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Abstract 

Sex dimorphism in the prevalence, onset, development and progression of cardiovascular disease 

(CVD) is well recognized.  Sex-specific differences in adaptation to cardiac pathological 

progressions such as cardiac hypertrophy (CH), and the extent to which they are attributable to 

sex hormones requires further delineation.  The objective of this dissertation was to determine 

which cardiac vasoactive systems are responsible for sex-specific differences in CH modulation 

using the atrial natriuretic peptide gene-disrupted (ANP-/-) mouse model.  First, sex-specific 

differences in the expression of the cardiac natriuretic peptide (NP) and nitric oxide synthase 

(NOS) systems were evaluated.  Next, the influence of 17β-Estradiol (E2) on the expression and 

signaling of the cardiac NP and NOS systems was determined in ovariectomized (OVX) female 

ANP+/+ and ANP-/- mice.  Finally, sex-specific differences in cardiac adaptation to Angiotensin II 

(ANGII) pressure overload were elucidated in male and intact female ANP+/+ and ANP-/- mice.  

These studies revealed that males predominantly use the NP system and females predominantly 

use the NOS system.  Sex-specific differences in the cardiac NOS system were further enhanced 

by E2 in OVX female ANP+/+ and ANP-/- mice.  In the female ANP-/- mouse, E2 was found to 

signal through the NOS system to significantly increase plasma cGMP.  Finally, male and female 

differences were demonstrated in the sex-specific patterns of cardiac vasoactive gene system 

expression and development of cardiac dysfunction in response to ANGII treatment. Sex 

dimorphism was observed in the expression of BNP and NPR-A in male and female ANP-/- mice 

treated with ANGII.  Female ANP+/+ and ANP-/- ANGII-treated mice exhibited elevated E/E’ 

ratios that were not found to the same extent in genotype matched ANGII-treated male mice, 

demonstrating that female mice developed ANGII-mediated mild left ventricle diastolic 

dysfunction. Based on the results of this dissertation, we conclude that sex-specific differences do 

indeed exist in the cardiac adaptation to pathological stresses.  These data support the 

understanding that a progression towards sex-specific CVD treatments is warranted, with a 
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particular emphasis on the potential benefits of female-specific targeting of the cardiac NOS 

system.      
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Chapter 1 

Introduction and Literature Review 

1.1 Global Impact of Cardiovascular Disease 

 

Cardiovascular disease (CVD) is the leading global cause of morbidity and mortality 

responsible for 27% of all deaths in men and 32% of all deaths in women [1].  According to the 

World Health Organization, it is estimated that 17.3 million people died from CVDs in 2008; it is 

projected that by 2030, CVD deaths will rise to 23.3 million annually [2].  In Canada, despite 

decreasing CVD-related death rates, CVD remains the leading cause of death contributing 

significantly to national economic and disease burden [3].  Based on data from 2008, CVD 

accounted for 28% of all male deaths and 29.7% of all female deaths; the annual Canadian 

economic burden due to heart disease and stroke totals over $20.9 billion each year [4].    

 Modifiable risk factors such as hypertension, tobacco use, physical inactivity, unhealthy 

diet and diabetes mellitus are present on a global scale, contributing to and sustaining the 

incidence of CVD [5,6].  In particular, hypertension is a prevalent concern due the close 

association of high blood pressure and other CVD risk-associated events including heart attack, 

heart failure and stroke and diabetes [7-9].  Globally, by the year 2025 it is estimated that the 

number of adults with hypertension will increase to 60% [10].  As well 19% of the adult 

Canadian population, men and women, alike are affected by hypertension [11].  Development and 

clinical presentation of hypertension is different in men than women [12]. 
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Current antihypertensive drug therapy panels, including aspirin, statins, ACE inhibitors and beta-

blockers, are widely prescribed and regarded as a multifactorial means of preventative cardiology 

[13].  This approach to the treatment of modifiable CVD risk factors such as hypertension is the 

current gold standard, however there is growing evidence to suggest that in light of increased 

findings of sex dimorphism in the prognosis, development, progression and clinical outcomes of 

CVD, a more sex-specific approach to the administration and prescription of treatments for 

hypertension and CVD is warranted [14]. 

 

1.2  Cardiac Hypertrophy 

 

Cardiac hypertrophy (CH) is an independent risk factor for the development of CVD 

[15].  According to the Framingham study, left ventricular hypertrophy has been identified as a 

risk factor for coronary disease, stroke and heart failure [16].  As well, left ventricular 

hypertrophy is considered a strong predictor for cardiovascular death with associations with 

coronary artery disease and the development of hypertension [17,18].   

The current prevailing hypothesis regarding the development of CH is that the heart 

adapts to a variety of chronic mechanical, hormonal and pathological stresses through a re-

induction of fetal gene programs; upregulation of expression of natriuretic peptides and fetal 

contractile proteins contribute to the promotion of cardiac tissue remodeling and as a 

consequence of shifts in energy metabolism, contractile function and cell survival, provide 

temporary resumption of physiological efficiency [19,20].  While these changes are able to meet 

pathologically elevated hemodynamic demands, an inability to sustain this adaptive response 

increases the risk of arrhythmia and heart failure [21].  It has also been determined that another 
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characteristic of the failing human heart is a return to the microRNA fetal gene program which is 

indicative of the occurrence of fetal gene based cardiac reprogramming [22]. 

The myocardium is comprised of cardiomyocytes and non-cardiomyocytes, which 

include fibroblasts, immune cells, and cells associated with the vasculature such as endothelial 

cells and vascular smooth muscle cells.  Cellular responses to both mechanical and non-

mechanical factors that promote pathological cardiac conditions instigate long-term cardiac tissue 

changes that are characteristic of the failing heart.  Fully differentiated adult cardiomyocytes are 

unable to divide; in order to meet increased hemodynamic demands and the need for increased 

cardiac contractility, cardiomyocytes undergo cellular hypertrophy through parallel addition of 

sarcomeres.  Hyperplasia of fibroblasts increases and accelerates fibrotic deposition of 

extracellular matrix in the interstitium.  The combined cellular adaptations of the different cells of 

the myocardium collectively amount to an increase in ventricular thickness without increases in 

chamber diameter, which is characteristic of a maladaptive concentric CH.   

The introduction of a chronic pressure overload is consistent with the development of 

concentric CH and has been attributed to the signaling actions of hypertrophic growth factors 

including ANGII and ET-1 that modify cellular Ca2+ homeostasis that alters calmodulin-

dependent prohypertrophic signaling pathways [23,24].  In addition, these hypertrophic growth 

factors are also responsible for the activation of mitogen-activated protein kinases (MAPK) that 

induce maladaptive hypertrophy cellular mechanisms [25].  As well, the upregulation of gene 

expression of extracellular matrix components contribute to the pathological changes to the 

fibrotic composition of the myocardium [26]. 

 Contrastingly, the development of physiological eccentric CH due to volume overload to 

improve and enhance cardiac function in response to normal physiological challenges such as 
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pregnancy in females and exercise demonstrate a different set of alterations to the myocardium.  

Of particular importance are the molecular mechanisms that accompany the physiological CH 

that occurs during pregnancy to accommodate fetal-placental circulation, and the mechanisms 

whereby this CH regresses post-partum [27].  The Athlete’s Heart is characterized by a 

combination of features concentric and eccentric CH that promotes a beneficial cardiac 

remodeling to enhance cardiac performance [28].  Addition of sarcomeres in series results in 

longer cardiomyocytes, an adaptation that increases the diameter of the ventricular chamber with 

no increase in ventricular thickness; coupled with a lack of fibrotic deposition, this results in a 

ventricular wall that is thin and elongated [29].  The physiological changes to the ventricular wall 

that are associated with eccentric CH facilitate the enhancement of cardiac output that permits 

adaptation to hemodynamic demands placed on the heart in response to exercise [28]. 

In summary, the development of CH is a consequential reaction to the induction of both 

mechanical and non-mechanical (neurohormonal) factors that depending on the circumstances 

can be either pathological or physiological in nature.  The differing molecular mechanisms 

responsible for the manifestation of maladaptive pressure overload CH and potentially beneficial 

volume overload CH pose an interesting question as to the precise instigators and stimuli that 

predispose the promotion of either pathway. Further delineation of the intricacies of sex 

dimorphism in CH development will hopefully lead to sex-specific treatments for CVD in males 

and females alike. 
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1.3 Sex and Cardiovascular Disease 

 

1.3.1 Sex Dimorphism in Cardiovascular Disease 

 

There is longstanding evidence in the literature to support the observation of sex 

dimorphism in cardiovascular function and the development of CVD.  On average, women 

continue to experience adverse cardiovascular events a decade later than men [30].  This delay in 

CVD development in women compared to men is consistent with the onset of menopause [31].  

However, as a consequence of this delay, there are more women living with CVD than men [32].  

Despite similar rates in CVD risk factors between sexes, a growing sex-related mortality gap has 

been observed showing that women have a higher CVD-related mortality compared to men [33].  

Sex-specific differences have also been observed in the regulation of coronary function, blood 

pressure and blood volume [34].  Sex-specific genetic factors influence the resulting response to 

one’s environment, and as such, influence the risk factors associated with the development of 

disease [35].   In this line of argument, sex itself must be considered a risk factor for CVD; males 

and females are inherently different.  This is strongly supported by Kappert et al., who recently 

reported that sex significantly influences the incidence of cardiovascular events; females have a 

lower net cardiovascular risk and incidence of myocardial infarction compared to males [36]. 

 

1.3.2 Sex Hormones: Estrogen 

 

The female sex hormone estrogen is a potent steroid with pleiotropic effects that is 

primarily synthesized in the ovary, but estrogen synthesis is also present in skeletal muscle, 

adipose tissue, nervous tissue, adrenal gland, liver and heart [37-41].  Derived from cholesterol, 
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the three naturally occurring estrogens in humans are estrone (E1), estriol (E3) and 17β-Estradiol 

(E2), the latter is the predominant active metabolite [37].  E2 binds with equal affinity to estrogen 

receptors (ER), ERα and ERβ, which are found in distinct localized expression patterns 

throughout the body, primarily in reproductive tissues but also in multiple organs including the 

heart and associated vasculature [42].   

Binding of E2 to ERs initiates dimerization of ERs and the resulting binding complex 

translocates into the nucleus, associates with a variety of co-activators and repressors, and binds 

to estrogen response elements (ERE) on chromatin which regulate the transcription of specific 

genes [43,44].  In addition, the E2-ER binding complex can also exert its transcriptional 

regulation effects in the absence of EREs [37].  This mechanism of E2 binding to receptors on the 

cell membrane, initiating a translocation into the nucleus to exert changes to gene transcription 

are termed genomic effects of E2, and result in a delayed and usually long-term response to E2 

signaling [37]. 

In contrast, E2 is also capable of initiating faster acting, short term changes via non-

genomic effects [45].   E2 binding to plasma membrane ER can signal through the mitogen-

activated protein kinase pathway and has been implicated in the initiation a variety of short term 

effects regulation of cell cycle control, apoptosis, cell proliferation, as well as enhancement of 

endothelial cell relaxation by stimulation of eNOS [46,47],  

Estrogen acts on the heart, and its cardioprotective function extends to include not only 

modulation of CH and cardiac remodeling but also regulation of cell survival, vascular function, 

inflammation and metabolism through both nuclear and non-nuclear effects [48,49].  In 

particular, the cardioprotective role of estrogen in relation to its positive effects on cardiac 

remodeling has received much attention.  Studies reintroducing E2 in ovariectomized (OVX) ERα 
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and ERβ knockout mice subjected to transverse aortic constriction (TAC) have demonstrated that 

within the heart, estrogen binding to ERβ is the primary means of cardioprotective-based 

signaling [50,51].  Estrogen has also been found to inhibit CH by inhibiting calcineurin via an 

ERβ-mediated signaling [52].  Observations of sex differences in the incidence of CH and display 

of Ca2+ dysregulation in FKBP12.6 null mice provide further evidence that estrogen is involved in 

the modulation and regulation of Ca2+ release from the sarcoplasmic reticulum which in turn 

activates pro-hypertrophic signal transduction pathways [53]. 

Estrogen-mediated activation of the natriuretic peptide (NP) and nitric oxide synthase 

(NOS) systems has been largely implicated in the modulation of the CH response; both systems 

converge on the downstream production of cyclic 3’,5’-monophosphate (cGMP) which binds to 

and activates cGMP-dependent protein kinase (PKG) which functions to regulate and modulate 

downstream prohypertrophic signaling pathways [54,55].  Upregulation of both the NP and NOS 

systems has been observed as a cardioprotective response to cardiac injury, chronic cardiac 

dysfunction and heart failure.  Treatment with E2 attenuated CH induced by pressure-overload by 

TAC; these antihypertrophic effects were postulated to be a result of a significant upregulation of 

ANP expression [56].  In response to vascular injury, estrogen has been shown to upregulate 

eNOS expression to augment production of NO [57]. 

 

1.3.3 Sex Hormones: Progesterone 

 

Along with estrogen, progesterone is a steroid hormone produced by the ovary. It is 

essential for the normal maintenance of the female menstrual cycle and its continued production 

by the corpus luteum ensures maintenance of the uterine environment during pregnancy.  Unlike 

estrogen, progesterone is not normally attributed to a cardioprotective function in the heart.  
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However, progesterone receptors are present in the heart, and as such, progesterone may be 

involved in cardiac remodeling and regulation of cardiac growth [58,59].  Progesterone has been 

found to inhibit cardiomyocyte apoptosis induced by doxorubicin [60].  As well, estrogen has 

been shown to induce the expression of progesterone receptor mRNA in human cardiac tissues 

but the mechanisms whereby this my confer a potential cardiac benefit in females still remains to 

be confirmed [61]. 

 

1.3.4 Sex Hormones and Menopause 

 

Sex-specific differences in CVD prevalence imply that female ovarian hormones play a 

cardioprotective role [62].  This is supported historically by the observation that the cessation of 

sex hormone production concurrent with the onset of menopause is strongly linked to increased 

CVD incidence [63].  In menstruating females, E2 serum concentrations range from 250-500 

pg/mL in preovulatory phase to 40-50 pg/mL in premenstrual phase; post-menopause, E2 serum 

levels fall below 20 pg/mL and this remaining circulating E2 is synthesized via conversion from 

testosterone [37] 

Pre-menopausal women are protected against hypertension compared to men and post-

menopausal women [64].  As well, post-menopausal women are at higher risk for CVD-related 

mortality suggesting that depletion of circulating ovarian hormones may diminish hormone-

mediated cardioprotective mechanisms [65].  However, the contribution of sex hormone depletion 

in menopause to the development of CVD remains controversial as it has been speculated that age 

is a factor that confounds a simple cause and effect relationship between menopause and CVD 

development [66].  Nevertheless, the dichotomy in sex-specific clinical CVD-related outcomes 
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warrants further and more complete investigation into sex-specific mechanisms that presumably 

confer cardioprotection.   

 

1.3.5 Hormone Replacement Therapy: Heart and Estrogen-Progestin Replacement Study 

 

The increased incidence of CVD risk associated the loss of sex hormone production due 

to menopause led to an interest in the role of hormone replacement therapy (HRT) as a means of 

restoring a more favorable cardiovascular profile in older women.  The Heart and Estrogen-

Progestin Replacement Study (HERS) sought to determine if treatment with estrogen plus 

progestin therapy altered risk of coronary heart disease (CHD) in postmenopausal women already 

afflicted with coronary disease [67].  Overall, treatment with estrogen plus progestin therapy did 

not reduce rate of CHD events in postmenopausal women; no significant cardiovascular benefit 

was attributed to this treatment regime, and more alarmingly, a pattern of early induction of CHD 

risk events was observed [68].  Increased risk of venous thromboembolic disease was associated 

with HRT [69].  HRT had no effect on the risk of stroke in postmenopausal women with existing 

CHD [70]. 

 

1.3.6 Hormone Replacement Therapy: Women’s Health Initiative 

 

With similar scope and objectives to HERS, the Women’s Health Initiative (WHI) also 

sought to determine if estrogen alone (in postmenopausal women with hysterectomy) or estrogen 

plus progestin would cause a reduction of CVD-related events in postmenopausal women [71,72].  

Early termination of the estrogen plus progestin trial was attributed to findings of increased CVD 

risk, including incidence of ischemic stroke and venous thromboembolic disease as well as 
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stimulation of breast cancer growth [73-75].  Retrospectively, the controversy surrounding these 

findings is speculated to be a result of the length of time between menopause and commencement 

of HRT, the presence of pre-existing CVD risk factors, as well as an incomplete understanding of 

the complexities of ovarian hormone signaling and function [76,77]. 

1.4 Cardiac Vasoactive Gene Systems 

 

The four cardiac vasoactive gene systems, the NP System, the NOS System, the Renin-

Angiotensin System (RAS) and Endothelin (ET) System, exist in a homeostatic balance, serving 

to both maintain cardiac function, and adapt to external stresses placed on the heart.  The 

natriuretic peptide (NP) and nitric oxide synthase (NOS) systems are intrinsically linked, serving 

to impede CH progression through shared downstream production of cGMP, a secondary 

messenger that activates PKG which is responsible for the further regulation of downstream gene 

systems that contribute to maintenance and regulation of cardiomyocyte growth, and modulation 

of cardiac remodeling [78-80].  This mechanism is understood to be through PKG-mediated 

inhibition of the calcineurin-NFAT signaling cascade [81,82].  A diagrammatic representation of 

the NP and NOS system signaling pathways are found in Figure 1-1.  A diagrammatic 

representation of PKG-mediated downstream signaling is found in Figure 1-2. 

In addition to their impact on the myocardium through the GC-cGMP-PKG signaling 

pathway, both the NP and NOS systems exert cardioprotective effects by contributing to a 

systemic hypotensive effect.  Circulating NPs act on the kidney to promote natriuresis and 

diuresis, aided in part by a renal-specific expression of urodilatin, which acts in a paracrine 

manner in the collecting duct of the kidney [83].  NOS-mediated production of NO acts on a local 
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level to promote vasodilation through increased cGMP accumulation that promotes relaxation of 

vascular smooth muscle cells by attenuation of intracellular Ca2+ release [84].   

In contrast, both the systemic and local RAS, along with the ET system promote a 

combined hypertensive effect to counteract the actions of the NP and NOS systems.  A decrease 

in systemic blood pressure is recognized by the juxtaglomerular apparatus in the afferent arteriole 

of the kidney, stimulating the production and release of renin, which instigates a systemic-wide 

effect culminating in the increased circulating levels of ANGII; ANGII acts on AT1 receptors to 

promote water reabsorption and sodium retention, stimulation of aldosterone release from the 

adrenal glands, and acting on vasculature to promote vasoconstriction [85].  A local RAS system 

has been identified in organs other than the kidney, including the heart, implying that an 

additional means of RAS system hemodynamic regulation exists; in the heart, ANGII binding to 

AT1 receptors initiates inotropic effects by influencing intracardiac Ca2+ homeostasis, and 

hypertrophic effects by stimulating growth-promoting and proliferation effects on 

cardiomyocytes and cardiac fibroblasts [86].  Similar to the local RAS system, the ET system 

exerts its effects on the vasculature through ET-1 binding to ETA and ETB receptors on vascular 

smooth muscle cells to promote vasoconstriction; adding further complexity to the story is the 

presence of ETB receptors on endothelial cells, which upon binding ET-1, promote vasodilation 

through stimulation of the release of vasodilatory factors including NO and prostacyclin [87].  

Diagrammatic representations of the RAS and ET system signaling pathways are found in Figure 

1-3 and Figure 1-4, respectively. 

The overlapping homeostatic functions of all four vasoactive systems permits the body to 

better adapt to exogenous stresses and changes in blood pressure hemodynamics; the following 

sections will examine all four systems in greater detail to gain an appreciation of the complexity 
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of the regulatory mechanisms and demonstrate how alterations in the signaling and expression of 

these systems can promote associated pathologies and the development of risk factors that can 

lead to CVD. 

 

1.5 Natriuretic Peptide System 

 

The initial discovery that led to the identification and characterization of the NP system 

dates back to 1956 when electron microscopy of the atrium of the guinea pig heart revealed the 

presence of atria-specific granules of unknown function [88].  Further identification and 

characterization of these atria-specific granules occurred in the decade following this discovery 

[89,90].  However, it was not until 1981 when de Bold et al., isolated the contents of these 

granules in rat hearts through tissue fractionation, and made the seminal observation that when 

this purified isolate was injected into bioassay rats, it produced a significant diuretic and 

natriuretic response; this isolate was termed atrial natriuretic factor [91,92].  Subsequent 

sequencing of this atrial natriuretic factor, now commonly termed atrial natriuretic peptide 

(ANP), revealed it to be a peptide 28 amino acids in length [93].  Consequently, two other 

peptides with a high degree of homology to ANP were identified first in the porcine brain, brain 

natriuretic peptide, now termed B-type natriuretic peptide (BNP) and C-type natriuretic peptide 

(CNP).  Unlike ANP, both BNP and CNP are not stored in granules, but are instead directly 

transcriptionally regulated in response to external stresses [94,95]. 
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1.5.1 Atrial Natriuretic Peptide 

 

ANP is found primarily in the atria, and upon release from atrial granules is secreted into 

systemic circulation in response to atrial stretch [96].  It is transcribed as a 151 amino acid 

residue, pre-proANP, which upon removal of its signal sequence becomes proANP, a 126 amino 

acid residue stored in the atrial granules [97].  Further cleavage of proANP by transmembrane 

serine protease Corin results in the biologically active 28 amino acid long ANP with a 

characteristic hairpin structure attributable to a disulfide bridge at Cys7 and Cys 23 [97,98].  

Disruption of the proANP gene results in an ANP-/- mouse that is characterized by an absence of 

ANP production in the atria, and a lack of circulating plasma ANP, phenotypically presenting as 

chronically hypertensive, salt-sensitive, and characterized by a profound CH compared to the 

ANP+/+ mouse [99].     
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Figure 1-1 Diagrammatic representation of the NP and NOS system signaling pathways.  In 

the NP system, ANP and BNP bind to NPR-A, and CNP binds to NPR-B.  NPR-A and NPR-

B both possess a ligand binding domain, kinase-like domain, hinge region and a particulate 

guanylyl cyclase (pGC) domain.  Activation of NPR-A and NPR-B converts GTP to cGMP.  

ANP, BNP and CNP all bind NPR-C which causes internalization of the NPR-C/NP 

complex.  In the NOS system, NOS catalyzes the conversion of L-arginine to L-citrulline, 

producing NO which binds to and activates soluble guanylyl cyclase (sGC) which converts 

GTP to cGMP.  For both systems, production of cGMP activates cGMP-dependent protein 

kinase (PKG) which initiates downstream signaling involved in the modulation of cardiac 

remodeling and the regulation of transcription of cardiac hypertrophic genes.  See sections 

1.4 to 1.6 for more detail on the NP and NOS system signaling pathways.    
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Figure 1-2 Diagrammatic representation of PKG-mediated downstream signaling.  

Activation of PKG is associated with modulation of upstream Ca2+ handling which works to 

attenuate the downstream calcineurin-Nuclear Factor of Activated T-Cells (NFAT) and 

Ca2+/calmodulin-dependent protein kinase II (CamKII) pathways that promote the 

transcription of cardiac hypertrophic genes. 
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1.5.2 B-Type Natriuretic Peptide 

 

In contrast to ANP, BNP is found in the ventricles, and is secreted directly in response to 

ventricular stretch [100,101].  The pre-proBNP is 134 amino acids long that is further cleaved 

into proBNP, 108 amino acids long.  Further cleavage of proBNP results in a biologically active 

32 amino acid long BNP and an inactive 76 N-terminus fragment [102].  Genetically modified 

BNP null (BNP-/-) mice are normotensive and exhibit ventricular fibrosis, suggesting it plays an 

anti-fibrotic role in the progression of pathological ventricular remodeling; ventricular expression 

of ANP was observed to be significantly upregulated in BNP-/- mice implying a potential 

compensatory mechanism to maintain downstream signaling through NPR-A [103,104].  The 

overlapping and converging functions of ANP and BNP have also further been noted by Tse et al. 

observing that BNP is significantly upregulated in ANP-/- mice, which is suggestive of a 

mechanism to compensate for the lack of ANP [105]. 

 

1.5.3 C-Type Natriuretic Peptide 

 

CNP is expressed primarily in the brain, but has also been identified in chondrocytes, 

endothelial cells, and to a lesser extent, in the heart [106-108].  Human pre-proCNP is 126 

residues long; the endoprotease furin is responsible for producing what was initially recognized 

as a 53 residue long mature CNP, but is now understood to be a 23 residue long peptide well 

conserved amongst species [95,109-112].  While CNP shares the characteristic disulfide bond and 

hairpin loop with ANP and BNP, it possesses a truncated carboxy-terminus adjacent to the 

cysteine bridge [113].  The CNP-/- mouse is normotensive but characterized by dwarfism which is 

attributed to impairment of endochondral ossification mechanisms that affect long bone growth 



 

 

 

17 

and is associated with early death due to these skeletal associated malformations.  Transgenic 

rescue by targeted reintroduction of CNP into growth plate chondrocytes restores normal skeletal 

structure [114]. 

 

1.5.4 Natriuretic Peptide Receptors 

 

NPs exert their actions by binding to transmembrane, particulate guanylyl cyclase 

(particulate GC or pGC) linked NP receptors (NPR) functioning as homodimers [115-117].  ANP 

and BNP bind to A-type NP receptors (NPR-A or GC-A); binding to NPR-A results in a 

conformational change that uncovers an active site whereby downstream signaling is facilitated 

through the receptor’s intrinsic GC-mediated production of cGMP [118,119].  The NPR-A 

knockout mouse possesses a phenotype of salt-resistant hypertension, cardiac hypertrophy and 

fibrosis as well as sudden death [120,121].  As well, Oliver et al. observed a sex-specific 

difference in NPR-A-/- mouse mortality; all male NPR-A-/- experimental mice died before six 

months compared to only one female NPR-A-/- mouse fatality prior to six months, suggesting a 

possible female-specific cardioprotective mechanism unmasked by the loss of NPR-A [121]. 

CNP binds to B-type NP receptors (NPR-B or GC-B) [122].  Genetic disruption of NPR-

B results in a phenotype of dwarfism similar to that of the CNP-/- mouse model, confirming that 

CNP-mediated activation of NPR-B is involved in the regulation of skeletal muscle growth [123].    

All three NPs bind to NPR-C, which lacks intrinsic enzymatic activity and functions to 

regulate peptide levels through internalization of the ligand-receptor complex, and subsequent 

degradation and/or recycling of the ligand [124].  Disruption of the NPR-C gene in the NPR-C-/- 

mouse resulted in mild hypotension which is in keeping with the hypotensive effect of prolonged 
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signaling via ANP/BNP; more surprisingly, significant skeletal abnormalities that suggest that 

NPR-C mediated clearance of CNP is essential for the regulation of its action [125]. 

 

1.6 Nitric Oxide Synthase System 

 

The three isoforms of nitric oxide synthase (NOS), neuronal (nNOS or NOS1), inducible 

(iNOS or NOS2), and endothelial (eNOS or NOS3) generate nitric oxide (NO) through conversion 

of L-arginine to citrulline; NO directly activates soluble guanylyl cyclase (sGC) to produce 

cGMP [126-129].  The combined production of cGMP from both the NP and NOS systems exerts 

a multitude of downstream effects including activation of pro-survival cell signaling, preservation 

of cardiomyocyte function, regulation of normal cardiac growth, and modulation of myocardial 

remodeling [130,131].  All three isoforms are expressed in the mouse heart, but nNOS is 

expressed at low levels in mouse cardiac tissue.  

Multiple signaling systems converge on NOS-mediated production of NO, and while it is 

capable of signaling through the sGC-cGMP-PKG pathway to exert modulatory effects on the 

remodeling of the myocardium, the fact that it is a diffusible, transient gas and free radical means 

that it can have multiple effects on other related systems, especially in a failing diseased tissue 

state.  For instance, in the vasculature, NO production is also stimulated by components of the 

endothelin system; binding of ET-1 to ETB receptors on endothelial cells to cause vasodilation 

through NO and prostacyclin release [132]. It has been hypothesized that low levels of NO exert 

cardioprotective effects on the myocardium and stimulate vasodilation; in pathological 

conditions, abnormally elevated levels of NO, acting as a free radical, can cause the system to 

become “uncoupled”, as well, also causing NOS to switch to the production of detrimental 

reactive oxygen species (ROS) that can negatively impact local tissues and cells [133]. Increased 
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expression of iNOS which itself is a consequence of the increased presence of inflammatory 

cytokines, is responsible for the elevated levels of NO in the disease state; this has the potential to 

escalate the negative impact on the myocardium due to increased cellular consequences of 

oxidative stress [134]. 

 

1.6.1 Endothelial Nitric Oxide Synthase 

 

In the heart, eNOS, along with nNOS, is constitutively expressed and their enzymatic 

function is Ca2+ dependent [135].  The classically understood NOS signal transduction pathway is 

best exemplified by eNOS, produced by vascular endothelial cells and localized to caveolae, 

promoting vasodilation, inhibition of platelet aggregation and myocardial relaxation through NO-

mediated production of cGMP via signaling through sGCs.  Cyclic GMP activates PKG, which in 

turn phosphorylates Troponin I, leading to a reduction in myofilament sensitivity to Ca2+, in 

effect reducing the Ca2+-mediated myofilament contractility and promoting myocardial relaxation 

[136,137].  As well, NO has been shown to inhibit L-type Ca2+ channels, modulating the Ca2+ 

channel current, and therefore Ca2+ mediated myocardial contractility [138]. 

The production of NO by eNOS has been shown to exert an antihypertrophic influence; 

the eNOS-/- mouse model exhibits hypertension and CH under basal conditions [139].  In 

response to pressure-overload, eNOS-/- mice exhibit significant left ventricle hypertrophy and 

dysfunction and evidence of cardiac fibrosis [140].  Reintroduction of eNOS to the eNOS-/- 

mouse resulted in less severe left ventricle hypertrophy and dysfunction [141].  Overexpression of 

cardiac-specific eNOS has been shown to attenuate left ventricle hypertrophy that normally 

develops in response to chronic β-adrenergic stimulation by isoproterenol [142].  Interestingly, 

the loss of eNOS in the eNOS-/- mouse does not cause a decrease in left ventricle cGMP levels, 
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but observed increased expression of ANP has been postulated to compensate for the loss of 

eNOS in order to maintain downstream cGMP levels that serve to mediate the CH response [143]. 

 

1.6.2 Inducible Nitric Oxide Synthase 

 

Expression of iNOS is found in macrophages and neutrophils but is also found in the 

heart, generally occurs during a state of inflammation where cytokine-inducible transcription 

factors, including interferon regulatory factor-1 and nuclear factor-κB, bind to the NOS2 promoter 

and help to facilitate transcription of the gene [127,144].  It is traditionally understood that 

upregulation of iNOS by macrophages and neutrophils significantly increases NO that combines 

with superoxide to produce peroxynitrite through a sGC-independent immune reaction [145].   

The prevailing opinion is that upregulation of iNOS is associated with detrimental effects 

on the heart.  The iNOS-/- mouse model exhibits attenuated left ventricle hypertrophy compared to 

its wildtype counterpart when both are subjected to pressure-overload by TAC [146].  

Overexpression of iNOS in mice has traditionally been shown to result in cardiomyopathy, 

bradyarhythmia and cardiac failure [145].  However, it has been argued by Heger et al., using a 

mouse model of iNOS overexpression under cardiac α-myosin heavy chain promoter, that 

chronically elevated iNOS levels in the heart do not necessarily translate to observed cardiac 

dysfunction; the undesirable detrimental cardiac effects are in fact attributable due to the 

inflammatory-mediated release of cytokines which themselves activate iNOS [147].  
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1.6.3 Neuronal Nitric Oxide Synthase 

 

Expression of nNOS is primarily relegated to the nervous system.  However, within the 

heart, nNOS has been found to localize in the sarcoplasmic reticulum (SR) and postulated to be 

responsible for regulation of Ca2+ release and reuptake, and by extension, myocardial contractility 

[148].  The observed association of nNOS and S-nitrosylation of cardiac calcium release ion 

channel (ryanodine receptor) and L-type Ca2+ channels further supports its role as a Ca2+ regulator 

[149,150].  The role of nNOS in modulation of the CH response remains to be determined.  

Cardiac nNOS has been shown to be upregulated in a pressure-overload model [54].  Disruption 

of nNOS in the mouse produces an enlarged pyloric sphincter, aggressive behavior and normal 

blood pressure. 

 

1.6.4 Soluble Guanylyl Cyclase 

 

NO derived from NOS signals through sGC which is responsible for the production of 

cGMP from GTP.  Found in most tissues, including the lung, brain, kidney, heart and vasculature, 

sGC exists as a dimer; the best-characterized sGC heterodimer is comprised of an α subunit 

(sGCα1) and a β subunit (sGCβ1).  Disruption of the β1 subunit, and not the α1 subunit, affects the 

NO-mediated vasorelaxation response resulted in an elevated blood pressure phenotype 

[151,152].  Homozygous knockout animals with a loss of both the α and β subunits exhibit severe 

gastrointestinal problems due to severely impaired peristalsis, a similar phenotype to mouse 

models with a genetic disruption of PKG [153].  
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1.7 Renin-Angiotensin System 

 

The Renin-Angiotensin System (RAS) is one of the most widely studied systems, and the 

target for pharmacological interventions that have been used to successfully treat and manage 

hypertension in the human population.  The classically understood systemic RAS system is 

comprised of peptide components derived from multiple organs, working together to provide both 

long-term and short-term body-wide response to changes in blood pressure hemodynamics.  

However, it is also understood that multiple organs produce their own RAS system components, 

suggesting that there is also an organ-specific means of mediating and fine-tuning the cardiac 

remodeling response [154]. 

 The delineation between systemic and local RAS systems raises the issue if further 

evaluation of current pharmacological interventions is warranted.  It is feasible that organ-specific 

local RAS plays a role in the differential effects of certain RAS-inhibiting drugs; simple blunting 

of the RAS signaling cascade is insufficient.  Additional research into the overlapping and 

interrelated functioning of the systemic and local RAS systems will undoubtedly provide greater 

insight into more effective means of treating hypertension.  
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Figure 1-3 Diagrammatic representation of the RAS system signaling pathway.  Renin 

converts angiotensinogen to Angiotensin I.  Angiotensin converting enzyme I (ACE1) 

converts Angiotensin I to Angiotensin II (ANGII).  ANGII activates AT1 receptors which 

are involved in sodium retention, hypertension, cardiac hypertrophy and remodeling.  

ANGII also activates AT2 receptors which are involved in sodium excretion, blood pressure 

reduction, inhibition/regression of cardiac hypertrophy and remodeling.  ANGII is further 

converted into Angiotensin-(1-7) by Angiotensin converting enzyme II (ACE2).  

Angiotensin-(1-7) activates the Mas receptor which initiates downstream signaling similar 

to that of the AT2 receptor.  See section 1.7 for more detail on the RAS system signaling 

pathway. 
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1.7.1 Systemic RAS 

 

The traditional RAS system consists of peptide components that are derived from major 

organs, namely the kidney, liver and lung.  The major source of production of the aspartyl 

protease renin is found in the juxtaglomerular cells of the afferent arterioles of the kidney.  In 

response to detected changes in blood pressure, renin is released into the systemic circulation to 

exert its effects.  Circulating renin enzymatically cleaves circulating angiotensinogen to 

Angiotensin I; the primary site of production of angiotensinogen is the liver.  Angiotensin I is 

then further converted to the decapeptide Angiotensin II (ANGII) by Angiotensin-converting 

enzyme (ACE1), a dipeptidyl carboxypeptidase, primarily produced by the lungs.  ANGII is the 

primary effector of the RAS system, binding to G-protein associated receptors AT1 and AT2, 

which are understood to have opposing downstream functions in blood pressure regulation and 

cell proliferation [155,156].  As reviewed by Dinh et al., AT1 receptor signaling promotes 

vasoconstriction, salt/water reabsorption, aldosterone secretion, sympathetic activation and cell 

growth and proliferation; contrastingly, AT2 receptor signaling promotes vasodilation as well as 

cell properties of antiproliferation, apoptosis and differentiation [157].  There are two subtypes of 

AT1: AT1A and AT1B.  AT1A has been found to be primarily responsible for the pressor effect 

exerted by ANGII signaling [158,159].  ANGII can be further converted to ANGII-(1-7) by 

ACE2, which acts on the Mas receptor to promote downstream effects comparable to those 

initiate by the AT2 receptor [160,161]. 

Knockout mouse models disrupting AGT, ACE1 and AT1A have revealed that the loss of 

any of the three genes results in a significant lowering of blood pressure; this indicates that the 

main pressor effect of the RAS system is mediated through the AGT/ACE1/AT1A signaling 

pathway [162-164].  Overexpression of the AT1 receptor resulted in mice that died prematurely, 
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presenting with significant CH and evidence of cardiac remodeling and fibrosis [165].  The 

presence of normal blood pressure in the AT1B knockout mouse suggests that this receptor 

subtype is not directly responsible for blood pressure regulation, and instead governs the central 

dipsogenic effect via AT1B receptor expression in the brain [166,167]. 

In addition to its ability to bind to AT1A and AT1B receptors, ANGII also binds and 

signals through AT2 receptor to elicit an opposing downstream response; AT2 knockout mice 

exhibit elevated blood pressure compared to wildtype controls [155].  When treated with ANGII, 

AT2 knockout mice display sustained hypertension and anti-natriuresis, implying that ANGII 

signaling through the AT2 receptor is responsible for counteracting the pressor actions of ANGII 

signaling through the AT1 receptors [168]. 

The enzyme ACE2 is responsible for the further modification of ANGII to produce 

Angiotensin-(1-7); ACE2 knockout mouse models have been developed which have presented 

with varying cardiovascular phenotypes, namely modest effects on cardiovascular function and 

blood pressure regulation, reviewed by Gurley and Coffman [169].  The authors suggest that the 

discrepancies in ACE2 knockout mouse phenotypes may be due in part, not only to the varying 

genetic backgrounds of the generated knockout mice, but also the dual roles that ACE2 play both 

in the degradation of ANGII and the generation of Angiotensin-(1-7). 

Angiotensin-(1-7) acts on Mas receptors to promote downstream signaling similar to that 

of the AT2 receptor; Mas-deficient transgenic mice exhibit cardiac dysfunction possibly 

attributable to a profibrotic cardiac profile, demonstrating that Angiotensin-(1-7) is important in 

the sustained maintenance and function of the heart [161,170]. 
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1.7.2 Local Cardiac RAS 

 

In the heart, the intracardiac RAS system has been implicated in mediating the effects of 

ANGII signaling.  Cardiac tissues express components of the RAS system including renin, AGT, 

ACE1 and AT1A, but it remains uncertain if the expression levels of intracardiac RAS system 

components are alone sufficient to elicit the ANGII-mediated physiological effects on remodeling 

of the heart.  As well it is difficult to predict the extent to which the superimposition of systemic 

endocrine and local tissue RAS system components work together to produce a given 

cardiovascular phenotype.   

Both angiotensinogen and renin are produced in cardiac tissue; various studies exploring 

overexpression of either angiotensinogen and renin in cardiomyocyte cultures have yielded mixed 

results pertaining to the primary instigator of the rate-limiting step [171].  Cardiac overexpression 

of angiotensinogen is characterized by the development of CH and fibrosis [172].  Cardiac 

overexpression of ACE1 has shown consequential changes in vascular remodeling and a 

prohypertrophic gene profile, but lesser than that of transgenic models overexpressing 

angiotensinogen, suggesting that ACE1 is not the rate limiting step in cardiac tissue [171].  As 

well, cardiac overexpression of the AT1 receptor induces myocyte hyperplasia and altered cardiac 

electrical conduction resulting in a lethal phenotype [173]. 

The wealth of knowledge gleaned from transgenic knockout and tissue specific 

overexpression of RAS system components is altogether revealing and confounding.  Suffice to 

say that both the systemic and local cardiac RAS work together to produce a specific 

cardiovascular phenotype required to adapt to changes in blood pressure hemodynamic demands.  

Further exploration into the interrelationships between systemic and local RAS systems will 

hopefully glean more insight into the implications of continued use of RAS system derived 
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pharmacological interventions, and the possible need for more targeted drug therapies to manage 

hypertension. 

 

1.8 Endothelin System 

 

The endothelium has long been recognized to produce important factors that govern 

vascular integrity and permit vascular adaptation to changes in blood hemodynamics.  Endothelin 

(ET) was initially identified in cultured endothelial cells as a peptide capable of inducing 

vasoconstriction [174].  Later isolated from cultured porcine aortic endothelial cells, this peptide 

was found to be 21 amino acids in length [175].  Synthesized and released by endothelial cells, 

there are three isoforms of ET (ET-1, ET-2 and ET-3), of which ET-1 is the most potent 

vasoconstrictor, acting in a paracrine manner to constrict vascular smooth muscle [176].  

Precursor proET is cleaved by endoprotease Furin into Big ET-1, which is then cleaved into 

biologically active ET-1 by endothelin-converting enzyme (ECE) [177,178].  ET-1 acts on two 

receptors ETA and ETB [179].  ETA, is found on vascular smooth muscle cells; ET-1 binding to 

ETA promotes vasoconstriction, cell proliferation and hypertrophy [180].  ETB is located on 

vascular smooth muscle cells and promotes vasoconstriction upon binding of ET-1 [181].  

However, ETB is also found endothelial cells; binding to this subset of ETB receptors promotes 

vasodilation through production of NO and is also found to regulate clearance of ET-1 [182-184].  

The binding of ET-1 to ETA and ETB activates downstream G proteins which themselves activate 

phospholipase C-beta that initiates an increase in intracellular Ca2+, and the expression of 

immediate early genes [185,186]. 

 The use of knockout mouse models to further determine and characterize the intricacies 

of the function of the ET system has been limited due to the high incidence of neonatal death, 
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particularly in the homozygous null ET-1 and ETA mice.  ET-1-/- mice die of respiratory failure 

shortly after birth, and possess craniofacial and vascular abnormalities; interestingly, ET-1+/- 

mice, which produce less ET-1 than wildtype mice, exhibit elevated blood pressure [187].  As a 

workaround to the lethality of the ET-1 knockout mouse model, Kisanuki et al. generated an 

endothelial cell-specific ET-1 knockout mouse which demonstrated lowered blood pressure 

compared to genetic controls; interestingly, the heterozygous endothelial cell-specific ET-1 

knockout mouse did not display the elevated blood pressure demonstrated by the mouse model 

developed by Kurihara et al. [188]. 

Both the ECE-1-/- and ETA
-/- knockout mouse models share an identical phenotype to the 

ET-1-/- mouse [189,190].   These findings derived from the ETA
-/- mouse have been attributed to 

an essential role in the ET-1/ETA signaling pathway that mediates pharyngeal arch development 

[190].  ETB
-/- mice are born healthy but die prematurely and are characterized by a significantly 

distended colon and a spotted coat colour, the latter resembling the recessive phenotype of the 

piebald-lethal mice [191].  Endothelial-specific knockout of ETB reveals that this particular 

receptor has a role in the clearance of ET-1 [184]. 
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Figure 1-4 Diagrammatic representation of the ET system signaling pathway.  ET-1 is 

produced by endothelial cells and binds to and activates ETA and ETB receptors on vascular 

smooth muscle cells to promote vasoconstriction.  ET-1 also binds to and activates ETB 

receptors found on the endothelial cell membrane promoting vasodilation through 

production of NO.  See section 1.8 for more detail on the ET system signaling pathway. 
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1.9 Hypotheses and Objectives 

 

The primary purpose and objective of this dissertation is to use a systematic approach to 

determining the basis of sex-specific differences in the cardiac molecular and physiological 

changes that govern the modulation of CH, itself an independent risk factor for the development 

of CVD.  Through the intrinsic loss of ANP, this mouse model presents a unique opportunity to 

study the roles of the NP and NOS systems in the modulation of CH.  In addition, the 

pathological cardiovascular phenotype induced by the lack of ANP also permits further 

examination of the intricacies of molecular and physiological compensatory mechanisms that 

govern cardiac adaptation.   

 

HYPOTHESES: 

The overarching hypothesis, based on prior well-recognized epidemiological observations 

and findings, is that sex dimorphism exists in the mechanisms whereby males and females 

maintain normal cardiac function and physiology, and in the molecular and physiological 

mechanisms each sex enlists in order to adapt to chronic pathological exogenous stresses.  In 

addition, it is hypothesized that sex hormones play a significant role in the observed sex-

specific differences in molecular and physiological cardiac adaptation, and that the NP and 

NOS systems are indeed important cardioprotective modulators of the CH response.   

 

The following progression of experimental studies was undertaken to further delineate 

how sex itself, by virtue of its capacity to impact the molecular biology and physiology of the 

heart can be considered a risk factor for CVD. 
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OBJECTIVES: 

 

1. The purpose of this study was to assess sex-specific differences in the gene expression of 

cardiac NP and NOS systems components in male and intact cycling female ANP+/+ and 

ANP−⁄− mice, as well as the impact of estrous cycle mediated changes in ovarian hormone 

levels on cardiac gene expression.   

2. Based on previous findings of the existence of sex-specific differences in the cardiac NP 

and NOS system expression in ANP+/+ and ANP-/- mice, and the potential role of sex-

hormone signaling through the estrous cycle in the modulation of NOS system expression 

in females, this second study was undertaken to determine and confirm if this female-

specific estrous cycle-mediated alteration in cardiac gene expression is sex hormone 

mediated, and specifically attributable to estrogen.  In this study, the direct impact of 

17β-Estradiol (E2) on the expression and signaling of the cardiac NP and NOS systems in 

ovariectomized (OVX) female ANP+/+ and ANP-/- mice subjected to a five-week 

treatment of either E2 or vehicle (VEH), compared to age matched male ANP+/+ and 

ANP-/- mice was explored.  

3. The purpose of this final study was to determine and characterize the sex dimorphic 

cardiac response to a significant exogenous stressor, pressure overload by Angiotensin II 

infusion.  Enlisting an in-depth analysis of the molecular and physiological cardiac 

changes in response to pressure-overload was undertaken in hopes of facilitating a greater 

understanding of the inherent differences between sexes in cardiac compensatory and 

pathological adaptations that lead to and contribute to manifestation of CVD.   
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Chapter 2 

Sex-specific differences in natriuretic peptide and nitric oxide synthase 

expression in ANP gene-disrupted mice 

Published in:  Wong PG, Armstrong DWJ, Tse MY, Brander EPA, Pang SC. Sex-specific 

differences in natriuretic peptide and nitric oxide synthase expression in ANP gene-disrupted 

mice. Molecular and Cellular Biochemistry, (2012) 374(1-2), 125-135. 

2.1 Abstract 

 

Sex-specific differences in hormone-mediated gene regulation may influence susceptibility to 

cardiac hypertrophy (CH), a primary risk factor for cardiovascular disease (CVD).  Under 

hormonal influence, natriuretic peptide (NP) and nitric oxide synthase (NOS) systems modulate 

cardioprotective gene programs through common downstream production of cyclic guanosine 

3’,5’-monophosphate (cGMP).  Ablation of either system can adversely affect cardiac adaptation 

to stresses and insults.  This study elucidates sex-specific differences in the gene expression of 

cardiac NP and NOS systems and assesses the impact of the estrous cycle on these systems using 

the atrial natriuretic peptide gene-disrupted (ANP−⁄−) mouse model.  Left ventricular expression of 

the NP and NOS systems was analyzed using real-time quantitative polymerase chain reaction 

(qPCR) in 13-16 week-old male, proestrous and estrous female ANP+/+ and ANP−⁄− mice.  Left 

ventricular and plasma cGMP levels were measured to assess the convergent downstream effects 

of the NP and NOS systems.  Regardless of genotype, males had higher expression of the NP 

system while females had higher expression of the NOS system.  In females, transition from 

proestrus to estrus lowered NOS system expression in ANP+/+ mice while the opposite was 
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observed in ANP−⁄− mice.  No significant changes in left ventricular cGMP levels across gender 

and genotype were observed.  Significantly lower plasma cGMP levels were observed in ANP−⁄− 

mice compared to ANP+/+ mice.  Regardless of genotype, sex-specific differences in cardiac NP 

and NOS system expression exist, each sex enlisting a predominant system to conserve 

downstream cGMP levels.  Estrous cycle mediated alterations in NOS system expression suggests 

additional hormone-mediated gene regulation in females. 

 

2.2 Introduction 

 

Cardiovascular disease (CVD) is a leading cause of global morbidity and mortality with 

significant contrasts in prevalence, age of onset and prognosis between males and females [66].  

Sex-specific differences in CVD prevalence imply that female ovarian hormones play a 

cardioprotective role [62].  The development of CVD is delayed in women when compared to 

men, and is consistent with the onset of menopause [31].  Post-menopausal women are at higher 

risk for CVD-related mortality suggesting that depletion of circulating ovarian hormones may 

diminish hormone-mediated cardioprotective mechanisms [65].   

Results from hormone replacement therapy (HRT) studies such as the Heart 

Estrogen/Progestin Replacement Study (HERS) and the Women’s Health Initiative Clinical Trial 

revealed a surprising disconnect compared to prior observational studies denoting sex-specific 

hormone-mediated reduction in CVD.  Instead, these studies showed that HRT in postmenopausal 

women was associated with an increased risk of CVD [76].  The controversy surrounding these 

findings is speculated to be a result of the length of time between menopause and commencement 

of HRT, the presence of pre-existing CVD risk factors, as well as an incomplete understanding of 
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the complexities of ovarian hormone signaling and function [77].  Despite this, epidemiological 

evidence continues to show that women develop CVD later than men, and that there is increased 

cardiac-related mortality in post-menopausal women consistent with the loss of ovarian hormone 

production [192].   

Cardiac hypertrophy (CH) is an independent risk factor for the development of CVD 

[15].  The heart adapts to chronic cardiac stresses through a re-induction of fetal gene programs 

that increase cardiac tissue remodeling to provide temporary resumption of physiological 

efficiency [20].  While these cardiac-based physical changes are able to meet pathologically 

elevated hemodynamic demands, an inability to sustain this adaptive response increases the risk 

of arrhythmia and heart failure [21].     

The natriuretic peptide (NP) and nitric oxide synthase (NOS) systems are expressed in 

the heart and impede CH progression through shared downstream production of cyclic guanosine 

3’,5’-monophosphate (cGMP).  In the NP system, cardiac atrial natriuretic peptide (ANP) and B-

type natriuretic peptide (BNP) exert their actions by binding to transmembrane, particulate 

guanylyl cyclase (particulate GC or pGC) linked NP receptors (NPR) [115-117].  ANP and BNP 

bind to A-type NP receptors (NPR-A), facilitating downstream signaling through the receptor’s 

intrinsic GC-mediated production of cGMP [118,119].  The clearance receptor, NPR-C, binds all 

natriuretic peptides but has no GC activity [124]. 

In contrast, the three isoforms of NOS, neuronal (nNOS or NOS1), inducible (iNOS or 

NOS2), and endothelial (eNOS or NOS3) generate nitric oxide (NO) through conversion of L-

arginine to citrulline; NO directly activates soluble guanylyl cyclase (sGC) to produce cGMP 

[126-129].  The combined production of cGMP from the NP and NOS systems exerts a multitude 

of downstream effects including activation of pro-survival cell signaling, preservation of 
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cardiomyocyte function, regulation of normal cardiac growth, and modulation of myocardial 

remodeling [130,131,193]. 

The ANP−⁄− mouse model, developed by John et al. is chronically hypertensive, salt-

sensitive, and characterized by a profound CH compared to the ANP+/+ mouse [99].  This animal 

model presents a unique opportunity to study the roles of the NP and NOS systems in the 

modulation of CH.   

The purpose of this study was to assess sex-specific differences in the gene expression of 

cardiac NP and NOS systems components in male and female ANP+/+ and ANP−⁄− mice, as well as 

the impact of cyclical changes in ovarian hormone levels on cardiac gene expression.  There are 

inherent dissimilarities in the development and progression of CVD in males and females.  

Ovarian hormones may be an underlying cause of this difference, and are a promising target for 

future investigations into CVD etiologies and effective sex-specific treatments.   

 

2.3 Materials and Methods 

 

2.3.1 Experimental Animals 

 

ANP+/+ and ANP−⁄− mice were bred and maintained by Animal Care Services at Queen’s 

University, Kingston, Ontario, Canada.  This colony was established from breeding pairs 

originating from the Smithies’ laboratories and has been maintained at Queen’s University since 

1995.  All mice were housed in plastic cages (up to four animals per cage), kept at room 

temperature (21 ± 1°C) on a 12 hour light: 12 hour dark schedule, fed normal chow and allowed 

access to tap water ad libitum.  All experimental protocols were approved by the Animal Care 
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Committee at Queen’s University in accordance with established guidelines mandated by the 

Canadian Council on Animal Care.  A tail sample from each mouse was obtained at three weeks 

of age and used for genotyping by a previously published PCR-based method [194]. 

 

2.3.2 Determination of Estrous Cycle Phases in Female Mice 

 

Vaginal smear cytology was used to identify estrous cycle phases of 13-16 week old female 

ANP+/+ and ANP−⁄− mice.   Prior to tissue harvesting, a sample of vaginal epithelial cells was 

collected, mounted on glass slides, stained with trypan blue stain, and assessed using light 

microscopy.  Female mice in either proestrus or estrus were studied.   

 

2.3.3 Plasma and Tissue Collection 

 

Mice were anesthetized with Somnotol (100 mg/kg body weight).  Blood was collected by 

cardiac puncture and placed in tubes containing aprotinin (1000 KIU/mL) and disodium 

ethylenediaminetetraacetic acid (EDTA, 2 µmol/mL).  Blood samples were centrifuged at 8000 g 

for ten minutes.  The resulting plasma was stored at -80 °C.  The heart was harvested following 

blood collection and dissected further, separating left and right atria, left ventricle (including 

ventricle septum) and right ventricle.   Tissues were weighed, cut into small pieces 

(approximately 25 mg each), snap frozen in liquid nitrogen, and stored at -80 °C until use.  
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2.3.4 RNA Isolation 

 

Isolation of total RNA was accomplished through a modified Trizol® method using a high pure 

RNA tissue isolation kit (catalogue #: 11828665001 Roche Scientific Co, Laval, Quebec, 

Canada).  Frozen left ventricle tissue samples were briefly homogenized in Trizol using a 

Polytron homogenizer (model #: PT 10 20 3500, Brinkmann Instruments, Rexdale, Ontario, 

Canada).  Chloroform was added, and the resultant aqueous phase was combined with ethanol 

and transferred to silica columns.  The remaining RNA isolation protocol was performed 

according to the manufacturer’s instructions.  Eluted total RNA was stored at -80°C. 

 

2.3.5 Reverse Transcription to cDNA 

 

Total RNA was reverse transcribed to cDNA using a high-capacity cDNA reverse transcription 

kit (Applied Biosystems, Streetsville, Ontario, Canada).  One µg total RNA of each sample was 

heat denatured and reverse transcribed with oligo dT18 according to the manufacturer’s 

instructions.  Samples were incubated at 37 °C for one hour and then random nonamer primers 

added to each tube.  Samples were incubated at 37 °C for an additional hour.  Resulting cDNA 

samples were stored at 4 °C. 

 

2.3.6 Real-Time Quantitative PCR 

 

Levels of ANP, BNP, iNOS, eNOS, sGCα1 and sGCβ1 mRNA expression were determined 

relative to 18S rRNA using qPCR (Roche Lightcycler 480 II, Laval, Quebec, Canada).  Relative 

quantification was achieved by plotting crossing point (Cp) values against standard curves for 



 

 

 

38 

each primer set using the Roche Lightcycler 480 II software.  Primer sets were designed using 

Primer Designer software version 2.01 (Scientific and Educational Software, Cary, North 

Carolina, USA) according to published GenBank sequences (www.ncbi.nlm.nih.gov/Genbank) 

and tested to ensure amplification of a single amplicon of the correct size.  Only primer sets 

yielding a standard curve with efficiency within a 1.7-2.0 range were used.  Primer sets and their 

accompanying annealing temperatures (Ta) and efficiencies are listed in Table 2-1. 

 

2.3.7 ANP Radioimmunoassay (RIA) 

 

Left ventricle tissue and plasma samples were processed for ANP extraction using Sep-Pak C18 

cartridges (Waters Ltd. Mississauga, Ontario, Canada), as previously described [105].  Processed 

samples were lyophilized and stored at -80 °C.  ANP antiserum (Peninsula Laboratories Inc., 

Belmont, California, USA) was diluted to 1/100,000 for use in the RIA.  The 50% binding value 

of 12.5 pg was achieved and the RIA had a detection limit of 0.4 pg/mL.  Refer to Appendix A 

for the detailed ANP RIA protocol. 

 

2.3.8 Cycle Guanosine 3’-5’ Monophosphate (cGMP) Enzyme Immunoassay 

 

Left ventricle tissue and plasma cGMP levels were assessed using a cGMP Enzyme 

Immunoassay (EIA) Kit (Cayman Chemical Company, Ann Arbor, Michigan, USA).  Frozen 

tissue samples were homogenized in 5% trichloroacetic acid (TCA).  Supernatants were retrieved 

and TCA was removed by extraction with water-saturated ether.   Tissue samples were heated at 

70 °C to remove residual ether.  Plasma samples were pretreated with ice-cold ethanol to 

precipitate plasma proteins.  The resultant supernatants were dried under vacuum centrifugation 
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and the resulting pellets resuspended in 500 µL EIA buffer.  The cGMP EIA assay was carried 

out according to the manufacturer’s instructions.  The detection limit of the assay was 1.0 

pmol/mL. 

 

2.3.9 Data and Statistical Analysis 

 

Left ventricle weight to body weight ratios for male, proestrous female and estrous female ANP+/+ 

and ANP−⁄− mice were compared using two-way ANOVA with Bonferroni’s post hoc test.  Select 

mRNA expression data were analyzed using one-way ANOVA with Tukey’s post hoc test.  

Values denoting changes in relative NOS system gene expression from proestrus to estrus were 

calculated by subtracting the mean of the proestrus values in both ANP+/+ and ANP−⁄− groups 

from their respective estrus values.  All other data were analyzed using Student’s t-test, graphed 

using GraphPad Prism software version 4.03 (La Jolla, California) and presented as means ± 

S.E.M.  P ≤ 0.05 was considered statistically significant. 

 

2.4 Results 

 

2.4.1 Cardiac mass data for male and female ANP+/+ and ANP-/- mice 

 

Cardiac mass data for all the experimental mice expressed as left ventricle weight-body weight 

ratio (mg/g), are listed in Table 2-2.  Left ventricle rather than whole heart weights were used 

because they are a better indicator for cardiac changes associated with the development of 

hypertension.  Both male and female ANP−⁄− mice exhibited significant left ventricular 

hypertrophy compared to their wild type counterparts.  Male ANP−⁄− mice showed a 56% increase 
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when compared to male ANP+/+ mice while female ANP−⁄− mice showed a 25% increase when 

compared to female ANP+/+ mice. 

 

2.4.2 Sex-specific differences in natriuretic peptide system gene and protein expression in 

left ventricle 

 

Left ventricular gene expression of ANP and BNP as well as left ventricle tissue ANP peptide 

levels was determined by RIA and is shown in Figure 2-1.  ANP gene expression levels in male 

ANP+/+ mice were higher than female proestrous ANP+/+ mice, but the difference was not 

statistically significant.  Left ventricle tissue ANP peptide levels in male ANP+/+ mice were 

significantly higher than female proestrous ANP+/+ mice.  No significant differences in BNP 

mRNA levels between males and proestrous females were detected.  

 

2.4.3 Sex-specific differences in nitric oxide synthase system gene expression in left ventricle 

 

Results of NOS mRNA expression in ANP+/+ and ANP−⁄− males and proestrous females are 

presented in Figure 2-2.  Sex-based comparison of NOS system gene expression revealed higher 

expression of iNOS, eNOS, sGCα1 and sGCβ1 in proestrous females compared to males.  This 

result was consistent regardless of the genotype of the male and female mice.  All of the analyzed 

genes of the NOS system, with the exception of sGCα1 (Figure 2.2f) exhibited a significantly 

higher expression.  
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2.4.4 Changes in gene expression due to estrous cycle 

 

In order to investigate the expression of the NOS system in response to the estrous cycle, mRNA 

expression of iNOS, eNOS, sGCα1 and sGCβ1 was measured during proestrus and estrus in both 

female ANP+/+ mice and female ANP−⁄− mice, and shown in Figure 2-3 and Figure 2-4, 

respectively.  These two periods of the estrous cycle correspond to the lowest and highest levels 

of estrogen, respectively.  Although not significant, for each NOS system gene measured, there 

was a general trend for decreased NOS system gene expression in estrus compared to proestrus in 

female ANP+/+ mice.  The opposite trend was observed in female ANP−⁄− mice, showing an 

increased NOS system gene expression in estrus compared to proestrus.  In female ANP−⁄− mice, 

the trend of increased gene expression in estrus compared to proestrus was not significant with 

the exception of the sGCα1 gene.  These results are summarized in Figure 2-5, showing the 

changes in left ventricular gene expression for female ANP+/+ and ANP-/- mice transitioning from 

proestrus to estrus.  In this figure, values were determined by subtracting the mean of the 

proestrus values from their respective estrus values.  As stated previously, in female ANP+/+ mice, 

there was a decrease in the gene expression of iNOS, eNOS, sGCα1 and sGCβ1 when transitioning 

from proestrus to estrus.  Surprisingly, the female ANP−⁄− mice displayed the opposite effect, 

showing an increase in the gene expression of iNOS, eNOS, sGCα1 and sGCβ1 when transitioning 

from proestrus to estrus.   
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2.4.5 Cyclic guanosine 3’,5’-monophosphate (cGMP) Enzyme Immunoassay 

 

Since both NP and NOS systems ultimately result in the production of cGMP, the left ventricle 

tissue levels of cGMP were assessed to give indication to the overall regulation of cGMP in the 

heart.  Left ventricle tissue levels (pg/g) and plasma cGMP concentrations (pmol/mL) of male, 

proestrous female and estrous female ANP+/+ and ANP−⁄− mice were determined and values are 

shown in Figure 2-6.  No significant changes in left ventricle tissue cGMP levels were detected 

across genotype and gender.  However, measured circulating plasma cGMP levels indicated a 

significant decrease of cGMP concentration in ANP−⁄− mice compared to ANP+/+ mice.  The 

decrease was significant in ANP−⁄− male, proestrous female and estrous female mice.  

 

2.5 Discussion 

 

Sex-specific differences in disease prevalence and progression as well as the under-

representation of females in animal studies have gained considerable attention [195,196].  The 

use of male-only animal studies has traditionally dominated the scientific literature, and as a 

result, the knowledge used for the development of therapeutics for treatment of the population has 

been largely tailored for the male gender.  The dosage of therapeutics is then weight-adjusted for 

use in the female population.  This approach inherently overlooks the influence of ovarian 

hormones on underlying mechanisms of disease development and vasoactive regulation in the 

female segment of the population [12,197].  Failure to account for the presence of and the cyclical 

changes in female sex hormones has limited the scope of our understanding of sex-specific 

modification of the heart [198].  
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The findings of our study confirm the existence of sex-specific differences in the 

regulation of specific cardiac gene systems.  They also demonstrate that the presence of 

circulating ovarian hormones can elicit varied effects.  This insight into sex-specific differences 

in gene system expression further highlights the importance of decreasing gender bias in research, 

and presents the role of circulating ovarian hormones as an essential consideration in future 

experimental and pharmaceutical design.  

Differences in CVD morbidity and mortality between sexes have been well recognized in 

addition to the alarming increase in CVD incidence in females [192].  Pre-menopausal women 

have a lower incidence of CVD compared to men and post-menopausal women, the latter can 

largely be attributable to loss of ovarian hormones at menopause [199].   

CH is a primary risk factor for CVD development, characterized by an abnormal increase 

in cardiac mass, a consequence of a wide range of physiological, hormonal and pathological 

stimuli.  Cardiac NP and NOS systems are modulated by ovarian hormonal influence and alter 

CH gene programs by combined downstream signaling resulting in the production of cGMP 

[200].  Collectively, these two systems have been shown to work in concert for the purpose of 

preserving cardiovascular homeostasis; evidence supporting cross-talk between these two systems 

has also been reported [201,202].  The ANP-/- mouse model provides a unique opportunity to 

study the synergy between cardiac NP and NOS systems as well as the individual contributions of 

the NOS system free of ANP influence.   

Since the estrous cycle of the mouse is only 4-6 days in duration, analysis by qPCR is 

uniquely adapted to examine the functions of the vasoactive cardiac systems.  Quantitative PCR 

measurements revealed a trend of higher ANP mRNA levels in male ANP+/+ mice compared to 

proestrous female ANP+/+ mice.  This pattern of sex-specific left ventricle ANP gene expression 
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was confirmed by measurement of ANP peptide levels by RIA.  ANP peptide levels in the left 

ventricular tissue in male ANP+/+ mice were significantly higher compared to proestrous female 

ANP+/+ mice.  Levels of BNP mRNA in male ANP+/+ and ANP−⁄− mice did not differ significantly 

from their respective proestrous female genotype counterparts.  Higher levels of ANP in male 

ANP+/+ mice compared to female ANP+/+ mice may indicate a greater reliance on the NP system 

in order to compensate for the lack of female-specific modes of CH modulation and hormonal 

regulation.  The absence of a compensatory change in BNP levels across gender and genotype is 

surprising.  A previous study using Northern blot analysis demonstrated elevated BNP levels in 

the male ANP−⁄− mouse [105].  The discrepancy between the aforementioned study and this 

current study may possibly be attributed to the fact that the previous study was accomplished 

using older male and female mice and that they were not age-matched.  Since NP expression is 

known to increase with age, due to the potential onset and development of cardiac dysfunction 

and disease, this may explain the differing amounts of BNP observed between these studies 

[203,204]. 

In both male ANP+/+ and ANP−⁄− mice, expression levels of NOS system genes, iNOS, 

eNOS, sGCα1 and sGCβ1, were significantly lower than their genotype matched female 

proestrous counterparts, suggesting that female mice predominantly utilize the NOS system to 

generate cGMP in the heart.  This finding supports previous studies documenting the complex 

interplay between the NP and NOS systems, and how modulation of the expression of certain 

gene systems is necessary to maintain optimal cardiac function.  For example, cardiac function 

studies have demonstrated significantly elevated levels of ANP in eNOS−⁄− mice suggesting a 

compensatory mechanism to supplement the loss of eNOS [143].  In addition, compared to male 

eNOS−⁄− mice, female eNOS−⁄− mice have a significantly longer lifespan and exhibit less cardiac 
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dysfunction; observed elevated levels of nNOS and iNOS in females but not males implies a 

greater reliance of the NOS system in females, and the propensity to adequately compensate for 

the loss of eNOS [205].  

The molecular effects of cyclical hormonal changes on NP and NOS expression have 

been reported in organ systems other than the heart.  In the rat ovary, expression of components 

of the NP system was demonstrated to have an estrous cycle dependency and sensitivity to 

hormone treatment [206-208].  Also, regulation of injury response neuropeptides in the trigeminal 

ganglion of female mice has been shown to be under the influence of the estrous cycle [209].  

Expression of nNOS in the hippocampus and limbic system of female mice has been linked to 

phase changes of the estrous cycle [210].  Together, this infers that estrous cycle-associated 

hormonal factors have diverse effects in multiple organ systems that would aid in body-wide 

adaptive responses to physiological challenges. 

In the female ANP−⁄− mouse, there was an increase in NOS system gene expression when 

transitioning from proestrus to estrus; the inverse effect was observed in the female ANP+/+ 

mouse.  This implies that hormonal changes associated with the estrous cycle can directly 

influence the NOS system, and more importantly, possibly facilitate a NOS-mediated 

compensation for the loss of ANP in the female ANP−⁄− mouse, thereby maintaining downstream 

tissue cGMP levels.   

When discussing the estrous cycle, it is tempting to attribute observed gene system 

expression changes to estrogen, especially in light of the significant increase in NOS system 

components in the ANP−⁄− mice during the transition to various phases of the estrous cycle.  The 

literature supports the role of estrogen in the regulation of both the NP and NOS systems.  

Estrogen upregulates eNOS in human endothelial EA.hy 926 cells [211].  In rat myocardium, 
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estrogen induces in vitro and in vivo upregulation of eNOS and iNOS [212].  Mouse ovariectomy 

studies have shown that estrogen can influence myocyte remodeling depending on the 

hypertrophic stimulus [213].  Similarly, ovariectomized rats were observed to incur difficulty in 

counteracting resultant CH, accompanied by reduction in NOS and Akt pathways [214].  

Estrogen has also been shown to protect against salt-sensitive induced hypertension in 

heterozygous ANP+⁄− mice by influencing the renin-angiotensin system [215,216].  In summary, 

the mouse estrous cycle is the result of delicate and complex interplay between many circulating 

hormonal factors.  Some of these circulating hormonal factors, yet to be identified, may also play 

significant roles in the observed changes in NOS system gene expression. 

Since both the NP and NOS systems converge on collective downstream production of 

cGMP, left ventricle tissue and plasma cGMP levels in male, proestrous female and estrous 

female ANP+/+ and ANP−⁄− mice were assessed.  No significant difference in left ventricle tissue 

cGMP was observed across gender and genotype.  This finding was expected because tight 

regulation of cGMP within a given tissue is essential to preserve normal tissue function through 

immediate release of excess cGMP into the circulation as well as by cGMP degradation by 

phosphodiesterases [217]. 

In addition, there was no significant difference in plasma cGMP concentrations between 

male or female mice within a given genotype, suggesting that regardless of predominance of 

either the NP system in male mice, or the NOS system in female mice, plasma cGMP levels are 

consistent.  Furthermore, changes in the estrous cycle that influenced the levels of NOS system 

gene expression in female ANP+/+ and ANP−⁄− mice had no effect on plasma cGMP levels.  

However, ANP−⁄− mice had significantly lower plasma cGMP concentrations compared to ANP+/+ 

mice.  The lower circulating levels of cGMP in ANP−⁄− mice indicate that the loss of ANP results 
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in a chronic reduction of plasma cGMP that cannot be normalized by compensatory changes in 

NP and NOS system gene expression.  This finding shows that ANP is essential for maintenance 

of downstream levels of cGMP and normal cardiac growth. 

In summary, as modulators of CH gene programs, the NP and NOS systems collectively 

work to conserve downstream levels of cGMP.  The predominant use of the NP system by male 

mice contrasts the reliance on the NOS system in female mice.  Furthermore, the changes in NOS 

system gene expression that accompany changes in estrous cycle phases demonstrate an 

additional level of ovarian hormone-mediated gene regulation in the heart.  In particular, the 

cyclical and shifting levels of NOS system gene expression that coincide with estrous cycle phase 

changes indicate that it is imperative that the estrous cycle be taken into account when designing 

and planning studies that include females and as well, ensuring that all females are in the same 

estrous stage when collecting results.   

Recently, there has been a renewed recognition that there are sex-specific differences in 

prevalence of and response to treatment of CVD and its associated modifiable risk factors such as 

hypertension; a gender-specific focus is warranted [218,219].  The finding that the estrous cycle 

plays a key role in observed sex-specific differences in NP and NOS system gene expression that 

conserve downstream plasma cGMP levels in females brings us closer to identifying potential 

sex-specific cardioprotective factors that will be essential in the development of sex-specific 

therapies and treatments to improve CVD risk factor diagnosis and management and counter 

CVD development. 
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2.6 Tables and Figures 

 

 

Table 2-1 Real-time qPCR primer sets, annealing temperatures (Ta) and standard curve 

efficiency values for NP and NOS system genes assessed.  18S rRNA was the internal 

control.   

 

GENE PRIMER SETS ANNEALING 

TEMPERATURES 

(Ta) 

STD CURVE 

EFFICIENCY 

ANP S CAAGAACCTGCTAGACCACC 

AS AGCTGTTGCAGCCTAGTCC 

62 °C 

63 °C 

1.984 

BNP 

 

S CCAGAGACAGCTCTTGAAGG 

AS TCCGATCCGGTCTATCTTG 

63 °C 

63 °C 

1.993 

iNOS 

 

S CCAGGCTGGAAGCTGTAAC 

AS AGTGATGGCCGACCTGAT 

63 °C 

63 °C 

1.995 

eNOS 

 

S TTGAGGATGTGGCTGTGTG 

AS GAGTTAGGCTGCCTGAGATG 

63 °C 

63 °C 

1.816 

sGCα1 

 

S TGTGATCGCATCATGGTG 

AS CTCTGTTGGCTCCTTAGGAA 

61 °C 

62 °C 

1.986 

sGCβ1 

 

S GTGTGTCAAGCAAGGAGCA 

AS GAACGTCCGTCTAGGCAA 

62 °C 

62 °C 

1.844 

18S 

 

S TCGATGCTCTTAGCTGAGTG 

AS TGATCGTCTTCGAACCTCC 

62 °C 

63 °C 

1.781 

Sense (S, forward direction), Anti-sense (AS, reverse direction) 
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Table 2-2 Cardiac mass physical data for male and female ANP+/+ and ANP−⁄− mice 

 

GENDER GENOTYPE n LVW (mg) BW (g) LVW/BW 

(mg/g) 

Male ANP+/+ 

ANP−⁄− 

6 

6 

85.9 ± 2.1 

131.9 ± 10.8 

34.4 ± 1.7 

34.0 ± 1.4 

2.5 ± 0.1 

3.9 ± 0.2* 

Female ANP+/+ 

ANP−⁄− 

10 

12 

71.2 ± 2.4 

98.5 ± 3.9 

22.4 ± 0.6 

25.1 ± 0.8 

3.2 ± 0.1 

4.0 ± 0.1* 

*P ≤ 0.05 compared to ANP+/+ genotype of same gender, using two-way ANOVA and 

Bonferroni’s post hoc test. 
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Figure 2-1 ANP mRNA expression in male ANP+/+ mice and proestrous female ANP+/+ mice 

(A).  Left ventricle tissue ANP in male ANP+/+ mice and proestrous female ANP+/+ mice (B).  

BNP mRNA expression in male and proestrous female ANP+/+ and ANP−⁄− mice (C).  Data 

are presented as means ± S.E.M. * P ≤ 0.05, using unpaired Student’s t-test for ANP mRNA 

and left ventricle ANP, and one-way ANOVA and Tukey’s post hoc test for BNP.  N=4-8 
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Figure 2-2 mRNA expression of iNOS (A,B), eNOS (C,D), sGCα1 (E,F), and sGCβ1 (G,H) in 

male ANP+/+ and ANP−⁄− mice, proestrous female ANP+/+ and ANP−⁄− mice. Data are 

presented as means ± S.E.M. * P ≤ 0.05, using unpaired Student’s t-test.  N=4-6 
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Figure 2-3 mRNA expression of iNOS (A), eNOS (B), sGCα1 (C), and sGCβ1 (D) in 

proestrous female and estrous female ANP+/+ mice. Data are presented as means ± S.E.M. * 

P ≤ 0.05, using unpaired Student’s t-test.  N=4-6 

 

 

 

 

 

 

 

 



 

 

 

53 

 

Figure 2-4 mRNA expression of iNOS (A), eNOS (B), sGCα1 (C), and sGCβ1 (D) in 

proestrous female and estrous female ANP−⁄− mice. Data are presented as means ± S.E.M. * 

P ≤ 0.05, using unpaired Student’s t-test.  N=4-6 
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Figure 2-5 Changes in mRNA expression of iNOS (A), eNOS (B), sGCα1 (C), and sGCβ1 (D) 

in female ANP+/+ and ANP−⁄− mice as they transition from proestrus to estrus.  Data values 

were calculated by subtracting the mean of the proestrus values in the ANP+/+ and ANP-/- 

groups from their respective estrus values.  Data are presented as means ± S.E.M. * P ≤ 

0.05, using unpaired Student’s t-test.  N=4-6 
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Figure 2-6 Left ventricle tissue cGMP (pmol/g) in male ANP+/+ and ANP−⁄− mice (A), 

proestrous female ANP+/+ and ANP−⁄− mice (B), and estrous female ANP+/+ and ANP−⁄− mice 

(C). Plasma cGMP concentrations (pmol/mL) in male ANP+/+ and ANP−⁄− mice (D), 

proestrous female ANP+/+ and ANP−⁄− mice (E), and estrous female ANP+/+ and ANP−⁄− mice 

(F).  Data are presented as means ± S.E.M. * P ≤ 0.05, using unpaired Student’s t-test.N=4-7 
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Chapter 3 

Contribution of estrogen to sex dimorphic expression of cardiac 

natriuretic peptide and nitric oxide synthase systems in ANP gene-

disrupted mice 

Published in:  Wong PG, Armstrong DWJ, Tse MY, Ventura NM, Pang SC. Contribution of 

estrogen to sex dimorphic expression of cardiac natriuretic peptide and nitric oxide synthase 

systems in ANP gene-disrupted mice. Open Journal of Endocrine and Metabolic Diseases, 

(2013) 03(04), 1-11. 

3.1 Abstract 

 

Sex dimorphism in the prevalence, onset, development and progression of cardiovascular disease 

(CVD) is well recognized, but the mechanisms whereby sex hormones are believed to confer 

cardioprotection are still not fully understood.  This study more closely delineates the effect of 

17β-Estradiol (E2) on the expression and signaling of the cardiac NP and NOS systems, well-

known cardioprotective modulators of the cardiac hypertrophy (CH) response, that both 

contribute to downstream production of cyclic guanosine 3’,5’-monophosphate (cGMP).  

Ovariectomized (OVX) female ANP+/+ and ANP-/- mice, 6-7 weeks old, were subjected to a five-

week treatment with E2 (100µg/100µL/day) or vehicle (VEH).  Left ventricle from these 

treatment groups, along with that from age-matched male ANP+/+ and ANP-/- mice was used to 

assess expression of these systems by real-time quantitative PCR (qPCR).  Left ventricle tissue 

and plasma cGMP were measured by enzyme immunoassay to assess alterations in resultant 

downstream signaling.  NP system expression was unchanged across genotype, sex and E2 
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treatment.  Sex-specific differences in NOS system expression were observed; female mice 

showed higher expression of NOS system genes that were significantly elevated in all but one of 

the E2 treatment groups.  Left ventricle tissue cGMP remained unchanged across genotype, sex 

and E2 treatment.  Plasma cGMP levels were unchanged in ANP+/+ treatment groups.  In ANP-/- 

treatment groups, plasma cGMP in the female OVX-E2 mice was significantly higher compared 

to male and female OVX-VEH mice.  These findings demonstrate that in the absence of ANP, E2 

upregulates cardiac NOS system expression to produce cGMP.  This study confirms the 

importance of the cardiac NOS system in females; this particular system may be a promising 

future target for sex-specific treatments and therapies for CVD in women. 

 

3.2 Introduction 

 

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality in the 

Western population; the past decade has seen a decline in the rate of CVD related deaths, but the 

burden of CVD remains high [220].  CVD-related mortality in older women is higher than in 

older men; the contribution of sex hormone depletion in menopause to the development of CVD 

remains controversial [66].  Nevertheless, the dichotomy in sex-specific clinical CVD-related 

outcomes warrants further and more complete investigation into sex-specific mechanisms that 

presumably confer cardioprotection.   

The development of cardiac hypertrophy (CH) is well established as a primary 

independent risk factor for, and indicator of future development of hypertension and associated 

CVD [221].  CH is a maladaptive increase in cardiac mass that occurs as a consequence of a re-

induction of fetal cardiac gene programs, promoting cardiac adaptation to pathological stimuli 
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[222].  The natriuretic peptide (NP) and nitric oxide synthase (NOS) systems are considered to be 

cardioprotective, and responsible for the modulation of the CH response through convergent 

downstream production of cyclic guanosine 3’,5’-monophosphate (cGMP).  As a secondary 

messenger, cGMP activates cGMP-dependent protein kinase (PKG) which is responsible for the 

further regulation of downstream gene systems that contribute to maintenance and regulation of 

cardiomyocyte growth, and modulation of cardiac remodeling [78-80]. 

Recently, we presented evidence of the existence of sex-specific differences in the 

expression of the cardiac NP and NOS systems in ANP gene-disrupted mice (ANP-/-), 

documenting how each sex utilizes a different system to conserve downstream cGMP production 

[223].  Interestingly, changes in NOS system expression were found to mirror the cyclical 

changes of the estrous cycle.  As an extension to these findings, the current study was undertaken 

to determine and confirm if this female-specific estrous cycle-mediated alteration in cardiac gene 

expression is sex hormone mediated, and specifically attributable to estrogen.  In this study, we 

explored the direct impact of 17β-Estradiol (E2) on the expression and signaling of the cardiac 

NP and NOS systems in ovariectomized (OVX) female ANP+/+ and ANP-/- mice subjected to a 

five-week treatment of either E2 or vehicle (VEH), compared to age matched male ANP+/+ and 

ANP-/- mice.  

It is well accepted that the NP and NOS systems can exert effects, both systematically 

and targeted to individual organs.  In this study, we will focus on the organ-specific effects of 

these systems.  Specifically, we will focus this study on the estrogenic influence on gene systems 

that are directly implicated in the modulation of the cardiac hypertrophic response.  Presently, the 

use of hormone replacement therapy (HRT) has received close scrutiny with regard to its efficacy 

and associated spectrum of risks and benefits.   A deeper understanding of the role of sex 
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hormones in female-specific cardiac protection is warranted [224].  Deciphering the intricacies of 

sex hormone influence on the heart will add to our understanding of female-specific mechanisms 

of cardioprotection, supplement existing research pertaining to the use and implementation of 

HRT, and further contribute to future development of sex-specific targeted therapies and 

treatments for CVD in women. 

 

3.3 Materials and Methods 

 

3.3.1 Experimental Animals 

 

ANP+/+ and ANP-/- mice were bred and maintained by Animal Care Services at Queen’s 

University, Kingston, Ontario, Canada.  This mouse colony was established from breeding pairs 

originating from the laboratory of Oliver Smithies, and has been maintained at Queen’s 

University since 1995.  Mice were housed in plastic cages (maximum of four animals per cage), 

maintained at room temperature (21 ± 1 °C) on a 12 hour light: 12 hour dark schedule, and 

allowed access to normal mouse chow and tap water ad libitum.  Experimental animal protocols 

were approved by the Animal Care Committee at Queen’s University in accordance with the 

Canadian Council on Animal Care.  Genotyping of mice was accomplished using a tail sample 

retrieved at three weeks of age and processed using a previously published PCR-based method 

[194]. 
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3.3.2 Ovariectomy 

 

Female ANP+/+ and ANP-/- mice, 6-7 weeks of age, were ovariectomized (OVX) using sterile 

technique.  Briefly, each mouse was anesthetized by isoflurane, the dorsum shaved, and a single 

midline incision was made.  Subcutaneous spaces on either side of the incision were made by 

blunt dissection.  Bilateral access to the abdomen was achieved through two small incisions in the 

posterior abdominal wall. Ovaries were exteriorized, removed using sharp scissors and the intact 

uterine horns returned to the abdomen.  The midline skin incision was closed and secured by two 

removable metal staples.  Bupivacaine (one dose post-surgery, 1 mg/kg body weight) and 

Metacam (two doses, one dose post-surgery and the second 24 hours post surgery, 1 mg/kg body 

weight) were administered for post-operative pain management.  

 

3.3.3 17β-Estradiol (E2) Administration 

 

Administration of E2 commenced 1-2 weeks post-OVX.  E2 was dissolved in ethanol and diluted 

in sterilized corn oil.  Subcutaneous E2 injections delivered 100µg/100µL daily over a five-week 

period.  This dose was based upon previously published work from our lab documenting the 

cardioprotective effects of E2 in ANP-/- mice treated with high dietary salt [215,216]. 

 

3.3.4 Plasma and Tissue Collection 

 

Collection of plasma and cardiac tissues was accomplished by a previously published method 

[223].  Briefly, mice were anesthetized using somnotol (100 mg/kg body weight).  Blood was 

collected by cardiac puncture and added to tubes containing aprotinin (1,000 KIU/mL) and 
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disodium ethylenediaminetetraacetic acid (EDTA, 2 µmol/mL).  Blood samples were centrifuged 

at 8,000 x g for 10 minutes and the retrieved plasma was stored at -80 °C.  Following blood 

collection, the heart was harvested and dissected, separating left and right atria, left ventricle 

(including ventricular septum) and right ventricle.  Heart chambers were weighed, divided into 

smaller pieces (approximately 25 mg each), then snap frozen in liquid nitrogen and stored at  

-80 °C.   

 

3.3.5 17β-Estradiol (E2) Enzyme Immunoassay 

 

Plasma levels of E2 were assessed to confirm successful administration of E2 in experimental 

animals using an E2 EIA (item no: 582251, Cayman Chemical Company, Ann Arbor, MI, USA).  

Undiluted plasma samples were assayed directly.  Background activity was determined by 

stripping control plasma samples with dextran coated Norit A charcoal (cat no: AC40403-5000 

Fisher Scientific, Ottawa, Ontario, Canada).  The detection limit for this assay is 19 pg/mL. 

 

3.3.6 Isolation of RNA and Reverse Transcription to cDNA 

 

Left ventricle tissue RNA was isolated by a modified Trizol method utilizing a high pure RNA 

tissue isolation kit (catalog #: 11828665001, Roche Scientific Co., Laval, QC, Canada).  

Subsequent reverse transcription of RNA to cDNA was accomplished using a high-capacity 

cDNA reverse transcription kit (Applied Biosystems, Streetsville, ON, Canada).  Protocols were 

performed according to manufacturer’s instructions; further experimental protocol details were 

previously published [223]. 
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3.3.7 Real-Time Quantitative PCR 

 

Analysis of expression of the NP and NOS systems was determined relative to GAPDH mRNA 

using qPCR (Roche Lightcycler 480 II System, Laval, QC, Canada).  Roche Lightcycler 480 II 

internal software was used to determine relative quantification of gene levels by plotting crossing 

point (Cp) values against standard curves derived from each specific primer set.  Primer sets were 

designed using Primer Designer version 2.01 (Scientific and Educational Software, Cary, Indiana, 

USA) in accordance with published GenBank sequences (www.ncbi.nlm.nih.gov/Genbank).  

Conventional PCR was used to confirm that these primer sets amplified a single amplicon of the 

correct size.  These primer sets along with their respective annealing temperatures and standard 

curve efficiencies are listed in Table 3-1.  Only primer sets yielding efficiencies within a range of 

1.9-2.1 were used.   

 

3.3.8 Cyclic Guanosine 3’,5’-Monophosphate (cGMP) Enzyme Immunoassay 

 

Left ventricle tissue and plasma levels of cGMP were measured by a cGMP enzyme 

immunoassay (EIA) kit (item no: 581021, Cayman Chemical Company, Ann Arbor, MI, USA).  

The detection limit for this assay is 0.1 pmol/mL.  The immunoassay was carried out according to 

the manufacturer’s instructions; further details pertaining to the cGMP extraction from both left 

ventricle tissue and plasma were previously published [223]. 
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3.3.9 Data and Statistical Analysis 

 

Left ventricle tissue weight to body weight ratios of male, female OVX-VEH and female OVX-

E2 ANP+/+ and ANP-/- mice were compared using 2-way ANOVA with Bonferroni’s post hoc 

test.  Analysis by 2-way ANOVA allows for comparisons to be made between sexes and 

treatments.  Within each genotype, plasma E2 levels were compared in female OVX-VEH and 

female OVX-E2 treatment groups using unpaired Student’s t test.  All mRNA gene expression 

data using qPCR and assessment of cGMP levels in both left ventricle tissue and plasma were 

compared using one-way ANOVA with Tukey’s post hoc test.  Data were plotted and statistical 

analysis was performed using Graph Pad Prism 6 software (La Jolla, CA, USA).  All data are 

presented as means ± SEM.  P ≤ 0.05 was considered statistically significant. 

 

3.4 Results 

 

3.4.1 Cardiac mass and body weight for male, female OVX-VEH and female OVX-E2 

ANP+/+ and ANP-/- mice 

 

Table 3-2 presents a summary of the cardiac mass and body weight for male, female OVX-VEH 

and female OVX-E2 ANP+/+ and ANP-/- mice.  Left ventricle tissue weight to body weight ratios 

(LVW/BW), rather than whole heart weight to body weight ratios, were used because changes in 

left ventricle mass are a more accurate indicator of cardiac mass changes associated with 

hypertension development.  Male, female OVX-VEH and female OVX-E2 ANP-/- mice exhibited 

significantly larger LVW/BW ratios compared to their respective ANP+/+ counterparts.  Male 

ANP-/- mice had a significant 31% increase in LVW/BW compared to male ANP+/+ mice.  Female 
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OVX-VEH treated ANP-/- mice had a significant 41% increase in LVW/BW compared to female 

OVX-VEH treated ANP+/+ mice.  Female OVX-E2 treated ANP-/- mice had a significant 38% 

increase in LVW/BW compared to female OVX-E2 treated ANP+/+ mice. 

 

3.4.2 Delivery of 17β-Estradiol in female OVX ANP+/+ and ANP-/- mice 

 

Levels of plasma E2 detected in female OVX-VEH and female OVX-E2 ANP+/+ and ANP-/- mice 

are shown in Table 3-2.  Female OVX-E2 ANP+/+ and ANP-/- mice had significantly higher 

plasma E2 levels than their respective genotype female OVX-VEH counterparts.  Plasma E2 

levels were more prominently elevated in the female OVX-E2 ANP+/+ mice compared to the 

female OVX-E2 ANP-/- mice. 

 

3.4.3 Cardiac Natriuretic Peptide System 

 

Expression of ANP and BNP, and their associated receptors NPR-A and NPR-C (clearance 

receptor) is shown in Figure 3-1.  Expression of ANP in male ANP+/+ mice was higher than 

female OVX-VEH and female OVX-E2 ANP+/+ mice, but this increase did not reach statistical 

significance.  There was no significant difference in the expression of BNP, NPR-A and NPR-C 

across genotype, gender, or treatment with E2. 

 

3.4.4 Cardiac Nitric Oxide Synthase System 

 

The mRNA expression of iNOS, eNOS, sGCα1 and sGCβ1 is shown in Figure 3-2.  In both 

genotypes, there was a trend towards increased expression of NOS system counterparts in female 



 

 

 

65 

OVX-VEH mice compared to males of the same respective genotypes.  The trend continues with 

female OVX-E2 mice demonstrating increased expression of NOS system counterparts compared 

to female OVX-VEH mice of the same respective genotypes.  Expression of iNOS in female 

OVX-VEH ANP-/- mice was significantly higher compared to male ANP-/- mice.  Female OVX-

VEH ANP-/- mice had significantly higher levels of iNOS compared to female OVX-E2 ANP-/- 

mice.  In both genotypes, expression of eNOS was significantly higher in the female OVX-VEH 

treated mice compared to males.  As well, in both genotypes, with the exception of iNOS 

expression in the ANP+/+ mouse treatment groups, levels of iNOS, eNOS, sGCα1 and sGCβ1 

expression were found to be significantly higher in female OVX-E2 treated mice compared to 

their respective male ANP+/+ and ANP-/- mouse treatment groups. 

 

3.4.5 Cyclic guanosine 3’,5’-monophosphate (cGMP) Enzyme Immunoassay 

 

Figure 3-3 shows the results of measurement of cGMP levels found in left ventricle tissue and 

plasma in male, female OVX-VEH and female OVX-E2 ANP+/+ and ANP-/- mice.  In both ANP+/+ 

and ANP-/- mice, there was no significant difference in left ventricle cGMP levels regardless of 

sex or treatment.  In ANP+/+ mice, there was no significant difference in plasma cGMP levels 

between male, female OVX-VEH and female OVX-E2 mice.  In ANP-/- mice, female OVX-E2 

mice had significantly higher levels of plasma cGMP compared to male and female OVX-VEH 

mice.   
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3.5 Discussion 

 

While it is acknowledged and accepted that males and females are different, particularly 

in the prevalence, onset and development of risk factors that lead to CVD, this recognition has 

been slow to translate into both clinical and basic science research practice.  Regardless of sex, 

women continue to be administered the same therapeutics as men, weight-adjusted for use by 

females.  As well, the predominance of male-only studies in basic science research continues to 

be a widespread limitation to experimental scope, design and applicability.  Sex is an important 

factor in the modulation of the progression of physiological and pathological changes to the 

myocardium, and should be a primary consideration in the development of more effective 

therapeutics to treat CVD [198].  Furthermore, the significant increase in CVD related morbidity 

and mortality in post-menopausal females supports the role of sex as a cardiovascular system 

modifier, confirming the need for a targeted sex-specific approach to CVD treatment [225]. 

It is well recognized that sex hormones contribute to the sex dimorphism in the incidence 

and development of cardiovascular risk factors and that sex hormone depletion associated with 

the menopause can have an unfavourable effect on the development of traditionally defined CVD 

risk factors [226].  The prevailing concern of the increased incidence of cardiovascular risk 

associated with HRT has long cast suspicion on the beneficial effects of sex hormones [63].  

However, recent review and analysis of data retrieved from HRT studies and trials reveals that in 

certain circumstances, taking into account the mode of delivery, dosage, therapy regime, and time 

between onset of menopause and HRT commencement, HRT can in fact minimize cardiovascular 

risk factors [227].  This continuing discrepancy in current opinions on the delicate balance 

between the risks and benefits of HRT only confirms that our knowledge and understanding of 

sex hormone signaling and cardioprotective function remains incomplete. 
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This current study served multiple purposes: 1) to add to our understanding of how sex 

hormones confer their cardioprotective effect through modulation of cardiac gene systems that 

impact cardiac remodeling mechanisms; 2) to further elucidate and confirm if the estrous cycle 

changes associated with changes in cardiac gene system expression that we observed previously 

are indeed attributable to sex hormones, namely estrogen; and 3) to underline and support the idea 

that males and females are inherently different, and that each sex should be considered and thus 

treated as such.   

  The development of CH is considered a primary risk factor for CVD as these abnormal 

compensatory cellular adaptations, as a consequence of pathological stimuli such as chronically 

elevated hemodynamic demands and adverse biomechanical stresses, can ultimately lead to 

arrhythmia, heart failure and death [21].  The effect of estrogen on the modulation of cardiac gene 

systems, primarily through estrogen receptor β, affects the development of the CH response and 

is thought to contribute to its cardioprotective function in women [50,52,228,229].  The cardiac 

NP and NOS systems modulate the CH response and are able to be activated by systemic 

estrogen.  E2 has been found to attenuate the development of pressure-overload hypertrophy 

induced by transverse aortic constriction (TAC) and has been linked to an upregulation in ANP 

expression [56].  This E2-induced activation of ANP was further confirmed in the rat heart [230].  

Sangaralingham et al. also demonstrated the involvement of the NP system in E2-mediated 

protection from salt-induced cardiac hypertrophy in heterozygous proANP gene-disrupted   

(ANP+/-) mice [216].  In addition, E2 has been found to stimulate components of the NOS system, 

iNOS and eNOS, in the myocardium as evidenced from assessment of the effect of E2 on 

neonatal and adult rat cardiomyocytes [212]. The link between E2 and downstream eNOS 

signaling was confirmed in a study that showed that OVX-mediated augmentation of pressure 
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overload hypertrophy caused resultant changes in Akt and NOS signaling pathways [214].  

Further investigation into the impact of pressure overload and E2 signaling has revealed that 

iNOS activity is mediated primarily by response to pressure overload and eNOS activity is 

mediated by E2 signaling [231]. 

Enlisting the use of the ANP-/- mouse model, the interrelation between the NP and NOS 

systems and their subsequent impact on downstream cGMP was further delineated previously, 

confirming the existence of sex-specific differences in the expression of these two systems, as 

well as an additional level of estrous cycle-mediated regulation of the NOS system [223].  

However tempting it is to directly attribute these gene expression changes to sex hormones, it is 

important to note that the estrous cycle is a physical manifestation of multiple, complex signaling 

mechanisms, and sex hormones only play a part.  Thus, this study sought to confirm if in fact 

these observed estrous cycle-mediated cardiac gene expression changes were indeed attributable 

to estrogen.   

Ovariectomy (OVX) and subsequent reintroduction of E2 into female ANP+/+ and ANP-/- 

mice served multiple purposes: firstly, removal of the ovaries permitted assessment of potential 

sex-specific, ovary-independent factors that may contribute to sex dimorphic expression of 

cardiac gene systems when comparing male ANP+/+ and ANP-/- mice age-matched with female 

OVX-VEH ANP+/+ and ANP-/- mice.  Secondly, reintroduction of E2 in the female ANP+/+ and 

ANP-/- OVX-E2 treatment groups permitted demonstration of the sole effects of E2 on the 

expression of cardiac gene systems.  This study sought to confirm how E2 signaling is facilitated 

in tandem through these two converging pathways, independent of other ovary specific factors 

and sex hormones, an opportunity conveniently permitted by the ANP-/- mouse model. 
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The ANP-/- mouse is chronically hypertensive and possesses significant cardiac 

hypertrophy compared to its wildtype counterpart.  As expected, male, female OVX-VEH and 

female OVX-E2 ANP-/- mouse treatment groups exhibited significant cardiac hypertrophy 

compared to their respective ANP+/+ treatment groups.  Treatment with E2 did not impact the 

extent of cardiac hypertrophy compared with vehicle treated groups in each respective genotype.   

Analysis of expression of the NP system components, ANP, BNP, NPR-A and NPR-C 

was accomplished by qPCR.  There was no significant difference in the expression of these genes 

across genotype, sex and E2 treatment.  Expression of ANP was slightly elevated in male ANP+/+ 

mice compared with female OVX-VEH and OVX-E2 ANP+/+ mice, a pattern that was found 

previously when comparing ANP expression in male ANP+/+ mice compared with female ANP+/+ 

mice with intact ovaries in proestrus [223].  The absence of changes in the NP system despite 

OVX and reintroduction of E2 was surprising but not wholly unexpected.  The wealth of studies 

designating the NP system as a downstream target of E2, often enlist transverse aortic 

constriction (TAC) or other stressful means of procuring a pressure-overload hypertrophy in 

animal models [213,232,233].  The finding that reintroduction of E2 in OVX female mice, 

regardless of genotype, does not alter expression of NP system components confirms that 

although E2 is capable of enlisting the NP system, it only does so in instances of significant 

pathological insult and stress in order to contribute to the upregulation of downstream cGMP. 

Interestingly, it was the expression of NOS system components, iNOS, eNOS, sGCα1 and 

sGCβ1 that demonstrated and confirmed sex-specific differences as well as the overriding 

regulation by E2.  Levels of eNOS were significantly elevated in female OVX-VEH ANP+/+ mice 

compared with male ANP+/+ mice.  As well, levels of both iNOS and eNOS were significantly 

elevated in female OVX-VEH ANP-/- mice compared with male ANP-/- mice.  This finding is 
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significant because it provides clear indication that the presence of sex hormones in females with 

intact ovaries cannot alone account for the sex-specific differences in cardiac gene expression.  

Even despite removal of the ovaries, a surgical intervention that should in theory render females 

as phenotypic males, there is something ovary-independent and intrinsically female that 

contributes to the significantly higher levels of iNOS and eNOS in females compared to males.  

This observation of ovary independent sex-specific differences is similar to one made by 

O’Connell et al.; they noted that ovariectomy of females did not ablate the sex-specific 

differences observed in the function of α1-adrenergic receptors and their impact on heart size and 

response to pathological and physiological stimuli [234].   

Analysis of the NOS system gene expression revealed an overarching trend towards 

increased expression of NOS system components in female OVX-VEH ANP+/+ and ANP-/- mice 

compared to their respective male genotype counterparts.  Furthermore, reintroduction of E2 in 

female OVX-E2 ANP+/+ and ANP-/- mice resulted in a trend towards even higher NOS system 

component gene expression compared to both OVX-E2 and male ANP+/+ and ANP-/- mice.  

Expression of iNOS in female OVX-E2 ANP-/- mice was significantly higher compared to male 

ANP-/- mice.  In both ANP+/+ and ANP-/- mice, levels of eNOS, sGCα1 and sGCβ1 were 

significantly elevated in female OVX-E2 mice compared with male mice.  These findings 

demonstrate that the presence of E2 further augments the sex-specific differences observed in the 

expression of the cardiac NOS system.  The significantly decreased level of iNOS in female 

OVX-E2 ANP+/+ mice compared to female OVX-VEH ANP+/+ mice is somewhat surprising.  The 

classic understanding of E2 signaling involves the concurrent increase in iNOS and eNOS to 

facilitate downstream upregulation of cGMP production [212].  However, it has been noted that 

in some instances, including angiotensin II-based stimulation of endothelial cells, E2 can 
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effectively downregulate the expression of iNOS and eNOS [235].  One can also speculate that in 

a situation of minimal stress, where signaling through eNOS via E2 is sufficient and not requiring 

recruitment of a significant amount of iNOS could explain the lower levels of iNOS in female 

OVX-E2 ANP-/- mice compared with female OVX-VEH ANP-/- mice.  Regardless, these results 

show that the NOS system is a key system that is activated by E2, and demonstrates the sex 

dimorphic expression of cardiac genes; E2-mediated signaling through the NOS system may very 

well contribute to cardioprotective modulation of the cardiac remodeling response. 

As stated previously, both the NP and NOS systems converge on the downstream 

production of secondary messenger cGMP.  Further signaling initiated by cGMP acts on protein 

kinase G, which itself acts to inhibit cardiac hypertrophic signaling systems including the 

calcineurin-NFAT and Cam kinase signaling pathways [81,236].  For both ANP+/+ and ANP-/- 

mice, left ventricle tissue cGMP levels remained unchanged across sex, OVX and E2 treatment.  

This was expected due to the tight regulation of tissue cGMP levels; excess cGMP is immediately 

released into the systemic circulation or degraded by local phosphodiesterases [237].  Plasma 

cGMP levels in ANP+/+ mice remained unchanged across sex, OVX and E2 treatment.  In ANP-/- 

mice, there was no change in plasma cGMP when comparing male and female OVX-VEH.  

However, there was a significant increase in plasma cGMP in the female OVX-E2 ANP-/- mice 

compared to male and female OVX-VEH ANP-/- mice.  This shows that in the absence of the 

ANP signaling, E2 enlists the use of the NOS system, likely eNOS primarily, to upregulate 

cGMP.  In the instance of the ANP+/+ mice treatment groups, since the ANP signaling axis 

remains intact, both NP and NOS systems are working together to conserve the downstream 

levels of cGMP. 
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The results of this study further support and confirm the understanding that males and 

females are inherently different and as such, must ultimately be considered and treated 

differently.  As shown, sex dimorphic expression of specific cardiac gene systems is attributable 

to the presence of sex hormones.  Our findings indicate that in normal circumstances, E2 acts on 

both the NP and NOS systems to conserve downstream cGMP.  However, in the absence of the 

ANP signaling axis in the ANP-/- mouse, E2 primarily activates the cardiac NOS system, which in 

turn contributes to the significantly elevated systemic plasma cGMP.  Based on these findings of 

E2-mediated activation of the cardiac NOS gene system, it can be concluded that this particular 

system is an important contributor to the modulation of the CH response and the sex-specific 

cardioprotection observed in women.  By extension, we speculate that this particular system may 

be a promising target for the future development of sex-specific treatments for CVD.   
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3.6 Tables and Figures 

 

Table 3-1 Real-time qPCR primer sets, annealing temperatures (Ta) and standard curve 

efficiency values for the NP and NOS system genes assessed 

 

GENE SEQUENCE ANNEALING 

TEMPERATURES 

(Ta) 

STANDARD 

CURVE 

EFFICIENCY 

N
P 

Sy
st

em
 

ANP 

 

S CAAGAACCTGCTAGACCACC 

AS AGCTGTTGCAGCCTAGTCC 

62 °C 

63 °C 

2.036 

BNP 

 

S CCAGAGACAGCTCTTGAAGG 

AS TCCGATCCGGTCTATCTTG 

63 °C 

63 °C 

2.026 

 

NPR-A 

 

S CCAGCATCCTTCCATGAC 

AS GTTCCACATCCGCTGAGT 

61 °C 

61 °C 

2.047 

NPR-C 

 

S CAGCAGACTTGGAACAGGA 

AS CCATTAGCAAGCCAGCAC 

62 °C 

62 °C 

2.079 

N
O

S 
Sy

st
em

 

iNOS 

 

S CCAGGCTGGAAGCTGTAAC 

AS AGTGATGGCCGACCTGAT 

63 °C 

63 °C 

2.003 

eNOS 

 

S TTGAGGATGTGGCTGTGTG 

AS GAGTTAGGCTGCCTGAGATG 

63 °C 

63 °C 

1.988 

sGCα1 

 

S TGTGATCGCATCATGGTG 

AS CTCTGTTGGCTCCTTAGGAA 

61 °C 

62 °C 

2.089 

sGCβ1 

 

S TTCGTCTTCTGCCAGGAGT 

AS CCGAGTAGTAGTGCAGGATGA 

63 °C 

63 °C 

2.087 

 GAPDH 

 

S TGACTCCACTCACGGCAA 

AS ACTCCACGACATACTCAGCAC 

63 °C 

63 °C 

1.909 

Sense (S, forward direction), Anti-Sense (AS, reverse direction) 
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Table 3-2 Cardiac mass and plasma 17β-Estradiol (E2) levels for male, female OVX-VEH 

and female OVX-E2 ANP+/+ and ANP-/- mice 

 

GENDER GENOTYPE TREATMENT E2 

(pg/mL) 

n LVW (mg) BW (g) LVW/BW 

(mg/g) 

Male ANP+/+ n/a n/a 4 77.3 ± 4.1 23.8 ± 0.9 3.2 ± 0.1 

ANP-/- n/a n/a 4 123.1 ± 9.5 29.5 ± 0.5 4.2 ± 0.4**  

 

Female 

ANP+/+ OVX-VEH 5.6 ± 1.7 5 65.3 ± 3.2 24.8 ± 0.6 2.7 ± 0.2 

ANP-/- OVX-VEH 3.2 ± 1.5 5 91.2 ± 3.6 24.1 ± 0.5 3.8 ± 0.1** 

ANP+/+ OVX-E2 50.3 ± 9.5* 5 69.5 ± 3.6 24.0 ± 1.0 2.9 ± 0.1 

ANP-/- OVX-E2 19.5 ± 2.5* 6 105.5 ± 7.2 26.1 ± 0.6 4.0 ± 0.2** 

* P ≤ 0.05 compared to OVX-VEH of the same respective genotype, using unpaired Student’s t test.N=4-5. 

** P ≤ 0.05 compared to ANP+/+ genotype in males, and compared to ANP+/+ genotype and treatment (VEH 

or E2) in females, using 2-way ANOVA and Bonferroni’s post hoc test. N=4-6. 
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Figure 3-1 NP System Gene Expression - ANP mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP+/+ mice (A); BNP mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP+/+ mice (B), BNP mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP-/- mice (C); NPR-A expression in male, female OVX-VEH 

and female OVX-E2 ANP+/+ mice (D), NPR-A mRNA expression in male, female OVX-VEH 

and female OVX-E2 ANP-/- mice (E); NPR-C expression in male, female OVX-VEH and 

female OVX-E2 ANP+/+ mice (F), NPR-C mRNA expression in male, female OVX-VEH and 

female OVX-E2 ANP-/- mice (G); Data are presented as means ± S.E.M. * P ≤ 0.05, using 

one-way ANOVA and Tukey’s post hoc test.  N=4-6. 
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Figure 3-2 NOS System Gene Expression - iNOS mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP+/+ mice (A), iNOS mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP-/- mice (B); eNOS mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP+/+ mice (C), eNOS mRNA expression in male, female OVX-

VEH and female OVX-E2 ANP-/- mice (D); sGCα1 expression in male, female OVX-VEH 

and female OVX-E2 ANP+/+ mice (E), sGCα1 mRNA expression in male, female OVX-VEH 

and female OVX-E2 ANP-/- mice (F); sGCβ1 expression in male, female OVX-VEH and 

female OVX-E2 ANP+/+ mice (G), sGCβ1 mRNA expression in male, female OVX-VEH and 

female OVX-E2 ANP-/- mice (H); Data are presented as means ± S.E.M. * P ≤ 0.05, using 

one-way ANOVA and Tukey’s post hoc test.  N=3-4. 
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Figure 3-3 Left ventricle tissue cGMP (pmol/g) in male, female OVX-VEH and female 

OVX-E2 ANP+/+ mice (A) and in male, female OVX-VEH and female OVX-E2 ANP-/- mice 

(B). Plasma cGMP concentrations (pmol/mL) in male, female OVX-VEH and female OVX-

E2 ANP+/+ mice (C) and in male, female OVX-VEH and female OVX-E2 ANP-/- mice (D). 

Data are presented as means ± S.E.M. * P ≤ 0.05, using one-way ANOVA and Tukey’s post 

hoc test.  N=3-6. 
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Chapter 4 

Sex dimorphic expression of cardiac vasoactive gene systems in ANP 

gene-disrupted mice in response to Angiotensin II-mediated pressure 

overload 

4.1 Abstract 

 

Sex dimorphism in the prevalence, onset, progression and severity of cardiovascular disease 

(CVD) is widely recognized. Female-specific sex hormones continue to be an intuitive target for 

study due to accepted epidemiological observations of significant increases in CVD-related 

events in women following cessation of sex hormone production at menopause.  However, 

knowledge pertaining to intrinsic sex-specific differences, aside from immediate sex hormone 

influence, in the molecular and physiological changes associated with the presence of significant 

chronic exogenous cardiac stresses still remains incomplete.  The purpose of this study is to 

investigate sex dimorphism in the cardiac molecular and physiological changes in response to 

ANGII-mediated pressure overload.  A secondary objective is to examine how the loss of ANP in 

the ANP gene-disrupted (ANP-/-) mouse promotes further compensatory cardiac adaptations.  

Male and female ANP+/+ and ANP-/- mice, 9-10 weeks old, were treated for two weeks with either 

vehicle (VEH) or Angiotensin II (ANGII, dosage of 0.9 mg/kg/day) via osmotic pump.  Left 

ventricular expression of the four cardiac vasoactive systems, natriuretic peptide (NP), nitric 

oxide synthase (NOS), renin-angiotensin (RAS), and endothelin (ET) systems was assessed by 

real-time quantitative PCR (qPCR).  Plasma and left ventricle levels of cyclic 3’,5’-

monophosphate (cGMP) were measured to determine downstream effects of NP and NOS system 

signaling.  Separate subsets of treated mice were used to measure systolic blood pressure (SBP) 
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by non-invasive tail-cuff method, assess changes in cardiac function by ultrasonography and 

examine histological changes associated with ANGII treatment.  Treatment with ANGII resulted 

in a significant increase in left ventricle (LV) to tibia length (TL) ratios in both sexes and 

genotypes. Sex-specific differences in the expression of cardiac vasoactive systems were 

observed, indicative of interrelated compensatory molecular adaptations to pressure-overload 

cardiac stress.  SBP measurements confirmed successful ANGII administration.  

Echocardiographic analysis confirmed increase in LV mass and revealed trends of left ventricular 

dysfunction in response to ANGII treatment.  Histological analysis demonstrated ANGII-

mediated increases in fibrotic deposition in both sexes and genotypes.  The findings of this study 

confirm that males and females differ in their response to ANGII-mediated pressure overload, 

providing evidence that further investigation into the development of sex-specific CVD 

treatments is warranted. 

 

4.2 Introduction 

 

 Cardiovascular disease (CVD) is a leading cause of global morbidity and mortality 

accounting for 33.7% of all deaths in the Americas [238].  Within the past decade, the rate of 

death attributable to CVD has declined, but two facts remain: the burden of CVD remains high, 

and rate of death due to CVD is persistently higher in men than women [220].  Direct 

comparisons between both sexes with regard to the prevalence, onset and progression of CVD are 

often unavoidably obscured by overriding considerations such as the increased incidence of 

CVD-associated risk factors associated with aging, and the cessation of female sex hormone 

production at menopause.  Despite this, it has been observed that on average, women continue to 

experience adverse cardiovascular events a decade later than men [30].  As well, historically the 



 

 

 

82 

onset of menopause is strongly linked to increased CVD incidence, implying that sex-specific 

hormones possess a cardioprotective function [63].  Direct attribution of intact sex-specific 

hormone-mediate signaling to observed CVD-related sex differences is now rightfully cautioned, 

especially in light of inconclusive results from hormone replacement therapy clinical trials 

[32,67].  Despite this, it is well recognized that sex itself is a CVD risk factor; males and females 

are inherently different.  This is strongly supported by Kappert et al., who recently reported that 

sex significantly influences the incidence of cardiovascular events in patients with vascular 

disease and high-risk diabetes mellitus; females have a lower net cardiovascular risk and 

incidence of myocardial infarction compared to males [36]. 

 Cardiac hypertrophy (CH) is considered a primary independent risk factor for the 

development of adverse cardiovascular events including myocardial infarction, heart failure and 

death [239].  Adaptations of the myocardium are the result of a re-induction of fetal gene 

programs in response to chronic pathological biomechanical stresses placed on the heart [240].  

The loss of the ANP peptide, an essential modulator of the cardiac hypertrophy (CH) response, in 

the ANP gene-disrupted mouse (ANP-/-) establishes a mouse model that is chronically 

hypertensive and exhibits significant cardiac hypertrophy compared to its wildtype counterpart.  

As such, this mouse model is an exciting means to explore not only the progression and 

pathology of CH and its direct correlation to CVD, but also the inherent sex-specific differences 

that exist both in the presence or absence of ANP-mediated signaling. 

 Previously, we identified the presence of sex-specific differences in the expression of 

cardiac natriuretic peptide (NP) and nitric oxide synthase (NOS) gene systems in the ANP-/- 

mouse, demonstrating how each sex enlists a different predominant system to modulate the CH 

response through conservation of downstream cGMP.  As well, NOS system gene expression in 
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females fluctuated in response to changes in the estrous cycle.  Furthermore, treatment of 

ovariectomized (OVX) female mice with 17β–Estradiol (E2) revealed that estrogen signals 

through the cardiac NOS system; in the absence of ANP, estrogen signals through eNOS to 

upregulate systemic plasma cGMP [241].  These findings indicate and confirm that sex hormones 

assist in mediating the cardioprotective response, and contribute in part to observed sex-specific 

cardiovascular differences. 

 The purpose of this current study is to determine and characterize the sex dimorphic 

cardiac response to a significant exogenous stressor, pressure overload by Angiotensin II 

infusion.  Analyses of expression of the cardiac vasoactive systems by quantitative real-time PCR 

(qPCR), physiological changes using non-invasive tail-cuff blood pressure measurement, 

ultrasonography and histology, in response to pressure-overload will permit a greater 

understanding of sex-specific differences in the compensatory and pathological adaptations of the 

heart, in hopes that further insight and research will lead to the development of targeted sex-

specific treatments for CVD.  

 

4.3 Materials and Methods 

 

4.3.1 Experimental Animals 

 

ANP+/+ and ANP-/- mice were bred and maintained by Animal Care Services at Queen’s 

University, Kingston, Ontario, Canada.  This colony was established from breeding pairs 

originating from the laboratory of Oliver Smithies, and has been maintained at Queen’s 

University since 1995.  Mice were housed in plastic cages (maximum of four animals per cage), 

maintained at room temperature (21 ± 1 °C) on a 12 hour light: 12 hour dark schedule, and 
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allowed access to normal mouse chow and tap water ad libitum.  Animal protocols were approved 

by the Animal Care Committee at Queen’s University in accordance with the Canadian Council 

on Animal Care.  A tail sample from experimental mice retrieved at 21 days and processed for 

genotyping using a previously published PCR-based method [194] 

 

4.3.2 Angiotensin II Infusion by Osmotic Pump 

 

Angiotensin II (Cat# 12-1-34A, American Peptide Company, Sunnyvale, CA, USA), at a dosage 

of 0.9 mg/kg/day, was delivered via osmotic pumps (Alzet Osmotic Pumps, Model No. 2002, 

Durect Corporation, Cupertino, California, USA) implanted subcutaneously for two weeks in 9-

10 week old male and female ANP+/+ and ANP-/- mice.  Briefly, each experimental mouse was 

anesthetized by isoflurane, the dorsum shaved, and a single incision made in the upper dorsal 

scapular region contralateral to the side of the final placement of the osmotic pump.  A small 

glass rod dipped in Lactated Ringers solution was used to create a pocket in the subcutaneous 

tissue on the side contralateral to the incision.  Following implantation of the osmotic pump, the 

incision was closed by discontinuous suture, and reinforced by a small amount of tissue glue.  

Bupivacaine (one dose post-surgery, 1 mg/kg body weight) and Metacam (two doses, one dose 

post-surgery and the second 24 hours post-surgery, 1 mg/kg body weight) were administered for 

post-operative pain management.    

 

4.3.3 Non-Invasive Tail Cuff Blood Pressure Measurement 

 

Systolic blood pressure (SBP) was measured non-invasively by determining tail blood volume 

with a volume pressure recording sensor and an occlusion tail-cuff (Coda System, Kent Scientific 
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Corporation, Torrington, CT, USA).  A separate subset of experimental mice underwent daily 

training two weeks prior to osmotic pump implantation to acclimatize to the restraints.  Mice 

were 9-12 weeks of age at time of osmotic pump implantation.  Blood pressure measurements 

were taken prior to osmotic pump implantation and two weeks post osmotic pump implantation to 

assess efficacy of angiotensin II delivery.  Following osmotic pump implantation, mice were 

allowed to recover for one week, and training in the restraints resumed for one week in 

preparation for the final blood pressure measurements.  For each mouse, each set of blood 

pressure measurements consisted of 25 cycles; verified true readings were selected and the 

average of the median 50% of the verified true readings was calculated.  Where possible, the 

average of the final calculated means of two different days was used in the reporting of systolic 

blood pressure.  Using these final values, the percent increase in SBP in response to ANGII 

treatment was calculated. 

 

4.3.4 Plasma and Tissue Collection 

 

Collection of plasma and cardiac tissues was accomplished by a previously published method 

[223].  Plasma and tissue collection from female experimental mice was accomplished only after 

confirmation these mice were in diestrus using vaginal smear cytology.  Mice were anesthetized 

using Somnotol (100 mg/kg body weight).  Blood was collected by cardiac puncture and added to 

tubes containing aprotinin (1,000 KIU/mL) and disodium ethylenediaminetetraacetic acid 

(EDTA, 2 µmol/mL).  Blood samples were centrifuged at 8,000 x g for 10 minutes and the 

retrieved plasma was stored at -80 °C.  Following blood collection, the four heart chambers, left 

and right atria, left ventricle (including ventricular septum) and right ventricle, were dissected, 
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separated, weighed and divided into smaller 25 mg pieces, snap frozen in liquid nitrogen and 

stored at -80 °C.   

 

4.3.5 RNA Isolation and Reverse Transcription to cDNA 

 

A modified Trizol method utilizing a high pure RNA tissue isolation kit (catalog #: 11828665001, 

Roche Scientific Co., Laval, QC, Canada) was enlisted to isolate left ventricle tissue RNA.  

Reverse transcription of RNA to cDNA was accomplished using a high-capacity cDNA reverse 

transcription kit (Applied Biosystems, Streetsville, ON, Canada).  Protocols were performed 

according to the manufacturer’s instructions; further experimental protocol details are previously 

published [223]. 

 

4.3.6 Real-Time Quantitative PCR (qPCR) 

 

Analysis of expression of the cardiac NP, NOS, RAS and ET systems were determined relative to 

GAPDH mRNA using qPCR (Roche Lightcycler 480 II System, Laval, QC, Canada).  Roche 

Lightcycler 480 II internal software was used to determine relative quantification of gene 

expression by plotting crossing point (Cp) values against standard curves derived from each 

specific primer set.  Primer sets were designed using Primer Designer version 2.01 (Scientific and 

Educational Software, Cary, Indiana, USA) in accordance with published GenBank sequences 

(www.ncbi.nlm.nih.gov/Genbank).  Conventional PCR was used to confirm that these primer sets 

amplified a single amplicon of the correct size.  These primer sets along with their respective 

annealing temperatures and standard curve efficiencies are listed in Table 4-1.  Only primer sets 

yielding efficiencies within a range of 1.7-2.1 were used.   
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4.3.7 Cyclic 3’,5’-Monophosphate (cGMP) Enzyme Immunoassay 

 

Left ventricle tissue and plasma levels of cGMP were measured using a cGMP enzyme 

immunoassay (EIA) kit (item no: 581021, Cayman Chemical Company, Ann Arbor, MI, USA).  

The detection limit for this assay is 0.1 pmol/mL.  The immunoassay was carried out according to 

the manufacturer’s instructions; further details pertaining to the cGMP extraction from both left 

ventricle tissue and plasma are previously published [223]. 

 

4.3.8 Ultrasonography 

 

Twelve week-old male and female ANP+/+ and ANP-/- mice were imaged by ultrasound (Vevo770 

high-frequency, microultrasound system, VisualSonics, Toronto, ON, Canada).  These scans were 

accomplished using a 707B, 30MHz transducer to obtain a left ventricular long axis M-mode cine 

loop at mid-papillary level.  Post-acquisition, cardiac measurements were derived from the M-

mode cine loop via LV trace, and Vevo770 software computed these measurements to calculate 

LV mass (normalized to body mass), cardiac output (CO), stroke volume (SV), ejection fraction 

(EF) and fractional shortening (FS).  Pulsed wave and tissue Doppler of the mitral valve (MV) 

was undertaken to calculate E/A and E/E’ ratios, diagnostic indicators of diastolic dysfunction.  

Specific details pertaining to the standard operating procedures of the ultrasonography scans were 

described previously [242].  Osmotic pumps containing VEH or ANGII were implanted in ten 

week-old mice for two weeks.  At the end of the two-week treatment, each mouse underwent an 

ultrasound scan to assess changes in cardiac function due to treatment.   
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4.3.9 Histology 

 

A separate set of male and female ANP+/+ and ANP-/- mice was treated with either ANGII or VEH 

via osmotic pump implantation.  Following the two-week treatment, the mice were anesthetized 

with Somnotol (100 mg/kg body weight) and perfused through the left ventricle with perfusion 

buffer (140 mM NaCl, 10 mM KCl, 5 mM EDTA) for five minutes followed by 4% 

paraformaldehyde in PBS for ten minutes.  Hearts were processed in graded solvents and 

embedded in paraffin and then cut into five µm sections.  Following clearance of paraffin, cardiac 

tissue sections were rehydrated and stained using Picrosirius Red (0.1% Direct Red 80, No. 

365548, Sigma in 1 % picric acid), and stained slides were washed with water, dehydrated and 

mounted with SHUR/Mount (Triangle Biomedical, Durham, NC, USA)   

 

4.3.10 Data and Statistical Analysis 

 

Left ventricle tissue weight to tibia length ratios of male and female ANP+/+ and ANP-/- mice 

treated with VEH or ANGII were compared using 2-way ANOVA with Bonferroni’s post hoc 

test.  Percent increase in SBP, all mRNA gene expression data using qPCR, assessment of cGMP 

levels in both left ventricle tissue and plasma, and all cardiac measurements and calculations 

acquired by ultrasound were compared using two-way ANOVA with Tukey’s post hoc test.  

Statistical analysis by two-way ANOVA was selected to allow for the inclusion of comparisons 

between sexes and treatment groups.  Data were plotted and statistical analysis was performed 

using Graph Pad Prism 6 software (La Jolla, CA, USA).  All data are presented as means ± SEM.  

P ≤ 0.05 was considered statistically significant. 
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4.4 Results 

 

4.4.1 Left Ventricle/Tibia Length Ratio 

 

Left ventricle mass and tibia length data for experimental male and female ANP+/+ and ANP-/- 

mice treated for two weeks with either VEH or ANGII via osmotic pump are presented in Table 

4-2.  Left ventricle mass rather than whole heart mass was used to calculate the final ratio against 

tibia length (LV/TL) because it is well recognized that left ventricle mass is a better indicator of 

the cardiac changes associated with hypertension and pressure overload.  Regardless of genotype 

or sex, experimental mice treated with ANGII exhibited significant increases in left ventricle 

mass normalized to tibia length, compared to their genotype and sex matched VEH treatment 

group.  Male ANP+/+ mice treated with ANGII exhibited a 25.5% increase in LV/TL compared to 

male ANP+/+ mice treated with VEH; Male ANP-/- mice treated with ANGII exhibited a 28.6% 

increase in LV/TL compared to male ANP-/- mice treated with VEH.  Female ANP+/+ mice treated 

with ANGII exhibited a 37.5% increase in LV/TL compared to female ANP+/+ mice treated with 

VEH; Female ANP-/- mice treated with ANGII exhibited a 39.3% increase in LV/TL compared to 

female ANP-/- mice treated with VEH. 

 

4.4.2 Systolic Blood Pressure Measurement 

 

Systolic Blood Pressure (SBP) measurements were conducted in experimental male and female 

ANP+/+ and ANP-/- mice treated for two weeks with either VEH or ANGII via osmotic pump to 

confirm successful administration of ANGII.  Treatment with ANGII resulted in chronic 

elevation of SBP in both male and female ANP+/+ and ANP-/- mouse treatment groups; the percent 
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increases in SBP in response to ANGII treatment are shown in Figure 4-1.  No significant 

differences in percent increase in SBP were observed.  However, in each genotype, there was a 

pattern of greater percent increase in SBP in female mice treated with ANGII compared to male 

mice treated with ANGII, and an overall pattern of greater increase in SBP in male and female 

ANP-/- mice compared to male and female ANP+/+ mice. 

 

4.4.3 Cardiac Natriuretic Peptide System 

 

Expression of cardiac NP system genes, ANP, BNP, their receptor NPR-A, and the clearance 

receptor NPR-C, are presented in Figure 4-2.  In ANP+/+ mice there was an increased expression 

of ANP in both sexes in response to ANGII treatment, but this increase in ANP expression was 

only found to be significant in female ANP+/+ mice.  ANGII treatment significantly increased 

BNP expression in male and female ANP+/+ mice as well as male ANP-/- mice.  The pattern of 

increased BNP expression in response to ANGII treatment was present in female ANP-/- mice but 

the comparison was not statistically significant.  No significant changes in NPR-A and NPR-C 

expression were observed in male and female ANP+/+ mice in response to ANGII treatment.  

NPR-A expression was significantly elevated by ANGII treatment in female ANP-/- mice but not 

in male ANP-/- mice.  No significant changes in NPR-C expression in male and female ANP-/- 

mice were observed in response to ANGII treatment. 

 

4.4.4 Cardiac Nitric Oxide Synthase System 

 

Figure 4-3 presents the expression of components of the cardiac NOS system, iNOS, eNOS, 

sGCα1, sGCβ1.  No significant changes for iNOS, sGCα1 and sGCβ1 in both sexes and genotypes 
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were observed in response to ANGII treatment.  A significant elevation of eNOS expression was 

observed in female ANP-/- mice treated with ANGII compared to the female ANP-/- mice VEH 

controls.  There was a pattern of increased expression of sGCα1 in male and female ANP-/- mice 

treated with ANGII, compared to VEH, but within each sex, neither comparison was found to be 

statistically significant. 

 

4.4.5 Cardiac Renin-Angiotensin System 

 

Cardiac RAS system genes, AGT, ACE1 and the receptor for ANGII, AT1A, are shown in Figure 

4-4.  No changes in AGT gene expression were observed in male and female ANP+/+ and ANP-/- 

mice in response to ANGII treatment.  ACE1 expression in male ANP+/+ and ANP-/- and female 

ANP-/- mice was significantly elevated in response to ANGII treatment; ACE1 expression in 

female ANP+/+ mice treated with ANGII was unchanged compared to VEH control.  AT1A 

expression in response to ANGII treatment was lower in both sexes and genotypes; this decrease 

in AT1A expression was statistically significant in female ANP-/- mice. 

 

4.4.6 Cardiac Endothelin System 

 

Figure 4-5 presents the expression of ET-1, and receptors ETA and ETB, components of the 

cardiac ET system.  ET-1 and ETA gene expression was unchanged in response to ANGII 

treatment in male and female ANP+/+ mice.  ET-1 and ETA gene expression in ANP-/- mice treated 

with ANGII was unchanged in males, but significantly elevated in females.  In both sexes and 

genotypes there was a pattern of increased ETB expression in response to ANGII treatment 

compared to VEH controls, but this was only statistically significant in female ANP+/+ mice. 
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4.4.7 Cyclic guanosine 3’,5’-monophosphate (cGMP) Enzyme Immunoassay 

 

Left ventricle tissue and plasma cGMP levels are found in Figure 4-6.  In ANP+/+ mice there was 

a pattern of higher left ventricle cGMP in both sexes in response to ANGII treatment, but neither 

comparison within each sex was found to be statistically significant.  In ANP-/- mice, there was a 

pattern of lower left ventricle cGMP in both sexes in response to ANGII treatment, but neither 

sex-based comparison was found to be statistically significant.  Treatment with ANGII did not 

significantly alter plasma cGMP levels in male and female ANP+/+ and ANP-/- mice. 

 

4.4.8 Ultrasonography 

 

Figure 4-7 and Figure 4-8 summarize cardiac measurements and calculations derived from 

cardiac ultrasound analysis of experimental mice.  Increases in LV mass/Body mass ratio were 

statistically significant in ANGII treated male and female ANP+/+ and ANP-/- mice compared to 

their respective VEH controls except for the male ANP-/- mouse ANGII treatment group.  This 

closely follows the pattern of LV-TL ratios found in Table 4-2.  Stroke volume (SV) was 

unchanged in male ANP+/+ and ANP-/- mice in response to ANGII treatment.   In females, ANGII 

treatment resulted in lower SV but this was statistically significant in only female ANP+/+ mice.  

Cardiac Output (CO) was unchanged in male ANP+/+ and ANP-/- mice in response to ANGII 

treatment.   In females, ANGII treatment resulted in lower CO but this was statistically significant 

in only female ANP+/+ mice.  Ejection Fraction (EF) and Fractional Shortening (FS) were 

unchanged in both sexes and genotypes in response to ANGII treatment.  With the exception of 

male ANP-/- mice, MV E/E’ ratios were increased in ANGII-treated mice, but this was only 

statistically significant in female ANP+/+ mice. 
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4.4.9 Histology 

 

Figure 4-9 shows histological changes associated with ANGII treatment, with cross sections of 

the left and right ventricle stained with Picrosirius Red to assess extent of fibrosis development.  

Treatment with ANGII resulted in an increase in cardiac fibrotic deposition in both sexes and 

genotypes; fibrosis was particularly evident in the region of the papillary muscles.  

 

4.5 Discussion 

 

Sex has long since been considered an independent risk factor for CVD.  But while the 

existence of sex-specific differences in CVD prognosis and clinical outcomes is often recognized, 

the practical transfer of these considerations of sex-related implications for CVD to the clinical 

setting has been delayed.  Women continue to be underrepresented in clinical studies and 

pharmacological trials [243].  Sex-specific pharmacokinetic and pharmacodynamic effects 

continue to be identified and recognized, but a more extensive sex-based analysis and more 

closely delineated sex-specific dosage recommendation of drugs reviewed by the Food and Drug 

Administration (FDA) still remains a desirable clinical goal [244].  Stramba-Badiale and Priori 

encourage and champion a move towards gender-specific prescription for CVD [245].  As 

research in the basic sciences continues to reveal the intricacies of the molecular and 

physiological basis of sex dimorphism in CVD, it is hoped that this knowledge and understanding 

will subsequently be successfully transmitted into clinical practice.   

 Previously, sex-specific differences have been observed in the expression of cardiac NP 

and NOS systems that are responsible for the modulation of the cardiac hypertrophy response 

through combined downstream production of cGMP; the NP system was found to be 
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predominantly enlisted by male mice, while the NOS system was upregulated in female mice 

[223].  Furthermore, NOS system gene expression was affected by cyclical changes in the estrous 

cycle.  The implications of these findings not only supported the idea of a female-specific means 

of cardiac gene regulation, but also implied an additional role of female sex hormones in the 

regulation of cardiac gene systems.   

 Ovariectomy of female mice and subsequent reintroduction of E2 in female ANP+/+ mice 

revealed significant increases in NOS system expression that contributed to downstream 

preservation of left ventricle tissue and plasma cGMP.  Contrastingly, in the absence of ANP, E2 

treatment in the female ANP-/- mouse caused significant upregulation of the NOS system, 

contributing to a significant elevation in downstream plasma cGMP.   While these findings 

confirm an E2-mediated means of cardiac NOS system regulation, it is interesting to note that 

sex-specific differences in NOS system expression were already present in both genotypes and 

that treatment with E2 served to further enhance these sex-specific differences.  This suggests an 

additional dimension of sex dimorphism in the expression of cardiac gene systems, one that is not 

necessarily sex hormone dependent. 

 To further address and confirm the existence of sex dimorphic cardioprotective 

mechanisms, this current study examined sex-specific differences in ANP+/+ and ANP-/- mice in 

response to pressure overload by ANGII.  Pressure overload models have been used extensively 

to demonstrate the cardioprotective function of sex hormones.  The most popular models have 

been transverse aortic constriction [246] and ANGII infusion [24].  The significant invasiveness 

of the TAC surgical model of pressure overload, coupled by the significant stress associated with 

further subjecting experimental mice to SBP measurements and cardiac ultrasound scans, were 
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the primary justifications for using ANGII to induce pressure overload cardiac hypertrophy in this 

study. 

 Treatment with ANGII resulted in a statistically significant increase in cardiac mass in 

both sexes and genotypes as evidenced by the LV/TL ratios.  This significant increase in LV/TL 

was more pronounced in females (37.5% and 39.3% in ANP+/+ and ANP-/- female mice 

respectively) compared to males (25.5% and 28.6% in ANP+/+ and ANP-/- male mice 

respectively).  SBP measurements by non-invasive tail cuff were undertaken to confirm 

successful ANGII administration via osmotic pump implantation.  Percent increase in SBP was 

higher in females of both genotypes compared to males, but the sex differences in percent 

increase in SBP were not statistically significant. This finding infers that despite the more 

pronounced cardiac hypertrophy in females compared to males, this did not necessarily translate 

into changes in blood pressure hemodynamics; ANGII treatment appears to affect both sexes and 

genotypes in a similar fashion. 

 The four cardiac vasoactive systems, the NP, NOS, RAS and ET systems, exist to 

preserve homeostatic balance in the maintenance of cardiac function, and allow for compensatory 

and modulatory myocardial adaptations to external stresses placed on the heart.  ANGII treatment 

resulted in cardiac hypertrophy, which inflicted changes in the expression of these cardiac gene 

systems.   

 There are multiple factors to consider when examining cardiac adaptation in response 

chronic pressure overload by ANGII infusion. Presumably, ANGII acts on existing AT1A 

receptors in the heart to influence downstream gene pathways that promote CH; further gene 

system modulation influences and initiates pathological changes that eventually lead to heart 

failure [232].  Introduction of exogenous ANGII initiates a series of compensatory mechanisms 
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that altogether provide overall modulation of the CH response to dampen the severity of the 

effect, and as well locally mediate the CH response.  This is achieved by promoting 

preservationist adaptations, some maladaptive, such as increased fibrotic deposition and changes 

to the vasculature through dynamic alterations to the local endothelial cell milieu that affect 

adjacent vascular smooth muscle cells.  The systemic and local cardiac RAS-mediated 

myocardial changes as a consequence of ANGII-mediated pressure-overload, coupled by inherent 

mechanically-induced molecular and physiological changes in response to pressure overload, add 

further complexity when providing explanations and conclusions regarding this study’s findings.   

 The delicate interplay between the NP and NOS systems, particularly in relation to sex-

specific differences in gene expression, has been previously elucidated [223].  Both systems are 

important modulators of the CH response through their common ability to produce downstream 

cGMP.  In female ANP+/+ mice, there was a significant upregulation of both ANP and BNP in 

response to ANGII treatment.  The pattern of increased ANP and BNP in response to ANGII 

treatment was also observed in male ANP+/+ mice but was only statistically significant for BNP.  

ANP and BNP both bind to NPR-A and the clearance receptor NPR-C.  NPR-A expression was 

unchanged in both male and female ANP+/+ mice, suggesting that despite significant elevations of 

the ligand, NPR-A receptor levels were not consequentially altered to accommodate this change.  

NPR-C expression was also unchanged in response to ANGII treatment, demonstrating that even 

significant upregulation of ANP and BNP did not translate to increased clearance and 

internalization of these peptides.  Maintenance of both NPR-A and NPR-C levels in conjunction 

with significantly elevated levels of both ligands potentially allows for more effective NP system 

signaling in the male and female ANP+/+ mice treated with ANGII.   
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 In the ANP-/- mouse, BNP expression was significantly elevated in males but not females.  

Interestingly, there was a statistically significant elevation in NPR-A expression in female ANP-/- 

mice treated with ANGII that was absent in male ANP-/- mice treated with ANGII.  Thus, in the 

absence of ANP, BNP is upregulated in males treated with ANGII, but this does not translate to 

an increase in downstream NPR-A.  In contrast, while there was no change in BNP expression in 

ANP-/- females treated with ANGII, NPR-A expression was significantly elevated; in the absence 

of ANP and minimal changes in BNP expression due to ANGII treatment, the female ANP-/- 

mouse compensates by upregulating NPR-A to enhance downstream signaling and production of 

cGMP.  The expression pattern of BNP and NPR-A in male and female ANP-/- mice is a 

demonstration of sex dimorphism in the way that the expression of certain NP system 

components is altered when these mice are treated with ANGII.  No change in NPR-C expression 

in male and female ANP-/- mice in response to ANGII treatment was observed, demonstrating that 

peptide clearance function was unaltered to enhance BNP signaling through NPR-A. 

 The results of ANGII treatment on the expression of the cardiac NOS system were 

surprising, especially in light of our previous findings that female mice predominantly signal 

through the NOS system; widespread activation of NOS system components in female ANP+/+ 

and ANP-/- ANGII treatment groups would have been expected.  In this study using intact females 

cycled in diestrus, it was found that there were no significant changes in iNOS, sGCα1 and sGCβ1 

in response to ANGII treatment, across sex and genotype.  Expression of eNOS was unchanged in 

male and female ANP+/+ mice, as well as male ANP-/- mice.  However, eNOS expression was 

significantly elevated in female ANP-/- mice in response to ANGII treatment.  This is in line with 

our previous findings showing that in the absence of ANP, estrogen upregulates the NOS system 

in order to elevate downstream cGMP production.  While receptors sGCα1 and sGCβ1 in ANP-/- 
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mice did not demonstrate significant upregulation in either males or females, there was a pattern 

of increased sGCα1 and sGCβ1 in response to ANGII treatment indicating that the system is 

attempting to compensate, particularly in females, to allow for signaling through eNOS to affect 

downstream cGMP production.  The absences of changes in eNOS, sGCα1 and sGCβ1 in female 

ANP+/+ mice is indicative of the intact NP system; having both NP and NOS systems intact 

allows for a homeostatic balance that maintains downstream cGMP.  Alternately, the observation 

that the cardiac NOS system was relatively unchanged in both sexes and genotypes in response to 

ANGII treatment can also be explained by the existing interrelationship between the NP and NOS 

systems.  Since both of the systems converge on downstream production of cGMP, it is plausible 

that when faced with a chronic exogenous stress such as ANGII, the cardiac system responds by 

primarily and significantly upregulating the NP system to produce cGMP, in essence overriding 

signaling by the NOS system. 

 Approaching the effects of local cardiac RAS system components in response to chronic 

systemic changes in ANGII levels is complex, particularly when systemic RAS components, 

derived from other organs (renin from the kidney, AGT from the liver, ACE from the lungs) can 

themselves invoke resultant cardiac changes in conjunction with the local intracardiac RAS 

system.  More importantly, the existence of expression of local RAS system components suggests 

a more complex organization that is not necessarily susceptible to a systemic override, such as 

that which is initiated by ANGII infusion.  As well, another important prevailing argument and 

concern is the fact that it is very difficult to separate the direct manifestations of ANGII-mediated 

signaling from the subsequently related myocardial responses to mechanical pressure overload 

which is consequentially induced by ANGII.     
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 The acute response of ANGII-induced pressure overload, namely CH development, is 

caused by exogenous ANGII binding to cardiac AT1A receptors, initiating downstream activation 

of signal transduction pathways that eventually lead to cardiomyocyte hypertrophy, cardiac 

fibroblast proliferation and vasculature constriction [24,247].  AT1A left ventricular expression 

was lower in ANGII-treated male and female ANP+/+ and ANP-/- mice, but this was only 

statistically significant in female ANGII treated ANP-/- mice.  This decrease in AT1A expression is 

presumably a compensatory mechanism to dampen the effect of a chronic presence of ANGII.   

 The temptation to assume that changes in the expression of one gene necessarily promote 

a change in another must be avoided.  It is well recognized that AGT is converted to ANGII via 

ACE1, and ANGII is the ligand for AT1A receptors.  However, locally produced components of 

the RAS system may not necessarily impact each other in a predicted fashion, especially when 

exposed to chronic ANGII infusion.  

The observed pattern of upregulation of ACE1 in response to ANGII treatment was 

surprising; intuitively, it was assumed that an increase in systemic ANGII would downregulate 

local production of cardiac ACE1 as part of a negative feedback mechanism.  Nevertheless, the 

upregulation of ACE1 in ANGII treated male and female ANP+/+ and ANP-/- mice, statistically 

significant in all ANGII treatment groups except for the female ANP+/+ mouse evidences the 

existence of multiple interrelated variables that altogether contribute to the molecular and 

pathological cardiac changes exhibited by ANGII treated mice.  A possible explanation is that 

diminished local AT1A receptor signaling, along with a lack of change in local AGT expression 

could possibly encourage a local increase in ACE1 as a way to help mediate the local CH 

response.   
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ACE1 is expressed in both fibroblasts and endothelial cells, suggesting that it has roles 

both in cardiac remodeling through the development of fibrosis and maladaptive changes to the 

vasculature in response to chronically increased hemodynamics [248].  Thus, the observed 

elevation in local ACE1 may be indirectly related to the administered chronic ANGII infusion, an 

elevation that is required to maintain an established maladaptive fibrotic ventricular remodeling 

due to pressure overload.  In connection to this, the concurrent elevations in BNP observed in 

response to ANGII treatment may be a plausible cross-system compensatory mechanism to 

regulate adverse cardiac remodeling processes.  Cardiac fibroblasts also produce BNP; the 

expression of BNP is associated with the regression of cardiac fibrosis through induction of 

matrix metalloproteinases (MMP) that regulate fibrotic deposition [249].  Finally, Mazzolai et al. 

demonstrated that cardiac-specific overexpression of AGT induces myocardial hypertrophy but 

not fibrosis suggesting that the intracardiac RAS system serves to mediate the cardiac 

hypertrophy response [172].  Thus, it is possible that local cardiac ACE1 expression originates 

from activated cardiac fibroblasts, and may not necessarily be subject to negative feedback 

regulation as a result of the presence of chronic systemic ANGII.  The significantly increased 

fibrotic deposition demonstrated in the histology slides of Figure 4-9 stained with Picrosirius Red 

is indicative of the level of activation of the cardiac fibroblasts.  

The RAS system also impacts the vasculature by endothelial cell-mediated production 

and release of factors that regulate adjacent vascular smooth muscle cells in response to pressure 

overload.  ACE1 is expressed in the endothelial cells and its upregulation in endothelial cells 

would serve to increase the amount of locally produced ANGII to act on vascular smooth muscle 

cells to promote vasoconstriction by binding to AT1A receptors [250].  Increasing the amount of 
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ACE1 produced by endothelial cells would also compensate for the significantly decreased AT1 

expression observed in response to ANGII infusion.   

In addition, in female ANP-/- mice treated with ANGII, eNOS was upregulated; this may 

be indicative of a female specific estrogen-mediated counterbalance to upregulated intracardiac 

RAS to promote compensatory vasodilation through production of NO, in the absence of ANP.  

As well, ANGII has been shown to upregulate ET-1 and ETA to mediate vascular hypertrophy 

and increases in blood pressure [251].   This upregulation of ET-1 and ETA in female ANGII 

treated ANP-/- mice implies an additional dimension in the homeostatic balance created between 

multiple systems to preserve a functional working milieu for the vessels.   

Finally, in order to assess extent of cardiac dysfunction in response to ANGII, 

experimental male and female ANP+/+ and ANP-/- mice treated with ANGII and VEH were 

imaged using ultrasound.  Results from the LV trace by post-acquisition of the short-axis M-

mode cine loop confirmed that the elevations in LV mass/Body mass ratios were statistically 

significant in male ANP+/+, female ANP+/+, and female ANP-/- mice treated with ANGII; male 

ANP-/- mice treated with ANGII had an elevated LV mass/Body mass ratio compared to its VEH 

control, but this was not found to be statistically significant.  SV and CO were unchanged in 

males of both genotypes.  The pattern of decreased SV and CO, which was only significant in 

female ANP+/+ mice treated with ANGII, implies that female mice are more sensitive to external 

perturbances, particularly ANGII infusion.  EF and FS were unchanged across sex and genotype 

suggesting that LV systolic function was left unchanged by ANGII treatment.  MV E/E’ ratios 

were elevated in female ANP+/+ and ANP-/- ANGII treated mice but was only statistically 

significant in the ANP+/+ female mouse suggesting females fared poorer than males, presenting 

with mild left ventricle diastolic dysfunction [252].   
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The results of this study reveal that sex dimorphism exists in the patterns of gene expression 

and the patterns of resulting physiological changes that both males and females of the ANP+/+ and 

ANP-/- genotypes exhibit in a model of ANGII-mediated pressure overload.  While these results 

on the surface may imply that females fare worse than males in modulatory function in response 

to chronic insult, it could be argued that females are more sensitive to perturbations in the 

homeostatic milieu not only on a local but also a systemic scale.  This study carries implications 

for the equal use and prescription of CVD drugs by both sexes.  Clearly, different systems are 

modified in each sex, and result in variable physiological and pathological changes to the 

myocardium.  A closer delineation of these sex-specific changes will provide more insight into 

sex-specific differences in CVD-related clinical outcomes, and further encourage the need for a 

shift towards sex-specific treatment for CVD. 
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4.6 Tables and Figures 

 

Table 4-1 Real-time qPCR primer sets, annealing temperatures (Ta) and standard curve 

efficiency values for NP, NOS, RAS and ET system genes assessed 

 

GENE SEQUENCE ANNEALING 

TEMPERATURES (Ta) 

STD CURVE 

EFFICIENCY 

N
P 

Sy
st

em
 

ANP 

 

S CAAGAACCTGCTAGACCACC 

AS AGCTGTTGCAGCCTAGTCC 

62 °C 

63 °C 

2.036 

BNP 

 

S CCAGAGACAGCTCTTGAAGG 

AS TCCGATCCGGTCTATCTTG 

63 °C 

63 °C 

2.026 

 

NPR-A 

 

S CCAGCATCCTTCCATGAC 

AS GTTCCACATCCGCTGAGT 

61 °C 

61 °C 

2.047 

NPR-C 

 

S CAGCAGACTTGGAACAGGA 

AS CCATTAGCAAGCCAGCAC 

62 °C 

62 °C 

2.079 

N
O

S 
Sy

st
em

 

iNOS 

 

S CCAGGCTGGAAGCTGTAAC 

AS AGTGATGGCCGACCTGAT 

63 °C 

63 °C 

2.003 

eNOS 

 

S TTGAGGATGTGGCTGTGTG 

AS GAGTTAGGCTGCCTGAGATG 

63 °C 

63 °C 

1.988 

sGCα1 

 

S TGTGATCGCATCATGGTG 

AS CTCTGTTGGCTCCTTAGGAA 

61 °C 

62 °C 

2.089 

sGCβ1 

 

S TTCGTCTTCTGCCAGGAGT 

AS CCGAGTAGTAGTGCAGGATGA 

63 °C 

63 °C 

2.087 

R
A

S 
Sy

st
em

 

AGT 

 

S TGTGGTGTGAGGCCTTGT 

AS TGTGCAGAGAGTGCCAGCTT 

62 °C 

63 °C 

1.769 

ACE1 

 

S AACGGCAAGGACTTCAGG 

AS AAGGCGATCTTGTCGAGG 

63 °C 

63 °C 

1.753 

AT1A 

 

S GGCCTAACCAAGAACATCC 

AS CAGCTGAATCAGCACATCC 

62 °C 

62 °C 

1.905 

E
T

 S
ys

te
m

 

ET-1 

 

S CGCTGTTCCTGTTCTTCCT 

AS CCTGGTCTGTGGCCTTATT 

63 °C 

63 °C 

1.976 

ETA 

 

S TGCCTCTGTTGCTGTTGTC 

AS GCATCTGTGGCGTAATGGT 

62 °C 

64 °C 

1.936 

ETB 

 

S GGATGAGCGGTGTGTGAA 

AS ATGACGTGGCAGTGACGA 

63 °C 

63 °C 

1.915 

 GAPDH 

 

S TGACTCCACTCACGGCAA 

AS ACTCCACGACATACTCAGCAC 

63 °C 

63 °C 

1.909 

Sense (S, forward direction), Anti-sense (AS, reverse direction) 
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Table 4-2 Left ventricle (LV) mass and tibia lengths (TL) for male and female ANP+/+ and 

ANP-/- mice treated with Angiotensin II (ANGII) or Vehicle (VEH). 

 

GENDER GENOTYPE TREATMENT n LV (mg) TL (mm) LV/TL 

(mg/mm) 

 

MALE 

ANP+/+ VEH 5 83.1 ± 6.3 16.4 ± 0.3 5.1 ± 0.5 

ANGII 4 103.4 ± 12.4 16.1 ± 0.2 6.4 ± 0.8*  

ANP-/- VEH 5 120.7 ± 4.4 17.2 ± 0.4 7.0 ± 0.2 

ANGII 5 154.2 ± 15.0 17.2 ± 0.2 9.0 ± 0.8* 

 

FEMALE 

ANP+/+ VEH 5 64.9 ± 3.1 16.3 ± 0.4 4.0 ± 0.2 

ANGII 5 90.7 ± 9.0 16.5 ± 0.5 5.5 ± 0.5* 

ANP-/- VEH 5 101.7 ± 11.6 16.8 ± 0.2 6.1 ± 0.7 

ANGII 4 145.1 ± 11.2 17.0 ± 0.4 8.5 ± 0.8* 

LV mass and TL data are presented as mean ± SD. * P ≤ 0.05 compared to VEH of the same sex and 

genotype using 2-way ANOVA and Bonferroni’s post hoc test. N=4-5. 
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Figure 4-1 Percent increase in systolic blood pressure (SBP) in response to ANGII 

treatment in male and female ANP+/+ and ANP-/- mice. Data are presented as means ± 

S.E.M. * P ≤ 0.05, using two-way ANOVA and Tukey’s post hoc test.  N=3  
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Figure 4-2 Cardiac NP System Gene Expression - ANP mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (A); BNP mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (B), BNP mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (C); NPR-A expression in male and female 

ANP+/+ mice treated with VEH or ANGII (D), NPR-A mRNA expression in male and female 

ANP-/- mice treated with VEH or ANGII (E); NPR-C expression in male and female ANP+/+ 

mice treated with VEH or ANGII (F), NPR-C mRNA expression in male and female ANP-/- 

mice treated with VEH or ANGII (G); Data are presented as means ± S.E.M. * P ≤ 0.05, 

using two-way ANOVA and Tukey’s post hoc test.  N=4-5  
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Figure 4-3 Cardiac NOS System Gene Expression - iNOS mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (A), iNOS mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (B); eNOS mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (C), eNOS mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (D); sGCα1 expression in male and female 

ANP+/+ mice treated with VEH or ANGII (E), sGCα1 mRNA expression in male and female 

ANP-/- mice treated with VEH or ANGII (F); sGCβ1 expression in male and female ANP+/+ 

mice treated with VEH or ANGII (G), sGCβ1 mRNA expression in male and female ANP-/- 

mice treated with VEH or ANGII (H); Data are presented as means ± S.E.M. * P ≤ 0.05, 

using two-way ANOVA and Tukey’s post hoc test.  N=3-5 
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Figure 4-4 Cardiac RAS System Gene Expression - AGT mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (A), AGT mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (B); ACE1 mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (C), ACE1 mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (D); AT1A expression in male and female 

ANP+/+ mice treated with VEH or ANGII (E), AT1A mRNA expression in male and female 

ANP-/- mice treated with VEH or ANGII (F);  Data are presented as means ± S.E.M. * P ≤ 

0.05, using two-way ANOVA and Tukey’s post hoc test.  N=3-5  
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Figure 4-5 Cardiac ET System Gene Expression – ET-1 mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (A), ET-1 mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (B); ETA mRNA expression in male and 

female ANP+/+ mice treated with VEH or ANGII (C), ETA mRNA expression in male and 

female ANP-/- mice treated with VEH or ANGII (D); ETB expression in male and female 

ANP+/+ mice treated with VEH or ANGII (E), ETB mRNA expression in male and female 

ANP-/- mice treated with VEH or ANGII (F);  Data are presented as means ± S.E.M. * P ≤ 

0.05, using two-way ANOVA and Tukey’s post hoc test.  N=4-5  
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Figure 4-6 Left Ventricle and Plasma cGMP – Left ventricle cGMP in male and female 

ANP+/+ mice treated with VEH or ANGII (A), Left ventricle cGMP in male and female  

ANP-/- mice treated with VEH or ANGII (B); Plasma cGMP in male and female ANP+/+ 

mice treated with VEH or ANGII (C), Plasma cGMP in male and female ANP-/- mice 

treated with VEH or ANGII (D); Data are presented as means ± S.E.M. * P ≤ 0.05, using 

two-way ANOVA and Tukey’s post hoc test.  N=4-5  
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Figure 4-7 Cardiac Ultrasound Analysis of Left Ventricle Mass/Body Mass (mg/g), Stroke 

Volume (µL) and Cardiac Output (mL/min) -LV Mass in male and female ANP+/+ mice 

treated with VEH or ANGII (A), LV Mass in male and female ANP-/- mice treated with 

VEH or ANGII (B); Stroke Volume in male and female ANP+/+ mice treated with VEH or 

ANGII (C), Stroke Volume in male and female ANP-/- mice treated with VEH or ANGII 

(D); Cardiac Output in male and female ANP+/+ mice treated with VEH or ANGII (E), 

Cardiac Output in male and female ANP-/- mice treated with VEH or ANGII (F);  Data are 

presented as means ± S.E.M. * P ≤ 0.05, using two-way ANOVA and Tukey’s post hoc test.  

N=4 
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Figure 4-8 Cardiac Ultrasound Analysis of Ejection Fraction (%), Fractional Shortening 

(%) and MV E/E’ Ratio – Ejection Fraction in male and female ANP+/+ mice treated with 

VEH or ANGII (A), Ejection Fraction in male and female ANP-/- mice treated with VEH or 

ANGII (B); Fractional Shortening in male and female ANP+/+ mice treated with VEH or 

ANGII (C), Fractional Shortening in male and female ANP-/- mice treated with VEH or 

ANGII (D); MV E/E’ Ratio in male and female ANP+/+ mice treated with VEH or ANGII 

(E), MV E/E’ Ratio in male and female ANP-/- mice treated with VEH or ANGII (F);  Data 

are presented as means ± S.E.M. * P ≤ 0.05, using two-way ANOVA and Tukey’s post hoc 

test.  N=4 
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Figure 4-9 Selected photomicrographs of left ventricle cardiac tissue in male ANP+/+ mice 

treated with VEH (A) or ANGII (B) and stained with Picrosirius Red to identify matrix 

deposition and progression of cardiac fibrosis.  Arrow indicates positive labeling of matrix 

deposition. 
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Chapter 5: Discussion and Conclusions 

5.1 General Discussion 

 

The primary message of this dissertation can be summed up in two statements:  Sex 

matters; Males and females are different.  The inherent differences between males and females in 

the risk, development, progression and clinical outcome severity of CVD is widely confirmed and 

recognized.  However, it has only been within the past decade that both the scientific and clinical 

communities have strongly reaffirmed their recognition that sex indeed matters; existing CVD 

strategies, treatment algorithms and approaches must be accordingly modified to reflect basic 

research findings that place sex as an essential clinical determinant and point of consideration 

[225].  

The purpose of the three studies outlined and detailed in this thesis is to utilize a 

systematic approach to deducing and delineating the sex-specific differences that govern the 

modulation of the CH response, itself a primary risk factor for the development of CVD.  The 

ANP-/- mouse is chronically hypertensive and exhibits significant CH [99].  As such, it is an 

excellent model to study the intricate and complex interrelationship between sex and CVD; the 

loss of ANP permitted a unique way to study the sex dimorphism of molecular cardiac changes 

and compensations that govern consequential physiological and pathological changes to the heart.  

The lack of ANP in this knockout mouse model inherently shifts the compensatory balance of 

cardiac gene systems, permitting closer scrutiny of changes in cardiac gene signaling pathways in 

response to external stimuli and stresses, changes that are normally masked by the resilience and 

robustness of intact intracardiac compensatory mechanisms.   
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Chapter 2 explored sex-specific differences in the expression of cardiac NP and NOS 

systems in ANP+/+ and ANP-/- mice [223].  These cardiac gene systems are essential modulators 

of the CH response through their combined downstream production of cGMP [129,253].  The 

goal of this study was to determine if sex dimorphism exists in the cardiac signaling transduction 

pathways that govern the CH response, and if so, if this is attributable to sex hormone-mediated 

signaling through the estrous cycle.   

In this study, males and females were age-matched, with female mice having intact 

ovaries and a functioning estrous cycle.  Both male and female ANP-/- mice exhibited significant 

CH compared to their wildtype counterparts, indicating that the loss of ANP confers a 

pathological phenotype, presumably through loss of a vital cardioprotective signaling axis.  It was 

discovered that each sex enlists a predominant system to allow for downstream production of 

cGMP.  Males were found to signal predominantly through the NP system; a trend towards higher 

left ventricular ANP expression in male ANP+/+ compared to female ANP+/+ mice was confirmed 

and further supported by left ventricle tissue measurement of ANP by RIA.  Females were found 

to signal predominantly through the NOS system; in both genotypes, expression of NOS system 

components, iNOS, eNOS, sGCα1 and sGCβ1 were significantly higher in proestrous females 

compared to males.  Interestingly, further examination of NOS system expression in females 

revealed an estrous cycle-dependent fluctuation in NOS system gene expression, indicative of a 

possible sex hormone-based mediation of cardioprotective signal transduction pathways.  

Left ventricle tissue cGMP was unchanged across sex and genotype.  Plasma cGMP was 

significantly lower in male and female ANP-/- mice compared to male and female ANP+/+ mice.  

Thus, it was concluded from this study the presence of sex-specific differences in the expression 

of cardiac NP and NOS systems, and that they exist to conserve downstream levels of cGMP; the 
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deletion of ANP in the ANP-/- mouse results in a chronic reduction in plasma cGMP that cannot 

be altered by sex-influenced differential expression of upstream NP and NOS system pathways.  

More importantly, the observation that NOS system expression is modulated in conjunction with 

the cyclical changes associated with the female estrous cycle, suggests that female sex hormones 

may be responsible for an additional dimension of regulation of signal transduction pathways in 

the heart.  Estrogenic influence on NP and NOS system signaling in the heart is well established, 

as reviewed by Babiker et al., and the findings outlined in Chapter 2 further detailing the 

interrelationship between these two systems and therefore enhancing our understanding of the 

cardioprotective mechanisms attributable to sex hormones [254].    

 The observation of estrous cycle-influenced cardiac NOS system gene expression was the 

basis for the second study, detailed in Chapter 3.  The purpose of the second study was to 

determine if these observed sex-specific differences in cardiac vasoactive system expression were 

indeed attributable to estrogen.  This time, left ventricular gene expression of cardiac NP and 

NOS system components was assessed in age-matched male ANP+/+ and ANP-/- mice, along with 

OVX female ANP+/+ and ANP-/- mice treated for five weeks with either VEH or E2.  Expression 

of ANP was higher in male ANP+/+ mice compared to female OVX-VEH and OVX-E2 ANP+/+ 

mice, but was not found to be statistically significant.  However, this finding confirms and further 

supports those that were included in Chapter 2, denoting predominance of ANP signaling in 

males compared to females.   

 In contrast, NOS system gene expression was higher in female ANP+/+ and ANP-/- mice 

compared to male ANP+/+ and ANP-/- mice.  E2 treatment of female OVX ANP+/+ and ANP-/- mice 

further enhanced the sex-specific differences in NOS system gene expression.  In addition, it was 

shown that the loss of ANP in female ANP-/- mice, resulted in E2 signaling specifically through 
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the NOS system, which contribute to a significant upregulation of plasma cGMP.  These findings 

are significant for several reasons: First, they confirm and support the data in Chapter 2, 

demonstrating that the NOS system in the heart is the predominant system enlisted in females.  

Second, E2 treatment in OVX female ANP+/+ and ANP-/- mice was found to directly instigate 

increases in NOS system expression, indicating that E2 signals directly through the NOS system 

to either sustain downstream cGMP in female ANP+/+ mice, or upregulate production of 

downstream cGMP in female ANP-/- mice.  Third, even in the absence of the majority of female 

sex hormone production (female ANP+/+ and ANP-/- mice, VEH control), sex-specific differences 

exist in the expression of NOS system gene components, indicating that sex hormones themselves 

do not necessarily solely confer the observed sex dimorphism in cardiac transduction pathways; 

sex hormone-based considerations alone should not be the sole focus when looking forward 

towards a widespread clinical integration and acceptance of sex-specific prescription and 

treatment of CVD.  Rather, a redefined global focus on sex differences in vascular and cardiac 

biology in conjunction with sex hormone-based considerations should be the projected target 

instead of keeping with the established preoccupation with untailored HRT as a means of 

improving female cardiovascular health [31]. 

 In keeping with the findings of the first two studies detailed in Chapters 2 and 3 the 

purpose of the study in Chapter 4 was to further elucidate sex-specific differences in ANP+/+ and 

ANP-/- mice in molecular and physiological cardiac adaptations to a significant exogenous 

stressor, pressure overload induced by ANGII infusion through osmotic pump implantation.  The 

two most popular models of pressure overload induction are the transverse aortic constriction 

[50,51,56] and ANGII infusion [52,229,255].  The latter was selected for this study due to the 

complexity and invasiveness of the experimental design, which included measurement of SBP 
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and ultrasound scans.  In addition, it was decided that for this initial study, females would remain 

with intact ovaries, and cycled in diestrus when necessary. 

 Treatment of male and female ANP+/+ and ANP-/- mice with ANGII for two weeks 

resulted in a significant left ventricular hypertrophy in both sexes and genotypes.   This finding 

was consistent with established pathological cardiac responses to pressure overload induction by 

ANGII [256].  Induction of pressure overload-mediated cardiac hypertrophy is an effective way 

of procuring a pathological cardiac phenotype.  However, its primary limitation is the difficulty in 

separating the precise molecular effects that are attributable to ANGII binding to AT1A receptors 

to activate downstream signal transduction pathways, and the imminent consequential effects of 

activation of these pathways.  These consequential effects in response to pressure overload 

mediated myocardial stretch and chronic vasoconstriction lead to further myocardial adaptation 

and molecular signaling to allow for cardiac accommodation of the resultant pressure overload 

due to ANGII.  For instance, mechanical stretch of cultured cardiac myocytes causes secretion of 

ANGII which can itself contribute to mediation of the hypertrophic response [257].   

Blood pressure measurement by non-invasive tail cuff confirmed successful 

administration of ANGII as SBP in all ANGII treatment groups in both sexes and genotypes was 

significantly elevated compared to VEH controls.  While this finding does indeed confirm the 

administration of ANGII, and permits conclusions on the pathological consequences associated 

with ANGII treatment, the intrinsic limitation is that the contribution of specific myocardial 

responses, indirectly related to ANGII-mediated pressure overload is still an underlying 

consideration.  

 The focus of Chapters 2 and 3 was the sex-specific differences in cardiac NP and NOS 

systems.  In Chapter 4, the scope of study was expanded to include two further vasoactive 
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systems, the RAS and ET systems, also expressed in the heart, which balance the respective 

hypotensive natriuretic/diuretic and vasodilatory effects of the NP and NOS systems.  The RAS 

system exists as a body-wide systemic regulator of blood pressure and fluid and electrolyte 

absorption, and is also expressed as a local control system in multiple organs including the heart 

[85].  The ET system is expressed by endothelial cells and works on a primarily local level to 

promote vascular remodeling, cell proliferation, and vasoconstriction of vessels by acting on 

adjacent smooth muscle cells [87].   

 Upregulation of ANP and BNP expression has been previously observed in response to 

pressure overload stimulus [56,256,258].  In the ANP+/+ mouse, ANGII treatment increased 

expression of ANP in both males and females, but this was only significant in female ANP+/+ 

mice.  BNP expression was elevated in all ANGII treatment groups and this elevation was 

statistically significant compared to respective VEH controls except for female ANP-/- ANG II 

treatment group.  No change in the expression of NPR-A and NPR-C in male and female ANP+/+ 

and ANP-/- mice was observed, with the exception of a statistically significant elevation in NPR-

A expression in the female ANP-/- ANGII treatment group compared to its respective VEH 

control.  It can be speculated that the lack of ANP in the female ANP-/- mouse, coupled by a 

minimal increase in BNP expression in response to ANGII treatment caused a compensatory 

upregulation of NPR-A to increase sensitivity to low BNP levels in response to increased pressure 

overload by ANGII treatment. 

 Cardiac NOS system expression was not significantly altered in either sex or genotype 

with ANGII treatment, suggesting that the NOS system does not play a sizeable role in 

compensatory molecular response to pressure overload.  One possible explanation for this finding 

is that the significant NP system upregulation in response to ANGII treatment served as a general 
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override to the NOS system; since the NP and NOS systems both converge on downstream 

production of cGMP, it is plausible that a significant upregulation of the NP system would 

dampen expression of the NOS system in order to maintain optimal levels of downstream cGMP.  

This is further confirmed by the fact that tissue and plasma cGMP levels were unchanged in 

ANGII treatment groups compared to respective VEH controls.   

Curiously, despite the cardiac NOS system being largely unchanged in response to 

ANGII treatment, eNOS was significantly upregulated in ANGII-treated female ANP-/- mice.  As 

previously outlined in Chapter 3, the loss of ANP in the ANP-/- mouse allowed further delineation 

and unmasking of sex hormone mediated compensatory signaling pathways that would perhaps 

be normally obscured by NP system signaling.  Production of eNOS takes place in the endothelial 

cells lining the vasculature and has been shown to be activated by estrogen through both genomic 

and non-genomic pathways [57,259].  While the local NOS system can signal through soluble 

guanylate cyclases to activate anti-hypertrophic signaling pathways through production of cGMP, 

NOS also produces nitric oxide (NO), a potent vasodilator.  It is plausible that in the absence of 

ANP, E2 in the female ANP-/- mouse is able to upregulate eNOS to provide a local vasodilatory 

response to provide additional compensation for the vasoconstriction that is normally incurred by 

ANGII treatment.  

 Investigation into the ET system also revealed female specific changes in gene expression 

in response to ANGII treatment.  The loss of ANP in the female ANP-/- mouse also unmasked a 

female-specific upregulation of ET-1 and its ETA receptor.  ET-1 signaling through ETA is 

recognized to elicit a vasoconstriction response and vessel structural changes that have been 

observed to coincide with treatment with ANGII [251].  A possible explanation for this particular 
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finding is that at the level of the vessels, the local upregulation of eNOS is being counteracted by 

an upregulation of ET-1 and the ETA receptor. 

 Finally, the local cardiac RAS system was subject to changes in gene expression in 

response to chronic introduction of exogenous ANGII, and in surprising ways.  Left ventricular 

expression of AT1A, the receptor for ANGII was lower in ANGII treatment groups of both sexes 

and genotypes, but was only statistically significant in the female ANP-/- mouse ANGII treatment 

group.  This decrease in AT1A expression is possibly the result of a negative feedback mechanism 

to dampen the effect of ANGII-mediated signaling.  In support of this, it has been observed that 

ANGII has the ability to downregulate its own receptor AT1 in vascular smooth muscle cells 

[260] 

 Expression of ACE1, the enzyme responsible for converting ANGI to ANGII, was 

significantly elevated in response to ANGII treatment in all ANGII treatment groups except for 

the female ANP+/+ mouse treatment group.  This is a peculiar finding because it was expected that 

ACE1 would be downregulated in response to increased ANGII-mediated signaling by way of a 

negative feedback mechanism.  One possible explanation is that since local AGT expression was 

unchanged in response to ANGII treatment, and downstream AT-1 expression was downregulated 

as well, the local cardiac RAS system compensated to preserve local RAS signaling by 

upregulating ACE1 expression, even despite chronic systemic ANGII action on the local system.  

Alternately, ACE1 is upregulated in activated cardiac fibroblasts and in response to pressure 

overload hypertrophy [248,261].  As a result, upregulation of ACE1 can be a fibroblast-related 

response to the need to promote a significant pathological cardiac remodeling in order to adapt to 

the pressure overload placed on the heart.  The significant increase in fibrotic deposition in the 

cardiac tissue was confirmed by histology and staining by Picrosirius Red, which stains for 
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collagen.  In all histological cardiac cross-sections of hearts derived from ANGII treated mice of 

both sexes and genotypes, the increased fibrosis was evidenced by the characteristic red stain 

investing around cardiomyocytes in both the right and left ventricle, and in most cases, 

concentrated around major vessels and the base of the papillary muscles.  The myocardium is 

understandably undergoing a maladaptive change, and while it would be ideal to upregulate only 

those systems that would counteract this maladaptive change, it is feasible that there are also 

potential detrimental molecular changes, such as the upregulation of local cardiac ACE1, that are 

a part of the widespread compensatory cardiac response. 

 Changes in cardiac function in response to ANGII treatment were assessed through 

ultrasound imaging.  Prior to analysis of the ultrasound data, observation of the hearts of ANGII 

treated mice of both sexes and genotypes revealed a significant increase in CH.  It was 

hypothesized that an increase in CH would be accompanied by physiological changes in cardiac 

function.  Post-acquisition ultrasound analysis of LV mass/Body mass ratio confirmed the trend 

in the cardiac physical data towards significantly increased LV mass in ANGII treatment groups 

in both sexes and genotypes compared to VEH controls presented in Table 4-2.   The LV 

mass/Body mass ratios derived from ultrasound analysis were significantly elevated in ANGII 

treatment groups in both sexes and genotypes compared to VEH controls, except for the elevation 

in LV mass/Body mass ratio in male ANP-/- mouse ANGII treatment group which was not found 

to be statistically significant compared to its respective VEH control.  The comparison between 

the actual LV tissue mass and the LV mass derived from ultrasound analysis demonstrates that 

ultrasound analysis and resultant calculations for LV mass yield results that are comparable, but 

not as accurate as the actual LV tissue mass, as evidenced by the lack of statistical significance in 

LV mass/Body mass ratio derived from ultrasound analysis in the male ANP-/- mouse ANGII 



 

 

 

129 

treatment group compared to VEH control, when this same comparison using LV/TL derived 

from cardiac tissue physical data was statistically significant.  SV and CO was unchanged in male 

ANP+/+ and ANP-/- mice in response to ANGII treatment.  A trend towards decreased SV and CO 

in female ANP+/+ and ANP-/- mice in response to ANGII treatment was observed, but this was 

only significant in female ANP+/+ mice.  SV and CO are intrinsically linked; SV is the volume of 

blood pumped by the left ventricle in one beat, and in itself is a determinant of CO which is the 

product of SV and heart rate.  A decrease in both SV and CO are indicative of decreased cardiac 

function and left ventricular stiffening due to fibrosis.  The finding of a more prominent decrease 

in SV and CO in female mice rather than male mice was surprising.  It can be speculated that 

female mice are more sensitive to external stresses, such as ANGII, placed on the heart.  One can 

also extend the argument to include the fact that while females in general are found to have a 

lower incidence of CVD due to the cardioprotective nature of female sex hormones, ultimately, 

mortality due to CVD is higher in females; whether that is directly due to the loss of hormones, or 

due to inherent female-specific sensitivity to specific external stresses that force maladaptive 

cardiac adaptation, remains to be determined.  Further support can be found in analyzing the MV 

E/E’ ratio which is an established predictor of left ventricular dysfunction.  There is a visible 

trend towards increase E/E’ ratio in all ANGII treatment groups except for the male ANP-/- mice.  

This trend was particularly enhanced in female ANP+/+ and ANP-/- mice treated with ANGII, but 

only found to be significant for female wildtypes. 

The lack of cardiac changes in response to ANGII treatment may be the result of a 

limitation of the number of animals per treatment group (N=4).  Increasing the number of animals 

per treatment group may enhance the trends that were observed.  As well, while physical changes 

to the myocardium were evident after two weeks of ANGII treatment, it is plausible that an 
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extended ANGII treatment period may have been necessary to elicit findings of cardiac 

dysfunction.  Regardless, echocardiographic analysis revealed that ANGII treatment does elicit 

dysfunctional cardiac changes that support the findings that there is a sex dimorphic pattern in the 

development of cardiac dysfunction in response to treatment with ANGII. 

In closing, this dissertation has provided further evidence substantiating the basis for 

which sex-specific cardioprotection is conferred in females.  These studies confirm that sex-

specific differences exist in the expression of cardiac vasoactive systems, namely the NP and 

NOS systems, and the cardiac NOS system in particular is under the influence of estrous cycle-

mediated signaling.  As an extension to this, it was found that when the ovaries were removed 

from female ANP+/+ and ANP-/- mice, there still existed a trend towards increased cardiac NOS 

system compared to their respective male counterparts; this increase in NOS system expression 

was further enhanced by E2.  In female ANP+/+ mice, this enhancement of NOS system 

expression was found to maintain downstream levels of cGMP.  However, in the female ANP-/- 

mice, the loss of ANP unmasked a unique E2-mediated signaling through the cardiac NOS 

system, causing a significant upregulation in plasma cGMP.  Finally, for both sexes and 

genotypes, ANGII treatment caused significant CH, fibrosis, elevated blood pressure, and most 

importantly, a sex-dimorphic expression of the four cardiac vasoactive systems.  The NP system 

was significantly upregulated in both sexes; the NOS system was largely unchanged in both 

sexes, which may be attributable to a system override by the large amount of NP system 

activation.  As well, in the absence of ANP in the female ANP-/- mice, there were further 

upregulation of eNOS, ET-1 and ETA, which are indicative of compensatory changes that are 

occurring on the level of the vasculature in response to pressure overload.  In terms of the cardiac 

RAS system, AT1 was downregulated, a finding that was expected due to induction of a negative 
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feedback mechanism in the presence of an excess of its ligand ANGII.  The elevated levels of 

ACE1 are difficult to explain, but may be the result of the increased activation of cardiac 

fibroblasts, evidenced by histology staining by Picrosirius Red, and also a local compensatory 

reaction to downregulated AT1A expression and the fact that Agt expression in the left ventricle 

was unchanged in response to ANGII treatment.  Echocardiographic analysis revealed some sex-

specific changes indicative of an increase in cardiac dysfunction due to ANGII treatment; females 

appear to be more sensitive to ANGII than males. 

Upon review of the studies conducted and detailed in this dissertation, it is fitting to 

return to the two opening statements:  Sex matters; males and females are different.  This 

dissertation provides convincing evidence that males and females are indeed different in the 

mechanisms whereby cardiac function is conserved and maintained, and how the heart itself 

responds and adapts to external stresses.  The findings of this study support the need for a move 

towards sex-specific treatments in CVD, and also presents the idea that these sex-specific 

treatments may not necessarily be based in sex hormone function and signaling.  If anything, the 

data confirm the importance of the NOS system in females in modulating the CH response, 

positioning the NOS system as a promising target for female-specific treatment of CVD. 

As a cautionary note, these studies are based on qPCR technique to analyze the level of 

expression of mRNA, and require confirmation that these changes translate into protein products 

for their function either by Western blot or activity assay in a future investigation. 
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5.2 Original Contributions 

 

The purpose of this dissertation was to provide a systematic approach to further elucidate and 

delineate sex-specific differences that govern the modulation of the cardiac hypertrophy response, 

using the ANP gene-disrupted mouse model.  The novel findings presented in this dissertation are 

as follows: 

 

1. Sex-specific differences exist in the expression of the NP and NOS systems; males signal 

predominantly through the NP system while females signal predominantly through the 

NOS system.  Regardless of differences in upstream NP and NOS system expression, left 

ventricle tissue and plasma cGMP levels are conserved; male and female ANP-/- mice 

exhibit significantly lower plasma cGMP than their wildtype counterparts demonstrating 

that a loss of ANP results in a chronic reduction in cGMP that cannot be compensated by 

upstream changes in NP and NOS system expression 

2. NOS system gene expression fluctuates in accordance with changes in the estrous cycle 

suggesting an additional sex hormone-mediated form of cardiac gene regulation 

3. Inherent sex-specific differences exist in cardiac NOS system expression that are not 

necessarily sex hormone dependent; treatment with E2 enhanced these sex-specific 

differences in cardiac NOS system expression.  In female ANP+/+ mice, E2 signals 

through the NOS system to conserve downstream cGMP; in female ANP-/- mice, E2 

signals through the NOS system to upregulate downstream plasma cGMP as a female-

specific compensation for the loss of ANP. 
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4. In response to treatment with ANGII, males and females within a given genotype develop 

significant cardiac hypertrophy, evidence of substantial cardiac fibrosis, elevation of 

systolic blood pressure and cardiac dysfunction. 

5. ANGII treatment significantly upregulates expression of NP system in both sexes and 

genotypes, but not the NOS system, even in females; downstream left ventricle tissue and 

plasma cGMP are unchanged with ANGII treatment suggesting that changes in upstream 

NP and NOS signaling are working to conserve downstream cGMP 

6. Evidence of sex-specific changes in the expression of specific components of the NOS, 

RAS and ET systems that are indicative of a local intracardiac vascular response to 

treatment with ANGII 
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Appendix A 

ANP Radioimmunoassay (RIA) Protocol 

Sample Preparation for RIA 

ANP extraction from tissue 

• For each sample, boil 1 mL 1.0M acetic acid in a capped 15 mL tube for 5 min 

• Record the mass of each frozen tissue sample (keep tissue frozen) 

• Drop tissue into boiled acetic acid and allow tissue to boil for 5 min 

• Cool boiled tissue on ice for 5 min 

• Homogenize tissue for 1 min – keep homogenized tissue on ice until all samples are 

processed 

• Centrifuge at 4 500 rpm for 5 min to remove bubbles 

• Transfer sample to 1.5 mL tube and spin at 10 000 x g for 15 min at 4 degrees Celsius 

• Transfer supernatant to tubes (previously weighed in step 1) and obtain wet weight è 

subtract dry weight of tube from current weight of tube + supernatant 

• Add equal volume of 0.1% trifluoroacetic acid in water (TFA-H20) and mix gently  

ANP extraction from plasma 

• Acidify plasma with 10% vol 1.0M hydrochloric acid (HCl – 100 µL 1.0M HCl for every 

1 mL of plasma) 

• Add equal volume of 0.1% TFA-H20 

Sep-Pak purification of ANP 

• Wash and prepare Sep-Pak cartridges 
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o Pass 10 mL 60% acetonitrile (ACN) in 0.1% TFA-H20 and then 10 mL 0.1% 

TFA-H20  

• Load tissue/supernatant or plasma samples onto columns by passing samples three times 

very slowly through the previously wetted Sep-Pak cartridges 

• After loading of the sample, wash with 10 mL 0.1% TFA-H20 – discard flow-through è 

then wash with 5 mL 10% ACN in 0.1% TFA-H20 – discard flow-through 

• Elute sample in new labeled vacutainer tube by adding 4 mL of 60% ACN in 0.1% TFA-

H20 è keep flow-through 

• Blow off ACN with nitrogen until 1 mL of solution remains in the bottom of the tube 

• Seal top with parafilm, punch small hole in the parafilm with aneedle 

• Freeze at -80 degrees Celsius 

• Lyophilize samples overnight 

 

DAY 1 

• For all lyophilized samples, must dissolve in original amount of supernatant or plasma è 

first dissolve lyophilize samples in half 0.1% TFA-H20, vortex, then add remaining half 

of RIA buffer – total must add up to original supernatant/plasma amount 

• Label tubes as follows: 

o Standards in duplicate è 100 pg, 50 pg, 25 pg, 12.5 pg, 6.25 pg, 3.125 pg, 1.56 

pg, 0.78 pg, 0.4 pg, 0 pg, Background (BKG), Total Counts (TC) 

o Samples è 3 tubes per sample, 100 µL, 50 µL and 25 µL 

• Standard Curve Preparation 

o ANP stock = 1 µg/100µL ANP 
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Final Concentration  Volume    RIA Buffer Volume 

10 ng/100 µL   10 µL ANP stock  990 µL 

1 ng/100 µL   100 µL of 10 ng/100 µL  900 µL 

100 pg/100 µL   200 µL 1 ng/100 µL  1800 µL 

50 pg/100 µL   1000 µL of 100 pg/100 µL 1000 µL 

25 pg/100 µL   1000 µL of 50 pg/100 µL 1000 µL 

12.5 pg/100 µL   1000 µL of 25 pg/100 µL 1000 µL 

6.25 pg/100 µL   1000 µL of 12.5 pg/100 µL 1000 µL 

3.125 pg/100 µL  1000 µL of 6.25 pg/100 µL 1000 µL 

1.56 pg/100 µL   1000 µL of 3.125 pg/100 µL 1000 µL  

0.78 pg/100 µL   1000 µL of 1.56 pg/100 µL 1000 µL 

0.4 pg/100 µL   1000 µL of 0.78 pg/100 µL 1000 µL 

0.0 pg/100 µL       1000 µL 

 

o Add 100 µL of each of the standards to the duplicate tubes 

o Add 200 µL of RIA buffer to BKG tubes 

o Add 100 µL of RIA buffer to TC tubes 

• Sample Preparation 

o All sample tubes must add up to a total volume of 100 µL è for 50 µL and 25 

µL tubes, must add additional RIA buffer to total to 100 µL 

• Add 100 µL of Rabbit Primary Antibody (1/100,000) to all tubes EXCEPT BKG and TC 

tubes 

• Cover tightly with parafilm 
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• Incubate at 4 degrees Celsius overnight 

 

DAY 2 

• Add 100 µL (each aliquot containing 8000 CPM of labeled ANP) labeled ANP peptide to 

all tubes 

• Incubate at 4 degrees Celsius overnight 

 

DAY 3 

• Add 25 µL Normal Rabbit Serum (1 mL in 19 mL RIA buffer) – 1:20 

• Add 100 µL of Secondary Goat-anti-rabbit Antibody (3mL in 27 mL RIA buffer) – 1:10 

• Do not add Normal Rabbit Serum and Secondary Goat-anti-rabbit Antibody to TC tubes 

• Incubate at 4 degrees Celsius overnight 

 

DAY 4 

• Add 100 µL 25% PEG 8000 in H20  

• Vortex samples and leave at room temperature for 15 min 

• Add 500 µL wash buffer to each tube – shake rack of tubes gently 

• Centrifuge at 4 000 rpm for 20 min 

• Aspirate supernatant from all tubes EXCEPT TC tubes 

• Count pellet 

 


