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INTRODUCTION 
 
For decades, breast cancer has remained the most common cause of cancer and the 

second most common cause of cancer related deaths in Canadian females.1 In 2015 alone, 25 
200 Canadians were diagnosed with breast cancer, and 5 100 deaths were attributed to the 
disease.1 Furthermore, 1 in 9 females will develop breast cancer over their lifetime, illustrating 
the significant burden that breast cancer places on public health.1  
  
 Breast cancer treatment is multifaceted, including the local modalities of surgical 
resection and radiotherapy, as well as systemic treatments including chemotherapy, hormone 
therapy, and biological therapies. Anthracyclines, including doxorubicin (DOX) and epirubicin, 
have repeatedly demonstrated survival benefits in both the adjuvant and metastatic settings of 
breast cancer.2,3 As such, anthracyclines constitute the mainstay of chemotherapeutic 
treatments in the breast cancer setting and are typically administered as cocktails, namely 
adriamycin-cyclophosphamide (AC) and 5-fluorouracil-epirubicin-cyclophosphamide (FEC). 
Despite the beneficial anti-tumor activity of DOX in the breast cancer setting, the inherent 
cardiotoxicity associated with this anti-cancer drug limits its therapeutic use. DOX is known to be 
cardiotoxic at cumulative doses exceeding 550 mg/m2, a concentration which has emerged as 
an absolute upper ceiling for treatment.4,5 Furthermore, DOX mediated cardiotoxicity is dose 
dependent and increases to an incidence of >30% at cumulative doses greater than 600 mg/m2.5 
DOX mediated cardiotoxicity may occur at even lower cumulative doses in patients with the 
following risk factors including age >70 years, pre-existing heart disease, and previous or 
concurrent radiotherapy.4,6 DOX induced cardiomyopathy is associated with a poor prognosis, 
with mortality rates as high as 61%, and is typically refractory to conventional anti-heart failure 
therapy.7 
 
 More recently, targeted biological therapies were developed in the breast cancer setting 
to antagonize the human epidermal growth factor receptor 2 (HER-2), a tyrosine kinase receptor 
responsible for cellular growth, differentiation, and survival. Analysis of breast cancer tissues has 
demonstrated HER-2 to be overexpressed in 25-30% of malignancies.8 HER-2 overexpression 
predicts shortened overall survival and time to relapse, and is associated with greater axillary 
lymph node involvement.8 A recombinant monoclonal antibody, Trastuzumab (TRZ), was 
developed in the 1990's to antagonize the extracellular domain of the HER-2 receptor.9 A 
number of multicentre randomized control trials have evaluated the efficacy of TRZ as an 
adjunct to standard chemotherapy in HER-2 positive breast cancer.9-10 These trials 
demonstrated an overall survival advantage of up to 37% for patients in the TRZ treatment arm. 
Furthermore, TRZ has been validated as first line treatment for HER-2 positive metastatic breast 
cancer.11 Despite its widespread adoption, TRZ potentiates DOX mediated cardiotoxicity. In 
2007, a retrospective study conducted at CancerCare Manitoba by our group demonstrated that 
approximately 1 in 4 women administered TRZ therapy as an adjuvant to anthracycline based 
chemotherapy developed cardiotoxicity.12 Currently, there exists no approved clinical therapy to 
prevent the cardiotoxic side effects of DOX+TRZ therapy in both the adjuvant and metastatic 
settings of breast cancer. As such, the development of strategies to mitigate DOX+TRZ 
mediated cardiotoxicity, while at the same time maintaining the anti-cancer effects of the two 
drugs, is important to decrease morbidity and mortality in the breast cancer population.  
 
 Amongst the number of mechanisms associated with DOX+TRZ mediated cardiotoxicity, 
increased oxidative stress (OS) has been the focus in recent years. DOX can catalyze the 
formation of superoxide radicals from molecular oxygen.13 The issue is further compounded by 
the concomitant depletion of cytosolic glutathione (GSH) peroxidase, and thus cellular anti-
oxidant reserve.7,13 OS induces phosphorylation and subsequent activation of mitogen-activated 
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protein kinases (MAPKs), leading to an up-regulation of the pro-apoptotic protein Bax.14 Bax, in 
turn, stimulates the mitochondrial release of cytochrome c, activation of caspases, and ultimately 
cardiomyocyte apoptosis and cardiac remodelling (Figure 1).15 Furthermore, an increase in OS 
following DOX administration has been shown to disrupt myofibrillar and cytoskeletal structural 
integrity by down regulating alpha-myosin heavy chain, cardiac troponin I, desmin, and 
dystrophin.16 This is achieved through GATA-1 down-regulation and calpain activation.17-18  TRZ 
does not damage cardiomyocytes when used as a single agent.19  However, TRZ does 
potentiate DOX induced cardiac damage by a number of mechanisms including an increase in 
cardiomyocyte susceptibility to OS. This effect is achieved by altering apoptotic signalling 
pathways, specifically increasing the expression of the pro-apoptotic proteins Bcl-xS and Bax 
and decreasing anti-apoptotic Bcl-xL expression.20 Ultimately, this disrupts mitochondrial 
function and triggers apoptosis through caspase activation. TRZ further contributes to DOX 
induced cardiotoxicity by preventing dimerization of the HER-2 receptor, which is essential for 
downstream signalling and cell survival.21  
 
 The central role of OS in the pathophysiology of DOX+TRZ mediated cardiotoxicity 
raises the question as to whether anti-oxidants could serve as cardioprotective agents in this 
setting. A number of anti-oxidants have been shown to reduce DOX toxicity, but are not without 
side effects.22-24 One such compound, N-acetylcysteine (NAC), a thiol-containing anti-oxidant, is 
able to replenish intracellular stores of reduced GSH and contribute to cellular redox 
regulation.25-26 Unverferth et al. randomized 20 patients to receive prophylactic NAC or placebo 
prior to a single injection of DOX for a variety of tumors.27 Endomyocardial biopsies preformed at 
baseline, 4, and 24 hours demonstrated a DOX mediated change in tubular area and 
mitochondrial swelling within the myocardial tissue, which was not attenuated by the prophylactic 
administration of NAC.27 NAC efficacy may be limited by its bioavailability as the hydrophillicity 
incurred by the negatively charged carboxyl moiety prevents intracellular accumulation.25  

 
In order to improve the bioavailability of NAC, a structural variant, N-acetylcysteine amide 

(NACA), was recently developed. NACA contains an amide moiety to promote lipophilicity, and 
thus intracellular accumulation.25 Consequently, NACA was shown to be significantly more 
effective than NAC at restoring intracellular thiols and protecting against oxidation in tert-
butylhydroxyperoxide treated red blood cells.25 Furthermore, in an in vitro model, NACA 
attenuated DOX induced OS in embryonic rat cardiomyocytes, restoring the GSH/GSSG ratio, 
decreasing lipid peroxidation, and restoring the activity of enzymatic anti-oxidant defenses.26 
Despite these promising findings, the cardioprotective capabilities of NACA in an in vivo murine 
model of DOX+TRZ mediated cardiotoxicity remain unknown.  
 
OBJECTIVE 
  
 To evaluate the potential cardioprotective role of the anti-oxidant NACA to mitigate the 
cardiotoxic side effects associated with DOX+TRZ therapy in an acute murine model of 
chemotherapy induced cardiotoxicity.  
 
METHODS 
 
A. ACUTE MURINE MODEL OF DOX+TRZ INDUCED CARDIOMYOPATHY  

 
All animal procedures were conducted in accordance with guidelines published by the 

Canadian Council on Animal Care. All procedures, including drug administration and longitudinal 
echocardiographic studies, were approved by the Animal Protocol Review Committee at the 
University of Manitoba.  
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 For the acute model of chemotherapy induced cardiomyopathy, a total of 100 WT 
C57Bl/6 female mice were randomized to one of the following regimens: (1) 0.9% saline 
(intraperitoneal (i.p.); n=5); (2) NACA (250 mg/kg, i.p.; n=5); (3) DOX (20 mg/kg, i.p.; n=15); (4) 
TRZ (10 mg/kg, i.p.; n=15); (5) DOX+TRZ (n=15); (6) NACA+DOX (n=15); (7) NACA+TRZ 
(n=15); and (8) NACA+DOX+TRZ (n=15) (Figure 2). Saline, DOX, and TRZ were administered 
at day 0 as a single injection; NACA was administered 30 minutes in advance for mice in the 
relevant treatment arms. The mice were euthanized after 10 days for assessment of OS and 
apoptosis (Figure 2). The cumulative doses of DOX or TRZ achieved were the minimum 
concentration to induce a chemotherapy mediated cardiomyopathy, as previously validated by 
our group and others.19,28  
 
 A second protocol was conducted for histological analysis and to evaluate for early 
evidence of OS injury. A total of 70 female C57Bl/6 mice were randomized to the following 
treatment arms (1) Saline; (2) NACA; (3) DOX; (4) TRZ; (5) DOX+TRZ; (6) NACA+DOX (7) 
NACA+TRZ (8) NACA+DOX+TRZ (Figure 2). Saline, DOX, and TRZ were administered as a 
single injection at time 0; NACA was administered 30 minutes in advance for mice in the relevant 
treatment arms. The mice were euthanized after 72 hours for analysis. 
 
B. MURINE ECHOCARIOGRAPHY  
  
 In vivo cardiac function was assessed at baseline and serially for 10 days by murine 
echocardiography. Images were acquired in awake mice using a 13-MHz probe (Vivid 7, GE 
Medical Systems, Milwaukee, WI, US). Mice were imaged in both the parasternal long and short 
axis views, as previously described.19,28 Echocardiographic parameters were calculated offline 
using the EchoPAC PC software (Vivid 7, version 11.2, GE Medical Systems, Milwaukee, WI, 
US). 
 
 The parasternal long axis view was used to trace left ventricular end systolic and end 
diastolic volumes and to calculate left ventricular ejection fraction (LVEF). M-mode 
echocardiography in the short axis view was used to measure LV cavity dimensions, including 
LV end-diastolic diameter (LVEDD), LV end-systolic diameter (LVESD), posterior wall thickness 
(PWT), interventricular septal thickness (IVS), as well as heart rate (HR). LV fractional 
shortening (FS) was calculated by the EchoPAC program. 
  
C. HISTOLOGICAL ANALYSIS 
  
 A section of cardiac tissue was removed from euthanized mice and flash frozen in liquid 
nitrogen for histological analysis. Fixation with 3% glutaraldehyde in 0.1 M phosphate buffer (pH 
7.3) was conducted for 3 hours at room temperature. The fixed tissue was then rinsed and 
buffered in 0.1 phosphate buffer with 5% sucrose for 24 hours at 4oC. 1% osmium tetroxide in 
0.01 M phosphate buffer was used for post-fixation (2 hours). The tissue was dehydrated in 
ethanol of increasing concentration, embedded in Epon 812, and sectioned as previously 
described.29 Tissue sections were stained with uranyl acetate and lead citrate and viewed using 
the Phillips CM12 electron microscope to evaluate cellular architecture. 
 
D. OXIDATIVE STRESS (OS) 
  
 OS was assessed by quantifying phospholipid peroxidation and superoxide production. 
Lipids were extracted from cardiac tissue as previously described.30 Briefly, frozen tissues were 
ground into a powder using liquid nitrogen. 6 ml C-M mixture (2:1 v/v, 0.01% BHT), 0.1 ml 
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internal standard, and 1.5 ml PBS were added. The solution was centrifuged at 3500 RPM for 5 
minutes (4oC), after which the lipid phase was removed. 4.5 ml of C-M-PBS (86:14:1) was added 
to the remaining aqueous phase, which was centrifuged at 3500 RPM for 5 minutes (4° C) to 
repeat the extraction. The lipid phase was evaporated to dryness using a nitrogen evaporator. 
Lipid extracts were reconstituted in acetronitrile/isopropanol/water (65:30:5 v/v/v). Compounds 
were analyzed using high performance liquid chromatography (Shimadzu, USA MFG Inc) 
coupled to a 4000 QTrap Triple Quadrupole Linear Ion Trap Mass Spectrometer with a Turbo V 
electrospray ion source (Absciex, 500 Old Connecticut Path, Framingham MA 01701 USA). 0.03 
ml lipid extract was injected onto an Ascentis Express C18 column (15cmx2.1mm, 2.7 μm; 
Supelco Analytical, Bellofonte, PA 16823-0048 USA) heated to 45oC. Elutions were performed 
via a linear gradient of solvent A (acetonitrile-water, 60:40 v/v) and solvent B (isopropanol-
acetonitrile, 90:10 v/v), both of which contained 10 mM ammonium formate and 0.1% formic 
acid. The following gradient was used: 0.01 min: 32% B; 1.50 min: 32% B; 4.0 min: 45% B; 5.0 
min: 52% B; 8.0 min: 58% B; 11.0 min: 55% B; 14.0 min: 70% B; 18.0 min: 76% B; 21.0 min: 
97% B; 25.0 min: 97% B; 25.1 min: 32% B; and 30.0 min: 32% B.  A flow rate of 0.26 ml/min was 
maintained throughout the analytical run. Data was quantified using Multiquant 2.1 software.  
 
 Superoxide production was quantified by lucigen-enhanced chemiluminesence.31 Cardiac 
tissue was incubated in Krebs-Hepes buffer with 10 μM NADPH and then transferred into a 96-
well plate with 300 μl of Krebs-Hepes buffer, 10 μM NADPH, and 10 μM lucigenin. Data was 
collected by a multi-label counter for 60 seconds.  
 
E. APOPTOSIS  
  
 Pro-apoptotic (PARP, caspase-3, Bax) and anti-apoptotic (Bcl-xL) protein expression 
was assessed by Western blot analysis.28 Heart tissue was ground to a powder using liquid 
nitrogen and placed in radioimmunoprecipitation (RIPA) buffer containing protease and 
phosphatase inhibitors (Thermo Scientific). Samples were cooled for 20 minutes and then 
centrifuged at 10 000 RPM for 10 minutes (4° C). The resulting supernatant was removed and 
extracted proteins were quantified using the BioRad protein assay.  
 
 For the BioRad protein assay, 30 µg protein lysate was separated by 12% sodium 
dodecyl sulfate polyacrylamide gel (SDS-PAGE) at 100 V for 1.5 hours (Mini-PROTEAN Tetra 
System, BioRad). Proteins were then transferred onto a 0.45 µm PVDF membrane (Roche 
Diagnostics) for 2 hours at 100 V (4oC).  After completion of the transfer, the membrane was 
blocked for 1 hour in BSA blocking buffer/TBST (Thermo Scientific). The membrane was then 
incubated with the appropriate primary polyclonal antibody (Cell Signaling Technology Inc.; 
Beverly, MA) for 24 hours at 4oC, washed and then incubated with goat anti-rabbit IgG 
secondary antibody (Bio-Rad; Hercules, CA) for 45 minutes. Bands were visualized using the 
ECL Plus Detection Reagent (Western Lighting Plus-ECL, Amersham) and X-ray film exposure. 
GAPDH polyclonal antibody was used as a loading control (Sigma). Band intensity was 
quantified using Quantity One analysis software (BioRad Laboratories, Inc). 

F. STATISTICAL ANALYSIS 
  
 Statistical analysis was completed using SPSS 15.0 and Graphpad Prism 5 software. 
Data is expressed as a mean±SD with a p value of < 0.05 considered significant. Statistical 
significance of data obtained from echocardiographic analysis was determined using a mixed 
factorial design with repeated measurements for the factor of time. An ANOVA Post hoc analysis 
was completed for independent variables. Post hoc analysis for group variances was done with 
the Levene's test. Damage on histological analysis was graded in severity from 1 to 4 by an 
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observer blinded to the treatment groups; values were compared using the Mann-Whitney test. 
Significance of data from the biochemical and Western blot analyses was determined using a 
Student's-t test. 
 
RESULTS  
 
A. MURINE ECHOCARDIOGRAPHY 
  
 HR and PWT were similar between all mice at baseline and remained unchanged at day 
10 in all treatment groups (Table 1). LV cavity dimensions were similar between all mice at 
baseline and remained unchanged at day 10 in the saline, NACA, TRZ, and NACA+TRZ groups 
(Table 1). DOX administration resulted in an increase in LVEDD from 3.2±0.2 mm to 3.9±0.2 mm 
at day 10 (p<0.05). Similarly, LVEDD increased in the DOX+TRZ group from 3.2±0.1 mm at 
baseline to 4.3±0.2 mm by day 10 (p<0.05). NACA prevented adverse cardiac remodelling at 
day 10, such that LVEDD was 3.4±0.1 mm and 3.6±0.1 mm for the NACA+DOX and 
NACA+DOX+TRZ groups, respectively (p<0.05). 
 
 The LVEF was similar between all mice at baseline and remained unchanged by day 10 
in the saline, NACA, TRZ, and NACA+TRZ groups (Table 1). In both DOX and DOX+TRZ 
treated mice, conventional echocardiographic indices showed a decrease in LVEF at day 10. In 
the DOX treatment arm, LVEF declined from 73±4% at baseline to 43±2% at day 10 (p<0.05, 
Figure 3). Similarly, in the DOX+TRZ treatment arm, LVEF declined from 73±4% at baseline to 
32±2% at day 10 (p<0.05, Figure 3). Prophylactic NACA administration was cardioprotective, 
improving the LVEF at day 10 to 62±3% and 55±3% for NACA+DOX and NACA+DOX+TRZ 
treated mice, respectively (p<0.05, Figure 3).  
 
B. HISTOLOGICAL ANALYSIS 
  
 Histological integrity of the LV myocardium was preserved in mice treated with saline at 
the 72 hour time point. Myofibril degradation and vacuolization were visualized by electron 
microscopy in the cardiac tissue of mice treated with DOX+TRZ, representing architectural 
cardiac damage (Figure 4). Prophylactic NACA administration attenuated the degree of 
myocardial damage observed (Figure 4).  
 
C. OXIDATIVE STRESS (OS) 
  
 OS was quantified by measuring lipid peroxidation in cardiac tissue obtained from mice in 
the 72 hour study. In control mice, fragmented oxidized phospholipids were quantified at 1.37 
ng/mg. Levels were significantly increased at 4.81 ng/mg and 5.07 ng/mg for mice in the DOX 
and DOX+TRZ treatment arms, respectively (p<0.05, Figure 5). The DOX+TRZ mediated 
increase in oxidized phospholipids was attenuated by prophylactic NACA administration. 
Fragmented oxidized phospholipids were significantly decreased to 2.62 ng/mg and 1.42 ng/mg 
for the NACA+DOX and NACA+DOX+TRZ groups, respectively (p<0.05, Figure 5) 
 
 OS stress was further assessed by quantifying superoxide production for mice in the 10 
day study. Superoxide production was amplified 3-fold and 4-fold in mice administered DOX and 
DOX+TRZ, respectively (p<0.05; Figure 6). Following prophylactic treatment with NACA, 
superoxide production rates in the NACA+DOX and NACA+DOX+TRZ groups were significantly 
decreased and approached those quantified in the controls (p<0.05; Figure 6). 
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D. APOPTOSIS 
 
 Markers of apoptotic (PARP, caspase-3, Bax) and anti-apoptotic (Bcl-xL) processes were 
evaluated in the cardiac tissue of mice from the 10 day study. PARP levels did not significantly 
differ from that of controls in any of the treatment groups. Caspase-3 levels in the DOX and 
DOX+TRZ groups were elevated 3- and 4-fold, respectively, as compared to control levels 
(p<0.05, Figure 7). The prophylactic administration of NACA attenuated the rise in caspase-3. 
Caspase-3 levels in mice treated with NACA+DOX and NACA+DOX+TRZ were elevated 2.3- 
and 2.6-fold, respectively, as compared to control levels (p<0.05, Figure 7). The ratio of the 
apoptotic protein Bax to the anti-apoptotic protein Bcl-xL (Bax/Bcl-xL) was elevated 1.5- and 1.9-
fold in mice treated with DOX and DOX+TRZ, respectively, when normalized to saline controls 
(p<0.05, Figure 8). Again, NACA attenuated the increase; a 1.3- and 1.4-fold elevation in 
Bax/Bcl-xL was observed for the NACA+DOX and NACA+DOX+TRZ groups (p<0.05, Figure 8). 
 
DISCUSSION 
  
 Although DOX+TRZ therapy constitutes the mainstay of breast cancer treatment, its 
efficacy is limited by a dose-related cardiotoxicity. This contributes significantly to the morbidity 
and mortality in the breast cancer population as approximately 1 in 4 women receiving 
DOX+TRZ therapy are at risk of developing chemotherapy induced cardiomyopathy.12 Our 
increased understanding of the role of OS in the pathogenesis of DOX+TRZ mediated 
cardiotoxicity in conjunction with the recent development of the potent anti-oxidant NACA, 
warrants investigating the cardioprotective properties of this novel agent in the breast cancer 
setting. The current study used an acute murine model of chemotherapy induced 
cardiomyopathy in order to evaluate the cardioprotective effects of NACA in the prevention of 
DOX+TRZ mediated cardiotoxicity. We demonstrated NACA to be partially cardioprotective by i) 
attenuating adverse cardiovascular remodelling on echocardiography; ii) preserving cardiac 
architecture upon histological analysis of cardiac tissue; iii) decreasing OS, as quantified by 
oxidized phospholipid and superoxide production; and iv) attenuating levels of apoptosis. These 
findings suggest a potential for the prophylactic use of NACA in the prevention of DOX+TRZ 
mediated cardiotoxicity in the breast cancer setting. 
 
 The cardiotoxic side effects of DOX and DOX+TRZ have been previously validated in 
both acute and chronic murine models.19,28,31 Neilan et al. evaluated the cardiotoxic side effects 
of DOX in an acute murine model of chemotherapy induced cardiotoxicity. Wild-type mice that 
received a single dose of 20 mg/kg DOX developed LV cavity dilatation with LV systolic 
dysfunction over a 14 day period.31 A similar study by Jassal et al. characterized the combined 
cardiotoxic side effects of DOX (20 mg/kg)+TRZ (10 mg/kg) administration in a murine model.28 
By day 4 of treatment with DOX+TRZ, mice demonstrated progressive LV dilatation and systolic 
dysfunction.28 The present study corroborates these findings. Murine echocardiography revealed 
LV cavity dilatation and systolic dysfunction in mice administered DOX alone over a 10 day 
period. This effect was further potentiated by the concomitant administration of TRZ, illustrating 
the synergistic effect of TRZ on DOX mediated cardiotoxicity. In the current study, we 
demonstrated for the first time the prophylactic use of NACA in attenuating the cardiotoxic side 
effects of DOX and DOX+TRZ. Both LVEDD and LVEF values were significantly improved in the 
NACA+DOX and NACA+DOX+TRZ treatment arms. This finding indicates that NACA possesses 
cardioprotective capabilities against DOX+TRZ mediated cardiotoxicity. 
 
 Endomyocardial biopsy and subsequent histological analysis of cardiac tissue is the most 
sensitive and specific modality to detect chemotherapy induced cardiomyopathy.4 However, its 
use in clinical practice is largely replaced by imaging, as a result of the invasive nature of cardiac 
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biopsies as a diagnostic procedure. Histological analysis, however, remains a useful technique 
to evaluate the degree of cardiac remodelling in animal models of chemotherapy mediated 
cardiomyopathy. Characteristic histological findings in cardiac tissue from mice treated with DOX 
include myofibril loss, sarcoplasmic reticulum distension, cytoplasmic vacuolization, 
mitochondrial swelling, and an increase in lysosomal number.4,28,32 Jassal et al. demonstrated 
vacuolization and cytoplasmic clearing in mice treated with a single dose of 20 mg/kg DOX by 
day 5 of the study, which was potentiated by TRZ treatment.28 The current study demonstrated 
findings consistent with classic structural changes observed in DOX+TRZ mediated 
cardiomyopathy. Histological analysis of cardiac tissue from mice in the 72 hour protocol 
demonstrated myofibril degradation and vacuolization in the DOX+TRZ treatment arm. 
Corroborating our echocardiographic findings, the prophylactic administration of NACA 
attenuated the degree of cardiac damage observed by electron microscopy, further supporting 
the protective benefits afforded by NACA against DOX+TRZ cardiomyopathy. 
 
 Elucidating the mechanistic pathway by which DOX+TRZ promotes cardiac damage is 
imperative in order to develop strategies to interfere with the process. A number of hypotheses 
exist in an attempt to explain the cardiotoxic side effects of DOX therapy. These include nucleic 
acid and protein inhibition, release of vasoactive amines, mitochondrial dysfunction, and 
myocardial electrolyte imbalances.13 OS is suspected to play a central role in the pathogenesis 
of DOX mediated cardiotoxicity and as such, is well characterized in the literature. The molecular 
structure of DOX, namely the presence of a quinone ring, lends itself to the production of 
reactive oxygen species. Once intracellular, DOX can complex with mitochondria, permitting the 
respiratory chain enzyme NADPH dehydrogenase to act as a catalyst, converting the quinone 
ring in DOX to a semiquinone.33 The electrons generated from this process are capable of 
reducing molecular oxygen to generate free radical species and OS.13 Thornalley et al. 
demonstrated an increase in cellular OS following DOX administration in an in vitro model.34 
Hydroxl radicals were detected by electron spin resonance in rat myocardial sarcosomes  
treated with 100 µM DOX.34 The present study supports this finding, as superoxide production, a 
marker of OS, was increased 3-fold in mice treated with DOX. We further demonstrated that 
concomitant TRZ therapy potentiates the generation of OS, as superoxide production was 
increased 4-fold in mice administered combination DOX+TRZ. Prophylactic NACA attenuated 
OS production such that superoxide levels approached those of controls. The ability of NACA to 
improve systolic function and decrease OS further supports the importance of OS in the 
pathogenesis of DOX+TRZ mediated cardiomyopathy. In addition, it illustrates the 
cardioprotective capacity of NACA in this setting, by way of modulating OS (Figure 1). 
 
 Reactive oxygen species oxidize unsaturated lipids in plasma membranes to generate 
lipid peroxides, ultimately damaging cellular barriers.32,35 The peroxidation of lipids is emerging 
as an important player in the pathogenesis of cardiovascular disease, and studies have 
demonstrated direct toxic effects on cardiomyocytes. The addition of 4-hydroxy-2-nonenal, a 
major product of lipid peroxidation, to cardiomyocytes stimulates the generation of reactive 
oxygen species, a rise in intracellular calcium and cellular hypercontracture.36 Myers et al. 
quantified malondialdehyde, a marker of lipid peroxidation, in mice treated with DOX.35 Although 
malondialdehyde was not detected in cardiac tissue from control mice, it was readily detected in 
DOX treated mice, reaching its peak concentration 4 days following administration of the drug.35 
In the current study, there was a significant increase in oxidized phospholipids in mice treated 
with either DOX or DOX+TRZ. NACA attenuated lipid peroxidation in both the NACA+DOX and 
NACA+DOX+TRZ treatment arms, again suggesting that NACA interferes with OS production, 
which is a necessary intermediate in the pathogenesis of cardiac disease. 
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 OS and reactive oxygen species ultimately trigger apoptotic pathways in cardiomyocytes. 
A number of previous studies have demonstrated the induction of a pro-apoptotic environment 
following DOX+TRZ administration in cardiomyocytes. Previously, Kumar et al. exposed 
cardiomyocytes to 20µM DOX, and subsequently observed cellular morphological changes and 
an increased number of apoptotic myocytes and nucleosomal fragmentation by TUNEL assay.37 
TRZ similarly alters cellular apoptotic milieu, specifically by modifying apoptotic Bcl-xS, Bax, and 
anti-apoptotic Bcl-xL expression.20 Consequently, the combination treatment of DOX+TRZ 
induces apoptosis, as demonstrated by PARP cleavage, and an increased ratio of p17/p32 
which signifies caspase 3 activation, a downstream initiator of apoptosis.28 The current study 
supports these findings; an increased Bax/Bcl-xL ratio and caspase 3 expression was observed 
in both the DOX and DOX+TRZ treatment arms. We further demonstrated the ability of NACA to 
attenuate the level of apoptosis in mice treated with DOX or DOX+TRZ, normalizing the Bax/Bcl-
xL ratio and caspase 3 values. This finding further supports the growing evidence that NACA 
possesses cardioprotective capabilities in the setting of DOX+TRZ mediated cardiomyopathy.   
 
 The mechanisms underlying DOX+TRZ anti-tumor and cardiotoxic effects differ, 
prompting the search for a cardioprotective agent that solely interferes with the latter 
mechanism. Previous basic science and clinical studies have investigated the cardioprotective 
benefit provided by a number of agents in the setting of DOX+TRZ cardiomyopathy, including 
dexrazoxane, angiotensin converting enzyme inhibitors (ACEi), beta-blockers, and anti-oxidants. 
Dexrazoxane is a derivative of EDTA, able to chelate iron and prevent the generation of free 
radicals.7 Dexrazoxane is FDA approved for women with metastatic breast cancer who have 
received a cumulative dose of 300 mg/mg2 of DOX, and was also employed in pediatric clinical 
trials of acute lymphoblastic lymphoma and acute myelogenous lymphoma.6 Reports that 
dexrazoxane may increase the incidence of acute myelogenous lymphoma/myelodysplastic 
syndromes and second malignant neoplasms23 have not been replicated in subsequent 
studies.38 Despite this, caution must be exercised when prescribing dexrazoxane because of the 
potential risk for secondary malignancies, as well as, myelosuppression. 
 
 ACEi and beta-blockers are class I recommended agents for use in heart failure patients 
with reduced LVEF, and as such are considered as first line treatment after the development of 
DOX+TRZ mediated cardiomyopathy.39 Studies have suggested a role for the renin angiotensin 
system (RAS) in DOX mediated cardiotoxicity. Angiotensin II type 1a receptor knockout mice 
failed to develop DOX induced cardiac dysfunction, myofibrillar loss and apoptosis in both acute 
and chronic murine models.40 As such, a number of animal models have demonstrated a benefit 
afforded by prophylactic ACEi in the setting of DOX induced cardiomyopathy.41-42 Boucek et al. 
demonstrated the cardioprotective effects of daily lisinopril for 10 weeks following the 
administration of 2 mg/kg DOX in a chronic rabbit model of chemotherapy induced 
cardiomyopathy.41 Lisinopril treatment attenuated DOX induced cardiomyocyte loss and 
ventricular pro-atrial naturetic peptide (ANP) expression, a marker of RAS activation.41  Similarly, 
Abd El-Aziz et al. evaluated the administration of captopril (10 mg/kg) or enalapril (2 mg/kg) for 7 
days prior to intraperitoneal injection of 15 mg/kg DOX in rats.42 Pre-treatment with ACEi 
reduced lipid peroxidation and decreased serum markers of cardiotoxicity, such as creatine 
kinase isoenzyme.42 These basic clinical science studies have recently been translated to the 
clinical arena. The OVERCOME trial involved 90 patients with acute leukemia or malignant 
hemopathies randomized to receive an ACEi (enalapril) and beta-blocker (carvedilol) or 
control.43 The combination treatment of ACEi and beta-blockade resulted in a lower rate of 
death, heart failure, or LVEF <45%.43 The ongoing MANTICORE study randomized 159 patients 
with HER-2 positive breast cancer to receive ACEi (perindopril), beta-blocker (bisoprolol) or 
placebo 1 week prior to TRZ therapy.44 The results of the MANTICORE trial will aid in the 
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prescriptions of prophylactic ACEi or beta-blockers in the setting of DOX+TRZ induced 
cardiotoxicity. 
 
 The central role of OS in the pathogenesis of DOX+TRZ mediated cardiac dysfunction 
has provoked investigations to determine the efficacy of anti-oxidants, such as probucol, and 
NAC, as cardioprotective agents. Prophylactic probucol (15 mg/kg for 2 weeks) decreased 
mortality from >80% to 40%, in addition to attenuating histological and biochemical markers of 
damage in an acute murine model of DOX+TRZ induced cardiotoxicity.19 However, probucol 
may alter the pharmacokinetics of DOX therapy, and as a consequence interfere with anti-tumor 
activity. One study demonstrated an increase in plasma DOX clearance, increased hepatic/renal 
and reduced splenic concentrations of DOX.22 This issue is contended in the literature, as the 
anti-tumor efficacy of DOX in combination with prophylactic probucol was equivalent to that of 
the DOX only group in a murine model of lymphoma; DOX versus DOX+probucol treatment did 
not significantly affect tumor size.45 The cardioprotective capability of NAC was demonstrated in 
25 rabbits with echocardiography-confirmed DOX induced cardiomyopathy.46 13 rabbits received 
prophylactic treatment with 300 mg/kg NAC daily for 4 weeks, while 12 controls received normal 
saline at this time.46 NAC improved the total anti-oxidative capacity, GSH levels, Bcl-2/Bax ratio 
and decreased apoptosis, ultimately improving cardiac function.46 These results contrast 
previous studies which failed to demonstrate a cardioprotective effect, likely as a result of the 
large cumulative dose of NAC employed.27 However, high dose NAC, which appears necessary 
to achieve cardioprotective effect, is typically associated with toxic side effects such as ammonia 
production and suppression of respiratory bursts.24 
 
 We have attempted, with the use of NACA, to address the limitations encountered in 
previous studies, namely toxicity and modulation of DOX+TRZ anti-tumor efficacy. The efficacy 
of NACA was demonstrated in an in vitro model of chemotherapy induced cardiotoxicity. Shi et 
al. demonstrated the ability of NACA to attenuate reactive oxygen species production, lipid 
peroxidation and increase the GSH/GSSG ratio in cardiomyocytes.26 We have demonstrated for 
the first time in an in vivo model of chemotherapy induced cardiomyopathy, the ability of NACA 
to protect against structural and functional cardiac damage. It remains to be determined whether 
NACA interferes with DOX+TRZ anti-tumor efficacy, and future studies are warranted.  
 
 There are a number of limitations in the current study. An acute murine model of 
chemotherapy induced cardiotoxicity was employed in order to evaluate the efficacy of NACA as 
a cardioprotective agent. However, chemotherapeutic treatments are administered over longer 
periods of time; breast cancer regimens typically consist of 4, 21 day cycles.47 In addition, TRZ is 
administered after anthracycline chemotherapy in the clinical setting and is continued for 1 
year.47 It would therefore be of use to evaluate the cardioprotective efficacy of NACA in a chronic 
animal model that more closely emulates the chemotherapeutic regimen employed in the breast 
cancer population. Furthermore, we did not evaluate the anti-tumor efficacy of DOX+TRZ 
treatment when combined with NACA on breast cancer cells. This is an important consideration 
as the ultimate goal is to develop a cardioprotective agent that does not affect the anti-tumor 
action of DOX+TRZ. It will be worthwhile to include this component in future studies. 
 
CONCLUSION 
  
 The significant cardiotoxicity associated with breast cancer chemotherapy necessitates 
the development of cardioprotective strategies. We demonstrated for the first time in a murine 
model of chemotherapy induced cardiomyopathy, the ability of NACA to mitigate structural and 
functional damage associated with DOX+TRZ therapy. Clinical studies are warranted to 
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translate these basic science findings into the clinical arena and ultimately achieve the goal of 
decreasing morbidity and mortality in the breast cancer population.  
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Figure 1: Illustration of the role of oxidative stress (OS) in the activation of the mitogen-activated 

protein kinase (MAPK) pathway leading to cardiomyocyte apoptosis. 

 

Figure 2: Experimental protocol: 100 WT C57BI/6 female mice were randomized to one of the 

following regimens: (1) 0.9% saline (intraperitoneal (i.p.); n=5); (2) NACA (250 mg/kg, i.p.; n=5); 

(3) DOX (20 mg/kg, i.p.; n=15); (4) TRZ (10 mg/kg, i.p.; n=15); (5) DOX+TRZ (n=15); (6) 

NACA+DOX (n=15); (7) NACA+TRZ (n=15); and (8) NACA+DOX+TRZ (n=15). NACA was 

administered 30 minutes prior to the acute treatments. For the 72 hour protocol, mice were 

euthanized after 72 hours for histological analysis and determination of lipid peroxidation. For 

the 10 day protocol, daily echocardiography was conducted, after which mice were euthanized 

for detection of superoxide production and markers of apoptosis. 
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Echo Variable  Group  Baseline Day 10 P-Value 

HR (beats/min) Saline 694±8 683±9 0.82 

 NACA 675±11 690±10 0.78 

 DOX 687±12 682±5 0.77 

 NACA+DOX 689±10 691±8 0.65 

 TRZ 705±15 702±11 0.86 

 NACA+TRZ 704±12 695±9 0.87 

 DOX+TRZ 701±8 689±12 0.78 

 NACA+DOX+TRZ 688±11 693±7 0.70 

PWT (mm)     

 Saline 0.81±0.02 0.82±0.01 0.83 

 NACA 0.80±0.01 0.82±0.02 0.86 

 DOX 0.82±0.02 0.82±0.01 0.91 

 NACA+DOX 0.83±0.02 0.82±0.03 0.82 

 TRZ 0.81±0.02 0.81±0.01 0.83 

 NACA+TRZ 0.80±0.01 0.80±0.02 0.85 

 DOX+TRZ 0.82±0.03 0.82±0.04 0.92 

 NACA+DOX+TRZ 0.81±0.02 0.80±0.02 0.80 

     

LVEDD (mm)     

 Saline 3.2±0.1 3.1±0.2 0.89 

 NACA 3.1±0.1 3.2±0.1 0.76 

 DOX 3.2±0.2 3.9±0.2* <0.05 

 NACA+DOX 3.1±0.1 3.4±0.1*# <0.05 

 TRZ 3.1±0.2 3.2±0.2 0.76 

 NACA+TRZ 3.1±0.2 3.2±0.2 0.82 

 DOX+TRZ 3.2±0.1 4.3±0.2* <0.05 

 NACA+DOX+TRZ 3.2±0.2 3.6±0.1*# <0.05 

LVEF (%)     

 Saline 72±4 73±4 0.87 

 NACA 74±2 73±1 0.82 

 DOX 73±4 43±2* <0.05 

 NACA+DOX 73±4 62±3*# <0.05 

 TRZ 71±4 72±3 0.88 

 NACA+TRZ 73±4 73±1 0.68 

 DOX+TRZ 73±4 32±2* <0.05 

 NACA+DOX+TRZ 72±4 55±3*# <0.05 

 

Table 1: Echocardiographic findings at baseline and day 10 in C57Bl/6 female mice receiving 

one of the drug regimens listed. Analyses included assessment of heart rate (HR), posterior wall 

thickness (PWT), left ventricular end-diastolic diameter (LVEDD), and left ventricular ejection 

fraction (LVEF). Values presented are mean±SEM. n=5 Saline; n=5 NACA; n=15 DOX; n=15 

NACA+DOX; n=15 TRZ; n=15 NACA+TRZ; n=15 DOX+TRZ; n=15 NACA+DOX+TRZ.  * p<0.05 

Saline vs. treatment group. # p<0.05 DOX vs. NACA+DOX and DOX+TRZ vs. NACA+DOX+TRZ.  
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Figure 3: LV ejection fraction calculated in mice 10 days following administration with (1) saline; 
(2) TRZ; (3) DOX; (4) DOX+TRZ; (5) NACA+DOX; (6) NACA+DOX+TRZ. In the DOX and 
DOX+TRZ treatment arms, LVEF declined to 43±2% and 32±2%. Prophylactic NACA improved 
the LVEF for DOX and DOX+TRZ treated mice to 62±3% and 55±3%, respectively. * p<0.05 
Saline vs. DOX, **p<0.05 Saline vs. DOX+TRZ, # p<0.05 DOX vs. NACA+DOX, ## p<0.05 
DOX+TRZ vs. NACA+DOX+TRZ. 
 
 

 

 

 

 
Figure 4: Histological analysis by electron microscopy of cardiac tissue obtained from mice in 
the saline, DOX+TRZ and NACA+DOX+TRZ treatment arms. Myofibril degradation and 
vacuolization was observed in mice treated with DOX+TRZ but attenuated by prophylactic 
NACA administration. 

 
Figure 5: Oxidized phospholipids at 72 hours in mice treated with: (1) Saline; (2) DOX; (3) 
DOX+TRZ; (4) NACA+DOX; and (5) NACA+DOX+TRZ. Oxidized phospholipids were elevated in 
mice administered DOX and DOX+TRZ, which was attenuated by prophylactic NACA treatment. 
* p<0.05 Saline vs. DOX, **p<0.05 Saline vs. DOX+TRZ, # p<0.05 DOX vs. NACA+DOX, ## 
p<0.05 DOX+TRZ vs. NACA+DOX+TRZ. 
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Figure 6: Cardiac superoxide production at day 10 in mice treated with: (1) Saline; (2) DOX; (3) 
DOX+TRZ; (4) NACA+DOX; and (5) NACA+DOX+TRZ. Superoxide production was amplified in 
mice administered DOX and DOX+TRZ, which was attenuated by prophylactic NACA treatment. 
* p<0.05 Saline vs. DOX, **p<0.05 Saline vs. DOX+TRZ, # p<0.05 DOX vs. NACA+DOX, ## 

p<0.05 DOX+TRZ vs, NACA+DOX+TRZ. 

 
Figure 7: Caspase-3 levels in cardiac tissue at day 10 in mice treated with: (1) Saline; (2) DOX; 
(3) DOX+TRZ; (4) NACA+DOX; and (5) NACA+DOX+TRZ. Caspase-3 was elevated in the DOX 
and DOX+TRZ treatment arms. Prophylactic NACA attenuated caspase-3 levels. * p<0.05 
Saline vs. DOX, **p<0.05 Saline vs. DOX+TRZ, # p<0.05 DOX vs. NACA+DOX, ## p<0.05 
DOX+TRZ vs. NACA+DOX+TRZ. 

 
Figure 8: Bax/Bcl-xL ratio normalized to saline controls at day 10 in mice treated with: (1) 
Saline; (2) DOX; (3) DOX+TRZ; (4) NACA+DOX; and (5) NACA+DOX+TRZ. Bax/Bcl-xL was 
elevated in the DOX and DOX+TRZ treatment arms, which was attenuated by the administration 
of prophylactic NACA. * p<0.05 Saline vs DOX, **p<0.05 Saline vs DOX+TRZ, # p<0.05 DOX vs 
NACA+DOX, ## p<0.05 DOX+TRZ vs NACA+DOX+TRZ. 
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