tumor perfusion the tumoral 
hypoxia markers HIF1-α and, CA9 were quantified and the in vivo blood flow using 
PET imaging was measured. 

Study I found no evidence of tumor blood vessel normalization indicated by α-
SMA coverage or increase in blood vessel density despite ET significantly inhibiting 
the tumor growth and increasing apoptosis (Fig 3 in Study I). Furthermore, VEGF-
A and HIF1-α protein levels were not altered in the tumors (Fig 4 in Study I). This 
suggests that in Study I the tumor growth was not inhibited through vascular 
normalization. However, sometimes vascular normalization is not detectable via α-
SMA coverage but instead via increased number of visible lumens and longer blood 
vessels (Schadler et al., 2016). Blood flow measurements in vivo would be needed 
to confirm if tumor blood perfusion was altered in vivo. The increased tumor 
apoptosis in Study I could be caused by other factors, like changes in immune cell 
infiltration which was not the focus in these studies. Previously ET has been shown 
to inhibit tumor growth via increasing immune cell infiltration to breast tumors and 
melanoma tumors (Pedersen et al., 2016; Rundqvist et al., 2020). Some studies have 
also shown that exercise can both normalize tumor vasculature and increase tumor 
immune cell infiltration (Gomes-Santos et al., 2021a; Gomes-Santos et al., 2024). 

In contrast, we saw effects on tumor vascularity and blood flow in Study III even 
though in that study the tumor growth was not affected. In Study III at T2, before 
physical activity decreased in DOX treated groups, the ET decreased the density of 
blood vessels larger than 8 µm in diameter irrespective of DOX treatment (Fig 2 in 
Study III). At T2 there was also a non-significant trend of ET increasing tumor blood 
flow (Fig 2 in Study III), and the tumor blood flow positively correlated with the 
tumor capillary density in ET groups whereas within the no-ET groups this 
correlation was not quite significant (Additional file 1 Fig 3 in Study III). Later, the 
tumor blood vessel α-SMA coverage, overall blood vessel density, capillary vessel 
density, and the larger vessel density were similar between the groups at T3 (Fig 5 
in Study III). These changes suggest that ET slightly improved tumor blood flow 
initially but not later, without however, affecting the tumor growth or tumor hypoxia 
as was indicated by similar tumor volumes and unchanged hypoxia marker CA9 
coverage (Fig 2 in Study III). The positive correlation between hypoxic tumor area 
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and tumor capillary density suggests hypoxia induced angiogenesis and large 
number of poorly functioning blood vessels, which may help explain poor DOX 
treatment response in study III (Additional file 1 Fig 3 in Study III). 

Study III found also that the percentage of α-SMA positive blood vessels 
negatively correlated with tumor blood flow and that the faster growing tumors 
tended to have higher proportion of α-SMA positive blood vessels (Additional file 
Fig 4 in Study III). Meanwhile ET and DOX alone, but not when combined, 
decreased the α-SMA positive blood vessels at T2 (Fig 2 in Study III). Similarly, 
DOX and ET both alone, but not when combined, decreased the blood MTT 
suggesting faster blood passage through the tumor without DOX treatment (Fig 2 in 
Study III). The combination effects of ET and DOX might have been undetected due 
to low n-number and greater group variation. Moreover, despite DOX not affecting 
tumor growth in Study III, DOX decreased tumor blood volume fraction suggesting 
some treatment effect at T2. Decline in blood flow has been shown to predict patient 
survival, and the chemotherapy responsive breast tumors have been shown to have 
decreased blood flow whereas unresponsive tumors had increased tumor blood flow 
(Mankoff et al., 2003). 

However, the faster blood MTT could be indicative of more shunt vessels which 
do not facilitate efficient oxygen diffusion. Indeed, there was no reduction in tumor 
hypoxia in Study III, which may partially explain lack of significant correlation 
between tumor blood flow and tumor hypoxic area (Additional file Fig 3 in Study 
III). Previously α-SMA quantity has been shown to be associated with number of 
larger blood vessels, with the larger vessels size being associated with worse breast 
cancer patient outcomes (Milosevic et al., 2023). Therefore, decrease in α-SMA 
positive blood vessels may be beneficial. However, in contrast to our findings 
exercise has been shown to usually increase tumor blood vessel pericyte coverage 
(measured as α-SMA positive vessels) in breast cancer in association with 
normalized tumor vascularization (Gomes-Santos et al., 2021a). However, tumor 
vascularity can be also normalized in absence of changes in α-SMA coverage 
(Schadler et al., 2016). Some tumors also have increased blood vessel α-SMA 
coverage as opposed to decreased coverage (Bergers & Song, 2005; Morikawa et al., 
2002b). For example, pancreatic ductal adenocarcinoma tumors can acquire high 
capillary blood vessel expression of α-SMA, that was also associated with blood 
vessel leakiness (Natarajan et al., 2022). Study III results support that in our breast 
tumor model the high blood vessel α-SMA coverage was associated with less 
functional blood vessels. This makes sense also if capillaries vessels acquire α-SMA 
coverage with increased smooth muscle cell coverage, thus indicating arterialization 
and indicating vessels with less oxygen exchange. 

The initial changes in vascularity and blood flow did not, however, alter tumor 
growth. The reasons might be the ET intensity and the ineffective DOX treatment. 
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Recently it was shown that both low and moderate intensity ET can normalize breast 
tumor vasculature while high intensity ET does not (Gomes-Santos et al., 2024). It 
was also shown that only the moderate intensity ET increased tumoral immune cell 
infiltration and inhibited tumor growth (Gomes-Santos et al., 2024). Improved tumor 
vascularization and blood flow could be expected to improve DOX efficacy even 
without increased immune cell infiltration, but likely this did not happen as the 
tumors were DOX unresponsive in the first place. However, the changes in tumor 
vascularity and blood flow may have altered tumor necrosis and metabolic activity 
instead of volume. 

4.1.3 Tumor glucose uptake and metabolism 
To study the tumor metabolism in response to ET, the tumors were crushed, and part 
of the tumor was homogenized and the maximal activities of CS, LDH as well as 
mitochondrial respiration were analysed. Furthermore, the tumor glucose uptake was 
measured in vivo using PET [18F]FDG imaging.  

The [18F]FDG SUVmax, maximal glucose uptake value within the whole tumor 
region, was significantly decreased by DOX at T2 in Study III suggesting initial 
treatment response (Fig 5 in Study III). Over time voluntary wheel running ET and 
DOX both alone caused a further significant decrease in [18F]FDG SUVmax which 
was not detected in the ET group also receiving DOX treatment. Furthermore, the 
MTV describing the glucose uptake within metabolically active tumor region was 
also decreased over time and both ET and DOX alone caused a further decrease, 
which was not quite significant in ET group receiving DOX (Fig 5 in Study III). It 
is possible that together the effect of DOX and ET was not significant due to 
increased variation and insufficient n-number, but clearly the ET was not sufficient 
to potentiate the effect of DOX on tumoral glucose uptake. Meanwhile the glucose 
uptake heterogeneity was significantly reduced by ET irrespective of DOX treatment 
(Fig 5 in Study III). This corresponds with previous findings in which exercise 
reduced the heterogeneity in number of perfused blood vessels within orthotopic 
mammary tumors without altering total perfused vessel number, capillary density, 
tumor hypoxia, and tumor growth (Buss et al., 2020). 

The whole tumor [18F]FDG SUV and TLG describing overall tumoral glucose 
uptake was not altered by ET or DOX, although they too decreased over time in all 
groups (Fig 5 Study III). This suggests that over time tumors tended to become less 
metabolically active or at least utilize less glucose, which is expected for larger 
tumors with larger portions of their volume containing necrotic regions. In 
agreement with unaltered whole tumor glucose uptake, the tumoral CS and LDH 
maximal activities in Study III and in Study I were similar between the groups (Fig 
4 in Study I, Additional file Table 3 in Study III). Furthermore, the tumor 
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mitochondrial function had no detectable changes in Study III T2 in response to ET 
nor DOX treatment (Additional file Table 4 in Study III). However, these zero 
findings need to interpret with caution as they are based on only a part of the tumor. 
Due to tumor heterogeneity, the data obtained from a part of the tumor might not 
accurately describe the whole tumor or other tumor regions. 

Importantly, DOX and ET mediated decrease in some of the tumor glucose 
uptake parameters suggests that there may have been some beneficial tumor response 
over time suggesting reduced tumoral glucose utilization. However, these changes 
did not translate to changes in tumor growth, which may in part be due to the short 
study timeframe which does not match the longer treatment timeframe and follow 
up times used in the clinical setting (Mankoff et al., 2003). Future studies are needed 
to investigate why the glucose uptake was altered by DOX and ET, and whether 
these changes precede changes in tumor growth in longer term. Furthermore, thesis 
does not answer whether the tumor cells shift to use more the fatty acids and what is 
the proportion of the tumoral glucose uptake caused by a presence of non-tumor cells 
like tumor infiltrating lymphocytes. Nonetheless, the decreased tumor glucose 
uptake parameters may be beneficial considering that high tumoral [18F]FDG 
SUVmax and MTV have both been linked with adverse effects in breast cancer 
patients (AbdElaal et al., 2021; Pak et al., 2020). The [18F]FDG SUVmax has also 
been shown to correlate with proliferative index of the tumor measured using Ki67 
(Bostancı & Hasbek, 2020), but this marker was similar between groups in Study III. 
Furthermore, changes in tumor glucose uptake have been shown to sometimes 
precede changes in tumor size, therefore helping to predict treatment responses 
(Spaepen et al., 2001).  

4.2 Cardioprotective effects of exercise training 
during doxorubicin treatment of breast cancer 

4.2.1 Heart function and vasculature 
Besides investigating how ET influenced the tumors, study I focused on whether 
voluntary wheel running ET could cause beneficial structural alterations in heart in 
DOX treated animals after 15mg/kg cumulative DOX dose. In Study I it was found 
that ET increased the number of capillaries per cells without affecting the VEGF-A 
or HIF1-α protein expression nor the cardiomyocyte cross-sectional area (Fig 2,3 in 
Study I). Previously it has been shown that DOX can lead to cardiac capillary 
rarefaction, and therefore an increase in capillarity could be a positive change 
(Räsänen et al., 2016). However, the heart function was not measured in Study I and 
without control animals untreated with DOX it could not be determined whether at 
this stage DOX had already caused cardiac toxicity, which the ET could counter. 
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In Study II it was investigated how the DOX affected heart function over time 
and whether these changes were mitigated by voluntary running wheel ET. In Study 
II the heart function was measured at baseline and after 10 mg/kg and 20 mg/kg 
cumulative DOX dose. As expected, in Study II the cumulative dose of 20 mg/kg of 
DOX impaired cardiac function by reducing LV EF and LVOT VTI and caused loss 
of LV mass, number of capillaries per cells and body weight (Fig 1, 2, 5 in Study II). 
In Study II the decrease in cardiac mass was not due to cardiomyocyte atrophy, as 
cells size was not different between the groups, thus suggesting loss of cardiac mass 
may have been due to cardiomyocyte apoptosis. More importantly, Study II found 
that the decrease in EF, LVOT VTI and LV mass was ameliorated in breast cancer 
bearing mice after ET of just 2.2±1.73 km/day done for 4 weeks, despite the running 
activity decreasing as cumulative DOX dose increased (Fig 1,2 in Study II). 
Furthermore, ET potentially improved diastolic function over time as there was a 
slight increase in E/A ratio over time (Fig 2 in Study II). Despite ameliorating DOX 
induced cardiac dysfunction, ET did not fully reverse the decrease in EF and LV 
mass, while the bodyweight loss and capillary rarefaction were not mitigated (Fig 
1,5 in Study II). It is possible that greater ET intensity or longer duration could be 
even more beneficial. 

This is supported by the fact that there was greater physiological cardiac 
hypertrophy and increase in EF in the healthy and tumor-bearing animals without 
DOX treatment, which had higher physical activity. Furthermore, the greater 
physical activity in Study I increased the number capillaries per cardiomyocytes, and 
previous studies also highlight the importance of ET intensity. Previously, voluntary 
wheel running ET 9–15km/day for 30 days was shown to ameliorate DOX 
(18 mg/kg) induced cardiac damage in tumor-free female mice, but also not fully 
reverse it (Wakefield et al., 2021). Similarly, another study showed that low to 
moderate intensity treadmill ET for 5 weeks during cumulative DOX dosing of 
25 mg/kg only mitigated DOX induced myocardial circumferential strain, but not 
decline in LVEF in tumor-free male mice (Gomes-Santos et al., 2021b). Meanwhile, 
in a study on male mice with melanoma, low intensity ET (10 m/min, 45 min/day, 5 
days/wk.) of two weeks during DOX treatment (cumulative 4 mg/kg) was not 
cardioprotective (Sturgeon et al., 2014b). This suggests that there is a threshold of 
ET that is needed for cardiac protection. Indeed, a study using Ewing’s sarcoma 
bearing immunodeficient male mice showed that just 2-week treadmill ET 
45 min/day 12 meters/min fully reversed decrease in cardiac mass and EF during 
exposure to cumulative DOX dose of 10 mg/kg, but that the loss of body weight was 
not prevented (Wang et al., 2018). Furthermore, treadmill ET, which could be 
expected to be more intense than voluntary wheel running, has been shown to 
prevent DOX mediated decrease in cardiac blood vessel pericyte coverage and 
number of open lumens, which suggests improved cardiac vascular function (Wang 
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et al., 2021). Differences in the level of cardioprotection are likely due to differences 
in ET intensity in relation to the cumulative DOX dose, as well as sex differences 
and differences in tumor burden.  

Indeed, Study II found that the tumor burden itself caused a small but significant 
reduction in whole cardiac mass and near significant reduction in body weight 
increase, as well as a blunted ET induced heart hypertrophy (Additional file 1 Fig 1 
in Study II). Similarly, a study on Ewing’s sarcoma model revealed that DOX caused 
bodyweight loss and loss of cardiac mass only in the tumor-bearing animals but not 
in tumor-free animals (Wang et al., 2018). It is possible that, despite the tumor 
bearing mice without DOX treatment running approximately same distance per day 
as the tumor-free mice in Study II, the mice could have run at a different intensity 
thus blunting the ET induced hypertrophy. In support of this, one study previously 
showed that breast tumor burden reduces exercise tolerance, although it does not 
reduce VOmax nor functional cardiac parameters directly (Weber et al., 2025). 
Interestingly, one clinical study found that prior chemotherapy breast cancer patients 
with tumor or after tumor removal surgery, already exhibited relative cardiac 
remodelling and subclinical cardiac dysfunction associated with the activation of the 
endothelin system (Maayah et al., 2023). These changes could, however, be 
characteristics of patients at higher risk of cancer instead of being directly caused by 
the tumor burden. Nonetheless, these effects of cancer highlight importance of 
considering the tumor burden in DCT and ET intervention investigations, 
particularly when the mechanisms of DCT and ET mediated cardiac protection are 
investigated.  

4.2.2 Heart glucose uptake and metabolism 
To study how voluntary wheel running ET and DOX modified cardiac glucose 
metabolism in murine breast cancer model, the cardiac glucose uptake, maximal CS 
and LDH activity and mitochondrial function were assessed from LV homogenates. 
Furthermore, in Study II the HOAD activity was also measured to see some 
indication of changes in fatty acid metabolism, with HOAD catalysing the third 
reaction of beta-oxidation in which fatty acids are broken down. 

In Study I voluntary running wheel ET until 15mg/kg cumulative dose of DOX 
significantly increased cardiac LDH activity, but not maximal CS activity (Fig 2 in 
Study I). However, the cardiac HIF-1α was not altered (Fig 2 in Study I). This is an 
interesting novel finding, as cardiac CS, LDH and HIF1-α have been scarcely studied 
previously in response to ET during DOX treatment. 

In contrast, Study II revealed that 20 mg/kg of DOX significantly increased 
cardiac glucose uptake, and ET decreased the glucose uptake, while also increasing 
cardiac maximal CS activity and decreasing cardiac LDH activity in DOX treated 
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mice (Fig 2 in Study II). It is possible that the ET induced change in LDH activity 
was different between studies I and II due to the acute effects of DOX in study I, as 
the hearts were collected day after last DOX dose. 

The increased LDH activity suggest increased capacity of the cardiomyocytes to 
produce lactate, whereas decreased LDH capacity suggests the opposite. Although 
the measured LDH activity was based on NADH consumption, and thus pyruvate 
utilization, both LDH A and LDH B can drive the pyruvate conversion to either 
direction despite their differential substrate preference (Mack et al., 2017). 
Therefore, increased LDH activity could also indicate increased capacity of the 
myocardium to utilize lactate as energy source, and a decrease in LDH could signify 
the opposite. The simultaneous increase in maximal CS activity with decreased 
cardiac LDH activity in Study II may suggest increased pyruvate usage in the TCA 
cycle as opposed to potential lactate production or utilization. Increased maximal CS 
activity could also indicate increased mitochondrial number, as opposed to just 
increased overall maximal CS activity, however this was not supported by our 
findings regarding unchanged mitochondrial DNA level (Table 1 in Study II). 

Our findings in Study II, but not in Study I, contrast previous findings of a study 
that found that ET preconditioning does not alter cardiac CS activity in tumor-free 
DOX treated male mice (Ascensão et al., 2005a). A study on healthy male rats 
showed that, although ET increases cardiac CS mRNA expression, the activity of CS 
is not upregulated (Siu et al., 2003). However, studies on heart failure models 
(induced by myocardial infarction) have shown that ET can increase cardiac CS 
activity during heart failure, unlike in healthy controls (Jiang et al., 2020; Kemi et 
al., 2007). In these heart failure studies, the increased CS activity was also 
accompanied by an increase in LDH A activity. In agreement with this, a study by 
Todorovic et al. (2021) showed that treadmill ET can increase cardiac LDH2 and 
LDH4 (but not total LDH) in healthy male rats, whereas the total LDH was also 
increased in male rats modelling cardiovascular disease through homocysteine 
administration (Todorovic et al., 2021). The discrepancies between Study II findings 
and previous studies could be due to different stage of DCT, as well as changes in 
different isoforms of LDH.  

The increase in cardiac CS and simultaneous decrease in LDH in Study II could 
suggest increased glucose flux through TCA and potentially improved OXPHOS. 
This is somewhat supported by the fact that in Study II DOX treated animals had 
significantly reduced mitochondrial RCR (referred to as coupling efficiency in Study 
1), and there was a slight trend towards ET improving it (Table I in Study II). There 
was also a positive correlation between the RCR and EF, suggesting that ET might 
have somewhat improved mitochondrial function, contributing to the improved 
cardiac function. Previous studies support the notion that DOX decreases RCR, and 
that ET can help maintain RCR (Ascensão et al., 2005b; Kavazis et al., 2010; 
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Marques-Aleixo et al., 2015; Montalvo et al., 2023; Morton et al., 2019). Likely the 
Study II was unable to detect significant increase in RCR due to the somewhat low 
n-number. 

Furthermore, it seems tempting to conclude that the DOX mediated increase in 
cardiac glucose uptake could be a result of impaired mitochondrial function, and a 
compensatory response aiming to maintain cardiac function. Indeed, many previous 
clinical and preclinical studies support that DOX induces increase in cardiac glucose 
uptake (Bauckneht et al., 2017, 2020; Bulten et al., 2019; Guerra et al., 2024; Hrelia 
et al., 2002; Sarocchi et al., 2018). However, Study II found that the cardiac glucose 
uptake had inverse correlation with the LVEF, and LV mass (Fig 4 in Study II). This 
suggests that the increased glucose uptake was not a compensatory mechanism able 
to maintain cardiac function and weight, but instead a measure of cardiac damage. 
Many studies support this notion, as they have shown that DOX mediated increase 
in cardiac glucose uptake can be a measure of DOX induced oxidative stress and 
impaired cardiac function (Bauckneht et al., 2019, 2017, 2020; Sarocchi et al., 2018). 
The finding that ET can reduce LV glucose uptake which DOX increases, thus 
blunting DOX effects on glucose uptake is novel and should be investigated further 
in the clinical setting. More investigation is needed on what precisely decreases LV 
glucose uptake, particularly in the DOX treated individuals, and what is the role of 
different LDH isoforms in this, as well as the role of other metabolic mechanisms 
which Study II did not measure. Although HOAD activity was not altered by DOX 
nor ET in Study II (Table 2 in Study II), it is possible that fatty acid metabolism 
could have had changes in its other metabolic enzymes. 

4.2.3 Cardiac oxidative stress 
To see whether ET modified LV oxidative stress, the lipid damage and protein 
damage were investigated via measuring the lipid peroxidation and protein 
carbonylation from LV homogenates. Furthermore, the cardiac antioxidative enzyme 
activities SOD and CAT were measured. In Study I and Study II ET did not affect 
LV oxidative damage to lipids or proteins nor the activities of antioxidative enzymes 
(Fig 2 in Study I, Table 2 in Study II). This suggests that ET did not ameliorate 
cardiac damage in Study II via increasing antioxidative capacity through changes in 
overall SOD or CAT activity level. Some previous studies support the notion that 
exercise can be cardioprotective without affecting cardiac oxidative stress or 
antioxidative enzymes (Chicco et al., 2006, 2005).  

However, findings of Study II contrast with many previous studies as particularly 
cardiac SODs have been shown to be increased by ET (Ascensão et al., 2005b; 
Dolinsky et al., 2013; Kavazis et al., 2010; Marques-Aleixo et al., 2015; Sequeira et 
al., 2021). Nonetheless, some studies have also shown unaltered SOD expression 
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while GPx or heat shock proteins or CAT were upregulated (Ascensão et al., 2005a; 
Chicco et al., 2006, 2005). In these studies, ET was done at lower intensity using 
DOX concomitant ET, voluntary wheel running ET preconditioning, or swimming 
exercise. Since ET can specifically increase SOD in subsarcolemmal mitochondria 
and not in the intermyofibrillar mitochondria (Montalvo et al., 2023), it might be that 
changes in specific antioxidative mechanisms or antioxidative damage markers may 
be more evident at the mitochondrial level but not at tissue level. Considering that 
previous studies have had a lot of variability regarding which antioxidative 
mechanisms are altered by exercise, it may stand to reason that some other 
antioxidative mechanisms not measured in the current study could be altered instead. 
The somewhat low n-number may also make it difficult to detect smaller ET induced 
changes. 

Interestingly, besides ET not having effect on LV antioxidative enzymes in 
Study II, there was also no increase in lipid peroxidation, protein carbonylation nor 
down regulation of any of the antioxidative enzymes following DOX treatment 
(Table 2 in Study II). This contrasts with previous studies that have found DOX to 
increase oxidative damage to lipids and proteins in particular (Ascensão et al., 2005a, 
2005b; Kavazis et al., 2010; Marques-Aleixo et al., 2015). Despite the strong 
evidence that DOX increases ROS formation and oxidative stress, and even inhibits 
anti-oxidative enzymes, not all studies have been able to detect DOX induced 
increase in oxidative damage or markers of oxidative stress (Cheong et al., 2021; 
Chicco et al., 2006). This might be because of varying DOX dosing regimens, timing 
of the measurement from the dosing as well the varying n-numbers in these studies. 
Some studies have showed that at least acutely the DCT is not mediated by general 
oxidative stress, but rather through the specific damage and inhibition of the ETS in 
mitochondria (Pointon et al., 2010). 

Although in Study II no DOX mediated increase in oxidative damage to lipids 
and proteins was found, it cannot be ruled out that DOX could have anyway affected 
ROS generation and that other than the measured antioxidative mechanisms could 
have limited the oxidative damage. Furthermore, it is possible that the oxidative 
damage generated was not visible at the time point investigated, considering that 
oxidative stress can occur rapidly, and the damaged cells and organelles can be 
cleared or removed via apoptosis. The fact that in Study II DOX induced increase in 
cardiac [18F]FDG uptake could be indicative of increased oxidative stress as has been 
shown by previous study by Bauckneht et al. (2020). 

4.3 Future perspectives and limitations 
Since the findings from Study I–III come from a mouse model of breast cancer, and 
therefore cannot be directly translated to humans, further studies are needed using 
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different preclinical mammary tumor models and clinical studies. Future preclinical 
studies should employ more intense ET in order to see whether that could enhance 
the DOX efficacy or offer additional cardioprotection. Particularly the changes in 
cardiac LDH activity in DCT and in response to ET need further investigation as the 
subtypes of this enzyme were not studied in Studies I–II but the overall activity of 
cardiac LDH was changed. Moreover, since there was evidence that at least initially 
the tumor vasculature and blood flow may have been altered, there is a need for 
further investigations using more intense ET and orthotopic tumor models. 
Orthotopic tumors could potentially respond differentially due to the different tumor 
microenvironment (Fung et al., 2015). 

Clinically, the ET induced changes in cardiac and tumor glucose uptake could 
be easiest to investigate as many cancer patients go through [18F]FDG-PET imaging. 
The Study II and III have the limitation of some animals having to be euthanized due 
to tumor growth prior T3 PET imaging which could cause survival bias in T3 PET 
measurements. Particularly the tumor data might represent slowest growing tumors 
in each group at T3. The findings of Study II and III on cardiac and tumor glucose 
uptake need to be verified in breast cancer patients treated with DOX.  

Moreover, it has been suggested that the beneficial effects of ET may not last 
long term with one study finding only a few beneficial effects on life quality 
parameters remaining in breast cancer patients at 5 year follow up (Anandavadivelan 
et al., 2024). Despite this, physical activity has been shown to be associated with 
reduced cancer recurrence and overall mortality in breast cancer patients at two year 
follow up (Cannioto et al., 2021). Therefore, longer term outcomes need further 
investigation, both in clinical and preclinical setting. Particularly interesting would 
be to investigate whether the short-term alterations induced by ET, such as those in 
the cardiac glucose uptake and tumor glucose uptake, could predict longer term 
patient outcomes. 
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5 Conclusions 

Based on the studies included in this thesis it can be concluded that voluntary wheel 
running ET can in some instances inhibit tumor growth in DOX treated animals, but 
this might be highly ET intensity and DOX efficacy dependent. However, the novel 
important finding of this thesis was that even low intensity ET, which voluntary 
running wheel ET likely is, can mitigate the cardiotoxic effects of DOX reducing 
cardiac glucose uptake which DOX increases while also reducing MTV and maximal 
glucose uptake suggesting lower tumoral glucose utilization. However, this effect on 
tumoral glucose uptake was only apparent in the groups without DOX treatment with 
higher physical activity, and ET did not sensitize subcutaneous 13TC-mammary 
tumors to DOX treatment or alter total lesion glycolysis at the intensity used. The 
ET mediated changes in tumor glucose uptake require further investigation as this 
study found no explanation from the measured metabolic enzyme activities nor 
mitochondrial function. 

Furthermore, it was shown that initially after cumulative DOX dose of just 10 
mg/kg ET had some beneficial effects on tumor vascularity, as it decreased number 
of larger blood vessels and the blood vessel α-SMA coverage, which was correlated 
with more aggressive tumor growth. Furthermore, at the same time ET seemed to 
induce a trend of towards improved tumor blood flow with significantly decreased 
tumor blood MTT, without decrease in tumoral hypoxia. However, the vascular 
changes did not persist until fourth dose of DOX, even in the groups without DOX 
treatment and with steady physical activity. It is, however, possible that tumor 
bearing animals have decreased exercise intensity as indicated the fact that tumor 
burden can decrease exercise tolerance (Weber et al., 2025). Further studies are 
warranted on the effects of ET on tumoral blood flow and glucose uptake during 
more intense exercise and utilizing more effective DOX treatment regimen. 
However, the results of this thesis also show that it is possible that greater physical 
activity level can reduce tumor growth during DOX treatment via increasing tumor 
apoptosis even when there are no changes in tumor blood vessel α-SMA coverage 
and blood vessel density. 

Lastly and importantly, this thesis showed that low intensity ET which 
ameliorates DOX induced cardiotoxicity not only maintains LV weight and is able 
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to reduce cardiac glucose uptake which DOX increases, it also modifies the cardiac 
metabolic enzymes’ maximal activities. ET lowers the maximal LV LDH activity 
and increases the maximal CS activity in DOX treated animals week after receiving 
about 15-20 mg/kg cumulative DOX dose. However, acutely 24 hours after 
cumulative DOX dose of 15 mg/kg and in response to greater physical activity, the 
opposite seems to be true, with ET increasing maximal LV LDH activity. 
Interestingly the cardiac glucose uptake negatively correlated with the cardiac mass 
and EF suggesting that increased cardiac glucose uptake is a measure of cardiac 
damage. Therefore, the alterations in glucose uptake of heart and tumor in response 
to ET during DOX treatment warrant further investigation in the clinical setting 
particularly in regard to whether they could predict patient outcomes. Moreover, the 
changes in LV LDH and CS maximal activities need to be studied more in detail 
regards to the different subtypes of LDH which could contribute to the changes in 
cardiac glucose uptake via altered glucose utilization. 

In summary, overall voluntary wheel running ET seems to have beneficial effects 
for mice with breast cancer with or without DOX treatment. The results of this thesis 
support the notion that ET could be recommended for individuals with breast cancer 
and DOX treatment. However, these results need to be confirmed in the clinical 
setting before they can be applied to humans. 
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