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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 12week 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 RTPCR. 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
2

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 (NTproBNP), 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.
3
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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
4

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
6

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 NPRA-/- 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
7

molecule of the RAS. Much of the actions of AngII are mediated by binding to the angiotensin IItype 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

Kidney
Systemic Circulation
Adrenal Gland

Physiologic Activity
↑ glomerular filtration, dilate afferent arteriole, constrict efferent
arteriole, relax mesangial cells, ↓ mesangial cell proliferation, ↓
tubular salt reabsorption, ↑ diuresis, ↑ natriuresis, ↓ renin release
Vasodilation, ↓ proliferation of VSMC
↓ 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
8

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
10

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 oneclip 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 HO1 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.
11

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
12

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 HO1 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
10X Buffer
MgCl2
dNTP
Nuclease-Free water
Primers (final concentration
1μM)
Taq
DNA template

HO-1+/+, HO-1+/-, HO-1-/2
2
2
8.5
4

HO-1NonTg, HO-1Tg
2
2
2
10.5
2

0.5
1.0

0.5
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.

BW (g)
HW (mg)
LV/BW (mg/g)
N

Wild Type (HO-1+/+)
NS
HS
26.81 ± 0.93
25.12 ± 2.04
139 ± 6
141 ± 22
3.69 ± 0.23
3.88 ± 0.16
4
4

Knockout (HO-1-/-)
NS
HS
26.93 ± 1.49
27.60 ± 0.77
150 ± 12
167 ± 7
4.02 ± 0.29
4.29 ± 0.40
6
4

BW (g)
HW (mg)
LV/BW (mg/g)
N

Non-Transgenic (HO-1NonTg)
NS
HS
32.55 ± 3.53
32.99 ± 2.33
136 ± 9
142 ± 4
2.81 ± 0.28
3.02 ± 0.28
8
7

Transgenic (HO-1Tg)
NS
HS
30.02 ± 3.75
30.37 ± 2.78
128 ± 15
134 ± 9
2.90 ± 0.27
3.14 ± 0.63
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 HO1+/+ NS mice (P<0.01; see Figure 8). ANP expression was not significantly different between HO1-/- 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, NPRC 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 HO1+/+ 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 HO1NonTg mice on both NS and HS diet (P<0.05).
There were no significant differences in NPR-A, NPR-C or NEP expression among HO1NonTg 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 agematched 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 agematched 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.
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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 agematched 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 HO1+/+ 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 COactivated 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.
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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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GENE
NAME

GENE
ID #

NAME OF ENCODED PRODUCT

COMMON

NAME
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
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.
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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.
63

BNP standard curve. Efficiency = 1.940

BNP samples.

Melting peaks for BNP samples.

64

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.

67

ACE standard curve. Efficiency = 1.949

ACE samples.

Melting peaks from ACE samples.

68

AT1a standard curve. Efficiency = 1.905

AT1a samples.

Melting peaks from AT1a samples.
69

