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Abstract 

Objective: Heme oxygenase-1 (HO-1) has been well established as a cytoprotective molecule, 

and has been shown to exert cardioprotective effects in both hypertension and cardiac 

hypertrophy. However, the precise mechanism of the cardioprotective effect of HO-1 has yet to 

be fully elucidated. The natriuretic peptide system (NPS) is also a key player in cardiovascular 

homeostasis and tissue dynamics, and has also been shown to be cardioprotective in a variety of 

pathologic conditions. This study examined the effect of high dietary salt treatment in genetic 

models of HO-1, and assessed the expression of the NPS in the left ventricle (LV), in order to 

gain insight into the relationship between varying levels of HO-1 expression with the 

development of cardiac hypertrophy and the expression of the NPS. Methods: Age-matched 12-

week old male HO-1 knockout (HO-1-/-) and HO-1 cardiomyocyte-specific transgenic 

overexpressing (HO-1Tg) mice were treated with either normal salt (NS; 0.8%) or high salt (HS; 

8.0%) chow for 5 weeks. LV mRNA expression was determined using quantitative real-time RT-

PCR. Results: HO-1-/- mice fed HS diet had significantly higher left ventricle-to-body weight 

ratio (LV/BW) compared to HO-1+/+ mice fed NS diet. HO-1-/- mice had significantly reduced 

expression of the NPS compared to controls, and these mice did not exhibit a salt-induced 

increase in ANP expression. HS treatment had no effect on LV/BW in HO-1Tg mice compared to 

controls. HO-1Tg mice had significantly higher ANP and BNP expression compared to controls. 

Conclusions: The presence of HO-1 is required for normal salt-induced changes in the local 

cardiac NPS. HO-1 ablation resulted in significantly lower mRNA expression of the NPS, 

whereas HO-1 overexpression resulted in higher mRNA expression of the NPS. These data 

indicate that the detrimental effect of reduced HO-1 expression and the cardioprotective effect of 

increased HO-1 expression may be due, in part, to altered expression of the NPS. 
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Chapter 1 

Introduction 

1.1.1 Cardiac hypertrophy 

The World Health Organization (WHO) estimates that hypertension is now the leading 

risk factor for death worldwide (1). Cardiac hypertrophy (CH) is an important predictor of 

cardiovascular morbidity and mortality, independent of increases in systemic blood pressure 

(BP). CH is an adaptive response of the myocardium to pressure or volume overload, which can 

be caused by a variety of mechanical, hormonal, and pathologic stimuli. According to LaPlace’s 

law, where stress = pressure x radius, CH permits the ventricle to function with the same wall 

stress at higher pressures. Cardiomyocytes respond to increasing pressure-load by adding new 

sarcomeres in parallel to existing sarcomeres, resulting in left ventricular (LV) wall thickening 

without changes in LV chamber dimensions (concentric hypertrophy) (67). Conversely, 

cardiomyocytes respond to increasing volume-load by adding additional sarcomeres in series to 

existing sarcomeres, resulting in increased LV chamber diameter without increasing LV wall 

thickness (eccentric hypertrophy) (67). 

Local factors in the heart are responsible for transferring changes in biomechanical load 

into growth or regression signals. Recently, heme oxygenase-1 (HO-1), a stress-inducible enzyme 

of known importance in the face of oxidative stress, has also been implicated in the 

pathophysiology of both hypertension and CH (24). On the other hand, it has long been 

recognized that natriuretic peptides (NPs) are key markers of CH, and induction of NP genes is an 

important indicator in clinical and experimental models of CH (23). However, the interaction 

between HO-1 and the natriuretic peptide system (NPS) is poorly understood, and investigations 

concerning the interaction between these two systems in models of hypertension and CH are 

completely lacking. 
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1.1.2 Salt-sensitive hypertension 

The association between sodium intake and “hardened pulse” has been known for at least 

4,500 years (11). Hypertension is a key factor in many disease processes, including stroke, 

myocardial infarction, chronic renal failure, and congestive heart failure (1). Hypertension is a 

complex disease process, but it is also equally challenging in terms of diagnosis, management, 

and awareness. Like many cardiovascular diseases, the impact of modifiable risk factors on 

etiology and treatment is irrefutable. Healthy lifestyle choices are essential in preventing the onset 

of cardiovascular disease and dietary sodium intake is now considered a key factor in the 

prevalence of cardiovascular disease. In fact, in 2007, the theme of the Canadian Hypertension 

Education Program was sodium intake (8), reflecting the fact that increased salt intake has been 

estimated to increase health care costs (28), and reduced sodium intake has been associated with 

decreased cardiovascular disease in Canada (64). In humans, salt-sensitivity, which is described 

as a transient increase in BP following sodium intake, has been estimated at approximately 50% 

in the hypertensive population, and 25% in the normotensive population (92). 

1.1.3 ANP, BNP, CNP 

Despite the discovery of atrial-specific granules as early as 1956 (31), it was not until 

1981 when the first natriuretic peptide was  identified  by deBold et al.(12). Upon isolation of the 

peptide and determination of the amino acid sequence (15), the molecule was termed atrial 

natriuretic peptide, now commonly referred as ANP. Subsequent studies later revealed the 

existence of B-type natriuretic peptide (BNP) (80) and C-type natriuretic peptide (CNP) (81). 

ANP and BNP are produced mainly in the heart, where ANP is produced primarily in the 

atria, and BNP is produced more uniformly in both the atria and ventricles, but in a much lower 

level as compared with ANP (17). ANP is also expressed in the kidney, where alternate splicing 

of the precursor peptide yields a 32 amino acid peptide termed urodilatin. Urodilatin has been 
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proposed to play a role in renal water and electrolyte balance (17; 74). CNP production is largely 

restricted to vascular endothelial cells, bone and the central nervous system; see Figure 1. (17; 

82). Dendroaspis natriuretic peptide (DNP), named after the genus of the Green Mamba snake 

from which it was first isolated (75), has been identified in several human tissues (4), but the 

human DNP gene has not yet been identified, and the function of DNP remains a mystery. 

Each member of the NPS is the product of a separate gene that encodes for a larger 

prepro-hormone. The preproANP gene, natriuretic peptide precursor A (Nppa) consists of three 

exon sequences that produce a 152 amino acid prepro-hormone (76). The peptide encoded in 

exon 1 is then cleaved in the endoplasmic reticulum to yield the 126 amino acid proANP, which 

is the storage form within the atria-specific granules. Following proteolytic cleavage by the 

enzyme corin, proANP becomes the active ANP, a 28 amino acid peptide that contains a hairpin 

structure due to a cystine bridge between residues Cys7 and Cys23. However, in addition to ANP, 

cleavage of proANP produces several other peptides that have biological activity in the 

cardiovascular system: proANP(1-30), a potent natriuretic; proANP(31-67), a vasodilator; and 

proANP(79-98), a kaliuretic (89). 

PreproBNP contains 134 amino acids. Proteolytic cleavage of the 108 amino acid 

proBNP produces the 32 amino acid BNP, and a 76 amino acid N-terminal fragment (NT-

proBNP), the function of which is unknown (30). Unlike ANP, BNP produced in the cardiac 

ventricles is not stored in specific-granules.  

Prepro-CNP contains 126 amino acids, and processing of the 82 amino acid proCNP 

produces the biologically active 22 amino acid CNP, which contains a truncated carboxy terminus 

beyond the terminal residue of the cysteine bridge (81). In the heart, CNP is present primarily in 

endothelial cells, and the production of CNP in cardiomyocytes remains controversial. 
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                         ANP                          BNP                             CNP 

 

Figure 1. Structure and amino acid sequence of the three main natriuretic peptides: ANP (28 
amino acids), BNP (32 amino acids), and CNP (22 amino acids). All three NPs have a similar 
hairpin loop due a cysteine bridge. Note the truncated carboxy terminus of CNP compared to 
ANP and BNP. ANP and BNP are the main NPs expressed in cadiomyocytes, binding with high 
affinity to the NPR-A receptor. [Adapted from Gardner et al]. 

 

1.1.4 NPR-A, NPR-B, NPR-C 

Three distinct natriuretic peptide receptors (NPRs) have also been identified: NPR-A (40; 

91), NPR-B (6), and NPR-C (16; 47; 65) (see Figure 2). ANP and BNP bind preferentially to 

NPR-A, and CNP binds preferentially to NPR-B (26). NPR-A is a transmembrane protein with an 

intracellular kinase-like domain that is linked to particulate guanylyl cyclase (pGC) A (GC-A) at 

the carboxy terminus. Binding of ANP or BNP to the extracellular portion of NPR-A causes a 

conformational change in the kinase-like domain, which blunts inhibition of the catalytic GC-A 

domain, thereby increasing the production of intracellular cyclic 3’-5’-guanosine monophosphate 

(cGMP), the key second messenger of the NPS (17; 21; 91). Cyclic GMP production in the heart 

has been shown only via administration of ANP and BNP, suggesting that NPR-A is the main 
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receptor present in cardiac myocytes (43). The order of NPR-A activation by NPs is ANP ≥ BNP 

>>> CNP (83). Activation of NPR-A results in natriuresis, diuresis, and vasodilatation (57). 

NPR-B has a similar structure and mechanism of signal transduction to that of NPR-A, 

i.e., an increase in intracellular cGMP levels via catalytic activity of GC-B (17). The order of 

NPR-B activation by NPs is CNP >>> ANP ≥ BNP (66). 

NPR-C lacks the catalytic pGC domain of NPR-A and NPR-B. Upon binding to NPR-C, 

the NP/NPR-C complex is internalized; the NP is then enzymatically degraded and NPR-C is 

recycled to the cell membrane (58; 66). There is currently no evidence of ligand-mediated 

internalization of either NPR-A or NPR-B (14). The function of NPR-C is generally considered to 

be clearance of NPs from the circulation, however, others have postulated that NPR-C regulates 

local NP bioavailability, thus modulating NP activity to accommodate organ-specific needs (51). 

The order of NPR-C binding by NPs is ANP ≥ BNP > CNP, which also reflects the fact that the 

plasma half-life of BNP (~20 minutes) is longer than that of ANP (~2 minutes) (16; 83). NPs are 

also inactivated by membrane-bound neutral endopeptidase (NEP) 24.11, but the relative 

importance of enzymatic NP degradation in humans is not fully understood (7; 41). 
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Figure 2. Structure of the natriuretic peptide receptors. ANP and BNP bind with high affinity 
to NPR-A, whereas CNP binds with high affinity to NRP-B. Both NPR-A and NPR-B contain a 
transmembrane ligand-binding domain, with an intracellular kinase-like domain that is linked to 
particulate guanylyl cyclase (pGC) at the carboxy terminus. Binding of NPs to the extracellular 
portion of causes a conformational change in the kinase-like domain, which blunts inhibition of 
the catalytic pGC domain, thereby increasing the production of intracellular cGMP, the key 
second messenger of the NPS. The clearance receptor NPR-C lacks the intracellular domains of 
NPR-A and NPR-B, and NPR-C binds all NPs to modulate local NP bioavailability [Adapted 
from Gardner et al]. 
 

1.1.5 The NPS in cardiovascular function and disease 

Targeted disruption of the Nppa gene produces mice that lack ANP (ANP-/-), resulting in 

elevation of basal BP levels, salt-sensitive hypertension and cardiac hypertrophy (CH) (29). To be 

more specific, these mice exhibit CH even after normal sodium intake, and cardiac hypertrophy is 

further exaggerated following high sodium intake. Conversely, transgenic mice over-expressing 

ANP have reduced BP and smaller hearts compared to wild-type controls (78).  Likewise, 

deletion of the Npr1 gene (NPR-A-/-) results in a hypertensive phenotype with CH (46; 59; 60). 

Further studies also demonstrated that CH observed in ANP-/- and NPR-A-/- mice occurs 
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independent of increased systemic blood pressure (BP), implying a direct anti-hypertrophic 

autocrine effect of ANP on cardiac myocytes (i.e., when BP is normalized in the ANP-/- or NPR-

A-/- mouse, cardiac hypertrophy relative to controls is still present) (34; 37-39). 

Contrary to ANP-/- models, targeted disruption of the Nppb gene (BNP-/-) results in 

ventricular fibrosis, and no increase in BP or cardiac mass (85). These data indicate that ANP and 

BNP have different physiologic actions in cardiac myocytes, despite the fact that they act upon 

the same receptor (NPR-A). 

The NPS is also involved in hypoxia and ischemia/reperfusion (I/R) injury. Chronic 

exposure to hypoxia results in reduced NPR-C expression, exacerbated pulmonary hypertension 

(PH) and right ventricular (RV) enlargement in ANP-/- mice (84). Others have shown that 

urodilatin administration at the time of reperfusion reduced myocardial cell death and infarct size 

(63), and ANP administration during reperfusion has been shown to preserve systolic function 

and coronary flow, correlating with increased myocardial cGMP levels (72). Recent clinical trials 

have also shown that ANP administration reduces infarct size, preserves LV ejection fraction 

(EF), and reduces mortality (35). However, administration of Nicorandil, a nitric oxide (NO) 

donor that stimulates soluble guanylyl cyclase (sGC), had no effect on infarct size or mortality 

compared to placebo (35). These data imply that the cGMP-dependent cardioprotective effect 

comes from ANP and not the NO system.  These data also imply that the beneficial effects of 

ANP on the myocardium may occur independent of intracellular cGMP levels. 

Regulation of cardiac structure and function by the NPS is also due to counteracting the 

effects of the renin-angiotensin system (RAS). Briefly, the renal glycoproteolytic enzyme renin 

(REN) cleaves hepatic angiotensinogen (AGT) to form angiotensin I (AngI). Angiotensin 

converting enzyme (ACE) then cleaves AngI to form angiotensin II (AngII), the key effector 
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molecule of the RAS. Much of the actions of AngII are mediated by binding to the angiotensin II-

type 1 receptor (AT1; AT1a and AT1b in the mouse).  Biological actions of AngII are also mediated 

to a lesser extent by the angiotensin II-type 2 receptor (AT2), which is thought to exert effects 

opposite to those of the AT1 receptor. The pro-hypertrophic effect of AT1 activation on the 

myocardium is well established, as is the anti-hypertrophic effect of AT2 activation (42; 87). 

Activation of the NPS reduces REN secretion, reduces aldosterone (ALDO) production, and 

negatively regulates AngII production. 

Table 1. Physiologic actions of the NPS [Adapted from Nishikimi et al. 2001]. 

Location Physiologic Activity 

 

Kidney 

↑ glomerular filtration, dilate afferent arteriole, constrict efferent 
arteriole, relax mesangial cells, ↓ mesangial cell proliferation, ↓ 
tubular salt reabsorption, ↑ diuresis, ↑ natriuresis, ↓ renin release 

Systemic Circulation Vasodilation, ↓ proliferation of VSMC 

Adrenal Gland ↓ aldosterone production and release 

Heart ↓ proliferation of cardiac fibroblasts; ↓ cardiac myocyte 
hypertrophy, ↓ ventricular preload, ↑ lusitropy 

Bone Endochondral ossification 

Central Nervous System ↓ drinking, ↓ salt consumption, ↓ vasopressin secretion, ↓ ACTH 
secretion 

 

1.1.6 Heme oxygenase 

Heme oxygenase (HO) was originally identified by Tenhunen et al. in 1968 (86). 

Subsequent investigations revealed 3 isoforms: HO-1, HO-2 and HO-3, all three of which have 

the same enzymatic action: HO is the rate-limiting enzyme in the conversion of free heme to 

equimolar amounts free ferrous iron (Fe2+), carbon monoxide (CO) and biliverdin, the latter of 

which is rapidly converted to bilirubin via the cytosolic enzyme biliverdin reductase (see Figure 
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3) (2; 24).   HO-1 and HO-2 are transcribed from two separate genes, Hmox1 and Hmox2, 

respectively (53). With heme being the physiologic driver of HO synthesis and activity, HO-2 is 

the constitutively expressed isozyme, whereas HO-1 is induced in response to various injurious 

stimuli, such as inflammation, hypoxia, oxidative stress, heat stress, and heavy metal toxicity (2; 

24; 55). HO-3 contributes very little to overall HO activity, and knowledge regarding its function 

in cellular homeostasis is poorly understood. 

Several facets of HO activity provide cytoprotection. CO has been shown to reduce 

apoptosis and inflammation in a variety of tissues (68). Similar to NP-mediated activation of 

pGC, CO stimulates soluble guanylyl cyclase (sGC) activity, thereby increasing intracellular 

cGMP levels (9; 36; 68). However, CO contributes relatively little to sGC-mediated cGMP 

production when compared to nitric oxide (NO), and excess CO can potentially inhibit cGMP 

production by competing with NO for sGC binding. (24). 
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Figure 3. The enzymatic action of HO converts heme to biliverdin, Fe2+, and CO [Adapted from 

Nath et al.]. 

 

1.1.7 Heme oxygenase in cardiovascular function and disease 

Numerous investigations have demonstrated a beneficial role of HO-1 in hypertension 

and CH. Several studies have shown that induction of HO-1 in hypertensive rats significantly 

reduces BP (13; 48; 69; 70). HO-1 induction has also been shown to reduce AngII-induced CH 

(22), suppresses CH in deoxycorticosterone acetate (DOCA)-salt hypertension (see Appendix I 
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for a brief description of the DOCA-salt model) (27), protects against pressure overload-induced 

hypertrophy (52), and reduces pro-oxidant hypertrophy in cardiomyocytes (5). Others have 

shown that inhibition of HO-1 exacerbates hypertension and CH. Using a one-kidney one-clip 

model of renovascular hypertension (see Appendix I for a brief description of the one-kidney one-

clip model), HO-1-/- mice develop more severe cardiac hypertrophy than HO-1+/+ or HO-1+/- mice 

(93). HO-1-/- mice also elicit sustained increased in BP following administration of DOCA salt 

(56). 

Given the cardioprotective and inducible nature of HO-1, and the role of oxidative stress 

in myocardial infarction, it was reasonable to assume a role for HO-1 in cardiac I/R injury. Using 

a chronic hypoxia model of PH, HO-1-/- mice had RV infarction, increased mortality and 

oxidative damage compared to HO-1+/+ controls, providing further evidence for the ability of HO-

1 to protect against pressure and hypoxic stress-induced injury (94). 

A plethora of studies have demonstrated that induction of HO-1 protects the myocardium 

during an ischemic insult. Hemin (an inducer of HO-1) injected rats displayed smaller infarct size 

compared to controls following coronary artery ligation (49). Genetic models of utilizing 

cardiomyocyte-specific transgenic overexpressing (HO-1Tg) over-expressing HO-1 have reduced 

infarct size, apoptosis, inflammatory cell infiltration, oxidative damage, and reduced mortality 

compared to wild-type controls (90; 95). Several HO-1 gene therapy studies have further 

demonstrated reduced infarct size, reduced I/R injury, improved mortality, preserved cardiac 

function, and inhibition of post-infarct remodeling (44; 45; 61; 62). 

Whether the cardioprotective effect of HO-1, or the deleterious effect of HO-1 ablation, 

is due to altered expression of the NPS is unknown, and studies regarding the interaction between 

HO-1 and the NPS in the heart are lacking. 
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Hypotheses 

In normal conditions, treating mice with high dietary salt (HS) results in a sustained increased in 

expression of the NPS (natriuretic peptides act to excrete sodium and water at the kidney, and the 

release and synthesis of ANP results from pressure-induced or volume-induced stretch of 

cardiomyoytes). Mice with a selected deletion of the Hmox1 gene (HO-1-/-) are susceptible to CH, 

and HS treatment has been shown to induce HO-1 expression in the aortae and mesenteric arteries 

of wild-type animals. 

 

The relationship between HO-1 levels and the expression of the NPS in the heart has not yet been 

investigated. Due to the ability of HO-1 to protect against hypertension and cardiac hypertrophy, 

we hypothesize that mice that lack HO-1 

 

a) will not have cardiac hypertrophy at baseline, compared to mice with normal HO-1 

expression. 

 

b) will display cardiac hypertrophy following HS treatment, compared to mice with 

normal HO-1 expression. 

 

c) will have higher levels of expression of the NPS compared to mice with normal HO-1 

expression, following both NS and HS treatment. 

 

d) treated with HS will result in an increase in NPS expression, the magnitude of which 

will be greater compared to mice with normal HO-1 expression that are treated with HS. 

 

Conversely, mice that overexpress HO-1 

 

a) will not have cardiac hypertrophy at baseline, due to the protective effect of HO-1 in 

the progression of CH 
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b) will not display cardiac hypertrophy following HS treatment compared to mice with 

normal HO-1 expression, due to the protective effect of HO-1 in the progression of CH 

 

c) will have lower levels of expression of the NPS compared to mice with normal HO-1 

expression 

 

d) treated with HS will display either no increase in expression of the NPS, or, the 

magnitude of the increase in the NPS following HS treatment will be smaller compared to 

mice with normal HO-1 expression that are treated with HS, because higher HO-1 levels 

will sufficient to handle increased sodium load 

 

 

Rationale and Objective – Interaction between the NPS and HO-1 

A large body of literature points to the protective effects of both HO and the NPS in 

various cardiovascular pathologies, including hypertension and CH.  Both NP-activated pGC and 

CO-activated sGC use cGMP as a second messenger, which acts upon cGMP-dependent protein 

kinase G (PKG), as well as cGMP-dependent phosphodiesterases (PDEs) and cGMP-gated ion 

channels (66). Furthermore, an impressive line of research has demonstrated that both HO-1 and 

the NPS protect the myocardium during pressure overload (17; 24). Few studies however, have 

assessed whether the cytoprotective effects of HO-1 and the NPS are due to interaction between 

these two systems. Furthermore, the interaction between HO-1 and the NPS in the heart has not 

yet been investigated. The objective of the present study was to determine the relationship 

between the levels of HO-1 expression, cardiac mass, and expression of the NPS. HS 

treatment to mice with altered HO-1 expression may provide insights into the importance of HO-

1 in salt-induced cardiac hypertrophy, as well as the interaction between the NPS and the HO 

system in cardioprotection. 
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Chapter 2 

Methods 

2.1.1 Animal models & genotyping 

Experimental protocols pertaining to the use of mice in this study have been approved by 

the Animal Care Committee of Queen’s University in accordance with the guidelines of the 

Canadian Council on Animal Care. Mice were kept at a room temperature of 21 ± 1°C with a 

12:12-h light–dark schedule.  HO-1+/+ and HO-1-/- (129Sv and BALB/c mixed genetic 

background) originally developed by Yet et al. (94). Briefly, a plasmid construct targeting HO-1, 

and containing the neomycin-resistance gene was created in vitro. This construct was 

electroporated into mouse embryonic stem cells, thereby recombining with, and disrupting, the 

targeted HO-1 gene. Clones were selected in G418 and ganciclovir (only clones containing the 

neomycin-resistance gene were viable). These targeted embryonic stem cells were injected into 

BALB/c and C57BL/6 blastocysts, thereby generating chimeric mice. Male chimeric mice were 

mated with BALB/c and C57BL/6 females. HO-1 heterozygous (HO-1+/-) offspring were crossed 

to generate HO-1 homozygous null offspring (HO-1-/-). 

HO-1NonTg and HO-1Tg (FVB genetic background) originally established by Yet et al. 

(95). Briefly, a transgenic construct under control of the α myosin heavy chain (αMHC) promoter 

containing the human HO-1 (hHO-1) cDNA. Use of the αMHC as a promoter ensured 

constitutive expression of the hHO-1 transgene. Overexpression of hHO-1 permitted recognition 

of the transgene relative to the endogenous mouse HO-1. This construct was isolated using 

restriction enzymes, purified, and injected into the pronuclei of fertilized FVB mouse eggs. 

All mice were bred and cared for in the Animal Care Facilities at Queen’s University. 

HO-1+/+, HO-1+/-, HO-1-/-, HO-1NonTg, and HO-1Tg mice were obtained, as a gift, from the 
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laboratory of the late Dr. Luis G. Melo, Dept. of Physiology, Queen’s University, Kingston, 

Canada. HO-1-/- mice were obtained by breeding HO-1-/- males with HO-1+/- females, with a male 

to female ratio of either 1:1 or 1:2 per cage. HO-1+/+ mice were obtained by breeding HO-1+/- 

males with HO-1+/- females, with a male to female ratio of either 1:1 or 1:2 per cage. HO-1NonTg 

and HO-1Tg mice were obtained by breeding HO-1NonTg females with HO-1Tg males, with a male 

to female ratio of 1:1 per cage. Note that the background strain of HO-1+/+ (129Sv and BALB/c 

mixed genetic background) and HO-1NonTg (FVB genetic background) mice were different. Given 

the genetic differences between these two strains, comparisons in the HO-1-/- mice were restricted 

to the HO-1+/+ mice, and comparisons between the HO-1Tg mice were restricted to the HO-1NonTg 

mice. All mice were weaned between 19-21 days of age, and 2mm tail biopsies were obtained for 

extraction of genomic DNA for genotyping. 

Genomic DNA was extracted from 2mm tail biopsies using DNAzol (Molecular Research 

Center. Inc, Burlington, ON) using the following protocol: 

1. Tails were digested in 50μL tail lysis buffer (10mM Tris pH=7.6, 20mM NaCl, 100mM 
EDTA pH=8, 1% sodium lauryl sarcosine) and 10μL proteinase K solution (10mg/mL 
dissolved in tail lysis buffer) in a 1.7mL centrifuge tube, and incubated at 56°C 
overnight. 

2. After complete digestion, 500μL DNAzol was added to each tube, mixed gently, and 
centrifuged at 16,000g for 10 minutes. 

3. The supernatant was decanted to a new 1.7mL centrifuge tube. 
4. 250μL 100% ethanol was added to each tube, mixed gently and centrifuged at 16,000g 

for 5 minutes. 
5. The supernatant was discarded, and 750μL 70% ethanol was added to each tube, and 

centrifuged for 16,000g for 5 minutes. 
6. Ethanol was removed by careful pipetting, and tubes were inverted for 5 minutes to 

ensure evaporation of ethanol.  
7. The DNA pellet was re-suspended in 200μL of water, and stored at -20°C until further 

use. 
 

Polymerase Chain Reaction (PCR) was performed using HP Taq DNA Polymerase (UBI 

Life Sciences, Saskatoon, Canada) in a total reaction volume of 20μL. Reagents were mixed as 

follows: 
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Reagent HO-1+/+, HO-1+/-, HO-1-/- HO-1NonTg, HO-1Tg 
10X Buffer 2 2 
MgCl2 2 2 
dNTP 2 2 
Nuclease-Free water 8.5 10.5 
Primers (final concentration 
1μM) 

4 2 

Taq 0.5 0.5 
DNA template 1.0 1.0 
   
Total Volume 20 20 
*Primers for each strain were pooled into a single tube, and the volumes listed here represent a 
total volume of the pooled primers for each strain. 
 

HO-1+/+, HO-1+/- and HO-1-/- mice were genotyped using multiplex PCR with the 

following sense (S) and antisense (AS) primers and their annealing temperatures (Ta): 

 

Neomycin-resistance gene (Ta=58ºC): 

Neomycin resistance (S) : 5’-TCTTGACGAGTTCTTCTGAG-3’ 

Neomycin resistance (AS): 5’-ACGAAGTGACGCCATCTGT-3’ 

 

HO-1 Wild-type gene (Ta=58ºC): 

HO-1 (S): 5’-GGTGGACAGAAGAGGCTAAG-3’ 

HO-1 (AS): 5’-CTGTAACTCCACCTCCAA-3’ 

 

HO-1Tg mice were genotyped using the following primers: 

 

hHO-1 transgene: (Ta=58ºC) 

S: 5’-CCACATTCTTCAGGATTCTC-3’ 

AS: 5’-GCTCGTTCGTGCTGGCT-3’ 
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Reactions were prepared and heated to 95°C for 2 min followed by 35 cycles at 95°C for 

30 s, 58.2°C for 45 s and 72°C for 30 s. PCR products were resolved on 1% agarose gel 

containing ethidium bromide, and visualized with UV light to ensure amplicons were produced at 

the correct size for each respective gene (see Figure 3). 

 
Figure  3. Genotyping PCR products from mice with genetic alterations in HO-1 expression, 
resolved on 1% agarose gel. HO-1+/+, HO-1+/- and HO-1-/- mice (left) were genotyped using 
multiplex PCR, producing a single band for the neomyocin-resistance gene (NEO) at 400 base 
pairs (bp), and the HO-1 wild-type allele (HO-1) at 456bp. HO-1Tg mice were genotyped with 
primers targeting the hHO-1 transgene; HO-1NonTg mice that do not express the hHO-1 transgene 
produced no amplicon. 
 

2.1.2 Dietary regimen and organ extraction 

Age-matched, 12-week old male mice were fed either normal salt (NS) chow containing 

0.8% NaCl or high salt (HS) chow containing 8.0% NaCl (Lab Diet 5001®, Brentwood, MO, 

USA) for a total of 5 weeks. Tap water was provided ad libitum. Following dietary salt treatment, 

mice were euthanized using an overdose of Somnotol® (65mg/Kg). All four cardiac chambers 

were dissected, cleared of great vessels and connective tissue, weighed, snap-frozen in liquid 

nitrogen, and stored at -70°C until further use.  

2.1.3 RNA extraction 

Total RNA was isolated using a combination of the acid-guanidinium-phenol-chloroform 

method (Tri Reagent, Molecular Research Centre, Inc., Burlington, Canada) and a High Pure 

RNA Isolation Kit (Roche, Montreal, Canada). Briefly, frozen tissue was quickly homogenized at 
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full speed in 1mL of Tri Reagent for approximately 1 minute, and allowed to sit at room 

temperature for 5 minutes. Samples were transferred to 1.7mL centrifuge tubes and centrifuged at 

12,000g for 10 minutes. The top aqueous phase was collected and transferred to new 1.7mL 

centrifuge tube, and 250mL of 100% nuclease-free ethanol was added to each sample. Samples 

were then transferred to a High Pure Isolation Kit column, and centrifuged at max speed for 30 s. 

Samples were then incubated for 15 minutes with DNase I in incubation buffer, according to the 

manufacturer’s instructions. 500μL of Wash Buffer #1 (made according to the manufacturer’s 

instructions) was added to each sample, and centrifuged at 8000g for 15 s, and flowthrough was 

discarded; 500μL of Wash Buffer #2 (made according to the manufacturer’s instructions) was 

added to each sample and centrifuged at 8000g for 15 s and flowthrough was discarded. An 

additional 300μL of Wash Buffer #2 was added to each sample and centrifuged at 16,000g for 2 

minutes and flowthrough was discarded. Columns were placed on a fresh 1.7mL centrifuge tube, 

and 50μL of nuclease-free water was added to each column. Samples were centrifuged at 8000g 

for 1 min, thus eluting the RNA into the centrifuge tube. Samples were snap frozen in liquid 

nitrogen, and stored at -70°C until further use. 

2.1.4 Reverse transcription 

A Transcriptor Reverse Transcriptase Kit (Roche, Montreal, Canada) was used to reverse 

transcribe 200ng total RNA to cDNA, according to the manufacturer’s instructions, with the 

exception that samples were incubated for 1 hour with random primers (final concentration 1μM), 

and an additional hour with oligo-dT (final concentration 1μM). Random primers were used to 

reverse transcribe both rRNA and mRNA. olgio-dT, which binds to the poly-A tail of mRNA, 

was added to ensure adequate reverse transcription of mRNA to cDNA. 
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2.1.5 Real time polymerase chain reaction 

Primer sets were designed from published NIH Genbank sequences using Primer Design 

2.01 software (National Center for Biotechnical Information, Bethesda, MD, USA); see Appendix 

II. Only primers with efficiency between 1.8 and 2.2 were deemed suitable (an efficiency of 2.0 

indicates a perfect doubling of the quantity of cDNA following an individual PCR cycle). 

Sequence of primer sets were as follows (Ta=62ºC): 

 

18S rRNA (S): 5′-TCGATGCTCTTAGCTGAGTG-3′ 

18S rRNA (AS): 5′-TGATCGTCTTCGAACCTCC-3′ 

ANP (S): 5′-CAAGAACCTGCTAGACCACC-3′ 

ANP (AS): 5′-AGCTGTTGCAGCCTAGTCC-3′ 

BNP (S): 5′-CCAGAGACAGCTCTTGAAGG-3′ 

BNP (AS): 5′-TCCGATCCGGTCTATCTTG-3′ 

HO-1 (S): 5′-TCCGCATACAACCAGTGAG-3′ 

HO-1 (AS): 5′-CAAGGAAGCCATCACCAG-3′ 

NPR-A (S): 5′-GGTTCGTTCCTATTGGCTC-3′ 

NPR-A (AS): 5′-CCACCATCTCCATCCTCTC-3′ 

NPR-C (S): 5′-CAGCAGACTTGGAACAGGA-3′ 

NPR-C (AS): 5′-CCATTAGCAAGCCAGCAC-3′ 

NEP(S): 5′-GATAGCAGAGGCGGACAA-3′ 

NEP (AS): 5′-CAAGTCGAGGCTGGTCAA-3′ 

ACE (S): 5′-TGCAGCCACTCTACCTGAAC-3′ 

ACE (AS): 5′-TGGTCGATGAGGTAGCTGAA-3′ 

AT1a (S): 5′-GGCCTAACCAAGAACATCC-3′ 
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AT1a (AS): 5′-CAGCTGAATCAGCACATCC-3′ 

 

PCR products from each primer set were resolved on 1% agarose gel containing ethidium 

bromide and visualized with UV light to ensure the production of a single amplicon of the correct 

size (Figure 4). 

 

 

 

 

 

 

Figure 4. Primer sets used for real-time PCR analysis, with corresponding no-template controls 
(blank lanes containing all reagents except cDNA). Each reaction was run with an annealing 
temperature of 62ºC. To ensure a single amplicon at the correct size was produced for each 
primer set, cDNA products were run on a 1% agarose gel at 100 volts for 1 hour, and stained with 
ethidium bromide. Note the relatively weak band present in the no-template control for ANP. 
This band represents primer dimers, indicating that when no cDNA is added to the reaction, the 
primers anneal to each other at corresponding nucleotides, yielding a small product at 
approximately 100 base pairs. 

 

Briefly, a pool of cDNA from each sample was serially diluted 1/10 a total of four times 

(“standard cDNA”), and run in duplicate to create a standard curve for each gene using real-time 

PCR (Light Cycler 480, Roche, Montreal, Canada). Following reverse transcription of RNA to 

cDNA, all samples were diluted 1/10 for quantitation analysis. Real-time PCR was performed 

using Roche Taq Polymerase (Roche, Montreal, Canada). PCR reactions occurred in a total 

volume of 10μL: 5μL Master Mix, 1.5μL of the S primer (final concentration 1μM) and 1.5μL of 

the AS primer (final concentration 1μM), and 2μL of cDNA (diluted 1/10 in nuclease-free water 

following reverse transcription). Negative controls contained the same reagents, except that 2μL 
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of water was substituted for cDNA. Reactions were prepared and heated to 95°C for 5 min 

followed by 40-50 cycles at 95°C for 15 s, 62°C for 20 s and 72°C for 20 s using the Light Cycler 

480 (Roche, Montreal, Canada). Melting peaks, the temperature at which the double-stranded 

PCR product becomes single stranded, (see Appendix III) verified that a single product was 

produced in each PCR reaction. All data are plotted relative to 18S rRNA as a housekeeping gene 

(see Figures 5-8). 

2.1.6 Statistical analyses 

All statistical analyses were performed using Prism 4.0 Software (GraphPad Software 

Inc., La Jolla, CA, USA). Comparisons between groups were performed using one-way ANOVA 

with Tukey-Kramer post hoc test. P≤0.05 were considered statistically significant. All graphs are 

presented as mean ± standard error of the mean (SEM). 
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Chapter 3 

Results 

3.1.1 Physical data 

Physical data concerning body weight and heart weight are shown in Table 2 (mean ± 

SD) and Figures 6 and 7. There were no significant differences in left ventricle-to-body weight 

(LV/BW, mg/g) ratio between HO-1+/+ NS (3.69 ± 0.23, N=4) and HO-1-/- NS (4.02 ± 0.29, N=6), 

nor were there significant differences between HO-1+/+ NS (3.69 ± 0.23, N=4) and HO-1+/+ HS 

(4.29 ± 0.40, N=4). LV/BW ratio was significantly higher in HO-1-/- HS (4.29 ± 0.40, N=4) mice 

compared to HO+/+ NS mice (3.69 ± 0.23, N=4; P<0.01). 

There were no significant differences in heart weight-to-body weight (HW/BW, mg/g) 

ratio or LV/BW ratio among HO-1NonTg and HO-1Tg fed either NS or HS diet (P>0.05). 

 

 

 
Table 2.  Physical data for HO-1+/+, HO-1-/-, HO-1NonTg and HO-1Tg mice following 5 weeks of 
either normal salt (NS) or high salt (HS) treatment. Data are presented as mean ± SD.  
 

 
               Wild Type (HO-1+/+)                        Knockout (HO-1-/-) 

                                        NS                          HS                       NS                       HS 
BW (g)                   26.81 ± 0.93            25.12 ± 2.04        26.93 ± 1.49        27.60 ± 0.77  
HW (mg)                  139 ± 6                    141 ± 22              150 ± 12              167 ± 7  
LV/BW (mg/g)       3.69 ± 0.23               3.88 ± 0.16          4.02 ± 0.29           4.29 ± 0.40 
N                                      4                              4                           6                           4 
 
                                 Non-Transgenic (HO-1NonTg)               Transgenic (HO-1Tg) 
                                      NS                          HS                       NS                       HS 
BW (g)                  32.55 ± 3.53            32.99 ± 2.33        30.02 ± 3.75         30.37 ± 2.78  
HW (mg)                 136 ± 9                    142 ± 4                128 ± 15               134 ± 9  
LV/BW (mg/g)       2.81 ± 0.28              3.02 ± 0.28          2.90 ± 0.27           3.14 ± 0.63 
N                                     8                              7                           7                           8 
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3.1.2 mRNA expression of the NPS in HO-1+/+ and HO-1-/- mice following salt treatment 

ANP mRNA expression was significantly higher in HO-1+/+ HS mice compared to HO-

1+/+ NS mice (P<0.01; see Figure 8). ANP expression was not significantly different between HO-

1-/- NS mice and HO-1-/- HS mice. ANP expression was significantly lower in HO-1-/- mice 

compared to HO-1+/+ mice on both NS (P<0.05) and HS diet (P<0.01). BNP mRNA expression 

was not significantly different between NS and HS, in both HO-1+/+ and HO-1-/- mice (see Figure 

8). BNP expression was significantly lower in HO-1-/- mice compared to HO-1+/+ mice on both 

NS and HS diet (P<0.01). 

NPR-A, NPR-C and NEP mRNA expression were not significantly different between NS 

and HS groups, in both HO-1+/+ and HO-1-/- mice (see Figures 9 and 10). However, NPR-A, NPR-

C and NEP expression were all significantly lower in HO-1-/- mice compared to HO-1+/+ mice on 

both NS and HS diet (P<0.05, P<0.01, P<0.0001, respectively). 

 

3.1.3 mRNA expression of ACE and AT1a in HO-1+/+ and HO-1-/- mice following salt 

treatment 

ACE mRNA expression was significantly lower in HO-1+/+ HS mice compared to HO-

1+/+ NS mice (P<0.01; see Figure 11). There was no significant difference in ACE expression 

between HO-1-/- NS and HO-1-/- HS mice. ACE expression was significantly lower in HO-1-/- 

mice compared to HO-1+/+ mice on both NS and HS diet (P<0.01). 

AT1a mRNA expression was significantly lower in HO-1+/+ HS mice compared to HO-1+/+ 

NS mice (P<0.05; see Figure 11). There was no significant difference in AT1a expression between 

HO-1-/- NS and HO-1-/- HS mice. AT1a expression was significantly lower in HO-1-/- mice 

compared to HO-1+/+ mice on both NS and HS diet (P<0.01). 
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3.1.4 mRNA expression of the NPS in HO-1NonTg and HO-1Tg mice following salt treatment 

ANP mRNA expression was significantly higher in HO-1NonTg HS mice compared to 

HO-1NonTg NS mice (P<0.05; see Figure 12). ANP mRNA expression was not significantly 

different between HO-1Tg NS and HO-1Tg HS mice. ANP expression was significantly higher in 

HO-1Tg mice compared to HO-1NonTg mice on both NS and HS diet (P<0.01). BNP mRNA 

expression was not significantly different between NS and HS, in both HO-1NonTg and HO-1Tg 

mice (see Figure 12). BNP expression was significantly lower in HO-1Tg mice compared to HO-

1NonTg mice on both NS and HS diet (P<0.05). 

There were no significant differences in NPR-A, NPR-C or NEP expression among HO-

1NonTg and HO-1Tg mice on either NS or HS diet (see Figures 13 and 14). 

 

3.1.5 mRNA expression of ACE and AT1a in HO-1NonTg and HO-1Tg mice following salt 

treatment 

There were no significant differences in ACE or AT1a expression among HO-1NonTg and 

HO-1Tg mice on either NS or HS diet (see Figure 15). 
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Figure 6. Physical data from age-matched 12-week old male HO-1+/+ and HO-1-/- mice treated 
with either NS (0.8% NaCl) or HS (8.0% NaCl) for 5 weeks, showing heart weight-to-body 
weight ratio (HW/BW; top panel) and left ventricle-to-body weight ratio (LV/BW; bottom panel). 
HO-1-/- HS mice had significantly higher HW/BW and LV/BW compared to HO-1+/+ NS mice. 
There was a trend toward higher HW/BW and LV/BW between HO-1+/+ NS and HO-1-/- NS, and 
between HO-1+/+ HS and HO-1-/- HS, however, this did not reach statistical significance. N=4-6 
per group. *P<0.05, **P<0.001. Graphs presented as mean ± SEM.  
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Figure 7. Physical data from age-matched 12-week old male HO-1NonTg and HO-1Tg mice treated 
with either NS (0.8% NaCl) or HS (8.0% NaCl) for 5 weeks., showing heart weight-to-body 
weight ratio (HW/BW; top graph) and left ventricle-to-body weight ratio (LV/BW; bottom 
graph). There were no differences in HW/BW or LV/BW between all groups. N=6-8 per group. 
Graphs presented as mean ± SEM.  
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Figure 8. Left ventricular ANP (top graph) and BNP (bottom graph) mRNA expression in age-
matched male 12-week old HO-1+/+ and HO-1-/- mice following 5 weeks of either normal salt 
(NS; 0.8% NaCl) or high salt (HS, 8.0% NaCl) treatment. HO-1+/+ HS mice had significantly 
higher ANP expression compared to HO-1+/+ NS mice. HO-1-/- mice had significantly lower ANP 
and BNP expression compared to HO-1+/+ mice, both on NS and HS treatment. *P<0.05, 
**P<0.001. N = 4-6 per group. Graphs presented as mean ± SEM. 
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Figure 9. Left ventricular NPR-A (top graph) and NPR-C (bottom graph) mRNA expression in 
age-matched male 12-week old HO-1+/+ and HO-1-/- mice following 5 weeks of either normal salt 
(NS; 0.8% NaCl) or high salt (HS, 8.0% NaCl) treatment. HO-1-/- mice had significantly lower 
NPR-A and NPR-C expression compared to HO-1+/+ mice, both on NS and HS treatment. 
**P<0.001, ***P<0.0001. N = 4-6 per group. Graphs presented as mean ± SEM. 
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Figure 10. Left ventricular NEP mRNA expression in age-matched male 12-week old HO-1+/+ 
and HO-1-/- mice following 5 weeks of either normal salt (NS; 0.8% NaCl) or high salt (HS, 8.0% 
NaCl) treatment. HO-1-/- mice had significantly lower NEP expression compared to HO-1+/+ mice, 
on both NS and HS treatment. **P<0.001. N = 4-6 per group. Graphs presented as mean ± SEM. 
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Figure11. Left ventricular ACE and AT1a mRNA expression in age-matched male 12-week old 
HO-1+/+ and HO-1-/- mice following 5 weeks of either normal salt (NS; 0.8% NaCl) or high salt 
(HS, 8.0% NaCl) treatment. HO-1+/+ HS mice had significantly lower ACE and AT1a expression 
compared to HO-1+/+ NS mice. HO-1-/- mice had significantly lower ACE and AT1a expression 
compared to HO-1+/+ mice, on both NS and HS treatment. *P<0.05, **P<0.001. N = 4-6 per 
group. Graphs presented as mean ± SEM. 
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Figure 12. Left ventricular ANP (top graph) and BNP (bottom graph) mRNA expression in age-
matched male 12-week old HO-1NonTg and HO-1Tg mice following 5 weeks of either normal salt 
(NS; 0.8% NaCl) or high salt (HS, 8.0% NaCl) treatment. HO-1+/+ HS mice had significantly 
higher ANP expression compared to HO-1+/+ NS mice. HO-1-/- mice had significantly lower ANP 
and BNP expression compared to HO-1+/+ mice, both on NS and HS treatment. *P<0.05, 
**P<0.001. N = 4-8 per group. Graphs presented as mean ± SEM. 
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Figure 13. Left ventricular NPR-A (top graph) and NPR-C (bottom graph) mRNA expression in 
age-matched male 12-week old HO-1NonTg and HO-1Tg mice following 5 weeks of either normal 
salt (NS; 0.8% NaCl) or high salt (HS, 8.0% NaCl) treatment. There were no significant 
differences in either NPR-A or NPR-C among all groups. N = 4-8 per group. Graphs presented as 
mean ± SEM. 
 

 

 

 

 

 

NonNS TgNS NonHS TgHS
0.0

0.3

0.6

0.9

Genotype/Diet

N
P

R
-C

/1
8

S
 r

R
N

A
(A

.U
.)

NonNS TgNS NonHS TgHS
0.0

0.5

1.0

1.5

2.0

Genotype/Diet

N
P

R
-A

/1
8

S
 r

R
N

A
 (

A
.U

.)



 

 33 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Left ventricular NEP mRNA expression in age-matched male 12-week old HO-1NonTg 
and HO-1Tg mice following 5 weeks of either normal salt (NS; 0.8% NaCl) or high salt (HS, 8.0% 
NaCl) treatment. There were no significant differences in NEP expression among all groups. N = 
4-8 per group. Graphs presented as mean ± SEM. 
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Figure 15. Left ventricular ACE (top graph) and AT1a (bottom graph) mRNA expression in age-
matched male 12-week old HO-1NonTg and HO-1Tg mice following 5 weeks of either normal salt 
(NS; 0.8% NaCl) or high salt (HS, 8.0% NaCl) treatment. There were no significant differences 
in either ACE or AT1a expression among all groups. N = 4-8 per group. Graphs presented as mean 
± SEM. 
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Chapter 4 

Discussion 

 

Given the overlap in both functional and pathophysiologic aspects of HO-1 and the NPS 

in the cardiovascular system, and the lack of studies investigation the interaction between the 

NPS and HO-1, the objective of this study was to identify possible changes in cardiac mass and 

the expression of the NPS in genetic, non-pharmacologic models of HO-1 expression. We utilized 

both HO-1-/- and HO-1Tg to demonstrate that the mRNA expression of NPS is modified in the face 

of altered HO-1 expression. We also treated these mice with HS for 5 weeks, demonstrating that 

cardiac hypertrophy in mice lacking HO-1 may be due reduced expression of the NPS, thereby 

offering novel insight into the interaction between HO-1 and the NPS. 

There was no significant difference in LV/BW ratio between HO-1+/+ and HO-1-/- mice 

on NS diet, indicating that the chronic absence of HO-1 did not affect basal cardiac mass. These 

data coincide with previous studies demonstrating that HO-1-/- mice do not exhibit cardiac 

hypertrophy or increased BP compared to HO-1+/+ mice with normal sodium intake (56; 93). In 

the present study, HO-1-/- HS mice exhibited significantly higher LV/BW ratio compared to HO-

1+/+ NS, indicating that the presence of HO-1 is required to maintain normal cardiac geometry in 

the face of HS treatment. There were no changes in cardiac mass in HO-1Tg mice following salt 

treatment, which was expected, given the anti-hypertrophic effect of HO-1 and the fact that 

genetically normal animals are typically capable of withstanding a dietary sodium challenge. 

These data also demonstrate that overexpression of HO-1 in cardiomyocytes does not result in 

either basal or salt-induced increases in cardiac mass. 

Compared with other models of salt-sensitive hypertension, such as the ANP-/- mouse 

(29) and the NPR-A-/- mouse (37; 39; 46), and considering there was no significant difference in 
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LV/BW ratio between HO-1-/- HS and HO-1-/- NS mice, the present model indicates that ablation 

of HO-1 has a relatively limited role in the progression of CH.  

Whether or not the changes observed in cardiac mass were secondary to changes in BP or 

altered renal handling of water and electrolytes is unknown. However, others have shown in the 

DOCA-salt model of hypertension (see Appendix I), that BP was 6 mmHg higher in HO-1-/- mice 

compared to controls following salt treatment, with no impairment of urinary sodium excretion 

and no impairment of renal function (56). It is therefore likely that HO-1-/- NS mice had normal 

BP compared to both HO-1+/+ NS and HS mice, and that HO-1-/- HS mice had a sustained increase 

in arterial BP compared to NS mice. Measurements of mean arterial pressure will be necessary to 

confirm these results. 

The objective of this investigation was to observe changes in the expression of the NPS 

in mice with altered expression of HO-1 following high dietary salt treatment. ANP mRNA 

expression were significantly increased in HO-1+/+ HS compared to HO-1+/+ NS mice. However, 

ANP mRNA expression was unaltered in HO-1-/- HS mice compared to HO-1-/- NS mice. 

Similarly, and as expected, ACE and AT1a mRNA expression were significantly decreased in 

HO-1+/+ HS mice compared to HO-1+/+ NS mice. However, ACE and AT1a levels were unaltered 

in HO-1-/- HS mice compared to HO-1-/- NS mice. These data indicate that the presence of HO-1 

is required for the normal response to increased dietary salt intake, and perhaps, that dysregulated 

expression of the NPS and RAS is involved in the progression of CH in the HO-1-/- HS animal.  

It is tempting to speculate that the reduction of the basal expression levels of the NPS in 

HO-1-/- mice may also influence the development of hypertension and CH in this model, however 

there was a similar basal reduction of the local cardiac RAS. Others have speculated however, 

that the RAS has a limited role in the development of CH in salt-sensitive hypertension, and the 

local NPS plays a more direct role in CH pathogenesis (3; 71).  
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ANP mRNA expression was significantly higher in HO-1NonTg HS mice compared to    

HO-1NonTg NS mice. However, there was no salt-induced increase in ANP in HO-1Tg HS mice 

compared to HO-1Tg NS mice. This may be explained by the fact that ANP and BNP expression 

were significantly higher in HO-1Tg mice compared to HO-1NonTg mice, and that basal expression 

of ANP in HO-1Tg mice was sufficient to handle the challenge of increased sodium load. 

However, analysis of the circulating plasma levels of ANP and BNP will be required to make 

such a conclusion. 

Quantification of CNP, renin, AGT and AT2 mRNA expression were attempted using 

previously established primer sets, however the expression of these genes in the LV were 

undetectable using real-time RT-PCR. 

It was hypothesized that NPS expression is down-regulated in the HO-1Tg animal, 

although previous studies provide a possible explanation for the somewhat counterintuitive trend 

observed in the present study, i.e., higher ANP and BNP expression in the HO-1Tg animal. 

Overexpression of HO-1 in vascular smooth muscle cell (VSMC) elevates blood pressure by 

attenuating NO-induced vasodilation (25). Given that the ability of CO to stimulate sGC is less 

than that of NO (CO increases sGC activity approximately 5-fold, whereas NO can increase sGC 

activity up to 500-fold) (79), and that cGMP levels negatively regulate ANP and BNP production 

and secretion (10; 54), it is possible that overexpression of HO-1 in myocardial cells resulted in 

impaired NO-mediated production of cGMP, thereby stimulating an increase in ANP and BNP 

production. It is therefore also possible, that the absence of HO-1 resulted in a loss of CO-

activated sGC, and therefore higher NO-mediated sGC activity, thereby decreasing expression of 

the NPS in HO-1-/- mice. 

At the time of this writing, the current study is believed to be the first to examine the 

interaction between HO-1 and the NPS in the heart. Others have shown in the liver that HO-1 
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induces ANP expression in Kupffer cells, and that ANP provided cytoprotection against I/R 

injury independent of HO-1 activity or cGMP levels (33). In human umbilical vein endothelial 

cells, ANP was also shown to induce HO-1, however it was unable to protect against tumor 

necrosis factor-α induced apoptosis (32). Data from our laboratory has shown that HO-1 mRNA 

expression in the LV is significantly higher in ANP-/- mice compared to ANP+/+ mice, indicating 

that ANP does not stimulate increased HO-1 expression in the LV (data not shown).  

There was a uniform and significant decrease in all measured components (ANP, BNP, 

NPR-A, NPR-C, NEP) of the NPS in HO-1-/- mice compared to HO-1+/+ mice, regardless of salt 

treatment. Similarly, ANP and BNP expression were significantly higher in HO-1Tg mice 

compared to HO-1NonTg mice, regardless of salt treatment. It is interesting to observe altered ANP 

and BNP expression with both loss and gain of HO-1 function, especially when considering the 

possible interaction between HO-1 and the NPS in cardiovascular disease. With numerous studies 

observing beneficial effects of both HO-1 and ANP in myocardial I/R injury (44; 45; 73; 94-96), 

it is also compelling to suggest that the beneficial effects of HO-1 may be due, in part, to elevated 

ANP and BNP expression; and that the harmful effects of HO-1 ablation may be due, in part, to 

reduced expression of the NPS. Furthermore, several studies have demonstrated nuclear 

localization of Akt  enhances survival of cardiac myocytes, and reduces CH  in vitro and in vivo 

by an ANP-dependent mechanism (77; 88). Models of cardiac I/R injury have also shown HO-1 

cardioprotection is dependent on Akt signaling (50). Compelling nonetheless, whether ANP 

mediates the cardioprotective effects of HO-1, and whether this is related to altered Akt signaling 

or phosphorylation is unknown, and beyond the scope of the present study. 

Regulatory interactions between HO-1 and the NPS may also deserve attention. Both 

ANP and HO-1 have been shown to exert cardioprotective effects via the phosphoinositide 3–

kinase (PI3K)-Akt and through activation of the nuclear transcription factor NF-κB, which is 
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required for HO-1-mediated inhibition of cardiac hypertrophy in vitro (5), and NF-κB activation 

has also been demonstrated in NPR-A-/- mice (26). An in vitro model of cultured cardiomyocytes 

utilizing siRNA against NF-κB would be key in demonstrating that NF-κB is required to increase 

ANP levels via HO-1. Whether or not altered HO-1 levels effected the expression of the NPS via 

NF-κB is beyond the scope of this study, but nonetheless, warrants further consideration.  

 

FUTURE DIRECTIONS 

Future studies should attempt to utilize radio-telemetry for the recording of mean arterial 

pressure before, during, and following salt treatment. Urinalysis and physiologic renal testing 

would also be useful to discern whether changes in BP and CH are secondary to altered renal 

function or altered expression of local renal neurohumoral factors. Pharmacologic or genetic 

(siRNA) inhibitors of the NPS should be used to determine whether the previously reported 

biologic actions of HO-1 in the heart are in fact to due differential expression of ANP or BNP or 

both. More advanced studies concerning the molecular interactions that regulate HO-1 and NPS 

expression should also be undertaken, specifically focusing on NF-κB and Akt. 

 

CONCLUSIONS 

The presence of HO-1 is required for normal salt-induced changes in the local cardiac 

NPS and RAS. HO-1 ablation resulted in significantly lower mRNA expression of the NPS, 

whereas HO-1 overexpression resulted in higher mRNA expression of the ANP and BNP. These 

data indicate that the detrimental effect of reduced HO-1 expression and the cardioprotective 

effect of increased HO-1 expression may be due, in part, to altered expression of the NPS.



 

 40 

 

References 

 

 1.   The World Health Report 2002Reducing Risks, Promoting Healthy Life. 

Education for Health: change in Learning and Practice 16: 230, 2003. 

 2.  Abraham NG and Kappas A. Pharmacological and Clinical Aspects of Heme 

Oxygenase. Pharmacol Rev 60: 79-127, 2008. 

 3.  Angelis E, Tse MY and Pang SC. Interactions between atrial natriuretic peptide and 

the renin angiotensin system during salt-sensitivity exhibited by the proANP gene-

disrupted mouse. Mol Cell Bioch 276: 121-131, 2005. 

 4.  Best PJM, Burnett JC, Jr., Wilson SH, Holmes DR, Jr. and Lerman A. Dendroaspis 

natriuretic peptide relaxes isolated human arteries and veins. Cardiovasc Res 55: 

375-384, 2002. 

 5.  Brunt KR, Tsuji MR, Lai JH, Kinobe RT, Durante W, Claycomb WC, Ward CA 

and Melo LG. Heme Oxygenase-1 Inhibits Pro-Oxidant Induced Hypertrophy in 

HL-1 Cardiomyocytes. Exp Biol Med 234: 582-594, 2009. 



 

 41 

 6.  Chang MS, Lowe DG, Lewis M, Hellmiss R, Chen E and Goeddel DV. Differential 

activation by atrial and brain natriuretic peptides of two different receptor 

guanylate cyclases. Nature 341: 68-72, 1989. 

 7.  Charles CJ, Espiner EA, Nicholls MG, Richards AM, Yandle TG, Protter A and 

Kosoglou T. Clearance receptors and endopeptidase 24.11: equal role in natriuretic 

peptide metabolism in conscious sheep. Am J Physiol Regul Integr Comp Physiol 271: 

R373-R380, 1996. 

 8.  CHEP. Canadian Hypertension Education Program Recommendations. 

Hypertension Canada Bulletin 90, 1-4. 2007.  

 9.  Christodoulides N, Durante W, Kroll MH and Schafer AI. Vascular Smooth Muscle 

Cell Heme Oxygenases Generate Guanylyl Cyclase Stimulatory Carbon Monoxide. 

Circulation 91: 2306-2309, 1995. 

 10.  Clemo HF and Baumgarten CM. cGMP and Atrial Natriuretic Factor Regulate Cell 

Volume of Rabbit Atrial Myocytes. Circ Res 77: 741-749, 1995. 

 11.  Crillo M, Capasso G, Leo VAD and Santo NGD. A History of Salt. Am J Nephrol 

14: 426-431, 1994. 



 

 42 

 12.  de Bold AJ, Borenstein HB, Veress AT and Sonnenberg H. A rapid and potent 

natriuretic response to intravenous injection of atrial myocardial extract in rats. 

Life Sci 28: 89-94, 1981. 

 13.  Escalante B, Sacerdoti D, Davidian MM, Laniado-Schwartzman M and McGiff JC. 

Chronic treatment with tin normalizes blood pressure in spontaneously 

hypertensive rats. Hypertension 17: 776-779, 1991. 

 14.  Fan D, Bryan PM, Antos LK, Potthast RJ and Potter LR. Down-Regulation Does 

Not Mediate Natriuretic Peptide-Dependent Desensitization of Natriuretic Peptide 

Receptor (NPR)-A or NPR-B: Guanylyl Cyclase-Linked Natriuretic Peptide 

Receptors Do Not Internalize. Mol Pharmacol 67: 174-183, 2005. 

 15.  Flynn TG, de Bold ML and de Bold AJ. The amino acid sequence of an atrial 

peptide with potent diuretic and natriuretic properties. Bioch Biophys Res Comm 

117: 859-865, 1983. 

 16.  Fuller F, Porter JG, Arfsten AE, Miller J, Schilling JW, Scarborough RM, Lewicki 

JA and Schenk DB. Atrial natriuretic peptide clearance receptor. Complete 

sequence and functional expression of cDNA clones. J Biol Chem 263: 9395-9401, 

1988. 



 

 43 

 17.  Gardner DG, Chen S, Glenn DJ and Grigsby CL. Molecular Biology of the 

Natriuretic Peptide System: Implications for Physiology and Hypertension. 

Hypertension 49: 419-426, 2007. 

 18.  Goldblatt H, Lynch J, Hanzal RF and Summerville WW. STUDIES ON 

EXPERIMENTAL HYPERTENSION: I. THE PRODUCTION OF PERSISTENT 

ELEVATION OF SYSTOLIC BLOOD PRESSURE BY MEANS OF RENAL 

ISCHEMIA. J Exp Med 59: 347-379, 1934. 

 19.  Guyton AC, Coleman TG, Cowley AW, Scheel KW, Manning RD and Norman RA. 

Arterial pressure regulation: Overriding dominance of the kidneys in long-term 

regulation and in hypertension. Am J Med 52: 584-594, 1972. 

 20.  Haack D, Mohring J, Mohring B, Petri M and Hackenthal E. Comparative study on 

development of corticosterone and DOCA hypertension in rats. Am J Physiol Renal 

Physiol 233: F403-F411, 1977. 

 21.  Hamet P, Tremblay J, Pang SC, Garcia R, Thibault G, Gutkowska J, Cantin M and 

Genest J. Effect of native and synthetic atrial natriuretic factor on cyclic GMP. 

Biochem Biophys Res Comm 123: 515-527, 1984. 

 22.  Hu CM, Chen YH, Chiang MT and Chau LY. Heme Oxygenase-1 Inhibits 

Angiotensin II-Induced Cardiac Hypertrophy In Vitro and In Vivo. Circulation 110: 

309-316, 2004. 



 

 44 

 23.  Hunter JJ and Chien KR. Signaling Pathways for Cardiac Hypertrophy and 

Failure. N Engl J Med 341: 1276-1283, 1999. 

 24.  Idriss NK, Blann AD and Lip GYH. Hemoxygenase-1 in Cardiovascular Disease. J 

Am Coll Cardiol 52: 971-978, 2008. 

 25.  Imai T, Morita T, Shindo T, Nagai R, Yazaki Y, Kurihara H, Suematsu M and 

Katayama S. Vascular Smooth Muscle Cell-Directed Overexpression of Heme 

Oxygenase-1 Elevates Blood Pressure Through Attenuation of Nitric Oxide-Induced 

Vasodilation in Mice. Circ Res 89: 55-62, 2001. 

 26.  Izumi T, Saito Y, Kishimoto I, Harada M, Kuwahara K, Hamanaka I, Takahashi N, 

Kawakami R, Li Y, Takemura G, Fujiwara H, Garbers DL, Mochizuki S and 

Nakao K. Blockade of the natriuretic peptide receptor guanylyl cyclase-A inhibits 

NF-[kappa]B activation and alleviates myocardial ischemia/reperfusion injury. J 

Clin Invest 108: 203-213, 2001. 

 27.  Jadhav A and Ndisang JF. Heme Arginate Suppresses Cardiac Lesions and 

Hypertrophy in Deoxycorticosterone Acetate-Salt Hypertension. Exp Biol Med 234: 

764-778, 2009. 

 28.  Joffres M, Campbell NRC Manns B Tu K. Estimate of the benefits of a population-

based reduction in dietary sodium additives on hypertension and its related health 

care costs in Canada. Can J Cardiol 23, 437-443. 2009.  



 

 45 

 29.  John SW, Krege JH, Oliver PM, Hagaman J, Hodgin JB, Pang SC, Flynn TG and 

Smithies O. Genetic decreases in atrial natriuretic peptide and salt-sensitive 

hypertension. Science 267: 679-681, 1995. 

 30.  Kambayashi Y, Nakao K, Mukoyama M, Saito Y, Ogawa Y, Shiono S, Inouye K, 

Yoshida N and Imura H. Isolation and sequence determination of human brain 

natriuretic peptide in human atrium. FEBS Letters 259: 341-345, 1990. 

 31.  Kicsch B. Electron microscopy of the atrium of the heart. I. Guinea pig. Exp Med 

Surg. 14(2-3), 99-112. 1956.  

 32.  Kiemer AK, Bildner N, Weber NC and Vollmar AM. Characterization of Heme 

Oxygenase 1 (Heat Shock Protein 32) Induction by Atrial Natriuretic Peptide in 

Human Endothelial Cells. Endocrinology 144: 802-812, 2003. 

 33.  Kiemer AK, Gerwig T, Gerbes AL, Mei¯ner H, Bilzer M and Vollmar AM. Kupffer-

cell specific induction of heme oxygenase 1 (hsp32) by the atrial natriuretic peptide -

- role of cGMP. J Hepatol 38: 490-498, 2003. 

 34.  Kishimoto I, Rossi K and Garbers DL. A genetic model provides evidence that the 

receptor for atrial natriuretic peptide (guanylyl cyclase-A) inhibits cardiac 

ventricular myocyte hypertrophy. PNAS 98: 2703-2706, 2001. 



 

 46 

 35.  Kitakaze M, Asakura M, Kim J, Shintani Y, Asanuma H, Hamasaki T, Seguchi O, 

Myoishi M, Minamino T, Ohara T, Nagai Y, Nanto S, Watanabe K, Fukuzawa S, 

Hirayama A, Nakamura N, Kimura K, Fujii K, Ishihara M, Saito Y, Tomoike H 

and Kitamura S. Human atrial natriuretic peptide and nicorandil as adjuncts to 

reperfusion treatment for acute myocardial infarction (J-WIND): two randomised 

trials. The Lancet 370: 1483-1493, 2007. 

 36.  Klosinska M, Rudzinski T, Grzelak P, Stefanczyk L, Drozdz J and Krzeminska-

Pakula M. Endothelium-dependent and -independent vasodilation is more 

attenuated in ischaemic than in non-ischaemic heart failure. Eur J Heart Fail 

hfp091, 2009. 

 37.  Knowles JW, Esposito G Mao L Hagaman JR Fox JE Smithies O Rockman HA 

Maeda N. Pressure-independent enhancement of cardiac hypertrophy in natriuretic 

peptide receptor A-deficient mice. J Clin Invest 107, 975-984. 2001.  

 38.  Knowles JW, Esposito G, Mao L, Hagaman JR, Fox JE, Smithies O, Rockman HA 

and Maeda N. Pressure-independent enhancement of cardiac hypertrophy in 

natriuretic peptide receptor A-deficient mice. J Clin Invest 107: 975-984, 2001. 

 39.  Kuhn M, Holtwick R, Baba HA, Perriard JC, Schmitz W and Ehler E. Progressive 

cardiac hypertrophy and dysfunction in atrial natriuretic peptide receptor (GC-A) 

deficient mice. Heart 87: 368-374, 2002. 



 

 47 

 40.  Kuno T, Andresen JW, Kamisaki Y, Waldman SA, Chang LY, Saheki S, Leitman 

DC, Nakane M and Murad F. Co-purification of an atrial natriuretic factor receptor 

and particulate guanylate cyclase from rat lung. J Biol Chem 261: 5817-5823, 1986. 

 41.  Levin ER, Gardner DG and Samson WK. Natriuretic Peptides. N Engl J Med 339: 

321-328, 1998. 

 42.  Lim DS, Lutucuta S, Bachireddy P, Youker K, Evans A, Entman M, Roberts R and 

Marian AJ. Angiotensin II Blockade Reverses Myocardial Fibrosis in a Transgenic 

Mouse Model of Human Hypertrophic Cardiomyopathy. Circulation 103: 789-791, 

2001. 

 43.  Lin X, Hanze J, Heese F, Sodmann R and Lang RE. Gene Expression of Natriuretic 

Peptide Receptors in Myocardial Cells. Circ Res 77: 750-758, 1995. 

 44.  Liu X, Pachori AS, Ward CA, Davis JP, Gnecchi M, Kong D, Zhang L, Murduck J, 

Yet SF, Perrella MA, Pratt RE, Dzau VJ and Melo LG. Heme oxygenase-1 (HO-1) 

inhibits postmyocardial infarct remodeling and restores ventricular function. 

FASEB J 20: 207-216, 2006. 

 45.  Liu X, Simpson JA, Brunt KR, Ward CA, Hall SRR, Kinobe RT, Barrette V, Tse 

MY, Pang SC, Pachori AS, Dzau VJ, Ogunyankin KO and Melo LG. Preemptive 

heme oxygenase-1 gene delivery reveals reduced mortality and preservation of left 



 

 48 

ventricular function 1 yr after acute myocardial infarction. Am J Physiol Heart Circ 

Physiol 293: H48-H59, 2007. 

 46.  Lopez MJ, Wong SKF, Kishimoto I, Dubois S, Mach V, Friesen J, Garbers DL and 

Beuve A. Salt-resistant hypertension in mice lacking the guanylyl cyclase-A receptor 

for atrial natriuretic peptide. Nature 378: 65-68, 1995. 

 47.  Maack T, Suzuki M, Almeida FA, Nussenzveig D, Scarborough RM, McEnroe GA 

and Lewicki JA. Physiological Role of Silent Receptors of Atrial Natriuretic Factor. 

Science 238: 675-678, 1987. 

 48.  Martasek P, Schwartzman ML, Goodman AI, Solangi KB, Levere RD and 

Abraham NG. Hemin and L-arginine regulation of blood pressure in spontaneous 

hypertensive rats. J Am Soc Nephrol 2: 1078-1084, 1991. 

 49.  Masini E, Vannacci A, Marzocca C, Pierpaoli S, Giannini L, Fantappie O, Mazzanti 

R and Mannaioni PF. Heme Oxygenase-1 and the Ischemia-Reperfusion Injury in 

the Rat Heart. Exp Biol Med 228: 546-549, 2003. 

 50.  Matsui T and Rosenzweig A. Convergent signal transduction pathways controlling 

cardiomyocyte survival and function: the role of PI 3-kinase and Akt. J Mol Cell 

Cardiol 38: 63-71, 2005. 



 

 49 

 51.  Matsukawa N, Grzesik WJ, Takahashi N, Pandey KN, Pang S, Yamauchi M and 

Smithies O. The natriuretic peptide clearance receptor locally modulates the 

physiological effects of the natriuretic peptide system. PNAS 96: 7403-7408, 1999. 

 52.  Mito S, Ozono R, Oshima T, Yano Y, Watari Y, Yamamoto Y, Brydun A, Igarashi 

K and Yoshizumi M. Myocardial Protection Against Pressure Overload in Mice 

Lacking Bach1, a Transcriptional Repressor of Heme Oxygenase-1. Hypertension 

51: 1570-1577, 2008. 

 53.  Muller RM, Taguchi H and Shibahara S. Nucleotide sequence and organization of 

the rat heme oxygenase gene. J Biol Chem 262: 6795-6802, 1987. 

 54.  Nachshon S, Zamir O, Matsuda Y and Zamir N. Effects of ANP receptor 

antagonists on ANP secretion from adult rat cultured atrial myocytes. Am J Physiol 

Endocrinol Metab 268: E428-E432, 1995. 

 55.  Nath KA. Heme oxygenase-1: A provenance for cytoprotective pathways in the 

kidney and other tissues. Kid Int 70: 432-443, 2006. 

 56.  Nath KA, d'Uscio LV, Juncos JP, Croatt AJ, Manriquez MC, Pittock ST and 

Katusic ZS. An analysis of the DOCA-salt model of hypertension in HO-1-/- mice 

and the Gunn rat. Am J Physiol Heart Circ Physiol 293: H333-H342, 2007. 



 

 50 

 57.  Nishikimi T, Maeda N and Matsuoka H. The role of natriuretic peptides in 

cardioprotection. Cardiovasc Res 69: 318-328, 2006. 

 58.  Nussenzveig DR, Lewicki JA and Maack T. Cellular mechanisms of the clearance 

function of type C receptors of atrial natriuretic factor. J Biol Chem 265: 20952-

20958, 1990. 

 59.  Oliver PM, Fox JE, Kim R, Rockman HA, Kim HS, Reddick RL, Pandey KN, 

Milgram SL, Smithies O and Maeda N. Hypertension, cardiac hypertrophy, and 

sudden death in mice lacking natriuretic peptide receptor A. PNAS  94: 14730-

14735, 1997. 

 60.  Oliver PM, John SWM, Purdy KE, Kim R, Maeda N, Goy MF and Smithies O. 

Natriuretic peptide receptor 1 expression influences blood pressures of mice in a 

dose-dependent manner. PNAS 95: 2547-2551, 1998. 

 61.  Pachori AS, Melo LG, Zhang L, Solomon SD and Dzau VJ. Chronic Recurrent 

Myocardial Ischemic Injury Is Significantly Attenuated by Pre-Emptive Adeno-

Associated Virus Heme Oxygenase-1 Gene Delivery. J Am Coll Cardiol 47: 635-643, 

2006. 

 62.  Pachori AS, Smith A, McDonald P, Zhang L, Dzau VJ and Melo LG. Heme-

oxygenase-1-induced protection against hypoxia/reoxygenation is dependent on 



 

 51 

biliverdin reductase and its interaction with PI3K/Akt pathway. J Mol Cell Cardiol 

43: 580-592, 2007. 

 63.  Padilla F, Garcia-Dorado D, Agullo L, Barrabes JA, Inserte J, Escalona N, Meyer 

M, Mirabet M, Pina P and Soler-Soler J. Intravenous administration of the 

natriuretic peptide urodilatin at low doses during coronary reperfusion limits 

infarct size in anesthetized pigs. Cardiovasc Res 51: 592-600, 2001. 

 64.  Penz ED, Joffres MR Campbell NRC. Reducing dietary sodium and decreases in 

cardiovascular disease in Canada. Can J Cardiol. 24, 497-501. 2009.  

 65.  Porter JG, Arfsten A, Fuller F, Miller JA, Gregory LC and Lewicki JA. Isolation 

and functional expression of the human atrial natriuretic peptide clearance receptor 

cDNA. Bioch Biophys Res Comm 171: 796-803, 1990. 

 66.  Potter LR, bbey-Hosch S and Dickey DM. Natriuretic Peptides, Their Receptors, 

and Cyclic Guanosine Monophosphate-Dependent Signaling Functions. Endocr Rev 

27: 47-72, 2006. 

 67.  Rossi MA and Carillo SV. Cardiac hypertrophy due to pressure and volume 

overload: distinctly different biological phenomena? Int J Cardiol 31: 133-141, 1991. 



 

 52 

 68.  Ryter SW, Otterbein LE, Morse D and Choi AMK. Heme oxygenase/carbon 

monoxide signaling pathways: Regulation and functional significance. Mol Cell 

Bioch 234-235: 249-263, 2002. 

 69.  Sabaawy HE, Zhang F, Nguyen X, ElHosseiny A, Nasjletti A, Schwartzman M, 

Dennery P, Kappas A and Abraham NG. Human Heme Oxygenase-1 Gene Transfer 

Lowers Blood Pressure and Promotes Growth in Spontaneously Hypertensive Rats. 

Hypertension 38: 210-215, 2001. 

 70.  Sacerdoti D, Escalante B, Abraham NG, McGiff JC, Levere RD and Schwartzman 

ML. Treatment with tin prevents the development of hypertension in spontaneously 

hypertensive rats. Science 243: 388-390, 1989. 

 71.  Sangaralingham S, Tse M and Pang S. Estrogen delays the progression of salt-

induced cardiac hypertrophy by influencing the renin-angiotensin system in 

heterozygous pro ANP gene-disrupted mice. Mol Cell Bioch 306: 221-230, 2007. 

 72.  Sangawa K, Nakanishi K, Ishino K, Inoue M, Kawada M and Sano S. Atrial 

natriuretic peptide protects against ischemia-reperfusion injury in the isolated rat 

heart. Ann Thorac Surg 77: 233-237, 2004. 

 73.  Sangawa K, Nakanishi K, Ishino K, Inoue M, Kawada M and Sano S. Atrial 

natriuretic peptide protects against ischemia-reperfusion injury in the isolated rat 

heart. Ann Thorac Surg 77: 233-237, 2004. 



 

 53 

 74.  Schulz-Knappe P, Forssmann K, Herbst F, Hock D, Pipkorn R and Forssmann WG. 

Isolation and structural analysis of Ç£UrodilatinÇØ, a new peptide of the 

cardiodilatin-(ANP)-family, extracted from human urine. J Mol Med 66: 752-759, 

1988. 

 75.  Schweitz H, Vigne P, Moinier D, Frelin C and Lazdunski M. A new member of the 

natriuretic peptide family is present in the venom of the green mamba (Dendroaspis 

angusticeps). J Biol Chem 267: 13928-13932, 1992. 

 76.  Seidman CE, Bloch KD, Klein KA, Smith JA and Seidman JG. Nucleotide 

Sequences of the Human and Mouse Atrial Natriuretic Factor Genes. Science 226: 

1206-1209, 1984. 

 77.  Shiraishi I, Melendez J, Ahn Y, Skavdahl M, Murphy E, Welch S, Schaefer E, 

Walsh K, Rosenzweig A, Torella D, Nurzynska D, Kajstura J, Leri A, Anversa P 

and Sussman MA. Nuclear Targeting of Akt Enhances Kinase Activity and Survival 

of Cardiomyocytes. Circ Res 94: 884-891, 2004. 

 78.  Steinhelper ME, Cochrane KL and Field LJ. Hypotension in transgenic mice 

expressing atrial natriuretic factor fusion genes. Hypertension 16: 301-307, 1990. 

 79.  Stone JR and Marletta MA. Soluble Guanylate Cyclase from Bovine Lung: 

Activation with Nitric Oxide and Carbon Monoxide and Spectral Characterization 

of the Ferrous and Ferric States. Biochemistry 33: 5636-5640, 2002. 



 

 54 

 80.  Sudoh T, Kangawa K, Minamino N and Matsuo H. A new natriuretic peptide in 

porcine brain. Nature 332: 78-81, 1988. 

 81.  Sudoh T, Minamino N, Kangawa K and Matsuo H. C-Type natriuretic peptide 

(CNP): A new member of natriuretic peptide family identified in porcine brain. 

Biochem Biophys Res Comm 168: 863-870, 1990. 

 82.  Suga S, Itoh H, Komatsu Y, Ogawa Y, Hama N, Yoshimasa T and Nakao K. 

Cytokine-induced C-type natriuretic peptide (CNP) secretion from vascular 

endothelial cells--evidence for CNP as a novel autocrine/paracrine regulator from 

endothelial cells. Endocrinology 133: 3038-3041, 1993. 

 83.  Suga S, Nakao K, Hosoda K, Mukoyama M, Ogawa Y, Shirakami G, Arai H, Saito 

Y, Kambayashi Y and Inouye K. Receptor selectivity of natriuretic peptide family, 

atrial natriuretic peptide, brain natriuretic peptide, and C-type natriuretic peptide. 

Endocrinology 130: 229-239, 1992. 

 84.  Sun JZ, Chen SJ, Li G and Chen YF. Hypoxia reduces atrial natriuretic peptide 

clearance receptor gene expression in ANP knockout mice. Am J Physiol Lung Cell 

Mol Physiol 279: L511-L519, 2000. 

 85.  Tamura N, Ogawa Y, Chusho H, Nakamura K, Nakao K, Suda M, Kasahara M, 

Hashimoto R, Katsuura G, Mukoyama M, Itoh H, Saito Y, Tanaka I, Otani H, 



 

 55 

Katsuki M and Nakao K. Cardiac fibrosis in mice lacking brain natriuretic peptide. 

PNAS 97: 4239-4244, 2000. 

 86.  Tenhunen R, Marver HS and Schmid R. The enzymatic conversion of heme to 

bilirubin by microsomal heme oxygenase. PNAS 61: 748-755, 1968. 

 87.  Tse MY. Effect of AT2 blockade on cardiac hypertrophy as induced by high dietary 

salt in the proatrial natriuretic peptide (ANP) gene-disrupted mouse. Can J Physiol 

Pharmacol 84: 625, 2006. 

 88.  Tsujita Y, Muraski J, Shiraishi I, Kato T, Kajstura J, Anversa P and Sussman MA. 

Nuclear targeting of Akt antagonizes aspects of cardiomyocyte hypertrophy. PNAS 

103: 11946-11951, 2006. 

 89.  Vesely DL. Atrial natriuretic peptides in pathophysiological diseases. Cardiovasc Res 

51: 647-658, 2001. 

 90.  Vulapalli SR, Chen Z, Chua BHL, Wang T and Liang CS. Cardioselective 

overexpression of HO-1 prevents I/R-induced cardiac dysfunction and apoptosis. 

Am J Physiol Heart Circ Physiol 283: H688-H694, 2002. 

 91.  Waldman SA, Rapoport RM and Murad F. Atrial natriuretic factor selectively 

activates particulate guanylate cyclase and elevates cyclic GMP in rat tissues. J Biol 

Chem 259: 14332-14334, 1984. 



 

 56 

 92.  Weinberger MH. Salt Sensitivity of Blood Pressure in Humans. Hypertension 27: 

481-490, 1996. 

 93.  Wiesel P, Patel AP, Carvajal IM, Wang ZY, Pellacani A, Maemura K, DiFonzo N, 

Rennke HG, Layne MD, Yet SF, Lee ME and Perrella MA. Exacerbation of 

Chronic Renovascular Hypertension and Acute Renal Failure in Heme Oxygenase-

1-Deficient Mice. Circ Res 88: 1088-1094, 2001. 

 94.  Yet SF, Perrella MA Layne MD Hsieh CM Maemura K Kobzik L Wiesel P Christou 

H Kourembanas S Lee ME. Hypoxia induces severe right ventricular dilatation and 

infarction in heme oxygenase-1 null mice. J Clin Invest. 103(8), R23-9. 1999.  

 95.  Yet SF, Tian R, Layne MD, Wang ZY, Maemura K, Solovyeva M, Ith B, Melo LG, 

Zhang L, Ingwall JS, Dzau VJ, Lee ME and Perrella MA. Cardiac-Specific 

Expression of Heme Oxygenase-1 Protects Against Ischemia and Reperfusion Injury 

in Transgenic Mice. Circ Res 89: 168-173, 2001. 

 96.  Zhang WW, Hasaniya NW, Premaratne S and McNamara JJ. Atrial Natriuretic 

Peptide Protects Against Ischemia-Reperfusion Injury in Rabbit Hearts In Vivo. 

Vascular and Endovascular Surgery 42: 263-267, 2008. 

 

 



 

 57 

 

Appendix I 

Experimental models of hypertension 
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Renovascular Hypertension 

Goldblatt et al.(18) were the first to describe the role of renovascular hemodyanimcs in 

the maintenance of blood pressure. In the two-kidney one-clip (2K1C) model, one renal artery is 

chronically constricted, and the contralateral kidney is left untouched. In the one-kidney one-clip 

(1K1C) model, one kidney is surgically removed, and the renal artery of the contralateral kidney 

is chronically constricted. The early phase of hypertension observed in both models is due to 

renin release, which is stimulated by low renal perfusion at the kidney where the renal artery was 

ligated. This increase in plasma renin results in increased angiotensin II levels, and subsequent 

rention of sodium and water at the kidney. In the 2K1C model, pressure natriuresis (increased 

sodium and water excretion at higher blood pressure) at the intact kidney prevents hypervolemia, 

maintaining sodium and water balance at a higher mean arterial pressure. The 1K1C model 

results in hypervolemia, thus providing a model of volume-dependent hypertension. 

 

Deoxycorticosterone acetate (DOCA)-salt hypertension 

Deoxycorticosterone acetate (DOCA)-salt hypertension is an experimental model of 

hypertension dependent on high sodium intake and subsequent hypervolemia. Administration of 

DOCA, a minercorticoid similar to aldosterone, causes sodium and water retention at the kidney. 

This results in higher extracellular fluid volume and higher plasma volume, thus creating a novel 

of volume-dependent hypertension. (19; 20) 
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Appendix II 

Primer Design 
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Primer sets were designed from published NIH Genbank sequences using Primer Design 2.01 

software (National Center for Biotechnical Information, Bethesda, MD). 

 

Genes can be found by searching the Gene ID at: 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene 

 

From the FASTA sequence, primers were designed within regions 300 base pairs long. All 

primers were designed with the following characteristics: 

Minimum GC content: 50% 

Maximum GC content: 60% 

Melting temperature (Tm) range (°C): 65-70 

No hairpin loops 

Dimers rejected if ≥2 matches at the 3’ end 

Dimers rejected if ≥7 homologous bases 

Primers rejected if ≥3 G or C at 3’ end 

 

All primers had a Tm between 67-69°C. 

GENE 
NAME 

GENE 
ID # 

COMMON 

NAME 

NAME OF ENCODED PRODUCT 

Rn18s 19791 18S rRNA 18S ribosomal RNA 
Nppa 230899 ANP natriuretic peptide precursor type A (Nppa), mRNA 
Nppb 18158 BNP natriuretic peptide precursor type B (Nppb), mRNA 
Npr1 18160 NPR-A natriuretic peptide receptor 1  
Npr3 18162 NPR-C natriuretic peptide receptor 3 
Mme 17380 NEP membrane metallo endopeptidase 
Ace 11421 ACE angiotensin I converting enzyme (peptidyl-dipeptidase A) 1 
Agtr1a 11607 AT1a angiotensin II receptor, type 1a 
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Appendix III 

Analysis curves from real-time PCR 
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18S rRNA standard curve. Efficiency = 1.840 

 

18S rRNA samples. 

 

Melting peaks for 18S rRNA samples.  
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ANP standard curve. Efficiency = 1.990 

 

ANP samples. 

 

Melting peaks for ANP samples.  
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BNP standard curve. Efficiency = 1.940 

BNP samples. 

 

Melting peaks for BNP samples. 
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NPR-A standard curve. Efficiency = 1.994 

 

NPR-A samples. 

Melting peaks for NPR-A samples. 
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NPR-C standard curve. Efficiency = 1.880 

NPR-C samples. 

Melting peaks for NPR-C samples. 
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NEP standard curve. Efficiency = 2.091 

 

NEP samples. 

Melting peaks for NEP samples. 
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ACE standard curve. Efficiency = 1.949 

 

ACE samples. 

 

Melting peaks from ACE samples. 
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AT1a standard curve. Efficiency = 1.905 

 

AT1a samples. 

 

Melting peaks from AT1a samples. 


