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Summary

Carbon monoxide (CO) is an important signalling messenger in mammalian cells 

as it participates in a variety of physiological processes including vessel tone 

regulation. Dr. Motterlini’s group has discovered a new class of molecules which 

have the ability to carry and deliver CO to physiological systems. These 

molecules were termed CO-releasing molecules (CO-RMs) and they are an 

excellent tool to investigate the biological role of CO in the vasculature and other 

systems.

The major focus of the research presented in this report was to evaluate the effects 

of different water soluble CO-RMs on vascular tone. For this purpose, an aortic 

ring preparation model was used to assess the vasodilatory properties of CORM-3 

and CORM-A1, the first two water-soluble CO-RMs to be identified, and the 

cellular targets involved in this effect. CORM-3 is a transition metal carbonyl that 

liberates CO very rapidly (t^=l-5 min) in physiological solutions, whereas 

CORM-A1 is a boron-containing carbonate with a much slower rate of CO release 

(b*=21 min at pH=7.4). In the current studies CORM-3 induced a rapid 

endothelium-dependent vasorelaxation, whereas CORM-A1 elicited gradual 

endothelium-independent vasorelaxation. The inactive form of both CO-RMs, in 

which CO has been deliberately depleted, did not exert vasorelaxation indicating a 

direct involvement of CO liberated from the compounds in the observed 

vasorelaxation. The vasorelaxation induced by both molecules was enhanced and 

attenuated by an activator and inhibitor of guanylate cyclase (sGC), respectively. 

CORM-3-mediated vasorelaxation was completely abolished by non-selective 

inhibitors of potassium channels (K+), and partially attenuated by inhibition of 

ATP dependant ( K a t p )  potassium channels. In contrast, CORM-A1-mediated
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vasorelaxation was partially attenuated by non selective inhibition of K+ and by 

inhibition of voltage dependent (Ky) potassium channels. Even at concentrations 

higher than that used to induce significant vasorelaxation, both CO-RMs had no 

noticeable effect on the viability of rat aortic smooth muscle cells (A7r5) in vitro. 

CORM-319, a new water soluble iron containing CO-RM, also induced 

significant vasorelaxation and was relatively safe to cultured SMCs compared to 

other non-water soluble iron containing CO-RMs that were extremely toxic. In 

summary, our data reveal that the CO-RMs examined in this project are promising 

CO carriers that could be further modified for optimal therapeutic applications. In 

addition, our data demonstrate the significant effect imposed by the chemical 

structure and kinetics of CO release on the pharmacological activity of various 

CO-RMs.
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INTRODUCTION

1 Introduction

1.1 Historical background on carbon monoxide: old enemy or new friend?

Carbon monoxide (CO), a gas with a bad reputation, has been known for a very 

long time. Aristotle is attributed with the first recognition of CO toxicity in the 

third century BC when he described it as “Coal fumes lead to heavy head and 

death” (Morse and Sethi, 2002). In the 19th century a French physician, Leblanc, 

established Aristotle’s observation by identifying CO as the toxic molecule in coal 

gas (Morse and Sethi, 2002). The formation of CO in the body was demonstrated 

in 1952 by Sjostrand, who reported that decomposition of haemoglobin in vivo led 

to CO production (Sjostrand 1952; Marks et al, 2002 a). In 1968 haem oxygenase 

(HO), the enzymatic source of CO was identified (Tenhunen et al., 1968), and 

later on two isoforms of the haem oxygenase enzyme (HO-1 and HO-2) were 

purified and identified in rat liver (Maines et al., 1986). Haem oxygenase-1 (HO- 

1), the inducible form, and haem oxygenase-2 (HO-2), the constitutive form, 

cleave and oxidize the a-methene bridge of the haem molecule giving rise to 

equimolar amounts of biliverdin, CO and iron (Maines et a l ., 1997).

CO is a tasteless, colourless, odourless gas; some physical characteristics of this 

gas are shown in Table 1.1 (Piantadosi et al., 2002; Ryter and Otterbein, 2004). 

CO is usually generated by the incomplete combustion of organic matter such as 

propane, coal, natural gas, wood and gasoline (Ryter and Otterbein, 2004). The 

average global levels of CO in the atmosphere are estimated to be 0.19 parts per 

million (ppm). 90% of this gas comes from natural sources including ocean 

microorganism generation and the remaining part is produced by human activity 

(Motterlini et al., 2002b).
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Physical properties of CO

Molecular Weight 28.01

Boiling Point -191.5 °C

Melting Point -205 °C

Solubility (H20) 3.3 ml 100 m l1 @0°C

2.3 ml 100 m l'1 @ 20 °C

Density (vapour) 0.968 air = 1

1.250 g L 1 @0°C

1 ppm = 1.25 mg m 3 at 25 °C

Specific Gravity

Conversion Factor

T ab le  1.1: Physical properties of CO (adapted from Ryter and Otterbein. 2004).

Carbon monoxide has been considered as the most common lethal poison in every 

community yet studied, and accounts for more morbidities than all other non

prescribed poisons combined (Raub et al. 2000.; Gorman et al., 2003). The 

toxicity of CO is attributed to its high affinity for haemoglobin as the affinity of 

haemoglobin to CO is 240 times that for O2  (Morse and Sethi, 2002; Omaye,

2002). In addition, the CO haemoglobin ligand on any one of the four oxygen 

binding sites of the haemoglobin molecule prevents oxygen at other sites of 

haemoglobin from being easily released to peripheral body tissues (Morse and 

Sethi, 2002; Omaye 2002). As a consequence the haemoglobin dissociation curve 

is shifted to the left and tissue hypoxia is further exacerbated. CO also binds to 

and inhibits the activities of other haemoproteins such as cytochrome c oxidase, 

cytochrome P450 and myoglobin, although this inhibitory effect would be likely 

to occur at very high levels of CO exposure (Morse and Sethi 2002; Ryter and
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Otterbein, 2004).

Interestingly, over the last few years evidence has accumulated showing that HO 

enzymes and their by-products, particularly CO, are important factors in cellular 

metabolism. Thirteen years ago after tracking the story of CO and comparing it to 

nitric oxide (NO) gas, Barinaga predicted that CO would provide a research 

interest to fully occupy laboraties in future (Barinaga et al., 1993). If the interest 

of the scientific community can be estimated by the number of publications 

dealing with a particular subject, then the prediction of Barinaga surely turned out 

to be true (Morse and Choi 2002) (Figure 1.1).

0 ) 0 ) 0 ) Q > 0 ) 0 > 0 ) 0 ) 0 ) 0 ) O O O O O Oo> o> o> o> o> o> o> o> o> o> &  &  &  &  &
N K K K K K N N N . K  C\j ( y  ( y  <y ( y

Year

Figure 1.1. Number of publications concerning HO-1 catalogued by PubMed 
from 1990 to 2005 (adapted from Morse and Choi 2002).
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1.2 The Haem Molecule

The haem molecule plays many crucial biological functions (Wagener et al., 

2003). It interacts with various inactive apo-haem proteins yeilding 

functional haem proteins such as haemoglobin, myoglobin, cytochromes, 

catalases and peroxidases enzymes. Additionally, haem itself may influence 

the expression of many genes and regulates differentiation and proliferation 

of various cell types (Wagener et al., 2003). On the other hand, excess of 

free haem molecule can cause cell damage and tissue injury since haem 

catalyzes the formation of reactive oxygen species (ROS), which cause 

oxidative stress. Therefore, the HO system is a crucial defence mechanism 

against free haem-mediated oxidative stress (Wagener et al., 2003).

A brief review of the structure of the haem molecule will provide the basis 

to understand the nature of HO enzyme (Figure 1.2). The term haem refers 

to a complex of metal ions (e.g, Fe, Mg, Zn, Cr, and Ag) chelated in a 

porphyrin ring; the porphyrin ring is protoporphyrin IX (Maines et al., 

1988). However, the term haem is used to refer to the iron complex of such 

chelates. Porphyrins, in which a metal ion is chelated, are cyclic 

tetrapyrroles in which the four pyrrole rings are attached through four meso 

(methane) bridges labelled a, (3, y, and 8. The capacity of chelated metal 

ions to undergo a reversible change in the oxidation state (e.g., Fe2+±T Fe3+) 

makes haem compounds effective biological catalysts (Maines et al., 1988). 

Several types of haem which differ in the composition of the side chains of 

the pyrrole rings have been identified in nature. Haem type b identified in 

higher animals is the most ubiquitous and comprises the prosthetic moiety 

of all haem-proteins except cytochromes type a and c. Haem a and c form

20
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the prosthetic moiety of cytochromes a and c respectively (Maines et 

al, 1988).

1 2
5 3F e ' » 7/
4 3

Haem Molecule

Figure 1.2 Structure of protoporphyrin IX (Haem b). (adapted from Maines 
et al.91997)
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1.3 The Haem Oxygenase System

HO is the rate limiting enzyme in the catabolism of haem (Maines et al, 1988). It 

breaks down the porphyrin ring to yield equimolar amounts of biliverdin, free iron 

(Fe2+) and CO (Figure 1.3). Biliverdin is then rapidly converted into bilirubin by 

biliverdin reductase (Maines et al, 1988). The HO system requires the activity of 

microsomal NADPH-cytochrome P450 reductase, which transfers an electron 

from NADPH to haem, and utilizes molecular oxygen for cleavage of haem. HO 

specifically cleaves the a-methene bridge of the haem b molecule (Maines et al, 

1988; Maines et al, 1992).

HAEM
M V

o 2 H *0

M

<8>
HAEM

P M

B iliv erd in

H H H

NADPH♦ H’

^ilirubirx
m v mi_ p p m m v

D J J l l T i
O N  N  s  '  N N OM H H H

Figure 1.3. Products of haem degradation by haem oxygenase enzyme 
(adapted from Durante et al., 2003).

2 2



UCL INTRODUCTION

In mammals three isoforms of HO proteins have been identified. The first 

isoform, now known as HO-1, was first described in 1969 (Tenhunen et al., 

1968). Later on, the second isoform, now known as HO-2, was purified and 

identified (Maines et al., 1986; Trakshel et al., 1986). The third isoform (HO-3), 

was identified around eight years ago (McCoubrey et al., 1997). HO-3 has been 

found only in rats and it has been proposed that it could have originated from 

retrotransposition of the HO-2 gene (Scapagnini et a.,. 2002). In contrast to other 

two HO isoenzymes, HO-3 is a poor haem catalyst and it is unlikely to work as 

haem degrading enzyme but it might be involved in haem binding (McCoubrey et 

al., 1997). Because HO-3 has no reported biological activities and it is not 

expressed in humans (Abraham and Kappas. 2005), the general referral to “HO 

system” in the current project will be addressed to the HO-1 and HO-2 isoforms. 

The two isozymes, HO-1 and HO-2, are exclusively localised in the endoplasmic 

reticulum and they are mainly positioned in the smooth endoplasmic reticulum 

(Maines et al., 1992). To express their activity they require the concerted activity 

of NADPH-cytochrome P-450 reductase. The two isozymes represent different 

gene products and share little similarity in either amino acid sequences, 

composition, transcript number or size (Cruse and Maines, 1988; Maines et al., 

1997). HO-2, the larger of the two, has a molecular weight -36,000 whereas HO- 

1, also known as stress protein HSP32, has a molecular weight of -30,000-33,000 

(Table 1.2). Although HO-1 and HO-2 share similar mechanisms as haem 

catalysts, substrate specificity and coenzymes requirement, major differences have 

been found between the two isozymes (Maines et al., 1988; Maines et al., 1992; 

Maines et al., 1997). HO-1 and HO-2 are different in their gene structure and 

organisation, in chromosomal localisation, regulatory mechanisms and tissue
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distribution. Both HO-2 and HO-1 are single-copy genes but HO-2 is encoded by 

two transcripts (-1.3 and -  1.9 kb) whereas the HO-1 protein is the transcription 

product of a single message of -1.8 kb (Maines et al, 1997). A 24-amino acid- 

long segment of HO-1 and HO-2 is conserved among all haem oxygenases. The 

24-amino acid segment forms a hydrophobic pocket (haem pocket) that binds 

haem pyrrole rings. A part of this segment is now recognised as the HO signature 

(Maines etal., 1997).

1.3.1 Regulation and distribution of haem oxygenase nzymes

In fact HO is expressed in almost all life forms from prokaryotic bacteria and 

fungi to plants and human (Wagener et al, 2003). When the HO-1 and HO-2 

isozymes are evaluated by assessing their protein and message levels they show 

different patterns of distribution and development (Maines et al, 1997). Most 

cells, under normal physiological conditions, express low or undetectable levels of 

HO-1 protein, while HO-2 protein is constitutively expressed (Wagener et al,

2003). The only exception is spleen in which under normal, unstressed conditions, 

HO-1 is the predominant form (Maines et al, 1997). Although it is not 

constitutively expressed in most tissues under normal physiological conditions, 

HO-1 transcription is up-regulated by a huge number of stimuli such as oxidative 

stress, growth factors, disease states, hormones, dietary antioxidants and some 

physiological changes (Table 1.3) (Maines et al, 1997; Kim et al, 2005). There 

is no harmony among HO-1 inducers, which have diverse chemical structures 

varying from proteins to small organic compounds to a gas molecule (NO). 

Actually, there is no enzyme identified to date that is induced by so numerous 

stimuli of diverse nature as is HO-1 (Maines et al, 1997). Unlike HO-1, the 

inducers of HO-2 are very limited and include adrenal glucocorticoids,
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developemental factors, opiates and possibly nitric oxide (NO) (Maines and 

Panahian, 2001). The activity of HO-1 is high even at low concentrations of haem 

and it increases with rise of haem concentrations within physiological limits 

(Wagener et al., 2003). On the other hand, HO-2 has a low level of activity at low 

haem concentrations and even its maximum activity is limited to less than 10 % 

that of HO-1. Specific activity of HO, which reflects the activity of both HO-1 

and HO-2, varies greatly in different organs; the highest HO activity has been 

reported in the spleen, brain and testes (Maines et al., 1988; Maines et al., 1997).

25



UCL INTRODUCTION

TABLE 1.2; Summary of various functions of HO isoforms, their distribution and 

gene regulation (adapted from Wagener et al 2003; Yachie et al, 2002).

HO-1 (hsp32) Isoform HO-2 Isoform HO-3 Isoform

Molecular weight -32 kD ~36kD ~33kD

Physiological role Haem degradation 
Modulation of 
vascular tone and 
liver perfusion 
Neural signaling 
Anti-inflammatory 
action
Down-modulation of 
adhesion molecule 
expression

Haem degradation 
Haem binding 
Maintenance of 
vascular tone 
Neural signaling

Haem binding

Constitutive tissue Spleen, liver Most tissues e.g., brain, 
retina, liver, spleen, 
testis, lungs, vascular

Most tissues

Inducers of 

expression

Very diverse, e.g., 
oxidative stress, 
cytokines, heavy 
metals, hypoxia, 
nitric oxide, heat 
shock, haem and UV

Adrenal corticoid, 
opiates

Unknown

Enzyme activity Km = 0.24 pM 
Vmax= 3.4 pmol/mg/h

Km = 0.67 pM 
Vmax = 0.24 pmol/mg/h

26



A .
UCL INTRODUCTION

TABLE 1.3; Various stimuli induce HO-1 production (adapted from Kim et al.,
2005)

Disease state Oxidative stress

Ischaemia reperfusion Endoplasmic reticulum stress

Inflammation Heavy metals

Immune dysfunction Oxidized LDL

Transplantation Hydroperoxide

Myocardial infraction Dieldrin

Atherosclerosis Cigarette smoke extract

Hypertension Alcohol

Vascular restenosis 

Glomerulonephritis

Asthma Dietary antioxidant/natural product

Alzheimer’s disease Synthetic terpenoid

Hormone Quercetin/flavonoid

Estrogen Mycotoxin

Prolactin Ferulic acid/ethyl ferulic acid

Adrenocorticotrophin Zerumbone

Atrial natriuretic peptide Selegiline

Angiotension Turpentine oil

Progesterone 3-0-caffeoyl-methyl quinic acid

Glucocorticoid Diallyl sulphide

Medicines/chemicals Chalcone/rosolic acid

Immunosuppressant/anti-inflammatory Taurine

IL-10 Curcumin

Aspirin/salicylic acid Cafestol/kahweol

Rapamycin Avicins

Antioxidant Resveratrol

VitE Physiological changes

Miscellaneous Hypertonic saline

Dopamine Transient glucose deprivation

Nicotine Acidosis

Cysteamine Nitric oxide

UV irradiation Cytokine

Co-protoporphyrin Mechanical shear stress
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1.4 Haem Oxygenase Metabolites

Over a long time, HO has been thought to be only involved in the breakdown of 

haem from senescent red blood cells or denatured haem-proteins and the 

degradation products free iron, biliverdin/bilirubin, and CO were considered 

“toxic waste” materials (Johnson et al., 1999; Morse and Choi, 2002). However, 

the attitude toward HO metabolites has changed dramatically over the last two 

decades and hundreds of studies investigating the biological roles of these 

compounds, especially CO, have published every year. The biological roles of 

bilirubin and iron will be briefly described in the following two sections, and then 

a detailed study of the beneficial role of CO in biological systems will be 

presented.

1.4.1 Bilirubin

Bilirubin is formed from the catalysis of biliverdin by the cytosolic enzyme 

biliverdin reductase (Kutty and Maines 1981; Maines et al, 1988). This enzyme 

is considred as one of the most unique proteins in the animal kingdom because it 

has two pH optima, 7.0 and 8.7 (Maines et al, 1988). At pH 7.0, biliverdin 

reductase has clear preference for the NADH cofactor whereas at pH 8.7 it has 

preference for the NADPH cofactor. At pH 7.4, biliverdin reductase has low 

activity with either factor (Kutty and Maines 1981; Maines et al, 1988). The daily 

generation of bilirubin in adult humans is around 300 mg and because it is 

sparingly soluble in water it is tightly bound to albumin in the circulation (Stocker 

et al., 1990). The physiological concentration of plasma bilirubin is between 5 and 

20 pM, practically all of which is unconjugated pigments bound to albumin. 

Circulating bilirubin is taken up by hepatocytes where it is transformed into water 

soluble conjugated bilirubin. The concentration of conjugated bilirubin in the liver
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ranges from 20 to 40 pM and becomes more concentrated (0.35 to 4 mM) after 

excretion into bile. Concentrated conjugated bilirubin is excreted into small 

intestine where it is transformed into urobilinogens which are then either 

reabsorbed or excreted in the faeces (Stocker et al., 1990).

Bilirubin has been shown to have antioxidant effects (Stocker et al, 1987; Stocker 

et al, 1987; Neuzil and Stocker 1993). Bilirubin efficiently scavenges peroxyl 

radicals and when the experimental concentration of oxygen is < 2 %, the 

antioxidant activity of bilirubin is more effective than alpha-tocopherol, which has 

long been regarded as the best antioxidant of lipid peroxidation (Stocker et al, 

1987). In one clinical study, 25 preterm infants who have oxygen-radical disease 

(ORD) (e.g., bronchopulmonary dysplasia, necrotizing enterocolitis, 

intraventricular hemorrhage and retinopathy of prematurity) were shown to have 

lower bilirubin levels compared to 57 control infants who did not have disorders 

related to ORD (Hegyi et al, 1994). Bilirubin and biliverdin were also reported to 

have cytoprotective antioxidant effects in hepatocytes (Wu et al, 1991a).

In addition to its antioxidant effect, bilirubin plays a protective role against some 

cardiovascular disorders (Wu et al, 1991b; Wu et al, 1994; Hopkins et al, 1996; 

Clark et al, 2000). It was reported that bilirubin, whether endogenously produced 

from haem degradation or exogenously administrated, significantly ameliorated 

myocardial functions and minimized both infarct size and mitochondrial damage 

on perfusion of isolated hearts (Clark et al, 2000). Furthermore, in another study, 

mildly elevated serum bilirubin was associated with decreased risk of early 

familial coronary artery disease (Hopkins et al, 1996). In yet another larger study, 

where 1741 subjects were screened for carotid plaque, it was found that the serum 

bilirubin level was inversely correlated with the presence of carotid plaque
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(Ishizaka et al, 2001).

Although collective evidence from animal and human studies indicates that 

bilirubin is a significant physiological cytoprotectant, this protective effect of a 

moderate rise of bilirubin does not change the well-established dangers of brain 

damage (kemicterus) associated with a major rise of serum bilirubin (Sedlak and 

Snyder, 2004).

1.4.2 Iron

Unlike CO, very little attention has been devoted to ferrous iron the product of 

haem degradation (Snyder and Baranano, 2001). It has been revealed that cells 

must have protective mechanisms to deal with iron released by HO because 

ferrous iron is extremely toxic even at low concentration (Snyder and Baranano,

2001). It is fundamental to the Fenton reaction that produces hydroxyl free 

radicals, one of the most toxic biological species, which play a major role in 

cellular death in septic shock and strokes (Snyder and Baranano, 2001). However, 

the ferrous iron generated from haem degradation by HO also induces the 

synthesis of ferritin, an intracellular protein present in species ranging from 

bacteria to humans, which binds and stores free iron inside the cell and has well 

known cytoprotective properties (Eisenstein et al., 1991; Balia et al, 1992). In 

addition to promoting the synthesis of ferritin, production of ferrous iron also 

leads to rapid expression of an ATPase pump that may mediate the efflux of 

cellular iron for iron re-utilization, and therefore reduces iron accumulation within 

cells, thus protecting cells under stress (Ferris et al, 1999). The role of ferritin in 

mediating the cytoprotection of HO-1 is still arguable as it sometimes appears to 

substitute for HO-1 cytoprotection and sometimes does not (Otterbein et al, 

2003). It was suggested that in endothelium and perhaps other cell types, HO-1
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serves mainly to degrade haem to free iron which in turn induces the synthesis of 

ferritin, which is likely the proximate protective against oxidative damage (Balia 

et al., 1992). On the other hand, it has been reported that haemoglobin-induced 

protection against the inflammatory consequences of lipopolysaccharide 

administration is dependent on HO-1 not ferritin induction (Otterbein et al,

1997). The respective contributions of ATPase pumps, that pump iron from the 

cell, versus ferritin, which sequesters free iron within the cell, to the overall 

cytoprotective effects of HO are not clear but both mechanisms might be involved 

in a vital way to the overall HO antioxidant effect (Otterbein et al., 2003).

1.5 Carbon monoxide (CO)

Sources and quantification of endogenous CO, beneficial roles of CO in different 

biological systems, particularly blood vessels, interaction with NO in vascular 

tissues, and the development of new CO releasing molecules (CO-RMs) will be 

discussed thoroughly in the following sections.

1.5.1 Sources o f endogenous CO

Under normal physiological conditions there are two sources of endogenous CO 

production, which include either haem or non-haem sources (Figure 1.4) (Vreman 

et al., 2002). The main sources of CO come from haem degradation catalysed by 

HO. The majority of this haem (-79%) comes from senescing red blood cells 

whereas the remaining haem is derived from the turn over of other haem-proteins 

such as myoglobin, cytochromes, catalase and others (Vreman et al., 2002). 

Around 14% of CO produced in the body comes from non-haem processes, such 

as lipid peroxidation, photooxidation, xenobiotic activity in blood and others 

(Vreman et al., 2002).
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Figure 1.4. Sources of endogenous CO (adapted from Vreman et al., 2002)

1.5.2 Measurement of CO formation in biological systems

CO generated endogenously has been measured in various biological systems 

using a diversity of analytical procedures which include laser sensor-infrared 

absorption, gas chromatography-mass spectroscopic detection, and gas 

chromatography-reduction gas detection, and formation of 14CO from 14C-haem 

formed following [2-14C] glycine administration (Marks et al., 2002). Although 

different methods have been used to measure CO generation by different tissues, 

the rate of CO formation varies over a short range from 0.28 nmol/mg of protein/h 

in rat liver perfusate and cultured rat olfactory receptors neurons down to 0.029 

nmol/mg of protein in chronic villi of full term human placenta (Marks et al.,

2002). The high levels of CO production in liver and certain brain areas might 

reflect the high level of HO activity in these organs (Maines et al., 1997; Marks et 

al, 2002)
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1.6 Biological Roles of CO

1.6.1 CO and the lung

Because lung is an organ that provides communication between the environment 

and the circulation it represents an ideal environment for studying oxidative stress 

(Morse and Choi, 2002). Oxidative stress results from imbalance between 

oxidants and antioxidants which happens either from a rise of oxidants and/or 

decrease in antioxidants (Rahman et al, 1996). The release of reactive nitrogen 

species and oxygen species (RNS and ROS, respectively) from inflammatory 

leukocytes and also from airway epithelial cells is the main source of increased 

oxidant load in inflammatory lung diseases (Horvath et al, 2001). Inhaled 

oxidants in cigarette smoke and air pollutants also contribute to oxidative stress. 

The lung is armed with a number of antioxidant systems which vary in their 

significance in various sites in the respiratory tract (Horvath et al, 2001)

HO-1 is induced in the lung by many stresses and has been involved in the 

preservation of homeostasis against oxidative injury and there is evidence that CO 

released from haem degradation by HO-1 mediates at least some of the protective 

properties of HO-1 in the lung (Morse and Choi, 2002). It has been reported that 

animals exposed to low concentrations of CO showed a noticeable tolerance to 

lethal concentrations of hyperoxia in vivo (Otterbein et al, 1999). In the same 

study exogenous CO totally protected against hyperoxia-induced lung injury in 

rats in whose endogenous HO enzyme activity was inhibited. This result indicates 

the role of CO in mediating HO-1 antioxidant effects in the lung. In another study, 

where the functional role of CO in asthma was assessed using an aeroallergen 

model, the rats exposed to CO for 48 h had lower levels of some proinflamatory 

factors than control rats (Chapman et a l, 2001). These data suggest a putative
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immunoregulatory role for CO in aeroallergen-induced inflammation in mice.

1.6.2 Exhaled CO (E-CO) marker

In humans exhaled CO (E-CO) is formed primarily from both systemic haem 

metabolism, which generates CO in different tissues, and localised (lung) haem 

metabolism which results from the combined action of HO-1 and HO-2 enzymatic 

activity (Slebos et al, 2003). As CO, either endogenously produced or inspired, is 

eliminated exclusively by respiration, E-CO can be used as a marker to monitor 

the increase in exogenous sources of CO such as smoking or air pollution 

(Horvath et al, 2001; Morse and Sethi 2002; Slebos et al, 2003). It can be also 

used to monitor the increase in endogenous CO production resulting from 

systemic and local pulmonary inflammation (Horvath et al, 2001; Morse and 

Sethi, 2002; Slebos et al, 2003).

Indeed E-CO has been reported to increase in a number of systematic and 

pulmonary pathological conditions such as cystic fibrosis, chronic obstructive 

pulmonary disease (COPD), infectious lung disease and diabetes (Antuni et al, 

2000; Horvath et al, 2001; Morse and Sethi, 2002). During exacerbations of 

chronic disease, CO production, estimated by E-CO, may rise over what is already 

an elevated baseline (Antuni et al, 2000; Morse and Sethi, 2002). For example, E- 

CO in patients with cystic fibrosis disease was higher than that in control, but it 

increases further during exacerbation of the disease, and goes back to baseline 

again after seven days of antibiotic treatment (Antuni et al, 2000). Similar to the 

early era of measurement of exhaled NO, a standardization in techniques and 

agreement on background correction need to be achieved for E-CO measurements, 

to draw proper conclusions in this area of investigation (Slebos et al, 2003).
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1.6.3 CO and inflammation

Inflammation is a defence system used by organisms to protect them from 

pathogenic invaders, to remove damaged cells after injury and to prevent further 

damage (Wagener et al., 2003). Despite the essential and beneficial role of this 

inflammatory process, some times it is directed against autologous antigens, or it 

does not diminish after its onset and then escalates into long term persistent 

inflammation (Wagener et al., 2003).

A growing body of evidence has indicated the role of HO-1 in inflammation 

(Otterbein et al., 2002; Sarady et al., 2002; Attuwaybi et al, 2004). It was 

reported that HO over expression or exposure to low concentrations of external 

CO inhibited the production of granulocyte macrophage colony-stimulating factor 

(GM-CSF), which is a potent cytokine produced in response to bacterial 

endotoxins (Sarady et al., 2002). In another study HO-1 played an important role 

in protecting gut against ischaemia reperfusion injury, where HO-1 expression 

suppressed inflammatory responses and lessened mucosal injury (Attuwaybi et 

al., 2004). The anti-inflammatory role of HO-1 was further supported by the 

findings in null mice that lack haem oxygenase enzyme as well as the only 

reported case of human HO-1 deficiency; in both cases there was profound 

inflammation that could not be attributed to infection or external exogenous 

factors (Poss and Tonegawa, 1997; Yachie et al., 1999; Otterbein, 2002). It was 

suggested that CO released via HO-1 works as an antidote for these dysfunctional 

inflammatory conditions (Otterbein et al., 2002). Exogenous administration of 

low concentrations of CO markedly attenuated inflammatory processes in 

different cellular and animal models of inflammation such as asthma, hyperoxia, 

endotoxic shock, xenotransplantation and ischaemia perfusion (Otterbein et al.,
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1999; Chapman et al, 2001; Sato et al, 2001; Attuwaybi et al, 2004; Mazzola et 

al, 2004).

The mechanisms by which CO mediates its anti-inflammatory effects remain 

obscure but they may involve the mitogen-activated protein kinase (MAPK) 

pathway which transduces oxidative stress and inflammatory signalling (Otterbein 

et al, 2000). Although the mechanisms by which CO regulates inflammatory 

responses is not well understood, the conclusion is the same: CO at optimal 

concentrations, concentrations that are well below those that would otherwise be 

toxic, has cytoprotective effect (Otterbein et al, 2002).

1.6.4 CO and the liver

The localization of HO-1 and HO-2 in the liver has distinct topographic 

distribution (Goda et al, 1998). In contrast to HO-1 which was detected only in 

Kupffer cells, HO-2 was observed in parenchymal cells, but not in Kupffer cells. 

Neither HO-1 nor HO-2 was detectable in hepatic satellite cells or sinusoidal 

endothelial cells (Goda et al, 1998). HO-1 seems to play an important role in 

protecting liver against stress (Poss and Tonegawa, 1997; Yachie et al, 1999; 

Morse and Sethi, 2002). Great oxidative damage was reported in the livers of rats 

lacking HO-1 (Poss and Tonegawa, 1997). Iron accumulation in the liver and the 

indications of profound endothelial damage in theone and only reported human 

case of HO-1 deficiency highlight the protective role of HO-1 against hepatic 

injury (Yachie et al, 1999; Morse and Sethi, 2002). In perfused livers of 

endotoxaemic rats, CO generation mediated HO-1 protective effect against 

hepatobiliary dysfunction caused by haem overloading under stress condition 

(Kyokane et al, 2001). Furthermore, CO generated from HO-2 in the 

parenchymal cells and released to the extrasinusoidal space, was suggested to play
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an important role in the maintenance of hepatic perfusion, as haemoglobin, the 

trapping agent of CO, induced marked sinosuidal constriction (Goda et al, 1998). 

This hypothesis was supported by Suematsu and co-workers, who reported that 

the increase in sinosuidal constriction due to HO inhibition, was attenuated by 

external CO administration to isolated perfused rat liver (Suematsu et al., 1995).

1.6.4 CO and the neurological system

The localization of HO-2 mRNA in the brain is essentially the same as that of 

sGC mRNA, and inhibition of HO activity depletes endogenous cGMP (Verma et 

al, 1993). Therefore, it was suggested that like NO, CO might function as a 

neurotransmitter (Verma et al, 1993). Intestinal myenteric plexus neurons also 

express HO-2, and targeted deletion of HO-2 gene diminished neurally evoked 

intestinal relaxation, an effect thought to be mediated by endogenous CO 

production (Zakhary et al, 1997). These results further support the role of CO as 

a neurotransmitter (Zakhary et al, 1997). CO also seems to have a role in 

regulating neuroendocrine functions as it decreased stimulated release of stress 

neuropeptides, such as oxytocin, and vasopressin from rat hypothalamus in vitro 

(Giusti-Paiva et al, 2005). CO seems to have a role in regulating cerebral 

circulation as in vitro, ex vivo, and in vivo studies have demonstrated the ability of 

CO, endogenously produced or externally applied, to induce concentration- 

dependant vasorelaxation of piglet, dog, and porcine cerebral circulation (Leffler 

et al, 1999; Komuro et al, 2001; Jaggar et al, 2002; Winestone et al, 2003; 

Koneru and Leffler, 2004; Leffler et al, 2005). The vasorelaxing properties of CO 

will be discussed in later sections.

1.6.5 CO and gastrointestinal tract

HO-2 is predominantly localised within the cell bodies of rat myenteric ganglia
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and nerve fibres coursing in parallel with intestinal inner circular muscle (Zakhary 

et al, 1997). Targeted gene deletion of HO-2 resulted in diminishing the neurally 

evoked nonadrenergic noncholenergic (NANC) intestinal relaxation in rats. 

Therefore, it was concluded that HO-2 plays a role in mediating NANC 

relaxation. This effect was attributed to HO-2 derived CO (Zakhary et al, 1997). 

Similarly, CO, endogenously produced or externally applied, was shown to have 

inhibitory effects on internal anal sphincter (Rattan and Chakder, 1993). CO 

elicited a concentration-dependant drop in the resting tension of internal anal 

sphincter (IAS). The direct effect of CO on internal anal sphincter was confirmed 

by its relaxing effect on isolated smooth muscle cels. Furthermore, HO inhibition 

suppressed the relaxation induced in internal sphincter by NANC nerve 

stimulation (Rattan and Chakder, 1993).

CO seems to play a major role as an endogenous hyperpolarizing factor in the 

gastrointestinal tract (Farrugia et al, 2003). Targeted gene deletion of HO-2 

resulted in depolarization of smooth muscle cells and abolished membrane 

potential, whereas exogenous CO hyperpolarized membrane potential in the 

canine gastrointestinal tract (Farrugia et al, 2003). Recently, it has been reported 

that brief inhalation of low doses of CO protects swine and rodents from 

postoperative gastrointestinal ileus (Moore et al, 2005). Additionally it protects 

against the development of intestinal inflammation in a model of experimental 

necrotizing enterocolitis (Zuckerbraun et al, 2005). Similarly, HO-1 upregulation 

was reported to protect from several types of gastrointestinal injuries, such as 

colitis and sepsis (Gibbons and Farrugia 2004).

1.6.6 CO and transplantation

Expression of HO-1 by graft vasculature seems to be critical to achieve mouse to
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rat cardiac transplant survival (Soares et al., 1998; Sato et al.,2001). This 

protective effect of HO-1 was attributed to CO generation. Both HO-1 derived CO 

and exogenous CO suppressed graft rejection and restored long term graft 

survival. The process by which CO exerts this effect might involve inhibition of 

platelet aggregation that facilitates vascular thrombosis and myocardial infarction 

(Sato et al, 2001). Additional mechanism by which CO overcomes mouse to rat 

cardiac graft transplant rejection, might involve its ability to suppress cell 

apoptosis (Sato et al., 2001). CO was also reported to protect against lung 

transplant rejection (Song et al., 2003). This cytoprotective effect of CO was 

attributed to its anti inflammatory and anti-apoptotic properties (Song et al.,

2003). The protective role of CO was not confined to heart and lung, as CO also 

prolonged the survival of liver and small intestinal graft (Ke et al., 2002; Nakao et 

al., 2003a; Kaizu et al., 2005).

1.7 CO and vascular functions

1.7.1 General structure of blood vessels

The general structure of arteries, veins, and arterioles is similar (Orallo et al.,

1996). The blood vessel is an active, integrated organ composed of various cell 

types that are arranged in a complex set of autocrine-paracrine interactions 

(Durante et al., 2002). The vessel wall is organised in three distinct layers (Orallo 

et al., 1996; Durante et al., 2002). The innermost, is a layer of endothelial cells 

(the tunica intima), which lines the internal surface of the vessels and is seated on 

a specialised extracellular matrix known as the basement membrane. The 

underlying media (tunica media) is composed of vascular smooth muscle cells 

(SMCs) (20-60 pm in length and about 4 pm in diameter) that are densely packed 

into an interstitial matrix containing collagen, fibronectin and proteoglycans. Each
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smooth muscle cell extends more or less circularly around the lumen of the vessel, 

so when they contract or relax they cause a decrease or increase in the vessel 

diameter respectively (Orallo et al., 1996; Durante et al., 2002). In veins, VSMs 

can also extend longitudinally. The outer layer (adventitial layer), comprises 

collagen fibres, enfolded around the tunica media. The neural axons that innervate 

blood vessels are usually confined to this layer and rarely penetrate the tunica 

media (Orallo et al., 1996; Durante et al., 2002). .

1.7.2 Endogenous production of CO from vascular tissue 

It seems that HO-2 is the predominant form of haem oxygenase enzymes in the 

endothelium and vascular SMCs under normal conditions (Ewing et al., 1994; 

Grozdanovic and Gossrau, 1996; Zakhary et al, 1996; Maines et al., 1997). It is 

also localised in adventitial nerves of blood vessels and carotid body 

chemoreceptors (Prabhakar et al., 1995; Zakhary et al., 1996) but not in striated 

cardiac musculature (Grozdanovic and Gossrau, 1996). HO-1, which is minimally 

expressed in vascular tissue under physiological conditions, is highly induced in 

vascular endothelium, SMCs and myocytes as response to different stimuli 

(Maines et al., 1997; Foresti et al., 2002). These stimuli include hypoxia (Morita 

et al., 1995), haemorrhagic shock (Moncure et al., 2003) , cAMP (Durante et al.,

1997), nitric oxide (NO) (Motterlini et al., 1996; Hartsfield et al., 1997), 

endotoxins (Yet et al., 1997), mildly oxidized low density lipoproteins (Ishikawa 

et al., 1997) and hemodynamic forces such as shear stress (Wagner et al., 

1995;Wagner et al., 1997).

Many techniques have been introduced to measure the endogenous formation of 

CO in blood vessels (Marks et al., 2002). Among these techniques, measurement 

of CO production using an ultrasensitive laser sensor remains one of the most
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sensitive because it has higher sensitivity to low CO levels and does not require 

chemical mediators (Morimoto et al., 2001; Marks et al., 2002). In this protocol 

quantification of CO generated in cultured rat aortic SMCs was done using an 

ultrasensitive laser sensor without interference from other gases (Morimoto et al.,

2001). The basal CO production was 0.25 ± 0.07 nmol per 107 cells/h and that 

level was not affected by treating the cells with sodium nitroprusside, a nitric 

oxide donor, despite marked elevation of HO-1 protein expression (Morimoto et 

al., 2001). In contrast, treatment of the cells with hemin, the haem oxygenase 

substrate, resulted in around a two times increase in CO production. The hemin- 

induced CO synthesis was attributed to its ability to stimulate higher levels of 

HO-1 protein compared to sodium nitroprusside (Morimoto et al., 2001). In 

addition, hemin provides SMCs with additional substrate for HO-1 metabolism. 

Interestingly, treatment of the cells with a combination of hemin and sodium 

nitroprusside resulted in a further increase of CO production (Morimoto et al.,

2001). In the same study adding tin protoporphyrin-IX (SnPP), which is a potent 

HO inhibitor, to hemin treated cells resulted in almost complete block of 

endogenous CO production.

The facts that CO is generated in blood vessels under physiological conditions and 

that real time endogenous CO formation in vascular tissues is measurable satisfy 

important criteria for a physiological role of CO in blood vessels (Marks et al., 

2002 a).

1.7.3 CO and vascular SMC growth

The effect of HO-1 on cell proliferation is highly variable and seems to be cell 

specific (Durante et al., 2003). In contrast to its proliferative effect on epidermal 

keratinocytes and tumour cells, HO-1 appears to play an anti-proliferative role in
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renal and pulmonary epithelial cell and vascular SMCs (Durante et al, 2003). 

Several studies have demonstrated the anti-proliferative effect of HO-1/ CO 

system on vascular SMCs (Morita et al., 1997; Togane et al., 2000; Peyton et al.,

2002). Vascular SMCs proliferation was inhibited or augmented by HO inducers 

or inhibitor respectively (Togane et al., 2000). Haemoglobin, a reagent trapping 

both NO and CO, but not methaemoglobin, which can capture NO but not CO, 

augmented the proliferative response of rat vascular smooth muscle cells to 

angiotensin II (Togane et al., 2000). Serum was reported to induce HO-1 gene 

expression in vascular SMCs, where HO-1 catalyzed CO formation in a negative 

feedback manner to limit serum-stimulated SMC proliferation (Peyton et al.,

2002). Vascular SMC derived CO has been suggested to play an important role in 

regulating vascular SMC proliferation under hypoxic conditions (Morita et al.,

1997). Inhibition of CO generation or scavenging of CO with haemoglobin, 

enhanced vascular SMCs proliferation in response to serum or mitogens, while 

increasing CO formation or exposing cells to exogenous CO resulted in 

significant suppression of growth response (Morita et al., 1997). In addition to 

direct attenuation of cell proliferation, CO might regulate SMC growth by 

inhibiting the endothelium-released platelet derived growth factor (PDGF) or 

endothelin-1 (ET-1), which promotes SMCs proliferation (Morita and 

Kourembanas, 1996).

The influence of CO on SMC apoptosis is controversial (Durante et al., 2002; Liu 

et al, 2002; Liu et al., 2003). Apoptosis is programmed cell death serving many 

physiological functions (Allen and Agrawal, 1997). In contrast to classic cellular 

swelling and membrane rupture associated with necrosis, apoptotic cells shrink 

and maintain their membrane integrity (Allen and Agrawal, 1997). HO-1 over

4 2



UCL INTRODUCTION

expression in cultured aortic SMCs induced apoptotic cell death, and incubating 

the vascular SMC with haemoglobin, the CO scavenger, or SnPP, the HO 

inhibitor, significantly reduced apoptosis (Durante et al, 2002). On the other hand 

CO, either administered exogenously or formed endogenously, inhibited cultured 

aortic SMCs apoptosis (Liu et al., 2002; Liu et al, 2003). Clearly, more work is 

still needed to explore the role of CO in regulation of vascular SMC apoptosis 

(Durante et al., 2002).

1.8 CO-Induced Vasorelaxation

Although the endogenous production of CO has been known for more than a half 

century, the resurgent interest in the physiological effects of CO has only really 

been highlighted over the last two decades (Zhao, 2002). The purification and 

identification of the two different HO isozymes was a turning point in the history 

of the haem oxygenase-carbon monoxide system (Maines et al, 1986). Over the 

last two decades CO, endogenously produced or externally applied, has been 

shown to attenuate vasoconstriction and induce vasorelaxation of diverse blood 

vessels with different diameters and from different species possibly through 

different mechanisms. The affected vascular tissues include: rat and rabbit aorta 

(Lin and McGrath, 1988; Furchgott and Jothianandan, 1991; Brian et al, 1994; 

Hussain et al, 1997); piglet and rat pulmonary arteries and veins (Villamor et al, 

2000; Ding et al, 2002); lamb ductus arteriosus (Coceani et a l,  1988; Coceani et 

al, 1996); rat, dog and porcine coronary arteries and veins (McFaul and McGrath 

1987; Vedernikov et al, 1989; Graser et al, 1990; Barbe et al, 2002c); hepatic 

vein (Pannen and Bauer 1998); dog femoral and carotid artery (Vedernikov et al, 

1989); rat gracillus muscle arterioles (Kozma et al, 1999); rat and newborn piglet 

mesenteric artery (Villamor et al, 2000; Gonzales and Walker 2002; Naik and
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Walker 2003); piglet, dog and porcine cerebral arteries and arterioles (Leffler et 

al., 1999; Komuro et al., 2001; Jaggar et al., 2002; Winestone et al., 2003; Leffler 

et al., 2005); and human placental blood vessels (Bainbridge et al., 2002). CO has 

the ability to dilate blood vessels contracted by different vasoconstrictors such as 

phenylephrine (adrenoreceptor agonist), U-46619 (thromboxane A2  mimetic), 

methoxamine (alpha agonist), indomethacine, potassium chloride (KC1) and 

prostaglandin F (2 alpha) (Lin and McGrath 1988; Graser et al., 1990; Coceani et 

al., 1996; Wang et al., 1997a; Komuro et al., 2001; Nakao et al., 2003b; Tammaro 

et al., 2005).

As examples of its vascular activity, exogenously applied CO elicited 

endothelium independent vasorelaxation of rat tail arteries precontracted with 

phenylephrine (1 pM) (Wang et al., 1997a). The CO-induced relaxation was 

concentration-dependant with a detectable threshold concentration of 1 pM. At 

300 pM CO induced around 60 % relaxation, and 80% vasorelaxation was 

achieved at 1 mM. The effect of CO was sustained, but reversible upon the 

removal of CO from the system (Wang et al., 1997a). In a model of isolated 

perfused rat heart, coronary flow was increased by exogenously applied CO 

(McFaul and McGrath, 1987). CO-induced vasorelaxation was not the result of 

change of heart rate or decreased oxygen content in the perfusate and was not 

mediated by adenosine, prostaglandin or adrenergic influence (McFaul and 

McGrath, 1987). The vasodilatory effect of CO on coronary vasculature was 

reversible as coronary flow returned to normal once CO was removed from the 

system (McFaul and McGrath, 1987). In an isolated ring preparation, 

endogenously produced CO has been reported to play a major role in regulating 

vascular tone in aortic arteries expressing high levels of HO-1 (Sammut et al.,
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1998). In addition, up regulation of HO-1/CO in aortic rings largely suppressed 

the contractile response to phenylephrine. Exogenously applied CO also induced 

dose dependent, endothelium-independent vasorelaxation of isolated aortic rings 

but this effect was much less potent than that induced by NO (Lin and McGrath, 

1988; Furchgott and Jothianandan, 1991; Brian et al., 1994). In mesenteric 

arteries endogenous CO appears to play a significant role in attenuating the 

vasoconstrictor reactivity after chronic hypoxia (Gonzales and Walker, 2002; 

Naik and Walker, 2003). It was reported that haem-L-lysine (HHL), an HO 

substrate, elicited a dose-dependent vasodilatory response and reduced the 

vasoconstrictor sensitivity to increasing concentrations of phenylephrine in 

mesenteric arteries that were exposed to 48 hr chronic hypoxia (Gonzales and 

Walker, 2002; Naik and Walker, 2003). The effect of HHL was attributed merely 

to CO as the role of free iron and biliverdin as mediators of this effect was ruled 

out. In addition, exogenous CO produced a dose-dependant reduction in vascular 

tone (Gonzales and Walker, 2002; Naik and Walker, 2003).

The role of CO in regulating cerebral circulation was questioned by Brian and 

colleagues who reported that CO even at a high concentration (300 pM) had no 

significant effect on rabbit cerebral arteries whereas it induced vasorelaxation in 

aortic arteries (Brian et al., 1994). In the same study NO elicited 80 % to 100 % 

relaxation of all examined cerebral arteries (Brian et al., 1994). On the other hand, 

Leffler and co-workers reported that CO produced significant dose-dependant 

vasodilatation at concentrations as low as 10 11M in newborn pig small cerebral 

arterioles (<60 pm) and at 10 10 M in large arterioles (>60 pM) with maximal 

dilatation reached by 10 9 M in vessels of both diameters (Leffler et al., 1999). 

The vasorelaxing properties of CO in that study were comparable to those induced
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by the NO donor, sodium nitroprusside (Leffler et al, 1999). These authors cited 

four reasons to explain the discrepancy between their results and that obtained by 

Brian’s group: firstly, the diameters of blood vessels examined were different as 

they used small arterioles compared to major cerebral arteries used by the others. 

Secondly, their study was conducted on intact brain in vivo, whereas the former 

researchers used isolated, precontracted artery rings. Thirdly, they used newborn 

animals in their experiments compared to adults used by Brian and co-workers. 

Finally, different species were used by both studies (Leffler et al, 1999). The 

failure of high concentrations of CO to induce vasorelaxation in large cerebral 

arteries provoked another research group, to re-examine the response of large 

cerebral arteries to CO using a similar experimental model to that used by Brian 

(Komuro et al, 2001). Surprisingly, CO caused a concentration-dependent 

relaxation starting with a concentration of 57 pM. The authors of this study 

attributed the failure of cerebral arteries to respond to CO in the former study to 

the presence of carboxygen (95 % O2 : 5 % CO2 ) in their organic bath which 

might have reduced more than 99 % of CO from the solution so that the amount of 

CO in the solution was less than the investigator expected (Komuro et al, 2001). 

Since this debate started, a growing number of articles have reported the role of 

endogenously produced or externally applied CO in attenuating vasoconstrictor 

responses and inducing vasodilatation in cerebral circulation (Jaggar et al, 2002; 

Winestone et al, 2003; Koneru and Leffler 2004; Leffler et al, 2005)

It is well known that the vasodilatory potency of CO is not universal in all 

vascular tissues and it varies between different tissue types, species, 

developmental age and the diameter of the vessels (Wang et al, 1998; Zhang et 

al, 2001b; Zhao W. 2002). For example, endogenous CO acts to maintain portal
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venous vascular tone but has no effect on hepatic arteries (Pannen and Bauer,

1998). Another example of the tissue specificity of CO was demonstrated by 

experiments conducted on systemic and pulmonary vessels of newborn piglets 

(Villamor et al., 2000). In that study, CO-induced endothelium-independent 

vasorelaxation of pulmonary arteries, pulmonary veins and mesenteric arteries, 

but that relaxation was more marked in pulmonary veins than in pulmonary 

arteries or mesenteric arteries. Furthermore, the vascular potency of CO in piglets 

arteries decreases with age as CO-induced vasorelaxation was greater in 

pulmonary arteries in the 12-24h old than that of 2 week old piglets. In the same 

study, vasorelaxation induced by NO was also greater in pulmonary veins than in 

pulmonary arteries; however, its potency increased with postnatal age (Villamor 

et al, 2000). Similarly, exogenous CO which induced 76 % relaxation of pigs 

urethral preparations and 86 % of lower gastroesophagastric junction, failed to 

induce vasorelaxation of extramural arterial rings in the same study (Werkstrom et 

al., 1997).

Despite a large number of studies demonstrating the vasorelaxing properties of 

CO, it was reported that CO promoted endothelium-dependant constriction of 

isolated gracilis muscle arterioles (Johnson and Johnson, 2003). In addition, CO 

contributed to salt-induced hypertension in Dahl salt sensitive rats (Teran et al., 

2005). In another study conducted on rat isolated gracilis arterioles, CO induced 

both vasodilatation and vasoconstriction (Johnson et al., 1999). In the presence of 

intact endothelium, CO elicited vasoconstriction whereas in endothelium denuded 

arterioles CO elicited vasodilatation. The authors attributed this conflicting effect 

of CO in the same blood vessels to the effect of CO on endothelium NO. They 

suggested that in the presence of intact endothelium, CO might inhibit the
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endogenous production of endothelium NO, which is one of main regulators of 

vascular tone, and as a result induces vasoconstriction. Therefore, in the absence 

of an endothelial layer or in the presence of NO synthase inhibitors, CO was 

devoted to its local vasodilatory action on vascular SMC (Johnson et al., 1999). 

This conclusion contrasts with many studies which have shown that the CO has 

relaxing effects on both endothelium intact and endothelium denuded vessels 

(Wang et al., 1997a; Villamor et al., 2000; Ding et al. 2002; Naik et al., 2003). 

The complex architecture of vascular tissue might explain the diverse effect of CO 

on vascular tone reported in the literature (Archer et al., 1996; Zhao et al., 2002). 

It has been reported that the prevalence of various vascular smooth muscle 

populations differs from segment to segment within a single artery and also may 

vary in the vascular tree of different organs (Archer et al., 1996). Furthermore, the 

composition of arterial media is plastic and changes at different developmental 

stages and in response to injury (Archer et al., 1996). Therefore, it has been 

hypothesised that certain vascular tissues are equipped with different signalling 

mechanisms and the expression of various cellular targets of CO in these tissues 

may have different profiles (Zhao et al., 2002).

1.9 The Mechanisms for CO-induced Vasorelaxation

A number of intracellular pathways have been proposed as mediators of CO- 

induced vasorelaxation; however activation of soluble guanylate cyclase (sGC), 

and potassium (K+) channels, remain the two most popular mechanisms for many 

scientists. Therefore in the following sections detailed analysis of the possible role 

of these pathways in amplifying the biological effect of CO will be presented.
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1.10 Soluble Guanylate Cyclase (sGC)

The intracellular second messengers involved in SMC relaxation are cyclic 

guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP) 

(Carvajal et al, 2000). cGMP exerts its action through activation of cGMP- 

dependent protein kinase (PKG) whereas cAMP elicits its action through cAMP- 

dependant protein kinase (PKA). For a long time cAMP was regarded as the 

principal second messenger involved in vasorelaxation but recent evidence points 

towards a primary role of cGMP that exceeds that of cAMP in relaxation of SMC 

by endogenous or exogenous compounds (Carvajal et al., 2000). In smooth 

muscle cells, cGMP is generated from guanosine triphosphate (GTP) by the 

activity of guanylate cyclase (GC) enzyme, and degraded by cyclic nucleotide 

phosphodiestarase (PDE) (Carvajal et al., 2000; Pyriochou and Papapetropoulos, 

2005). There are two isoforms of GC; the cytosolic soluble GC (sGC) and the 

membrane bound particulate GC (pGC) (Figure 1.5). They differ in their 

structure, ligands and subcellular organization (Pyriochou and Papapetropoulos, 

2005). Regardless of whether cGMP is formed by means of the pGC or sGC 

pathway, it elicits its effect by binding and modifying the activity of three types of 

intracellular receptors: cGMP dependant protein kinase (PKG), cGMP-binding 

phosphodiestarases, cGMP-regulated ion channels (Carvajal et al, 2000). PKG 

has been considered the principle mediator of cGMP-induced vasorelaxation 

whereas the role of the other two receptors in cGMP-induced relaxation has not 

been evaluated (Carvajal et al., 2000). There are two mechanisms by which 

cGMP might induce vasorelaxation; either by lowering cytosolic Ca+2 ([Ca+2]0 

levels or reducing the sensitivity of contractile systems to Ca+2 (Carvajal et al., 

2000; Cary and Marietta, 2001). Although the mechanisms by which cGMP
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reduce cytosolic Ca+2 are complex and not well understood, an important role of 

PKG in mediating this action has been proposed (Lincoln et al, 1994; Carvajal et 

al, 2000). PKG has been reported to regulate several pathways that control 

cytosolic Ca+2 levels such as inhibition of inositol triphosphate formation and 

receptor activity, activation of Ca+2 activated K + channels (K ca), and activation of 

Ca+2-ATPase pumps in the sarcoplasmic reticulum and plasma membrane 

(Lincoln et al, 1994; Carvajal et al, 2000; Cary and Marietta, 2001). The 

physiological consequence of a transient fall in cytosolic Ca+2 differs depending 

on cell types, but in SMCs, a decline in cytosolic Ca+2 results in relaxation and a 

rise causes contraction (Cary and Marietta, 2001)

In addition, cGMP, possibly through PKG, reduces the sensitivity of the 

contractile system to Ca+2; as a result SMCs contraction is not triggered even by 

supra-threshold levels of cytosolic Ca+2 (Carvajal et al, 2000).

cGMP

iofn
Intracellular cGMP recep tors

Relaxation

. . N O  CO Natriuretic peptide

N0 o cou
%

Figure 1.5. cGMP generation and action (adapted from Carvajal et al., 2000).
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1.10.1 CO and sGC/cGMP pathway

More than fifteen years ago, the possible role of the sGC/cGMP pathway as a 

mediator for the effect of CO was suggested, but it was in platelets rather than in 

blood vessels (Brune and Ullrich, 1988). Later on, several studies established the 

role of sGC as a mediator of CO-induced vasorelaxation (Wang et al., 1998; 

Morse et al., 2002; Nakatsu et al., 2002; Ndisang et al., 2004). Isolated blood 

vessel preparations were used in some laboratories to assess the vasorelaxing 

effect of CO and measure the effects of sGC pathway inhibitors such as 

methylene blue and lH-[l,2,4]oxadiazole[4,3-a]quinoxaline-l-One (ODQ) on 

CO-induced vasorelaxation. The direct stimulating effect of CO on cGMP 

production in vascular tissue and cultured vascular cells was also investigated. In 

the early1990s, Furchgott and co-workers reported that CO produced endothelium 

independent vasorelaxation of rabbit aortic rings (Furchgott and Jothianandan, 

1991). That CO-induced vasorelaxation was associated with an increase in cGMP 

levels. Therefore, they concluded that CO elicited vasorelaxation as a result of its 

stimulation of sGC (Furchgott and Jothianandan, 1991). It is worth noting that the 

CO-induced vasorelaxation was much lower than that induced by NO. Later on, 

the effect of the sGC inhibitor, ODQ, on relaxation of rabbit aortic rings by CO 

was examined (Hussain et al., 1997). ODQ at a concentration of 10 pM 

completely inhibited the CO-induced vasorelaxation, whereas only partial 

attenuation of NO-induced vasorelaxation was achieved by the same 

concentration of ODQ. The authors concluded that CO-elicited relaxation of 

rabbit aortic artery is mediated by activation of the sGC/cGMP pathway (Hussain 

et al., 1997). In another study, the same concentration of ODQ completely 

inhibited the vasorelaxing effects of both CO and NO on mesenteric artery and
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pulmonary artery and vein of newborn piglets (Villamor et al., 2000). 

Interestingly, the age dependant change in the effect of CO on pulmonary artery, 

mentioned in a previous section (page 47), was attributed to increase in 

phosphodiesterase, the cGMP degrading enzyme, activity during the first days of 

extrauterine life (Villamor et al., 2000). It was reported that CO, endogenously 

generated from HO-1 over expression or exogenously applied, substantially 

increased cGMP production in an aortic ring extract (Sammut et al., 1998). 

Another piece of evidence for the role of cGMP was provided by Motterlini’s 

group, who investigated the effect of HO-1 expression on blood pressure in vivo 

(Motterlini et al., 1998). They observed that infusion of vasoconstrictor agents 

that caused acute and significant elevation in rat blood pressure at five days after 

catheter implantation, failed to induce any change when introduced one day after 

surgery (Motterlini et al., 1998). The suppression of a hypertensive response 

observed one day after surgery was associated with significant expression of HO- 

1 in aorta, liver and heart as well as a rise in CO formation and cGMP levels. Pre

treatment of the rats with HO inhibitors significantly lowered CO and cGMP 

levels and totally restored the acute hypertensive response (Motterlini et al.,

1998). In another study Morita and co-workers showed that CO derived from 

vascular SMC has paracrine effects on endothelial cells under hypoxic conditions 

(Morita and Kourembanas 1996). It caused a fourfold increase in endothelium 

cGMP formation, and inhibition of HO production or scavenging CO prevented 

the rise in cGMP production (Morita and Kourembanas 1996). Hypoxia, which 

has a profound effect on vessel tone, significantly increased HO-1 expression and 

activity in rat aortic and pulmonary artery smooth muscle cells (Morita et al., 

1995). This rise in HO-1 production was associated with similar elevation of
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cGMP levels and this elevation of cGMP levels was completely inhibited in the 

presence of tin protoporphyrin, an HO inhibitor, or haemoglobin, a scavenger of 

CO. In contrast, NO had no effect on cGMP production. Taken together these 

results show that CO may regulate vascular tone under physiological and 

pathological conditions, such as hypoxia, and this effect is largely mediated 

through cGMP activation (Morita et al., 1995).

On the other hand, Suematsu and colleagues, who studied the role of 

endogenously produced CO in modulating sinusoidal tone in liver perfusate, 

hypothesised that CO-induced vasorelaxation in sinusoids was possibly due to 

cGMP-independent mechanisms (Suematsu et al., 1995). Two main findings 

supported their hypothesis: firstly, the minimum concentration of CO which was 

needed to induce a significant rise in cGMP levels in cultured Ito cells was at least 

100 times higher than that detected in the effluent of the control perfusate liver. 

Secondly, 8-bromo-cGMP, the cGMP analogue, reversed only 60 % of 

vasoconstriction induced by the HO inhibitor Zn PP. Therefore, they suggested a 

possible role of potassium channels (K+) in mediating the vasorelaxing properties 

of CO (Suematsu et al., 1995). Cerebral circulation has provided other examples 

of the controversy about the role of cGMP in mediating the vasorelaxing 

properties of CO. It was reported that piglet’s pial arteriolar dilatation to CO was 

completely reversed by ODQ but CO did not increase cGMP. And because the 

minimal level of cGMP analogue restored the vasorelaxing effect of CO after 

inhibition with ODQ, it was concluded that a certain threshold level of cGMP is 

necessary to allow CO to increase Kq* channel activity to induce dilatation 

(Koneru and Leffler, 2004). In dog cerebral artery segments, the CO-induced 

relaxation was reduced in the presence of ODQ or TEA, the non selective K+
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inhibitor. Neither ODQ nor TEA completely inhibited the vasorelaxing effect of 

CO and there was no additive effect when ODQ and TEA were administered 

together (Komuro et al, 2001). The role of cGMP in mediating the vasorelaxing 

properties of CO in mesenteric arterioles varies according to the source of CO 

(Naik and Walker, 2003). Both HO derived and exogenous CO elicited 

concentration dependent vasorelaxation of chronically hypoxic superior 

mesenteric arterioles. However, endogenous CO-induced vasorelaxation was not 

altered in the presence of ODQ whereas the vasodilatation induced by external 

CO was almost completely reversed by the same concentration of ODQ. 

Therefore it was suggested that the vasodilatory response of superior mesenteric 

arterioles to endogenous CO is possibly mediated by cGMP independent 

mechanisms (Naik and Walker, 2003). Similarly, Coceani and colleagues, who 

investigated the effect of CO on lamb ductus arteriosus concluded that the primary 

action of CO in ductus arteriosus is not mediated by sGC/cGMP pathway and that 

the sGC/cGMP pathway may only have an accessory role in the relaxation to CO 

(Coceani et al, 1996). Instead they emphasized the importance of cytochrome 

P450-based mono-oxygenase reaction as a target for CO activity in the lamb 

ductus arteriosus (Coceani et al, 1996).

In summary, it appears that cGMP plays an important role in mediating the 

vasorelaxing properties of CO on at least some blood vessels (Nakatsu et al,

2002). The correlation between CO and cGMP levels seems to be clearer in larger 

vessels than smaller vessels, which tend to be more independent of cGMP 

(Nakatsu et al, 2002).

1.10.2 Benzyl indazole derivative (YC-1) and CO

The degree of purified sGC enzyme activation in vitro differs significantly in
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response to NO and CO (Stone and Marietta, 1994; Friebe et al, 1996). It has 

been shown that CO induced about a 4-5-fold rise in sGC activity while NO 

induces a 100- 400-fold increase (Stone and Marietta, 1994; Friebe et al., 1996). 

In addition, several studies have documented that CO has lower potency 

compared to NO in relaxing blood vessels (Furchgott and Jothianandan, 1991; 

Brian et al, 1994). Therefore, the hypothesis that endogenous CO can play a role 

similar to that of NO in regulating vascular tone has been questioned (Brian et al, 

1994; Hartsfield et al, 2002; Nakatsu et al, 2002). However, these criticisms 

have been muted by the demonstration that in the presence of YC-1, CO is 

capable of stimulating purified sGC to a degree similar to NO (Friebe et al., 1996; 

Stone and Marietta, 1998). YC-1 is an NO and CO-independent activator of sGC 

activity (Friebe et al, 1996). It induced around 12-fold increase in purified sGC 

activity. In the presence of YC-1, the stimulatory effect of CO was potentiated 

enormously, and CO was capable of stimulating sGC 106-fold which is similar to 

levels induced by NO (Friebe et al, 1996). Consistent with these results, it was 

reported that YC-1 potentiated CO-induced relaxation of rat aortic strips by 

around 10 times (McLaughlin et al, 2000). Therefore McLaughlin and colleagues 

hypothesised that should an endogenous compound exist with similar properties 

to that of YC-1, then the vasoactivity of CO in the presence of this factor would 

be increased, and CO could have a role in the regulation of vascular tone 

comparable to that of NO (McLaughlin et al, 2000). This conclusion has been 

shared by Friebe and colleagues, who proposed that the existence of an 

endogenous YC-1-like substance that is expressed in a cell or tissue specific 

manner might explain the controversy about the role of cGMP in mediating the 

vasorelaxing properties of CO. Depending on the presence or absence of such an
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endogenous modulator, CO would display high or low level sGC-activating 

properties (Friebe et al, 1996).

1.11 CO and K+ Channels

An introduction to potassium (K+) channels physiology will be presented in the 

next section followed by thorough analysis of the interaction between CO and K+ 

channels.

1.11.1 K* channels

K+ channels are groups of integral membrane proteins that selectively transport 

K+ ions across the cell membrane (Kom and Trapani, 2005). They have been 

found in all mammalian cells and have diverse functions in both excitable and non 

excitable cells. In fact K+ channels are more sophisticated than any other ion 

channel super family found in the mammalian cells (Cao et al., 2002). In arterial 

smooth muscle cells almost every physiological vasoconstrictor and vasodilator 

has been shown to modulate one type or another of K+ channels (Standen and 

Quayle, 1998). In general most vasoconstrictors and vasodilators have multiple 

pathways of action and, among these pathways; K+ channels contribute to regulate 

membrane potential and vascular contractile tone (Standen and Quayle, 1998). It 

is well known that activation of K+ channels in arterial smooth muscle cells 

(SMCs) induces vasodilatation and lowers blood pressure, whereas inhibition of 

these channels leads to vasoconstriction (Figure 1.6) (Nelson et al., 1990; Sobey 

et al, 2001). At least four K+ channel subgroups have been identified in vascular 

SMCs (Nelson and Quayle, 1995; Standen and Quayle, 1998; Cao et al, 2002; 

Korovkina and England, 2002b; Jackson et al, 2005): The first one is calcium 

(Ca2+) activated K + channels (K ca) which respond to changes in intracellular Ca2+ 

to regulate intrinsic tone in small arteries (Brayden and Nelson, 1992). It has been
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proposed that any rise in intravascular pressure, through cell membrane 

depolarization and elevation of intracellular Ca activates Kca channels. 

Activation of Kca channels leads to K+ efflux, which counteracts membrane 

depolarization and vasoconstriction (Brayden and Nelson, 1992). Kca channels are 

divided into three groups: big conductance (B K ca), intermediate conductance 

(IK ca) and small conductance (S K ca) channels (Brayden and Nelson, 1992). The 

second K+ channel subgroup is voltage-dependant K+ (Kv) channels which 

respond to depolarization stimuli (Cao et al., 2002). Activation of Kv channels 

causes efflux of K+ ions, which leads to membrane hyperpolarization and 

maintains the resting membrane potential at -40 to - 60 mV under physiological 

conditions (Cao et al., 2002). The third subgroup is inward rectifier K+ (Kir) 

channels which appear to mediate external K+-induced hyper polarization and 

dilatation of resistance arteries (Nelson and Quayle, 1995). Finally the fourth 

subgroup is ATP sensitive K + (K Atp) channels which is sensitive to some 

molecules produced from cellular energy metabolism (Zhuo et al., 2005). Among 

these molecules, adenosine triphosphate (ATP) and adenosine diophosphate 

(ADP) are the most common. The decrease of intracellular ATP leads to opening 

of the K Atp channels, which will induce vasodilatation and increase blood flow 

into organs (Zhuo et al., 2005).

BKca and Kv channels are the most prevalent K+ in vascular SMCs (Korovkina 

and England, 2002a; Korovkina and England, 2002b). In arterial smooth muscle 

cells which contain Kir, Kv, Kca, and K At p  channels, the approximate number of 

channels per cell range from around 100-500 per cell for Kir and K At p , up to 

1000-10000 Kca, and Kv channels per cell (Nelson and Quayle, 1995).

The role of K+ channels in endothelial cells (EC) is not as well understood as that
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in SMCs (Coleman et al, 2 0 0 4 ). Kca, Kv, K Atp and Kir channels have all been 

identified in endothelial cells (Coleman et al, 2 0 0 4 ). In contrast to SMCs, IKca 

and SKca are abundant in EC and it appears that these channels play essential 

roles in production of endothelium-derived hyperpolarizing factor (EDHF) which 

travels through myoendothelial gap junctions to SMCs to induce 

hyperpolarization and vasorelaxation (Coleman et al, 20 0 4 ).

K+ C h a n n e l  K + C h a n n e l
A c t i v a t i o n  I n h i b i t i o n

V a s o d i l a t a t i o n V a s o c o n s t r i c t i o n

Figure 1.6. Schematic illustration of the key events involved in the vascular 
smooth muscle response to K+ channel activation (left) or inhibition (right) 
(adapted from Sobey et al., 2001).

1.11.2 Interaction between CO and IC channels

Ten years ago Suematsu and co-workers, hypothesised that cGMP-independent 

mechanisms might be involved in mediating the CO-induced vasorelaxation in 

hepatic sinusoids (Suematsu et al, 1995). They anticipated that K+channels were 

possible cellular targets for CO in hepatic microcirculation and supported their 

view by a number of studies which demonstrated the interaction between CO and
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K+ in non vascular tissue such as corneal epithelial and intestinal smooth muscle 

cells (Rattan and Chakder, 1993; Rich et al., 1994; Suematsu et al., 1995). Later 

on, several studies have demonstrated the involvement of K+ channels subgroups 

in mediating CO-induced vasorelaxation. Among these subgroups, BKca has been 

considered as the most probable cellular target of CO. The role of each subgroup, 

especially Kca channels, in mediating the vasorelaxing effect of CO will be 

discussed in the following sections.

1.11.3 Modulation o fK c a  channels by CO

In experiments conducted on rat tail artery, CO-induced vasorelaxation of 

precontracted isolated rings was partially inhibited by charybdotoxin, the BKca 

channels inhibitor, or ODQ, the sGC inhibitor (Wang et al., 1997a). In contrast, 

apamine, a SKca channel blocker, failed to alter the vasorelaxing effect of CO. 

When both BKca and sGC were blocked, the CO-induced vasorelaxation was 

completely reversed. Thus, the authors concluded that CO may activate both B K c a 

chnnels and cGMP signalling pathway in the same vascular tissue (Wang et al., 

1997a). In another study, run by the same group, the direct effect of CO on the 

activity of Kca channels in isolated single SMCs of rat tail arteries was examined 

in vitro (Wang et al., 1997b). At 10 pM, CO hyperpolarised isolated SMCs from - 

62 to -84 mV. Additionally, CO (10 pM) enhanced whole-cell outward K + 

channel currents and this was reversed quickly after removal of CO from the 

solution. At the same concentration, CO increased the open probability of B K c a 

channels by around 183 %, and this effect was antagonized by charybdotoxin but 

not apamine (Wang et al., 1997b). Although CO did not increase the resting levels 

of intracellular free calcium concentration ([Ca+2]j), it significantly enhanced the 

calcium sensitivity of single BKca channels in SMCs which correlates with
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increased open probability of these channels (Wang et al., 1997b). The absence of 

GTP and cGMP dependant protein kinase in the recording solutions excluded the 

role of cGMP in mediating the effect of CO on BKca. Therefore it was 

hypothesised that CO can directly affect B K c a by increasing its sensitivity to 

([Ca+2]i) (Wang et al., 1997b). A similar conclusion was reached by another group 

who investigated the effect of CO on Kca channels in newborn porcine cerebral 

arterioles SMCs (Xi et al., 2004).

In addition to systemic circulation, BKca has been shown to mediate CO-induced 

vasorelaxation in pulmonary circulation (Dubuis et al, 2005). Continous 

inhalation of low concentrations of exogenous CO, attenuated the development of 

hypoxic pulmonary artery hypertension in vivo, and increased the sensitivity of 

BKca channels to intracellular Ca2+ in pulmonary artery myocytes in vitro. The 

enhancement of BKca sensitivity to Ca2+ increased the activity of BKca which in 

turn decreased membrane depolarization of pulmonary artery myocytes induced 

by chronic hypoxia (Dubuis et al., 2005). Because a hallmark of pulmonary artery 

hypertension is a sustained pulmonary artery vasoconstriction via depolarization 

of pulmonary artery myocytes, it was suggested that chronic inhalation of low 

concentrations of CO attenuates hypoxic pulmonary artery hypertension 

development presumably through activation of BKca channels (Dubuis et al., 

2005).

Kca channels have been shown not only to mediate exogenously applied CO- 

induced vasorelaxation but also the endogenously produced gas (Naik and Walker

2003). HO-derived CO induced a dose dependant vasodilatory response of 

isolated mesenteric arterioles from chronically hypoxic rats that was nearly 

eliminated in the presence of iberiotoxin, the BKca channels inhibitor, but not by

60



i£ k ___________________________________________________________________ INTRODUCTION

the cGMP inhibitor, ODQ (Naik and Walker 2003). In addition, endogenously 

produced CO hyperpolarized vascular SMC membrane potential of mesenteric 

arteriolar strips and this effect was also inhibited by iberiotoxin. Therefore it is 

sensible to conclude that within mesenteric circulation, the vasodilatory response 

to endogenous CO involves cGMP-independent activation of BKca (Naik and 

Walker, 2003).

It has been hypothesised that the gating of BKca is under the influence of different 

amino acid residues, and the interaction between CO and certain amino acid 

residues, such as histidine, might be responsible for the activation of BKca 

channels by CO (Wang and Wu, 1997; Wang et al., 1998; Jaggar et al, 2005). It 

appears that NO and CO act on different amino acid residues of BKca channel 

proteins of vascular SMCs and the interaction between NO and CO might 

determine the functional status of BKca channels (Wang and Wu 2003).

1.11.4 Modulation o fS K c a  and K a t p  channels by CO

Small conductance K + channels (S K ca) and ATP sensitive K + channels ( K a t p )  

have been involved in mediating the coronary vasodilatation in isolated perfused 

hearts of rats exposed to one week of high CO concentration (Barbe et al., 2002c). 

CO induced vasodilatation of coronary arteries was inhibited by apamine, the 

inhibitor of S K c a , and glibenclamide, a K At p  channel blocker, but not by 

methylene blue, an sGG inhibitor. In addition chronic exposure to CO induced 

hyperpolarization of coronary artery rings. Therefore it was concluded that CO- 

induced vasodilatation of coronary arteries is mediated by cGMP independent 

activation of SKca and K At p  (Barbe et al., 2002c).

1.11.5 Modulation of K y  channels by CO

Voltage dependant K + channel (K y )  current was activated in coronary vascular
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SMCs of rats submitted to three weeks of CO exposure (Barbe et al., 2002b). 

Chronic exposure to CO hyperpolarized isolated coronary artery myocytes in vitro 

and enhanced coronary blood flow ex vivo. Although the connection between 

these actions has not been established, these results point toward a possible role of 

Kv channels in mediating CO-induced coronary vasodilatation (Barbe et al., 

2002b).

1.12 Other Possible Mediators of CO-induced Vasorelaxation

Inhibition of the cytochrome P-450 enzyme pathway, which produces a number of 

vasoconstrictor metabolites, has been presumed as one of the mechanisms by 

which CO mediates its vasorelaxing effects particularly in lamb ductus arteriosus 

(Coceani et al., 1984; Coceani et a., 1988; Coceani et al., 1996). However, the 

role of cytochrome P-450 enzymes pathways in mediating CO-induced 

vasorelaxation was ruled out in rat aortic artery (Wang et al., 1997a; Wang et al., 

1998).

In addition to the previous mechanisms, there are other cellular targets which 

might be involved in CO-induced vasorelaxation. These cellular pathways include 

calcium (Ca2+) channels, voltage-gated Na+ channels, Na+/K+ ATPase and cAMP 

pathway (Wang et al., 1998; Zhao et al., 2002). However, the importance of 

these mechanisms in mediating CO-induced vasorelaxation is controversial and 

many studies are needed to extend our understanding of their roles (Wang et al., 

1998; Zhao et al., 2002).

1.13 Comparative Properties of CO and NO

Both NO and CO share similar properties (Hartsfield et al., 2002). As gases, NO 

and CO have similar solubility in water (2.6 mL/lOOmL and 4.7 mL/100 ml at 20
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°C) and molecular mass (28.01 and 30.01) respectively (Foresti and Motterlini, 

1999; Hartsfield et al., 2002). Both NO and CO are generated from the vascular 

wall via the constitutive and inducible forms of NOS or HO enzymes respectively. 

Both induced vasorelaxation and activate sGC (Foresti and Motterlini, 1999; 

Hartsfield et al, 2002). On the other hand, remarkable differences between CO 

and NO do exist. NO is a free radical and can react with oxygen derived radicals 

to produce toxic free radicals (Maines et al., 1997; Marks et al., 2002a). In 

contrast, CO is not a free radical and therefore cannot induce tissue damage 

associated with inflammation or cytotoxicity to invading pathogen that is elicited 

by free radical species (Maines et al., 1997). NO is very labile, with a biological 

half life of seconds, whereas CO is very stable and highly resistant to 

transformation (Johnson et al., 1999). Unlike NO which binds to both ferrous and 

ferric haemoproteins, CO binds only to ferrous haem (Durante and Schafer, 1998). 

Therefore, CO can work as a more stable and selective signalling molecule 

(Durante and Schafer, 1998).

NO, CO, and O2  differ in their relative affinity for haem (Maines et al, 1997). 

CO binds more firmly to haem than O2 and easily displaces it. NO has a much 

higher affinity for haem than CO and replaces CO from its linkage with haem 

(Maines et al., 1997). In addition the dissociation rate of NO from haemoglobin is 

slower than that of CO. Therefore the affinity of NO to haemoglobin is around 

1500 times that of CO (Foresti and Motterlini, 1999). Interestingly, the affinity of 

CO to haem is enhanced by up to 15 times in the presence of NO (Maines et al., 

1997). In general, the capacity of mammalian tissue to produce CO is high, and in 

some organs such as the brain it is much higher than the NO-generating capacity 

(Maines et al., 1997). Therefore CO may compete with NO for haem binding
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(Maines et al., 1997; Wang et al., 1998).

1.13.1 Interaction between CO and NO

Although much is known about the NO and CO production pathways, how these 

systems interact is less understood (Hartsfield et al., 2002). A number of studies 

have reported the inhibitory effect of HO on NO production (White and Marietta, 

1992; Chakder et al., 1996; Turcanuet al., 1998; Cavicchi et al., 2000). HO can 

decrease NO production by different mechanisms (Maines et al., 1997). Firstly, 

because NOS is a haemoprotein, HO may accelerate catabolism of newly 

synthesised haem and impair the production of NOS. Secondly, NOS is a 

haemoprotein of the cytochrome P-450 type, which is a substrate for HO, hence 

any increase in HO activity would be expected to accelerate the turnover rate of 

NOS. Thirdly, both NOS and HO systems require NADPH as cofactor, and 

reduction of biliverdin to bilirubin also utilizes NAPDH, thus the competition 

would favour the HO system (Maines et al., 1997). CO, at high concentration, 

seems to inhibit NOS activity and NO generation whereas at lower concentrations 

it might induce NO release from the intracellular pool (Thorup et al., 1999).

NO has been shown both to reduce and enhance HO activity (Willis et al., 1995; 

Motterlini et al., 1996). It was reported that both NO donors, and NOS activation, 

augmented HO activity of porcine aortic endothelial cells by various degrees 

(Motterlini et al., 1996). These findings have been supported by other studies 

establishing the stimulatory effect of NO and NO donors on HO production 

(Foresti et al., 2002; Hartsfield et al., 2002). On the other hand, NO donor sodium 

nitroprusside has been shown to reduce haem HO activity in rat brain and spleen 

(Willis et al., 1995). Additionally, the NO donor, molsidomine attenuated the 

accumulation of HO-1 mRNA and protein and the rise in HO activity after
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haemorrhagic shock in rat liver (Hoetzel et al., 2001). The mechanisms 

underlying the modulation of HO by NO are still unclear, and it seems that the 

discrepancy between studies depends on the cellular concentration of HO versus 

NOS, which particular HO isoforms are present, and distinct characteristics of the 

various NO donors used in these studies (Hartsfield et al., 2002).

1.13.2 NO and CO and regulation of vascular tone

To date there is no unifying hypothesis explaining the role played by these two 

gases in regulating vascular tone. For example Morita and colleagues has 

hypothesised that, in normal vasculature, the basal production of CO might be 

lower than NO, and CO is a less potent vasodilator than NO (Morita and 

Kourembanas, 1996). Therefore NO, not CO, might be the predominant regulator 

of vascular integrity under based conditions. However, once endothelial NO 

production is impaired for any reasons, such as hypoxia, vascular SMC-derived 

CO may take over as the important regulator of vascular tone (Morita and 

Kourembanas, 1996). This hypothesis does not fit with the speculations of 

Wang’s group who attempted to explain the coordination between NO and CO in 

vascular tissue differently (Wang et al., 1998). They have hypothesised that 

endothelium derived NO relaxes vascular SMC in a transient and fast reacting 

way, while SMC-derived CO exerts an autocrine and (or) paracrine vascular effect 

to provide long lasting effects. They have assumed that under certain 

physiological or pathophysiological conditions, both gases may cooperate 

together to coordinate the fine tuning of vascular tone. The long acting CO might 

set a basal level of vascular tone, which can be transiently amplified by a brief 

surge of NO. However under other conditions, such as hypoxia, one gas may 

prevail over the other (Wang et al., 1998).
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Foresti and co-workers have brought together these hypothesises by presuming 

that HO/CO and NOS/NO cooperation to maintain cellular haemostasis depends 

on the localization and the physiological or pathophysiological condition being 

considered (Foresti and Motterlini, 1999). Importantly, under certain situations, 

one enzymatic pathway might counter-regulate, compensate or prevail over the 

other (Foresti and Motterlini, 1999).

HO-2

Displaces
L-Arginii

Hem oproteins
HEME
DEGRADATION

Binds HEM E

CO Biliverdin — ► Bilirubin 

FE2+

Figure 1.7. Schematic of the potential regulatory interactions between 
HO/CO and NOS/NO systems(adapted from Hartsfield et al., 2002)
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1.14 Carbon Monoxide Releasing Molecules (CO-RMs)

At present four different approaches have been proposed for examining the 

therapeutic potential of CO (Clark et al, 2003): (1) overexpression of HO gene by 

targeted gene transfer (Abraham et al, 2003); (2) direct administration of CO gas 

(Thiemermann et al, 2001; Otterbein et al, 2002);(3) use of prodrugs, such as 

methylene chloride, that are catabolized largely by hepatic enzymes to generate 

CO (Chauveau et a l , 2002); and (4) transport and delivery of CO by means of 

specific CO carriers (Motterlini et al, 2002a; Motterlini et al, 2003). 

Overexpression of HO gene undoubtedly will increase endogenous CO 

generation but unfortunately it will inevitably be associated with over production 

of biliverdin and iron. Direct inhalation of CO, although it has been shown to have 

therapeutic potential, might have problems related to the systemic effects of CO 

on oxygen transport and delivery (Piantadosi et al, 2002; Thiemermann et al, 

2001). Additionally, the therapeutic use of gas mixtures has significant limitations 

such as the difficulty of storing and delivering CO in a controlled and directed 

way (Motterlini et al, 2005). Methylene chloride (MC) is a prodrug which is 

degraded by cytochrome P450 pathway abundant in hepatocytes, to produce CO 

gas (Chauveau et al, 2002). CO produced from methylene degradation has been 

implicated in inhibiting chronic allogeneic aorta rejection, therefore MC therapy 

has been proposed as a new pharmacological approach for CO delivery (Chauveau 

et al, 2002). However, this approach has significant pitfalls. Firstly, to be 

degraded, MC requires adequate liver function which may be compromised as is 

the case during haemorrhagic shock (Chauveau et al, 2002; Chatteijee et al,

2004). Secondly, at low concentration MC degradation appears to be carcinogenic 

in rodents, and at high concentration MC might have carcinogenic effect on
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human (Chauveau et al., 2002). Thirdly, in addition to CO, MC degradation 

produces also CO2  gas (Chauveau et al, 2002).

It has been hypothesised that the discovery of compounds that can carry and exert 

measurable and safe delivery of CO to biological systems undoubtedly would 

facilitate the development of novel pharmaceutical agents suitable for therapeutic 

applications (Motterlini et al., 2002a; Motterlini et al., 2003). This approach could 

offer significant advantages over the previously mentioned approaches (Motterlini 

et al., 2002a; Motterlini et al., 2003). Therefore, our group have focused on 

developing molecules that are capable of carrying and delivering CO under 

appropriate conditions and function as CO-releasing molecules (CO-RMs). The 

first two compounds initially identified and possessing such prerequisites were the 

carbonyl complexes manganese decarbonyl ([Mn2 (CO)io]) and 

tricarbonyldichloruthenium (II) dimer ([Ru(CO) 3  CI2 D , which have been 

subsequently termed CORM-1 and CORM-2, respectively (Motterlini et al., 

2001; Motterlini et al., 2003). A special myoglobin assay designed by Dr 

Motterlini, has proved the ability of these molecules to release measurable and 

controlled levels of CO (Motterlini et al., 2003). Both compounds could convert 

deoxymyoglobin to carboxyhaemoglobin, which indicates that CO was liberated 

from these metal carbonyls. Furthermore, both compounds exerted effects that are 

similar to those mediated by CO gas, including vasorelaxation, attenuation of 

coronary vasoconstriction and suppression of acute hypertension (Motterlini et al., 

2002a; Motterlini et al., 2003). However, these CO-RMs have significant 

drawbacks. Both are soluble only in organic solvent such as DMSO, and CORM-1 

requires light to induce CO donation (Motterlini et al., 2002a; Motterlini et al.,

2003).
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Subsequently, our group made additional progress by synthesising the first 

prototype of a water soluble CO-RM, which was achieved primarily to overcome 

the solubility problems of CORM-1 and CORM-2 (Motterlini et al, 2002b; Clark 

et al, 2003; Motterlini et al, 2003). This compound, 

tricarbonylchloro(glycinato)ruthenium(II), which has been termed CORM-3, 

could be obtained by coordinating the amino acid glycine onto a metal center 

(Motterlini et al, 2002b; Clark et al, 2003; Motterlini et al, 2003). In vitro, ex 

vivo, and in vivo experimental models have demonstrated that CORM-3 can 

rapidly release CO in biological models (Motterlini et al, 2003). Over the last few 

years, CORM-3 has been shown to have many beneficial effects similar to those 

mediated by CO in different experimental models. CORM-3 protected myocardial 

tissues against ischaemia reperfusion injury both ex vivo and in vivo and 

prolonged the survival of cardiac allografts in rats (Clark et al, 2003; Guo et al,

2004). Additionally, CORM-3 protected against cisplatin induced nephrotoxicity 

(in press) and attenuated the inflammatory response elicited by lipopolysaccaride 

in vitro (Sawle et al, 2005b).

In their unrelenting search for compounds that could be safely used as CO-RMs 

in biological systems and eventually as therapeutic agents, our group has 

identified sodium boranocarbonate Na2[HsBC02], later termed CORM-A1, as a 

new water soluble compound that can spontaneously liberate controllable and 

measurable amounts of CO in aqueous solution (Motterlini et al, 2005). Unlike 

CORM-3, CORM-A1 does not contain a transition metal, and its rate of CO 

release, estimated by myoglobin assay, is slower than that of CORM-3. It is worth 

notice that our group has introduced a new amperometric CO sensor, as a novel 

approach for measuring CO liberated from CO-RMs. The slow pattern of CO loss
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from CORM-A1, estimated by myoglobin assay, was confirmed by this CO 

sensor (Motterlini et al., 2005). The differences between CORM-3 and CORM- 

A l, in terms of chemical structure and kinetic of CO liberation, have tempted us 

to further investigate their possible impacts on the pharmacological effects of both 

molecules.

Later on our group has identified a new water soluble CO-releasing molecules, 

with different chemical structure. ([Fe(CO)4 (T|3-C3H4 Me)]BF4 ), which has been 

designated as CORM-319, is an iron containing metal carbonyl molecule, that 

can release CO spontaneously in aqueous solutions (unpublished data from our 

group).

We believe that the identification of new chemicals that can carry and release 

CO may provide significant information for optimizing therapies based on the use 

of this gaseous molecule. In this thesis we extend our knowledge on the 

bioactivity of CO-RMs in vascular tissue by analyzing the vasorelaxing and 

cytotoxic properties of the CO-RMs mentioned above. In addition, a detailed 

comparison between the possible cellular targets of CORM-A1 and CORM-3, 

molecules is also presented.
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1.15 Hypothesis

The hypothesis being tested is whether the CO released from CORM-3, CORM- 

A l, and CORM-319 can induce vasorelaxation of aortic arteries, and to see 

whether the vasorelaxing properties of CORM-3 and CORM-A1, like that of CO 

gas, are mediated by activation of BKca channels and the sGC/cGMP pathway.

1.16 AIMS

The aims of this project are:

• To study the ability of CORM-3, CORM-A1, and CORM-319, to 

spontaneously release CO in a safe and measured way that can induce 

controllable vasorelaxation in precontracted isolated aortic rings.

• To study the cellular mechanisms mediating the vasorelaxing properties of 

CORM-3 and CORM-A1, and to assess the effect imposed by their 

different pattern of CO release on their pharmacological activities.

• To assess the cytotoxic effects of CORM-3, CORM-A1, and CORM-319 

on aortic artery SMCs in vitro.

• To investigate the effect imposed by a small difference in the chemical 

structure of different iron-containing CO-RMs on their vascular activity 

and cytotoxicity in vitro.
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2 Materials and Methods
2.1 Synthesis of Solutions

2.1.1 Synthesis of tricarbonylchloro(glycinato) ruthenium(II) (CORM-3)

Tricarbonylchloro(glycinato)ruthenium(II) ([Ru(CO)3Cl(glycinate)] or CORM-3 

was synthesized as previously described (Clark et al., 2003). CORM-3 was stored 

in closed vials at -20°C and used freshly on the day of the experiments by 

dissolving the compound in distilled water. Inactive CORM-3 (iCORM-3) was 

obtained by leaving CORM-3 in Krebs-Henseleit buffer overnight at room 

temperature. This treatment produced a compound that does not release CO and, 

therefore iCORM-3 was used as negative control for CORM-3 as already reported 

(Clark et al, 2003). Approximately 1 mol of CO per mol of CORM-3 is liberated 

within 10 min after addition to Krebs Henseleit buffer (Clark et al., 2003; Foresti 

et al, 2004). Throughout our project different batches of CORM-3 with the same 

chemical structure but with little difference in their rate of CO release have been 

used.

2.1.2 Synthesis of sodium boranocarbonate (NailHsBCOz]) (CORM-A1) 

CORM-A1 was prepared as previously described by Alberto and co-workers 

(Alberto et al, 2001). Stock solutions of CORM-A1 were freshly prepared before 

the experiments by dissolving the compounds in pure distilled water. It has been 

noticed that acidic pHs significantly accelerate the spontaneous release of CO 

from CORM-A1 (Motterlini et al, 2005). We therefore took advantage of this 

specific property of CORM-A1 and generated an inactive form (iCORM-Al) to 

be used as negative control by initially dissolving CORM-A1 in 0.1 M HC1 and 

then bubbling pure N2  through the solution for 10 min in order to remove the 

residual CO gas. The solution of iCORM-Al was finally adjusted to pH=7.4 and
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tested with the myoglobin assay prior to experiments to verify its inability to 

liberate CO (Motterlini et al, 2005). At pH 7.4 and room temperature the tm  of 

CO release from CORM-A1, assessed by myoglobin assay and amperometric 

sensor, was 21 min (Motterlini et al., 2005).

2.1.3 Synthesis ofCORM-319 ([Fe(COMTf-C3 H4 Me)]BF4)

This compound was prepared using a method previously described (Dieter et al, 

1981; Enders et al., 2001). A stock solution of CORM-319 was prepared freshly 

on the day of experiment and used within one min to preparation. When the rate 

of CO release from CORM-319 was assessed using myoglobin assay it was shown 

to be relatively slow (t\n 22 min) but it was faster (ti/2  1-2 min) when assessed 

using amperometric CO sensor (unpublished data from our group). One mol of 

CO is approximately released by each molecule of CORM-319. CORM-319 is 

rapidly dissociated in distilled water (within 5 min). The inactive form (iCORM- 

319) was prepared by leaving the CORM-319 in distilled water overnight. This 

treatment produced a compound that does not release CO when assessed by 

myoglobin assay (unpublished data from our group).

2.1.4 Synthesis ofCORM-307 ([Fe(CO)3 l(rf-C}H5)])

CORM-307 was synthesised as previously described (Nesmeyanov et al., 1968). 

CORM-307 was dissolved in DMSO and used freshly on the day of experiment. 

When assessed by myoglobin assay, CORM-307 was found to release CO very 

rapidly (ti/2  ~l-2 min) and approximately one mole of CO is released by one mole 

of CORM-307 (unpublished data from our group). The inactive form (iCORM- 

307), which does not release CO and was used as negative control, was prepared 

in DMSO solution and left at least for 48 h to decompose. The iCORM-307 

solution was finally bubbled with a stream of nitrogen to remove any residual CO
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present in the solution (unpublished data from our group).

2.1.5 Synthesis of CORM-308 ([Fe(CO)iBr(rf -C3 H5 )])

CORM-308 was synthesised as previously described (Murdoch et al., 2004). 

CORM-308 was dissolved in DMSO and used freshly on the day of experiment. 

When assessed by myoglobin assay, CORM-308 was found to release CO rapidly 

(ti/2  ~5 min) and approximately one mol of CO is released by one mol of CORM- 

308 (unpublished data from our group). The inactive form (iCORM-308), which 

does not release CO and was used as negative control, was prepared in DMSO 

solution and left at least for 48 h to decompose. The iCORM-308 solution was 

finally bubbled with a stream of nitrogen to remove any residual CO present in the 

solution (unpublished data from our group).

2.1.6 Synthesis ofCORM-314 ([Fe(CO)3 Cl(tf-C 3 Hs)])

CORM-314 was synthesised as previously described (Murdoch et al, 2004). 

CORM-314 was dissolved in DMSO and used freshly on the day of experiment. 

When assessed by myoglobin assay, CORM-314 was found to release CO very 

rapidly (ti/2  ~1 min) and approximately one mol of CO is released by one mol of 

CORM-314 (unpublished data from our group). The inactive form (iCORM-314), 

which does not release CO and was used as negative control, was prepared in 

DMSO solution and left at least 48 h to decompose. The iCORM-314 solution 

was finally bubbled with a stream of nitrogen to remove any residual CO present 

in the solution (unpublished data from our group).

2.2 Preparation of Aortic Rings

Aortic rings preparation was carried out as previously described (Scott et al, 

1996; Foresti et al, 2004). Male Sprague-Dawley rats (300-400g) were killed by 

cervical dislocation and exsanguination. The thoracic aortic artery was extracted
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and immediately stored in cold Krebs Henseleit solution (4°C). After gentle 

flushing with cold Krebs Henseleit solution, the aorta from each animal was 

cleared of surrounding connective tissue and cut into four rings ~2 mm in length. 

Then the aortic rings were carefully mounted between two stainless steel wires in 

18-ml organ baths. The organic baths contained Krebs Henseleit buffer 

(composition in mM) : (NaCl 118, KC1 4.7, KH2P04 1.2, MgS04.7H20  1.2, 

NaHCOs 22, glucose 11, K+ EDTA 0.03, CaCl2 2.5) and the rings were left to 

equilibrate for 1 h before any experiments were conducted. Then the rings were 

contracted with a standard dose of KCL (110 mM) in order to provide an internal 

reference of contraction. Indomethacin (10 pM) was added to the Krebs Henseleit 

buffer to rule out prostaglandins as potential modulators of vascular tone. The 

buffer was aerated with 95% 0 2-5% C 02 and maintained at 37° C. The isolated 

blood vessels were maintained under a resting tension of 2 g. One wire was fixed 

to a metal handle and the other was attached to an isometric force transducer and a 

Grass model 7D polygraph for continuous recording of tension (Figure 2.1).

Force
transducer

Aortic ring

Krebs buffer Organ
bath

Figure 2.1. Isolated aortic ring model (from Dr Motterlini)

75



UCL MATERIALS AND METHODS

2.2.1 Aortic ring preparation group (1): vasoactive properties of CORM-3

To establish the potential vasorelaxant effects of CORM-3, aortic rings were 

precontracted with phenylephrine (1 pM) before addition of CORM-3 at different 

concentrations (25-200 pM). CORM-3 was added three times at 6-10 min 

intervals. In another experiment the response of precontracted aortic rings to one 

addition of CORM-3 (100 pM) was monitored over 1 h. Because CO gas has been 

reported to activate guanylate cyclase to increase the production of cGMP 

(Hussain et al., 1997; Nakatsu et al., 2002), additional experiments were 

conducted to examine the involvement of cGMP in the relaxation mediated by 

CORM-3. For this, aortic rings were incubated with the inhibitor of guanylate 

cyclase ODQ (10 pM) 15 min prior to addition of phenylephrine. The effect of 

CORM-3 on vascular tone was also assessed in the presence of the stimulator of 

soluble guanylate cyclase, YC-1 (1 pM), which was incubated 30 min prior to 

addition of phenylephrine. Preliminary experiments were conducted in order to 

identify the concentration of YC-1 that did not significantly affect the response of 

aortic rings to phenylephrine. Indeed, in our experimental model concentrations of 

YC-1 higher than 1 pM reduced the phenylephrine-mediated contraction by 

various degrees. To investigate the possible involvement of nitric oxide (NO) in 

the relaxation elicited by CORM-3, a separate group of experiments was 

performed by treating aortic rings with the NO synthase inhibitor NG-nitro-L- 

arginine-methyl ester (L-NAME, 100 pM) 30 min prior to addition of 

phenylephrine. Finally, CORM-3 was also tested in endothelium-denuded rings. 

For this purpose, the internal lumen of rings was subjected to gentle rubbing with 

a fine wooden stick, and failure to dilate upon addition of acetylcholine was taken 

as a proof of successful endothelium removal.
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2.2.2 Aortic ring preparation group (2): vasoactive properties of CORM-A1

To establish the potential vasorelaxant effects of CORM-A1, aortic rings were 

precontracted with phenylephrine (1 pM) before addition of the compound at 

different concentrations (40-160 pM). The extent of vasorelaxation over one hour 

was determined and compared with the effect produced by one addition of 

CORM-3 (100 pM). In another set of experiments, the inactive form (iCORM- 

A l) and sodium borohydride (NaBfLO were used as negative control to exclude 

the possibility that vasorelaxation was a non-specific effect of boron compounds 

or borate. In addition myoglobin (80 pM) was added simultaneously with CORM- 

A1 (80 pM) to verify the role of CO in mediating the vasoactivity of CORM-A1. 

Additional experiments were conducted to examine the involvement of cGMP in 

relaxation mediated by CORM-A1. For this purpose, ODQ (30 pM), an inhibitor 

of guanylate cyclase, was added simultaneously with CORM-A1 to contracted 

aortic rings. The effect of CORM-A1 on vascular tone was also assessed in the 

presence of a stimulator of soluble guanylate cyclase, YC-1 (1 pM), which was 

added 30 min before phenylephrine. To investigate the possible involvement of 

NO in the relaxation elicited by CORM-A1, a separate group of experiment was 

performed by treating aortic rings with the NO synthase inhibitor NG-nitro-L- 

arginine-methyl ester (L-NAME, 100 pM) 30 min before addition of 

phenylephrine. CORM-A1 was also tested in endothelium-denuded rings. For this, 

the internal lumen of rings was subjected to gentle rubbing with a fine wooden 

stick and failure to dilate upon addition of acetylcholine was taken as a proof of 

successful endothelium removal.
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2.2.3 Aortic ring preparation group (3): assessment of the role of K* channels 

in mediating the vasorelaxing properties of CORM-3 and CORM-A1.

Potassium (K+)channels, which comprise the most sophisticated ion channel 

superfamily in mammalian cells, play an important role in regulating vascular 

tone and mediating the action of a large number of vasoactive agents (Nelson and 

Quayle, 1995; Cao et al., 2002). K+channel inhibitors, which are invaluable for 

investigating the properties and functional role of K+ channels (Olesen et al., 

1994; Nelson and Quayle, 1995), were used to assess the involvement of different 

K+ channels subgroups in mediating the vasorelaxing properties of CORM-3 and 

CORM-A1. For this purpose transverse sections of aortic rings were prepared as 

described above and divided into six groups. Each group was treated with 

different K+ channel subgroup inhibitors for 30-60 min before contracting the 

rings with phenylephrine (1-1.5 pM) then the response of contracted rings to a 

single addition of CORM-A1 (80 pM) or three consecutive additions of CORM-3 

(100 pM) was measured over time as mentioned above. The first group was 

incubated for 60 min with 30 mM of tetraethyammonium (TEA), a nonslective K+ 

channel inhibitor which blocks K c a, K At p , and K y  channels. The second group of 

rings were pretreated with glibenclamide (GLI 10 pM), the K At p  channel inhibitor 

for 30 min, to assess the involvement of K At p  channels. The third group was 

incubated with 1 mM of 4-aminopyridine (4-AP), a selective K y  channel blocker, 

for 30 min. The fourth group was incubated for 60 min with charybdotoxin (100 

nM), the selective blocker of big conductance Ca+2 activated K+ channels ( B K c a 

channels), whereas the fifth group was incubated with apamine (100 nM), the 

selective inhibitor of small conductance Ca activated K+ channels ( S K c a 

channels). Finally, to confirm the possible involvement of both Kca channel
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subtypes in amplifying the signalling effect of CORM-3 and CORM-A1, a sixth 

group of aortic rings was incubated with both apamine (100 nM) and 

charybdotoxin (100 nM) simultaneously for 60 min before contracting the rings 

with phenylephrine.

Knowing that KC1 at high concentration might selectively block K+ channels, in a 

separate set of experiments we tested the ability of CORM-A1 and CORM-3 to 

induce vasorelaxation in high KC1 contracted rings. For this purpose, groups of 

aortic rings were maximally contracted with KC1 (110 mM) solution, and then the 

response of these rings to a single addition of CORM-A1 (80 pM) or three 

additions of CORM-3 (100 pM) was measured over time.

2.2.4 Aortic ring preparation group (4): vasoactive properties of iron- 

containing CO-RMs

The aortic rings were prepared as described above and the extent of 

vasorelaxation by a single addition of CORM319 (12.5-100pM) over one hour 

was monitored in aortic rings precontracted with phenylephrine (1 pM) and 

compared to the effect induced by iCORM-319 (100 pM), the inactive form 

which does not release CO. Similarly, the vasorelaxing properties of single 

addition of DMSO soluble CORM-307, 308 and 314 (100 pM) were also assessed 

and compared to their inactive forms (iCO-RMs). Vasodilatory response was 

expressed as a percentage of the maximum vasoconstriction induced by 

phenylephrine.

23  Cell Culture

The rat aortic smooth muscle cell line A7r5 was obtained from the European 

Collection of Cell Culture (ECCAC-UK) and was used at passages 12-20 

following supplier’s instruction (Lizard et al., 1999; Zahm et al., 2003). Cell

79



UCL MATERIALS AND METHODS

were grown and passaged in 75 mm2 plastic culture flasks in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10 % fetal bovine serum, 2 mM 

glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin, pH 7.4, in a 

humidified incubator at 37 C° with 5 % CO2 atmosphere. At 60-80 % confluence, 

which was usually reached after 5-6 days, the culture medium was decanted and 

the monolayer of cells was washed with 10 ml PBS and the cells were released 

from culture flasks using 4 ml Trypsin/EDTA solution. Then the cells were 

resuspended in warm medium solution and centrifuged for 5 min. After that the 

harvested cells were seeded in 75 ml flasks with a split ratio of 1:3.

2.4 Alamar Blue Assay

The harvested A7r5 cells from each flask were suspended in medium solution and 

seeded into two 24 well plates (each well contained 1 ml medium solution) for 24 

h. Next day the medium was removed and a new 1 ml of medium containing the 

required concentration of CO-RM under study was added to each well and left in 

the incubator for 24 h. The following day Alamar Blue solution was prepared 

freshly by dissolving 1 part of Alamar Blue to 9 parts of medium solution to have 

10 % Alamar Blue solution (Nakayama et al., 1997; O'Brien et al, 2000). Then 

the medium containing CO-RM treatment was removed from the plates and 0.5 

ml of 10 % Alamar Blue solution was added to each well. The plates were left in 

the incubator for 3 h; during this period the blue colour of the medium gradually 

changed to pink. After that 200 pM from each well were transferred into 96 wells 

plate in order to be read by microplate reader. Alamar Blue assay is based on the 

detection of metabolic activity, particularly of the metabolic chain reaction, of 

living cells utilizing a redox indicator which changes from oxidized (dark blue) 

form to reduced (red) form (O'Brien et al., 2000; Sawle et al., 2005). The extent
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of this conversion which is proportional to cell metabolism, is calculated as the 

difference in absorbance between 570 and 600 mm and expressed as percentage of 

control (Sawle et al., 2005).

2.4.1 Alamar Blue assay group (1): effect o f CORM-3 on aortic SMCs 

viability

Rat aortic smooth muscle cells (A7r5) were cultured as described above. 

Monolayers of A7r5 cells in 24 wells plates were incubated with CORM-3 (25- 

1000 pM) and iCORM-3 (100-1000 pM) solutions for 24 h. Then the cell 

viability was determined in aortic smooth muscle cells using an Alamar Blue 

viability assay kit as described above.

2.4.2 Alamar Blue group (2): effect o f CORM-A1 on aortic SMCs viability 

Rat aortic smooth muscle cells (A7r5) were cultured as described earlier. 

Monolayers of A7r5 cells in 24 well plates were incubated with CORM-A1 (10- 

1000 pM) and iCORM-Al (100-1000 pM) solutions for 24 h. Then the cell 

viability was determined in aortic smooth muscle cells using an Alamar Blue 

viability assay kit as described above.

2.4.3 Alamar Blue assay group (3): effect o f iron-containing CO-RMs on 

aortic SMCs viability.

Rat aortic smooth muscle cells (A7r5) were cultured as previously described. 

Monolayers of A7r5 cells in 24 well plates were divided into four groups. The 

first group was incubated with CORM-319 (10-500pM) and its inactive form 

iCORM-319 (10-500 pM) for 24 h. The other three groups were treated for 24 h 

with increasing concentrations (10-100pM) of active and inactive forms of 

CORM-307, 308 and 314. Then the cell viability was determined using an Alamar 

Blue viability assay kit as described above.
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2.5 Determination of cGMP Levels

Tissue sample purification, reagent preparation and assay method were conducted 

following manufacture’s instructions.

2.5.1 Tissue sample collection

Male Sprague-Dawley rats (300-400g) were killed by cervical dislocation and 

exsanguination. The thoracic aorta was removed and flushed with Krebs-Henseleit 

buffer and immediately stored in cold Krebs-Henseleit buffer. The aorta from 

each animal was cleared from surrounding tissue and allowed to recover for 1 h in 

oxygenated Krebs-Henseleit buffer before treatment with phenylephrine (1 pM). 

Aortas were immediately immersed in liquid nitrogen at -196°C for 8 min 

following one, two or three consecutive bolus additions of CORM-3 (100 pM), 

each addition given at 8 min intervals. This interval was chosen based on the time 

required by aortic rings to reach a stable relaxation upon addition of CORM-3. 

The aortas were stored at -70°C immediately after collection to prevent alteration 

to the cGMP and associated enzymes before analysis.

2.5.2 Tissue sample purification

The frozen tissue was homogenised in cold 6% (w/v) trichloroacetic acid at 2-8°C 

to give a 10% (w/v) homogenate. The homogenate was centrifuged at 2000xg for 

15 minutes at 4°C, then the supernatant was recovered and the pellet was 

discarded. The supernatant was washed four times with five volumes of water 

saturated diethyl ether. The upper ether layer was discarded after each wash. The 

aqueous extract remaining was dried under a stream of nitrogen at 60°C then it 

was stored at -70°C.

2.5.3 Reagent preparation

Five reagents were prepared for this assay. Assay buffer (500 ml) and wash buffer
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(500 ml) were prepared in distilled water. Standard reagent (92.5ml), antibody 

reagent (11ml) and cGMP conjugate (11ml) were prepared in assay buffer. These 

reagents were used to prepare nine working standard Eppendorf tubes (labelled 2, 

4, 8, 16, 32, 64, 128, 256 and 512) according to manufacture instruction 

(Amersham Biosciences) freshly on the day of assay.

2,5.4 Assay method

Assay buffer and working standards were prepared as described above. Eppendorf 

tubes were labelled for zero, standards and unknowns. These tubes were known as 

acetylation tubes. A 96 well microplate was prepared for running of all blanks, 

standards and samples in duplicate. Acetylation reagent was prepared by adding 1 

volume acetic anhydride to 2 volumes of triethylamine. One ml of diluted assay 

buffer was pipetted into zero standard acetylation tube. One ml of each unknown, 

which were prepared earlier, was pipetted into properly labelled acetylation tubes. 

100 pM of acetylation reagent was added to all acetylation tubes containing 

standards and unknowns. 100 pM of antiserum was pipetted into all wells except 

the blank and non-specific binding (NSB) wells. Then starting with the most 

dilute, duplicates of 50 pi aliquots from all acetylation tubes were pipetted into 

appropriate wells. This step was followed by pipetting 150 pi of assay buffer into 

the non-specific binding wells. Then the plate was incubated at 3-5 C° for two 

hours. Two hours later all wells, except the blank, were pipetted with 100 pi 

diluted conjugate and incubated at 3-5 C° for one hour. Then all wells, after 

aspiration and thorough washing, were pipetted with 200 pi of equilibrated 

enzyme substrate and mixed on microplate shaker for 30 min at room 

temperature. Finally the blue colour that developed was read at 630 nm in 

microplate reader.
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2.6 Chemicals

ltf-(l,2,4)oxadiazole(4,3-a)quinoxalin-l-one (ODQ), glibenclamide and 3-(5'- 

hydroxymethyl-2'-furyl)-l-benzylindazole (YC-1) were from Alexis Corporation 

(Nottingham, U.K.). Alamar Blue viability assay kits were purchased from 

Serotec Inc, Kidlington, Oxford, UK. CORM-3 was synthesised and supplied by 

Professor Brian Mann and co-workers, Department of Chemistry, University of 

Sheffield, Sheffield, UK. CORM-A1 was supplied by Dr Roger Alberto, 

Department of Chemistry, University of Zurich, Switzerland. All other chemicals 

used in the study were from Sigma, unless otherwise specified.

2.7 Statistics

Vasodilatory response was expressed as a percentage of the vasoconstriction 

induced by phenylephrine. Statistical analysis was performed using two-away 

Anova combined with Bonferroni test. Differences were considered to be 

significant at P< 0.05. Statistical analysis of the cell viability was performing 

using one-way Anova combined with Bonferroni test. Differences were 

considered to be significant at P< 0.05.
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3 VASOACTIVE PROPERTIES OF CORM-3

Tricarbonylchloro(glycinato)ruthenium(II), which has been termed CORM-3, is a 

pharmacologically active water-soluble metal carbonyl complex, which was 

obtained by coordinating glycine onto the metal center as shown below 

(Motterlini et al., 2003; Foresti etal., 2004).

T r i c a r b o n y l c h l o r o ( g l y c i n  a t o )  r u t h e n i u m  (II) 
C O R M - 3

Graph 3.1A. Chemical structure of CORM-3 (adapted from Motterlini et al.,
2003)

CORM-3 releases CO in vitro, ex vivo and in vivo biological models (Motterlini et 

al.f 2003) and has been reported to have protective effects against ischaemia- 

perfusion injury in rats and cardiac allograft rejection in mice (Clark et al., 2003). 

Further more, CORM-3 has been shown to attenuate inflammatory response 

elicited by lipopolysaccharide in murine macrophages (Sawle et al., 2005a). 

These results prompted us to further investigate the vasoactive properties of 

CORM-3. For this purpose we investigated the vasorelaxing effect of CORM-3 

on an ex vivo model of isolated aortic rings. In addition we tried to explore the 

possible mechanisms that might mediate the CORM-3-induced vasorelaxation on 

aortic rings. Among different proposed pathways we focused on soluble guanylate
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cyclase (sGC)/cyclic guanosine monophosphate (cGMP) pathway as a possible 

target for CORM-3. The role of endothelium and nitric oxide gas (NO) in 

mediating the vasorelaxing activities of CORM-3 was also investigated in this 

project. Finally we did not forget to assess the effect of CORM-3 on aortic smooth 

muscle cells (SMCs) viability in vitro to rule out any toxic effects for CORM-3 on 

vascular SMCs.
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3.1 Material and Methods

3.1.1 Preparation of CORM-3 solution

CORM-3 was synthesized as previously described (Clark et al., 2003; Motterlini 

et al, 2003). CORM-3 was freshly prepared before the experiments by dissolving 

the compound in distilled water. Inactive CORM-3 (iCORM-3) was obtained by 

leaving CORM-3 in Krebs-Henseleit buffer overnight at room temperature. This 

treatment produced a compound that does not release CO and therefore, iCORM-3 

was used as a negative control to assess the direct involvement of CO in the 

pharmacological actions of CORM-3 (Clark et al., 2003; Foresti et al., 2004). It 

was reported that around 1 mol of CO per 1 mol of CORM-3 is liberated within 

10 min after addition to Krebs-Henseleit buffer (Clark et al, 2003; Foresti et al, 

2004).

3.1.2 Aortic ring preparations

Transverse sections of aortic rings were prepared from adult Sprague-Dawley rats 

(300-400 g) and suspended under 2 g tension in oxygenated Krebs-Henseleit 

buffer as previously described in Materials and Methods (Chapter 2). To establish 

the potential vasorelaxant effects of CORM-3, aortic rings were precontracted 

with phenylephrine (1 pM) before addition of CORM-3 at different concentrations 

(25-200 pM). CORM-3 was added three times at 6-10 min intervals. In another 

experiment the response of precontracted aortic rings to one addition of CORM-3 

(100 pM) was monitored over 1 h. Additional experiments were conducted to 

examine the involvement of cGMP in the relaxation mediated by CORM-3. For 

this purpose, aortic rings were incubated with the inhibitor of guanylate cyclase 

ODQ (10 pM) 15 min prior to addition of phenylephrine. The effect of CORM-3
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on vascular tone was also assessed in the presence of the stimulator of soluble 

guanylate cyclase, YC-1 (1 pM), which was incubated 30 min prior to addition of 

phenylephrine. Preliminary experiments were conducted in order to identify the 

concentration of YC-1 that did not significantly affect the response of aortic rings 

to phenylephrine. Indeed, in our experimental model concentrations of YC-1 

higher than 1 pM reduced the phenylephrine-mediated contraction by various 

degrees. To investigate the possible involvement of nitric oxide (NO) in the 

relaxation elicited by CORM-3, a separate group of experiments was performed 

by treating aortic rings with the NO synthase inhibitor NG-nitro-L-arginine-methyl 

ester (L-NAME, 100 pM) 30 min prior to addition of phenylephrine. Finally, 

CORM-3 was also tested in endothelium-denuded rings. For this purpose, the 

internal lumen of rings was subjected to gentle rubbing with a fine wooden stick, 

and failure to dilate upon addition of acetylcholine was taken as a proof of 

successful endothelium removal.

3.1.3 Determination of aortic cGMP levels

Aortas were collected and allowed to recover for 1 h in oxygenated 

Krebs-Henseleit buffer before treatment with CORM-3. Aortas were freezed- 

clamped 8  min following one, two or three consecutive bolus additions of CORM- 

3 (100 pM), each addition given at 8  min intervals. This interval was chosen 

based on the time required by aortic rings to reach a stable relaxation upon 

addition of CORM-3. Levels of cGMP were measured in aortic tissue extracts 

using a commercial ELISA kit (Amersham) following the manufacturers' 

instructions. Four aortas per group were used for the assay. cGMP levels were 

expressed as fmol mg' 1 of aortic tissue.
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3.1.4 Cell viability assay

Rat aortic smooth muscle cells (A7r5) were cultured as previously described in 

Materials and Methods (Chapter 2). Monolayers of A7r5 cells in 24 wells plates 

were incubated with CORM-3 (25-1000 pM) and iCORM-3 (100-1000 pM) 

solutions for 24 h. Then the cell viability was determined in aortic smooth muscle 

cells using an Alamar Blue assay kit and carried out according to the 

manufacturer’s instructions (Serotec, UK) as previously explained in Material and 

Methods.

3.1.5 Statistical analysis

Vasodilatory response was expressed as percentage of the vasoconstriction 

induced by phenylephrine. Statistical analysis was performed using one-way and 

two-way ANOVA combined with Bonferroni test. Differences were considered to 

be significant at P<0.05.
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3.2 Results

3,2.1 Effect of CORM-3 on vascular tone in vitro

Figure 3.1 shows that CORM3 induced a concentration-dependent vasorelaxation 

on precontracted aortic rings. The vasorelaxing response to first addition of 

CORM-3 (100 pM) was 36.5 % increased to 47.8 % and 52.7 % after second and 

third additions respectively. The relaxation induced by 200 pM CORM-3 did not 

differ significantly from that induced by 100 pM (44.4 vs. 36.5 % after first 

addition respectively). In contrast, iCORM-3 (100 pM) did not elicit evident 

relaxation, demonstrating that CO released from CORM-3 is the factor involved in 

the modulation of vessel tone. The vasorelaxing response to one addition of 

CORM-3 (100 pM) reached the maximum within 10 min and remained sustained 

without recontraction over one hour (Figure 3.2).
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Figure 3-1. Effect of CORM-3 on vascular tone.

This graph shows the vasodilatory response of aortic rings subjected to three 

consecutive bolus additions of CORM-3 at different concentrations (25-200 pM). 

iCORM-3 (100 pM), the negative control, did not cause any evident relaxation. 

Vasodilation is expressed as the percentage of maximal precontraction. Data 

represent the mean ±s.e.m. of 6 - 8  independent experiments. *P< 0.05 compared to 

iCORM-3.
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Figure 3.2. Effect of CORM-3 on vascular tone.

The response of aortic rings precontracted with phenylephrine (1 pM) to one 

addition of 100 pM CORM-3 was monitored over one hour. CORM-3 induced 

significant and sustained vasorelaxation on precontracted rings. Vasodilation is 

expressed as the percentage of maximal precontraction. Data represent the mean 

±s.e.m. of 5-6 independent experiments. *P< 0.05 compared to phenylephrine.
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3.2.2 Involvement of the sGC/cGMP pathway in mediating the vasorelaxing 

effect of CORM-3

The sGC/cGMP pathway has been reported to play an important role in mediating 

the vasorelaxing properties of externally applied or internally produced CO 

(Hussain et al., 1997; Wang et al., 1997a). In this study, the vascular relaxation 

induced by CORM-3 was markedly attenuated by the sGC inhibitor (ODQ 10 

pM) (Figures 3.3). Interestingly, the inhibitory effect of ODQ was partially lost 

following the third addition of CORM-3. In the presence of the sGC activator, 

YC-1, the vasorelaxing properties of CORM-3 was significantly intensified at all 

the CORM-3 concentrations tested (Figures 3.4), further supporting the evidence 

for a direct contribution of cGMP in conducting the vasoactivity of CO. 

Consistent with the fact that ODQ was able to reduce the vasorelaxing effect of 

CORM-3, cGMP levels in aortic tissues were found to be elevated following the 

first and second addition of CORM-3 (100 pM) (Figure 3.5). cGMP was 

significantly augmented from a basal level of 0.26±0.03 (control group, CON) to 

1.23±0.3 and 0.97±0.4 fmol mg- 1  tissue (P<0.05) after the first and second 

addition of CORM-3, respectively. In contrast, addition of a third bolus of 

CORM-3 did not change cGMP levels compared to control (0.27±0.02 fmol mg- 1  

tissue).
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Figure 3-3. Vasorelaxing effect of CORM-3 in the presence of ODQ.

This graph shows the vasodilatory response of aortic rings subjected to three 

consecutive bolus additions of CORM-3 in the presence of ODQ (10 pM). ODQ 

was added to the water bath 15 min prior to the addition of phenylephrine. ODQ 

significantly attenuated the vasorelaxing effect of CORM-3. Dilatation is 

expressed as percentage of precontraction. Data represent the mean±s.e.m. of 6 - 8  

independent experiments. *P<0.05 compared to 100 pM CORM-3 alone.
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Figure 3.4. YC-1 potentiates CORM-3-induced vasorelaxation.

This graph shows the vasodilatory response of aortic rings subjected to three 

consecutive bolus additions of CORM-3 (25 and 100 pM) in the presence of 1 pM 

YC-1. As shown (a and b) the presence of YC-1 potentiated the vasodilatory 

effect of CORM-3 at both concentrations. Data represent the mean ± s.e.m. of 6 - 8  

independent experiments. *P<0.05 compared to CORM-3 alone.
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Figure 3.5. cGMP levels in aortas treated with CORM-3.

Aortas were extracted and subjected to the same treatments with CORM-3 as for 

measurement of isometric tension. At 8 min after the first, second or third addition 

of CORM-3 (100 pM), aortas were frozen and subsequently processed for cGMP 

assay. Control aortas (CON) were treated with vehicle (water). Data represent the 

mean ± s.e.m. of four different aortas per group. *P<0.05 compared to control.
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3.2.3 Effect of CORM-3 on vascular tone of aortic rings pretreated with a NO 

synthase inhibitor or endothelium-denuded rings

To assess the impact of intact endothelium on CORM-3 vasoactivity, CORM-3 

was tested in endothelium-denuded rings. Intriguingly, removal of the endothelial 

layer completely abolished the relaxation elicited by 100 pM CORM-3, and a 

small relaxation was only obtained with higher concentrations of CORM-3 (200- 

400 pM) (Figure 3.6). These findings have prompted us to investigate whether 

endothelium-derived NO has a role in mediating the vasorelaxing effect of 

CORM-3. Interestingly, preincubation of aortic rings with the NO synthase 

inhibitor, L-NAME, significantly reduced the CORM-3-induced vasorelaxation. 

For example, following the first addition, CORM-3 elicited around 37% relaxation 

but the presence of L-NAME decreased the extent of relaxation to 5% (P<0.05). 

Under these conditions, relaxation could be elicited by using much higher 

concentrations of CORM-3 (200 or 400 pM) (Figure 3.7). Taken together, these 

data suggest that endothelium-derived factors, including NO, may interact with 

CORM-3 and potentiate its pharmacological activities.
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Figure 3.6. Removal of the endothelium reduces CORM-3-mediated dilatory 

response.

The endothelium of aortic rings was gently removed (E ) as described in Methods 

and the response to three consecutive bolus additions of CORM-3 at different 

concentrations (100, 200 and 400 pM) was compared to that of intact rings E+. 

The absence of the endothelium markedly reduced CORM-3-mediated 

vasodilation and higher CORM-3 concentration were required to produce 

relaxation. Data represent the mean ± s.e.m. of 6-8 independent experiments. *P 

<0.05 compared to 100 pM CORM-3 in intact endothelium.
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Figure 3.7. Blockade of NO production reduces CORM-3-mediated dilatory 

response.

Aortic rings were incubated with the inhibitor of the NO synthase pathway L- 

NAME (100 pM) for 30 min prior to contraction with phenylephrine. L-NAME 

markedly prevented relaxation caused by 100 pM CORM-3, and higher 

concentration of CORM-3 (200-400 pM) were required to induce dilatation in the 

presence of L-NAME. Data represent the mean ± s.e.m. of 6-8 independent 

experiments. *P <0.05 compared to 100 pM CORM-3 alone.
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3.2.4 Effect o f CORM-3 on SMCs viability

Because CORM-3 contains ruthenium which is a heavy metal and has a potential 

toxic effect, we assessed the effect of CORM-3 on cultured aortic SMCs in vitro. 

We found that up to 500 pM, CORM-3 had little effect on SMCs viability (Figure 

3.8). Additions at higher concentration (1000 pM) of both CORM-3 and iCORM- 

3 resulted in markedly depressed viability of cells. This finding points toward the 

role of chemical components of CORM-3, especially the transitional metal 

ruthenium, rather than released CO in mediating this toxic effect.
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Figure 3.8. Effect of CORM-3 on cell viability.

Aortic SMCs (A7r5) were treated with increasing concentrations of CORM-3 (25- 

1000 pM) and iCORM-3 (100-1000 pM) for 24 h and the change in cell viability 

was assessed using Alamar Blue technique. As shown in figure (a) CORM-3 up to 

500 pM had no significant toxic effect on SMCs. At higher concentration (1000 

pM) CORM-3 induced considerable loss of cell viability. Figure (b) shows that 

the inactive form iCORM-3 was slightly less toxic than CORM-3. Data represent 

the mean ± s.e.m. of 6-12 independent experiments. *P<0.05 compared to control.
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3.3 Discussion

The current project demonstrates the vasorelaxant properties of CORM-3, a 

newly synthesized CO-RM that has been designed to render it water soluble by 

coordinating the amino acid glycine, a biologically compatible ligand , onto the 

metal centre (Motterlini et al., 2003; Clark et al., 2003). Undoubtedly, the water 

solubility is a significant evolution in the design of CORM-3 as the more water- 

soluble the drugs are, the better their absorption and bioavailability when they are 

administrated orally (McFarland et al., 2003; Berger et al., 2004). In contrast the 

previously identified CO-RMs were only DMSO soluble, posing reasonable 

doubts about the potential use of these compounds as therapeutic medicines in 

future. We found that CORM-3 induced concentration-dependant vasorelaxation 

of precontracted aortic rings and this effect was clear starting at 25 pM CORM-3. 

The inactive form of the compound, iCORM-3, which does not release CO 

according to the myoglobin assay, did not induce vasorelaxation. These findings 

point toward CO liberated from CORM-3 as the responsible factor for the 

significant decrease in vascular tone observed in our model of isolated aortic 

rings. Furthermore, the pattern of vasorelaxation elicited by CORM-3 might 

reflect its kinetics of CO liberation according to the myoglobin assay. The finding 

that the half life of CO is around 5 min might explain the significant decrease in 

vascular tone that happened within 10 min from administration of CORM-3 into 

organic baths.

The presence of ODQ, a sGC inhibitor, partially attenuated the vasorelaxation of 

aortic rings induced by CORM-3. This finding indicates that sGC/cGMP is a 

possible cellular mediator of CORM-3-induced vasorelaxation. The role of 

sGC/cGMP pathway was further supported by elevated cGMP levels measured in
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aortic tissues following the addition of CORM- 3. Our data accord with previous 

studies in which it has been proposed that the sGC/cGMP cellular pathway is the 

cellular target of endogenously produced or externally applied CO (Hussain et al, 

1997; Wang et al 1997a; Nakatsu et al, 2002). In addition, the finding that YC-1, 

which has been reported to promote the stimulatory effect of CO on pure sGC, 

remarkably potentiated the vasorelaxing properties of CORM-3, strongly supports 

the role played by sGC/cGMP pathway. In the presence of YC-1 lower 

concentrations of CORM-3 were needed to elicit significant vasorelaxation. 

Similar findings have been observed when external CO was combined with YC- 

1 (McLaughlin et al, 2000). Therefore, the combination of CORM-3 and YC-1 

might have important therapeutic application in vascular diseases.

A remarkable finding of the current study is that the vasorelaxation induced by 

CORM-3 was significantly reduced in endothelium-denuded rings or in rings 

pretreated with L-NAME, a NO synthase blocker. There are three possible 

reasons for this effect. Firstly, NO, alone or combined with other unidentified 

substances produced in the endothelium, synergises with or facilitates the 

vasorelaxing effect of CO released from CORM-3. Secondly, CO released from 

CORM-3 induces release of NO from endothelial storage pools which in turn 

relaxes the aortic ring as formerly suggested in a study conducted on renal 

resistance arteries (Thorup et al, 1999). However, the optimal concentration of 

CO needed to stimulate maximum release of NO in renal arteries was 10 nM, 

which is much lower than that liberated from 100 pM CORM-3, assuming that 

one mole of CO is released by each mole CORM-3 according to myoglobin assay 

(Clark et al, 2003; Foresti et al, 2004). Indeed, the higher the concentrations of 

CO applied to renal arteries, the less NO release was detected (Thorup et al,
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1999). Therefore, the vasorelaxing effect of CORM-3 is unlikely to be solely due 

to stimulation of NO release. Thirdly, NO formed in endothelium might form 

stable complexes with ruthenium, as previously suggested (Mosi et al, 2002; 

Marmion et al, 2004), and weaken the bond between carbonyl groups and the 

transition metal of CORM-3. As a result, CO is easily released from CORM-3 to 

induce vasorelaxation. The last hypothesis is the most relevant as ruthenium has a 

strong affinity for NO and has been proposed as a new therapeutic strategy to 

scavenge NO in some pathological conditions (Mosi et al, 2002; Marmion et al,

2004).

Another important finding in this study is that CORM-3 at concentrations as high 

as 500 pM had no notable toxic effect on aortic SMCs. This means that CORM-3 

at concentrations that cause significant vasorelaxation (50-200 pM) is relatively 

safe to SMCs in vitro. This fact undoubtedly will encourage us to go further in our 

journey toward finding the optimal CORM-3 concentrations that can safely 

modulate vascular tone in vivo. At high concentration of 1000 pM both CORM-3 

and iCORM-3 induced a significant loss in SMCs viability, this finding points 

towards the role of the chemical structure of CORM-3, particularly its heavy 

metal backbone, rather than released CO as mediating these toxic effects.

In conclusion, our study shows that CORM-3 delivers CO and exerts rapid 

endothelium-dependant vasorelaxation ex vivo. It appears that the sGC/cGMP 

pathway and NO produced from endothelium layer play roles in mediating 

CORM-3-induced vasorelaxation. In addition our study shows that CORM-3 at 

concentrations (50-200 pM) that induce significant vasorelaxation ex vivo had no 

notable toxic effect on aortic SMCs viability in vitro. Our findings support the 

idea that water-soluble metal carbonyls could be utilized as prototypic chemicals
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in the development of pharmacologically active compounds capable of delivering 

CO for the control of vascular functions and prevention of hypertension.
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4 Vasoactive Properties of CORM-A1
Sodium boranocarbonate Na2  [H3 BCO2 ], which has been designated CORM-A1, 

is a newly identified water soluble carbon monoxide releasing molecule. Unlike 

CORM-3, CORM-A1 does not contain a transition metal but a boron atom to 

which a carboxyl group (COO ) is covalently bound (Motterlini et al., 2005) 

(Figure 4.1A). Another important difference between COM-A1 and CORM-3 is 

the kinetic of CO release from these water soluble molecules. While CORM-3 has 

been shown to release CO rapidly (within 1-5 min), CORM-A1 has a slower 

pattern of CO release at physiological pH ~ 21 min) (Motterlini et al., 2005).

Figure 4.1A. Chemical structure of sodium boranocarbonate (CORM-A1) 
(adapted from Motterlini et al., 2005).

In this project we studied the vasoactive properties of CORM-A1 and compared it 

to that elicited by CORM-3. For this purpose the aortic ring preparation model 

was used to assess the vasorelaxing properties of CORM-A1 on precontracted 

rings. Furthermore we dedicated a significant part of this study to explore

2- 2 N a+
H

H

H
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underlying mechanisms that might mediate the vascular activities of CORM-A1. 

In particular we focused on the soluble guanylyl cyclase (sGC)/cyclic guanosine 

monophosphate (cGMP) pathway as a potential cellular target. In addition the role 

of nitric oxide (NO) and the vascular endothelium layer in mediating CORM-A1 

induced vasorelaxation was investigated. Finally we studied the effect of CORM- 

A 1 on cultured aortic smooth muscle cell viability to rule out any toxic effect on 

smooth muscle cells.
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4.1 Materials and Methods

4.1.1 Preparation of solutions

CORM-A1 and CORM-3 were prepared as previously described (Alberto et al., 

2001; Clark et al., 2003). Stock solutions of CORM-A1 and CORM-3 were 

freshly prepared before the experiments by dissolving the compounds in distilled 

water. When assessed by a myoglobin assay or by an amperometric CO sensor, 

CORM-A1 has been shown to release CO slowly (lm  ~ 21 min) compared to 

CORM-3 (tj/ 2  1-5 min) (Motterlini et al., 2005). It has been noticed that acidic pH 

significantly accelerated the spontaneous release of CO from CORM-A1. 

Therefore we took advantage of this specific property of CORM-A1 and 

generated a CO-depleted inactive form (iCORM-Al) to be used as negative 

control by initially dissolving CORM-A1 in 0.1 M HC1 and then bubbling pure N2  

through the solution for 10 min in order to remove the residual CO gas. The 

solution of iCORM-Al, which is probably predominantly sodium borate, was 

finally adjusted to pH 7.4 and tested with the myoglobin assay to verify its 

inability to liberate CO (Alberto et al., 2001; Motterlini et al., 2005).

4.1.2 Aortic ring preparation

Transverse ring sections prepared from aortas of male adult Sprague Dawley rats 

(300-400 g) were suspended under 2 g tension in oxygenated Krebs Henseleit 

buffer as previously described in Materials and Methods (Chapter 2). To establish 

the potential vasorelaxant effects of CORM-A1, aortic rings were precontracted 

with phenylephrine (1 pM) before addition of the compound at different 

concentrations (40-160 pM). The extent of vasorelaxation over one hour was 

determined and compared with the effect produced by one addition of CORM-3 

(100 pM). In another set of experiments, the inactive form (iCORM-Al) and
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sodium borohydride (NaBR*) were used as negative control to exclude the 

possibility that vasorelaxation was a non-specific effect of boron compounds or 

borate. In addition myoglobin (80 pM) was added simultaneously with CORM- 

A1 (80 pM) to verify the role of CO in mediating the vasoactivity of CORM-A1. 

Because CO gas has been reported to activate guanylate cyclase to increase the 

production of cGMP (Hussain et al., 1997; Nakatsu et al., 2002), additional 

experiments were conducted to examine the involvement of cGMP in relaxation 

mediated by CORM-A1. For this, ODQ (30 pM), an inhibitor of guanylate 

cyclase, was added simultaneously with CORM-A1 to contracted aortic rings. The 

effect of CORM-A1 on vascular tone was also assessed in the presence of a 

stimulator of soluble guanylate cyclase, YC-1 (1 pM), which was added 30 min 

before phenylephrine. To investigate the possible involvement of NO in the 

relaxation elicited by CORM-A1, a separate group of experiments were 

performed by treating aortic rings with the NO synthase inhibitor N -nitro-L- 

arginine-methyl ester (L-NAME, 100 pM) 30 min before addition of 

phenylephrine. CORM-A1 was also tested in endothelium-denuded rings. For this, 

the internal lumen of rings was subjected to gentle rubbing with a fine wooden 

stick and failure to dilate upon addition of acetylcholine was taken as a proof of 

successful endothelium removal.

4.1.3 Cell viability assay

Rat aortic smooth muscle cells (A7r5) were cultured as previously described in 

Materials and Methods (Chapter 2). Monolayers of A7r5 cells in 24 wells plates

were incubated with CORM-A1 (10-1000 pM) solutions for 24 h. The effect of 

higher concentrations of CORM-A1 (100-1000 pM) were compared with similar 

concentrations of iCORM-Al. Then the cell viability was determined in aortic
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smooth muscle cells using an Alamar Blue assay kit and carried out according to 

the manufacturer’s instructions (Serotec, UK) as previously explained in Material 

and Methods.

4.1.4 Statistical analysis

Vasodilatory responses were expressed as a percentage of the vasoconstriction 

induced by phenylephrine. Statistical analysis was performed using one-way and 

two-way ANOVA combined with Bonferroni test. Differences were considered to 

be significant at P<0.05.
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4.2 Results

4.2.1 Vasodilatory effects o f CORM-A1 in isolated aortic rings 

Figure 4.1 shows the response of aortic rings pre-contracted with phenylephrine 

(Phe) to a single addition of CORM-3 (100 pM) or CORM-A1 (80 pM). As 

shown in this figure, CORM-3 induced rapid relaxation compared to CORM-A1 

which caused a profound but more gradual reduction in the vascular tension. 

Specifically, CORM-A1 promoted a gradual relaxation which was maximal (96%) 

30 min following administration of the molecule to the organ bath whereas 

CORM-3 elicited more than 50% relaxation within 5-10 min. Pre-contracted 

isolated vessels were also treated with increasing concentrations of CORM-A1 

(40, 80 and 160 pM) and changes in vascular tone were recorded over one hour 

(Figure 4.2). It can be observed that CORM-A1 elicited a significant relaxation 

over time in a concentration-dependent manner. For example, the extent of 

vasodilatation mediated by the three concentrations of CORM-A1 after 10 min 

was as follows: 21.0±2.3% with 40 pM CORM-A1, 40.2±3.4% with 80 pM 

CORM-A1 and 74.9±1.8% with 160 pM CORM-A1. The maximal relaxation of 

aortic rings was reached 30 min following addition of CORM-A1; the rings 

spontaneously re-contracted again thereafter but no vasorelaxation was observed 

if a new addition of CORM-A1 was added immediately after re-contraction (data 

not shown). The inactive form (iCORM-Al), which did not release CO, and 

sodium borohydride (NaBFLO, which was used as an additional negative control to 

exclude any effect of boron on vessel tone, failed to induce any relaxation of pre

contracted aortic rings (Figure 4.3). Furthermore, the addition of myoglobin (80 

pM) to the organ bath markedly reduced the vasorelaxation induced by CORM- 

A1 (Figure 4.4). Taken together, the current results indicate that CO liberated
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from CORM-A1 is directly responsible for the observed vascular effect.
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Figure 4.1. Effects of CORM-A1 and CORM-3 on vascular tone.

This graph compares the vasodilatory response of precontracted rings to one 

addition of CORM-3 (100 , ' 3  CORM-A1 (80 pM) over one hour. CORM-3 

induced rapid vasorelaxation which reached a maximum within 10 min whereas 

CORM-A 1 induced a gradual pattern of vasorelaxation that reached a maximum 

after 30 min then the aortic rings recontracted spontaneously. Vasodilatation is 

expressed as percentage of maximal precontraction. Data represent the mean ± 

s.e.m. of 6-8 independent experiments. *P<0.05 compared to CORM-3 100 pM.
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Figure 4.2. Effect of CORM-A 1 on vascular tone.

This graph shows the vasodilatory response of precontracted aortic rings to three 

different concentrations of CORM-A 1 (40, 80, and 160 pM). CORM-A 1 caused 

significant relaxation over time in a concentrated-dependent manner. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean ± s.e.m. of 6-8 independent experiments. *P<0.05 compared to 

CORM-A 1 40 pM.
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Figure 4.3. Effect of CORM-A 1 on vascular tone

This graph shows the vasodilatory effects of 80 pM CORM-A 1 on precontracted 

aortic rings compared to 80 pM iCORM-Al and 80 pM sodium borohydride 

(NaBH4). CORM-A 1 induced a gradual and profound vasorelaxation, whereas 

iCORM-Al and NaBH4 were ineffective. Vasodilatation is expressed as 

percentage of maximal precontraction. Data represent the mean ± s.e.m. of 6-8 

independent experiments. *P<0.05 compared to decomposed CORM-A 1 80pM.
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Figure 4.4. Myoglobin reduces CORM-A1 induced vasorelaxation.

Myoglobin 80 pM was added simultaneously with 80 pM CORM-A 1 to 

precontracted isolated aortic rings. Myoglobin significantly reduced the CORM- 

A1-induced vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean ± s.e.m. of 6-8 independent experiments. 

*P< 0.05 compared to CORM-A 1 80 pM.
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4.2.2 CO-mediated vasorelaxation by CORM-A1: possible mechanisms of 

action

In this study, the vasoactivity of CORM-A 1 was partially attenuated in the 

presence of a guanylate cyclase blocker (ODQ, 30 pM) (Figure 4.5). 

Additionally, when aortic rings were pre-incubated with YC-1, which is known to 

sensitize guanylate cyclase to activation by CO (Friebe et al., 1996; Friebe et al, 

1998), the vasorelaxing properties of CORM-A 1 were significantly potentiated at 

all concentrations tested (Figure 4.6). For example, 20 pM CORMA-1 caused 

15.4±5.1% relaxation after 30 min but a more pronounced relaxation response 

(66.7±6.0%, p<0.01) was detected after pre-treatment of vessels with YC-1 (1 

pM). Control vessels pre-treated with YC-1 alone and contracted with 

phenylephrine also exhibited a degree of relaxation over time (25.8±2.5% after 30 

min). Interestingly, the rings treated with CORM-A 1 in combination with YC-1 

did not spontaneously re-contract after reaching the maximal relaxation. 

Collectively, these data sustain the role of guanylate cyclase in mediating the 

vasorelaxing properties of CORM-A 1.

CORM-A 1 was also tested in endothelium-denuded rings to examine the 

contribution of endothelium in CORM-A 1-mediated vasorelaxation (Figure 4.7). 

Interestingly, absence of endothelium had no effect on CORM-A 1 vasoactivity. 

Aortic rings were also pre-incubated with NO synthase inhibitor (L-NAME), to 

assess the involvement of NO in mediating the vasorelaxing properties of CORM- 

A l. Apart from an initial 17±2.4% reduction of the vasorelaxing effect of CORM- 

A l, in the first 10 min, the presence of L-NAME did not significantly change the 

response to CORM-A 1 thereafter (Figure 4.8). Taken together, these results 

suggest that NO and/or factors derived from the endothelium barely contribute to
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the vasodilatory response to CORM-A 1.
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Figure 4.5. Inhibition of sGC pathway reduces CORMA-mediated

vasorelaxation.

ODQ (30 pM) was added simultaneously with 80 pM CORM-A 1 to

precontracted isolated aortic rings. ODQ reduced the CORM-A 1-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal

precontraction. Data represent the mean ± s.e.m. of 10-12 independent

experiments. *P<0.05 compared to CORM-A 1 80 pM.
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Figure 4.6. YC-1 potentiates CORM-A1-induced vasorelaxation.

Rings were incubated with 1 \iM YC-1 30 min prior to addition of phenylephrine. 

Different concentrations of CORM-A 1 (1, 10 and 20 pM) were added. YC-1 

significantly potentiated the vasodilatory effects of all CORM-A 1 concentrations. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean ± s.e.m. of 6-8 independent experiments. *P<0.05 compared to 

CORM-A 1 20 pM.
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Figure 4.7. CORM-A 1 induces endothelium independent vasorelaxation.

CORM-A 1 (80 nM) was added to endothelium denuded aortic rings (E ) and 

endothelium intact aortic rings (E+). CORM-A 1 induced endothelium-independent 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean ± s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-A 1 80 \iM E+.
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Figure 4.8. NO synthase inhibitor L-NAME does not affect CORM-A1- 

mediated vasorelaxation.

Aortic rings were incubated with 100 jaM L-NAME 30 min prior to the addition 

of phenylephrine. Apart from mild inhibition at 10 min, L-NAME did not affect 

CORM-A 1-induced vasorelaxation. Vasodilatation is expressed as percentage of 

maximal precontraction. Data represent the mean ± s.e.m. of 6-8 independent 

experiments. *P<0.05 compared to CORM-A 1 80 pM alone.
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4.2.3 Effect o f C0RM-A1 on SMCs viability

The effect of CORM-A 1 on aortic SMCs (A7r5 cell line) was assessed using the 

Alamar Blue technique. We found that even at high concentration (1000 pM), 

CORM-A 1 had no noticeable effect on aortic SMCs viability (Figure 4.9). 

Similarly, the inactive form iCORM-Al up to 500 pM had no significant 

inhibitory effect on aortic SMCs metabolism but at higher concentration (1000 

pM) it induced significant suppression of SMCs metabolism (39±2.9 %) 

compared to CORM-A 1 (13.1±6.1pM) at the same concentration.
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Figure 4.9. Effect of CORM-A 1 on cell viability.

Aortic SMCs (A7r5) were treated with increasing concentrations of CORM-A 1 

(10-1000 pM) and iCORM-Al (100-1000 pM) for 24 h and the change in cell 

viability was assessed using Alamar Blue technique. As shown in figure (a) 

CORM-A 1 up to 1000 pM had no noticeable toxic effect on SMCs. Figure (b) 

shows that the inactive form iCORM-Al up to 500 pM had no effect on cell 

viability but at 1000 pM it was more toxic than CORM-A 1. Data represent the 

mean ± s.e.m. of 6-12 independent experiments. *P<0.05 compared to control.
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4.3 Discussion

In the current study, we represent findings on sodium boranocarbonate 

(Na2 [H3BCC>2 ] as a newly identified CO-RM that spontaneously releases CO with 

a different pattern compared to the ruthenium-based carbonyl CORM-3. When the 

rate of CO release was assessed by myoglobin assay it was found that CORM-A1 

has a slower pattern of CO liberation compared to CORM-3 (Clark et al., 2003; 

Motterlini et al., 2005). Indeed, it is known from our recent work that the release 

of CO from CORM-3 ([Ru(CO)3Cl(glycinate)]) in biological systems occurs very 

rapidly (within 1-5 min) (Clark et al., 2003; Foresti et a l , 2004); as a 

consequence, CORM-3 elicits a correspondingly rapid relaxation in isolated 

vessels. In the case of CORM-A1, its half-life at physiological pH and 

temperature is approximately 21 min (Motterlini et al., 2005). In line with this 

slower release, CORM-A-1 added to isolated aortic rings pre-contracted with 

phenylephrine promoted a gradual and sustained vasorelaxation that was maximal 

after 30 min, whereas CORM-3 caused a profound relaxation within 5-10 min 

after addition to the organ bath. In the current study there is ample evidence which 

points toward the role of CO in mediating the vasorelaxing properties of CORM- 

A l. Firstly, the inactive form, (iCORM-Al), which does not release CO when 

assessed by either myoglobin assay or CO sensor, could not elicit any 

vasorelaxation. Secondly, when precontracted aortic rings were treated with a 

single addition of NaBHj (80 pM), which was used as another negative control to 

verify any possible contribution of boron in the bioactivity mediated by CORM- 

A1 (Motterlini et al., 2005), no significant change in vascular tone was detected. 

Thirdly, myoglobin, a CO scavenger, significantly reduced the extent of 

vasodilatation exerted by CORM-A1, confirming the direct involvement of CO in
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the observed biological effects.

An interesting finding in our result is the recontraction that followed CORM-A1- 

induced relaxation in aortic rings. Almost all aortic rings treated with CORM-A1 

(40-160 pM) elicited spontaneous significant recontraction after around 40 min 

from adding CORM-A1 to the organ bath. The mechanisms underlying this 

contraction are not obvious and possible explanations include: (1) CORM-A1 

compound might have intrinsic vasoconstrictor property but CO-induced 

vasorelaxation suppresses this effect and once the CO effect disappears from the 

system this vasoconstrictive mechanism re-asserts itself; (2) the slow pattern of 

CO release from CORM-A1 might activate other vasoconstriction mechanisms 

which start to elicit their actions after 40 min from adding CORM-A1 to organ 

bath or when the CO effect is completed; (3) it might simply be physical recoil of 

aortic rings as a response to the gradual vasorelaxation. In preliminary 

experiments CORM-A1 (80 pM) failed to induce relaxation in spontaneously 

recontracted aortic rings previously treated with the same concentration of 

CORM-A1. Interestingly, higher concentration of CORM-A1 (160 pM) or 

another vasorelaxing factor (CORM-3 100 pM) was needed to elicit 

vasorelaxation. The possible explanation for this observation is that either CO 

RM-A1 or its released CO might desensitize the cellular receptors that mediate the 

vascular activities of CORM-A1, therefore higher concentrations or other 

vasodilators are needed to activate such receptors.

The presence of YC-1, which is a well-known benzylindazole derivative that 

activates the soluble guanylate cyclase (sGC)/cGMP pathway, markedly amplified 

the extent of vasodilatation caused by CORM-A1 (at concentrations as low as 1
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pM) in isolated aortas. Furthermore, the sGC inhibitor (ODQ), mildly reversed the 

vasorelaxation of aortic rings induced by CORM-A1. Taken together, these 

findings indicate that sGC played a role in mediating the vasorelaxing properties 

of CORM-A1. Interestingly, CORM-A1 in combination with YC-1 did not result 

in recontraction as opposed to CORM-A1 alone. YC-1 might prolong the 

pharmacological action of CORM-A1 or influence vasoconstrictor mechanisms. 

Therefore, we believe that, like CORM-3, a combination of CORM-A1 and YC-1 

might have important therapeutic applications in vascular diseases. A remarkable 

finding of the current study is that absence of endothelium or inhibition of NO 

synthase activity by L-NAME, failed to prevent the vasorelaxing effects of 

CORM-A1. These results suggest that the pharmacological action of CO released 

from CORM-A1 is independent of the endothelial function.

Another important finding of this study is that CORM-A1 up to concentrations as 

high as 1000 pM had no noticeable negative effect on aortic SMCs viability. At 

1000 pM CORM-A1 induced only 13.1±6.1 % suppression of cell metabolism 

compared to 43.9±6.1 % induced by CORM-3. The relative safety of CORM-A1 

on cultured cells will undoubtedly encourage us to go further in our long journey 

to design effective carbon monoxide releasing molecules that can be used safely 

on in vitro, ex vivo and in vivo experimental models. The current results show that 

up to 500 pM, the inactive form (iCORM-Al) had similar effect on SMCs 

viability to that elicited by its active form but at higher concentration iCORM-Al 

induced more suppression on cell metabolism (29.0±2.8 %) than CORM-A1 

(13.1 ±6.1 %). This result does not accord with the result obtained with CORM-3 

where the active form was more toxic than the inactive form at higher 

concentrations. The difference in kinetics of CO release from these CO-RMs
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might explain the discrepancy between their effects on SMCs viability at high 

concentration.

To sum up, the current results show that the water soluble sodium 

boranocarbonate molecule (CORM-A1), promotes gradual endothelium- 

independent vasorelaxation which reflects its gradual pattern of CO release 

compared to CORM-3. This vasorelaxation is partially mediated by activation of 

soluble guanylate cyclase and it appears that NO has little or no role in mediating 

such effect. In addition, CORM-A1 even at high concentrations has no remarkable 

inhibitory effect on cultured aortic SMCs viability. Our data highlight the effect of 

CO release kinetics from different CO-RMs on their pharmacological actions. 

Taken together, these data show that CORM-A1 is another example of carbon 

monoxide releasing molecules that can be further modified to be utilized as 

pharmacologically active compounds capable of delivering CO for the control of 

vascular functions and prevention of hypertension.
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5 The role of K+ channels in regulating vasorelaxing 
properties of water-soluble carbon monoxide releasing 
molecules, CORM-3 and CORM-A1.

Potassium (K+) channels are groups of integral membrane proteins that 

selectively transport K+ across the cell membrane (Korn and Trapani, 2005). They 

have been found in all mammalian cells and have diverse functions in both 

excitable and non excitable cells. In fact K+ channels are more sophisticated than 

any other ion channel super family found in mammalian cells (Cao et al., 2002). 

In arterial smooth muscle cells almost every physiological vasoconstrictor and 

vasodilator has been shown to modulate one type or another of K+ channels 

(Standen and Quayle, 1998). In general most vasoconstrictors and vasodilators 

have multiple pathways of action and among these pathways, K+ channels 

contribute to regulate membrane potential and vascular contractile tone (Standen 

and Quayle, 1998). It is well known that activation of K+ channels in arterial 

smooth muscle cells (SMCs) induces vasodilatation and lowers blood pressure, 

whereas inhibition of these channels leads to vasoconstriction (Nelson and Quayle 

1995). At least four K+ channels subgroups have been identified in vascular SMCs 

(Nelson and Quayle 1995; Standen and Quayle 1998; Korovkina and England 

2002b; Jackson et al., 2005): The first one is Ca+2 activated K + (K c a) channels 

which respond to change in intracellular Ca+2 to regulate intrinsic tone in small 

arteries. It has been proposed that any rise of intravascular pressure through 

membrane depolarization and elevation of intracellular calcium activates Kca 

channels. Activation of Kca leads to K+ efflux, which counteract membrane 

depolarization and vasoconstriction (Brayden and Nelson 1992). K c a channels are 

divided into three groups: big conductance (BKca), intermediate conductance
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(IKca) and small conductance (SKca) channels. The second K+ channels subgroup 

is voltage dependant K+ (Kv) channels which respond to depolarization stimuli. 

Activation of Kv channels causes efflux of K+ ions, which leads to membrane 

hyperpolarization and maintains the resting membrane potential at -40 to - 60 mV 

under physiological situations (Cao et al., 2002). The third subgroup is inward 

rectifier K+ (Kir) channels which appear to mediate external K+-induced 

hyperpolarization and dilatation of resistance arteries (Nelson and Quayle, 1995). 

Finally the fourth subgroup is ATP sensitive K+ ( K a t p )  channels which is 

sensitive to some molecules produced from cellular energy metabolism. Among 

these molecules, nucleotide phosphates (ATP and ADP) are the most common 

(Zhuo et al., 2005). The decrease of intracellular ATP leads to opening of the 

K a t p  channels, which will induce vasodilatation and increase blood flow into 

organs. In vascular SMCs the most abundant K+ channels are BKca and Kv 

channels (Korovkina and England, 2002b).

The role of K+ channels in endothelial cells (EC) is not as well understood as that 

in SMCs. K c a ,  Kv, K a t p  and Kir channels have all been identified in endothelial 

cells (Coleman et al., 2004). In contrast to SMCs, IKca and SKca are abundant in 

EC and it appears that these channels play essential roles in production of 

endothelium-derived hyperpolarizing factor (EDHF) which travels through 

myoendothelial gap junctions to SMCs to induce hyperpolarization and 

vasorelaxation (Coleman et al., 2004).

Among different K+ channel subgroups in vascular SMCs, Kca channel subgroups 

have been supposed to be mediators for carbon monoxide (CO)-induced 

vasorelaxation (Wang et al., 1997b; Zhang et al., 2001a; Wang and Wu 2003; Xi 

et al., 2004). CO appears to modify BKca directly by increasing its sensitivity to
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calcium (Ca2+) ions. In coronary artery, chronic CO exposure has been found to 

enhance 4-aminopyridine (4-AP) current in isolated coronary myocytes and 

because 4-AP, at low concentration, is a general blocker of Kv channels the effect 

of CO on Ky was suggested (Barbe et al., 2002b).

The present study was designed to investigate the potential role of different K+ 

subfamilies in mediating CORMA1 and CORM-3-induced vasorelaxation. For 

this purpose aortic rings were pre-treated with some known K+ channel inhibitors 

before adding CO-RMs and the vascular tone was measured using aortic ring 

preparation model.
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5.1 Material and Methods

5.1.1 Aortic ring preparation

Transverse sections of aortic rings have been prepared as previously described in 

Materials and Methods (Chapter 2). To establish the role of K+ channel subgroups 

in mediating CORM-A1 and CORM-3-induced vasorelaxation, the aortic rings 

were divided into six groups. Each group was treated with different K+ channel 

subgroup inhibitors for 30-60 min before contracting the rings with phenylephrine 

(1-1.5 pM). The response of contracted rings to a single addition of CORM-A1 

(80 pM) or three consecutive additions of CORM-3 (100 pM) was then measured 

over time as described before in Materials and Methods (Chapter 2). The first 

group was incubated with 30 mM tetraethyammonium (TEA), a nonslective K+ 

channel inhibitor, for 60 min. The second group of rings were pretreated with 10 

pM glibenclamide (GLI), a K a t p  channel inhibitor, for 30 min. The third group 

was incubated with 1 mM of 4-aminopyridine (4-AP), a Kv channel inhibitor, for 

30 min. The fourth group of rings was pretreated with 100 nM charybdotoxin 

(CHB), a BKca channel inhibitor, for 60 min. The fifth group was incubated with 

100 nM apamine (APA), a SKcafor 60 min. Finally the sixth group was incubated 

with both apamine (100 nM) and charybdotoxin (100 nM) simultaneously for 60 

min before contract the rings with phenylephrine.

In another set of experiments the ability of CORM-A1 and CORM-3 to induce 

vasorelaxation in high KC1 contracted rings was assessed. For this purpose a 

group of aortic rings was contracted with high KC1 (110 mM) solution then the 

response of these rings to single addition of CORM-A1 (80 pM) or three addition 

of CORM-3 (100 pM) was measured over time.
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5.1.2 Statistical analysis

Vasodilatory responses were expressed as a percentage of the vasoconstriction 

induced by phenylephrine or KC1. Statistical analysis was performed using two- 

way ANOVA combined with Bonferroni test. Differences were considered to be 

significant at P<0.05.
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5.2 Results

5.2.1 Effect o f potassium channel blockers on CO-RMs-induced 

vasorelaxation

TEA is a non selective inhibitor of most K+ channel subgroups. At 10 mM 

concentration which was reported to inhibit K At p , K v , K c a channels (Qiu and 

Quilley 2001; Nelson and Quayle 1995) TEA failed to affect the vasorelaxing 

properties of CORM-3 (preliminary results). However, at 30 pM it completely 

reversed the CORM-3-induced vasorelaxation of phenylephrine contracted rings 

(Figure 5.1a) and also significantly attenuated CORM-A1-induced vasorelaxation 

(Figure 5.1b). These findings indicate that K+ channels play a role in mediating 

the vasorelaxing effect of CORM-3 and CORM-A1.



m  CHAPTER 5

—  C O R M - 3  1 0 0 | i M  

- • - T E A  3 0 m M  +  C O R M - 3  1 0 0 | i M

c
o 75-
+■»o
(05*. 50-
C
O
o 25-

1 3 40 2

A dditions  (n)

Figure 5.1A. Nonselective K+ channel blocker, tetraethylammonium (TEA), 

reversed CORM-3-mediated vasorelaxation.

Rings were incubated with 30 mM tetraethylammonium (TEA) 60 min prior to the 

addition of phenylephrine. TEA completely reversed CORM-3-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-3 (100 pM) alone.
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Figure 5.1B. Nonselective K+ channel blocker, tetraethylammonium(TEA), 

attenuated CORMA1-mediated vasorelaxation.

Rings were incubated with 30 mM tetraethylammonium (TEA) 60 min prior to the 

addition of phenylephrine. TEA significantly attenuated CORM-A1 -mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORMA1 (80 pM) alone.
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5 . 2 . 2  Effect o f K a t p  channel inhibitor on CO-RMs induced vasorelaxation.

After establishing the role of K+ channels in mediating the vasorelaxation induced 

by both the CO-RMs under study, the next step was to determine the K+ channel 

subgroups involved in this action. For this purpose the rings were incubated with 

10 pM of the selective K atp channels blocker, glibenclamide (G L I) (Quayle, 

Nelson, and Standen 1997b; Zhuo et al, 2005). G L I significantly inhibited the 

vasorelaxing effect of CORM-3 (Figure 5.2A). For instance, a third addition of 

CORM-3 induced only 21.5 % relaxation of contracted aortic rings pre-treated 

with glibenclamide compared to 52.7 % reduction induced by CORM-3 in control 

rings. On the other hand incubating the aortic rings with glibenclamide had no 

effect on the CORM-A1-induced vasorelaxation (Figure 5.2B). These results 

indicate that vascular K atp channels are cellular targets for the CORM-3 but not 

CORM-A1.
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Figure 5.2A. K At p  channel blocker, glibenclamide, attenuated CORM-3- 

mediated vasorelaxation.

Rings were incubated with 10 pM glibenclamide (GLI) 30 min prior to the 

addition of phenylephrine. Glibenclamide attenuated CORM-3-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-3 (100 pM) alone.
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Figure 5.2B. K At p  channel blocker, glibenclamide, did not affect CORM-A1- 

mediated vasorelaxation.

Rings were incubated with 10 pM glibenclamide (GLI) 30 min prior to the 

addition of phenylephrine. Glibenclamide did not affect CORM-A1-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-A1 (80 pM) alone.
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5.2.3 The role of Ky channels in mediating the vasorelaxing properties of 

CO-RMs.

The role of K y  channels in mediating the vasorelaxing properties of CORM-3 and 

CORM-A1 was assessed in the current study. 4-aminopyridine (4-AP) is perhaps 

the most selective known inhibitor of K v  in vascular smooth muscle cells (Nelson 

and Quayle, 1995). Therefore, aortic rings were pre-treated with 4-AP for 30 min 

before contracting the vessels with phenylephrine. In contrast to glibenclamide, 

the 4-AP significantly attenuated the vascular activity of CORM-A1 but had no 

effect on CORM-3. The maximum vasorelaxation induced by CORM-A1 was 

reduced by 45.4 % from 80.7 % to 35.3 % in the presence of 4-AP. These results 

show that each of these CO-RMs target different K + channel subgroups.
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Figure 5.3A. Ky channel blocker, 4-aminopyrydine, did not affect CORM-3- 

mediated vasorelaxation.

Rings were incubated with ImM 4-aminopyridine (4-AP) 30 min prior to the 

addition of phenylephrine. 4-AP did not affect CORM-3-mediated vasorelaxation. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean s.e.m. of 6-8 independent experiments. *P<0.05 compared to 

CORM-3 (100 pM) alone.
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Figure 5.3B. Ky channel blocker, 4-aminopyrydine, reduced CORM-A1- 

mediated vasorelaxation.

Rings were incubated with ImM 4-aminopyridine (4-AP) 30 min prior to the 

addition of phenylephrine. 4-AP significantly reduced CORM-A1-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-A1 (80 pM) alone.
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5.2.4 The role o f Kca channels in mediating the vasorelaxing properties o f CO- 

RMs

After confirming the role of K a t p  a n d  K v  in mediating the vascular effect of 

CORM-3 and CORM-A1 respectively, we tested the possible involvement of Kca 

channels. For this, aortic rings were treated with charybdotoxin (100 nM), the 

BKca channel inhibitor (Garcia et al., 1995) (Figure 5.4A and B), and apamine 

(100 nM), the SKca channels blocker (Vergara et al., 1998; Coghlan, Carroll, and 

Gopalakrishnan 2001) (Figure 5.5A and B), for one hour before contracting the 

rings with phenylephrine. Charybdotoxin and apamine separately or together 

(figure 5.6A and B) had no significant effects on the vasorelaxing effect induced 

by CORM-3 or CORM-A1. These finding indicate that Kca channel subgroups 

have no significant role in mediating the vasorelaxing action of the CO-RMs 

tested in this study.
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Figure 5.4A. BKca channel blocker, charybdotoxin, mildly attenuated 

CORM-3-mediated vasorelaxation.

Rings were incubated with 100 nM charybdotoxin (CHB) 60 min prior to the 

addition of phenylephrine. CHB elicited mild effect on CORM-3-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-3 (100 (xM) alone.
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Figure 5.4B. BKca channel blocker, charybdotoxin, did not affect CORM-A1- 

mediated vasorelaxation.

Rings were incubated with 100 nM charybdotoxin (CHB) 60 min prior to the 

addition of phenylephrine. CHB did not affect CORM-A1-mediated 

vasorelaxation. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-A1 (80 pM) alone.
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Figure 5.5A. SKCa channel blocker, apamine, did not affect CORM-3- 

mediated vasorelaxation.

Rings were incubated with 100 nM apamine (APA) 60 min prior to the addition of 

phenylephrine. APA did not affect CORM-3-mediated vasorelaxation. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean s.e.m. of 6-8 independent experiments. *P<0.05 compared to 

CORM-3 (100 pM) alone.
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Figure 5.5B. SKCa channel blocker, apamine, did not affect CORM-A1- 
induced vasorelaxation.

Rings were incubated with 100 nM apamine (APA) 60 min prior to the addition of 
phenylephrine. APA did not affect CORM-A1 mediated vasorelaxation. 
Vasodilatation is expressed as percentage of maximal precontraction. Data 
represent the mean s.e.m. of 6-8 independent experiments. *P<0.05 compared to 
CORM-A1 (80 pM) alone.
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Figure 5.6A. Combination of SKca and BKCa has insignificant effect on 
CORM-3-induced vasorelaxation.
Rings were incubated with both 100 nM apamine (APA) and 100 nM 

charybdotoxin (CHB) 60 min prior to addition of phenylephrine. Combination of 

APA and CHB had no significant effect on CORM-3-induced vasorelaxation. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean s.e.m. of 6-8 independent experiments. *P<0.05 compared to 

CORM-3 (100 pM) alone.
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Figure 5.6B. Combination of SKca and BKca has insignificant effects on 

CORM-Al-induced vasorelaxation.

Rings were incubated with both 100 nM apamine (APA) and 100 nM 

charybdotoxin (CHB) 60 min prior to addition of Phe. Combination of APA and 

CHB has no effect on CORMA1-induced vasorelaxation. Vasodilatation is 

expressed as percentage of maximal precontraction. Data represent the mean 

s.e.m. of 6-8 independent experiments. *P<0.05 compared to CORM-A1 (80 pM) 

alone.
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5.2.5 Effect o f CO-RMs on high K*-contracted rings

At high external K+, cell membrane potential and Ek are very close together thus 

preventing any membrane hyperpolarization and relaxation to K+ channel openers 

(Nelson and Quayle, 1995). Here, CORM-3 (100 pM), which has remarkable 

relaxing effect on aortic rings precontracted with phenylephrine, failed to induce 

significant relaxation in high KC1 (110 mM) contracted rings (Figure 5.7A). 

Although the potency of relaxation induced by CORM-A1 in high KCL 

contracted rings was similar to that induced in the rings precontracted with 

phenylephrine, the maximum vasorelaxing effect of CORM-A1 was delayed from 

-30 min in phenylephrine treated rings to -50 min in high K+ contracted rings 

(Figure 5.7B). This data confirm the involvement of K+ channels in mediating the 

vasorelaxing activity of CORM-3 and CORM-A1.
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Figure 5.7A. CORM-3 has little effect on high KC1 contracted rings.

Rings were precontracted with KC1 (110 mM) prior to CORM-3 (100 pM) 

addition. CORM-3 failed to induce significant relaxation in KCL contracted rings. 

The vasorelaxing effect of CORM-3 (100 pM) on KCL precontracted rings were 

compared to the effect induced by same concentration of CORM-3 on Phe 

precontracted rings. Vasodilatation is expressed as percentage of maximal 

precontraction. Data represent the mean s.e.m. of 6-8 independent experiments. 

*P<0.05 compared to CORM-3 (KCL contraction).
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Figure 5.7B. High KC1 delayed CORM-A1-induced vasorelaxation.

Rings were precontracted with KC1 (110 mM) prior to CORM-A1 addition. 

CORM-A1 induced significant vasorelaxation in KC1 pretreated rings but the 

maximum vasorelaxation was delayed to around 50 min after adding CORM-A1. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean ±s.e.m. of 6-8 independent experiments. *P<0.05 compared to 

CORM-A1 (KCL contraction).
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5.3 Discussion

K+ channels have multiple functions in vascular tissues. Among these functions is 

regulation of vascular tone by providing a repolarizing current to counteract and 

balance vasoconstrictive actions (Korovkina and England, 2002b). BKcahas been 

proposed as the main cellular target for endogenously formed or externally 

applied CO (Wang et al., 1997b). Few studies have reported that CO might 

activate Kv, K Atp> and SK ca channels in coronary artery (Barbe et al., 2002b; 

Barbe et al., 2002c).

In this study we investigated the potential role of K+ channels in mediating 

CORM-3 and CORM-A1 vascular activities. The results of this study show that 

K+ channels participate in mediating CORM-3 and CORM-A1-induced 

vasorelaxation. However, it appears that the two CO-RMs target different K+ 

channel subgroups, and possibly through different mechanisms. The failure of 

CORM-3 to relax rings precontracted with high KC1 points toward the possible 

involvement of K+ channels in mediating CORM-3-induced vasorelaxation. 

Furthermore, the fact that TEA, which is a nonslective inhibitor of various K+ 

channels, completely reversed the CORM-3-induced vasorelaxation confirms the 

role of K+ channels in mediating CORM-3-induced vasorelaxation. In the current 

results, the ability of TEA to moderately attenuate the vasorelaxing effect of 

CORMA1, also points toward the role of K+ channels in mediating CORM-A1 

vascular activities. Although high KC1 did not prevent CORM-A1-induced 

vasorelaxation, it delayed its maximum vasorelaxation (from after 30 min in Phe 

precontracted rings to after 50 min in KC1 precontracted rings) which indicate that 

K+ channels might mediate the first part of CORM-A1 -induced vasorelaxation.

The present results show that among different K+ channel subgroups, KAtp
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channels play an important role in mediating the vasorelaxing properties of 

CORM-3. CO released from CORM-3 may activate soluble guanylate cyclase 

enzyme which increase intracellular cGMP. Elevation of intracellular cGMP 

either activates cGMP dependent protein kinase (PKG) or cross activates cAMP- 

dependant protein kinase (PKA) to stimulate K atp channels (Brayden et al., 2002; 

Standen and Quayle, 1998). Although glibenclamide was the only specific K+ 

channel subgroup blocker that attenuated CORM-3-induced vasorelaxation this 

finding does not completely exclude the roles of other K+ channel subfamilies for 

two weighty reasons. Firstly glibenclamide only moderately attenuated CORM-3- 

induced vasorelaxation, whereas TEA and high KC1 reversed it completely or 

significantly (P< 0.05) respectively. Secondly TEA as mentioned before is a 

nonselective blocker of K+ channels which can at different concentrations (lower 

than those used in this study) induce partial block of other K+ channel subtypes 

such as Ky and Kca channels (Nelson et al., 1990). B K c a channels might be 

another mediator of CORM-3-induced vasorelaxation because charybdotoxin in 

the present results showed some inhibitory effect on the vasorelaxing activity of 

CORM-3 (it decreased the maximum vasorelaxation after third addition of 

CORM-3 from 70% to 52%) and this possibility is supported by a reported direct 

effect of CO on Kca in vascular SMCs (Wang et al., 1997b). However, the 

inhibitory effect of charybdotoxin on CORM-3 was not statistically significant 

(P< 0.05). In addition, a combination of charybdotoxin and apamine potentiated, 

instead of attenuating, the CORM-3-induced vasorelaxation. Therefore the 

possible role of Kca in mediating CORM-3-induced vasorelaxation is undermined. 

The other possibility that can explain the gap between the complete and partial 

inhibition of TEA and glibenclamide respectively is that the different K+ channels
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subgroups might interact comprehensively to mediate the vasorelaxing activities 

of CORM-3. This interaction might reflect the sophistication and diversity of K+ 

channels.

The interaction between K+ channels and CORM-A1 seems to be less complex as 

both TEA and 4-AP, elicited similar partial inhibition on CORM-A1-induced 

vasorelaxation and both TEA and high KC1 delayed the maximum vasorelaxation 

induced by CORM-A1. These findings point toward the role of Kv channels in 

mediating the first part of CORM-A1-induced vasorelaxation. CO released by 

CORM-A1 might activate Kv channels directly or indirectly through elevation of 

intracellular cGMP level since cGMP has been suggested to partially participate 

in activating Kv channels (Satake and Shibata, 1997).

Our current results do not support other reported results which accentuate the role 

of Kca in mediating CO-induced vasorelaxation (Kodama et al., 1997; Wang et 

a l , 1997a; Kodama et al., 1997; Wang and Wu 2003; Xi et a l, 2004). There are 

some possible explanations for this difference between our results and those 

presented in other studies. Firstly, although the findings of other studies confirm 

the role of B K ca channels, they did not rule out the role of vascular K v, K atp 

channels as targets for CO activity. Secondly, the expression of different K + 

channel subgroups is highly dependant on the tissue type and developmental age 

(Cao et al, 2002; Nelson and Quayle, 1995; Tang and Wang, 2001; Archer et al, 

1996). Accordingly, the K v  and K Atp not Kca channels might be the dominant 

subgroups in male adult Sprague Dawley rats examined in this study. Thirdly, the 

pattern of CO delivery to vascular tissue might explain the variation regarding the 

role of K+ channel subtypes between our results and those published by other 

groups. Supporting this hypothesis it has been reported that the effect elicited by
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external CO was different from the endogenously produced CO (Hristov et al., 

2004; Naik and Walker, 2003). Additionally, the different patterns of CO release 

from CORM-3 and CORM-A1 (fast versus slow) might explain the difference in 

their cellular target. It seems that CO released rapidly from CORM-3 activates 

K a t p  channel subtypes whereas CO liberated slowly from CORM-A1 preferred 

Kv channels.

Taken together, the present data indicate that K+ channels play a role in CORM- 

A1 and CORM-3-induced vasorelaxation mainly through activation of Kv and 

K a t p  channels respectively. It also shows that the kinetics of CO release from 

different CO-RMs might affect their pharmacological activities.
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6 The Vascular Properties of Iron-Containing Carbon 
Monoxide-Releasing Molecules (CO-RMs)

In this chapter we continued our persistent search for molecules that can be safely 

used as carbon monoxide releasing molecules (CO-RMs) in biological systems. 

Therefore we have identified a new iron containing metal carbonyl molecule, here 

termed CORM-319 as another promising water soluble molecule that can release 

CO spontaneously in aqueous solutions and could be used safely for timed and 

measurable CO delivery into vascular tissue. Using an amperometric CO sensor, 

CORM-319 was found to have a fast pattern of CO release in physiological 

solutions (unpublished data from our group). Using aortic ring preparations we 

studied the vasorelaxing properties of CORM-319 and compared it to another 

three DMSO soluble CO-RMs. These CO-RMs, termed CORM-307, CORM-308 

and CORM-314, are also iron containing metal carbonyls and have very similar 

chemical structures to CORM-319 as shown below.

CO
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Br

Fe

Cl
,CO
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CO
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CO
Fe

CO
CO

CORM-31 4
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Figure 6.1A. Chemical structure of iron-containing CO-RMs (unpublished 
data from our group).
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The only difference between these CO-RMs is the halide (I, Br or Cl) which 

coordinates in trans position to one of the CO groups bound to the metal center. In 

this project, using Alamar Blue technique, we also assessed the effect of iron 

containing CO-RMs on smooth muscle cell (SMCs) viability to see whether the 

difference in chemical structure has significant impact on their toxicity.
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6.1 Materials and Methods

6.1.1 Preparation of solutions

CORM-307, 308, 314 and 319 were prepared as previously described Materials 

and Methods (Chapter 2). Stock solutions of CORM-319 (in distilled water) and 

CORM307, CORM-308 and CORM-314 (in DMSO) were prepared fresh and 

used within one min from preparation. The inactive form of CORM-319 (iCORM- 

319) was obtained by leaving CORM-319 in distilled water overnight at room 

temperature. The inactive forms of the other CO-RMs (iCO-RMs) were obtained 

by leaving them in DMSO for at least 48 h at room temperature. The iCO-RMs 

solutions were finally bubbled with a stream of nitrogen to remove any residual 

CO present in the solution. This inactivation process produced compounds that 

did not release CO. The solutions of iCO-RMs were tested with the myoglobin 

assay prior to experiments to verify its inability to liberate CO (unpublished data 

from our group).

6.1.2 Cell viability

Rat aortic smooth muscle cells (A7r5) were cultured as previously described in 

Materials and Methods (Chapter 2). Monolayers of A7r5 cells in 24 wells plates

were divided into four groups. The first group was incubated with CORM-319 

(10-500pM) and its inactive form iCORM-319 (10-500pM) for 24 h. The other 

three groups were treated for 24 h with increasing concentrations (KMOOpM) of 

active and inactive forms of CORM-307, 308 and 314. Then the cell viability was 

determined in the SMCs using an Alamar Blue assay kit and carried out according 

to the manufacturer’s instructions (Serotec, UK) as previously explained in 

Materials and Methods.
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6.1.3 Aortic ring preparation

Transverse sections of aortic rings were prepared from adult Sprague-Dawley rats 

(300-400 g) and suspended under 2 g tension in oxygenated Krebs-Henseleit 

buffer as previously described in Materials and Methods (Chapter 2). The extent 

of vasorelaxation over one hour elicited by a single addition of CORM319 (12.5- 

100 pM) was monitored in aortic rings precontracted with phenylephrine (1 pM) 

and compared to the effect produced by iCORM-319 (100 pM). The vasorelaxing 

properties of a single addition of DMSO soluble CO-RMs (100 pM) was also 

assessed and compared to their inactive forms (iCO-RMs). The vasodilatory 

response was expressed as percentage of the vasoconstriction induced by 

phenylephrine.

6.1.4 Statistical analysis

Statistical analysis was performed using one-way and two-way ANOVA 

combined with Bonferroni test. Differences were considered to be significant at 

p<0.05.
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6.2 Results

6.2.1 Vasorelaxing properties o f iron-containing CO-RMs

Pre-contracted aortic rings were treated with increasing concentrations of water 

soluble CORM-319 (12.5, 50 and 100 pM) and vasorelaxation was measured at 

different time points. CORM-319 induced fast and concentration-dependant 

vasorelaxation in phenylephrine contracted rings (Figure 6.1). The maximum 

vasorelaxation mediated by CORM-319 was reached after 10 min; this was 

quantified as 19.5+5.8 % at 12.5 pM, 36.4+6.8 % at 50 pM and 57.1+2.7 at 100 

pM. On the other hand, iCORM-319 at 100 pM elicited only slight relaxation 

8.8+6.2 % indicating that CO release from CORM-319 is the factor involved in 

the modulation of vascular tone. To a certain extent the vasorelaxing properties of 

the DMSO soluble CO-RMs were different. For instance, iCORM-307 at 100 pM 

produced very similar vasorelaxing pattern compared to its active form CORM- 

307 at the same concentration (Figure 6.2). Both of them elicited gradual and 

progressive vasorelaxation that reached the maximum 60 min after adding the 

CO-RMs to the organ bath. Therefore, the vasorelaxation induced on the aortic 

rings cannot be contributed only to CO released from CORM-307. The 

vasorelaxing patterns of CORM-308 and CORM-314 were slightly different to 

that obtained with CORM-307. CORM-308 and 314 elicited gradual and 

progressive vasorelaxation which reached maximum after 60 min, whereas their 

inactive forms induced relatively weaker vasorelaxation which reached maximum 

after 10 min and remained more or less stable over the next 50 min (Figure 6.3 

and 6.4).
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Figure 6.1. Effect of CORM-319 on vascular tone.

This graph shows the vasodilatory response of precontracted aortic rings to three 

different concentrations of CORM-319 (12.5, 50, and 100 pM). CORM-319 

caused significant relaxation over time in a concentrated-dependent manner. 

Conversely, iCORM-319 the negative control elicited mild vasorelaxation. 

Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean ± s.e.m. of 5-6 independent experiments. *P<0.05 compared to 

iCORM-319 100 pM.
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Figure 6.2. Effect of CORM-307 on vascular tone.

This graph shows the vasodilatory response of precontracted aortic rings to a 

single addition of CORM-307 (100 pM). CORM-307 caused significant 

relaxation over time in the contracted rings. iCORM-307 the negative control 

elicited similar pattern of vasorelaxation. Vasodilatation is expressed as 

percentage of maximal precontraction. Data represent the mean ± s.e.m. of 5-6 

independent experiments. *P<0.05 compared to iCORM-307 100 pM.
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Figure 6.3. Effect of CORM-308 on vascular tone.

This graph shows the vasodilatory response of precontracted aortic rings to a 

single addition of CORM-308 (100 jxM). CORM-308 caused significant 

relaxation over time in the contracted rings. iCORM-308 the negative control 

elicited weaker vasorelaxation pattern that remain stable over time. Vasodilatation 

is expressed as percentage of maximal precontraction. Data represent the mean ± 

s.e.m. of 5-6 independent experiments. *P<0.05 compared to iCORM-308 100 

pM.
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Figure 6.4. Effect of CORM-314 on vascular tone.

This graph shows the vasodilatory response of precontracted aortic rings to a 

single addition of CORM-314 (100 pM). CORM-314 caused significant 

progressive relaxation which reached maximum after 60 min. iCORM-314 the 

negative control elicited weaker vasorelaxation pattern compared to its active 

form. Vasodilatation is expressed as percentage of maximal precontraction. Data 

represent the mean ± s.e.m. of 5-6 independent experiments. *P<0.05 compared to 

iCORM-314 100 pM.
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6.2.2 Effect o f iron containing CO-RMs on SMCs viability 

The effect of iron containing CO-RMs on cell viability was examined on rat aortic 

smooth muscle cells (A7r5). After 24 h incubation all DMSO soluble CO-RMs 

tested in this study caused complete cell loss at concentrations as low as 10 pM 

(Figure 6.6, 6.7 and 6.8). On the other hand water soluble CORM-319 at 

increasing concentration (10, 50 and 100 pM) was significantly less toxic than the 

other CO-RMs (Figure 6.5). The cell viability of SMCs treated with 100 pM 

CORM-319 for 24 h was 58.8 % whereas other iron containing CO-RMs induced 

100 % loss of SMCs viability at the same concentration. It is worthy of notice that 

at a higher concentration (500 pM) CORM-319 caused almost complete loss of 

cell viability. Compared to CORM-319, the inactive form iCORM319 was 

significantly less toxic especially at higher concentrations. For instance the 

viability rate of SMCs treated with 500 pM iCORM-319 was 60.8 % compared to 

0.79 5% in the cells treated with same concentration of CORM-319 (Figure 6.5). 

Generally inactive forms of CORM-307, 308 and 314 are less toxic than their 

active forms especially at low concentrations (10- 50 pM). These findings point 

toward a role for released CO in mediating the toxic effect of iron containing CO- 

RMs.
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Figure 6.5. Effect of CORM-319 on aortic SMCs viability.

This graph compares the effect of CORM-319 (10-500 pM) and its inactive form 

iCORM-319 on A7r5 cell line viability. As shown in this graph the toxicity of 

CORM-319 increased with rise in concentrations and reached maximum at 500 

pM. the inactive form iCORM-319 was relatively less toxic than CORM-319 

especially at high concentrations. Data represent the mean ± s.e.m. of 4-6 

independent experiments. *P<0.05 compared to CORM-319 (0 pM). +P<0.05 

compared to related concentration of iCORM-319.
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Figure 6.6. Effect of CORM-307 on aortic SMCs viability.

This graph compares the effect of CORM-307 and its inactive form iCORM-307 

on A7r5 cell line viability. CORM-307 induced complete loss cell viability at 10 

pM. iCORM-307 was less toxic than CORM-307 at all tested concentrations. 

Data represent the mean ± s.e.m. of 4-6 independent experiments. *P<0.05 

compared to related concentration of iCORM-307.
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Figure 6.7. Effect of CORM-308 on aortic SMCs viability.

This graph compares the effect of CORM-308 and its inactive form iCORM-308 

on A7r5 cell line viability. CORM-308 induced almost complete loss cell viability 

at 10 pM and its inactive form iCORM-308 had also significant toxic effect 

especially at high concentrations. Data represent the mean ± s.e.m. of 4-6 

independent experiments. *P<0.05 compared to related concentration of iCORM- 

308.
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Figure 6.8. Effect of CORM-314 on aortic SMCs viability.

This graph compares the effect of CORM-314 and its inactive form iCORM-314 

on A7r5 cell line. CORM-314 induced complete loss cell viability at 10 pM. 

iCORM-314 had also significant toxic effect especially at high concentrations. 

Data represent the mean ± s.e.m. of 4-6 independent experiments. *P<0.05 

compared to related concentration of iCORM-314.
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6.3 Discussion

The discovery of new CO-RMs with different chemical characteristics that allow 

the fine modulation of CO release has been proposed to offer more flexibility 

both in terms of cellular targeting and effective therapeutic applications 

(Motterlini et al., 2005). Therefore the discovery of new water soluble iron 

containing CO-RM here termed CORM-319 can be considered as an important 

step toward achieving this target. Although CORM-319 released CO relatively 

slowly when assessed by the myoglobin assay, it has been shown to have a fast 

pattern of CO release when assessed by amperometric CO sensor (ti/2 ~ 1 min) 

(unpublished data from our supervisor). In fact we do not know exactly the 

causes that underlie the discrepancy between the rates of CO released from 

CORM-319 assessed by myoglobin assay from that assessed by CO electrode 

(see Appendix). However we think that the chemical structure of CORM-319 

might play a role in developing these differences. CORM-319 is iron based and it 

is possible that an interaction between iron and the myoglobin happened and this 

interaction might decrease the affinity of myoglobin for CO. Therefore, the rate 

of carbonmonoxyglobin formation was relatively slow compared to that obtained 

by CO electrode. On the other hand, CORM-3 hardly released any CO when 

assessed by CO electrode. Similarly the chemical structure of CORM-3 might 

underlie this discrepancy. We think that the ruthenium backbone of CORM-3 

might precipitate on the CO electrode and decrease the available space for CO 

reading. Thus the rate of CO release assessed by CO electrode was not 

comparable to that evaluated by the myoglobin assay. Interestingly, CORM-A1, a 

very pure salt that does not contain iron or heavy metal, had similar patterns of
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CO release when assessed by either myoglobin assay or CO electrode. Based on 

these findings, it is sensible to conclude that the chemical structure of a given 

CO-RM should be considered in interpreting data from different CO measuring 

techniques. Therefore we think the CO electrode assay is the best available assay 

to assess the rate of CO release from CORM-319, whereas myoglobin assay is 

the appropriate assay to evaluate the rate of CO liberated from CORM-3. For 

CORM-A1, a pure salt, both assays will have similar results. Thus the fast pattern 

of CO release detected by amperometric CO sensor might explain the 

vasorelaxing properties of CORM-319 on precontracted aortic rings. At 

increasing concentrations (12.5, 50 and 100 pM) CORM-319 elicited fast 

vasorelaxation that reached a maximum after 10 min. Since 100 pM iCORM-319 

elicited only slight and significantly less relaxation these data indicate that CO 

released from CORM-319 is responsible for the observed effect.

Although DMSO soluble CORM-307 induced significant progressive relaxation 

in contracted aortic rings, this vasorelaxation cannot be attributed only to the 

released CO as the inactive form iCORM-307 elicited a similar pattern of 

relaxation. The other two DMSO soluble molecules CORM308 and CORM-314 

elicited gradual and progressive significant vasorelaxation and their inactive 

forms also induced vasorelaxation but it was milder than that elicited by their 

active forms. The difference in vasorelaxing scale between the active and inactive 

forms might point toward a partial role played by CO released from CORM-308 

and 314 in augmenting the vasorelaxing properties of these molecules. However, 

the vasorelaxation induced in contracted rings might be due to damage of aortic 

SMCs as both CORM-308 and 314 caused a complete loss of SMCs viability at 

concentrations as low as 10 pM.
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The current SMCs viability results revealed that water soluble CORM-319 is the 

least toxic molecule among all the iron containing CO-RMs examined in this 

project. Using the Alamar Blue technique, all DMSO soluble CO-RMs induced 

complete loss of SMCs viability at 10 pM concentration, whereas 84.5 % of the 

cells treated with the same concentration of CORM-319 remained alive after 24 h. 

However, the toxicity of CORM-319 increased with rising concentrations. For 

example, CORM-319 induced only 41.2 % decrease in cell viability at 100 pM 

but at 500 pM it induced almost complete loss of cell viability. Another 

interesting finding in our results is that iCORM-319 was significantly less toxic 

than its active form especially at high concentrations (100-500 pM). This finding 

suggests that CO released from high concentrations of CORM319 have potential 

toxic effects on aortic SMCs. Similarly it seems that the CO bound to other iron 

containing CO-RMs plays an important role in boosting their cytotoxicity. 

Bearing in mind that one mol of CORM-319 releases one mol of CO, which is the 

same amount released by one mol from any other water insoluble CO-RMs, it 

seems that the toxicity of a released CO gas can be significantly affected by the 

chemical structure of the CO releasing molecule. That might explains the low 

toxic effect exerted by CO released from 10 pM CORM-319 compared to same 

concentration of CORM-307. Additionally it might explain the different effects 

on SMC imposed by CORM-3 and CORM-319, which are both water soluble and 

appear to have similar patterns of CO release.

In summary, our current results show that CORM-319 which is a new water 

soluble iron containing metal carbonyl is a promising compound that can 

spontaneously deliver CO into vascular tissues. Compared to other water 

insoluble iron containing CO-RMs tested in this study, CORM-319 elicits
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concentration-dependant vasorelaxation at concentrations that are relatively safe 

to aortic SMCs. Our data suggest that CO released from this iron carbonyl 

complex is responsible for the observed vasorelaxation. It also suggests that CO 

released from CORM-319 at high concentrations (100-500 pM) might have 

negative effects on aortic SMCs viability.

Furthermore our current data reveal that the small difference in the chemical 

structure between CORM-319 and the other iron based CO-RMs tested in this 

project has a great impact on their vascular activities.
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7 General Discussion
7.1 Assessment of Methodology

An ex vivo model of aortic ring preparations was used in this project to assess the 

vasorelaxing properties of CO-RMs. In fact isolated vessel preparations have been 

extensively used to examine changes in contractile tension in blood vessels in 

response to various vasoconstricting and vasodilating compound (Jones et al, 

1986; Karaki et al., 1987; Calderone et al., 1996). Many advantages tempted us to 

use this model. Firstly, because the blood vessels are examined in vitro, the 

environment of the vessels can be accurately regulated, whereas many parameters 

can affect the result of in vivo studies (Jones et al., 1986; Karaki et al., 1987). 

Secondly, the concentration of drugs that are added to the bathing medium to 

which the vessels is exposed can be accurately established. Thirdly, in contrast to 

isolated aortic zig-zag or helical strip preparations, the isolated ring technique 

usually conserves the endothelial layer (Pual et al, 1988; Calderone et al., 1996). 

Fourthly, with proper training, the ring preparation is simple to prepare and to 

mount on hooks for recording tension. However, convincing criticism has also 

been directed against this ex vivo model. Firstly, it may be difficult to assess the 

effect of drugs working on presynaptic mechanisms using this preparation (Karaki 

et al., 1987). Therefore, the effect of adrenergic compounds with potential 

vasodilating effects can not be assessed using this technique (Karaki et al, 1987). 

Secondly, the response of isolated blood vessels towards some agent varies 

according to the type of blood vessel and species examined (Jones et al., 1986; 

Karaki et al, 1987; Calderone et a l, 1996). These variations can be attributed to 

the complexity of vascular SMC architecture. Thirdly, though this model has been 

widely employed, there is no unanimous consensus that the physiology of isolated
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blood vessels mimics that of in vivo vessels (Jones et al., 1986). However, 

despites these disadvantages, isolated blood vessel models have provided us with 

very useful results; and in most cases the response of isolated vessels qualitatively 

reflected the response of the blood vessels in vivo (Jones et al., 1986).

In the current project three consecutive additions of CORM-3 were used to assess 

the vasoactive properties of CORM-3 because the vasorelaxing pattern induced by 

CORM-3 usually reached a plateau after 6-8 min. Therefore, second and third 

additions were added to have an accumulative effect of CORM-3. The rings were 

monitored for 8 min after the last addition. On the other hand, only one addition 

of CORM-A1 was used to assess the vasoactivity of CORM-A1 because one 

addition of CORM-A1 was enough to induce almost complete reversal of 

contraction induced by phenylephrine, therefore there was no need to make extra 

additions of CORM-A1. It is worth notice that CORM-A1 was introduced to our 

laboratory around 6 months after CORM-3. The recontraction of aortic rings that 

follow the vasorelaxation induced by CORM-A1 prompted us to monitor the 

effect of CORM-A1 for one hour until the recontraction reach a plateau. Similarly 

we ran a group of experiments (Figure 3.2) to assess the response of 

precontracted aortic rings to one addition of CORM-3 (100 |xM) over one hour. 

The vasorelaxing effect of exogenous CO was not assessed in the present study 

because in our opinion it is difficult to precisely control the amount of CO gas that 

is added to biological preparations. Many studies, analysed in Introduction 

(Chapter 1), have demonstrated the vasorelaxing effect of exogenous CO gas in 

different vascular beds. However, there has been a lack of agreement among 

scientist about the real concentrations of CO gas in physiological buffers. Many 

studies have reported the discrepancy between the calculated concentrations and
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real concentrations measured in experimental buffers. For example in a study 

conducted on cerebral arteries it was demonstrated that the measurable 

concentrations of CO in their experimental models were around 99% less than the 

expected concentrations (Komuro et al., 2001). In another study the concentration 

of CO in the buffer was 50% less than the theoretical one (Marks et al., 2002a). 

Therefore we thought that use of external CO gas would complicate instead of 

clarifying our results.

In the present study, the Alamar Blue technique was used to assess aortic SMCs 

viability in vitro. The one step Alamar Blue assay, which is an indicator of 

mitochondrial metabolic activity, particularly of the metabolic chain reaction, has 

gained popularity as a simple technique to assess the cytotoxiciy of different 

compounds (Nakayama et al., 1997; O'Brien et al., 2000; Miret et al., 2005). It is 

very simple, extremely stable, fast, and least toxic to the cells, accurate and 

sensitive assay providing certain precaution are taken (Nakayama et al., 1997; 

O'Brien et al., 2000; Miret et al., 2005). However, the density of cells examined, 

Alamar Blue dye concentration, incubation time, and the interaction between the 

dye and the compound to be used, can all affect the result of the assay (O'Brien et 

al., 2000; Nakayama et al., 1997). In fact more sensitive assays to evaluate cell 

viability through different pathways have now been introduced, and combinations 

of different assays for different aspects of cell death has been proposed as the best 

way to assess the cytotoxicity of a given compound (Miret et al., 2005). However, 

despite its drawbacks, Alarm Blue assay remains a useful indicator for drug 

toxicity (O'Brien et al., 2000).

7.2 Assessment of the Pharmacological Tools Used in This Study

One major problem in pharmacological research is the insufficient specificity of
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the tools of the trade (Cao et al, 2002). The selective inhibitors used in this study 

to assess the cellular pathways targeted by CORM-3 and CORM-A1 are no 

exception. ODQ, (IH-[l,2,4]oxadiazolo[4,3-a]quinoxaline-l-one), was identified 

by Garthwaite and colleagues, around ten years ago, and considered as first potent 

and selective inhibitor of soluble guanylate cyclase, that does not affect either NO 

nor NO synthase (NOS) activity (Garthwaite et al., 1995). Since that time, ODQ 

has been extensively used as the most selective sGC inhibitor (Cao et al., 2002). 

However, Feelisch and colleagues have shown that ODQ lacks specificity for sGC 

and interferes with other heme proteins such as cytochrome P-450 and NOS 

(Feelisch et al., 1999). Therefore, the authors suggested that particular caution 

should be taken when assessing any vasodilators that might be affected by NOS 

activity (Feelisch et al., 1999). Bearing in mind that in our studies vasorelaxation 

of aortic rings by 100 pM CORM-3 was completely inhibited by L-NAME, the 

NOS inhibitor, and ODQ significantly inhibited the vasorelaxation induced by the 

same concentration of CORM-3, an important question emerged; was the 

inhibitory effect of ODQ on CORM-3 due to cross inhibition of NOS activity? In 

order to rule out this possibility and support the role of cGMP in mediating the 

CORM-3-induced vasorelaxation we tested the direct effect of CORM-3 on 

cGMP production in aortic tissue extracts. CORM-3 significantly increased the 

cGMP production, especially after first and second additions, which correlates 

with the maximum inhibitory effect of ODQ on the vasorelaxation of aortic rings 

after first and second additions of CORM-3. Therefore these results confirm the 

role of the sGC/cGMP pathway in mediating vasorelaxation induced by CORM-3. 

As our results showed that CORM-A1 action was independent of endothelium or 

NOS activity, ODQ was considered an appropriate pharmacological tool to
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confirm the involvement of sGC/cGMP pathway in mediating the vasorelaxing 

effect of CORM-A1.

YC-1 is another pharmacological tool used in this project to verify the 

contribution of sGC/cGMP to CORM-3 or CORM-A1 vascular activity. Several 

reports have described YC-1 as directly activating sGC in vascular SMC and 

platelets (Ko et al., 1994; Friebe et al., 1996; Mulsch et al., 1997). It has been 

widly used as a pharmacological tool to activate sGC/cGMP pathway in cultured 

cells or isolated tissues (Chun et al, 2004). However, YC-1 was shown to have 

cGMP-independent inhibitory effects on Kv and Kca channels in cultured pituitary 

gland cells (Wu et a l, 2000). These results have been expected to confuse the 

interpretation of studies which use YC-1 specifically as an activator of sGC (Wu 

et a l, 2000). This expectation does not seem to apply to our results for two 

reasons: 1) inhibition of Kv and Kca channels depolarizes the vascular wall and 

induces vasoconstriction, which was not the case in our system, where incubating 

the aortic rings with YC-1 attenuated the vasoconstriction induced by 

phenylephrine; 2) YC-1 potentiated the vasorelaxing properties of CORM-3 and 

CORM-A1. Therefore, it is sensible to conclude that the synergistic effect of YC- 

1 with CORM-3 and CORM-A1 was mainly due to activation of sGC/cGMP 

system not to inhibition of Kv and Kca channels. Taken together, we believe we 

can safely say that ODQ and YC-1 were the proper pharmacological tools to 

examine the involvement of sGC/cGMP in mediating the vasorelaxing properties 

of CORM-3 and CORM-A1.

Potassium (K+) channels are perhaps more sophisticated than any other ionic 

channels in vascular SMCs (Cao et al, 2002). K+ channel inhibitors have 

provided us with invaluable information about the properties and functions of K+
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channels (Olesen et al., 1994; Nelson and Quayle, 1995).

Charybdotoxin (ChTX), a minor component of scorpion venom, reversibly blocks 

big conductance calcium-activated K + channels (B K c a) (Miller et al., 1985). 

Charybdotoxin and other Kca inhibitors successors have provided us with unique 

tools not only to investigate the functional role of K + channels but also to develop 

the molecular pharmacology of these channels (Garcia et al, 1995). Although it 

has been shown to block some other K + channels in other tissues, charybdotoxin 

appears to be selective for the Kca channels in arterial SMCs (Nelson and Quayle, 

1995). Charybdotoxin was also reported to inhibit intermediate conductance Kca 

channels (IK ca) (Nelson and Quayle, 1995). However, IK ca do not seem to be 

involved in SM contractile functions. Instead it was suggested to be involved in 

non-excitable functions such as regulation of SMC growth (Neylon et a l, 1999). 

Therefore, we think that charybdotoxin was a proper choice to investigate the 

involvement of BKca in conducting the vasorelaxing properties of CORM-3 and 

CORM-A1.

The functional role of small conductance Kca Channel (SKca) was also assessed in 

this study. Three different subtypes of SKcahave been cloned and identified, SKI, 

SK2, and SK3 (Vergara et a l, 1998; Coghlan et a l, 2001; Liegeois et a l, 2003). 

In fact SKca is classified pharmacologically according to their sensitivity to 

venom toxin apamin, into apamin sensitive and apamin insensitive SKca channels 

(Vergara et al, 1998; Bond et al, 1999; Coghlan et a l, 2001). SK2 and SK3 are 

apamin sensitive, whereas SKI seems to be apamin insensitive (Kohler et a l, 

1996; Vergara et a l, 1998; Coghlan et a l, 2001). The localization and function of 

SKI in vascular tissue is not clear. However, apamin alone or in combination with 

charybdotoxin, has been reported to inhibit arterial relaxations to various
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vasodilators, such as acetylcholine, and L-citrulline in numerous vascular beds 

(Ruiz and Tejerina 1998; Qiu and Quilley 2001). Therefore, in the light of 

available information regarding the SKca channels, apamin remains a reasonable 

choice to study the possible role for SKca in mediating the vasorelaxing properties 

of the CORM-3 and CORM-A1.

Voltage-dependant potassium channels (Kv), widely expressed in vascular tissue, 

are the most sophisticated K+channels subgroup (Cao et al., 2002; Korovkina and 

England, 2002b). 4-aminopyridine (4-AP) is considered the most selective known 

blocker of Kv channels in vascular smooth muscle cells (Nelson and Quayle, 

1995). Therefore, 4-AP has been used to differentiate Kv currents from Kca 

currents, which are also stimulated by membrane depolarization (Nelson and 

Quayle, 1995). 4-AP sensitive Kv channels have been identified in all vascular 

smooth muscle tissues investigated to date (Cole et al, 1996). However 4-AP 

insensitive Kv channels have been identified in some vascular SMCs (Cao et al., 

2002). In rat aortic artery Kv2.1 channel, which is Kv channel subtype sensitive to 

millimolar concentrations of 4-AP, was reported to play an important role in the 

regulation of contractility of rat aorta (Tammaro et al., 2004). Hence, we think 

that 4-AP was essential to assess the involvement of Kv channels in 

vasorelaxation induced by the tested CO-RMs. One of the pitfalls of 4-AP is that 

it might cross inhibit ATP dependant K+ channels ( K a t p )  in vascular tissue 

(Nelson and Quayle, 1995). However, the failure of 4-AP to affect the 

vasorelaxing properties of CORM-3, which was attenuated by K a t p  channel 

inhibition, points toward the absence of a significant inhibitory role of the 4-AP 

on K a t p  in our system.

Arterial K atp channels, the last K + channel subgroup to be examined in this study,
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are important regulators of vascular tone (Sampson et al., 2004). They form a 

focal point for signalling by many modulators of vascular smooth muscle tone 

(Sampson et al., 2004). The K At p  channel is a hetero-octamer comprising two 

subunits: the pore-forming subunit Kir6.x (Kir6.1 or Kir6.2) and the regulatory 

subunit sulfonylurea receptor SUR (SUR1, SUR2A, or SUR2B) (Seino et al., 

1999; Cao et al., 2002; Zhuo et al., 2005). K a t p  channels are inhibited by 

glibenclamide, the oral hypoglycaemic sulfonylurea drug (Nelson and Quayle, 

1995; Quayle et al., 1997b; Sobey et al., 2001; Jackson et al., 2005). 

Glibenclamide appears to be selective for K At p  channels and does not block other 

ion channels (Nelson and Quayle, 1995). However, the affinities of the SUR1, 

SUR2A, and SUR2B to glibenclamide are different (Cao et al., 2002; Zhuo et al., 

2005). It was reported that SUR1 subunit binds glibenclamide with a dissociation 

constant (K<j) around 1 nM, while the Kd of SUR2A subunit is 1.2 pM (Cao et al., 

2002). Therefore, the concentration of glibenclamide used in this study (10 pM), 

would inhibit all SUR subunits.

T etrae thy lam m onium  (TEA) is a  non selective K+ channel b locker u sed  to  

p robe  s tru c tu re  and  functions of K+ ch an n e ls  (S ansom  et al., 2 0 0 2 ; Korn and

Trapani 2005). The TEA can induce a half block of Kca, KATp, and Kv channels at

concentrations ranged from 0.2 to 10 mM (Nelson and Quayle, 1995; Cao et al.,

2002). Therefore, the TEA concentration (30 mM) used in this study would inhibit

all the above mentioned K channels subtypes.

In the current study, TEA completely reversed the CORM-3-induced 

vasorelaxation of aortic rings, whereas glibenclamide partially reversed it, and the 

other K+ channel subtypes inhibitors had no significant effect on CORM-3. There 

are three possibilities for this discrepancy between the effect of TEA and

180



UCL GENERAL DISCUSSION

glibenclamide. Firstly, the presence of unidentified TEA sensitive K+ channel 

subtypes in aortic SMCs that are not sensitive to the inhibitors used in this study. 

Secondly, the presence of other ion channels or cellular pathways that is sensitive 

to TEA. Thirdly, Kv or Kca channels might provide alternative pathways to 

CORM-3 when K a t p  is blocked. Therefore, once TEA blocked K At p , K v , and K c a  

channels simultaneously, the vasorelaxing effect of CORM-3 was completely 

abolished. On the other hand the interaction between CORM-A1 and K+ channels 

was less complex, as both TEA and 4-AP induced similar partial inhibition of 

CORM-A1- induced vasorelaxation. This suggests the Kv to be the only K+ 

channel subtype targeted by CORM-A1.

Taken together the current results showed that both sGC and K a t p  channels are 

involved in mediating the vasorelaxing properties of CORM-3, whereas sGC and 

Kv channels are involved in that of CORM-A1. The question is how CO-RMs can 

interact with these cellular pathways to induce their actions?

CORM-3, through its released CO, might bind the haem moiety of sGC enzyme 

to induce a four to six fold increase in its activity (Stone and Marietta 1994; 

Kharitonov et al., 1995). sGC catalyzes the conversion of GTP to cGMP which in 

turn stimulates a cascade of reactions ended by smooth muscle cell relaxation 

(Stone and Marietta 1994; Kharitonov et al., 1995; Sharma and Magde 1999). 

CORM-3 can modify K At p  channels either directly or indirectly. Like many other 

identified K a t p  channel openers, CORM-3 might interact with the SUR subunit of 

K a t p  channels (Lawson et al., 2000; Coghlan et al., 2001; Mannhold et al., 2004; 

Moreau et al., 2005). Indeed, SUR within the channel complex provides a major 

pharmaceutical target as it bind many drugs, K a t p  channel openers and blockers, 

capable of up-or down- regulating channel activity (Lawson et al., 2000;
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Mannhold et al., 2004; Moreau et al., 2005). Therefore, CORM-3 might bind 

directly to SUR subunit to activate the channel. Alternatively, CORM-3 might 

indirectly modify K a t p  channels through increased cGMP production which is 

associated with increase in K a t p  channels activity (Kubo et al., 1994; Miyoshi et 

al., 1994; Murphy and Brayden 1995). cGMP, through the subsequent activation 

of protein kinase G (PKG), can influence K At p  channels activity directly, or 

indirectly through cross-activation of protein kinase A (PKA) (Quayle et al., 

1997a; Standen and Quayle, 1998).

In contrast to K At p  channels which have been the most widely explored of the K+ 

channels in terms of their therapeutic potential, there have been relatively few 

reports of the modulation of Kv channels by vasodilator agents in systemic 

vascular smooth muscle (Standen and Quayle 1998; Coghlan et al., 2001). The 

cGMP stimulation has been associated with acetylcholine induced Kv channels 

activation (Satake et al., 1997). In addition it was also reported that 

phosphorylation by PKA, enhance the Kv channel current in vascular smooth 

muscle cells (Aiello et al., 1995; Aiello et al., 1998). In the light of these findings, 

CORM-A1 can activate Kv channels through activation of the cGMP/ PKG 

pathway which might phosphorylate the channel protein directly, or indirectly by 

cross activation of the cAMP/PKA pathway (Aiello et al., 1995; Aiello et al., 

1998). Alternatively, CORM-A1, independent of cGMP, might directly interact 

with Kv channels through mechanisms yet to be defined.

In conclusion, knowing that there is no drug which acts with exclusive specificity, 

and in the light of published studies, we believe we have justified and confirmed 

the importance of compounds used in this study to assess the involvement of 

sGC/cGMP pathway and K+ channels in mediating the vasorelaxing properties of
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CORM-3 and CORM-A1. The current results have shown that sGC is a cellular 

target for both CORM-3 and CORM-A1, whereas each CO-RM activates different 

K + channel subtypes. CORM-3 and CORM-A1 activated K a t p , and K v  channels 

respectively. Each CO-RM might modulate each subunit directly or indirectly 

through sGC/cGMP pathway activation.

7.3 Comparison between the vascular activity elicited by water soluble CO- 

RMs and the CO delivered by other methods

The attitude toward CO has changed dramatically over the last two decades from 

nothing but silent killer to a gas with diverse biological activity and therapeutic 

potential (Johnson et al., 1999; Morse and Choi, 2002). HO enzyme which 

catalyzes the endogenous formation of CO from heme molecules has been 

expressed in almost all life forms, ranging from prokaryotic bacteria and fungi to 

plants and human (Wagener et a l , 2003). Actually, there are no enzymes 

identified to date that are affected by so numerous stimuli of diverse nature as is 

HO-1, the inducible form of HO (Maines et al., 1997). The CO, endogenously 

derived or exogenously applied, is involved in cellular signalling in 

cardiovascular, gastrointestinal, liver, respiratory, inflammatory and nervous 

system (Wang et al., 1997a; Zakhary et al., 1997; Goda et al., 1998; Otterbein et 

al., 2002; Gibbons and Farrugia, 2004). In both systemic and pulmonary 

circulation CO plays an important role in regulating vascular tone under 

physiological and pathological conditions (Wang et al., 1998; Villamor et al., 

2000; Zhao et al., 2002). It attenuates vasoconstriction responses and induces 

vasodilatation of diverse blood vessels with different diameters and from different 

species through different mechanisms. Among different mechanisms proposed to 

elucidate the vasorelaxing properties of CO, activation of sGC/cGMP pathway
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and BKca channels have received significant interest (Wang et al., 1998; Zhang et 

al, 2001b; Zhao et al, 2002; Morse and Choi, 2005). However, despite the 

progress made in understanding the pathophysiological and therapeutic potential 

of CO over the last two decades, it remains incomparable to that of NO gas which 

has been extensively investigated and found its way into clinical practice to treat 

diverse pathological conditions (Moncada and Higgs 1995; Cohen et al, 1999; 

Motterlini et a l, 2002b). The experimental studies on NO have been largely 

facilitated by the development of a wide variety of organic compounds that 

spontaneously release NO and can be easily acquired to produce physiological or 

pathophysiological functions of NO (Feelisch et al, 1998; Ignarro et al, 2002; 

Motterlini et a l, 2003). Undoubtedly, discovery of similar compounds that can 

carry and deliver CO into vascular tissue in safe, measured and controllable way 

will extend our understanding of the chemistry of CO, its interaction with 

intracellular targets, and its importance in physiology and medicine (Motterlini et 

al, 2002b; Motterlini et al, 2003). Recently, Dr Motterlini has discovered the 

ability of some transitional metal carbonyl compounds to release CO into 

physiological solutions. These compounds have been termed CO-releasing 

molecules (CO-RMs) (Motterlini et a l, 2001; Motterlini et a l, 2002a). 

Dimanganese decarbonyl (CORM-1) and tricarbonyldichloro ruthenium (II) dimer 

(CORM-2), proved to be pharmacologically active with functional effects that are 

similar to CO gas, particularly vasorelaxation and suppression of acute 

hypertension. However both molecules are soluble only in an organic solvent such 

as DMSO, and CORM-1 requires light to induce CO release which raises justified 

doubts about their application in vivo. Water solubility is of great importance to 

drugs and there is a universal desire in drug discovery to increase water solubility
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or to decrease hydrophobicity (Berger et al., 2004). Generally the more water- 

soluble the drugs are, the better their bioavailability when they are administrated 

orally (McFarland et al, 2003; Berger et al., 2004). Therefore, it is an advantage 

in designing new drugs to be able to estimate their solubility before their 

preparation as potential new compounds might be removed from consideration if 

their predicted solubility makes them hopeless candidates (McFarland et al., 2003; 

Berger et al., 2004). For these reasons our group intensified their work to discover 

new water soluble CO-RMs that overcome the solubility problem of the first 

generation of CO-RMs. As a result, CORM-3, CORM-A1, and CORM-319, three 

structurally different water soluble CO releasing molecules have been identified 

and produced (Foresti et al., 2004; Motterlini et al, 2005). 

Tricarbonylchloro(glycinato) ruthenium(II) (CORM-3) is a ruthenium based metal 

carbonyl complex that has been shown to spontaneously and relatively rapidly 

release CO into biological buffers (ti/ 2  —1-5 min) (Foresti et al., 2004). Sodium 

boranocarbonate Na2  [H3 BCO2 ] (CORM-A1) is another water soluble molecule 

that releases CO spontaneously into physiological solutions (Motterlini et al., 

2005). However, the rate of CO release from CORM-A1 is slower than that from 

CORM-3 (ti/2 ~ 2  1 min) (Motterlini et al., 2005). The last molecule in this group is 

iron based ([Fe(CO)4 (T|3 -C3H4 Me)]BF4 ) (CORM-319) which quickly releases CO 

into physiological solutions (ti/2  ~ 1 min) when assessed by amperometric CO 

sensor (unpublished data from our group).

In the study presented here we tested the hypothesis that water soluble CORM-3, 

CORM-A1, and CORM-319, like CO, can elicit vasorelaxation in precontracted 

aortic rings. Additionally, we also tried to confirm the hypothesis that CORM-3 

and CORM-A1 mediate their vasorelaxation through activation of sGC/cGMP and
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or BKca channels. The results of this project substantiate the first part of this 

hypothesis as all CO-RMs tested in this study induced concentration dependant 

vasorelaxation. However, the mechanisms by which CORM-3 and CORM-A1 

function do not fit completely with our hypothesis. Both of them activated the 

sGC/cGMP pathway but Kv and K At p  channels, not B K c a ,  were the cellular 

targets of CORM-A1 and CORM-3 respectively.

The current results indicate that CO liberated from these molecules is responsible 

for their vasorelaxing effect as the inactive forms (iCO-RMs), which do not 

release CO, did not have any significant effect on vascular tone. Additionally, 

CORM-3 and CORM-319 which have a fast pattern of CO release induced rapid 

vasorelaxation which reached a maximum within 10 min, whereas CORM-A1 

which has a slower pattern of CO release elicited gradual relaxation which 

reached maximum after around 30 min. These findings show that the vasorelaxing 

pattern of the tested CO-RMs reflects their kinetics of CO release.

In this study we showed that similar to HO-derived or externally applied CO gas, 

both CORM-3 and CORM-A1 activate sGC which in turn catalyzed the 

production of cGMP, an important intracellular second messenger that mediates 

the relaxation of vascular smooth muscle cells. On the other hand, the absence of 

a significant role for BKca channels in our project, does not agree with other 

studies elsewhere which reported that CO, either endogenously produced or 

externally applied, primarily targets BKca channels in vascular tissue (Wang et al., 

1997a; Wang et al., 1997b; Naik and Walker, 2003; Wang and Wu, 2003; Dubuis 

et al., 2005 ; Jaggar et al., 2005). There are three possible explanations for this 

discrepancy between our results and these studies. Firstly, although the findings of 

other studies confirm the role of BKca channels, they did not rule out the role of

186



UCL GENERAL DISCUSSION

vascular K v, K Atp channels as target for CO activity. Secondly, it is well known 

that different K+ channel subtype expression and dominance is highly tissue 

specific (Nelson and Quayle, 1995; Coghlan et al. 2001; Cao et al., 2002; Jackson 

et al., 2005). Furthermore, the expression and function of various K+ channel 

subtypes in the same cultured vascular cells might vary in response to in vitro 

culture conditions (Tang and Wang, 2001). For example BKca current is 

predominant whereas Kv current is a minor component of total outward K+ 

current in freshly dissociated cultured SMCs of rat tail artery. In contrast the Kv 

current was found to the predominant in the same cells after 24 hours incubation 

(Tang and Wang, 2001). Therefore, the role played by BKca channels in mediating 

the vasorelaxing properties of CO in rat tail artery, mesenteric artery and 

pulmonary arteries might reflect the predominance of this K+ channels subtype in 

these vascular bed. Regarding aortic arteries, at least in male Wistar rats. Kv 

channels not charybdotoxin-sensitive channels were shown to play an important 

role in the regulation of excitability and contractility of rat aorta (Tammaro et al., 

2004). Therefore, the activation of K v and K atp channels by CORM-A1 and 

CORM-3 respectively in isolated rings of adult male Sprague Dawley rats might 

be a reflection of the expression and function of these channels in aortic SMCs. 

Generally speaking, K + channels are the most diverse and sophisticated ion 

channels in mammalian cells and their role in mediating the effect of vasorelaxing 

or vasoconstricting agents should be analysed carefully (Cao et al., 2002; 

Mannhold et al., 2004; Tammaro et al., 2004).

Lastly, the pattern of CO delivery to vascular tissue might explain the variation 

regarding the role of K+ channel subtypes between our results and those published 

by other groups. Additionally it might explain the difference between the
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mechanisms of action between CORM-3 and CORM-A1. Here, we tested the 

vascular action of CO gas delivered by water soluble CO-releasing molecules 

while the others assessed the effect of HO-derived or externally applied CO gas. It 

is noteworthy that different effects and mechanisms of action were reported 

between endogenously formed and externally applied CO gas (Naik and Walker, 

2003; Hristov et al., 2004). For example endogenous CO derived from HHL, the 

HO substrate, elicited sGC independent vasorelaxation in mesenteric arterioles, 

whereas exogenous CO-induced vasorelaxation was sGC dependant (Naik and 

Walker 2003). Interestingly, iberiotoxin, the BKca blocker, attenuated the 

vasorelaxing effect of both endogenous and exogenous CO. In another study 

conducted on isolated smooth muscle cells of portal vein, both hemin, the HO 

substrate, and external CO had similar effects, both increased Kca current, 

although hemin was significantly more potent than CO (Hristov et al., 2004). 

Inexplicably, the effect of external CO was sGC dependant, whereas hemin effect 

was sGC independent. Furthermore iron administration or chelating activate or 

suppresses Kca channels respectively. Therefore, it was concluded that the 

stimulatory effect of hemin on Kca was not due to CO production (Hristov et al., 

2004). These two studies confirm that the methods of CO delivery into vascular 

tissue could affect its pharmacological action. Hence, the pattern of CO release by 

CORM-3 and CORM-A1 (fast versus slow) might explain the difference in their 

cellular target. For unknown reasons which need further clarification, it seems that 

CO released rapidly from CORM-3 activates K a t p  channel subtypes whereas CO 

liberated slowly from CORM-A1 preferred Kv channels. Indeed we do not know 

why the fast pattern of CO release activates K a t p  channels, whereas slow pattern 

stimulates the other K + channel subgroup. Physical, electrochemical, or unknown
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mechanisms might lie behind this effect. Surely, a lot of work is needed to 

understand this effect; however we think that this sophisticated work is beyond 

the scope of this thesis.

Another important finding of our study is that CORM-3 and CORM-A1 at 

concentrations higher than those which induced maximum vasorelaxation have no 

toxic effect on cultured aortic SMCs. This result could help to design effective 

carbon monoxide releasing molecules that can be used safely in vivo and clinical 

practice. Such molecules might be of great value to treat diverse vascular diseases 

such as hypertension, coronary heart disease, cerebral and peripheral vascular 

disease. Although CORM-319 elicited mild damage at 50 pM which induced 

moderate vasorelaxation ex vivo, it induced remarkable cytotoxicity at 100 pM 

and completely destroyed the cultured aortic SMCs at 500 pM. However, CORM- 

319 is notably safe if compared with other iron containing CO-RMs tested in this 

project. These water insoluble molecules which have very similar chemical 

structure to CORM-319, completely damaged aortic SMCs at concentrations as 

low as 10 pM. The water insolubility and extreme toxicity of these CO-RMs show 

how a minor difference in the chemical structure of iron containing CO-RMs has 

great impact on their pharmacological activity.

Another important finding in the study presented here is that the toxicity level of a 

given concentration of CO is highly dependant on the chemical structure of the 

releasing molecules. For example, when 500 pM CORM-319 was applied to 

cultured SMCs, it induced around 100 % loss of cell viability, while only 40% 

damage was imposed by iCORM-319, the inactive form which does not release 

CO. This means that the 500 pM of CO gas released by CORM-319 is likely 

responsible for this immense toxicity. However, 500 pM of CORM-A1 which
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release the same amount of CO, had insignificant effect on the cell viability. 

These findings highlight the great importance of developing various CO releasing 

molecules with various structures (ruthenium, boron, or iron based) in 

understanding the biochemical aspects of CO.

In conclusion, our study leads us to substantiate the hypothesis that the water 

soluble CORM-3, CORM-A1 and CORM-319 can induce vasorelaxation of 

precontracted aortic rings, and this effect is most likely mediated through their 

released CO gas. Both CORM-3 and CORM-A1 stimulate the sGC/cGMP 

pathway. However, unlike HO derived or exogenously applied CO gas, CORM-3 

activates K a t p  channel subtypes whereas CORM-A1 activates Kv subtypes. 

Additionally, the data presented here demonstrate the great impact imposed by the 

kinetic of CO release and change in chemical structure on the pharmacological 

activity of CO-RMs. Finally, these results also show that the CORM-3 and 

CORM-A1 are relatively safe when applied to cultured aortic SMCs at 

concentrations higher than those which induced significant vasorelaxation. If this 

safety is supported by further in vitro and in vivo toxicological screening, CORM- 

3 and CORM-A1 might be of great therapeutic value as vasorelaxing drugs. On 

the other hand, the noticeable toxicity of CORM-319 at 100 pM might raise 

questions about its future as an optimal medicine. A modification on the chemical 

structure of CORM-319 might resolve any potential cytotoxicity.

7.4 Conclusions, Reflections and Future Perspectives

CO is an important regulator of vascular tone under both physiological and 

pathological conditions. Therefore, the pharmaceutical modulation of vascular CO 

levels has been speculated to be of great importance in treating vascular disease 

(Morse and Choi, 2005; Abraham and Kappas, 2005). In this project we
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confirmed that the water soluble CORM-3, and CORM-A1 molecules meet the 

criteria of pharmacological active CO carriers that can spontaneously and safely 

release CO into physiological solutions to modulate vascular tone. Undoubtedly, 

the water solubility of these CO-RMs is of great pharmaceutical advantage over 

the first generation of CO-RMs which were soluble only in organic solvents. Our 

attempt to diversify the collection of CO-RMs that have a variety of chemical 

structure (ruthenium, boron, or iron based) and patterns of CO release (fast vs. 

slow release) will help to elucidate the biochemical characteristics of CO, and the 

cellular targets that are responsive to CO and will facilitate the therapeutic 

delivery of CO.

The current work is a significant step in a long journey started when endogenous 

production of CO was discovered for the first time and will be completed by 

optimal therapeutic application of CO in vascular and other diseases, such as 

hypertension and coronary artery disease. The involvement of K+ channels and 

other ion channels or cellular pathways need to be further examined in other 

vascular beds and through additional techniques, for example patch-clamp 

technique. The efficacy, tissue distribution and elimination of the CO-RMs 

presented in this study must be examined in different animal species in vivo. Last 

but not least, comprehensive toxicological studies are essential to approach 

optimal therapeutic concentrations of this gas with a bad history.

Whether the molecules presented in this study in their current shape reach the 

hospital bedside or not, we deeply believe that they are a breakthrough in the 

biomedical field of CO and will provide the base for many other studies 

investigating the biology of CO.

191



UCL PUBLICATIONS

LIST OF PUBLICATIONS

1. Foresti R, Hammad J, Clark JE, Johnson RA, Mann BE, Friebe A, Green CJ, 

Motterlini R (2004) Vasoactive properties of CORM-3, a novel water- 

soluble carbon monoxide-releasing molecule. Br. J. Pharmacol., 142: 453- 

460.

2. Motterlini R, Sawle P, Hammad J, Bains S, Alberto R, Foresti R, Green CJ 

(2005) CORM-A1: a new pharmacologically active carbon monoxide- 

releasing molecule. FASEB J., 19: 284-286.

3. Ian J.S. Fairlamb, Anne-Kathrin Duhme-Klair, Jason M. Lynam, Benjamin E. 

Moulton, Ciara T. O’Brien, Philip Sawle, Jehad Hammad and Roberto 

Motterlini (2006) Eta4-pyrone iron(0)carbonyl complexes as effective CO- 

releasing molecules (CO-RMs).Bioorg Med Chem Lett. 2006 Feb 

15;16(4):995-8.

192



8 REFERENCE LIST

REFERENCES

1. Abraham NG (2003) Therapeutic applications of human heme oxygenase 
gene transfer and gene therapy. Curr. Pharm. Des, 9: 2513-2524.

2. Abraham NG, Kappas A (2005) Heme oxygenase and the cardiovascular- 
renal system. Free Radic. Biol. Med., 39: 1-25.

3. Aiello EA, Malcolm AT, Walsh MP, Cole WC (1998) Beta-adrenoceptor 
activation and PKA regulate delayed rectifier K+ channels of vascular 
smooth muscle cells. Am. J. Physiol, 275: H448-H459.

4. Aiello EA, Walsh MP, Cole WC (1995) Phosphorylation by protein kinase 
A enhances delayed rectifier K+ current in rabbit vascular smooth muscle 
cells. Am. J. Physiol, 268: H926-H934.

5. Alberto R, Ortner K, Wheatley N, Schibli R, Schubiger AP (2001) 
Synthesis and properties of boranocarbonate: a convenient in situ CO 
source for the aqueous preparation of [(99m)Tc(OH(2))3(CO)3]+. J. Am. 
Chem. Soc., 123: 3135-3136.

6. Allen RT, Hunter WJ, HI, Agrawal DK (1997) Morphological and 
biochemical characterization and analysis of apoptosis. J. Pharmacol. 
Toxicol. Methods, 37: 215-228.

7. Antuni JD, Kharitonov SA, Hughes D, Hodson ME, Barnes PJ (2000) 
Increase in exhaled carbon monoxide during exacerbations of cystic 
fibrosis. Thorax, 55: 138-142.

8. Archer SL (1996) Diversity of phenotype and function of vascular smooth 
muscle cells. J. Lab Clin. Med., 127: 524-529.

9. Attuwaybi BO, Kozar RA, Moore-Olufemi SD, Sato N, Hassoun HT, 
Weisbrodt NW, Moore FA (2004) Heme oxygenase-1 induction by hemin 
protects against gut ischemia/reperfusion injury. J. Surg. Res., 118: 53-57.

10. Bainbridge SA, Farley AE, McLaughlin BE, Graham CH, Marks GS, 
Nakatsu K, Brien JF, Smith GN (2002) Carbon monoxide decreases

193



UCL REFERENCES

perfusion pressure in isolated human placenta. Placenta, 23: 563-569.

11. Balia G, Jacob HS, Balia J, Rosenberg M, Nath KA, Apple F, Eaton JW, 
Vercellotti GM (1992) Ferritin: a cytoprotective antioxidant stratagem of 
endothelium. J. Biol. Chem., 267: 18148-18153.

12. Barbe C, Dubuis E, Rochetaing A, Kreher P, Bonnet P, Vandier C (2002b) 
A 4-AP-sensitive current is enhanced by chronic carbon monoxide 
exposure in coronary artery myocytes. Am. J. Physiol Heart Circ. Physiol, 
282: H2031-H2038.

13. Barbe C, Dubuis E, Rochetaing A, Kreher P, Bonnet P, Vandier C (2002a) 
A 4-AP-sensitive current is enhanced by chronic carbon monoxide 
exposure in coronary artery myocytes. Am. J. Physiol Heart Circ. Physiol, 
282: H2031-H2038.

14. Barbe C, Rochetaing A, Kreher P (2002c) Mechanisms underlying the 
coronary vasodilation in the isolated perfused hearts of rats submitted to 
one week of high carbon monoxide exposure in vivo. Inhal. Toxicol., 14: 
273-285.

15. Barinaga M (1993) Carbon-monoxide: killer to brain messenger in one- 
step. Science, 259: 309.

16. Berger T (2004) Analytical and Semipreparative Supercritical Fluid. In: 
York P, Kompella U and Shekunov B. ed. Supercritical Fluid Technology 
for Product Development. Marcell Deckker Inc, 497-539.

17. Bond CT, Maylie J, Adelman JP (1999) Small-conductance calcium- 
activated potassium channels. Ann. N. Y. Acad. Sci., 868: 370-378.

18. Brayden JE (2002) Functional roles of KATP channels in vascular smooth 
muscle. Clin. Exp. Pharmacol. Physiol, 29: 312-316.

19. Brayden JE, Nelson MT (1992) Regulation of arterial tone by activation of 
calcium-dependent potassium channels. Science, 256: 532-535.

20. Brian JE, Jr., Heistad DD, Faraci FM (1994) Effect of carbon monoxide on 
rabbit cerebral arteries. Stroke, 25: 639-643.

21. Brune B, Ullrich V (1988) Inhibition of platelet aggregation by carbon 
monoxide is mediated by activation of guanylate cyclase. Mol.

194



UCL REFERENCES

Pharmacol., 32: 497-504.

22. Calderone V, Martinotti E, Scatizzi R, Pellegrini A, Breschi MC (1996) A 
modified aortic multiple-ring preparation for functional studies. J. 
Pharmacol. Toxicol. Methods, 35: 131-138.

23. Cao K. and Wang R. (2002) Carbon monoxide, vascular contractility, and 
K+ channels. In: Wang R., ed. Carbon monoxide and cardiovascular 
functions. CRC Press, 83-111.

24. Carvajal JA, Germain AM, Huidobro-Toro JP, Weiner CP (2000) 
Molecular mechanism of cGMP-mediated smooth muscle relaxation. J. 
Cell Physiol, 184: 409-420.

25. Cary SP, Marietta MA (2001) The case of CO signaling: why the jury is 
still out. J. Clin. Invest, 107: 1071-1073.

26. Cavicchi M, Gibbs L, Whittle BJ (2000) Inhibition of inducible nitric 
oxide synthase in the human intestinal epithelial cell line, DLD-1, by the 
inducers of heme oxygenase 1, bismuth salts, heme, and nitric oxide 
donors. Gut, 47: 771-778.

27. Chakder S, Rathi S, Ma XL, Rattan S (1996) Heme oxygenase inhibitor 
zinc protoporphyrin-ix causes and activation of nitric-oxide synthase in the 
rabbit internal anal- sphincter. J. Pharmacol. Exp. Ther., 277: 1376-1382.

28. Chapman JT, Otterbein LE, Elias JA, Choi AM (2001) Carbon monoxide 
attenuates aeroallergen-induced inflammation in mice. Am. J. Physiol 
Lung Cell Mol. Physiol, 281: L209-L216.

29. Chatteijee PK (2004) Water-soluble carbon monoxide-releasing 
molecules: helping to elucidate the vascular activity of the 'silent killer'. 
Br. J. Pharmacol., 142: 391-393.

30. Chauveau C, Bouchet D, Roussel JC, Mathieu P, Braudeau C, Renaudin 
K, Tesson L, Soulillou JP, Iyer S, Buelow R, Anegon I (2002) Gene 
transfer of heme oxygenase-1 and carbon monoxide delivery inhibit 
chronic rejection. Am. J. Transplant., 2: 581-592.

31. Chun YS, Yeo EJ, Park JW (2004) Versatile pharmacological actions of 
YC-1: anti-platelet to anticancer. Cancer Lett., 207: 1-7.

195



UCL REFERENCES

32. Clark JE, Foresti R, Sarathchandra P, Kaur H, Green CJ, Motterlini R 
(2000) Heme oxygenase-1-derived bilirubin ameliorates post-ischemic 
myocardial dysfunction. Am. J. Physiol. Heart Circ. Physiol., 278: H643- 
H651.

33. Clark JE, Naughton P, Shurey S, Green CJ, Johnson TR, Mann BE, Foresti 
R, Motterlini R (2003) Cardioprotective actions by a water-soluble carbon 
monoxide-releasing molecule. Circ. Res., 93: e2-e8.

34. Coceani F, Breen CA, Lees JG, Falck JR, Olley PM (1988) Further 
evidence implicating a cytochrome P-450-mediated reaction in the 
contractile tension of the lamb ductus arteriosus. Circ. Res., 62: 471-477.

35. Coceani F, Hamilton NC, Labuc J, Olley PM (1984) Cytochrome P 450- 
linked monooxygenase: involvement in the lamb ductus arteriosus. Am. J. 
Physiol., 246: H640-3.

36. Coceani F, Kelsey L, Seidlitz E (1996) Carbon monoxide-induced 
relaxation of the ductus arteriosus in the lamb: evidence against the prime 
role of guanylyl cyclase. Br. J. Pharmacol., 118: 1689-1696.

37. Coghlan MJ, Carroll WA, Gopalakrishnan M (2001) Recent developments 
in the biology and medicinal chemistry of potassium channel modulators: 
update from a decade of progress. J. Med. Chem., 44: 1627-1653.

38. Cohen RA (1999) The potential clinical impact of 20 years of nitric oxide 
research. Am. J. Physiol., 276: H1404-H1407.

39. Cole WC, Clement-Chomienne O, Aiello EA (1996) Regulation of 4- 
aminopyridine-sensitive, delayed rectifier K+ channels in vascular smooth 
muscle by phosphorylation. Biochem. Cell Biol., 74: 439-447.

40. Coleman HA, Tare M, Parkington HC (2004) Endothelial potassium 
channels, endothelium-dependent hyperpolarization and the regulation of 
vascular tone in health and disease. Clin. Exp. Pharmacol. Physiol, 31: 
641-649.

41. Cruse I, Maines MD (1988) Evidence suggesting that the two forms of 
heme oxygenase are products of different genes. J. Biol. Chem., 263: 
3348-3353.

42. Dieter J. (1981) A convenient stereoselective synthesis of cationic (h3-

196



UCL REFERENCES

allyl) iron tetracarbonyl complexes. J Organomet Chem, 212: 107-113.

43. Ding XQ, Liu GM, Wang JK, Sheng ZR (2002) Vasodilative action of 
carbon monoxide on rat pulmonary artery in vitro. Sheng Li Xue. Bao., 54: 
38-42.

44. Dubuis E, Potier M, Wang R, Vandier C (2005) Continuous inhalation of 
carbon monoxide attenuates hypoxic pulmonary hypertension 
development presumably through activation of BKCa channels. 
Cardiovasc. Res., 65: 751 -761.

45. Duckers HJ, Boehm M, True AL, Yet SF, San H, Park JL, Clinton WR, 
Lee ME, Nabel GJ, Nabel EG (2001) Heme oxygenase-1 protects against 
vascular constriction and proliferation. Nat. Med., 7: 693-698.

46. Durante W (2002) Carbon monoxide and vascular smooth muscle cell 
growth. In: Wang R., ed. Carbon monoxide and cardiovascular functions. 
CRC Press, 45-67.

47. Durante W (2003) Heme oxygenase-1 in growth control and its clinical 
application to vascular disease. J. Cell Physiol, 195: 373-382.

48. Durante W, Christodoulides N, Cheng K, Peyton KJ, Sunahara RK, 
Schafer Al (1997) cAMP induces heme oxygenase-1 gene expression and 
carbon monoxide production in vascular smooth muscle. Am. J. Physiol., 
273: H317-H323.

49. Durante W, Schafer Al (1998) Carbon monoxide and vascular cell 
function (Review). Int. J. Mol. Med., 2: 255-262.

50. Eisenstein RS, Garcia-Mayol D, Pettingell W, Munro HN (1991) 
Regulation of ferritin and heme oxygenase synthesis in rat fibroblasts by 
different forms of iron. Proc. Natl. Acad. Sci. USA, 88: 688-692.

51. Enders D. (2001) Iron-mediated allylic sustitution rections with chirality 
transfer. Stereochemistry of the formation of diastereo- and 
enantiomerically enriched olefinic and allylic tetracarbonyl iron 
complexes. Organometallics, 20: 4312-4332.

52. Ewing JF, Raju VS, Maines MD (1994) Induction of heart heme 
oxygenase-1 (HSP32) by hyperthermia: possible role in stress-mediated 
elevation of cyclic 3':5'- guanosine monophosphate. J. Pharmacol. Exp.

197



UCL REFERENCES

Ther., 271: 408-414.

53. Farrugia G, Lei S, Lin X, Miller SM, Nath KA, Ferris CD, Levitt M, 
Szurszewski JH (2003) A major role for carbon monoxide as an 
endogenous hyperpolarizing factor in the gastrointestinal tract. Proc. Natl. 
Acad. Sci. U. S. A, 100: 8567-8570.

54. Feelisch M (1998) The use of nitric oxide donors in pharmacological 
studies. Naunyn-Schmiedeberg's Arch. Pharmacol., 358: 113-122.

55. Feelisch M, Kotsonis P, Siebe J, Clement B, Schmidt HH (1999) The 
soluble guanylyl cyclase inhibitor lH-[l,2,4]oxadiazolo[4,3,-a] 
quinoxalin-l-one is a nonselective heme protein inhibitor of nitric oxide 
synthase and other cytochrome P-450 enzymes involved in nitric oxide 
donor bioactivation. Mol. Pharmacol., 56: 243-253.

56. Ferris CD, Jaffrey SR, Sawa A, Takahashi M, Brady SD, Barrow RK, 
Tysoe SA, Wolosker H, Baranano DE, Dore S, Poss KD, Snyder SH 
(1999) Haem oxygenase-1 prevents cell death by regulating cellular iron. 
Nature Cell Biol., 1: 152-157.

57. Foresti R, Green CJ, Motterlini R (2002) Nitric oxide and the heme 
oxygenase/carbon monoxide system: cooperation in the control of vascular 
function. In: Wang R, ed. Carbon Monoxide and Cardiovascular 
Functions. Boca Raton, Florida: CRC Press, 111-124.

58. Foresti R, Hammad J, Clark JE, Johnson RA, Mann BE, Friebe A, Green 
CJ, Motterlini R (2004) Vasoactive properties of CORM-3, a novel water- 
soluble carbon monoxide-releasing molecule. Br. J. Pharmacol., 142: 453- 
460.

59. Foresti R, Motterlini R (1999) The heme oxygenase pathway and its 
interaction with nitric oxide in the control of cellular homeostasis. Free 
Rad. Res., 31: 459-475.

60. Friebe A, Mullershausen F, Smolenski A, Walter U, Schultz G, Koesling 
D (1998) YC-1 potentiates nitric oxide- and carbon monoxide-induced 
cyclic GMP effects in human platelets. Mol. Pharmacol., 54: 962-967.

61. Friebe A, Schultz G, Koesling D (1996) Sensitizing soluble guanylyl 
cyclase to become a highly CO-sensitive enzyme. Embo J., 15: 6863-

198



UCL REFERENCES

6868.

62. Furchgott RF, Jothianandan D (1991) Endothelium-dependent and - 
independent vasodilation involving cGMP: relaxation induced by nitric 
oxide, carbon monoxide and light. Blood Vessels, 28: 52-61.

63. Garcia ML, Knaus HG, Munujos P, Slaughter RS, Kaczorowski GJ (1995) 
Charybdotoxin and its effects on potassium channels. Am. J. Physiol, 269: 
Cl-10.

64. Garthwaite J, Southam E, Boulton CL, Nielsen EB, Schmidt K, Mayer B
(1995) Potent and selective inhibition of nitric oxide-sensitive guanylyl 
cyclase by lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one. Mol. 
Pharmacol., 48: 184-188.

65. Gibbons SJ, Farrugia G (2004) The role of carbon monoxide in the 
gastrointestinal tract. J. Physiol.

66. Giusti-Paiva A, Elias LL, Antunes-Rodrigues J (2005) Inhibitory effect of 
gaseous neuromodulators in vasopressin and oxytocin release induced by 
endotoxin in rats. Neurosci. Lett., 381: 320-324.

67. Goda N, Suzuki K, Naito M, Takeoka S, Tsuchida E, Tametani T, 
Suematsu M (1998) Distribution of heme oxygenase isoforms in rat liver. 
Topographic basis for carbon monoxide-mediated micro vascular 
relaxation. J. Clin. Invest., 101: 604-612.

68. Gonzales RJ, Walker BR (2002) Role of CO in attenuated vasoconstrictor 
reactivity of mesenteric resistance arteries after chronic hypoxia. Am. J. 
Physiol Heart Circ. Physiol, 282: H30-H37.

69. Gorman D, Drewry A, Huang YL, Sames C (2003) The clinical toxicology 
of carbon monoxide. Toxicology, 187: 25-38.

70. Graser T, Vedernikov YP, Li DS (1990) Study on the mechanism of 
carbon monoxide induced endothelium-independent relaxation in porcine 
coronary artery and vein. Biomed. Biochim. Acta, 49: 293-296.

71. Grozdanovic Z, Gossrau R (1996) Expression of heme oxygenase-2 (HO- 
2)-like immunoreactivity in rat- tissues. Acta Histochemica, 98: 203-214.

72. Guo Y, Stein AB, Wu WJ, Tan W, Zhu X, Li QH, Dawn B, Motterlini R,

199



UCL REFERENCES

Bolli R (2004) Administration of a CO-Releasing Molecule at the Time of 
Reperfusion Reduces Infarct Size In Vivo. Am. J. Physiol Heart Circ. 
Physiol, 286: H1649-H1653.

73. Hartsfield CL (2002) Cross talk between carbon monoxide and nitric 
oxide. Antioxid. Redox. Signal., 4: 301-307.

74. Hartsfield CL, Alam J, Cook JL, Choi AMK (1997) Regulation of heme 
oxygenase-1 gene expression in vascular smooth muscle cells by nitric 
oxide. Am. J. Physiol., 273: L980-L988.

75. Hegyi T, Goldie E, Hiatt M (1994) The protective role of bilirubin in 
oxygen-radical diseases of the preterm infant. J. Perinatol., 14: 296-300.

76. Hoetzel A, Vagts DA, Loop T, Humar M, Bauer M, Pahl HL, Geiger KK, 
Pannen BH (2001) Effect of nitric oxide on shock-induced hepatic heme 
oxygenase-1 expression in the rat. Hepatology, 33: 925-937.

77. Hopkins PN, Wu LL, Hunt SC, James BC, Vincent GM, Williams RR
(1996) Higher serum bilirubin is associated with decreased risk for early 
familial coronary artery disease. Atherioscler. Thromb. Vase. Biol., 16: 
250-255.

78. Horvath I, MacNee W, Kelly FJ, Dekhuijzen PN, Phillips M, Doring G, 
Choi AM, Yamaya M, Bach FH, Willis D, Donnelly LE, Chung KF, 
Barnes PJ (2001) "Haemoxygenase-1 induction and exhaled markers of 
oxidative stress in lung diseases", summary of the ERS Research Seminar 
in Budapest, Hungary, September, 1999. Eur. Respir. J., 18: 420-430.

79. Hristov KL, Gagov HS, Itzev D, Duridanova DB (2004) Heme oxygenase- 
2 products activate IKCa: role of CO and iron in guinea pig portal vein 
smooth muscle cells. J. Muscle Res. Cell Motil., 25: 411-421.

80. Hussain AS, Marks GS, Brien JF, Nakatsu K (1997) The soluble guanylyl 
cyclase inhibitor lH-[l,2,4]oxadiazolo[4,3-alpha]quinoxalin-l-one (ODQ) 
inhibits relaxation of rabbit aortic rings induced by carbon monoxide, 
nitric oxide, and glyceryl trinitrate. Can. J. Physiol Pharmacol., 75: 1034- 
1037.

81. Ignarro LJ, Napoli C, Loscalzo J (2002) Nitric oxide donors and 
cardiovascular agents modulating the bioactivity of nitric oxide: an

200



m ____________________________________________________ REFERENCES

overview. Circ. Res., 90: 21-28.

82. Ishikawa K, Navab M, Leitinger N, Fogelman AM, Lusis AJ (1997) 
Induction of heme oxygenase-1 inhibits the monocyte transmigration 
induced by mildly oxidized LDL. J. Clin. Invest., 100: 1209-1216.

83. Ishizaka N, Ishizaka Y, Takahashi E, Yamakado M, Hashimoto H (2001) 
High serum bilirubin level is inversely associated with the presence of 
carotid plaque. Stroke, 32: 580-583.

84. Jackson WF (2005) Potassium channels in the peripheral microcirculation. 
Microcirculation. ,12: 113 -127.

85. Jaggar JH, Leffler CW, Cheranov SY, Tcheranova D, E S, Cheng X
(2002) Carbon monoxide dilates cerebral arterioles by enhancing the 
coupling of Ca2+ sparks to Ca2+-activated K+ channels. Circ. Res., 91: 
610-617.

86. Jaggar JH, Li A, Parfenova H, Liu J, Umstot ES, Dopico AM, Leffler CW 
(2005) Heme is a carbon monoxide receptor for large-conductance Ca2+- 
activated K+ channels. Circ. Res., 97: 805-812.

87. Johnson FK, Johnson RA (2003) Carbon monoxide promotes 
endothelium-dependent constriction of isolated gracilis muscle arterioles. 
Am. J. Physiol Regul. Integr. Comp Physiol, 285: R536-R541.

88. Johnson RA, Kozma F, Colombari E (1999) Carbon monoxide: from toxin 
to endogenous modulator of cardiovascular functions. Braz. J. Med. Biol. 
Res., 32: 1-14.

89 Jones CE, Gwirtz PA. Animal models investigate drug effects on coronary 
physiology. 7, 3-22. 1986. Current Trend Review.

90. Kaizu T, Nakao A, Tsung A, Toyokawa H, Sahai R, Geller DA, Murase N 
(2005) Carbon monoxide inhalation ameliorates cold ischemia/reperfusion 
injury after rat liver transplantation. Surgery, 138: 229-235.

91. Karaki H (1987) Use of tension measurements to delineate the mode of 
action of vasodilators. J. Pharmacol. Methods, 18: 1-21.

92. Ke B, Buelow R, Shen XD, Melinek J, Amersi F, Gao F, Ritter T, Volk 
HD, Busuttil RW, Kupiec-Weglinski JW (2002) Heme oxygenase 1 gene

201



UCL REFERENCES

transfer prevents CD95/Fas ligand-mediated apoptosis and improves liver 
allograft survival via carbon monoxide signaling pathway. Hum. Gene 
Ther., 13: 1189-1199.

93. Kharitonov VG, Sharma VS, Pilz RB, Magde D, Koesling D (1995) Basis 
of guanylate cyclase activation by carbon monoxide. Proc. Natl. Acad. Sci. 
USA, 92: 2568-2571.

94. Kim HP, Ryter SW, Choi AM (2005) CO as a Cellular Signaling 
Molecule. Annu. Rev. Pharmacol. Toxicol..

95. Ko FN, Wu CC, Kuo SC, Lee FY, Teng CM (1994) YC-1, a novel 
activator of platelet guanylate cyclase. Blood, 84: 4226-4233.

96. Kodama M, Kaneko M, Aida M, Inoue F, Nakayama T, Akimoto H (1997) 
Free radical chemistry of cigarette smoke and its implication in human 
cancer. Anticancer Res., 17: 433-437.

97. Kohler M, Hirschberg B, Bond CT, Kinzie JM, Marrion NV, Maylie J, 
Adelman JP (1996) Small-conductance, calcium-activated potassium 
channels from mammalian brain. Science, 273: 1709-1714.

98. Komuro T, Borsody MK, Ono S, Marton LS, Weir BK, Zhang ZD, Paik E, 
Macdonald RL (2001) The vasorelaxation of cerebral arteries by carbon 
monoxide. Exp. Biol. Med. (Maywood. ), 226: 860-865.

99. Koneru P, Leffler CW (2004) Role of cGMP in carbon monoxide-induced 
cerebral vasodilation in piglets. Am. J. Physiol Heart Circ. Physiol, 286: 
H304-H309.

100. Korn SJ, Trapani JG (2005) Potassium channels. IEEE Trans. 
Nanobioscience., 4: 21-33.

101. Korovkina VP, England SK (2002a) Detection and implications of 
potassium channel alterations. Vascul. Pharmacol., 38: 3-12.

102. Korovkina VP, England SK (2002b) Molecular diversity of vascular 
potassium channel isoforms. Clin. Exp. Pharmacol. Physiol, 29: 317-323.

103. Kozma F, Johnson RA, Zhang F, Yu CH, Tong XG, Nasjletti A (1999) 
Contribution of endogenous carbon monoxide to regulation of diameter in 
resistance vessels. Am. J. Physiol., 276: R1087-R1094.

202



UCL REFERENCES

104. Kubo M, Nakaya Y, Matsuoka S, Saito K, Kuroda Y (1994) Atrial 
natriuretic factor and isosorbide dinitrate modulate the gating of ATP- 
sensitive K+ channels in cultured vascular smooth muscle cells. Circ. Res., 
74: 471-476.

105. Kutty RK, Maines MD (1981) Purification and characterization of 
biliverdin reductase from rat liver. J. Biol. Chem., 256: 3956-3962.

106. Kyokane T, Norimizu S, Taniai H, Yamaguchi T, Takeoka S, Tsuchida E, 
Naito M, Nimura Y, Ishimura Y, Suematsu M (2001) Carbon monoxide 
from heme catabolism protects against hepatobiliary dysfunction in 
endotoxin-treated rat liver. Gastroenterology, 120: 1227-1240.

107. Lawson K (2000) Potassium channel openers as potential therapeutic 
weapons in ion channel disease. Kidney Int., 57: 838-845.

108. Leffler CW, Fedinec AL, Parfenova H, Jaggar JH (2005) Permissive
contributions of NO and prostacyclin in CO-induced cerebrovascular
dilation in piglets. Am. J. Physiol Heart Circ. Physiol, 289: H432-H438.

109. Leffler CW, Nasjletti A, Yu C, Johnson RA, Fedinec AL, Walker N
(1999) Carbon monoxide and cerebral microvascular tone in newborn
pigs. Am. J. Physiol, 276: H1641-H1646.

110. Liegeois JF, Mercier F, Graulich A, Graulich-Lorge F, Scuvee-Moreau J, 
Seutin V (2003) Modulation of small conductance calcium-activated 
potassium (SK) channels: a new challenge in medicinal chemistry. Curr. 
Med. Chem., 10: 625-647.

111. Lin H, McGrath JJ (1988) Vasodilating effects of carbon monoxide. Drug 
Chem. Toxicol., 11: 371-385.

112. Lincoln TM, Komalavilas P, Cornwell TL (1994) Pleiotropic regulation of 
vascular smooth muscle tone by cyclic GMP-dependent protein kinase. 
Hypertension, 23: 1141-1147.

113. Liu XM, Chapman GB, Peyton KJ, Schafer AI, Durante W (2003) 
Antiapoptotic action of carbon monoxide on cultured vascular smooth 
muscle cells. Exp. Biol. Med. (Maywood.), 228: 572-575.

114. Liu XM, Chapman GB, Peyton KJ, Schafer AI, Durante W (2002) Carbon 
monoxide inhibits apoptosis in vascular smooth muscle cells. Cardiovasc.

203



UCL REFERENCES

Res., 55: 396-405.

115. Lizard G, Monier S, Cordelet C, Gesquiere L, Deckert V, Gueldry S, 
Lagrost L, Gambert P (1999) Characterization and comparison of the 
mode of cell death, apoptosis versus necrosis, induced by 7beta- 
hydroxycholesterol and 7-ketocholesterol in the cells of the vascular wall. 
Arterioscler. Thromb. Vase. Biol., 19: 1190-1200.

116. Maines M.D. (1992) Heme oxygenase and heme degrading system. In: 
Heme oxygenase clinical applications and functions. CRC Prss.

117. Maines MD (1988) Heme oxygenase: function, multiplicity, regulatory 
mechanisms, and clinical applications. FASEB J., 2: 2557-2568.

118. Maines MD (1997) The heme oxygenase system: a regulator of second 
messenger gases. Annu. Rev. Pharmacol. Toxicol., 37: 517-554.

119. Maines MD, Panahian N (2001) The heme oxygenase system and cellular 
defense mechanisms. Do HO-1 and HO-2 have different functions? Adv. 
Exp. Med. Biol., 502: 249-272.

120. Maines MD, Trakshel GM, Kutty RK (1986) Characterization of two 
constitutive forms of rat liver microsomal heme oxygenase: only one 
molecular species of the enzyme is inducible. J. Biol. Chem., 261: 411- 
419.

121. Mannhold R (2004) KATP channel openers: structure-activity 
relationships and therapeutic potential. Med. Res. Rev., 24: 213-266.

122. Marks GS, Vreman HJ, McLaughlin BE, Brien JF, Nakatsu K (2002) 
Measurement of endogenous carbon monoxide formation in biological 
systems. Antioxid. Redox. Signal., 4: 271-277.

123. Marks G. and Nakatsu K (2002a) The Physiological role of Carbon 
Monoxide Derived from Heme Oxidation Catalyzed by Heme Oxygenase. 
In: Rui Wang, ed. Carbon monoxide and cardiovascular functions. CRC 
PRESS, 3-24.

124. Marmion CJ, Cameron B, Mulcahy C, Flicker SP (2004) Ruthenium as an 
effective nitric oxide scavenger. Curr. Top. Med. Chem., 4: 1585-1603.

125. Mazzola S, Fomi M, Albertini M, Bacci ML, Ciminaghi B, Lavitrano M,

204



UCL REFERENCES

Seren E, Clement MG (2004) Inhaled carbon monoxide (CO) prevents 
lung oedema induced by endotoxic shock. Vet. Res. Commun., 28 Suppl 1: 
209-212.

126. McCoubrey WK, Huang TJ, Maines MD (1997) Isolation and 
characterization of a cDNA from the rat brain that encodes hemoprotein 
heme oxygenase-3. Eur. J. Biochem., 247: 725-732.

127. McFarland J. and Avdeef A (2003) Factors Influencing Water Solubilities 
of Crystalline Drugs. In: H. van de Waterbeemed, H. lennemas and P. 
Artursson , ed. Drug Bioavailability. Wily-VCH, 232-243.

128. McFaul SJ, McGrath JJ (1987) Studies on the mechanism of carbon 
monoxide-induced vasodilation in the isolated perfused rat heart. Toxicol. 
Appl. Pharmacol., 87: 464-473.

129. McLaughlin BE, Chretien ML, Choi C, Brien JF, Nakatsu K, Marks GS
(2000) Potentiation of carbon monoxide-induced relaxation of rat aorta by 
YC-1 [3-(5,-hydroxymethyl-2'-furyl)-l-benzylindazole]. Can. J. Physiol 
Pharmacol., 78: 343-349.

130. Miller C, Moczydlowski E, Latorre R, Phillips M (1985) Charybdotoxin, a 
protein inhibitor of single Ca2+-activated K+ channels from mammalian 
skeletal muscle. Nature, 313: 316-318.

131. Miret S, De Groene EM, Klaffke W (2005) Comparison of In Vitro Assays 
of Cellular Toxicity in the Human Hepatic Cell Line HepG2. J. Biomol. 
Screen..

132. Miyoshi H, Nakaya Y, Moritoki H (1994) Nonendothelial-derived nitric 
oxide activates the ATP-sensitive K+ channel of vascular smooth muscle 
cells. FEBS Lett., 345: 47-49.

133. Moncada S, Higgs EA (1995) Molecular mechanisms and therapeutic 
strategies related to nitric oxide. FASEB J., 9: 1319-1330.

134. Moncure M, Chen L, Childs EW, Smalley D, Udobi KF, Cheung LY
(2003) Heme-oxygenase-1 mRNA expression affects hemorrhagic shock- 
induced leukocyte adherence. J. Trauma, 55: 118-125.

135. Moore BA, Overhaus M, Whitcomb J, Ifedigbo E, Choi AM, Otterbein 
LE, Bauer AJ (2005) Brief inhalation of low-dose carbon monoxide

205



m ____________________________________________________ REFERENCES

protects rodents and swine from postoperative ileus. Crit Care Med., 33: 
1317-1326.

136. Moreau C, Prost AL, Derand R, Vivaudou M (2005) SUR, ABC proteins 
targeted by KATP channel openers. J. Mol. Cell Cardiol., 38: 951-963.

137. Morimoto Y, Durante W, Lancaster DG, Klattenhoff J, Tittel FK (2001) 
Real-time measurements of endogenous CO production from vascular 
cells using an ultrasensitive laser sensor. Am. J. Physiol. Heart Circ. 
Physiol., 280: H483-8.

138. Morita T, Kourembanas S (1996) Endothelial cell expression of 
vasoconstrictors and growth factors is regulated by smooth muscle cell- 
derived carbon monoxide. J. Clin. Invest., 96: 2676-2682.

139. Morita T, Mitsialis SA, Koike H, Liu YX, Kourembanas S (1997) Carbon 
monoxide controls the proliferation of hypoxic vascular smooth muscle 
cells. J. Biol. Chem., 272: 32804-32809.

140. Morita T, Perrella MA, Lee ME, Kourembanas S (1995) Smooth muscle 
cell-derived carbon monoxide is a regulator of vascular cGMP. Proc. Natl. 
Acad. Sci. USA, 92: 1475-1479.

141. Morse D, Choi AM (2005) Heme oxygenase-1: from bench to bedside. 
Am. J. Respir. Crit Care Med., 172: 660-670.

142. Morse D, Choi AMK (2002) Heme Oxygenase-1. The "emerging 
molecule" has arrived. Am. J. Respir. Cell Mol. Biol., 27: 8-16.

143. Morse D, Sethi J (2002) Carbon monoxide and human disease. Antioxid. 
Redox. Signal., 4: 331-338.

144. Morse D, Sethi J, Choi AM (2002) Carbon monoxide-dependent signaling. 
Crit Care Med., 30: S12-S17.

145. Mosi R, Seguin B, Cameron B, Amankwa L, Darkes MC, Flicker SP 
(2002) Mechanistic studies on AMD6221: a ruthenium-based nitric oxide 
scavenger. Biochem. Biophys. Res. Commun., 292: 519-529.

146. Motterlini R, Clark JE, Foresti R, Sarathchandra P, Mann BE, Green 
CJ.(2001) Characterization of vasoactive effects elicited by carbon 
monoxide-releasing molecules. J.Vasc.Res. 38[S1], 25.

206



UCL REFERENCES

147. Motterlini R, Clark JE, Foresti R, Sarathchandra P, Mann BE, Green CJ 
(2002a) Carbon monoxide-releasing molecules: characterization of 
biochemical and vascular activities. Circ. Res., 90: E17-E24.

148. Motterlini R, Foresti R, Green CJ (2002b) Studies on the development of 
carbon monoxide-releasing molecules: potential applications for the 
treatment of cardiovascular dysfunction. In: Wang R, ed. Carbon 
Monoxide and Cardiovascular Functions. Boca Raton, Florida: CRC 
Press, 249-271.

149. Motterlini R, Foresti R, Intaglietta M, Winslow RM (1996) NO-mediated 
activation of heme oxygenase: endogenous cytoprotection against 
oxidative stress to endothelium. Am. J. Physiol. Heart Circ. Physiol., 270: 
H107-H114.

150. Motterlini R, Gonzales A, Foresti R, Clark JE, Green CJ, Winslow RM 
(1998) Heme oxygenase-1-derived carbon monoxide contributes to the 
suppression of acute hypertensive responses in vivo. Circ. Res., 83: 568- 
577.

151. Motterlini R, Mann BE, Johnson TR, Clark JE, Foresti R, Green CJ (2003) 
Bioactivity and pharmacological actions of carbon monoxide-releasing 
molecules. Curr. Pharm. Des., 9: 2525-2539.

152. Motterlini R, Sawle P, Hammad J, Bains S, Alberto R, Foresti R, Green CJ 
(2005) CORM-A1: a new pharmacologically active carbon monoxide- 
releasing molecule. FASEB J., 19: 284-286.

153. Mulsch A, Bauersachs J, Schafer A, Stasch JP, Kast R, Busse R (1997) 
Effect of YC-1, an NO-independent, superoxide-sensitive stimulator of 
soluble guanylyl cyclase, on smooth muscle responsiveness to 
nitrovasodilators. Br. J. Pharmacol., 120: 681-689.

154. Murdoch H.D. (2004) p-Allyl-eisencarbonyl-halogenide. Helv Chim Acta, 
45: 1927-1933.

155. Murphy ME, Brayden JE (1995) Nitric oxide hyperpolarizes rabbit 
mesenteric arteries via ATP-sensitive potassium channels. J. Physiol, 486 ( 
Pt 1): 47-58.

156. Naik JS, O'Donaughy TL, Walker BR (2003) Endogenous carbon

207



J£k____________________________________________________ REFERENCES

monoxide is an endothelial-derived vasodilator factor in the mesenteric 
circulation. Am. J. Physiol Heart Circ. Physiol, 284: H838-H845.

157. Naik JS, Walker BR (2003) Heme oxygenase-mediated vasodilation 
involves vascular smooth muscle cell hyperpolarization. Am. J. Physiol 
Heart Circ. Physiol, 285: H220-H228.

158. Nakao A, Kimizuka K, Stolz DB, Seda NJ, Kaizu T, Choi AM, Uchiyama 
T, Zuckerbraun BS, Bauer AJ, Nalesnik MA, Otterbein LE, Geller DA, 
Murase N (2003a) Protective effect of carbon monoxide inhalation for 
cold-preserved small intestinal grafts. Surgery, 134: 285-292.

159. Nakao A, Moore BA, Murase N, Liu F, Zuckerbraun BS, Bach FH, Choi 
AM, Nalesnik MA, Otterbein LE, Bauer AJ (2003b) Immunomodulatory 
effects of inhaled carbon monoxide on rat syngeneic small bowel graft 
motility. Gut, 52: 1278-1285.

160. Nakatsu K and Marks J, (2002) Signal transduction pathways involved in 
CO-induced vasodilation: the role of cyclic GC/slouble Gunylyl Cyclase. 
In: Wang R., ed. Carbon monoxide and cardiovascular functions. CRC 
Press, 67-83.

161. Nakayama GR, Caton MC, Nova MP, Parandoosh Z (1997) Assessment of 
the Alamar Blue assay for cellular growth and viability in vitro. J. 
Immunol. Methods, 204: 205-208.

162. Ndisang JF, Tabien HE, Wang R (2004) Carbon monoxide and 
hypertension. J. Hypertens., 22: 1057-1074.

163. Nelson MT, Patlak JB, Worley JF, Standen NB (1990) Calcium channels, 
potassium channels, and voltage dependence of arterial smooth muscle 
tone. Am. J. Physiol, 259: C3-18.

164. Nelson MT, Quayle JM (1995) Physiological roles and properties of 
potassium channels in arterial smooth muscle. Am. J. Physiol, 268: C799- 
C822.

165. Nesmeyanov A. A. (1968) Some views on the structure and chemistry of p- 
allyl complexes. J Organomet Chem, 14: 387-394.

166. Neuzil J, Stocker R (1993) Bilirubin attenuates radical-mediated damage 
to serum albumin. FEBS Lett., 331: 281-284.

208



UCL REFERENCES

167. Neylon CB, Lang RJ, Fu Y, Bobik A, Reinhart PH (1999) Molecular
cloning and characterization of the intermediate-conductance Ca(2+)-
activated K(+) channel in vascular smooth muscle: relationship between 
K(Ca) channel diversity and smooth muscle cell function. Circ. Res., 85: 
e33-e43.

168. O'Brien J, Wilson I, Orton T, Pognan F (2000) Investigation of the Alamar 
Blue (resazurin) fluorescent dye for the assessment of mammalian cell 
cytotoxicity. Eur. J. Biochem., 267: 5421-5426.

169. Olesen SP, Munch E, Moldt P, Drejer J (1994) Selective activation of
Ca(2+)-dependent K+ channels by novel benzimidazolone. Eur. J.
Pharmacol., 251: 53-59.

170. Omaye ST (2002) Metabolic modulation of carbon monoxide toxicity. 
Toxicology, 180: 139-150.

171. Orallo F (1996) Regulation of cytosolic calcium levels in vascular smooth 
muscle. Pharmacol. Ther., 69: 153-171.

172. Otterbein L, Chin DY, Otterbein SL, Lowe VC, Fessler HE, Choi AMK 
(1997) Mechanism of hemoglobin-induced protection against endotoxemia 
in rats: a ferritin-independent pathway. Am. J. Physiol., 272: L268-L275.

173. Otterbein LE (2002) Carbon monoxide: innovative anti-inflammatory 
properties of an age-old gas molecule. Antioxid. Redox. Signal., 4: 309- 
319.

174. Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H, Wysk M, Davis RJ, 
Flavell RA, Choi AM (2000) Carbon monoxide has anti-inflammatory 
effects involving the mitogen-activated protein kinase pathway. Nat. Med., 
6: 422-8.

175. Otterbein LE, Mantell LL, Choi AMK (1999) Carbon monoxide provides 
protection against hyperoxic lung injury. Am. J. Physiol., 276: L688-L694.

176. Otterbein LE, Soares MP, Yamashita K, Bach FH (2003) Heme 
oxygenase-1: unleashing the protective properties of heme. Trends 
Immunol., 24: 449-455.

177. Pannen BH, Bauer M (1998) Differential regulation of hepatic arterial and 
portal venous vascular resistance by nitric oxide and carbon monoxide in

209



UCL REFERENCES

rats. Life Sci, 62: 2025-2033.

178. Peyton KJ, Reyna SV, Chapman GB, Ensenat D, Liu XM, Wang H, 
Schafer AI, Durante W (2002) Heme oxygenase-1-derived carbon 
monoxide is an autocrine inhibitor of vascular smooth muscle cell growth. 
Blood, 99: 4443-4448.

179. Piantadosi CA (2002) Biological chemistry of carbon monoxide. Antioxid. 
Redox. Signal., 4: 259-270.

180. Poss KD, Tonegawa S (1997) Heme oxygenase 1 is required for 
mammalian iron reutilization. Proc. Natl. Acad. Sci. USA, 94: 10919- 
10924.

181. Prabhakar NR, Dinerman JL, Agani FH, Snyder SH (1995) Carbon 
monoxide: a role in carotid body chemoreception. Proc. Natl. Acad. Sci. 
USA, 92: 1994-1997.

182. Pual M Vanhoutte (1988) Endothelium-Dependant Relaxation in 
Systemic Arteries. In: Relaxing and Contracting Factors. Hummana Press 
Inc., 1-27.

183. Pyriochou A, Papapetropoulos A (2005) Soluble guanylyl cyclase: more 
secrets revealed. Cell Signal., 17: 407-413.

184. Qiu Y, Quilley J (2001) Apamin/charybdotoxin-sensitive endothelial K+ 
channels contribute to acetylcholine-induced, NO-dependent 
vasorelaxation of rat aorta. Med. Sci. Monit., 7: 1129-1136.

185. Quayle JM, Nelson MT, Standen NB (1997a) ATP-sensitive and inwardly 
rectifying potassium channels in smooth muscle. Physiol Rev., 77: 1165- 
1232.

186. Quayle JM, Nelson MT, Standen NB (1997b) ATP-sensitive and inwardly 
rectifying potassium channels in smooth muscle. Physiol Rev., 77: 1165- 
1232.

187. Rahman I, Morrison D, Donaldson K, MacNee W (1996) Systemic 
oxidative stress in asthma, COPD, and smokers. Am. J. Respir. Crit Care 
Med., 154: 1055-1060.

188. Rattan S, Chakder S (1993) Inhibitory effect of CO on internal anal

210



UCL REFERENCES

sphincter: heme oxygenase inhibitor inhibits NANC relaxation. Am. J. 
Physiol, 265: G799-G804.

189. Raub JA, Mathieu-Nolf M, Hampson NB, Thom SR (2000) Carbon 
monoxide poisoning—a public health perspective. Toxicology, 145: 1-14.

190. Rich A, Farrugia G, Rae JL (1994) Carbon monoxide stimulates a 
potassium-selective current in rabbit corneal epithelial cells. Am. J. 
Physiol., 267: C435-C442.

191. Ruiz E, Tejerina T (1998) Relaxant effects of L-citrulline in rabbit 
vascular smooth muscle. Br. J. Pharmacol., 125: 186-192.

192. Ryter SW, Otterbein LE (2004) Carbon monoxide in biology and 
medicine. BioEssays, 26: 270-280.

193. Sammut LA, Foresti R, Clark JE, Exon DJ, Vesely MJJ, Sarathchandra P, 
Green CJ, Motterlini R (1998) Carbon monoxide is a major contributor to 
the regulation of vascular tone in aortas expressing high levels of haeme 
oxygenase-1. Br. J. Pharmacol., 125: 1437-1444.

194. Sampson LJ, Hayabuchi Y, Standen NB, Dart C (2004) Caveolae localize 
protein kinase A signaling to arterial ATP-sensitive potassium channels. 
Circ. Res., 95: 1012-1018.

195. Sansom MS, Shrivastava JH, Bright JN, Tate J, Capener CE, Biggin PC 
(2002) Potassium channels: structures, models, simulations. Biochim. 
Biophys. Acta, 1565: 294-307.

196. Sarady JK, Otterbein SL, Liu F, Otterbein LE, Choi AM (2002) Carbon 
monoxide modulates endotoxin-induced production of granulocyte 
macrophage colony-stimulating factor in macrophages. Am. J. Respir. Cell 
Mol. Biol., 27: 739-745.

197. Satake N, Shibata M, Shibata S (1997) The involvement of KCa, KATP 
and KV channels in vasorelaxing responses to acetylcholine in rat aortic 
rings. Gen. Pharmacol., 28: 453-457.

198. Sato K, Balia J, Otterbein L, Smith RN, Brouard S, Lin Y, Csizmadia E, 
Sevigny J, Robson SC, Vercellotti G, Choi AM, Bach FH, Soares MP
(2001) Carbon monoxide generated by heme oxygenase-1 suppresses the 
rejection of mouse-to-rat cardiac transplants. J. Immunol., 166: 4185-

211



UCL REFERENCES

4194.

199. Sawle P, Foresti R, Mann BE, Johnson TR, Green CJ, Motterlini R 
(2005b) Carbon monoxide-releasing molecules (CO-RMs) attenuate the 
inflammatory response elicited by lipopolysaccharide in RAW264.7 
murine macrophages. Br. J. Pharmacol., 145: 800-810.

200. Sawle P, Foresti R, Mann BE, Johnson TR, Green CJ, Motterlini R 
(2005a) Carbon monoxide-releasing molecules (CO-RMs) attenuate the 
inflammatory response elicited by lipopolysaccharide in RAW264.7 
murine macrophages. Br. J. Pharmacol., 145: 800-810.

201. Scapagnini G, D'Agata V, Calabrese V, Pascale A, Colombrita C, Alkon 
D, Cavallaro S (2002) Gene expression profiles of heme oxygenase 
isoforms in the rat brain. Brain Res., 954: 51-59.

202. Scott JA, Machoun M, Mccormack DG (1996) Inducible nitric oxide 
synthase and vascular reactivity in rat thoracic aorta: effect of 
aminoguanidine. J. Appl. Physiol., 80: 271-277.

203. Sedlak TW, Snyder SH (2004) Bilirubin benefits: cellular protection by a 
biliverdin reductase antioxidant cycle. Pediatrics, 113: 1776-1782.

204. Seino S (1999) ATP-sensitive potassium channels: a model of 
heteromultimeric potassium channel/receptor assemblies. Annu. Rev. 
Physiol, 61: 337-362.

205. Sharma VS, Magde D (1999) Activation of soluble guanylate cyclase by 
carbon monoxide and nitric oxide: a mechanistic model. Methods, 19: 
494-505.

206. Sjostrand T (1952) The formation of carbon monoxide by in vitro 
decomposition of haemoglobin in bile pigments. Acta Physiol. Scand., 26: 
328-333.

207. Slebos DJ, Ryter SW, Choi AM (2003) Heme oxygenase-1 and carbon 
monoxide in pulmonary medicine. Respir. Res., 4: 7.

208. Snyder SH, Baranano DE (2001) Heme oxygenase: a font of multiple 
messengers. Neuropsychopharmacology, 25: 294-298.

209. Soares MP, Lin Y, Anrather J, Csizmadia E, Takigami K, Sato K, Grey

212



UCL REFERENCES

ST, Colvin RP, Choi AM, Poss KD, Bach FH (1998) Expression of heme 
oxygenase-1 can determine cardiac xenograft survival. Nature Med., 4: 
1073-1077.

210. Sobey CG (2001) Potassium channel function in vascular disease. 
Arterioscler. Thromb. Vase. Biol., 21: 28-38.

211. Song R, Kubo M, Morse D, Zhou Z, Zhang X, Dauber JH, Fabisiak J, 
Alber SM, Watkins SC, Zuckerbraun BS, Otterbein LE, Ning W, Oury 
TD, Lee PJ, McCurry KR, Choi AM (2003) Carbon monoxide induces 
cytoprotection in rat orthotopic lung transplantation via anti-inflammatory 
and anti-apoptotic effects. Am. J. Pathol., 163: 231-242.

212. Standen NB, Quayle JM (1998) K+ channel modulation in arterial smooth 
muscle. Acta Physiol Scand., 164: 549-557.

213. Stocker R, Glazer AN, Ames BN (1987) Antioxidant activity of albumin- 
bound bilirubin. Proc. Natl. Acad. Sci. USA, 84: 5918-5922.

214. Stocker R, McDonagh AF, Glazer AN, Ames BN (1990) Antioxidant 
activities of bile pigments: biliverdin and bilirubin. Methods Enzymol., 
186: 301-309.

215. Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, Ames BN (1987) 
Bilirubin is an antioxidant of possible physiological importance. Science, 
235: 1043-1046.

216. Stone JR, Marietta MA (1994) Soluble guanylate cyclase from bovine 
lung: activation with nitric oxide and carbon monoxide and spectral 
characterization of the ferrous states. Biochemistry, 33: 5636-5640.

217. Stone JR, Marietta MA (1998) Synergistic activation of soluble guanylate 
cyclase by YC-1 and carbon monoxide: implications for the role of 
cleavage of the iron-histidine bond during activation by nitric oxide. 
Chem. Biol., 5: 255-261.

218. Suematsu M, Goda N, Sano T, Kashiwagi S, Egawa T, Shinoda Y, 
Ishimura Y (1995) Carbon monoxide: an endogenous modulator of 
sinusoidal tone in the perfused rat liver. J. Clin. Invest., 96: 2431-2437.

219. Tammaro P, Smith AL, Crowley BL, Smirnov SV (2005) Modulation of 
the voltage-dependent K+ current by intracellular Mg2+ in rat aortic

213



UCL REFERENCES

smooth muscle cells. Cardiovasc. Res., 65: 387-396.

220. Tammaro P, Smith AL, Hutchings SR, Smirnov SV (2004) 
Pharmacological evidence for a key role of voltage-gated K+ channels in 
the function of rat aortic smooth muscle cells. Br. J. Pharmacol., 143: 
303-317.

221. Tang G, Wang R (2001) Differential expression of KV and KCa channels 
in vascular smooth muscle cells during 1-day culture. Pflugers Arch., 442: 
124-135.

222. Tenhunen R, Marver HS, Schmid R (1968) The enzymatic conversion of 
heme to bilirubin by microsomal heme oxygenase. Proc. Natl. Acad. Sci. 
U. S. A, 61: 748-755.

223. Teran FJ, Johnson RA, Stevenson BK, Peyton KJ, Jackson KE, Appleton 
SD, Durante W, Johnson FK (2005) Heme oxygenase-derived carbon 
monoxide promotes arteriolar endothelial dysfunction and contributes to 
salt-induced hypertension in Dahl salt-sensitive rats. Am. J. Physiol Regul. 
Integr. Comp Physiol, 288: R615-R622.

224. Thiemermann C (2001) Inhaled CO: deadly gas or novel therapeutic? Nat. 
Med., 7: 534-535.

225. Thorup C, Jones CL, Gross SS, Moore LC, Goligorsky MS (1999) Carbon 
monoxide induces vasodilation and nitric oxide release but suppresses 
endothelial NOS. Am. J. Physiol., 277: F882-F889.

226. Togane Y, Morita T, Suematsu M, Ishimura Y, Yamazaki J, Katayama S
(2000) Protective roles of endogenous carbon monoxide in neointimal 
development elicited by arterial injury. Am. J. Physiol., 278: H623-H632.

227. Trakshel GM, Kutty RK, Maines MD (1986) Purification and 
characterization of the major constitutive form of testicular heme 
oxygenase. The noninducible isoform. J. Biol. Chem., 261: 11131-11137.

228. Turcanu V, Dhouib M, Poindron P (1998) Nitric oxide synthase inhibition 
by haem oxygenase decreases macrophage nitric-oxide-dependent 
cytotoxicity: a negative feedback mechanism for the regulation of nitric 
oxide production. Res. Immunol., 149: 741-744.

229. Vedernikov YP, Graser T, Vanin AF (1989) Similar endothelium-

214



UCL REFERENCES

independent arterial relaxation by carbon monoxide and nitric oxide. 
Biomed. Biochim. Acta, 8: 601-603.

230. Vergara C, Latorre R, Marrion NV, Adelman JP (1998) Calcium-activated 
potassium channels. Curr. Opin. Neurobiol., 8: 321-329.

231. Verma A, Hirsch DJ, Glatt CE, Ronnett GV, Snyder SH (1993) Carbon 
monoxide: a putative neural messenger. Science, 259: 381-384.

232. Villamor E, Perez-Vizcaino F, Cogolludo AL, Conde-Oviedo J, Zaragoza- 
Amaez F, Lopez-Lopez JG, Tamargo J (2000) Relaxant effects of carbon 
monoxide compared with nitric oxide in pulmonary and systemic vessels 
of newborn piglets. Pediatr. Res., 48: 546-553.

233. Vreman H, Stevenson D (2002) Sources, Sinks, and Measurement of 
Carbon Monoxide. In: Wang R., ed. carbon monoxide and cardiovascular 
functions. CRC Press, 273-307.

234. Wagener FA, Volk HD, Willis D, Abraham NG, Soares MP, Adema GJ, 
Figdor CG (2003) Different faces of the heme-heme oxygenase system in 
inflammation. Pharmacol. Rev., 55: 551-571.

235. Wagner CT, Durante W, Christodoulides N, Heliums JD, Schafer AI 
(1995) Shear-stress induces heme oxygenase and carbon-monoxide 
production by vascular smooth-muscle cells. Blood, 86: 784.

236. Wagner CT, Durante W, Christodoulides N, Heliums JD, Schafer AI 
(1997) Hemodynamic forces induce the expression of heme oxygenase in 
cultured vascular smooth muscle cells. J. Clin. Invest., 100: 589-596.

237. Wang R (1998) Resurgence of carbon monoxide: an endogenous gaseous 
vasorelaxing factor. Can. J. Physiol. Pharmacol., 76: 1-15.

238. Wang R, Wang ZZ, Wu LY (1997a) Carbon monoxide-induced 
vasorelaxation and the underlying mechanisms. Br. J. Pharmacol., 121: 
927-934.

239. Wang R, Wu L (1997) The chemical modification of Kca channels by 
carbon monoxide in vascular smooth muscle cells. J. Biol. Chem., 272: 
8222-8226.

240. Wang R, Wu L (2003) Interaction of selective amino acid residues of

215



UCL REFERENCES

K(ca) channels with carbon monoxide. Exp. Biol Med. (Maywood. ), 228: 
474-480.

241. Wang R, Wu LY, Wang ZZ (1997b) The direct effect of carbon monoxide 
on Kca channels in vascular smooth muscle cells. Pflugers Arch., 434: 
285-291.

242. Werkstrom V, Ny L, Persson K, Andersson KE (1997) Carbon monoxide- 
induced relaxation and distribution of haem oxygenase isoenzymes in the 
pig urethra and lower oesophagogastric junction. Br. J. Pharmacol., 120: 
312-318.

243. White KA, Marietta MA (1992) Nitric oxide synthase is a cytochrome P- 
450 type protein. Biochemistry, 31: 6627-6631.

244. Willis D, Tomlinson A, Frederick R, Paul-Clark MJ, Willoughby DA
(1995) Modulation of heme oxygenase activity in rat brain and spleen by 
inhibitors and donors of nitric oxide. Biochem. Biophys. Res. Commun., 
214: 1152-1156.

245. Winestone JS, Bonner C, Leffler CW (2003) Carbon monoxide as an 
attenuator of vasoconstriction in piglet cerebral arterioles. Exp. Biol. Med. 
(Maywood. ), 228: 46-50.

246. Wu SN, Hwang T, Teng CM, Li HF, Jan CR (2000) The mechanism of 
actions of 3-(5'-(hydroxymethyl-2'-furyl)-l-benzyl indazole (YC-1) on 
Ca(2+)-activated K(+) currents in GH(3) lactotrophs. Neuropharmacology, 
39: 1788-1799.

247. Wu TW, Carey D, Wu J, Sugiyama H (1991a) The cytoprotective effects 
of bilirubin and biliverdin on rat hepatocytes and human erythrocytes and 
the impact of albumin. Biochem. Cell Biol., 69: 828-834.

248. Wu TW, Fung KP, Yang CC (1994) Unconjugated bilirubin inhibits the 
oxidation of human low density lipoprotein better than Trolox. Life Sci., 
54: 477-481.

249. Wu TW, Wu J, Li RK, Mickle D, Carey D (1991b) Albumin-bound 
bilirubins protect human ventricular myocytes against oxyradical damage. 
Biochem. Cell Biol., 69: 683-688.

250. Xi Q, Tcheranova D, Parfenova H, Horowitz B, Leffler CW, Jaggar JH

216



UCL REFERENCES

(2004) Carbon monoxide activates KCa channels in newborn arteriole 
smooth muscle cells by increasing apparent Ca2+ sensitivity of a- 
subunits. Am. J. Physiol Heart Circ. Physiol, 286: H610-H618.

251. Yachie A, Niida Y, Wada T, Igarashi N, Kaneda H, Toma T, Ohta K, 
Kasahara Y, Koizumi S (1999) Oxidative stress causes enhanced 
endothelial cell injury in human heme oxygenase-1 deficiency. J. Clin. 
Invest., 103: 129-135.

252. Yachie A. and Koizumi S. (2002) Human HO-1 Deficiency and 
Cardiovascular Dysfunction. In: Wang R, ed. Carbon monoxide and 
cardiovascular functions. CRC Press, 181-213.

253. Yet SF, Pellacani A, Patterson C, Tan L, Folta SC, Foster L, Lee WS, 
Hsieh CM, Perrella MA (1997) Induction of heme oxygenase-1 expression 
in vascular smooth muscle cells. A link to endotoxic shock. J. Biol. Chem., 
272: 4295-4301.

254. Zahm JM, Baconnais S, Monier S, Bonnet N, Bessede G, Gambert P, 
Puchelle E, Lizard G (2003) Chronology of cellular alterations during 7- 
ketocholesterol-induced cell death on A7R5 rat smooth muscle cells: 
analysis by time lapse-video microscopy and conventional fluorescence 
microscopy. Cytometry A, 52: 57-69.

255. Zakhary R, Gaine SP, Dinerman JL, Ruat M, Flavahan NA, Snyder SH
(1996) Heme oxygenase 2: endothelial and neuronal localization and role 
in endothelium-dependent relaxation. Proc. Natl. Acad. Sci. USA, 93: 795- 
798.

256. Zakhary R, Poss KD, Jaffrey SR, Ferris CD, Tonegawa S, Snyder SH
(1997) Targeted gene deletion of heme oxygenase 2 reveals neural role for 
carbon monoxide. Proc. Natl. Acad. Sci. USA, 94: 14848-14853.

257. Zhang F, Kaide J, Wei Y, Jiang H, Yu C, Balazy M, Abraham NG, Wang 
W, Nasjletti A (2001a) Carbon monoxide produced by isolated arterioles 
attenuates pressure-induced vasoconstriction. Am. J. Physiol Heart Circ. 
Physiol, 281: H350-H358.

258. Zhang F, Kaide JI, Rodriguez-Mulero F, Abraham NG, Nasjletti A 
(2001b) Vasoregulatory function of the heme-heme oxygenase-carbon 
monoxide system. Am. J. Hypertens., 14: 62S-67S.

217



UCL REFERENCES

259. Zhao W. and Wang R. (2002) Carbon monoxide-induced vasorelaxation 
and underlying mechanisms. In: CRC Press, ed. Carbon monoxide and 
cardiovascular functuons.23-45.

260. Zhuo ML, Huang Y, Liu DP, Liang CC (2005) KATP channel: relation 
with cell metabolism and role in the cardiovascular system. Int. J. 
Biochem. Cell Biol., 37: 751-764.

261. Zuckerbraun BS, Otterbein LE, Boyle P, Jaffe R, Upperman J, Zamora R, 
Ford HR (2005) Carbon monoxide protects against the development of 
experimental necrotizing enterocolitis. Am. J. Physiol Gastrointest. Liver 
Physiol,2S9:G601-G61

218



UCL APPENDIX

9 APPENDIX

The pattern of CO released from CORM-319, CORM-3 and CORM-A1 was 

assessed using an amperometric CO sensor (Figure 9.1, 9.4) and myoglobin assay 

(Figure 9.2, 9.3 and 9.5). As mentioned in the text the chemical structure of a 

tested CO-RM should be considered in interpreting the results of any applied 

assay. For example, CORM-319 has a fast pattern of CO release when assessed by 

CO sensor (Figure 9.1), whereas it has a slower pattern of CO release when 

assessed by the myoglobin assay (Figure 9.2). In contrast, CORM-3 hardly 

release any CO when assessed by CO sensor (data not shown), while it had a fast 

pattern of CO liberation when tested by myoglobin assay (Figure 9.3). CORM- 

A1 which is a very pure salt, has similar kinetics of CO release whether measured 

by CO sensor (Figure 9.4) or myoglobin assay (Figure 9.5).
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Figure 9.1 Quantification of CO liberated from CORM-319 using CO 
electrode (from Sandip Bains).
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Figure 9.2 Quantification of CO liberated from CORM-319 using the 
myoglobin assay (from Dr Philip Swale).
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Figure 9.3 Quantification of CO liberated from CORM-3 using myoglobin 
assay (from Dr Philip Swale).
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Figure 9.4 Quantification of CO liberated from CORM-A1 using an 
amperometric CO sensor (from Sandip Bains).
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Figure 9.5 Quantification of CO liberated from CORM-A1 using a 
myoglobin assay (from Dr Philip Sawle).
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