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Abstract 

Heme is essential for numerous enzymes involved in the regulation of vascular 

tone; it is an integral component of nitric oxide synthase (NOS) and soluble guanylyl 

cyclase (sGC), and is the substrate for heme oxygenase, enzymes critical for vasodilation. 

There is evidence that the supply of heme for the vasculature is by de novo synthesis; by 

extension, inhibition of heme synthesis is anticipated to result in a deficiency in these 

hemoproteins, thus causing disturbances in the tissue’s ability to regulate vascular tone 

and control blood pressure. Interestingly, hypertension is a frequently associated with the 

morbidity of both porphyria and lead poisoning, two conditions in which the heme 

biosynthesis pathway is disrupted. The tested hypothesis in this thesis is that extended 

pharmacological inhibition of heme synthesis disrupts normal vascular control and 

induces hypertension. The objective was to elucidate the impact of inhibition of heme 

synthesis by succinylacetone (SA) on vascular control.   

Rats were treated with 40 mg/kg/12 hrs SA, a heme synthesis inhibitor, for two 

weeks; this depleted heme stores of the liver, kidney, spleen and vasculature by up to 

62.2%.  This treatment also produced a significant decrease in hematocrit, hemoglobin, 

urine nitrate levels, NOS activity and sGC activity, indicating compromised hemoprotein 

synthesis and function. Ex vivo studies of blood vessels revealed two-week SA treatment 

caused decreases in sensitivity to nitric oxide donors. Lastly, this SA treatment produced 

a significant increase in left ventricular weight (normalized to body weight), which is 

indicative of altered cardiac output and blood pressure elevation.  

In a subsequent experiment, telemetry devices were used to determine in vivo 

blood pressure, salt-sensitivity of blood pressure and endothelial function of rats treated 
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with SA for 33 days. Hemodynamic changes were minimal, yet there was a trend towards 

a decrease in pressure over two weeks of SA treatment alone. The relative change from 

low salt to high salt diet in SA rats showed no difference compared to control rats. A 

small increase was observed in 3 mg/kg L-NAME plus high salt compared to high salt 

alone, while there was no change at this dose in control animals. Heme tissue and blood 

contents were decreased by up to 47%, but to a lesser extent than previous two-week 

experiments. An increase in kidney medulla NOS activity by 19% was observed in vitro 

compared to controls.  

Initial two-week experiments were consistent with the hypothesis above, as heme 

depletion impaired in vitro activity of the hemoenzymes NOS and sGC and altered 

vasodilator function. Nevertheless, in vivo results did not support the hypothesis as 

hypertension, salt-sensitivity of blood pressure, and altered endothelial function were not 

observed. 
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CHAPTER ONE: GENERAL INTRODUCTION 

1.1 Hypertension and Cardiovascular Disease 

 Alterations in blood pressure are necessary for the body to adapt to changes in the 

environment, such as during a stressful situation or during a period of rest, ensuring 

adequate perfusion of the organs (Guyton, 1980). These changes are managed by a multi-

faceted network of systems that act over both short- and long-terms (Guyton, 1980; 

Guyton, 1990). It is the combination of these short- and long-term regulatory mechanisms 

that the body uses to determine its set point of blood pressure. It is recommended that a 

healthy individual have a diastolic blood pressure (DBP) less than 80 mmHg and a 

systolic blood pressure (SBP) less than 120 mmHg (National Institutes of Health, 2004). 

Hypertension can be clinically defined as having a DBP of greater than 90 mmHg and 

SBP of greater than 140 mmHg (Vasan, et al., 2001).  

Cardiovascular disease is the leading and growing cause of the global disease 

burden, estimated to cause at least one third of global deaths and approximately 7.1 

million premature deaths per year (WHO, 2002). Hypertension, a major contributor to 

cardiovascular disease, plays a role in stroke, heart disease, heart attack and renal failure 

(Collins, et al., 1990). This disease, previously referred to as the ‘disease of affluence’ 

(Ezzati, et al., 2005), has long been a problem in developed countries; however, with the 

increasing urbanization of countries in Asia and Africa, there is a rising prevalence 

mimicking Europe and North America (Khor, 2001; Vorster, 2002). By 2025, it is 

projected that hypertension will effect more than 1.5 billion out of the world’s 7.9 billion 

(Kearny, et al., 2005).  
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One of the reasons for the magnitude of this global problem is the under-diagnosis 

of hypertension, as it is often asymptomatic. For example, in North America, 30-48% of 

hypertensive patients are not aware of their condition (Canadian Hypertension Society; 

Chobanian, et al., 2003). Moreover, recent studies of patients with SBP between 115-139 

mmHg, previously defined as ‘normotensive’, also had increased risk of developing 

cardiovascular disease (Lewington, et al., 2002). The World Health Organization (WHO) 

has defined this group as ‘pre-hypertensive’ and estimates that 62% of cerebrovascular 

disease and 49% of ischemic heart disease occurs in patients within this category. It is 

unsettling to note that these new studies are still not completely understood by scientists 

and the current definition of ‘hypertension’ is in flux. There may not be a specific blood 

pressure value that defines a patient as ‘hypertensive’. Instead, an increase in blood 

pressure may merely increase a person’s risk for disease. Thus, it is more difficult for the 

public to understand the complete consequences of pre-hypertension and its contribution 

to the silent nature of the disease.  

There are two types of hypertension; primary and secondary. In secondary 

hypertension there is a known malfunction, such as renal artery stenosis or 

hyperthyroidism, that causes an increase in blood pressure. In primary or essential 

hypertension, the underlying etiology is unknown (Oparil, et al., 2003). Over 90% of 

hypertensive patients are diagnosed with the primary or essential form (Cowley, 2006) 

further emphasizing how little is known about the pathophysiology of hypertension, thus 

making treatment more problematic. Although many therapeutic strategies are available, 

three-quarters of diagnosed hypertensive patients do not have adequate blood pressure 

management. This may be due to a number of reasons including, failure of doctors or 
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patients to initiate treatment, problems with compliance, and lack of sufficient 

hypertensive therapy. (Marques-Vidal and Tuomilehto, 1997; Okano, et al., 1997; 

Monane, et al., 1997; Primatesta, et al., 2001;  Psaty, et al., 2002). Thus, there is much to 

be learned about the etiology of hypertension, such that more effective treatments may be 

developed.  

Both genetic and environmental factors can impact the etiology of primary 

hypertension (Mein, et al., 2004). Recently, two groups have discovered 15 genes that are 

involved in both hypertension and hypotension (Lifton and Jeunemairtre, 1993; Lalouel 

and Rajagopalan, 2007). Nonetheless, these genetic mutations account for only 1% of 

global hypertension (Kato and Julier, 1999). Moreover, it is irrefutable that poor lifestyle 

plays a role, in addition to genetic predisposition, in the onset and prevalence of 

cardiovascular disease (Yusuf, et al., 2001). Indeed, healthy choices can reduce blood 

pressure and prevent the onset of hypertension. These include increased physical activity 

(Hagberg, et al., 2000), termination of smoking (Kawachi, et al., 1994), decreased 

alcohol consumption (Xin, et al., 2001), reduced saturated fat and sodium intake (Sacks, 

et al., 2001), and increased potassium intake (He and Whelton, 1999).  

1.2 Blood Pressure Regulation 

 Blood pressure is determined by cardiac output (stroke volume and heart rate) and 

total peripheral vascular resistance, both of which are controlled by structural, hormonal 

and neural mechanisms. These elements work synergistically to establish a set point of 

pressure, causing contraction and dilation of the blood vessels depending on the body’s 

demands for oxygen and other nutrients (Guyton, 1980). This allows for compensation 

should the system become perturbed, ensuring that all tissues receive adequate perfusion. 
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Unfortunately, the cardiovascular system can only compensate to a certain degree to 

repeated insults, and over time hypertension can develop (Korner, 1995).  

Since the early sixties, the mechanism for long-term blood pressure regulation has 

been under debate. In the 1980’s the kidney was suggested to be the key organ 

responsible for the determination of long-term blood pressure by Guyton and colleagues, 

via regulation of fluid and electrolyte balance (Guyton, 1980). The mechanism by which 

the kidney is thought to accomplish this long-term control is through pressure-natriuresis 

(Guyton, 1980; Moreno, et al., 2001; Evans, et al., 2005). This mechanism allows the 

kidney to control the changes in blood pressure by altering fluid and sodium balance 

(Guyton, 1991). However, it is the integration of many extra-renal systems working with 

pressure-natriuresis that regulates overall blood pressure. These other systems include the 

sympathetic nervous system (Oikawa, et al., 2005), renin-angiotensin system (Kim, et al., 

1995; Crowley, et al., 2005), and aldosterone system (Guyton, et al., 1972), each acting 

over various time courses. The importance of pressure-natriuresis in long-term blood 

pressure regulation is emphasized by its ability to have infinite gain and unlimited 

capacity to control any change (Guyton, 1990). The kidney’s role in regulation of blood 

pressure has since been supported by many experiments. In transplant studies, it is shown 

that the hypertensive phenotype follows the kidney, such that if a normal animal receives 

a kidney from a hypertensive animal, its blood pressure will increase. (Kopf, et al., 1993; 

Patschan, et al., 1997; Smallegange, et al., 2003). Likewise, altered sodium re-absorption 

in the kidney and hypertension have been linked to genetic screening studies 

demonstrating mutated genes (Lifton and Jeunemairtre, 1993; Lalouel and Rajagopalan, 

2007). Almost all types of hypertension in both humans and experimental animals are 
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accompanied by a shifting of the pressure-natriuresis curve to accommodate the elevated 

pressure, suggesting that an increase is needed to allow appropriate sodium excretion 

(Guyton, 1980; Guyton, 1990; Guyton, 1991).  

The factors that play a role in the onset of hypertension are diverse and 

interdependent. Despite the fact that the underlying cause of most cases of hypertension 

is unknown, it is thought that many physiological systems are altered, including the 

autonomic nervous system, humoral factors, and renin-angiotensin system, all of which 

may impact the intrinsic pressure natriuresis system (Shepherd, 1990). It has been 

suggested that a chronic increase in peripheral resistance leads to a chronic hypertensive 

state (Lund-Johansen, 1991; Post, et al., 1994). This change in resistance is believed to be 

caused by functional alterations followed by structural changes in the blood vessels. In 

1990, Folkow proposed that an increase in resistance is initiated by the body’s functional 

response to either an increase in vasoconstrictor tone or a decrease in vasodilator activity. 

This constant pressor response causes the vasculature to change in order to support the 

resulting increase in blood pressure, leading to a vicious cycle of chronic hypertension. 

Thus, the interplay of various mechanisms leads to the development of the disease.  

1.3 Endothelial Dysfunction 

 The single layer of cells that lines the inside of blood vessels, called the 

endothelium, plays an important role in vascular homeostasis and its disruption can cause 

abnormalities in blood pressure regulation. It plays numerous roles, including aiding in 

the balance between vasoconstrictor and vasodilator tone. This vascular control is 

mediated by numerous factors such as nitric oxide (NO), endothelium-derived 

hyperpolarizing factor (EDHF), prostaglandins such as PGH2, endothelin (ET) and  
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Vasoactive 
Factor 

Source Target Effect on  
Vascular Tone 

Mechanism of 
Action 

NO NOS sGC/cGMP ↓↓↓ ↓ Ca2+ 
EDHF CYP2C9 ? KCa channels ↓↓ Hyperpolarizes 

smooth muscle 
cells 

PGH2 Prostacyclin 
synthase 

Endoperoxide 
receptor 

↑ ↑ Ca2+ 

ET Endothelin 
converting 

enzyme 

ETA receptor 
ETB1 receptor 
ETB2 receptor 

↑ 
↓ 
↑ 

↑ Ca2+ 
NO release 
↑ Ca2+ 

Ang II Angiotensin 
converting 

enzyme 

AT1 receptor 
 

AT2 receptor 

↑  
 
? 

Aldosterone 
release 

? 
PGI2 COX IP receptor ↓ cAMP/AC 
TXA2 Thromboxane 

synthase 
Thromboxane 

receptor 
↑ ↑ Ca2+ 

 
Table 1.1. Endothelium-derived vasoactive factors. Summary of major vasoactive factors 
(dilators and constrictors) found in endothelium, their enzymatic source, target, effect on 
tone and mechanism of action. 
 

Abbreviations 
NO – Nitric oxide 
EDHF – Endothelim-derived hyperpolarizing factor 
PGH2 – Prostaglandin 
ET – Endothelin 
Ang II – Angiotension II 
PGI2 – Prostacyclin 
TXA2 – Thromboxane A2
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angiotensin II (Ang II) (Table 1.1). Impairment of this protective endothelial layer can 

result in endothelial dysfunction, leading to diminished vasodilation, and is linked to 

hypertension and other cardiovascular diseases (Caterina, 2000; Oparil, et al., 2003; 

Hurairah and Ferro, 2004).  

 More recently, it has been postulated that alterations in the vascular endothelium 

play a major role in the development of hypertension. One of the proposed mechanisms 

that contributes to this endothelial dysfunction is a decrease in NO signaling, due to a 

reduced nitric oxide synthase (NOS) production (Rees, et al., 1989; Moncada, et al., 

1991; Caterina, 2000). Studies performed on animal models and hypertensive patients 

have revealed reduced responses to acetylcholine (ACh) mediated endothelial 

vasodilation and blood flow (Panza, et al., 1993; Laursen, et al., 1997). Moreover, there 

is evidence to suggest that there is a correlation between two independent risk factors, 

increased age and cholesterol, and an unhealthy endothelial layer (Huraux, et al., 1999). 

This indicates that endothelial function plays a major role in the maintenance of normal 

vascular balance and that endothelial dysfunction may precede or be involved in the onset 

of hypertension. In addition to being involved in hypertension, normal NOS function has 

also been shown to protect against platelet aggregation and atherosclerotic plaque 

formation (Radomski, et al., 1987; Naseem, 2005). Thus, disruptions in NOS can lead to 

development of atherosclerosis and more severe heart disease.  

1.4 Blood Pressure and Vascular Hemoenzymes 

 There are many enzymes in the body that require heme for their function. Several 

of these so-called hemoenzymes are involved in the control of vascular tone. There are 

three specific hemoenzymes that are particularly noteworthy. First, NOS is responsible 
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for the conversion of L-arginine to L-citrulline, producing NO in the process, a molecule 

that is involved in vasodilation. Heme oxygenase (HO) uses heme as a substrate breaking 

it down to carbon monoxide (CO), which is also known to contribute to maintenance of 

vascular tone (Chen, et al., 2003).  The vasodilation induced by NO and CO is mediated 

through the effects of soluble guanylyl cyclase (sGC), another hemoenzyme. These heme 

containing enzymes will be discussed in further detail below.  

Disturbances in heme biosynthesis may be associated with changes in blood 

pressure. Patients with porphyria, a genetic defect in which heme synthesis is 

compromised, have an increased prevalence of hypertension. Indeed, high blood pressure 

is thought to be a major chronic complication and the leading cause of death in porphyric 

patients (Gordon, 1999). In a multi-generational study, 60% of patients diagnosed with 

the disease were also hypertensive (Church, et al., 1992). Lead poisoning is another 

example in which heme synthesis is compromised and an association with high blood 

pressure is observed. Studies in rats showed that upon administration of lead acetate, the 

animals developed hypertension (Webb, et al., 1981). Though lead is a non-selective 

toxicant, some of its best documented effects include the ability to inhibit heme 

biosynthesis and specifically aminolevulinic acid dehydratase (ALA-D) (Vaziri, 2002).  

A. The NOS/HO/sGC System 

 Hemoproteins play a vital role in endothelium-mediated vasorelaxation. The most 

prominent molecule in this system is NO, derived from the NOS pathway, supplying 

vasodilatory input to the vasculature and interacting with sGC downstream (Chowdhary 

and Townend, 2001). The formation of NO is catalyzed by NOS which then stimulates 

sGC causing an increase in production of the second messenger cyclic guanosine 3’,5’-
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monophosphate (cGMP) by up to 400 fold. Next, cGMP acts on protein kinase G (PKG) 

which causes a decrease in intracellular calcium, disconnecting the actin-myosin links, 

and promoting vasodilation (Stasch, et al., 2002). CO derived from HO also has the 

ability to activate sGC, although it is far less potent than NO and can only increase sGC 

activity by five times (Stone and Marletta, 1994; Kharitonov, et al., 1995). Instead, it may 

act as a modulator of NO as opposed to a direct activator of sGC (Figure 1.1). Heme 

plays a different role in the function of each of these three enzymes. It is required at the 

active site of NOS catalyzing L-citrulline to L-arginine and NO. Heme does not play a 

direct role in the HO enzyme, but rather acts as a substrate. Finally, in sGC, it is a 

regulatory molecule that participates in the control of enzyme activity. These heme 

containing enzymes play an integral part in the management and regulation of blood 

pressure through the vasculature. Focusing this study on the NOS/HO/sGC system allows 

for the analysis of heme depletion and its effects on the primary endothelium-derived 

vasodilator system. Moreover, it allows for the investigation of heme in many different 

roles, as part of the active site, regulator and substrate. 

B. Nitric Oxide Synthase 

 Nitric oxide synthase is an integral enzyme responsible for several actions 

including the dilation of blood vessels. First given the term endothelium-derived relaxing 

factor, NO was discovered to be made constantly by endothelial cells. In 1998 Furchgott, 

Ignarro and Murad shared the Nobel Prize for their discoveries concerning the role of NO 

in vascular control. Since this discovery, the amount of information and academic papers 

has increased steadily and NO  
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Heme + O2 + 
NADPH 

HO Biliverdin + Fe
+ CO 

GTP sGC-heme  cGMP

NOS-heme NO + Citrulline

RELAXATION

Arginine + O2 + 
NADPH  

Figure 1.1. The HO/NOS/sGC signaling pathway. NO formed from NOS and CO formed 
from HO both act on the heme moiety of sGC increasing the production of cGMP and 
leading to downstream relaxation of the blood vessels. CO may play act as a partial 
agonist of sGC, preventing the actions of NO on sGC.  
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has become a major topic of cardiovascular research. In 2007 there were more than 2,500 

papers with NO in the title or abstract. There are three different isozymes of NOS; 

neuronal NOS (nNOS, NOSI), inducible NOS (iNOS, NOSII), and endothelial NOS 

(eNOS, NOSIII). Both nNOS and eNOS are constitutively expressed, while iNOS is 

found in macrophages and must be induced by LPS or cytokines amongst other agents. 

All three enzymes oxidize a nitrogen atom of L-arginine to NO and use molecular oxygen 

and β-nicotinamide adenine dinucleotide 2’-phosphate (NADPH) as co-substrates. All 

three isozymes use FAD, FMN and heme iron as prosthetic groups and require BH4 as a 

co-factor. nNOS and eNOS are constitutively expressed in tissues and must be activated 

by the calcium/calmodulin complex in order to produce NO; however, iNOS, is calcium 

independent (Forstermann, et al., 1995). 

 Of the three isoforms, eNOS is the most important for vascular control, as it is 

vital in providing tonic vasodilation in the blood vessels (Li and Forstermann, 2000). 

However, it has also been shown that nNOS is highly expressed in the cells of the macula 

densa of the kidney, playing a role in the management of blood pressure during salt 

challenge and renal vasodilation (Wilcox, et al., 1998). Not only is NO responsible for 

the vasodilation of blood vessels, but it has also been shown to prevent platelet activation, 

atherosclerosis development and cell proliferation (Fleming and Busse, 1999; Albrecht, et 

al., 2002).  

NO is a small, labile molecule that is soluble in water and lipids, having a very 

short biological half-life of five to six seconds (Moncada, et al., 1989). These properties 

make it well suited to its vascular environment, as it can have an effect on the nearby 

smooth muscles cells, but not over long distances. Its endothelial cell formation occurs 

 11



close to the vascular smooth muscle cells allowing NO to diffuse quickly to its target and 

cause effects without its short half-life being a major downfall. Moreover, its small size 

and lipophilic nature allow for rapid diffusion through cell membranes. The distance 

which NO can exert its effects is limited, but it is able to bind to the heme complex of 

sGC with high affinity, guaranteeing its normal physiological actions are carried out 

(Ignarro, 2002).  

Since its discovery in the 1980’s, NO has proven to be a very important factor 

responsible for continuous modulation of vascular smooth muscle. Direct evidence for 

basal generation of NO came from bioassay cascade experiments that showed the 

continuous release of NO in solutions collected from perfused and/or superfused vascular 

preparations (Ignarro, 1989). Moreover, in rabbits it has been found that 69% of basal 

noradrenaline release occurs in order to counteract the vasodilatory effects of NO 

(Halbrugge, et al., 1991). This basal NO release can be attributed to shear stress or 

tangential shear force generated by blood flowing across the endothelial cell surface of 

the vascular wall, triggering the formation of NO via the endothelial cells. It appears that 

shear force causes stretch activated potassium channels, leading to hyperpolarization and 

an increased electrochemical gradient for calcium (Ayajiki, et al., 1996; Fleming, et al., 

1997). NO production can also be activated by receptor agonists such as ACh and 

bradykinin (Barbato and Tzeng, 2004). NO induces dilation via two separate 

mechanisms; one being cGMP-dependent and the other being cGMP-independent. The 

cGMP-dependent pathway involves the activation of sGC when NO binds to the heme 

prosthetic group and is considered to be the main mechanism of action and will be 

discussed in greater detail below. The cGMP-independent pathway acts through calcium-
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gated potassium channels that cause an increase in potassium ion efflux from the smooth 

muscle cell, resulting in hyperpolarization (Bolotina, et al., 1994).  

 One of the best ways to understand a molecule’s role within a system is to 

investigate the repercussions of removing it. This is the case in much of the NOS 

research, as substrate analogs such as NG-nitro-L-arginine-methyl-ester (L-NAME) and 

NG-monomethyl-L-arginine (L-NMMA), both NOS inhibitors, have been used to block 

the systemic effects of NOS. These drugs have been used to produce both acute and 

chronic experimental hypertension in animal models (Baylis, et al., 1992; Ward and 

Angus, 1993; Hu, et al., 1997; Wakefield, et al., 2003). In rats, short-term intravenous 

(I.V.) administration of 10 mg/kg of L-NAME induced an increase in arterial pressure of 

at least 30% as well as a constriction of various vascular beds, resulting in an increase of 

total peripheral resistance (TPR) by 50% (Hu, et al., 1997). More specifically, it was 

observed that the microcirculation of the hamster cheek pouch was profoundly affected 

by NOS inhibition, as even small arterioles showed strong vasoconstriction (Rees, et al., 

1990). Experiments that examined the effect of acute NOS inhibition on the kidney found 

increased renal vasoconstriction that profoundly impacted renal hemodynamics and 

increased blood pressure (Gardiner, et al., 1990). Moreover, a novel model of systemic 

hypertension has been presented, as glomerular capillary hypertension and glomerular 

injury occur during long-term NO blockade (Baylis, et al., 1992). Due to the fact that 

these NOS inhibitors block all isoforms, these responses may be partially attributed to the 

involvement of nNOS and the sympathetic nervous system (Sander, et al., 1997). 

Advantageously, an eNOS-/- knockout mouse strain has been developed, allowing for the 

assessment of eNOS specifically. This strain was found to have a mean arterial pressure 
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(MAP) 20-30% higher than control animals (Huang, et al., 1995). It is clear from both 

pharmacological inhibition of NOS and genetic manipulation that the tonic input of 

eNOS plays an integral role in the management of blood pressure and that a deficiency in 

the enzyme also causes problems in cardiovascular control.  

 In addition to the effects of NOS inhibition on the body, an increase in NO 

production via the administration of L-arginine, the substrate for NO production, to 

animals with compromised NOS activity has resulted in decreased blood pressure. 

However, no effect on normal animals has been shown. L-arginine has endothelium-

dependent vasodilating properties causing dilation in aortic ring preparations as well as 

resistance vessels such as the kidney, heart and mesentery (Thomas, et al., 1986; 

Bhardwaj and Moore, 1989; Al-Swayeh and Moore, 1989; Amezcua, et al., 1989; Sun, et 

al., 1992). In vivo experiments using spontaneously hypertensive rats (SHR) have shown 

that there is an anti-hypertensive effect of L-arginine. Rats given a dose of 100 mg/kg of 

L-arginine intraperitoneally (I.P.) showed a reduced blood pressure by 30 mmHg 

compared to saline treated controls (Martasek, et al., 1991). Moreover, L-arginine 

reversed the hypertensive response to NOS blockers such as L-NMMA and L-NAME 

when co-administered to animals (Rees, et al., 1989; Tolins, et al., 1990; Randall and 

Griffith, 1991; Boger, et al., 1994), re-affirming the link between hypertension and NO 

production. These findings, along with those obtained from eNOS-/- knockout mice 

models and other systemic inhibitors of NOS, emphasize the magnitude of basal eNOS 

activity in vascular control and provide evidence that a reduced NOS activity may result 

in the disruption of typical blood pressure regulation.  
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C. Heme Oxygenase 

Heme oxygenase is solely responsible for the breakdown of its substrate, heme 

(Pimstone, et al., 1971; Ryter and Tyrell, 2000). The products of this reaction are 

biliverdin,  Fe+2 and carbon monoxide (Figure 1.1). There are two active isoforms of the 

enzyme, HO-1 and HO-2. HO-1 is inducible and acts as an anti-oxidant defense 

mechanism activated by heavy metals, hypoxia and excess heme (Maines, 1997; 

Otterbein and Choi, 2000). HO-2 is constitutively expressed and its product, CO, acts 

locally on sGC. CO plays a similar role to NO, as a vasoactive molecule. CO forms a 

complex with the heme moiety of sGC, which then elevates the formation of cGMP, 

producing vascular smooth muscle relaxation (Figure 1.1) (Lucas, et al., 2000; Ndisang, 

et al., 2002). As previously mentioned, NO has a higher affinity for sGC than CO, which 

causes a greater increase in cGMP; however, the binding of CO to heme proteins is more 

stable than NO. This means that CO can competitively reduce the ability of NO to bind to 

sGC if CO is present in high enough concentrations, causing vasoconstriction (Stamler 

and Piantadosi, 1996).  

Furthermore, the role of CO within the cardiovascular system has proven to be 

somewhat controversial. Despite the fact that CO causes a concentration-dependent 

relaxation of blood vessels precontracted with phenylephrine (PE) (Wang, et al., 1997), it 

is still debatable if CO is a vasorelaxing or vasoconstricting molecule under normal 

physiological conditions. In isolated gracilis muscle arterioles, increased CO production 

caused vasoconstriction in endothelium-intact vessels, yet in endothelium-denuded 

vessels and those treated with L-NAME and SNP (sodium nitroprusside) together, the 

vasoconstrictive effects of CO were abolished; instead it caused vasodilation. This 
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suggests that CO-inhibited endothelial formation of NO was the underlying mechanism 

of the vasoconstrictive effects of CO (Kozma, et al., 1999; Johnson and Johnson, 2003). 

Nevertheless, CO-mediated vasodilation of NO impaired vessels occurred to a lesser 

extent compared to intact NO-mediated relaxation, suggesting that CO is less efficacious 

than NO. It is thought that CO is a partial agonist and when NO formation is impaired or 

inhibited, CO may take over as a physiological vasorelaxant; however, when NOS 

functionality is intact, CO acts as a vasoconstrictor (Ndisang, et al., 2004). Moreover, it 

has been shown that low concentrations of CO induce release of NO and cause 

vasodilation, with NO being released from an intracellular pool of heme-bound NO. 

Conversely, at higher concentrations of CO (above 1 μM), eNOS is inhibited by CO and 

therefore, NO formation is suppressed. This leads to a blunted NO release and may cause 

vasoconstriction (Thorup, et al., 1999). Despite these observations, the biological role of 

CO under physiological conditions remains unclear.  

Similarly to NO, CO can also act in a cGMP-independent manner (Cary and 

Marletta, 2001). It has been proposed that CO can promote a vasodilatory response in 

vascular smooth muscle cells by stimulating calcium-activated potassium channels 

(Wang, et al., 1997; Kaide, et al., 2001). The opening of these channels leads to 

hyperpolarization which causes the voltage dependent Ca2+ channels to close, reducing 

the intracellular Ca2+ concentration and causing relaxation (Quast, 1993). Nevertheless, 

the mechanism for this activation differs between NO and CO, as the beta subunit of the 

channel is necessary for NO to have an effect, but not for CO (Wu, et al., 2002).  

To further complicate the issue, upregulation of HO expression and thus an 

increase in CO production has been shown to decrease blood pressure in SHRs as well as 
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salt-sensitive rat models (Johnson, et al., 2003; Ndisang, et al., 2004). In addition to this, 

inhibition of HO by metalloporphyrins, competitive inhibitors of HO, showed an increase 

in arterial pressure and peripheral resistance in Sprague-Dawley rats (Johnson, et al., 

1995). It is difficult to determine the endogenous circulating concentrations of CO in 

hypertension, yet it remains that changes in metabolism of CO could be linked to 

different stages of the development of hypertension and altered vascular responses 

(Ndisang, et al., 2004).  

D. Soluble Guanylyl Cyclase 

The next hemoenzyme that will be discussed in terms of cardiovascular control is 

sGC which catalyzes guanosine triphosphate (GTP) conversion to cGMP (Figure 1.1). 

The heme moiety of this enzyme is not needed at the active site, but instead acts as a 

receptor for NO, its primary activator. The binding of NO to the heme complex leads to 

the breakage of the heme-iron/histidine bond, a conformational change that increases 

sGC activity by up to 400 fold (Friebe and Koesling, 2003; Bruckdorfer, 2005). CO 

activation of sGC acts in a similar way, although it is not powerful enough to break the 

bond and only increases activity by four- to five-fold (Kharitonov, et al., 1995). 

Activation leads to an increase in the second messenger cGMP, which binds to PKG, 

activating this serine/threonine kinase. Next, PKG phosphorylates the inositol 

triphosphate (IP3) receptor and Rho A which results in both an intracellular decrease of 

Ca+2 and a decreased sensitivity of the myofilaments to Ca+2 (Hoffman, et al., 2000; 

Schlossmann, et al., 2000). Activation of PKG by cGMP is then terminated by the 

breakdown of cGMP via phosphodiesterase 5 (PDE5) (Rybalkin, et al., 2003). 
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 Due to the fact that many systems use cGMP as a second messenger, in vivo 

experiments examining the inhibition of sGC on the vascular system alone would be 

difficult to conduct. Moreover, it has been shown that sGC knockout mice do not survive 

(Yuen, et al., 1994). However, in vitro, organ bath studies have shown that 1H-

[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), a selective sGC inhibitor, causes a 30-

fold decrease in relaxation response to NO donors and demonstrates that sGC plays an 

integral role in NO mediated vasodilation (Olson, et al., 1997).  

The role of the sGC/cGMP pathway has also been implicated in the development 

of hypertension in adult SHRs (Kojda, et al., 1998). The desensitization of this metabolic 

pathway could be the cause of abnormalities in the vascular smooth muscle cells of these 

animals, which is endothelium-independent, but cGMP mediated (Ruetten, et al., 1999). 

In addition, it has been demonstrated that eight week-old SHR have significantly lower 

levels of sGC expression in the aorta, pulmonary artery, tail artery and mesenteric artery 

compared to age-matched WKY controls (Ndisang, et al., 2004). Overall, sGC plays an 

important role in cardiovascular control and alterations in its activity can have profound 

effects on blood pressure.  

E. Other Hemoenzymes 

Lastly, products of cytochrome P450 (CYP450) metabolism, another 

hemoenzyme, also play a role in the vasculature. The identity of EDHF is still debatable, 

but one possible mechanism for its production involves epoxyeicosatrienoic acids (EETs) 

which are products of CYP450s (Fisslthaler, et al., 1999; Fichtlscherer, et al., 2004; 

Bryan, et al., 2005). Specifically, the CYP2C9 enzyme could be involved in the synthesis 

of EDHF as it has been shown that inhibition of this enzyme leads to a loss of EDHF 
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effects in the blood vessels (Fleming and Busse, 2001). In addition to being involved in 

the synthesis of EDHF, CYP450 derived substances play a role in arachidonic acid (AA) 

metabolism producing the vasoactive molecule, 20-hydroxyeicosatetraenoic acid (20-

HETE). 20-HETE is a potent vasoconstrictor produced by the renal vascular smooth 

muscle cells. It causes depolarization of VSMCs primarily via the inhibition of calcium-

activated potassium channels although other mechanisms have been reported (Maier and 

Roman, 2001). Decreases in CO and NO production can cause an increase in 20-HETE 

production (Ndisang, et al., 2004). More specifically, a decrease in renal microsomal 

CYP450 metabolism of AA correlates with an increase in 20-HETE that is linked to 

development of hypertension in the SHR (Sacrerdoti, et al., 1988).   

1.5 Salt-sensitivity 

Salt-sensitivity can be defined as a state in which salt intake causes exaggerated 

changes in blood pressure. In many Western cultures, the amount of salt in the diet is 

extremely high, and therefore the impact of high sodium intake and its relationship with 

arterial pressure may be particularly important (Meneton, et al., 2005). Many 

experimental animal models have been developed for the study of salt-sensitivity 

including the deoxycorticosterone acetate (DOCA) (Lee, et al., 2006; Watts, et al., 2007), 

Dahl/Rapp (Ito and Roman, 1999; Taylor and Cowley, 2005), atrial natriuretic peptide 

(ANP) knockout (Villarreal, et al., 2002; Angelis, et al., 2005) and Sabra hypertension-

prone (SBH) rat (Yagil, et al., 1986). In these animals, no obvious signs of hypertension 

under normal physiological conditions occur; however, when sodium intake is increased 

or decreased, changes in blood pressure are observed not only over several days but also 

over weeks and months (Guyton, et al., 1980; Roman and Osborn, 1995; Hu and 
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Manning, 1995). Although salt-sensitivity in these models has been proposed to occur by 

different mechanisms, these models are invariably associated with alterations in renal 

function. Sodium excretion in response to an increase in sodium load is lower in DOCA, 

Dahl/Rapp and SBH strains when compared to normotensive rats (Yagil, et al., 1986). 

One of the possible explanations for altered renal handling of sodium is the impairment 

of NOS function.  

Endogenous NO production plays a substantial role in modulating renal 

hemodynamics and sodium handling. Enhanced renal NO synthesis is a response to a salt 

challenge in normal Sprague-Dawley male rats (Shultz and Tolins, 1993). This increase 

in NO synthesis allows for the maintenance of normal blood pressure via increased 

sodium excretion. Administration of L-NMMA, a NOS inhibitor, via intrarenal injection 

causes an increase in filtration fraction and tubular sodium re-absorption resulting in a 

decrease in net sodium excretion. This phenomenon was only observed if the renal 

perfusion pressure (RPP) was maintained at basal levels by aortic snare that prevented the 

kidney from sensing the change in pressure. Conversely, when the kidney was allowed to 

experience a physiological increase in RPP, the effects of pressure natriuresis dominated 

and there was an increase in sodium excretion (Shultz and Tolins, 1993). 

NO has been identified as a major player in the pathogenesis of salt-sensitivity in 

Dahl salt-sensitive rats. These rats have impaired responses to endothelium-dependent 

vasodilators such as ACh (Luscher, et al., 1987) and also show alterations in NOS 

activity/function. Indeed, in a study by Chen and Sanders (1993), salt-sensitive rats had a 

dramatic increase in MAP compared to salt-resistant animals, when salt loaded with 8% 

sodium chloride (NaCl) in chow. Upon treatment with L-arginine, blood pressure of the 
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salt-challenged, salt-sensitive rat was normalized. Moreover, the amount of nitrate in the 

urine of both the salt-sensitive and salt resistant strains was significantly increased during 

the salt challenge. These data suggest that the salt-sensitive rat has a compromised 

nitrovasodilation mechanism that only manifests as hypertension when given a salt 

challenge (Chen and Sanders, 1993). In addition, it is also likely that the Sabra 

hypertension prone rat has a compromised NO system which accounts for its 

susceptibility to adult onset hypertension. In vitro studies showed that basal 

concentrations of plasma nitrite/nitrate were significantly lower in the Sabra hypertension 

prone rat compared to the hypertension-resistant rat. There was also a decrease in calcium 

dependent NOS activity in aortic endothelial cells in Sabra hypertension prone rat in 

relation to Sabra hypertension-resistant rat. Moreover, aortic ring preparations 

demonstrated that there is a decreased sensitivity to acetylcholine-induced endothelium-

dependent relaxation in the Sabra hypertension prone rat (Rees, et al., 1996). It is clear 

that NO plays a role in facilitating sodium excretion, an effect that is partly independent 

of its vasodilator actions (Lahera, et al., 1991; Shultz and Tolins, 1993; Deng, et al., 

1994). Therefore, it is likely that both the endothelium-dependent dilation and increased 

sodium retention may be mechanisms in which hypertension is generated by a NO 

deficiency.  

1.6 Heme 

A. Function 

 Heme, a compound that contains iron (Figure 1.2), is present in most animal 

systems. The primary role of heme is in oxygen transport and storage (via hemoglobin in 

the red blood cells and myoglobin in the muscle respectively); in mammals, 85% of total  
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Figure 1.2. The chemical structure of heme. Heme is composed of one iron molecule 
inserted into a tetrapyrrole ring. The iron is responsible for the oxygen binding and 
electron transfer abilities of heme.  
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body heme is found in these molecules (Ponka, 1997). Whereas hemoenzymes play 

various roles in blood vessels as discussed above, they are involved in a number of other 

functions. Examples include, the CYP450s involved in drug metabolism, cytochrome C 

involved in respiration, and oxidases, peroxidases and catalases that are responsible for 

oxygen metabolism (Table 1.2). Heme plays an integral role in many second messengers, 

for example in cGMP (via guanylyl cyclase) and hormones (via hydroxylases) (Ponka, 

1999).  

B. Endogenous Sources 

The majority of the other 15% of total body heme is produced by hepatocytes, 

with up to 80% being comprised of hepatic heme (12% total body heme). Hepatic heme 

is involved in the formation of hemoproteins, while approximately 20% (3% total body 

heme) is devoted to bile pigments (Figure 1.3). Although synthesis of heme occurs 

mostly in the erythropoietic and hepatic cells, it can also be produced in most other 

tissues (Maines, 1997), including the vasculature (Jaronczyk, et al., 2004), as will be 

discussed below. On the other hand, heme is a strong oxidant; therefore, excess heme 

production is kept to a minimum via tight control of its synthesis (Ponka, 1999). Research 

conducted using pulse-chase methods in reticulocytes revealed that the cellular stores of 

uncommitted heme are fairly small and have a half-life of approximately two hours 

(Garrick, et al., 1999). 

The source of heme in the vasculature has been proposed to come from two 

separate mechanisms. The first is that heme is synthesized external to the vascular cells 

(likely in the liver), then taken up into cells via the extra-cellular milieu. The second 

suggestion is that the vascular cells have the ability to make heme themselves on a  
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Hemoeprotein Function 
Hemoglobin Oxygen transport in blood 
Myoglobin Oxygen storage in muscle 
Heme oxygenase Catalyzes breakdown of heme 
Nitric oxide synthase NO production role in regulation of vascular smooth 

muscle tone. Catalyzes the breakdown of L-arginine to L-
citrulline and releases the gasotransmitter nitric oxide 
(Moncada, et al., 1991) 

Cyclooxygenase Conversion of arachidonic acid to prostaglandin H2. – 
important in vascular control (Ponka, 1999) 

Soluble guanylyl cyclase Catalyzes the conversion of GTP to cGMP. Intracellular 
receptor for nitric oxide – important in vascular control 
(Mayer, 1994) 

Cytochromes (P450, a, b, c) Drug metabolism and signaling in the electron transport 
chain respectively 

Catalase Conversion of H2O2 to water and oxygen. Decreases 
oxidative stress (Ponka, 1999) 

Hydroxylases Synthesis of steroid hormones (Ponka, 1999) 
 
Table 1.2. Summary of the function of important hemoproteins found in the human and 
rat. 
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Figure 1.3. Heme supply in the body. The main source of heme is from erythroid 
synthesis, all of which is committed to hemoglobin. The majority of heme synthesis 
occurs in the liver, with 80% of this utilized in various hemoproteins. Most other tissues 
also synthesize heme, but to a lesser degree (not shown in graph).  
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required basis. Regardless of the fact that the liver and erythrocytes synthesize most of 

the body’s heme, other organs such as the heart have been shown to produce their own 

heme. Moreover, the vasculature has been found to contain all the enzymes required for 

heme synthesis, yet the presence of high-affinity heme binding proteins in the cell could 

prevent the uptake of heme directly, thus de novo synthesis of heme is more likely the 

source for vascular heme (Bui, et al., 2004).  

C. Synthesis and Regulation 

 Heme synthesis occurs in both erythropoietic and non-erythropoietic cells in an 

eight-step process that begins and finishes in the mitochondrion, but also partially takes 

place in the cytosol (Figure 1.4). The first step is catalyzed by δ-aminolevulinic synthase 

(ALA-S) and combines glycine and succinyl CoA to make δ-aminolevulinic acid (ALA). 

This is the major point of control for heme biosynthesis and also the rate determining step 

of the entire pathway. Next, the conversion of ALA to porphobilinogen (PBG) by ALA-

D occurs in the cytosol. After a series of steps in the cytosol, PBG is eventually converted 

to coproporphyrinogen III which re-enters the mitochondrion as protoporphyrinogen IX 

and proceeds to be dehydroxylated to protophorphyrin IX by protoporphyrinogen 

oxidase. Upon the addition of iron by ferrochelatase, the complete heme molecule is 

formed (Ponka, 1999). 

 The control of heme synthesis is regulated differently in non-erythropoietic cells 

compared to erythropoietic cells, as alluded to previously. In non-erythropoietic cells, 

such as vascular cells, synthesis is controlled by the ALA-S enzyme that converts 

succinyl CoA and gylcine to ALA. The half-life of ALA-S mRNA is dependent upon the 

heme concentration in the tissue. If the concentration is high, there is a decrease in the 

 26



 

Cytosol 
Glycine + 

 Succinyl CoA 
δ-ALA synthase 

δ-aminolevulinic acid 
(ALA) 

Porphobilinogen (PBG)
δ-ALA dehydratase Porphobilinogen 

deaminase HEME 
Hydroxymethylbilane 

Fe+2Ferrochelatase 
Uroporphyrinogen III 
cosynthase 

Figure 1.4. The heme biosynthesis pathway. Synthesis commences in the mitochondrion, 
continues in the cytosol and re-enters the mitochondrion for its completion. ALA-S is the 
rate limiting enzyme.  
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stability of the mRNA, thus providing negative feedback. This guarantees that the rate of 

heme synthesis is adequate to supply heme, but low enough to prevent excess pro-oxidant 

heme (Hamilton, et al., 1991). In contrast, heme biosynthesis in erythroid cells is 

regulated by the ALA-S2 gene that is controlled by an iron responsive element. Due to 

the fact that heme promotes the dissociation of iron from transferrin, an increase in heme 

levels also increases heme synthesis in red blood cells, providing a positive feedback 

mechanism instead of a negative one (Cox, et al., 1985). Thus, if iron is present in the 

cells, heme synthesis can take place, allowing for maximal hemoglobin synthesis and 

sufficient transport of oxygen throughout the body.  

1.7 Rationale and Approach 

Current antihypertensive treatments are not ideal for the control of blood pressure 

in the majority of the population (Thom, 1989; Canadian Hypertension Society, 2006) 

and hypertension is still a major problem. Gaining a better grasp of the mechanisms that 

are responsible for hypertension would allow better use of the current drugs and also lead 

to more effective treatment targets. Hemoenzymes play a role in the regulation of blood 

pressure and are of interest because their dysfunction may be involved in the 

development of hypertension. More specifically, the elucidation of the role of inadequate 

heme supply is important, as decreases in heme synthesis induced by Soong in the short-

term have shown some alterations in vascular hemoenzymes and blood pressure control 

(Soong, 2006). However, longer term perturbations of heme synthesis are needed to 

further decrease heme and more clearly reveal the relationship of heme insufficiency and 

blood pressure. 
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Short-term heme synthesis inhibition with the drug, succinylacetone (SA), has 

helped to clarify these roles. Four-day treatment has been shown to deplete tissue heme 

by 70-80%; however, it failed to produce an overt elevation in blood pressure. This 

duration of treatment does impact hemoenzyme activity slightly, as it produces a 15-20% 

decrease of in vitro NOS activity in the kidney, a greater sensitivity to NO-donors 

MAHMA-NONOate and ACh ex vivo and in vivo and to the inhibitor L-NAME in vivo. 

HO activity in vitro was 27% higher than control upon addition of methemalbumin 

(MHA) and although sGC levels were the same under basal conditions, there was a 40% 

increase under NO-donor stimulation. Moreover, it is likely that this enhanced sensitivity 

to vasodilators and a blunted sensitivity to vasoconstrictors allowed for the compensation 

of the heme deficit and the maintenance of normal blood pressure (Soong, 2006). It is 

proposed that the treatment period be extended to up to five weeks in order to overwhelm 

the compensatory mechanisms and redundancy of the body’s systems to produce a more 

obvious impact on vascular control.   

It is proposed that heme depletion may play a role in the development of 

hypertension and my thesis research addresses the following hypotheses:  

1. Extended or long-term heme depletion will have a greater impact on hemoprotein 

function compared to acute treatment 

2. This extended duration of treatment will induce salt-sensitive hypertension 
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The objectives for this study were to determine:  

1. if extended administration of SA effectively inhibits heme biosynthesis 

2. the effects of SA on NOS, sGC and HO enzyme activity in vivo and in vitro 

3. the effects of long-term SA treatment on vasodilator and vasoconstrictor function 

ex vivo 

4. the effects of long-term SA treatment on the blood pressure of conscious animals 

5. if blood pressure of SA-treated animals is salt-sensitive and linked to endothelial 

dysfunction. 
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CHAPTER TWO: IN VITRO AND EX VIVO IMPACT OF TWO-WEEK 
SUCCINYLACETONE TREATMENT ON TISSUE AND BLOOD HEME AND 

HEMOENZYME LEVELS 
 
2.1 Introduction 
 The heme moiety is an integral part of many biological systems, as it plays a role 

in oxygen transport via hemoglobin and myoglobin, electron transfer by means of 

cytochrome c, and oxygen metabolism through catalase-peroxidase (Ponka, 1999). Heme 

is also important in the control of normal blood pressure, as several vasoactive factors 

require heme for proper function. Examples of these include, NOS, sGC, HO, EDHF, and 

CYP450’s. The NOS/HO/sGC system is of particular importance, because NO, derived 

from eNOS in the endothelial cells, is a major dilatory factor in vascular smooth muscle 

cells (Li & Forstermann, 2000). Moreover, these three enzymes use heme in different 

capacities to regulate vascular tone. NOS employs heme at the active site of the enzyme, 

HO uses heme as a substrate and sGC requires heme as a regulatory prosthetic group. 

Both NO and CO are gasotransmitters that can act on the heme moiety of sGC increasing 

its rate of synthesis of the second messenger cGMP and causing relaxation of the blood 

vessels. Nevertheless, the role of CO is more controversial than that of NO, as it is 

believed CO is a partial agonist of sGC and may interfere with the NO-sGC interaction 

(Imai, et al., 2001, Johnson, et al., 2003).   

 Disturbances in heme biosynthesis have been associated with changes in blood 

pressure control. Firstly, patients who suffer from porphyria, a genetic disease in which 

one or more enzymes required for porphyrin synthesis is impaired, have a high incidence 

of chronic hypertension, contributing to the morbidity of the disease (Gordon, 1999). 

Furthermore, greater than half of the patients diagnosed with acute porphyria are also 

hypertensive (Church et al., 1992; Andersson and Lithner, 1994). The second case in 
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which problems with vascular control are linked to adequate heme synthesis is lead 

poisoning; lead, a toxicant, disrupts several of the enzymes required to make heme 

(Martin, et al., 2004). Hypertension is a consequence of lead poisoning in the human 

population (Batuman, et al., 1983; Pirkle et al., 1985), and has been demonstrated in 

animal models (Victery, 1988). Thus, both genetic and environmental impairments in 

heme biosynthesis are correlated with elevated blood pressure, implicating heme in an 

essential role in the regulation of blood pressure.  

 The source of heme for vascular hemoenzymes has been shown to come from de 

novo synthesis in the vascular tissue itself (Jaronczyk, et al., 2004). The goal of this study 

was to investigate the in vitro and ex vivo effects of two-week heme depletion via 

administration of SA, a heme-synthesis inhibitor. SA is an irreversible suicide inhibitor of 

ALA-D, preventing the formation of PBG from ALA, arresting the formation of the heme 

molecule. Tschudy and his colleagues first demonstrated the inhibitory effects of this 

drug in 1981. Since then, SA has been used in both cell culture and animal models to 

elucidate the effects of heme deficiency on several different physiological pathways 

including cognitive function, apoptosis, and iron metabolism (Garrick, et al., 1999; Kang, 

et al., 1987; Kolluri, et al., 2005; Ye and Zhang, 2004). It is proposed that two-week SA 

treatment of rats, at the dose of 40 mg/kg/12 hours I.P., will inhibit heme synthesis 

causing impairment of hemoenzyme function and alter ex vivo aortic tissue responses to 

vasoconstricting and vasodilating agents.  
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2.2. Materials and Methods 
A. Drugs and Solutions 
 
 Hemin chloride (No. 51280), ethylenediaminetetraacetic acid (EDTA) (No. 

ED2SS), bovine serum albumin (BSA) (No. A7906), heparin (No. H-9399), β-

nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium salt (NADPH) (No. 

N-7505), acetylcholine chloride (ACh) (No. A6625), L-arginine (No. A6969), L-

citrulline (No. C7629), Amberlite IRP-69 ion exchange resin (No. 55464-99-8), 3-

isobutyl-1-methylxanthine (IBMX) (No. I7018), benzamine hydrochloride (No. B6506), 

L-cysteine (No. C7880), sodium nitroprusside (SNP) (No. S-0501), phenylephrine 

hydrochloride (PE) (No. P6126), terbutaline (No. T2528) and succinylacetone (SA) (No. 

D1415) were all obtained from Sigma Chemical Co. (St. Louis, MO). For tissue bath 

studies, SA (No. 51568-18-4) was obtained from Colour Your Enzyme (Bath, ON). 

Methylamine hexamethyl methylamine NONOate (MAHMA-NONOate) (No. 82130) 

was obtained from Cayman Chemical Co. (Ann Arbor, MI). Buprenorphine 

hydrochloride (Temgesic®) was obtained from Schering-Plough Ltd (Hertfordshire, UK). 

Sodium Pentobarbital was obtained from Biomune Co. (Lenexa, KS). [14C]-L-arginine 

(311 mCi/mmol) and [14C]-L-citrulline (56.3 mCi/mmol) were obtained from New 

England Nuclear (Guelph, ON). All other chemicals of at least reagent grade were 

obtained from Fisher Chemical (Ottawa, ON).  

 For tissue bath studies, ACh, MAHMA-NONOate, PE and terbutaline were 

dissolved in Krebs’ bicarbonate buffer (NaCl 120 mM, KCl 5.60 mM, MgSO4 1.20 mM, 

NaH2PO4 1.17 mM, CaCl2 2.5 mM, NaHCO3 25 mM, glucose 11 mM, aerated with 95% 

O2-5%CO2). SA (40 mg/mL) was dissolved in saline, titrated to pH 7.4 with 1.0 M 

NaOH.  
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B. Animals 

 Adolescent male Sprague-Dawley rats (150-175g) were obtained from Charles 

River Canada (Montreal, QC) and were maintained on a twelve-hour light cycle (7:00-

19:00) while given Ralston Purina laboratory chow 5001 (Ren’s Feed Supplies, Ltd., 

Oakville, ON) and water ad libitum. Animals were cared for in accordance with the 

principles and guidelines of the Canadian Council on Animal Care. The experimental 

protocol was approved by the Queen’s University Animal Care Committee.  

C. Depletion of Heme 

 Heme biosynthesis was inhibited via the irreversible inhibitor of ALA-D, SA.  

Rats were injected with 40 mg/kg (I.P.) SA every twelve hours (10:00 and 22:00 daily) 

for a period of two weeks. This dosage was shown by Tschudy, et al. (1981) to produce 

greater than 90% inhibition of ALA-D activity in the rat liver.  

D. Measurement of Heme Content 

 Rats were anaesthetized with 60 mg/kg sodium pentobarbital, blood was taken 

from the lower vena cava (LVC) to assess hematocrit and hemoglobin, animals were 

heparinized with 1000 I.U. of heparin dissolved in saline, and the body was perfused with 

0.9% cold NaCl by inserting a catheter into the descending aorta. The right ventricle of 

the heart was cut to allow for outflow of perfusate and saline was perfused until the liver 

and kidneys were blanched. The following organs were excised from the body and 

cleaned of connective tissue and blood: liver, kidneys, mesentery, aorta, spleen, brain, 

and heart. These samples were placed into labeled and pre-weighed microcentrifuge 

tubes, weighed, snap frozen with liquid N2 and stored at -80°C until homogenization.  

 34



Tissues were minced with scissors in a 12 mL conical test tube, homogenized in 

20 mM phosphate buffer (20 mM KH2PO4, 135 mM KCl, and 0.10 mM EDTA titrated to 

pH 7.4 at 4°C with 1M KOH) (40% w/v) using a sonic dismembrator set to 10 watts 

(Sonic Dismembrator 60 Fisher Scientific, Ottawa, ON). To prevent proteolysis a 

Complete Mini, EDTA-free protease inhibitor tablet (Roche Diagnostics, Laval, QC) was 

added to the homogenate (1 tablet/10 mL). Samples were centrifuged for 10 min at 

10,000 x g to remove any cellular debris. The supernatant was then stored in 300 μL 

aliquots, snap frozen and stored at -80°C until analysis.  

Heme content in the liver, kidney, mesentery, and spleen homogenates were 

determined using the fluorometric method of Morrison (1965) in which the heme iron is 

removed from the non-fluorescent heme to produce a fluorescent porphyrin ring. For 

each homogenate, the frozen aliquot was thawed, dilutions (1:50-1:5) were made and 25 

μL was added to each test tube. Saturated oxalic acid (1.0 mL) was added to the test tubes 

which were then covered with aluminum foil, followed by heating in a convection oven 

at 100°C for 30 min. The heated sample was then removed from the oven, allowed to 

cool and 200 μL of the sample was placed in a 96-microwell plate (Corning Life Sciences 

Inc. Acton, MA). Fluorescence was quantified using a Biotek® plate-reader with 

excitation at 360 nm and emission settings at 595 nm. Heme content was quantified by 

interpolation on a standard curve generated with 1-10 μg heme/mL where heme was 

carried as MHA. A set of controls, prepared in the same manner but unheated and instead 

maintained at room temperature, were used to correct for endogenous porphyrins found 

in the sample. This accounted for approximately 50% of fluorescence in each sample. In 

addition to these controls, one set of samples had standard amounts of MHA added to it. 
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This produced a standard addition curve to ensure that the assay did not interfere with the 

sample preparation. Total heme content per sample was determined by subtracting the 

heme content found in the unheated sample from that in the heated sample. Heme content 

was expressed as mg heme/g of tissue.  

E. Determination of Hematocrit 

 Animals were anaesthetized with sodium pentobarbital and blood was taken from 

the LVC with a PrecisionGlideTM 19G11/2 needle (Becton Dickinson, Rutherford, NJ) into 

a 10 mL syringe (Becton Dickinson, Rutherford, NJ). Blood was collected in micro-

hematocrit capillary tubes (Fisher Scientific, Pittsburg, PA). The tubes were centrifuged 

at 11,500 x g and hematocrit was visually determined as the percentage of packed red 

blood cell volume over total volume of blood. Blood was also placed in BD Vacutainer® 

collection tubes with clot activator and with EDTA anticoagulant (No. 367983 and No. 

367856, Becton Dickinson, Rutherford, NJ) and sent to Kingston General Hospital for 

complete blood count (CBC) analysis.  

F. Measurement of Urine Nitrate Levels In Vivo 

 Although the NO molecule is very labile, its oxidative products, nitrate and 

nitrite, are stable and easily quantified in urine. Thus, urine nitrate and nitrite levels are a 

good indicator of NOS activity (Granger, et al., 1996). Urine was collected over a 24-

hour period via metabolic cages, from the treated and control groups and collected in 15 

mL conical tubes at days 4,7,10, and 14 (No. 650-0350, Nalgene Labware, Rochester, 

NY). Tubes were centrifuged for 15 min at 5,000 x g to ensure that all debris settled and 

1.5 mL aliquots were frozen at -80°C with 2-propanol (6.5% v/v) to prevent bacterial 

growth. A colourimetric non-enzymatic NO assay kit (No. NB-88, Cedarlane Labs Ltd., 
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Burlington, ON) was used to quantify the amount of nitrate in the urine. This kit uses 

metallic cadmium to convert nitrate to nitrite prior to using the Griess reaction to quantify 

the amount of nitrate and nitrite colourimetrically. Nitrite in samples is quantified without 

using the nitrate reduction reaction and then subtracted from the converted nitrate to 

nitrite value to achieve total nitrate levels. To assess concentration, nitrate levels were 

multiplied by volume of urine collected and normalized to body weight of the rat.  

G. Measurement of NOS activity 

 The source of NOS for this assay was kidney homogenate (40% w/v) spun at 

10,000 x g (10S) prepared as in section 2D above. Catalytic activity of NOS was assessed 

through the use of a radiometric assay measuring the conversion of [14C]-L-arginine to 

[14C]-L-citrulline by the method of Brien, et al. (1995) as modified by Kimura, et al. 

(1996). Protein concentration was determined by a modified Biuret method as previously 

described by Marks, et al. (1997). Kidney 10S was diluted to 25 mg/mL protein in 20 

mM phosphate buffer with 20 μL added to 150 μL of reaction buffer consisting of 50 mM 

4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) (pH 7.4), 1 mM EDTA, 

1.24 mM CaCl2, and 2mM NADPH. Samples were incubated at 37°C and allowed to 

equilibrate for 10 min in a shaking water bath prior to initiation of the reaction. The 

reaction was initiated by the addition of 30 μL of [14C]-L-arginine (30 μM/35 000 dpm). 

The final reaction volume was 200 μL and the reaction was allowed to proceed for 60 

min in a shaking water bath at 37°C and was stopped with the addition of 200 μL of 

“stop” buffer (20 mM HEPES (pH 5.5), 2 mM EDTA).  

 [14C]-L-arginine was separated from [14C]-L-citrulline by ion exchange column 

chromatography. Columns were made of disposable, flint glass Pasteur pipets (150 mm; 
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Fisher Scientific No. 13-678-6A, Ottawa, ON) and prepared as follows: each pipette was 

packed with a 0.5 cm layer of glass wool, loaded with 1.0 mL amberlite resin suspension, 

allowed to settle and then rinsed with 1 mL ddH2O. The quenched reaction mixture was 

added to the columns and the elutant containing [14C]-L-citrulline was collected into a 

20.0 mL polyurethane liquid scintillation vial. Each column was washed twice with 1.0 

mL ddH2O to ensure that all [14C]-L-citrulline had been removed from the column and 

collected into the vials. Following collection of liquid, 17.0 mL of Scintiverse® liquid 

scintillation cocktail (Fischer Scientific, Ottawa, ON) was added to each vial and [14C]-L-

citrulline was quantified by liquid scintillation counting. The following three controls 

were also run on separate columns to test column efficiency: [14C]-L-arginine to 

determine the column efficiency of the substrate, [14C]-L-citrulline to determine column 

efficiency for the product, and a substrate free tissue sample to determine background 

radiation. NOS activity was expressed as pmol [14C]-L-citrulline formed/mg protein/hour.  

H. Measurement of sGC Activity 

 Cytosolic fractions were prepared from rat kidney by differential centrifugation as 

described by Appleton, et al. (1999). Briefly, tissue homogenates (15% w/v) were 

prepared in 20 mM phosphate buffer and centrifuged at 10,000 x g to removed cellular 

debris. Supernatant was removed and subjected to further centrifugation at 100,000 x g 

for 60 min at 4°C. The supernatant was divided into 300 μL aliquots and protein 

concentration was determined by a modified Biuret method as previously described 

(Marks, et al,. 1997). Aliquots were subsequently frozen in liquid N2 and stored at -80°C 

until analyzed for sGC activity.  
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 sGC activity was measured in kidney cytosolic fractions by quantifying the 

formation of cGMP from GTP as described by Kinobe, et al. (2005). Cytosolic fractions 

were diluted to a final concentration of 2 mg/mL protein in reaction buffer (100 mM 

KH2PO4, 1 mg/mL BSA, 6 mM MgCl2, 1 mM L-cysteine, 2 mM IBMX, and 5 mM 

benzamidine HCl). Reaction mixture (with protein) was allowed to equilibrate at 37°C 

for 10 min in a shaking water bath prior to initiation of the reaction. The reaction was 

initiated by addition of the substrate, 20 μL GTP (200 μM). Final reaction volume was 

500 μL. The reaction was carried out for 30 min at 37°C in a shaking water bath and was 

stopped with the addition of 500 μL of 125 mM zinc acetate/125 mM sodium carbonate. 

Samples were then centrifuged at 5 000 x g for 10 min at 4°C to remove protein. cGMP 

in the supernatant was quantified using an enzyme linked immunoabsorbant assay 

(ELISA) cGMP detection kit (Cayman Chemical Company, Ann Arbor, MI). SNP-

induced sGC activity was determined in the same way, with 100μM SNP added to 

samples before 10 min of equilibration. Samples were processed according to the 

manufacturer’s instructions. sGC activity for each sample was expressed as pmol of 

cGMP formed/mg protein/hour.  

I. Measurement of HO Activity In Vivo 

To determine the total body carbon monoxide (VeCO) production from the 

animals, the method of Dercho, et al. (2006) was used, as modified below.  Rats were 

housed in gas-tight animal chambers designed for the continuous flow-through of CO-

free air (Praxair Canada Inc., Mississauga, ON) at a rate of 130 mL/min.  Exhaust gas 

was directed to the injection valve of a reduction gas analyzer (RGA) which was fitted 

with a 243 µL sample loop.  The RGA consisted of a gas chromatograph equipped with a 
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13X molecular sieve column, and a reduction gas detector (Ametek, Inc. Newark, DE).  

The analyzer was calibrated daily using 100 to 1500 µL aliquots of certified CO standard 

(10.82 ppm, Scott Specialty Gases, Inc., Troy, MI).  On the day of experimentation, rats 

were placed in the chambers and allowed to acclimatize for 30 min prior to testing.  A 

minimum of 4 sequential chamber outlet air samples were analyzed over the next 15 min 

to determine CO production levels for each animal and was adjusted based upon body 

weight. This amount was then correlated to the total body HO activity, as CO is a product 

of the reaction. Baseline measurements were carried out prior to the start of the treatment 

regimen and also at days 3, 6, and 13.  

J. Ex Vivo Assessment of Vascular Function 

 Isolated aortic ring preparations were used to evaluate the concentration-

dependent effects of the vasoconstrictor, PE, and the vasodilators, ACh, MAHMA-

NONOate and terbutaline. Rats were euthanized as above using sodium pentobarbital, 

and the thoracic aorta was removed, cut into 4 mm wide aortic rings and placed in ice 

cold Krebs’ bicarbonate solution. The tissue was cleaned of connective tissue and 

mounted in 10 mL tissue baths that contained Krebs’ bicarbonate solution aerated with 

95% O2-5% CO2 at 37°C. Four aortic rings per animal were tethered to the bottom of the 

bath and connected to a force transducer. Transducers were connected to an Octal Bridge 

amplifier (AD Instruments). Signals from the amplifier were then passed to a Powerlab® 

data acquisition system (AD Instruments) and displayed through Chart v5. software 

sampling at 100/sec at a 200 mV range. After mounting, tissues were allowed to 

equilibrate at 9.8 mN tension for one hour. 
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 PE concentration-response was tested first to determine maximal contraction for 

each aortic ring. Increasing concentrations of PE were added at 2 min intervals until the 

maximum concentration was reached. At the end of the PE concentration response curve, 

tissues were rinsed a minimum of four times and allowed to return to baseline over a 45 

min period. The vasodilators ACh, MAHMA-NONOate and terbutaline were then used to 

evaluate vasodilator function. For cumulative concentration-response relationships, each 

aortic ring was submaximally contracted (50-80%) prior to administration of 

vasodilators. After 10 min of steady precontraction, increasing concentrations of 

vasodilators were then added at 2 min intervals until the maximum concentration was 

achieved. Following drug administration, each aortic ring was rinsed and allowed to 

return to baseline over a 30 min period.  

Data Analysis and Exclusion Criteria 

 For each aortic ring, Powerlab® tracing data was passed through a digital filter 

using a cut-off frequency of two Hz. For each concentration response curve, the average 

minimum value of the final fifteen seconds of data was taken. These curves were then 

normalized to the maximal response. Two exclusion criteria were used to eliminate aortic 

rings that had been compromised. A minimum increase of 1.0g tension was set for the 

maximal PE response. For vasodilation curves, PE pre-contraction of at least 50% of 

maximum was required for each ring to be considered viable. Each independent 

concentration response curve was plotted for all four aortic segments taken from each 

animal to ensure similar responses had occurred in each segment. The average of these 

four was used as the final representative concentration-response curve for that individual 

animal.  
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2.3. Results 
A. Depletion of Heme by Succinylacetone 
 
 SA-treated rats showed a significant decrease in heme content in liver, kidney, 

mesentery and spleen compared to tissues taken from saline treated controls (n=7) 

(Figure 2.1). The scales on the ordinates of the individual graphs differ to reflect the 

different heme contents of the organs. Accordingly, the spleen heme content was about 

fifty-fold greater than the liver. Due to the fact that the spleen is the organ responsible for 

red blood cell breakdown, it is likely that the presence of hemoglobin-derived heme from 

senescent red blood cells contributed to the splenic heme levels. Moreover, the liver and 

kidney contained about ten times more heme as mesenteric tissue samples. After two 

weeks of SA treatment, hematocrit and hemoglobin levels of the blood were also 

decreased significantly by 18% and 16% respectively, along with a 7.5% decrease in 

mean corpuscular volume (MCV). (n=8) (Figure 2.2).  
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Figure 2.1. Depletion of heme in the liver, kidney, mesentery, and spleen by SA 
treatment. SA treatment for two weeks (40 mg/kg I.P.)every 12 hours resulted in 
substantial decrease in the heme content of a) liver by 62%, b) kidney by 58%, c) 
mesentery by 31%, and d) spleen by 47% compared to saline treated controls. Heme was 
determined by the fluorometric method of Morrison, et al. (1965). Bars represent mean ± 
SEM, * denotes p<0.05 and *** denotes p<0.001, n=7. 
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Figure 2.2. Depletion of blood heme by SA. SA treatment for two weeks (40 mg/kg I.P.) 
every 12 hours resulted in a significant decrease in a) hematocrit by 18%  b) hemoglobin 
by 16% and c) MCV by 7.5%. Blood samples were analyzed at Kingston General 
Hospital. Bars represent mean ± SEM, *** denotes p<0.001, n=8.  
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B. Effects of Succinylacetone on NOS Activity 

 NOS activity was estimated by two methods, urine nitrate/nitrite and NOS activity 

of kidney homogenate. Urine was collected over a 24 hour period and nitrate 

concentration was quantified using a colourimetric nitrate/nitrite assay kit that used 

cadmium beads to convert nitrate to nitrite and the Griess reaction to quantify the amount 

of nitrite in the samples. Two weeks of SA treatment produced significant decrease in 

urine nitrate concentration. SA-treated animals displayed a 59% decrease when compared 

to saline treated controls. SA-treated rats also showed a 45% decrease when day fourteen 

was compared to day four (n=7) (Figure 2.3). There was also a rise in control values over 

the two-week period, yet these differences were not significant over time. 

 NOS activity in the kidney was assessed by measuring conversion of [14C]-L-

arginine to [14C]-L-citrulline in a broken cell preparation. Conditions of this assay were 

previously optimized to assess total NOS activity in a given tissue (Kimura, et al., 1996). 

Kidney 10S homogenate from SA-treated rats showed a 32% decrease in the conversion 

of [14C]-L-arginine to [14C]-L-citrulline when compared to the 10S kidney of saline 

treated rats (n=7) (Figure 2.4), measuring the NOS capacity of renal tissue. By urine 

nitrate analysis, SA effect was greater than by direct analysis of kidney NOS activity.  
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Figure 2.3. SA treatment significantly decreased the quantity of urine nitrate. After two 
weeks of SA treatment there was a 59% decrease in urine nitrate concentration compared 
to control animals and a 45% decrease from day 4 to day 14 in treated animals. Bars 
represent mean ± SEM, * denotes p<0.05 compared to control, *** denotes p<0.001 
compared to control, and † denotes p<0.05 compared to day 4 of treatment, n=7. 
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Figure 2.4. SA treatment decreased NOS activity in the kidney 10S. Formation of [14C]-
L-citrulline from [14C]-L-arginine in a broken cell preparation from SA-treated and 
control rats. SA treatment resulted in a 32% decrease in [14C]-L-citrulline formation. Bars  
represent mean ± SEM, * denotes p<0.05, n=7. 
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C. Effects of Succinylacetone on HO 
 HO activity was assessed in vivo by measuring the amount of CO exhaled by the 

animal in a sealed container with tightly regulated gas concentrations. CO is a product of 

HO activity. Amount of CO exhaled was assessed in SA-treated and control rats. There  

was no difference after two weeks of SA treatment compared to saline controls (n=7) 

(Figure 2.5). 

D. Effects of Succinylacetone on sGC 

 Basal and SNP- induced sGC activity was assessed by measuring the production 

of cGMP from GTP. sGC activity was assessed in cytosolic fractions of SA-treated and 

control kidneys. Conditions of this assay were previously optimized to assess maximal 

enzyme activity giving an indication for basal and SNP-induced sGC activity (Kinobe, et 

al., 2005). There was a 38% and 47% decrease in two-week SA treated rats compared to 

saline treated controls under basal conditions and SNP-induced conditions respectively 

(n=7) (Figure 2.6). Production of cGMP with SNP was approximately 5 fold higher than 

basal conditions in both SA and control groups. 

E. Effects of Succinylacetone on Left Ventricular Mass 

 Upon organ removal, left ventricles were separated from the rest of the heart and 

weighed. SA treatment caused a significant increase in mass compared to saline injected 

rats. After two weeks of SA, there was a 7.5% increase in mass when normalized to body 

weight (n=7) (Figure 2.7).  
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Figure 2.5. SA treatment had no effect on the amount of CO exhaled by the rats. 

nt than Formation of CO by HO in two-week SA treated rats was not significantly differe
controls. Bars represent mean ± SEM, n=7. 
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Figure 2.6. SA treatment decreased sGC activity in the kidney cytosolic fraction. 
Formation of cGMP from GTP in kidney cytosolic fractions from SA-treated and control 
rats under basal and SNP induced conditions. SA treatment showed a 38% and 47% 
decrease in cGMP formed compared to controls under basal and SNP conditions 
respectively. Bars represent mean ± SEM, ** denotes p<0.01, *** denotes p<0.001, n=7.  
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Figure 2.7. SA treatment increased left ventricular mass of rats. After two weeks of SA 
treatment, animals demonstrated a 7.5% increase in left ventricular mass normalized to 
body weight compared to control animals. Bars represent mean ± SEM, * denotes 
p<0.05, n=7.  
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F. Ex vivo Effects of Succinylacetone 

 Concentration-response relationships for aortic rings from each individual animal 

were initially plotted using Graphpad Prism 5.0 software. Representative tracings for PE, 

ACh, MAHMA-NONOate and terbutaline are shown in Figure 2.8. The maximum, 

minimum, slope and Log EC50 for each animal were determined through non-linear 

regression. The means for these variables are reported in Table 2.1. Figure 2.9 shows 

curves plotted by performing non-linear regression on the mean of the response from 

each individual animal to each concentration. The curve produced is a representation of 

the direct mean response ± SEM for each concentration.  

 The α-adrenoreceptor agonist, PE, was used to determine contractile function in 

the aortic rings. A cumulative concentration response relationship was obtained over the 

concentration range of 1x10-10M to 3x10-5M with concentrations given at three-fold steps 

(1x10-10M, 3x10-8M, 1x10-9M, etc). A representative tracing shown in Figure 2.8a, 

demonstrates that contraction of the aortic rings occurred in a concentration-dependent 

manner. There were no significant differences in the concentration response curves of the 

SA-treated and control animals (Figure 2.9a, Table 2.1).  

 A cumulative ACh (1x10-10M to 3x10-4M) concentration-response relationship 

was used to assess eNOS function in pre-contracted aortic rings with concentrations 

given in three-fold steps (1x10-10M, 3x10-8M, 1x10-9M, etc). A representative tracing, 

shown in Figure 2.8b, demonstrates that relaxation of aortic rings took place in a 

concentration-dependent manner. SA-treated animals showed a decrease in sensitivity to 

ACh illustrated by a four-fold increase in EC50 (p<0.05) in comparison to control animals 

(Figure 2.9b, Table 2.1).  
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Figure 2.8. Representative tracings of aortic responses to PE (a), ACh (b), MAHMA-NONOate 
(c) and Terbutaline (d). Responses were obtained using isolated aortic ring preparation and 
successive concentrations were administered every two min.  
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Figure 2.9. SA treatment decreased sensitivity to NO-mediated relaxation of aorta, but 
did not affect α- or β-adrenoreceptor mediated effects. After two weeks of SA treatment, 
aortic rings were isolated from rats and concentration-response curves for PE, ACh, 
MAHMA-NONOate and Terbutaline were obtained. Curves were plotted based on non-
linear regression curve fit. SA treated animals showed a rightward shift of four fold in the 
ACh concentration response curve (b) and a rightward shift of three and a half fold in the 
concentration response curve of MAHMA-NONOate (c). Bars represent mean ± SEM, 
n=8.  
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SA-Treated Control 

Mean±SEM Mean±SEM 

PE 

Max 100 ± 0 100 ± 0 
Min 0.59 ± 0.84 0.11 ± 0.68 
Slope 0.91 ± 0.04 0.99 ± 0.06 
EC50 4.31x10-8 ± 7.58x10-9 3.97x10-8 ± 8.34x10-9 

ACh 

Max 100 ± 0 100 ± 0 
Min -6.04 ± 5.64 -7.66 ± 9.11 
Slope 0.61 ± 0.07 0.48 ± 0.04 
EC50 3.51x10-8 ± 1.04x10-8* 8.43x10-9 ± 3.95x10-9 

MAHMA-
NONOate 

Max 100 ± 0 100 ± 0 
Min 2.82 ± 1.93 4.83 ± 1.46 
Slope 0.84 ± 0.15 0.72 ± 0.12 
EC50 8.03x10-9 ± 1.21x10-9** 2.38x10-9 ± 4.39x10-10 

Terbutaline 

Max 100 ± 0 100 ± 0 
Min 0.30 ± 5.83 22.63 ± 4.82 
Slope 0.38 ± 0.04 0.54 ± 0.07 
EC50 1.01x10-6 ± 3.55x10-7 8.48x10-7 ± 2.82x10-7 

 
Table 2.1. Summary of concentration-response curve values from ex vivo experiments. 
Values given are means of each of the four variables used to define concentration-
response relationships from each individual animal. * indicates p<0.05 and ** p<0.01, 
n=8.  
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 A cumulative MAHMA-NONOate (1x10-12M to 3x10-5M) concentration-response 

relationship was used to assess sGC function in pre-contracted aortic rings with 

concentrations administered at three-fold steps (1x10-12M, 3x10-12M, 1x10-11M, etc). A 

representative tracing, Figure 2.8c, demonstrates that relaxation of the aortic rings 

occurred in a concentration-dependent manner. The exogenous NO-donor MAHMA-

NONOate was used to directly activate sGC. SA-treated animals displayed a decreased 

sensitivity in response to administration of MAHMA-NONOate as shown by a three and 

a half fold increase in EC50 compared to control animals (Figure 2.9c, Table 2.1). 

 A cumulative terbutaline (1x10-10M to 3x10-4M) concentration response 

relationship was used to assess β-adrenoreceptor activity with concentrations 

administered at three-fold steps (1x10-10M, 3x10-8M, 1x10-9M, etc). A representative 

tracing, Figure 2.8d, shows that relaxation of aortic rings occurred in a concentration-

dependent manner. There were no significant differences in the concentration response 

curves of the SA-treated and control animals (Figure 2.9d, Table 2.1).  
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2.4 Discussion 
 The major findings of this study were that two-week SA treatment resulted in: a) 

significant reduction in tissue and blood heme concentration, b) impairment of NOS and 

sGC, but not HO, c) increase in left ventricular mass normalized to body weight, d) no 

change in response to vasoconstrictors ex vivo and e) decreased sensitivity to NO donors 

ex vivo.  

 In the current experiment, SA was used to induce heme deficiency and study the 

role of hemoenzymes in the cardiovascular system. This study tested the hypothesis that 

extended heme depletion would impair hemoprotein function in vivo and in vitro and that 

it would inhibit vasoactive function ex vivo. The results of the study partially support the 

hypothesis, as two-week treatment with SA diminished NOS activity in vivo and in vitro, 

sGC activity in vitro, but not HO activity in vivo. Moreover, two-week treatment caused 

reduced sensitivity to NO-donors, ACh and MAHMA-NONOate, but no changes with 

administration of PE ex vivo.  

 Previous experiments carried out in our laboratory demonstrated that 

administration of 40 mg/kg I.P. SA every twelve hours for four days was effective at 

inhibiting the ALA-D enzyme by 75% over four days (Soong, 2006). These results were 

consistent with those of Tschudy, et al. that indicated a significant decrease in ALA-D 

activity in the first 24 hours of SA treatment (Tschudy, et al., 1981). The present study 

was based upon the assumption that longer-term administration of SA would continue to 

effectively inhibit ALA-D activity within the tissues. Following the two-week SA 

treatment period, liver, kidney, mesentery, and spleen were assessed for heme 

concentration levels in order to ascertain the amount of tissue heme depletion. Compared 

to saline injected controls SA-treated tissues had 31-62% lower heme content. All organs 
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were perfused to remove blood contamination; nevertheless, due to the fact that the 

spleen is the organ responsible for red blood cell breakdown it was impossible to remove 

all hemoglobin-derived heme. This resulted in a fifty-fold higher heme concentration 

within the spleen compared to the liver. It is likely that much of this heme may be from 

intracellular sources as opposed to intravascular heme, contributing to the elevated 

concentration. In addition, the heme concentration of the liver and kidney was ten-fold 

higher compared to that of the mesentery. This was expected, as the liver is a major site 

of hemoprotein synthesis and the kidney plays a key role in the determination of blood 

pressure. Since hemoproteins are necessary for the proper maintenance of blood pressure, 

it is logical that kidney would be high in heme content. After the two-week treatment, 

there was a significant impact on hemoglobin synthesis that was mirrored with a decrease 

in hematocrit and MCV. This demonstrates that SA treatment not only has an effect on 

tissue heme content, but also red blood cell formation. These results suggest that two-

week SA treatment depletes heme content adequately enough to test the hypothesis.  

 In vivo NOS activity was assessed by quantifying the amount of nitrate in the 

urine of SA-treated and control rats. Nitrate is a stable by-product of NO that is excreted 

in the urine, accounting for primarily kidney NOS activity, but also systemic NOS 

activity to a lesser extent (Granger, et al., 1996). The hypothesis predicts that since heme 

is required at the active site of NOS, depletion of heme will yield impaired function of 

NOS. Results were consistent with this hypothesis, as SA-treated rats showed a time-

dependent depletion of nitrate concentration in the urine over the two weeks of treatment 

compared to control rats, indicating reduced production of NO in the kidney and 

throughout the body. These results are also consistent with the Sabra-hypertension prone 
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and the Dahl/Rapp salt-sensitive rat models (Yagil, et al., 1986; Chen and Saunders, 

1993; Rees, et al., 1996), which exhibit normal blood pressure under physiological 

conditions yet increased blood pressure during salt-challenge. It is believed that impaired 

NO generation plays a role in the susceptibility to hypertension, linking depletion of urine 

and plasma nitrate levels to alterations in blood pressure, including salt-sensitivity.  

 In addition, an optimized in vitro NOS assay was carried out in broken cell 

preparations of kidney 10S to specifically assess kidney NOS activity. It should be noted 

that in all in vitro assays (NOS and sGC), substrate and necessary co-factors were 

provided in excess, allowing for maximal activation of the system being quantified. This 

allowed for the detection of any differences between the active hemoenzymes, but may 

not directly reflect valid enzyme activity in vivo. Instead, this assay estimates the total 

capacity of the enzyme, where the nitrate/nitrite assay is more indicative of physiological 

NOS activity. Nonetheless, in vitro results were consistent with the hypothesis that NOS 

activity would be impaired. There was a decrease formation of [14C]-L-citrulline 

formation in the SA-treated animals by 32% compared to control animals. This result, 

mirrored the decrease seen in urine nitrate concentration, but is still fairly modest. This is 

not surprising, as there was only a 58% decrease in total kidney heme over the two weeks 

of SA treatment. It may be possible that NOS has a high affinity for heme, and heme is 

preferentially incorporated into NOS to ensure sufficient enzyme activity. Nonetheless, 

the decrease in NOS activity in vivo and in vitro over two weeks was more pronounced 

than over an acute treatment period of four days, where NOS activity was only reduced 

by 15% (Soong, 2006). Likewise, short-term studies in cell culture of rat brain 

demonstrate that NOS activity is relatively resistant to heme depletion and over a 48-hour 

 59



SA treatment period, with 90% heme depletion, there was no effect of insertion of heme 

into NOS (Klatt, et al., 1996). This indicates that the duration of heme depletion plays a 

time-dependent role in the activity of NOS.  

 In vitro analysis of sGC activity in the cytosolic kidney fraction demonstrated a 

38% decrease under basal conditions and 47% decrease under SNP-induced conditions 

compared to control. These differences may have been blunted due to the fact that 

cytosolic kidney fraction aliquots were frozen prior to determination of sGC activity (Dr. 

Brian Bennett, personal communication). Nevertheless, results were consistent with the 

hypothesis, as heme is a prosthetic group that regulates the sGC activity, although is not 

directly required for sGC mediated formation of cGMP. Heme is of critical importance to 

sGC activity and without it there can be no NO-induced sGC activation. The catalytic 

domain can still function without heme, as GTP can still be converted to cGMP at a basal 

rate, but this is much lower than the rate attained by the NO-activated heme containing 

enzyme (Craven and DeRubertis, 1978). The results of both basal and SNP-induced sGC 

activity were parallel to those of the NOS activity assay, as they both showed a decrease 

in these important cardiovascular hemoproteins. It is likely that the extended duration of 

heme synthesis inhibition had a negative effect on the activity of this enzyme, since four-

day SA treatment did not affect basal conditions and under SNP-induced conditions there 

was an up-regulation of sGC activity after only four days of treatment (Soong, 2006). 

This demonstrates that extended SA treatment in adolescent rats more drastically impairs 

hemoprotein function.  

 HO is unlike NOS and sGC as it uses heme as a substrate, not as part of the 

enzyme itself; therefore, the functional unit of the enzyme itself should remain 
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unchanged during heme depletion. Nevertheless, the hypothesis suggests that in vivo HO 

activity should be suppressed, given that the substrate (heme) supply is reduced, leading 

to a decline in formation of the product, CO. Results did not reflect this, as in vivo 

measurements of CO did not change over the two-week treatment regime, despite 

significant depletion of tissue and blood heme. Since CO is a product of HO activity, its 

quantification can be directly correlated to the amount of HO activity. One explanation 

for the lack of impact on HO is that the majority heme broken down by HO comes from 

hemoglobin and blood heme (Matsuura, et al., 1983). Due to the fact that hemoglobin and 

hematocrit levels were only down by 18 and 16%, the assay may not be sensitive enough 

to detect these subtle changes in blood heme. Moreover, HO-1 is inducible (Maines, 

1997) and the stress induced by the SA treatment may have been enough to up-regulate 

HO activity, not changing the amount of CO produced systemically by the SA-treated 

rats.  

 Following sacrifice, tissues were excised and weighed. After two weeks of 

treatment with SA, there was a modest 7.5% increase in left ventricular mass normalized 

to body weight compared to saline-treated controls. Yet, there was no difference between 

right ventricular mass and total ventricular mass. This indicates that SA-treated rats may 

be hypertensive, as the heart must be more muscular to pump against an increased 

systemic blood pressure. It is less likely that this increase in mass is due to a decrease in 

hematocrit, since the increase in left ventricular mass was not accompanied by a change 

in right ventricular mass (Amin, et al., 2004).  Nonetheless, direct in vivo blood pressure 

measurements are required to confirm that this elevated left ventricular mass is attributed 

to an increase in blood pressure. 
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 In addition to the impact on hemoprotein function, two-week SA treatment 

impacted vasodilatory responses ex vivo, despite not altering vasoconstrictor function. 

Contraction mediated by PE, an α-adrenoreceptor agonist, was no different in SA-treated 

rats compared to controls. This was unexpected, as other models that show depletion in 

NOS activity and nitrate levels, like the Sabra hypertension prone rat, have an increased 

sensitivity to PE-induced vasoconstriction (Rees, et al., 1996). In this rat model, 

hypertension prone rats show greater force of contraction to PE with intact endothelium 

compared to normotensive controls, yet when endothelium is denuded, normotensive 

controls are more sensitive to PE. This indicates that endothelial-derived factors, such as 

NO, are playing a role in the elevated vasoconstriction induced by PE in the hypertension 

prone rats. In the SA model, perhaps the degree of NO impairment was not sufficient to 

cause alterations in vasoconstrictor function induced by PE. There was only a 59% 

decrease in urine nitrate compared to controls, while in the Sabra hypertension prone rat 

there was an 80% depletion of nitrate compared to controls (Rees, et al., 1996).  

 ACh and MAHMA-NONOate, both vasodilators, were used to assess endothelial-

mediated vasodilation and cGMP mediated vasodilation, respectively. ACh is responsible 

for endogenous release of NO, thus it is utilized to examine endothelial function, 

including eNOS signaling. On the other hand, MAHMA-NONOate is an exogenous NO-

donor, having the ability to directly activate sGC, assessing cGMP signaling instead. The 

hypothesis predicts that rats will show impaired responses to NO-donors, as heme is 

required for proper function of both NO and sGC. Results were consistent with this, as 

following two weeks of SA treatment, rats showed reduced sensitivity to both 

endogenous and exogenous NO-donors, indicated by a significant rightward shift in the 
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EC50 of the concentration response curve of both ACh and MAHMA-NONOate. This is 

an indication of endothelial and vascular smooth muscle dysfunction (Caterina, 2000; 

Oparil, et al., 2003; Hurairah and Ferro, 2004) and may indicate that heme inhibition 

leads to disturbances in the regulation of vascular tone.  

 In conclusion, the current study demonstrated that two-week SA treatment was 

sufficient to deplete both tissue and blood heme levels significantly. It also impaired 

hemoprotein function, as there was an impact on NOS, as shown by the decrease in urine 

nitrate concentration and in vitro kidney NOS activity.  SA treatment also had a negative 

effect on sGC function, demonstrated by reduced formation of cGMP under basal and 

SNP-induced conditions in kidney cytosolic fractions of SA-treated animals.  On the 

other hand, there were no differences in CO produced by SA-treated animals in vivo at 

specific time points over the two-week period, indicating no change in HO activity. This 

two-week treatment regime also produced an increase in left ventricular mass compared 

to controls, along with blunted sensitivity to NO-donors. These observations suggest that 

an increase in blood pressure may be possible, as well as endothelial dysfunction in SA-

treated rats. Yet, further in vivo experiments are needed to elucidate the direct role heme 

plays in the maintenance of blood pressure.  
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CHAPTER 3: IN VIVO EFFECTS OF LONG-TERM SUCCINYLACETONE 
TREATMENT ON BLOOD PRESSURE AND IN VITRO HEME AND NOS 

 
3.1. Introduction 
 Disruption in the balance of vasodilator and vasoconstrictor regulation can lead to 

increased blood pressure in the short-term and long-term. In the early 1980’s Guyton and 

his colleagues suggested that the kidney was the key organ responsible for long-term 

cardiovascular regulation via regulation of fluid and electrolyte balance called pressure-

natriuresis (Guyton, 1980). In hypertension, there is a shifting of the pressure natriuresis 

curve to a higher pressure to ensure appropriate sodium excretion. The onset of 

hypertension can also be triggered by endothelial dysfunction and decreased NO/sGC 

signaling (Moncada, et al., 1991; Oparil, et al., 2003). Heme is an integral component of 

NOS and sGC, required at the active site of the NOS and as a prosthetic group in sGC. It 

is proposed that reduction in heme could lead to a decrease in NO, resulting in increased 

vasoconstriction, endothelial dysfunction and the development of hypertension.  

 It is also likely that SA-treated rats may manifest salt-sensitivity of blood 

pressure. This is the state in which changes in sodium intake causes exaggerated changes 

in blood pressure (Roman and Osborn, 1995). Endogenous levels of NO have been 

suggested to play a role in the modulation of renal hemodynamics and sodium handling, 

as increases in NO in response to salt challenge have been shown in normal Sprague-

Dawley rats (Tolins and Shultz, 1994). Moreover, NOS inhibition with L-NMMA has 

been shown to induce salt-sensitivity in normal rats (Schultz and Tolins, 1993). NO has 

also been identified as a major player in the pathogensis of salt-sensitivity in Dahl and 

Sabra rat strains (Chen and Saunders, 1993; Rees, et al., 1996). Decreases in endothelial 
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mediated vasodilators such as ACh (Luscher, et al., 1987) and altered NOS activity and 

function (Rees, et al., 1996) have been shown in these models.  

 Administration of SA for two weeks (as described in Chapter 2) has induced 

depletion of heme in various organs as well as reduced hemoprotein (NOS and sGC) 

activity in vitro. Since NO is a major player in the pathogenesis of salt-sensitivity, it is 

possible that SA treated animals may demonstrate exaggerated changes in blood pressure 

due to altered sodium intake. Moreover, SA-treated rats have shown altered responses to 

endogenous and exogenous NO donors, similar to those of Dahl and Sabra rat strains, in 

ex vivo organ bath preparations. This suggests that SA-treated rats may not only be salt-

sensitive, but that these animals may have altered endothelial function and different 

responses to systemic NOS inhibition in vivo. Over two weeks of SA treatment, 

hemoproteins were substantially impaired and left ventricular mass was increased, 

hinting at the possibility of hypertension.  

In this study, telemetry devices were implanted to monitor blood pressure of SA 

treated rats and elucidate the effects of long-term SA treatment on blood pressure in vivo. 

It was postulated that extended duration (33 days) of SA administration impairs NOS and 

sGC sufficiently to cause increased blood pressure, induce salt-sensitivity, and alter 

vasoconstrictor function in vivo.  
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3.2. Materials and Methods 
A. Drugs and Solutions 
 
 Hemin chloride (No. 51280), ethylenediaminetetraacetic acid (EDTA) (No. 

ED2SS), bovine serum albumin (BSA) (No. A7906), NG-nitro-L-arginine methyl ester 

(L-NAME) (No. N-5751), heparin (No. H-9399), β-Nicotinamide adenine dinucleotide 

2’-phosphate reduced tetrasodium salt (NADPH) (No. N-7505), L-arginine (No. A6969), 

L-citrulline (No. C7629), Amberlite IRP-69 ion exchange resin (No. 55464-99-8), were 

all obtained from Sigma Chemical Co. (St. Louis, MO). Succinylacetone (SA) (No. 

51568-18-4) was obtained from Colour Your Enzyme (Bath, ON). Buprenorphine 

hydrochloride (Temgesic®) and Tribrissen Injectable 24% were obtained from Schering-

Plough Ltd (Hertfordshire, UK). (Sodium Pentobarbital was obtained from Biomune Co. 

(Lenexa, KS). [14C]-L-arginine (311 mCi/mmol) and [14C]-L-citrulline (56.3 mCi/mmol) 

were obtained from New England Nuclear (Guelph, ON). All other chemicals of at least 

reagent grade were obtained from Fisher Chemical (Ottawa, ON).  

B. Determination of Blood Pressure in Conscious Rats 

 Blood pressure was determined in conscious rats by means of a radiotelemetric 

data acquisition system (Data Sciences International, St. Paul, Minnesota, USA). 

Transducers were implanted in the aorta, cranial to the bifurcation of the renal artery. 

Heart rate (HR), diastolic pressure (DBP), mean arterial pressure (MAP), systolic 

pressure (SBP), pulse pressure (PP) and animal activity were assessed continually after a 

10 day recovery period. Measurements began prior to SA treatment and were continued 

throughout treatment, salt alterations and L-NAME dose response experiments.  
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i. Animals 

 Adolescent male Sprague-Dawley rats (125-150g) were obtained from Charles 

River Canada (Montreal, QC) and were maintained on a twelve-hour light cycle (7:00-

19:00) while given Ralston Purina laboratory chow 5001 (Ren’s Feed Supplies, Ltd., 

Oakville, ON) and water ad libitum. One week of acclimatization to the new facility was 

allowed before performing radio-transducer implantation surgeries. At the time of 

surgery animals were approximately eight weeks of age (body weight ranging from 235g 

to 268g). Animals were cared for in accordance with the principles and guidelines of the 

Canadian Council on Animal Care.  

ii.  Implantation of Telemetry Devices 

 The experimental protocol was approved by the Queen’s University Animal Care 

Committee. Before implantation, Model TA11PA-C40 radio-transducers (Data Sciences 

International) were verified to be within ± 4 mm Hg of zero. Rats were anesthetized 

under isofluorane. A midline abdominal incision (4-6 cm) was made, intestines were 

temporally placed outside of the body on warm gauze soaked in saline, and fat and 

connective tissue were dissected away from the aorta to allow for good visualization. 

Following this, the aorta was temporarily clamped below the renal artery and vein and the 

vessel was punctured using a 26-gauge needle bent at 90° at the beveled end. The thin-

walled section of the tubing attached to the transducer was inserted into the aorta just 

cranial to the bifurcation of the renal artery and was sealed with cyanoacrylate adhesive. 

A cellulose patch was placed over the puncture site. A catheter was also placed in the 

intraperitoneal cavity for drug delivery purposes. This was done by tunneling 

subcutaneously from the nape of the neck to the lower back before being tunneled 
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through the abdominal wall and into the abdominal cavity. The intestines were placed 

back into the abdominal cavity and the transducer was placed on top of the intestines, 

parallel to the long axis of the body with the catheter directed caudally. The device was 

secured by closing the abdominal incision and incorporating the tabs on the implant into 

the closing suture using non-absorbable sutures (3-0) in a simple interrupted pattern. As 

an analgesic, Temgesic® was administered during surgery and every twelve hours 

thereafter as needed at a dose of 0.01-0.05 mg/kg body weight. Long-term antibiotics 

(Tribrissen Injectable) were also administered at a dose of 0.25 mL/2kg body weight.  

iii.  Blood Pressure Recordings 

All rats were housed in individual cages, placed on Model RA1010 and RPC-1 

receivers (Data Sciences International), which convert the radio-telemetric waveform into 

a digital signal to give online readings of hemodynamic parameters. This information was 

transmitted via a BCM100 (Data Sciences International) consolidation matrix to a 

computer based Dataquest IV v.2 acquisition system (Data Sciences International) 

located in an adjacent room. The hemodynamic parameters HR, DBP, MAP, SBP, PP and 

activity were measured at 150 Hz. Data samples were performed every 3 min for 15 

seconds in all animals, starting at approximately eight and a half weeks of age. Twenty-

four hour averages were calculated after outliers had been removed based on Grubb’s 

test. Hemodynamic parameters were measured continuously given the above collection 

protocol from 8.5-13 weeks of age.  
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C. Depletion of Heme 

 Following a four-day baseline collection, heme biosynthesis was inhibited via the 

irreversible inhibitor of ALA-D, SA. At the start of SA or saline injection, rats weighed 

between 277g and 365g and were approximately nine and a half weeks of age. Rats were 

injected with 40 mg/kg (I.P.) SA every twelve hours (10:00 and 22:00 daily) for a period 

of 33 days. This dosage was shown by Tschudy, et al. (1981) to produce greater than 

90% inhibition of ALA-D activity in the rat liver. Control rats received 0.9% saline on 

the same dosing schedule. Body weights were measured every twelve hours.   

D. Dietary Salt Manipulations 

All animals received control diet (Ralston Purina laboratory chow 5001, 0.4% 

Na+ content) and water ad libitum for the first two weeks of SA or saline treatment. 

Following this, SA-treated and control rats were placed on a low salt (LS) diet (0.04% 

Na+ content) for four days where food and water intake was monitored every 24 hours. 

After the LS diet, rats were placed back on control diet and tap water was supplemented 

with 1% NaCl for a five day high salt (HS) challenge (Figure 3.1). During this time food 

and water intake was also measured every 24 hours. Sodium intake in each animal during 

the LS and HS periods was determined by multiplying the amount of food and water 

consumed (normalized to body weight) by the appropriate dietary salt content. 

E. L-NAME Manipulations 

 Following the LS and HS challenges, rats remained on the HS drinking water, but 

were also given an L-NAME dose response challenge to assess vasoconstrictor function. 

The rats were given 1mg/kg L-NAME for three days, 3 mg/kg L-NAME for three days, 

10 mg/kg L-NAME for two days and 30 mg/kg L-NAME for two days (Figure 3.1). L-  
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Figure 3.1. Time line of SA treatment, LS and HS alterations as well as increasing doses 
of L-NAME with HS. 
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NAME was administered in the drinking water and intake was calculated for each animal 

by dividing the total concentration of L-NAME in the drinking water by the volume of 

water consumed over 24 hours multiplied by the body weight of the animal on that day. 

F. Renal Function Assessment 

Food, water, and animal weight were measured every 24 hours during the dietary 

salt manipulations. Sodium intake during the i) LS and ii) HS periods was determined by 

multiplying the 24 hour food and water consumption (normalized to body weight) by the 

appropriate dietary salt content. A mean Na+ intake was determined during the LS and 

HS periods and the log of this value was taken. MAP was also determined for the LS and 

HS manipulations by taking a 24 hour average of MAP during both the LS and HS 

periods. For the LS period the lowest 24 hour MAP was taken and for the HS period the 

highest 24 hour MAP was taken for each individual animal. Renal function curves were 

plotted for each individual animal by plotting the log (g/g body weight) Na+ intake during 

the LS and HS manipulations as a function of the 24 hour average MAP during the LS 

and HS periods. The slope of the renal curves for each animal was also taken between the 

change from LS to HS diet. Renal function curves were also plotted for each group (SA 

and control) based upon mean log (g/g body weight) Na+ intake during low and high salt 

periods versus mean group MAP during LS and HS periods.  

G. Determination of Blood Heme Levels 

 Animals were anaesthetized with sodium pentobarbital and blood was taken from 

the LVC with a PrecisionGlideTM 19G11/2 needle (Becton Dickinson, Rutherford, NJ) into 

a 10 mL syringe (Becton Dickinson, Rutherford, NJ). Blood was placed in BD 
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Vacutainer collection tubes (No. 367983 and No. 367856, Becton Dickinson, Rutherford, 

NJ) and sent to Kingston General Hospital for CBC analysis.  

H. Measurement of Tissue Heme Content 

 Heme concentration of control and SA tissues was assessed using the same 

protocol as described in Chapter 2.  

I. Measurement of NOS activity 

 Quantification of NOS activity in the kidney was carried out using the same 

method as described in Chapter 2. 

J. Statistical analysis 

 Hemodynamic parameters MAP, DBP, SBP, HR, PP and change in MAP were 

presented as mean ± SEM. MAP, DBP and SBP for individual animals were normalized 

to an initial four-day baseline measurement for each animal to abolish initial differences 

in pressure between the SA and control groups and ensure proper comparison. Animal 

activity, tissue weight, hematocrit, hemoglobin, MCV, tissue heme concentration and 

NOS activity were also expressed as mean ± SEM. Changes in blood pressure as a result 

of the SA treatment during dietary salt alternations and L-NAME alterations were 

assessed as group means using a Student’s unpaired t-test. Changes in telemetry 

parameters to determine the impact of SA treatment over time were assessed using a two-

way analysis of variance, followed by a one-way analysis of variance with and Newman-

Keuls post-hoc test. Changes in salt-sensitivity of blood pressure (used as an index of 

renal function) between SA and control groups were assessed by comparing average 

slope of the renal function curves between LS and HS diet periods (change in log Na+ 

intake/change in MAP) using a Student’s unpaired t-test. Changes in organ weight, total 
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blood count, tissue heme concentration, and NOS activity between SA and control groups 

were assessed using a Student’s unpaired t-test.  

3.3. Results 

A. Hemodynamic Profiles throughout Time Course 

Over the entire time course of salt and L-NAME alterations there were no 

significant differences in MAP, DBP, SBP, HR, PP, or locomotor activity between SA 

treated and control animals (Figure 3.2a-f).There was an increase in MAP, DBP, and SBP 

due to HS diet and increasing doses of L-NAME in the drinking water, and an increase in 

PP due to 30 mg/kg L-NAME in both the SA treated and control groups (p<0.001) 

(Figure 3.2a,b,c,e). This can be attributed to the increase in Na+ in the diet along with 

increasing systemic inhibition of NOS activity. There was also a significant decrease in 

HR over time (p<0.001) and an increase in HR due to 30 mg/kg L-NAME (p<0.001) 

(Figure 3.2d). There was mild lowering of MAP and SBP over the two weeks of SA 

treatment compared to initial baseline measurements (p<0.05) (Figure 3.2a,c).  

B. Hemodynamics during SA-treatment, Salt and L-NAME Alterations 

Overall, the SBP was affected the most by changes in salt intake and L-NAME 

dose. In control animals, there was no change in pressure due to saline injection 

compared to initial baseline measurements and no change due to LS diet. Yet, there was a 

significant increase in pressure from LS to HS diet. There was no difference in HS diet 

when compared to 1 mg/kg plus HS, 3 mg/kg plus HS, and 10 mg/kg plus HS doses of L-

NAME, but there was an increase in pressure due to 30 mg/kg L-NAME (Figure 3.3a).  
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Figure 3.2. Effect of SA treatment on daily 24 hour averages of a) mean arterial pressure, 
b) diastolic pressure, c) systolic pressure, d) heart rate, e) pulse pressure and f) locomotor 
activity in SA treated and control animals for 37 days. No significant differences between 

the two groups were observed over time. Shaded bars indicate LS diet, HS diet, and L-
NAME (1 mg/kg, 3 mg/kg, 10 mg/kg and 30 mg/kg) plus high salt diet. Data is presented 

as mean ± SEM.
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Figure 3.3. Changes in systolic pressure due to two-week SA treatment, low and high 
salt diet, and increasing doses of L-NAME plus HS in drinking water.SA treated animals 
demonstrated a decrease in pressure due to treatment and LS diet compared to four-day 
baseline measurements while control rats did not. SA treated animals also showed an 
increase in pressure due to 3 mg/kg L-NAME plus HS compared to HS diet alone, while 
control animals did not. Bars represent mean ± SEM, * indicates p<0.05, ** indicates 
p<0.01, and *** indicates p<0.001, n=6.   
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Over the two-week SA treatment alone, rats had a significant decrease in pressure 

compared to initial four-day baseline measurements. This was not observed in control 

rats. In addition, SA treatment and LS diet exacerbated this depressor effect, and further  

reduced SBP compared to baseline recordings (Figure 3.3b). Again, this decrease in 

pressure was not observed in saline-injected controls (Figure 3.3a). There was also an 

increase in pressure when SA-treated rats were placed on a HS diet from a LS diet. There 

was no change when rats were placed on 1 mg/kg L-NAME plus HS compared to HS 

alone, but there was a significant elevation when rats were placed on 3 mg/kg L-NAME 

plus HS, this was not significant in control rats. Lastly, there was an even greater increase 

when rats were placed on 30 mg/kg L-NAME plus HS (Figure 3.3b), yet this was also 

observed in control rats. 

C. Relative Changes in Pressure 

 The most drastic changes in pressure for both groups occurred in SBP. For LS 

diet, the lowest pressure over the four-day period was taken. In the case of HS and L-

NAME doses, the highest pressure during each period was used. SA treated animals had a 

greater decrease from baseline measurements to SA treatment plus LS diet (difference 

between baseline – SA plus LS) compared to the change observed in controls (Figure 

3.4a). There were no significant differences between control and treated groups when 

changes between LS – HS, HS – 1 mg/kg L-NAME plus HS, HS – 3 mg/kg L-NAME 

plus HS, HS – 10 mg/kg L-NAME plus HS and HS – 30 mg/kg L-NAME plus HS 

(Figure 3.4b-f). Nevertheless, SA treated animals had a slightly greater increase due to 1 

mg/kg and 3 mg/kg L-NAME plus high salt compared to control animals, but this effect  
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Figure 3.4. Relative changes in systolic blood pressure for LS, HS, and L-NAME dose 
response transitions.  a) change from four-day baseline measurements prior to SA or 
saline injection to LS diet, b) change from LS to HS diet, c) change from HS diet to 1 
mg/kg L-NAME and HS, d) change from HS diet to 3 mg/kg L-NAME and HS, e) 
change from HS diet to 10 mg/kg L-NAME and HS and f) change from HS diet to 30 
mg/kg L-NAME plus HS. Data are presented as mean ± SEM, * indicates p<0.05, n=6.  
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was not significant. At 30 mg/kg L-NAME, control rats had a trend towards a greater 

elevation in pressure, yet this was not significant (p=0.16) compared to controls.  

D. Renal Function Curve 

 There were no changes in renal function as a result of SA treatment as indicated 

by minimal change in average slope of dietary sodium intake to MAP relationship 

generated by LS and HS challenges (Figure 3.5). This lack of change is consistent with 

the observation that the SA treated group did not have significantly different blood 

pressure over time or due to salt and L-NAME manipulations compared to the control 

group.  

E. Effect of Succinylacetone on Tissue Heme Content 

 After 33 days of SA treatment, there was a 47%, 38% and 33% decrease in heme 

content in the liver  (Figure 3.6a), mesentery (Figure 3.6d) and spleen (Figure 3.6e) 

respectively, but no significant decrease in the kidney and aorta when compared to 

controls (Figure 3.6b,c). Thus, SA treatment did not have the same effect on all organs, as 

heme was preserved in the kidney and aorta. There was a significantly more heme in 

liver, kidney, aorta and mesentery of both control and SA treated groups after 33 days of 

treatment compared to four days and two weeks of SA treatment (Figure 3.6a-d). On the 

other hand there was a decrease in heme content in the spleen when two-week treatment 

was compared to 33-day treatment for both groups  (Figure 3.6e).  

F. Effect of Succinylacetone on Blood and its Components 

 Blood samples were sent to Kingston General Hospital for analysis and after 33 

days of SA treatment, there was a significant depletion of hematocrit, hemoglobin, MCV, 

and leukocyte count respectively when compared to saline treated controls (Figure 3.7a- 
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Figure 3.5. Renal function curve for low and high salt challenges. There was no change 
in slope between SA and control animals. Bars represent mean ± SEM, n=6.  
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Figure 3.6. SA treatment decreases heme content of the liver, kidney, aorta, mesentery 
and spleen of SA treated and control rats for four days, two weeks and 33 days. SA 
treatment for 33 days (40 mg/kg I.P. every 12 hours) resulted in a decrease in heme 
content in the a) liver by 47%, d) mesentery by 38% and e) spleen by 33% compared to 
saline treated controls. There was no difference in the heme content of the kidney or aorta 
after 33 days. A significant increase in liver, kidney, aorta and mesentery heme 
concentration occurred after 33 days compared to 4 and 14 days for both SA and control 
groups. A significant decrease in heme content occurred in the spleen when two-week 
treatment was compared to 33 days. Bars represent mean ± SEM, * indicates p<0.05 and 
*** indicates p<0.001, n=7. # - Jon Soong, 2006.   
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Figure 3.7. SA treatment depleted hematocrit, hemoglobin, MCV and leukocyte count. 
After 33 days, SA treated rats had decreased a) hematocrit by 6%, b) hemoglobin by 9%, 
c) MCV by 13% and d) leukocyte count by 54%. There was also a decrease in control 
hematocrit, hemoglobin and MCV over 33 days when compared to two-week control 
data. Bars represent mean ± SEM, ** indicates p<0.01 and *** indicates p<0.001 
compared to 33-day control. † indicates p<0.05 and †† indicates p<0.01 compared to 
two-week control, n=8. # - Jon Soong, 2006.  
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d). A significant decrease in control hematocrit, hemoglobin and mean corpuscular 

volume when compared to two-week control values (Figure 3.7a-c) was also seen. 

Hematocrit of SA rats was significantly lower at two weeks and 33 days when compared 

to four-day treatment (Figure 3.7a).  

G. Effects of Succinylacetone on the Kidney  

 After 33 days of SA treatment, there were no significant changes in heme content 

or NOS activity in the kidney cortex or medulla. There was also no difference in heme 

concentration between the cortex and medulla for both SA and control groups (Figure 

3.8a). NOS activity was also assessed in the kidney cortex and medulla. There was not a 

difference in NOS activity in the cortex when SA treated animals were compared to 

controls, however there was 19% rise in NOS activity in the medulla when SA animals 

were compared to controls. Moreover, there was a significantly greater amount of NOS 

activity in the medulla of both control and SA animals when compared to the cortex 

(Figure 3.8b).  

H. Effects of Succinylacetone on Tissue Mass 

 Upon organ harvesting, the left ventricle, left and right kidneys and spleen were 

weighed and normalized to body weight. SA treatment for 33 days did not alter left 

ventricular mass or right kidney mass. Nevertheless, left kidneys and spleens were 

significantly enlarged in SA treated animals when compared to saline treated controls by 

8% and 22% respectively (Table 3.1).  
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Figure 3.8. SA treatment had no effect on kidney cortex NOS activity and elevated 
kidney medulla NOS activity by 19%. There was significantly greater NOS activity in 
both control and SA treated animals in the medulla compared to the cortex. Bars 
represent mean ± SEM, * indicates p<0.05compared to control and ††† indicates p<0.001 
compared to cortex, n=7. 
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Tissue Type Control  SA  

Mean ± SEM Mean ± SEM 

LV mass/BW 0.00197 ± 3.71x10-5 0.00197 ± 9.08x10-5 

RK mass/BW 0.00337 ± 1.14x10-4 0.00356 ± 8.6x10-5 

LK mass/BW 0.00334 ± 4.37x10-5 0.00364 ± 6.56x10-5 ** 

Spleen/BW 0.00231 ± 2.37x10-4 0.00296 ± 1.33x10-4 * 

 
Table 3.1. Summary of tissue mass normalized to body weight for control and SA treated 
groups. There were no differences in left ventricular or right kidney mass when 
normalized to body weight, yet SA left kidney and spleen were 8% and 22% larger than 
controls respectively. Values given are means of each group ± SD. * indicates p<0.05 and 
** p<0.01, n=7. 
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3.4 Discussion 
 The major findings of this study were that SA treatment for 33 days produced: a)  

a lack of hypertension and limited changes in blood pressure (MAP, DBP, and SBP); b) 

no marked changes in renal function during salt challenge; c) minimal alterations in 

blood pressure during systemic NOS inhibition; d) lesser decreases in tissue and blood 

heme compared to four-day and two-week SA treatment; e) enhanced NOS activity in the 

kidney medulla and; f) elevated left kidney and spleen mass normalized to body weight. 

 Results from the current study are not consistent with the hypothesis that long-

term SA treatment causes hypertension and salt-sensitivity of blood pressure. Instead, 

there was a mild decrease in blood pressure over the two weeks of SA treatment alone 

and no differences in blood pressure as a result of HS challenge. Possible explanations 

for this are: a) heme is not critical for proper vascular function in vivo or b) heme content 

in this study was not depressed to the extent anticipated.  The latter explanation is more 

likely, due to that fact that although the duration of treatment was longer than previous 

studies within the laboratory, the rats exhibited less tissue and blood heme depletion. This 

may be accounted for by the fact that the rats were older and more developed when 

treatment began, indicating that maturity may play a role in the degree of heme depletion 

caused by SA. Although decreases in NOS activity have been observed in vitro after four 

days and two weeks, these results did not hold after 33 days of SA treatment. The 

hypothesis predicts that a further impairment of NOS activity would occur along with 

further depletion of heme, as there would be less heme available for use at the active site 

of NOS. Instead, heme was not significantly reduced in either the kidney cortex or 

medulla and there was enhanced kidney medulla NOS activity, contrary to what had been 

previously demonstrated. Although mild alterations to blood pressure occurred, it is 
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possible that tissue heme concentration was not depleted enough to overcome the 

redundancy in the blood pressure control system and produce overt hypertension as 

hypothesized. It is also possible that adaptation within the heme biosynthetic pathway led 

to sparing of heme in organs crucial for the long-term regulation of blood pressure.  

 Over the course of the two-week treatment with SA alone, there was a mild drop 

in both MAP and SBP compared to controls. When coupled with LS treatment, SA-

treated rats had a greater decrease in pressure compared to the baseline measurement over 

four days before treatment commenced. This drop in pressure might be explained by the 

mildly anemic state of the SA-treated rats. It has previously been demonstrated that 

anemia can alter blood viscosity, peripheral vascular resistance, blood pressure and 

cardiac output (Duke and Abelman, 1969; Fan, et al., 1980). It is thought that these 

changes are associated with a hyperkinetic circulation and can lead to a lowering of blood 

pressure (Susic, et al., 1984; Anand, et al., 1991). If the decrease in blood pressure was 

due to anemia, its modest magnitude could be consistent with the observation that 

hematocrit decreased by only 6%. The mechanisms by which hyperkinetic changes occur 

are not entirely established, yet, previous studies have shown that the changes in vascular 

resistance during anemia may be attributed to an increase in basal production of NO (Ni, 

et al., 1997). This supports our current study such that, following 33 days of SA 

treatment, our rats had a significant increase in kidney medulla NOS activity compared to 

saline treated controls.  

 Following 33 days of SA treatment, kidney heme content was not depleted. Thus, 

the extent of heme depletion in this study was not severe enough to negatively impact 

renal NO production and likely not enough to affect other mediators of renal function 
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such as CYP450 activity or arachidonic acid metabolism either. Alterations in these 

pathways have previously been shown to play a role in the development of salt-sensitivity 

of blood pressure (Ma, et al., 1994; Ikeda, et al., 1995 Rees, et al., 1996; Alonso-Galicia, 

et al., 1998; Ortiz, et al., 2003). Although it has been previously shown that iron 

deficiency during gestation causes salt-sensitivity of blood pressure in adult life 

(Bourque, et al., 2008), the present data show no difference in absolute change in blood 

pressure from LS to HS diet. This suggests that these regulatory mechanisms were not 

affected by the 33 days of SA treatment.  

 The previous study (Chapter 2) indicated that there was decreased NOS activity, 

thus the effects of the systemic NOS inhibitor, L-NAME, was given in the drinking water 

to the SA-treated animals outfitted with telemetry devices. It was predicted that SA-

treated rats would have an decreased sensitivity to L-NAME, due to the already impaired 

NOS pathway. This is consistent with results of four-day SA treatment and Dahl salt-

sensitive rat strains (Ress, et al., 1996). At the dose of 1 mg/kg L-NAME and HS, there 

were was no significant differences in blood pressure compared to HS alone or in relative 

change from HS to 1 mg/kg L-NAME plus HS in either SA-treated or control rats. This 

suggests that 1 mg/kg is not sufficient at causing NOS inhibition to result in increased 

blood pressure.  

On the contrary, the dose of 3 mg/kg L-NAME plus HS caused a significant 

increase in systolic blood pressure in the SA-treated group and not in the control group. 

Nevertheless, this difference was not significant when relative changes from 3 mg/kg L-

NAME plus HS and HS alone were compared between treatment groups. This indicates a 

subtle difference between the two groups, and may suggest that SA-treated animals may 
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be slightly more sensitive to L-NAME compared to our control group. An increased 

sensitivity to low dose L-NAME was also observed in Soong’s study. Rats treated for 

four days with SA and outfitted with aortic catheters were given 3 mg/kg L-NAME 

(I.V.), which induced a significant increase in pressure not seen in saline-treated controls 

(Soong, 2006). Although there was an increase in kidney medulla NOS activity in the SA 

group, it is still possible that this compensated for an enhanced sensitivity to L-NAME at 

lower doses. It may be that the threshold for a NOS inhibition pressor effect in the SA-

treated animals was lower than in controls.  

There were no differences in blood pressure of SA-treated and control groups at 

the dose of 10 mg/kg L-NAME plus HS compared to HS alone. It was predicted that a 

higher dose of L-NAME would cause increased vasoconstriction; however, an increase in 

room temperature in animal care due to uncharacteristically high temperatures outside 

may have influenced blood pressure of the rats during the two day period of the 10 mg/kg 

dose. Administration of 30 mg/kg L-NAME plus HS caused a drastic increase in blood 

pressure by approximately 16-20 mmHg compared to HS alone in both SA and saline 

injected rats. This demonstrates that this dose of L-NAME was sufficient to produce a 

pressor response in both groups of animals; however, there was a trend towards a higher 

SBP in control animals (p=0.16). A blunting of hypertension induced by NOS inhibition 

has been previously demonstrated in Sabra hypertension prone rats in vivo and ex vivo 

(Rees, et al., 1996). At higher doses of L-NMMA (up to 100mg/kg IV) there is a blunting 

of the dose response curve, meaning that normotensive controls exhibit greater elevation 

in pressure due to L-NMMA at high doses compared to salt-sensitive animals. These 

results indicate that the basal release of NO or the effect of NO on its receptor, sGC, is 
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lower in the hypertension prone rat compared to its normotensive control. Although the 

impact of L-NAME on the blood pressure of SA-treated animals was not significantly 

different from that of controls, there were subtle changes demonstrating small alterations 

in the NOS system.  

Previous studies within our laboratory demonstrated that the stage of development 

can play a role in the onset of iron-deficiency and anemia (Bourque, Unpublished data; 

Twiddy, 2007). Thus, seven-week old male rats placed on a low iron diet show a greater 

decrease in hematocrit compared to ten-week old males. It is likely that the younger 

animals grow more quickly than their more mature counterparts and that their levels of 

iron within the tissue have yet to be established (Dallman, 1986; Erikson, et al., 1997). 

The stage of maturity could be one explanation for the fact that the animals in the 33-day 

SA study had less depletion of tissue and blood heme compared to the two-week and 

four-day studies (Chapter 2; Soong, 2006). At the start of SA treatment in this study, rats 

weighed between 277-365g and were approximately nine and a half weeks of age. At the 

start of the two-week SA treatment study, rats were 150-175g and approximately six 

weeks of age. In Soong’s study rats were between 200-250g, about eight weeks of age 

(Soong, 2006). It is possible that between the ages of six to ten weeks, heme iron stores in 

the liver and kidney are built up and following this developmental stage, depletion 

becomes more difficult. Thus, the two-week SA treatment model used in Chapter 2 is not 

equivalent to the current 33-day study, as less heme depletion was observed in the latter.  

Moreover, previous studies in our laboratory have shown that heme iron is 

preserved in iron-deficiency while non-heme iron is not (Twiddy, 2007) indicating that 

heme deficiency may be more difficult to induce given the vital role that heme plays 
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within the cardiovascular system (Moncada, 1992; Mayer, 1994; Ponka, 1999). Although 

SA is a suicide inhibitor of ALA-D, it is possible that heme synthesis could be up-

regulated to compensate. There are precedents for such compensation through up-

regulation of synthetic enzymes, such as that observed after the inhibition of synthesis of 

the neuropeptide cholecystokinin (CCK), accomplished with the inhibition of the enzyme 

prohormone convertase 1. In this case, compensation by up-regulation of other enzymes 

in the pathway was shown to overcome this decrease in CCK (Beinfeld, et al., 2005). 

Given that heme is such an important molecule in the body, perhaps the inhibition of its 

synthesis was overcome by up-regulation of other enzymes within the heme synthesis 

pathway. Thus, the dose of 40 mg/kg every twelve hours was not sufficient, in the long-

term, to induce heme deficiency.  

The relative impact of heme deficiency on specific tissue has not been extensively 

characterized, yet previous studies have shown changes in priority of iron supply as a 

result of iron-deficiency (Dallman, et al., 1975; Chen, et al., 1995; Angelucci, et al., 

2002). Moreover, the relative impact of heme deficiency on the kidney in particular has 

not been extensively studied. Nevertheless, it has been shown that during dietary iron 

restriction, non-heme iron in the kidney medulla is spared, while it is depleted in the liver 

and kidney cortex (Twiddy, 2007). In the present study, control liver heme content was 

approximately two and a half times greater than that of the kidney heme content. The 

liver is known as the major site of hemoprotein synthesis (Ponka, 1999) and contains 

much more heme than the kidney and the vasculature. As a result of SA treatment, liver 

heme was significantly depleted to 47% of control liver heme, yet kidney heme did not 

show a significant decrease. Moreover, both the kidney cortex and medulla seem to be 
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spared of heme depletion. In addition to this, the spleen and mesentery demonstrated 

significant decreases in heme, while the aorta was spared of drastic reduction. One 

explanation for this may be that the liver has heme stores that can be mobilized to other 

tissues as a result of decreased heme synthesis. The sparing effect of heme in the kidney 

and aorta in response to SA may take place because the kidney cannot lose heme without 

causing functional damage. Another mechanism for the kidney and aorta sparing effect 

could be that heme is preferentially maintained here at the expense of other tissues, as has 

been shown with iron deficiency (Hentze, et al., 2004). Although, the mechanism for this 

sparing effect is not known, it is likely that heme is essential for the kidney to function 

properly, given its importance in sodium and water balance and its role in the regulation 

of long-term blood pressure.  

An enlarged spleen, or splenomegaly, can be caused by numerous factors, 

including anemia, infection and immunosuppression (Hess, et al., 1971; Goodman, et al., 

2004) all of which may have caused splenomegaly in the SA-treated rats. Anemia and 

splenomegaly also have been shown in cGMP-dependent protein kinase type 1 (cGK1) 

deficient mice, which also have impairments in the NO/sGC pathway. It is proposed that 

the decreased survival of the red blood cells, increased clearance, and enhancing the 

sequestration of circulating erythrocytes contributed to the increase in spleen size (Föller, 

et al., 2008). In the case of SA, erythrocytes can be made, but heme cannot be inserted. 

This would make the red blood cells dysfunctional and likely increase their clearance, 

enlarging the spleen.  

Interestingly, SA is not only a drug that inhibits red blood cell formation, causing 

anemia, but also an immunosuppressive drug that has previously been used prevent graft 
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vs. host disease (GVHD) (Hess, et al., 1987). The SA-treated rats had a reduced 

leukocyte count by over 50% compared to controls, indicating significant 

immunosuppression.  The immunosuppressive effect of SA may have promoted infection 

in rats implanted with telemetry devices, causing an increase in the size of the spleen. 

During the surgery, it is possible that pathogens could have been introduced to the rats. 

The administration of SA may have impaired the rats’ immune system and made them 

poorly equipped to fight of this infection compared to controls. This could have caused 

an increase in the spleen mass normalized to body weight. Similar results have been 

shown in mice infected with the Entamoeba histolytica, a parasite that diminishes the 

immune response in various laboratory animals and humans. After 15 days of immune 

suppression, these mice displayed an enlarged spleen which persisted for up to 75 days 

(Ghadirian and Kongshavn, 1986). It is possible that the administration of SA is linked to 

splenomegaly caused by anemia and/or immunosuppression; nonetheless, it is unlikely 

that these consequences are related to compensatory mechanisms involved in 

cardiovascular control.  

 In conclusion, the current study demonstrated that 33-day SA treatment of more 

mature rats was not sufficient to produce hypertension or salt-sensitivity of blood 

pressure in vivo. Instead, SA-treated rats had a mild decrease in blood pressure that was 

exaggerated by LS diet and were slightly more sensitive to 3 mg/kg L-NAME plus HS.  

This may be attributed to the mild anemia induced by SA. It is likely that the extent of 

heme depletion was not sufficient to cause a rise in blood pressure, as tissue and blood 

heme were diminished less than after two weeks of treatment. Reasons for this may be 

due to differences in maturity upon initiation of treatment, compensation by other 
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enzymes in the heme synthesis pathway, or preferential heme sparing effects in organs 

vital for the maintenance of normal blood pressure. For the hypothesis to be accurately 

tested, heme content and hemoenzyme activity should be further depleted in order to 

determine the specific role of heme in cardiovascular control and renal hemodynamics.  
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CHAPTER FOUR: GENERAL DISCUSSION AND FUTURE DIRECTIONS 

Previous associations have been made between hypertension and impairment of 

heme biosynthesis, such as in porphyria (Church, et al., 1992; Gordon, 1999) and during 

lead poisoning (Webb, et al., 1981; Harlan, et al., 1985; Vaziri, 2002). These conditions 

may perturb the balance between vasodilation and vasoconstriction, specifically 

disrupting NO, EDHF, and prostaglandins among other factors. The current studies were 

not consistent with this; two-week SA treatment in adolescent rats indicated that 

hypertension may be present, but SA treatment extended over a month in older rats did 

not produce a rise in blood pressure, salt-sensitivity or endothelial dysfunction. In fact, a 

mild decrease in pressure was seen in SA-treated rats that was accentuated with a LS diet. 

Two-week SA treatment produced greater depletions of tissue and blood heme content 

than 33-day treatment, which was not predicted given the extended duration of SA 

injections. Moreover, nitrate quantity and NOS and sGC activity levels were significantly 

lower after two-week treatment with SA, whereas NOS activity was unaffected after 33 

days. Despite blunted sensitivity to vasodilating agents, ACh and MAHMA-NONOate ex 

vivo, no increases in pressure were observed in vivo. Nonetheless, SA-treated animals had 

slightly greater sensitivity to low doses of L-NAME and HS compared to HS alone, but 

these differences were not seen when relative changes in pressure were compared to 

controls.  

Three possible explanations for the lack of support for the hypothesis will be 

discussed. Firstly, an increase in blood pressure may not have been observed because the 

stage of development played a role in the differences observed between the two studies. It 

is likely that two-week SA treatment of adolescent did affect some mechanisms of blood 
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pressure control and that these animals may have been mildly hypertensive given the 

enlargement of left ventricular mass by 7.5% compared to controls. Yet, these effects 

were not seen when in vivo blood pressure measurements were taken using radio-

telemetry devices in a second group of SA-treated rats. It is possible that animals in the 

latter study were less sensitive to the effect of SA given that they were older and more 

developed. Perhaps the window for optimal heme depletion had passed, and due to 

redundancy within the system, it was too difficult to reduce tissue heme pool required for 

hemoprotein function. Thus, if possible, telemetry experiments should be carried out in 

younger rats, similar to the stage of development of the two-week study. One way of 

conducting these experiments could be to implant smaller telemetry devices that are 

designed for smaller animals, for example mouse transducers. This would allow the 

animals to be younger upon the date of surgery, and younger at the commencement of SA 

treatment. Another option would be to treat adolescent rats prior to implanting the 

animals with telemetry and continue SA treatment during recovery. Unfortunately, 

surgery is stressful for the rats and recovery may be compromised and also confound the 

blood pressure recordings.  

The second explanation for the lack of hypertension is that the rats developed 

tolerance to SA. Tolerance in neuropharmacology has been shown to occur with opioids 

as well as alcohol and can occur by two separate mechanisms. Firstly, tolerance can occur 

via a metabolic-based pathway, in which increased elimination or biotransformation of 

the drug can reduce the efficacy. Secondly, receptor-based tolerance can occur, where the 

drug target can become desensitized or internalized (Clouet and Iwatsubo, 1975; Freye 

and Latasch, 2003). It is possible that over the 33-day period, the dose of 40 mg/kg SA 
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every twelve hours was not sufficient to continue inhibition of the heme synthesis 

pathway completely, as enzymes may have become up-regulated to compensate. To 

correct this it is possible to increase the dose of SA. This is a feasible option as doses of 

up to 200 mg/kg have been administered for up to 21 days without severely disturbing 

other body systems (Raff et al., 1992). Another alternative is to utilize different drugs 

that inhibit other enzymes in the heme biosynthesis pathway, for example thioacetamide 

or N-methylprotoporphyrin. Although heme synthesis inhibition has been conducted most 

often with SA, thioacetamide inhibits ALA-S, the rate limiting step of the pathway, and 

has been reported to inhibit ALA-S in male rats (Matsuura, et al., 1983). It has also been 

shown to induce HO activity, thus affecting heme breakdown as well as synthesis. N-

methylprotophyrin targets the enzyme ferrochelatase with high affinity (Ki ~ 9nM). It 

prevents the incorporation of iron into the heme molecule, the final step of the heme 

synthesis pathway (DeMatteis, et al., 1980). It would also be possible to use a 

combination of these drugs to target multiple enzymes in the heme synthesis pathway. 

Previous experiments with SA plus allylisopropylacetamide or 

dicarbethoxydihydrocollidine, two chemicals that affect heme biosynthesis, have shown 

enhanced depletion of heme compared to SA treatment alone (Tschudy, et al., 1980). 

Utilizing increased doses of SA, other inhibitors of heme biosynthesis, or a combination 

of the two may ensure that heme concentration in all tissues is depleted to a greater 

extent, allowing for proper testing of the hypothesis that heme deficiency causes an 

increase in blood pressure.  

 Lastly, given the importance of heme in many proteins crucial for proper vascular 

control, it is possible that redundancy is built into the enzyme systems that regulate its 
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formation. This would make heme depletion difficult, as redundancy would first need to 

be overcome before any physiological alterations could occur. An example of this occurs 

in the carbonic anhydrase system. In vivo inhibition of this enzyme results in diuresis, yet 

this effect is not apparent until enzyme activity is decreased by over 95% (Maren, et al., 

1966). In the 33-day study, the kidney and aorta were spared of significant decreases in 

tissue heme, two areas where NOS and sGC play an integral role in the management of 

blood volume and vascular tone. This is consistent with the idea that the body 

preferentially protects essential organ and tissue function in response to depletion, which 

is imperative for proper bodily function (Ames, 2006). It is possible that tissues can 

mobilize heme stores in the liver for use elsewhere in the body in response to depletion. 

This has been shown to occur with tissue iron stores, specifically in the liver (Bothwell 

and Finch, 1962). Thus, the sparing effect seen in the kidney and the aorta may occur as a 

result of heme being transported from other organs. It is also possible that heme was 

preferentially maintained in the kidney and aorta, as opposed to being shunted there from 

the liver. Further study is required to elucidate these mechanisms.  

 In addition, previous studies within our laboratory with an iron-deficient rat 

model have shown that despite anemia and depleted non-heme iron tissue levels, heme-

iron is spared in both the liver and the kidney. This indicates that heme deficiency is 

much more difficult to induce. Parallels between iron-deficiency and SA-treated animals 

do exist. Iron is an essential part of heme; however, it has been difficult to induce heme 

deficiency through iron-deficiency. Nevertheless, both iron-deficient and two-week SA 

treatment models have shown similar ex vivo responses to NO donors (Bourque, 

Unpublished data).  Given the similarity of these results, there may be a link between a 
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nutritional iron deficiency and cardiovascular risk. This is an important factor to consider, 

since nearly 40% of the global population is affected by iron-deficiency (WHO, 2002).  

 Iron deficiency is also related to the paradigm of developmental origins of adult 

disease, also known as fetal programming. In this model, the fetus is proposed to adapt to 

pre-natal insults, such as iron-deficiency, that affect post-natal development and can 

increase risk for developing disease later on in life (Barker, 2004). Work in our own 

laboratory, as well as others, has shown that maternal iron-deficiency can result in 

development of postnatal hypertension and impaired renal function of the offspring 

(Gambling, et al., 2003; Bourque, et al., 2008). With the use of SA, the effects of in utero 

heme deficiency could be isolated from those of iron-deficiency. Moreover, SA is able to 

inhibit heme over a shorter period of time than nutritional iron deficiency. Previous 

studies have shown that 4 days of SA treatment can induce significant tissue heme 

depletion, while it takes up to three weeks to induce anemia via iron-deficient diet. SA 

treatment could be used to specifically target certain gestational windows more 

efficiently than iron-deficient diet. Unfortunately, stress is a confounding factor in SA 

treatment, as rats must be handled twice daily receiving an I.P. injection. This is a major 

issue as stress has also been shown to play a role in fetal programming, causing low birth 

weight and metabolic syndrome later in life (Phillips, 2004). Thus, it may be difficult to 

tease out the effects caused by SA alone and those caused by increased anxiety in the 

rats. On the other hand, mini-pumps could be surgically implanted prior to pregnancy to 

deliver SA on an ongoing basis without having to handle the animals, reducing stress. 

Unfortunately, this would not allow for changes to the dose of SA as the rats’ body 

weight increases with growth. 
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 Although in vitro, ex vivo, and in vivo assessment in this study has focused on the 

NOS/sGC/HO pathway, heme deficiency may also impair other factors involved in 

cardiovascular control. Other vasoactive factors such as CYP-derived EDHF and 20-

HETE should also be examined. EDHF may be an important factor, as its role becomes 

more important as vessel size is reduced, while the role of NO diminishes as vessel size is 

decreased (Shimokawa, et al., 1996). Thus, the role of EDHF may be more important in 

resistance vessels where TPR is determined (Urakami-Harasawa, et al., 1998; Brandes, et 

al., 2000; Bryan, et al., 2005). Interestingly, it has also been shown that small arterioles 

can compensate for the loss of either NO or EDHF, via the increase in output of the factor 

that has not been impaired (Fleming and Busse, 2001). In addition, the renin-angiotensin 

system (RAS) is also a major player in the development of hypertension, as well as being 

responsible for the sodium balance in the kidney. The RAS has been identified as the 

body’s most powerful system in determining fluid volume and arterial pressure (Hall, 

2003).  The current study did not investigate the impact of SA on this highly 

compensatory system, thus it is not possible to determine if changes in NO and sGC 

induced by SA treatment affected the RAS and its role in the management of blood 

pressure. It is possible that, despite changes in NO and sGC, the RAS may have been 

capable of compensation to diminish any effects caused by a mild decrease in the activity 

of these vasoactive molecules caused by SA.   

 Overall, the studies conducted have shown that SA treatment for a two-week 

period in adolescent rats caused depletion of heme in the liver, kidney, mesentery and 

spleen that was sufficient to impair NOS and sGC activity, reduce vasodilator function ex 

vivo and elevate left ventricular mass. On the contrary, extended SA treatment in slightly 
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more mature rats failed to produce an increase in blood pressure as hypothesized. 

Moreover, it did not produce the same degree of tissue heme depletion and did not impair 

NOS activity in the kidney as two-week treatment did; instead it increased it. There was 

preferential protection of both the kidney and aorta heme content, while liver, mesentery 

and spleen heme were significantly reduced. Further studies should investigate the ability 

of the heme biosynthesis pathway to overcome SA treatment, and perhaps an increased 

dose over the long-term maybe required to effectively inhibit heme synthesis. In addition 

to this, the stage of development at which the rats are treated with SA should be taken 

into consideration, as it is possible that tissue heme concentration can only be depleted in 

less mature animals. It would also be interesting to examine the roles of other vasoactive 

factors such as EDHF, Ang II, and PGI2, as well as study further the HO/CO pathway in 

the long-term. Lastly, a study elucidating the effects of heme deficiency on fetal 

programming may be worthwhile to separate the effects of heme and non-heme mediated 

alterations, yet this may not be possible with the confounding factor of stress.  
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