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Abstract 

Iron-overload cardiomyopathy is a leading cause of cardiovasculm morbidity and 

mortality in the second and third decades of life worldwide, and occurs in patients with 

common genetic disorders such as hereditary hemochromatosis and beta-thalassemia 

major. Although the exact mechanism of hn-induced heart failure remains to be 

elucidated, the toxicity of Von in biological systems is hypothesized to be attri'buted to its 

ability to catalyze the generation of reactive oxygen species (ROS). There is preliminary 

evidence to suggest that non-transfhn-bound iron uptake in the myocardium may occur 

through Laon@-type calcium channels, and that calcium channe1 blockers (CCBs) may 

possess antioxidant properties. This thesis first examines the dose-dependent effects of 

chronic bon-loading on fke radical mediated injury to lipid membranes, as quantified by 

the production of cytotoxic aldehydes. Secondly, it was hypothesized that the 

administration of two calcium channel blockers (nifedipine and amlodipine), would 

decrease imn-uptake in the myocafdium, and decrease reactive oxygen species 

production in a murine model of iron-overload cardiomyopathy. The findings show that 

there are significant dose-dependent increases in hart tissue concentrations of iron, and 

ROS production in cornparison to control mice in both models. Furthemore, the findings 

show that nifedipine is partïally effective in limiting iron-uptake in the heart, but does not 

inhibit the production ROS in the heart of chronically iron-loaded mice. Investigations 

@onned with amlodipine show that it also significantly inhibits the production of 

oxygen fke radicals in chronically iron-loaded rnice. These findings provide evidence for 

the first time of the possible Kon inhibiting and antioxidant properties of L-type calcium 

channel blockers in an in-vivo model of chronic iron-overload. 
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Chapter 1 : Introduction and literature review 

Lon-overload cardiomyopathy is an old disease that has evolved h m  a rare 

undiagnosable untreatable disease to a aow much more common, diagnosable, and 

potentially preventable condition. Iron-overload cardiomyopathy manifests itself as a 

systolic or diastolic dysfimction secondary to ïncreased deposition of iron in the 

myocardium (Hou, Wu, Lin, & Lue, 1994; Kremastinos, 1993). Pathologically however, 

it is due to a direct fiee iron effect on the myocytes, and not due to interstitial infiltration 

(Liu & Olivierï, 1994). This implies that the disease process is reversible if the tissue 

iron concentration can be controlled, such as through chelation therapy or 

phamiacological management. Despite its prominence, the mechanism of iron induced 

hart failure rernains to be eluciàated. One potential mechanism may involve the ability 

of low molecular weight iron to catalyze the generation of excess fiee radicals that çan 

damage compounds of al1 biochemid classes (Lesnefsky, 1994; McCord, 1996). This 

thesis will examine the refationship between chronic iron-loading and fiee radical- 

mediaied injury in the heart of mice as well as the antioxidant and iron-blocking effects 

of two separate L-type calcium channel blockers in the myocardium. 

This chapter summarizes our cwent understanding between iron homeostasis, 

excess fiee radical generation, L-type calcium channel blockers and hart failure in 

disorders of iron overload. Specifically, this thesis will (a) discuss the role that iron may 

play in the generation of excess fiee radical species and their metabolites (e.g. aldehydes) 

and their potential association with cellular injury and ultimate myocardial dysfiinction; 

(b) review the association between elevated concentrations of iron, alterations to 

antioxidant reserves and the development of cardiovascular disease including 



cardiomyopathy; and ha l ly  (c) highlight the d e  of L-type calcium chamel blockers 

may play in blocking iron-uptake in the heart and th& antioxidant properties. 

1.1 h n  metabolisrn 

In solution, iron exists in two oxidative states, Fe (II) and Fe (III), which can 

donate or accept electrons respectively. At physiologie pH and oxygen tension, Fe (II) is 

readily oxidizeâ to Fe (III), which rapidly foms essentially insoluble Fe(Oi-Qi polymers 

(Ponka, 1999). Due to irons catalytic action in redox reactions, iron plays a key role in 

the formation of hamiful reactive oxygen species (ROS) that can result in peroxidative 

damage to vital cellular components such as DNA, proteins, and mitochondria (Halliwell 

& Gutteridge, 1990; McCord, 1998). Specifically, oxidative damage is believed to be 
. . 

deaived fiom the highly toxic hydroxyl radical (OH.) that is generated by the transition 

metal-catalyzed Haber-Weiss reaction, which will be discussed below in section 1.2. 

Only 300 mg of iron is present at birth in bumans, while the remainder 

accumulates over the life span to approximately 4 to 5 gram .for males and 3 to 4 grams 

for females (Bodinski, 1987). Typically, adult men normally have 35 to 45 mg of iron 

per kilogram of body weight, while premenopausal women have lower iron stores as a 

result of recwent blwd loss through menstruation, which is approximately 30 mg of iron 

per m e n s t d  cycle (Andrews, 1999). More than two-thirds of the body's iron is 

incorporated into hemoglobin in developing erythroid precmors and mature red cells. 

Each erythrocyte contains one billion atoms of i r a  and the erythron alone has a daily 

requirement of approximately 20 mg of imn, but only 1 to 2 mg of uon normally enters 

the body each day through the small intestine (Andrews, 1999). 



1.1.1 Regulation of lron Absorption 

Actual iron derived h m  the diet is small yet significant because there is no 

known physiological mechanism for the excretion of excess body iron stores (Andrews, 

1999). In the intestine, the duodenal crypt cells sense the iron raquirement for the body 

and are programmed by that information as they mature into absorptive enterocytes. 

Enterocytes lining the absorptive villi close to the gastroduodenal junction are 

responsible for al1 iron absorption in the small intestine. Iron must pass fiom the gut 

lumen through the membranes of the erythrocyte to reach the plasma Iron obtained fkom 

food is not bound to t r a n s f e ,  and there is no role for transferrin within the lumen of 

the intestine. hstead, the low pH of gastnc effluent helps dissolve ingested uon and 

provides a protein-rich milieu. This facilitates enymatic reduction of ferric iron to its 

ferrous form by a bnish-border ferrireductase (Riedel, Remus, Fitscher, & 

Stremmel, 1995). 

Herne iron is taken up by a separate process that is not well characterïzed and is 

the insoluble, nonprotein part of the hemoglobin (Kaplan, 2000). Inside the enterocytes, 

iron has two possible fates: it may be stored as ferritin, or it may be transfmed across the 

membrane to reach the plasma. The detemiinhg factor is probably the "set point" that 

was established when the enterocyte developed h m  a crypt cell. Iron that remains in the 

form of ferritin as the enterocytes completes its Iife cycle will be sloughed with the 

senescent ce11 and will leave the body through the gastrointestinal tract (Andrews, 1999). 

bon absorption is regulated in several ways. The first mechanism is the dietary 

regulator, which refers to the amount of iron recently consumed in the diet. For several 

days after a dietary iron bolus, absorptive enterocytes are resistant to acquiring additional 



iron (previously lcnown as a mucosal block). The second regdatory mechanism responds 

to total body iron, rather than dietary iroa This mechanism has been tertned the stores 

regulator, which is capable of changing the amount of iron absorbed to a limited extent 

(Finch, 1994). The final mechanism, known as the erythropoietic regulator, modulates 

iron absorption in response to the requirements for erythropoiesis (Finch, 1994). This 

probably involves a soluble signal that is carried by plasma h m  the bone marrow to the 

intestine. 

1.1.2. Mechanisms of iron storage and transport 

Ultimately, organisms had to develop a way to keep 'fke iron' at the lowest level 

possible yet in concentrations adequate for the synthesis of haneproteins and other iron- 

containing molecules. This has been achieved by the evolution of specialized molecules 

for the acquisition, transport, and storage of iron in a soluble, non-toxic form to meet the 

cellular iron requirements namely, transferrin and fenitin. 

1.1 -2.1. Transfenh 

Transferrin fùnctions to transport iron between sites of absorption, storage, and 

use. However, the mechanism and regulation of iron mobilization and transport h m  

tissue stores to plasma transfemn are the least understood aspects of iron metabolism. 

Nomally, plasma iron-concentration is approximately 18 poMitre, and total iron- 

binding capacity (a measure of plasma h ? u i s f h  levels) is approximately 56 pmoVlitre 

(Andrews, 2000). Thus, û = a n s f e  is saturated with only about one-third iron 

(approximately 30%) and the concentration of total plasma iron in the body 



(approximately 3 mg) remains remarkably constant despite king tumed over more than 

10-times evay day. T r a n s f h  saturation is viriually unaffkcted by total body iron 

stores (ferritin and hemosiderin) that can vary h m  350 to 900 mg in fernales and males, 

respectively (Bothwell, Chadton, Cook, & Finch, 1979). Hence, there is obviously a 

control mechanism in healthy individuals that enmes that the rate of uon released h m  

body iron stores matches the one that the iron is taken up by tissues. However, in 

patients with severe iron overload disorders such as hereditary hernochromatosis and 

beta-thalassernia, plasma can contain t r a n s f i n  that is completely satumted with iron. 

This results in the presence of non-trausfd bound iron (NTBI) in the circulation and is 

a pathological phenornenon thought to generally occur in patients with iron-overload 

disorders whereas NTBI is not detectable in healthy individuals (Breuer et al., 2000). 

1.1.2.2. Ferritin and hemosiderin 

Ferritin is a protein, which hct ions to sequester and store iron (Richardson & 

Ponka, 1997). Excess iron in the iron pool is bound to ferritin that can release ferric iron 

by undergoing pHdependent proteolysis due to acid proteases in lysosomes (Ponka, 

2 999). When cellular iron concentrations rise, synthesis of transferrin receptors decreases 

while synthesis of ferritin increases. When the storage capacity of f e t i n  is exceeded, 

pathologie quantities of metabolically active iron are released intracellularly in the f o m  

of hemosiderin and fiee iron (Horowitz & Rosenthd, 1999). Mammalian ferritin consists 

of a protein shell that can accommodate up to 4500 atoms of iron in its internai cavity. 

Femitin synthesis in inducible by iron by a mechanism in which iron recruits rnRNA fiom 



an inactive pool (Po* 1999). Hemosiderin is believed to be a degraded and 

polymerized form o f  ferritin, with a pa ter  iron to protein ratio than f&tin. 

1.1 -2.3. Iron regulatory proteins 

In rnammais, iron homeostasis is partially regulated by two iron regulatory 

proteins (IRP-1 and IRP-2) (Cairo & Pietxangelo, 2000). These proteins display binding 

under conditions of iron deprivation, but become pst-transcriptionally inactivated (IRP- 

1)  or degraded (IRP-2) when the supply of iron to the cells is adequate (Hentze & Kuhn, 

1 996; Iwai et al., 1 995, see Figure 1 below). 



I Bind to stem-bop structures 
of femtin & transfemn 

Increase synthesis 
of hnsfemn femtin synthesis 

Figure 1 : Role of IRP's in transfemn and ferritin. Schematic representation of IRP 'S. 

When Fe levels are Iow, IRP's are activated and bind to stem-loop structures of both 
f e t ï n  and transferrin mRNA's. This bïnding stabilizes the transferrin mRNA and 
inhibits translation of the f e t i n  mRNA. Hence, when Fe levels are low there is an 
increase synthesis of transferrin and a decrease in ferritin synthesis. When there is an 
adequate supply of Fe, the opposite result is observecl. 



When chelatable iron levels are low, the IRPs are activated and bind to stem-loop 

structures of both ferritin and transferrin mRNAs (Meneghini, 1997; Haile et al., 1992). 

This binding stabilizes the transferrin mRNA and inhi'bits translation of the f&tin 

mRNA. Hence, when iron levels are low there is an increase synthesis of transfnrin and 

a decrease in ferritin synthesis. Conversely, when there is an adequate supply of iron, 

IRP binding is deactivated and the opposite result is observed. IRP's have also been 

shown to be activated by nitnc oxide, oxidative stress and the administration of hydrogen 

pemxide (HzQ) in experimental systems (Drapier, 1997; Pantopoulos et al., 1997; Tsuji 

et al., 2000). This is signifiant because exposure of mammalian cells to H2@. a fke 

radical species, has been s h o w  to decrease synthesis of f b t i n  (Pantopoulos & Hentz, 

1 995). 

1.1.2.4. Mitochondrial üon-uptake 

A gene designated FRDA encoda a protein tenned c%taxin" and has recently 

been linked to iron-uptake in the mitochondria and to the development of 

cardiom yopathy in Friedreich' s Ataxia (Babcock et al., 1 997; Kaplan, 2000). 

Friedreich's ataxia is a rnitochondrial disease, believed to be attributed to increased 

oxidant damage resulting fiom excess mitochondrial iron. Under normal conditions, iron 

is used by the mitochondna to make iron-sulfer clusters and herne. Because uon is 

potentially toxic, its concentration in the mitochondna must be tightly controlled. 

Briefly, there is believed to be a decrease in mitochondrial iron export which results in a 

reduction of cytosolic iron. Decreased cytosolic iron has a feedback effect that results in 

increased expression of ce11 surface iron transporters (Kaplan, 2000). More transporters 



increase the cellular uptake of iron, which again accumulates in the mitochondria. 

Essentially, the ceil acts as if it were starved of iron while its mitochondria is overloaded 

with iron (Kaplan, 2000). More recent studies have demonstrated iron deposits in patient 

biopsy specifically in the mitochondrion-rich areas of the heart, though not within the 

mitochondria (Wong et al., 1 999). Bartfay and others (1 999) reported that in a murine 

mode1 -ter epicardial deposits of iron positive granules was observed, in cornparison 

to endocardial deposits suggesting that deposition of uon appears to follow the blood 

circulation route. They also observed that iron loading could significantly alter and 

damage various cellular components inçluding the mitochondrh Figure 2 summarizes 

the known proteins involved with iron metabolism in humans. 

Figure 2: Summary of Iron Metabolism 



1.2 Iron and Free Radicd Generation 

Free radicals are defined as a highly reactive chernical species that contain one or 

more unpaued electrons (Ball & Sole, 1998; Halliwell, 1997; Halliwell & Gutteridge, 

1990). A compound can become a fke radical either by gaining or losing an eleçtron. 

The term oxidation refers to the loss of electrons by an atom or molecule, whereas 

reduction refers to the gain of electrons. The collective tenn "reactive oxygen species" 

(ROS) is used to descri'be both oxygen centered radicals (e.g., superoxide and hydroxyl 

radical) and also non-radical derivatives of oxygen such as hydrogen peroxide, singlet 

oxygen, hypochlorous acid (HOC1) and ozone (O3) (Ball & Sole, 1998; Halliwell, 1997; 

HaIliwell& Gutteridge, 1990). 

In 1894, Fenton was the fïrst to propose that the hydroxyl radical (OH*) couid be 

generated in the presence of iron @e23 and hydrogen peroxide (El2@). 

~ e ~ '  + Hz@ + ~ e ~ +  + OH- + OH. 

Four decades Zater Haber and Weiss (1934) proposed that the hydroxyl radical could also 

be generated by the reaction of the superoxide radical (O2.) with hydrogen peroxide. 

a-.+ H2- + + OH- + OH* 

The combination of reactions shown below are now commonly refmed to as Fenton-type 

reactions and/or iron-catalyzed Haber-Weiss reactions (Halliwell & Gutteridge, 1990; 

McCord, 1996; Meneghini, 1997). 

0 2 .  + ~ e ~ +  + 9 + ~ e ~ +  

~ e ~ +  + Hz@+ ~e~~ + OH' + OH* 

9 - 0  + H202+ OS + OH- + OH. 



Kang and wlleagues (1989) reported the formation of the hydroxyl radical in an 

experimental rat mode1 of iron poisoning which wnsisted of intragastic instillation of 

ferrous sulfate. This investigation report& for the first thne the presence of OH* and its 

dependence upon hydrogen peroxide during the oxidation of fmus saits by molecular 

oxygen, confirming that the hydroxyl radical plays an important role in tissue damage 

after iron overload. 

Oxygen fiee radical production in the biological system is a nonnal occurrence, 

which constantly generates free radicals species. For example, the immune system and in 

particular phagocytes, require fke radicals to destroy bacteria and invading pathogens. 

When foreign organisms such as bacteria invade the body, the production of fiee radicals 

hcreases. Hence, the body must produce protective molecules in the form of antioxidants 

to protect the healthy cells h m  excessive ROS production (See figure 3). 



Normal metabolic ROS 
Production 

Normal Removal 
(an tioxidants) 

Figure 3: Nonnal metabolic ROS production. Figure 3 represents the concentration of 
ROS in biological system is kept in check by the antioxidant defense system. 

However, for the Fenton reaction to occur at an excessive rate, uon in a reactive 

form is needed. Non- t rans fd  bound iron, ferritin, cytochromes and other iron 

containhg enzymes have been proposed as potential sources of iron for catalyzing these 

reactions (Babbs, 1985; Ozaki, Kawabata & Awai, 1998; Voodg, Koster, vanEijk, & 

Sluiter, 1 992). 

Most iron in the body is bound safely in the form of hemoglobin or myoglobin. 

Cells are protected against iron-induced oxidative damage by specific iron binding 

proteins such as ferritin and transfemn (Hailiwell, 1994; Kuehn, 199 1 ). Under 

physiological conditions, these proteins protect against iron toxicity. To perform the role 

in the iron-catalyzed Haber-Weiss reaction, iron in most instances rnust be released fiom 

these proteins and chelated to low-molecular-weight foms such as iron citrate or iron 

ascorbate. Moreover, the superoxide (@O-) radical produced during this reaction can 



mobilize iron nom fetTitia (Abdalla, Campa, & Monterio, 1992; Halliwell, 1993, 1994), 

while Hz- is capable of releasing iron from heme (deValk & Marx, 1999; Halliwell, 

1994). Importantly, a potential source of catalytic fiee NTBI has been reportecl to be 

present in patients with iron-overload disorders (AI-Refaie et al., 1992; Grootveld et al., 

1989) 

The hydroxyl radical (OH.) is a highly reactive species second only to atomic 

oxygen in its oxidizing potential (McCord, 1996; Meneghini, 1997). Similady, although 

the rate constant for Fenton-type reactions is higher for copper than for iron, the 

abundance of iron in biological systems makes it a more prominent source for hydroxyl 

radical generation (Lesnefsky, 1994; Meneghini, 1997; Sandstrom, Granstrom, & 

Marklund, 1994). Calculations based on rate constants suggest that hydroxyl radicals may 

be produced in-vivo at a rate of approlcimately 50 per ce11 per second (Halliwell, 1997). 

In fact, excess free radical production has been implicated in the pathogenesis of over 

100 disorders, including diabetes, cancer and cardiovascular disease (McCord, 1996; 

Herbert et al, 1994; Halliwell & Gutteridge, 1990). 

The mechanism of iron's toxicity is thought to be its ability to catalyze Fenton- 

type reactions when protective antioxidant defense systems (antioxidant reserves) 

become overwhelmed (Herbert et al, 1 994; McCord, 1 996; Sandstrom, Granstrom, & 

Marklund, 1994). These defense systems consist of both specialized enzymatic (e.g., 

glutathione peroxidase, catalase, superoxide dismutase) and non-enzymatic (e.g., vitamin 

E, selenium, P-carotene) biological molecules. For example, vitamin E (alpha- 

tocopherol) is an active and abundant chah breaking antioxidant present in lipid 

membranes (Gey et al., 1991; Kayden, & Traber, 1993; Rimm et al., 1993; Starnpfer et 



al., 1993). Gey and others have reporteci a signifiant inverse correlation between plasma 

vitamin E concentrations and mortality due to coronary heart disease (CHD). Two large 

sa le  prospective studies involving 39,9 10 men (Rimm et al., 1993) and 87,245 women 

(Stampfer et al., 1993) reported a 40% reduction in the incidence of CHD in individuals 

taking vitamin E supplements. Moreover, specific proteins (e-g., transferrin, fenitin) and 

chelators (e.g., deferoxamine, deferipmne), which bind transition metal catalysts, are also 

important defenses (Herbert et al, 1 994; Bal1 & Sole, 1 998). There is evidence to show 

that chronic iron-overload is associated with decreased concentrations of these protective 

antioxidants in experimental models of iron-overload (Bartfay et al., 1998, 1999), and in 

patients with prirnary and secondary hemochromatosis (Livrea et al, 1996). 

1.3 Ischemia reperfbsion: The role of Oxygen Free Radicals 

Free radicals are generated during the reperfkion of an ischernic myocardium and 

the polyunsaturated fatty acids in the membrane phospholipids are the likely targets of 

ROS (Bagchi et al., 1997; Horwitz & Rosenthal, 1999). Notably, H202 and the 

superoxide radical ( m a - )  are generated during ischemia and reperfbsion and appear in 

excessive concentrations and are capable of reducing femtin-bound iron to the ferrous 

( ~ e ~ 3  state, thereby further catalyzing the generation of the ROS (Babbs; McCord, 1985; 

Sandstrom, Granstrom, & Marklund; 1994). 

For example, Chevion and workers (1 993) measured the iron levels in the hearts 

of rats following reperfùsion and reported that &er the first coronary 80w hction (CFF) 

of reperfiision afier 35 minutes of ischemia, the level of iron was 8- to 9-fold higher than 

the preischemic value. The levels of subsequent CFFs dectea~ed and reached 



preischemic values, indicating that iron appears in a burst at the m p t i o n  of wronary 

blood flow. These r e d t s  are in accordance with the causative role that iron may play in 

heart injury following ischemia, by Mmie of its capacity to catalyze the production of 

hydroxyl radicals. 

Similarly, Cottin and colleagues (1 998) reported that iron may promote the 

damage that occurs during ischemia and reperfusion, even in the absence of iron-overload 

by catalyzing the Haber-Weiss reaction. In their study they obtained peripheral venous 

blood samples h m  17 men with acute myocardial infmions (AMI) before thrombolytic 

therapy and d e r  finding that iron increased significantly during reperfùsion (mean time 

of peak was 9.4 +/- 7.3 hours) and retumed to the p r e - m i o n  levels 48 hours p s t  

fibrinolytic treatment. They confirmed the importance of the temporal relationship 

between lipid peroxidation and iron status after thrombolytic therapy and concluded that 

they agree with the concept of using antioxidant agents in association with thrombolytic 

therapy 

It has been reported that intracellular calcium overloading and fiee radical 

generation are highly interrelateci (Bagchi et al., 1997), thus suggesting a possible benefit 

for decreased calcium concentrations in the myocardium. Patients with iron-overload 

disorders may be particularly vulnerably to iron-catalyzed fkee radical generation if there 

is any component of ischemia, since the resuitant intracellular acidosis will result in the 

release of massive arnounts of "fke" iron fiom f h t i n  and hemosiderin stores (Halliwell, 

1989; Voodg et al., 1992; Ozaki, Kawabata, & Awai, 1988). Moreover, a significant 

plasma concentration of catalytic non-protein bound '%ee9' iron has been reportecl in 

patients with iron-overload disorders and fblly satwated transfmins, whereas none is 



present in healthy controls (Al-Refaie et al., 1992; Breuer et al., 2000; Jakeman et al., 

2001). In fact, there is preliminary evidence to show that patients with hereditary 

hernochromatosis (Gutteridge et al., 1985; Young et al., 1994) and beta-thalassemia 

major (Bartfay et al., 1999; Loebstein et al., 1998; Livrea et al., 1996) have increased fiee 

radical generation in plasma, as quantiftecl by cytotoxic aldehyde-derived pmxidation 

products (e-g., hexanal, 4-hydroxynonenal, malondialdehyde). 

1.4 Aldehydes as markers of fiee radical-mediated injury: 

Aldehydes are relatively stable and biologically active breakdown products of 

lipid hydroperoxides formed by the reaction of tiee radicals with cellular membranes. 

Aldehydes are therefore employed as both markers and evidence for ment ROS- 

mediated activity and darnage in vivo (Halliwell & Chirico, 1993; Luo et al., 1995). 

Lipid peroxidation in the biological system is always associated with the formation of 

aldehydes, which can Vary in chah length depending on the site of oxidation and the 

location of the double bonds in the starting lipid (Grune et al., 1993; Requena et al., 

1996). Uniike fiee radicals, aldehydes can diffuse and spread darnage h m  their site of 

origin (Cheeseman, 1993; Luo et al., 1995), and may therefore act as second- cytotoxic 

messengers for the primaq fke radicals generated (Yazdanpanah et al., 1997; Luo et al., 

1995). A reaction that originally produces a single ROS that interacts within its own 

microenvironment may initiate a sequence of biochemid events that direct disturbances 

throughout the cell, its membrane and macroeavironmeot (Rice-Evans, 1 990). 

Consequently, the presence of aldehydes is considered both markers and evidence for 

h radical formation in-vivo (Bartfay et al., 1999). Thmefore, an increase in the 



concentration of cytotoxic aldehydes in heart tissue of chronically iron-loaded mice 

implies a greater level of ROS production in the investigations detailed in this thesis. 

Many assays are avaiiable to measure lipid peroxidation, but no single assay is an 

accurate measure of the whole pmcess (Halliwell & Chirico, 1993). It has been reported 

that conversion of material into volatile derivatives separated by gas chromatography and 

identified by mass spectromeûy (GC-MS) is likdy to give more precise chetnical 

information when complex mixtures are being studied (Thomas et ai., 1991). Bnefly, 

GC-MS measures lipid peroxides and aldehydes. Peroxidation products are extracted and 

reduced to alcohols, then separated by the GC, and identified by mass spectrometry 

(Halliwell & Chirico, 1993). Halliwell & Chirico 1993, reviewed various methods used 

to detect and measure biological lipid peroxidation products and have reported that GC- 

MS is the most effective test to measure peroxidative products in human material. They 

also stated that two other particular techniques known to measure lipid peroxidation 

products do not measure what they are supposed to measure: diene conjugation and the 

Thiobarbituric acid (TBA) test. Thomas and colleagues (1 99 1 ) reported on the 

advantages of GC-MS which includes the sensitivity of the GC-MS to measure lipid 

peroxidation in as little as 1 mg of tissue. While Luo and coworkers (1 995) expanded on 

this knowledge and reported that lipid peroxidation produces a great variety of stable, 

diffisible aldehydes including malondialdehyde (MDA), 4-hydmxynoneal (HNE), and 

hexanal. Generally these three aldehydes are the most toxic and well characterized of the 

more than 20 hown aldehydes. It is for this reason that the aldehyde results for MDA, 

HNE, and hexanal were chosen for the investigations. 



1.5 Disorders of Iron Metabolism: 

Iron-overload usually presents in one of two characteristic patterns. In cases with 

normal erythropoiesis (e.g. hereditary hemochromatosis), but where the plasma iron 

content exceeds the iron-binding capacity of t r a n s f e  iron is deposited into the 

parenchymal cells of the liver, heart, and a subgroup of endocrine tissues (Andrews, 

1999). In contrat, when iron overload results h m  increased catabolism of erythmcytes 

(e.g. P-thalassemia major), iron accumulates in reticuloendothelial macrophages first and 

thm spi11 over into parenchymal cells. If lefi untreated, both foms of iron overload can 

progress to organ damage, dyshction, and failure (Andrews, 1999). 

1 S. 1. Hereditary (Primary or Idiopathic) Hemochromatosis 

Hereditary hemochromatosis (HH) is an autosomal recessive disorder caused by 

physiologically excessive iron absorption in the small intestines, which results in 

increased iron deposition in various organs @othwell& MacPhail, 1998). Typically, the 

erybiroid cells are destroyed near the site of their development in the bone marrow and 

this process is termed ineffective erythropoiesis. Patients with hemochromatosis regularly 

absorb two to three times as much dietary iron as healthy individuals. Most do not have 

symptoms until adulthwd, although the saturation of serum t r a n s f e  is usually 

increased by adolescence (Andrews, 1999). 

Hereditary hemochromatosis is, in fa*, one of the most wmmon inherited genetic 

disorders in the world occWTing with a homozygous expression of approximately 1 in 



200 individuals of northem European descent (Horwitz & Rosenthal, 1999). Simon et al. 

(1 976) discovered that the genetic predisposition for hemochrornatosis onginated with 

the HLA-A3 allele. Twenty years later the missense mutation C282Y was discovered to 

alter the class 1-like protein designated HFE (Feder, et al., 1996). HFE forms a 

heterodirner with beta2-microglobulin that is expressed on the d a c e  of many cells, 

including duodenal crypt celk and macrophages. The C282Y mutation alters the 

conformation of the HFE protein and interferes with its fûnction and has been shown to 

form a high-aWty complex with transfenin receptors (Andrews, 1991). 

Interestingly, the homozygous expression does not always result in clinical 

disease, and heterozygous inheritance of only a single defective gene may result in 

increased iron stores, but does not usually result in clinical manifestations of the disease. 

On the basis of data fiom blood donors, it is estimated that as many as 1 in 10 white 

Arnericans carries at least one allele with this mutation (Edwards et al., 1988). Studies 

also show that symptomatic hemochromatosis has been estimated to occur in 1 in 500 

individuals (Edwards et al., 1988). Clinically significant iron-overload typically develops 

in patients who are homozygous for the expression of this disorder. The diagnosis can be 

confirmed by direct mutation analysis of the HFE gene. Homozygosity for the C282Y 

mutation plus biochernical evidence of iron overload makes the diagnosis of 

hemochromatosis indisputable. 

Heart failure and hepatic carcinoma remain the leading causes of death in this 

disorder with approximately one-third of patients dying of cardiac complications 

(Aldouri, Wonke, & Hoffbrand, 1990). Hernochromatosis often results in a restrictive 

cardiomyopathy, which is usually caused by an infiltrative disease of the myocardiurn. 



Ultimately the myocardium becornes rigid and noncornpliant, impeding ventricular f i l hg  

and raising filling pressures during diastole. There is currently no therapy for restrictive 

caritiomyopathy other than treating the underlying disease process with phlebotomy 

(Barton et al., 1998). Treatment of HH has not changed substantially since 1950. Each 

450 to 500 rnL of blood contains between 200 to 250 mg of iron. Ideally, therapy should 

begin before symptoms develop, when the senmi ferritin level exceeds 200 pg per liter in 

non-pregnant, premenopausal women or 300 pg per liter in men and postmenopausal 

women (Barton et al., 1998). Typically, phlebotomy is performed at a rate of 1 unit of 

blood per week until the patient has mild hypoferritinemia. On average, men require 

phlebotomy three to four times per year, while women require it one to two times per 

year (Barton et al., 1988) 

There is preliminary evidence to show that patients with homozygous hereditary 

hemochromatosis have increased ROS production as quantified by aldehyde-derived 

peroxidation products in plasma (Sochaski et al., Young et al., 1994), and patients who 

have normal t ransfhn saturation have significantly more non-transferrin bound iron in 

their serum than normal control subjects (deValk et al., 2000). deValk et al (2000), 

investigated whether the senim of HH heterozygotes contained more -1 than normal 

wntrols. By measuring the iron status of 27 treated homozygotes, 22 HH heterozygotes, 

and 17 healthy controls it was determined that NTBI was significantly higher in 

homozygous patients compared to heterozygotes patients @ < O.OS), and controls @ < 

0.05). They mncluded that the reported risk of heterozygous HH may be explaineci by 

NTBI-catalyzed LDL peroxidation. 



Iron-overload is not limited to persons of Euopean descent. f i c a n  iron-overload 

(formerly Bantu Siderosis) results fiom a predisposition to uon loading that is 

exacerbated by excessive intake of dietary iron. It is particularly problematic among 

A ~ c a n s  who drink traditional beer brewed in non-galvanized steel drums (Gordeuk et 

al., 1992) and may affect up to 10 percent of some rural populations (Gordeuk, 1992). 

1.5.2. Secondary hemochromatosis (B-thalassemia) 

The thalassemia syndromes represent the most wmmon fonn of hereditary 

anemia in Canada and abroad (Lynch, 1995; Liu & Olivieri, 1994; Aldouri et al, 1994). It 

is estimateci that approximately 100,000 children in the world are bom annually with the 

disorder (Olivieri, 1999; UK Thalassaemia Society, 1993). Beta-thalassemia major is 

wnsidered the prototypical secondary iron overload disorder characterized by chronic 

and severe anemia due to ineffective erythropoiesis and shortened red-ce11 survival 

(Dover & Valle, 1994). The severe ineffective eqduopoiesis results in erythroid marrow 

expansion to as much as 30 times the nomal level. Both an increase in plasma volume as 

a result of shunting through expanded mmow and progressive splenomegaly exacerbate 

anemia. Marrow hyperplasia leads ultimately to increased iron absorption and 

progressive deposition of iron in tissues (Olivieri, 1999). 

The fundamental defect observecl in the thalassemia syndromes is the uncoupling 

of alpha and beta chah synthesis. Nearly 200 different mutations have been described in 

patients with P-thalassemia that ultimately result in either the absence of the synthesis of 

p-globin chains or a reduction in synthesis. Both splicing of the mRNA precursor and 

ineffective cleavage of the mRNA transcript result in P-thalassemia. in some mutations, 



no normal message is produced, whereas other mutations ody slightly reduce the amount 

of normally spliced mRNA (Olivieri, 1999) 

Figure 4 below is a schematic description of the metabolism of iron in 

thalassania, Due to the increased rate of ineffective erythropoiesis, hemoglobin 

breakdown in reticuloendothelial (RE) cells results in the outpouring of catabolic iron and 

a 10-1 5 fold increase in plasma iron turnover. This results in complete saturation of 

transferrin and the emergence of non-transferrin bound iron (Hershko & Rachmilewitz, 

1979; Hershko et al., 1978). The net increase in iron stores results fkom increased 

intestinal absorption and transfiisions. 
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Figure 4: bon Pathways in Thalassemia. Schematic representation of  the metabolism of 
iron in thalassemia. Due to the increased rate of ineffective erythropoiesis, hemoglobin 
breakdown in RE cells results in the outpouring of catabolic iron and a 10-1 5 times 
increase in plasma iron turnover. This results in complete saturation of transferrin and 
the emergence of  NTBI. The net increase in stores is caused by increased intestinal 
absorption and transfiisions (adopted fiom Hershko et al., 1998 and Ponka, 1998). 



Iron-overload of tissue, which is fatal with or without transfkion, is the most 

important complication of fi-thalassemia (Olivieri & Brittenham, 1997). Although there 

are varying degrees of the disorder, most who have a homozygous expression become 

dependent of chronic blood transfusions to manage their underlying anemia (Horwitz & 

Rosenthal, 1999). As a result, large amounts of iron fiom transfied erythrocytes, 

hemolyzed red blood cells and dietary iron which are hyperabsorbed, accumulate and are 

incorporated in the heart as fenitin or hemosiderin. 

Although most clinical manifestations of iron loading do not appear until the 

second decade of life in patients with inadequate chelation, evidence h m  serial liver 

biopsies in very young patients indicates that the deleterious effects of iron are initiated 

much earlier than this (Olivieri, 1999). Today, the prognosis for survival for patients 

without cardiac disease is excellent in those patients who receive regular transfùsions of 

blood and whose semm fefiitin levels remain below 2500 ng per millimeter with 

chelation therapy (Brittenham, Griffith, & Nienhuis, 1994). Bartfay and coworkers 

(1 999) reported the positive effects of chelation therapy through decreased aldehyde 

formation in beta-thalassetnia major patients who received standard chelation therapy 

with desferal (deferoxamine) or the experïmental oral chelators L1 (defenprone). 

Desferal was introduced 1979 and has increased life expectancy significantly to where 

some patients are now living into their forties (Liu & Olivieri, 1994). Nevertheless, these 

patients remain at risk for developing ùon-induced organ failure because chelators 

remove only 10-20 mg of iron per day, and there is no know physiological mechanisrn for 

excreting excess iron h m  the body. The survival of patients with fi-thalassemia is 

determined by the magnitude of iron loading within the heart (Brittenham et al., 1994). 



Hence, chelation therapy is regarded as palliative and not curative in nature. Table 1 is 

adapted fiom Bottomley (1998) and is a summarization of the various foms of iron- 

overload. 

Table 1 : Disorders of Iron-overload 

Disorder 

Iron-loading anemias: 
Thalassemia syndromes 
Sideroblastic anemias 
Congentigential dyserythro- 
poietic anetnias 

Excessive iron intake 
Red ce11 transfhions 
Elernental uon 
iron dextran 
Afiïcan overload 

Mechanism of Iron-overload 

Recessive Uzheritance of increased Fe absorption 

Ineffective erythropoiesis, with or without red ce11 transfusions 

Infision of hernoglobin iron 
Prolonged ingestion of medicina1 iron 
Prolonged parenteral iron therapy 
Ingestion of excessive dietary iron plus a genetic factor(?) 



1.6 L-type calcium channel blockers and fke radical production: 

Calcium antagonists are widely used for the treatment of patients with 

hypertension and cardiovascular disease (Resnic, 1998). Although the prirnary 

pharmacological role of calcium antagonists is to decrease vascular contractility by 

inhibition of the slow inward calcium ion channels, some of these antagonists have been 

reported to possess lipid antioxidant properties and k e  radical scavenging properties 

(Mak et al., 1995; Mason, Mak, Tnimbore & Mason, 1999; Mason et al., 1999; & Yao et 

al., 2000). in fact, there is now prelirninary evidence to demonstrate that fmous (Fe2? 

uptake by the heart may occur through L-type calcium channels, which is the 

pdominate type of calcium channel present in the heart (Digiesi et al., 2000; Farghali et 

al., 2000; Sevanian et al., 2000; Tsushima et al., 1999; & Winegar, Kelly, Larson, 1991). 

Sînce the mechanism of non-transfenin bound iron (NTBI) uptake in the heart 

remains to be elucidated, it has also been proposeci that NTBI may enter through L-type 

(long) calcium channels and contribute to the development of heart failure (Bartfay et al, 

2000; Tsushima et al, 1999; Liu & Olivieri, 1994). Moreover, a common characteristic 

of al1 pathological conditions involving iron-overload is the observed concomitant 

calcium-overload in the heart (Anghileri & Thouvenot, 1998; Bagchi et al., 1997). 

The L-type channel (dihydropyridine) is widely distributed throughout the body, 

patticularly in the heart and srnooth muscle cells (McMurray & Cleland, 2000). The high 

density of L-type ca2+ channels in the heart has been shown through single patch-clamp 

raordings that ~ e ~ +  is able to block ca2+ currents and perrneate these channels (Tsushima 

et al., 1999; & Winegar, Kelly, Larson, 1 99 1). Tsushima and colleagues (1 999) 

exarnined the ability of L-type ca2+ chanwl modifiers to alter ~ e * +  uptake by isolated rat 



hepts and venûicular myocytes concluding that a component of ~ e * +  uptake into the 

ha r t  occurs via the L-type ca2+ channel in an electncally arrested, nonbeating heart. 

They questioned in their discussion whether it would be reasonable to ask whether iron 

uptake via the L-type ca2+ chamel could acwunt for the iron levels observed clinically. 

Tsushima and others noted that patients with secondary hemochromatosis ofien have total 

senim iron levels of 20 to 61 po l /L ,  with estimateci NTBI of = 1 to 20 pnol/L. 

Furthemore, under these conditions the amount of iron accumulation predicted to occur 

via the L-type ca2+ channel in 10-1 5 years, would be 3 to 5 mg of iron per gram of heart, 

which compares favouably with the 2 to 8 mg of iron per gram of heart typically 

observecl in these patients. 

Excas iron has also been implicated in the disruption of intracellular ca2+ 

homeostasis (Kim et al., 1995; Link et al., 1996; Parkes et al., 1993; Tsushima et al., 

1 999; & Winegar et al., 1 99 1 ). Specifically, Parkes and coworkers (1 993) demonstrated 

in cultures of rat myocardiocytes that the increased rates of uptalre of NTBI may 

exacerbate iron loading of the heart and contribute to iron-mediatecl cardiotoxicity. They 

found that iron loading with low-molecular-weight Fe promoted a dose- and tirne- 

dependent increase in the rate of uptake of NTBI that was positively correlated (r = 0.9, p 

< 0.005) with cellular iron content- This also resulted in decreased contraction of 

myocytes by 60%. 

Similarly, various toxic heavy metals (e-g., mercwy, lead) have been shown to 

result in a sustained elevation of ca2+ with resultant ce11 death (Britton et al., 199 1 ; 

Orrenius et al., 1992; & Whanger, 1993). Hence, fiom a therapeutic point of view it 

would be exciting to see whether iron entry into the heart could be prevented by the 



administration of L-type ca2+ chanael blockers. Figure 5 below represents a schematic 

diagram of a cardiac myocytes and the proposed mie of the calcium channel in regards to 

iron uptake into the myocardium, which is based on the available evidence to date. 



Figure 5: Simplified Mode1 of a Myocyte Depicting Iron Transport and Storage. 
Schematic representation of a simplified mode1 of a cardiac myocyte. The mitochondria 
is damaged by iron-overload, while the sarcoplasmic reticulum is dilated with Fe- 
overload. It is hypothesized that ~ e ' +  enters the myocyte through the L-type Calcium 
channel where ROS damage occurs. 
NOTE: + Known 

- - - - Suspected or hypothesized 



1.6.1 Calcium chanael blockers 

Calcium channel blockers can be grouped by chemical class (benzothiazepines, 

phenyalkalamines, dihyhpyridines or tetralol); or by their site of action (L 'long' or T 

'transient'). L-type blocking agents reversïïly bind distinct binding sites on the 

transmembrane spanning region of the L-channel. Binding is 'use dependent' meaning 

that other channels will not bind the dmg in the open state. 

The dihydropyridine @PH) agents (such as nifedipine and dodip ine)  have been the 

most extensively studied class of calcium channel blockers in patients with hart failure 

(McMurray & Cleland, 2000). The dmgs in this group differ primady in 

phannawkinetics, which accounts for many of the striking differences found between the 

drugs. Two drugs classifiai within the dihydropyndine group, which are well 

characterïzed and used widely in the clinical setting, were chosen to be studied. 

Nifedipine (Adalat, Bayer Canada) generally has a short elimination half-life in 

cornparison to other members of this p u p ,  Ieading to a rapid onset and offset of action. 

However, the short duration of action of the DHP may result in reflex tachycardia that 

inmeases to some extent oxygen consurnption (Nayler et al., 1987). It has recendy been 

reported that nifedipine may possess beneficial antioxidant properties thus providing 

cytoprotective effects against ROS-mediated injury (Mak et al., 1995, Yao et al., 2000). 

Mak and colleagues (1995) reported that the cytoprotective effects of calcium channel 

blockers appear to be governeci by antiperoxidative potency rather that calcium channel 

blocking activity. This was supporteci by Yao and colleagues (2ûûû), who dernonstrateci 

that nifedipine had concentration dependent antioxidant effects. It is thought that 

nifedipine by virhie of its nitroammatic structure may interact with the cascade of event 



leading to peroxidation and alter the rate of oxygen consumption by the microsomal 

electron transport system (Engineer & Sridhar, 1989). In addition, nifedipine may also 

possess additional beneficial properties in modulating Fe-uptake in the heart via L-type 

calcium channels and rnay therefore be employed as an adjunct in chelation therapy with 

Desferal in conditions of iron-overload (Savigni & Morgan, 1996). If so, these properties 

may be of benefit for the clinical management of Fe-overload disorders. However, there 

have been wnflicting reports with regards to the antioxidant properties of nifedipine. 

Janero et al. (1988) found that nifedipine had insignificant antioxidant properties 

compareci with 0 t h  DHP's. While similm results were found by Sugawara and 

coworkers (1 996). 

Amlodipine besylate (Norvasc, Pfizer Canada) in contrast is a very lipid soluble 

agent with a long etimination half-life of approximately 37 hours, and more favourable 

neurohormonal eEects (Gaviraghi, Micheli, & Trist, 1995). The antioxidant activity of 

amlodipine appears to occur in a dose dependent manner as assessed by decreased 

concentration of malondialdehyde (MDA) in various experimental systems (Mason et al., 

1999; Yao et al., 2000; Mason, Mak et al., 1999; Mason, Walter et al., 1999). In addition 

to its hemodynamic properties, amlodipine has been shown to inhibit cytokine-induce 

endothelid ce11 toxicity, independent of calcium charnel modulation (Mason, Walter et 

ai., 1999). Mason, Walter and colleagues (1 999) reported that the antioxidant activity of 

amlodipine was at least 100-fold more potent than other DHP analogs. It is believed that 

the antioxidant effects may be attributed to the electton-rich aromatic ring that is 

characteristic of most "chah-breaking" antioxidants such as a-tooopherol (vitamin E). It 

has also been suggested that more lipophilic DHP's, such as amlodipine, may provide 



more cytopmtective effects than other DHP's (Mak et al., 1995; Mason, Walter et al., 

1999; Yao et al., 2000; Mason et al., l9W) 

To my knowledge no studies to date have examineci the in vivo effects of the L- 

type calcium channel blockers nifedipiae or amlodipine in preventing iron uptake into the 

myocardium nor the antioxidant effects of these agents in an experimental model of iron 

overload. 

1.7 Proposed conceptual model 

Although the exact mechankm of iron's toxicity remains unclear, one potential 

mechanism may be the ability of NTBI to catalyze the generation of £ke radicals 

redting in an inmase in ROS production leading to an imbaîance in the antioxidant 

system. Figure 6 is a proposed conceptual model of chronic iron-overioad based on the 

currently known literature and empirical data to date linking chronic iron-overload to 

increased ROS production and ultimately increasd morbidity and mortaiity. 
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Figure 6: Proposed Conceptual Mode1 of  Chronic Iron-Overload. This is a conceptual 
mode1 that proposes that patients with genetic disorders of iron metabolism (e.g. primary 
and secondary hemochromatosis) have decreasd concentrations of protective 
antioxidants resulting in increased hn-cataiyzed ROS generation. Excess ROS 
production damages the myocytes and various cellular wmponents (e.g. mitochondria, 
lipid membranes), which ultimateiy leads to heart failure and the development of 
cardiomyopathy with increased morbidity and mortality. 



1.7.1. Objectives 

1. To determine if chronically iron-loaded mice will have dosedependent increases 

in the concentrations of cytotoxic aldehydes (e-g., malondiaidehyde, hexanal, 4- 

hydroxynonenal) in the heart, in cornparison to vehicle control mice. 

2. To deteradine if L-type calcium channel biockers prevent the uptake of iron in the 

chronically iron overloaded heart as quantified by tissue ùon. 

Chronically iron-loaded mice d l  have increased total iron concentrations in the 

heart in cornparison to controt rnice. 

Chronicdly iron-loaded mice will have increased cytotoxic aldehydes present in 

the heart in comparison to vehicle controls. 

Chronically iron-loaded mice that receive concment treatment with the L-type 

calcium channel blocker nifedipine will have decreased heart tissue 

concentrations of iron, decreased concentrations of cytotoxic aldehydes in 

comparison to iron-only treated mice. 

Chronically iron-ioaded mice that receive concurrent treatment with the L-type 

calcium channel blocker amlodipine will have decreased heart tissue 

concentrations of iron, and decreased concentrations of cytotoxic aldehydes in 

comparison to iron-only treated mice. 



1-7.3. Overview of thesis 

Chapter 2 describes the methods, materials, d t s ,  and discussion for Investigation 1: 

Dose response study, which examines the dosedependent effécts of chronic iron loading. 

Chapters 3 and 4 examine the cardioprotedive eEécts of Nifédipine and Amlodipine 

respectively, in terms of blocking iron uptake in the heart as well as their antioxidant 

properties with both chapters outlining the methods, materials, results and discussion for 

the specific investigation. Finally, Chapter 5 involves a aitical discussion of the thesis 

and concludes with directions for M e r  research. 



2.0 Chapter 2 

Investigation 1: Dose response study 

2.1 Aims and Rationale 

Bartfay and wlleagues (1 999) previously examined the dose dependent effects of 

iron dextran of fiee radical production and heart tissue concentrations, but only in a pilot 

study. Hence, this study was replicated with a higher dose of iron dextran employed, as 

well as to determine the relationship between total dose of iron and concentration of 

aldehydes in the target area of the heart. The goal of this study was to deterxnine if 

chronically iron loaded mice would have dose-dependent increases in the concentrations 

of cytotoxic aldehydes in the hart in comparison to vehicle controls. The specific 

hypotheses were (i) chronically iron loaded mice will have increased total iron 

concentrations in the myocardium, in cornparison to control mice and (ii) chronically 

iron-loaded mice will have increased concentration of cytotoxic aldehydes in the heart, in 

comparison to vehicle controls. 

Method 

2.2 Sample 

A standard murine mode1 of iron-overload cardiomyopathy was employed for the 

experiments described below and pioneered by Bartfay and wworkers (1997). Male 

B6D2F1 mice (Charles River, Montreal) of 3 to 5 weeks of age (20 to 25 grams) were 

employed for al1 basic investigations reported in this thesis. These mice are produced by 

msing C57BU6 ïnbred fernale mice with DBN2 inbred male mice and have genetic 

and phenotypic unifonnity (Lewis et al., 1985; Liu et al., 1996; Skow et al., 1983). They 

have been used widely in research including transplant, radiation, behavioural, nutrient 



and drug studies. Moreover, these mice are anemic and have increased gastro-intestinal 

absorption of iron closely mimicking similar biologicai conditions found in humans with 

iron-overload disorders. 

2.3 Procedure 

Chronic iron-overload was achieved by-daily intraperitoneal (i.p.) injections iron 

dextran (Imferon), SigmdAldrich Chernical Company (St. Louis, MO), on five of seven 

days per week for a period of four weeks. It has been preMousIy shown that parenteral 

administration of iron dextran unlike other models results in deposition of iron in the 

myocardium (Bartfay et al., 1997; Liu et al., 1996). Previous experirnental models of 

chronic iron-overload that mimic the clinical situation have not existed (Liu et al., 1996). 

These previous models have entailed feeding the mice a diet high in carbonyl iron, which 

ultimately resulted in increased iron levels in the reticuIoendothelia1 system in the liver, 

but not in the heart, It was reporteci that iron was present in the cardiac myocytes in a 

gerbii model of chronic iron-overload administered subcutaneously over a period of 

several months (Cathew et al., 1993). While, iron loading appears to result in greater 

epicardial deposits of iron in cornparison to endocardiai deposits in a murine model. This 

pattern of iron deposition appears to follow the blood circulation route of the 

myocardium h m  the epicardium to the endocardium, which is consistent with iron 

deposition patterns found in humans martfay et al., 1 999). 

The mice were adapted to their surroundings for a period of three days before 

commencing treatments, and were given access to food pellets and drinking water ad 

libitum. The rodent diet (L,aboratory Rodent Diet, PMI Nutrition International Inc., St. 



Louis, MO) containeci 184 parts per million of iroa The mice were housed in stainless 

steel cages (5 pet cage) in a temperature- and humidity-controlled room with 12 hour 

light-dark cycles. This study had institutional approval (Queen's University Animal Care 

Cornmittee) and confirms to the standards of the Animals for Research Act (Province of 

Ontario 1968-69, Rev. 1 980) and the Canadian Council on Animal Care (Olf- and 

others, 1 999). Unless otherwise stated, all chernicals used were ragent grade and were 

obtained h m  the Sigma-Aldrich Chernical Company (St. Louis, MO). 

Iron loading was achieved by i.p. injections of iron dextran (20 mg per day per 

mouse), on five of seven days per week, for a duration of either one week (1 00 mg total 

uon dose, n=l O), two weeks (200 mg total iron dose, n=1 O), or four weeks total (400 mg 

total iron dose, n=10). Control mice received placebo treatment for four weeks total with 

double distilled water (0.1 0 mL i.p. per mouse per day, n=10) [See Figure 7 below]. 

1 40 B6D2F1 mice 
randornized 1 

Figure 7: Dose Response Study 



Mice were weighed in grams (k 0.1 g), on five of seven days before each 

injection. At the end of four weeks, the surviving mice were killed by cervical 

dislocation and the hearts were harvested via a rapid mid-stemal thoracotomy. The heart, 

spleen, and liver were harvested and the organs were subsequently cleaned of excess 

tissue, and riosed in normal saline. Each organ was cut into two equal pieces and stored at 

-70 degrees Celsius until analysis for total tissue Von concentrations and oxygen fiee 

radical generation as detailed below in section 2.4 and 2.5. Mice that were deceased 

before the conclusion of the study were stored in a -70°C b e r  until tune of harvesting. 

The following specific endpoints smed as criteria to evaluate the objectives of 

this investigation: total concentration of iron, oxygen tiee radical production as quantified 

by the concentration of cytotoxic aldehydes in the heart (hexanal, HNE, MDA), and 

mortality rates. 

2.4 Total Iron Concentrations 

Calculations for total iron concentrations in heart tissue was performed at the 

Trace Metals Laboratones in London, ON by flarneless atomic absorption spectrometry 

on an IL-55 Atomic Absorption / Atomic Emission Spectrophotometer (Instrumentation 

Laboratory, Wilmington, MA), as previously described (Baitfay and others, 1998). To 

ensure accuracy and precision, National Institute of Standards and Technology (NIST) 

traceable calibration standards were also employed (detection lirnit = 2 pcg per litre). 



2.5 Oxygen Free Radical Production 

Oxygen fiee radical production in heart tissue and plasma was quantified by the 

cytotoxic aldehydes hexanal, 4hydroxynonenal (HNE), and malondialdehyde (MDA) by 

capillary column gas chromatography-negative ionization mass spectmmetry (GC-MS) as 

previously d e s m i  by Yazdanpanah and others (1997). 

Briefly, sample preparation included 100 pL of plasma 10 pi, of 1 Op (1 00 pmol) 

of Benzaldehyde-ring-Ds was added as an interual standard. The samples were vortexed 

for 30 seconds and to each sample 200 pi, of O.OSM (10 pnol) of pentafiuorobenzyl 

hydroxylamine hydrochloride was added to derivatize the carbonyl fünctional groups. 

The samples were incubated for 30 minutes at room temperature. The derivatized - 

aldehydes were extracted twice with 1 mL of hexane. The extraction mixture was 

vortexed for 1 minute and centrifûged at 3000 rpm for 1 minute. The combined hexane 

extracts were evaporated under a stream of nitrogen, and 50 pL of trimethylsilyl + 1 % 

trimethylchlorosilane for 5 minutes at 80°c to fonn TMS ether derivates of the hydroxyl 

fiuictional groups. A 1 PL aliquot of the PFB-Oxime-TMS derivatives nom each sample 

was then analyzed by GC-MS. The detection limit of this method is between 50 and 100 

fenta-moles per 1 mL of injected aldehyde (Yazdanpanah and others 1997). This resulted 

in raw data for cytotoxic aldehydes expressed in pmoles for tissue samples. 

2.6 Sample Size Estimates and Statistical Analysis 

Based on statistical power analysis, it has been previously shown that 5 mice per 

treatment group is a sufficient number to detect differences between the treatment groups 



with a power of -80 and an alpha level of 0.05 (Bartfay and Bartfay, 2Oûûab). Hence, 

justification was made for a minimum of 5 mice per treatment p u p  and was employed 

for investigations 1, II and III. 

Descriptive statistics for the key endpoints (total iron, hexanal, HNE, MDA) are 

presented as mean f: standard deviation (S.D.) in a graphical format. A two-step 

procedure was employed for data analysis. One-way analysis of variance (ANOVA) was 

f%st perfonned to compare overall treatment effect and a p-value of less than 0.05 was 

deemed significant a priori. Second, when a statistically significant diffeience was 

detected, pst-hoc multiple pair-Wise cornparisons were perfonned to determine the 

location and nature of the differences d e r  ANOVA (See ANOVA table summary, 

Appendix A). Specifically, Duncan's Multiple Pair Wise Comparison was done and 

results are specified graphically. 

2.7 Results 

This investigation sought to determine if chronically iron loaded mice would 

have dose-dependent increases in the concentrations of cytotoxic aldehydes and iron in 

the heart in comparison to vehicle controls. The total amount of iron found within the 

heart appears to occur in a dose dependent manner as evidenced in Figure 8. The vehicle 

group had a total iron concentration of 344 pg/g of dry weight tissue. In comparison to 

this group, the 100 mg total dose of iron group had a 4.5 fold increase (1 546 pg, p c 0.05) 

in total iron heart concentration. The groups that received 200 mg and 400 mg 

cumulative dose of iron had a 12.3 and a 19.9 fold increase in amounts of iron present 

within the heart respectively @ < 0.05 for al1 groups in cornparison to control group). 



0 mg 100 mg 200 mg 400 mg 
Total cumulative dose of iron dextran (mg) 

Figure 8: Heart Iron Concentration (ug/g dry weight tissue). Note the dose dependent 
increases in hart iron concentrations. Al1 values are mean + S.D., a = p < 0.05 compared 
to control, b = p < 0.05 compared to 100 mg group, and c = p c 0.05 compared to 200 mg 
P U P *  



Heart tissue concentrations of the cytotoxic aldehyde hexanal are shown in Figure 

9. In cornparison to vehicle controls (1 54 pica moles (pmols} 1 100 mg wet wt. tissue), a 

L.3 fold increase (197 pmols, p (0.05) in hexanal concmtrations is obsewed in 1 OOmg 

total iron dose treatment p u p ,  whereas a 1.6 fold increase (249 pmols, p < 0.05) and a 

1.9 fold increase (298 pmols, p < 0.05) is noted in the 200 mg and 400 mg total dose of 

iron groups respectively. 



350 1 abc 

0 mg 100 mg 200 mg 400 mg 
Total cumulative dose of iron (mg) 

Figure 9: Heart hexanal concentrations @mol/wet weight tissue). Note the dose 
dependent Uicreases in hexanal production. Al1 values are mean f S.D., a = p < 0.05 
compared to wntrol, b = p c 0.05 compared to 100 mg group, and c = p < 0.05 compared 
to 200 mg group. 



Heart tissue concentrations of the cytotoxic aldehyde 4-hydroxyaoneal @NE) are 

displayed in Figure 10. In cornparison to vehicle controls (61 pmols), a 1 -5 fold incxease 

(90 pmols, p < 0.05) in HNE concentrations is noted in the lOOmg total iron dose 

treatment group, whereas a 2 -8 fold increase (1 12 pmols, p < 0.05) and a 3.0 fold increase 

(1 80 pmols, p < 0.05) is noted in the 200 mg and 400 mg total dose iron groups 

reqectively. 



O mg 100 mg 200 mg 400 mg 
Total cumulative dose of iron dextran (mg) 

Figure 10: Heart HNE concentrations @moVwet weight tissue). Note the dose dependent 
increases in HNE production. Al1 values are mean f S.D., a = p < 0.05 compared to 
control, b = p < 0.05 compared to 1 O 0  mg group, and c = p c 0.05 compared to 200 mg 
grouP. 



The heart tissue concentrations of  the cytotoxic aldehyde malondialdehyde 

(MDA) are presented in Figure 1 1. in cornparison to vehicle controls (1 228 pmols), a 1.5 

fold increase (1788 pmols, p < 0.05) in MDA concentrations is observed in the 100 mg 

total iron dose treatment grou, whereas a 2.2 fold increase (2658 pmols, p < 0.05) and a 

3.2 fold increase (3960 pmols, p < 0.05) is reportecl in the 200 mg and 400 mg total dose 

of iron groups respectiveiy. 



O mg 100 mg 200 mg 400 mg 
Total cumulative dose of iron dextran (mg) 

Figure 1 1 : Heart MDA concentrations (pmoVwet weight tissue). Note the dose dependent 
increases in MDA production. Al1 values are mean + S.D., a = p c 0.05 compared to 
control, b = p < 0.05 compared to 100 mg group, and c = p < 0.05 compared to 200 mg 
W'UP- 

In conclusion, these r d t s  show that iron uptake occurs is a dose-dependent 

rnanner @ < 0.05) with marked progressive increases in Hexanal @ < O.OS), MDA @ < 

0.05), and HNE @ c 0.05). 



2.8 Discussion 

It was shown that chronic iron loading in a murine model could result in dose- 

dependent increases in total heart iron concentration when iron dextran was admïnistered 

intraperitoneally. To our biowledge, no studies to date have investigated the dose- 

dependent effects of chronic iron loading on heart tissue concentrations of iron, 

production of cytotoxic aldehydes, and ultimate mortality in this model concurrently. 

Accordingly, it was hypothesized that chronically iron loaded mice would have increased 

hart tissue concentrations of iron and aidehydes when compareci to control mice. 

HYPOTHESIS 1 : Chronically iron-loaded mice will have inaeased total iron 

concentrations in the heart in fomparison to mntrol mice. 

HYPOTHESIS 2: Chronically iron-loaded mice will have increased cytotoxic aldehydes 

present in the heart in comparison to vehicle controls. 

in support of hypotheses 1 and 2, it was shown that chronic iron loading in mice 

results in significant dose-dependent inmeases in heart tissue concentrations of iron, 

increase in oxygen free radical production as quantified by various aldehydes and an 

increase in morbidity in comparison to non-iron loaded mice. This particular study was 

an extension of previous work done by Bartfay (1999) who mormed  a dose response 

study in a similar mouse model, but for a shorter period of time, and aiso employed lower 

dosages of iron dextran. This makes this particular investigation unique in that Canadian 

mice were useà and purchased from Charles River, Montreal versus American mice 

purchased h m  Barharbor, Maine and found consistent results despite different suppliers. 



Furthemore, this investigation was conducteci for a longer period of time (4 weeks) thaa 

in previous investigations, and higher doses of iron dextran was administered with d t s  

from this study consistent with previous resuits. Based on the findiags reviewed above, it 

is concluded that there is sufficient evidence to support the hypotheses set out for 

Investigation 1. 



3.0 Chapter 3 

Investigation II: Nitedipine intervention study 

3.1 Aims and Rationale 

The heart has a hi& daisity of L-type ca2+ channels, and single patch-clamp 

recordings have shown that is able to block ca2+ cucrents and penneate these 

channels (Tsushima et alJ999; Kun et al., 1995; Winegar et al, 1991). There is a 

growing body of evidence to demonstrate that calcium channel blockers may also possess 

antioxidant and tiee radical scavengïng properties (Digiesi et al., 2000; Farghali et al., 

2000; Sevanian et al., 2000; Sugawara et al., 1996). To our knowledge, however, no 

investigations to date have examined the iron inhibiting nor antioxidant properties of the 

L-type calcium channel blocker (CCB) nifedipine in an experimental mode1 of iron- 

overload cardiomyopathy (Crowe & Bartfay, 200 1 ab). The specific hypotheses for this 

experiment were (i) chronically iron-loaded mice that receive concurrent treatment with 

nifedipine will have decreased heart tissue concentrations of iron in cornparison to iron- 

only treated mice and (ii) chronically iron-loaded mice that receive concurrent treatment 

with nifedipine will have decreasd concentrations of cytotoxic aldehydes in cornparison 

to iron-only treated rnice. 

Method 

3.2 Sample 

The sample population was the sarne as detded in Investigation 1: Dose response study 

(see 2.2, p. 35). 



3.3 Procedure 

Iron loading was achieved by 20 mg (0.2 mL) i.p. injections of iron dextnta. Each 

group consisted of 5 mice per group for a total of three groups. The first group was the 

control group and received 0.2 mL of double distilled water i.p. per mouse per day for a 

period of four weeks. The second group was the iron only group and received 20 mg of 

iron dextran i.p. per mouse per day. The find group was the iron plus nifedipine group. 

In this group, 0.2 grams of Nifedipine was crushed and mixed into 200 mL of drioking 

water dong with 3.8 gram of sucrose for palatability. The solution was wrapped in tin 

foi1 to eliminate decomposition of the nifedipine due to light exposure and subsequently 

vortexed for 2-3 minutes to allow the solutes to dissolve. This mixture was changed 

twice a week (Monday and Wednesday) with no treatrnent occurring on weekends [see 

Figure 12 below]. The rest of the study rernained the same, including specific endpoints, 

as desciibd above for Investigation 1: Dose response study. 

Figure 12: Nifdipine Intervention Study 

Raridom ization of mice 
(n = 15) 

I r t 

lron + Nifedipine 
(n = 5 per treatment group 

0.2 g per day) 
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3.4 Results 

This investigation sought to determine the relationships between the total dose of 

iron administered and the iron inhiibiting as well as the antioxidant properties of 

nifedipine in a murine model. Consistent with previous findings, we observed that the 

mice becarne progressively lethargic and inactive with increasing total iron burden 

(Crowe & Bartfay, 2001; Baday & Bartlay, 2000% 2 0 b ;  Bartfiay et al., 1998). The 

chronicaliy iron-loaded mice when compared to DDH20 treated mice had marse fur with 

loss of colour and their major intemal organs (liver, spleen, heart) appeared bronze in 

colour, when ampareci to the normal pink coloured organs in vehicle controls. 

Figure 13 shows heart tissue concentrations of iron with assignecl treatments. in 

wrnparison to vehicle controls (150 pg), iron only treated mice (12678 pg) had a 84.5 

fold increase (p < 0.05) in total iron concentrations, whereas iron and nifedipine treated 

mice (8642 pg) had a 57.6 fold increase (p < 0.05). In cornparison to iron-only treated 

mice, iron-loaded mice that received supplementation with nifedipine had a 1.5 fold 

decrease (p < 0.05) in heart tissue concentrations of iron. 



Placebo Fe-onl y Fe + Nif 

Figure 13: Heart tissue concentrations of iron (pg) as a function of treatment group. Note 
the decreased concentrations of irm present in the group treated with Nifedipine. All 
values are mean f SD, a = p c 0.05 in comparison to vehicle controls, and b = p c 0.05 in 
comparison to Fe-only. 



Heart tissue concentrations of the cytotoxic ddehyde hexanal are shown in Figure 

14. In cornparison to vehicle controls (4190 pica moles (pmoles) 1 100 mg wet wt. 

tissue), a 21 6-fold increase (905092 pmols, p <O.OS) in hexand concentrations is 

observed in iron-only treated mice, whereas a 8-fold increase (33848 pmols, p = 0.17) is 

noted in combined iron and nifedipine treated mice. in addition, when compared to iron- 

only treated mice, iron treated rnice receiving supplementation with nifedipine had a 27- 

fold decrease (p < 0.05) in heart tissue concentrations of the cytotoxic aldehyde hexanal. 



Placebo Fe-Only Fe + Nif 

Figure 14: Heart tissue concentrations of hexanal @mols/100 mg wet wt. tissue) as a 
b c t i o n  of treatment group. Note the decreased concentrations of hexanal in the 
Nifedipine treated group. Al1 valises are mean I SD, a = p < 0.05 in comparison to 
vehicle wntrols, b = p = 0.17 in cornparison to vehicle, and c = 0.05 in comparison to Fe- 
only 



Figure 15 shows heart tissue concentrations of HNE by assigneci treatment. In 

cornparison to vehicle controls (1680 pmols), iron-oniy treated mice had a 6.7 fold 

increase (1 1 183, p c 0.05) in heart tissue concentrations of the aldehyde HNE, whereas 

combined iron and nifedipine treated mice had a 14-fold increase (236 16, p ~0 .05) .  In 

cornparison to iron-only treated mice, iron treated mice that received supplementation 

with nifedipine had a 2.1 fold increase @ < 0.05) in heart tissue concentrations of HNE. 



Placebo Fe-only Fe + Nif 

Figure 15: Heart tissue concentrations of HNE @mols/100 mg wet wt. tissue) as a 
bct ion of treatment group. Note that Nifedipine dose not decrease the production of 
HNE. Al1 values are mean f SD, a = p ~ 0 . 0 5  in comparison to vehicle controls, b = p c 
0.05 in comparison to vehicle, and c = p 4 0.05 in comparison to Fe-ody 



Figure 16 shows that heart tissue concentrations of MDA by assigned treatment. 

In cornparison to vehicle controls (57957 pmols), iton-only treatd mice had a 2.3 fo1d 

increase (135062 pmols, p < 0.05) in MDA ooncentmtions; whereas combineci iron and 

nifedipine treated mice had a 3.2 fold increase (1 86478 pmols, p < 0.05). Furthermore, 

cornbined iron and nifdipine treated mice had a 1 -4 increase (p = 0.18) in heart MDA 

concentrations, when compared to iron-only treated mice. 



Placebo Fe-Only Fe + Nif 

Figure 16: Heart tissue concentrations of MDA @mols/100 mg wet wt. tissue) as a 
fiinction of  treatment group. Note that Nifedipine dose not decrease the production of 
MDA. Ail values are mean f SD, a = p < 0.05 in comparison to vehicle controls, b = p c 
0.05 in comparison to vehicle, and c = 0.1 8 in comparison to Fesnly 



3.5 Discussion 

HYPOTHESIS 3: Chronically iron-loaded mice that receive concurrent treatment 

with nifedipine will have decreased kart tissue concentrations of iron in cornparison to 

iron-only treated mice. 

HYPOTHESIS 4: Chronically iron-loaded mice that receive concurrent treatment 

with nifedipine will have decreased concentrations of cytotoxic aldehydes in cornparison 

to iron-only treated rnice. 

In support of the third hypothesis the hdings demonstrate that in fact, iron- 

uptake into the myocardium is partially inhibited by the administration of the 

dihydropyridine ca2+ channel antagonist nifedipine. Under normal physiologicai 

conditions, iron uptake into the myocardium is mediated through transfemn bound 

mechanisms, whereas NTBI uptake in the heart is believed to play a minor role (DeSilva 

et al., 1994). Non-transfefiin bound iron uptake has been shown to be enhanced by prior 

iron-loading of the cell, and uptake has been demonstrated in cardiac myocytes (Kaplan 

et al., 1 99 1 ; Luik et al., 1 996). It has also been reported by Link and coworkers (1 985) 

that NTBI uptake in rat cardiac cells can exceed iron uptake by transfkrrbdependent 

processes by as much as 300-fold, with accompanying increases in aldehyde-derived 

peroxidation products (e.g. MDA). These results are consistent with previous findings 

that demonstmte that NTBI uptake under conditions of imn overload may be the primary 

mechanism of uptake during conditions of iron-overload (DeLuca et al., 1999; deValk et 

al., 2000; Gosriwatana et al., 1999, Tsushima et ai., 1999). It has been suggested that 

NTBI uptake occurs because the capacity of s e m  transfRnn to safely bind and detoxify 

''fkee iron" may be exceeded, thus the NTBI hction of plasma may promote the 



generation of toxic ROS such as hydroxyl radical formation d t i n g  in damage to 

membrane lipids and proteins (devalk et al., 2000; Keher, 2000; Olivieri, 1999). 

Aldehydes are end-products of lipid peroxidation employed as both markers and 

evidence of recent ROS activity in-vivo (Bartfay et al., 1999). Hence, an increase in the 

concentration of aldehydes in heart tissues implies increase ROS production in this 

experimental model. 

The fourth hypothesis, which stated that iron-treated mice that received 

supplementation with nifedipine would have a lower production of ROSS in the heart, 

was not supported by the results in the present investigation. Although previous in-vitro 

and in-vivo studies have reported that nifedipine possesses significant antioxidant 

properties in various experirnentai systems (Engineer & Sridhar, 1989; Yao et al., 2000)y 

no statistically significant differences were obstmed in nifedipine treated mice. These 

findings however were consistent with those of Sugawara and coworkers (1996) and 

Janero et al (1988) who reported that nifedipine had no statistically significant properties 

in cornparison with other DHP calcium channel antagonists. 

This was the first investigation to my knowledge to examine the antioxidant and 

iron-uptake blocking properties of nifedipine in an experimental model of chronic iron 

overload. Taken together, these preliminary findings are exciting because nifedipine has 

been shown to be partially effective in preventing iron-uptake in the chronically iron- 

loaded heart. Additional investigations are warranted to further elucidate the relation 

between heart concentrations of iron and the dose-dependent antioxidant and ROS- 

scavenging properties of nifedipine in the chronically iron-loaded heart. AS well, 

additional investigations with higher dosages of nifedipine are required to clarify the 



antioxidant properties of the agent in the chronically iron-loaded heart. Limitations of this 

study will be discussed concurrently with the arnlodipine study in Chapter 6. 



4.0 Chapter 4 

Investigation [II: Amlodipine intervention study 

4.1 Aims and Rationale 

The rational for the use of the L-type calcium channe1 blockers in a murine mode1 

of chronic iron-overload is the same as detailed in section 3.1 - However, amlodipine was 

selected and studied because of b stronger lipophilic properties in comparison to other 

DHPysy thus raising the question as to whether it might exhibit different iron-blocking 

properties than nifedipine (Mason et al., 1999). The specific hypotheses addressed in this 

investigation were (i) chronidly uon-loaded mice that receive concurrent treatment with 

the L-type calcium channel blocker amlodipine will have decreased heart tissue 

concentrations of iron in comparison to iron-only treated mice and (ii) chronically iron- 

loaded mice that receive concment treatment with the L-type calcium channel blocker 

amlodipine will have decreased concentrations of cytotoxic aldehydes in comparison to 

iron-only treated mice. 

Method 

4.2 Sample 

The sample population and equipment were the same as detailed in Investigation 

1: Dose response study (see 2.2, p. 35). 

4.3 Procedure 

Iron loading was achieved by 20 mg (0.2 mi,) i.p. injections of iron dextran on 5 

of 7 days per week for a period of four weeks. Each group consisted of 5 mice per group 

for a total of three groups. The first group was the control p u p  and received 0.2 mL of 

double distilled water @DH20) i.p. per mouse per day. The second group was the iron 



only group and received 20 mg of iron dextran ip. per mouse per day. The third group 

was the iron plus dodip ine  group. Specifically, 2.5 mg of Amlodipine was crushed and 

mixecl into 200mL of drinking wata dong with 3.8 grams of sucrose for palatability. 

The solution was wrapped in tin foi1 to eliminated decomposition of the amlodipine due 

to light exposure and subsequently vortexed for 2-3 minutes to allow the solutes to 

dissolve. This mixture was changed Wce a week (Monâay and Wednesday) with no 

treatment occurring on weekends [see figure 171. The rest of the study remaineci the 

same, including al1 endpoints, as detailed in investigation 1: Dose response study. 

Figure 1 7: Amlodipine intervention Study 
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4.4 Results 

This investigation sought to determine the relationships between the total 

cumulative c h n i c  dose of iron administered and the iron inhiiiting as weli as the 

antioxidant properties of amIodipine in the chronically Uon-loaded heart. in comparison 

to DDHB treated rnice, chronically uon-loaded mice had coarse fur with loss of colour 

and their major intemal organs (liver, spleen, heart) appeared bronze in colour, when 

compared to the normal pink coloured organs in vehicle controls. Consistent with 

previous findings in this murine model, we observed that the rnice became progressive 

lethargic and inactive with increasing total iron burden (Bartfay and Bartfay, 2200% 

2000b; Bartfay et al., 1998). 

Figure 18 shows heart tissue concentrations of iron with assigned treatments. in 

comparison to vehicle controls (32 1 pg), iron-only treated mice (1 5272 pg) had a 47.6 

fold increase (p < 0.05) in total iron concentrations; whereas iron and amlodipine treated 

mice (8474 pg) had a 26.4 fold increase @ < 0.05). Interestingly, in comparison to iron- 

only treated mice, iron-loaded mice that received supplementation with amlodipine had a 

1.8 fold decrease @ < 0.05) in heart tissue concentrations of iron. 



Placebo Fe-oniy Fe + Am1 

Figure 18: Heart tissue concentrations of iron (pg) as a fiinction of treatment group. Note 
that AmIodipine decreases total heart iron whai compared to Fe-oniy. Al1 values are 
mean f SD, a = p < 0.05 in comparison to vehicle controls, and b = p < 0.05 in 
comparison to Fe-only. 



Heart tissue concentrations of the cytotoxic aldehyde hexanal are shown in Figure 

19. in cornparison to vehicle controls (1 7 193 pica moles (pmols} / 100 mg wet wt. 

tissue), a 2.4 fold inaease (41 81 3 pmols, p = 0.1) in hexanal concentrations is obswed 

in Von-ody treated mice, whereas a 3.9 fold increase (68 1 25 pmols, p < 0.05) is noted in 

combineci iron and amlodipine treated mice. In addition, when wmpared to iron-only 

treated mice, iron treated mice receiving supplementation with arnlodipine had a 1.6 fold 

(p = 0.12) increase in heart tissue concentrations of the cytotoxic aldehyde hexanal. 



Figure 19: Heart tissue concentrations of hexanal @mols/100 mg wet wt. tissue) as a 
fûnction of treatment group. Note that concurrent administration of Arnlodpine does not 
decrease hexanal concentrations. Al1 values are mean f SD, a = p = 0.1 in comparison to 
vehicle wntrols, b = p < 0.05 in comparison to vehicle 



Figure 20 shows heart tissue concentrations of the HNE by assigneci treatment. In 

comparison to vehicle controls (1 09 1 pmols), iron-only treated mice had a 5.5 fold 

increase (6028 pmols p < 0.05) in heart tissue concentrations of the aldehyde HNE, 

whereas cmmbined Uon and amlodipine treated mice had a 2.1 fold increase (2375 pmols, 

p < 0.05). In comparison to iron-only treated mice, Von treated mice that teceiveci 

supplementation with amlodipine had a 2.5 fold decrease @ < 0.05) in heart tissue 

concentrations of HNE. 



Placebo Fe-only Fe + Am1 

Figure 20: Heart tissue concentrations o f  HNE @mols/100 mg wet wt. tissue) as a 
function of  treatrnent group. Note that amlodipïne demeases HNE concentrations in the 
heart compared to Fesnly. Al1 values are mean f SD, a = p < 0.05 in cornparison to 
vehicle wntrols, b = p c 0.05 in cornparison to vehicle, and c = p < 0.05 in cornparison to 
Fe-only 



Figure 21 shows the heart tissue concentrations of MDA by assigned treatment. 

in cornparison to vehicle controls (40663 pmols), üon-oaly treated mice had a 3 fold 

increase (1 20 127 pmols, p < 0.05) in MDA concentrations, whereas combined iron and 

amlodipine treated mice had a 1.6 fold increase (67636 pmols, p < 0.05). Furthemore, 

combined iron and amlodipine treated mice had a 1.7 fold decrease @ = 0.159) in heart 

MDA concentrations, when compared to iron-only treated mice. 



Placebo 

Figure 21 : Heart tissue concentrations of MDA @mols/100 mg wet wt. tissue) as a 
h c t i o n  of treatment p u p .  Note that Amlodipine decreases MDA concentrations in the 
heart compared to Fe-only. Al1 values are mean + SD, a = p < 0.05 in comparison to 
vehicle controls, b = p < 0.05 in comparison to vehicle, and c = 0.1 59 in comparison to 
Fe-oni y 



4.5 Discussion 

HYPOTHESIS 5: Chronically iron-loaded mice that receive concurrent treatment 

with the L-type calcium channel blocker amlodipine will have decreased heatt tissue 

concentrations of iron in comparison to iron-only treatted rnice. 

HYPOTHESIS 6: Chronically Von-loaded mice that receive concurrent treatment 

with the L-type calcium channel blocker amlodipine will have decreased concentrations 

of cytotoxic aldehydes in comparison to iron-oniy treated mice. 

In support of the fifth hypothesis, the findings showed that iron-uptake into the 

myocardium was partially inhibited by the administration of the dihydropyridine ca2+ 

channel antagonist amlodipine. To my knowledge, this was the first study to examine the 

effects of the CCB amlodipine on iron-uptake in the heart of an in-vivo mode1 of hona 

overload cardiomyopathy (Crowe & B d a y ,  200 1 ab). 

It has previously been reported that NTBI intake of the ce11 is enhanced by prior 

iron-loading (Kaplan et al., 199 1 ; Randell et al., 1994), and its uptake has been 

demonstrated in cardiac myocytes (Link et al., 1996, 1985; Parkes et al., 1993). Under 

normal physiological conditions, iron uptake into the myocardium is mediated through 

transferrin bound mechanisms (DeSilva et al., 1994). Conversely, NTBI uptake in the 

heart is believed to play a minor role under normal physiological conditions, but may 

become the primary mechanisrn when semm iron concentrations are severely elevated as 

found in primary and secondary hemochromatosis (De Luca et al., 1999; de Valk et al., 

2000; Gosriwata et al., 1999; Tsushima et al., 1999). Similarly, NTBI has been reported 

in the plasma of patients with primary and secondary hemochromatosis (De Luca et al., 



1999; de Vak et al., 2000; Gosriwata et al., 1999), and these patients also have increased 

plasma concentrations of ROS and decfea~es in protective antioxidant m e s  (Bartfay 

and Bartfay, 2001; Bartfay et al., 1999~; Gutteridge et ai-., 1985; Livrea et al., 1996; 

Young et al., 1994). The toxicity of NTBI is much higher than of protein-bound-iron as 

evidenced by its ability to promote Fenton-type reactions resulting in peroxidative 

damage to membrane lipids and proteins (Demougrnt et al., 2000; Kehrer 2000). In the 

heart, this results in impairecl fiinction of the mitochondrial respiratory chah and 

abnormal energy metabolisrn manifesteci clinically as hernosiderotic cardiomyopathy 

(Hershko et al., 1998; Liu and Olivieri 1994). 

In support of the sixth hypothesis, iron-treated mice that received 

supplernentation with amlodipine had significantly lower production of ROS in the heart, 

as quantified by the cytotoxic aldehydes hexanal, HNE and MDA. To my knowledge, 

this is the first report to examine the e f f m  of the CCB amlodipine on heart tissue 

concentrations of iron and the production of ROS in an in-vivo mode1 of iron-overload 

cardiomyopathy . 

There is evidence to demonstrate in-vitro that L-type calcium charnels contribute 

significantly to iron uptake by the heart and has many properties associated with the 

unknown NTBI uptake pathway resulting in an excas production of ROS (Tsushima et 

al., 1999). Congruent with these findings, there is a growing body of evidence to show 

that CCB's possess antioxidant properties that are entirely independent of ca2+ channel 

modulation (Digiesi et al., 2000; Farghali et al., 2000; Sevanian et al., 2000; Sugawara et 

al., 1996). It is believed that the electron-rich aromatic Rng of amlodipine is highly 

characteristic of most of the chah breakhg antioxidants, such as a-tocopherol acetate 



(vitammin E) (Mason et al., 1999). Hence, the antioxidant activity of the dihydropy15dines, 

specifically lipophillic agents like amlodipine may have clinical relevance as an adjunct 

to chelators in the treatment and prevention of iron-overload cardiomyopathies. 

Taken togethet, these are important preliminary findings because they suggest 

that some CCB's may have significance in the cliaical management of iron-overload 

disorders, and offa for the f h t  time a phannacological vehicle to prevent the entry of 

excess iron into the heart of patients with disorders of iron metabolism. These findings, 

however, need to be interpreted with caution and are currently limited to a murine mode1 

of iron-overload cardiomyopathy. Further research is warranted to clariQ the 

cardioprotective properties of CCB's and the exact mechanism(s) by which they limit 

iron-uptake in the myocardium and their specific antioxidant properties. 



5.0 Chapter 5 

G e n d  Discussion and Conclusion 

Nursing is a dynamic profession that is developing a broader knowledge base 

through traditional forms of nursiing research such as qualitative methodologies, but more 

recentiy thfough quantitative methodologies as found in basic research. Not only should 

the psychosocial aspects of life be a concern to the profession, but so should the 

understanding the biological mechanisms that result in pathology. Historically, nurses 

have been primarily interesteci in the stabilization of the patient and the prevention of 

clinicai wxnplications in an atternpt to promote an optimal quality of life for a particular 

disease state. Therefore, the identification of a possible mechanism of injury and organ 

dyshction d t i n g  h m  chronic iron-overload is critical for the development of more 

effective treatments and interventions that help to stabilize and/or prevent clinical 

complications by nurses and other health care professionals. Furthemore, it is 

conceivable that that the identification of new pharmawlogical interventions in the 

treatment of iron-overload disorders wuld ultimately improve the quality and duration of 

life for affected individuals and their families. 

In moderate quantities and attached to proteins, iron is an essential element in al1 

ceIl metabolism and growth. However, in excess quantities and unleashed fiom proteins 

it is highly cytotoxk. Despite recent advances in t ie  pharmacological management of 

chronic iron overload disorders such as P-thalassemia and hemochromatosis, iron- 

overload cardiomyopathy remains the leading cause of cardiovascular mortality 

worldwide in the second and third decades of life (Kontoghiorghes, 1995; Liu & Olivieri, 

1994). 



Although no single mechanism is likely to account for the complex 

pathophysiology of iron-induced heart f~ lure ,  the toxicity of excess iron in the biological 

system is believed to be attriibuted to its ability to catalyze the generation of free radical 

species via Fenton-type reactions (McCord, 1996). According to the fiee radical 

hypothesis, an excess of fk radicals and the accompanying decrease in antioxidant 

resmes play a key role in the pathogenesis of various clinical disorders such as hart 

disease, cancer, and diabetes (Hailiweil, 1997; Gutteridge, 1993). 

Consequently, it was one of the objectives of this thesis to detemine if chronic 

iron-ovedoad resulted in fke radical mediated-injury in the heart, as quantifiai by the 

aldehyde-derived peroxidation products MDA, HNE, and hexanal. The second objective 

of this thesis was to determine the effectiveness of two separate L-type calcium channel 

blockers on preventing iron-uptake in the chronically iron-overloaded heart and their 

effectiveness of limiting the production of oxygen fk radicals. Specific hypotheses 

were formulated to address the objectives of each study and these findings were 

evaluated above according to the results of the findings and the available empirical 

literature. 

Limitations of the studies ushg nifedipine and amlodipine include only analyzing 

the iron and aidehyde concentrations in the heart and not analyzing liver or spleen 

concentrations, which are also susceptible to iron-overload. There are also limitations by 

the method in which oxygen fiee radical injury is measured. Aldehydes are a relatively 

stable and biologically active breakdown product lipid hydroperoxides (Esterbauer, 

1993). Therefore, increased concentrations of aldehydes are regarded as both markers 

and evidence for recent fke radical injury to lipid membranes in-vivo (Halliwell, 1997; 



Cheeseman, 1993). Although the concentration of aldehydes is presumed to refiect h e  

radicalmediatecl injury to lipid membranes it is conceivable that these measures may also 

r d e c t  injury to proteins. Aldehydes such as HNE and MDA have been shown to bind 

with proteins and inhibit their f'unction (Requena et al., 1 996; Esterbauer et al., 199 1 ). It 

has been reported that the detection of HNE and othet unsaîurated aldehydes h m  plasma 

and tissue varied between 60-80% as quantified by GC-MS (Luo et ai., 1995). Despite 

these limitations, GC-MS is cumntly the method of choice for measuruig aldehyde- 

derived peroxidation products in biological samples since it allows for a more precise 

measurement of various aldehydes simultaneously (Luo et al., 1995; Halliwell& Chirico, 

1993). 

Possible directions for M e r  research include changing the route of 

administration of the calcium channel blocker h m  per os route of ingestion to intra- 

peritoneal injection to be able to clearly determine the precise amount of the CCB 

administered per mouse. A second possible direction for fùrther research in a murine 

model of c h n i c  iron overload is to combine treatment of CCB's with chelation therapy 

as chelation therapy is one known mechanism of excreting iron fiom the biological 

systern (Bartfay et al., 1999). It would also be prudent to examine the ability of CCB's to 

preserve cardiac fùnction employing a working perttsed (Langendorff) model or by non- 

invasive echocardiography. 

As evidenced by this study, not al1 CCBs exhibit the sarne hernodynamic and 

electrophysiologic properties. In particular there are marked differences between 

nifedipine and amlodipine (Gaviraghi et al., 1995). The ability of nifedipine to reduce 

afterload and induce coronary vasodilation, as well as to increase collateral blwd supply, 



has supported its use for angina paioris. However, its short duration of action also 

provokes reflex tachycardia, which ultimately limits its beneficial effect and may 

precipitate pain. Newer dihydropyridine agents such as amlodipine and lacidipine are 

characterized by slow onset and long duration of vasodilatory activity and are able to 

reduce coronary resistance with little or no effect on heart rate. Mak and coworkers 

(1995) reported that calcium channel blockers, especially ones that are more lipophilic 

could provide cytoprotective effects that are important after oxidative injury and 

concluded that the antiatherogenic beneficial effects of calcium channel blockers may be 

related to th& antiperoxidative activity. 

Sïmilar results regarding inhibition of iron uptake into the myocardium were 

reported whem nifedipine was studied in-vitro by Savigni & Morgan (1996). They 

detennined that nifedipine actuaily accentuated the uptake of non-transferrin-bound iron, 

but not t r a n s f h  bound iron even at low concentrations. However, they reported that 

nifedipine may act as an ionophore, with the capability of transfening Fe (II) across the 

membranes. If this activity is found to be speciflc for iron, it may provide a valuable 

adjunct in chelation therapy for iron overload. Since the photodegredation products of 

nifedipine lack ca2+ channel blocking properties (Gurney et al., 1985; Sanguinetti & 

Kass, 1984), there should be no risk of side-effects due to actions of these channels. 

They concluded that nifedipine in conjunction with desferrioxamine was able to mediate 

iron release h m  erythroid cells at a far greater rate than was observeci with 

desfenioxamine alone. Thus, nifedipine wuld provide a means of accentuating the 

excretion of excess body iron by desferrioxamine which is the only iron chelators that has 

achieved widespread clinical acceptance for this purpose. 



Figure 22 below is a revised unified conceptuai model of chronic imn-overload, 

which is based on findings h m  this thesis and the literature reviewed above. In 

cornparison to Figure 6 (chapter 1, page 32), this thesis has significantly advanced our 

understanding of the effects of chronic iron-overload induced heart failure and the 

potential cardioprotective properties of calcium channel blockers. The conceptual model 

proposes that non-iron-loaded healthy individuals have "normal" metabolic fiee radical 

production. This basal metabolic concentration of fiee radicals refiects the normal 

baiance between fiee radical generation and removai by antioxidant teserves (vitamin E, 

selenium). Ultimately, these healthy individuals have normal cardiac fimction and life 

expectancies for their respected age groups. 

Conversely, a chronically iron-loaded heart which can result fiom B-thalassemia 

major or hemochromatosis have increased concentrations of cytotoxic aldehydes ( B d a y  

et al., 1999a). This reflects an imbalance between free radical generation and removal by 

the existing antioxidant r a m e s .  It is proposed that this imbalance can lead to an 

increased risk of morbidity and mortality. Hence, by introducing a DHP into the 

equation, the administration of CCB's may block iron-uptake into the myocardium and 

may in fact alter the cascade of events, including decreasing the risk of morbidity and 

mortality in patients with genetic disorders of iron-metabolism. Interestingly, amlodipine 

may also possess antioxidant properties that may be even more beneficial to monitoring 

the integrity of the biological systern than anticipated. 
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Fimue 22: Proposed Conceptual Mode1 of  Chronic Iron-Overload. A revised conceptual 
mode1 which proposes that L-type calcium channel blockers may be beneficial in 
intemptuig the cascade of events by blocking iron-uptake in the heart due to its 
antioxidant properties, thus ultimately decreasing the risk of associated morbidity and 
mortali ty . 



In summary, the identification that calcium channel blockers partidly inhibits iron 

uptake into the myocardium and that dodipine possesses antioxidant properties offers 

renewed promise for the clinicai management and Survival of  patients with imn-overload 

disorders. T h u g h  our enhanced understanding of the pathogenesis of iron-induced 

heart failure, it is conceivable that new treatment modalities will emerge that could 

ultimately result in a better quality of life for affected individuals and their fe l ies .  



6-0 References 

Aldouri, MA., Wonke, B., & Hoffbrand, A.V. High incidence of cardiomyopathy in beta 

thalassemia patients receivuig regular transtksions and iron chelation: reversal by 

intensified chelation. Acta Hernatolow. 84, 1 13-1 7. 

Al-Refaie, F., Wicken, D., Wonke, B., Kontoghiorghes, G., & HoBrand, A. (1992). 

S e m  non-transferrin-bound iron in beta thalassemia major patients treated with 

desferrioxamine and LI. British Journal of Hematologv. 82,43 1436. 

Andrews, N. (1 999). Disorders of iron metabolism. The New Endand Journal of 

MedicineI 34 1, 1 986- 1 995. 

Anghileri, L., & Thouvenot, P. (1998). ATP in iron overload-induced intracellular 

calcium changes. International Journal of Molecular Medicine. 1,869-873. 

Babbs, C. (1985). Role of iron ions in the genesis of repernision injury following 

successfid cardiopulmonary resuscitation: Preliminary data and a biochernical 

hypothesis. Annal Emergenw Medicine. 14,777-783. 

Bagchi, D., Wetscher, G.J., Bagchi, M., Hinder, P., Perdikis, G., Stohs, S.J., Hinder, 

R.A., & Das, D.K. (1 997). Interrelationship between cellular calcium homeostasis 

and fiee radical generation in myocardial reperfûsion injury. Chemico-Biological 

Interaction, 1 04,65085. 

Ball, A., & Sole, M.J. (1998). Oxidative stress and the pathogenesis of heart failure. 

Cardiologv Clinics, 16,665-675. 

Bartfay, W.J., Lehotay, D.C., Sher, G.D., Bartfay, E., Tyler, B., Luo, X., & Liu, P. 

(1 999a). Cornparison of cytotoxic aldehyde generation in beta-thalassemia 



patients chelated with deferoxamine or defaiprone (Ll) versus no chelation. 

Hernatolow, 4,67076. 

B d a y ,  W.J., Butany, J., Sole, MJ., Hou, D., & Liu, P.P. (1 999). A biochemical, 

histochemical, and electron rniaoscopic study on the effm of iron-loading in 

heart of mice. Cardiovascular Patholom. 8,305-3 14. 

Baday, W-J., Hou, D., Bnttenharn, G.M., Bartfay, E., Sole, M.J., Lehotay, D., & Liu, 

P.P. (1998). The synergistic effeçts of vitamùi E and selenium in iron-overloaded 

mouse hearts. Canadian Journal of Cardiologv. l4,93 7-94 1. 

Baday WJ., Lehotay, D., Olivieri, N., Brinenha., G., Bartfay, E., Luo, X., Sher, G., 

Hou, D., Sole, M., Templeton, D., Backx, P., Dawood, F., Wen, W., & Liu, P. 

(1 997). Free radical production, glutathione peroxidase and iron concentrations in 

heart of a chronic murine model of iron overload cardiomyopathy. Circulation, 

96,1606 

Bartfay WJ, Bartfay E. (2000). Iron-overload cardiomyopathy: evidence for a free 

radical-mediated mechanism of injury and dysfhction in a murine model. 

Bioloaical Research for Nursing, 2, 1 - 1 1. 

Bartfay WJ, Barffay E (2000). Systemic oxygen free radical production in iron-loaded 

mice. Western Journal of Nursing Research, 22,929-937. 

Bodinski, L. The nurses guide to diet therapy, 2d ed. Toronto, John Wiley & Sons, 1987. 

Bothwell, T., & MacPhail, A. (1998). Hereditary hernochromatosis: etiologic, pathologie, 

and clhical aspects. Seminars in Hematologv. 3 5,55-7 1. 

Bothwell, T., Charlton, R., Cook, J., & Finch, C. (1979). Iron metabolism in man. 

Oxford, Blackwell Scientific. 



Barton, J-C., McDomell, S.M., Adams, P.C., et al. (1998). Management of 

hemochromatosis. Annals of Intenial Medicine. 129,932-939. 

Bottomiey, S.S. (1998). Secondary iron overload disorciers. Seminars in hematoloev. 35, 

77-86. 

Breuer, W., Ronsen, A., Slotki, L, Abramov, A., Hershko, C., & Cabantchik, Z. (2000). 

The assessment of senun nontransferrin-bond iron in chelation therapy and iron 

supplementation. Blood. 95,2975-2982. 

Brittenham, G.M., Griffith, P.M., & Nienhuis, A.W. (1994). Efficacy of deferoxamine in 

preventing complications of iron overload in patients with thalassemia major. 

New Endand Journal of Medicine. 33 1,567-73. 

Cairo, G., & Pietrangelo, A. (2000). Iron reguiatory proteins in pathobiology. Journal of 

Biochemistry. 352,241 -250. 

Cheesman, K. (1990). Methods of measuring lipid peroxidation in biological systems: An 

ovewiew. Free radicals, lipoproteins, and membrane lipids. New York, Plenum 

Press, 143-152. 

Cottin, Y ., Doise, J.M., Maupoil, V., Tanniere-Zeller, M et al. (1 998). Plasma iron status 

and lipid peroxidation following thrombolytic therapy for acute myocardial 

infarction. Fundamentals of Clinical Pharrnacolosw, 1 2,236-24 1. 

Chevion M., Jiang, Y., Har-El, R., Berenshtein, E., Ur*, G., & Kitrossky, N. (1993). 

Copper and iron are mobilized following myocardial ischemia: possible predictive 

criteria for tissue injury. Proceedin~s of the National Adernv of Science USA, 



Crowe S, Bartfay WJ. 2001a The use of L-type calcium channel blockers in preventing 

entry of nontransferrin bound iron into the myocardium. Kingston General 

Hospital Nursing Services and Queai's University School of Nushg 3" Nursing 

Research Conference. Building Clinical Practice Knowledge Through Research. 

May 22,2001, Kingston, Ontario, Canada (abstract). 

Crowe S, Bartfay WJ. 2001b. The use of L-type calcium channel blockers in preventing 

entry of n o n t r a n s f d  bound iron into the myocardium. The Fourth Annual 

Meeting for Basic and Clinical Research Trainees, Faculty of Health Sciences, 

Queen's University. May 30, 200 1, Biosciences Complex, Queen's University, 

Kingston, Ontano, Canada (Oral presentation). 

DeLuca, C., Filosa, A., Grandinetti, M., Maggio, F., Larnba, M,., & Passi, S. (1999). 

Blood antioxidant status and urinary levels of catecholamine metabolites in beta- 

thalassemia. Free Radical Research, 3 0,453-462. 

Demougeot, C., Marie, C., & Beley, A. (2000). Importance of uon location in iron- 

induced hydroxyl radical production by brain slices. Life Sciences, 67,39941 0. 

devalk, B., Addicks, M.A., Gosriwatana, I., Lu, S., Hider, R.C., & Marx, J.J. (2000). 

Non-transfixrin-bound iron is present in s e m  of hereditary hemochromatosis 

heterozygotes. E u r o m  Journal of Clinical Investigation, 30, 248-25 1. 

DeValk, B., & Marx, J. (1999). Iron, Atherosclerosis, and ischemic heart disease. 

Archives of Internai Medicine. 1 59, 1 542- 1 548. 

Digiesi V, Fionllo C, Cosmi L, Rossetti M, Lenuzza M, Guidi D, Pace S, Rizzuti G, 

Nassi P. (2000) Reactive oxygen species and antioxidant status in essential 



artexid hypertension during therapy with dihydropyridine calcium channel 

antagonists. Clinical Theramutics. 1 5 1, 1 5-1 8. 

Dova, GJ., & Valle, D. (1994). Therapy for B-thalassemia? A paradigm for the 

treatment of genetic disorders. New Endand Journal of Medicine* 33 1,609-61 0. 

Drapier J-C. (1997). Interplay between NO and Fe-SI clusters: relevance to biological 

systems. Methods, 1 1,3 19-329. 

Edwards C.Q., Griffin, L.M., Goldyar, D., Drummond, C., Skolnick, M.H., & Kusher, 

J.P.(1988). Prevalence of hernochromatosis among 1 1,065 presimiably healthy 

blood donors. New England Journal of Medicine. 3 1 8,13 55-82. 

Engineer, F., & Sridha., R. (1 989). inhibition of rat heart and liver microsoma1 lipid 

peroxidation by nifedipine. Biochemical Phannacologv. 3 8, 1279-1 285. 

Esterbauer? H. (1993). Cytotoxicity and genotoxicity of lipid-peroxidation products. 

Arnerican Journal of Clinical Nutrition. 57,779-786. 

Esterbauer, H., Schaur, R., & Zollner, H. (1991). Chernistry and biochemistry of 4- 

hydroxynoneal malondialdehyde and related aldehydes. Free Radical Bioloav and 

Medicine. 1 1,8 1-128. 

Farghali Hg Krnonickova E, Lotkova H, Maruiek J. (2000). Evaluation of calcium 

channel blockers as potential hepatoprotective agents in oxidative stress injury of 

perfiised hepatocytes. Physiolow Research. 49,261 -268. 

Feder, J-N., Gnirke, A., Thomas, W., et al. (1 996). A novel MHC class 1-like gene is 

mutated in patients with hereditary haemochromatosis. National Genetics. 13, 



Fenton, H. (1 894). Oxidation of tartaric acid in the prrseace of iron. Journal of the 

Chernical Societ~, 65,899-903. 

Finch, C. (1 994). Regdators of iron balance in humans. B l d  84, 1697-1 702. 

Gey, K., Puska, P., Jordem, P., & Moser, U. (1987). Inverse correlation between plasma 

vitamin E and mortality h m  ischemic ha r t  disease in cross-cultural 

epiderniology. American Journal of Clinical Nutrition. 53,326s-3343. 

Gordeuk, V. R (1 992). Hereditary and nutritional imn-overload. Baillieres Clinical 

Hematolow. - 5, 1 69- 1 86. 

Gordeuk, V., Mukiibi, J., Hasstedt, S. J. et al. (1992). Iron overload in Africa: interaction 

between a gene and dietary iron content. New Endand Journal of Medicine. 326, 

95- 1 00. 

Gosriwata, I., Loreal, O., Lu, S., Brissot, P., Porter, J., & Hider, R. (1999). Quantification 

of non-transfer~ bound iron in the presence of unsaturated tnuisfarin. Anals of 

Biochemistw 273,2 12-220. 

Grwtveld, M., Bell, J., Halliwell, B., Aruoma, O., Bodord, A., & Sadler, P. (1989). 

Non-transfe  bound iron in plasma or senmi h m  patients with idiopathic 

hemochromatosis. Characterization by high performance liquid chromatography 

and nuclear magnetic resonance spectroscopy. Journal of Biological Chernistw, 

a 4 4  1 7-4422. 

Gurney, A.M., Nerbome, JeMe, & Lester, H.A. (1 985). Photoinducd removal of 

nifedipine reveals mechanisms of calcium antagonist removal in single heart cells. 

Journal of cellular physiolow. 86,353-379. 



Haber, F., & Weiss, J. (1934). The catalyiic decomposition of hydrogen peroxide by iron 

salts. Proc R Soc London Ser A. 147,332-35 1. 

Halliwell, B. (1994). Free radicals and antioxidants: a personal view. Nutrition Reviews, 

52,253-265. 

Halliwell, B. (1997). Antioxidants and human disease: A general introduction. Nutrition 

Review. 55, S44-S52. 

Halliwell, B., & Chirico, S. (1 993). Lipid peroxidation: its mechanism, measurement, and 

significance. Amerifan Journal of Clinical Nutritioa. 57,715s-725s. 

Halliwell, B., & Gutteridge, J., M. (1 990). Role of fke radicals and catalytic metal ions 

in human disease: A .  overview. Methods in ennmiolow. 186, 1-85- 

Hentze, M., & Kuhn, L. (1996). Molecular control of vertebrate imn metabolism: 

mRNA-based regulatory circuits operated by imn, nitric oxide, and oxidative 

stress. Proceedings of the National Academv of Science. 93,8 175-8 1 82. 

Herbert, V., Shaw, S., Jayatilleke, E., Stopler-Kasdan, T. (1994). Most free radical injury 

is iron-mediated. It is promoted by iron, hemin, holoferritin and vitamin C, and 

inhibited by desferoxamine and apoferritin. Stem Cells. 12, 289-303. 

Hershko, C., Li&, G., & Cabantchik, 1. (1998). Pathophysiology of iron overload. Annals 

New York Academv of Sciences. 850,191-201 

Hershko, C., & Rachmilewitz, E.A. (1979). Mechanism of desferrioxamine-induced iron 

excretion in thalassemia. British Journal of Haematolow. 42, 125- 13 2. 

Hershko, C., Graham, G., Bates, G. W., & Rachmilewitz, E.A. (1978). Non-specific 

serum iron in thalassaemia: an abnormal semm iron hction of potential toxicity. 

British Joumal of Haematolow. 40,255-263. 



Horowitz, L.D. & Rosenthal, E.A. (1 999). Iron-mediated cardiovascular injury. VaScular 

Medicine. 4,93-99. 

Hou, J., Wu, M., Lin, K., & Lue, H. (1994). Prognostic significance of left ventricular 

diastolic indexes in beta-thalassemia major. Archives of Pediatric Interna1 

Medicine* 1 48,862-866. 

Iwai, K., Klausner, R., & Rouault, T. (1995). Requirements for iron-regulated 

degredation of the RNA binding protein, iron regdatory protein 2. Journal of 

Embrvoloav. 14,5350-5357. 

Jakeman, A., Thompson, T., McHattie, J., & Lehotay, D. (2001). Sensitive method for 

nontramferria-bound iron quantification by graphite fumace atomic absorption 

spectrometry. Clinical Biochemistrv. 34,4347. 

Janero, D.R., Burghardt, B., & Lopez, R. (1988). Protection of cardiac membrane 

phopholipid against oxidative injury by calcium antagonists. Biochemical 

Phannacolom, 3 7,41974203. 

Kang, J.O., Slivka, A., Slater, G., & Cohen, G. (1989). In vivo formation of hydroxyl 

radicals following intragastic administration of ferrous salts in rats. Joumal of 

Inor~anic Biochemistrv. 3 5,55-69. 

Kaplan, J. (2000). Mitochondrial iron in Friedreich's Ataxia. Science and Medicine, 8- 1 7 

Kaplan, J., Jordan, I., & Sturrock, A. (1 99 1). Regulation of the transf&independent 

iron transport system in cultureci cells. Journal of Biology and Chemistrv, 266, 

2997-3004. 



Kayden, H., & Traber, M. (1993). Absorption, lipoprotein transport, and regdation of 

plasma concentrations of vitamin E in humans. Journal of Lipid Researchh. 34, 

343-358. 

Kehm, J.P. (2000). The Haber-Weiss reaction and mechanisms of toxicity. Toxicolow, 

149,43-50. 

Kim, E., Gin, S., & Pessah, 1. (1995). Iron (II) is a modulator of ryanodine-sensitive 

calcium channels of cardiac muscle sarcoplasmic reticulurn. ToxicoIoev and 

Amlied Pharmacolow. 130,5746. 

Kremastions, D., Rentoukas, E., Mavrogeni, S., Kyriadides, Z., Politis, C., & Toutouzas, 

P. (1 993). Left ventricular filling pattern in beta-thdassemia major: A doppler 

echocardiograph study. European Heart Journal. 14,3 5 1-357. 

Kuehn, L.C. (1 991). MRNA-protein interactions regulate critical pathways in cellular 

iron metabolism. British Journal of Haematolom, 79, 1-5. 

Lewis, S., Johnson, F., Skow, L., Bamett, L., & Popp, R. (1985). A mutation in the 

betaglobin gene detected among the progeny of a female mouse treated with 

ethyinitrosaurea. Proceeding of the National Acadernv of Science, 82,5829-583 1. 

Lesnefse, E.J. (1 994). Tissue uon overload and mechanisms of iron-catalyzed oxidative 

injury. Advances in Ex~erimental Medicine and Biolom.366, 129-146. 

Link, G., Athias, P., Grynberg, A., Hershko, C., & Pinson, A. (1996). h n  loading 

modifies beta-adrenergk responses in cultured ventricular myocytes. 

Cardioscience. 2, 185-1 88. 

Liu, P., Olivieri, N. (1994). Iron overload cardiomyopathies: New insights into an old 

disease. Cardiovascular Drugs and Therawtics. 8, 1 0 1 - 1 10. 



Liu, P., Henkleman, R.M., Joshi, J., Hardy, P., Butany, J., Iwanochko, M., Clauberg, M., 

Dhar, M., Waien, S., & Olivieri, N. (1996). Quantification of cardiac and tissue 

iron by nuclear magnetic resonance relaxometry in a novel murine-Massernia- 

cardiac iron-overload model. Canadian Journal of Cardiologv. 1 2, 1 55- 1 64. 

Livrea, M.A., Tesoriere, L., Pinaudi, A.M., Calabrese, A., Maggio, A., Freisleben, H.J., 

D-Arpa, D., D'Anna, R., & Bongiorno, A. (1 996). Oxidative stress and 

antioxidant status in beta-thaiassemia major: iron-overload and depletion of lipid 

soluble antioxidants. Blood, 88, 3608-36 14. 

Luo, X.P., Yazdanpanah, M., Bhooi, N., & Lehotay, D. (1995). Determination of 

aldehydes and other lipid peroxidation produch in biological samples by gas 

chromatography-mass spectrometry. Analviical Biodiemistw. 228,294-298. 

Lynch, S. (1 995). Iron overload: Prevalence and impact on health. Nutrition Reviews 53, 

255-260. 

McMurray, J., & Cleland. (2000). Heart Failure in Clinical Practice. Calcium channel 

blockers in heart failure: has the bridge been crossed? Martin Duntz, New Yok, 

28 1-298. 

Mak, I.T., Boehme, P., Weglick, W.B. (1995). Protectjve effects of calcium channel 

blockers against free radical-impd endotheliai ce11 proliferation. Biochemical 

Phannacologv. 50,153 1-1 534. 

Mason, R.P., Mak, I.T., Tnimbore, M.W., & Mason, P.E. Antioxidant properties of 

calcium antagonists related to membrane biophysical interactions (1 999). 

American Journal of Cardioloav, 84, 16L-22L. 



Mason, R.P., Walter, M.F., T~mbore, M.W., Oimstead, E.G., & Mason, P.E. (1999). 

Membrane antioxidant effects of the charged dihydropyridine calcium channel 

antagonist amidpine. Journal of Molecular and Cellular Cardiolow. 3 1,275- 

28 1. 

Meneghini, R.(1997). Iron homeostasis, oxidative stress, and DNA damage. Free 

Radical Biologv and Medicine. 23,783-792. 

McCance, K.L., & Huether, S.E. (1994). Patho~ysiolow: The biologic basis for disease 

in adults and children. 2d eâ. Mosby, Toronto. 

McCord, J.(1996). Effects of positive iron status at a cellular level. Nutrition Reviews 

54, 85-88. 

McCord, J. (1998). Iron, fiee radicals and oxidative injury. Seminars in hematologv. 35, 

5-12. 

Montgomery, J., Jette, M., Huot, S., & DesRosiers, C. (1993). Acyioin production h m  

aldehydes in the perfùsed rat heart: The potential of pymvate dehyrodgenase. 

Biochemical Journal, 294,727-733. 

Munro, H. N., & Lindner, M.C. (2978). Ferritin structure, biosynthesis and bction. 

Phvsiolonv Review. 58,3 17-396. 

Olivieri, N. F. (1999). The 0-thalassemias. The New England Journal of Medicine, 341, 

99-1 09. 

Olivieri, N. F., Bnttenham, G. M. (1997). Iron-chelating therapy and the treatment of 

thalassemia. Blood. 89,739-76 1. 

Orrenius S, Burkitt MJ, Kass GEN, Dypburk JM, Niwtera P: Calcium ion and oxidative 

ce11 injury. A n .  Neurol, 1992; 32: 533-542. 



Ozaki, M., Kawabata, T., & Awai, M. (1988). h n  release h m  haemosiderh and 

production of iron-catalyzed hydroxyl Tadicals in vitro. The Biochanical Journal, 

250,589-595. 

Pantopoulos, K., & Hentz, M. (1995). Nitric oxide signalling to iron-regdatory protein: 

direct control of ferritin mRNA translation receptor mRNA stability in transfcted 

tibroblasts. Proceedinns of the National Academy of Science. 92,1267-1 271. 

Pantopoulos, K., Mueller, S., Atzberger, A., Ansorge, W., StremmeI, W., & Hentze, 

M. W. (1 997). Differences in the regdation of iron regdatory protein-1 (IRP-1) by 

extra- and intraceliular oxidative stress. The Journal of Biological Chernistry, 272, 

980299808. 

Parkes, J., Hussain, R., Olivieri, N., & Templeton, D. (1993). Effect of iron loading on 

uptake, speciation, and chelation of iron in cultured myocardial cells. Journal of 

Laboratorv Clinical Medicine. 1 22,3647. 

Ponka, P. (1999). Cellular iron metabolism. Kidney international, 55, S2-S 1 1. 

Richardson D a ,  & Ponka, P. (1997). The rnolecular mechanisms of the metabolisrn and 

transport of iron in normal and neoplastic cells. Biochimica et Biophvsica acta, 

1331,140. 

Riedel, H.D., Remus, A. Je, Fitscher, B.A., Strernmel, W. ( 1  995). Characterization and 

partial purification of a ferrireductase h m  human duodenal microvillus 

membranes. The Biochemical Journal. 309,7450748. 

Rimm, E., Stampfer, M., A s c ~ ~ o ,  A., Giovannucci, E., Colditz, G., & Willett, W. 

(1993). Vitamin E consumption and the risk of coronary heart disease in men. 

New Endand Joumal of Medicine. 328, 1450- 1456. 



Sandstrom, B.E., Gransttom ,M., & Marklund, S.L. (1 994). New role for quin 2: 

P o w d  transition-metal chelator that inhibits wpper, but potentiates iron driven, 

Fenton-type reactions. Free Radical Biolow of Medicine. 1 6, 1 77- 1 85. 

Savigni, D.L., & Morgan EH. (1996). Mediation of iron uptake and release in erythroid 

cells by photodegradation products of nifedipine. B iochdca l  Pharmacoloev. 5 1, 

1701-1 709. 

Sernpos, C. T., Looker, A.C., & Gillum, R.F. (1 996). Iron and hart disease: The 

epidemiologic data. Nutrition Reviews. 54, 73-84. 

Sevanian, A., Shen, L., & Ursini, F. (2000). Inhibition of LDL oxidation and oxidized 

LDL-induced cytotoxicity by dihydropyridine calcium antagonists. Phamiacoloav 

Research. 1 7,999- 1 006. 

Skow, J., Burkhart, B., Johnson, E., Popp, R., et al. (1983). A mouse mode1 for beta- 

thalassemia. Cell. 34, 1043-1 052. 

Stampfer, M., Hennekins, C., Manson, J., Colditz, G., Rosner, B., & Willett, W. (1993). 

Vitamui E consurnption and the risk of coronary disease in women. New Endand 

Journal of Medicine. 328, 1444-1 449. 

Sugawsra, H., Tobise, K., & Kikuchi, K. (1 996). Antioxidant effects of calcium 

antagonists on rat myocardial membrane lipid peroxidation. Hwertension 

Resear~h, 19,223-228. 

Thomas, D., Van Kuijki, F., Dra@ E., & Stephens, R. Quantitative deterrnination of 

hydroxy fatty acids as an indicator of in vivo iipid peroxidation: gas 

chromatography-mass spectrometry methods. Anals of Biochemistw. 1 98, 1 04- 

111. 



Tsuji, Y., Ayaki, H., Whitman, S.P., Morrow, CS., Torti S.V., & Torti, F.M. (2000). 

Coordinate transcriptional and translational regdation of ferritin in response to 

oxidative stress. Molecular and cellular biolom, 20, 58 1 8-5827. 

Tsushima, R., Wilkenden, A., Bouchard, R., Oudit, G., Liu, P., & Backx, P. (1999). 

Modulation of iron uptake in heart by L-type ca2+ channel modifiers: Possible 

implications of iron overload. Circulation Research, 1 1, 1302-1 309. 

Voodg, A., Koster, J.F., vanEijk, H.G., & Sluiter, W. (1992). Low m o l d a r  weight iron 

and the oxygen paradox in isolated rat hearts. Journal of Clinical Investieation, 

90.2050-2055. 

Whanger, P. (1993). SeIenium in the treatment of heavy metal poisoning and chernical 

carcinogenesis. Journal of Trace Elernents Electrol~tes & Health Disorders. 6, 

209-2 1 2. 

Winegar, B., Kelly, R., & Larsen, J. (2 99 1). Block of current through single calcium 

channels by Fe, Co and Ni. Journal of General Phvsiologv, 97,351-367. 

Wong, A., Yang, J., Cavadini, P., Gellera, C., Lonnerda, B., Taroni, F., & Cortopassi, G. 

(1999). The Friedreich's ataxia mutation confers cellular sensitivity to oxidant 

stress which is rescued by chelators of iron and calcium and inhibitors of apoptosis. 

Human Molecular Genetics. 8,425430. 

Yao, K., Ina, Y., Nagashirna, K., Ohmon, K., & Ohno, T. (2000). Antioxidant effeçts of 

calcium antagonists in rat brain homogenates. Bioloejcal& Phamaceutical 

Bulletin, 23,766-769. 



Yazdanpanah, M., Luo, X, Lau, R., Greenkg, M., Fisher, L., & Lehotay, D. (1997). 

Cytotoxic aldehydes as possible markers for chi ldhd cancer. Free Radical 

Bioloav and Medicine. 6,870-878. 

Young, I., Trouton, T., Tomey, J., McMaster, D., Caiiender, M., & Trimble, E. (1994). 

Antioxidant status and lipid peroxidation in hereditary hernochromatosis. Free 

Radical Biolow and Medicine. 16,393-397. 



APPENDIX A 



ANOVA Summary Table and Descriptive Statistics-investigation 1: Dose response 
study 

Measure: MEASURE-1 

O mg Fe 

Hexanal 

Transformed Variable: Average 

N 
5 

Mean 
357.6000 

Source 
lntercept 
Error 

Tests of Between-Subjeds Effects 

Std. Deviation 
49.171 13 

rn 

Measure: MEASURE-1 

O mg Fe 

Transfomed Variable: Average 

Type Ill Sum 
of Squares 
20727141 f 
31 4260.500 

Mean Square 
20727141 1.3 

78565.125 

df 
1 
4 

N 
5 

Mean 
134.2ûûû 

Source 
Intercept 
Emr 

F 
2638.21 1 

Std. Deviation 
10.42593 

Sig. 
.O00 

Type III Sum 
of Squares 
643687.200 

1453.300 

d f 
1 
4 

Mean Square 
643687.200 

363.325 

F 
1 771 -657 

Si. 
.O00 



lntercept P 

O m g  Fe 

MDA 

Mean 
562000 

Measure: MEASURE-1 
ned Variable: Average 

Type HI Sum 
of Squares 
181 832.450 

90.800 

Tests of Between-Subjects EWcts 

Std. Deviation 
9.52365 

L 

Measure: MEASURE-1 

N 
5 

df 
1 
4 

r 

OmgFe 

Mean Square 
181832.450 

22.700 

Transformeâ Variable: Average 

N 
J 

5 
Mean 
12512000 

Source 
lntercept 
Emr 

F 
8010.240 

Std. Deviation 
55.96606 

SQ. 
.O00 

Type III Sum 
of Squares 
1 144141 45 
98242.700 

df 
1 
4 

Mean Square 
114414144.8 

24560.675 

F 
4658.428 

Sig. I 

.O00 

h 



ANOVA S u m m ~ y  Table and Descriptive Statistics-Investigation II: Niredipine 
Intervention study 

Fe-only 
Fe + 0 . 0 5 ~  Nif 

Hexanal 

Measure: MEASURE-1 
Transformed Variable: Average 

12678.00 
86422500 

Tests of Between-Subjects EMcts 

Si. 
.O00 - 

Control 
Fe-onl y 
Fe + 0.05g Nif 

298320845 
1257.94313 

F 
345.333 

F 

Source 
lntercept 
Emr 

4 
4 

Mean 
3 509.9267 
905092.0 
42995.37 

Measure: MEASURE-1 
Transformed Varia bie: Average 

Type III Sum 
of Squares 
61 4600220 

53391 97.583 

Std. Deviation 1 N 

L 

Source 
lntercept 

df 
1 

3 

1727.92208 
308446.84426 
6762 1.17682 

F 
33.591 

Mean Square 
614600220.1 
17ï9732.528 

3 
3 
3 

Sig. 
.O29 , Emr 

Type III Sum 
of Squares 
9.055E+11 
5.391 €+IO 

d f 
1 

Mean Square 
9.055E+11 

2 2.696€+10 



r 

Control 
Fe-onl y 
Fe + 0.05g Nif 

Mean 
72679.36 

Measure: MEASURE-1 
Transformecl Variable: Average 

138578.9 
186477.9 

L 

Source 
lntercept 
Emr 

Measure: MEASLIRE-1 

Std, Deviation 
1817.85420 

N 
3 

1 Mean 
Control 1 1744.0975 
Fe-only 
Fe + 0.05~ Nif 

N 
3 

23483.75687 
1043 17.95550 

Type III Surn 
of Squares 
1.582E+11 

8767868407 

Std. Deviation 
281.67865 

ANOVA Summary Table and Descriptive Statistics-Investigation II: Amlodipine 
Intervention study 

3 
3 

1 1696.28 
236 16.26 

Transformed Variable: Average 

d f 
1 
2 

5523.49035 
849322308 

. 
Source 
lntercept 
Error 

Mean Square 
1.582€+11 

4383934203 

3 
3 

d f 
1 

_ 3 

Type II1 Sum 
of Squares 
1830925597 
130009812 

F 
36.085 

Mean Square 
1830925597 

433366û4.15 

Sig. 
.O27 

F 
42.249 

Sig. 
.O07 



Totai Iron 

Control 

Hexanai 

Measure: MEASURE-1 
Transfomed Variable: Average 

Meao 
3212500 

Source 
lntercept 
Enor 

Tests of 6etween-Subjecâs Effects 

Conml 

Measure: MEASURE-1 
Transfomed Variable: Average 

Std, Deviation 
103.94991 

Type III Sum 
of Squares 
7723264375 

36321 520.3 

N 
4 

Mean 
17193.16 

MDA 

d f 
1 
3 

Source 
lntercept 
Error 

Std. Deviation 
13623.66460 

Mean Square 
772326075.0 
12107173.44 

N 
3 

Type III Sum 
of Squares 
1.616€+10 

133084581 7 

F Sig. 
63.791 ,004 

d f 
1 
2 

Mean Square 
1.616€+10 

665422908.4 

F 
24.289 

Sig. 
.O39 



Control 

Measure: MEASURE-1 

HNE 

Transformecl Variable: Average 

Measure: MEASURE-1 

Source 
lntercept 
Emr 

Type III Sum 
of Squares 
S.S0QE+l O 

41 49045593 

Transfonned Variable: Average . 
Source 
Int8mpt 
Emr 

d f 
1 
2 

Type III Sum 
of Squares 
1201 86255 
11314175.6 

Mean Square 
5.509€+10 

2074522796 

df 
1 
3 

F 
26.557 

Si. 
.O36 

Mean Square 
1201 86255.0 
3771391.881 

F 
31 -868 

Sa. 
.O1 1 




