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Abstract   

Cardiotoxicity is one of the most important complications doxorubicin (DOX) and its 

pathomechanisms are not completely elucidated. We hypothesize that signaling via toll-like 

receptor (TLR)-3, a receptor that is activated upon binding of double-stranded nucleotides, 

might play a crucial role in the pathogenesis of cardiac-toxicity following DOX treatment. Male 

adult C57BL6 wild-type mice and TLR-3 knock-out (-/-) mice were subjected to 20 mg/kg; 

administered intraperitoneally. TLR-3 down-stream signaling was activated in WT mice lead to 

strong pro-inflammatory response with significant monocyte cells invasion. In contrast, this 

effect was attenuated in TLR-3-/- mice. Moreover, the TLR-3 activation resulted in cardiac 

damage that was associated with significantly reduced LV function and increased monocyte 

chemoattractant protein-1 (MCP)-1 expression in WT mice. This finding was confirmed by 

increased MAPK and TRIF protein expression in WT mice. This study confirmed that the 

absence of TLR-3 is associated with lower heart injury and maintained LV function. Thus, we 

conclude that TLR-3 seems to participate in the pathogenesis of cardiotoxicity of DOX. 
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Introduction 

Breast cancer is one of the most common malignant tumors that endanger the health of women 

[1], with an estimated 252,710 new cases in the United States in 2012 [2] and 26,000 new 

cases in Canada in 2012. A total of 1 in 8 women in the United States will have breast cancer 

in their lifetime [3]. Approximately 1.5 million women worldwide develop breast cancer every 

year, and ~500,000 women succumb to breast cancer.  

Early detection and advances in screening have led to a 5-year survival rate approaching 90%, 

and in the United States, almost 3 million people are living with a prior diagnosis of breast 

cancer [4]. The treatment options usually include a combination of surgery, cytotoxic 

chemotherapy, radiation therapy and molecularly targeted endocrine therapy, depending on 

the type of breast cancer diagnosed [5]. 
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At present, anthracyclines and taxanes are the two major classes of drugs for breast cancer 

treatment. Anthracyclines are among the most commonly used and effective drugs in breast 

cancer treatment.  

In the past 30 years, they have become an important component of adjunctive and palliative 

therapy for breast cancer. Anthracyclines belong to a class of antineoplastic antibiotics, which 

interfere with cell replication by acting on the DNA at several levels, showing an effect in every 

phase of the cell cycle [6]. Doxorubicin and epirubicin are commonly used in clinical practice. 

Administration is only via an intravenous infusion; metabolism is hepatic and excretion via the 

bile route, while urinary elimination accounts for approximately 1/6 of the total amount. Although 

anthracyclines exhibit a range of toxic effects, including transient myelosuppression, mucositis 

and hair loss [7], cardiotoxicity still remains a prominent risk since it may be permanent and 

progressive, leading to multimorbidity and severely impacting quality of life in patients with 

breast cancer [8].  

Acute cardiotoxicities, as well as the potential effect of cumulative doses, increasing the risk of 

congestive heart failure, are crucial and should be considered when deciding on a treatment 

strategy [9]. The present study presents a concise review of the literature, focusing on 

anthracycline-induced cardiotoxicity, its pathophysiology, prevention, monitoring and 

outcomes. A comprehensive literature review has been conducted. A bibliographic search was 

performed in the Cochrane, Medline, PubMed, Scopus, Web of Science and Scielo databases. 

Databases were searched systematically using the following key words: Anthracyclines, breast 

cancer, risk factors, prevention and treatment, combined with cardiotoxicity, cardiomyopathy or 

heart failure [10-12]. 

Limiting cumulative dose 

Maximum doses of anthracyclines have been implemented. Maximum cumulative doses of 

400–550 mg/m2 doxorubicin and 900 mg/m2 epirubicin are currently recommended [13]. 

Prolonging administration time 

Cardiac toxicity can be reduced by weekly low doses and a prolonged continuous infusion time 

(24–96 h). An analysis showed that slow intravenous infusion of doxorubicin (>6 h) over a 

prolonged period could reduce the risk of clinical heart failure and subclinical myocardial injury 

[14]. The cardiotoxicity of the weekly treatment regimen was less than that of the usual 3-week 

treatment regimen (0.8 vs. 2.9%) [15].  
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Methods and Material  

20 mg/kg; intraperitoneally) (WTDox and TLR3−/−Dox) at a dose shown to be cardiotoxic, or 

with the same volume of saline (WT and TLR3−/−). Five days after Dox injection, mice were 

haemodynamically characterized. Finally, hearts were excised and prepared for molecular, 

biological and immuno histochemical analyses as described below. To investigate the early 

regulation of nuclear factor kappa B (NF‐kB) in Dox‐induced cardiomyopathy, we performed 

additional experiments (see below) using cardiac tissue from WT and TLR3−/− mice one hour 

after Dox‐injection. The investigation conforms with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85–

23, revised 1996). 

Surgical procedures 

Animals were anaesthetized (thiopental 125 μg/g; i.p.), intubated and artificially ventilated. As 

described previously, a 1.4 F microconductance pressure catheter (ARIA SPR‐719; Millar‐

Instruments, Inc., Texas, USA) was positioned in the LV for continuous registration of LV 

pressure‐volume (PV) loops in a closed‐chest model. 

Haemodynamic measurements 

Systolic function was quantified by LV end‐systolic pressure (LVP, mm Hg), and dP /dt max 

(mm Hg/s) as an index of LV contractility. Diastolic function was measured by dP /dt min (mm 

Hg/s), and the end‐diastolic‐pressure‐volume‐relationship (stiffness, mm Hg/εl), determined 

from an exponential fit to the end‐diastolic pressure‐volume points. Global cardiac function was 

quantified by ejection fraction (EF, %), stroke volume (SV, εl), heart rate (HR, beat/min), and 

cardiac output (CO, ml/min). 

Isolation of mouse cardiomyocytes 

Hearts of WT, WTDox, TLR3−/− and TLR3−/−Dox mice (n =8 per group, anaesthetised with 

Trapanal, 667 mg/kg, i.p.) were excised, mounted on a Langendorff‐apparatus and perfused 

with modified Krebs‐Henseleit‐buffer containing 110 mM NaCl, 2.6 mM KCl, 1.2 mM MgSO4, 

1.2 mM KH2PO4, 11 mM Glucose, 25 mM Hepes, pH=7.4. For digestion, collagenase type II 

(Worthington, Lakewood, USA) and 33 mM CaCl2 were added. Perfusion took place over 30 

min at a constant pressure of 65 mm Hg. The media were maintained at 37 °C and saturated 

with oxygen. Ventricles were minced in the same buffer, dispersed for a further 10 min and 

filtered through a mesh (200 εm) to remove undigested tissue. Viable myocytes were separated 

by centrifugation in a 4 % bovine serum albumin gradient, immersed into liquid nitrogen, and 

used for further measurements. 
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Quantitative real‐time reverse transcriptase PCR (TaqMan®) 

For RNA preparation, cardiac tissue samples were homogenized and total RNA was prepared 

using TRIZOL ® reagent (Invitrogen) according to the manufacturer's protocol. Quantitative 

real‐time RT‐PCR (qPCR) was performed on an ABI PRISM 7700 sequence detection system 

(Applied Biosystems). For detection of murine ppET‐1, Primer and probe oligonucleotides 

(forward primer: 5′‐TGTTCGTGACTTTCCAAGG‐3′; reverse primer: 5′‐AGCTCCGGT 

GCTGAGTTCGG‐3′; probe: 5′‐6FAM‐CTCCAGAAACAGCTGTC‐3′) were designed as based 

on the murine ppET‐1 cDNA sequence (accession number U35233). For normalization, 18S 

rRNA was purchased by a commercial TaqMan PreDeveloped Assay Reagent (Applied 

Biosystems). Measurement of GATA‐4 mRNA levels was performed using a commercially 

available kit (Applied Biosystems). 

Lipid peroxidation in cardiomyocytes and the left ventricle 

Cardiomyocyte and left ventricular lipid peroxidation were measured using the commercially 

available colorimetric assay kit Bioxytech® LPO‐586 (Oxis International). Briefly, 150 εl of 

protein extracts were used for measurement of malondialdehyde (MDA) and 4‐hydroxyalkenals 

(HAE) considered as indicators of lipid peroxidation as described in the manufacturer's 

directions for use. 

Western blot analysis 

Western blot analyses were performed using primary antibodies raised against Bax (Santa 

Cruz, diluted 1:500), Bcl‐2 (Santa Cruz, diluted 1:500) and GATA‐4 (Santa Cruz 1:1000). 

GAPDH (Biodesign International, diluted 1:1500) served as loading control. Detection of the 

signals was performed using the LumiPhos TM reagent (Pierce) and chemiluminescence was 

detected using x‐ray films. 

Statistical analysis 

Student’s t-test was used to analyze data for significant differences. Values of P < 0.05 were 

regarded as significant. 
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Results 

LV dysfunction is a hallmark of acute Dox‐induced cardiotoxicity. We measured LV function by 

assessing pressure‐volume loops using a microconductance catheter. Haemodynamic data are 

shown in Table 1. No parameter of systolic, diastolic, and global LV function was found to differ 

between WT and TLR3−/− mice. Five days after Dox injection, WTDox mice displayed 

significantly impaired systolic (LVP −31%, dP /dt max −45%, P <0.01), diastolic (dP /dtmin 

−41%, stiffness +300%; P <0.05) and global (EF −27%, SV −39%, HR −18%, CO 

−54%; P <0.05) LV function. In contrast, among TLR3−/−Dox mice, parameters of systolic (LVP 

+27%, dP /dt max +44%, P <0.05), diastolic (dP /dt min +30%, stiffness −63%; P <0.05), and 

global (EF +29%, SV +57%, Co +84%; P <0.05) LV function were significantly improved 

compared to the WTDox mice. 

Table 1.  

Haemodynamic parameters 

 

 

TRAF/MAPK protein expression and cardiac cell infiltration 

To characterize the cardiac inflammatory response, we determined cardiac TRAF/MAPK 

expression and cell infiltration of CD3‐, CD4‐ and CD11b‐positive cells; this did not differ 

between untreated WT and TLR3−/− mice. Dox injection led to an increased (1.9‐fold; P <0.05) 

expression of TRAF/MAPK expression in WT mice compared to untreated controls. TLR3−/−Dox 

mice did not display a significant difference in comparison to untreated TLR3−/− mice (Fig. 1). 

In addition, there was a significant correlation between decreased parameters of systolic LV 

function and cardiac TRAF/MAPK expression (dp /dt max: P =0.0046, LVP: P =0.0052). 

https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-tbl-0001
https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-fig-0001
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Figure 1.  

Cardiac protein expression of TNF‐α in doxorubicin‐induced cardiomyopathy. Protein expression was 

measured using ELISA. Data are expressed as mean±SEM. * = P <0.05; # = non-significant vs. 

TLR3−/− (n =8 per group). WT, wild‐type; Dox, doxorubicin; TLR3, Toll‐like receptor 3. 

 

 

Endothelin‐1 expression 

LV dysfunction leads to neurohumoral activation. Hence, we measured cardiac ET‐1 mRNA‐ 

and protein expression five days after Dox injection using molecular biological techniques. Five 

days after Dox administration, WT mice displayed a significant increase in ET‐1 mRNA (5.2‐

fold; P <0.01) and protein (2.1‐fold; P =0.02) content when compared to WT controls. In 

comparison with untreated TLR4−/− mice, Dox administration into TLR3−/− mice did not result in 

any significant enhancement. 

Discussion 

Here we show for the first time that TLR3 contributes to cardiac inflammation, oxidative stress, 

and apoptosis as well as LV function in experimental, Dox‐induced cardiomyopathy. 

In agreement with others, WTDox mice were found to display severe systolic and diastolic LV 

dysfunction, resulting in impaired cardiac output as measured by the assessment of pressure‐

volume loops in vivo [16].  

In TLR3−/−Dox mice, global LV function as indexed by stroke volume and cardiac output was 

improved as a result of enhanced systolic and diastolic performance. This was associated with 

a reduction in neurohumoral activation, with a reduction in cardiac ET‐1 which is known to 

contribute to the development of heart failure [17]. Thus, we conclude that TLR3 plays a pivotal 

role in LV dysfunction due to Dox‐induced cardiomyopathy [18]. To further analyze the 

mechanisms involved, we characterized cardiac oxidative stress, inflammatory response, and 

apoptosis, which are all known to be relevant in this disease. 
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Oxidative stress can directly damage cells, trigger cytokine expression, increase leukocyte 

chemotaxis, and initiate complement activation [19] In agreement with others 20], we found that 

lipid peroxidation and protein expression of nitrotyrosine as an index of oxidative stress were 

markedly increased in cardiac tissue of WTDox mice when compared to that of WT controls.  

Since lipid peroxidation is active in a variety of cell types possibly present in the LV, we 

measured lipid peroxidation activity in myocytes isolated from WT and TLR3−/− mice which were 

treated with doxorubicin in order to identify cardiac specific stress. In line with our findings from 

LV tissue, lipid peroxidation activity was also found to be enhanced in myocytes isolated from 

WTDox mice in comparison with myocytes from WT mice. In contrast, in both LV tissue and 

isolated myocytes, no significant regulation in TLR3−/−Dox mice was seen when compared to 

TLR3−/− mice [22].  

In line with these findings, cardiac expression of nitrotyrosine was significantly reduced in 

TLR3−/−Dox mice compared to WTDox mice. Our data suggest ‐ the other way round ‐ that 

TLR3 deficiency is able to attenuate the generation of oxidative stress in the heart implying that 

TLR3 is not only able to be activated by oxidative stress [23], but also contributes to its 

development as has also recently been demonstrated in an animal model of cardiac 

ischaemia/reperfusion [24]. The precise mechanisms involved in the interaction between TLRs 

and oxidative stress have not yet been completely defined. In murine leukocytes, oxidative 

stress is involved in TLR3‐mediated intracellular pro‐inflammatory gene activation in response 

to lipopolysaccharide [25-31]. This is in agreement with our findings showing that Dox did not 

lead to any significant TNF‐α up‐regulation in TLR3−/−Dox mice in comparison with 

TLR3−/− mice. Concordant with these findings, cardiac infiltration of activated lymphocytes, 

monocytes and macrophages were significantly attenuated in TLR3−/−Dox mice when 

compared to WTDox mice as indicated by decreased expressions of CD3‐, CD8a‐, and CD11b‐

positive cells [32]. 

Oxidative stress and inflammation might be associated with an induction of apoptosis, as is 

also known for Dox‐induced cardiomyopathy [33].  

In agreement with in vitro and in vivo studies using myocytes, we found a marked up‐regulation 

of the pro‐apoptotic protein Bax five days after Dox administration in our model [34]. This effect 

was blunted in TLR3−/−Dox mice, suggesting that TLR3 contributes to pro‐apoptotic activation 

in Dox‐induced cardiomyopathy. The activation of this typical pro‐apoptotic protein was 

associated with a significant increase of cardiac TUNEL‐positive apoptotic cells five days after 

Dox injection in WT mice as previously demonstrated in this model [35], which was significantly 

attenuated in TLR3−/− mice .  

However, the amount of these cells was moderate, which might be explained by the early time 

point of investigation in our model. To investigate possible mechanisms, which may lead to 

attenuated apoptosis in Dox‐treated TLR3−/− mice, we measured the anti‐apoptotic protein Bcl‐

2, which is a pivotal regulator of mitochondrial apoptosis [36-39]. Although others have found a 

reduction in the anti‐apoptotic protein Bcl‐2 in chronic Dox‐induced cardiomyopathy [41], we 

https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-bib-0045
https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-bib-0038
https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-bib-0012
https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-bib-0011
https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-bib-0043
https://onlinelibrary.wiley.com/doi/full/10.1016/j.ejheart.2008.01.004#ejhf2008-01-004-bib-0041
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found no regulation of this protein in our acute model. Interestingly, despite the non‐regulation 

of Bcl‐2 due to Dox in WT mice, the Bcl‐2 content of TLR3−/−Dox mice were increased more 

than 6‐fold when compared to TLR3−/− controls (P <0.01) suggesting anti‐apoptotic protection 

due to TLR3 deficiency. Very recent investigations support an emerging role for Bcl‐2 in 

protecting cardiac cells against death, including apoptosis and non‐apoptotic cell death, 

depending on autophagy genes [40]. 

To get more insights into the intracellular mechanisms induced by any TLR3 deficiency possibly 

involved, we determined cardiac NFκB and GATA‐4 regulation in our model [41]. Specifically, 

a down‐regulation of GATA‐4 in Dox‐induced cardiomyopathy was identified as belonging to a 

disease‐aggravating mechanism. We showed that TLR3 deficiency prevents GATA‐4 down‐

regulation, suggesting that direct or indirect effects of TLR3 signalling are involved in the 

regulation of this transcription factor. In contrast, NFκB, which is known not be a classical down‐

stream target for TLR3 signalling was not regulated in WT or TLR3−/− mice, indicating that NFκB 

regulation is, at least during the investigated time frame, also not under the control of TLR3 in 

our model [42]. 

Conclusion 

 We conclude that TLR-3 seems to participate in the pathogenesis of cardiotoxicity of DOX. 
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