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ABSTRACT 

Advances in chemotherapies led to increased life expectancy and improved outcomes in cancer 

patients.  However, treatment-related cardiotoxicity is a continuing issue in survivors.  

Doxorubicin (Dox) is an effective anthracycline chemotherapy that can produce a dose-

dependent cardiotoxicity manifesting as cardiac dysfunction leading to heart failure (HF).  

Cardiotoxicity management involves monitoring each patient before and during therapy as well as 

long-term follow-up.  In 1995, the FDA approved dexrazoxane as a cardioprotectant to prevent 

Dox-induced cardiotoxicity; however, a lack of mechanistic understanding and an associated 

increase in secondary malignancies prompted the FDA to only grant approval for use to a subset 

of adult patients and excluded administration to pediatric patients.  Therefore, there is a need to 

develop an effective and safe cardioprotectant for pediatric patients receiving Dox as part of their 

chemotherapeutic regimen.  The purpose of the studies described in this dissertation were to 

determine whether angiotensin-(1-7) [Ang-(1-7)], a peptide hormone of the renin-angiotensin 

system (RAS) with cardioprotective properties, prevents cardiotoxicity in a clinically relevant Dox 

treatment of juvenile rodents.   

In both male and females rats, 6 weeks of Dox administration resulted in cardiovascular 

dysfunction consistent with cardiotoxicity in pediatric patients including reductions in body and 

cardiac size as well as changes in cardiac morphology, reduced global and systolic function and 

diastolic dysfunction with key differences between juvenile male and female rats.  Prophylactic 

subcutaneous administration of the heptapeptide hormone prevented the cardiac morphometry, 

global and diastolic dysfunction induced by Dox.  These in vivo Dox-induced changes were 

associated with increased markers of oxidative stress (ROS); Ang-(1-7) prevented the Dox-

mediated increase in NADPH oxidase 4 (Nox4), a marker of oxidative stress generation as well 

as the by-products of lipid peroxidation, malondialdehyde (MDA) and 4-Hydroxynonenal (4-HNE).  

In rats co-treated with Dox and Ang-(1-7), the reduction in ROS was associated with an increase 

in the antioxidants SOD1 and catalase.  An increase in oxidative stress is also associated with 

the development of pathological fibrosis which is observed in Dox-mediated cardiotoxicity.  In
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juvenile rats of both sexes, Ang-(1-7) administration attenuated Dox-induced interstitial and 

coronary vessel fibrosis and had no effect alone.  The improvements in fibrosis by Ang-(1-7) were 

associated with prevention of increased myocardial and coronary vessel TGF-β1 and pSMAD2, 

while Ang-(1-7) produced no effect alone. These data suggest that Ang-(1-7), through an 

increase in antioxidants and a reduction in pro-oxidant and pro-fibrotic factors, prevents Dox-

induced oxidative stress and fibrosis.   

Coronary vessel dysfunction is an important event in the progression of Dox-induced 

cardiotoxicity.  Ang-(1-7) prevented the Dox-mediated increase in coronary vessel media-to-

lumen ratio yet had no effect on the reduction in the number of vessels in the ventricles.  

Oxidative stress generated by Dox administration can contribute to vascular hypertrophy through 

activation of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2).  In coronary vessels, 

Ang-(1-7) prevented an increase in nuclear ERK1/2, a marker of activated ERK1/2.  In male rats, 

the increase in coronary vessel hypertrophy was associated with a Dox-induced elevation of 

alpha-smooth muscle actin (α-SMA), a marker of vascular smooth muscle cells (VSMCs), which 

was attenuated by adjunct Ang-(1-7).  These results demonstrate that in both male and female 

juvenile rats, Ang-(1-7) prevents Dox-induced coronary vessel dysfunction through a decrease in 

hypertrophic signaling, although through distinct mechanisms.   

Aortic stiffness is associated with cardiovascular disease including Dox-induced 

cardiotoxicity.  Pulse wave velocity (PWV), a measure of aortic stiffness, was increased in 

juvenile rats treated with Dox.  In male juvenile rats, Ang-(1-7) prevented Dox-induced aortic 

stiffness with an associated change in in vivo measures of aortic thickness and lumen diameter 

as well as increased histological measures of aortic media thickness and elastin.  In contrast, in 

female juvenile rats, increased aortic stiffness was associated with fibrosis and adjunct Ang-(1-7) 

prevents these changes.  Ang-(1-7) reduced Dox-mediated nuclear ERK1/2 in male rats well as 

phosphorylated-SMAD2 (pSMAD2) in the aortic arch media, while in female rats, Ang-(1-7) 

prevented the Dox-induced increase in pSMAD2.  The disparate signaling in males vs. females 
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may underlie sex differences observed in the aortic vessel wall.  These results suggest that Ang-

(1-7) prevents the Dox-induced aberrant aortic signaling leading to an improvement in aortic 

structure and function.     

Completed phase I and phase II clinical trials on the use of Ang-(1-7) for the treatment of 

solid tumors and sarcoma demonstrated the clinical safety and efficacy of the heptapeptide 

hormone.  Taken together, these studies suggest that Ang-(1-7) may be an effective, first-in-class 

compound for the treatment of Dox-induced cardiotoxicity in pediatric patients.   
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CHAPTER I: Introduction 

Chemotherapeutics Associated with Cardiotoxicity 

Advances in chemotherapies have led to increased life expectancy and improved outcomes in 

cancer patients.  However, in long-term cancer survivors, treatment-related cardiotoxicity is a 

continuing issue.  The lasting effect of chemotherapeutics on cardiovascular tissues prompted the 

establishment of an emerging field of study, cardio-oncology, with the aim of minimizing the 

cardiovascular morbidity and mortality in cancer survivors.  Cardio-oncology is a physician team 

based-approach working to prevent, detect at an early stage, and manage cardiovascular disease 

in cancer patients throughout all stages of cancer therapy and in the survivorship period.   

In patients with cancer, a number of chemotherapeutics induce negative cardiovascular 

effects.  The incidence and cardiotoxic outcomes caused by these therapeutics are determined 

by two major factors: 1) oncological factors, such as type of drug, dose schedule and route of 

administration, cumulative dose, combination with radiotherapy or other cardiotoxic drugs and 2) 

patient factors, including age, sex, previous exposure to radiotherapy or cardiotoxic drugs, and 

pre-existing cardiovascular (CV) risk factors and disease (CVD) (5).  Table 1 lists cardiotoxic 

effects induced by various chemotherapeutic agents, including anthracyclines.   

 

Anthracycline Chemotherapeutics   

In the 1950s, Farmitalia Research Laboratories, an Italian research company, began isolating 

anticancer compounds from soil-based microbes.  In a soil sample collected from the Castel del 

Monte, a 13th-century castle in the southern region of Italy, a strain of Streptomyces peucetius 

that produced a ruby red pigment was isolated (43).  The extract of the red pigment contained the 

antibiotic daunorubicin, the first anthracycline.  Early studies showed that daunorubicin was 

effective in shrinking transplanted tumors in rodents (43).  After the successful development of 

daunorubicin in the clinic, other anthracycline compounds were isolated with favorable 

pharmacological properties with an emphasis on reducing cardiotoxicity.  In 1969, Arcamone et.  
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Table 1: The cardiotoxic effects induced by chemotherapies. Modified from Albini et al. 2010 

(5). 

Chemotherapeutic Cardiovascular Damage 

Anthracyclines Arrhythmia, Myocarditis, Left ventricle 
dysfunction (LVD), Heart failure (HF) 

5-fluorouracil, Capecitabine Ischemia, Pericarditis, HF 

Paclitaxel, Vinca alkaloids Ischemia, Hypotension, HF 

Cyclophosphamide Mitral Regurgitation 

Sunitinib Arrhythmia, Hypertension 

SERMs Thromboembolism 

Trastuzumab Arrhythmia, Angioedema, LVD, HF 

COX-2 specific inhibitors Thromboembolism 
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al. (8) isolated doxorubicin (Dox/Adriamycin) from a mutant Streptomyces peucetius strain (var. 

caesius).  Although Dox was also successful in the clinic, the cardiotoxic effect caused by the 

drug persisted.  Therefore, over the last 60+ years, a class of other compounds were isolated 

from mutant strains of Streptomyces or synthesized (175).  Over two-thousand analogs were 

produced in the search for a more efficient, less cardiotoxic anthracycline, although only a small 

number of these reached the stage of clinical development and approval (175).  Among them, 

epirubicin, an epimer of Dox, and idarubicin, 4-demethoxy-daunorubicin, are the most commonly 

used alternatives based on their improved cardiotoxicity profiles compared to Dox (134, 211).  

Pirarubicin, aclacinomycin A, and mitoxantrone, are less commonly used and usually 

administered for Dox-resistant cancers (175).  Building on the success and failures of the 

previous anthracyclines, a new generation of compounds are in development and show promise 

in reducing cardiotoxicity in pre-clinical and clinical studies (3, 175). 

 

Chemotherapeutic Cardiotoxicity  

Guidelines defining abnormal CV function in response to a chemotherapeutic were generated 

from clinical trials of human epidermal growth factor receptor 2 (HER2)-overexpressing breast 

cancer patients treated with trastuzumab (243).  An independent and unbiased cardiac review 

committee observed cardiac dysfunction similar to that previously found in patients treated with 

anthracyclines.  In brief, the committee defined chemotherapy-induced cardiotoxicity as a 

reduction of left ventricle ejection fraction (LVEF) with or without symptoms or signs associated 

with HF such as 1) a reduction in LVEF ≥ 5% or an LVEF ≤ 55% in the presence of signs or 

symptoms of HF, or 2) a reduction in LVEF ≥ 10% or an LVEF ≤ 55% without signs or symptoms 

of HF (243).  Cardiac dysfunction associated with chemotherapies can be classified as sub-acute, 

acute, or chronic (125).  Specifically, sub-acute and acute cardiotoxicity are characterized by 

different types of arrhythmias and abnormalities in ventricular repolarization and QT intervals, 

acute coronary syndromes, pericardial reaction (pericarditis) or alterations in myocardial 

(myocarditis) function that develops any time from the initiation of treatment up to two weeks after 

treatment (206).  These CV characteristics do not typically predict subsequent development of 
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chronic cardiotoxicity and are generally not considered as an indication that treatment should be 

suspended (243).  In chronic or delayed cardiotoxicity, the side effects usually appear within one 

year or more after the completion of chemotherapy (69).  Delayed cardiotoxicity manifests as 

impaired cardiac function with signs of congestive heart failure (CHF), with life-threatening CHF 

as the most severe form of anthracycline-induced cardiomyopathy (69).   

 HF cannot be defined simply as a reduction in ejection fraction (HFrEF).  Patients may 

have HF with preserved ejection fraction (HFpEF also called diastolic HF), which is increasing in 

prevalence and is commonly related to aging (23, 24).  Recognizing the pathological changes 

associated with HFpEF in comparison to HFrEF can lead to improved diagnosis and outcomes in 

CVD, including Dox cardiotoxicity (257).  Figure 1 shows that HFrEF (also called systolic HF) is 

commonly associated with myocyte loss resulting in thin heart muscles and chamber dilation 

(eccentric remodeling) leading to a loss of contractility and a reduction in the volume of blood 

ejected.  In HFpEF, the cardiomyocytes contract normally and the heart muscles pump a normal 

proportion of the blood that enters the heart.  However, the ventricle holds an abnormally  smaller 

volume of blood due to thickening of the heart muscle (concentric remodeling).  Although the 

heart’s output may appear to be in the normal range, the limited capacity of the heart is 

inadequate to meet the body’s requirements.  The generation of HF is not a straighforward path 

through reduced LVEF; some etiologies can result in convoluted changes that may not even 

involve HFrEF (23, 24); this is especially true in chemotherapeutic induced cardiotoxicity (35, 

242).  The importance of defining cardiotoxicity caused by chemotherapeutic agents on a 

functional level is imperative to develop effective treatments.  In order to elucidate mechanisms 

that produce chemotherapeutic cardiotoxicity that might be targeted by treatments, a clear and 

concise pre-clinical and clinical guideline must be defined. 

 

Doxorubicin as an Anti-Neoplastic Therapy 

Dox is indicated for the regression in disseminated neoplastic conditions, including but not limited 

to acute lymphoblastic leukemia (ALL), Wilms’ tumor, neuroblastoma, soft tissue and bone 

sarcomas, breast carcinoma, Hodgkin’s and malignant lymphoma (110, 193, 206, 261).  
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Figure 1. Systolic (HFrEF) vs. diastolic (HFpEF) heart failure. 

 

 

Figure 1. In a normal heart (left), the ventricle chambers are unaffected and the muscles function 

properly allowing for the sufficient filling from the atrium during diastole and ejection during 

systole.  In systolic heart failure or HFrEF (middle), thin heart muscles and chamber dilation 

results in a loss of contractility and a reduction of EF.  In diastolic heart failure or HFpEF (right), 

the heart pumps normally but due to thickening of the heart muscle the ventricle chamber is 

smaller. The EF may be in the normal range, but the limited capacity is inadequate to meet the 

body’s requirements. 
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Anthracyclines are also used as part of the standard of care in women with axillary lymph node 

involvement following resection of primary breast cancer (196, 206).   

 The most commonly used dose and treatment schedule for Dox in adults as a single 

agent is 60 to 75 mg/m2 given as a single intravenous ( i.v.) injection administered at 21-day 

intervals (189).  Lower dosages are given to patients with insufficient marrow reserves due to 

advanced age, prior therapy, or neoplastic marrow infiltration.  When combined with other 

cardiotoxic chemotherapeutics, the dose of Dox is usually reduced to 40 to 60 mg/m2 (189).  

Multiple rounds are generally needed at initial tumor presentation and further rounds are needed 

if the tumor progresses or metastasizes (206).  The lifetime cumulative dose of Dox in patients is 

usually limited to between 300-550 mg/m2 (206).  Furthermore, changes associated with disease, 

old age and cellular senescence in the heart and liver of aging patients may result in 

pharmacokinetic changes that require an in-depth risk assessment and dose adjustment.  In fact, 

in female patients with early or advanced breast cancer, the clearance of Dox decreased 

significantly (9%) per 10-year increase in age (127).  Thus, a Dox treatment protocol must be 

developed for individual patients to assess the maximal dose that can be administered with 

minimal side effects. 

 Treating pediatric cancer patients with Dox is of particular concern due to toxicity issues.  

Dox is a major component of pediatric chemotherapy regimens and it is estimated that over 50% 

contain anthracyclines (249).  For unknown reasons, differential pharmacokinetics (PK) in 

younger patients can influence the effectiveness and toxicity of Dox (138); an increase in PK may 

reduce Dox exposure at the tumor and CV tissue, whereas a decrease in PK will result in 

increased exposure.  In children and adolescents ranging from 2 to 20 years of age, a 75 mg/m2 

dose of Dox had increased clearance compared to adults (206).  Krischke et al. (138) 

demonstrated, in infants under 2-4 years of age, that the Dox clearance was decreased 

compared to older children (21.1 ± 5.8 l/h/m2 and 26.6 ± 6.7 l/h/m2, respectively) when normalized 

by body surface area.  This age-dependent change in clearance demonstrates how modification 

of the dose of Dox is important to consider across all ages of children and young adults.  
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Considering these differences, adolescents and teenage cancer patients with higher clearance 

than adults are at risk of treatment at ineffective doses but any compensatory increase in dose 

would need to be considered with regard to cardiotoxicity risk.  Furthermore, infant and toddler 

cancer patients would need less Dox in comparison to their older counterparts.  In addition, the 

time from neonatal age through puberty in adolescents is critical for cardiovascular development 

and these patients are at increased risk for developing delayed cardiotoxicity.  It is thus 

imperative that PK changes associated with age are considered in the administration of Dox.  

 

Mechanism of Action of Doxorubicin in Cancer Cells 

The proposed anti-neoplastic mechanisms of Dox are (i) intercalation into deoxyribonucleic acid 

(DNA) and interruption of topoisomerase-II-mediated (specifically Topoisomerase-IIα [Top-IIα]) 

DNA ligation and (ii) damage to cellular membranes, DNA and proteins through the generation of 

reactive oxygen species (ROS) (92, 175).  The primary mechanism in reducing the growth of 

cancer cells is hypothesized to involve induced DNA damage by intercalation and topoisomerase 

II (Top-II) inhibition (92, 175).  The generation of ROS, either through DNA machinery interruption 

or semiquinone (an unstable metabolite) cycling, may play a more minor role (268).   

 

Doxorubicin-Induced Cardiotoxicity in the Clinic 

Despite the proven efficacy of Dox in reducing neoplasms, its effectiveness as a 

chemotherapeutic is limited by the cumulative dose-dependent cardiotoxicity (206).  In adults, 

clinical studies estimate that the probability of developing impaired cardiac function is 1 - 2% at a 

cumulative dose of 300 mg/m2 up to 6 - 20% at 500 mg/m2 and the probability of developing CHF 

was 3% at 430 mg/m2 up to 21% at 728 mg/m2 (164, 275).  As shown in Figure 2, the cumulative 

risk of HF increases in all ages of patients with an increasing cumulative Dox dose (20).  The 

approximated incidence of acute cardiotoxicity in all patients is 11% (124) and of chronic 

cardiotoxicity is about 1.7% (275).  Patient age at the time of Dox treatment can also significantly 

influence the incidence of HF across all cumulative dose ranges (20, 275).  Up to 65% of patients   
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Figure 2. Cumulative HF risk in age groups across cumulative doses.  

 

Figure 2. Data shows the cumulative risk of developing Dox-induced chronic heart failure over 

total cumulative dose of Dox on a once every 3-week schedule for patients in four arbitrary age 

categories.  Adopted with permission from Barrett-Lee et al. 2009 (20). 
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with a childhood malignancy treated with Dox have evidence of left ventricular contractile 

abnormalities (160).  Estimates suggest that, of the 50% of pediatric cancer patients who will be 

given an anthracycline (249), approximately 10% will develop some form of symptomatic 

cardiotoxicity up to 15 years after the end of chemotherapy (112).  A small study of 124 pediatric 

leukemia patients who received between 550-610 mg/m2 of daunorubicin estimated the incidence 

of acute and chronic cardiotoxicity at 4.5% (267).  Moreover, in the Childhood Cancer Survivor 

Study of 14,358 five-year survivors of childhood malignancies, the use of less than 250 mg/m2 of 

Dox was associated with a 2.4-fold higher risk of developing congestive heart failure and greater 

than 250 mg/m2  was 5.2-fold higher risk compared to those patients who did not receive Dox in 

their chemotherapeutic regimen (182).  This data showing the incidence and prevalence of 

cardiotoxicity in pediatric cancer patients suggests there is a need for prophylactic treatments to 

mitigate Dox-induced cardiotoxicity and improve long-term quality of life in all cancer patients, 

especially in pediatric patients.   

 

Risk Factors and Sex Differences in Doxorubicin Cardiotoxicity  

Communication between oncologists and cardiologists is imperative in making a decision to treat 

a malignancy with Dox versus the potential cardiac risk.  As shown in Table 2 a number of factors 

are associated with increased susceptibility to Dox-induced cardiotoxicity (151, 275).  The most 

significant factor underlying susceptibility to Dox-induced cardiotoxicity is previous exposure to 

any form of anthracyclines, particularly the lifetime cumulative dose, as shown in Figure 2 (20).  

Additionally, exposure to thoracic radiation and other cardiotoxic chemotherapeutic treatments, 

such as trastuzumab and cyclophosphamide, methotrexate, and 5-fluorouracil (CMF), can 

contribute to susceptibility to cardiovascular complications (255, 273).  Preexisting conditions 

highly associated with aging, such as hypertension and other cardiovascular-conditions, diabetes 

mellitus, and liver disease, further necessitate the need for risk management in using 

chemotherapeutic regimens that include Dox (273).  
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Table 2: Risk Factors in Dox-induced Cardiotoxicity. Modified from Von Hoff et al. 1979 (275) 

and Lipshultz et al. 1995 (151). 

 

  

Factors Associated with Increased Risk of Doxorubicin-Induced Cardiotoxicity 

Cumulative doxorubicin dose/Higher individual dose 

Treatment with other cardiotoxic chemotherapies including cyclophosphamide, 
methotrexate, and 5-fluorouracil (CMF) and trastuzumab 

Previous treatment with thoracic radiation 

Age >65 years or <4 years 

Hypertension and other cardiovascular disease 

Preexisting disease 

Female gender 
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Female sex must also be considered as a risk factor, especially in young patients  

(137, 151, 247).  A seminal retrospective study by Silber et al. (247) of 150 patients who were 

treated with anthracyclines estimated a 3.2 relative risk (RR) in cardiac dysfunction in comparison 

of females to dose- and age-matched males.  This disparity in sex-dependent susceptibility is 

further increased during pubescence.  Based on reductions in Dox clearance in obese patients 

(229), Silber et al. (247) hypothesized that the hydrophilicity of Dox, which is dosed on surface 

area and does not take into account fat composition, contributes to a higher Dox accumulation in 

the cardiovascular tissue in younger female patients who are undergoing physical changes 

caused by puberty.  In a sub analysis of females older than 12 years of age vs. males Silber et al. 

(247) estimated the RR of cardio dysfunction increased to 5.1, suggesting that the changes body 

composition during pubescence may increase female susceptibility to Dox cardiotoxicity.  

Lipshultz et al. (151) examined echocardiograms from 120 children and adults who had received 

Dox (cumulative dose 244 - 550 mg/m2) for the treatment of ALL or osteosarcoma in childhood.  

A multivariate analysis showed that female sex and younger age at diagnosis were associated 

with reduced contractility and cardiac mass, respectively (151).  In another retrospective study of 

6,493 children with cancer who received anthracycline chemotherapy on Pediatric Oncology 

Group (POG) protocols from 1974 to 1990, female gender conferred a 1.9 RR in developing 

toxicity and corroborated previous claims (137).  In premenopausal female patients, the 

protection provided by estrogen may also play an essential role in mitigating the Dox damage to 

the heart (213).  Estrous-staged Dox administration increased FS, reduced cardiac troponin 

(cTnT), and demonstrated the effect that menstrual cycle hormonal fluctuations can play in Dox-

mediated cardiac damage (213).  In addition, a greater susceptibility to Dox cardiotoxicity was 

observed in ovariectomized rodents (31, 97, 183), a model of menopause.  In a cross-sex model, 

subcutaneous administration of 17β-estradiol attenuated the cardiotoxic effects of Dox in male 

Sprague Dawley (SD) rats, through regulation of oxidative stress (294).  Nevertheless, the 

mechanisms behind the estrogen-dependent cardioprotection from damage by Dox are not fully 

understood.  The evidence showing a higher risk of Dox cardiotoxicity in pediatric female patients 

in conjunction with prepubescent, pubescent, and menopausal female rodent model studies 
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demonstrates the need to identify a potential cardioprotective treatment in relevant animal models 

of young female patients.   

 

Mechanism of Action of Doxorubicin in Cardiotoxicity 

Despite progress in the clinical understanding of Dox-induced cardiotoxicity, the etiology remains 

poorly understood and controversial.  Studies in both patients and rodents suggests that a 

multitude of factors contribute to Dox cardiotoxicity, including generation of ROS, fibrosis, 

hypertrophy, kinase activation, apoptosis, and calcium homeostasis (268).  

Generation of ROS: 

The damage caused by the Dox-induced generation of ROS on the cells of the heart is a major 

contributing factor in the development of cardiotoxicity  (92, 175, 268).  Interestingly, the burden 

of systemic oxidative stress is observed in the clinic immediately following Dox administration as 

demonstrated by a reduction in antioxidant status, glutathione (GSH) and total antioxidant 

capacity of plasma (194).  The cardiomyocyte sensitivity to Dox-induced oxidative stress is likely 

due to a reliance on oxidative substrate metabolism and the higher fraction of mitochondria in 

cardiomyocytes compared to glycolytic tumor cells (175).  In comparison, oxidative damage by 

Dox in tumor cells is only seen at very high Dox concentrations (175).  

Dox produces ROS through redox cycling of its quinone moiety with nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (Nox), iron (Fe), and copper (Cu) to form the 

highly reactive semiquinone intermediate, leading to the generation of a superoxide (165, 174, 

217).  The Nox enzymes are members of a family of large membrane-bound polypeptide 

complexes that catalyze the production of free radicals by transferring electrons to oxygen (167).  

Regulation of Nox activity is crucial to maintain a low level of ROS in the body (114).  Dox and 

Nox interact to produce superoxide radicals, even in the absence of the subunit gp91phox 

enzymatic activity, although at a low rate of production (62).  The non-enzymatic dependent 

production of superoxides indicates a more direct interaction of Dox and Nox that may be 

refractory to enzymatic inhibition.  In addition, comprehensive genotyping approaches indicate 



 

13 
 

that single-nucleotide polymorphisms (SNP) of any of the Nox subunits might make the enzyme 

more vulnerable to Dox, leading to increased oxidative stress damage (286).  Correlations 

between Nox polymorphisms and the development of Dox-induced cardiotoxicity is important in 

further understanding the role of oxidative stress as a potential treatment target as well as a 

screening tool.  Long-term Dox cardiotoxicity was associated with the pro-oxidant SNP variant of 

the Nox subunit neutrophil cytosolic factor 4 (NCF4), also known as p40-phox  (286).  

Furthermore, acute cardiotoxicity was also associated with SNPs in the Nox subunits, p22phox 

and Rac2 (286).  These genetic polymorphisms may serve as screening tools to detect individual 

patients at risk of developing Dox cardiotoxicity (123, 286).  The evidence of a non-enzymatic-

dependent action of Dox and Nox (62) in combination with Nox SNP potentiation of cardiotoxicity 

(286) further add to the necessity in elucidating the nature of as well as the mitigation of the Nox 

and Dox interaction. 

The participation of Fe and Cu in redox cycling generation of superoxides is also 

important in Dox-induced production of ROS.  The redox process occurs via a Fenton reaction, 

where the Dox semiquinone radical forms a complex with the metal ion which, upon dissociation, 

generates a superoxide (50).  The interaction of Dox with Fe is complex; Dox metabolites can 

remove ferritin-sequestered Fe, a tightly controlled process necessary for cell function, which can 

lead to ROS production (26, 176).  Therefore, iron and copper are important potential targets for 

the mitigation of Dox-induced oxidative stress.    

 Dox can also produce ROS via unknown interactions with the nitric oxide synthase (NOS) 

isozymes as well as with the mitochondria (63).  NOS enzymes are members of a family of 

enzymes that catalyze the production of nitric oxide (NO) from L-arginine, which modulates many 

physiological functions, including vascular tone, neural development, and immune response (84).  

NO can react with pro-oxidant factors to produce reactive nitrogen species (RNS).  Three 

isozymes are found in mammals, each one producing NO that elicits an appropriate response in 

their respective tissues: endothelial NOS (eNOS) resides on the endothelium, inducible NOS 

(iNOS) resides in the immune and cardiovascular systems and neuronal NOS (nNOS) resides in 



 

14 
 

neurons and skeletal muscle (82, 83).  eNOS participates in the reduction of Dox to the 

semiquinone radical and creation of a superoxide and has been shown to be associated with 

Dox-induced apoptosis (128).  The role of iNOS in the pathogenesis of Dox-induced cardiac 

dysfunction is controversial; a reduction in iNOS both enhances Dox-induced cardiac toxicity 

through a reduction in the cardioprotective effects of NO as well as protects through the reduction 

in the subsequent generation RNS in a oxidant rich cellular milieu (55, 181).  The role of nNOS in 

Dox-induced cardiotoxicity is the least understood of the NOS enzymes; however, studies in rat 

cortical neurons showed that nNOS might be involved in Dox-generated oxidative stress and 

neurotoxicity (157).  Nevertheless, NOS enzymes are a critical target in reducing Dox-mediated 

RNS. 

 The role of mitochondria in Dox cardiotoxicity is extensively studied, particularly the role 

of the mitochondria response to Dox in the generation of oxidative stress and apoptosis (302).  

Dox enters the cardiomyocyte, is sequestered, and then retained in the mitochondrial inner 

membrane by forming a nearly irreversible complex with cardiolipin (98, 99).  Cardiolipin is an 

inner mitochondrial membrane phospholipid that plays an important role in proper mitochondrial 

function by binding to electron transport chain complexes (195).  Cardiolipin has a high affinity for 

Dox, resulting in mitochondrial accumulation of the drug, disrupting the proper cardiolipin-protein 

interface and leading to superoxide formation (98, 99).  In a rat model of sub-chronic Dox-induced 

cardiotoxicity, an overall shift from an aerobic to anaerobic metabolic state was indicated by an 

increase in long-chain fatty acid metabolism, suggesting a potential role of mitochondrial 

dysfunction in chronic cardiotoxicity (41).  Mitochondrial DNA is unique, with its own machinery 

for replication, including mitochondrial topoisomerase (Top-MT).  Genetic ablation of Top-MT 

mitigated Dox-induced cardiotoxicity in mice (135), implicating Top-MT as a target for Dox-

induced mitochondrial damage and cardiotoxicity.  Moreover, the electron transport chain 

enzymes tightly regulate the utilization of oxygen by mitochondria for adenosine triphosphate 

(ATP) production, and dysfunction of this process is a source of both cellular ROS and RNS.  

Therefore, the multiple Dox-mediated alterations in mitochondrial function can lead to a large 

source of oxidative stress and cellular damage (302).  Additionally, the release of the 
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mitochondrial contents, such as cytochrome C, can activate the highly regulated programmed cell 

death process (291).  The importance of mitochondrial dysfunction in the development of Dox 

cardiotoxicity led to the proposal that the measurement of mitochondrial function may be an early 

indicator and treatment target of cardiomyocyte cell death and cardiotoxicity (100).   

Fibrosis: 

Maladaptive collagen deposition in the extracellular matrix (ECM) and elastin breakdown by 

cardiac fibroblasts leading to cardiovascular fibrosis and rigidity also play a role in the cardiac 

response to Dox administration.  The majority of the studies on Dox and cardiac stiffening 

concentrate on fibrosis (168), and to the best of our knowledge only a single study in rodent 

aortas examined the effect of Dox on elastin (270).  Cardiac fibroblasts and their activated 

counterparts known as myofibroblasts produce ECM structural proteins such as collagen, elastin, 

and fibronectin as well as ECM enzymes such as matrix metalloproteinases (MMPs) which 

process the ECM by degradation (209).  The structural proteins and enzymes are found in both 

cardiac and vascular tissue.  Fibroblasts, as well as cardiomyocytes and resident immune cells, 

produce signaling molecules that participate in normal cellular function.  In response to aberrant 

signaling such as occurs in tissue injury, fibroblasts can also promote the generation of ECM 

structural proteins as well as the breakdown of them by the ECM enzymes (225).  The autocrine 

and paracrine cross-talk within the cardiovascular cellular niche plays a major role in 

cardiovascular pathologies, including Dox-induced injury and cardiotoxicity (15, 95, 120).  

Collagen deposition and tissue fibrosis is a normal cellular process involved in the repair of 

tissues following injury.  However, sustained fibrosis in tissue pathologies leads to a decline in 

organ function, especially in the heart (292).  In cardiovascular tissues, maladaptive collagen 

deposition in the extracellular space as well as reduced elastic properties of the arteries in 

response to Dox stiffens the ventricle and the arteries and creates a large resistant force to 

cardiac contractility as well as relaxation (216, 284).   

Transforming growth factor beta 1 (TGF-β1), a master regulator of fibrosis, is a major, 

multifunctional cytokine that is up-regulated in many cardiovascular disease states, including 
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Dox-induced cardiotoxicity (68, 153, 170, 259).  TGF-β1 attaches to the ECM by disulfide bonds, 

forming the latent TGF-beta binding protein (LTBP) complex, and remains inactive by proximity 

exclusion from its receptor (7, 72).  A number of factors, such as ROS and MMPs, cleave the 

disulfide bonds and release TGF-β1 from the LTBP into the ECM space (19, 223, 232) where 

activated TGF-β1 binds to the TGF-β1 receptor.  The bound receptor activates a number of 

signaling pathways, including the canonical SMAD signaling pathway.  SMAD phosphorylation 

causes nuclear translocation of the SMAD2/3 and SMAD4 complex where it regulates fibrotic 

gene expression (64, 65).  Therefore, the early, and in some cases, almost immediate Dox-

induced ROS may contribute to increased activated TGF-β1 and a pro-fibrotic cellular 

environment (259).  Several studies demonstrated a Dox-mediated increase in TGF-β1, leading 

to pro-fibrotic signaling in vitro in H9C2 rat cardiomyocytes (118) and endothelial cells (259) as 

well as in vivo in a mouse Dox-induced HF model (49).  In addition, TGF-β1 and MMP expression 

are connected in a deleterious, positive feedback loop in a number of cardiac pathologies, where 

MMPs can activate TGF-β1 resulting in upregulation of more MMPs that can lead to further TGF-

β1 activation (111, 246).  Therefore, TGF-β1 and related signaling pathways are important 

emerging targets for a therapy to mitigate Dox cardiotoxicity.  In summary, the maladaptive 

response of the ECM to Dox exposure is an important stage in the development of cardiotoxicity 

and may play a prominent role in the continued long-term decline toward HF.  A complete 

understanding of the ECM in Dox cardiotoxicity may lead to promising therapeutic breakthroughs.    

Hypertrophy: 

Cardiac hypertrophy is observed in the clinic as well as in animal studies in response to Dox and 

diastolic HF.  The damage incurred by the senescent cardiomyocytes via oxidative stress and 

fibrosis can indirectly and directly cause hypertrophy.  Indirectly, changes in hemodynamics, such 

as a Dox-induced increase of blood pressure, can increase afterload and challenge the ability of 

the cardiomyocyte to contract efficiently.  To compensate for the extra work, the cardiomyocyte 

undergoes maladaptive growth (66, 239).  Direct activation of signaling pathways in the 

cardiomyocyte by Dox can also result in hypertrophy (22, 71, 130).  The growth of the 

cardiomyocyte is characteristic of concentric remodeling.  However, the Dox-induced 
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cardiomyocyte growth observed in adults is absent in pediatric patients as well as in juvenile 

rodent models (109, 115, 303).  In actively growing young patients, the administration of Dox 

hinders normal growth of cardiomyocytes (10, 152).  With the distinct Dox response of 

cardiomyocytes and heart tissue in an adult versus a pediatric patient, it is important to 

understand the underlying reasons for this difference when developing an effective adjuvant 

treatment.   

Kinase Activation: 

Phosphate transfer from ATP to molecular substrates by kinases plays a role in mediating Dox-

induced damage (106).  Attachment of a high energy phosphate to a protein can result in either 

activation or inactivation of molecular activity (278).  Proper kinase function is important to human 

physiology as these enzymes are critical in metabolism, cell signaling, protein regulation, cellular 

transport, and secretory processes (51).  Deleterious mitogen activated protein kinase (MAPK) 

signaling, which includes extracellular signal regulated kinase 1/2 (ERK1/2), c-Jun N-terminal 

kinase (JNK), and p38, is implicated in Dox-induced damage to cardiomyocytes (106).  In in vitro 

and in vivo models, Dox-induced direct markers of MAPK activation, which can mediate, in part, 

programmed cell death (290).  The protein kinase B (Akt) cell survival pathway (Akt/PI3K/mTOR) 

is also an important effector of Dox treatment (248).  This may be a problematic target in a 

chemotherapy adjunct since, in cancer cells, the treatment would need to suppress survival, 

whereas, in cardiomyocytes, Akt would need to be enhanced.  Therapies that inhibit the 

hyperactive Akt signaling in several cancers showed promise as anti-neoplastic treatments (158, 

280).  In the heart, the data is conflicting; Akt enhancement in conjunction with Dox administration 

was associated with increased antioxidants and decreased caspase activation, leading to a 

suppression of cardiotoxicity (248).  In contrast, an in vitro study of H9C2 cells showed that Dox-

induced increase in Akt signaling was associated with hypertrophy (173).  Consequently, the role 

of Akt signaling in these various Dox-mediated processes must be further evaluated.  A better 

understanding of kinase activation in response to Dox administration in cardiac tissues will be 

essential in developing adjunct therapies.   
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Apoptosis: 

Through both intrinsic (internal stress-mediated) and extrinsic (external stress and death 

receptor-mediated) apoptotic signals, cardiomyocytes display morphological changes, including 

membrane blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation, 

chromosomal DNA fragmentation, and mRNA decay (75, 132, 133).  This highly regulated 

biochemical processes of programmed cell death (apoptosis) play a key role in Dox-induced 

cardiovascular injury and is a potential target as a therapy to mitigate Dox cardiotoxicity (54, 186, 

188, 281, 287, 296).    

Calcium Homeostasis: 

Dox also regulates calcium homeostasis in cardiomyocytes.  Abnormalities in calcium 

homeostasis resulting from mitochondria dysfunction in Dox-induced cardiotoxicity are well 

studied (250, 251, 277).  Interference with mitochondrial calcium regulation may underlie the 

pathogenesis and potential treatment of Dox-induced cardiomyopathy.  

Summary: 

In summary, evidence suggests that oxidative stress caused by dysregulation of ROS generation 

and diminished antioxidant capacity are a leading cause of Dox-induced cardiotoxicity.  However, 

calcium homeostasis, mitochondrial dysfunction, apoptosis, aberrant ECM changes, and 

detrimental cell signaling all contribute to this complex disease (Figure 3).  A greater 

understanding of Dox-induced cardiovascular impairment may lead to better treatments that 

specifically target the mechanisms of cardiotoxicity in patients. 

 

Effect of Doxorubicin on Vascular Stiffness and Blood Pressure  

Arterial stiffening is implicated in the development of a variety of CV pathologies and increased 

incidence of morbidity and mortality (32, 89, 146, 147, 155).  Clinical studies assessing 

chemotherapeutic cardiotoxicity demonstrated significant changes in aortic stiffness, increased 

pulse wave velocity (PWV) and decreased aortic distensibility in a variety of childhood and adult 

cancer patients receiving anthracyclines (70, 103, 141).  While changes in aortic compliance   
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Figure 3. Mechanism of action of doxorubicin in cardiotoxicity.    

 

Figure 3.  Superoxides produced by semiquinone cycling, dysregulation of oxidative stress 

generation, and diminished antioxidant capacity are a leading cause of Dox-induced 

cardiotoxicity.  In addition, the data suggest calcium homeostasis disruption, mitochondrial 

dysfunction, apoptosis, aberrant ECM changes, and detrimental signaling play a role. 
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following Dox administration are documented, little is known about the pathophysiological timeline 

and the molecular mechanisms responsible for Dox-mediated aortic artery changes.  A study in 

rodents, testing the ability of candesartan to reduce Dox cardiotoxicity, showed improvements in 

aortic fibrosis and elastin degradation (270).  To date, no other in vivo studies of Dox-induced 

cardiotoxicity and potential treatments analyzed the mechanisms that result in the development of 

Dox-mediated aortic remodeling.  The importance of aortic stiffness in the clinic indicates a need 

for pre-clinical studies to better understanding how arterial stiffness plays a role in Dox 

cardiotoxicity.  The Dox manufacturer’s package insert clearly indicates that treatment with Dox 

is a risk for patients with hypertension (206).  The anthracycline has a differential effect on 

blood pressure in various animal models and in humans.  Dox administration to rats over 

various treatment paradigms resulted in increased blood pressure that was associated with 

changes in oxidative stress (14, 46, 120).  Conversely, two studies in rabbits administered Dox 

suggest that the drug either reduces or has no effect on blood pressure, secondary to effects 

on cardiac output and blood chemistry such as increased cortisol and reduced insulin (219, 

227).  Dox had little effect on blood pressure in patients without preexisting cardiovascular 

conditions (220), adding to the complexity of the effect.  Although evidence that Dox treatment 

results in stiffer arteries may account for part of these changes, a better understanding of the 

effect of Dox on the vascular structure and function and blood pressure is needed to develop 

effective preventative treatments.    

 

Cardiomyocyte Defense System  

The senescent nature of cardiomyocytes makes these cells vulnerable to permanent damage 

from cardiotoxic chemotherapies.  However, cardiomyocytes employ various mechanisms for 

protection to reverse the damage and to ultimately encourage healing.  The high energy demands 

of the cardiomyocyte result in a higher basal superoxide production, which is a source for 

cardiomyocyte damage (175).  Therefore, a primary protection mechanism targets oxidative 

stress (226).  A recent review (119) described four categories of the cellular antioxidant defense 

system: 1) superoxide defense system (SOD), catalase, and glutathione peroxidase families of 
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enzymes which reduce superoxides and other ROS, 2) scavenging of ROS by both alpha-

tocopherol (vitamin E) and glutathione reductase, 3) DNA repair enzymes as well as some 

proteases which repair ROS damage, and 4) adaptation mechanisms in which the signal required 

for further ROS production and reaction is prevented.  The importance of proper cellular 

protection is exemplified in Dox-induced oxidative stress and cardiotoxicity. 

Antioxidant Mechanisms: 

A large body of literature shows that the antioxidants SOD1, catalase, and glutathione are 

diminished by Dox administration.  Both in vitro and in vivo models suggest that reversing and 

supplementing this reduced oxidant quenching capacity is a key mechanism associated with 

prevention and treatment of cardiac damage by Dox (143, 272, 301, 302).  Furthermore, 

regulators of antioxidants are involved in the cardiomyocytes protective response to oxidative 

stress.  Nuclear factor erythroid 2-related factor 2 (Nrf2) has emerged as a regulator of cellular 

resistance to oxidants and has been coined ‘The Master Regulator of Anti-Oxidative Responses’ 

(274).  The Nrf2 protein complex senses oxidative stress and controls the induced expression of 

an array of antioxidant response element-dependent genes to regulate the physiological and 

pathophysiological outcomes of oxidant exposure (16, 180, 289).  Nrf2 regulates the antioxidants 

SOD1, catalase, and glutathione (169;170) and plays a role in the pathogenesis of cardiotoxicity 

(301).  In addition, Nrf2 upregulates NADPH quinone oxidoreductase 1 which catalyzes the 

reduction and detoxification of highly reactive quinones (272) and is purported to play a key role 

in the mitigation of Dox-induced generation of superoxides (143).  Ultimately, understanding the 

cardiomyocytes natural defense system against oxidative stress has the potential to provide an 

intervention point for a potential Dox cardiotoxicity therapy.   

Anti-Fibrotic Mechanisms: 

In response to stress and damage, cardiovascular tissues regulate the expression and 

breakdown of ECM structural proteins.  Cardiovascular stress and damage initiate a complex 

process that involves the activation of fibroblasts to produce or break down collagen and other 

structural proteins.  This process is often deleterious, sometimes transient, but, in most cases, 
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permanent.  Cardiovascular tissues have protective mechanisms that can modulate these 

maladaptive changes, through the upregulation of the MMP enzymes that break down the ECM 

proteins (99).  In response to Dox, cardiovascular tissues upregulate MMPs (120).  However, this 

action is a double edge sword, as described previously, as MMPs can also activate TGF-β 

leading to increased fibrosis.  Consequently, elucidating a treatment that targets MMP 

mechanisms may be complex and ultimately prove to be fruitless.    

Phosphatases: 

Phosphatases are enzymes that catalyze the cleavage of a phosphoric acid monoester into a 

phosphate ion, alcohol, and water.  Phosphatases are essential to many biological functions 

because these enzymes serve diverse roles in kinase signaling and cellular regulation.  Together, 

kinases and phosphatases orchestrate post-translational modification of proteins that are 

essential to cell function (9, 51).  As described above, Dox induces the activity of a number of 

kinases that result in deleterious and damaging effects in cardiomyocytes.  Therefore, the role of 

phosphatases in deactivation of these deleterious kinase-targeted substrates can be viewed as 

cytoprotective.  Treatments targeting phosphatases are beneficial in cardiovascular diseases by 

reducing activation of deleterious kinase pathways (39, 45, 285).  Furthermore, Dox treatment in 

cardiovascular tissue results in a compensatory mechanism in response to kinase activity through 

upregulation of protein phosphatase 1 (PP1) (76). Therefore, a treatment that targets 

phosphatases may accentuate this Dox-mediated response and lead to further reduction in 

maladaptive kinase signaling and improvements in Dox cardiotoxicity.   

Anti-Apoptotic Mechanisms: 

During normal organism development, the complex cellular processes that lead to apoptosis are 

beneficial to the organism (75, 120).  However, during aberrant signaling, the cells of the body, 

including cardiomyocytes, regulate anti-apoptosis signals that can aid in halting these processes.  

The Bcl-2 family of proteins signals whether the mitochondria should initiate the cell death 

program and play a role in the cardiomyocyte damage defense system (57, 190).  Dox 
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administration leads to a modulation in the expression of these proteins and a treatment altering 

this response may prove valuable in the treatment of Dox cardiotoxicity (131, 142, 295).   

DNA Damage Repair: 

All cells employ proteins involved in DNA repair to reverse DNA replication errors and chemical 

damage; this is collectively known as the DNA damage response (DDR).  DDR consists of 

surveillance proteins that monitor DNA integrity and activate DNA repair pathways in response to 

damage, with the goal to prevent the generation of potentially deleterious mutations (122).  

Cardiomyocytes are no different; in fact, due to their senescent nature, it is even more imperative 

that errors and damage to the DNA be repaired efficiently.  Evidence shows that DDR plays a 

minor role in protection from Dox CV damage (117, 283).  Nevertheless, DDRs should be further 

examined as a possible target for Dox-cardiotoxicity. 

Summary: 

The innate cellular defense systems including the regulation of a variety of antioxidants, anti-

apoptotic protein activators, MMPs, phosphatases, and DDRs, plays a role in Dox-mediated 

cardiomyopathies.  A greater understanding and the utilization of the cardiac cells defense 

mechanisms may lead to more potential treatments and the betterment of patient lives.  

 

Current Management and Monitoring of Cardiotoxicity 

Management of Cardiotoxicity: 

Standard management during Dox treatment involves consultation between the oncologists and 

the cardiologists to determine the safe use of Dox in each patient before treatment, during 

chemotherapy, as well as during long-term follow-up.  In 2017, a joint oncologists’ and 

cardiologists’ initiative established the Galician consensus on the management of 

chemotherapeutic cardiotoxicity in breast cancer patients (59).  This consensus statement 

included recommendations on how to prevent and manage cardiotoxicity with the aim of ensuring 

optimal cardiovascular care of these patients.  These guidelines state that any Dox-treated 

patient (healthy or CV risk-prone) who experiences LVEF ≤ 50% or an LVEF decline ≥ 10% at 
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any point during or after chemotherapy should have Dox administration halted for further 

monitoring (59).  As stated in the anthracycline label insert, another chemotherapy should be 

considered at this point (206).  Close monitoring for a reduction in LVEF is currently the gold 

standard cardiovascular function that is used for monitoring Dox-induced cardiotoxicity in the 

clinic (59). 

Unfortunately, these guidelines miss patients with diastolic dysfunction (35, 242).  A small 

study of 9 patients who developed Dox-induced reduction in LVEF showed that a 37% increase in 

isovolumic relaxation time was 78% sensitive and 88% specific in predicting future systolic 

dysfunction.  More studies are needed to prove the prognostic value of diastolic dysfunction in 

Dox cardiotoxicity (257).  Therefore, the development of HFpEF is not an indication for stopping 

anthracycline therapy and an individualized approach is recommended.  Some experts alter 

chemotherapy in selected high-risk patients with new HFpEF depending upon several factors 

such as the severity of HF, response to Dox therapy, and the availability of alternatives (242, 

244).  Other measurements to assess diastolic dysfunction or more specific myocardial 

deformations through strain are used to assist in the monitoring and management of Dox 

cardiotoxicity.  These alternative measurements are being applied more frequently in the clinic; 

however, further studies are warranted to show definitive prognostic value (242, 244, 257, 265). 

Biomarkers: 

In order to evaluate myocardial abnormalities in Dox cardiotoxicity, physicians conduct laboratory 

tests for biomarkers, however their validity remains under debate and may have limited utility 

(178).  Biochemical markers of cardiac damage such as cTnT are elevated very early, often 

immediately after the first administration of Dox, and provide monitoring in the acute phase of 

myocardial damage.  Patients receiving high-dose Dox that experienced a rise in plasma cTnT of 

0.5 ng/mL within 12-72 h after drug administration had a greater reduction in LVEF after seven 

months (38).  Additionally, a patient who had a persistent increase in cTnT following Dox had a 

larger decrease in LVEF in comparison to patients that only had an initial cTnT release (38).  For 

all its promise as an indicator, cTnT’s ability to serve as a biomarker for Dox-induced cardiac 
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damage is limited as a broad range of conditions can also elevate cTnT, leading to diagnostic 

confusion and clinical dilemmas (73, 192).  Unfortunately, the data on biomarkers for cardiac wall 

stretch (atrial natriuretic peptide [ANP] and brain natriuretic peptide [BNP]) also show limited 

promise (27, 53).  ANP and BNP promote blood volume and pressure reduction through 

natriuresis (215).  Increases in ANP and BNP negatively correlate with the LVEF and hence do 

not meet the stringent biomarker “causal” criteria (18); however, if their concentration is within the 

normal reference ranges, then HF is excluded in over 90% of cases (187).  More studies on the 

applicability of ANP and BNP to detect late anthracycline cardiotoxicity in larger patient samples 

are needed in order to confirm their utility (60, 203).  In summary, it is unclear if these biomarkers 

will provide the prognostic value that is needed to identify Dox-induced cardiotoxicity.  

Dox Formulations: 

Reformulation of Dox to modulate its PK and reduce cardiotoxicity showed mixed results in the 

clinic.  The concept is that lysosomotropic drug delivery enhances retention and permeability, 

known as the enhanced permeability and retention (EPR) effect (161).  Delivery of PEGylated 

Dox in a liposomal form is intended to promote the selective uptake of the agent through the 

leaky vessels present in tumors and reduce the plasma concentrations of free Dox; a reduction in 

circulating Dox may result in a lowered exposure to cardiac tissue.  In the clinic, the use of 

PEGylated liposomal Dox resulted in reduced cardiotoxicity, even at doses >500 mg/m2 (189, 

231).  In breast cancer patients, liposomal Dox formulations did not demonstrate any 

improvement in efficacy in comparison to conventional Dox but lowered cardiac damage (108, 

189).  Thus, reformulations of Dox show promise in reducing cardiotoxicity, but the improvement 

in anti-neoplastic efficacy is uncertain.  

Summary: 

Mitigation of the cardiac effects of Dox remains a clinical problem.  When cardiac dysfunction 

develops, the probability of complete recovery is reduced despite optimal treatment (36).  

Nevertheless, it should be stressed that early intervention can stop damage progression and 

improve cardiac function.  
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Current Cardioprotective Therapies for Doxorubicin Treatment in Adult Patients 

In the clinic, an FDA approved (dexrazoxane) and off-label cardioprotective therapies (ACEi, 

ARB, and beta blockers) are currently provided to adult patients with preexisting mild LV 

dysfunction or healthy patients treated with Dox doses > 300mg/m2 (260).  These therapies are 

not offered to adult patients with baseline LVEF ≥ 50% unless a high-dose of anthracyclines is 

being considered (260).  For adult patients with cardiovascular risk factors, such as hypertension 

or diabetes, the optimization of the management of these conditions is preferred (5).   

Dexrazoxane: 

Dexrazoxane (Zinecard®), a cardioprotective agent, is administered i.v. as a cardioprotectant in 

conjunction with Dox (1995) as well as to mitigate Dox extravasation (129, 207).  Despite the FDA 

approval of dexrazoxane, the mechanism of action is still questionable.  Dexrazoxane readily 

penetrates cell membranes where the drug is converted intracellularly to a ring-opened chelating 

agent (a cyclic derivative of ethylenediaminetetraacetic acid [EDTA]) that acts to interfere with 

iron-mediated oxidative stress generation (256).  Unfortunately, other data suggest that 

dexrazoxane occupies Top-IIα in the Dox site, thereby inhibiting the effect of Dox on the tumor 

(266).  This may underlie another important drawback of dexrazoxane treatment in Dox-induced 

chemotherapy; the occurrence of secondary malignancies (AML and myelodysplastic syndrome 

[MDS]) associated with dexrazoxane treatment was reported in cancer patients, including but not 

limited to adults who were treated as pediatric patients (266).  In adults, the occurrence of 

secondary malignancies prompted the FDA to indicate the use of dexrazoxane only for adult 

breast cancer patients that received ≥ 300 mg/m2 Dox and warned that the occurrence of 

secondary cancers in these patients is possible (260).  Until another option is available as a 

preventative treatment, a better understanding of the use of dexrazoxane in adult patients is an 

option.   

Angiotensin II Blockade: 

The major renin-angiotensin system (RAS) peptides, angiotensin II [Ang II] and angiotensin-(1-7) 

[Ang-(1-7)], play a central role in the control of blood pressure homeostasis, cardiovascular and 
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renal function making them a target for treatments of CVD and HF (241).  While not FDA 

approved for Dox cardiotoxicity, the use of the standard palliative HF treatment of an ACEi 

(angiotensin converting enzyme inhibitor) or an ARB (Ang II receptor blocker) is a discretionary 

choice for physicians who are foregoing dexrazoxane treatment (37, 184).  Large, randomized 

trials support the use of Ang II blockade by ACEi or ARB in the treatment of HF (44, 191).  A 

network meta-analysis of randomized controlled trials in the primary prevention of Dox 

cardiotoxicity included three studies and concluded that Ang II antagonism significantly reduced 

the risk of CHF (1).  Data from the PRADA (PRevention of cArdiac Dysfunction during Adjuvant 

breast cancer therapy) trial in patients treated with epirubicin in combination with trastuzumab 

suggest that the use of candesartan (ARB) alleviates the decline in LVEF; however, the clinical 

significance of this observation remains unclear (104, 105).  Ang II blockade shifts the renin-

angiotensin system (RAS) peptide balance [Ang II/Ang-(1-7)] towards a pro-cardioprotection, high 

Ang-(1-7) imbalance (47).  Hence, the ARB-induced increases in Ang-(1-7) may account for the 

benefits observed in the previous studies.  Nevertheless, the effect of Ang II blockade and the 

influence of the RAS peptide balance on Dox cardiotoxicity remains relatively unclear. 

Beta Blockers: 

The β-adrenergic receptors of the myocardium play a role in the regulation of heart function and 

their blockade is also utilized in the palliative treatment of HF (58, 93).  For this reason, the 

blockade of beta-adrenergic receptors was investigated for use in Dox cardioprotection.  In 

particular, carvedilol was proposed to attenuate Dox-mediated cardiac injury by mitigating 

oxidative stress, preventing mitochondrial dysfunction and maintaining calcium homeostasis (40).  

In a randomized, double-blind, placebo-controlled trial of 200 women with HER2-negative breast 

cancer receiving Dox, the beta blocker carvedilol provided no benefit with regard to LVEF decline.  

However, a possible benefit with regard to secondary endpoints, including troponin levels, LV 

dimensions, and diastolic function, was observed (13).  With a potential benefit in a reduction in 

those secondary endpoints, particularly diastolic function or HFpEF, the use of beta blockers “off-

label” is warranted.   
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Dual Angiotensin II and Beta-Adrenergic Blockade:  

For more intensive palliative care of HF in the clinic, the use of combination Ang II and beta-

adrenergic blockade is commonplace (221).  Evidence for a combined pharmacotherapy 

approach in preventing Dox-induced cardiomyopathies was derived from the OVERCOME trial 

(preventiOn of left Ventricular dysfunction with Enalapril and caRvedilol in patients submitted to 

intensive ChemOtherapy for the treatment of Malignant hEmopathies).  A significant difference 

was observed in the incidence of death or HF in this trial (6.7% vs. 22% in the control group), the 

mean decline in LVEF during the treatment was small, and the majority retained an LVEF ≥ 50% 

(17).  These positive results warrant larger randomized, controlled studies with a more extensive 

follow-up to determine the long-term impact of a combined Ang II and beta-adrenergic blockade 

approach. 

Statins: 

Cholesterol-lowering drugs were investigated in Dox cardiotoxicity for their cardioprotectant 

properties (224).  Specifically, 3-Hydroxy-3-methylglutaryl coenzyme (HMG-CoA-reductase) 

inhibitors, statins, are effective in patients with lipid disorders and atherosclerosis.  However, their 

anti-inflammatory and anti-oxidative effects which are independent of their lipid-lowering potential 

are relevant beneficial mechanisms of this drug class (144).  Pretreatment of Dox-treated mice 

with fluvastatin reduced apoptosis markers and oxidative stress in association with increased 

SOD1 and an improvement in systolic and diastolic function (224).  Chotenimitkhun et al. (52), a 

group at Wake Forest Baptist Health, showed that patients receiving statins for prevention of CVD 

experience less deterioration in LVEF upon early receipt of Dox than individuals not receiving a 

statin.  These positive results suggest the need for more studies examining the impact of statins 

in Dox cardiotoxicity. 

Summary: 

The currently available adjunct cardioprotective treatments for Dox cardiotoxicity are not 

substantiated in adults and pediatric patients.  Although dexrazoxane was FDA approved for this 

indication, data assessing its efficacy in cardioprotection and secondary malignancies make its 
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use limited to a subset of adult patients only.  In addition, while Ang II, beta blockers, and statins 

are safe in CVD, their efficacy in Dox cardiotoxicity is unclear.  There is a need to develop proven 

pharmacotherapies for Dox cardiotoxicity that don’t reduce effectiveness as a chemotherapy.  

 

Cardioprotective Therapies for Pediatric Patients Receiving Dox Treatment 

The FDA did not include pediatric patients in its approval of dexrazoxane (207).  Physicians can 

choose to prescribe dexrazoxane off-label with patient or guardian consent.  A survey of 8733 

pediatric patients with ALL and 2556 with AML from 1999 to 2009 showed that 4% received 

dexrazoxane and that prescribing practices in this high-risk cohort were inconsistent and in need 

of further investigation (276).  Moreover, in 2015, the Children's Hospital of Wisconsin published 

a retrospective study of 44 pediatric AML or ALL patients who received adjunct dexrazoxane 

demonstrated that the treatment had no effect on relapse-free and overall survival and only 

modestly improved EF and FS (240).   

With the exception of the studies on dexrazoxane described above (240, 276), there is no 

clinical evidence that the potential drug therapies tested in adults with Dox-induced cardiac 

dysfunction may be used in pediatric cancer patients and survivors.  Moreover, the off-label use 

of pharmacotherapies in pediatric patients puts an unnecessary safety risk on the child and can 

lead to increased out-of-pocket costs due to lack of insurance coverage.  Therefore, pediatric 

patients are in need of proven, FDA-approved treatments to preserve their cardiac function 

and improve their long-term quality of life. 

 

The Renin-Angiotensin System  

The renin-angiotensin system (RAS) plays a central role in the control of blood pressure 

homeostasis, cardiovascular and renal function, and cell growth (241).  As shown in Figure 4, the 

RAS hormone system is activated when the juxtaglomerular apparatus in the kidney senses 

decreased perfusion leading to the release of renin.  The inactive precursor protein, 

angiotensinogen, which is produced in the liver, is then cleaved by renin to the decapeptide 

angiotensin I (Ang I).  The catabolism of Ang I is a point of divergence in the pathway.  Ang I   
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Figure 4. The renin-angiotensin system 

 

Figure 4.  Angiotensinogen, inactive precursor protein, is converted by the enzyme renin to Ang I. 

Ang I is further processed by ACE into Ang II. Ang I is also hydrolyzed by NEP, POP, and TOP 

into the seven amino acid peptide, Ang-(1-7). The two arms of the pathway converge by the 

proteolytic cleavage of Ang II by ACE2 into Ang-(1-7). Ang II biological activities are mediated 

through the AT1R or AT2R. Ang-(1-7) binds to a unique G-protein coupled receptor encoded by 

the Mas receptor to exert its biological properties. 
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processing can lead to the production of both the bioactive peptide hormones Ang II, by 

angiotensin-converting enzyme (ACE), and Ang-(1-7), by neprilysin (NEP), prolyl-oligopeptidase 

(POP), or thimet oligopeptidase (TOP).  Ang-(1-7) is further catabolized to the inactive 

degradation product Ang-(1-5) by ACE (78).  The two pathways converge through the enzymatic 

actions of angiotensin-converting enzyme 2 (ACE2) that cleaves Ang II to form Ang-(1-7).  These 

peptides differ in their carboxy-terminal amino acid, which leads to counter-regulatory actions by 

binding to unique receptors, resulting in diverse physiological activities (79, 80).  Ang II biological 

activity is mediated by two distinct G protein-coupled receptors: angiotensin type 1 and 

angiotensin type 2 receptors (AT1R and AT2R).  Ang II activity at AT1R produces physiological 

effects such as vasoconstriction, stimulation of growth and the promotion of fibrosis (166).  The 

biological activities of Ang II are widely studied and well established, resulting in the creation of 

pharmacological agents to treat high blood pressure.  ACEi that reduce circulating levels of Ang II 

and ARBs that prevent binding of the peptide to its receptor are used to treat high blood pressure 

and other cardiovascular-related diseases (79, 80). 

Ang-(1-7), a seven amino acid circulating hormone of the RAS, was originally regarded 

as an inactive product of the degradation of Ang II.  However, studies showed that Ang-(1-7)  

counteracts many of the effects of Ang II including vasodilatory, anti-oxidant, anti-proliferative, 

and anti-fibrotic properties (236).  Ang-(1-7) exerts its biological activity through the Mas receptor, 

a novel G protein-coupled receptor (235, 237).  The functional role of the Mas receptor was 

demonstrated in a Mas knockout (KO) mouse model.  Mas deficient mice showed marked cardiac 

dysfunction and fibrosis in comparison to control mice (234).  Mas receptor blockade by A779, a 

Mas antagonist, in a myocardial infarction model also showed a role for mas in the promotion of 

angiogenesis and improved cardiac function (297).  Manipulation of the RAS is a major 

achievement in medicine, leading to the discovery of novel angiotensin peptides and receptors; 

drugs which target the production/degradation of these peptides or their receptors can result in an 

increase in lifespan and quality of life for CV patients. 

 

Antioxidant Effects of ACE2 and Ang-(1-7) 
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The RAS peptides have profound effects on cellular oxidative status.  Activation of the ACE/Ang-

(II)/AT1R axis induces oxidative stress and is mediated by NADPH oxidase 4 (113), while 

exogenous Ang-(1-7) and recombinant human ACE2 improved hypertension in association with 

reduced Nox and ROS in a variety of animal models (154, 197-200, 252, 253, 299, 300).  The 

loss of ACE2 resulted in greater activation of Nox and production of ROS and the RNS in mouse 

aortas (126) and kidneys (288).  In addition, ACE2 overexpression or the addition of exogenous 

Ang-(1-7) reduced aortic Nox activation as well as ROS in a db/db diabetic rodent model (259) 

and a spontaneously hypertensive rat model (154).  Pharmacological activation of ACE2 showed 

similar results; XNT (1-[(2-dimethylamino) ethylamino]-4-(hydroxymethyl)-7-[(4-methylphenyl) 

sulfonyl oxy]-9H-xanthene-9-one), a small molecule ACE2 agonist, improved endothelial function 

in the vessels of diabetic rats associated with reduced oxidative stress as measured by 

dihydroethidium (DHE) staining in the aortas (85).  In a model of Ang II-induced hypertension, the 

addition of exogenous Ang-(1-7) prevented systolic dysfunction and cardiomyocyte remodeling 

with an associated decrease in lipid oxidation and the generation of the antioxidant SOD (150).  

Ang-(1-7) restored carotid artery function In a diabetic rat model by blunting the AT1R-mediated 

Nox generation of superoxides and H2O2 (204).  Together these studies demonstrate that the 

Ang-(1-7)/ACE2/Mas axis, through a reduction in oxidative stress, plays a key role in the 

pathogenesis of cardiovascular disease and should be considered as a potential treatment target 

for Dox cardiotoxicity.  

 

ACE2 and Ang-(1-7) on Fibrosis and Fibrotic Signaling 

The role of Ang-(1-7) in the ECM and the deposition of collagen in various organs was the focus 

of numerous studies.  The presence of the Mas receptor on fibroblasts was first 

pharmacologically identified using isolated cardiac fibroblasts.  Ang-(1-7) directly reduced pro-

fibrotic factors, including TGF-β; these effects on cardiofibroblasts were prevented by the mas 

specific antagonist D-Ala7-Ang-(1-7) and not AT1R or AR2R blockers (121).  Mas-deficient mice 

showed impaired cardiac function with increased deposition of collagen I, collagen III, and 

fibronectin, further elucidating the anti-fibrotic effects of Ang-(1-7) and suggesting that the loss of 
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Mas tone increases cardiac fibrosis (234).  Activation of the ACE2/Ang-(1-7)/Mas receptor axis by 

exogenous Ang-(1-7) attenuated cardiac fibrosis in a number of adult rodent models of 

hypertension and cardiac damage including a deoxycorticosterone acetate (DOCA)-salt-induced 

model of hypertension (102), aortic constriction and myocardial infarction (279, 282), chronic Ang 

II-mediated hypertension (101, 172), NO-manipulation by L-NAME hypertension (21) and diabetic 

cardiomyopathy (107).  The anti-fibrotic actions of Ang-(1-7) are not exclusively limited to 

experimental models of heart damage.  Ang-(1-7) improved fibrosis in Ang II-mediated vascular 

damage (42), in the liver following stenosis (30, 159), in the lung in association with pathological 

and idiopathic pulmonary hypertension (74, 169), in the muscle of mouse model of muscular 

dystrophy (2), and in the kidney in association with renal nephropathies (136, 179).  Additional 

evidence of the effect of Ang-(1-7) on the vasculature is derived from in vitro studies in vascular 

smooth muscle cells (VSMCs).  Loss of Ang-(1-7) tone promoted the deposition of ECM proteins 

(234).  Mas deficiency in mice also caused marked increases in collagen and MMPs (90).  In vivo, 

Ang-(1-7) prevented Ang II-mediated fibrosis of male Lewis rat cremaster muscle 

microvasculature with an associated decrease in connective tissue growth factor (CTGF) and 

MAPK activation (42).  In the kidney, mas receptor deletion resulted in increased deposition of 

collagen III, collagen IV, and fibronectin, all markers of fibrosis (210), indicating that the intrinsic 

Ang-(1-7) tone of the kidney plays a key role in normal functioning.  Moreover, Ang-(1-7) was 

superior to the ARB valsartan in amelioration of diabetic nephropathy (293).  Pharmacological 

activation of ACE2 by the agonist XNT reduced lung fibrosis in a rodent model of pulmonary 

hypertension (81).  Taken together, these studies indicate that the heptapeptide hormone 

reduces fibrosis. 

 Ang-(1-7) reduction in fibrosis by decreasing the TGF-β/SMAD fibrotic signaling was 

documented in a variety of tissues.  In a db/db diabetes rodent model of liver stenosis, 

overexpression of ACE2 attenuated fibrosis, CTGF and alpha-smooth muscle actin (α-SMA) in 

association with reduced phosphorylated SMAD (34).  The Ang-(1-7)-mediated reduction in TGF-

β/SMAD signaling was also observed in renal epithelial NRK-52 cells exposed to high glucose (6) 

and in the skeletal muscle of a rodent muscular dystrophy model (2).  Ang-(1-7) reduced 
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pathogenic increased SMAD signaling in association with improved vascular function in Ang II-

induced cremaster vessel dysfunction (42).  Collectively, these studies suggest that Ang-(1-7) 

may elicit, in part, anti-fibrotic actions through regulation of TGF-β/SMAD signaling.  

 Alterations in oxidative stress by Ang-(1-7) can also influence fibrosis activated by TGF-β.  

As described previously, the oxidative stress-mediated cleavage of LTBP-bound TGF-β and 

activation of TBF-β signaling promotes further oxidative stress and TGF-β cleavage and signaling 

(232).  This positive feedback interaction may promote sustained stimulation of fibrosis (232).  

Therefore, the Ang-(1-7)-mediated reduction in fibrosis may be the result of reduced oxidative 

stress.  Ang-(1-7) reduction in fibrosis was associated with its antioxidant properties, including 

reduction of Nox superoxide generation and increased antioxidants (30, 179, 245).  Collectively, 

the studies suggest that Ang-(1-7) activation of the Mas receptor has potent anti-fibrotic effects 

that may play a role in the pathogenesis and treatment of various disease states.   

 

The Anti-Hypertrophic Properties of Ang-(1-7) 

The RAS peptides also modulate cellular growth.  In in vitro and in vivo studies of VSMCs, Ang II 

stimulated growth and hypertrophy (230), whereas Ang-(1-7) inhibited proliferation (86).  Ang-(1-

7) activation of the Mas receptor reduced serum-stimulated rat VSMC growth in a dose-

dependent manner through activation of the cAMP-dependent protein kinase (262).  In in vivo 

injured rodent carotid arteries, Ang-(1-7) reduced neointimal area as well as restenosis but had 

no effect on the uninjured media layer (145, 258), suggesting that Ang-(1-7) only inhibits actively 

proliferating cells.  Similarly, the heptapeptide hormone reduced serum-stimulated myocyte 

growth that was facilitated, in part, through a Mas-mediated reduction in MAPK activation and 

protein synthesis (262, 264).  In vivo, Ang-(1-7) also reduced myocyte size in association with 

reduced cardiac function in a coronary artery ligation rat model (156).  Taken together, these 

studies indicate that the heptapeptide hormone regulates the growth of cardiovascular cells.  In 

SD rats, injection of Ang-(1-7) into the vena cava prevented Ang II-mediated MAPK (ERK1/2) 

activation, suggesting that the heptapeptide hormone has a counterbalancing effect on trophic 

Ang II signaling (94).  Ang-(1-7) reversed the trophic effects of Ang II in cultured cardiac 
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fibroblasts, as well as prevented the expression of growth factors such as endothelin-1 (ET-1) 

(121).  Thus, the in vitro reduction of VSMC and myocyte growth and the in vivo inhibition of 

neointimal growth and improvement of cardiovascular function in rats suggest that the anti-

hypertrophic effects of the heptapeptide hormone may be beneficial in CV pathologies. 

 

Ang-(1-7) Effect on MAPK and Phosphatases  

Investigations of the molecular mechanism by which Ang-(1-7) reduces MAPK (ERK1/2) 

phosphorylation focused on the modulation of cellular phosphatase signaling.  A family of dual 

specificity phosphatases (DUSPs), which dephosphorylate proteins on both serine, threonine and 

tyrosine residues, negatively regulate MAPK signaling (201).  Dual specificity phosphatase 1 

(DUSP1), an inducible nuclear phosphatase, was of particular interest based on its affinity for the 

substrates ERK1/2.  Ang-(1-7) decreased phospho-ERK1/2 in rat cardiac fibroblasts and 

cardiomyocytes in association with an increase in DUSP1, suggesting that Ang-(1-7) effects on 

the phosphatase DUSP1 is a mechanism for regulating deleterious MAPK signaling in fibroblast 

growth and cardiac damage  (162, 163).  These findings suggest that the Ang-(1-7) increase of 

phosphatases may play a role in reducing Dox-induced kinase activation and lead to reduced 

cardiotoxicity.  

 

Effects of Ang-(1-7) on Various Organ Systems 

One of the well-characterized physiological effects of Ang-(1-7) is the induced endothelium-

dependent production of NO.  Mas receptor activation elicits downstream signaling that results in 

an increase in NO (269) which is involved in many of Ang-(1-7) physiological effects.  In in vitro 

studies of Chinese hamster ovary cells expressing Mas, the Ang-(1-7)-dependent eNOS 

activation and NO production were inhibited by the Mas receptor antagonist [D-Ala7]-Ang-(1-7) 

(233).  Ang-(1-7) produced dilation of the coronary arteries in pigs and dogs (28, 214).  Moreover, 

ACEi-induced vasodilation was mediated, in part, by an increase in Ang-(1-7) (149).  The 

vasodilation produced in rats by Ang-(1-7) was also mediated, in part, by modulation of the 

production of prostaglandins, as the effect was inhibited by administration of indomethacin, a non-
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steroidal anti-inflammatory drug which inhibits prostaglandin production (202).  Ang-(1-7) also 

plays a role in various organ systems and the response to stress.  The diuretic effects of Ang-(1-

7) were associated with an increase in glomerular filtration rate in the kidney (61, 271).  In the 

mRen transgenic hypertension rat model, Ang-(1-7) blockade caused a multitude of renal effects, 

including a decrease in GFR, renal plasma flow, and sodium excretion (29).  Ang-(1-7) was also 

identified in different regions of the brain, including the hypothalamus, medulla oblongata, and 

amygdala (48).  Ang-(1-7) in the brain regulates baroreceptor reflex function and neural control of 

the homeostatic blood pressure.  Ang-(1-7) administration also improved the baroreflex control of 

heart rate (33).  In addition, Mas ablation in FVB/N mice caused metabolic effects such as 

dyslipidemia and reduced insulin sensitivity, increased TGF-β mRNA in adipose tissue (237).  

These studies highlight the role of the Ang-(1-7)/Mas axis in the homeostatic regulation of various 

organ systems and tissues, excluding the heart, and demonstrate that pharmacological 

manipulation of the RAS may be beneficial in the treatment of many diseases such as diabetes, 

kidney failure, and vascular dysfunction. 

 

The Effects of Ang-(1-7) on the Heart and Cardioprotection 

Ang-(1-7) is protective in various models of cardiovascular damage.  Ang-(1-7) was increased in 

Lewis rats that developed ischemic cardiomyopathy 4 weeks after ligation of the left coronary 

artery, suggesting a role in normal responses to cardiac damage and HF (12).  Similarly, in an 

isolated rat heart ischemia/reperfusion stress model, exogenous Ang-(1-7) improved arrhythmias, 

hemodynamic measures and cardiac function (4).  The heptapeptide hormone prevented systolic 

dysfunction and cardiomyocyte remodeling with an associated decrease in oxidative stress and 

the generation of the antioxidant SOD in an Ang II-induced hypertensive model (150).  Ang-(1-7) 

improved cardiomyocyte hypertrophy and fibrosis in SD rats infused with Ang II, which was 

mediated by the Mas receptor and independent of an effect on blood pressure (163).  Collectively 

these results demonstrate that Ang-(1-7) provides cardioprotection in a variety of models of 

cardiac damage.  
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The RAS and Ang-(1-7) in Cancer 

The first evidence demonstrating that the RAS peptides have the potential to influence tumor 

progression comes from a retrospective study of 5,000 hypertensive patients receiving an ACEi 

(148).  In this study, the effects of anti-hypertensive medications on tumor growth were 

compared; pharmacological inhibition of ACE was associated with a reduced risk for cancer 

development, suggesting the RAS can influence tumor formation (148).  The components of the 

RAS were dysregulated and polymorphisms of the genes encoding proteins and enzymes of the 

RAS were associated with an increase in the occurrence of a variety of malignancies including 

breast cancer and gastric cancer (67, 91, 96, 116, 222, 298).  As noted previously, Ang II 

promotes angiogenesis through the proliferation of VSMCs and endothelial cells; in cancer, 

angiogenesis is essential for oxygen and nutrient supply to support the aberrant growth of the 

cancer cells.  In addition, Ang II increases cancer cell proliferation (25, 212, 218), tumor-

associated angiogenesis (77, 87), and metastasis (11, 88, 177, 185).  These observations 

provide evidence suggesting that the deregulation of RAS plays a role in tumor growth. 

 In cultured human cancer cells and animal models of human lung cancer (171, 254), 

prostate cancer (140), and breast cancer (56), Ang-(1-7) reduced proliferation and tumor growth 

through pleiotropic mechanisms, including reduced DNA synthesis, kinase activation (139), pro-

inflammatory markers (263), and fibroblast proliferation (162).  Ang-(1-7) also reduced vascular 

endothelial growth factor (VEGF) and microvascular formation in a chick chorioallantoic 

membrane (CAM) assay, suggesting a role for the heptapeptide hormone in the regulation of 

angiogenesis (254).  In addition, Ang-(1-7) reduced collagen deposition and TGF-β in orthotopic 

breast cancer tumors.  This antifibrotic effect was associated with a reduction in pERK1/2 (MAPK) 

and an increase in the phosphatase DUSP1, suggesting that the Ang-(1-7) increase in 

phosphatases may play a role in reducing breast cancer fibrosis through a reduction in fibrotic 

signaling (56).  Collectively, these studies demonstrate that the heptapeptide hormone through 

pleiotropic mechanisms reduces cancer cell growth and progression in a variety of malignancies.  

 At the Wake Forest Comprehensive Cancer Center, the safety and efficacy of Ang-(1-7) 

in cancer patients was studied in both a phase I and II clinical trials (205, 238).  In patients with 
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advanced solid tumors refractory to standard therapy, the safety and limited efficacy of Ang-(1-7) 

was investigated in a phase I clinical trial.  Several patients (4 of 15) experienced a clinical benefit 

following subcutaneous injections of Ang-(1-7), administered in escalating doses from 100-700 

μg/kg/day daily for five days in 21-day cycles.  The maximum tolerated dose (MTD) of 400 μg/kg 

and a short 36 min half-life were reported.  These four patients exhibited a reduction in the 

circulating pro-angiogenic factor, placental growth factor (PLGF), with disease stabilization lasting 

longer than three months in three patients and a reduction in overall tumor size in one patient 

who continued on treatment for ten months before disease progression.  Only 3 of the 15 patients 

experienced serious adverse events (SAEs) possibly related to Ang-(1-7) administration.  In two 

of those patients, vascular related SAEs, such as calf pain and strokes (at the 700 μg/kg dose 

level), were observed but did not subside after discontinuing Ang-(1-7).  One patient experienced 

a cranial neuropathy (at the 700 μg/kg dose level).  The advanced stage of disease in these 

patients, as well as chemotherapeutic treatment prior to Ang-(1-7), may account for these side 

effects which thus cannot be definitively attributed to Ang-(1-7) administration (205).  Following 

the completion of the phase I clinical trial, a phase II study was initiated to confirm and extend the 

findings from the phase I study in a larger cohort of patients with metastatic sarcoma (238).  

Patients were treated on 21-day cycles of continuous daily subcutaneous dosing until disease 

progression.  While stabilization of the disease for more than three months was observed in 9 of 

20 (45%) of patients with two patients experiencing prolonged periods of 10 and 19 months, the 

study failed to meet the primary endpoint of a 10% response rate (percentage of patients whose 

cancer reduce after treatment).  In addition, reductions in plasmas PLGF and VEGF were not 

observed.  Of the SAEs, two patients with preexisting headaches complained of worsening 

symptom, and one developed a grade 3 deep vein thrombosis possibly related to Ang-(1-7) 

administration which was treated with standard-of-care (238).  Together, these studies 

demonstrate that Ang-(1-7) as a stand-alone anti-neoplastic is safe and provides a benefit to 

patients with varying disease conditions.  

 Ang-(1-7) was also tested as an adjuvant to Dox and cyclophosphamide chemotherapy in 

breast cancer patients (228).  In these patients, Ang-(1-7) reduced the frequency of high-grade 
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thrombocytopenia, anemia and lymphopenia in comparison to the standard treatment Filgrastim, 

an approved synthetic drug that stimulates bone marrow production of granulocyte colony-

stimulating factor leading to the production of neutrophils (228).  Similar results were observed in 

a randomized, double-blind, placebo-controlled phase II study evaluating the efficacy of Ang-(1-7) 

as an adjuvant therapy for a group of recurrent ovarian cancer patients treated with gemcitabine 

and carboplatin or cisplatin (208).  These studies suggest that Ang-(1-7) has the potential to be 

an adjuvant to protect against chemotherapeutic-induced toxicities as well as provide the 

additional benefit of anti-neoplastic properties.  

 

Justification of Ang-(1-7) as an Adjuvant to Dox Chemotherapy in the Prevention of 

Cardiotoxicity in Pediatric Patients 

Dox is a highly effective chemotherapeutic that can result in severe cardiac dysfunction and heart 

failure.  In cardiovascular tissues, Dox administration often results in ROS generation, apoptosis, 

fibrosis, calcium deregulation, and mitochondrial dysfunction, which are deleterious to the long-

term quality of life in all cancer survivors, especially pediatric patients.  Thus, there is an unmet 

need for a treatment to mitigate the cardiotoxicity in pediatric patients treated with Dox.  Ang-(1-7) 

prevents oxidative stress, fibrosis, proliferation, and hypertrophy through pleiotropic mechanisms 

in a number of models of cardiovascular damage and cancer.  In clinical trials, Ang-(1-7) was 

safe, with a low occurrence of SAEs, and was effective in reducing tumor growth and promoting 

disease-free progression.  Furthermore, the use of adjunct Ang-(1-7) during Dox and 

cyclophosphamide chemotherapy in breast cancer patients reduced the occurrence of high-grade 

cytopenias.  Therefore, Ang-(1-7) is uniquely suited to serve as an adjuvant to Dox treatment to 

protect against cardiotoxicity.  Based on its antineoplastic properties, Ang-(1-7) co-administration 

with Dox may provide the additional benefit of reducing tumor burden.  Collectively, this 

evidence suggests Ang-(1-7) may serve as a novel adjuvant in Dox chemotherapy for the 

prevention of cardiotoxicity in the hearts of pediatric patients.  To address this hypothesis, 

this dissertation was developed as three aims: 1) to examine whether Ang-(1-7) attenuates 

cardiovascular damage associated with the administration of Dox; 2) to assess whether Ang-(1-7) 
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alters cardiac and vascular remodeling induced by Dox administration; and 3) to determine 

whether Ang-(1-7) modifies oxidative stress and deleterious signaling in Dox cardiotoxicity.  The 

corresponding chapters will report findings to address these aims from a study of adjuvant Ang-

(1-7) in a model of acute Dox-induced cardiotoxicity in juvenile male and female rats. 
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CHAPTER II: Angiotensin-(1-7) prevents doxorubicin-induced 

cardiac dysfunction in male and female Sprague-Dawley rats 

through antioxidant mechanisms  
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Abstract 

Doxorubicin (Dox) is an effective chemotherapeutic for a variety of pediatric malignancies.  

Unfortunately, Dox administration often results in a cumulative dose-dependent cardiotoxicity that 

manifests with marked oxidative stress leading to heart failure.  Adjunct therapies are needed to 

mitigate Dox cardiotoxicity and enhance quality-of-life in pediatric cancer patients.  Angiotensin-

(1-7) [Ang-(1-7)] is an endogenous hormone with cardioprotective properties.  This study 

investigated whether adjunct Ang-(1-7) attenuates cardiotoxicity resulting from exposure to Dox in 

male and female juvenile rats.  Dox treatment significantly reduced body mass and the addition of 

Ang-(1-7) had no effect.  However, adjunct Ang-(1-7) prevented Dox-mediated diastolic 

dysfunction, including markers of decreased passive filling as measured by reduced early diastole 

mitral valve flow velocity peak (E) (p<0.05) and early diastole mitral valve annulus peak velocity 

(e'; p<0.001) and increased filling pressure (E/e'; p<0.001).  Oxidative by-products and enzymes 

that generate reactive oxygen species (ROS) were investigated to determine the role of oxidative 

stress in the cardioprotective response to Ang-(1-7).  In hearts of male and female juvenile rats, 

Dox increased Nox4 (p<0.05), a major cardiovascular NADPH oxidase isozyme that generates 

ROS, as well as 4-hydroxynonenal (p<0.001) and malondialdehyde (p<0.001), markers of lipid 

peroxidation; Ang-(1-7) prevented these effects of Dox.  Co-treatment with Dox and Ang-(1-7) 

increased the antioxidant enzymes SOD1 (male: p<0.05; female: p<0.01) and catalase (p<0.05), 

further reducing ROS.  These results suggest that Ang-(1-7) may serve as an effective adjuvant 

to improve Dox-induced cardiotoxicity. 
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New & Noteworthy: 

Ang-(1-7) is a clinically safe peptide hormone with cardioprotective and anti-neoplastic properties 

that may be used as an adjuvant therapy to improve cancer treatment and mitigate the long-term 

cardiotoxicity associated with doxorubicin in pediatric cancer patients.   
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INTRODUCTION 

Anthracyclines, such as doxorubicin (Dox), are effective chemotherapeutics with an extensive 

antitumor spectrum, including pediatric leukemias and lymphomas.  Unfortunately, their clinical 

use is limited by a cumulative, dose-dependent cardiotoxicity (2).  Dox-induced cardiotoxicity 

immediately following a clinically-relevant cumulative dose results in both transient and 

permanent cardiac injury, manifesting in ventricular dysfunction (9, 10, 13, 16, 47, 57, 61, 79, 80), 

due in part to damaged and fibrotic tissue produced by maladaptive signaling activation and the 

generation of oxidative stress (47, 71).  The pathogenesis of Dox-induced cardiac dysfunction is 

variable, such that a decline in cardiac function leading to heart failure may occur with both 

reduced and preserved ejection fraction (HFrEF and HFpEF, respectively) (25, 38, 42, 43).  

However, the specific pathological factors favoring one pathogenesis over the other are not 

known.  

 Over 50% of pediatric cancer patients receive anthracyclines in their chemotherapeutic 

regimens and cardiotoxicity resulting from Dox administration has long-lasting consequences for 

young patients (59).  Studies on the pathogenic mechanisms of heart failure in the pediatric 

patient population are limited (23, 79).  In addition, clinical evidence suggests that younger female 

patients have enhanced susceptibility to the cardiotoxic effects of the drug (30, 36, 58).  At 

present, efforts to reduce cardiotoxicity in pediatric patients include limitations in total exposure, 

extended dosage schema and close management; however, patients continue to experience 

cardiovascular deterioration after discontinuing chemotherapy.  Furthermore, only dexrazoxane, 

an iron chelator, is approved for use as a cardioprotectant and only in adults, with limited efficacy 

(64, 73).  Accordingly, there is a need for prophylactic treatments to prevent Dox-induced 

cardiotoxicity and improve long-term quality of life in all cancer patients, especially in pediatric 

patients.   

 Angiotensin-(1-7) [Ang-(1-7)] is a seven amino acid peptide hormone of the renin-

angiotensin system.  Ang-(1-7) targets the Mas receptor, a novel G-protein receptor, which has 

cardioprotective effects, including antifibrotic and antioxidant properties (12, 52, 56).  Activation of 
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the Ang-(1-7)/ACE2/Mas receptor axis conferred cardioprotection in various rodent models of 

cardiac damage, including myocardial infarction, diabetic cardiomyopathy and myocarditis (3, 41, 

48, 62).  Furthermore, a Mas receptor knockout mouse showed reduced cardiac function in 

isolated hearts when compared to wild-type animals, demonstrating a role for the heptapeptide 

hormone receptor in normal cardiac function (54).  Studies from our laboratory and other groups 

showed that Ang-(1-7) reduces cardiac remodeling in normotensive rats infused with Ang II, 

DOCA-salt hypertensive rats, spontaneously hypertensive rats and other animal models of 

cardiac damage (14, 19, 20, 35, 45, 50, 66).  Ang-(1-7) prevented systolic dysfunction and 

cardiomyocyte remodeling with an associated decrease in oxidative stress measured as a 

reduction in lipid oxidation and the generation of the antioxidant superoxide dismutase in an Ang 

II-induced hypertensive model (35).  Important to this study, exogenous Ang-(1-7) or 

overexpression of angiotensin converting enzyme 2 (ACE2) that catalyzes the conversion of 

angiotensin II (Ang II) to Ang-(1-7) protected against cardiac morphological damage indicative of 

Dox-mediated dilated cardiomyopathy [DCM] in adult male rats (38, 43).  Furthermore, studies in 

our laboratory showed that Ang-(1-7) is a potent anti-cancer therapeutic in a variety of in vitro, in 

vivo, and clinical studies (7, 12, 31, 32, 51, 55, 60).  Taken together, these studies suggest that 

Ang-(1-7) may serve as an antineoplastic agent and a cardioprotectant to treat the oxidative 

stress induced by Dox in pediatric patients.  In this study, the use of prophylactic Ang-(1-7) to 

attenuate cardiac dysfunction induced by a 6-week (acute) Dox treatment in male and female 

juvenile Sprague Dawley (SD) rats was assessed.   

 

MATERIALS AND METHODS 

Doxorubicin Cardiotoxicity Model 

All procedures complied with the policies of the Wake Forest University Animal Care and Use 

Committee.  Five-week-old male and female SD rats (125 – 150 g, Harlan Laboratories, 

Indianapolis, IN, USA) were housed (12-h light-dark cycle) in autoclaved sterilization-resistant 

cages and provided ad libitum access to food and water.  All procedures were performed under 

isoflurane (Piramal Healthcare, Mumbai, Maharashtra, India) anesthesia.  Echocardiography 
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measurements were conducted at baseline (week 0) and 6 weeks as described below.  Ang-(1-7) 

(Bachem, Torrance, CA, USA) was administered for 6 weeks using a subcutaneously implanted 

osmotic minipump (Azlet model 2006, Durect Corp., Cupertino, CA, USA) at a rate of 24 µg/kg/h 

beginning at baseline.  Ketofen (5 mg/mL, Pfizer, New York, NY, USA) at 5 mg/kg was 

administered subcutaneously at the site of incision following osmotic minipump implantation to 

reduce pain.  Dox (Tocris Bioscience, Avonmouth, Bristol, UK) was administered via 

intraperitoneal (i.p.) injection once a week for 6 weeks (Cumulative Dox dose = 21-24 mg/kg) 

beginning at week 1.  At the end of week 6, after the final Dox injection and echocardiography 

measurement, the rats were euthanized by decapitation under isoflurane anesthesia and tissues 

were harvested for future studies.  

Rat Instrumentation 

Hair on the thoracic area of the rats was removed using Nair (Church and Dwight Co., Ewing 

Township, NJ, USA) prior to echocardiography assessment.  Transthoracic echocardiography 

was performed with a Vevo 2100 small animal ultrasound (Visualsonics Fujifilm, Toronto, 

Canada) equipped with an MS250 (13-24 MHz) imaging transducer.  Rats were under light 

anesthesia (1-2% isoflurane, inhalation) and positioned on a temperature-controlled platform in 

the recumbent position; 2-lead needle electrodes in the right forelimb and hindlimb were used for 

electrocardiographic monitoring and heart rate (HR).  Images were acquired using Aquasonic 

clear ultrasound transmission gel (Parker Lab, Fairfield, NJ, USA) applied to the chest.  

Echocardiography Data Acquisition and Analysis 

Short Axis M-Mode 

Motion-mode (M-mode) images for ventricular dimension were used to quantify left ventricular 

inner diameter at systole (LVIDs) and at diastole (LVIDd), interventricular wall thickness at systole 

(IWTs) and at diastole (IWTd) and posterior wall thickness at systole (PWTs) and at diastole 

(PWTd).  Relative wall thickness (RWT) was calculated as (IWTd + PWTd)/LVIDd.  Stroke 

volume (SV), cardiac output (CO), ejection fraction (EF), fractional shortening (FS) and dimension 

measures were obtained in short-axis view at the mid-papillary level.  
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4-Chamber Doppler-Modes 

Diastolic function was assessed in the 4-chamber view.  Pulse-wave Doppler (PW-Doppler) mode 

captured trans-mitral valve inflow for measurement of early diastole mitral valve flow velocity peak 

(E), diastolic deceleration time (DDT) and mitral valve flow deceleration (MV Deceleration).  

Tissue-Doppler (TDI) mode was used to quantify early diastole mitral valve annulus peak velocity 

(e’) in 4-chamber view measuring myocardial tissue movement at the septal wall close to the 

mitral valve leaflet.  The same investigator collected the data and blinded analysis of images was 

performed using the Visualsonic VevoLab software. 

Histological Analysis  

Four percent paraformaldehyde-fixed, paraffin-embedded heart ventricles were cut transversely 

into 5-micron thick sections and stained for various markers.  Fluorescein (Alexa Fluor 488 

[FITC]) conjugated Wheat Germ Agglutinin (WGA) was used following the manufacturer’s 

protocol (20 µg/mL; Invitrogen, Carlsbad, CA, USA) to assess cross-sectional area (CSA).  

Fluorescent Immunohistochemistry (IHC) 

Fluorescent IHC was performed using OpalTM Tyramide Signal Amplification (OpalTM TSA) 

multiplex reagent kits (Perkin Elmer, Waltham, MA, USA) following the manufacturer’s 

instructions.  In brief, tissues were deparaffinized in xylene and then rehydrated in alcohol, 

followed by heat-assisted antigen retrieval with a citrate [CA (AR6); 10 mM Citric Acid, 0.05% 

Tween 20; pH 6; Perkin Elmer, Waltham, MA, USA; AR600] or Tris EDTA (TE; 10 mM Tris Base, 

1 mM EDTA solution, 0.05% Tween 20; made as pH 6 or pH 9) buffer.  Non-specific binding was 

blocked using serum-free protein block (Dako, Agilent, Santa Clara, CA, USA).  The secondary 

antibody (Perkin Elmer, Waltham, MA, USA; #NEF812E001EA; anti-Rabbit HRP IgG [goat]; 

1:1000 dilution) was applied for 1 h at room temperature (RT) following primary incubation as 

described below.  An OpalTM TSA fluorophore (Perkin Elmer, Waltham, MA, USA; FP1487001KT 

Opal 520, FP1494001KT Opal 540, FP1488001KT Opal 570, FP1495001KT Opal 620, 

FP1496001KT Opal 650 or FP1497001KT Opal 690; 1:250 dilution) was diluted in 1x Plus 

Amplification Buffer (Perkin Elmer, Waltham, MA, USA; FP1498) and incubated at RT for 10 min 
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in low light followed by a second heat-assisted antigen retrieval using CA buffer to adhere the 

fluorophore to the tissue and remove the antibody complex.  4',6-diamidino-2-phenylindole (DAPI) 

(Perkin Elmer, Waltham, MA, USA; FP1490) was then applied following the manufacturer’s 

protocol (Spectral DAPI) to all fluorescent stained tissues as a nuclear counterstain.  Tissues 

were mounted with the water-soluble medium Prolong Gold Antifade Mountant (Thermo Fisher, 

Waltham, MA, USA), coversliped and allowed to dry.  Nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase 4 [Nox4] antibody (Abcam, Cambridge, UK; ab133303; RRID: 

AB_11155321; TE pH 9; 1:400 dilution; 18 h at 4° C) was previously validated (34) and used as a 

marker for the generation of superoxide.  A malondialdehyde antibody [MDA] (Abcam, 

Cambridge, UK; ab6463; RRID: AB_305484; TE pH 9; 1:100 dilution; 24 h at 4° C) and a 4-

hydroxynonenal antibody [4-HNE] (Abcam, Cambridge, UK; ab46545; RRID: AB_722490; TE pH 

9; 1:400 dilution; 18 h at 4° C)  were previously validated [MDA (11, 28) and 4-HNE (29, 33)] and 

used as markers for lipid peroxidation.  A superoxide dismutase 1 antibody [SOD1] (Abcam, 

Cambridge, UK; ab13498; RRID: AB_300402; CA pH 6; 1:400 dilution; 18 h at 4° C) and a 

catalase antibody (Abcam, Cambridge, UK; ab16731; RRID: AB_302482; CA pH 6; 1:200 

dilution; 18 h at 4° C) were previously validated [SOD1 (74, 77) and catalase (39, 76)] and served 

as antioxidant markers.   

Microscopic Analysis  

All Opal TSA IHC and WGA stained cardiac tissues were imaged on a Mantra Microscopy system 

(Perkin Elmer, Waltham, MA, USA).  Four fields (x400 magnification) were obtained to measure 

cardiomyocyte CSA and IHC marker positivity; inForm Software (Perkin Elmer, Waltham, MA, 

USA) was used for CSA and IHC positivity analyses.  In the nuclear staining positivity analysis, 

inForm detected individual cells by the presence of DAPI in the nucleus to identify the nuclear-

contained signals (optical density [OD]) of the chosen fluorophore.  The distribution of nuclear 

ODs was then used to calculate the upper inner fence (UIF) as a positivity signal.  In the percent 

field positivity analysis, a tiled overlay of the analysis field was produced by object identification to 

analyze the signal contained within each individual tile.  From the fluorophore signals of each tile, 

the UIF of the marker’s fluorophore was calculated across all tiles and used to determine true 
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positivity.  The standardized use of the UIF reduces bias in detection of positivity (70).  Collection 

of data and analysis of images to calculate IHC positivity were performed by the same blinded 

investigator.  For CSA analysis, inForm used DAPI nuclear localization in conjunction with the 

WGA fluorescence signal to identify cardiomyocyte morphology compared to other types of cells 

present in the ventricular tissue (fibroblasts, immune cells and multiple cardiomyocytes).  

Collection of data and analysis of images to calculate CSA were performed by the same blinded 

investigator.  

Statistical analysis 

All data were expressed as means ± SE).  Intra-sex treatment effectiveness was evaluated by 

one-way analysis of variance (ANOVA) followed by Tukey's post-hoc tests.  The criterion for 

statistical significance was p<0.05.  Statistical analysis was performed using GraphPad Prism 

(http://www.graphpad.com, GraphPad Software Inc., La Jolla, CA, USA).  For all data, the Ang-(1-

7)-only group was no different from control.    

 

RESULTS 

Dox administration induced reductions in body and heart mass in juvenile rats 

SD rats were treated for 6 weeks with either no addition (Control), Ang-(1-7) alone [Ang-(1-7), 24 

µg/kg/h], Dox alone (Dox, 21-24 mg/kg) or a combination of Ang-(1-7) and Dox [Dox + Ang-(1-7)].  

Gross examination of general body characteristics showed that, after 6 weeks of Dox treatment, 

both male and female rats had a significantly lower body mass (25% in males and 14% in 

females, n=7-10, p<0.001) and heart mass (30% in males and 19% in females, n=7-10, p<0.001 ) 

as well as reduced growth velocity (49% in males and 38% in females, n=7-10, p<0.001), as seen 

in Table 1.  Heart mass was normalized to tibia length to account for reduced body mass in Dox-

treated animals.  In both sexes, prophylactic Ang-(1-7) did not prevent the Dox-mediated 

reduction in heart mass to tibia length (31% in males and 17% in females, n=7-10, p<0.001).  

Furthermore, co-treatment with Ang-(1-7) had no effect on the Dox-induced reductions in growth 

velocity or body and heart mass changes.  No differences were observed in body and heart mass 

measures in Control and Ang-(1-7)-only treated animals.  Histological examination of the left 
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ventricle (LV) with WGA to determine the CSA demonstrated that, over the 6-week treatment, 

males were more susceptible to Dox-induced reductions in CSA than females (13% in males, n-7-

10, p<0.001 compared to no change in the females), as quantified in Figure 1A and visualized in 

representative images in Figure 1B.  Ang-(1-7) did not affect the decrease in CSA caused by Dox 

administration.  These results suggest that treatment with Ang-(1-7) did not prevent the acute 

Dox-mediated reductions in body mass and growth velocity or cardiac growth.  

Ang-(1-7) attenuated Dox-induced modulation of left ventricular inner diameter 

Changes in the cardiovascular chamber dimensions caused by 6 weeks of Dox administration 

were investigated by echocardiographic analysis of the LV in M-mode.  At baseline, no intra-sex 

differences in chamber dimensions between groups were observed (data not shown).  As shown 

in Table 2, 6 weeks of Dox treatment in males had no effect on the LV inner diameter at peak 

contraction (LVIDs) while in female animals, co-treatment with Dox and Ang-(1-7) increased 

LVIDs.  Dox reduced the LV inner diameter at the end of diastole (LVIDd; 10% in males and 7% 

in females, n=7-10, p<0.001 in males and p<0.05 in females).  Although co-administration of Ang-

(1-7) prevented the Dox-induced reduction in LV inner diameter at peak relaxation (LVIDd) in 

females, the heptapeptide hormone did not attenuate the reduction in LVIDd in males.  Dox had 

no effect on the interventricular wall dimensions (IWTs or IWTd) in male rats while in female rats, 

there was a significant effect on IWTs only in animals administered Dox and Ang-(1-7).  In male 

rats, Dox treatment reduced the LV posterior wall thickness (26% in PWTs and 19% in PWTd, 

n=7-10, p<0.001) which was not prevented by co-administration of Ang-(1-7) while in female 

animals, co-treatment with Dox and Ang-(1-7) decreased PWTs.  Therefore, co-administration of 

Ang-(1-7) prevented the Dox-induced increase in RWT, a normalized morphometric measure of 

cardiac remodeling, in female rats only; in males, Dox had no effect.  Ang-(1-7) alone had no 

effect on measures of cardiac dimension in male or female rats.  These results suggest that Ang-

(1-7) modulates acute Dox-induced reductions in LV dimensions differentially in male compared 

to female juvenile rats.  

Prophylactic Ang-(1-7) prevented Dox-induced in vivo cardiac dysfunction 
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The effect of Ang-(1-7) on Dox-induced diastolic dysfunction was measured in two 

echocardiographic Doppler (PW-Doppler and TDI) modes in 4-chamber view.  At baseline, no 

intra-sex differences in diastolic function between groups were detected.  PW-Doppler measuring 

trans-mitral flow showed that, in male rats, Dox significantly reduced the peak velocity of trans-

mitral flow during early filling or E velocity (16%, n=7-10, p<0.05); prophylactic Ang-(1-7) 

prevented this Dox-induced reduction (Figure 2A).  Dox had no effect on E velocity in female 

rats.  However, TDI at the mitral valve septum annulus during early relaxation demonstrated that, 

in both sexes, Dox significantly reduced peak tissue velocity (e’; 45% in males and 31% in 

females, n=7-10, p<0.001), as shown in Figure 2B.  Ang-(1-7) prevented the Dox-induced 

reduction in e’ in male rats only.  The ratio of peak trans-mitral flow velocity to peak mitral valve 

annulus velocity (E/e’) is a representative measure of LV filling pressure during early diastole and 

of diastolic dysfunction.  Dox increased LV filling pressure as estimated by E/e’ in both sexes 

(47% in males and 43% in females, n=7-10, p<0.001).  The heptapeptide hormone significantly 

blocked the Dox-induced E/e’ in male rats, while E/e’ was not different in rats co-administrated 

Ang-(1-7) and Dox compared to Control or Ang-(1-7) alone in female rats, as shown in Figure 

2C.  Time-dependent measures of passive filling during diastole provided additional information 

on the underlying LV changes in diastolic dysfunction following Dox treatment.  Dox significantly 

increased the time of trans-mitral flow during early filling in both sexes (DDT; 30% in males and 

females, n=7-10, p<0.001 in males and p<0.01 in females; Figure 2D) and reduced MV 

deceleration (38% in males and 32% in females, n=7-10, p<0.001 in males and p<0.01 in 

females; Figure 2E).  Both the Dox-induced increase in DDT and the Dox-induced decrease in 

MV deceleration were prevented by co-administration of Ang-(1-7) in both males and females.  

Ang-(1-7) alone had no effect on measures of diastolic function in male or female rats.  These 

results suggest that prophylactic Ang-(1-7) prevents acute Dox-mediated impairment of diastolic 

function in juvenile rats.  

 Echocardiographic parameters of contractility were also measured in M-mode, to assess 

systolic function.  At baseline, there were no intra-sex differences in echocardiographic 

parameters between groups.  As shown in Table 3, Dox reduced heart rate [HR] (n=7-10, p<0.05 
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in males and p<0.001 in females), stroke volume [SV] (n=7-10, p<0.001) and cardiac output [CO] 

(n=7-10, p<0.001) in both male and female rats.  Co-administration of Ang-(1-7) significantly 

prevented the Dox-induced reductions in SV in female rats only while the SV in males and HR in 

both sexes were no different than Controls.  Dox administration to female rats significantly 

reduced fractional shortening (FS)–a diameter-dependent measure of contractility–but co-

administration of Ang-(1-7) did not prevent this reduction.  Similarly, the volume-dependent 

measure of contractility, ejection fraction (EF), was also significantly reduced in female rats and 

Ang-(1-7) had no effect.  In male rats, Dox had no effect on FS and EF.  Ang-(1-7) alone did not 

alter measures of systolic function in male or female rats.  Together these results demonstrate 

that Ang-(1-7) prevented Dox-induced diastolic dysfunction and CO in both male and female 

juvenile rats but did not block the Dox-induced reduction in contractility observed in female rats.  

Ang-(1-7) reduced the Dox-mediated oxidative stress 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 (Nox4) was quantified in the 

myocardial tissue of the LV, to determine the effect of Ang-(1-7) on the generation of superoxides 

by Dox administration.  In both sexes, Dox increased left ventricular Nox4 nuclear co-localization 

(2-fold in males and females, n=7-10, p<0.05; Figure 3A and Figure 3B; [1, 21, 44, 78]), while 

Nox4 staining in LV tissues co-administrated Dox and Ang-(1-7) was no different than tissues 

from untreated rats or rats treated with Ang-(1-7) alone.  These results suggest that prophylactic 

Ang-(1-7) attenuates Dox-induced generation of oxidative stress in male and female juvenile rats.  

4-Hydroxynonenal (4-HNE) and malondialdehyde (MDA), products generated from lipid 

peroxidation, were quantified in the LV myocardial tissues.  Six weeks of Dox administration 

increased 4-HNE in myocardial tissue from both male and female rats (74-fold in males and 34-

fold in females, n=7-10, p<0.001; Figure 4A and Figure 4C) and MDA (155-fold in males and 15-

fold in females, n=7-10, p<0.001; Figure 4B and Figure 4C), while prophylactic Ang-(1-7) 

significantly attenuated these changes.  No statistical differences in cardiac 4-HNE or MDA levels 

between the Control and Ang-(1-7)-treated groups were observed.  These results indicate that 

treatment with Ang-(1-7) reduced products of lipid peroxidation generated by Dox-mediated 

oxidative stress. 
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The antioxidant enzymes SOD1 and catalase were measured to determine whether 

these protective enzymes play a role in the Ang-(1-7)-mediated reduction in Dox-induced 

oxidative stress.  Ang-(1-7) or Dox alone did not affect levels of SOD1 in the LV myocardial 

tissue, while prophylactic Ang-(1-7) administered with Dox enhanced this antioxidant enzyme in 

the LV myocardial tissue from rats of both sexes (5.5-fold in males and 20-fold in females, n=7-

10, p<0.05 in males and p<0.01 in females; Figure 5A and Figure 5C).  Co-localization with 

DAPI was used to identify SOD1 positive nuclei.  Co-treatment with Ang-(1-7) and Dox 

upregulated nuclear SOD1 (7-fold in males and 6-fold in females, n=7-10, p<0.05; Figure 5B and 

5C), suggesting that SOD1 gene regulation may be an important Ang-(1-7)-mediated mechanism 

of cardioprotection.  Similar to SOD1, rats treated with Dox or Ang-(1-7) alone had no effect on 

catalase, but co-administration of Dox and Ang-(1-7) significantly upregulated catalase in both 

sexes (28-fold in males and 3-fold in females, n=7-10, p<0.05; Figures 6A and 6B).  In 

comparison to Control animals, the enzyme was unchanged in animals treated with Dox or Ang-

(1-7) alone.  These results suggest that treatment with Ang-(1-7) in combination with Dox 

increased antioxidants and may in part mediate the Ang-(1-7)-induced cardioprotection in Dox 

treated juvenile rodents.  

 

DISCUSSION 

It is estimated that over 50% of pediatric patients with cancer are treated with anthracyclines as a 

part of their therapies and damage to the hearts of these pediatric cancer patients has long-

lasting consequences (59).  The present study is the first to demonstrate that treatment with a 

clinically equivalent dose of Ang-(1-7) improves in vivo cardiac function in male and female 

juvenile rats administered Dox.  The improvement in cardiac function was associated with a 

reduction in markers of superoxide generation and oxidative stress as well as increased 

antioxidant enzymes.  These results provide evidence that Ang-(1-7) may prevent, in part, the 

cardiac toxicity in pediatric patients receiving Dox as part of their chemotherapeutic regimen.  

To our knowledge, this is the first study to examine Dox-induced cardiotoxicity in a 

clinically equivalent female juvenile rat model, for comparison to male juvenile rats.  Our studies 
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report similarities and difference in the effect of Dox on cardiac morphology and function in male 

and female juvenile rats.  In both sexes, Dox produced a significant reduction in cardiac mass, 

LVIDd and diastolic function.  In contrast, Dox reduced the posterior wall thickness throughout the 

cardiac cycle in males only and decreased EF and FS in females only.  Our studies in males are 

consistent with a previous study in which Hayward et al. (22) showed that administration of 14 

mg/kg of Dox over seven days to 25-day old male rats reduced heart mass and produced 

profound cardiac dysfunction.  In addition, the administration of Dox to juvenile male rats was 

associated with a reduction in left ventricular cardiomyocyte CSA, in agreement with a previous 

report in a male juvenile rodent model (79).  Ang-(1-7) did not prevent this reduction in 

cardiomyocyte CSA in male hearts.  At present, we are not aware of any clinically relevant 

comparison of Dox-induced cardiac toxicity in females.  Calvé et al. (5) administered a sub-

clinical dose (3 mg/kg) of Dox i.p. to 3 week-old intact and ovariectomized female rats to 

investigate a pharmacological intervention in combination with swim training.  Consistent with our 

study, this sub-clinical dose of Dox produced arrested cardiac growth, increased RWT and a 

reduced LVIDd; however, no reduction in FS was observed.  In our study, Dox treatment resulted 

in increased RWT, indicating that female rats hearts treated with Dox undergo concentric 

remodeling.  Our results suggest that Ang-(1-7) improves Dox-induced distinct changes in cardiac 

morphology in male and female juvenile rats.  

Cardiotoxicity as a consequence of treatment with Dox is characterized in juvenile rats by 

smaller hearts associated with delayed cardiac growth in association with a loss of cardiomyocyte 

progenitor cells (23, 79).  In contrast, adult rats treated with Dox typically develop hypertrophic 

and/or dilated cardiomyopathies (8, 38), suggesting that the pathological effects of Dox 

administration are distinct in juvenile rats as compared to adult rats.  Moreover, in our study of 

male juvenile rats, Dox administration reduced PWT (at systole and diastole), an indication of 

Dox-induced DCM (eccentric remodeling), and adjunct Ang-(1-7) had no effect.  However, the 

development of DCM in juvenile rats is consistent with previous studies in adult male rats 

showing that exogenous Ang-(1-7) or overexpression of ACE2 protected the heart from Dox-

induced hypertrophic DCM, indicated by an increase in LVIDs and LVIDd (38, 43).  These results 
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parallel our studies, in which adjunct Ang-(1-7) improved the Dox-induced decrease in LVIDd in 

juvenile rats of both sexes.  Despite the difference in rat pathologies in juveniles and adults, Ang-

(1-7) protected the heart from Dox-induced changes in morphology in both adult and juvenile rats.  

In addition, Dox reduced EF and FS in female juvenile rats but not in male juvenile rats.  This 

reduction in systolic function in female rats is consistent with previous studies in male adult rats 

(38, 43) in which overexpression of ACE2 which generates Ang-(1-7) from Ang II (43) or the 

delivery of exogenous Ang-(1-7) (38) prevented Dox-induced reductions in EF and FS, 

respectively.  In contrast, our studies showed that exogenous Ang-(1-7) did not block the EF and 

FS reductions in juvenile female rats.  The difference in the effects of Ang-(1-7) on systolic 

function following Dox treatment may be due to the underlying morphology in adults vs. juvenile 

rats and/or sex differences.  Nevertheless, the results from our studies suggest that Ang-(1-7) 

provides protection from the cardiotoxic effects of Dox despite distinct cardiotoxicities in juvenile 

and adult rats.   

Although treatment of juvenile rats with Dox was associated with differences in the types 

of remodeling in male and female rats (eccentric and concentric remodeling, respectively), heart 

size was reduced in both sexes.  This observation is also consistent with clinical studies 

demonstrating that Dox administration to pediatric patients is associated with smaller heart size 

and delayed cardiac growth (37, 79).  Lipshultz et al. (37) coined the term “grinch heart: a heart 

two sizes too small” for these observations in Dox-treated pediatric patients.  Ang-(1-7) did not 

prevent or exacerbate Dox-induced cardiac mass loss in male or female juvenile rats.  This 

suggests that treatment with the heptapeptide hormone may not prevent the underlying damage 

resulting in retarded cardiac growth in pediatric patients.   

Treatment of juvenile rats with Dox significantly reduced diastolic function and co-

administration of Ang-(1-7) blocked the Dox-induced diastolic dysfunction in both male and 

female juvenile rats.  Dox significantly reduced peak flow velocity (E) through the mitral valve in 

male rats and caused longer early filling flow time (DDT) and decreased deceleration of the trans-

mitral valve blood flow (MV deceleration) in both male and female juvenile rats.  These measures 
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of reduced blood flow through the mitral valve during early filling are associated with impaired LV 

relaxation and a stiffer, less compliant chamber (18).  Prophylactic Ang-(1-7) improved the flow of 

blood moving through the mitral valve during early diastolic relaxation in both male and female rat 

hearts.  In addition, Dox significantly reduced peak tissue velocity during early diastole (e’) in both 

juvenile male and female rat hearts, which was prevented by adjunct Ang-(1-7) in male rats.  Dox 

treatment increased filling pressure, measured as E/e’, which was blocked by co-administration of 

the heptapeptide hormone in both males and females.  In agreement with our studies in juvenile 

rats, Liu et al. (38) showed that Ang-(1-7) also reduced the Dox-induced increase in LV pressure 

in adult rats, measured by placing a pressure transducer catheter in the LV.  In addition, in a 

model of 8-10 week-old male rats treated with Dox (15 mg/kg) over 2 weeks, overexpression of 

ACE2 improved diastolic dysfunction (43).  Thus, Ang-(1-7) may serve as a prophylactic 

treatment during Dox chemotherapy to protect pediatric patients from Dox-induced diastolic 

dysfunction. 

Ang-(1-7) improved Dox-mediated reduced CO and HR in both male and female juvenile 

rats.  Dox also reduced SV, which was prevented by Ang-(1-7) in male and female juvenile rats.  

This suggests the reduction in CO and the Ang-(1-7)-mediated improvement are likely due to 

changes in SV instead of HR.  The effect of Ang-(1-7) on Dox-induced reductions in heart mass 

and LV diameter are undoubtedly, in part, a reason for the reduced SV.  Conversely, changes in 

contractility can also contribute to reduced SV and CO.  However, FS and EF, measures of 

contractility based on LV diameter and volume respectively, were only significantly reduced by 

Dox administration in females and were not improved by Ang-(1-7).  This suggests that the Dox-

induced changes in SV and CO prevented by Ang-(1-7) are most likely the result of Ang-(1-7) 

modulation of Dox-mediated changes in LV chamber dimensions or HR instead of improvements 

in contractility.  The evidence of heart failure with reduced contractility (HFrEF) in females and 

preserved (HFpEF) in males may indicate a sex difference in the pathogenesis of Dox-induced 

cardiotoxicity in pediatric patients in the clinic.  Nevertheless, despite the sex differences, our 

data suggest that Ang-(1-7) prevented the Dox-induced cardiac dysfunction in both males and 

female juvenile rats.  
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 Female pediatric patients have an enhanced susceptibility to Dox cardiotoxicity (30, 36, 

58).  The underlying mechanisms for differences in the development of Dox-induced cardiotoxicity 

in pediatric males and females are not known.  The leading hypothesis to explain this sexual 

dimorphism is based on observations in obese patients treated with Dox who have a higher 

incidence of cardiotoxicity (156) and the hydrophilicity of the Dox molecule.  Young females have 

a larger content of body fat, beginning at puberty; treatment of these patients based on surface 

area does not account for the larger content of body fat, which may result in Dox exposure to their 

cardiomyocytes at a disproportionately higher dose than in males (58).  In our studies, we 

showed differential changes in measures of FS and EF (systolic function) in female compared to 

male juvenile rats.  A difference in the underlying adipose tissue composition may account for the 

differential susceptibility of female juvenile rats to Dox administration. In fact, in a rearing diet 

study, pair-fed females in comparison to males had higher mean fat pad mass, adipose cell 

number, and cell size although with high variance (4).      

 Oxidative stress that is generated during Dox treatment is hypothesized to be one of the 

main causes of both the transient and permanent damage to cardiac tissue following 

administration of the anthracycline (15, 27, 63).  Dox itself is a highly reactive molecule that can 

undergo redox cycling in conjunction with NADPH oxidase to produce superoxide radicals (17).  

In this study, treatment of rats with Dox increased Nox4, a marker of superoxide production, and 

prophylactic Ang-(1-7) prevented the Dox-induced increase in Nox4 in both male and female rats.  

Previous studies showed that Ang-(1-7), either administered exogenously or up-regulated 

pharmacologically, reduced Nox4 activity in response to a damaging stimulus (40, 67, 75).  

Administration of recombinant ACE2 to Ang II-infused male rats reduced blood pressure in 

association with decreased NADPH oxidase activity in the heart, aorta, and kidneys (40).  

Moreover, the Ang II receptor antagonist olmesartan prevented increased Nox4 gene expression 

in association with attenuation of reduced ACE2, Mas receptor expression, and in vivo cardiac 

dysfunction in a transgenic male mouse model overexpressing the renin gene (67).  In 

ovariectomized female rats, infusion of Ang-(1-7) prevented aldosterone- and salt-induced high 

blood pressure with a reduction in NADPH oxidase subunit expression in the central osmolarity 
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sensors (75).  Together, these results demonstrate that Ang-(1-7) reduces Nox4, a marker of 

superoxide generation, in response to a number of noxious stimuli including Dox. 

When abundant in the cell, superoxide anions readily react with DNA, proteins, and lipids.  

MDA and 4-HNE are both products of lipid peroxidation and are used as biomarkers of oxidative 

stress.  Dox treatment of both male and female juvenile rats increased the production of MDA and 

4-HNE in the myocardium of the heart and co-treatment with Ang-(1-7) reduced Dox-induced 4-

HNE and MDA in both male and female juvenile rats.  This data is in agreement with previous 

studies showing that Dox treatment and the production of excess superoxides significantly 

increased the abundance of markers of lipid peroxidation in cardiac tissue (6, 26, 49, 63, 80).  

Previous studies showed that treatment with Ang-(1-7) prevented the Dox-mediated increased 

MDA levels and associated cardiac dysfunction in adult male rats (38) and in the hearts of Ang II-

treated male mice (35).  Together, these results show that Ang-(1-7) reduces lipid peroxidation in 

Dox-induced cardiotoxicity as well as in othermodels of cardiac damage.  The reduction in lipid 

peroxidation by Ang-(1-7) may be the result of reduced Nox4 superoxide generation or a 

consequence of an increase in the oxidative stress defense mechanisms in cardiomyocytes or a 

combination of both.  

 The first line of defense against superoxides includes SOD1, which reduces superoxides 

to H2O2, and catalase, which subsequently converts H2O2 into water and oxygen.  These 

enzymes are the primary mechanisms of defense from damaging stimuli, to reduce oxidative 

stress before the onset of molecular damage (24).  Prophylactic Ang-(1-7) alone had no effect on 

SOD1 or catalase but Ang-(1-7) co-administered with Dox upregulated SOD1 and catalase.  

SOD1 was similarly upregulated by Ang-(1-7) in Ang II-induced cardiac damage in male mice 

(35).  In yeast and human lung fibroblasts, SOD1 functioned as a transcription factor to regulate 

oxidative resistance and repair genes, in response to an increase in oxidative stress (69).  The 

immunohistochemical analysis in this study suggests that Ang-(1-7) in combination with Dox, 

increased nuclear SOD1, upregulated protective genes and reduced oxidative stress.  The Ang-
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(1-7)-induced generation of antioxidants may be a key in understanding the cardioprotection by 

Ang-(1-7) in multiple disease states.   

 Although many of the cardiac responses to Dox are transient, as shown in both animal 

and clinical studies, some Dox-mediated insults result in permanent cardiac damage (79).  These 

early permanent changes induced by Dox exposure can cause gradual dysfunction over time, 

eventually leading to cardiovascular morbidity and mortality.  Late cardiotoxicity occurred in 

approximately 2% of all patients treated with Dox (72) and early Dox-induced cardiotoxicity was 

observed in 11% of total patients (65); in contrast, the incidence of early and late cardiotoxicity 

was estimated to be 4.5% in pediatric leukemia patients (68).  This data suggests that pediatric 

patients are more susceptible to early permanent cardiovascular damage that leads to long-term 

dysfunction.  The results of our studies demonstrate that acute Dox treatment severely damages 

the heart, causing both functional and morphological changes, in a juvenile rat model.  The 

heptapeptide hormone prevented some of these morphological and functional changes to the 

heart, in association with alterations in the production of ROS, suggesting that Ang-(1-7) may be 

used prophylactically to prevent Dox-induced cardiotoxicity and may improve long-term cardiac 

function.      

 Our group as well as others demonstrated that Ang-(1-7) reduces neoplastic growth in a 

variety of in vitro and in vivo models as well as in clinical studies.  We showed that the 

heptapeptide hormone attenuated proliferation, in vitro and in vivo, of lung, breast, and prostate 

cancer (7, 12, 31, 32, 46, 51, 55, 60).  In a phase I clinical trial in patients with advanced solid 

tumors refractory to standard therapy, 27% of patients demonstrated clinical benefits following 

treatment with Ang-(1-7) with an associated reduction in pro-angiogenic factors; disease 

stabilization lasting longer than 3 months was observed in three patients (51).  In a phase II 

clinical trial of a larger cohort of patients with metastatic sarcoma, 9 of 20 (45%) of patients 

experienced disease stabilization for more than three months with two patients experiencing 

prolonged periods of 10 and 19 months (55).  Adjuvant Ang-(1-7) also reduced cytopenia in a 

group of breast cancer patients receiving Dox and cyclophosphamide (53).  These results 
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suggest that the use of Ang-(1-7) as an adjuvant to chemotherapy to protect against Dox-induced 

cardiotoxicity could have the additional benefit of reducing tumor burden.   

 The present study demonstrates, in a male and female juvenile rat model, the utility of 

Ang-(1-7) as a prophylactic treatment to prevent the in vivo Dox-induced oxidative stress and 

reductions in cardiac function.  Acute Dox administration caused marked cardiac morphometric, 

systolic, and diastolic functional changes as well as oxidative stress, which were ameliorated by 

Ang-(1-7) treatment.  Furthermore, this study led to identification of key variables and differences 

in the Dox-induced damage and prevention in juvenile male and female rats.  Collectively these 

results suggest that Ang-(1-7) should be considered as an adjuvant therapy for the prevention of 

cardiotoxicity in pediatric patients treated with Dox.  
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Figure Legends 
 

Figure 1.  CSA in male and female juvenile rats treated with Dox and/or Ang-(1-7).  A) Left 

ventricular cardiomyocyte CSA measured using wheat germ agglutinin fluorescence.  B) 

Representative images of male and female left ventricle sections stained with wheat germ 

agglutinin at 400X.  Scale bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; ** p < 0.01 vs. 

Control. 

Figure 2.  Left ventricle diastolic function assessed by mitral Doppler flow and tissue movement 

in 4-chamber view.  A) Trans-mitral Doppler flow, E (mm/s) and B) mitral annulus tissue Doppler, 

e’ (mm/s), during early filling.  C) The measure of filling pressure, E/e’ ratio, calculated from flow 

and tissue Doppler measures.  D) Time-dependent Doppler flow values, DDT, (ms) and E) MV 

deceleration (mm/s2).  n= 7-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control; ** p < 0.01 vs. 

Control; *** p < 0.001 vs. Control; † p < 0.05 vs. Dox. 

Figure 3.  Nox4 associated generation of oxidative stress in the left ventricle of male and female 

Sprague Dawley rats.  A) Quantification of nuclear Nox4 in the myocardium. B) Representative 

multiplex images of DAPI and Nox4 staining in male and female left ventricles imaged at 400X.  

Scale bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control. 

Figure 4.  Markers of oxidative stress, 4-HNE and MDA, in the left ventricle of male and female 

Sprague Dawley rats by immunofluorescence.  Quantification of myocardial field positivity of A) 4-

HNE (%) and B) MDA (%).  C) Representative images of 4-HNE and MDA staining in male and 

female left ventricles imaged at 400X.  Scale bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; 

*** p < 0.001 vs. Control; † p < 0.05 vs Dox. 

Figure 5.  The antioxidant, SOD1, in the left ventricle of male and female Sprague Dawley rats.  

Quantification of A) field positivity and B) nuclear SOD1 (%) in the myocardium.  C) 

Representative multiplex images of DAPI and SOD1 staining in male and female left ventricles 

imaged at 400X.  Scale bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; * p < 0.05 vs. 

Control; ** p < 0.01 vs. Control.  
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Figure 6.  The antioxidant, catalase, in the left ventricle of male and female Sprague Dawley rats.  

Quantification of myocardial A) field positivity of catalase (%).  B) Representative images of 

catalase staining in male and female left ventricles imaged at 400X.  Scale bars = 100 μm.  n= 7-

10; 1-Way ANOVA within sex; * p < 0.05 vs. Control; ** p < 0.01 vs. Control; † p < 0.05 vs Dox. 
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CHAPTER III: Angiotensin-(1-7) prevents doxorubicin-induced 

aortic dysfunction in male and female Sprague Dawley rats 

through pleiotropic mechanisms 

 

 
The following manuscript is prepared for submission to American Journal of Physiology: Heart 

and Circulator Physiology following Chapter II and represents the efforts of the first author.  

Differences in formatting and organization reflect the requirements of the journal. 
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Abstract 

Doxorubicin (Dox), an effective chemotherapeutic, can cause cumulative dose-dependent 

cardiovascular toxicity, which may manifest as vascular dysfunction leading to long-term end-organ 

damage.  Treatments are needed to mitigate Dox-induced vascular damage in cancer patients, 

especially in pediatric patients with decades of life ahead.  Previously, our group showed that 

angiotensin-(1-7) [Ang-(1-7)], an endogenous peptide hormone, improved vascular dysfunction in 

coronary vessels and cremaster muscle microvessels in an Ang II-infused rodent model.  In this 

study, juvenile male and female Sprague Dawley rats were administered a clinically equivalent 

dose of Dox (21-24 mg/kg) over 6 weeks, in the presence and absence of Ang-(1-7) [24 µg/kg/h].  

Aortic function was measured using echocardiography.  In both sexes, Ang-(1-7) blocked the Dox-

mediated increase in pulse wave velocity (PWV), a measure of arterial stiffness (males: p<0.05; 

females: p<0.001).  Dox decreased aortic lumen diameter (p<0.01) and increased wall thickness 

at systole (p<0.01) in males, which was attenuated by Ang-(1-7).  In male but not female aortas, 

Dox increased media hypertrophy (p<0.01) and reduced elastin content (p<0.001), changes 

prevented by Ang-(1-7).  Conversely, Dox increased fibrosis (p<0.001) in female rats, which was 

blocked by Ang-(1-7).  In the aortic media of male rats, adjunct Ang-(1-7) prevented the Dox-

induced increase in nuclear ERK1/2 (p<0.01).  The heptapeptide hormone blocked the Dox-

mediated increase in pSMAD2 in the aortas of both sexes (males: p<0.05; females: p<0.01).  These 

results demonstrate that Ang-(1-7) attenuated Dox-induced aortic dysfunction in both sexes, albeit 

through different mechanisms, suggesting that treatment with the heptapeptide hormone may serve 

as an effective adjuvant to improve Dox-induced vascular dysfunction and long-term end-organ 

damage in pediatric patients.  

  



 

120 
 

New & Noteworthy: 

Ang-(1-7) is a clinically safe peptide hormone with cardioprotective and anti-neoplastic properties 

that has the potential to be an adjuvant therapy to improve cancer treatment and mitigate the 

long-term aortic dysfunction associated with doxorubicin in pediatric cancer patients.      

 

Keywords: Anthracyclines, Aortic Stiffness, Pulse Wave Velocity, and Angiotensin-(1-7) 

 

Acknowledgments: We acknowledge the technical assistance of Mark Landrum, Valerie Payne, 

L. Tenille Shields, and Robert Lanning. 



 

121 
 

INTRODUCTION 

Doxorubicin (Dox), an effective antineoplastic anthracycline drug used to treat various 

malignancies (24, 44, 47, 61), is limited in clinical administration by a cumulative, dose-dependent 

cardiotoxicity.  Treatment of cancer patients with Dox can result in both transient and permanent 

cardiac injury, manifesting in ventricular dysfunction (13, 14, 18, 20, 42, 51, 55, 72).  Although the 

mechanisms for Dox-induced cardiotoxicity are not well established, current evidence suggests 

that the damage involves oxidative stress and fibrosis of the cardiac tissue (42, 66).  This damage 

activates various intracellular signaling pathways involved in cardiovascular remodeling, leading 

to fibrotic, damaged, and dysfunctional tissue.  Besides limiting the dose for an efficacious 

therapy, these deleterious side-effects have lasting quality of life consequences for cancer 

patients.  Clinical evidence suggests that age and sex differences can affect susceptibility to the 

cardiotoxic effects of Dox (36, 52).  With over 50% of pediatric cancer patients receiving 

anthracyclines in their therapeutic regimen (53), the short and long-term effects of Dox are of 

particular concern in pediatric cancer patients and survivors with years of life ahead.  

Practitioners use close monitoring and preventative management to prevent Dox-induced 

damage; however, patients continue to experience cardiovascular deterioration after 

discontinuing chemotherapy (3, 15).  Furthermore, only dexrazoxane, an iron chelator, is 

approved for use in the clinic as a cardioprotectant in a subset of adult patients, with limited 

efficacy (60, 67).  Thus, there is an unmet need for therapies that mitigate Dox-induced 

cardiotoxicity to improve the cumulative dose and long-term morbidity not only in pediatric 

patients but in all cancer patients receiving Dox.  

 Vascular dysfunction is associated with the development and incidence of increased 

cardiovascular (CV) disease (4, 17, 33, 34, 38).  Furthermore, measures of the functional 

consequences of deleterious arterial remodeling and aortic stiffness, such as increased blood 

pressure (BP), pulse pressure (PP) and pulse wave velocity (PWV), are used independently 

and/or collectively as predictors of myocardial infarction, heart failure, stroke, dementia, and renal 

disease (1, 2, 6, 29, 41, 65).  Clinical studies demonstrated significant aortic stiffness, through 

measures of increased PWV and decreased aortic distensibility, in a variety of childhood and 
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adult cancer patients receiving anthracyclines (7, 11, 27, 31, 32).  Proper vascular function is 

dependent on the contribution of cells in the vessel wall, including fibroblasts, smooth muscle 

cells, and endothelial cells, to produce signaling molecules that regulate cellular activities as well 

as produce scaffolding proteins such as collagen and elastin.  Through autocrine and paracrine 

mechanisms, regulatory molecules and proteins such as reactive oxygen species (ROS) and 

transforming growth factor-β (TGF-β), are secreted from one cell type to influence the functions of 

other types of cells (12, 56-58, 68).  Furthermore, the slow but dynamic processes of production 

and degradation of scaffolding proteins are balanced such that dysregulation can result in the 

overproduction of collagen and diminished production of elastin, contributing to vascular stiffness 

(28).  While changes in vascular structures following anthracycline administration are 

documented in patients (7, 11, 27, 31, 32), the pathophysiological timeline is not clear.  An in vivo 

study of juvenile male rats demonstrated that early treatment with Dox reduced coronary vascular 

content and function during adulthood (26).  In another study, 15 mg/kg of Dox over six weeks 

increased thoracic aorta stiffness (64).  However, the molecular mechanisms responsible for 

anthracycline-induced vascular changes were not investigated.  

 Angiotensin-(1-7) [Ang-(1-7)] is a seven amino acid peptide hormone of the renin-

angiotensin system (RAS) that targets the Mas receptor, a novel G-protein coupled receptor with 

vasodilatory, antiangiogenic, antifibrotic, and antioxidant (cardioprotective) properties (16, 48, 50).  

Studies in our laboratory and by others showed that Ang-(1-7) prevented cardiac remodeling in 

normotensive rats infused with angiotensin II (Ang II), DOCA-salt hypertensive rats, and 

spontaneously hypertensive rats as well as in other models of cardiac damage (19, 21, 22, 35, 

39, 45, 62).  Furthermore, Ang-(1-7) attenuated cardiac fibrosis, through a reduction in interstitial 

and vascular collagen deposition, in normotensive rats infused with Ang II (21, 39).  Additionally, 

our group showed that Ang-(1-7) reduced fibrosis of microvessels in the cremaster muscle of Ang 

II-infused male rats in association with a reduction in TGF-β, SMAD and phosphorylated ERK1/2 

(5).  These studies suggest that Ang-(1-7) may serve as an effective treatment for Dox-induced 

vascular damage and cardiotoxicity.  In this study, the vasculature of male and female juvenile 



 

123 
 

rats treated with Dox and Ang-(1-7) were studies to determine whether the heptapeptide hormone 

attenuates Dox-induced vascular function and remodeling.     

 

MATERIALS AND METHODS 

Doxorubicin Cardiotoxicity Model 

All procedures complied with the policies of the Wake Forest University Animal Care and Use 

Committee.  Five week-old male and female Sprague Dawley rats (125 – 150 g, Harlan 

Laboratories, Indianapolis, IN, USA) were housed (12-h light-dark cycle) in autoclaved 

sterilization-resistant cages and provided ad libitum access to food and water.  All procedures 

were performed under isoflurane (Piramal Healthcare, Mumbai, Maharashtra, India).  

Echocardiography was performed at baseline (week 0) and 6 weeks.  Following baseline 

echocardiography, Ang-(1-7) (Bachem, Torrance, CA, USA) was administered for 6 weeks using 

a subcutaneously implanted osmotic mini pump (Azlet model 2006, Durect Corp., Cupertino, CA, 

USA) at a rate of 24 µg/kg/h.  Following osmotic minipump implantation, Ketofen (10 mg/mL, 

Pfizer, New York, NY, USA) was administered subcutaneously at the site of injury to mitigate 

pain.  Dox (Tocris Bioscience, Avonmouth, Bristol, UK) was administered via intraperitoneal 

injection once a week for 6 weeks (Cumulative Dox dose = 21-24 mg/kg) beginning at week 1.  

The rats were euthanized by decapitation and tissues were harvested for analysis.   

Animal Instrumentation 

Prior to echocardiography assessment, hair on the thoracic area of the animals was removed 

using Nair (Church and Dwight co., Ewing Township, NJ, USA).  Transthoracic echocardiography 

was performed with a Vevo 2100 small animal ultrasound (Visualsonics Fujifilm, Toronto, 

Canada) equipped with an MS250 (13-24 MHz) imaging transducer.  Animals under light 

anesthesia (1-2% isoflurane, inhalation) were positioned on a temperature-controlled animal 

platform in the left-lateral recumbent position; 2-lead needle electrodes in the right forelimb and 

hindlimb were used for electrocardiographic (ECG) monitoring and heart rate (HR).  Images were 

acquired using Aquasonic clear ultrasound transmission gel (Parker Lab, Fairfield, NJ, USA) 

applied to the chest.  
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Aortic Function Data Acquisition and Analysis 

Aortic Arch Doppler-Mode 

Vascular function was measured in the aortic arch view, as previously described (69).  Pulse-

wave Doppler (PW-Doppler) mode was used to identify ideal proximal and distal sampling areas 

to capture the pulse signal.  Using the Visualsonic VevoLab, the change in transit time (∆TT) 

between the proximal and distal points was measured as the time of arrival of the pulse in relation 

to the R-signal of the ECG QRS-complex at each point (Distal TT - Proximal TT = ∆TT).  An 

image to measure distance (Dist) between the proximal and distal points was captured using 

brightness-mode (B-mode) (Figure 1A).  PWV was calculated using the equation PWV = Dist / 

∆TT.  Aortic diameter and thickness were measured at peak systole in aortic arch view.  The 

same investigator performed collection and analysis of blinded echocardiographic images, using 

the Visualsonic VevoLab software. 

Histological Analysis  

Four percent paraformaldehyde-fixed, paraffin-embedded heart ventricles and the aortic arches 

(positioned cross-sectionally) were cut into 5-μm-thick sections and stained with various markers.  

Collagen was stained with picrosirius red (Direct Red 80; Sigma, St. Louis, MO, USA) as 

described previously (39).  Elastin was stained with Modified Verhoff’s stain (Abcam, Cambridge, 

UK; ab150667) following the manufacturer’s protocol.   

Fluorescent Immunohistochemistry (IHC) 

Fluorescent IHC was performed using an OpalTM Tyramide Signal Amplification (OpalTM TSA) 

multiplex reagent kit (Perkin Elmer, Waltham, MA, USA).  Tissues were dehydrated in alcohol and 

rehydrated, followed by heat-assisted antigen retrieval with citrate (CA; 10 mM Citric Acid, 0.05% 

Tween 20) or Tris EDTA (TE; 10 mM Tris Base, 1 mM EDTA Solution, 0.05% Tween 20; made as 

pH 6 or pH 9) buffer and blocked using serum-free protein block (Dako, Agilent, Santa Clara, CA, 

USA).  The secondary antibody (Perkin Elmer, Waltham, MA, USA; #NEF812E001EA; anti-

Rabbit HRP IgG [goat]; 1:1000 dilution) was applied for 1 h at room temperature (RT) following 

primary incubation, as described below.  OpalTM TSA fluorophores were diluted in 1x Plus 
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Amplification Buffer (Perkin Elmer, Waltham, MA, USA; FP1498) and incubated in low-light at RT 

for 10 min; a subsequent heat-assisted antigen retrieval using CA (AR6; Perkin Elmer, Waltham, 

MA, USA; AR600) removed the antibody complex and adhered the fluorophore to the tissue.  In 

multiplexed tissues, the primary and secondary antibody incubations, labeling, and adherence 

steps described above were repeated.  4',6-diamidino-2-phenylindole (Perkin Elmer, Waltham, 

MA, USA; Spectral DAPI; FP1490), as a nuclear counterstain, was then applied to all 

fluorescently stained tissues following the manufacturer’s protocol.  Tissues were mounted with 

the water-soluble medium Prolong Gold Antifade Mountant (Thermo Fisher, Waltham, MA, USA) 

and a coverslip was applied.  Phosphorylated-SMAD2 antibody [pSMAD2] (Abcam, Cambridge, 

UK; ab188334; RRID: AB_2732791; TE pH 9; 1:250 dilution; 18 h at 4° C) was previously 

validated (43) and used as a fibrotic signaling marker.  An antibody to ERK1/2 (Cell Signaling 

Technology, Danvers, MA, USA; ab9102; RRID: AB_330744; CA pH 6; 1:100 dilution; 18 h at 4° 

C) was previously validated (70) and used as a marker of aberrant remodeling.  All IHC markers 

were measured independently for analysis and multiplex images were obtained after completion 

of all individual IHC marker analysis.  

Microscopic Analysis  

Opal TSA IHC images of the aortic arches were collected on a Mantra Microscopy system (Perkin 

Elmer, Waltham, MA, USA).  High-power fields (4 at x400 magnification) were obtained to 

measure IHC marker positivity, using inForm software (Perkin Elmer, Waltham, MA, USA).  The 

analysis area of the aortic arch was limited to the media area due to adventitial loss during tissue 

processing.  inForm identified nuclei by the presence of DAPI above a set threshold to quantify 

staining in the cell nucleus.  inForm was then used to determine the upper inner fence (UIF) 

optical density (OD) of the chosen fluorophore of the desired marker contained within a DAPI-

stained nucleus as a positivity threshold.  The standardized use of the UIF minimizes bias in 

detection of positivity (63).  Collection of data and analysis of images to calculate IHC positivity 

were performed by the same blinded investigator.  Similar to IHC aortic arch analysis using the 

Mantra system, the elastin field positivity analysis used an inForm algorithm to create an overlay 

of small segments from all fluorescent (IHC) and colorimetric (elastin) signals.  The UIF of the 
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signal was calculated and used to determine positivity.  Picrosirius red-stained aortic arch tissues 

were imaged on the Mantra (4 at x400 magnification), whereas aortic arch images were collected 

using a Nanozoomer 2.0HT digital slide scanner (Hamamatsu, Hamamatsu City, Shizuoka, 

Japan).  Photoshop software (http://www.photoshop.com, Adobe, San Jose, CA, USA) was used 

to analyze collagen deposition (fibrosis) in picrosirius red-stained tissues (collagen percent in 

coronary as well as aortic arches) as described previously (39).  NDP View2 Viewing software 

(Hamamatsu, Hamamatsu City, Shizuoka, Japan) and the ruler function was used to analyze 

media thickness in picrosirius red stained aortic arches.  Media thickness was calculated as an 

average over four quadrants.  Collection and analysis of images to calculate fibrosis, elastin, and 

media thickness were performed by a separate blinded investigator.   

Statistical analysis 

All data are expressed as means ± SE.  Intra-sex treatment effectiveness was evaluated by one-

way analysis of variance (ANOVA) followed by Tukey's post-hoc tests.  The criterion for statistical 

significance was p < 0.05. Statistical analysis was performed using GraphPad Prism 

(http://www.graphpad.com, GraphPad Software Inc., La Jolla, CA, USA).    

 

RESULTS 

Ang-(1-7) prevented in vivo Dox-induced aortic morphometry and dysfunction 

Male and female Sprague Dawley rats were treated with Dox for 6 weeks, in the presence and 

absence of Ang-(1-7), and a Vevo 2100 ultrasound in aortic arch view with pulse-wave Doppler 

was used to measure changes in aortic morphometry and function (Figure 1A).  PWV was 

significantly increased by 6 weeks of Dox administration in both male and female rats (75% in 

males and 179% in females, n=7-10, p<0.05 and p<0.001), as shown in Figure 1B.  Prophylactic 

Ang-(1-7) prevented the Dox-induced increase in PWV in the aortas of both male and female rats.  

The PWV in male rats treated with Dox and Ang-(1-7) was no different than in Control rats or rats 

treated with Ang-(1-7) alone, while in female rats, the PWV in rats treated with Dox and Ang-(1-7) 

was significantly different from rats treated with Dox.  Ang-(1-7) had no effect when administered 

alone.  In male rats only, the 6-week treatment with Dox significantly reduced in vivo aortic lumen 
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diameter by 18% (n=8-10, p<0.01) and increased aortic wall thickness by 18% (n=8-10, p<0.01) 

which were prevented by co-administration of Ang-(1-7); treatment with Ang-(1-7) alone had no 

effect (Figure 1C and 1D).  Neither Dox, the heptapeptide hormone, nor a combination of the two 

had any effect on the lumen and the thickness of the aortic arch in female rats.  These results 

demonstrate that prophylactic Ang-(1-7) attenuated the Dox-mediated aortic stiffness in male and 

female rats and prevented the decrease in aortic arch diameter as well as the increase in aortic 

arch thickness in male but not female rats.  This suggests that Ang-(1-7) may improve aortic 

dysfunction in acute Dox-treated male and female pediatric patients but by distinct mechanisms.  

Ang-(1-7) precluded Dox-induced alterations in aortic remodeling and fibrosis  

Picrosirius red histochemistry was used to assess media collagen deposition and thickness 

following Dox administration, as the staining of the adventitia and media were well defined 

(Figure 2A).  In the aortic arches of male rats, 6 weeks of treatment with Dox resulted in a 16% 

increase in media thickness (n=8-10, p<0.01; Figure 2B); medial thickness in the aortic arches of 

male rats co-administered Ang-(1-7) and Dox was not different than control rats or rats treated 

with Ang-(1-7) alone.  In the aortic arches of female rats, there was no difference in medial 

thickness in rats administered Dox, Ang-(1-7) or the combination of the two agents.  In contrast, 

collagen deposition was increased 2.5-fold in the aortic arches of female rats treated with Dox 

(n=6-10, p<0.001; Figure 2C).  Co-treatment with Ang-(1-7) prevented these differential Dox-

induced changes in the aortic arches, while the heptapeptide hormone alone had no effect (as 

shown in representative images in Figure 2A and quantified in Figures 2B and 2C).  Collagen 

deposition in the aortic arches of male rats administered Dox, Ang-(1-7), or the combination of 

Dox and Ang-(1-7) was similar to the amount of collagen in the untreated aortic arches. 

Elastin in the aortic arches of male and female rats treated with Dox and/or Ang-(1-7) 

was measured using Verhoff’s Modified stain.  Dox reduced the elastin staining 17% in the aortic 

arches of male rats, compared to control rats (n=8-10, p<0.001), which was prevented by co-

treatment with Ang-(1-7) (the elastin fibers are black in the representative images in Figure 3A 

which were quantified in Figure 3B).  The amount of elastin in the aortic arches of female rats 
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treated with Dox and/or Ang-(1-7) was not different from control rats.  Ang-(1-7) alone had no 

effect on the aortic arches of male or female rats when compared to control.  These results show 

that Ang-(1-7) reduced Dox-induced aortic arch changes -- media hypertrophy and elastin content 

in male rat aortic arches and collagen content in the aortic arches of female rats.  These results 

suggest that the heptapeptide hormone may prevent aortic remodeling and fibrosis in Dox-treated 

male and female pediatric patients, albeit by distinct mechanisms.  

Ang-(1-7) blocked Dox-induced vascular changes in MAPK and TGF-β signaling 

Dox administration causes aberrant kinase activation and fibrosis in the cardiac tissue of rodents 

(8, 23, 59, 71).  The effect of Dox and/or Ang-(1-7) on the mitogen-activated protein kinase 

(MAPK) ERK and TGF-β signaling pathways in the aortic arch was assessed by IHC.  Dox 

increased the MAPK ERK1/2 by 3-fold in the aortic arches of male rats (n=8-10, p<0.05); 

prophylactic Ang-(1-7) did not prevent the Dox-mediated increase (quantified in Figure 4A and 

visualized in Figure 4D).  ERK1/2 nuclear localization was used as a marker of the translocation 

of phosphorylated, activated ERK1/2 to the nucleus.  Dox increased the amount of nuclear 

ERK1/2 by 2-fold in the aortic media of male rats (n=8-10, p<0.01) and Ang-(1-7) significantly 

blocked nuclear localization of ERK1/2; the heptapeptide hormone had no effect when 

administered alone (quantified in Figure 4B and visualized in Figure 4D).  In contrast, neither 

Dox nor Ang-(1-7) changed total or nuclear ERK1/2 in the aortic arches of female rats (quantified 

in Figure 5A and 5B respectively and visualized in Figure 5D).  Phosphorylated SMAD2 

(pSMAD2) which localizes to the nucleus in response to TGF-β activation, was quantified in the 

aortic arches of male and female rats treated with Dox.  Dox increased pSMAD2 in the nucleus of 

males 4-fold (n=8-10, p<0.05, quantified in Figure 4C and visualized in Figure 4D) and females 

3-fold (n=6-10, p<0.05, quantified in Figure 5C and visualized in Figure 5D); prophylactic 

treatment with Ang-(1-7) reduced the Dox-induced increases in nuclear pSMAD2, while the 

heptapeptide hormone had no effect alone.  The representative multiplexed images, shown as 

the merged images in Figure 4D and 5D, demonstrate that ERK1/2 was localized throughout the 

media of male rat aortic arches, while pSMAD2 was predominantly localized in the nuclei.  The 

magnified area shown Figure 4E and 5E are depicted by boxes in merged images; the arrows 
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represent areas of ERK1/2 and nuclear pSMAD2 co-localization in males and pSMAD2 positive 

nuclei in females.  Further linear regression analysis demonstrated a significant relationship 

between pSMAD2 and ERK1/2 nuclear localization in the aortic arches of male rats (n=8-10, 

r2=0.1511, p=0.0307) but not female rats (n=6-8, r2 = 0.0411, p=0.2914) rats, as shown in Figure 

5.  This correlation suggests that pSMAD2 activation is influenced by pERK1/2 activation in male 

rats.  Collectively, these results demonstrate that Ang-(1-7) blocked the Dox-induced increase in 

ERK1/2 nuclear localization in the aortic arches of male rats and pSMAD2 nuclear localization in 

the aortic arches of both male and female rats.  These data suggest that Ang-(1-7) may protect 

aortic function in Dox-treated male and female pediatric patients despite disparate signaling in the 

aorta. 

 

DISCUSSION 

This study is the first to demonstrate that prophylactic Ang-(1-7) protects the aorta from the Dox-

induced increase in vascular remodeling and stiffness by modulating vascular hypertrophy, 

fibrosis and distensibility.  The heptapeptide hormone prevented the Dox-induced increase in 

PWV, as a measure of arterial stiffness, in both male and female juvenile rats.  In male rats, Dox 

reduced the luminal diameter of the aorta and increased medial wall thickness, which was 

prevented by co-administration of Ang-(1-7), suggesting that the heptapeptide hormone reduced 

Dox-mediated hypertrophy.  In female rats, Ang-(1-7) prevented the Dox-induced deposition of 

collagen to reduce fibrosis while in male rats, Ang-(1-7) prevented the Dox-mediated reduction in 

elastin to increase distensibility, further suggesting that the heptapeptide hormone reduced aortic 

stiffness in both male and female rat aorta, albeit by different mechanisms.  Dox increased 

nuclear ERK1/2 and pSMAD2 in male rats, which was prevented by Ang-(1-7) co-administration, 

while the Dox-induced increase in nuclear pSMAD2 was ameliorated by prophylactic Ang-(1-7) in 

female rats with no effect on nuclear ERK1/2. These results demonstrate that the signaling 

pathways predominantly associated with hypertrophy (increased nuclear ERK1/2) and fibrosis 

(elevated nuclear pSMAD2) were also differentially regulated in male and female rats.  
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An increase in aortic stiffness and reduced vascular function associated with 

anthracycline administration is documented in both clinical studies in cancer patients and pre-

clinical studies in rodents.  Chaosuwannakit et al. (7) demonstrated significant changes in aortic 

stiffness, including increased PWV and decreased aortic distensibility, in a variety of childhood 

and adult cancer patients receiving anthracyclines.  In a study by Jenei et al. (27), treatment of 

pediatric patients with an anthracycline resulted in chronic endothelial dysfunction, determined by 

measuring endothelial flow-mediated dilation; the reduction in dilation correlated with an increase 

in the stiffness index and a decrease in aortic distensibility.  In a preclinical study, Uhm et al. (64) 

showed that treatment of adult Wistar-Kyoto male rats with anthracycline increased aortic 

stiffness in association with greater media thickness and elastin defragmentation resulting in an 

elevated collagen-to-elastin ratio.  Anthracycline-induced aortic damage in these male rats was 

improved by treatment with the Ang II receptor blocker candesartan, demonstrating the utility of 

targeting the RAS in mitigating Dox-induced aortic stiffness.  Our studies showed an increase in 

aortic stiffness and a reduction in vascular function in both young male and female rats treated 

with Dox, extending the previous findings to a juvenile model of Dox-induced cardiotoxicity and 

demonstrating similar vascular dysfunction in both male and female juvenile rats.   

 In male rats treated with Dox, the increase in PWV was associated with an increase in 

media thickness and a reduction in medial elastin with no effect on collagen deposition and 

fibrosis in the media.  In contrast, treatment of female rats with Dox also increased PWV, which 

was not associated with a change in medial thickness or elastin but a significant increase in 

collagen deposition.  Although both the increased media thickness and reduction in elastin in the 

aortic arches of male rats and the increase in fibrosis in the aortic arches of female rats would 

contribute to the stiffer aorta, these results demonstrate a sex-mediated difference in the 

pathology of the Dox-mediated damage to the aortic wall.  This differential effect could be due to 

the sex-related pharmacokinetic differences.  In clinical studies in pediatric patients, younger 

pubescent females with higher body fat percentages compared to males are more susceptible to 

Dox-induced dysfunction.  This difference may result from Dox dosing based on surface area as 
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well as an exclusion of Dox from the body fat in younger females (due to its hydrophilicity) 

resulting in higher cardiac exposure to Dox in young females (36, 52).   

TGF-β1 and its canonical SMAD signaling cascade are implicated in the development of 

fibrosis in many disease states, including Dox cardiotoxicity (10, 37, 59).  In female juvenile rats, 

Ang-(1-7) decreased Dox-mediated collagen deposition as well as blocked the increase in 

pSMAD2 nuclear localization, suggesting that collagen was increased through activation of the 

canonical TGF-β1/SMAD pathway.  Interestingly, Dox did not increase collagen deposition in the 

aortic arches of juvenile male rats although pSMAD2 was increased by Dox treatment and 

reduced by co-administration of Ang-(1-7).  Nuclear phospho-ERK1/2 was similarly increased by 

Dox treatment in male juvenile rats and this increase was prevented by co-administration of Ang-

(1-7).  The increase in nuclear pSMAD2 and phospho-ERK1/2, and their correlation in male rat 

aortic arches may be responsible for the medial hypertrophy and increased aortic arch wall 

thickness.  However, it is unclear why the increase in nuclear pSMAD2 in the aortic media of 

male rats treated with Dox did not result in an increase in collagen deposition.  Activation of the 

ERK1/2 MAPK pathway may modify SMAD signaling, as was previously observed in fibroblasts 

where phosphorylation of the linker region of SMAD2 by ERK1/2 resulted in an increase in fibrotic 

gene expression (25), suggesting that SMAD gene expression can be modified by ERK1/2.   

In this study, we show that Dox increased PWV and aortic stiffness in the aorta of both 

male and female juvenile rats.  This increase in aortic stiffness, due to hypertrophy and reduced 

distensibility in male rats and increased fibrosis in female rats, can produce and potentiate 

detrimental CV changes.  Our results show that this increase in PWV was prevented by co-

administration of the heptapeptide hormone in both sexes through different mechanisms in a 

juvenile rat model of anthracycline-induced cardiotoxicity.  Moreover, in previous studies, we 

showed that Ang-(1-7) reduces tumor burden in mice with lung, breast and prostate cancer, 

through anti-proliferative, anti-inflammatory, anti-angiogenic, anti-fibrotic and anti-metastatic 

effects (9, 30, 40, 54).  In both a Phase I and Phase II clinical trial investigating the anti-neoplastic 

of Ang-(1-7) in solid tumors, a number of patients (4 of 15 in the Phase I trial and 9 of 20 in the 
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Phase II trial) showed clinical benefits from treatment with the heptapeptide hormone with limited 

side effects (46, 49).  Collectively, these studies suggest that Ang-(1-7) can be used safely in 

cancer patients, with a potential to reduce tumor burden and may serve as an effective 

cardioprotectant with anti-cancer properties to prevent anthracycline-induced cardiotoxicity. 
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Figure Legends 

 
Figure 1. Measurement of PWV in male and female rat aortic arches.  A) Left: Representative 

long-axis view of aortic arch with distance measurement from a proximal and distal point from the 

mitral valve.  Right: Representative pulse wave scan at proximal (upper) and distal (lower) point 

showing measurements of time from the ECG R-wave to the arrival of the pulse wave for pulse 

wave velocity.  B) Quantification of pulse wave velocity (m/s), C) aortic arch lumen diameter 

(mm), and D) wall thickness (mm).  n=7-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control; ** p 

< 0.01 vs. Control; *** p < 0.001 vs. Control; † p < 0.05 vs Dox. 

Figure 2. Picrosirius red staining in male and female rat aortic arches.  A) Representative male 

and female aortic arch sections imaged at 300X.  Quantification of aortic arch B) media thickness 

over 4 quadrants and C) collagen (%) deposition.  n=6-10; 1-Way ANOVA within sex; ** p < 0.01 

vs. Control; *** p < 0.001 vs. Control; † p < 0.05 vs Dox. 

Figure 3. Modified Verhoff’s stain for elastin in male and female rat aortic arches.  A) 

Representative male and female aortic arch sections imaged at 400X.  B) Quantification of aortic 

arch media elastin (%).  n=6-10; 1-Way ANOVA within sex; *** p < 0.001 vs. Control; † p < 0.05 

vs Dox. 

Figure 4. Measurement of ERK1/2 and pSMAD2 in male aortic arches.  A) Total ERK1/2 (%), B) 

nuclear ERK1/2 (%), and C) nuclear pSMAD2 (%).  D) Representative multiplex images of 

ERK1/2 and pSMAD2 staining of male aortic aches imaged at 400X.  E) Magnified area depicted 

by boxed regions in multiplex images; arrows indicate regions of ERK1/2 and nuclear pSMAD2 

co-localization.  Scale bars = 100 μm.  n=8-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control; 

** p < 0.01 vs. Control; † p < 0.05 vs Dox. 

Figure 5. Measurement of ERK1/2 and pSMAD2 in female aortic arches.  A) Total ERK1/2 (%), 

B) nuclear ERK1/2 (%), and C) nuclear pSMAD2 (%).  D) Representative multiplex images of 

ERK1/2 and pSMAD2 staining of female aortic aches imaged at 400X.  E) Magnified area 

depicted by boxed regions in multiplex images; arrows indicate regions of pSMAD2 positive 
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nuclei.  Scale bars = 100 μm.  n= 6-8; 1-Way ANOVA within sex; ** p < 0.01 vs. Control; † p < 

0.05 vs Dox. 

Figure 6. Linear regression analysis between ERK1/2 positive nuclei (%) and pSMAD2 positive 

nuclei (%) in the media of male and female rat aortic arches.  Quantification of linear correlation in 

the A) male and B) female aortic arch media.  Closed grey circles (●) represent individual animals 

and black (- -) dotted line indicates linear regression analysis. 
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CHAPTER IV: Angiotensin-(1-7) Prevents Doxorubicin-Induced 

Cardiac Dysfunction through Anti-Fibrotic Mechanisms in Male 

and Female Sprague Dawley Rats  

 

 
The following manuscript is prepared for submission to American Journal of Physiology: 

Heart and Circulator Physiology following submission of Chapter II and Chapter III and 

represents the efforts of the first author. Differences in formatting and organization 

reflect the requirements of the journal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

150 
 

Angiotensin-(1-7) Prevents Doxorubicin-Induced Cardiac Dysfunction 

through Anti-Fibrotic Mechanisms in Male and Female Sprague 

Dawley Rats  

 

Omeed Rahimi, Jasmina Varagic, Brian Westwood, E. Ann Tallant, and Patricia E. Gallagher 

Hypertension and Vascular Research, Wake Forest School of Medicine, Winston-Salem, NC 

27101 

 

Running title: Ang-(1-7) prevents doxorubicin-induced cardiotoxicity 

 

Contributions of each author: 
OR – Conducted all animals studies and their analysis  
JV – Provided expertise in echocardiography analysis 
BW – Provided expertise in statistics 
EAT – Design of study and oversight 
PG – Design of study and oversight 
All – Read and approved of the final manuscript 

 
Name and address for correspondence: 

Patricia E. Gallagher 
Hypertension and Vascular Research 

Wake Forest School of Medicine 
Biotech Place 

575 N Patterson Avenue, Suite 340 
Winston Salem, NC 27101 

Phone:  336-716-4455 
Fax:  336-716-2456 E-mail: pgallagh@wakehealth.edu 

 
Declaration of Funding Source: This work was supported by a grant from the Leukemia and 

Lymphoma Society and the Randi B. Weiss Cancer Fund. 

Conflict of Interest Disclosure:  The authors declare no conflict of interest in association with the 

present study. 

  



 

151 
 

Abstract 

Doxorubicin (Dox), an effective chemotherapeutic, can cause a cumulative dose-dependent 

cardiovascular toxicity, which may manifest as long-term heart failure.  Treatments are needed to 

mitigate Dox-induced cardiovascular damage in cancer patients, especially in pediatric patients 

with decades of life ahead.  Previously, our group showed that angiotensin-(1-7) [Ang-(1-7)], an 

endogenous peptide hormone, improved cardiovascular remodeling in an Ang II-infused rodent 

model.  In this study, juvenile male and female Sprague Dawley rats were administered a clinically 

equivalent dose of Dox (21-24 mg/kg) over 6 weeks, in the presence and absence of Ang-(1-7) [24 

µg/kg/h].  In both sexes, Ang-(1-7) blocked the Dox-mediated increase in both interstitial (males: 

p<0.001; females: p<0.01) and coronary vessel (males: p<0.05; females: p<0.01) picrosirius red 

staining, a marker of collagen deposition and fibrosis.  Dox increased the coronary vessel media-

to-lumen ratio (males: p<0.05; females: p<0.001) and decreased the number of coronary vessels 

(males: p<0.001; females: p<0.05) in both sexes; however, Ang-(1-7) prevented only the coronary 

vessel hypertrophy.  Ang-(1-7) blocked the Dox-mediated increase in interstitial TGF-β1 (p<0.05) 

and pSMAD2 (males: p<0.001; females: p<0.01) in the heart tissues of both sexes.  Similarly, Ang-

(1-7) also prevented Dox-induced coronary vessel TGF-β1 (p<0.01) and pSMAD2 (p<0.05).  These 

results demonstrated that Ang-(1-7) attenuated Dox-induced cardiac fibrosis in both male and 

female rats through anti-fibrotic mechanisms, suggesting that treatment with Ang-(1-7) may serve 

as an effective adjuvant to improve Dox-induced cardiovascular fibrosis and long-term heart failure 

in pediatric patients.  
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New & Noteworthy: 

Ang-(1-7) is a clinically safe peptide hormone with cardioprotective and anti-neoplastic properties 

that may be used as an adjuvant therapy to improve cancer treatment and mitigate the long-term 

fibrosis and cardiotoxicity associated with doxorubicin in pediatric cancer patients.      

 

Keywords: Anthracyclines, Doxorubicin, Cardiotoxicity, Fibrosis, and Angiotensin-(1-7) 
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INTRODUCTION 

Doxorubicin (Dox) is an anthracycline chemotherapeutic that is effective in treating a number of 

malignancies, including pediatric leukemias and lymphomas.  Despite its effectiveness, the 

clinical use of Dox is limited by a cumulative, dose-dependent cardiotoxicity (2).  Cumulative 

treatment with Dox can result in oxidative stress, fibrosis, and cardiac injury, leading to long-term 

ventricular dysfunction  (10, 11, 15, 17, 36, 48, 52, 57, 60, 61).  Although the mechanisms 

underlying Dox cardiotoxicity are not completely elucidated, the generation of reactive oxygen 

species (ROS) are thought to play a predominant role and represents a potential target for 

therapy.  We (Chapter II) and others (12, 40) showed that Dox administration produced oxidative 

stress through redox cycling and upregulation pro-oxidative factors.  Furthermore, aortic 

remodeling induced by Dox is implicated in in vivo aortic and cardiac dysfunction (Chapter III and 

21, 26, 56).  In the clinic, evidence of fibrosis in the hearts of pediatric patients treated with Dox is 

documented (18).  Furthermore, clinical evidence suggests an increased susceptibility to Dox-

induced cardiotoxicity in the pediatric and female patient populations.  With more than 50% of 

pediatric cancer patient’s chemotherapeutic regimens containing anthracyclines (50), an 

understanding of the long-term effects on these patients is important in developing a treatment.  

Nevertheless, a limited number of studies have examined the underlying mechanism of 

cardiotoxicity in pediatric patients or in female patients (22, 60).  It is important to develop 

treatments to prevent cardiotoxicity and improve the long-term quality of life in pediatric patients 

as well as all patients receiving anthracyclines.                 

 Angiotensin-(1-7) [Ang-(1-7)], a seven amino acid peptide hormone of the renin-

angiotensin system, and its receptor, the Mas receptor, have cardioprotective properties that 

counterbalance the actions of angiotensin II [Ang II] (13, 44, 46).  Previous studies demonstrated 

the cardioprotective effect of the heptapeptide hormone in Dox-induced cardiac damage in adult 

rats (30, 32).  Our lab (Chapter II) previously demonstrated that, in juvenile rats of both sexes, 

exogenous Ang-(1-7) protects cardiovascular tissue from Dox-induced oxidative stress through a 

reduction in ROS generation and an upregulation of antioxidant enzymes, leading to an 

improvement in cardiac morphometry and function.  Further, Ang-(1-7) protected against Dox-
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induced aortic dysfunction through anti-hypertrophic and anti-fibrotic mechanisms in both juvenile 

male and female rats despite disparate maladaptive signaling pathways (Chapter III).  Activation 

of the Ang-(1-7)/angiotensin converting enzyme 2 (ACE2)/Mas receptor axis conferred 

cardioprotection in various rodent models of cardiac damage (3, 31, 37, 53).  Ang-(1-7) 

modulated cardiac remodeling in response to a variety of damaging stimuli and pathologies 

including Ang II-treated rat, spontaneously hypertensive rats, and high fructose-fed rats (16, 19, 

20, 27, 33, 34, 41, 55).  The heptapeptide hormone attenuated cardiac fibrosis, as demonstrated 

by a Mas-mediated reduction in interstitial collagen deposition in association with reduction in 

trophic signaling and an upregulation in the phosphatase Dual Specificity Phosphatase 1, in 

normotensive rats infused with Ang II (19, 34).   

Our laboratory showed that Ang-(1-7) can be used as a treatment for cancer, in both 

preclinical and clinical studies demonstrating efficacy in reducing neoplastic growth, 

angiogenesis, and fibrosis (5, 13, 14, 24, 25, 43, 45, 51).  Coupled with our results showing that 

the heptapeptide is cardioprotective by reducing collagen deposition and cardiac fibrosis, Ang-(1-

7) may function as both an anti-neoplastic agent and a cardioprotectant to prevent antracycline-

induced cardiac damage.  In this study, cardiac tissue from Dox treated male and female juvenile 

Sprague Dawley (SD) rats was assessed for fibrotic markers and fibrosis to demonstrate that 

Ang-(1-7) prevents pathological fibrosis produced by anthracycline treatment.   

 

MATERIALS AND METHODS 

Doxorubicin Cardiotoxicity model 

As described previously (Chapter II and Chapter III), five-week-old male and female SD rats (125 

– 150 g, Harlan Laboratories, Indianapolis, IN, USA) were housed in 12-hr light-dark cycle and 

provided ad libitum access to food and water.  All procedures were performed under isoflurane 

(Piramal Healthcare, Mumbai, Maharashtra, India) induction for anesthesia.  Cardiac function was 

measured via echocardiography at baseline (week 0) and 6 weeks.  Ang-(1-7) (Bachem, 

Torrance, CA, USA) was administered subcutaneously at a rate of 24 µg/kg/h for 6 weeks using 

an implanted osmotic minipump (Azlet model 2006, Durect Corp., Cupertino, CA, USA) beginning 
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at baseline.  For analgesia, Ketofen (5 mg/mL, Pfizer, New York, NY, USA) at 5 mg/kg was 

administered subcutaneously at the site of implant.  Dox was administered via intraperitoneal 

(i.p.) injection once a week for 6 weeks (Cumulative Dox dose = 21-24 mg/kg).  After the final Dox 

injection and cardiac function assessment, the rats were euthanized by decapitation and tissues 

were harvested for future studies.   

Histological Analysis  

Four percent paraformaldehyde-fixed, paraffin-embedded heart ventricles were cut transversely 

into 5 micron thick sections and stained for total collagen, assessed by picrosirius red stain 

(Direct Red 80; Sigma, St. Louis, MO, USA) as described previously (34). 

Fluorescent Immunohistochemistry (IHC) 

As described previously (Chapter II and Chapter III), fluorescent IHC was performed using 

multiplex reagent kit, OpalTM Tyramide Signal Amplification (OpalTM TSA) (Perkin Elmer, 

Waltham, MA, USA).  In brief, tissues were deparaffinized in xylene and then rehydrated in serial 

alcohol dilutions.  Next, heat-assisted antigen retrieval with Tris EDTA (TE; 10 mM Tris Base, 1 

mM EDTA Solution, 0.05% Tween 20) buffer was performed.  Serum-free protein block (Dako, 

Agilent, Santa Clara, CA, USA) was applied to block non-specific binding.  The secondary 

antibody (Perkin Elmer, Waltham, MA, USA; #NEF812E001EA; anti-Rabbit HRP IgG [goat]; 

1:1000 dilution) was applied for 1 h at room temperature (RT) following primary incubation as 

described below.  The OpalTM TSA fluorophore (Perkin Elmer, Waltham, MA, USA; FP1487001KT 

Opal 520, FP1494001KT Opal 540, FP1488001KT Opal 570, FP1495001KT Opal 620, 

FP1496001KT Opal 650, and FP1497001KT Opal 690; 1:250 dilution) diluted in 1x Plus 

Amplification Buffer (Perkin Elmer, Waltham, MA, USA; FP1498) was applied and incubated at 

RT for 10 min in low light.  Fluorophore application was followed by a second heat-assisted 

antigen retrieval using CA (10 mM Citric Acid, 0.05% Tween 20; Perkin Elmer, Waltham, MA, 

USA; AR600) to adhere the fluorophore to the tissue and remove the antibody complex.  4',6-

diamidino-2-phenylindole (DAPI) (Perkin Elmer, Waltham, MA, USA; FP1490) was then applied to 

the tissues following the manufacturer’s protocol (Spectral DAPI) as a nuclear counterstain; the 
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slides were then coverslipped with the water-soluble mounting medium Prolong Gold Antifade 

Mountant (Thermo Fisher, Waltham, MA, USA) and allowed to dry.  Transforming growth factor 

beta 1 [TGF-β1] (Abcam, Cambridge, UK; ab92486; RRID:AB_10562492; previously validated 

(59); TE pH 6; 1:200 dilution; 18 h at 4° C) and phospho-SMAD 2 [pSMAD2] (Abcam, Cambridge, 

UK; ab188334; RRID: AB_2732791; previously validated (38); TE pH 9; 1:250 dilution; 18 h at 4° 

C) antibodies were used as measures of fibrosis.   

Microscopic Analysis  

All Opal TSA IHC and picrosirius red stained cardiac tissues were imaged on a Mantra 

Microscopy system (Perkin Elmer, Waltham, MA, USA).  Four (4) high-power fields (x400 

magnification) were obtained to measure fibrosis and IHC marker positivity.  As previously 

described (Chapter II and Chapter III), inForm Software (Perkin Elmer, Waltham, MA, USA) and 

an upper-inner fence (UIF) cut-off were used for IHC nuclear and percent field positivity analyses.  

For the vessel field analysis, the analysis area was limited to the vessel area including the 

adventitia, media, and lumen.  In the field and nuclear staining positivity analyses, collection of 

data and analysis of images to calculate IHC positivity were performed by the same blinded 

investigator.  Vessel count was performed by the same blinded investigator on the picrosirus red-

stained tissues.  For fibrosis and hypertrophy analyses, Photoshop software 

(http://www.photoshop.com, Adobe, San Jose, CA, USA) was used to analyze collagen 

deposition (fibrosis) in picrosirius red-stained tissues as described previously (34).  Collection and 

analysis of images to calculate fibrosis and hypertrophy were performed by a separate blinded 

investigator. 

Statistical analysis 

All data is expressed as means ± SE and intra-sex treatment effectiveness was evaluated by 

one-way analysis of variance (ANOVA) followed by Tukey's post-hoc tests.  The criterion for 

statistical significance was p < 0.05.  Statistical analysis was performed using GraphPad Prism 

(http://www.graphpad.com, GraphPad Software Inc., La Jolla, CA, USA).  
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RESULTS 

Ang-(1-7) prevented fibrosis in acute Dox-treated left ventricles  

Analysis of picrosirius red to visualize collagen fibers showed a significant increase in interstitial 

pathological collagen deposition after acute Dox treatment in both sexes (2-fold in males and 

females, n=7-10, p<0.001 in males and p<0.01 in females; Figure 1A and depicted in 

representative images, in Figure 1B).  This Dox-mediated increase in maladaptive collagen 

deposition was also demonstrated in coronary vessels of both sexes (1.5-fold in males and 

females, n=7-10, p<0.05 in males and p<0.01 in females: Figure 1C).  Nevertheless, prophylactic 

treatment with Ang-(1-7) prevented the acute Dox-induced coronary fibrosis; treatment with the 

heptapeptide hormone alone had no effect.  The Ang-(1-7) effect on acute Dox-induced coronary 

vessel fibrosis is depicted in the representative picrosirius stained tissues, shown in Figure 1D.  

Prophylactic Ang-(1-7) modulated coronary vessel remodeling  

Coronary vessel dysfunction is an important event in the development of Dox-induced 

cardiomyopathy in juvenile rats.  Huang et al. (22) demonstrated in vivo that Dox administration in 

juvenile male rats reduced coronary vascular content and function as adults.  We demonstrated a 

similar effect of Dox using picrosirius red stain to identify, count, and measure media-to-lumen 

ratio of coronary vessels.  Dox significantly reduced vessels per slide (50% in males and 63% in 

females, n=7-10, p<0.001 in males and p<0.05 in females, Figure 2A) and Ang-(1-7) had no 

effect.  However, in both male and female rats, Ang-(1-7) prevented Dox-induced coronary vessel 

increased media-to-lumen ratio (42% in males and 77% in females, n=7-10, p<0.05 in males and 

p<0.001 in females, Figure 2B) with no effect alone.  The results suggest Ang-(1-7) may prevent 

Dox-induced coronary vessel remodeling and dysfunction in male and female Dox-treated 

patients. 

Co-treatment with Ang-(1-7) blocked Dox-induced increases in TGF-β1 in cardiac tissue  

Transforming growth factor beta 1 (TGF-β1) is implicated in Dox-induced cardiac fibrosis (54).  

Immunofluorescence examination of the LV myocardial tissue showed a significant increase in 

fluorescent TGF-β1 staining in both sexes (8-fold in males and 4-fold in females, n=7-10, p<0.05; 
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Figure 3A).  In both males and females, co-treatment with Ang-(1-7) significantly blocked this 

Dox-induced effect and had no effect alone.  This reduction in myocardial TGF- β1 by Ang-(1-7) 

is illustrated in representative images in Figure 3B.  Further examination of the coronary vessel 

tissue also demonstrated, in both sexes, a significant Dox-mediated increase in TGF-β1 (12-fold 

in males and 3.5-fold in females, n=7-10, p<0.01; Figure 3C).  Prophylactic Ang-(1-7) 

administration prevented the acute Dox-induced expression of coronary vessel TGF-β1 and had 

no effect alone.  The Ang-(1-7) effect on coronary vessels is depicted in representative images, 

shown in Figure 3D.  These results demonstrate that Ang-(1-7) reduces fibrosis through a 

reduction in the pro-fibrotic cytokine TGF-β1. 

Ang-(1-7) prevented Dox-induced upregulation of fibrotic signaling in the cardiac tissue  

TGF-β1 regulates fibrosis through the SMAD signaling cascade.  Immunostaining of left 

ventricular tissue for pSMAD2 showed that Dox treatment significantly increased myocardial 

immunostaining of nuclear phosphorylated SMAD2 (pSMAD2), which was prevented by co-

treatment with Ang-(1-7) in LV tissue from both male and female rats (10-fold in males and 3-fold 

in females, n=7-10, p<0.001 in males and p<0.01 in females; Figures 4A).  Administration of the 

heptapeptide hormone alone had no effect on pSMAD2 levels in the cardiac tissues.  Ang-(1-7) 

prevented the Dox-induced increased co-localized staining of pSMAD2 and DAPI in myocardial 

tissue, as shown by arrows in the representative merged images Figure 4B.  Dox also caused a 

significant increase in pSMAD2 nuclear staining (depicted by arrows) in coronary vessels of both 

sexes (2.5-fold in males and females, n=7-10, p<0.05; Figures 5A).  Ang-(1-7) prevented this 

Dox effect and had no alone.  In Figure 5B, the representative merged images show that Ang-(1-

7) prevented the Dox-induced upregulation of pSMAD2 in coronary vessels.  Together, these 

results suggest Ang-(1-7) prevents Dox-induced fibrosis through an associated reduction in TGF-

β1 and the signaling molecule pSMAD2.  

 

DISCUSSION 

The present study demonstrated that treatment with Ang-(1-7) improves Dox-induced remodeling 

and fibrosis in male and female juvenile rats.  The improvements in collagen deposition and 
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vessel hypertrophy were associated with a reduction in the fibrotic cytokine TGF-β1 and TGF-β1-

activated pSMAD2.  These results provide evidence that Ang-(1-7) may prevent the cardiac 

remodeling in pediatric patients receiving Dox as part of their chemotherapeutic regimen.    

 This study demonstrated that Ang-(1-7) improves aberrant signaling, pathological fibrosis 

and remodeling, a major effect of Dox underlying changes in cardiac function in male and female 

juvenile rats.  In the previous studies, our laboratory demonstrated that Ang-(1-7) protected the 

hearts of both juvenile male and female rats from Dox-induced cardiac and aortic dysfunction 

(Chapter II and Chapter III, respectively).  Specifically, Ang-(1-7) prevented Dox-induced 

cardiotoxicity in juvenile rats which is characterized by smaller hearts associated with delayed 

cardiac growth, aberrant cardiac morphometry changes, systolic, and diastolic dysfunction 

(Chapter II) as well as aortic dysfunction (Chapter III).  Furthermore, using IHC, we showed Ang-

(1-7), when co-administered with Dox, reduced oxidative stress through an associated 

upregulation in the antioxidant enzymes involved in neutralizing superoxides, superoxide 

dismutase 1 and catalase.  Furthermore, Ang-(1-7) also prevented the Dox-induced generation of 

superoxides by a reduction in NADPH oxidase 4, a major Nox isozyme that generates 

superoxides.  These anti-oxidative mechanisms prevented the Dox-induced upregulation of 

markers of lipid peroxidation, to improve cardiac function (Chapter II).  Dox also reduced aortic 

function in vivo aortic in juvenile male and female rats, by increasing aortic stiffness detected by 

measuring pulse wave velocity.  Other changes in aortic measures were altered in male rats 

including a decrease in diameter and an increase in thickness.  Using immunofluorescence, we 

showed that Ang-(1-7) improved Dox-induced reductions in aortic function in both male and 

female SD rats despite disparate underlying pathologies; in male rats, Dox increased aortic arch 

media thickness and reduced elastin content associated with an increase in nuclear ERK1/2, a 

marker of an activated mitogen activated kinase (MAPK) pathway, whereas media collagen 

deposition associated with an increase in media pSMAD2 nuclear positivity in response to Dox 

treatment was observed in female rats (Chapter III).  Taken together, the previously shown data 

(in Chapters II and III) suggests that Ang-(1-7) prevents Dox-induced cardiotoxicity by anti-

oxidant mechanisms and aortic dysfunction through anti-hypertrophic and anti-fibrotic 
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mechanisms.  The data provided in this chapter on the effect of Dox and Ang-(1-7) on fibrosis 

provides further support for an important role of Ang-(1-7) in improving Dox cardiac dysfunction. 

 Dox increased collagen deposition in the interstitial and coronary vessel tissue of both 

male and female juvenile rats, identified by picrosirius red staining.  Excessive collagen 

deposition leading to fibrosis and ventricular stiffening is implicated in a number of cardiovascular 

disease s including anthracycline-induced cardiotoxicity (8, 29).  Dox-mediated ventricular fibrosis 

is associated with reduced cardiomyocyte contractility, relaxation, and cardiac dysfunction, as we 

showed in Chapter II.  Ang-(1-7) reduced pathogenic collagen deposition, in association with 

improved cardiac function, a reduction in the Dox-mediated increase in TGF-β1 and pSMAD2 

nuclear localization, in agreement with other studies using the heptapeptide hormone (19, 34).  

TGF-β1 is a multifunctional cytokine that participates in the development of fibrosis in many 

disease states, including cardiovascular disease (8, 29, 35, 54).  TGF-β1 resides as a large 

complex attached to the extracellular matrix by disulfide bonds where it remains inactive by 

proximity exclusion from its receptor (1, 9).  TGF-β1 is released or activated from its larger 

complex by a number of factors including ROS (4).  TGF-β1 binds to the TGF-β1 receptor to 

activate SMAD signaling proteins in which phosphorylation leads to nuclear translocation of the 

SMAD complex (phospho-SMAD2/3 and phospho-SMAD4) to modulate fibrotic gene expression 

(6, 7).  Therefore, Ang-(1-7) may reduce active TGF-β1 content by reducing ROS as well as 

decreasing SMAD phosphorylation.  In combination with the previously published data on the 

effect of Dox on cardiac function, Chapter II, these results suggest that Ang-(1-7) reduces fibrosis 

through modulation of TGF-β1 and a reduction in SMAD signaling which may be highly 

associated with Ang-(1-7) effect on Dox-induced ROS generation and oxidative stress.  

 Vascular alterations (vessel hypertrophy and content) in response to Dox administration 

were demonstrated by us, in Chapter III as well as by others (22) and represents a potential 

target for adjunct therapies to mitigate cardiovascular functional decline.  Huang et al. (22) also 

observed an effect of Dox on pediatric coronary vessels, showing that a low dose of i.p. Dox in 4-

week old mice (no indication of sex studied) reduced coronary vessel density and branch points 
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in the adult mice hearts.  Further examination of larger coronary vessels demonstrated a reduced 

lumen yet no difference in thickness and composition.  Although this study used a low dose of 

Dox, the evidence provided suggests that Dox has a potent effect on the coronary vasculature in 

juvenile rats.  The present study showed that higher doses of Dox produce changes in the 

quantity, hypertrophy, and fibrosis of coronary vessels, providing further evidence supporting the 

deleterious effect of Dox on cardiac vasculature.  Additionally, Ang-(1-7) protected large conduit 

vessels such as the aortic arch from Dox damage (Chapter III) as well as smaller coronary 

vessels.  While the primary function of all vessels is to provide cells and tissues with oxygen, 

nutrients, and waste removal, dysfunction in the aorta and the coronary vessels can lead to 

different outcomes.  For example, increased dysfunction in both the aorta and coronary vessels 

contributes to hypertension and end organ damage (47).  Although aortic stiffness alone 

predominately contributes to hemodynamic-related factors in cardiac dysfunction (39), impaired 

coronary vessel function results in reduced coronary blood flow and an ischemia-related cardiac 

dysfunction (42).  Nonetheless, overall vascular function contributes to heart function and remains 

an important target for therapeutic intervention.  

 The identification of early Dox damage is valuable in understanding how potential 

adjuvant treatments may prevent the primary insults to the cardiac tissue.  Nevertheless, to 

effectively treat Dox-induced heart failure, it is imperative to understand how the early changes 

caused by Dox develop into long-term declines in function.  The results of our studies provide 

evidence that Dox damages the heart early in treatment through oxidative stress, fibrosis and 

vessel hypertrophy, in association with both functional and morphological changes, in juvenile 

rats which model pediatric patients.  In addition, we showed that the heptapeptide hormone 

prevented fibrosis in male and female juvenile rat hearts, in association with improvements in 

morphological and functional alterations of Dox damage.  This suggests that Ang-(1-7) may be 

used prophylactically to prevent early Dox-induced cardiotoxicity and may lead to improvements 

in long-term cardiac function.      
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 Age and sex are important factors in the enhanced susceptibility to Dox cardiotoxicity (28, 

49, 60).  Unfortunately, the underlying mechanisms for the susceptibility to the development of 

Dox-induced cardiotoxicity in pediatric females are not known.  The larger content of body fat in 

young females undergoing puberty and the hydrophilicity of Dox may result in increased exposure 

of the heart to Dox in females.  While the results in the present study do not demonstrate 

differences in the fibrotic response to Dox, the overall results of our studies suggest that 

differences between the cardiac and aortic response to Dox treatment in female and male 

juvenile rats may be related to an increased exposure of young female rats to Dox.   

 The present study demonstrated that Ang-(1-7) prevents Dox-induced fibrosis in a male 

and female juvenile rat model.  The heptapeptide hormone was previously shown to reduce 

fibrosis, cardiac damage and neoplastic growth in several additional in vivo models (5, 34).  

Moreover, in a Phase I clinical trial in patients with advanced solid tumors refractory to standard 

therapy, treatment with Ang-(1-7) resulted in improvement in the outcomes in three of eighteen 

patients (43).  In a Phase II clinical trial of patients with metastatic sarcoma, 45% of patients 

experienced more than three months of disease stabilization with two patients experiencing 

prolonged periods of 10 and 19 months (45).  Therefore, the anti-fibrotic effect of Ang-(1-7) in 

combination with its effect on neoplastic growth and safety in the clinic suggests its use as an 

adjuvant treatment in chemotherapy.  Future studies to demonstrate that Ang-(1-7) can be used 

together as a treatment for cancer and Dox cardiotoxicity are needed, in rodents with tumors.  

Nevertheless, out data suggests that Ang-(1-7) can be used as an adjuvant to chemotherapy to 

protect against Dox cardiotoxicity which could have the additional benefit of reducing tumor 

burden.   
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Figure Legends 

 
Figure 1.  Interstitial and coronary vessel fibrosis in the hearts of male and female SD rats.  A) 

Quantification of interstitial collagen (%).  B) Representative images of male and female interstitial 

tissue at 400X.  C) Quantification of coronary vessel collagen (%).  D) Representative images of 

male and female coronary vessels at 400X.  Scale Bars = 100 μm.  n= 7-10; 1-Way ANOVA 

within sex; ** p < 0.01 vs. Control; *** p < 0.001 vs. Control; † p < 0.05 vs Dox.  

Figure 2.  Coronary vessel hypertrophy and vessel number in male and female SD rat hearts.  

Quantification of A) media-to-lumen ratio and B) coronary vessel number (# vessels/slide) in Pic 

red stained coronary vessels.  n= 7-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control; ** p < 

0.01 vs. Control; *** p < 0.001 vs. Control; † p < 0.05 vs Dox.  

Figure 3.  TGF-β1 immunofluorescence in the interstitium and coronary vessels of male and 

female SD rat hearts.  A) Quantification of interstitial TGF-β1 in male and female rat interstitium 

(%). B) Representative images of male and female heart interstitial tissue stained by IHC for 

TGF-β1 and imaged at 400X.  C) Quantification of TGF-β1 in male and female rat coronary 

vessels (%).  D) Representative images of male and female coronary vessels stained for TGF-β1 

and imaged at 400X.  Scale Bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; * p < 0.01 vs. 

Control; ** p < 0.01 vs. Control; † p < 0.05 vs Dox.  

Figure 4.  Phospho-SMAD2 (pSMAD2) in the myocardium of male and female SD rats.  A) 

Quantification of nuclear pSMAD2 in the myocardium (%).  B) Representative multiplex images of 

DAPI and pSMAD2 staining in male and female hearts imaged at 400X.  Arrows depict pSMAD2 

positive nuclei.  Scale Bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; ** p < 0.01 vs. Control; 

*** p < 0.001 vs. Control; † p < 0.05 vs Dox.  

Figure 5.  pSMAD2 in coronary vessels of male and female SD rats.  A) Quantification of 

coronary vessel nuclear pSMAD2 (%).  B) Representative multiplex images of DAPI and pSMAD2 

staining in male and female vessels imaged at 400X. Arrows depict pSMAD2 positive nuclei.  
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Scale Bars = 100 μm.  n= 7-10; 1-Way ANOVA within sex; * p < 0.01 vs. Control; † p < 0.05 vs 

Dox.  
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CHAPTER V: General Discussion 

Dox is a highly effective chemotherapeutic that can result in severe cardiac dysfunction and heart 

failure.  Dox administration results in ROS generation, apoptosis, fibrosis, calcium deregulation, 

and mitochondrial dysfunction, which are deleterious to the long-term quality of life in all cancer 

survivors, especially pediatric patients with extended life potential.  Thus, there is an unmet need 

for a treatment to mitigate the cardiotoxicity in pediatric patients treated with Dox.  Ang-(1-7) 

prevents oxidative stress, fibrosis, proliferation, and hypertrophy through pleiotropic mechanisms, 

as shown in multiple models of cardiovascular damage and cancer.  In clinical trials, Ang-(1-7) 

was safe and effective in reducing tumor growth and promoting disease-free progression.  

Therefore, Ang-(1-7) may be uniquely suited to serve as an adjuvant to Dox treatment to protect 

against cardiotoxicity.  The studies outlined in this dissertation provide evidence suggesting that 

Ang-(1-7) may serve as a novel adjuvant in Dox chemotherapy for the prevention of cardiotoxicity 

in the hearts of pediatric patients.   

 

Dox-induced Cardiotoxicity Animal Model  

The pathological course of Dox-induced cardiotoxicity in pediatric patients is poorly understood.  

An animal model that best recapitulates the clinical timeline in the pediatric oncology clinic is 

needed to develop and test an effective intervention.  Studies to date in juvenile rodents are 

inconsistent, utilizing a variety of dose paradigms with regard to individual doses and total 

cumulative dose (75, 89, 137, 138).  Despite the lack of cohesiveness in previous studies, the 

general goal of these animal models is to administer Dox at a clinically relevant dose to induce 

cardiac damage and dysfunction in a chosen timeframe to model acute or chronic cardiotoxicity. 

 We established a juvenile animal model based on two previously published studies (36, 

75) as well as insights and knowledge gathered in the clinic (40, 64, 68, 119).  Lightfoot et al. (75) 

utilized a low (1.5 mg/kg) and high (2.5 mg/kg) dose of Dox delivered over 2-10 weeks to adult 

male rats and demonstrated cardiotoxicity that parallels the variability in the clinical pathogenesis.  

The high Dox dose was associated with a lower average LVEF (55% vs 72% in the low and high 
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dose, respectively).  Although not all animals experienced a primary event (drop in LVEF), those 

that did had enhanced cardiotoxicity, suggesting that animal models of Dox-induced cardiotoxicity 

can produce both HFrEF and HFpEF and effectively recapitulate what is reported in the clinic.  

Despite the dose used, less than 10% of the Dox-treated animals survived to 10 weeks.  The 

results from this study suggest that this dosing paradigm mimics the slow dose-dependent 

accumulation of Dox, resulting in Dox-induced cardiotoxicity similar to patients.  In addition, the 

variability in the appearance of cardiac damage with or without a primary drop in LVEF mirrors 

patients who present with HFrEF and HFpEF, respectively.  This study also showed that 

gadolinium-enhanced magnetic resonance imaging correlated with measures of cardiotoxicity, 

providing a potential for a new prognostic tool for the diagnosis and study of Dox-induced 

cardiotoxicity.  In the subsequent study from the same group, Eckman et al. (36) showed that this 

dosing paradigm of a high and low dose of Dox over multiple weeks produced further 

characteristics of cardiotoxicity, including histological measures of LV wall and coronary vessel 

thickness.  In our studies, treatment of juvenile rats every week for 6 weeks, similar to the weekly 

dosing schedule used by Lightfoot et al. (75) and Eckman et al., (36) at a cumulative dose of 21-

24 mg/kg, which is a slightly higher cumulative dose than used in these previous studies, 

produced significant cardiovascular dysfunction.   

Male and female juvenile (5 weeks old) Sprague Dawley (SD) rats were assessed over 6 

weeks, mimicking a pediatric patient in their late adolescence and early teens.  Therefore, this rat 

model captured the critical developmental timeframe (puberty) of young adults and provided 

insights into common and distinct response by males and females to Dox during this period.  A 

rodent life span is much shorter than that of humans, which is reflected in the abridged timeframe 

of our study.  The choice of administering Dox every week for 6 weeks was based on the 

conventional intermittent 21-day treatment schedule that is used in pediatric patients (103).  

Distributing the administration over the 6-week time period mimics the damage attributed to a 

slow buildup of the cumulative Dox dose and translates to the clinic more closely than a paradigm 

that consists of a single bolus or multiple doses in a shorter period of time.  The cumulative dose 

administered in our studies (21-24 mg/m2) is equivalent to 2-3 rounds (~120-150 mg/m2) of Dox in 
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the clinic.  Our treatment protocol thus provides a model of a clinically relevant Dox treatment 

timeline and dose, to characterize juvenile Dox-induced cardiac dysfunction in a controlled setting 

and understand the effect of Ang-(1-7) as an intervention.  

 

Ang-(1-7) had no Effect on Dox-mediated Body Mass and Growth Velocity 

Dox reduced body mass and growth velocity in juvenile rats of both sexes and Ang-(1-7) had no 

effect.  The Dox-induced reduction in body mass is consistent with pre-clinical and clinical studies 

where following Dox treatment; a stunting of growth was reported in young patients in the clinic 

(40) as well as in rodent studies (89, 137, 138).  It was postulated that the combined Dox-induced 

effects on growth hormones, gonadal impairment, cytotoxic-dependent nutritional deficiency and 

bone growth plate impairment drove these changes in pediatric patients, leading to reduced 

growth and body size even years after chemotherapy (145).  Dox reduced body weight, growth 

velocity and body fat percentage, but had no effect on food consumption in male juvenile rats 

(89).  Collectively, these studies demonstrate that male rodent models including the model that 

we developed accurately recapitulates pediatric Dox treatment in male patients and provides new 

evidence for female juvenile rats and pediatric patients as well as showing Ang-(1-7) had no 

effect on Dox-induced body changes in both sexes (89, 137, 138).   

In addition to a lack of effect of Ang-(1-7) on the Dox-induced reductions in body mass 

and growth velocity in male or female juvenile rats, we also observed no effect on body mass or 

growth velocity in animals only administered Ang-(1-7).  Our group and others previously showed 

that Ang-(1-7) regulates aberrant cell growth in cardiovascular cells and tissues.  In studies from 

our laboratory, the heptapeptide hormone reduced stimulated proliferation of VSMC and 

hypertrophy in terminally differentiated cardiomyocytes (38, 130) and reduced cardiomyocyte and 

cardiac tissue growth in a variety of rodent models of cardiac damage as well as in vitro and in 

vivo cancer cell growth (44, 85).  These studies demonstrated that the heptapeptide hormone 

primarily exerts an effect on atypical cellular proliferation and growth.  In this study, we show that 

Ang-(1-7) does not improve or worsen Dox-induced body mass loss and alone does not have any 

effect on normal adolescent growth in rats.   
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Ang-(1-7) Modulates Dox-induced Cardiac Dysfunction in Juvenile Rats 

Dox damage to cardiac tissue can cause changes in cardiac structure.  In adult patients, 

treatment with Dox is commonly associated with larger hearts that are unable to pump enough 

blood due to either loss of contractility (HFrEF) or reduced LV chamber volume (HFpEF) (77).  In 

the clinic, pediatric cancer survivors who received Dox in their treatment regimens experience 

long-term reductions in cardiac mass, which results in a heart that is insufficiently sized to 

produce enough cardiac output for their adult body size (52, 79) which can result in diastolic 

dysfunction.  Lipshultz et al. (79) coined this pathology the “grinch syndrome” due to the heart 

being two sizes too small based on body size.  In a study on the effect of Dox in juvenile rats, 

Huang et al. (51) showed that Dox administration resulted in a smaller heart with limited cardiac 

efficiency and an associated loss of progenitor cells.  Our study demonstrating that Dox reduced 

gross and normalized cardiac mass in both male and female juvenile rats is consistent with these 

previous reports.  Tibia length as a measure of body size, was used In lieu of body mass for 

normalizing cardiac mass suggesting that Dox specifically reduced heart size relative to the body. 

Dox reduced the CSA of juvenile male rats only, in histological cross-sections of the 

cardiac tissue stained with fluorescently-conjugated wheat germ agglutinin (WGA).  No effect on 

CSA was observed in female rats.  While our group and others showed that Ang-(1-7) inhibits 

abnormal cardiovascular growth and hypertrophy in models of cardiovascular damage (85, 129, 

130), there is no data to support a role for Ang-(1-7) to prevent body mass reductions.  Ang-(1-7) 

might prevent progenitor cell loss through its antioxidant properties, however, we have no 

evidence to support this speculation.  While Ang-(1-7) did not prevent the loss of cardiac mass in 

response to Dox treatment, the heptapeptide hormone did not potentiate the response to Dox, 

suggesting that it can be safely used in conjunction with Dox.  

 Echocardiography was utilized to assess Dox-mediated cardiac morphometry.  Motion-

mode (M-mode), a two-dimensional cross-sectional representation of the LV heart wall 

movement, was used to measure chamber diameter and wall thickness throughout the cardiac 



 

181 
 

cycle.  These measurements provide a representative snapshot or static moment in time of the 

structural characteristics of the dynamic heart.  Based on the evidence of reductions in LVIDd in 

both sexes and PWT in males only, the morphological changes to the heart in Dox treated male 

and female juvenile rats are likely mediated in part by reductions in gross heart growth.  In 

addition, a loss of progenitor cells in the heart muscle could also result in a lower proportion of 

mature cardiomyocytes, leading to a thin, weak wall, as we observed in males.  In patients, a 

heart with thin walls is indicative of eccentric remodeling (15); however, this type of remodeling is 

regularly associated with a larger dilated heart and not the smaller constricted hearts observed in 

our study.  LV diameter was reduced in female rats treated with Dox, while wall dimensions were 

unchanged, resulting in hearts with significantly increased wall thickness relative to the chamber 

dimensions (RWT).  The increase in RWT in female rats treated with Dox is indicative of 

concentric remodeling.  To our knowledge, this is the first report of distinct cardiac remodeling in 

the heart of male and female rats following Dox treatment and may represent a clinically 

important sex difference in Dox cardiotoxicity. 

Ang-(1-7) prevented some of the Dox-induced cardiac morphology changes in juvenile 

rats, similar to a previous study in adults (81).  Since Ang-(1-7) had no effect on LV mass, any 

improvement in LV diameter at peak relaxation in males and female rats is likely a result of 

improved dynamic changes in relaxation.  It should be noted that, in females, co-administration of 

Ang-(1-7) with Dox caused negligible changes in LVID, IWT, and PWT during systole.  While the 

lack of effect of Ang-(1-7) on other Dox-induced morphological changes is not unexpected, the 

heptapeptide hormone blocked subsequent damage, leading to protection from long-term heart 

failure.  Overall, Ang-(1-7) treatment improved or did not worsen Dox-induced LV morphometry 

changes in juvenile rats, suggesting that prophylactic Ang-(1-7) may prevent morphological 

changes in the heart induced by Dox exposure in pediatric patients.  

 Diastolic function was measured in our juvenile male and female rat hearts using 

echocardiography in the 4-chamber mode.  In the 4-chamber view, the transducer conducts 

ultrasonic sound waves on a sagittal plane through the apex of the heart, to view the 4 chambers 
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as well as measure blood flow and tissue movement by Doppler.  Measurements of the Doppler 

waveform produced by the flow of blood through the mitral valve during filling are commonly used 

to assess left ventricular diastolic function.  The wave form (time on x-axis and velocity on the y-

axis) produced during early diastole (or passive filling) is called the E-wave.  Time-dependent 

measures of this waveform are also utilized to provide a more complete picture of the primary 

change leading to dysfunction.  Diastolic deceleration time (DDT) is the amount of time for 

passive filling.  Moreover, mitral valve (MV) deceleration is the measure of the capacity of blood 

flow to slow down properly; the slower the deceleration the worse the filling efficiency.  Dox 

significantly reduced E in male rats only while in both sexes, Dox caused longer DDT and 

decreased MV deceleration.  Our results demonstrate that Dox treatment impaired mitral valve 

blood flow during early diastole.  Co-treatment of Ang-(1-7) improved these Dox-mediated 

changes in mitral flow measures.  Previous evidence showing that Ang-(1-7) mediated 

improvements in mitral flow include a study of spinal cord injury (SCI) in rats, where higher 

measures of E (improved LV function) correlated with elevated Ang-(1-7) (116).  In SCI patients, 

higher peak passive filling blood flow velocity, E, was directly associated with higher plasma Ang-

(1-7) and Ang-(1-7)/Ang II ratios, demonstrating that Ang-(1-7) can modulate diastolic dysfunction 

(116).  In tissue Doppler, treatment with Dox caused a significant reduction in peak tissue velocity 

during early diastole (e’) in both juvenile male and female rat hearts, which was prevented by 

prophylactic Ang-(1-7) only in the male rats.  The ratio (E/e’) is a measure of deviations between 

tissue movement and mitral valve flow.  If the tissue movement, e’, is decreased during passive 

filling, the ratio will increase.  This is indicative of a stiffer, less compliant LV during early 

relaxation and increased filling pressure (101).  In adult rats, administration of Ang-(1-7) reduced 

Dox-induced increased LV pressure, measured by placing a pressure transducer catheter in the 

LV (81).  Overexpression of ACE2, which converts Ang II to Ang-(1-7), improved diastolic 

dysfunction in a model of diabetic cardiac damage as assessed through pressure-volume loops 

(98).  Similarly, in the current studies, the Dox-mediated increase in filling pressure (E/e’) at 6 

weeks was attenuated by the heptapeptide hormone in juvenile rats of both sexes.  Interestingly, 

at 3 weeks Dox-treated juvenile male rats only showed an increase in filling pressure (Control – 
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11.17 ± 0.71 vs. Dox – 16.12 ± 0.68; p ≤ 0.001) and Ang-(1-7) treatment had no effect at this time 

point. This important sex difference suggests that diastolic dysfunction is an important primary 

event in male juvenile rats and Ang-(1-7) treatment may be effective in treating diastolic 

dysfunction at later time points.  Collectively, the evidence suggests that Ang-(1-7) blocked the 

Dox-induced measures of cardiac dysfunction in both males and female juvenile rats, suggesting 

that Ang-(1-7) may prevent Dox-mediated cardiotoxicity in pediatric patients.  

In both male and female juvenile rats, measurement of global cardiac function showed 

that adjunct Ang-(1-7) improved Dox-mediated reductions in cardiac output (CO), suggesting that 

Ang-(1-7) improves the amount of blood the Dox-damaged hearts pump.  In addition, the 

heptapeptide hormone prevented Dox-induced reduced stroke volume (SV) in both sexes of 

juvenile rats.  The Dox reduction in SV is most likely associated with stiffer ventricles, reduced LV 

chamber diameter and lusitropy (myocardial relaxation).  Furthermore, low blood volume which 

reduces preload, another determinant in SV (46), may be associated with Dox-induced kidney 

dysfunction and dehydration (103).  Dox increased HR variability in male Wistar rats administered 

15 mg/kg i.p. (83).  Ang-(1-7) prevented the Dox-mediated reduction in HR in our male rats; the 

heptapeptide hormone was ineffective in preventing the HR reduction in female rats treated with 

Dox.  The lack of baroreceptor response in potentially dehydrated rats (which would increase HR) 

(128) suggests that the low HR in Dox-treated animals may be due to a direct Dox effect on 

chronotropy that is insensitive to Ang-(1-7) in female juvenile rats.  The lack of Ang-(1-7) on HR in 

females administered Dox may represent an important sex-difference in the mechanism of Dox 

reductions on HR.  Furthermore, the lack of Dox effect on EF and FS in males in combination with 

reductions in CO, SV, and HR that were observed in Dox-treated rats of both sexes suggest that 

Dox-induced SV changes underlie the CO changes in both sexes.  Nevertheless, the evidence 

that Ang-(1-7) prevented the Dox-induced global cardiac dysfunction in both males and female 

juvenile rats suggests Ang-(1-7) may be an effective cardioprotectant in pediatric patients 

administered Dox. 
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Changes in contractility (systolic dysfunction) can also facilitate reduced SV and CO.  

Dox-induced negative inotropic effects reduced contractility in rats and guinea pigs (50).  In 

female juvenile rats only, FS and EF (measures of contractility based on LV diameter and volume 

respectively) were significantly reduced by Dox and were not improved by Ang-(1-7) treatment.  

Several factors can contribute to the inability of cardiomyocytes to contract including but not 

limited to reduced preload, increased afterload, damage to cardiomyocytes which affect the 

contractile machinery, calcium dysregulation and increased collagen deposition resulting in a 

stiffer heart (62).  In our studies, SV was reduced in juvenile rats, an indication of either reduced 

preload or afterload.  LV diameter at peak systole remained unchanged by Dox treatment.  The 

Dox-induced increase in vascular stiffness would also increase afterload, but this was not 

reflected in the measures of LVIDs.  No change in LVIDs in conjunction with reduced LVIDd in 

both sexes suggest the effect on preload may be a bigger influence on the observed contractility 

dysfunction in females.  In addition, the affinity of Dox for cardiolipin results in mitochondrial 

release of calcium into the cardiomyocyte cytoplasmic space (45).  This deregulation of calcium 

handling may, in part, cause both the chronotropic and ionotropic changes that we observed in 

the present study.  Nevertheless, our evidence suggests that Ang-(1-7) does not exacerbate the 

Dox-induced systolic dysfunction female juvenile rats. 

 Cardiac size and morphology are likely important determinants in the dysfunctional Dox-

induced changes that we observed in diastole and systole.  The underlying Dox damage first may 

lead to mass and morphology alterations that are likely followed by a decline in function that is 

dependent on the damaging mechanism.  Despite the lack of a clear mechanistic etiology in Dox-

mediated cardiomyopathy in male and female juvenile rodents, adjunct Ang-(1-7) prevented the 

Dox-induced changes to cardiac structure and function including a reduction in LVIDd as well as 

global and diastolic function.  Additionally, Ang-(1-7) did not exacerbate Dox-induced cardiac 

changes.  The protection from acute cardiac dysfunction demonstrated following our 6-week 

treatment with Dox suggests that the heptapeptide hormone may improve long-term dysfunction.  

Our results thus suggest that Ang-(1-7) has the potential as an adjuvant to mitigate chronic Dox-

induced cardiac dysfunction in pediatric patients.  
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Ang-(1-7) in juvenile rat Dox-induced oxidative stress 

Our results demonstrated that the antioxidant properties of Ang-(1-7) also played a major role in 

prevention of Dox-induced cardiotoxicity in juvenile rats.  Ang-(1-7) attenuated Dox-induced 

upregulation of Nox4 and products of superoxide production in juvenile rat hearts of both sexes.  

Dox also upregulated Nox4 in coronary vessels, although Ang-(1-7) only prevented this change in 

female rats, as shown in the Appendix (Appendix Figure 1A, C, & D).  In previous studies, 

modulation of Ang-(1-7) and RAS peptides reduced Nox4 activity in response to a damaging 

stimulus (82, 131, 144).  Recombinant ACE2 in Ang II-infused male rats decreased NADPH 

oxidase activity in the heart, aorta, and kidneys in association with reduced blood pressure (82).  

The ARB olmesartan decreased Nox4 gene expression in a transgenic male mouse model in 

association with attenuation of reduced ACE2 and Mas as well as in vivo cardiac dysfunction 

(131).  In an ovariectomized female rat model of aldosterone- and salt-induced high blood 

pressure, infusion of Ang-(1-7) prevented an increase in NADPH oxidase subunits in the central 

osmolarity sensors (144).  The Nox subunit gp91phox, as a marker of oxidative stress, and blood 

pressure were elevated in the aortas of mice with Mas deficiency (143).  These studies suggest 

that, in models of chronic disease-induced damage and in various tissues of both sexes, 

exogenous Ang-(1-7) or upregulation of Ang-(1-7) has antioxidant effects, in part, through a 

reduction in Nox-induced superoxide generation.  Our results provide evidence suggesting that, in 

heart tissue, the oxidative stress induced by Dox is in part mediated by an upregulation of Nox4.  

The lack of an effect of Ang-(1-7) on Nox4 in male blood vessels suggest that, in male pediatric 

patients, Ang-(1-7) may not prevent the Dox-mediated activation of Nox4 in the vasculature. 

Adjunct Ang-(1-7) improved Dox-induced oxidative stress in cardiac tissue, as 

demonstrated by effects on markers of lipid peroxidation.  Superoxide generated by Nox enzymes 

acquires an electron from membrane lipids to form an unstable lipid peroxide, which decompose 

into various peroxidation products, including malondialdehyde (MDA), the major aldehyde derived 

artifact, and 4-hydroxynonena (4-HNE), the major membrane derived product (9).  Dox 

administration produced significant increases in both MDA and 4-HNE in males and female 
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juvenile rat hearts and in coronary vessels, as shown in Chapter II and the Appendix (Appendix 

Figure 1B, C, & D), demonstrating the generation of superoxides in response to Dox treatment.  

Numerous studies showed an increase in MDA and 4-HNE following Dox treatment in male rats 

(21, 58, 100, 125, 148).  To our knowledge, only one study investigated the effect of Dox on lipid 

peroxidation in female rats; Ibrahim et al. (25) demonstrated that Dox increased MDA in 

myocardial tissues of female rats, which was prevented by administration of the ionotropic agent 

ivabradine.  Our results are in agreement with these studies, showing the increase in MDA and 4-

HNE in juvenile rats.  We also showed that Ang-(1-7) prevented Dox-induced lipid peroxidation in 

both male and female juvenile rats.  Specifically, Ang-(1-7) blocked the Dox-induced increase in 

MDA in the heart and coronary vessels of male and female rats, as shown in Chapter II and the 

Appendix (Appendix Figure 1B, C, & D), and the increase in 4-HNE in the hearts of male and 

female Dox-treated rats.  These results are in agreement with previous studies showing that 

treatment with Ang-(1-7) prevented the Dox-mediated increase in MDA in conjunction with 

cardiac dysfunction in adult male rats (81) and in the hearts of male mice in an Ang II-mediated 

hypertension model (76).  This is the first study to demonstrate that Ang-(1-7) reduces oxidative 

stress in an animal model of pediatric as well as female Dox-induced cardiotoxicity.  Taken 

together, these results demonstrate that Ang-(1-7) reduces the Dox-mediated generation of lipid 

peroxidation markers, in agreement with its effect on Nox4.   

 The results of our studies also suggest that antioxidant activation, in part, plays a role in 

the prevention of Dox induced oxidative stress by Ang-(1-7).  As the first line of defense against 

superoxides, SOD1 and catalase protect against oxidative stress before the onset of molecular 

damage (54).  Using immunohistochemistry, we showed that SOD1 and catalase in the 

myocardium are upregulated in the Dox and Ang-(1-7) treated hearts only.  The increase in SOD1 

by the combination of Ang-(1-7) and Dox is in agreement with previous studies in male mice 

overexpressing ACE2, where increased SOD1 was associated with improvement in Dox-induced 

cardiac dysfunction (86).  Similarly, Ang-(1-7) upregulation of SOD1 was shown in a study of 

cardiac damage in males administered Ang II (76).  In the present studies, Ang-(1-7) alone had 

no effect on SOD1 or catalase, suggesting that long-term treatment with Ang-(1-7) will not alter 
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basal oxidation status.  In addition, we observed an increase in SOD1 nuclear localization in 

animals administered Ang-(1-7) in combination with Dox.  A previous study showed that SOD1 

can serve as a transcription factor.  In yeast, Tsang et al. (134) demonstrated that the oxidative 

stress sensitive kinase, ataxia-telangiectasia mutated (ATM) kinase, coordinates SOD1 

phosphorylation, nuclear co-localization and upregulation of antioxidant gene transcription.  The 

results of our study suggest that the combination Ang-(1-7) and Dox was associated with SOD1 

nuclear translocation, upregulation of both SOD1 and catalase and a reduction in markers of 

oxidative stress.  However, the mechanism for this combination of events is unclear.  An 

understanding of how the expression of SOD1 is regulated and modulated in normal and 

pathological conditions may be key in understanding the cardioprotection by Ang-(1-7) in multiple 

disease states.  In addition, Nrf2, a mediator of the expression of an array of antioxidant genes 

(87), may play a role in Dox-induced oxidative stress.  Zhu et al. (146) showed that Dox 

administration to rats and neonatal cardiomyocytes reduced Nrf2 in association with regulation of 

MAPKs, including ERK1/2.  These results suggest that Dox as well as other targeted treatments 

can directly modulate Nrf2 and the cardiomyocyte antioxidant response through activation of MAP 

kinases.  Nrf2 also upregulates NADPH quinone oxidoreductase 1 which catalyzes the reduction 

and detoxification of highly reactive quinones (139) and may play a key role in reducing Dox-

induced generation of superoxides (71).  Additional studies are necessary to determine if Nrf2 

plays a role in the co-treatment of Dox and Ang-(1-7) increase in antioxidants in our juvenile rat 

heart tissues. 

 Superoxides can activate a number of signaling pathways.  For example, activation of 

MAPKs are associated with ROS and markers of oxidative stress (28).  The prevention of ROS 

accumulation by antioxidants blocks MAPK activation and further supports the involvement of 

ROS in activation of MAPK pathways (28).  However, the mechanism through which oxidative 

stress can activate the MAPK pathways is not well defined.  ROS can alter protein structure and 

function by modifying critical amino acid residues of proteins in a variety of ways (133).  This is 

shown in the interaction between superoxide formation and kinase activation in the oxidative 

stress-sensing mechanism of ATM kinase.  An increase in oxidative stress crosslinks sulfide 
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containing amino acids of the ATM kinase resulting in an active ATM dimer (47).  Evidence 

demonstrating that protein modification results in kinase activation, as established in the ATM 

kinase studies, provides support for mechanisms by which oxidative stress may activate other 

kinase pathways.  Oxidative modification of signaling proteins may be a plausible mechanism by 

which ROS activate MAPKs.  In the coronary vessels of both male and female juvenile rats, Dox 

induced MAPK nuclear localization as a measure of phosphorylation, as shown in the Appendix 

(Appendix Figure 2B, D, & E and Appendix Figure 3B, D, & E); this was associated with 

increased Nox4 and MDA (Appendix Figure 1A, B, C, & D).  Together, these results suggest that 

Dox-induced oxidative stress in juvenile rats is associated with activation of MAPK.  Therefore, 

the reduced oxidative stress may, in part, represent a major factor in the Ang-(1-7)-mediated 

reduction in Dox-induced ERK1/2 signaling and improved cardiovascular and aortic function. 

 We showed that Dox significantly increased interstitial and coronary vessel TGF-β1, 

fibrotic signaling, and collagen deposition in association with increased oxidative stress in the 

hearts of male and female juvenile rats.  TGF-β1 links oxidative stress and fibrosis.  Under basal 

conditions, TGF-β1 is attached via disulfide bonds to the ECM by the LTBP where it cannot 

activate the TGF-βR (7, 35).  A number of factors including ROS can induce disulfide bond 

cleavage and release/activate TGF-β1 (10, 109, 112).  Activated TGF-β1 binds to its receptor 

which propagates both canonical, SMAD signaling pathway, and non-canonical signaling leading 

to modulated fibrotic gene expression (29, 30).  Therefore, TGF-β1 contributes to the 

development of fibrosis in many cardiovascular disease states, including Dox-induced 

cardiotoxicity (32, 80, 94, 126).  The generation of ROS by Dox may, in part, contribute to 

activation of TGF-β1 and a pro-fibrotic cellular environment.  Dox increased TGF-β1, leading to 

fibrosis, in in vitro studies in H9C2 rat cardiomyocytes (53) and endothelial cells (126) as well as 

in vivo in a mouse Dox-induced HF model (23).  We showed that prophylactic administration of 

Ang-(1-7) reduced TGF-β1 in the interstitium and coronary vessels in association with reduced 

oxidative stress, suggesting that adjunct Ang-(1-7) may reduce fibrosis in male and female 

juvenile rats through a reduction in Dox-induced oxidative stress TGF-β1 activation. 
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 Current evidence suggests that oxidative stress is the primary mechanism in Dox-

induced cardiotoxicity.  Our studies in a juvenile rat cardiotoxicity model support this hypothesis.  

Prophylactic Ang-(1-7) mitigated this Dox-induced cardiotoxicity through decreased generation of 

superoxides and quenching of generated superoxides by antioxidants.  While not explicitly 

measured in this study, previous evidence demonstrating a link between oxidative stress and 

mitochondrial damage, apoptosis, kinase activation, and fibrosis suggests that the observed 

oxidative stress in Dox treated male and female juvenile rats may, in part, cause the Dox-

mediated changes examined in this study.  In conclusion, the antioxidant properties of Ang-(1-7) 

may be principle in mediating its protective effect on Dox damage in pediatric patients. 

 

Anti-fibrotic effect of Ang-(1-7) in Dox cardiotoxicity of juvenile rats 

Collagen deposition and tissue fibrosis is a normal cellular process involved in the repair of 

tissues following injury.  However, sustained fibrosis in various tissue pathologies leads to a 

decline in organ function (61).  In adult and pediatric patients, perturbations in the makeup of the 

ECM by maladaptive collagen deposition plays a major role in Dox toxicity in the heart (122, 123, 

132).  Dox mediates an increase in TGF-β1, leading to pro-fibrotic signaling, including in vitro 

studies in H9C2 rat cardiomyocytes (53) and endothelial cells (126) as well as in vivo studies in a 

mouse model of Dox-induced HF (23).  The Dox-induced deposition of collagen in the 

extracellular space of the heart and vasculature creates resistance during cardiac contractility as 

well as lusitropy, an active ATP/energy-dependent process (107, 141).  In addition, the Dox-

induced deposition of collagen as well as the reduction in elastin, which causes a decrease in the 

elastic properties of arteries, resulted in stiffening of the aorta and reduced aortic compliance.  In 

our studies, a stiffer LV and aorta in rats treated with Dox in association with in vivo cardiac and 

aortic dysfunction suggest that fibrosis plays a major role in Dox-induced cardiomyopathy. 

 Pic red is a strong anionic dye that stains collagen by reacting, via its sulfonic acid 

groups, with basic groups present in the collagen molecule (108).  In our studies, staining with Pic 

red showed that Dox increased pathological collagen deposition in the interstitium and coronary 

vessels of the LV of juvenile rats of both sexes as well as in the tunic media aortic arches of 
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female juvenile rats only.  The increase in Pic red staining (and thus collagen deposition) in 

response to Dox treatment was prevented by prophylactic administration of Ang-(1-7).  Ang-(1-7) 

also reduced TGF-β1 in Dox-exposed LV myocardium and coronary vessels.  These results are 

consistent with other studies showing that treatment with the ARB losartan reduced Dox-induced 

kidney damage and urinary TGF-β in association with an increase in ACE2 and mas receptors 

(120).  ACE2 overexpression in a model of Dox-induced cardiotoxicity reduced collagen in 

cardiac tissue as measured by Masons trichrome staining and IHC of collagen I and III; these 

changes in fibrosis were associated with reduced TGF-β1 (86).  The TGF-β receptor elicits a 

fibrotic signaling cascade through activation of the canonical SMAD pathway.  We showed that 

adjunct Ang-(1-7) prevented a Dox-induced increase in pSMAD2 in the myocardium of the LV 

and coronary vessels as well as in aortic arches of juvenile rats of both sexes.  This further 

suggests that, in the heart, Ang-(1-7) may prevent fibrotic signaling by blocking TGF-β activation 

and signaling, in part through an associated attenuation in oxidative stress.  TGF-β1 signaling 

was increased in the male juvenile rat aortic arch tunic media, suggesting that Dox-induced TGF-

β1 a non-canonical signaling pathway or other interacting signaling cascade which prevented 

fibrosis in the male aortic arch.  In the males only, the Dox-induced upregulation of nuclear 

ERK1/2 upregulation in the aortic arches provides evidence that supports this hypothesis.  

 In summary, our results demonstrated that antifibrotic and antioxidant mechanisms 

mediated by Ang-(1-7) are associated with the prevention of the maladaptive response to Dox 

exposure.  This suggests that Ang-(1-7) may be an effective treatment to prevent the 

development of juvenile cardiotoxicity and the long-term decline in pediatric patients which leads 

to HF.  

 

Adjunct Ang-(1-7) in Dox-mediated cardiovascular hypertrophy in juvenile rats 

Cardiomyocyte hypertrophy is a defining trait in adult patients treated with Dox (123) as well as a 

hallmark change in HFpEF (49).  The damage incurred by the cardiomyocytes via oxidative stress 

can directly activate maladaptive signaling cascades, through mechanisms described previously, 

that induce hypertrophic gene expression (13, 34, 59).  Both TGF-β and MAPK signaling can 
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result in cardiomyocyte and vascular smooth muscle hypertrophy (90, 91, 117).  In a variety of 

rodent animal models, including Ang II-induced hypertension, db/db diabetic, and Dox 

cardiotoxicity, cardiac damage including both fibrosis and hypertrophy are associated with 

markers of either TGF-β and/or MAPK (88, 91, 98).  Hypertrophy can result indirectly from 

changes in fibrosis or hemodynamics, such as in Dox-induced fibrosis and modulation of blood 

pressure, causing extra load on the heart and increased maladaptive growth (31, 114). 

 In pediatric patients, Dox does not induce cardiomyocyte hypertrophy.  The 

administration of Dox hinders normal growth of cardiomyocytes in the actively growing young 

patients (8, 103).  Pediatric patients administered anthracyclines showed reduced in vivo 

echocardiography measures of LV mass and LV wall thickness, which correlated with cumulative 

dose (52, 79).  The reduction in cardiac mass was also observed in laboratory studies of Dox 

treated juvenile rodents (51, 147).  In the present study, Dox inhibited growth velocity, which was 

associated with reduced cardiac mass in both sexes and Ang-(1-7) had no effect.  As described 

before, the Dox-induced reduction in heart mass might be due to the loss of progenitor cells as 

previously shown by Huang et al. (51).  The change in cardiac mass in males corresponded with 

a reduction in in vivo measure of wall thickness.  In females, in vivo measures of RWT indicated 

hypertrophied heart wall muscles.  As proposed above, this change in RWT may be a function of 

the reduction in LV mass and lumen diameter and not a change in wall mass.  While we observed 

the presence of traits suggestive of concentric remodeling, together these changes resulted in a 

reduction in EF and FS, which is not characteristic of HFpEF cardiomyopathy.  In male and 

female juvenile rats, co-administration of Ang-(1-7) modulated these morphological changes.  In 

coronary vessels of both sexes, Dox increased the media-to-lumen ratio which was prevented by 

Ang-(1-7), a measure of vascular hypertrophy which is consistent with Ang-(1-7) treated male rats 

administered Ang II (91).  Therefore, in both the Ang II and Dox cardiac damage animal models, 

Ang-(1-7) reduced coronary vessel hypertrophy, indicating that the heptapeptide hormone 

improved cardiac function in association with a reduction in coronary vessel dysfunction.  In both 

sexes, both pERK1/2 (Appendix Figure 2B, D, E and Appendix Figure 3B, D, & E) and pSMAD2 

were increased by Dox administration and these changes were associated with coronary vessel 
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lumen reduction; Ang-(1-7) prevented these changes.  Previously, Ang-(1-7) administration 

modulated ERK1/2 signaling in association with an improvement in coronary vessel damage in 

Ang II-induced hypertension (91).  Coronary vessels α-SMA was elevated in Dox-treated males 

only, suggesting that Dox may induce coronary vessels damage in males and females through 

disparate mechanism; Ang-(1-7) prevented this Dox-induced change in coronary vessel α-SMA 

(Appendix Figure 2C, D, & E and Appendix Figure 3C, D, & E).  Consistent with a previous study 

(135), Dox produced a significant increase in aortic arch thickness as measured in vivo and ex 

vivo in the media of the aortic arches in males only.  Ang-(1-7) improved changes in aortic arch 

thickness in male rats which was associated with decreased Dox-induced pERK1/2 and pSMAD2 

signaling.  As discussed previously, the presence of both signaling pathways and their correlation 

in aortic arch tissues may indicate a mechanism for the lack of the fibrosis in males.  In 

combination ERK1/2 and pSMAD2 may also promote cellular mechanisms leading to a 

hypertrophic phenotype in the smooth muscle cells of the male coronary vessels, whereas, in the 

females, the presence of just pSMAD2 signaling may lead to a profibrotic phenotype.  

Collectively, Dox treatment in juvenile rodents produced in vivo signs of hypertrophy in the 

cardiac walls in females and aortic arches in males as well as hypertrophic changes in coronary 

vessels tissues in both sexes.  These tissue changes were associated with activation of 

maladaptive hypertrophic signaling pathways.  In a Dox-induced perturbed cardiovascular 

system, Ang-(1-7) prevented the Dox-induced hypertrophic signaling.  These improvements in 

reduced maladaptive signaling translated into tissue changes and improvements in in vivo cardiac 

and aortic function in the respective sexes.   

 Together these results suggest that in Dox treatment in juvenile rats does not produce 

the characteristic cardiac mass gain observed in adult patients and rodents.  Dox does, however, 

induce coronary vessel hypertrophy in both sexes and increased media thickness of aortic arches 

in males through maladaptive signaling that is blocked by the adjunct Ang-(1-7).  This may occur 

through Ang-(1-7) antioxidant mechanisms described previously or through anti-hypertrophic 

mechanisms involving reduction in dephosphorylation of ERK1/2 and SMAD2.  These results 
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suggest that Ang-(1-7) treatment will prevent Dox-induced trophic cardiovascular and aortic 

changes in pediatric patients. 

 

Ang-(1-7) treatment in juvenile rats mitigates Dox-induced aortic dysfunction 

The aorta serves an important role in respect to overall cardiovascular function.  First, the vessel 

transmits and distributes blood from the heart to the periphery.  Second, the aorta acts as an 

expandable reservoir that buffers the pulsatile force from left ventricular contraction (4) via the 

Windkessel principle.  By this mechanism, the aorta acts as an elastic reservoir absorbing the 

systolic blood flow and then releases the blood by elastic recoil during diastole providing more 

constant blood flow to the periphery (142).  This is known as the pulse pressure amplification 

phenomenon.  In compliant vessels, the reflected pressure wave returns during diastole.  This 

normal function distributes the increased pulse pressure to the peripheral arteries rather than the 

central arteries.  However, in a stiff aorta, the elastic recoil is reduced and the reflected wave 

reaches the central pulse in systole, boosting the systolic blood pressure and afterload (56).  This 

mechanical interplay between the arterial tree and the left ventricle is termed ventricular-arterial 

coupling and the aorta plays a pivotal role in this relationship (127).  A healthy aorta limits the 

augmentation from the reflective pressure wave that returns to the heart.  Therefore, aortic 

stiffness is a major determinant of LV remodeling (16, 99).  In the Multi-Ethnic Study of 

Atherosclerosis (MESA), cross-sectional measures of aortic stiffness using magnetic resonance 

imaging were associated with left ventricular LV remodeling (99).  The MESA study, along with 

several others (48, 67), showed an increased aortic arch pulse wave velocity (PWV) associated 

with LV concentric remodeling and increased diastolic function in women.  However, in men, 

PWV was associated with less concentric remodeling.  Furthermore, increased arch PWV was 

associated with systolic and diastolic dysfunction even after adjustment for age, blood pressure 

and other cardiovascular risk factors.  The authors of this study concluded that their evidence 

supports a direct effect of increased aortic stiffness on LV function (99).  Therefore, in Dox 

cardiotoxicity, the presences of aortic stiffness may further contribute to the LV remodeling and 

cardiac dysfunction caused by Dox exposure to cardiac tissue. 
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Aortic dysfunction is associated with cardiovascular (CV) disease (19, 43, 73, 74, 84).  

Arterial remodeling and aortic stiffness are used as predictors of myocardial infarction, HF, stroke, 

dementia, and renal disease and these pathologies show positive associations with aortic 

stiffness (12, 14, 20, 63, 97, 136).  A variety of childhood and adult cancer patients receiving 

anthracyclines as part of their chemotherapy demonstrated significant aortic stiffness and 

decreased aortic distensibility (33, 57, 68, 69).  A clinical study looking at chemotherapeutic 

treatments, primarily anthracycline-containing regimens (median dose of 215 mg/m2), 

demonstrated significant changes in aortic stiffness including increased PWV and decreased 

aortic distensibility in a variety of cancer patients (22).  The results of this study of acute 

anthracycline treatment are summed up in three important findings: 1) cancer patients who 

receive anthracyclines exhibit an increase in aortic stiffness compared with age-matched 

individuals, 2) aortic stiffness occurs relatively soon (3.6 months) after initiation of anthracycline 

therapy and manifests in the aorta as an increase in PWV and a reduction in distensibility, and 3) 

stiffness occurs dispite other risk factors that can influence aortic stiffness (22).  In long-term 

survivors of pediatric cancer (>5-yrs of complete remission), anthracyclines (<350 mg/m2) caused 

endothelial dysfunction, shown by an in vivo measure of endothelial flow-mediated dilation, when 

compared to both non-treated controls and patients treated without anthracyclines (57).  

Furthermore, measures aortic dysfunction including an increased stiffness index and decreased 

aortic distensibility were also determined to be significantly different in long term survivors of 

pediatric patients treated with anthracyclines during childhood (57).  This study in long-term 

outcome (chronic) patients resulted in a number of findings.  First, long-term survivors of 

childhood cancer who received anthracyclines had reduced endothelial function and increased 

aortic stiffness compared to age, sex matched healthy individuals who did not receive cancer 

therapy or to age and sex-matched survivors treated only with chemotherapy.  In addition, the 

decrease in flow-mediated dilation % (FMD%) and increase in aortic stiffness persisted more than 

10 years after anthracycline treatment.  The cumulative anthracycline dose and age at the 

beginning of chemotherapy were independently associated with a decrease in FMD% and 

increase in aortic stiffness.  This report was the first study to demonstrate an association between 
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aortic stiffness and endothelial dysfunction in long-term survivors of childhood cancer (57).  

Together, these results suggest that Dox-induced aortic stiffness is a clinically meaningful event 

that happens early in the development of cardiotoxicity.  Unfortunately, the pathophysiology of 

Dox-induced aortic dysfunction in patients is insufficiently characterized as far as timeline and 

underlying mechanisms.  In an animal study to investigate Dox-induced aortic stiffness, a 

clinically relevant Dox dose (15 mg/kg) over six weeks showed histological markers of thoracic 

aorta stiffness.  Candesartan, an ARB, mitigated the Dox-induced aortic structural changes, 

suggesting that the RAS may be an important target for treatment of aortic stiffness (135).  

Nevertheless, no studies examined the molecular mechanisms responsible for anthracycline-

induced vascular changes.  Therefore, there is a need for studies to elucidate the pathology and 

mechanisms in Dox-induced aortic stiffness using pediatric pre-clinical and clinical studies in 

order to develop effective treatments. 

 The data presented in the current studies provide evidence with regard to the 

pathological development of Dox-induced aortic stiffness and the utility of targeting the RAS in 

treatment.  In vivo aortic function changes in males and females were assessed using 

echocardiography.  PWV measures showed that both sexes experienced a marked increase in 

aortic stiffness after 6 weeks of Dox treatment.  Measures of aortic function in female juvenile rats 

only at 3 weeks showed Dox significantly increased the PWV in comparison to Control and Ang-

(1-7) only (Control – 5.95 ± 0.65 m/s vs. Dox – 11.75 ± 1.69 m/s; p ≤ 0.05) and Ang-(1-7) 

treatment had no effect at this time point.  This sex difference suggests that in females only, 

aortic stiffness may be a primary event in the timeline of Dox-induced cardiotoxicity development 

and Ang-(1-7) treatment may be effective in aortic protection at later time points.   

Only males showed significant changes in in vivo measures of aortic arch thickness and 

diameter which is consistent with the underlying aortic arch tissue changes.  In male juvenile rats, 

these in vivo aortic changes were prevented by Ang-(1-7) co-treatment.  Our results further 

demonstrated Dox-induced fibrosis in the aortic arches of female-rats only, while in males, Dox 

caused aortic arch hypertrophy and elastin degradation.  These data suggest that Dox 
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administration produces increased aortic stiffness in both sexes through distinct molecular and 

tissue mechanisms.  Similar to our study, Uhm et al. (135) reported that, in males, Dox-induced 

increase an aortic media thickness.  These corroborating results suggest that, in males, a 

clinically relevant Dox dose induces a thicker aorta.  Our study extends the work of Uhm et al. 

(135) by assessing the effect of Dox on female rat aortas.  We show that, in females only, Dox 

increased aortic arch pro-fibrotic signaling and fibrosis, an important sex difference in the 

physiological response to Dox.  The possibly PK-influenced, enhanced susceptibility of young 

female patients to Dox may be reflected in the observed pro-fibrotic changes of juvenile female 

rats.  Furthermore, this disparate result between male and female juvenile rats illustrates the 

importance of including sex as a biological variable in pre-clinical Dox-induced cardiotoxicity 

studies.  Unfortunately, the study conducted by Uhm et al. (135) was only conducted in males 

and no other studies of Dox administration in female rodent aortas are published in the literature 

to verify the findings presented here.  Therefore, we are the first to demonstrate the effect of Dox 

on female rat aortic function as well as the first to characterize the tissue level differences in 

males and females.  

Elastin, a major component of load bearing tissue like connective tissue and vessels, is a 

pliable protein that allows many tissues in the body to resume their shape after stretching or 

contracting.  Deletions and mutations in the gene encoding elastin are associated with the 

vascular disease atherosclerosis (24).  The effect of Dox treatment on elastin was not studied 

extensively; in fact, to our knowledge, Uhm et al. (135) is the only study reporting the effects of 

Dox on elastin.  Uhm et al. (135) showed that male rats treated with 15 mg/kg of Dox had more 

elastin strand breaks and a perturbed collagen-to-elastin ratio in their aortas.  While the content of 

elastin was not significantly reduced, the ratio between the ECM structural proteins suggests a 

stiffer and less elastic aorta.  Our study administered a higher dose of Dox, which reduced the 

media elastin content as measured by Verhoff’s stain.  These studies suggest that, in male aortic 

arches, Ang-(1-7) prevents the Dox-mediated reduction in distensibility.  Despite differing tissue 

alterations in males and females (hypertrophy and distensibility in males, and fibrosis in female), 

Ang-(1-7) prevented these changes.   
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Immunofluorescence studies in the aortic arch media showed that MAPK (ERK1/2) and 

pSMAD2 signaling were significantly upregulated in Dox treated males and that Ang-(1-7) co-

treatment prevented these Dox-induced changes.  A previous study in our laboratory provides 

evidence showing that Ang-(1-7) prevented an increase in MAPK signaling (pERK1/2) in a 

perturbed vascular system that was associated with VSMC and vascular hypertrophy (118).  In 

addition to a role in fibrosis, TGF-β1 and its canonical SMAD signaling cascade stimulates tropic 

growth (32, 117) and are implicated in the development of fibrosis in many disease states, 

including Dox cardiotoxicity (32, 80, 126).  However, as discussed above, the presence of a 

correlative relationship between ERK1/2 and pSMAD2 signaling in the male aortic arch tissues 

might be the basis for the observed aortic arch media hypertrophy and elastin degradation as well 

as the lack of the fibrotic phenotype observed in males.  In female rats, Ang-(1-7) prevented the 

Dox-mediated increased pSMAD2 in the aortic arch, which was associated with tissue fibrosis.  

The observed Ang-(1-7)-mediated protection from Dox-induced fibrosis was associated with 

significant improvement in aortic dysfunction and stiffness.   

The results from our laboratory and others (135) as well as clinical evidence (22, 33, 57, 

68, 69) suggests that Dox-induced aortic stiffness is associated with LV remodeling, occurs early 

in the pathogenesis of juvenile female rat cardiotoxicity and eventually in both males and females 

and is a target for therapeutic intervention.  Futhermore, the present study demonstrates sex 

differences which parallels observations made in the MESA study (99).  Dox-treated female rats 

had increased PWV, which was associated with concentric remodeling yet male rats with arterial 

stiffness did not.  To our knowledge, these studies are also the first to demonstrate that, in male 

and female rats, differential hypertrophic and fibrotic signaling is associated with disparate tissue 

damage and differential pathological timeline.  Nevertheless, Ang-(1-7) treatment prevented these 

Dox-induced maladaptive signaling pathways with corresponding reduced tissue damage and 

improved aortic function in association with reduced LV remodeling and dysfunction.  This 

suggests that in pediatric patients adjunct Ang-(1-7) treatment may prevent Dox-induced 

maladaptive signaling in aortic arches and lead to improved long-term aortic and cardiac function.   
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Implications of sex in the disparate responses to Dox and Ang-(1-7) 

Women and men are characterized by both sex and gender.  Sex is a biological variable defined 

by characteristics encoded in DNA, such as reproductive organs and other physiological and 

functional characteristics.  Gender refers to social, cultural, and psychological traits linked to 

human males and females through social context.  Therefore, in most cases, the term “sex” 

should be used when referring to animals.  In 2016, the NIH mandated evaluation of sex as a 

biological variable in studies proposed in grant applications, to ensure that the influence of sex is 

examined across the spectrum of biomedical research.  The applicants are asked to explain how 

sex is factored into research designs and analyses for studies in vertebrate animals and humans.  

Furthermore, a strong justification must be provided for applications proposing to study only one 

sex.   

Clinical evidence provides a strong justification for conducting research on the treatment 

of Dox cardiotoxicity in both males and females.  In the clinic, female pediatric patients are more 

susceptible to the cardiotoxicity caused by Dox (64, 78, 119).  In 1993, Silber et al. (119) 

identified pediatric patients at risk for Dox-induced cardiotoxicity.  One hundred and fifty patients 

from the Pediatric Oncology Clinic at the Children’s Hospital of Philadelphia treated with 

anthracyclines were examined for ejection fraction and cardiac output using resting and exercise 

gated nuclear angiography and/or the standard electrocardiographic gating techniques.  A 

multiple logistic regression model showed that the probability of developing cardiac function 

abnormalities increases with Dox dose: 400mg/m2 vs. 100mg/m2 (5.2 odds ratio; p=0.001), age at 

treatment: 5 years vs. 18 years (2.4 odds ratio; p=0.05) and gender: female vs male (3.2 odds 

ratio; p=0.001).  In obese patients, Dox does not achieve high concentrations in fat tissue and 

these patients have a slow metabolism of Dox (111).  Therefore, Sibler et al. (119) proposed that 

young females with a larger content of body fat beginning at puberty were exposed to a 

disproportionately higher dose of Dox due to the hydrophilicity of the Dox molecule as compared 

to age-matched males.  In a sub analysis of females older than 12 years of age vs. males the 

Silber et al. estimated the RR of cardio dysfunction increased to 5.1, supporting the idea that 

changes in pubescence do increase female susceptibility to Dox cardiotoxicity. (170).  To our 
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knowledge, this is the first study to examine and describe the sex differences in Dox cardiotoxicity 

in pediatric patients.  In 1995, Lipshultz et al. (78) published a study of 120 children and adults 

who were treated with at least a 244 mg/m2 bolus dose of Dox during childhood.  This study 

showed that female sex and a higher-dose of Dox were significantly associated with depressed 

contractility.  These results corroborate data published by Silber et al. (119) described above.  In 

1997, Krishner et al. (64) conducted a large retrospective study of 6,493 children with cancer who 

had received anthracycline chemotherapy on Pediatric Oncology Group protocols from 1974 to 

1990.  Female gender conferred a 1.9 relative risk in developing toxicity and corroborated 

previous claims.  Together, these studies demonstrate the sex differences in Dox-induced 

cardiotoxicity and the necessity of providing effective treatment to mitigate these detrimental 

effects in both sexes, especially the female pediatric patients.  

 Estrogen provides protection in cardiovascular function and disease.  This is evident in 

the incidence of cardiovascular disease in males versus females in their reproductive years as 

well as the increase in CVD in menopause.  Our study of female juvenile rats during their sexual 

maturity transition recapitulates a young female undergoing pubescence where sex hormones are 

beginning to change the body and protect the heart.  Several studies using models of menopause 

demonstrated the role of reduced estrogen in Dox cardiotoxicity.  Pre-clinical data indicates that 

the presence or absence of estrogen can modulate Dox cardiotoxicity in a rat model menopause 

(18).  Furthermore, subcutaneous administration of 17β-estradiol attenuated the cardiotoxic 

effects of Dox in male SD rats through regulation of the generation of oxidative stress by Dox 

(106).  The mechanisms behind the estrogen-dependent cardioprotection from damage by Dox 

are not fully understood; however, reduced oxidative stress is implicated.  The results of these 

studies must be considered in treating young female cancer patients who may or may not be 

pubescent and producing cardioprotective estrogen.  In comparison to males, treating young and 

old female patients is an additional risk that must also be factored into the choice to include Dox 

in a chemotherapeutic regimen. 
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 Cancer treatment with Dox can also cause male gonadal toxicity leading to prolonged 

azoospermia (no sperm in ejaculate) and infertility (92).  The immediate effects of therapy and its 

reversibility are most readily observed in post-pubertal patients, but the same chemotherapeutic 

regimens given to prepubertal males can also present issues and is an important problem to 

address (92).  Whereas endocrine dysfunction - testosterone reduction - is commonly transient, 

the manifestation of prolonged reduction in sperm count to the point of azoospermia is of most 

concern.  Nevertheless, as a single agent, chemotherapeutic Dox has not been shown to directly 

induce prolonged azoospermia; however, since Dox is commonly part of a regimen, its use in 

combination with the alkylating agent cyclophosphamide, cisplatin, and radiation to the region of 

the testicles can contribute to overall testicular toxicity (93).  The studies support an effect of Dox 

on the influence of testosterone’s in cardiac damage (5, 55, 92, 93).  Collectively, this evidence 

suggests that addressing the effect of Dox in male patients during puberty has important 

implications on long-term health.    

Our results support the female susceptibility to Dox cardiotoxicity hypothesis by 

demonstrating differential changes in measures of systolic and aortic function in female compared 

to male juvenile rats.  We can postulate that, in the present study, the differences in underlying 

adipose tissue composition may account for the differential susceptibility of female juvenile rats to 

Dox administration.  Regardless of the underlying disparate mechanisms accounting for sex 

differences in Dox cardiotoxicity described in these studies, because it is an inter-sexual 

pathology, it would be ideal if a potential treatment like Ang-(1-7) demonstrated effectiveness in 

both sexes.  It is likely the pleiotropic effects of Ang-(1-7) on Dox-induced damage in both sexes 

accounts for the improvement in cardiotoxicity. 

 

Study Limitation 

As a comparison study between males and female juvenile rats we recognize a flaw in our 

experimental design.  The number of animals required to power each respective sex study 

required overt personnel and resources that precluded these studies to be assessed together.  

Ideally, these studies would have been performed concurrently allowing for improved 
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experimental consistency.  Changes to variables including but not limited to the animal’s 

environment, operator’s skill, and resources can individually and/or in combination influence the 

results of these studies.  While we attempted to exercise control over these changes as much as 

possible, we acknowledge the limitations of our efforts.  It is possible the differences in male and 

female data may represent the uncontrolled variability introduced by our non-concurrent design.  

It is essential for others to conduct a similar non-concurrent design as well as a concurrent design 

to demonstrate inter- and intra-design reproducibility.          

 

Future development toward a clinical application of Ang-(1-7) in Dox treatment of pediatric 

patients  

There is a need to design an adjunct treatment for cardiotoxic chemotherapeutics especially in 

pediatric patients receiving Dox as part of their regimen.  In order to develop a therapy for this 

extremely vulnerable population, the ideal treatment will need to be safe for long-term 

administration, effective in cardioprotection and not reduce the effectiveness of Dox antitumor 

properties.  In addition, oral administration will be imperative to increase patient adherence.  

Furthermore, any additive antineoplastic properties would be beneficial in the development of any 

treatment for the indication.  The studies discussed in this dissertation highlight that Ang-(1-7) 

administration in rats partly demonstrated two of the three necessary properties stated above--

safety in short-term treatment and effective cardioprotection in juvenile rats.  However, in order to 

further develop the heptapeptide hormone further, translational studies in pediatric patients are 

required.   

Oral Administration of Ang-(1-7) in Dox Cardioprotection 

Due to the normal action of peptidases in gastric juices, oral administration of polypeptide 

medicines is challenging.  For this reason, peptide and protein therapeutics are delivered via 

injection, usually subcutaneous or intravenous (17).  In the initial Ang-(1-7) clinical trials in adults, 

subcutaneous injection of the heptapeptide hormone was utilized to administer supra-

endogenous levels of Ang-(1-7) to reduced tumor growth (102, 105, 110, 113), due to the lack of 

an oral formulation.  However, treating a sensitive and vulnerable population such as a child with 
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an experimental medication is challenging in itself without the added stress of injection.  

Therefore, the development of an orally active Ang-(1-7) peptide will be an important first step.  

Toward that aim, our laboratory developed a patented, orally active Ang-(1-7) analogue.  This 

was achieved by a proprietary process that cyclizes the structure and adds to the end terminals of 

the peptide.  These modifications allows Ang-(1-7) to survive the actions of the gastrointestinal 

system as well as breakdown in systemic circulation, resulting in an active peptide with extended 

PK compared to native Ang-(1-7)--50 h (data not published) vs 30 min (102, 110) half-lives, 

respectively.  

Applying the orally active Ang-(1-7) in the same acute Dox treatment model utilized in 

these studies will be a logical next step, to examine the cardioprotective effect of adjunct orally 

active Ang-(1-7) in combination with 6 weeks of Dox treatment in male and female juvenile rats.  

Following the acute studies, chronic (12 weeks post Dox) Ang-(1-7) treatment after 6 weeks of 

Dox will need to be investigated.  These chronic studies will be imperative to accurately 

recapitulate the treatment regimens and elucidate the effect of Ang-(1-7) on the long-term 

cardiotoxic effects of Dox treatment.  In these studies, in addition to cardioprotection, analysis of 

the kidneys, lungs, CNS and bones of these animals will provide further information on the safety 

and effectiveness of Ang-(1-7) in Dox-induced damage in these organs.  These studies will be the 

foundation of the efficacy data submitted to the FDA for approval of an investigational new drug 

(IND) application.   

Investigation of Oral Ang-(1-7) formulation on Dox Chemotherapeutic Efficacy 

While dexrazoxane is FDA approved and indicated for cardioprotection as an adjuvant for Dox 

administration, the FDA did not approve the drug for use in pediatric patients due to evidence of 

inhibition of Dox efficacy and subsequent secondary malignancies (104, 115).  Therefore, to 

further develop oral Ang-(1-7) for FDA approval in pediatric patient Dox cardiotoxicity, a series of 

in vitro and in vivo studies will be needed to examine the effect of oral Ang-(1-7) on Dox 

chemotherapeutic efficacy.  While none of the pre-clinical or clinical evidence suggests that Ang-
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(1-7) will inhibit Dox efficacy as a chemotherapeutic, the FDA likely will require additional 

experimental evidence to approve Ang-(1-7) as an adjunct in pediatric patients receiving Dox.   

To test whether oral Ang-(1-7) inhibits Dox antitumor properties in in vivo, a model of the 

most prevalent pediatric cancer that is treated with Dox must be chosen for an initial study.  This 

Dox-treated cancer should have a high percentage of patients with a 5-year survival rate in order 

to be relevant to long term cardiotoxicity.  According to the American Cancer Society’s Cancer 

Facts & Figures 2018, one pediatric malignancy meets these qualifications.  Acute Lymphoblastic 

Leukemia (ALL) is number one in prevalence at 29% in children 0 to 14-yr old and in patients 0 to 

19-yr old and ALL had an 88% 5-yr relative survival (1).  Therefore, determining whether Ang-(1-

7) inhibits Dox efficacy in a Dox-sensitive ALL cell line in a xenograft mouse model would be 

ideal.  Nalm-6 cells are an ATCC available lymphocyte-like cancer cell line collected from human 

peripheral blood.  Previous in vitro studies in Nalm-6 demonstrated the effectiveness of Dox to 

reduce cell viability as well as induce caspase activation and apoptosis (37).  For in vivo studies 

NOD-SCID-γc-/- (NSG) mice, which lack T-cells and B-cells and subsequently an immune 

response to foreign cells, are readily available for human cancer cell xenograft studies (118).  

Disease progression can be monitored using a bioluminescence In Vivo Imaging System (IVIS).  

To visualize the Nalm-6 cancer cells in the IVIS, the cell either will need to be transfected with a 

luciferase transgene or purchased pre-transfected.  The Nalm-6 cell line was successfully 

transfected in NSG mice by tail vein injection and used to test experimental chemotherapeutic 

efficacy in reducing whole body luciferase signal, a measure of disease progression (11).  

Moreover, Friesen et al. (39) showed that Dox significantly reduced Nalm-6 xenograft-derived 

subcutaneous tumor volume in NSG mice compared to control.  These studies provide the 

evidence that an in vivo experimental design is feasible and would allow measurement of the 

effect of oral Ang-(1-7) on Dox effectiveness.  While an ALL model was suggested based on 

prevalence and survivorship, other clinically relevant cancers affect pediatric patients.  Therefore, 

other cell lines and animal models can be tested to provide this evidence as long as the model is 

sensitive to Dox treatment.    
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Safety of Ang-(1-7) in a Non-Clinical Pediatric Animal Model 

Patient safety is the FDA’s number one concern.  The FDA Guidance for Industry M3(R2) 

Nonclinical Safety Studies for the Conduct of Human Clinical Trials and Marketing Authorization 

for Pharmaceuticals states that when pediatric patients are included in clinical trials, safety data 

from previous human experience in adults would generally be acceptable but is determined on a 

case-by-case basis (3).  However, for long-term clinical trials in pediatric patients, an assessment 

of juvenile animal toxicity is recommended, and pre-clinical studies should be completed before 

initiation of clinical trials in pediatric patients.  To support a clinical trial, pre-clinical studies that 

recapitulate the length of the clinical trial and assess damage to organ systems based on sound 

rationale for treatment target is needed (3).  This series of experiments will assess toxicity from 

single and multiple oral doses of an experimental drug as well as in specific organ systems 

including the cardiovascular, gastrointestinal, immune, metabolic, neurological, pulmonary, renal, 

reproductive and skeletal.  These studies will complete the data package demonstrating safety 

and efficacy in juvenile rodents that would be provided to the FDA in an IND application. 

Clinical Trials  

Following IND approval, Phase I/Phase II clinical trials assessing single and multiple oral dosing 

in Dox-treated pediatric patients will be conducted.  In designing these clinical studies, patient 

age range must be identified.  In previous chapters, we identified distinct PK differences of Dox in 

children vs teens (65).  Similarly, PK differences in oral Ang-(1-7) in various age ranges may 

exist.  Therefore, a specific age range must be identified in the inclusion and exclusion criteria.  

The primary endpoint will be to identify a safe dose by measurement of adverse events.  

Secondary endpoints will include a measure of PK parameters and efficacy by echocardiography 

and clinical biomarkers of heart damage such as cTnT.  Following this initial study, Phase II 

Proof-of-Concept clinical trials using a larger cohort examining efficacy in pediatric patients (of 

chosen age-range) orally treated with Ang-(1-7) in conjunction with Dox and prophylactically 

continuing for an indefinite period of time should be conducted.  A significant positive outcome in 

the Proof-of-Concept study would support the expansion into Phase III clinical trials evaluating 

efficacy at multiple sites in a large real world-representative pediatric patient population.  The 
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successful completion of the non-clinical and clinical studies would provide a robust and 

informative data package in a New Drug Application (NDA) to the FDA. 

 

Potential pitfalls 

Ang-(1-7) on Pediatric Patient Growth and Development 

Through pleiotropic mechanisms, Ang-(1-7) influences growth, proliferation, and angiogenesis, 

which presents a pitfall in treating actively growing pediatric patients.  Ang-(1-7) reduced 

stimulated growth and proliferation of VSMC and cardiomyocytes (38, 130).  In addition, Ang-(1-

7) reduced the growth and angiogenesis in a variety of cancers (27, 41, 42, 66, 95, 121), 

cardiomyocyte hypertrophy in response to Ang II administration (91) and VSMC in response to 

vascular damage (72, 124).  Together, these studies suggest that Ang-(1-7) may reduce aberrant 

cellular growth and angiogenesis only, but the effect on stimulated growth may extend to normal 

early life development.  The present male and female juvenile rodent studies provide some 

evidence that Ang-(1-7) has no effect on normal juvenile rodent growth and angiogenesis.  These 

studies demonstrated that acute Ang-(1-7) had no significant effect on body and heart (absolute 

and tibia normalized) mass as compared to control animals.  In addition, Ang-(1-7) only treatment 

did not change any cardiovascular morphological dimension or aortic media thickness, crude 

measures of cardiomyocyte or VSMC cell growth.  Lastly, Ang-(1-7) alone had no effect on 

coronary vessel in either sex.  Therefore, the in vivo and in vitro evidence presented here 

suggests that 6-week treatment with Ang-(1-7) does not reduce normal early life development in 

rats.  Nevertheless, if changes in the development of pediatric patients are observed in more 

long-term treatment studies, the types of injury and the subsequent risk incurred will need to be 

evaluated in the context of providing cardioprotection.  For example, is the risk of stunting 

teenage growth more important than protecting that same patient from long-term heart failure or 

in the short-term, discontinuing an effective chemotherapy prior to cancer remission?  Therefore, 

even a significant change in pediatric patient normal growth and development by Ang-(1-7) may 

be tolerated if the protective effects of the heptapeptide hormone are significant.     

Difficulties in Developing Pharmacotherapies for Pediatric Patients.    
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Drug development is risky, time consuming, and expensive.  It is estimated that the chance of 

success for developing a drug from discovery phase to market is 1 in 10,000 (0.01%), requires 

10-12 years and costs an excess of $1 billion (2).  While data for drugs in development for 

pediatric patient is not available, it is easy to envision the situation is grim; there is a historical 

lack of pharmaceutical companies even attempting to develop drugs for pediatric indications (26, 

96).  Furthermore, the situation produces undue risks (such as age-related PK differences that 

may result in toxic exposure) and costs (due to lack of insurance coverage) to the pediatric 

patients.  One report estimated that, in the United States, as many 70% of drugs used in pediatric 

patients was off-label (96).  Additionally, a study in Europe found that, in a survey of general 

pediatric wards at five hospitals over four weeks, greater than 50% of the drugs used in children 

were off-label (26).  Therefore, in the last 15 years, both the FDA and the European Medicines 

Agency established regulatory legislations for drug development in pediatric patients, dramatically 

increasing the number of drugs tested for children (149).  Despite new regulations, current 

evidence shows that the development of drugs for pediatric patients carries an addition risk on 

top of the inherent risk in drug development.  

Difficulties in Manufacturing Peptide-Based Pharmacotherapies 

Historically, the discovery of the first peptide-based drug, insulin, occurred at the advent of the 

modern drug era.  However, for many years, the pharmaceutical industry shied away from 

developing peptides as drugs in favor of small molecule development.  Many factors are involved, 

but one of the most compelling reason is the comparative ease of manufacturing small molecules, 

making them a more financially attractive product.  In the 21st century, this is not as true, as 

producing peptides, especially on a large scale, has become much more feasible.  Historically, 

the production of peptides was achieved through either extraction from a natural source or by 

leveraging mutated microbial strains to induce production.  Unfortunately, both of these methods 

are slow and limited in yield and are not feasible on a scale large enough to support development 

and manufacturing (6, 140).  However,  large-scale production of peptides can currently be 

performed using chemical synthesis at its core (60).  In fact, in 1965 Kung et al. (70) 

demonstrated a purely chemical synthesis for the first time with bovine insulin.  These innovations 
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in peptide production should ease the manufacturing pitfalls for developing Ang-(1-7) as a 

cardioprotectant in Dox administration and allow the pharmaceutical industry to generate more 

interest in Ang-(1-7) development.         

  

Conclusion 

Dox cardiotoxicity is an important side effect in pediatric cancer patients and survivors that is not 

effectively addressed by the pharmacotherapies that are currently available.  Although progress 

in research has resulted in a further understanding of the mechanisms behind Dox cardiotoxicity, 

it is imperative to identify novel therapeutics for pediatric patients that result in a reduction in 

cardiac damage, improve the use of Dox as a chemotherapeutic, and increase long-term survival 

rates.  Since Ang-(1-7) mediates cardioprotection from Dox damage, this heptapeptide hormone 

may serve as an effective adjunct for cardioprotection in Dox chemotherapy.  
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APPENDIX 

The studies described in detail in this dissertation show that in cardiac tissue Dox administration 

produced oxidative stress through an upregulation of pro-oxidative factors.  Oxidative stress can 

lead to fibrosis and hypertrophy through protein modifications that result in the activation of 

deleterious TGF-β1 and ERK1/2 signaling (2, 3, 13, 14).  Interstitial fibrosis and cardiomyocyte 

hypertrophy in heart biopsies and autopsies of pediatric patients treated with Dox is well 

documented (4, 7, 15, 16).  Furthermore, coronary vessel dysfunction is an important event in the 

development of Dox-induced cardiomyopathy in juvenile rats.  Huang et al. (6) demonstrated that 

Dox administration to juvenile male rats reduced coronary vascular content, branching, and 

function in adulthood.  Therefore, Dox administration can result in maladaptive signaling leading 

to clinically relevant cardiac fibrosis and hypertrophy as well as coronary vessel dysfunction.    

The cardioprotective effect of the Ang-(1-7) is documented and discussed in detail in 

Chapter I.  However, the effect of an increase in Ang-(1-7) (by the addition of exogenous Ang-(1-

7) or ACE2 overexpression) on Dox-induced cardiac damage has only been examined in a few 

studies with adult rats; the increase in Ang-(1-7) improved Dox-related cardiac dysfunction 

through reduced apoptosis, inflammation, hypertrophy, and fibrosis (8, 10).  The studies 

described in Chapter II examined the effect of Ang-(1-7) on Dox cardiotoxicity in juvenile rats of 

both sexes.  Exogenous Ang-(1-7) reduced markers of lipid peroxidation (MDA and 4-HNE; 

Chapter II, Figure 4) produced by Dox-mediated oxidative stress in juvenile rat cardiac tissue.  

The reduction in lipid peroxidation was associated with blockade of ROS generation by Nox4 

(Chapter II, Figure 3) and an upregulation of the antioxidant enzymes SOD1 (Chapter II, Figure 5) 

and catalase (Chapter II, Figure 6).  These results suggest that Ang-(1-7) reduces Dox-induced 

pro-oxidant factors through various mechanisms.   

The studies outlined in Chapter IV demonstrated that in addition to a reduction in ROS 

and the associated improvements in cardiac function, Ang-(1-7) prevented Dox-induced interstitial 

(Chapter IV, Figure 1A and 1B) and coronary vessel (Chapter IV, Figure 1C and 1D) fibrosis in 

male and female juvenile rats.  The Ang-(1-7) blockade of fibrosis was associated with a blockade 
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in Dox-mediated hypertrophic remodeling (Chapter IV, Figure 2A) but not decreased coronary 

vessel content (Chapter IV, Figure 2B).  In both male and female juvenile rats Dox mediated 

fibrosis in association with an upregulation of TGF-β1 and pSMAD2 in interstitial (Chapter IV, 

Figure 3A, 3B, 4A, and 4B) and coronary vessel tissue (Chapter IV, Figure 3C, 3D, 5A, and 5B) 

and adjunct Ang-(1-7) prevented this change in both sexes.   

Chapter III showed that Ang-(1-7) protected against Dox-induced aortic stiffness in both 

sexes (Chapter III, Figure 1A and 1B).  In males, Dox treatment was associated with hypertrophic 

aortic dysfunction (Chapter III, Figure 1C, 1D, 2A, and 2B) through multiple mechanisms, 

including a reduction in both the Dox-induced increase in nuclear ERK1/2 (Chapter III, Figure 4B, 

4D, and 4E) and phosphorylated SMAD2 (Chapter III, Figure 4C, 4D, and 4E).  In contrast, the 

Dox-mediated fibrotic aortic dysfunction in female rats (Chapter III, Figure 2A and 2C) was 

associated with a blockade of nuclear pSMAD2 (Chapter III, Figure 5C, 5D, and 5E).  A 

correlation between ERK1/2 and SMAD2 in male rats only suggests a convergence of these 

deleterious signaling pathways producing hypertrophy (Chapter III, Figure 6).   

Taken together, these results suggest that Ang-(1-7) activates antioxidant mechanisms to 

protect the heart, which may also reduce Dox-mediated pathological fibrosis and coronary vessel 

dysfunction.   

Adjunct Ang-(1-7) prevents Dox-mediated coronary vessel dysfunction and hypertrophy 

Coronary vessels were stained with an antibody to NADPH oxidase 4 (Nox4) to determine the 

effect of Ang-(1-7) on the generation of superoxides in the coronary vessels after acute Dox 

administration.  The NADPH oxidase 4 [NADPH4/Nox4] antibody (Abcam, Cambridge, UK; 

ab133303; RRID: AB_11155321; TE pH 9; 1:400 dilution; 18 h at 4° C) described in Chapter II 

was used to measure Nox4 as a marker for the generation of superoxide.  In both sexes, Dox 

significantly increased Nox4 (7.5-fold in males and females, n=7-10, p<0.05; Appendix Figure 

1A and 1C).  The coronary vessels of male and female rats co-administered Dox and Ang-(1-7) 

were no different from controls, indicating the effect of Ang-(1-7) on Nox4 in the myocardium may 

not extend to coronary vessels.  In both sexes, Ang-(1-7) had no effect alone (Appendix Figure 



 

226 
 

1A and 1C).  Malondialdehyde (MDA), a product generated from lipid peroxidation, was also 

quantified in coronary vessel tissue using the MDA antibody (Abcam, Cambridge, UK; ab6463; 

RRID: AB_305484; TE pH 9; 1:100 dilution; 24 h at 4° C) as described in Chapter II.  Dox 

administration increased coronary vessel area MDA in both male and female rats (n=7-10, 

p<0.001 in males and p<0.05 in females; Appendix Figure 1B and 1C).  Prophylactic Ang-(1-7) 

prevented the significant increase in males, while in females no statistical difference in coronary 

vessel MDA between Dox and the Control treated groups were observed (Appendix Figure 1B 

and 1C).  Previous studies showed that Nox4 immunofluorescent staining is associated with the 

nuclear envelop (1, 5, 11).  In representative magnified merged images, Dox increased Nox4 in 

association with the nuclear envelope and localized with the MDA signal; Ang-(1-7) prevented 

these changes (indicated by arrows in Appendix Figure 1D).  The results suggest that Ang-(1-7) 

may reduce Dox-mediated oxidative stress in coronary vessels.    

To determine the signaling involved in the Dox-induced hypertrophic response, total and 

nuclear ERK1/2 were assessed by IHC using an ERK1/2 antibody (Cell Signaling Technology, 

Danvers, MA, USA; ab9102; RRID: AB_330744; 1:100 dilution; CA pH 6; 18 h at 4° C) as a 

marker of abberant remodeling, as described inChapter II.  Both Ang-(1-7) and Dox had no effect 

on total ERK1/2 in the coronary vessels of either sex of rat (Appendix Figure 2A, 2D, 3A, and 

3D).  However, in both sexes, Dox significantly increased nuclear ERK1/2 in coronary vessels 

(males, 4-fold, n=8-10, p<0.05, Appendix Figure 2B and 2D) (females, 4.5-fold, n=7-10, p<0.01, 

Appendix Figure 3B and 3D), while co-treatment with Ang-(1-7) resulted in no difference from 

controls and Ang-(1-7)-only treated rats.  The vascular smooth muscle cell marker α-SMA was 

measured by IHC in the coronary vessel media using an α-SMA antibody (Abcam, Cambridge, 

UK; ab5694; RRID: AB_2223021; previously validated (9); 1:200 dilution; CA pH 6; 18 h at 4° C).  

In male rats only, Dox increased coronary vessel α-SMA by 54% (n=8-10, p<0.05, Appendix 

Figure 2C and 2D) and rats co-administered Dox and Ang-(1-7) were no different than Control 

and Ang-(1-7)-only treated rats.  The Dox-induced increased in α-SMA in males only suggests 

that the hypertrophy observed in the coronary vessels in both sexes may be through distinct 

mechanisms.  The representative magnified merged images in males (Appendix Figure 2E) and 



 

227 
 

females (Appendix Figure 3E) show that prophylactic Ang-(1-7) prevented the Dox-induced 

increase in nuclear ERK1/2 (indicated by the arrows).   Therefore, Ang-(1-7) prevents the Dox-

mediated increases in the hypertrophic signaling marker, nuclear ERK1/2, in both sexes.  

Together, these results demonstrate that Ang-(1-7) may prevent Dox-induced coronary vessel 

dysfunction in pediatric patients.  
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Figure 1.  Oxidative stress in coronary vessels of male and female SD rats.  Quantification of 

coronary vessel A) nuclear Nox4 (%) and B) MDA (%).  C) Representative multiplex images of 

Nox4 and MDA staining of male and female coronary vessels imaged at 400X.  D) Magnification 

of merged images with arrows indicating nuclear Nox4 localized with MDA.  Scale Bars = 100 μm.   

n= 7-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control; *** p < 0.001 vs. Control; † p < 0.05 vs 

Dox. 

  



 

229 
 

 

Figure 2. Hypertrophic signaling and smooth muscle cell content in coronary vessels of male SD 

rats.  Quantification of coronary vessel A) total ERK1/2 (%), B) nuclear ERK1/2 (%), and C) α-

SMA (%).  D) Representative multiplex images of ERK1/2 and α-SMA staining of male coronary 

vessels imaged at 400X.  E) Magnification of merged images with arrows indicating ERK1/2 

positive nuclei.  n= 7-10; 1-Way ANOVA within sex; ** p < 0.01 vs. Control; *** p < 0.001 vs. 

Control. 
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Figure 3. Hypertrophic signaling and smooth muscle cell content in coronary vessels of female 

SD rats. Quantification of coronary vessel A) total ERK1/2 (%), B) nuclear ERK1/2 (%), and C) α-

SMA (%). D) Representative multiplex images of ERK1/2 and α-SMA staining of female coronary 

vessels imaged at 400X.  E) Magnification of merged images with arrows indicating ERK1/2 

positive nuclei.  n= 7-10; 1-Way ANOVA within sex; * p < 0.05 vs. Control. 
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department. Performed organic synthesis through a multi-step reaction to produce a fluorinated 
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cardiotoxicity animal model to study the efficacy of Ang-(1-7), a cardioprotectant endogenous 
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regulation through microinjections into the nucleus of the solitary tract of the midbrain. Rodent 
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elucidate the role of the novel renin-angiotensin peptide in baroreceptor function. Tissues 
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