
Faculty of Medicine and Life Sciences
School for Life Sciences

Master of Biomedical Sciences
Master's thesis

Using pyridoxamine to limit cardiovascular toxicity during doxorubicin chemotherapy

Manon Marie Jager
Thesis presented in fulfillment of the requirements for the degree of Master of Biomedical Sciences, specialization

Molecular Mechanisms in Health and Disease

2021
2022

SUPERVISOR :

Prof. dr. Virginie BITO

MENTOR :

De heer Sibren HAESEN

Transnational University Limburg is a unique collaboration of two universities in two
countries: the University of Hasselt and Maastricht University.



Faculty of Medicine and Life Sciences
School for Life Sciences

Master of Biomedical Sciences
Master's thesis

Using pyridoxamine to limit cardiovascular toxicity during doxorubicin chemotherapy

Manon Marie Jager
Thesis presented in fulfillment of the requirements for the degree of Master of Biomedical Sciences, specialization

Molecular Mechanisms in Health and Disease

SUPERVISOR :

Prof. dr. Virginie BITO

MENTOR :

De heer Sibren HAESEN





                           Senior internship - 2nd master BMW 

1 

 

Using pyridoxamine to limit cardiovascular toxicity during doxorubicin chemotherapy* 

 
Jager Manon Marie1, Haesen Sibren1, Deluyker Dorien1, Wolfs Esther1 and Bito Virginie1 

 
1Cardio and organ systems, Biomedical Research Institute, Universiteit Hasselt, Campus Diepenbeek, 

Agoralaan Gebouw C - B-3590 Diepenbeek 

 

*Running title: Can pyridoxamine limit DOX-induced cardiotoxicity?  

 

To whom correspondence should be addressed: Prof. dr. Virginie Bito, Tel: +32 11 26 92 85; Email: 

virginie.bito@uhasselt.be 

 

Keywords: Doxorubicin, cardiotoxicity, aortic toxicity, pyridoxamine, advanced glycation end-

products. 

 

 

ABSTRACT  

Doxorubicin (DOX) chemotherapy-

induced cardiotoxicity remains a setback when 

treating cancer. A substantial amount of 

cancer survivors experiences cardiovascular 

problems, causing mortality among this 

population. The exact mechanisms that cause 

cardiotoxicity remain unknown. New insights 

into how DOX induces cardiotoxicity and 

aortic damage are necessary to meet the unmet 

need for cardioprotection for cancer patients. 

Superoxide dismutase (SOD), known to 

scavenge superoxide scavenger and thus to 

reduce oxidative stress, was used to diminish 

acute DOX toxicity. Pyridoxamine (PM), 

known for inhibiting advanced glycation end-

product and reducing inflammation and 

oxidative stress, was used to limit chronic DOX 

toxicity. Cardiomyocytes and aortae were 

isolated. Aortae and cardiomyocytes were 

acutely exposed to DOX ex vivo for 2 h. 

Chronic exposure included eight weeks of 

DOX treatment in vivo. Doxorubicin caused 

significant acute and chronic impairment in 

unloaded cell shortening compared to control 

cells. PM could limit the increased time to peak 

contraction after chronic DOX treatment, but 

not the fractional cell shortening. 

Doxorubicin-incubated aortic rings showed 

acute decreased endothelium-dependent 

relaxation capacity. This impaired relaxation 

induced by DOX was partially restored with 

SOD pre-incubation but not significant. Our 

data have shown that doxorubicin induces 

cardiovascular toxicity. These data suggest 

that the DOX-induced toxicity involves 

multiple mechanisms. These results can 

provide insights for further research into 

therapeutical targets to limit the DOX-induced  

 

 

cardiovascular problems, providing a solid 

basis for new cardioprotective therapies for 

cancer patients during chemotherapy.  

 

1 INTRODUCTION  

1.1 Doxorubicin as anti-cancer treatment 

Doxorubicin (DOX) is used to treat a wide 

variety of cancers, such as breast cancer and 

advanced sarcomas (1, 2). However, DOX is not 

only known to attack cancer, but this 

anthracycline also causes cardiotoxicity (3). 

Clinicians have already lowered the cumulative 

dose of DOX to 400-450 mg/m² in order to 

prevent cardiotoxicity; however, DOX will not be 

as efficient as needed anymore (4). In spite of 

DOX causing cardiotoxicity, this chemotherapy 

is still an often-used cancer treatment, since other 

anthracyclines such as epirubicin have shown to 

be less effective in treating cancer (3, 5).  

This chemotherapy intercalates with DNA, 

inhibits DNA and RNA replication, and inhibits 

topoisomerase IIα in proliferating cells like 

cancer cells (6). Topoisomerase IIα is an enzyme 

involved in DNA replication and repair (7). These 

toxic effects cause cell death in cancer cells and, 

hence, are responsible for the anti-cancer 

properties of DOX (6) (Figure 1).  

 

1.2 Doxorubicin affects cardiac function 

Despite the importance of chemotherapy in 

saving lives, cardiovascular problems that arise 

during treatment remain a serious problem in the 

field of oncology. DOX inhibits topoisomerase 

IIα in cancer cells, but in cardiomyocytes, 

topoisomerase IIβ is affected by the 

chemotherapy. This causes considerable toxicity 
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to the cardiovascular system (8) (Figure 1). It is 

suggested that DOX increases reactive oxygen 

species (ROS) levels that cause oxidative stress 

and cell toxicity (8). Furthermore, it has been 

proposed that DOX decreases the cKit cardiac 

progenitor cells that, in normal circumstances, are 

responsible for compensatory mechanisms during 

stress and vascular injury (8). DOX could also 

form complexes with iron that give rise to toxic 

structures resulting in mitochondrial dysfunction 

(8). All these mechanisms might contribute to cell 

dysfunction and consequently cell death in the 

cardiomyocytes. There is still an incomplete 

understanding of how chemotherapy exactly 

affects the cardiovascular system. Some agents 

(e.g., dexrazoxane) are documented to be 

cardioprotective. Although, dexrazoxane has 

been associated with myelosuppression (i.e., 

reduced bone marrow activity) and cannot be 

used as a cardioprotective therapy (9). Therefore, 

cardiovascular toxicity in patients undergoing 

DOX chemotherapy remains a problem without 

alternatives. Several studies have already 

documented cardiotoxicity because of DOX 

chemotherapy (10, 11). Currently, a substantial 

amount of cancer patients suffers and eventually 

dies from cardiovascular problems (12). For 

example, 15% of breast cancer survivors die from 

cardiovascular disease (CVD) (12). Bradshaw et 

al. (13) showed that chemotherapy-treated female 

breast cancer survivors show 1.7 fold more CVD-

related mortality compared to women without 

breast cancer. Untreated breast cancer survivors 

showed a 1.1-fold increase compared to women 

without breast cancer (13). Cardiotoxicities 

caused by anthracyclines are, for example, left 

ventricular dysfunction and congestive heart 

failure (14). Furthermore, DOX can 

cardiomyocyte death (e.g., apoptosis, necrosis). A 

mechanisms that can underly this is oxidative 

stress due to an increased ROS formation (e.g., 

superoxide). Superoxide dismutase (SOD) is an 

enzyme involved in scavenging superoxide and in 

this way, in reducing oxidative stress (15).   

The prevalence of cardiomyopathies rises 

significantly when doses of DOX exceed 

550 mg/kg (14). When a cumulative dose of 430-

600 mg/m² DOX is given, contractile dysfunction 

of the left ventricle occurs in 50-60% of the 

patients (16). Mortality can be up to 50% when 

congestive heart failure develops due to DOX 

treatment (17). DOX-induced cardiotoxicity has 

also been demonstrated in children aged between 

one and 15 years old (18). Lipshultz and 

colleagues (18) have shown that 75% of pediatric 

patients experienced abnormalities of left 

ventricular afterload or contractility. This study 

showed that the cumulative dose of DOX was a 

significant predictor of abnormal cardiac function 

(18). Sixty-five percent of patients receiving a 

minimum cumulative dose of 228 mg/m² showed 

an  increased  afterload or  decreased  contractility 

 

 

 
 
Figure 1. DOX not only attacks cancer cells but also causes cardiotoxicity. DOX inhibits Top2α and Top2β, present in, 

respectively, cancer cells and cardiomyocytes. DNA damage and consequently apoptosis are desired effects of DOX 

treatment to attack cancer. However, cardiomyocytes are also damaged by DOX. A proposed mechanism is impairment of 

mitochondrial function and structure, thereby causing oxidative stress. DOX, doxorubicin; Top2, topoisomerase 2. 

Inhibition 

of Top2β 
Inhibition 

of Top2α 

CELL 

DEATH 
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(18).  On the contrary, only 17% of the patients 

who received only one dose of DOX had an 

elevated age-adjusted increase in afterload (18).  

1.3 Doxorubicin also affects vascular function 

DOX not only influences the heart itself, but 

it affects the complete cardiovascular system. 

DOX causes significant dysfunction in 

endothelial cells and vascular smooth muscle 

cells (VSMCs) in murine models (19, 20). Wojcik 

et al. (21) found that DOX accumulates in 

endothelial nuclei, induces arterial stiffness, and 

induces apoptosis. In research performed by 

Murata et al., DOX-treated rabbit mesenteric 

arteries showed DNA damage and apoptosis as a 

result of chronic DOX treatment (22). 

Furthermore, Bosman et al. (23) demonstrated 

DOX-induced aortic stiffness in mice (23). It was 

found by Hodjat and colleagues (24) that 

senescence, hence dysfunction, of VSCMs was 

induced by DOX incubation in vitro.  

These negative effects of DOX on aortic 

stiffness and relaxation have not only been 

observed in experimental animals but also in 

human patients. Budinskaya et al. (25) 

demonstrated that arterial wall stiffness was 

increased in anthracycline-treated patients aged 

between 16 and 18 years old and between 19 and 

24 years old compared to controls. These results 

suggest that anthracyclines cause toxicity in the 

arterial wall. Furthermore, Chaosuwannakit et al. 

(26) showed that in participants receiving 

anthracyclines, aortic stiffness was increased 

markedly compared to the untreated control 

group, with effects seen within four months of 

treatment.   

1.4 Link between AGEs and doxorubicin-

induced cardiovascular toxicity. Advanced 

glycation end products (AGEs) are a 

heterogeneous group of compounds and are 

widely present in our Western diet. They are 

formed by the irreversible glycation of proteins 

(27) and are known to be involved in the 

development and progression of several diseases, 

such as cancers and CVD (28). AGEs play a role 

in CVD development by different mechanisms, 

including cross-linking of proteins such as 

collagen, cell signaling (e.g.,  NF-ĸβ pathway) by 

binding to the AGEs receptor (RAGE), and 

stimulating the formation of ROS causing 

increased oxidative stress (28-30). Additionally, 

it is known that AGEs cause endothelial 

dysfunction (31) and vascular dysfunction by 

increasing oxidative stress (32). This was also 

confirmed by our research group (30). In this 

context, recent studies by our research group 

investigated the role of AGEs in heart (33) and 

aorta (30) and showed that AGEs cause 

significant damage to both heart (e.g., cardiac 

dysfunction, increased heart mass, cardiomyocyte 

hypertrophy, remodeling of cardiomyocyte 

function) and aorta (e.g., dysfunction of 

contraction and relaxation and wall remodeling). 

Additionally, our lab showed that pyridoxamine 

(PM) improved the cardiac phenotype in a rat 

model for myocardial infarction (34). Hence, PM 

shows cardioprotective capacities. 

1.5 Beneficial effects of pyridoxamine 

PM is a natural form of vitamin B6 known 

for its capacity to inhibit AGEs, its anti-

inflammatory properties, and its antioxidant 

properties (35). PM forms complexes with metal 

ions that are responsible for catalyzing oxidative 

reactions in the protein glycation process (35). 

Furthermore, PM reacts with carbonyl 

compounds, which are byproducts of protein 

glycation, consequently preventing protein 

damage (35). Additionally, PM possesses anti-

inflammatory properties. It does so by, for 

example, suppressing pro-inflammatory 

cytokines such as interleukin-1β (36). PM is also 

known for decreasing oxidative stress. This 

compound can scavenge ROS via donating a 

hydrogen atom and, consequently, limit the 

oxygen and hydrogen radical levels (37). These 

effects make PM an ideal candidate for an add-on 

therapy in cancer, since oxidative stress and 

inflammation are not only important in 

cardiovascular toxicity but are also key factors in 

cancer.  

Preliminary data from our lab shows that PM 

can limit DOX-induced heart damage and 

dysfunction in a non-tumor-bearing animal 

model. DOX treatment causes cardiotoxicity, 

characterized by decreased ejection fraction (EF) 

(Figure 2A) and increased collagen deposition in 

the myocardium (Figure 2B). Additionally, it was 

observed that pyridoxamine (PM) was able to 

limit the DOX-induced cardiotoxicity. As shown 

by this preliminary data, it has already been 

determined that the DOX-induced damage to the 

heart can be limited by PM, indicating a possible 

role of AGEs, oxidative stress, inflammation, and 

collagen cross-linking in DOX-induced 

cardiotoxicity. This data demonstrates the 

cardioprotective effects of PM. The toxic effects 

of DOX on cardiomyocytes and aortae damage 

remain unknown. Additionally, whether PM or 
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SOD can limit these effects are yet to be 

discovered.  

1.6 Using pyridoxamine to limit DOX-induced 

cardiovascular toxicity 

This study aims to show the use of PM to 

limit cardiovascular toxicity during chronic 

chemotherapy. Additionally, we demonstrate the 

effects of SOD after acute DOX treatment. We 

hypothesize that SOD and PM can, separately, 

limit the DOX-induced cardiovascular toxicity 

after acute and chronic DOX exposure. Several 

objectives were formulated. With the first 

objective, we investigate whether aorta and 

cardiomyocytes are affected by DOX. A second 

objective aims to demonstrate that SOD can limit 

acute DOX-induced aortic toxicity. The third 

objective investigates whether PM can limit 

cardiomyocyte and aortic toxicity after chronic 

DOX treatment. Body and organ weights were 

monitored to assess additional toxicity of DOX. 

2 EXPERIMENTAL PROCEDURE  

2.1 Experimental design – General. In this 

study, Female Sprague Dawley rats (Janvier, 

France, 6w, 160-190 g) were used. An 

acclimatization period of 1 week was included. 

All animal experiments were performed 

according to the EU Directive 2010/63/EU for 

animal testing and were approved by the local 

ethical committee (Ethical Commission for 

Animal Experimentation, UHasselt, Diepenbeek, 

Belgium, ID in vitro 202154, ID in vivo: 202139). 

Rats were group-housed in standard cages with 

cage enrichment at the conventional animal 

facility of UHasselt. Rats were maintained under 

controlled conditions regarding temperature 

(22 °C) and humidity (40–60%). Water and food 

(Ssniff, Soest, Germany) were provided ad 

libitum, and rats were handled daily to reduce 

stress. 

Ex vivo study. Fifteen healthy rats were 

included. Rats were sacrificed, and aortae and 

cardiomyocytes were isolated. Aortae were 

divided into the following groups: control group 

(CTRL), DOX group, DOX + superoxide 

dismutase (SOD, 150 kU) group, and 

CTRL+SOD group. Cardiomyocytes were 

divided into two groups: CTRL group and DOX 

(1 µM) group. DOX groups were incubated with 

DOX for 2 h (Supplementary Figure 1A). 

In vivo study. A total of 32 rats were 

included. Animals were divided into four groups: 

CTRL group, a DOX group, a DOX group 

receiving PM (DOX+PM), and a CTRL group 

receiving PM (CTRL+PM). The CTRL groups 

received 0.9% saline intravenously (i.v.). The 

DOX animal model was established by a weekly 

i.v. injection of 2 mg/kg DOX (2 mg/mL, Jessa 

Hospital, Belgium) for eight weeks. These 

animals eventually received a cumulative dose of 

16 mg/kg of DOX. PM (1 g/L, Santa Cruz, 

Belgium) was administered via the drinking water 

 

 
             A 

 
 

 

         B 

 

 

 
 

Figure 2. Preliminary data from our lab demonstrating the effect of PM on DOX-induced cardiotoxicity in a rat 

model. A. 4D ejection fraction. Grey, red, blue, and black bars represent, respectively, CTRL, DOX, DOX+PM, and 

CTRL+PM groups. B. Collagen content in myocardial interstitial space. PM, pyridoxamine; DOX, doxorubicin; EF, 

ejection fraction. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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for a total of eight weeks. Body weight was 

monitored weekly. Cardiomyocytes were isolated 

after sacrificing (Supplementary Figure 1B).  

2.2 Ex vivo unloaded cell shortening 

measurements – Cardiomyocytes from the left 

ventricle were obtained by enzymatic 

dissociation. Isolated cardiomyocytes were 

placed into a perfusion chamber with normal 

Tyrode (NaCl 137 mM, KCl 5.4 mM, MgCl2 

0.5 mM, CaCl2 1 mM, Na-HEPES 11.8 mM, 

glucose 10 mM, and taurine 20 mM; pH 7.35) on 

the stage of an inverted microscope (Nikon 

Diaphot, Groot-Bijgaarden, Belgium). Unloaded 

cell shortening of ± eight intact cardiomyocytes 

per rat was measured with a videoedge detector 

(Crescent Electronics, London, UK). Field 

stimulation was done with pulses of constant 

voltage using platinum electrodes. Steady-state 

stimuli were applied at frequencies of 1 Hz in the 

ex vivo experiments, and at 1, 2, and 4 Hz in the 

in vivo experiment. Unloaded cell shortening was 

normalized to diastolic cell length and expressed 

as fractional cell shortening (L/L0). Time to peak 

contraction (TTP) and time to half-maximal 

relaxation (RT50) were measured to assess 

kinetics of cell shortening. Reserve contraction 

was measured after adding isoproterenol (ISO, 

300 nM). 

2.3 Ex vivo assessment of aortic vasomotor 

function - General procedure. Animals were 

sacrificed via an overdose of sodium 

pentobarbital (Dolethal, 150 mg/kg, Val D'hony 

Verdifarm, Belgium), and heparin (1000 u/kg) 

was injected. The descending thoracic aorta was 

isolated and placed in ice-cold Krebs solution (in 

mM: 118.3 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 

1.2 KH2PO4, 25 NaHCO3, 0.026 EDTA, 5.5 

glucose; pH 7.45). The aorta was cleaned of 

perivascular fat and connective tissue and cut into 

aortic rings of 3 mm in length. Aortic rings were 

mounted between two steel hooks, one of which 

was fixed and the other connected with an 

isometric force transducer (MLT 050/A, AD 

Instruments) and a data acquisition system 

(PowerLab 4/25 T, AD Instruments). Aortic rings 

were placed in individual tissue baths containing 

Krebs solution, maintained at 37 °C, and 

continuously oxygenated. Passive tension 

(0.8 mV) was applied and rings were equilibrated 

for 1 h. During this period, aortic rings were 

washed three times for 20 min with fresh Krebs 

solution. Aorta experiments were analyzed with 

LabChart 8 (AD Instruments). 

Vasorelaxation response. Precontraction 

was elicited with 10−7 M phenylephrine (PE, 

Sigma-Aldrich, Diegem, Belgium). After 

reaching a stable plateau phase, increasing 

concentrations of acetylcholine (ACh, Sigma-

Aldrich) (final bath concentrations of 10−10 M to 

10−5 M) were added to the organ baths to check 

vessel viability and endothelial integrity 

(endothelium-dependent relaxation). Dose-

response curves were recorded at steady-state 

after the addition of each concentration of ACh. 

Aortae that failed to react upon PE or ACh were 

excluded. The same procedure was repeated with 

increasing concentrations of sodium nitroprusside 

(SNP, Sigma-Aldrich) (final bath concentrations 

of 10−10 M to 10−6 M) concentrations to assess 

endothelium-independent relaxation. Relaxation 

responses were expressed as the percentage of 

relaxation relative to PE-induced precontraction. 

Vasocontraction response. Contractile 

responses were measured in response to 

cumulative doses of PE (final bath 

concentrations: 10−10 to 10−5 M). Dose-response 

curves were recorded at steady-state after the 

addition of each concentration of PE.  

2.4 Immunohistochemistry staining (IHC) of 

in vivo study – General. For all IHC stainings, 

transverse sections (7 µm) of paraffin-embedded 

rat aortic tissue of four different groups (CTRL, 

DOX, DOX+PM, CTRL+PMPM) were used. 

Heat-mediated antigen retrieval was performed 

using citrate buffer (pH 6) for CD68, AGEs, and 

α-SMA staining or using Tris–EDTA buffer (pH 

9) for osteopontin staining. After that, sections 

were washed with PBS, and 3,3′-

diaminobenzidine (DAB) was used for 

visualization. Endogenous peroxidase was 

blocked with 30% hydrogen peroxide (H2O2) 

diluted 1:100 in PBS. Afterward, sections were 

washed with PBS and permeabilized with 0.05% 

Triton X-100 (Sigma). Then, sections were 

rewashed, and protein blocking was performed to 

limit background staining (protein block serum-

free, X0909, Dako). Sections were incubated with 

a primary antibody diluted in PBS for 1 h at room 

temperature (α-SMA) or overnight at 4 °C 

(CD68, AGEs, osteopontin), followed by three 

washes with PBS. Negative controls were 

incubated with PBS, instead of primary antibody. 

EnVision™ + Dual Link System-HRP (anti-

rabbit/anti-mouse, K4061, Dako) was applied for 

30 min at room temperature. The presence of 

antibody was visualized using 3,3′-

diaminobenzidine (DAB). After immunostaining, 
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nuclei were counterstained using hematoxylin 

and embedded in DPX mounting medium. 

Images were acquired using a Leica MC170 

camera connected to a Leica DM2000 LED 

microscope. The level of staining was assessed in 

eight random fields per section using the color 

deconvolution plugin in ImageJ software and was 

expressed as a percentage of the total surface area 

of interest.  

AGEs. Sections were incubated with a 

primary antibody against AGEs (1:250, ab23722, 

rabbit anti-rat, Abcam, Belgium). The level of 

AGEs was obtained via H DAB vector, and total 

tissue surfaces were obtained via Azan Mallory 

vector in ImageJ software.  

αSMA. Sections were incubated with a 

primary antibody against α-SMA (1:200, mouse 

monoclonal, Leica, NCL-SMA). The level of α-

SMA was obtained via H DAB vector and total 

tissue surfaces were obtained via Fuelgen light 

green. 

Osteopontin. Sections were incubated with 

a primary antibody against osteopontin (1:200, 

mouse monoclonal Ab ab166709, Abcam). The 

level of osteopontin was obtained via H DAB 

vector, and total tissue surfaces were obtained via 

H&E. 

CD68 staining. A primary antibody for 

CD68 (1/100, mouse monoclonal MCA341R, 

BIO-Rad) was used to incubate left ventricle (LV) 

sections. Semi-quantification was done to 

perform analysis. Score 1: limited 

number/absence; score 2: minor number; score 3: 

moderate number; score 4: high number; score 5: 

high number + presence of aggregates. 

2.5 Analysis and statistics – GraphPad 

Prism 9 was used for the statistical analysis. All 

variables are continuous, except for the 

quantification of CD68+ cells (ordinal). 

Normality was assessed via the Shapiro-Wilk test 

and visual inspection of the QQ plot. For the 

analysis of the aorta experiments of the in vitro 

study, cell measurements of the in vitro study, and 

cell measurements of the in vivo study, a two-way 

ANOVA (post-hoc Bonferroni correction) was 

used in GraphPad Prism. A one-way ANOVA 

was used to compare AGEs, α-SMA, osteopontin, 

and CD68 content between rats. When data were 

not normally distributed, a Kruskal-Wallis (post-

hoc Dunn's correction) test was performed. If SDs 

were not equal, a Brown-Forsythe test (post-hoc 

Dunnett correction) was performed. Outliers 

(ROUT method, Q=1%) were excluded from 

analyses.  

3 RESULTS  

3.1 DOX causes aortic and cardiomyocyte 

toxicity ex vivo 

3.1.1 DOX causes acute impaired 

cardiomyocyte contractile response ex vivo. Six 

weeks old female rats were sacrificed. After rat 

cardiomyocytes were isolated, cells were divided 

into different groups: CTRL group and DOX 

group. Cell measurements (Figure 3A) at 1 Hz 

were performed to evaluate the acute effect of 

DOX on the cardiomyocyte contractility. DOX 

caused a significant impairment in unloaded cell 

shortening compared to CTRL cells (Figure 3B) 

with no difference in kinetics, represented by TTP 

(Figure 3C) and RT50 (Figure 3D). Reserve 

contraction capacity was not different between 

groups (Figure 3E). 

3.1.2 DOX-induced impaired aortic 

relaxation is partly attenuated by SOD ex vivo. 

Rat aortae were isolated from six weeks old 

female rats to assess the acute effect of DOX on 

aortic function and whether SOD can limit this 

toxicity. DOX-incubated aortic rings showed 

decreased endothelium-dependent relaxation 

capacity after 10-3 M and 10-2 M acetylcholine 

compared to CTRL aortic rings (Figure 4A). In 

line with these results, DOX-incubated aortic 

rings show a significantly lower Emax compared to 

CTRL rings (Table 1). SNP-induced relaxation 

was not different between groups (Figure 4B, 

Table 1).  

The effect of SOD on DOX-induced aortic 

toxicity was assessed. The impaired relaxation 

induced by DOX was partially restored with SOD 

pre-incubation but was not significant (Figure 

4C). This was also observed in the Emax (Table 1) 

of DOX+SOD which shows a trend toward Emax 

of CTRL rings. SNP-induced relaxation was not 

different between groups Figure 4D, Table 1).  

Tension upon a single dose of PE was 

compared among the different groups. Tension 

was higher in DOX-treated aortic rings compared 

to DOX+SOD rings (Figure 5A). Dose-response 

of PE was significantly different between DOX 

and DOX+PM at PE concentrations of 10-8 M and 

10-7 M (Figure 5B). 

3.2 DOX causes cardiomyocyte toxicity in vivo  

3.2.1 PM improves impaired 

cardiomyocyte contractile kinetics after DOX 

chemotherapy.   Body   weight  was   monitored  
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    D 
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Figure 3. DOX reduces cardiomyocyte contractile properties ex vivo at 1 Hz. Cardiomyocytes were collected and 

incubated in DOX for 2 h (n=76). CTRL cells (n=61) were left untreated. Cell measurements were performed at 1 Hz. A. 

Representation of raw data of cell measurements. B. Fractional cell shortening (ncellsCTRL=76, ncellsDOX=61). C. Time to 

peak contraction (ncellsCTRL=77, ncellsDOX=62). D. Time to half-maximal relaxation (ncellsCTRL=77, ncellsDOX=62). For 

B, C, and D. NanimalsCTRL=14, NanimalsDOX=9. E. Reserve contraction capacity (ncellsCTRL=15 (N=5), ncellsDOX=14 

(N=5)).  Data are shown as mean ± SEM. DOX, doxorubicin; L/L0, fractional cell shortening; TTP, time to peak contraction; 

RT50, time to half-maximal relaxation; n, number of cardiomyocytes. ***p<0.001  

 

weekly (Supplementary Figure 2). CTRL and 

DOX animals show a significant difference in 

body weight in week 5, 6 and 7.  

After eight weeks of chemotherapy 

treatment with or without PM of six weeks old 

rats, cardiomyocytes were isolated. Cell 

measurements (Figure 6A) at 1, 2, and 4 Hz were 

performed to demonstrate the cardioprotective 

effect of PM during DOX chemotherapy 

treatment. At 2 Hz, fractional cell shortening was 

significantly lower in DOX group compared to 

CTRL group (Figure 6B). TTP was significantly 

different between CTRL and DOX groups, and 

between DOX and DOX+PM groups (Figure 6C). 

RT50 (Figure 6D) and reserve contraction 

capacity (Figure 6E) were not different between 

groups. Additionally, fractional cell shortening 

was found to be different between DOX and 

CTRL at 1 Hz (Supplementary Figure 3A) but not 

at 4 Hz (Supplementary Figure 3B). TTP and 

RT50 were not different at 1 Hz (Supplementary 

Figure 3C and E) and 4 Hz (Supplementary 

Figure 3E and F).  In addition to this, the number 

of cardiomyocytes that responded to 2 Hz and 

4 Hz stimulation was normalized to 1 Hz 

stimulation. The percentage of cardiomyocytes 

that responded to 4 Hz stimulation is lower in 

DOX group compared to CTRL group and 

DOX+PM (Supplementary Table 1). 

 

3.2.2 DOX animals show a higher amount 

of CD68+ cells in the LV tissue. LV sections 

were stained for CD68. DOX-treated animals 

show a significantly higher number of CD68+ 

cells compared to CTRL animals (Figure 7). 

DOX+PM animals show a trend toward CTRL 

animals (Figure 7). 

3.2.3 AGEs content was not different 

between groups. Aortae were stained to evaluate 

AGEs, αSMA, and OPN content in the different 

groups (CTRL, DOX, DOX+PM, CTRL+PM). 

With immunohistochemistry, no significant 

differences in AGEs (Figure 8), αSMA 

(Supplementary Figure 4A), or OPN  

(Supplementary Figure 4B) were found between 

different groups. 
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       A 

 

       B 

 
       C 

 

        D 

 
 

Figure 4. SOD partly restores DOX-induced impairment of endothelium-dependent relaxation. Aortae were isolated 

from six weeks old female rats. DOX- and DOX+SOD-treated aortic were incubated for 2 h with, respectively, DOX an 

DOX+SOD. CTRL aortae were left untreated. Vasomotor function was assessed. A. Endothelium-dependent relaxation was 

elicited with ACh (nringsCTRL=15 (N=9), nringsDOX=20 (N=11). B. Endothelium-independent relaxation was elicited with 

SNP (nringsCTRL=21 (N=11), nringsDOX=17 (N=9)). C. Endothelium-dependent relaxation was elicited with ACh 

(nringsDOX=20 (N=9), nringsDOX+SOD=24 (N=11)). D. Endothelium-independent relaxation was elicited with SNP 

(nringsDOX=17 (N=9), nringsDOX+SOD=26 (N=11)).  DOX, doxorubicin; SOD, superoxide dismutase; ACh, acetylcholine; 

SNP, sodium nitroprusside. *p<0.05, **p<0.01  

 
Table 1 – Emax and logEC50 values for ACh- and SNP-induced relaxation after acute DOX treatment and SOD pre-incubation. 

_____________________________________________________________________________________________________ 

 

 Groups 

 

Emax (%) LogEC50 (M) 

ACh CTRL 

 

92.9 ± 3.0 

 

-7,11 ± 0,12 

 

 DOX 

 

59.5 ± 9.3**  

 

-6,77 ± 0,14 

 DOX+SOD 

 

 77.9 ± 5.4 -6,78 ± 0,12 

    

SNP CTRL 

 

95,62 ± 1,16 

 

-8,14 ± 0,07 

 DOX 

 

98,51 ± 1,05 

 

-8,11 ± 0,10 

 

 DOX+SOD 98,86 ± 0,53 -8,33 ± 0,11 

______________________________________________________________________________________________________ 

The maximal relaxation response (Emax) to ACh and SNP and the required dose for half-maximal response (EC50) were obtained 

from dose-response curves of ACh and SNP via nonlinear regression. DOX and DOX+SOD aortic rings were incubated for 2 h, 

respectively, in DOX and in DOX and SOD. CTRL aortic rings were left untreated. Endothelium-dependent relaxation was 

elicited with ACh ( nringsCTRL=15 (N=9), nringsDOX=20 (N=9), nringsDOX+SOD=24 (N=11)).  Endothelium-independent 

relaxation was elicited with SNP (nringsCTRL=21 (N=11), nringsDOX=17 (N=9), nringsDOX+SOD=26 (N=11)). Data are 

expressed in mean ± SEM. DOX; doxorubicin; SOD, superoxide dismutase; ACh, acetylcholine; SNP, sodium nitroprusside; n, 

number of aortic rings. **p<0,01 DOX vs CTRL 
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Figure 5. DOX-incubated aortic rings show a higher tension upon a single dose of PE. Aortae were isolated from six 

weeks old female rats. DOX and DOX+SOD, respectively, were incubated for 2 h with DOX or with DOX and SOD. CTRL 

rings were left untreated. A. Contraction (tension) upon a single dose of PE (final bath concentration: 10-7 M) 

(nringsCTRL=19 (N=9), nringsDOX=19 (N=10), nringsDOX+SOD=21 (N=10)). B. Dose-response of PE (final bath 

concentrations: 10−10 to 10−5 M) (nringsCTRL=25 (N=13), nringsDOX=22 (N=11), nringsDOX+SOD=26 (N=11)). DOX, 

doxorubicin; SOD, superoxide dismutase; PE, phenylepinephrine. **p<0,01, #p<0.5 DOX vs DOX+SOD 

 

4 DISCUSSION  

Currently, DOX-induced cardiovascular 

toxicity dramatically reduces the patient's quality 

of life. In this study, we show the detrimental 

effects of DOX on the cardiovascular system in a 

rat model and possible mechanisms by which 

DOX causes toxicity. DOX affects 

cardiomyocyte contractile response ex vivo and in 

vivo. We demonstrate the toxic effects of DOX on 

endothelium-dependent aorta relaxation ex vivo. 

We show that SOD partly limits this impaired 

endothelium-dependent aorta relaxation. We 

show the beneficial effects of PM on DOX-

induced cardiovascular toxicity. Research into 

possible cardioprotection during chemotherapy 

remains highly important. Even, the second hit 

hypothesis suggests that exposure to 

anthracyclines impairs the ability of the heart to 

adapt to new stress situations (38), highlighting 

the importance of cardioprotection during 

chemotherapy. 

4.1 Cardiomyocytes show impaired 

contractile response after acute exposure to 

DOX. After cardiomyocyte isolation and DOX 

incubation (2 h, 1 µM), cell measurements were 

performed at 1 Hz. Fractional cell shortening was 

significantly lower in DOX-treated 

cardiomyocytes. Cell kinetics (i.e., TTP and 

RT50) and reserve contraction capacity were not 

different, indicating that in vitro exposure to 

DOX only affects contractile response. Xu et al. 

(39) also showed contractile dysfunction of 

cardiomyocytes after acute exposure to DOX. 

They incubated the cells for 24 h in DOX (1 µM). 

In line with our results, Xu et al. showed that 

DOX-incubated cardiomyocytes had a 

significantly lower fractional cell shortening 

compared to CTRL cardiomyocytes (39). In 

contrast, as we have hown, Xu et al. (39) showed 

no difference in TTP. They show no difference in 

time to 90% relaxation (TR90) (39); in contrast, 

we show no difference in TR50. This indicates 

that, even after 24 h of DOX incubation, 

relaxation is not impaired. In addition to the study 

of Xu et al., we show the hyper-acute effect of 

DOX on cardiomyocytes. Our results 

demonstrate that DOX toxicity is already present 

after 2 h of DOX incubation. Additionally, 

relaxation has shown not to be impaired. 

Contractility impairment might be due to, for 

example, oxidative stress and disruption of 

intracellular and mitochondrial Ca2+ levels caused 

by DOX, causing dysfunction in contraction 

capacity of the cardiomyocytes (40, 41). 

Oxidative stress is known as the imbalance 

between detoxifying reactive intermediates and 

ROS levels. ROS species can cause DNA damage 

(e.g., DNA-protein cross-links, sugar alterations, 

strand breaks) (42). Ca2+ is crucial for the 

physiological functioning of cardiomyocytes. 

Upon the depolarization of the cell membrane, 

Ca2+ is allowed to enter the cell via the L-type 

Ca2+ channels, consequently inducing Ca2+-

induced Ca2+-release out of the sarcoplasmic 

reticulum. By the binding of Ca2+, troponin- 

tropomyosin complexes undergo conformational   
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Figure 6. DOX causes significant impairment in contractile properties of cardiomyocytes in vivo at 2 Hz. DOX treated 

animals received weekly i.v. DOX injections (2 mg/kg) for eight weeks. PM treated animals received PM ad libitum via drinking 

water. CTRL animals were left untreated. Cardiomyocytes were isolated from the heart via enzymatic dissociation and cell 

measurements were performed at 2 Hz. A. Representation of cell measurement data. B. Fractional cell shortening 

(ncellsCTRL=32, ncellsDOX=39, ncellsDOX+PM=52, ncellsCTRL+PM=35). C. Time to peak contraction (ncellsCTRL=32, 

ncellsDOX=39, ncellsDOX+PM=49, ncellsCTRL+PM=35). D. Time to half-maximal relaxation (ncellsCTRL=32, ncellsDOX=39 

ncellsDOX+PM=50, ncellsCTRL+PM=33). For B, C, and D. NanimalsCTRL=5, NanimalsDOX=7, NanimalsDOX+PM=7, 

NanimalsCTRL+PM=7. E. Reserve contraction capacity (% increase L/L0) after addition of ISO (ncellsCTRL=6 (N=3), 

ncellsDOX=5 (N=3), ncellsDOX+PM=10 (N=5), ncellsCTRL+PM=7 (N=3)). Data are shown as mean ± SEM. DOX, doxorubicin; 

PM, pyridoxamine; L/L0, fractional cell shortening normalized to cell length; TTP, time to peak; RT50, time to half-maximal 

relaxation; ISO, isoproterenol. *p<0.05, **p<0.01 

 

changes inducing the excitation-contraction 

coupling and consequently causing contraction 

reticulum. By the binding of Ca2+, troponin-

tropomyosin complexes undergo conformational 

changes inducing the excitation-contraction 

coupling and consequently causing contraction 

(33, 43). When Ca2+ levels are disrupted by DOX, 

this can have a serious impact on the contractility 

of cardiomyocytes and eventually on general 

cardiac function. Impaired contraction of 

cardiomyocytes will lead to a weakened heart, 

thus causing DOX-induced cardiotoxicity.  

4.2 Aortae show impaired endothelium-

dependent relaxation after acute exposure to 

DOX. Ex vivo DOX-incubated aortic rings 

showed an impaired relaxation response to ACh. 

ACh elicits an endothelium-dependent relaxation 

of the aortae's smooth muscle cells. ACh binds its 

muscarinergic receptor on endothelial cells and 

consequently causes nitric oxide (NO) production 

in these cells. This signaling molecule is then 

converted to cyclic guanosine monophosphate 

(cGMP), causing a relaxation response in the 

smooth muscle cell.  Relaxation response to SNP 

was not impaired. SNP causes an endothelium-

independent relaxation via directly inducing NO 

production in the smooth muscle cells.  These 

results indicate that aorta endothelium has been 

damaged by DOX incubation. This dysfunctional 

relaxation capacity can cause an increased 

afterload of the heart and consequently contribute 

to DOX-induced cardiotoxicity (30). One study 

by Bosman et al. (44) incubated ex vivo aortae 

from mice in DOX (1 µM) for 16 h. They showed 

an  impaired  ACh-induced  impaired  relaxation  
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Figure 7. DOX increases the number of CD68+ cells in heart tissue. DOX treated animals received weekly i.v. DOX 

injections (2 mg/kg) for eight weeks. PM treated animals received PM ad libitum via drinking water. CTRL animals were 

left untreated. Heart sections of CTRL (Nanimals=7), DOX (Nanimals=5), DOX+PM (Nanimals=9), and CTRL+PM (Nanimals=7) 

were stained with IHC for CD68. Semi-quantification was done to perform analysis. Score 1: limited number/absence; score 

2: minor number; score 3: moderate number; score 4: high number; score 5: high number + presence of aggregates. Data 

are shown by mean ± SEM. DOX, doxorubicin; PM, pyridoxamine. **p<0.01 

 

 

 
Figure 8. AGEs are not different between groups. Animals were divided into four groups: CTRL, DOX, DOX+PM, and 

CTRL+PM. After eight weeks of weekly DOX treatment (2 mg/kg), aortae were isolated. Immunohistochemistry was done 

for AGEs content in aortae (NanimalsCTRL=6; NanimalsDOX=6; NanimalsDOX+PM=7; NanimalsCTRL+PM=7). For every 

animal, on average eight random fields were used to assess staining. Images were analyzed with ImageJ. Data are shown 

as mean ± SEM. AGEs, advanced glycation end-products; DOX, doxorubicin; PM, pyridoxamine; IHC, 

immunohistochemistry. 

 

(p<0.05), demonstrating the acute effects of 

DOX. In addition to this, we show in our study 

that DOX-incubation (1 µM) already damages 

aortae relaxation after 2 h. This is in line with 

what we observed after cardiomyocytes were 

incubated with DOX. In our research, we 

demonstrate the hyper-acute DOX-induced 

toxicity, and Xu et al. (39) showed the acute 

DOX-induced toxicity. These results indicate that 

DOX toxicity is already reflected in 

cardiomyocytes and aortae very early. In addition 

to the previously mentioned findings, we show 

that the Emax after ACh-induced relaxation was 

significantly reduced after DOX exposure, again 

indicating the detrimental effects DOX has on 

aortae endothelium. 

4.3 Reducing oxidative stress could partially 

restore ex vivo DOX-induced impaired aortic 

relaxation. Oxidative stress is characterized by 

ROS levels (e.g., superoxide) that exceed the 

antioxidant properties of the cell. SOD is an 

enzyme responsible for converting superoxide to 

oxygen and hydrogen peroxide. This enzyme is 
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extremely important for cellular life, since 

superoxide causes DNA damage by promoting 

the production of hydroxyl radicals (45). 

Consequently, SOD is involved in reducing 

oxidative stress and preventing superoxide-

induced DNA damage. In addition to these 

antioxidant properties, byproducts of the 

superoxide conversion act as signaling molecules 

in various processes (e.g., enzymatic reactions, 

mitochondrial respiration). Thus, SOD possesses 

a dual role: reducing oxidative stressing and cell 

signaling (15). The ability of SOD to reduce 

oxidative stress is an interesting property, 

because DOX-induced damage might involve 

oxidative stress (8). Pre-incubation with SOD 

was partly able to limit DOX-induced 

endothelium-dependent impaired relaxation. 

These data demonstrate that oxidative stress is 

involved in the DOX-induced impaired relaxation 

and additionally that oxidative stress is not the 

only mechanism contributing to DOX-induced 

aortic toxicity. Kalivendi et al. (46) have 

demonstrated that DOX exposure (0.5 µM) to 

Bovin Aorta Endothelial Cells (BAECs) for 16 h 

causes an increase in oxidative stress compared to 

control cells. In addition to this, Wojcik et al. (21) 

showed that DOX accumulates in EA.hy926 

endothelial cells nuclei and suggested that the 

endothelial stress response due to DOX-induced 

damage causes the generation of ROS causing 

oxidative stress (21). Additionally, Kotamraju et 

al. (47) found that DOX (1 µM) causes an 

increase in superoxide generation in BAECs after 

16 h of incubation. These data indicate a major 

role for oxidative stress in DOX-induced vascular 

toxicity. Our study demonstrates that SOD can 

restore impaired aortic relaxation. Hattori et al. 

(48) also demonstrate a beneficial role of SOD for 

impaired aortic relaxation. They demonstrated 

that SOD recovers altered endothelium-

dependent relaxation in diabetic rat aortae (48). In 

addition to this, Lund et al. (49) showed that gene 

transfer of SOD improved aortic relaxation after 

endotoxin incubation. Taken all these results 

together, SOD has potent beneficial effects on 

impaired relaxation in aortae. Besides oxidative 

stress, other mechanisms contributing to DOX-

induced toxicity can be impaired NO signaling or 

production by endothelial NO synthase (eNOS). 

Bosman et al. (23) showed in an in vivo study that 

a weekly DOX injection (4 mg/kg) for two weeks 

significantly decreased NO levels in mice aortae. 

These results suggest a major role for NO in 

DOX-induced impaired relaxation. In our study, 

the impaired relaxation might also be due to a 

decrease in NO levels in these DOX-treated 

animals. Li et al. (50) demonstrated that 

promoting NO production can alleviate DOX-

induced endothelium-dependent dysfunction. 

Based on these results, SOD shows promising 

aortic protective effects and is worth investigating 

further. Future experiments can include testing 

multiple doses of SOD or combining SOD with 

anti-inflammatory compounds to assess potential 

synergistic effects. 

PE is a compound that elicits contraction in 

the vascular system. It does so by activating 

various calcium channels in aorta's smooth 

muscle cells (51). In our study, no differences 

between CTRL and DOX aortae were seen in 

tension after a single dose of PE and in PE dose-

response curve. However, Bosman et al. (44) 

demonstrated a lower tension after a single dose 

of PE (p<0.0001) and a difference in PE dose-

response curve (p<0.05) between CTRL and 

DOX. These differences can be explained by the 

higher concentration (2 µM compared to 1 µM) 

and longer incubation time (16 h compared to 2 h) 

applied in the study of Bosman et al. compared to 

our study. These data indicate that hyper-acute 

effects of DOX used in our study (2 h) did not yet 

impair PE-induced contraction, in contrast to the 

acute effects of DOX (16 h) shown by Bosman et 

al. This suggests that Ca2+ levels, highly 

important for contraction, are not yet impaired 

after 2 h of incubation, but are affected by DOX 

on a later timepoint. In addition to this, we show 

that SOD significantly lowers (p<0.01) tension 

after a single dose of PE. Even though no 

difference was seen between DOX and CTRL, we 

can still suggest a beneficial effect of SOD. The 

same effect can be observed in the dose-response 

of PE. These results also demonstrate that SOD 

significantly lowers tension in aortae at PE 

concentrations of 10-8 M and 10-7 M. No 

significant differences were seen at higher PE 

concentrations (10-6 M and 10-5 M); however, this 

can be explained by the higher variation at these 

concentrations and because maximal tension is 

being reached at these concentrations.  When 

taken these results together with the effect of 

SOD on DOX-induced impaired aortic relaxation, 

SOD partially improves relaxation and 

significantly reduces tension.  

As previously mentioned, acute DOX 

exposure causes cardiomyocyte contractile 

dysfunction. We have shown in this study that 

reducing oxidative stress by SOD could partially 

restore the DOX-induced acute aortic relaxation 

impairment. Since oxidative stress is thought to 
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be a major player in DOX-induced toxicity (52), 

SOD might also be beneficial for the DOX-

induced cardiomyocyte contractile dysfunction.   

4.4 Cardiomyocytes show impaired contractile 

response after rats were chronically exposed to 

DOX in vivo. Preliminary data from our lab show 

that eight weeks of chronic DOX (weekly i.v. 

injection of 2 mg/kg) treatment worsens the 4D 

EF significantly compared to animals that were 

left untreated. Consequently, this causes 

cardiotoxicity. Data from our study confirm these 

results on a cellular level. Fractional cell 

shortening and TTP at 2 Hz stimulation were 

significantly lower in cardiomyocytes isolated 

from DOX-treated animals compared to cells 

isolated from CTRL animals. RT50 and reserve 

contraction capacity were not different. At 1 Hz, 

a difference in fractional cell shortening was 

observed between CTRL and DOX, and no 

differences were seen in cell kinetics (TTP and 

RT50). These data indicate that DOX significantly 

impairs contractile response in cardiomyocytes 

and does not impair relaxation. In line with our 

data at 1 Hz stimulation, Takaseya et al. (53) 

demonstrate an impaired fractional cell 

shortening of cardiomyocytes after chronic DOX 

treatment in vivo. In this study, male rats received 

six i.p. DOX injections (2.5 mg/kg) in two weeks 

(53). In addition, they show a significant 

difference in TTP and RT50 between CTRL and 

DOX (p<0.05). Although the cumulative dose of 

DOX is comparable (15 mg/kg vs. 16 mg/kg) 

between Takaseya et al. and our study, the time 

interval between injections in the study of 

Takaseya et al. is shorter compared to our study 

(two days vs. one week). Demonstrating the 

timing of DOX dosing is extremely important in 

the detrimental effects of DOX on 

cardiomyocytes. The impaired contractile 

response after DOX treatment can be explained 

via mechanisms such as oxidative stress or 

disruption of Ca2+ homeostasis (see above). When 

comparing these results to the ex vivo DOX-

treated cardiomyocytes in this study, we can 

conclude that acute and chronic DOX exposure 

do not impair relaxation response of 

cardiomyocytes. Additionally, chronic DOX 

treatment causes a difference in TTP at 2 Hz, in 

contrast to the acute DOX treatment. This 

suggests that the time needed for contraction 

significantly worsens during chronic DOX 

treatment and that this event is not yet present 

after acute treatment. 

Our preliminary data show that PM 

improved 4D EF and interstitial collagen of 

DOX+PM animals compared to DOX animals. 

Indicating that PM has a cardioprotective effect. 

We were able to confirm this on a cellular level. 

PM improved the observed increase in TTP in 

DOX+PM animals. These results suggest that PM 

can limit this DOX-induced contractile 

dysfunction. In contrast, we demonstrate that 

DOX causes a significant decrease in fractional 

cell shortening in cardiomyocytes, but without 

improvement of PM. We expected an 

improvement due to PM on fractional cell 

shortening. However, a lot of variation was 

observed in contrast to 4D EF and interstitial 

collagen data. This might explain the absence of 

beneficial cardioprotective effects. Additionally, 

the mode of administration via drinking water 

might cause loss of PM and could explain the 

ineffectiveness of PM on DOX-induced impaired 

contractile response in cardiomyocytes. This can 

be explained by a study by Hu et al. (54). They 

injected miRNA-200a, shown to be anti-

inflammatory (55, 56) like PM, i.v. via the tail 

vein of mice and demonstrated a protective effect 

on the DOX-induced damage (54). Fractional cell 

shortening was significantly improved after in 

DOX mice (54). However, DOX treatment started 

four weeks after the miRNA200a injection (54), 

suggesting that combining pre-incubation with 

and an i.v. injection of a cardioprotective 

compound is shows beneficial effects.  

Reserve contraction was elicited by ISO. 

ISO was used to elicit reserve contraction 

capacity. This compound, known as isoprenaline 

and resembles epinephrine structurally, is a beta1 

and beta2 adrenergic receptor agonist. Upon 

binding to the extracellular domain of the 

receptor, an increase in contraction is caused, 

which allows us to calculate the reserve 

contraction capacity. Consequently, causing an 

increase in contraction of the cardiomyocyte. 

Reserve contraction capacity was not different 

between groups. This indicates that, although 

contractile response was impaired due to chronic 

DOX treatment, the fractional reserve 

construction capacity was not different. These 

data again illustrate that DOX only affects the 

contractile properties of cardiomyocytes. 

The percentage of cardiomyocytes able to 

contract after stimulation with 4 Hz, the highest 

field stimulation used in this study, is lower in 

DOX-treated animals compared to CTRL and 

DOX+PM animals (Supplementary Table 1). 

This can possibly be explained by the fact that 
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DOX damages the cells by causing impaired Ca2+ 

homeostasis and inducing oxidative stress (see 

above) (41), making contractility at 4 Hz for 

cardiomyocytes of DOX-treated animals more 

difficult. These data again demonstrate the 

detrimental effects of DOX on cardiomyocytes.  

4.5 Inflammation plays a role in DOX-induced 

toxicity. As generally known, inflammation plays 

a major role in damage and toxicity. We expect 

inflammation to also play a role in DOX-induced 

cardiovascular toxicity. Macrophages are known 

to be involved in inflammation processes and 

infiltrate damaged tissue (57). Here, we 

investigated CD68+ cells (general macrophage 

marker) content in LV tissue. Zhang et al. (58) 

found that CD68+ macrophages were increased in 

heart tissue from patients that experienced DOX-

induced cardiomyopathy, demonstrating the 

infiltration of these inflammatory cells into heart 

tissue during DOX chemotherapy. Toll-like 

receptor 4 (TLR4), a key regulator of 

inflammation and expressed by macrophages, is 

known to be involved in cardiac pathogenesis 

(e.g., cardiac inflammation, oxidative stress (59)) 

(60, 61) and has an increased expression during 

DOX-induced cardiomyopathy (62). As shown 

by Wang et al. (63), Toll-like receptor 4 (TLR4) 

is upregulated in macrophages after DOX 

incubation for 24 h compared to CTRL cells 

(p<0.05). In heart tissue, other immune cells have 

also been shown to be increased after DOX 

treatment. For example, CD4+ lymphocyte levels 

(i.e., T helper cells) and dendritic cells were 

increased after 3, 6, 9, and 12 weeks of weekly 

DOX injections (1 mg/kg) (p<0.05) (Zhang et al.) 

(64). Dendritic cells are known to trigger 

inflammation (65), indicating that an increase in 

dendritic cells can contribute to DOX-induced 

inflammation. Although CD4 is a general T 

lymphocyte marker and thus, no specific subsets 

can be defined, we can conclude that there is a 

significant increase in T lymphocyte infiltration 

into heart tissue. Our results demonstrate a 

significant increase in macrophages in heart 

tissue in DOX-treated animals compared to 

CTRL animals. Zhang et al. also show an increase 

in macrophages after 3, 6, 9, and 12 weeks of 

weekly DOX injections (1 mg/kg) (p<0.05) (64).  

Taken all these results together, it can be 

suggested that there is a significant increase in 

immune cell infiltration into heart tissue due to 

DOX chemotherapy and that this event 

contributes to DOX-induced cardiotoxicity. 

These data provide a solid base to further 

investigate DOX-induced cardiac inflammation. 

Additionally, we show an improving trend of 

CD68+ cells in heart tissue when DOX animals 

were treated with PM. No significant difference 

was found, but this could be explained by the high 

variation seen (e.g., due to the rather low sample 

size).  

4.6 Advanced glycation end-products are no 

key factor in DOX-induced vascular toxicity. 

AGEs have been shown to be involved in 

cardiovascular problems (28). Based on this 

knowledge, PM, known as an AGEs inhibitor, 

could limit AGEs formation in aortae and 

consequently limit DOX-induced aortic 

problems. However, the percentage of AGEs 

content in aortic tissue did not differ between 

groups. Moriyama et al. (66) showed that, after 

eight weeks of weekly i.v. DOX (2 mg/kg) 

injections of male rats, pentosidine (p<0.05) and 

Nɛ-(carboxymethyl)lysine (p<0.05), two AGEs, 

were significantly increased in heart tissue of 

DOX-treated animals compared to CTRL 

animals. This increase was partially restored by 

i.p. given PM in DOX-treated animals. These data 

demonstrate that these AGEs are increased in 

heart tissue after DOX treatment and suggest an 

important role for AGEs in DOX-induced 

cadiotoxicity. In our study, we investigated the 

AGEs levels in aorta. Our data suggest that AGEs 

do not play a role in DOX-induced aortic damage.  

αSMA and OPN were not different between 

groups. αSMA is highly important for vascular 

mechanical tension (67). Also, αSMA has been 

shown to contribute to motility and contraction of 

smooth muscle cells present in aorta (68, 69). 

Here, our data show that DOX did not affect 

αSMA content in aortae and consequently 

suggest that the DOX-induced aortic relaxation 

dysfunction is not caused by impaired levels of 

αSMA. OPN is crucial when the cardiovascular 

system has been damaged. This compound in the 

extracellular matrix is essential for scar formation 

and healing. However, when there is a 

dysregulation of OPN functioning during, for 

example, disease or damage, fibrosis can develop 

(70). However, we observed no difference in 

OPN content between groups. We can conclude 

that there is no increase in OPN activity in aortae 

when animals were treated with DOX 

chemotherapy compared to CTRL animals. 

Consequently, other components then αSMA or 

OPN, such as NO signaling or eNOS, an enzyme 

that produces NO, could be underlying the DOX-

induced toxicity. 
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4.7 Challenges and prospects.  In this research, 

we show that DOX causes significant acute and 

chronic damage to aortae and cardiomyocytes. In 

addition to this, we demonstrate the 

cardiovascular protective effects of SOD and PM.  

SOD, known to be a superoxide scavenger 

and thus to reduce oxidative stress, was partly 

able to improve the DOX-induced damage to 

aortae ex vivo. This provides interesting new 

insights into the mechanisms by which DOX 

induces cardiovascular dysfunction. For follow-

up studies, it would be ideal to measure oxidative 

stress based on, for example, based on the 

oxidation of 2′,7′-dichlorodihydrofluorescein to a 

fluorescent 2′,7′-dichlorofluorescein  (Kalivendi 

et al. (46)). These data will indicate the levels of 

oxidative stress after DOX treatment and the 

effect of SOD on this. Additionally, PM (used in 

the in vivo study) can also be included to test its 

effect on oxidative stress levels after DOX 

treatment. Mitochondria have an important role in 

oxidative stress. Because these organelles are 

responsible for ATP production via the 

respiratory chain, they can be involved in  the 

production of ROS via one-electron carriers (71). 

Consequently, performing a toluidine blue 

staining of mitochondria in cardiomyocytes and 

aorta’s smooth muscle cells or evaluating ATP 

levels in these cells are ideal experiments to 

include in a next study. This will provide insights 

into the role of mitochondria in DOX-induced 

cardiovascular toxicity. 

However, as suggested by this study, more 

mechanisms are involved in the DOX-induced 

cardiovascular toxicity. Soluble guanylate 

cyclase (sGC), such as vericiguat, could possibly 

be involved in the aortic dysfunction (72). 

Another mechanism that could be involved in 

DOX-induced aortic toxicity is NO production, a 

compound important for relaxation (73). For a 

follow-up study, evaluating NO levels after DOX 

treatment is an added value to investigate how 

DOX induces toxicity and as a therapeutical 

target. Basal NO levels can be determined by 

using Nω-nitro-l-arginine methyl ester 

(L- NAME), an eNOS blocker (Bosman et al. 

(23)). Based on the contraction after PE and after 

PE+L-NAME, basal NO levels can be 

determined. Data will provide insights into the 

influence of DOX on the NO levels. A 

combination of multiple compounds targeting the 

toxic consequences of DOX could possibly give 

a synergistic effect and might be interesting for 

future experiments. Using both solo and 

combinatorial treatments will provide better 

insights into the mechanisms by which DOX 

causes detrimental effects on the cardiovascular 

system. Additionally, assessing the effect of this 

treatment on cardiomyocytes will contribute to 

our knowledge of DOX-induced toxicity. 

As previously mentioned, Ca2+ levels can be 

disrupted by DOX, consequently causing 

contractile dysfunction in cardiomyocytes. To 

assess Ca2+ levels, an in-house well-established 

method, known as whole-cell ruptured patch 

clamp (Deluyker et al. (33)), can be included in a 

next study. This technique provides insights into 

the Ca2+ current through the L-type channels and 

consequently the effect of DOX on the Ca2+ levels 

can be evaluated. 

In this study, DOX-induced toxicity in 

cardiomyocytes after in vivo DOX-treatment was 

investigated. In future studies, vasomotor 

experiments of aortae of in vivo DOX-treated 

animals should also be included to assess 

relaxation and contraction. When, for example, 

an impaired contraction or relaxation is observed 

in aortae of DOX animals, these effects can be 

due to NO dysfunction (see above), since NO has 

been shown to be important in DOX-induced 

impaired relaxation (Bosman et al. (23)).  

Our results and other literature suggest an 

important role in DOX-induced toxicity. This 

highlights the importance of further assessing the 

anti-inflammatory effects of PM in cardiac tissue. 

In a follow-up study, more inflammatory cells 

(e.g., T lymphocyte subset, CD25+ regulatory T 

lymphocytes) should be investigated. 

Additionally, aortae can be included to assess 

inflammation in aortic tissue. When targeting PM 

specifically to the cardiovascular system (see 

below), the anti-inflammatory properties of PM 

could possibly improve the inflammation better. 

In the in vivo study, a cumulative dose of 

16 mg/kg was used. Currently, clinicians use a 

cumulative dose of 400-450 mg/m²  (16 mg/kg) 

in human patients to limit severe DOX-induced 

cardiotoxicity, which is comparable to a dose of 

16 mg/kg (4). In a follow-up study, this 

cumulative dose will be used again to ensure 

translatability. In this study, the DOX animal 

used is a non-tumor bearing model. In a follow-

up study, a breast cancer rat model will be used to 

assess the cardioprotective effects of PM on 

DOX-treated tumor-bearing animals. This gives 

insights into the effect of PM on tumor and tumor 

progression and improves the translatability of 

this research to human patients. In addition to 

this, this follow-up study will provide new 
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insights into how PM could be implemented in 

the basic treatment strategies of cancer patients. 

Additionally, a longer-term study should be done. 

Cardiovascular function should be assessed 

during several intervals (e.g., months) after 

doxorubicin chemotherapy is done to investigate 

the detrimental effects later in life, as is also seen 

in human patients where serious cardiovascular 

problems arise after a chemotherapy session is 

finished.  

Because PM is administered via drinking 

water, a substantial amount of PM can get lost. To 

overcome this, targeting PM specifically to the 

cardiovascular system can decrease loss of PM 

and increase specificity. PM could be injected 

i.p., since i.p. injections have better 

bioavailability and faster uptake compared to oral 

administration (74). PM could also be loaded in 

solid lipid nanoparticles (SLN) to improve 

bioavailability and to specifically reach the target 

organs. Additionally, because PM can be released 

at a constant, controlled rate, one injection during 

a certain period (e.g., every eight weeks) would 

be sufficient. These PM-containing SLN particles 

can be administered via a parental injection (e.g., 

intramuscular) to further improve bioavailability 

(75, 76). When PM shows to be beneficial in a 

tumor-bearing animal model, PM can be tested in 

clinical settings. Since administering PM in 

drinking water to patients would be inconvenient 

(e.g., monitoring, other drinks), the mode of 

administrating PM is another important 

advantage. The PM-containing SLN particles 

might provide a good way of administering PM to 

cancer patients. 

To conclude, additional research is highly 

necessary to investigate the mechanisms by 

which DOX causes cardiovascular toxicity. 

Based on these findings, therapeutical targets can 

be defined to provide the most optimal 

cardioprotective treatment for cancer patients 

during doxorubicin chemotherapy. PM and SOD 

are potential therapeutics to target these 

mechanisms (Figure 9). 

5 CONCLUSION  

We show that PM has significant 

cardioprotective effects. Relaxation was not 

impaired after chronic treatment, demonstrating 

that DOX mainly affects contractile properties. 

PM was able to improve the increase in TTP of 

cardiomyocytes after chronic DOX treatment in 

vivo.  Additionally,  we  demonstrate  the  role  of 

 

                              

 

Figure 9. Potential mechanisms by which DOX causes cardiovascular toxicity. We show that chronic DOX exposure 

induces impaired contractile properties in cardiomyocytes and that acute DOX incubation causes impaired endothelium-

dependent relaxation in aortae. Based on our findings and on literature, impaired Ca2+ homeostasis, decreased NO levels, 

and inflammation might underly these toxicities. However, additional research is needed to define the exact mechanisms to 

provide therapeutical targets. We demonstrate the cardiovascular protective properties of PM and SOD. DOX, doxorubicin; 

NO, nitric oxide; PM, pyridoxamine; SOD, superoxide dismutase. 
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oxidative stress in DOX-induced aortic damage. 

SOD could partially improve impaired 

endothelium-dependent aortic relaxation after 

acute DOX incubation, suggesting that DOX 

causes toxicity via multiple mechanisms.  Taken 

together all the findings, DOX causes its toxicity 

via several different mechanisms. This highlights 

the importance of more research into DOX-

induced toxicity to find the most potent, 

beneficial cardioprotective compound. In the long 

term, PM can possibly be included in the general 

cancer treatment to diminish or prevent 

cardiotoxicity and aortic damage in cancer 

patients. PM can be able to decrease 

cardiovascular problems in cancer patients. In 

addition to this, we also demonstrate that 

oxidative stress is a mechanism used by DOX, 

causing toxicity to aortic function. 
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Supplementary Figure 1. Experimental design. A. Heart and aorta were isolated immediately after sacrificing. 

Cardiomyocytes were isolated from the heart and divided into two groups: CTRL and DOX (2 h incubation). Aortae were 

divided into three groups: CTRL, DOX (2 h incubation), and DOX+SOD (2 h incubation). Aortae were assessed on 

vasomotor function and cardiomyocytes on contractile response. B. After one week of acclimatization, treatments started 

for eight weeks. DOX (2 mg/kg) or saline (0.9%) were i.v. administered on a weekly basis. PM was given ad libitum in the 

drinking water. Isolation of the tissues and experiments started eight weeks after the start of treatments. PM, pyridoxamine; 

DOX, doxorubicin. 

 

 

Supplementary Figure 2. DOX-treated animals show a significantly lower body weight compared to CTRL animals. 

DOX (2 mg/kg) was injected weekly for eight weeks. PM was given ad libitum. Body weight of CTRL (Nanimals=7), DOX 

(Nanimals=8), DOX+PM (Nanimals=9), and CTRL+PM (Nanimals=7) group. Data are shown as mean ± SEM. DOX, doxorubicin; 

PM, pyridoxamine. *p<0.05, DOX vs CTRL; #p<0.05, DOX+PM vs CTRL 
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Supplementary Figure 3. DOX causes significant impairment in contractile response of cardiomyocytes in vivo at 1 

Hz. DOX treated animals received weekly i.v. DOX injections (2 mg/kg) for eight weeks. PM treated animals received PM 

ad libitum via drinking water. CTRL animals were left untreated. Cardiomyocytes were isolated from the heart via 

enzymatic dissociation and cell measurements were performed at 1 Hz (NanimalsCTRL=5, NanimalsDOX=7, 

NanimalsDOX+PM=8, NanimalsCTRL+PM=7) and 4 Hz (NanimalsCTRL=5, NanimalsDOX=4, NanimalsDOX+PM=7, 

NanimalsCTRL+PM=5). A. Fractional cell shortening at 1 Hz (ncellsCTRL=32, ncellsDOX=45, ncellsDOX+PM=55, 

ncellsCTRL+PM=37). B. Fractional cell shortening at 4 Hz (ncellsCTRL=15, ncellsDOX=6, ncellsDOX+PM=16, 

ncellsCTRL+PM=17). C. Time to peak at 1 Hz (ncellsCTRL=32, ncellsDOX=45, ncellsDOX+PM=56, ncellsCTRL+PM=37). D. 

Time to peak at 4 Hz (ncellsCTRL=15, ncellsDOX=6, ncellsDOX+PM=15, ncellsCTRL+PM=17). E. Time to 50% relaxation at 

1 Hz (ncellsCTRL=31, ncellsDOX=44, ncellsDOX+PM=56, ncellsCTRL+PM=37). F. Time to 50% relaxation at 4 Hz 

(ncellsCTRL=14, ncellsDOX=5, ncellsDOX+PM=16, ncellsCTRL+PM=16). Data are shown as mean ± SEM. DOX, 

doxorubicin; PM, pyridoxamine; L/L0, fractional cell shortening normalized to cell length; TTP, time to peak; RT50, time 

to 50% relaxation. **p<0.01 
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Supplementary Figure 4. No differences were found in αSMA or OPN content in aortae after DOX treatment. 

Animals were divided into four groups: CTRL, DOX, DOX+PM, and CTRL+PM. After eight weeks of weekly DOX 

treatment (2 mg/kg) and PM administration at libitum, aortae were isolated and IHC was performed. For every animal, on 

average eight random fields were used to assess staining. A. αSMA (Nanimals CTRL=6; NanimalsDOX=7, NanimalsDOX+PM=8, 

NanimalsCTRL+PM=6)). B. OPN (NanimalsCTRL=6, NanimalsDOX=7, NanimalsDOX+PM=8, NanimalsCTRL+PM=6). Images were 

analyzed with ImageJ. Data are shown as mean ± SEM. αSMA, smooth muscle alpha-actin; OPN, osteopontin; DOX, 

doxorubicin; PM, pyridoxamine; IHC, immunohistochemistry.  

 

Supplementary Table 1 – Overview of cardiomyocyte responsiveness to 1 Hz, 2 Hz, and 4 Hz stimulation per animal. 

_____________________________________________________________________________________________________ 
 

 

 

 

CTRL 
(Nanimals=5) 

 

DOX 
(Nanimals=7) 

DOX+PM 
(Nanimals=8) 

CTRL+PM 
(Nanimals=7) 

 

 

1 Hz 

 

100 

 

100 100 100 

2 Hz 100 

 

84 ± 7 
 

78 ± 11 

 

91 ± 4 
 

4 Hz 43 ± 6 21 ± 10 
 

26 ± 8 38 ± 14 

___________________________________________________________________________________ 
Cardiomyocytes per group that responded to 2 Hz and 4 Hz stimulation compared to 1 Hz stimulation per group, shown in 

percentages. Data are shown as mean ± SEM. DOX, doxorubicin; PM, pyridoxamine; N, number of animals of which 

cardiomyocytes were isolated. 


