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ABSTRACT 

 

Background: The molecular and cellular mechanisms corresponding to the 

compensatory and maladaptive hypertrophy and remodeling of the left ventricle with 

chronic doxorubicin (DOX) treatment are currently unclear. Non-invasive methods of 

determining these changes are still deficient. To investigate these changes, 8 groups of 

rats in 4 different studies including a control saline group of the same age, gender and 

strain were evaluated for cardiac morphology and function including: (1) DOX dose 

response using a cumulative dose of 7.5mg/kg, and 15mg/kg in 8-10 week old female 

Sprague-Dawley (SD) rats, (2) strain differences were investigated in response to a 

cumulative dose of 15mg/kg in 8-10 week old female Fisher (F344) rats compared to the 

SD rats treated with same dose, (3) the role of gender and aging were studied in response 

to DOX at a cumulative dose of 3mg/kg in male and female neonates,  and (4) combined 

losartan and a cumulative dose of 15mg/kg of DOX in 8-10 week old female SD rats 

compared to controls of saline and 15mg/kg treated SD rats. 

 

Method: Onset of cardiac toxicity was assessed by echocardiography and the rat model 

of heart failure was developed when the fractional shortening declined � 40%. The mean 

arterial pressure and single-photon-emission computer tomography scanning and Tc-

99m-HYNIC-Annexin V were performed at week 10 to analyze blood pressure and 

quantify apoptosis, respectively. All rats were euthanized at week 10 except for the 

neonates and two of the 7.5mg/kg-treated SD rats that were left alive for study of long -

term cardiac side effects. The heart and kidney tissues were harvested for protein 
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isolation and histopathological studies. Blood samples were collected for hematological 

and lipid profile analysis in all the rats.  

 

Results: A dose- and time-dependent increase in LVmass coincided with a parallel 

increase in MAP, kidney damage, expression of myocardial erbB2, heat shock protein 90 

Akt, mTOR, GSK-3�, TGF-�, pSMAD2, and cardiomyocyte apoptosis in SD rats treated 

with 7.5mg/kg and 15mg/kg of DOX at week 10. The 7.5 kg/kg treatment showed 

adaptive hypertrophy whereas the 15mg/kg treatment group showed maladaptive 

hypertrophy. However decompensation was apparent by week 14 in other rats treated 

with 7.5mg/kg. LVmass, FS, MAP, kidney damage, red blood cells and blood lipid levels 

were not significantly altered in the F344 rats compared to the 15 mg/kg-treated SD rats. 

Losartan supplementation reduced the left ventricular hypertrophy, improved myocardial 

contractility, and reduced TGF-� expression compared to the DOX-treated SD rats. The 

3mg/kg of DOX in neonates induced cardiac toxicity and deaths in about 60% of males 

50 weeks after treatment; the females instead developed mammary tumors.  

 

Conclusion: The results of this study suggest that age, gender, and strain differences are 

risks factors for doxorubicin-induced harmful reno-cardiovascular toxicity. The inhibition 

of TGF-� expression by losartan can be used in prevention of chronic doxorubicin-

induced cardiac toxicity without interfering with its anti-tumor activities. 
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Chapter 1 

INTRODUCTION 
 

1.1. Anthracyclines used in the treatment of cancer 

Doxorubicin (Adriamycin) is an anthracycline and quinone-containing antitumor 

antibiotic [1] originally isolated in the early 1960s from the pigment-producing bacterium 

Streptomyces peucetius [2-5]. It is widely used as the most effective chemotherapeutic 

course of treatment for most hematopoietic malignancies and advanced solid tumors of 

the breast, ovary, thyroid, and bone [6-9]. Cardiac toxicity is a serious adverse effect of 

doxorubicin (DOX) and limits its therapeutic potential [10]. Irreversible myocardial 

damage may develop as a concentration-time dependent response [2, 10, 11], leading to 

cardiomyopathy and congestive heart failure [10, 12]. This adverse effect may occur 4 to 

20 years after stopping the treatment [2, 10, 11] and is in most cases refractory to 

common prescribed medications [13]. To avoid cardiac adverse effects, the maximum 

recommended cumulative dose of DOX for adults was tentatively set at 450 to 600 

mg/m2 [13]. However, toxicity can be distinguished in adults receiving cumulative doses 

of less than 300 mg/m2 [8], and a cumulative dose of more than 550 mg/m2 further raises 

the risk of congestive heart failure and death, especially in aged and hypertensive patients 

[7, 14]. In children, cumulative doses of 210 mg/m2 or more were reported to cause 

adverse cardiac side effects with advancing age leading to severely compromised cardiac 

function [15, 16]. 
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1.1.2. Epidemiology 

One in 900 young adults is a childhood cancer survivor, prompting recognition of the 

potential long-term side effects of cancer therapy [17, 18]. In several studies of long-term 

survivors with a median age range of 15 to 23 years, 58% to 69% had at least one late 

effect of therapy, and 25% to 30% experienced moderate to severe complications [16, 18-

20].  

In a demonstration analysis of 20,227 childhood cancer patients who had survived 5 

years, Mertens et al. reported the increased risk for death was 1.26, 0.027, and 0.0015 per 

1,000 persons per year for cancers, cardiac, and pulmonary causes, respectively [21]. 

Other risks of late-onset side effects include second malignant neoplasm of the breasts, 

thyroid and skin, altered bone metabolism and osteoporosis, dyslipidemia, hypertension, 

diabetes mellitus, cardiovascular disease, liver failure, endocrine dysfunction [22-35], 

and renal failure [20, 36, 37]. One third of 201 children treated with anthracyclines at 4 to 

6 years had fractional shortening (systolic function) values of < 20%, and over half had < 

25% (normal is 30-45%) 10 years after treatment [38]. Late onset of arrhythmias and 

sudden deaths have been reported to have resulted in patients 15 years and more after 

anthracycline treatment [39-41].  

1.1.3. Other anthracycline drugs  

Several other anthracyclines, such as epirubicin, a semi-synthetic derivative of DOX 

which is significantly metabolized and has a shorter life [13], have been developed and 

used in the treatment of cancers [13]. However congestive heart failure was observed at 

cumulative doses of 950 mg/m2 of epirubicin in patients with advanced breast cancer 



 3

without any previous anthracycline treatment [13, 42, 43]. Substituting epirubicin with 

doxorubicin, therefore, does not prevent the risk of developing cardiac toxicity [13].  

1.1.4. Combinations of treatments 

Cardiac toxicity can be intensified when anthracyclines are used in combination with 

other agents such as cyclophosphamide, bleomycin, cisplatin, methotrexane, and 

mitomycin C in addition to thoracic irradiation [38, 44, 45].  

1.1.5. Trastuzumab 

Trastuzumab (Herceptin), a monoclonal antibody treatment, was recently (September 

1998) approved by the U.S. Food and Drug Administration (FDA) for the treatment of 

metastatic cancers which over-express erbB2 [46, 47]. Trastuzumab is directed against 

HER2, a proto-oncogene (also called c-neu or erbB2) transmembrane receptor tyrosine, 

which is a member of the epidermal growth factors receptor family (erbB1, erbB2, erbB3, 

erbB4). ErbB2 forms heterodimers with these erbB receptors that can bind neuregulins, 

polypeptides growth factors that are known to promote survival, growth of cardiac 

myocytes [46, 48] and known to be cardio-protective in the presence of cardiac postnatal 

injuries [46, 48]. Thus, inhibiting ErbB2 with a monoclonal anti-body may inhibit the 

myocardial adaptation to physiological stress and injury, such as that result from 

chemoradiotherapy, eventually leading to heart failure in most susceptible individuals 

[49].   Trastuzumab has been reported to induce heart failure in 28% of patients with 

breast cancer over-expressing erbB2 when treated in combination with anthracyclines 

[46, 50], compared to 7% when receiving DOX treatment alone [50]. The combination of 

treatments was used because both agents aim at killing the tumor, and the outcome is 
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significantly improved and faster compared to DOX alone [50, 51]. The combination of 

Trastuzumab and a DOX therapy was reported (Oncology Drugs Committee meeting 

September 2, 1998. Bethesda, MD) to improve 1-year (12 months) survival in 16% of 

women with metastatic breast cancer, compared to 13% survival when chemotherapy was 

used alone, which was not obvious until 18 months later [50]. 

1.1.6. Lapatinib        

The recently developed drug lapatinib, an oral receptor tyrosine kinase inhibitor, targets 

both the ErbB-1 and ErbB-2 receptors over-expressed in breast cancer [52]. Time to onset 

of the decline in left ventricular ejection fraction (EF) was similar in both breast cancer 

and non–breast cancer patients treated with lapatinib [53]. The decline in EF was 

observed within 9 weeks of treatment in 66% of patients, 10–16 weeks in 15% of 

patients, and 17–24 weeks in 12% of patients [53]. 

Only 0.1% of symptomatic patients with decreased EF presented with dyspnea, 

palpitations, and signs of congestive heart failure (CHF), and responded rapidly to 

standard cardiac management [53]. Previous studies reported that in 1.3% of patients, 

incidence of symptomatic and asymptomatic decreases in EF in patients treated with 

lapatinib was less than that of trastuzumab-treated breast cancer patients [53]. Cardiac 

toxicity with lapatinib treatment was rarely reported [53].  

Current startling clinical findings support the theory that inhibiting, cardiac neuregulin-

erbB signaling significantly increases the vulnerability of the heart to injury and heart 

failure [48, 54]. ErbB2-deficient mutant mice died during the embryogenesis stage, on 

day 10.5 due to abnormal development of ventricular trabeculae [48, 55]. Chronic DOX 
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treatment alone induced cardiac toxicity in vivo mice with heterozygous knockout of 

neuregulin -1 gene (NRG-1+/-) compared with wild-type [54]. Since little or nothing is 

known about the long-term adverse effects with lapatinib treatment alone or in 

combination with DOX on the cardiovascular system, further research studies on animal 

models may be required to understand mechanisms and prevent irreversible 

cardiovascular damage.  

Characterization and prevention of doxorubicin-induced cardiac toxicity alone have been 

the subject of intense research for years, but no single intervention has been demonstrated 

to successfully reverse or ameliorate the damaging effect of this drug on the heart while 

conserving its antineoplastic efficacy [56]. This drug is still being used as an important 

cancer therapy.  

 

1.2. Anthracycline-induced cardiovascular toxicity 

1.2.1. Acute cardiovascular side effects  

The acute cardiovascular side effects of anthracyclines include various type of 

arrhythmias [57]; hypotension and a mild decline in cardiac contractile function [13] may 

occur within 24 hours to a week after administration [13]. Acute doses exceeding the 

threshold of 900-1000 mg/m2 of epirubicin, 550mg/m2 of donorubicin or doxorubicin, 

and 160 mg/m2 of mitoxantrone [58] may alter myocardial calcium homeostasis and may 

lead to heart failure [57, 58]. These acute cardiovascular changes are reported as 

manageable and may respond to inotropic agents such as digitalis, isoproterenol, and high 

perfusion of calcium (Ca2+) [13]. On rare occasions, acute complications may be 
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associated with myocarditis and pericardial effusion several weeks after initiation of 

treatment [59]. 

1.2.2. Chronic cardiovascular side effects 

The greatest limiting factor of anthracycline treatment is the cardiac toxicity associated 

with chronic treatment leading to cardiomyopathy and, in severe cases, congestive heart 

failure [7, 10, 58, 60]. This cardiomyopathy and congestive heart failure is due to 

depressed myocardial contractility, which can be manifest months, years, or even decades 

after relatively low levels of treatment [2, 11]. This problem is especially apparent in 

individuals with additional risk factors such as increased age, hypertension, pre-existing 

and/or a family history of heart disease [60].  

1.2.3. Inter-individual doxorubicin-induced cardiac toxicity  

The reasons for variations in inter-individual susceptibility to doxorubicin-induced 

cardiac toxicity are unclear. The genetic component in humans is supported by the broad 

variation in the individual vulnerability to this drug [61]. DOX doses of more than 1000 

mg/m2 are endured by some patients [62], whereas after a cumulative dose of only 200 

mg/m2, other patients develop cardiac toxicity [61, 62].  

1.2.4. Gender difference and doxorubicin toxicity  

Gender differences and incidences of cardiovascular disorders have been reported to be more 

prevalent in males than females [63]. Epidemiological studies on postmenopausal women over 

the age of 50 years, report 1 in 2 women die of heart disease or stroke, while only 1 in 25 

women will die with breast cancer (Miller et al. 1997). A number of epidemiological and 



 7

animal experimental studies have suggested a cardioprotective role of estrogen [64]. The 

implication of an estrogen mechanism of cardioprotection and tumor growth is still unclear.   

 

1.3. Methods for monitoring anthracycline-induced cardiovascular toxicity 

1.3.1. Endomyocardial biopsy 

Endomyocardial biopsy analysis was among the first and most sensitive approaches 

monitored in the detection of myocardial damage, and is used as a guide to establish 

safety for further therapy [65-69]. Based on a prior light microscopy study, 35% of 

patients with indication of anthracycline-induced cardiac toxicity did not have any 

specific histological lesions on biopsy assessment, highlighting the meager sensitivity of 

this method [70]. In contrast, transmission electron microscopy was regarded as more 

sensitive and able to identify sarcotubular dilation, vacuolization, myofibril loss of actin 

and myosin, elongated mitochondria, and peripheral Z band remnants [71]. This 

technique provides vital information on setting up further therapeutic strategies 

depending on the time course and extent of damage [71]; however, both methods are 

invasive and expensive requiring a small sample of the myocardium to be taken for 

diagnostic analysis and are without the risk of complications, especially in a debilitated 

oncologic patient [72]. 
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1.3.2. Systolic function 

DOX dose-dependant myocardial toxicity is characterized by impairment of the left 

ventricular diastolic dysfunction, followed by reduced systolic function with progressive 

left ventricular wall thinning and chamber dilatation [38]. The recommendation for 

monitoring, dosage modification, and discontinuation of anthracycline treatment is based 

on the results of serial follow-up non-invasive echocardiographic and radionuclide 

ventriculography evaluation. Left ventricular systolic dysfunction, estimated by the 

decline in the percent of left ventricular ejection fraction (EF) in humans and/or fractional 

shortening (FS) in small experimental animals, are the parameters that are monitored. A 

value of � 45% in ejection fraction (50-70% is normal range for human adults) was the 

threshold set for termination of DOX treatment [38, 73]. This value was considered 

abnormal and could lead to an increase in left ventricular end diastolic pressure and 

pulmonary congestion [74]. These patients were automatically disqualified from 

chemotherapy on the basis of their systolic function [75]. In the prevention of 

anthracycline-induced cardiac toxicity, The Cardiology Committee of the Children’s 

Cancer Study Group recommended regular echocardiography and radionuclide 

ventriculography during treatment. If the initial examination remains normal, long-term 

echocardiography follow-up should be performed every 3 to 6 months, 12 months, and 

then in alternate years after stopping the treatment [71]. Ideally, methods need to be 

developed for identifying patients at risk of cardiac toxicity or identifying cardiac toxicity 

before it causes irreversible depression of myocardial function in time and DOX 

concentration dependent response [38]. 
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1.3.3. Diastolic dysfunction  

Diastolic dysfunction results from impaired left ventricular relaxation [76], occurring in 

response to fibrosis accumulation and cell death while systolic function (ejection fraction 

or fractional shortening) is preserved [77]. Diastolic dysfunction precedes systolic 

dysfunction and predicts the development of heart failure and risk of mortality [78]. 

Diastolic function or myocardial relaxation is assessed via simple and inexpensive non-

invasive echocardiography methods using mitral flow and tissue-derived Doppler 

parameters such as isovolumetric relaxation time (IVTR), Tei Index, or the myocardial 

performance index (MPI) and others [74, 79]. Documenting changes in the regional wall 

motion while the systolic ejection is preserved is developing into the most inexpensive 

method for assessing various cardiovascular diseases [80]. If detected earlier, it may 

define mechanism of DOX toxicity and the application of therapeutic strategies to reverse 

the progress to heart failure. 

1.4 Mechanisms of myocardial dysfunction and doxorubicin-induced 

cardiomyopathy 

1.4.1. Major hypotheses  

The mechanism(s) responsible for myocardial injury and dysfunction leading to 

cardiomyopathy and congestive heart failure after chronic DOX toxicity continues to be 

debated. Several major hypotheses have been proposed:   

a) generation of reactive oxygen species (ROS) [81-84], and lipid peroxidation [81, 85, 

86]  
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b) reduction in activity of myocardial antioxidant enzymes [87, 88] 

c) release of vasoactive amines such as catecholamine, histamine, and prostaglandins [89-

92]  

d) changes in myocardial adrenergic function [93, 94], and alterations of sarcoplasmic 

reticulum (RS) calcium transport, and homeostasis [3, 95] 

e) changes in activity of adenylate cyclase, sodium-potassium ATPase and calcium-

ATPase [96, 97] and,  

f) deterioration of energetic response [98], prevention of DNA repair and replication [3, 

99]. 

1.4.2 Reactive oxygen and apoptosis 

Doxorubicin-induced cardiac toxicity appears to be complex, and no single mechanism 

entirely explains the pathogenesis of the myocardial damage [98]. However, most 

pathological changes may involve free radical production and lipid peroxidation (see 

hypothesis above), which could be partly responsible for apoptosis (programmed cell 

death) of cardiomyocytes [82, 90, 98, 100]. Reactive oxygen species are also implicated 

in a variety of heart diseases and supported by various studies performed over the past 

two decades, including: myocardial ischemia/reperfusion injury [101], hypertrophic 

cardiomyopathy [102], atherosclerosis [103], and heart failure as the end stage results of 

excess cardiomyocytes apoptotosis [104]. However, the mechanism of ROS and 

apoptosis stimulation in doxorubicin-induced cardiac toxicity is unclear. 
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1.4.3 Reactive oxygen species in cardiovascular disease and antioxidant defense 

mechanisms in the cardiovascular disease and toxicity 

Reactive oxygen species (ROS) include free radicals such as superoxide (O2
-) and 

hydroxyl radicals (HO-) and compounds such hydrogen peroxide (H2O2) which are highly 

reactive molecules [90, 105]. They act as oxidizers or reducing agents [90]. They 

participate in both normal aerobic metabolism [106] and in pathologic biochemical 

reactions [105, 107] and are produced endogenously as a byproduct of normal cellular 

metabolism [108].  

1.4.3.1. Superoxide   

Superoxide (O2
-), a free radical with an unpaired electron, is highly reactive [109] and 

water soluble and can diffuse through cell membranes via anion channels [109]. It is 

produced intra-cellularly through the activation of nicotinamide-adenenine dinucleotide 

phosphate (NAD(P)H oxidase, xantine oxidase (XO), uncoupling of nitric oxide synthase 

(NOS), electron transport and leakage during oxidative phosphorylation in the 

mitochondria [105]. 

1.4.3.2. Hydrogen peroxide   

Under normal physiological states, hydrogen peroxide (H2O2) is generated from 

dismutation of low levels of O2
- and catalyzed by high levels of superoxide dismutase 

(SOD) [109]. H2O2 is lipid soluble and its reduction generates a highly reactive hydroxyl 

radical (OH-) in the presence of iron [105] which can induce local damage [109]. 
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1.4.3.3. Nitric oxide   

Nitric oxide (NO), previously known as endothelium-derived relaxing factor (EDRF), is a 

vasodilator and reactive molecule discovered by Ignarro LJ and Furchgott RF et al. 

around the 1980s for its role as a signaling molecule in the cardiovascular system [110-

112] and for which they won the Nobel Prize in Physiology in the 1998. In normal 

physiological conditions, NO release is stimulated by agents such as acetylcholine [113], 

bradykinin [114], and also by shear stress [109]. NO in turn, activates intracellular 

soluble granulate cyclase (sCG) and stimulates the synthesis of cyclic guanosine 

monophosphate (cGMP) [105, 115]. The cGMP controls cellular function by stimulating 

protein kinase G (PKG) [105, 115]. PKG, in turn modulates vascular tone and myocardial 

contractility [115]. NO interacts with proteins via S-nitrosylation which is initiated by 

normal levels of O2
- and inhibited by O2 overload [105, 107]. Excess O2

- production 

results in the conversion of NO into peroxynitrite (ONOO-) [116, 117].   

1.4.3.4. Peroxynitrite  

Surplus of ONOO- may become oxidative and cytotoxic, leading to lipid peroxidation, 

protein oxidation and the alteration of excitation and contraction coupling [105, 107, 116] 

manifested as systolic and diastolic dysfunction that may lead to chronic heart failure 

[117].  

1.4.3.5. Reactive oxygen and antioxidant system 

The toxic effects of O2
-, H2O2, NO, OONO- and OH- are known as reactive oxygen 

species or ROS and occur when they are generated in excess and when antioxidant 
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defenses are inundated or deficient, leading to cellular and organ damage [118]. ROS is 

controlled by antioxidants such as superoxide dismutase (SOD), catalase, thioredoxin, 

glutathione peroxidase, and non-enzymatic antioxidants such as vitamin E, vitamin C, 

beta carotene, ubiquinone, and lipotic acid [105, 109, 118].  

1.4.3.6. Doxorubicin and reactive oxygen generation 

Doxorubicin exposure can significantly increase formation of intracellular reactive 

oxygen species (ROS) [119]. ROS may react with membrane proteins and may cause 

oxidative damage to the nuclear and mitochondrial DNA [119]. Acute doxorubicin-

induced cardiac toxicity is generally thought to be attributed to the damaging effects of 

ROS arising from 1-electron reduction of anthracyclines [61]. In contrast, chronic 

toxicity has been proposed to result, partly, from the effects of anthracycline alcohols, 

which are generated by 2-electron reduction such as aldo-keto reductase and 

carbonylreductases [120]. 

The increase in available DOX further participates in reduction/oxidation cycles, as a 

result generating more superoxide [121]. Increased levels of ROS due to DOX has been 

detected indirectly by electron spin resonance spectroscopy [90, 122, 123], and indirectly 

by an increase in malondialdehyde formation which is the end product of lipid 

peroxidation [81, 86, 90]. 

1.4.3.7 Doxorubicin-induced superoxide radicals and hydrogen peroxide toxicity 

In the presence of oxygen, redox cycling of DOX-derived quinone-semiquinone forms 

superoxide radicals (O2
-) [13, 90]. The O2

- is then transformed to hydrogen peroxide 
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(H2O2) by superoxide dismutase, producing hydroxyl radicals that can react with 

polyunsaturated fatty acids to yield lipid hydroperoxide [2, 90]. Surplus of reactive 

oxygen species or O2
- compounds above the physiological levels leads to the 

commencement of lipid chain reaction and oxidative damage to cell membranes [2, 90].   

The reduction of DOX in cardiac tissue is known to be (complex I) due to NAD(P)H 

reductase such as cytochrome P450, mitochondrial NAD dehydrogenase, xanthine 

dehydrogenase, and endothelial nitric oxide synthase (eNOS) present in cardiac and 

endothelial sarcoplasm and mitochondria [1, 82, 86, 121, 124, 125].  

1.4.3.8. Doxorubicin-iron complex 

ROS may also be produced after the formation of a DOX-iron complex, which reduces 

oxygen to hydrogen peroxide (H2O2) and cleaves the peroxide to give way to a powerful 

oxidant such as the hydroxyl radical (OH-). This DOX-iron complex was found to play a 

central role in lipid peroxidation [126-128].   

1.4.3.9. Doxorubicin and nitric oxide synthase expression  

Anthracycline-induced cardiac toxicity is mediated by the stimulation of nitric oxide 

synthase (NOS) expression, NO release in the heart, and the capacity of NOS to promote 

anthracycline redox cycling to produce reactive oxygen species such as O2
-, and H2O2 

[2]. Excess generation of these ROS, may interact with NO to form peroxynitrite 

(ONOO-) [2, 105]. This in turn may generate cytotoxic effects including lipid 

peroxidation, protein oxidation, leading to myocardial injury, dysfunction, and eventually 

to heart failure [2, 105, 117, 129]. 
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1.4.10. Reactive oxygen and molecular signal transduction  

A large amount of evidence suggests that ROS plays an important function in cellular 

signaling mechanisms that transmit transcriptional and translational cellular growth, 

differentiation and apoptosis [130, 131] in cardiovascular diseases and toxicity.   

O2
- and H2O2 were reported to stimulate the tyrosine kinase Src, GTP-binding protein 

Ras, protein kinase C (PKC), mitogen-activated protein kinases (MAPKs) including the 

extracellular signal–regulated kinase (ERK1/2), Jun-nuclear kinase (JNK), and the p38 

kinase [105, 132, 133]. During the adaptive hypertrophic myocardial remodeling, with 

preserved systolic function (myocardial contractility), low levels of O2
-, and H2O2 are 

associated with phosphoinositol-3-kinase (PI3K), Akt and ERK1/2, activation and protein 

synthesis [105, 134, 135], whereas high of O2
- and H2O2

 levels stimulate JNK and the p38 

MAPK to induce apoptosis [105, 134, 136]. A high level of apoptosis is associated with 

left ventricular dilation and wall thinning with marked decline in myocardial contractility 

which are features of maladaptive hypertrophy and leads to heart failure and deaths [135].   

Several potential sources of ROS generation were suggested to be involved in 

cardiovascular disease including: angiotensin II, �-adrenergic agonists, endothelin-1, 

tumor necrosis factor-�, and cyclic stretch [137]. Regardless of the presence of these 

multiple ROS sources, several latest studies indicate that a major source of ROS 

production involves the redox cycling of NAD(P)H oxidase [102, 137]. Targeting all 

these sources may thus bring about potential therapeutic interventions in treatment of 

cardiovascular diseases and toxicities [102]. 
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1.5 Apoptosis and necrosis 

1.5.1. Types of cell death 

Apoptosis and necrosis are two types of cell death which are different both biochemically 

and morphologically [138]. Apoptosis was discovered by Kerr et al. in 1971-1972 as a 

programmed cell death [139, 140]. These biochemical and morphological changes in 

dying cells are a direct basis of organ dysfunction [3]. Apoptosis is normally an energy 

(or ATP) requiring a process that involves active intracellular signaling pathways [141]. 

It plays a role in the development and morphogenesis of normal cell turnover, hormone-

dependant organ atrophy, and immune system function [142, 143]. The ultra-structural 

alterations of apoptosis are characterized by cellular shrinkage, cytoplasmic blebbing, 

nuclear chromatin condensation, DNA fragmentation and decomposition into numerous 

membrane bound vesicles known as apoptotic bodies, which are cleared by phagocytosis, 

either by neighboring cells or phagocytes such as macrophages [143, 144]. 

In contrast, necrosis is characterized by the depletion of energy or ATP [141, 145]. The 

ultra-structural alterations include: cell swelling, damage to intracellular organelles, 

rupture of cell membrane, and the extrusion of intracellular contents into the surrounding 

tissue, resulting in an inflammatory reaction and damage to neighboring cells with scare 

tissue development [141, 144-146]. 
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1.5.2. Apoptosis and necrosis in cardiovascular disease and toxicity  

Apoptosis has been reported in various cardiac diseases, particularly in ischemia- 

reperfusion and non-ischemic heart failure, myocardial infarction and arrhythmias [147], 

[148], end stage heart failure [149], left ventricular remodeling and hypertrophy [150], 

diabetes [151], atherosclerosis, and DOX-induced cardiac toxicity [152]. There is also 

copious evidence that myocytes die by apoptosis in response to various stressors of 

experimental models such as hypoxia/reoxygenation [153-157], acidosis [157-159], 

ischemia-reperfusion injury [160], oxidative stress [161], serum and glucose depletion 

and metabolic inhibition [162], administration of �-adrenergic agonists [163], angiotensin 

II stimulation [152, 164], viral infections, work load and mechanical stretch [146, 154, 

160, 165, 166]. 

The distinctions between apoptosis and necrosis have been proposed in animal models 

and on human tissues after myocardial infarction studies whereby cardiomyocyte death 

primarily occurs through apoptotic pathways, whereas necrosis occurs afterward 

following the ischemic insult [158, 159, 167].   

The vital mechanism by which anthracyclines cause both tumor cell killing and 

cardiomyocyte damage remains still undetermined [4]. Several hypotheses that lead to 

such synergism has been proposed to involve the following events:  

a) the generation of free radicals through the redox cycling of oxygen, leading directly to 

lipid peroxidation and DNA damage, or 

b) through indirect trigger of apoptosis by alteration of the mitochondrial membranes, 

kinase signaling molecules, apoptotic regulatory proteins and transcriptional proteins, and 
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c) the release of iron from the alcohol derivative of anthracyclines, generating more free 

radical and causing further cell damage, 

d) anthracyclines was also suggested to stabilize a reaction of topoisomerase II and DNA 

strands and p53-mediated genotoxicity and apoptosis [4].  

1.5.3. Signaling transduction pathways of apoptosis 

The two major signal transduction pathways have been suggested necessary in the 

initiation of apoptosis program including: (i) surface death receptor-mediated “extrinsic” 

pathways which are members of the TNF family and (ii) mitochondria-mediated 

“intrinsic” pathways—both of which result in the activation of cellular protease such as 

the caspases [168, 169].  

The intrinsic mitochondrial death pathway is regulated by proteins that belong to the Bcl-

2 family, including the pro-apoptotic Bid, Bax, Bad, Noxa, Puma, Bnip3, and the anti-

apoptotic family members such as the Bcl2 and Bcl-xl [170, 171] which control the 

permeability of the outer and inner mitochondrial membranes [172, 173]. The final stage 

of apoptosis involves the activation of caspases associated with signal transduction via 

cell-surface death receptors [174]. These caspases, which reside in the cytosol [175], are 

believed to play a part in DNA fragmentation, chromatin condensation, membrane 

blebbing, cell shrinkage, and development of apoptotic cells [176].    

As previously discussed, three major mitogen activator protein kinases (MAPKs) 

signaling pathways have been identified in the cardiomyocytes [177]. MAPKs are a 

family of serine/threonine protein kinases known to play a part in the transmission of 

extracellular signals to cytoplasm and nuclear pathways when activated by various 
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extracellular stimuli [178, 179]. These MAPKs include (i) extracellular signal-regulated 

kinases (ERK1/2) known to induce cell growth and survival [171], (ii) the c-Jun N-

terminal kinase (JNK), and (iii) the p38-MAPKs which are stress activated protein 

kinases (SAPK) and contributors to apoptosis [171]. The role of regulation of apoptotic 

cell death by JNK and the p38-MAPKs are still unclear and may be cell and stimuli type- 

specific [177]. Experimental studies indicate that JNK and the p38-MAPKs may 

represent the primary intermediates in the stimulation of apoptosis when phosphorylated 

in response to cellular stress such as (i) H2O2 in ischemia/reperfusion (R/I) of isolated 

cardiomyocytes [136, 180-182], by (ii) O-
2 and H2O2 in chronic DOX-induced 

cardiomyopathy [152], in (iii) hypoxia-induced activation of JNKs in isolated 

cardiomyocytes [152, 180], and (vi) ultraviolet radiation and cytokines [171].  

It was suggested that through “cross talk“ occurring between these various apoptotic and 

pro-apoptotic signaling pathways and regulatory mechanisms, the loss of cardiomyocytes 

reactivates hypertrophy of the remaining myocytes to preserve cardiac function in 

adaptation to increased mechanical workload and myocardial stretch [147].  

Based on in vitro cardiomyocyte studies of apoptosis in animal models with 

cardiovascular disease, several potent stimuli of cardiomyocyte apoptosis were suggested 

including: free radicals such as superoxide (O2
-) which interact with NO to form 

peroxynitrite (ONOO-), others are cytokines such as tumor necrosis-� (TNF�) and G 

protein-coupled receptors that mediate stimuli induced by agonists/ligands such as 

norepinephrine (NE), angiotensin (AII ) and endothelin-1 (ET-1), [147], mechanical 

stress, and stretch that leads to the increase in wall tension and remodeling [183, 184]. 

The source of stimulation, initiation, and mechanism of anthracycline-induced 
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cardiomyocytes apoptosis are mainly reported with in vitro studies and less in the in vivo 

cardiomyocytes studies [4]  

Understanding the source of the stimulation and mechanism of apoptosis using in vivo 

non-invasive physiological assessment in animal models treated chronically with DOX 

would help understand the process of apoptosis stimulation, molecular signaling, and the 

histopathological basis of cardiac toxicity. This will help develop new therapeutic 

strategies and prevention of anthracycline-induced cardiac toxicity. 

1.6. Myocardial hypertrophy and remodeling  

1.6.1. Cardiac remodeling           

Cardiac remodeling involves changes associated with progressive heart failure of all 

etiologies that include hypertrophy, ischemia, interstitial fibrosis, cardiomyocyte 

apoptosis, and necrosis [144]. All of these pathological lesions result in depressed 

myocardial function [144].  

 1.6.2. Historic perspective 

Understanding of adaptive and maladaptive hypertrophy (from Greek hyper + trophy, 

growth) started in 1745, when the Italian Lancisi Giovanni Maria made a distinction 

between heart chamber dilatation and thickening of its walls. This finding correlated with 

the French Nicholas Jean’s observation in 1801 that hypertrophy (“active aneurysm”) 

strengthens the heart, whereas dilatation (“passive aneurysm”) diminishes the energy of 

cardiac contractility [185]. In 1892, Osler first described this cardiac hypertrophy as 

adaptive and maladaptive, following three stages of development [185-189]:  
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1) the phase when hypertrophy develops step-by-step and counterbalances the 

impairment of the valve,  

2) the phase of full compensation through which the heart vigor meets the conditions of 

the circulation, and  

3) the phase of “broken compensation,” when death arises from weakening of the heart. 

By the 19th century German Leopold Schroetter and the French Paul Constantine hypothesized 

that hypertrophy, although it offers an adaptive response that augments the heart’s capacity to 

pump blood, is also maladaptive, because cardiac enlargement seems to reduce survival [185]. 

Felix Meerso further demonstrated that myocyte death in animals subject to transaortic 

constriction is the causal factor for shortened survival in a process of “cardiomyopathy of 

overload” [185, 190]. On the other hand, in 1982, Hochman and Bulkley described the 

myocardial alterations observed at the periphery of rat myocardial infarcts as part of the cardiac 

remodeling process [144].   

Between the 18th and 19th century, the in vitro distinction between concentric and dilated 

hypertrophy was found largely due to cardiomyocyte thickening and elongation mediated by 

signal transduction pathways [185, 191].  

Myocytes thickening was suggested to be attributed to accumulation of new sarcomeres in 

parallel, whereas elongation occurs when new sarcomeres are added at the end of the muscle 

fiber [185, 191].  

In 1992, remodeling was finally characterized by an international forum on cardiac remodeling 

held in Atlanta, Georgia, as the suite of molecular, cellular, interstitial, and genomic alterations 

manifested clinically as changes in size, shape, and function of the heart following cardiac 

injury [144].  
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These changes may occur following myocardial infarction (MI), pressure or volume overload 

as seen with hypertension, dilated cardiomyopathy, and other inflammatory heart diseases such 

as myocarditis [144]. The only difference in these pathologies is the etiologies, the time course, 

and the nature of the initiating insult [144].  

The inhibition of the signal transduction pathways that leads to the accumulation of new 

sarcomeres in chains of apoptotic cell death was suggested to delay or probably reverse the 

maladaptive growth response that may progress to dilatation of the failing heart [185, 191]. In 

fact, inhibition of cardiac hypertrophy and remodeling is currently emerging as a therapeutic 

target for the prevention of cardiac disease and heart failure [144, 192-195].  

1.6.3. Mechanisms of hypertrophy 

Despite a decade of research, the stimuli for hypertrophy have not been clearly described 

all known [196]. Furthermore, the precise mechanisms responsible for the transition of 

cardiac hypertrophy to cardiac failure are still being debated [197]. Left ventricular 

hypertrophy may be “physiological” in high performance elite athletes, and also arises in 

pathological conditions, such as hypertension, myocardial infarction, cardiomyopathies, 

valvular heart disease, and others [196]. The hypertrophy may be initiated by factors 

extrinsic and intrinsic to the cardiomyocyte [196]. The extrinsic stimuli include peptides 

such as angiotensin II and endothelin-1, adrenergic agonists such as norepinephrine, 

epinephrine, and phenylephrine, activators of protein kinase , peptide growth factors such 

as insulin-like growth factors (IGF-II), transforming growth factors-� (TGF-�), cytokines 

and mechanical and stretch factors [196]. Intrinsic stimuli include increased Ca 2+, 

heterotrimeric G protein Gq, as well as activated small G proteins, kinase, phosphatase, 

and transcriptional factors [198]. These extrinsic and intrinsic factors elicit multiple 
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cascades of intracellular pathways, termed the “hypertrophic response” which leads in 

increased muscle hypertrophy and increase in muscle mass, reprogramming of 

myocardial gene expression, and cardiomyocytes apoptosis [196]. Hypertrophy is thought 

to control myocytes apoptosis in support of cardiomyocytes survival [199]. The 

phenotype result, either maintenance of adaptive hypertrophy or transition into heart 

failure, depends on the balance between the hypertrophic and apoptosis processes [199].   

1.6.4. Hemodynamic overload and cardiac hypertrophy 

Strain, pressure, and shear stress, in time, can induce pathological hypertrophy and 

remodeling of the vascular and myocardial wall [200]. This may provide functional 

benefits or adaptation by increasing the number of contractile elements (sarcomers) per 

cardiac myocytes and by lowering the ventricular wall stress through an increase in wall 

thickness [197] required to sustain cardiac output in response to stress [201]. The 

beneficial effects of this hypertrophy can be expressed through the application of physical 

principles showing that increased myocardial wall thickness preserves cardiac ejection 

performance by normalizing wall stress [202]. This process is demonstrated by the Law 

of LaPlace (�=pr/2h): where wall stress (�) of a sphere (or ellipsoid form as in the heart 

chamber or the ventricle) is determined by intramural pressure (p), cavity or ventricular 

dimension (r), and wall thickness (h) of the cavity [202]. Therefore, in hypertension, 

where the augmentation in pressure results in increased myocardial wall stress, a reactive 

increase in wall thickness can normalize wall stress and preserve systolic function 

(myocardial contractility) [202, 203]. Prolonged hypertrophy, however, leads to 

irreversible myocardial damage and heart failure characterized by myocardial wall 
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thinning, ventricular dilatation, decline in myocardial contractility, and heart failure 

[201]. This may be a result of sustained pressure overload (hypertension) from 

myocardial ischemia or infarction, volume overloads, or inherited and acquired 

cardiomyopathies such as result from chronic strenuous competitive sports (as in 

cardiomegaly), and chronic chemotherapeutic toxicity [201]. The progression of cardiac 

hypertrophy has been reported to be associated with a significant increase in the risk of 

heart failure and sudden death in human populations [201].  

1.6.5. Pathophysiological and molecular mechanisms in cardiac hypertrophy and 

remodeling 

There are situations where adaptive cardiac hypertrophy or growth can occur as a feature 

of normal postnatal cardiac eutrophy or as physiological hypertrophy (for example, in the 

heart of an athlete) resulting from regular endurance exercise routine [197, 204, 205]. It 

has been suggested that among the important differences in biomechanical signals in 

these circumstances, compared with pathological situations, is their transient duration of 

excess homodynamic load, as compared with persistent increases observed in 

pathological conditions [197]. Thus it is critical to define and distinguish between the 

pathways that regulate adaptive versus maladaptive hypertrophy in order to target the 

latter in human disease by using novel pharmacological or gene transfer approaches 

[204]. 

Structural remodeling of the heart is known to be related to various processes mediated 

by mechanical, neurohormonal, or growth hormone and cytokine pathways [206]. 

However, the dose-dependant anthracycline-mechanism of cardiac hypertrophy and 
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remodeling remains controversial and incompletely understood [207]. Furthermore, 

mechanisms that lead to the transition from adaptive left ventricle hypertrophy to dilated 

maladaptive hypertrophy is also not clearly understood, particularly with chronic DOX 

toxicity.  

1.6.5.1. Phosphoinositide 3-kinase/Akt signaling pathways and cardiac hypertrophy 

PI3K/PDK1/Akt signaling regulates growth and apoptosis, carbohydrate metabolism, 

protein synthesis, and glycogenesis [208]. PI3K is localized downstream of several 

receptor tyrosine kinases including IGF-1 and erbB2 receptors [199]. Akt mediate cell 

survival by controlling various apoptotic effectors such as Bad or procaspase-9 [209, 

210]. Akt phosphorylates and activates endothelial nitric oxide synthase [211] which is 

important in regulation of cardiac function and is present in both cardiac myocytes and 

cardiac endothelial cells [208]. Akt was reported to be at a signaling cascade node, where 

its effects on cell death and survival is directly mediated via the forkhead box (FOXO) 

family of transcription factors and other regulators of apoptosis [212]. A number of 

FOXO target genes have been identified as controllers of numerous cellular functions 

including DNA repair, apoptosis, differentiation, and glucose metabolism [213].  

The critical role of the PI3K/PDK1/Akt pathways in regulating normal heart growth is 

shown by the finding that cardiac-specific ablation of PKD1 leads to reduced cardiac 

growth and cardiomyopathy [214]. Furthermore, PI3K or Akt inhibition in human 

embryonic stem cell-derived cardiomyocytes, was associated with impaired 

cardiomyocyte proliferation, suggesting that PI3K/Akt signaling promotes embryonic 
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cardiomyocytes proliferation [215], and is a major kinase effector of PI3K signaling 

[216]. 

The effects on a given form of hypertrophic response are determined by signaling branch 

downstream of Akt [216]. These include the branch that leads to rapamycin (mTOR) 

protein and the protein synthetic machinery essential for all forms of hypertrophy [216]. 

The other branch leads to glycogen synthase kinase-3 (GSK-3), which is involved in 

metabolism, and protein translational machinery with transcription factor target linked in 

both normal and pathological hypertrophy [216, 217]. Both of these branches were also 

found to be controlled by stress-activated, Gq-dependent coupled receptor signaling 

mechanisms [218, 219] to promote cardiac-myocyte hypertrophy independent of Akt 

[216]. This partly explains the hypertrophy of the Akt1-/- mouse heart in response to 

pathological stress [216]. 

1.6.5.2. Rapamycin (mTOR) 

The mTOR appears to coordinate inputs from hormones, mitogen and other stimuli, such 

as nutrients (branched-amino acids), and regulates protein synthesis, gene expression, cell 

size and proliferation [220-223]. Several studies implied that in cardiac hypertrophy, 

mTOR blocks cardiomyocyte hypertrophy induced by phenylephrine (PE) and/or 

endotholin-1 (ET-1)[224, 225], AII [226], and H2O2 [134]. The drug rapamycin was 

reported to significantly regress cardiac hypertrophy and decreased left ventricle end 

systolic diameter in mice subjected to transaortic constriction and decompensated 

hypertrophy, suggesting rapamycin as a possible therapeutic target in the prevention 

and/or reversal of cardiac remodeling [227]. 
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1.6.5.3 Glycogen synthase kinase-3� (GSK-3�) 

The role of GSK-3� as a negative regulator of cardiac hypertrophy is supported by the 

findings that persistent inhibition of GSK-3ß induced compensatory hypertrophy, 

inhibition apoptosis, and fibrosis, and increased myocardial contractility [228]. 

Transgenic mice overexpressing GSK-3� in the heart had a significant impairment of 

normal post-natal cardiomyocyte growth and myocardial dysfunction [229].  

Transgenic mice overexpressing GSK-3 subject to pressure volume overload were 

reported to develop a significant amount of apoptosis and fibrosis with marked decline in 

myocardial function [217].  

 

1.6.5.4. Epidermal growth factors (erbB2) and ligand neuregulin-1 (NRG-1) 

The erbB2 protein is a tyrosine kinase receptor, also known as HER2, and is a member of 

the epidermal growth factor receptors (EGRF) family including erbB1, erbB3 and erbB4 

[230]. ErbB2 is located in the transverse tubules within the cardiomyocytes [231] (Figure 

15). Overexpression of erbB2 is found in 25-30% of breast and ovarian cancers [230].  

ErbB2 function in muscle cells is still poorly understood [232]. ErbB2 receptor does not 

have a known ligand but signaling through its heterodimerization to erbB4 (after NRG-1� 

ligand stimulation) was reported to promote hypertrophic changes including changes in 

cell morphology, increases in protein synthesis, and expression of embryonic genes 

[233]. In postnatal and adult hearts, erbB2’s role is an essential part in the myocardial 

adaptation to physiological stress, suggesting a primary role in cardiac growth and the 

cell survival mechanism against apoptosis [234], whereas its inhibition diminishes 

normal cardiac growth [48]. The decline in its expression is associated with the transition 
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from compensated myocardial hypertrophy to maladaptive hypertrophy and remodeling 

in aortic banding models [54]. Mice with knockouts of erbB2, erbB4, or its ligand 

neuregulin -1(NRG-1) died in utero due to cardiac development impairment [231, 235]. 

Furthermore, heterozygous NRG-1 mutant mice were found to be more susceptible to 

doxorubicin-induced heart failure than normal wild type mice [236]. NRG-1 receptors 

erbB2 and erbB4 are down-regulated in the early stage of heart failure in animals with 

chronic hypertrophy secondary to aortic stenosis, suggesting a role for disabled erbB2 

signaling in the transition from compensatory to maladaptive heart failure [54].  

 

ErbB2 activation may be associated with a secondary stress or activator of pro-

inflammatory pathways such as ischemia, increased cardiac load, and cardiac agents [50].  

Stimulation of angiotensin II receptor type 1 (AT1) by oxidative stress for example, 

induces transactivation of erbB2 and other epidermal growth factor receptors (EGFR) 

[237]. Of the four members of the EGFR/erbB2 family, erbB2 is the preferred and potent 

heterodimerization partner for all the erbB receptors to elicit signaling pathways [237, 

238] including the MAPKs, ERK/Akt, and JNK pathways that lead to DNA synthesis and 

cell proliferation [239].  

1.6.5.5. Heat shock proteins 

Over the past decades, a series of studies have shown that heat shock proteins (hsp) such 

as the hsp 70 and the hsp 90 are able to protect cardiomyocytes against oxidative stress 

induced by exercise and in response to myocardial ischemia/reperfusion [194, 238-241], 

high temperature, apoptosis, and necrosis [240-243]. Heat shock proteins function as 

molecular chaperones [231] to prevent protein aggregation in response to stress by 
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binding to denatured and malfolded proteins and by assisting in the translocation of 

newly synthesized proteins to their proper cellular compartment [244]. Heat shock 

proteins may protect mitochondria against the damaging effect of reactive oxygen species 

and preserve cardiomyocytes protein structure and function [245, 246]. Several natural 

products, including radicicol and annamycin, and antibiotics geldanamycin and 

herbimycin -A, were reported to inhibit heat shock protein 90 by binding tightly to its 

highly conserved ATP/ADP pocket in its amino-terminal domain that is required for its 

function [247-250]. 

1.6.5.6. MAPKs: p38, c-Jun N-terminal kinases, and the extracellular signal- 

regulated kinase (ERK). 

Once activated by phosphorylation, ERKs, JNKs, and P38 may translate to the nucleus 

where they phosphorylate mitogenic- or stress-responsive transcription factors [251]. As 

discussed previously, these MAPKs have been implicated in survival and apoptotic 

signaling pathways in response to ischemia/reperfusion, oxidative stress, hypoxia, �-

adrenergic stimulation, and chemotherapeutic treatments [252]. ERK1/2 regulates cardiac 

hypertrophy [253] and is cardiac-protective during erbB2 signaling in DOX treatment 

[251]. Anti-erbB2 (Herceptin2) is used to treat human breast cancer with erbB2 

overexpression [236] and the ERK1/2 pathway is thus blocked in breast cancer and most 

likely in the heart of the cancer patient. ERK1/2 is activated by cell stretching in cultured 

cardiac myocytes and by acute pressure overload stimulation in mice subject to 

transaortic constriction [252, 254].  
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DOX treatment results in decreased levels of phosphorylated ERK1/2 in the heart of 

NRG1 (NRG1-/-) mice compared to control mice [236, 255]. The inhibition of ERK 

signaling was also observed to increase doxorubicin-induced apoptosis in cardiomyocytes 

cultures [256]. In addition, DOX administration to �2-adrenergic receptor (�2-AR) mutant 

mice results in altered ERK1/2 activation and decreased contractile function [257]. Mice 

overexpressing MEK1, an upstream activator of ERK1/2, display enhanced cardiac 

contractility [258]. Insulin-like growth factor-1 (IGF-1), cardiotrophin-1 (CT-1), and 

catecholamine were shown to exert their anti-apoptotic effects, in part, by ERK signaling 

[251, 259, 260].   

The level of activated ERKs in cardiac tissue sample of a failing heart was unaffected, 

whereas levels of JNKs and P38 kinase activation were considerably higher, suggesting 

that the MAPKs are differentially regulated during cardiac disease [251]. The outlook 

that pharmacological modulation of these signaling pathways in heart failure may re-

establish the balance existing among the MAPKs is worth further animal studies [251].   

1.6.5.7. Angiotensin receptor type 1 and TGF-� pathways 

Transforming growth factor-� (TGF-�) plays a vital role in the regulation of growth and 

development, differentiation, tissue maintenance and repair in a large range of cells and 

tissues [261-263]. In the heart, TGF-� is expressed significantly during cardiac 

development and pathology [261-263]. Gene ablation of TGF-1 has demonstrated 

function of TGF-1 � in lymphocyte function [264-266], genetic stability [267], platelet 

activation [268], and cancer [269-271]. TGF-1 � has been implicated in myocardial 

hypertrophy [272], the stimulation of collagen production by fibroblasts [273, 274], and 

fibrosis [274-276] [277]. Other studies suggest that TGF-� is induced in the 
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hypertrophied myocardium following myocardial infarction [263, 278], pressure overload 

[279], and the infusion of norepinephrine (NE) [280]. 

Recent studies (2006) demonstrat that the AT1 receptor antagonist, losartan, prevented 

vascular remodeling and aortic aneurysm in a mouse model of Marfan syndrome by 

reducing the levels of TGF-� and this beneficial effect was associated with reduced 

interstitial collagen accumulation [273].  

1.7. AIMS OF THE THESIS 

The present study was planned to investigate the following hypothesis: 

Hypothesis:  In vivo non-invasive echocardiography using 2D, M-mode, and tissue 

Doppler, MAP and SPECT/CT Tc-99m-HYNIC-Annexin V show that chronic DOX is 

dose, age, strain, and gender dependent correlating with in vitro cellular and molecular 

signaling pathways as well as ex vivo histopathological, TUNEL staining, and pSMA2 

immunohistochemestry findings: 

 

Dose response:  

Question: 

Determine the process of adaptive and maladaptive left ventricular remodeling in 

response to low and high dose of doxorubicin?   

i) Adaptive hypertrophy: A small amount of cardiomyocytes apoptosis will be 

associated with a significant increase in relative wall thickness and the 

preservation of myocardial contractility in the 7.5mg/kg treatment.  

ii) Maladaptive hypertrophy: A larger amount of cell death will result in regression 

of RWT, ventricular dilation, increase in LVmass, and increase in MAP and 
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marked decline in myocardial contractility in the 15 mg/kg treatment as compared 

to the 7.5 mg/g treatment. Both adaptive and maladaptive left ventricular 

hypertrophy and remodeling will occur at the same point of time (Week 10) at the 

2 dose 7.5 and 15 mg/kg, respectively.  

iii) Prolonged adaptive left ventricular hypertrophy with 7.5 mg/kg dose of DOX will 

inevitably lead to maladaptive hypertrophy.  

 

iv) Severe kidney damage and sustained hypertension would accelerate the transition 

of adaptive to maladaptive hypertrophy and remodeling in the 15 mg/kg treatment 

at week 10.  

v) Vascular wall thickening and damage, increase in blood viscosity, would 

contribute to hypertension, thrombosis formation and reno-cardiovascular failure.  

vi) Anemia would contribute to the decline in oxygen consumption, tissue damage, 

and dysfunction.  

vii) SPECT/CT with Tc-99m-HYNIC-Annexin V imaging, guided with 

echocardiography follow-up methods, would provide better understanding of 

hypertrophy and remodeling mechanism, and would correlate to cardiac apoptosis 

formation in rats treated with doxorubicin. 

viii) The increase in MAP and LVmass would parallel the increase in erbB2, NRG-1, 

Akt, mTOR, GSK-3, heat shock proteins (70-90), TGF-� pathway activation, and 

cardiomyocytes apoptosis. 

ix) Persistent expression of erbB2, NRG-1, Akt/ERK1/2, mTOR, GSK-3, heat shock 

proteins (70-90), and TGF-� expression would be associated with continuous 

increase in cardiomyocytes apoptosis and marked decline in left ventricular 
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contractility. Excess cardiomyocytes apoptotosis would contribute to the 

conversion of adaptive hypertrophy to maladaptive hypertrophy and myocardial 

dysfunction. 

x)  Excess phosphorylated pSMAD2 would further confirm that excess TGF-� 

expression may be pro-apoptotic and the causal factor of toxicity in both kidney 

and heart of the DOX-treated SD rats.  

Losartan:  

Hypothesis 2: Losartan, angiotensin II receptor type 1 antagonist treatment would 

reverse left ventricular and vascular hypertrophy and remodeling, reduce blood pressure, 

and improve myocardial contractility.  

 

Question 1: 

Define in vivo and in vitro physiological and molecular mechanism by which losartan 

inhibits left ventricular hypertrophy and remodeling? 

i) Non-invasive echocardiography follow-up would show reduction of RWT, 

reduction of LVmass, and normalization of myocardial contractility which will 

correlate to decline in blood pressure, a decline in blood platelet levels, and a 

decline in TGF-� expression. 

 

Strain differences:  

Question 2: 

Is there any phenotypic difference in the kidney of Sprague-Dawley rats? 
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x) The Sprague-Dawley rats are more susceptible to DOX induced kidney damage 

than the F344 rats and this would be the contributing factor to earlier development 

of hypertension and heart failure. 

xi) Risk of mortality is higher in SD than F344 rats treated with the same cumulative 

dose of 15 mg/kg doxorubicin at week 10 and may be due to a significant decline 

in myocardial contractility, increase in left ventricular mass, hypertension, 

hyperlipidemia, platelet aggregation, thrombogenesis, and nephrotoxicity.  

 

xii) The significant increase in LVmass, body weight and kidney weight, and low 

level of red blood cell in the control saline SD as compared to the control saline-

treated SD F344 rats may be predisposing factors to an unfavorable reno-

cardiovascular connection to early hypertension and heart failure after 15 mg/kg 

of DOX at week 10. The F344 rats would show resistance to this same dose of 

DOX in the same point of time.  

xiii) F344 rat treated with 15 mg/kg of DOX would exhibit a less significant amount of 

pSMAD2 phosphorylation in the kidney and the heart than the SD rat strain 

treated with the same dose of DOX at the same point of time (week 10).  

xiv) The F344 rats are less susceptible to DOX-induced hypertension and left 

ventricular hypertrophy because they have less damage to the kidney than the SD 

rat strain treated with the same dose (15 mg/kg) of DOX. The F344 rats may also 

be irresponsive to angiotensin effect on the reno-cardiovascular system. 
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Gender differences:  

Hypothesis: Males are more susceptible to DOX toxicity than females. 

Question: What are the long-term side effects associated with DOX toxicity in males and 

females? 

xv) Males would die with cardiac toxicity whereas females would develop mammary 

tumor.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1. Animals 

Female Sprague-Dawley rats, 8–10 weeks old and weighing approximately 200g were 

used for most of the experiments. Male and female Sprague Dawley rats, neonatal rat 

pups 7 days old were also used in the experiments for dose response; female Fisher rats, 

8-10 weeks old, were also used in the experiments on strain differences (as detailed in 

Table 1). The rats, purchased from Zivic Miller (Pittsburgh, PA), were acclimated for 1 

week prior to the start of the experiments. 

 All procedures associated with this study were reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of the Johns Hopkins University 

School of Medicine. These procedures were performed in a facility accredited by the 

Association for the Assessment and Accreditation of Laboratory Animal Care 

International. 

       

2.2. Overview of experimental protocol 

The experimental approaches used to investigate the three aims of this study, namely 

DOX dose response, effects of losartan, and strain differences, are summarized in 

Table 1. 
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Table 1: Experimental design and methods used for doxorubicin dose response, 

combined losartan and doxorubicin, and rat strain differences 

 

Abbreviations: 

F344: Fisher 

SD: Sprague-Dawley 

SPECT/CT: Single-photon-emission computer tomography/computed tomography 

scanning and 99mTc-annexin V  

TTE: transthoracic echocardiography 

Symbol + mean performed and – was not performed 

 

2.3. Treatment method and schedule, data collection 

2.3.1. Treatment method and schedule   

Rats were randomly assigned to one of the treatment groups and to the control group; 

there were a total of 110 SD female rats and 30 female F344 rats aged 8-10 weeks. The 

neonatal study (part of aim 1) had a total of 24 rats: 12 males and 12 females. All 

experiments/treatments (except the neonates and 2 other SD rats treated with 7.5 mg/kg 

In vivo In vivo In vivo In vitro Necropsy In vitro

Aim and 

 type of rat studied TTE 

Blood 

Pressure SPEC/CT 

Bio-

distribution 

Histopathology

Ultrastructure 

Blood profile 

Western

blotting

1. Dose response 

 SD, 8-10 wks + neonate 
+ + + + + + 

2. Losartan 

     SD, 8-10 wks 
+ + - - + + 

3.  Strain differences 

     SD + F344, 8-10 wks 
+ + - - + + 
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DOX) lasted 10 weeks, after which time the animals were euthanized with sedation 

(ketamine/zylazine) when myocardial contractility was markedly reduced � 40%. 

For the treatments, DOX (Novaplus, Bedford Laboratories, USA) was administered 

intravenously via the jugular vein under anesthesia (ketamine/zylazine) in the 8-10 weeks 

rats, and via intraperitoneal in the neonates at the age of 7 days. Losartan dose of 

0.6g/liter was administered in a drinking water after titration to reach comparable 

hemodynamic effects in vivo, including 15 to 20% decline in heart rate and a 10 to 20% 

decline in blood pressure[273]. The treatment groups were as follows: 

 

Aim 1: Doxorubicin dose response 

Sprague Dawley rats, age 8–10 weeks, female 

Group 1: 2.5 mg/kg DOX weekly for 6 weeks, cumulative final dose of 15 mg/kg (n=40). 

Group 2: 2.5mg/kg DOX weekly for 3 weeks, cumulative final dose of 7.5 mg/kg (n=10). 

Two of these rats were kept for long-term follow-up for DOX side effects on the 

cardiovascular response.      

Control: Comparative dose of saline weekly for 6 weeks (n=30). 

Sprague Dawley rats, neonates, males and females 

Group 1: 1 mg/kg in volume of 25-50 μL every other week in 1, 2 and 3 doses, 

cumulative final dose of 1, 2, 3 mg/kg (n=3 for each group of treatment) in both male and 

female neonates. 

Control 2: Comparative dose of saline (n=3).   

Aim 2: Losartan 

Sprague Dawley rats, age 8–10 weeks, females. 
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Group 1: 2.5 mg/kg of DOX weekly for 6 weeks, cumulative final dose of 15 mg/kg, 

supplemented with losartan in drinking water from the first DOX injection daily until 

week 10 (n=30).   

Aim 3: Strain differences 

Fisher rats, 8–10 weeks, females 

Group 1:  2.5 mg/kg doxorubicin weekly for 6 weeks, cumulative final dose of 15 mg/kg 

(n=20) 

Group 2: Comparative dose of saline administered once a week for 6 weeks (n=10). 

  

2.3.2. Data collection 

For all groups of 8–10 week old rats, data for in vivo, in vitro, and ex vivo at necropsy 

(see Table 1) is presented for the 10-week time point. 

For the neonatal rats, from Aim 1, TTE data is presented for the 50 weeks time point.  

For Aim 1, Dose Reponses, 8–10 week old rats, in vivo data was also collected at week 

10. Week 10 data is presented because the 15 mg/kg treated SD rats had marked decline 

in cardiac function and thrombosis associated with unpredictable deaths. Two SD rats 

treated with 7.5 mg/kg of DOX were not euthanized at week 10 because the 7.5mg/kg 

treatment was associated with adaptive myocardial hypertrophy. These rats were kept 

alive for long-term observation and follow-up cardiac hypertrophy and remodeling to 

determine the changes associated with adaptive and maladaptive hypertrophic response 

over time. The quantification of fibrosis and collagen in the myocardium and vascular 

wall and damage to the kidneys were estimated visually using the scale of small, 

moderate, and severe extent of damage of tissue section. 
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2.4. Transthoracic echocardiography 

2.4.1. Ultrasound equipment 

Transthoracic echocardiography was performed using Sequoia Acuson C256 (Malvern, 

PA) or the 660 Vevo Visualsonics (Toronto, Ontario, Canada) ultrasound machine, 

equipped with 15MHz and 40MHz linear transducer, respectively [194, 281]. 

 

2.4.2. Maintenance of rats during echocardiography 

To perform echocardiography without sedation, rats were habituated to immobilization 

inside a modified disposable rodent restrainer (Decapicone, Braintree Scientific, Inc.). 

Multiple air holes were cut in the plastic restrainer to allow for air circulation. The rat’s 

chest was shaved and maintained in the restrainer for 1-3 minutes until normal resting 

heart rate was reached and rat was relaxed before an imaging session. While inside the 

restrainer, the rat was gently held in the left lateral dicubitus position. Pre-warmed 

hypoallergenic ultrasonic transmission gel (Parker Laboratories, Fairfield, New Jersey) 

was applied through an opening cut to obtain better ultrasonic penetration and better 

images. Care was taken to minimize the slightest chest compression which could cause 

bradycardia.  

To prevent repetitive strain injuries to the handler arising from improper body mechanics 

during imaging, the handler rested her forearm on a flat platform, from elbow to wrist, 

while keeping her neck and lower back straight and maintaining the normal curvature 

using an ergonomic chair. 
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2.4.3. Image acquisition 

2.4.4. M-mode and 2-Dimensional echocardiogram 

The heart was first imaged in the two-dimensional (2-D) mode in the parasternal short 

and long axis view of the left ventricle (LV) at sweep speed of 200 mm/sec. From this 

view the M-mode echocardiogram was obtained by positioning the cursor 

perpendicularly to the interventricular septum and the left ventricular posterior wall at the 

level of the papillary muscles.   

From the M-mode echocardiogram image, four parameters were measured: (i) left 

ventricular posterior wall thickness at end of diastole (PWTED), (ii) interventricular 

septal thickness at end of diastole (IVSD), (iii) left ventricle (LV) chamber diameter at 

end of diastole (LVEDD), and (iv) left ventricle chamber diameter at end of systole 

(LVESD). All measurements were performed according to the guidelines set by the 

American Echocardiography Society. For each rat, three to five values for each 

measurement were obtained and averaged for evaluation.  

Using the LVEDD and LVESD, we derived the fractional shortening (FS) which 

represented the percent change in left ventricular (LV) chamber dimension with systolic 

contraction. We used the FS in the estimation of the LV wall contractility or the systolic 

function based on the following equation:  

0B                          FS (%) = [(LVEDD – LVESD)/LVEDD] X 100 

1BThe left ventricular mass (LVmass) was derived and used in the assessment of left ventricular 

hypertrophy and enlargement, using the following equation [282]: 
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LV mass (mg): 1.055 [(IVSD + LVEDD + PWTED)3 – (LVEDD)3] 

where 1.055 is the specific gravity of the myocardium.  

 

2.4.5. Tissue Doppler Imaging 

Tissue Doppler Imaging (TDI) was used for evaluation of regional wall motion (Figure 1).  
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Figure 1 Shows for the first time the four chamber view of the heart in two-

dimensional echocardiogram (A) and the derived (B) tissue pulsed wave Doppler 

spectrum of conscious adapted rat. The four chamber view shows the left ventricle 

(LV), the right ventricle (RV), the left atrium (LA), the right ventricle, the mitral 

valve (MV). The arrow in this Figure (A) shows the sample volume placement at 

septal base of the mitral valve annulus were tissue pulsed wave velocity is recorded.  

In Figure B, interval Ua Urepresents the isovolumetric contraction time (IVCT) 

measured from the cessation of the peak velocity of atrial diastolic filling (Am wave) 

to the onset of the mitral annular peak systolic velocity (Sm), b represents the left 

ventricular ejection time (ET), or the systolic ejection, measured as the duration of 

the mitral annular peak systolic velocity (Sm) and the UcU representing the 

isovolumetric relaxation time (IVRT) or the diastolic function, measured from the 

cessation of the peak systolic velocity (Sm) to the onset of peak early diastolic mitral 
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Myocardial relaxation (or diastolic) and contraction (systolic) velocities of the left ventricle 

were measured using the four chamber view. The sample volume was positioned at the basal 

level of the interventricular septum. The septal ejection time (ET), isovolumetric contraction 

time (IVCT), and isovolumetric relaxation time (IVRT) were measured and used in the 

calculation of Tei index (TEI), also known as the myocardial performance index. The Tei index 

was used in the assessment of both systolic and diastolic function [283, 284]:  

TEI = (IVC+IVRT)/ET 

All measurements were performed according to the guidelines set by the American 

Society of Echocardiography. For each rat, three to five values for each measurement 

were obtained and averaged for evaluation. 

The rats were euthanized under anesthesia (Ketamine/zylazine) when FS �40%, the 

diastolic (IVRT) and/or the Tei index were significantly prolonged indicating dysfunction 

as compared to control saline group and according to physical symptoms associated with 

the level of activity, weight loss, and other manifestations relating to toxicity. 

 

2.5. Risk of death and administration of euthanasia 

Echocardiography weekly between 7 to 10 weeks helped us define the onset of adaptive 

myocardial hypertrophy/remodeling and its transition to maladaptive myocardial 

hypertrophy. The data presented in this study is of week 10 because a severe cardiac 

dysfunction associated with FS � 40% occurred about 10 weeks after treatment. The rats 

were euthanized under anesthesia (ketamine/zylazine) when this target threshold (FS 

�40%) was reached and according to physical symptoms associated with the level of 

activity, weight loss, diarrhea, thrombosis, and manifestations relating to toxicity which 

commonly occurred at week 10.  
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Left ventricular function and morphology was assessed first to estimate the risk of 

mortality in the most susceptible subjects and to develop a rat model of heart failure. The 

tissue Doppler analysis of diastolic and systolic function was used to determine diastolic 

dysfunction in subjects with left ventricular hypertrophy and preserved systolic function 

and compared to rats affected with both systolic and diastolic function as well as the 

control group.  

 

2.6. Tail-cuff blood pressure  

MAP was recorded non-invasively after the last echocardiography study (week 10) by the 

tail-cuff method using the CODA 2 system (Kent Scientific Corp, USA) while the animal 

was anesthetized in closed chamber with isoflurane exposure. The flow of anesthesia was 

maintained by mask ventilation of 1.5% isoflurane in 100% O2, using scavenging system. 

The rat was positioned ventrally on temperature-controlled circuit board (Indus 

Instruments, Houston, TX). The body temperature was maintained at constant normal 

37oC. Averages of 10 measurements were recorded per rats. 

 

2.7. SPECT/CT imaging 

2.7.1. SPECT imaging  

In vivo SPECT quantification of cardiac cell death (apoptosis) in DOX dose dependent 

response was performed as follows:   

(i) Rats injected with 7-8mCi Tc-99m-HYNIC-Annexin V 

(ii) Images acquired 1 hour post-injection 

(iii) High resolution dual-head single pinhole imaging 
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(iv) Planar – 15 min (n=2) 

(v) Tomography – 90 views, 30s/view (n=9) 

(vi) High detection efficiency 5-pinhole imaging 

(vii) Tomography – 90 views, 30s/view (n=8) 

(viii) Data reconstructed with OS-EM based 3D pinhole reconstruction algorithm 

Two regions of interest (ROIs) were drawn in the mediastinal and the axillary soft tissue 

regions on SPECT images to calculate the cardiac uptake ratio (CUR) as a semi-

quantitative index of cell death, using the following equation: 

CUR =  Myocardium-soft tissue
soft tissue

 

2.7.2. CT imaging 

CT data were acquired sequentially after SPECT and fused with SPECT images to 

provide anatomical information. The images were acquired at settings of 75 kVp, 

0.24mA, 512 projections, and 0.1s/projection.  

 

2.8. Biodistribution of cell death 

After euthanasia, 10-20 mg portions of left ventricle, right ventricle, blood, muscle, and 

fat were harvested and the biodistribution of annexin label was determined. Data were 

reported as standardized % ID/g.  

 

2.9. Histopathology and ultrastructure of heart and kidney tissue 

After euthanasia (ketamine/zylazine), the heart and both kidneys were weighed (both as 

total weight) and the small portions (5-10mg) of left ventricle (papillary level) was 
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sectioned and frozen in -80ºF for molecular studies (see 2.9 below). The remainder of the 

heart and kidneys were fixed in 10% formalin for H&E histopathology, pSMAD2 

immunohistochemistry staining, and terminal deoxynucleotidyl transferase–mediated 

dUTP nick-end labeling (TUNEL) evaluation (for the hearts only). 3-6 micron sections 

were used for these studies. 

Other rats’ hearts were perfused via aortic cannulation with 0.2% glutaraldehyde and 4% 

paraformaldahyde fixative for immunoelectron microscopy. 

 

2.10. Western blotting analysis for proteins  

Frozen left ventricle (40mg) was rapidly homogenized in lysis buffer as described [231] 

and standard gel electrophoresis and immunoblotting were done.  

The following 9 antibodies were used: ErbB2 (sc-285; 1:500; Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA), ErbB4 (sc-283; 1:500; Santa Cruz Biotechnology), NRG-1� (sc-

1792; 1:500; Santa Cruz Biotechnology), phospho–mammalian target of rapamycin 

(mTOR; 1:1,000; Cell Signaling, Boston, MA), phospho-p70s6k (1:1,000; Cell 

Signaling), phospho-Akt (1:1,000; Cell Signaling), total Akt (1:1,000; Cell Signaling), 

HSP90 (1:1,000; BD Transduction Laboratories, San Diego, CA), and HSP70 (1:5,000; 

Stressgen, San Diego, CA).  

After incubation in anti-rabbit or anti-mouse horseradish peroxidase secondary antibody 

(1:2500; Amersham, Piscataway, NJ), blots were exposed to chemiluminescent substrate 

(Pierce, Rockford, IL) and exposed to CL-XPosure film (Pierce, Rockford, IL). Protein 

levels were normalized to total Akt or actin. 
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2.11. Real time-PCR (qPCR) and mRNA quantification 

RNA (1 μg) was isolated from 20-30 mg of the left ventricle tissue (mid-papillary level) 

using a Trizol Neasy protocol (Qiagen), with an in-column Dnase treatment (RNase-Free 

DNase Set, Qiagen). Quality and concentration of the samples were assessed using a 

NanoDrop ND-1000 and 2100 Bioanalyzer, respectively. In vitro transcribed RNA (T7 

Megascript, Ambion) was quantified by spectrometry and used as standard for the real-

time PCR assay. A total of 1 μg RNA was transcribed into cDNA using random 

hexamere primers and Superscript II reverse transcriptase (Applied Biosystems, Foster 

City, CA) according to the manufacturer’s protocol in an i-Cycler (thermal cycler, Bio-

Rad Laboratories, CA). mRNA expression was determined using SYBR green (Applied 

Biosystems, Foster City, CA) on a BioRad i-Cycler. An amount of 0.41 ng of cDNA per 

reaction was used for determining 18S-rRNA and 12.5 ng for all the other genes. All 

measurements were performed as duplicates.  

For each gene, intron-spanning primer pairs were used in a final concentration of 0.2 μM 

(see Table 2, 3 for details).  

 

 

 

 

 

 

 

 



 48

++ shows high gene expression, + shows low gene expression, and – shows negative gene expression.
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Q-PCR cycling conditions were as follows: in an initial step, reverse transcription was 

carried out at 50 °C for 30 minutes, taq-polymerase was activated at a temperatureof 95 

°C for 10 minutes. Subsequently, amplification cycle conditions were 94 °C for 30 s, 60 

°C for 30 s, 72 °C for 30 s (28S-rRNA) and 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 

30 s (for all other genes), respectively. Amplification cycles were repeated 40 times. 

After each run a melting curve analysis was performed to ensure amplification of correct 

products. mRNA expression was normalized for levels of cardiac 28S-rRNA as a 

housekeeping gene, which do not change during neonatal development. RT-PCR and 

expression level of erBb2 gene in heart in DOX-treated and non-treated heart are 

described in the our recently published data [231]. 

 

2.12. Blood lipid and hematological profile 

Blood lipid and hematological profiles were performed using the ACE clinical chemistry 

system and reagents (Alfa Wassermann, Inc,). Blood was collected at week 10 in non-

fasted state via the jugular veins while rats were sedated with ketamine and xylazine 

anesthesia injected the intraperitoneal route.     

 

2.13. Statistical analysis 

The results were expressed as mean and standard deviation (mean ± SD). One-way 

analysis of ANOVA and the Bonferroni multiple-comparison tests were used for 

comparing all groups and pairs of groups respectively. A P < 0.05 was considered 

significantly different. All analyses were carried out using Prism and Excel statistical 

analysis software. 
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CHAPTER 3 

RESULTS 

 

Follow-up echocardiography of the left ventricular morphology and function began at 

week 7 until target fractional shortening (indices of myocardial contractility) was � 40% 

and dilated hypertrophic cardiomyopathy model developed by week 10 in the majority of 

the Sprague Dawley rats, exposed to 15 mg/kg of doxorubicin (DOX). Thrombus 

formation and unpredictable deaths were commonly observed in these rats at this dose 

and time point.  
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Figure 1: The Kaplan-Meier survival curve by fractional shortening (FS) in 

Fisher (F344) and Sprague-Dawley rats (SD), 10 weeks after treatment with 

15mg/kg of doxorubicin.  

There was a considerably significant risk for sudden death among the SD rats 

compared to F344 rats. Thrombus growth was commonly observed during the 

end stage cardiac toxicity in the majority of the female Sprague-Dawley and 

may have also been the leading cause of mortality.  Some of the F344 rats 

that were not euthanize, and not presented in this present study were not 

euthanized until week 18 and had to be euthanized for other studies.  
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Non-invasive studiesincluding blood pressure, SPECT/CT Tc-99m-hydrazinonicotinic 

Annexin V (Tc-99m-HYNIC-Annexin V) were used after echocardiography analysis at 

about week 10 to evaluate the mean arterial pressure and quantify myocytes apoptosis. 

All rats at this time point, except the two rats treated with 7.5mg/kg of DOX and the 

neonates, were euthanized under sedation (ketamine/xylazine) at week 10 when the target 

FS � 40% was reached. Blood was collected from the jugular veins for hematology and 

lipid profile while the rats were sedated. The right and left portion of ventricles were used 

in the biodistribution study for in vitro cardiomyocytes deaths and the remainder tissue 

was frozen for Western blotting and qPCR analysis. The kidneys and the rest of the heart 

were collected and harvested for histopathology, including TUNEL staining for apoptosis 

and pSMA2 immunohistochemistry.   

All rats were euthanized mainly due to atrial thrombus development associated with 

significant decline in myocardial systolic function (FS) and mortality rates among the 15 

mg/kg-treated SD rats as compared to Fisher rats (Figure 1). The two other rats treated 

with 7.5 mg/kg of DOX were euthanized 14 weeks after a marked decline in FS. The 

majority of male neonates died with cardiac toxicity and the females developed 

mammary tumors 50 weeks after treatment.  

 

The 7.5 mg/kg of DOX-treated SD rats, left for the long-term side effects associated with 

DOX were at risk of death during week 14 because FS was lower than expected (28%). 

Some of the Fisher rats’ cardiovascular changes seemed to plateau up to 18 weeks 

(results are not shown). Those that were euthanized were used in the study of strain 

differences and the reno-cardiovascular response to 15 mg/kg of DOX in comparison to 

the SD rats treated with the same dose of DOX and studied at week 10 after treatment.  
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3.1. Doxorubicin dose response, gender and strain differences with and 

without losartan treatment 

3.1.2 Body, organ weight, and necropsy results 

Body, heart weight, heart weight and body weight ratio, kidney weight, lipid, 

hematological and cardiovascular profile are outlined in Table 1. Body weight showed a 

mean percent difference of 35.03%, with the control saline-treated SD rats being 

significantly (p<0.001**) higher than the control saline-treated F344 rats (325.4±36.58 

vs. 211.4±29.06), indicating phenotypic or strain differences in body weight (Table 1). 

 

 

 

 

 

 

 

 

 

Data expressed in mean±standard deviation (sample size). Body weight (BW), heart weight 

(HW), heart weight and body weight ratio (W/BW), kidney weight (KW), left ventricle mass 

(LVmass), relative wall thickness (RWT), mean arterial pressure (MAP), fractional shortening 

(FS), heart rate (HR), red blood  cell (RBC), blood urea nitrogen (BUN), creatinine (Cre), 

platelet (PLAT), cholesterol (CHOL), Fisher (F344), Sprague-Dawley (SD), doxorubicin (DOX), 

15mg/kg DOX+losartan (15mg/kg DOX+LOS).   

160.2±49.5 (17)177±57.98 (2)173.3±25.6 (13)110.1±25.86 (13)56.83±18.05 (n=6)54.92±8.59 (12)HDL(mg/dl)

2261±2033 (17)1167±0.00 (1)3645±2951 (8)341.4±201.3 (16)106.2±56.04 (6)50.58±16.01 (12)TG(mg/dl)

877.4±396.6 (18)1078±17.68 (2)1506±276.1 (10)313.4±90.61 (17)125.3±23.56 (7)116.4±15.28 (10)CHOL(mg/dl)

758.1±337.2 (8)970.5±263.8 (2)573.8±248.3 (10)346.6±82.79 (7)301.3±104.2 (4)344.4±109.8 (7)Plat(k/�/L)

0.79±0.23 (7)0.55±0.78 (2)1.44±0.88 (11)0.47±0.13 (13)0.48±0.05(4)0.45±0.05 (10)Cre(mg/dl)

40±4.32 (4)32.5±12.02 (2)61.78±25.02 (9)15.78±4.75 (18)14.75±1.5 (4)17.56±2.65 (9)BUN(mg/dl) 

4.67±0.65 (9)5.22±0.16 (2)4.85±0.58 (10)7.87±0.5 (15)9.1±0.13 (4)7.08±1.2 (9)RBC(M/�L) 

447.3±26.71 (22)480±14.14 (5)435.2±39.93 (23)479.7±27.2 (10)531.9±16.41 (5)510.3±10.93 (15)HR (b/min)

37.1±11.17 (24)66.49±6.89 (10)59.84±4.5 (27)53.97±7.5 9 (16)71.32±2.09 (10)70.92±1.45 (31)FS (%)

117.2±10.33 (5)111.1±4.07 (2)88±8.7 (10)88±4.5 (3)87.5±3.1 (4)93.6±4.6 (5)MAP (mmHg)

31.27±1.23 (6)72.59±5.54 (5)28.49±1.1 (10)67.36±5.45 (11)70.38±3.82 (8)73.6±4.79 (8)RWT (%)

1024±85.72 (18)781.2±86 (5)821.8±78.08 (10)616.4±74.06 (16)627.6±58.29 (10)776.6±73.67 (16)LVmass (mg)

1.73±0.31 (16)1.81±0.19 (5)1.67±0.4 (14)1.02±0.08 (21)1.1±0.06 (10)1.47±0.06 (10)KW (g)

2.46±0.13(12)2.95±0.15(8)2.52±0.31 (14)2.74±0.34(17)2.34±0.41(10)3.07±0.24(20)HW/BW(mg/g)

0.57±0.07 (12)0.67±0.1 (8)0.53±0.06 (14)0.46±0.05 (17)0.49±0.03(10)0.99±0.08(20)HW (g)

230.9±23.99 (12)225.4±33.6 (8)210.7±20.02(14)169.2±12.65 (17)211.4±29.06(10)325.4±36.58 (20)BW (g)

15mg/kg DOX7.5mg/kg DOX 
15mg/kg 

DOX+LOS15mg/kg DOXSaline Saline 

SD SD SD F344F344 SD Parameters
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40±4.32 (4)32.5±12.02 (2)61.78±25.02 (9)15.78±4.75 (18)14.75±1.5 (4)17.56±2.65 (9)BUN(mg/dl) 

4.67±0.65 (9)5.22±0.16 (2)4.85±0.58 (10)7.87±0.5 (15)9.1±0.13 (4)7.08±1.2 (9)RBC(M/�L) 

447.3±26.71 (22)480±14.14 (5)435.2±39.93 (23)479.7±27.2 (10)531.9±16.41 (5)510.3±10.93 (15)HR (b/min)

37.1±11.17 (24)66.49±6.89 (10)59.84±4.5 (27)53.97±7.5 9 (16)71.32±2.09 (10)70.92±1.45 (31)FS (%)
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31.27±1.23 (6)72.59±5.54 (5)28.49±1.1 (10)67.36±5.45 (11)70.38±3.82 (8)73.6±4.79 (8)RWT (%)

1024±85.72 (18)781.2±86 (5)821.8±78.08 (10)616.4±74.06 (16)627.6±58.29 (10)776.6±73.67 (16)LVmass (mg)

1.73±0.31 (16)1.81±0.19 (5)1.67±0.4 (14)1.02±0.08 (21)1.1±0.06 (10)1.47±0.06 (10)KW (g)
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Both the losartan and 15 mg/kg of DOX treatment combination (DOX+LOS) and the 15 

mg/kg of DOX-only-treated SD rats had a significantly (p<0.001**) lower body weight 

than the control group of the same strain and was 210.7±20.02 (DOX+LOS) and 

230.9±23.99 (DOX), respectively versus 325.4±36.58 (control SD).  

Differences between these two groups include low levels of activity and frequency of 

diarrhea observed in SD rats treated with 15 mg/kg of DOX alone as compared to those 

treated with losartan and DOX combination. Body weight (225.4±33.6) in the 7.5 mg/kg 

DOX treated SD rats (Table 1) was significantly different (P<0.001**) from the controls 

of the same strain (SD rats). 

The 15 mg/kg DOX-treated F344 rats had an average body weight of 169.2±12.65 

representing a drop of 19.96% in mean percent difference from the control saline treated 

F344 rats (211.4±29.06) with a slight statistical difference (p<0.01*) than the other 

treated groups. These strains of rats were also physically more active than the SD strain-

treated with the same dose of DOX as observed at the same time point, suggesting their 

resistance to DOX treatment. The SD rats treated with the same 15 mg/kg of DOX 

showed a drop of body weight of 29.04% lower than the controls of the same strain. This 

suggests greater body weight loss may be a risk factor for chronic doxorubicin-induced 

cardiovascular toxicity. Weight loss in the 15 mg/kg DOX alone treated SD rats was also 

associated with a significant amount of ascites and cardiac pleural effusion not observed 

in the LOX+LOS treated SD rats, nor the F344 treated with 15 mg/kg of DOX, and 

neither the SD rats treated with 7.5 mg/k of DOX at week 10.  

Although the kidneys were pale and enlarged, their weight (total weight of both kidneys) 

were 1.73±0.31 and 1.81±0.19 in the 15mg/kg and 7.5mg/kg DOX treated SD rats, 

respectively, and 1.67±0.4 in the DOX+LOS treatment group as compared to their 
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control saline treated rats (1.47±0.06) with normal color. These differences were not 

statistically significant between these groups.   

The F344 control (saline) treated rats showed a significantly (p<0.01*) lower kidney 

weight than the control saline treated SD strain. They showed a kidney weight of 

1.02±0.08, representing a less significant drop after DOX treatment as compared to its 

saline control group (1.1±0.06). In addition, the DOX-treated F344 rats’ kidneys 

appeared normal during necropsy. Histological finding of a small to an insignificant 

damage was observed whereas, the SD rats treated with the same 15 mg/kg of DOX 

showed moderate to severe kidney damage.  

 

Heart weight were significantly lower (p<0.001**) in the 15mg/kg (0.57±0.07), in the 

DOX+LOS (0.53±0.06) and in the 7.5 mg/kg (0.67±0.1) treated SD rats (p<0.001**) than 

0.99±0.08 in the control saline treated SD rats of the same strain respectively. 

The mean percent difference drop in heart weight of the 7.5mg/kg was 32.32% lower 

than 42.42% in the 15mg/kg and 46.46% in the DOX+LOS treated SD rats. 

  

In DOX+LOS treated rats, the decline in heart weight corresponded to the regression of 

left ventricular hypertrophy as indicated by the decline in RWT and LVmass, and which 

resulted in normalization of systolic function and blood pressure (Table 1). In the 7.5 

mg/kg of DOX alone treated SD rats, the heart weight declined but not as significant as 

the DOX+LOS and the DOX treated SD rats and may have resulted from a significant 

increase in RWT, a slight increase in LVmass and preserved systolic function in response 

to a small amount of cardiomyocyte deaths. These changes occurred in adaptation to 

increase in workload and in support of more cardiac output.   
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In the 15mg/kg DOX alone treated SD rats heart weight, however, might be attributed to the 

significant amount of cardiomyocytes death (Figure 4A3) that lead to a significant decline in 

relative wall thickness (RWT), a significant increase in LVmass, a marked decline in 

myocardial contractility and increase blood pressure (Figure 5, 6, 7,8 and Table 1).  

 

Changes observed in the LVmass in the 7.5mg/kg and the DOX+LOS might be attributable to a 

decrease in chamber size, normalization of wall thickness, lower MAP contrary to the 15mg/kg 

treated SD rats. Increase in LVmass and wall thinning was associated with increase in 

ventricular dilation, higher MAP and apoptosis in the 15mg/kg of DOX alone treated SD rats.  

The 7.5mg/kg showed smaller amount of cardiomyocytes apoptosis with similar characteristics 

of normalization of RWT, LVmass, MAP and the preservation of systolic function to the 

LOS+DOX treated rats, suggesting also that LOS+DOX may be also be associated with less 

apoptosis and that apoptosis may play part in heart weight and HW/BW decline.  

 

Heart weight in the F344 rats was not significantly altered with 15 mg/kg of DOX 

treatment and was about 0.46±0.05 as compared to 0.49±0.03 in the control (Saline) of 

the same strain, suggesting their resistance to the treatment; whereas the control saline-

treated SD heart weight was 51.51% greater than the control saline-treated F344 rats, 

suggesting their susceptibility to the development of hypertension, LVH and 

subsequently to heart and renal failure. Ascites, pleural effusion, pale kidneys and decline 

in heart weight from wall thinning, cell death, and ventricular dilation in the 15 mg/kg 

DOX-treated SD suggests connection of hypertension, nephropathy, and heart failure. 

 



 56

Heart weight/body weight (HW/BW) was 23.78% significantly higher (P<0.001**) in the 

control saline SD rats (3.07±0.24) than the control (Saline) F344 rats (2.34±0.41) 

confirming further the strain differences between the 2 groups may exist. The decline in 

HW/BW was significantly (p<0.001**) lower in the SD rats treated with 15mg/kg DOX 

alone (2.46±0.13) as compared to the F344 rats treated with same dose of DOX at same 

time point (2.74±0.34). DOX in the F344 rats, instead, showed a slight increase in 

HW/BW than their respective control group and could attributed to an increase in RWT, 

and decline in LV chamber size. The 7.5mg/kg DOX treated SD rats HW/BW showed 

not significant change and could be due to adaptive hypertrophy that is characterized by 

increase in RWT, decline in ventricular chamber size and preserved myocardial systolic 

function. The LOS+DOX treated SD rats showed a significantly lower (p<0.001) 

HW/BW (2.54±0.31) than normal control (saline) treated SD rats but not significantly 

different from the 15mg/kg DOX treated SD rats. This is partly due normalization of 

RWT, LVmass, MAP and systolic function in the LOS+DOX. In the 15mg/kg DOX 

treated SD rat’s HW/BW may be due to significant decline in RWT, increase in LVmass, 

apoptosis and MAP.  

 

3.1.3 Blood profile 

3.1.3.1. Blood BUN and creatinine levels 

Blood urea nitrogen (BUN) level in saline (Control) F344 was 14.75±1.5 lower than 

17.56±2.65 in saline (Control) SD-treated rats showing a mean percent difference of 

15.95% which was not statistically significant (Table 1). 
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SD rats showed a rise to 32.5±12.02 with 7.5 mg/kg DOX, 40±4.32 with 15mg/kg DOX 

and 61.78±25.02 with DOX+OX treatment (Table 1). The results of the DOX+LOS 

group showed the most significant (p<0.001**) increase in blood BUN levels as 

compared to saline (Control) treated SD rats which was not statistically different from the 

15 mg/kg of DOX-treated SD alone.  

The rise in BUN in both the 7.5mg/kg and the 15 mg/kg DOX treatment group increased 

in dose-dependent response but were also not statistically significantly different from the 

saline-treated SD rats.  

There was a significant (p<0.001**) increase in blood creatinine levels of 1.44±0.88 with 

the DOX+LOS treatment group as compared to 0.45±0.05 in the control saline-treated 

SD rats of the same strain. The levels of creatinine in the 15 mg/kg DOX-treated SD rats 

were 0.79±0.23 higher than 0.55±0.78 in the 7.5 mg/kg DOX-treated SD rats, but were 

not statistically significant.  

The significant increase in BUN and creatinine levels in the DOX+LOS suggests that 

renal dysfunction may be significantly higher than the DOX-alone treated SD rats. 

However, the MAP, cardiac morphology, and function in this group of rats appeared 

normal, suggesting that glomerular filtration of BUN and creatinine should also be 

normalized and should result in much less damage to the kidneys than the DOX-alone 

treated group. The increase in BUN and creatinine may have resulted from measurement 

variations, dosage, and other factors. It may also be due to the fact that the kidneys of this 

strain of rats may not have tolerated the treatment dosaged use in this study.   

 

Thrombus formation with 15 mg/kg of DOX in SD rats was commonly observed in the 

left atrium by 2-dimensional echocardiogram mode and confirmed by histology around 
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week 10, suggesting vascular occlusion at the renal level may also be the causal factor for 

renal dysfunction. Thrombosis-induced renal damage may be the contributing factor to 

renal dysfunction, demonstrated by the rise in BUN and creatinine levels in the 

DOX+LOS group. Smaller size thrombi were also observed by histology in the 

DOX+LOS, suggesting that losartan may have an anti-thrombotic effect. Losartan may 

also have reduced the size of thrombus into smaller thrombi which can more displaceable 

and occlusive to the peripheral vascular system. Death with the LOS+DOX treatment did 

occur in other studies around 14 to 15 weeks after treatment and may have been the result 

of vascular occlusion leading to sudden death by stroke, MI, and renal failure. The long-

term effect of losartan in experimental models may merit further investigation, 

particularly in the most susceptible strain of rats, such as SD rats. There were no 

significant differences in blood BUN or creatinine in control saline F344 and SD rats. 

The F344 rats showed no significant changes with either BUN or creatinine level, 

indicating a resistance to this drug.  

Defects within kidney morphology or function may exist in the SD strain of rats because 

the F344 strain of rats also showed less significant damage to the kidneys compared to 

treated SD rats. SD control rats showed greater kidney weight than control F344 rats; this 

alone could be the predisposing risk factor for DOX-induced nephropathy. As a result, 

the losartan effect on improving kidney function would be less effective.   

 

3.1.3.2. Blood Lipid profile  

Blood lipid analysis showed a significantly higher levels of cholesterol (CHOL) and 

triglycerides (TG) in the DOX+LOS-treated SD rats than the DOX alone treated group 

(Table 1).   
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The CHOL rise in the DOX+LOS of 92.27% was significantly (p<0.001**) greater than 

the 89.2% increase in the 7.5 mg/kg-treated SD rats, and 86.73% increase in the 15 

mg/kg DOX-treated SD rats. Both the 7.5 mg/kg and the 15 mg/kg of DOX-treated rats 

showed a significantly (p<0.001**) higher CHOL level as compared to the control saline-

treated SD rats (Table 1). 

The F344 rats treated with 15 mg/kg of DOX showed no significant changes in CHOL 

level relative to its control saline-treated F344 group.    

The triglyceride levels in the DOX+LOS treatment group showed a significantly (p<0.001**) 

higher level of 98.63% than the control group. There was a difference of 37.97% in blood TG 

levels between the DOX+LOS and the 15mg/kg DOX-alone treatment groups but was not 

statistically significant (Table 1). 

Although the F344 rats showed a 68.89% increase in TG, there was not significant 

alteration in TG levels compared to its control saline-treated F344 rats; however, this 

increase was significantly lower (p<0.01*) than the 15 mg/kg DOX-treated SD group, 

and significantly lower (p<0.001**) than the DOX+LOS-treated SD rats (Table 1).  

HDL levels rose up to 65.72% in the 15 mg/kg DOX dose, 68.97% in the 7.5 mg/kg 

DOX dose and 68.31% in the DOX+LOS-treated rats; each was significantly 

(p<0.001**) higher than the control saline-treated group, respectively (Table 1).   

 

The F344 rats showed a 48.38% rise in HDL which was significantly (p<0.05*) higher 

than their normal saline-treated F344 rats (Table 1). Since there was no statistically 

significant rise in the blood CHOL and TG level in the 15 mg/kg-treated F344 rats, this 

increase in HDL seemed to be functional in lowering lipids in the blood compared to the 

DOX-alone treated and the Los + Dox-treated SD rats.    
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The red blood cell counts dropped by 26.27% in the 7.5 mg/kg DOX-treated SD rats, 

31.5% in the Los + Dox-treated SD rats, and 34.04% in the 15 mg/kg DOX-treated SD 

rats (Table 1). All of these groups showed a significantly (p<0.05*, p<0.001**, 

p<0.001**) lower RBC respectively compared to the control salin- treated SD rats, 

suggesting iron deficiency and anemia in dos- dependent response.  

The normal saline-treated F344 rats showed a 22.2% significantly higher RBC than the 

normal saline-treated SD rats (Table 1). The decline in RBC in the F344 rats treated with 

the same 15 mg/kg DOX as the SD rats showed no significant differences relative to the 

normal saline-treated F344 rats, suggesting higher oxygen consumption, higher metabolic 

rate, and less cell death and tissue damage than the SD rats. 

Physical inactivity and lack of food intake was observed in the 15 mg/kg DOX-treated 

SD rats; fatty liver was also evident in this strain, further substantiating metabolic 

disorder as demonstrated by the significant increase in blood lipid profile. Bone 

degeneration was also evident in the 15 mg/kg DOX-treated SD, suggesting a possible 

abnormality with production of RBC by bone marrow.  

Higher levels of RBC and low levels of lipids in the blood, and higher levels of physical 

activity was most likely due to higher oxygen consumption in the DOX F344 strain than 

these treated SD rats. In these cases, hyperlipidemia and anemia in the SD rats treated 

with DOX alone or in combination with losartan may benefit from treatment with lipid-

lowering agent and folic acid supplement.   

 

3.1.3.3. Blood platelet levels and thrombogenesis         

The most significant increase in blood platelet (PLAT) levels was 64.5% (p<0.05*) in the 

7.5 mg/kg DOX-treated SD rats, followed by a 54.57% (p<0.05*) increase in the 15 
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mg/kg of DOX-treated SD rats, and 39.98% increase in the Los + Dox-treated SD rats 

compared to their control saline-treated SD rats (Table 1, Figure 2).  

 

The 15 mg/kg DOX-treated rats showed a slight decline in PLAT counts which might 

have been due to their aggregation into thrombus. Thrombosis was a common occurrence 

in this group of SD rat. Atrial thrombi were observed to occupy 30% to 90% of the 

atrium cavity, evidenced by two-dimensional echocardiography and histology as shown 

in Figure 3.  

Death among the 15 mg/kg DOX-treated SD strain of rats may have been attributable to 

thrombi rupture resulting from increase in blood pressure and leading to vascular 

LA
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Figure 3 Representing, a gross picture (A), histological (B) and 2-dimentional echocardiogram  

showing the left atria thrombi (Arrow head in A, B, C). The Doppler spectrum on (D) shows a 

 moderate to severe valve regurgitation (3 dotted arrow head). These changes are frequently 

 observed in rat treated with cumulative dose of 15mg/kg around week 10 in the Sprague-Dawley  

rats. Left atrium (LA), left ventricle (LV). 
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obstruction. The greater increase in PLATS in the 7.5 mg/kg DOX group, on the other 

hand, may be due to less PLAT aggregation. The increase and decline in PLAT counts in 

7.5 mg/kg and 15 mg/kg of DOX-treated SD rats, respectively, may be a dose- and time-

dependent response.  

DOX+LOS-treated SD rats showed a significantly lower decline in PLAT count than the 

DOX-treated SD rats but not significantly different from the normal saline-treated SD 

rats. Thrombosis was smaller in size and less frequently detected compared to the 15 

mg/kg of DOX group. Smaller size thrombi were observed by two-dimensional 

echocardiography and histology in the 7.5 mg/kg DOX group that related to lower dose 

of DOX used, treatment frequency, and the duration for their development. 

A relationship may exist between low blood RBC, hyperlipidemia, and high blood 

platelet levels in the development of thrombosis commonly observed around week 10 in 

all the SD DOX-treated groups, particularly with the dose of 15mg/kg.  

The F344 rats showed a slight increase in PLAT of 13.07% which was not significantly 

different than their normal saline-treated F344 rats, suggesting resistance to 15 mg/kg of 

DOX treatment. These strains of rats did not develop thrombosis at week 10 and survived 

longer with less reno-cardiovascular side effects.  

Blood platelet level in saline treated SD, saline treated F344 were not significantly 

different from the F344 treated with 15mg/kg at week 10, and suggesting low response to 

Dox-induced increase blood platelet level, aggregation and thrombus formation may 

ended exist in the F344 strain. This study demonstrates that there is a considerable 

phenotypic difference in platelet aggregation which is reflected by thrombus formation in 

the SD strain and not in the F344 rat’s strain 10 week after DOX treatment.  
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3.1.7 In vivo cardiovascular assessment--the Left ventricular 

hypertrophy and myocardial contractility  

3.1.7.1. In vivo non-invasive M-mode echocardiographic-left ventricular 

hypertrophy and remodeling 

The 7.5 mg/kg DOX-treated rats (Figure 4 B2) showed increases in RWT indicating left 

ventricular hypertrophy with a preserved systolic function.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A1 SD Saline                                  A2 SD 7.5mg/kg DOX                  A3 SD 15mg/kg DOX
(Week 10) (Week 10)                                 (Week  10)

B1 SD Saline                                 B2 SD 7.5mg/kg DOX B3 SD 15mg/kg DOX
(Week 10)                                      (Week 10)  (Week  10)

C1 SD Saline                            C2 SD 7.5mg/kg DOX                   C3 SD 15mg/kg DOX+LOS
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Figure 4TUNEL Nuclei representation of saline, 7.5 mg/kg and 15mg/kg of 

cumulative dose of DOX 10 week after treatment (A1, A2, A3) with the 

corresponding M-mode echocardiogram of the left ventricle (B1,B2, B3). 

The third M-mode echocardiogram trace is of saline treated rat’s left 

ventricle (C1), demonstrate the left ventricular diameter at end diastolic 

(LVDED) and at end systolic (LVESD), left ventricular inter-ventricular 

septum diameter at end diastolic (IVSD) and left ventricular posterior wall 

thickness at end diastolic (PWTED) phase. LV M-mode of 7.5mg/kg DOX in 
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The increase in relative wall thickness was proportional to the increase in blood pressure  

(MAP), volume overloads from mild kidney damage, and increase in myocardial wall 

stress. Also observed in the TUNEL (Figure 4A2) and histopatho-logical images were 

hypertrophied myocytes in this group of rats (7.5mg/kg DOX-treated group)  

and a small amount of cell death (White nuclei) at week 10. This suggests these 

cardiomyocyte deaths may be the causal factor to the increase in myocyte hypertrophy 

and the increase in RWT (Table 1).  

A small amount of cardiomyocyte deaths in this group resulted in the preservation of 

systolic function (Figure 4 B2). The rats treated with 15mg/kg of DOX showed left 

ventricular dilation and wall thinning, a decline in myocardial contractility featuring 

maladaptive hypertrophy and remodeling at week 10 (Figure 4B3). This could have been 

the result of further increases in the amount of cardiomyocyte deaths (Figure 4A3) and 

increases in blood pressure or MAP and volume overload (Table 1). This group of rat 

showed myocytes degeneration and disarray with an extensive amount of cell deaths 

(Figure 4A3) and fibrosis at week 10, contrary to the 7.5 mg/kg DOX-treated SD rats 

(Figure 4A2) The DOX+LOS-treated rats (Figure 4C3) showed a regression in RWT, 

decline in LVmass, and normalized FS and MAP (Table 1) which was beneficial.  

 

3.1.7.2. Hemodynamic response to doxorubicin- LVmass vs. MAP and LVmass vs. 

apoptosis 

Mean arterial pressure (MAP) is the average arterial pressure (Figure 5) in a single 

cardiac cycle and is considered the perfusion pressure by organs in the body [285]. MAP 

is a function of systolic and diastolic pressure or left ventricular contractility, heart rate, 

vascular resistance, and elasticity averaged over time [286, 287]. MAP in this present 
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study was used with other cardiovascular parameters to predict risk of mortality with 

DOX-induced cardiovascular toxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The most significant (p<0.001**) increase in MAP affected the SD treated with 15mg/kg 

of DOX alone and was about 117.2±10.33 compared to 111.1±4.07 in the 7.5mg/kg 

DOX-treated SD, 88±8.7 in the F344 treated with 15 mg/kg of DOX alone, and 88±4.5 in 

DOX+LOS-treated rats (Figure 5).  

There was a 6.52% difference in MAP between the saline-treated F344 rats with MAP of 

87.5±3.1 and the saline-treated SD rats with MAP 93.6±4.6. Although the increase in the 

SD rats was not significantly different from the F344 rats, it could still have been the 

predisposing factor that lead to a significant increase in LVmass and marked decline in 

SD Saline            F344 Saline       F344 15mg/kg     SD15mg/kg        SD7.5mg/kg        SD15mg/kg
DOX  DOX+LOS             DOX                    DOX 

(n=5)               (n=4)                    ( n=3)     (n=10)                  (n=2)                   (n=5)

Week 10
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Figure 5 Mean arterial pressure (MAP) of saline treated Sprague-Dawley (Saline 

SD) and Fisher (Saline F344) rats, 15mg/kg of doxorubicin treated F344 rats (F344 

15mg/kg), combined 15mg/kg of doxorubicin with losartan supplement in the SD rats 

(SD15mg/kg+Los), 7.5 mg/kg of doxorubicin treated SD rats (SD 7.5mg/kg), and 

15mg/kg doxorubicin treated rats (SD 15mg/kg). One-way analysis of variance 
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systolic function with the cumulative dose of 15 mg/kg of DOX treatment. The 

significant increase in MAP suggests that 15 mg/kg of DOX may induce hypertension, a 

risk factor for heart failure in the SD rat strain (Table 1).Even though an 18.7% rise in 

MAP in the 7.5 mg/kg DOX-treated SD rats seemed higher than the saline and the 

DOX+LOS-treated rats, this was considered statistically insignificant. The main results 

here suggest that the SD rats were much more prone to development of hypertension in 

dose-dependent response than the F344 strain which showed not significant changes. The 

MAP in the DOX+LOS treatment group, on the other hand, was significantly 

(p<0.001**) lower than the saline-SD treated and 15mg/kg DOX alone treated SD. It was 

also slightly lower (p<0.01*) than the 7.5 mg/kg of DOX-alone treated SD rats. The 

lowering effect of losartan on blood pressure was associated with regression of left 

ventricular hypertrophy, demonstrated by a decline in the LVmass through change in LV 

size, RWT and improvement of left ventricular contractility.   

Increase in MAP was also manifested by the increase in amount of pleural fluid retention, 

ascites, and renal insufficiency determined by the increase (but not statistically 

significant) in urea nitrogen (BUN) and creatinine levels (Table 1) in blood, enlargement 

and pale color of the kidneys among the 15 mg/kg DOX-treated SD rats.   

 

The saline treated SD and the saline treated F344 rats were not significantly different 

from the F344 treated with 15mg/kg of DOX at same time point (Week 10) and 

suggesting resistance to DOX-induced hypertension. This study demonstrates that there is 

a considerable phenotypic difference in blood pressure regulation which is reflected by 

hypertension in the SD strain and not in the F344 rat’s strain 10 week after DOX 

treatment.  
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LVmass in this present study shows a significant correlation with increase in MAP, 

marked decline in left ventricular wall contractility, and predicts risk of mortality in the 

15 mg/kg DOX-treated SD rats (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The increase in MAP in this group of rats (15 mg/kg DOX-treated SD rats) was 

associated with a significantly (p<0.0001***) higher LVmass (Table 1, Figure 6) of 

1024±85.72 which is about 24% more than the control saline (776.6±73.67) and the 

7.5mg/kg DOX (781.2±86) treated SD rats of the same strain, indicating enlarged heart.  

The difference in LVmass between the 15mg/kg and the 7.5mg/kg of DOX-treated rats 

was associated with changes in the left ventricular diameter (LVEDD and LVESD) and 

0
100
200
300
400
500
600
700
800
900

1000
1100
1200

���

��

�� ��

LV
m

as
s 

(g
)

SD Saline            F344 Saline         F344 15mg/kg   SD15mg/kg        SD7.5mg/kg        SD15mg/kg
DOX                    DOX+LOS             DOX              DOX 

(n=16)                     (n=10)                  ( n=16)                (n=10)                  (n=5)               (n=18)

Week 10  
Figure 6 Left ventricular mass (LVmass) used in the estimation of left ventricular 

hypertrophy as represented in of saline treated Sprague-Dawley (Saline SD) and Fisher 

(Saline F344) rats, 15mg/kg doxorubicin treated F344 rats (F344 15mg/kg), 7.5mg/kg 

treated SD rats (SD 7.5mg/kg), combined 15mg/kg doxorubicin and losartan (SD 

15mg/kg+Los) treated SD rats,  and 15mg/kg doxorubicin treated rats SD (SD 15mg/kg). 

One-way analysis of variance shows a p<0.0001***significant differences between 

groups. 
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wall thickness. The 15 mg/kg DOX-treated rats had ventricular chamber dilation, wall 

thinning and dysfunction resulting from significantly higher amounts of myocyte death 

than hypertrophied cardiomyocytes and volume overload due to hypertension. In the 7.5 

mg/kg treatment, less cell death and more myocytes were continually growing, giving 

rise to an increase in RWT, a slight increase in LVmass which resulted in the 

preservation of the left ventricular chambers diameter and systolic function. The M-mode 

echocardiogram (Figure 4B2) of the 7.5mg/kg treated rats at week 10 showed a smaller 

LVESD, also indicating a better myocardial contractility than the 15mg/kg of DOX-

treated rats. This was mainly due to larger amount of cardiomyocytes that have 

hypertrophied to compensate for the smaller amount of cardiomyocytes lost by oxidative 

stress. The 15 mg/kg DOX-treated SD rats instead showed an increase in LVESD, 

representing a marked decline in myocardial contractility at week 10 due to an increase in 

cardiomyocytes death that encompassed the number of hypertrophied cardiomyocytes.  

 

The LOS+DOX-treated SD rats showed a significantly (p<0.001**) lower LVmass of 

821.8±78.08 followed by a significantly lower MAP and improved myocardial 

contractility than with 15mg/kg of DOX alone (Table 1, Figure 4C3, 5, 6). This indicates 

that losartan has an effect on both the regression of LVH and blood pressure. The 

LVmass of 781.2±86 in the 7.5mg/kg of DOX-treated SD rats compared to their control 

saline-treated rats (776.6±73.67) showed no significant differences even though there was 

a slight increase in MAP of about 15.75%. Left ventricular hypertrophy in this group 

(7.5mg/kg DOX-treated SD rats) as previously mentioned was adaptive and was 

associated with a preserved myocardial contractility (Figure 4B2, 7, Table 1), a slight but 

not statistically significant increase in LVmass in response to the small amount of 
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cardiomyocytes death (Fig 4A2, 6) as compared to the 15mg/kg treated SD rats and a 

possible slight increase in volume overload resulting from mild to moderate kidney 

damage. The left ventricular diameter in this group was maintained, whereas the 

thickness of the myocardium was slightly increased (Table 1) giving rise to a more or less 

concentric hypertrophy than dilated hypertrophy in the 15 mg/kg DOX-treated SD-treated 

rats of the same strain.     

LVmass in the 15 mg/kg DOX-treated F344 strain was not significantly different to its 

control saline-treated F344 rats of the same strain, showing 616.4±74.06 vs. 627.6±58.29, 

respectively, correlating with a normal MAP and suggesting compensated myocardial 

morphology and function. 

The LVmass in the control saline-treated F344 rats (Figure 5) was also significantly 

(p<0.001**) lower than the control saline-treated SD rats of different strain with 19.19% 

difference, correlating to a significantly (p<0.001**) lower body weight, lower heart 

weigh and body weight ratio (Table1) and significantly lower kidney (p<0.01*) weight 

than the normal SD rat.   

The heart weights, body weight, heart weight and body weight ratio, kidney weight and 

LVmass were all statistically different between the two control saline- treated groups of 

different strain (F344 and SD rats). The percent difference of 50.51% higher heart 

weight, 35.03% higher body weight, 25.1% higher kidney weight, and 19.19% higher 

LVmass in the control SD group as compared to control F344 rats suggest strain 

differences that could represent a risk factor for DOX-induced hypertension and LVH in 

the SD strain.  
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As previously indicated, the heart weight in the 15 mg/kg DOX-treated F344 rats was not 

significantly different from their control saline-treated F344 rats and was 0.49±0.03 vs. 

0.46±0.05, respectively. Kidney weight on the other hand was not significantly altered in 

the F344 rats after treatment with 15 mg/kg of Dox and was 1.02±0.08 vs. 1.1±0.06 

compared to their control saline-treated F344 rats (Table 1).  

 

In the SD rats, DOX treatment induced an 18.78% and 15.03% increase in kidney weight 

(Table 1) with 7.5 mg/kg and 15 mg/kg dose in the treated SD rats, respectively. During 

necropsy, the kidneys in this group of rats were pale and appeared engorged with fluid, 

suggesting renal damage, whereas the DOX F344 rats appeared normal. This was further 

evidenced with histology, showing moderate to severe kidney damage in the 15 mg/kg of 

DOX-treated SD rats compared with mild to moderate in the 7.5 mg/kg of DOX-treated 

rats of the same strain (SD) as compared to the saline treated SD rats. The F344 rats 

treated with the same dose instead showed small to no significant kidney damage.  

Severe kidney damage was associated with a significant increase in MAP, a significant 

increase in LVmass, apoptosis and a marked decline in myocardial contractility contrary 

to the F344 strain of rats. In experimental animal model, the rennin-angiotensin –

aldosterone system (RAAS) activation have been implicated as a deleterious component 

in both renal and cardiac disorders and could strain dependent [288]. 

 

A large amount of cell death of 30±6.7% correlated with a drop of 57.51% in relative 

wall thickness (RWT) and 24.16% increase in the LVmass in the 15 mg/kg treated SD 

rats compared to a drop of 15±1.2% in cell death and 1.37% drop in RWT (Table 1) and a 

0.59% in LV mass in the 7.5 mg/kg DOX-treated SD rats of the same strain at week 10. 
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This was demonstrated by M-mode echocardiography, TUNEL and SPECT/CT, and 

Annexin V findings. 

 

The excess of cell (Figure 4A3) death in the 15 mg/kg of DOX-treated SD rats caused a 

more significant (p<0.001**) drop in FS of 37.1±11.17 vs. 70.92±1.45, myocardial 

dilatation, and wall thinning compared to control saline of the same strain, the SD rats 

(Figure 4A1, 7). As discussed earlier, the decline in %FS may also have been the result of 

increased MAP (Figure 5, table 1) and volume overload from renal dysfunction and 

possible damage to the arterial wall.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SD Saline            F344 Saline         F344 15mg/kg       SD15mg/kg              SD7.5mg/kg        SD15mg/kg
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Figure 7: Fractional shortening  (FS), estimate myocardial contractility of left 

ventricle as represented in saline treated Sprague-Dawley (Saline SD) and Fisher 

(Saline F344) rats, 7.5mg/kg treated SD rats (SD 7.5mg/kg), combined 15mg/kg 

doxorubicin and losartan (SD Los+15mg/kg) treated SD rats, 15mg/kg doxorubicin 

treated F344 rats (F344 15mg/kg), and 15mg/kg doxorubicin treated rats SD (SD 

15mg/kg DOX). One-way analysis of variance shows a P<0.0001** significant 

differences between group. 
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The % in FS in the 7.5mg/kg DOX SD (Figure 7, Table 1) was not significantly different 

from LOS+DOX treated SD rats and the F344 rats treated with 15mg/kg of DOX at week 

10 suggesting normalization of MAP, LVmass, wall thickness and apoptosis. 

The small decline in RWT (Figure 8, Table 1) in the 7.5 mg/kg may have been due to the 

hypertrophy of the remaining surviving cardiomyocytes in response to the slight increase 

in workload or the MAP in adaptation to wall stressand in support of more cardiac output 

and tissue oxygen consumption.  
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SD Saline            F344 Saline         F344 15mg/kg      SD15mg/kg        SD7.5mg/kg        SD15mg/kg
DOX                   DOX+LOS             DOX               DOX 

(n=8)                     (n=8)                    ( n=11)                     (n=10)                  (n=5)            (n=6)

Week 10  
Figure 8 Relative wall thickness (RWT), estimate the geometrical changes of left 

ventricle wall (PWTED) relative to its chamber diameter (LVEDD) at end diastolic 

phase, in response to increase in pressure and volume overload as represented in saline 

treated Sprague-Dawley (Saline SD) and Fisher (Saline F344) rats, 7.5mg/kg treated SD 

rats (SD 7.5mg/kg), 15mg/kg doxorubicin treated F344 rats (F344 15mg/kg), combined 

15mg/kg doxorubicin and losartan (SD Los+15mg/kg) treated SD rats,  and 15mg/kg 

doxorubicin treated rats SD (SD 15mg/kg). One-way analysis of variance shows 

p<0.0001*** significant differences between groups. 
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The RWT of this group (7.5mg/kg- treated SD rats) was not significantly different from 

the control saline-treated SD rats, because the reactive hypertrophy and death of 

cardiomyocytes may have been balanced by the continuous growth of myocytes to 

replace those lost. The preservation of myocardial contractility (FS) suggests that the 

hypertrophy was compensatory. 

 
Cell death may have occurred earlier during doxorubicin (DOX) intravenous infusion, 

causing oxidative injuries and subsequent cell death, reactivating growth of the remaining 

cardiomyocytes. The two separate rats (n=2) treated with 7.5 mg/kg of DOX,  developed 

left ventricular hypertrophy and a marked decline in myocardial contractility indicated by 

a FS lower than 30% around week 14. This suggests that adaptive hypertrophy was short- 

lived. The transition to maladaptive hypertrophy may have been the result of further 

increases in cardiomyocyte death surpassing the amount observed during the adaptive 

hypertrophy of the 7.5 mg/kg DOX-treated SD rats that were euthanized at week 10. 

This hypertrophic effect that occurred in week 10 in the 7.5mg/kg treated rats was 

adaptive and was associated with a preserved myocardial contractility with a fractional 

shortening of 66.49±6.89 which was not significantly different than the 70.92±1.45 in the 

control saline-treated SD group (Figure 7). The systolic function (FS) in the two other SD 

rats treated with same amount of DOX declined significantly 14 weeks after treatment 

suggesting that prolonged hypertrophy with lower dose of DOX will always lead to 

decompensation and to heart failure as the end stage stream. 

FS in the DOX-treated F344 group of rats was 53.97±7.5, significantly (p<0.001**) 

lower compared to 71.32±2.09 in the control saline-treated of the same strain (F344) of 

rats. This fractional shortening was observed to plateau between week 10 and about week 
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18, suggesting adaptation (data between 10 and 18 is not presented), whereas in the SD 

rats, systolic function of 37.1 ±11.17% was a result of much faster decline and worsening 

by week 10 (Figure 7).   

Considering the significance (p<0.001**) of a  47.69% drop in FS between the 15 mg/kg 

of DOX-treated SD rats and the control saline-treated rats of the same strain, a much 

lower decrease of 15.62%  between the DOX-treated and the control saline-treated F344 

rats indicated that the SD DOX-treated rats were the most affected strain. In fact, the SD 

rats were more at risk of death with a FS�40% than the F344 rats (Figure 1, 7).  

 

Differences in body and organ weight, LVmass, blood BUN and RBC, and possibly 

oxygen consumption and metabolism, make the SD rats prone to DOX-induced 

hypertension, heart and kidney failure at a much earlier stage than the F344 rats in a time- 

dependent response.   

The amount of cell death was not analyzed in the F344 rats treated with 15 mg/kg of 

DOX because the MAP, RWT and the LVmass of DOX vs. control saline F344 rats of 

the same strain were not significantly different, suggesting that there was less DOX-

induced oxidative injuries and that the F344 rats may have been more resistant to 15 

mg/kg of DOX at this same time point (week 10). On the other hand, the amount of cell 

death would be less significant than the 15 mg/kg of DOX-treated SD of different strain 

since myocardial contractility in this strain of rats was not as significant as the SD-treated 

rats.   

Losartan therapy in combination with the 15 mg/kg of DOX (DOX+LOS), in this 

context, was associated with a 23.88% decline in heart weight, correlating to 5.5% in the 

regression of LVmass and the 61.29% drop in RWT compared to saline SD-treated of the 
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same strain rats (SD). The FS in this group (DOX+LOS) of rats was 59.84±4.5 compared 

to 70.92±1.45 in saline-treated SD rats, indicating a 15.62% and 38.12% increase in 

myocardial contractility compared to the saline and 15mg/kg DOX-treated SD rats, 

respectively. This could also mean that losartan may also be associated with less 

significant cell death than with the 15 mg/kg DOX-alone treated SD rats, since the 

LVmass, MAP, and FS seemed to be maintained when combined with 15 mg/kg of 

doxorubicin. 

 

3.1.7.3. Diastolic function-Left ventricular hypertrophy and remodeling 

The preservation of systolic function in the 7.5 mg/kg of DOX-treated SD rats at week 10 

was observed to be associated with diastolic dysfunction demonstrated by prolonged 

isovolumetric relaxation time (IVRT) using tissue Doppler imaging (TDI). This 

correlated with an increase in fibrosis and smaller amount of cell death (Figure 9). 

However, the diastolic dysfunction observed with the 7.5 mg/kg treated SD rats, was 

reported visually. An example of this process is shown in Figure 9 that was detected in 

the 15 mg/kg treated SD rats during the adaptive remodeling stage. This rat is in an 

adaptive stage of hypertrophy probably because concentration of DOX in this rat may be 

lower than the aimed 15 mg/kg. Cardiac adaptation in this rat (Figure 9B) was 

demonstrated by a concentric hypertrophy, diastolic dysfunction, and preserved systolic 

function. 

Figure 9 B shows an example of adaptive hypertrophy with increased wall thickness 

(IVSD and PWTED) and constricted left ventricle chamber, indicated by the reduction of 

LVEDD and LVESD compared to saline (top A) and the 15 mg/kg of DOX-treated SD in 

the Figure (top C). The preserved systolic function (smaller LVESD) and diastolic 

M-mode

    TDI 
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dysfunction during the adaptive remodeling (B, E) are shown by M-mode (top B) and 

TDI (bottom E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The TDI in the rats with adaptive hypertrophy showed a delayed IVRT (Figure 9E), 

indicating diastolic dysfunction with preserved FS of 57.14% (Figure 9B) that is higher 

than FS of 30.99% in the rat with maladaptive hypertrophy (top B). A preserved systolic 

function and diastolic dysfunction are characteristics of adaptive left hypertrophy and 

remodeling which could have been caused by a slightly higher amount of cardio-myocyte 

deaths than observed with the 7.5 mg/kg of DOX treatment in Figure 3A. The systolic 

                                           SD 15 mg/kg                   SD 15 mg/kg 
    Control                            Adaptive LVH                   Maladaptive LVH 

 
Figure 9   M-mode A,B,C (top) and D,E,F (bottom) the corresponding tissue 

Doppler imaging (TDI) in conscious SD rats treated saline, 15 mg/kg of DOX 

at week 10(B, E and C, F). Saline-treated (A, D) show normal systolic (A) and 

diastolic function (D), 15mg/kg treated show concentric left ventricular 

hypertrophy with preserved systolic function (B) and diastolic dysfunction (E). 

Another 15 mg/kg treated SD rat shows dilated hypertrophy, with both 

systolic (C) and diastolic dysfunctions (F). Isovolumetric relaxation time 

(IVRT). n=3 DOX and n=2 saline. ANOVA one way analysis of variance 

P<0.001**  

 



 77

function in the rat (top B) with adaptive hypertrophy was significantly lower than the 7.5 

mg/kg treated rats in the Figure 4B2 at week 10. FS ranging from 55-70% was considered 

within normal range in all the rats studied. The adaptive hypertrophy in Figure 9 B should 

correlate to more significant myocardial fibrosis accumulation and myocyte death than 

the 7.5 mg/kg DOX-treated rats because of the significantly higher wall thickness.  

 

The M-mode of the SD rat treated with 15 mg/kg of DOX (Figure 9C) showed dilated left 

ventricular hypertrophy, with marked decline in myocardial contractility. The 

corresponding bottom tissue Doppler image (F) showed a prolonged IVRT, indicating 

diastolic dysfunction, while the systolic function (FS) by M-mode and the ejection time 

by TDI were also markedly reduced compared to control and DOX-treated in Figure 

9,B,E. In fact, both systolic and diastolic function estimated by the Tei index and IVRT 

using the tissue Doppler echocardiography was 1.77±0.72 (Tei index) and 57±17.69 msec 

(IVRT) in the 15 mg/kg treated SD rats (n=3) (Figure 9F) than 0.75±0.07 (Tei index) and 

26±1.41msec (IVRT) in the saline-treated rats (n=2) (Figure 9D). These results correlated 

to the significant decline in systolic function (FS) of 44.93±13.16% in the 15 mg/kg 

DOX-treated rats (Figure 9C) compared to 68.68±2.84% in the saline-treated rats (Figure 

9A).  

Both diastolic and systolic dysfunction are features of maladaptive hypertrophic 

remodeling which could be induced by a large amount of cardiomyocyte cell death, as 

observed in Figure 4A3.  

The findings of this study suggest that diastolic function precedes systolic dysfunction. 

Evaluation of systolic function alone, therefore, could lead to irreversible damage to the 

myocardium as a long-term response to DOX toxicity. Diastolic function could be used 
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as an early diagnostic measure in the prevention of systolic dysfunction and may help in 

development of new therapeutic interventions. Prolonged IVRT with preserved systolic 

function was visually observed in the 7.5 mg/kg treated SD rats in the dose response 

study and correlated with a small amount of cardiomyocyte death and adaptive 

hypertrophy (Figure TDI). Diastolic dysfunction also correlates with mild to moderate 

kidney damage observed in the 7.5 mg/kg. This suggests that diastolic dysfunction could 

also be an early predictor of renal dysfunction and hypertension.   

 

3.1.7.4. Gender differences and doxorubicin cardiac toxicity 

A cumulative dose of either 2 to 3 mg/kg was associated with a mortality rate of 60% 

among male rats 20 to 50 weeks after treatment. FS in response to a cumulative dose of 2 

mg/kg DOX in males was 51± 9, significantly (p<0.001**) lower than 69± 2 in 2 mg/kg 

DOX-treated female SD, 70%± 2 and 68.5±0.6 in control saline males and females, 

respectively at the age of 16 weeks (4 months). Mortality in the DOX-treated SD males 

correlated with a 30-40% decline in FS and the histological finding of DOX-induced 

cardiomyopathy (Figure 10).  

 



 79

 

Figure 10 M-mode echocardiogram of control females (A) and control males (B). M-

mode echocardiogram in females treated with 3 dose (1mg/kg/week for 3weeks) 

shows normal myocardial contractility as demonstrated also by the fractional 

shortening in F (Dox female). The males M-mode echocardiogram shows left 

ventricular chamber dilatation and wall thinning with a significant (p<0.0001***) 

decline in the myocardial contractility as shown by the fractional shortening (FS) in 

Figure 1. DOX-induced cardiac toxicity resulted in about 60% of males 5-50 weeks 

after treatment (G). Females developed mammary tumors and lived more than 50 

weeks longer than males. One-way analysis of variance showed a P<0.0001*** Dox 

female vs. Dox male. 

 

Mammary 
tumor  
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Males treated with 3 mg/kg of DOX died earlier than the 2 mg/kg treated males with 

FS�40 (Figure 10), demonstrating a dose-response effect. The rapid decline in systolic 

function (FS %) in the males treated with 3 mg/kg DOX was unexpected. Females lived 

up to 10 months with systolic function ranging between 55 and 65%, slightly lower than 

normal control saline-treated rats of the same gender, and with a slight left ventricular 

hypertrophy, suggesting a partial cardio-protection against DOX toxicity. However, the 

majority of the females treated with either dose developed mammary tumors of which 

85% were fibroadenomas and 15% were adenocarcinomas type. The female control did 

not developed tumor growth of any type at 12 month time-point but did later at 20 

months as part of the aging process.  

 

3.1.7.5. Autonomic regulation and cardiac toxicity 

Heart rate in the saline (control) treated F344 rat was 4.06%, slightly higher 

(531.9±16.41) but not significantly different from the saline (control) treated SD strain of 

rat (510.3±1.45).  

The F344 rats treated with 15 mg/kg of DOX showed a 9.82% decline in HR 

(479.7±27.2) compared to its control, saline-treated F344 rats (531.9±16.41), but was not 

as significant as the decline observed with the DOX+LOS and 15 mg/kg DOX treated SD 

rats.  

 Heart rate was 14.72% and 12.35% significantly (p<0.001**) lower in the DOX+LOS 

and 15 mg/kg DOX - treated SD rats respectively, than the saline-treated SD rats (Table 

1).  

Heart rate was 5.90% slightly lower in 7.5mg/kg DOX treated SD rats (480±14.14) but 

not significantly different from the saline (control) treated SD rats.  
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 There was no significant difference in heart rate between the DOX+LOS and the 

7.5mg/kg DOX treated rats. 

Changes in the heart rate appear to be secondary to the effect produced by losartan dose 

of 0.6g/liter which was administered in a drinking water after titration to reach 

comparable hemodynamic effects in vivo, including 15 to 20% decline in heart rate 

[273]. Whereas, changes in heart rate with DOX seem to be dose dependent responses. 

There was no phenotypic difference in heart rate between the SD and the F344 rats.  

Heart rate (HR) was consistent during the course of this study and showed less variability 

in both normal saline-treated F344 rats and normal saline-treated SD rats (Table 1). This 

suggested that these rats were studied during normal resting heart rate and that the rats 

were well adapted to the echocardiography procedure while in a conscious state.  

 

3.1.7.6. In vivo non-invasive SPECT/CT and Tc-99m-HYNIC-Annexin V versus 

TUNEL staining and apoptosis analysis. 

TUNEL staining of the 7.5 mg/kg DOX-treated rats showed a slightly significant 

(p<0.001**) increase in cardiomyocyte apoptosis (arrow head) of about 15±1.2 

compared to a significantly (p<0.0001**) higher 30±6.7 increase in the 15 mg/kg DOX-

treated rats and normal 5.7±0.3 in saline-treated rats (Figure 4A2).  

The TUNEL (Figure 4A2) shows myofibers hypertrophy in the 7.5 mg/kg DOX-treated 

which are consistent with a significant left ventricular hypertrophy and preserved systolic 

function in response to a smaller amount of cell deaths observed in the M-mode (Figure 

4B2) and RWT (Figure 8, Table 1). These results suggest there is balance between 

cardiomyocyte hypertrophy and cell death. In the 15 mg/kg DOX-treated SD rats, 

myofibers appear hypertrophied with extensive myocyte degeneration and disarray 
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consistent with the significant increase in cardiomyocytes death (Figure 4A3). The 

decline in RWT, the increase in the LVmass, and the decline in myocardial contractility 

suggest unbalanced cardiomyocyte hypertrophy and cell death. The transition to 

maladaptive hypertrophy may have been a result of more cell deaths than cardiomyocyte 

hypertrophy. 

Sample pinhole SPECT or single photon emission computed tomography showed a 

significantly higher uptake of Tc-99m-hydrazionicotinamido (HYNIC)-Annexin (Tc-

99m-HYNIC-Annexin V) in the rats treated with 15 mg/kg of DOX compared to saline-

treated rats (Figure 11).  
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Figure 11   Fused SPECT/CT images delineated the 3D distribution of Annexin V 

uptake in the heart. DOX shows a dose-response dependent Annexin V uptake in the 

heart (bright light blue patches as shown in the cycles and arrow heads (A, B)). 15 

mg/kg DOX-treated rats (B) showed significantly highest uptake than (A) 7.5 mg/kg 

DOX-treated rats compared to (C) saline-treated rats. The heart is defined with 

dotted lines in transverse, anterior, and sagittal axis view. All images were displayed 

with the same color bar. Results were validated by the CUR calculated with chosen 

ROIs shown in (B). 

(A) 7.5mg/kg doxorubicin 

(C)  Saline 

ROIST 

ROIMC 

(B) 15mg/kg doxorubicin

Transverse view            Anterior view                      Sagittal view 
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Both 7.5 mg/kg and 15 mg/kg of DOX exposure displayed a pathological uptake of 

Tc-99m-HYNIC-Annexin V in all anatomic regions of the heart in a dose-dependent 

response as shown with bright white colors (Figure 11A, 11B). The heart of the 15 

mg/kg DOX-treated rats, also appear larger than the normal control saline-treated rat 

when visualized in the SPECT/CT (Figure 11A, 11B). This enlargement coincides 

with the increase in LVmass (Figure 5) and the chamber dilation shown in the M-

mode trace compared to saline-treated rats (Figure 4B3). The increase in LVmass, 

ventricular dilation, and decline in myocardial contractility correlated to the TUNEL 

(Figure 4A3) staining images showing myocytes hypertrophy, death, degeneration, 

and disarray characteristic of maladaptive hypertrophy and remodeling.  

 

The semi-quantitative index of cardiac uptake ratio (CUR) for three groups of animals 

is shown in Figure 12.  
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The results measured from in vivo SPECT imaging agreed with the spectral 

visualization, showing that the 15 mg/kg DOX-treated rats had highest Annexin V 

uptake and the saline group showed the least uptake. 

The percent of injected dose of radio-labeled annexin V tracer per gram of tissue 

(%ID/g) was calculated from the left and right ventricle tissues and normalized with 

the %ID/g of radio-labeled annexin V tracer in the blood (Figure 13). The 15 mg/kg 

SD Saline                  SD 7.5mg/kg              SD 15mg/kg  
DOX                     DOX

(n=5)                           (n=3)                      (n=7) 

Week 10
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Figure 12    Semi-quantitative index of cardiac uptake ratio (CUR) for 3 groups of 

animals. Results measured from in vivo SPECT imaging agreed with the spectral 

visualization showing the 15mg/kg doxorubicin treated rats had highest Annexin V 

uptake and the saline group showed the least uptake. Data expressed in mean±SD and 

P < 0.01; *, P < 0.001** was considered statistically significant.  
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showed a 60% uptake that was significantly (p<0.001) higher than the 7.5 mg/kg 

DOX and saline-treated rats (Figure 13).  

 

3.1.8. Western blotting 

ErbB2, NRG-1, Akt, mTOR, GSK3-�, heat shock 70 and 90, and TGF�-1 (Figure 14-

18) are expressed in graded response to 7.5 mg/kg and 15 mg/kg of DOX treatment in 

the SD rats, paralleling the increase in myocardial hypotrophy and cardiomyocytes 

death.  

0.0
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Week 10  

Figure 13 In vitro biodistribution of radio-labeled Annexin V tracer localized in 

saline, 7.5mg/kg and 15mg/kg doxorubicin treated heart. This graph shows that 

doxorubicin-induced cardiac cell death was demonstrated by heart harvesting and 

blood collection after the bio-distribution study.
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Figure 14 Myocardial heat shock (Hsp) 90, Hsp 70, Akt, ErbB2, NRG-�, mTOR 

and Gsk3� expression in dose and time dependent response in  Sprague-Dawley 

treated with 7.5mg/kg and 15mg/kg of doxorubicin (DOX 7.5mg/kg and DOX 

15mg/kg) as compared to their control saline treated Sprague-Dawley rats at 

week 10 ( n = 10 per group). 
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Figure 15 Graphical representation of relative myocardial protein NRG-� (A), 

ErbB2(B), Akt (C), and (D) heat shock protein (Hsp 90) expression in graded 

response to 7.5mg/kg and 15mg/kg of doxorubicin (DOX) as compared to saline. 

Data expressed in mean±SD. P < 0.05*; P < 0.01**; P < 0.001***.  
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Figure 16 Graphical representation of relative myocardial protein heat shock (Hsp) 70 (E), 

Hsp 70, ErbB2,and mTOR (F) expression in graded response to 7.5mg/kg and 15mg/kg of 

doxorubicin (DOX) as compared to saline. Data expressed in mean±SD. P < 0.05*; 

P<0.01**; P < 0.001***.  
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Figure 17 Electron micrograph of hearts from a saline-treated rat (A and C) 

compared with a 15 mg/kg doxorubicin-treated rat (B and D). The vacuolization, 

rough sarcoplasmic reticulum and t-tubules dilation, abnormal Z-bands, and 

myofibrillar disarray are noted in the DOX-treated rats are dilated (B) compared to 

saline-treated rats (A). These changes are characteristics of cardiomyopathy. 

Magnification, X10.000 Bottom, immunoelectron micrographs of hearts from a 

saline-treated rat (C) and DOX-treated rat (D). Magnification, X200.000. Increased 

immunogold labeling of ErbB2 is observed with DOX treatment versus saline with 

subcellular localization of ErbB2 (arrow) to cardiomyocyte t-tubules adjacent to Z 

band (Figure C and D).  
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A mild expression of these proteins was associated with a small amount of 

cardiomyocyte death in the 7.5 mg/kg DOX treatment, paralleling the mild increase in 

left ventricular hypertrophy (RWT), slight increase in MAP, and mild to moderate 

kidney damage. The left ventricular systolic function was preserved in this group of 

rats as a result of a compensatory mechanism of myocyte hypertrophy to replace the 

lost myocytes and in support of more cardiac output and oxygen consumption. 

Molecular signaling of hypertrophy and cardiomyocyte survival may have been 

mediated by ErbB2, NRG-1, Akt, mTOR, GSK3-�, heat shock 70 and 90 since they 

were expressed proportionally to cardiomyocyte hypertrophy and death in dose-

dependent response, leading to the preservation of systolic function when they were 

mildly expressed and dysfunction when they were highly expressed. A persistent 

expression of these protein at significantly (P<0.001*) higher rate with 15 mg/kg of 

DOX compared to 7.5 mg/kg of DOX and saline-treated SD rats paralleled the 

significant increase in LVmass, the significant increased amount of cardiomyocyte 

death, the significant increase in MAP, and marked decline in myocardial 

contractility. A parallel increase in pro-apototic pathways may have been induced as 

well since myocardial dysfunction was observed to be an inevitable process as 

demonstrated by the 7.5 mg/kg of DOX-treated rats that decompensated at week 14. 

These proteins are known to induce growth and cardio-protection and their down-

regulation and/or deficiency with chemotherapeutic treatment has been suggested to 

lead to heart failure [234]. Myocardial contractility or the FS in this present study 

may have not been low enough for the down-regulation of these proteins. The 

continual expression of these proteins that may have lead to a persistent increase in 

pro-apototic pathways may be partly responsible for the dose-dependent increase in 
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RWT, LVmass, and the decline in myocardial contractility. Excess signaling of 

ErbB2, NRG-1, Akt, mTOR, GSK3-�, heat shock 70 and 90 and TGF�-1(Figure 18), 

thus could be the contributing factor to the transition of adaptive to maladaptive 

hypertrophy and remodeling. Myocyte growth and survival by these proteins may 

have been dominated by the pro-apoptotic signaling pathways such as JNK and p38 

MAPKs leading to heart failure.  

Figure 18  Shows TGF-� mRNA expression in myocytes fraction of rats treated with 15mg/kg 

of doxorubicin, 15mg/kg of doxorubicin and losartan (DOX+LOS) combination and saline 

treatment in Sprague-Dawley rats only, 10 weeks after treatment (n=3), p>0.05 not 

statistical significance.  

 

Losartan supplement during 15 mg/kg DOX treatment in the SD rats resulted in the 

decline of TGF�-1 signaling (Figure 17) paralleling the regression of myocardial 

hypertrophy, the improvement of myocardial contractility, and prevention of 
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hypertension. This suggests further that excess TGF-�-1 signaling (Figure 18) 

observed in the 15 mg/kg DOX alone treated SD rats may be pro-apoptotic and 

harmful to the heart since they were associated with significant increase in 

cardiomyocyte death and a marked decline in myocardial contractility. These findings 

suggest for the first time in vivo DOX – induces cardiac hypertrophy remodeling via 

the stimulation of AT1. This was demonstrated by the fact that hypertrophy was 

reversed by losartan which is an AT1 antagonist. The decreased hypertrophy may be 

secondary to decrease TGF-1 or equally, may be secondary to decreased AT1.  The 

associated TGF�-1 activation suggests AT1 as its activator and its influence to the 

growth and death of cardiomyocytes. AT1 may also have been responsible in the 

activation of other growth pathways such as ErbB2, NRG-1, Akt, mTOR, GSK3-� 

and probably apoptotic pathways such as p38 and JNK kinase. The inhibition of AT1 

by losartan may have reduced the expression of ErbB2, NRG-1, Akt, mTOR, GSK3-� 

and lead to regression of hypertrophy and remodeling. 

The decline inTGF-�-1 signaling using oral angiotensin type 1 receptor antagonist 

losartan may be used as a therapeutic agent for reversing or regressing left ventricular 

hypertrophy and remodeling that can be induced with chronic DOX treatment.  

Nuclear pSMAD2 which are proteins effectors downstream to TGF-� signaling 

pathways are markedly increased in both the myocardium and the kidneys 

(representative positive brownish cell denoted by arrowhead) of the SD treated with 

15 mg/kg of DOX compared to saline-treated and the F344 rats treated with the same 

dose of DOX at same point of time (Week 10) (Figure 19).  
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Figure 19   Myocardial and kidney tissue showing nuclear pSMAD2 immunostaining of 

control saline, Fisher (F344) and Sprague-Dawley rats treated with 15mg/kg of doxorubicin 

at week 10. Positive nuclear pSMAD2 staining (brown cell shown by arrowhead in cycle) is 

significantly higher in the SD strain of rats treated with 15mg/k of doxorubicin as compared 

to control saline and F344 strain of rats treated with the same dose at the same point of time 

(Week 10). Scale bar X20�m. 

 

Increased nuclear pSMAD2 accumulation in the myocardium paralleled the 

significant increase in TGF-� expression shown by westerns and qPCR in isolated 

cardiomyocyte studies of the SD strain of rats treated with 15mg/kg of DOX 

compared to saline and 7.5mg/kg treated SD rats. Their excessive expression in the 

heart was associated with increased fibrosis (Figure 20C3), cardiomyocytes deaths, 

ventricular wall thinning, chamber dilation and systolic, and diastolic dysfunction.  

Myocardium

Kidney
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The marked increase in pSMAD in the 15 mg/kg DOX-treated SD rats was also 

associated with a prominent interstitial fibrosis accumulation, extensive tubular 

dilation, and glomerunephropathy (Figure 20A3) compared to intact glomerular and 

tubular morphology in the saline-treated rats (Figure 20A1), indicating moderate to 

severe kidney damage. In the heart, the artery wall of the 15 mg/kg treated SD rats are 

thinner, with increased cross sectional area (Figure 20 B3) compared to the control 

(Figure 20 B1) and the 7.5 mg/kg treatment group (Figure 20 B2), indicating 

vasculopathy. The 7.5 mg/kg treated SD rats showed a mild interstitial fibrosis 

accumulation, mild tubular dilatation (Figure 20A2), and mild vascular wall 

thickening (Figure 20 B2) compared to the saline and the 15mg/kg DOX-treated SD 

rats, suggesting a mildly damaged kidney. 
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Figure 20  Representative of photomicrograph of kidney (A), coronaries (B), and 

myocardium (C) histopathological sections showing, differences in trichrome staining for 

fibrosis  in the 7.5mg/kg (2) and 15mg/kg (3) DOX treated Sprague- Dawley rats as 

compared to saline (Control)(1) at week 10. Note interstitial fibrosis accumulation (blue 

stain), tubular dilatation, glomerularnephritis (A2, A3), vasculopathy (B2, B3), myofiber 

hypertrophy (Dark Bar) (C2) and myofiber degeneration and disarray (C3) as compared to 

corresponding saline treated rats (A1, B1, C1).  Photomicrograph reduced at X40 (A), X20 

(B), and X40(C).  n=10 of each group. Scale: small, mild, moderate, severe. 
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The F344 rats treated with 15mg/kg of DOX showed no obvious nuclear pSMAD2 

staining accumulation in the myocardium or the kidneys compared to the control. The 

saline-treated image with pSMAD2 staining of heart and kidney (Figure 19) is of 

F344 rat strain. The saline-treated SD rats were not stained and may be positive for 

pSMAD2 staining since they were the most susceptible to DOX toxicity. The DOX-

treated F344 rats may be irresponsive to the amount of oxidative stress generated by 

the 15 mg/kg dose. The F344 rats may have higher level of antioxidant defense 

mechanism compared to the SD strain treated with the same dose, resulting in less 

significant amounts of pSMAD2 staining. This finding correlated with the 

histological findings of small to non-significant damage of the kidney in the F344 rats 

and moderate to severe in the kidneys of the SD rats (Figure 20B3) treated with the 

same dose of 15 mg/kg of DOX at the same point of time (week10). Cardiac 

hypertrophy and remodeling in the F344 rats were not as extensive as in the SD rats. 

Increasing the sample size of both saline and DOX-treated F344 and SD in the 

pSMAD2 study would help confirm the expression of pSMAD2 protein in response 

to DOX treatment and give better understanding of mechanism involved in strain 

differences, resistance, and susceptibility to DOX-induced renal and cardiovascular 

toxicity.  

These findings show that TGF-� and pSMAD expression may be partly responsible 

for the stimulation of cardiomyocytes apoptosis and fibrosis and reactivation of 

hypertrophy. And when they are expressed in excess, the transition from adaptive 

hypertrophy to maladaptive hypertrophy is accelerated. The losartan supplement 
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findings suggest that AT1 mediates the activation of TGF-� and pSMAD expression 

in both the heart and the kidney of the SD rats after DOX treatment.  

Nuclear pSMAD staining in the DOX+LOS-treated SD group was not performed and 

would lead to less fibrosis and less cell death accumulation, since hypertrophy, 

myocardial contractility, blood pressure, and kidney function were all normalized in 

the DOX-treated SD group.  

The present study suggests phenotypic differences in RAAS response to doxorubicine 

treatment may exist and merit further investigation in both the F344 and the SD rats. 

The kidney and the heart share an important function in the regulation of blood 

pressure. In the normal physiological conditions, the increase in blood pressure lead 

to an increase in urinary output and decrease in blood volume and mean circulatory 

pressure [293]. This in turn, reduces the cardiac output (Heart rate X stroke 

volume) and the total peripheral resistance, and thereby normalizes the arterial 

pressure [293]. 

The rennin-angiotensin-aldosterone system (RAAS) as previously mentioned has 

been applicated as a major factor in both heart and kidney disease. Mechanism of 

RAAS in the kidney and cardiac injury are illustrated in the following figures (Figure 

21A, 21B). In cardiac injury such as in myocardial infarction, RAAS activation helps 

maintain hemodynamic loading condition as cardiac output decline [289-292]. 

However overactivation of systemic and angiotensine were found to induce fibrosis, 

necrosis and hypertrophy of cardiomyocytes with fibroblast growth hormone factors, 

of which exacerbate remodeling [289-292]. In this present study, DOX-generated 

oxidative stress may have resulted in the activation of RAAS, activation of the 
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sympathetic nervous system, leading to endothelial injury, inflammation and impaired 

reactive oxygen, nitric oxide balance in the most susceptible rats (SD) [303], creating 

a vicious cycle stimulating cell death and remodeling in a biofeedback loop between 

the heart and the kidney. This process may have lead to a progressive decline in 

cardiovascular and renal function and may have resulted in both renal and heat failure 

as the end stage outcome.   

A 

 

 

Figure 21 Illustration of renal (A) and cardiac  injury and their link to Renin-angiotensin- 

aldosterone system. Plasminogen activator inhibitor (PAI), angiotensin II (AngII), potasium 

(K+). Modified from Hosetter TH et al J Am Soc Nephrol 2003; 14:2395-2401 [293] 

Cardiac injury 

-Pressure
-Sympathetic   
nervous 
system

Systemic
-Extra Cellular Fluid 
Volume

-Neural Pressor

Cardiac
-Necrosis
-Fibrosis

Kidney Adrenal 

Aldosterone

Renin AngII

Cardiac Aldosterone
Synthesis

B

Kidney injury Adrenal Aldosterone 

Hypertension
-Extra Cellular Fluid 
Volume 

-Neural Pressor
-AngII Sensitiviy

Renal 
-Fibrosis resulting from
TGF�
PAI

Renin
AnII
K+



 100

In theory by bloking AT1 receptor, the angiotensine would not have an effect on 

cardiac fibrosis, and remodeling since there would be no AT1 receptor to bind to.with 

losartan treatment. However, the stimulation of aldosterone receptor present on 

cardioc myocytes and fibroblast has been shown to induce cardiac fibrosis and 

remodeling [289]. The inhibitory effect of RAAS by losartan may have synergic 

effect on reno-cardiovascular protection since normalization of blood pressure, 

regression of cardiac thickening, and decline in TGF-� expression was associated 

with an improvement of a cardiac function and decline or delay of mortality in the SD 

rats treated with DOX-LOS. This means that inhibition of AT1 not only protect the 

heart but also the kidney. On the other hand, blocking aldosterone as well, may also 

increase the effect of losartan on left ventricle remodeling and function in animal 

model [289, 294] 
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CHAPTER 4 

DISCUSSION 

4.1. Dose Response 

4.1.1. Adaptive and maladaptive left ventricular hypertrophy- �LVmass vs. MAP 

and � LVmass vs. apopotosis 

The findings of the present study suggest that a small amount of cell death and a 

slight increase in MAP result in significant increase in relative wall thickness (RWT) 

and preserved systolic function (Figure 4A), giving the characteristics of concentric 

hypertrophy with 7.5 mg/kg DOX treatment. At the same point of time (week 10), the 

15 mg/kg DOX treatment caused a significant amount of cardiomyocyte death and a 

significant increase in MAP, leading to left ventricular chamber dilatation, a decline 

in RWT, wall thinning, increase in LVmass, and marked decline in myocardial 

contractility (FS). These features are characteristic of dilated hypertrophy developing 

from further pressure and volume overload. The significant increase in RWT in low 

dose 7.5 mg/kg DOX may have been induced by the small amount cardiomyocyte 

death as a result of a low level of oxidative stress. This lead to a reactive hypertrophy 

of myocytes to replace the lost myocytes that died during the oxidative stress process. 

This increase in RWT resulted in the preservation of systolic function in support of 

more cardiac output and in adaptation to increase workload. The high-dose 15 mg/kg 

of DOX induced a large amount of cardiomyocyte death. This process resulted in the 

decline of RWT and a marked decline in myocardial contractility due to the greater 

amount of myocyte death compared to the low amount observed in the 7.5 mg/kg 

DOX treatment. The increase in MAP and volume overload may have resulted from 
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graded damage to the kidneys, leading to ventricular and vascular hypertrophy. 

Sustained pressure and volume overload in 15 mg/kg DOX treatment from severely 

damaged kidneys and marked decline in glomerular filtration rate may have 

contributed to chamber dilation, wall flattening and thinning, leading to a significant 

increase in LVmass and giving rise to dilated hypertrophy in time-dependent 

response. Contrary to this, the slight increase in MAP and slight increase in LVmass 

in the 7.5 mg/kg DOX treatment at week 10 resulted in concentric hypertrophy, 

which in time lead to dilated hypertrophy. 

 

The adaptative hypertrophy process observed with the 7.5 mg/kg DOX treatment at 

week 10 was also counterbalanced by these negative effects on cardiac 

decompensation seen around week 14 in two other rats treated with dose of  7.5 

mg/kg of DOX that were kept for follow up cardiac hypertrophy and remodeling 

studies. These alterations were also characteristic of maladaptive response 

demonstrated by left ventricular chamber dilatation, wall thinning, and marked 

decline in myocardial contractility (FS), similar to the 15 mg/kg DOX-treated SD rats 

at week 10 (Figure 4C2, 4B3). Similar effects of increased myocytes apoptosis, 

volume, and pressure overload may have resulted from low-dose 7.5 mg/kg DOX 

over the 14 weeks after treatment, suggesting that chronic DOX induces left 

ventricular hypertrophy and remodeling in a dose- and time-dependent manner that 

will always lead to left ventricular decompensation.  

 

The observed decline in renal function and vasculopathy may have been the 

contributing factors for the development of sustained hypertension and conversion of 
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adaptive hypertrophy to maladaptive hypertrophy, thus presenting a reno-

cardiovascular connection in the development of hypertension and heart failure in 

DOX graded-dose response.  

 

4.1.2. Reno-cardiovascular connection  

This study shows that DOX-induced reno-cardiovascular damage might be partly 

responsible for the development of hypertension, left ventricular and vascular 

hypertrophy, and remodeling in dose- and time-dependent responses. Graded vascular 

damage and dysfunction may have occurred in this study. DOX redox cycling with 

oxygen, as previously discussed, generates reactive oxygen which may cause 

extensive tissue damage particularly when the antioxidant defense mechanism is 

declined or deficient and the renal detoxification mechanism by the renal tubule is 

impaired. Damage to the endothelial wall would lead to its inability to buffer the 

increase in pressure pulsations that accompanies ventricular pumping capacity [295, 

296]. This increases cardiac workload and results in cardiac hypertrophy. A 

prolonged cardiac hypertrophy, as observed in the two rats treated with 7.5mg/kg at 

week 14, would lead to maladaptive hypertrophy and heart failure. 

   

The DOX-induced oxidative stress may have resulted from the stimulation of 

hypertrophic and apoptotic responses at cellular and molecular levels. This may have 

involves the activation and reactivation of genetic and non-genetic factors, signals 

pathways that lead to a vicious patho-physiological cycle of cardiac and endothelial 

cell hypertrophy and death. The resultant hypertrophic response manifested by the 

rise in vascular pulse pressure which increases cardiac load can also damage the 



 104

vascular wall system supplying all the body tissues. Further increases in blood 

volume and blood pressure can result in damage to renal micro-vascularization, as 

observed in this present study and demonstrated by renal sclerosis, tubular dilation 

and fibrosis manifested with adverse cardiovascular outcome. 

  

These finding show the reno-cardiovascular connection in the development of 

hypertension in response to DOX toxicity. The arterial and renal element relationship, 

referred to as the “cardio-aorto-renal ménage au trios” by Mitchell [295], have been 

examined extensively by Safar ME [296] and Guyton AC [297-299]. In that model, 

kidney, vascular system and the heart were shown to share an important function in 

the autoregulation of blood volume and pressure. 

  

In normal physiological conditions, the increase in blood pressure lead to the 

increases in urinary output and the decrease in blood volume and mean circulatory 

pressure [300]. This, in turn, reduces the cardiac output and total peripheral 

resistance, and thereby normalizes the arterial pressure [300].   

 

DOX side effects on the cardiovascular system can arise from inability of the kidneys 

to autoregulate blood volume and glomerular filtration rate and maintain normal 

arterial pressure. The kidneys therefore could be another primary target of toxicity 

since the blood filtration and DOX detoxification occur in the renal proximal tubules 

(Klaassen 2001). Toxicity at tubular level appears, also as strain-dependent since no 

significant damage were observed in the kidneys of the F344 rats treated with the 

same 15 mg/kg of DOX at week 10 compared to the control saline-treated SD rats.  
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Previous studies showed that, morphologically, the primary target for analgesic 

acetaminophen toxicity in the mouse kidneys are the S1 and S2 segments of the 

proximal tubules, whereas in the rats’ kidneys, the S3 is the target for toxicity [301, 

302]. The mechanism by which DOX or any other toxicant initiates proximal tubular 

cell death and eventually nephrotoxicity and heart failure has not been clearly 

defined.  

The findings of this study suggest that DOX-induced oxidative stress generated by 

DOX could be partly responsible for tubular or glomerular damage in time- and dose-

dependent responses. The kidneys of the SD rats were shown to be the primary target 

compared to the F344 rats strain. Damage to the kidneys in the DOX-treated SD rats 

was associated with an increased in blood volume and pressure, leading to increased 

cardiac workload and reno-cardiovascular damage in a biofeedback loop mode. Blood 

pressure and LVmass in the F344 rats were not significantly altered by DOX and 

showed no significant damage to the kidneys. 

 

The result of this study shows that mild kidney damage in the 7.5 mg/kg DOX 

treatment was associated with a slight increase in MAP and left ventricular mass with 

a preserved systolic function and possible diastolic dysfunction; whereas, moderate to 

severe kidney damage was associated with sustained increase in MAP, a significant 

increase in LVmass, ventricular dilation, and marked myocardial dysfunction.  

 

This shows DOX-induced hypertension and left ventricular hypertrophy in rats with 

associated kidney abnormalities; the inability of the kidneys to detoxify DOX and to 

regulate blood volume may have followed. Defects with the renal vascular and 
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tubules and depressed DOX clearance by the kidneys may be responsible for the 

sustained hypertension and early transition to heart failure in the SD rats compared to 

the F344 strain. Renal tubular defects and depressed salt clearance by the kidneys 

have been suggested to contribute to renal dysfunction and hypertension in 

spontaneously hypertensive rats (SHR) [303, 304]. The present study shows a 

relationship between the vascular and ventricular hypertrophy during adaptive and 

maladaptive remodeling and their connection to renal dysfunction and hypertension 

with DOX exposure.  

 

4.1.3. Kidney failure 

The 15 mg/kg treatment caused moderate to severe damage to the kidneys, consisting 

of tubulointerstitial inflammation, tubular necrosis, tubular hyperplasia, 

vacuolization, fibrosis, glomeronephritis, interlobular arterial wall thickening, 

sclerosis, and mineralization (Figure 20A3). These changes were moderate in the 7.5 

mg/kg treated SD rats, to insignificant in the F344 rats strain also treated with 15 

mg/kg of DOX at the same time point after treatment (week 10) (Figure 20A2). This 

suggests that genetic variation may exist in the SD rats, particularly, affecting the 

reno-vascular wall and its sensitivity to DOX.  

 

4.1.4. Blood BUN and creatinine levels 

Renal damage observed by H&E histological findings correlated to blood analysis of 

BUN and creatinine. The elevation of blood BUN and creatinine level at week 10 is 

significantly higher in the 15 mg/kg DOX-treated SD rats than the 7.5mg/kg treated 

SD group of rats, suggesting a marked impairment in glomerular filtration rate (GFR) 
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and marked kidney dysfunction. A correlation between mild kidney damage and 

cardiac adaptation in the 7.5 mg/kg treated SD rats and severe kidney damage and 

cardiac decompensation in the 15mg/kg treated SD rats was observed. These effects 

demonstrate the harmful effect of DOX on the reno-cardiovascular system.   

 

4.1.5. Ascites and fluid accumulation  

Fluid accumulation in the peritoneal, pleural, or pericardial cavity was observed to be 

more consistent with significant reno-cardiovascular damage than the 7.5 mg/kg 

treatment and the F344 treated rat. 

Ascites formation is not well understood and was reported to result from alterations in 

the splanchnic circulation and functional renal abnormalities that support sodium and 

water retention [305]. Nitric oxide imbalance, low levels of antioxidant defense 

mechanisms, arterial vasodilatation, and vascular wall damage and stiffening have 

also been considered as primary factors in ascites formation [305]. This process may 

have also been partly responsible for the development of ascites, portal hypertension, 

and reno-cardiovascular damage with high doses of DOX (15 mg/kg).  

The kidneys or renal medulla are known to play a vital role in long-term regulation of 

arterial pressure, extracellular fluid volume, sodium, and water homeostasis [306, 

307]. A small alteration in medullary blood flow can have a major negative effect on 

the re-absorption of sodium and water [308] by the alteration in renal perfusion 

pressure [306]. This fact is identified as the pressure natriuresis [306]. Chronically, 

this process would lead to the development of hypertension that gradually leads to 

further organ damage, organ failure, and death [309].  
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DOX can accumulate in the proximal tubules, especially when detoxification by the 

proximal tubules is impaired, initially during the acute stage of the treatment and 

when DOX is chronically administered. 

 

DOX–generated oxidative stress may results in the activation of the renin-aldosterone 

system, activation of the sympathetic nervous system, leading to endothelial 

dysfunction, inflammation, and impaired reactive oxygen nitric oxide balance, as 

reported previously in other experimental studies [310], creating a vicious cycle 

stimulating cell death and remodeling, accelerating decline in cardiovascular and 

renal function.  

This study suggests that DOX-induced myocardial remodeling and hypertrophy may 

be linked to disturbed vascular and renal function in this SD strain of rats than the 

F344 strain because of possible genetic defects. The harmful side effects of DOX on 

the reno-cardiovascular connection are demonstrated by the mechanism of blood 

pressure autoregulation and homeostasis. 

Chronic low doses of DOX treatment (7.5 mg/kg) lead to chronic decline in GFR and 

blood volume autoregulation with initial damage to the kidney. This would increase 

cardiac pressure and volume overload (as in hypertension), inducing myocardial and 

vascular wall thickening as a compensatory mechanism. Increased dose and 

frequency of DOX treatment, in time, can accelerate the decline in GFR. This would 

cause further increases in cardiac pressure and volume overload, leading to an earlier 

cardiac maladaptive remodeling and heart failure subsequent to severe renal damage 

in the SD strain than the F344 rats. The F344 rats did not show significant kidney 
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damage. Cardiac hypertrophy and remodeling in this group of rats seem to plateau up 

to 18 week.  

 

In both of these circumstances, the increased blood pressure and volume with time 

leads to increase intraglomerular pressure, creating a cycle that will eventually induce 

irreversible functional and morphological damage in both the heart and kidneys in a 

negative biofeedback loop, leading to more advanced cardiac and renal damage [311, 

312].  

 

All together, this study shows that DOX toxicity affects the reno-cardiovascular 

system in most susceptible strains of rats (SD) and that this system should be 

considered for the prevention of DOX-induced damage to the heart, kidneys, and 

vascular system.  

 

4.1.6. Vascular wall toxicity 

DOX-induced oxidative stress may have occurred acutely during the course of its 

intravenous infusion (Injection). The vascular walls would be the first to be exposed 

to DOX since, by all means; the drug has to come into contact with the vascular wall 

before reaching its target, the heart, kidneys, and other organs. Thus, it is possible that 

chronic DOX-induced hypertension and left ventricular hypertrophy in this dose-

response study may have resulted from lipid peroxidation of endothelial membranes 

and plasma protein, leading to vascular wall thickening, increased blood viscosity, 

endothelial and renal dysfunction in a time- and dose-dependent manner (Figure 20 

B).  
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There was an increased wall thickness and smaller cross-sectional areas with the 7.5 

mg/kg of DOX-treated rats at week 10, compared to a decline in vascular wall 

thickness and increased cross-sectional areas in the 15 mg/kg treatment and normal 

saline (control) treated rats. These observations were observed with 2D 

echocardiography (Data not available) during the course of the study and confirmed 

by histology. This orchestrates similar patterns of adaptive left ventricular 

hypertrophy in the 7.5 mg/kg treatment and decompensation with the 15 mg/kg 

treatments at week 10.  

 

A graded increase in MAP and vascular wall changes suggest DOX-induced chronic 

thickening, remodeling, and lipid oxidation, destruction of endothelium-derived 

relaxing factors, inflammation, and endothelial damage as occurred with myocardial 

cells.  

 

4.1.7. Hyperlipidemia 

The 15 mg/kg DOX-treated rats exhibited a significantly higher level of lipids in the 

blood including cholesterol and triglycerides (Table 1). The combination of 

hypertension and hyperlipidemia was reported to induce vascular oxidative injury 

mediated by oxidant stress, inflammatory cell infiltration and matrix remodeling, and 

result in loss of tissue elasticity [313, 314]. This cycle was demonstrated to bring 

about chronic vascular wall dilatation and increase the pulse pressure required for the 

left ventricle to eject blood [315], thus adding more workload that lead to progressive 

increases LVmass and RWT (Laplacian law) that eventually lead to left ventricular 

decompensation in the DOX-treated SD rats 10 to 14 weeks after treatment.   
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The effect of doxorubicin-induced vascular wall thickening and/or stiffening in this 

study can be explain by previous studies using non-invasive methods of Pulse Wave 

Velocity (PWV), which is defined as arterial pulse’s velocity of moving along vessel 

walls [316] (O’Rourke 1992). This method which was used in the assessment of 

arterial stiffening was shown to correlate with the degree of increased fibrosis 

concentration, arterial wall stiffening, and high systolic blood pressure as observed in 

this present study. This was shown to represent a major risk for cardiovascular 

morbidity and mortality in hypertension, diabetes, and end-stage renal failure [317].  

 

Death among the 15 mg/kg DOX-treated rats (Figure 1) was associated with 

extensive renal damage (Figure 20A3) and marked myocardial (Figure 1, 4B3) and 

vascular fibrosis and dysfunction (Figure 20B3) which could have been the result of 

hypertension-induced earlier deaths in the 15 mg/kg treated compared to 7.5mg/kg 

treated SD rats.  

 

The increase in wall thickness and stiffening were reported to induce a faster 

transmission of pressure as measured by the PWV along the arterial tress [317, 318]. 

This, in turn, was shown to increase systolic pressure and pulse pressure and 

contribute to the increase in cardiovascular complications in aged populations 

affected with hypertension [317, 319] (O’Rourke 1982, 1992, 1993). 

 

 In this context, chronic doxorubicin, which seems to be associated with myocardial 

and vascular wall thickening, fibrosis accumulation, may be the causal factor in the 
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development of hypertension. DOX treatment would thus be a risk in aged 

populations.  

 

4.2. Blood profile  

4.2.1. Blood Platelets, lipids, and thromboembolism  

Thrombosis was often observed by echocardiography and confirmed by histology in 

the 15 mg/kg DOX-treated SD rats. The F344 rats treated with the same DOX regime 

did not develop thrombosis at the same point of time as the SD rats, suggesting 

genetic differences between the two strains of rats. Differences in polymorphisms and 

the predisposition to thrombosis formation has been reported but are still unclear 

[320]. The SD strain of rats may serve as a model for further understanding the 

mechanism of thrombogenesis and their susceptibility to this drug.  

The decline in blood platelets in the 15 mg/kg DOX dose compared to high platelet 

levels with the 7.5 mg/kg DOX treatment may have aggregated into clots and 

thrombus due to higher level of oxidative stress. 

The fact that cholesterol levels were significantly higher among the 7.5 mg/kg and 15 

mg/kg treated rats suggests a significant increase in low density lipoproteins (LDL). 

LDL is oxidized in vascular endothelial cells and may have an association with 

endothelial thickening and dysfunction, and thrombus formation in a time- and in 

dose-dependent responses. LDL oxidation in the endothelial cells results in the 

inactivation of nitric oxide (NO) and further generation of free radicals [321]. This 

effect was suggested to increase platelet adhesion, stimulate plasminogen activator 
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inhibitor, cause inhibition of plasminogen activator, induce procoagulant tissue factor 

mRNA, inhibit mRNA transcription of thrombomodulin, and finally cause the 

stereochemical changes in heparan sulfate proteoglycan [322].  

These changes were reported to impair antiplatelet and anticoagulant properties of the 

endothelium and to trigger thrombus formation [323]. A graded increase in LDL and 

oxidative stress in response to DOX may be the contributing factor to continuous 

damage to the endothelium, plasma protein and tissues, particularly when the 

detoxification of the DOX by the kidneys is impaired.  

4.2.2. Anemia  

The decline in RBC with the 15 mg/kg of DOX-treated rats was significantly higher 

than the 7.5 mg/kg treated SD and control group, suggesting anemia. This implies that 

DOX may have induced plasma protein hypoxia, death, leading to the decline of 

oxygen consumption and organ dysfunction in dose- and time-dependent responses.  

The kidneys are a major source of erythropoietin production [324] and severe kidney 

damage, as in the 15mg/kg DOX SD treated group, would lead to anemia. 

Erythropoietin is known to regulate production of erythrocytes or RBC by allowing 

erythroid progenitor cells to conclude their terminal differentiation [324]. It is 

possible that low levels of RBC may have resulted from erythroid progenitor cell 

deficiency and/or related genetic defects in the kidneys of the SD strain of rats. The 

control RBC level in this strain of rats was observed to be slightly lower than the 

control RBC level in the F344 strain. This would make the SD strain more susceptible 

to oxidative stress generated by DOX.  
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Anemia, in turn, could be the result of DOX-induced gastrointestinal infection 

leading to food malabsorption, iron and vitamin deficiency. This in turn may have 

lead to abnormal nutrient metabolism, deficiency in energy consumption and 

expenditure. Gastrointestinal mucosal injury was evidenced by the common 

occurrence of diarrhea observed especially with 15 mg/kg of DOX treatment. Bone 

degeneration was also evident during physical examination in the 15 mg/kg DOX-

treated SD rat, suggesting also that anemia may have resulted from bone marrow 

deficiency in production of RBC. 

 

4.2.3. Physical inactivity 

Physical inactivity and lack of food intake was observed to be significantly poor in 

the 15 mg/kg SD rats compared to the DOX-treated F344 rats, supporting further the 

possibility of marked decline in oxygen consumption, deficiency in iron and other 

vitamins like folic acid [324].  

The reno-cardiovascular connection and association with anemia syndrome are not 

clearly understood. The present study shows SD rats as the susceptible strain model 

for DOX-induced unfavorable reno-cardiovascular toxicity and anemia.  

This study, also demonstrate that in humans, inter-individual susceptibility to DOX 

may exist. The SD strain of rats should serve as a model for understanding the 

mechanism of reno-cardiovascular toxicity at pathophysiological, molecular, and 

genetic levels. This in turn would help in the development of novel therapeutic 

strategies in prevention of toxicity.   
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4.3. Technical recommendations 

4.3.1. Transthoracic tissue Doppler echocardiography 

Transthoracic tissue Doppler imaging (TDI) is a novel validated method of 

quantifying global left ventricular function, including myocardial relaxation and 

contraction velocities. TDI is becoming a popular experimental method for studying 

cardiovascular disease in sedated rodents including rats and mice. The TDI as well as 

the M-mode results of this study are shown for the first time in conscious rats. This 

method is the gold standard (Figure 9) because it avoids the depressive effect of 

anesthesia on heart rate, systolic and diastolic function, and especially on the control 

of these parameters by the autonomic nervous system [325-327]. Previous studies 

using isoflurane, an anesthetic inhalation, were reported to depress cardiac output, 

stroke volume, and ejection fraction, resulting in both systolic [328] and diastolic 

dysfunction [329]. The success of this study is further evidenced by Baumwart et al. 

[330] showing that the Tei index was within normal range in normal conscious dogs, 

but increased with isoflurane anesthesia [331]. Delayed or increase in Tei index 

parameter, in this present study, were an indication of both systolic and diastolic 

dysfunction and decompensation in DOX-treated SD rats. A prolonged IVRT alone 

was also observed to be associated with diastolic dysfunction, while systolic was 

preserved during the adaptive stage of hypertrophy in the 7.5 mg/kg at week 10. The 

Tei index was demonstrated to increase with dilated cardiomyopathy, acute 

myocardial infarction, and congestive heart failure [331].  
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The changes in TDI were associated with moderate renal damage and a slight 

increase in MAP, reflecting their influence on abnormal myocardial relaxation and a 

preserved systolic function in the 7.5 mg/kg treated rats by week 10. Contrary to this, 

the 15 mg/kg dose of DOX showed a combination of diastolic and systolic 

dysfunction associated with severe renal damage and further increase in MAP 

(Hypertension) at week 10.  

The method of tissue Doppler analysis and diastolic dysfunction have been reported 

as markers for the presence of myocardial fibrosis during the hypertrophic 

remodeling process [332]. The presences of apoptotic accumulation in the 

myocardium and its link to diastolic dysfunction have not been defined in conscious 

rats, particularly with chronic DOX treatment. Renal damage and its connection to 

left ventricular diastolic dysfunction and hypertrophic remodeling were also not 

clearly linked. The TDI findings demonstrate also for the first time that renal toxicity 

may precede cardiac toxicity and could be partly responsible for the transition of 

adaptive to maladaptive hypertrophy. 

This study shows that the associated small amount of myocyte, increase in RWT, and 

mild to moderate renal damage with the 7.5 mg/kg treatment in the SD rats present a 

positive correlation with diastolic dysfunction and preserved systolic function. The 

large amount of cell death, decline in RWT, and moderate to severe renal damage, 

anemia, and hypertension with the 15 mg/kg treatment also present a positive 

correlation with both systolic and diastolic dysfunction. Diastolic dysfunction 

predicted mortality in the SD rats treated with 15 mg/kg of DOX. Two other rats 

treated with 7.5 mg/kg developed dilated cardiomyopathy by week 14, with systolic 

function below the expected threshold. A preserved systolic function and diastolic 
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dysfunction may predict the evolution of subsequent hypertrophic remodeling and 

heart failure phenotype. This method allows early therapeutic intervention and 

prevention of irreversible damage resulting from systolic dysfunction.  

Hypertrophy of myocytes and fibrosis of the interstitium have been suggested to 

represent the two key pathological processes in the development of left ventricular 

hypertrophy (Figure 20), and systolic and diastolic dysfunction [332]. In this study, 

myocyte death may be the third key in the pathological processes of hypertrophy and 

remodeling, a causal factor for diastolic dysfunction, and an early predictor for 

mortality risk. Mortality, among the 15 mg/kg SD rats was commonly observed 

around week 10.  

 

4.4. Cellular and Molecular mechanisms in response to doxorubicin 

treatment 

4.4.1. Apoptosis detectation 

The mechanisms of cardiac hypertrophy and apoptosis have been researched for 

several years, mainly using in vitro cardiomyocyte isolation from patients with end-

stage dilated and ischemic cardiomyopathy, myocarditis, and aortic stenosis [333]. In 

vivo methods of detecting apoptosis in patients affected by these diseases have not 

been successfully developed because of lack of appropriate technologies.  

In this study we determined the following: (1) myocytes apoptosis as the associative 

factor involved in the transition of adaptive hypertrophy to maladaptive using newly 

developed follow-up methods of echocardiography in conscious rats, and (2) the 

feasibility of newly developed non-invasive methods of SPECT/CT (Figure 11) with 
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Tc-99m-HYNIC-Annexin V imaging in identifying apoptosis. Both SPECT/CT with 

Tc-99m-HYNIC-Annexin V and conscious rat echocardiography follow-up in the 

development of left ventricular hypertrophy and dysfunction correlates to in vitro 

blood and cardiac analysis of apoptosis using the biodistribution method and ex vitro 

TUNEL method of analyzing apoptosis. These methods suggest that persistent 

increase in apoptosis is partly responsible for reactivation of hypertrophy and its 

progression to decompensation in DOX concentration and time-dependent response.  

The feasibility of SPECT/CT imaging with Tc-99m-HYNIC-Annexin V is a 

promising in vivo technique for monitoring and quantifying apoptosis and 

cardiotoxicity in rats at an early stage. Echocardiocardiography was used prior to 

SPECT/CT study to determine morphological and functional changes of the heart, 

and as a guide to determine the time point of cardiac adaption and heart failure. The 

SPECT/CT with Tc-99m-HYNIC-Annexin V imaging and conscious 

echocardiography follow-up methods may provide better understanding of 

hypertrophy and remodeling mechanisms and their correlation to cardiac apoptosis 

formation in rats and mice. These methods may also allow the development of new 

therapeutic drugs in the prevention of DOX-cardiac toxicity in experimental and 

clinical settings, without the use of invasive diagnostic methods.  

 

4.4.2. Molecular signaling of hypertrophy and apoptosis 

4.4.2.1. Doxorubicin-induced oxidative stress and apoptosis 

The exact molecular mechanism in myocytes hypertrophy stimulation, ROS 

production, and induction of apoptosis is not understood. This has been attempted 
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experimentally mainly using in vitro isolated cardiomyocytes affected by hypoxia and 

ischemia reperfusion. ROS generation was not measured in this study, based on their 

widely known role in the induction of cardiomyopathy due to an increase in 

superoxide generation and decreasing antioxidant reserve [334] and based on their 

implication in many apoptotic signaling pathways, particularly with the hypoxia, 

ischemia reperfusion. This study has demonstrated that DOX-induced reactive 

oxygen species may be the causal factor to stimulation of apoptosis and reactive 

myocardial hypertrophy and remodeling in a dose- and time-dependent response. 

These findings were demonstrated for the first time in vivo, using conscious non-

invasive echocardiography and the non-invasive method of SPECT/CT imaging with 

Tc-99m-HYNIC-Annexin V methods which correlated to in vitro and TUNEL 

staining methods of detecting apoptosis. Previous studies by Pimentel et al. reported 

that a low level of ROS generation in response to low cardiomyocyte stretch 

correlates with fetal gene expression and hypertrophy, while high amplitude stretch 

levels induce high ROS production and apoptosis [335, 336]. Cardiomyocytes stretch 

in this study may have resulted from a slight increase in MAP and small amount of 

cardiomyocytes death resulting from the initial low DOX-induced oxidative stress 

(7.5 mg/kg). Higher amounts of stretch may have resulted from a sustained 

hypertension and higher amount of cell death resulting from higher DOX 

concentration (15mg/kg). Further DOX availability was suggested to further 

participate in reduction/oxidation cycles and generation of more superoxide [121]. 

Renal impairment would result in the decline of DOX detoxification and excretion, 

and increase its concentration and circulation in the blood and tissues. The 

significantly higher amount of myocardial damage in the 15 mg/kg than any other 
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DOX-treated SD and F344 rats may also have resulted after the formation of the 

DOX-iron complex. Doxorubicin-iron complex has been suggested to reduce oxygen 

to hydrogen peroxide and cleave the peroxide to yield a hydroxyl peroxide (OH), an 

oxidant that contributes to more lipid peroxidation [126-128]. This was supported by 

the fact that iron-chelating agent dexrazoxane, ICRF-187, significantly reduced the 

development of DOX-induced cardiomyopathy in a dog model [337]. 

 

4.4.4. ErbB2 and other signaling pathways 

DOX-induced myocardial hypertrophy may have resulted from increases in 

contractile force generated by the surviving myocytes as the pressure and cardiac 

workload increased. This process was reported to re-activating embryonic growth 

factors believed to be activated only during the embryonic stages of heart 

development and not in adulthood [201]. These embryonic growth factors increase 

protein synthesis and increase myofibril size and mass [201].  

 

In this study, erbB2 receptor tyrosine kinase that belongs to the epidermal growth 

factors receptors (EGFR) family of tyrosine kinase: namely, the erbB1, erbB2, erbB3, 

and erbB4 [234, 338], also known as HER2, was of interest. ErbB2 inhibition with 

combination of anti-erbB2 (i.e., trastuzumab) and DOX was reported to accelerate the 

process of tumor killing in breast cancer over-expressing erbB2 compared to when 

DOX is used alone. This combination of DOX and anti-erbB2 was reported to also 

accelerate the process of cardiomyopathy more than when DOX is used alone.  

As previously mentioned, erbB2 has to heterodimerize with erbB4 after erbB4 bind to 

neuregulin-1 (NRG-1), promoting hypertrophic changes including changes in cell 
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morphology, increases in protein synthesis, and expression of embryonic genes [233]. 

In this study, both ErbB2 and NRG-1 are up-regulated in dose- and time-dependent 

responses paralleling the increase in myocardial hypertrophy and apoptosis. In 

postnatal and adult hearts, erbB2/NRG-1 was shown to play an essential part in the 

myocardial adaptation to physiological stress, suggesting a primary role in cardiac 

growth and the survival mechanism [234]. In fact, the 7.5 mg/kg treatment induced a 

mild erbB2 expression that was associated with adaptive hypertrophy; a higher dose 

of DOX (15 mg/kg) was associated with regression of left ventricular hypertrophy, 

partly due to an increase in a significantly higher amount of cardiomyocyte apoptosis 

and a marked decline in myocardial contractility. Even mTOR, Akt, and heat shock 

70 and 90, which are also known to be anti-apoptotic and promote growth, were 

expressed in graded response to low and high doses of doxorubicin. The adaptive 

hypertrophy in the two other 7.5 mg/kg treated SD rats decompensated 14 weeks, 

suggesting that even with lower doses, excess signaling of erbB2, mTOR, GSK-� and 

heat shock proteins may be persistently and inevitably expressed until heart failure 

results.  

This indicates that persistent increase signaling of these proteins may also be 

associated with continuous increase in apoptosis. Excess apoptosis may be the 

contributing factor to the decline in myocardial contractility even when protections by 

these proteins are high. Previous study reported that erbB2 and erbB4 were found to 

be expressed during the early stage of pressure volume overload, during the 

compensatory mechanism, and six weeks after aortic stenosis in rat models with age-

matched controls [54]. These studies showed that these proteins were down-regulated 

about 22 weeks after and during the end stage of heart failure, which does not happen 
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in DOX-induced heart failure of this present study [54]. The down-regulation of 

erbB2 or heat shock proteins, mTOR, and Akt, and GSK-� in the 15 mg/kg DOX was 

not observed. The reason may be that fractional shortening (FS) � 40% was not low 

enough to induce their down-regulation. These rats had to be euthanized due to the 

unpredicted risk of sudden death. Nearly all these rats treated with 15 mg/kg were 

observed to develop thrombosis up to 50% or more in size around week 10. It also 

may imply that excessive signaling parallels the increase in apoptosis and this process 

lead to decompensation. The protection provided with these proteins, such as erbB2 

and others, seems to extend the survival time by inducing hypertrophy which 

inevitably leads to decompensation once re-activated in adult rat hearts.   

 

This study also shows the importance of erbB2 signaling in myocytes and growth 

[55]. If these proteins were not present, cell deaths would be continuous and heart 

failure would be accelerated. In addition to its role in the development of hypertrophy 

and growth, conditional deletion of erbB2 in adult mice resulted in dilated 

cardiomyopathy, confirming the requirement for functional erbB2 in the 

differentiated myocardium and providing a mechanism for the principal side effects 

(cardiomyopathy and heart failure) observed in patients undergoing chemotherapy 

with anti-erbB2 therapy [55].  

The newly developed (FDA approved) lapatinib, an oral receptor tyrosine kinase 

inhibitor similar to trastuzumab that targets both erbB2 and erbB4 receptors in over-

expressed breast cancers should be studied, since long-term side effects on the heart 

have not been determined.   
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4.4.5. Angiotensin and hypertrophy  

Little is known about the role of EGFR transactivation in angiotensin II (ATII) and 

ROS-mediated cardiomyocyte hypertrophy [338]. AII activation was suggested to 

cause G-protein coupled receptors of AT1 and AT2-mediated growth and 

proliferation were dependent upon EGRF trans-activation [338]. The results of this 

study showed that DOX induced the expression of erbB2, NRG-1, as well as Akt, 

mTOR and GSK-� persistently, paralleling the increase in LVmass and 

cardiomyocytes deaths. Losartan AT1 receptor antagonist showed a regression of left 

ventricular hypertrophy and lowered blood pressure, suggesting AT1 to be partly 

responsible for cardiac hypertrophy and remodeling.  

 

Previous reports suggest that the chronic vasoconstrictive effects of AT1 lead to the 

activation of enzyme systems and second messengers, including the phospholipases, 

and redox-sensitive mitogen-activated protein kinases (MAPKs) which includes 

extracellular signal-regulated kinases (ERK1/2), the c-jun NH2-terminal/stress-

activated protein kinases (JNK/SAPKs), and the p38 reactivating kinase (p38 MAPK) 

[152].  

 

The ERK1/2, the phosphatidylinositol 3-kinase (PI3K)-dependent signaling kinase 

[339], Akt (or PKB), and mTOR/S6 kinase [227] were reported to have an anti-

apoptotic role involving cell growth and survival process [335, 336, 340], whereas the 

c-jun NH2-terminal/stress-activated protein kinases (JNK/SAPKs), p38 reactivating 

kinase (p38 MAPK)[152] lead to apoptotic pathways [335, 336, 340]. It was also 
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shown that the activation of these kinases might be dependent to ROS concentration, 

leading either to myocyte hypertrophy or apoptosis [336]. 

The p38 MAPK and JNK kinases, which are pro-apoptotic pathways, may have 

increased early and persisted until heart failure, thus dominating the protective role of 

erbB2 and other protective signaling pathways involved in cell survival and growth. 

Blocking these pathways may help prevent the formation of apoptotic bodies and 

prevent heart failure.  

 

4.5. Losartan 

Weight loss associated with diarrhea, anorexia, and gastrointestinal damage has been 

reported to be one of the most toxic side effects of chemotherapy [341], including 

treatment with DOX [342].  

The greater body weight of the 15 mg/kg DOX-treated rats compared with the 

combined DOX+LOS-treated rats may be explained by the significant fluid 

accumulation in the peritoneal (ascites), pleural or pericardial cavity in the former 

group. These findings were observed using 2-dimensional echocardiography and 

confirmed during necropsy when approximately 7 ml of excess pleural and abdominal 

fluid taken from the 15 mg/kg treated rats at week 10. 

 

The decrease in body weight with losartan reflects the ability of losartan, AT1 

inhibitor, to act by inhibiting the activation of angiotensin II type 1 receptor (AT1) 

[273]. AT1 induces vasoconstriction and retention of sodium whereas inhibition by 

losartan has been shown to normalize tubular function in patients with mild 
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congestive heart failure and normal plasma levels of rennin and aldosterone [343, 

344].  

 

In this study, DOX induced a dose-dependant increase in TGF-� pathway activation, 

coinciding with a significant decline in myocardial contractility, an increase in the LV 

mass, and increase in MAP (Figure 5, 6, 7). Excessive TGF-� pathway activation in 

the 15 mg/kg DOX-treated SD rats was associated with a significant increase in 

myocardial cell death, contrary to 7.5 mg/kg which showed less myocytes death and 

preserved systolic function.  

Losartan was associated with the regression of LVH, a decline of blood pressure, and 

improved myocardial contractility back to normal levels compared to 15 mg/kg DOX 

alone treated rats. These responses coincided with a decline in TGF-� pathway 

activation, resulting in cardioprotection and prevention of heart failure in the 

combined losartan and 15 mg/kg DOX-treated rats. This suggests that there could be 

an association between TGF-� pathways and angiotensin type 1 which could be partly 

responsible for the induction of apoptosis and, thereby, the conversion of adaptive 

hypertrophy to maladaptive hypertrophy and heart failure when expressed in excess.  

The cellular distribution, mechanism of induction, and source of increased TGF-� 

pathway activation in response to hypertrophic stimuli are not known. This study 

shows that DOX-induced left ventricular hypertrophy is associated with an increase 

in TGF-� pathway activation compared to normal saline-treated rats (Figure 18). This 

increase in TGF-� pathway activation correlates to marked increase in pSMAD2 

expression and parallels the marked decline in the myocardial contractility (Figure 1, 

5, 7 18, 19), and the increase in cardiomyocytes death and fibrosis (Figures 4A3, 11, 
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20C3). This suggests that TGF-� may have a pro-apoptotic effect in a dose- and time-

dependent response.  

In contrast, the combination of losartan and DOX (DOX+LOS) treatment was 

associated with a decline in TGF-� pathway activation, coinciding with regression of 

left ventricular hypertrophy, decline in mean arterial pressure, and increase in 

myocardial contractility compared to rats treated with 15 mg/kg DOX alone. These 

improvements also suggest that less pSMAD2 and less apoptosis were generated with 

losartan. 

ATII activation by ROS generation from DOX redox cycling is known to mediate G-

protein-uncoupling (AT1 and AT2). AT1 plays a role in the regulation of blood 

pressure, fluid homeostasis and cell growth, activates membrane-bound vascular 

NAD(P)H oxidase, the formation of reactive oxygen (ROS), and apoptosis [345]. The 

cardiac hypertrophy in this study might be due in part to the imbalance between cell 

growth and death. As the heart adapts and grows, apoptosis of cardiomyocytes seem 

to increase in DOX dose- and time-dependent manner. This is observed with the 

inevitable left ventricular decompensation in the two rats treated with lower doses of 

DOX (7.5 mg/kg) at week 14 after adaption at week 10 in other group treated with the 

same dose of doxorubicin. Adaptive hypertrophy as it was observed was associated 

with a small amount of cardiomyocyte death. Greater amount of cardiomyocyte 

apoptosis was associated with left ventricular decompensation at week 10 in the 15 

mg/kg treated SD rats. The regulation of cell death and cell growth is not well 

understood. Dietz et al. reported that cardiomyocyte apoptosis is reduced after 

prolonged inhibition of the angiotensin pathway during the established phase of 

hypertension in spontaneously hypertensive rats [346]. The fact that a significant 
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decline in myocardial contractility was associated with a significant amount of cell 

death when 15 mg/kg DOX was administered alone in this present study suggests that 

the improvement of myocardial contractility with losartan supplement may be 

associated with less cardiomyocyte death. This also substantiates the findings that 

AT1 is partly responsible for the development of left ventricular hypertrophy, 

hypertension, myocardial dysfunction, and increase in cell death.  

The improvement of both systolic and diastolic function with losartan treatment of 

this present study may also involve decline in Ca2+ overload in addition to 

angiotensin receptor type 1 (AT1) blockade, as demonstrated previously in isolated 

cardiomyocytes exposed to ischemia reperfusion [347].  

Furthermore, previous published studies [273] demonstrate that losartan prevents 

aortic aneurysm in the mouse model of Marfan syndrome (MFS) [273]. Excessive 

TGF-beta signaling may have played a causal role in progressive aortic root and left 

ventricular enlargement [273] in MFS and 15 mg/kg of DOX-treated rats. These 

characteristics of maladaptive vascular remodeling in humans and with MFS are 

directly proportional to the risk of life-threatening aortic dissection [348]. In chronic 

DOX treatment, left ventricular dilatation and dysfunction are leading causes of heart 

failure and death. Losartan prevented elastic fiber fragmentation, interstitial collagen 

deposition, and reduced TGF-beta signaling in aortic media of MFS [278]. This was 

evidenced by nuclear accumulation of pSmad2 and histopathology results [273]. Wall 

elasticity, diameter, and wall thickness were maintained compared to the normal wild 

type group [273]. Improved vascular and myocardial elasticity, normalization of 

blood pressure, and myocardial contractility were observed in this study with the 
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combined losartan and DOX therapy and in previously studies in animal models of 

chronic renal insufficiency and cardiomyopathy [349, 350].  

The effect of losartan on lowering blood pressure and cardiac hypertrophy has been 

demonstrated in a variety of in vitro and in vivo studies and in models of 

hypertension, renal disease, and stroke [351-354]. Few studies show in vivo follow up 

of LVmass reduction, but not all show a successful reduction of left ventricular 

hypertrophy, especially since most of these studies are conducted under anesthesia 

which is cardio depressive. Also, little is known about in vivo DOX-induced left 

ventricular hypertrophy and the losartan effect on prevention of DOX-induced left 

ventricular hypertrophy.  

The in vivo follow up of left ventricular hypertrophy and remodeling, using conscious 

non-invasive echocardiography in this present study, clearly indicates that losartan is 

able to reduce the LV hypertrophy, reduce the mean arterial pressure, increase 

myocardial contractility by blocking TGF-� signaling pathways and AT1 activation, 

and should be used as a therapeutic supplement with DOX treatment. 

 

4.6. Strain differences    

The SD rats treated with a 15 mg/kg dose of DOX showed a significant increase in 

MAP, significant increase in LVmass, and marked decline in systolic function 

coinciding with moderate to severe kidney damage compared to the F344 treated with 

the same dose and at the same time point (week 10). These changes have been 

reported in spontaneously hypertensive rats subject to chronic salt diet in previous 

studies [355, 356]. The F344 rats showed normal MAP, less significant changes in the 

morphology and function of the left ventricular hypertrophy, and small to mild kidney 
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damage in response to 15mg/kg of DOX. The development of renal damage in 

spontaneously hypertensive rats was suggested to occur as a result of impairment in 

regulation of renal oxygen consumption by nitric oxide in response to increased 

superoxide [357]. The decline in kidney weight, sodium and water retention in the 

DOX-LOS-treated SD rat strain of this study suggest that AT1 may be partly 

responsible for the NO/O2
- balance in the kidneys. A significant increase in lipid 

peroxidation and hydroxyproline content of the kidneys was reported in response to 

such imbalance [358]. A significantly lower SOD-3 than the SOD-1 and the SOD-2 

antioxidant level in the kidneys were suggested may be responsible for ROS-induced 

kidney damage in DOX-exposed SHR strain of rats [357]. Increased superoxide 

generation and decline in antioxidant balance in the kidneys of the DOX-treated SD 

rats may have played a part in early renal tubular damage. This may have lead to a 

vicious cycle resulting in more extensive and irreversible damage of kidneys and 

heart, since both are involved in the autoregulation of blood pressure and volume. 

The kidneys thus could be the first target or the most susceptible organ to DOX-

induced oxidative injuries and the leading cause of early heart failure and mortality in 

the SD rats than the F344 rats. 

Other phenotypic differences that predispose SD rats to reno-cardiovascular damage 

are the increase in body weight, HW/BW ratio and low level of RBC compared to the 

F344 rats. These phenotypic differences should be considered prior to DOX treatment 

in humans with inter-individual differences. Kidney function and abnormalities 

should be assessed in prevention of heart failure and mortality.  
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4.7. Gender differences and doxorubicin toxicity 

Consequent to follow up systolic function based on fractional shortening with 2-3 

mg/kg of DOX treatment in male and female neonates has lead to the development of 

systolic dysfunction that resulted in 60% of deaths among the male rats within 50 

weeks after exposure (Figure 10). Female rats in this study developed mammary 

tumors but the heart failure did not occur. They were euthanized due to discomfort 

and for comparative study (Figure 10). Prior studies have shown that mammary 

tumors begin to develop in SD rats beyond the age of 18 months as part of the aging 

process, which may be related to persistent estrous cycle in this strain of rats [359-

361]. Other studies showed that environmental toxicant exposure and 

pharmacological doses of dietary estrogen could trigger mammary growth while the 

estrous cycle is normal without the aging effect or ovarian failure [361]. These tumors 

were also demonstrated to develop 11 months after receiving whole-body radiation 

given as a single exposure in the SD rats at the age of 20 days while the control 

showed none [362]. This present study shows acceleration of mammary tumors with a 

small dose of DOX, while maintaining normal cardiac function. The control did not 

develop any tumors, suggesting that DOX is a mutagen and could induce cancer. 

While mechanisms of this process are not completely understood, estrogen function 

in cardioprotection and in mammary tumors growth has been proposed to play a part 

in pre-menopausal and post-menopausal stages [363]. Some toxicants have been 

suggested to induce growth of mammary tumors directly via estrogenic effects on 

breast epithelial cell proliferation [364], while others act indirectly by shifting the 

expression of genes responsible for estrogen synthesis and metabolism [365] or by 

direct effect of epidermal growth factors signaling pathways [366]. In this study, it 
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was observed that these tumors grew rapidly into larger size once they started to 

appear. A greater amount of vascular systems were also observed in these tumors, 

suggesting the possible role of estrogen in development of vascular collateral in the 

heart as well. These observations suggest that increased blood flow may have played 

a part in cardiac protection.  

The binding of estrogen ligands to its receptors, ER� and ER�, in the cell was 

reported to activate protein kinases-enzymes that initiate the phosphorylation of 

cellular proteins such as MAPKs, EGFR and PI3K/Akt signaling pathways which are 

important regulators of cell growth and survival mechanisms and the stimulation of 

eNOS to syntheses NO [363]. NO, a vasodilator, activates the soluble guanylate 

cyclases (sGC), increasing the cyclic guanosine monophosphate (cGMP) 

concentration and protein kinase G (PKG), which in turn, regulates vascular tone, 

myocyte function, growth and remodeling [363]. NO acts as antioxidant and 

maintains normal O2
-/NO homeostasis by inhibiting the activation of xanthine oxidase 

(XO) and NAD(P)H oxidase [367, 368]. Estrogen thus may play a part in both tumor 

growth and cardioprotection in female SD rats.  

 

Deficiency of this hormone in male rats may be partly responsible for the acceleration 

of heart failure. An increase in O2
-/NO level and low level of NO in the heart and the 

vascular wall system may have lead to an increase in peroxynitrite levels, triggering 

cytotoxic processes that includes lipid peroxidation, protein oxidation, nitration [117], 

and the initiation of left ventricular and vascular wall remodeling and dysfunction 

[129, 369] 
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5. CONCLUSION 

Strain, age, and gender may be the predisposing factors to chronic DOX-induced 

reno-cardiovascular oxidative damage.  

Smaller body and organ weight, LVmass, higher red blood cell levels, and normal 

kidney physiology make the F344 more resistant to DOX toxicity than the SD rats.  

The findings of losartan treatment suggests excessive AT1 and TGF-� pathways 

activation, played a part in the stimulation of apoptosis and remodeling in dose- and 

time-dependent response that lead to reno-cardiovascular failure in SD rats treated 

with 7.5 mg/kg and 15 mg/kg of doxorubicin.   

Excessive ErbB2, mTOR, GSK-�, Akt, and heat shock proteins expression may have 

also contributed to the transition of adaptive hypertrophy to heart failure at week 10 

in the SD rats treated with 15 mg/kg DOX, with AT1 as the source of their activation.  

 

DOX treatment with either 7.5 mg/kg or 15 mg/kg induced left ventricular 

hypertrophy and remodeling is accelerated in the SD rats than the F344 rats strain. 

This change will inevitably lead to failure, with renal failure as the first possible 

target of toxicity in the SD than the F344 strain because the F344 rats strain did not 

show extensive damage to the kidney as the SD strain of rats treated with the same 

dose of DOX (15mg/kg) at the same time point of time (Week 10). The present study 

suggests that a possible phenotipic difference in the kidney morphology, RAAS and 

function between the 2 strains of rats (SD and F344) in response to chronic DOX 

treatment may exist and merit further investigation. TGF-�-1 inhibition using the oral 

angiotensin type 1 receptor antagonist, losartan, may be used as a therapeutic 
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supplement for reversing or regressing left ventricular hypertrophy, lowering blood 

pressure, and preventing heart failure with chronic DOX treatment. 

 

The evaluation of cardiac toxicity and/or cardiomyopathy with use of systolic 

function (FS) method alone has lead to irreversible damage that was associated with 

cardiomyocytes death and marked decline in myocardial contractility. Additional use 

of tissue Doppler imaging (TDI) predicts early diastolic dysfunction because it 

precedes systolic dysfunction. It may also predict early renal dysfunction because it is 

associated with adaptive hypertrophy with preserved systolic function (FS). Using 

both the methods in assessing systolic (FS) and diastolic function (TDI) would help 

determine physiological and molecular mechanisms of protection and may lead to 

early therapeutic interventions and prevention of risks that may contribute to 

chemotherapeutic toxicity in the reno-cardiovascular system. 

SPECT/CT is a novel and feasible method of determining apoptosis in in vivo animal 

models using a guided conscious echocardiography method in the evaluation of left 

ventricular hypertrophy and remodeling.  

 

Future aims: 

Investigate the mechanism of losartan treatment and regression of thrombogenesis.   

Investigate elastin, collagen level in the vascular wall system of F344 and SD rats 

strain.  

Investigate type and level of antioxidant defense mechanisms in the reno-

cardiovascular tissue of F344 and SD rats. 
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Investigate the effect of exercise endurance on the cardio-pulmonary and vascular 

system in response to chronic DOX therapy in SD and F344 rats. 
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ABBREVIATIONS: 

AII: Angiotensin II 

AT1:  Angiotensin II receptor type 1 

cGMP:  Cyclic guanosine monophosphate 

Ca2+:  Calcium 

CHF:  Congestive heart failure 

CRFR:  Corticotrophin-releasing factor receptor 

CT-1 :  Cardiotrophin-1 

DOX:  Doxorubicin 

EGF:  Epidermal growth factors  

EGFR:  Epidermal growth factor receptors 

EDRF:  Endothelial derived relaxing factor  

eNOS:  Endothelial nitric oxide synthase 

EGF-1:  Insulin like growth factor-1 

ERK:  Extracellular signal–regulated kinase 

EF:  Ejection fraction 

ET-1:  Endotholin-1 

ET:  Ejection time 

F344:  Fisher rat 

FDA:       Food and Drug Administration  

FOXO: Forkhead box 

FS:  Fractional shortening 

GSK-3:  Glycogen synthase kinase-3 

GPCRs:  G protein-coupled receptors 
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H2O2:   Hydrogen peroxide 

IVCT:  Isovolumetric contraction time 

I/ R:  Ischemia reperfusion 

IVRT:  Isovolumetric relaxation time 

IVSD:  Inter-ventricular septal thickness at end of diastole 

KO (-/-):  Knockout transgenic mice 

JNK:  Jun-nuclear kinase 

LV :  Left ventricle 

LVEF:   Left ventricle ejection fraction 

LVEDD:  Left ventricle chamber diameter at end of diastole 

LVESD:  Left ventricle chamber diameter at end of systole 

LVH:  Left ventricular hypertrophy 

LVmass:  Left ventricular 

MAPKs:  Mitogen-activated protein kinases 

MAP:  Mean arterial pressure 

MI:  Myocardial infarction 

MMP:   Matrix metalloproteinase 

mTOR:  Rapamycin 

NAD(P)H: Nicotinamide-adenenine dinucleotide phosphate 

NE :  Norepinephrine 

NRG-1:  neuregulin- 1 

NO:   Nitric oxide: 

NOS:  Nitric oxide synthase 

O2
-:  Superoxide 
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OH:  Hydroxyl radical 

ONOO-:  Peroxynitrite  

PE:   Phenylephrine 

PI3K:  Phosphatidylinositol-3 kinase 

PWTED:  Posterior wall thickness at end of diastole 

PWV:  Pulse wave velocity 

ROS:  Reactive oxygen species 

RWT:  Relative wall thickness 

sCG:  Soluble granulate cyclase 

SD:  Sprague-Dawley rat 

SERCA:  sarcoplasmic reticulum Ca2+-ATPase 

SOD:  Superoxide dismutase 

SPECT/CT: Single-photon-emission computer tomography scanning 

TGF-�:  Transforming growth factors-� 

TDI:  Tissue Doppler imaging 

XO:  Xantine oxidase 
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