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The occurrence, role and consequences of CO and NO in biological systems are reviewed. This

includes their syntheses by heme oxygenases and NO synthases, their biological targets and the

physiological effects of their signals. The use of CO and NO gases in medicine are discussed and

methods of delivery are illustrated with particular emphasis on the therapeutic properties of

compounds that generate controlled amounts of NO and CO in vivo.

Introduction

At first sight, the occurrence of carbon monoxide (CO) and

nitric oxide (NO) as signalling molecules in our bodies is

surprising. CO has a deservedly bad reputation as being ‘a

silent killer’ and causes many deaths as a result of poorly

maintained heaters. NO is the source of the polluting NOx

found in the air of many cities. However, it is now known that,

at very low concentrations, both CO and NO are essential

molecules for life.

NO in biology has been extensively reviewed. The book,

‘Life, Death and Nitric Oxide’, by Butler and Nicholson gives

an excellent background to NO in biology.1 In addition there

are a number of reviews on NO including ‘Nitric Oxide and

Cyclic GMP in Cell Signaling and Drug Development’, by

Murad,2 and ‘NO-Releasing Drugs’, by Napoli and Ignarro.3

For CO, recent reviews include ‘Metal carbonyls: a new

class of pharmaceuticals?’, Mann, Motterlini et al.;4 ‘Heme

oxygenase-1/carbon monoxide: from basic science to

therapeutic applications’, by Ryter et al.;5 ‘CO–metal interac-

tion: vital signalling from a lethal gas’, Motterlini et al.;6 and

‘Therapeutic applications of carbon-monoxide-releasing mole-

cules’, Motterlini et al.7

A review of a wide range of gases in biology and medicine is

entitled ‘Free radical biology and medicine: it’s a gas man!’ by

Pryor et al.8

The use of nitroprusside, [Fe(CN)5(NO)]22, amyl nitrite and

trinitroglycerine as pharmaceuticals to reduce blood pressure

by dilating arteries has been known since the beginning of the

nineteenth century but it was not until the 1970s that people

began to realise that these pro-drugs work by the release of NO

and that NO is the active species. In 1979, it was shown that

NO relaxes precontracted bovine coronary artery.9 Following

this discovery, numerous papers have appeared; there is now a

good understanding of much of the biological role of NO and

its mechanism of action.1,10

The formation of CO in humans was discovered in the

1940s11 and is one of the most commonly observed chemical

processes in the human body, occurring whenever there is a

bruise, see later. There were few investigations of the role of

CO in mammals until the importance of NO was recognised

and then, during the 1990s, research rapidly developed; now

there are more than 1000 publications a year in the area of CO

biology. As investigations into the biological effects of CO are
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approximately fifteen years behind that of NO, the subject is

not as well developed and there are many more questions still

to be answered.4,7,12 Studies on the molecular mechanisms by

which CO exerts its biological function are at a very early stage

and much remains to be discovered.

In many cases, the research is still developing and, when

viewed with the eyes of a chemist, much of the mechanistic

work at the molecular level is best viewed as plausible

suggestions rather than proven facts.

Generation of NO in mammals

The principal natural source of NO is L-arginine. There are

three isozymes of NO synthase that oxidise the L-arginine to

L-citrulline and NO, see Scheme 1.

The three isozymes of NO synthase are:

a. neuronal NOS (nNOS), which is found in neuronal

cells and skeletal muscle;

b. endothelial NOS (eNOS), which is found in both

endothelial and epithelial cells but also some neurons;

c. inducible NOS (iNOS), which is widespread through-

out the body and can be highly expressed especially in

macrophages, hepatocytes, astrocytes and smooth muscle cells.

In addition, NO can be generated in vivo from a wide range

of organic nitrogen compounds such as nitrates, nitrites,

S-nitrosothiols, NONOates such as Et2NN(O)LNONa, and

oxadiazoles, e.g. 3,4-dimethyl-1,2,5-oxadiazole 2-oxide, 1.

The wide range of compounds that generate NO in vivo has

led to the development of compounds for pharmaceutical

applications, vide infra.

Generation of CO in mammals

The major source of CO in mammals is from the oxidation of

heme by heme oxygenase,13 see Scheme 2.

In addition to CO, biliverdin, a green pigment, and FeII are

produced during the degradation of heme by heme oxygenase.

The biliverdin is subsequently reduced to bilirubin, 2, a yellow

pigment.

This reaction can be observed by everyone and must be the

most visible of all enzyme reactions as it takes place during the

development of bruises, (Fig. 1).

The injury results in heme being liberated from hemoglobin

and forming a dark red patch with O2 attached to each heme

molecule. Heme oxygenase then catalyses the oxidation of the

heme to biliverdin, FeII and CO. Examination of Scheme 2

shows that three molecules of O2 are consumed per heme, with

the possibility for the tissues to become anaerobic. The O2 on

the remaining unreacted heme is consumed, producing, after

two days, a blue colour as is observed in deoxygenated venous

blood (see Fig. 1b). Occasionally a green ring due to biliverdin

is observed but this is converted to the yellow bilirubin, which

is clearly observed after 5 days (Fig 1c). After 10 days (Fig. 1d)

the colour of the remaining heme has changed to bright red, a

Scheme 1 The formation of NO from L-arginine.

Scheme 2 The formation of biliverdin and CO from heme by heme

oxygenase.
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colour markedly different from that observed in Fig 1a for the

heme coordinated to O2. It is heme with CO coordinated,

making the formation of CO easily visible. We are familiar

with the formation of bilirubin also as the principal source of

the yellow colour of urine.

Heme oxygenase accounts for about 86% of the CO

produced in humans, with the remaining 14% of the CO

generated coming from a mixture of sources, including photo-

oxidation, lipid peroxidation, xenobiotics and bacteria.14

There are three isozymes of heme oxygenase: HO-1, which is

inducible and is stimulated in response to stressful insults that

cause a threat to cell homeostasis and survival;15,16 HO-2,

which is present in organs and tissues such as the brain, liver

and endothelium and its function is associated with neuro-

transmission and regulation of vascular tone;15,17 and HO-3,

which has been recently identified and found in the brain,

heart, kidney, liver, testes and spleen of rats. The function of

HO-3 is unknown as it does not possess any heme degrading

activity.

The production of CO can be detected in exhaled air where

an adult breathes out approximately 6 cm3 of CO per day. This

can increase substantially in disease states18 such as asthma,19

bronchiectasis,20 cystic fibrosis,21 diabetes,22 and rhinitis.23

Sites of action of NO

Guanylyl cyclase

It is now well established that NO activates soluble guanylyl

cyclase by binding to a heme and displacing a coordinated

histidine.24 Soluble guanylyl cyclase catalyses the conversion of

guanosine triphosphate to cyclic guanosine monophosphate,

cGMP (see Scheme 3).

The cyclic guanylyl monophosphate then enters a sequence

of pathways. Selected ones that have been clearly related to

medical conditions are given in Scheme 4, shown in green.25

[NO]+, NO and [NO]2

NO can be converted to [NO]+ or [NO]2 by a one-electron

oxidation or reduction. Their roles in biological systems have

been documented and circumstantial evidence suggests that the

dynamic chemistry of the NO redox forms is important in

determining specific physiological effects.26 [NO]+ is iso-

electronic with CO and is a very good ligand for heme iron,

it can be transported effectively from S-nitrosothiols but has a

very short life in aqueous solutions at physiological pH. [NO]2

is also very unstable under physiological conditions although

in vitro, in vivo and ex vivo analysis revealed that NO and

Fig. 1 The changes in the appearance of a bruise with time. The pictures are of the thigh of an inline hockey player taken at various times after

being hit by a puck. (a) 12 h, showing the red and purple of heme. (b) 2 days, showing green tinges due to the formation of biliverdin. (c) 5 days

showing yellow due to the formation of bilirubin. (d) 10 days showing some residual bilirubin. The bright red colour in Fig 1d is due to

carboxyhemoglobin. Reproduced from www.londonskaters.com with permission.

Scheme 3 The conversion of guanosine triphosphate to cyclic

guanylyl monophosphate.
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[NO]2 elicit distinct responses.27 Intriguingly, and this is

perhaps the most striking link between NO and the heme

oxygenase system, mammalian cells are highly susceptible to

HO-1 induction by nitric oxide (NO) and its redox activated

forms (NO+ and NO2).28,29 An excessive production of

endogenous NO, which leads to ‘‘nitrosative stress’’, also up-

regulates HO-1 expression resulting in more CO being

produced.30 Moreover, recent in vivo studies revealed that

continuous administrations of organic nitrates and sodium

nitroprusside are associated with both hepatic HO-1 expres-

sion and augmented carboxyhemoglobin levels.31 Notably, CO

generated from enhanced HO-1 activity or exogenously

applied has been demonstrated to provide cytoprotective

effects against the toxicity caused by overproduction of

NO.32,33 Thus, the increase in HO-1 expression by NO can

act as a negative feedback on NO production to limit its

cytotoxic effects.29

NO is a highly reactive molecule and survives in vivo for only

a few seconds. Much is known of the consequential chemistry,

but the biological relevance is generally controversial. There

are many known reactions of NO and consequential chemistry

of the products1 and in this brief review only a few are

described.

It readily reacts with superoxide, [O2]2, to give peroxyni-

trite, OLNOO2, which is also an oxidising agent, but

spontaneously decomposes to NO2 and [NO3]2, resulting in

it being rapidly removed. Peroxynitrite is very reactive and is a

much more powerful oxidant than NO. This explains why, in

biological systems, peroxynitrite is considered a threat as it

may oxidise many biomolecules when produced within the

intracellular milieu. It can react directly with electron-rich

groups, such as sulfhydryls, iron–sulfur centers, zinc-thiolates,

and the active site sulfhydryl in tyrosine phosphatases.

Moreover, the interaction with tyrosine to form nitrotyrosine

is being regarded as a marker of peroxynitrite formation and

nitrosative stress.34 Peroxynitrite also reacts with carbon

dioxide to form a transient intermediate, nitrosoperoxycarbo-

nate, that rapidly decomposes homolytically to nitrogen

dioxide and carbonate radical, which can initiate many

damaging reactions within the cell.34

The reaction of NO with superoxide described above could

be seen as a mechanism for protection against oxidation by

[O2]2. Although conceptually the opposite is true, since

superoxide inactivates NO and prevents its biological function

as a signalling mediator, we cannot exclude that NO and

superoxide can neutralise each other in conditions of

uncontrolled oxidative and nitrosative stress.

Sites of action of CO

Guanylyl cyclase

Like NO, CO activates guanylyl cyclase to produce cGMP and

similarly ameliorates medical conditions given in Scheme 4. It

is only about 1/80th as effective as NO. However, there is a

family of synthetic compounds of which YC-1, 3, is an

example that, when combined with CO, are as effective as NO

in activating guanylyl cyclase. This raises the possibility that

there is a natural intracellular signalling molecule similar to

YC-1.

The enzyme, guanylyl cyclase has two domains, a and b. The

heme is in the b-domain and is 5-coordinate. When it is

activated by NO, the coordination of NO displaces the

histidine-105 and the iron is still 5-coordinate, (Scheme 5).

There is dispute as to whether the NO is on the same or the

opposite side to His-105 in the activated form. It is probable

that the NO binds to the heme in guanylyl cyclase to give what

is in effect FeIII and [NO]2. Although there is no crystal

structure, the structure of the five-coordinate NO adduct of

cytochrome c9 indicates a bent Fe–N–O bond with an angle of

124u and 132u with a half-occupancy for each35 consistent with

coordination of [NO]2. As it has been reported that the heme–

NO complexes in both guanylyl cyclase and cytochrome c9 are

very similar,36 then it can be anticipated that the Fe–N–O is

also bent in the five-coordinate NO adduct of guanylyl cyclase.

This is supported by a n(NO) of 1677 cm21.37 In contrast,

when CO coordinates to guanylyl cyclase the iron becomes

Scheme 4 Mechanisms by which cGMP have been reported to ameliorate medical conditions (shown in green). cGKs, cGMP-dependent protein

kinases, Ia and Ib; IRAG, an IP3 receptor-associated cGKIb substrate; VASP, vasodilator-stimulated phosphoprotein; PDEs, phosphodiesterases;

cAMP, cyclic adenosine monophosphate.25
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6-coordinate and the iron almost certainly remains FeII. YC-1

interacts with the a-domain and the His-105 is displaced to

produce a 5-coordinate iron in the heme-carbonyl and YC-1.38

Non-cGMP pathways

A number of additional intracellular pathways that could be

targeted by CO have been identified but as yet have not

received the same level of investigation as for the cGMP

pathways. These are summarised in Scheme 6.

The information available on the mechanism by which CO

activates/inhibits these pathways at a molecular level is very

limited. CO appears to modulate mitogen activated protein

kinases (MAPK)-related pathways and this aspect has been

reviewed elsewhere, showing specifically that CO activates p38

and down-regulates ERK1-2.39 Suppression of inflammatory

cytokine production by CO could also involve the JNK

pathway.40 It has also been shown that HO-2, and hence CO,

is an essential part of the modulation of calcium-sensitive

potassium channels by oxygen and is hence essential for

respiratory control.41 It had been shown previously that heme

is an essential part of this oxygen sensor,42 so it is probable

that the heme acts as the CO receptor. From a chemical

perspective, one wonders how CO can react directly with

MAPK, ERK-1-2 or JNK as these proteins do not seem to

contain a metal centre. As known, CO preferentially binds to

and interacts with heme- or transition metal-containing

proteins. Thus, until the crystal structures of these proteins

have been revealed, we cannot exclude a priori that CO does

not interact with MAPK or other proteins involved in

signalling pathways. In contrast, it is important to emphasise

that the ways CO interacts and controls the activity of some

‘‘classical’’ targets in mammalian cells (i.e. cytochrome

oxidase) are being re-examined in the search for the precise

mechanism(s) underlying its protective effects.6,43 These

targets of CO include, but are not restricted to: (1) NADPH

oxidase;44 (2) cytochrome oxidase and mitochondrial com-

plexes;43–46 and (3) nitric oxide synthase.32,47,48 Circumstantial

evidence also indicates that other hemoproteins, such as

cytochrome P450,49 and proteins containing transition metals

could be possible targets of CO.50

Hemes and cytochromes

Hemes and some cytochromes such as cytochrome P450 and

cytochrome c oxidase bind CO and this provides a potential

mechanism for CO to act by blocking enzymic activity. For

example, it is well established that CO gives protection against

reperfusion injury. In principle this protection can be provided

by coordination of CO to a cytochrome such as cytochrome c

oxidase to prevent the activation of oxygen.

Other targets for CO

Although in mammals CO is only known to bind to hemes and

cytochromes, there is chemical evidence of its binding to iron

with other biologically relevant ligand systems. Indeed, it is

known that CO can bind to iron, nickel and copper in bacteria,

vide infra, and copper in cytochrome c oxidase.51 FeII reacts

with cysteine to give [Fe(cysteinate)2] which readily absorbs

CO to give [Fe(cysteinate)2(CO)2].52 Bleomycin, 4, reacts with

FeII to give a complex and then CO can coordinate to the

iron.53 The ligand set for the iron is formed from nitrogen and

oxygen atoms. It is therefore probable that enzymes also

contain a ligating set of atoms capable of binding FeII which

then binds CO. This could be significant as heme oxygenase

not only produces CO but also FeII. The production of FeII

could be important as it seems strange that heme oxygenase

catalyses the oxidation of heme to produce CO yet the iron is

not oxidised to FeIII. Notably, FeII binds CO much more

readily than FeIII.

CO as a reducing agent

Although bacteria use CO as a reducing agent via the water–

gas shift reaction, vide infra, there is no evidence at present of

Scheme 5 A pictorial representation of the activation of guanylyl

cyclase by NO and CO/YC-1.38

Scheme 6 Non-cGMP pathways for CO biological activity. KCa, calcium signalled potassium channels; JNK, c-Jun N-terminal kinase; p38

MAPK, p38 mitogen activated protein kinase; ERK1/2, extracellular signal-regulated kinases.
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this occurring in higher organisms. However, we know that

CO is oxidised to CO2 by oxyferryl groups. This reaction could

have a dual role: it removes CO from the system but at the

same time it also destroys the highly oxidising oxyferryl

groups. The relative importance of these two roles is not

known.54

CO in bacteria

Although the mechanism of CO action in mammals is poorly

understood at a molecular level, three families of bacterial

enzymes are based on metal carbonyls and the use of CO in

these bacteria has been extensively investigated. These are

hydrogenases, CO dehydrogenases and acetyl coenzyme A

synthase. It is probable that these are very old enzymes, and

originated at least 2.5 billion years ago when the Earth’s

atmosphere was anaerobic and probably contained significant

quantities of CO.

In hydrogenases, CO appears to act only as a ligand, but in

CO dehydrogenases and acetyl coenzyme A synthase it acts as

a reactive substrate.

Hydrogenases

The hydrogenase family of enzymes catalyses the reaction

shown in Scheme 7.55

Hydrogenases are found in a wide range of bacteria and are

involved in the production of dihydrogen, the use of

dihydrogen as an energy source and as a dihydrogen sensor.

Depending on the type(s) of metal at the active site, there are

two classes of hydrogenases: [Fe]-only and [NiFe]-hydroge-

nases, (see Fig. 2).

CO dehydrogenase/acetyl coenzyme A synthase

These are a pair of enzymes that probably originated in early

organisms and are now found supporting anaerobic life over a

wide range of environments including bogs, cow rumens and

human intestines. This enzyme system enables micro-organ-

isms such as Rhodospirillum rubrum, Moorella thermoacetica

and Carboxydothermus hydrogenoformans to use CO as a

carbon and energy source.

The CO dehydrogenase enzymes catalyse the water–gas shift

reaction (see Scheme 8).

There are two families of CO dehydrogenase enzymes. The

molybdopterin Cu CO dehydrogenase contains a copper

linked to a Mo-pterin, 5, 6.56 It is believed that the CO binds

to copper.57

The second group is based on a nickel–iron cluster, 7, and

further Fe4S4 clusters act as electron receivers/donors. There is

FTIR evidence that the CO binds to nickel,58 and 17O

ENDOR evidence that water binds to iron.59 The reaction

mechanism in Scheme 9 has been proposed for the conversion

of CO to CO2 at this cluster.

Scheme 7 The reversible reduction of protons to dihydrogen.

Fig. 2 Active sites of [Fe]-only, (a), and [NiFe], (b), hydrogenases.

Scheme 8 The water–gas shift reaction.

Scheme 9 The mechanism for the CO dehydrogenase reaction

proposed by Ragsdale.56 [4Fe–4S] clusters are used for electron

transfer.
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This reaction can be used in either direction, either to

produce electrons for reductions or to use CO2 as a source of

CO. In the enzyme complex, CO2 is reduced to CO at CO

dehydrogenase and passes through a channel to the acetyl

coenzyme A synthase, where it inserts into a methyl–metal

bond to generate MeC(O)–metal which is then transferred to

the S2 of coenzyme A, 2SCoA, to generate MeC(O)SCoA. A

possible mechanism for this reaction is shown in Scheme 10.

The methyl group is transferred from a methylcobalamin

complex. For further information, the reader is referred to a

recent review.56

Comparison of roles of CO and NO

Lifetimes in vivo

CO is a relatively unreactive molecule in vivo. It is known to be

oxidised by the oxyferryl group of hemes and cytochromes,54

but it is not known if this reaction is biologically relevant in

mammals. The amount of CO converted to CO2 in mammals is

very unlikely to be significant. CO binds to hemes and

cytochromes, but the reaction is reversible. For example, for

myoglobin the half-life of bound CO before dissociation is

around a minute.61 As, in the absence of external sources of

CO, a healthy adult has ca. 0.6% of the heme of hemoglobin in

the carbonoxy form, this provides a reservoir of CO in the

body and is used as the transfer mechanism when CO gas is

used as a pharmaceutical. It has been estimated that the half-

life of CO in the body is in excess of an hour before it is

breathed out.62

NO is highly reactive, so that it only survives in solution for

a very short time. It can be trapped by thiols as RSNO and this

has been proposed as an important way to preserve NO

bioavailability and to enable the NO signals to be transduced

into specific biological functions.63 Nevertheless, NO is more

reactive than CO and this may offer an advantage in stress

conditions where NO bioavailability will be compromised

while CO can still exert its signalling properties.

A very significant paper has recently been published that

shows a clear difference between CO and NO. It has been

shown that NO synthase requires a normal oxygen concentra-

tion.64 As the system becomes anaerobic, the NO synthase

enzyme ceases to work, while heme oxygenase continues to

produce CO at much lower oxygen levels. It is therefore

possible that CO becomes a much more important signalling

molecule than NO in anaerobic conditions

NO and CO in inflammation

As an example of the biological differences between NO and

CO, one could look at the effects of these gaseous molecules in

inflammation. Macrophages provide a major defence mechan-

ism for the body against inflammation and invading microbes.

They use inducible NOS synthase to generate NO, which reacts

with superoxide, [O2]2, to give peroxynitrite, [OLN–O–O]2, a

powerful oxidising agent that destroys the unwanted cells.1

Peroxynitrite has a very short life before it isomerises to

nitrate. NO is also oxidised to N2O3, which is a nitrating agent

and nitrates thiols to RSNO. As some microbial enzymes

contain a thiol at the active centre, this could also be a

mechanism to deactivate them. Once the concentration of NO

starts to build up, enzymes in the macrophage are deactivated

by nitration of tyrosine.

Inflammation that runs unchecked can lead to a host of

diseases. An example of this is rheumatoid arthritis, where the

cartilage is progressively destroyed by chronic inflammation.

Chronic inflammation is a pathological condition typified by

concurrent active inflammation, tissue destruction, and

attempts at repair. Chronically inflamed tissue is characterised

by the infiltration of mononuclear immune cells, including

monocytes and macrophages, which continuously generate

inflammatory mediators such as NO. CO has been shown to

inhibit NO production in macrophages and reduce inflamma-

tion. It is suggested that CO binds to the heme in NO synthase

and prevents oxidation of arginine to citrulline and NO, see

Scheme 1.

HO-1 mediated anti-inflammatory response is broader than

inhibition of macrophages.65 It also reduces expression of the

intercellular adhesion molecule-1, ICAM-1, and decreases pro-

inflammatory cytokines such as TNF-a and increases crucial anti-

inflammatory molecules such as IL-10. Both CO and biliverdin/

bilirubin are involved in the anti-inflammatory response.

NO-releasing drugs

NO-releasing drugs utilised to treat angina pectoris are well

established, with amyl nitrite being used since 1867,66 and

nitroglycerine since 1879.67 Sodium nitroprusside has also been

used for many years for rapid reduction of hypertension,

especially during surgical interventions. This compound has to

be used with caution due to the associated risks of cyanide

poisoning.

More recently, a wide range of NO-releasing compounds

have been introduced, including ones based on organic nitrates

and nitrites and S-nitrosothiols, RSNO. Also, non-steroidal

anti-inflammatory drugs have been modified so that they

release NO. For example, two nitrato-aspirins, 8 and 9, have

been shown to inhibit platelet aggregation.

Scheme 10 A possible enzymic mechanism for the synthesis of

MeC(O)SCoA.60
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It has been proposed that a number of other pharmaceu-

ticals may, at least partly, work by modulating the NO-

pathway. These include calcium channel blockers, ACE

inhibitors and ANGII type 1 receptor antagonists, b-blockers

and hydroxymethylglutaryl-CoA reductase inhibitors.

A more detailed review of NO-releasing drugs has been

published recently.3

CO in medicine

The development of methods for delivering CO to treat human

diseases is many years behind the NO-based pharmaceuticals.

This reflects the fact that CO was discovered as a signalling

molecule much later than NO. Nevertheless, with the begin-

ning of the new century, scientists started to investigate

experimentally the potential role of CO as therapeutic agent.

The major strategic approaches that are being used to

effectively deliver CO in mammals are summarised in the

following sections.

CO gas as therapeutic agent

The preclinical applications of CO gas have been reported for

animal experiments. Most of the experiments have involved

administering CO gas at 200 to 400 ppm in the air supply.

Some highlights are reported here.

In mice, CO suppresses the development of post-operative

ileus in the murine small intestine of mice68 and is involved in

the control of gastrointestinal contractile activity.69 In rats,

CO suppresses arteriosclerotic lesions associated with chronic

graft rejection and with balloon injury following angioplasty.70

Recently, in the same animals, CO has been shown to reverse

established pulmonary hypertension.71

In pigs, CO improves cardiac energetics and safeguards the

heart during reperfusion after cardiopulmonary bypass.72

Organ graft rejection is also suppressed by CO. A model

of mouse-to-rat cardiac transplantation was performed.

Rats were exposed to 400 ppm of CO gas for only 2 days

following transplant and the graft survived for 50 days. In

comparison, the control group, exposed to air, survived only 5

to 7 days.73

CO gas is entering phase 1 trials in the US for the prevention

of lung inflammation.74 There is also some circumstantial

evidence that CO gas can produce beneficial effects. Smokers

self-administer CO along with many noxious chemicals.

Statistical evidence shows that it gives partial protection

against cell proliferation, which results in partial blocking of

the artery following angioplasty.75 It also may partially protect

women from pre-eclampsia.76

CO-releasing molecules (CORMs)

In contrast to CO gas, CO-releasing molecules (CORMs) have

been designed to offer a safe and controlled method to

administer CO to a specific part of the body. The challenge is

to develop non-cytotoxic water-soluble compounds that

release CO relatively fast with half-lives of less than two

hours. Slower release is unlikely to result in a high enough CO

concentration from an acceptable CO-releasing molecule

concentration due to CO circulation within the body and the

reduction in effective CO concentration by complexation with

heme.

The first CORMs to be identified were [Mn2(CO)10] and

[Ru(CO)3Cl2]2.77 [Mn2(CO)10] is insoluble in water but releases

CO on photolysis; it produces marked attenuation in coronary

vasoconstriction in isolated rat hearts78 and increases blood

carboxyhemoglobin levels, renal blood flow, glomerular

filtration rate, and urinary cGMP excretion.79 [Ru(CO)3Cl2]2
has been used as a solution in DMSO, which gives a

mixture of [Ru(CO)3Cl2(DMSO)] and [Ru(CO)2Cl2(DMSO)2]

(isomers).77 The [Ru(CO)3Cl2(DMSO)] rapidly releases CO to

myoglobin and elicits profound vasodilatation in isolated rat

aorta.77

The first water-soluble CORM to be identified was

[Ru(CO)3Cl(glycinate)].80 It rapidly releases one CO group to

myoglobin, tK , 2 min even though it is relatively stable in

distilled water with tK . 24 h. It is believed that CO release in

biological fluid involves coordination of a trans-labilising

ligand such as a thiol. In vitro experiments have shown the

rapid loss of CO from an aqueous solution of

[Ru(CO)3Cl(glycinate)] on addition of cysteine or pyridine.

Both the chloride and glycinate ligands are labile, being

replaced by stronger ligands.81 This chemistry makes

[Ru(CO)3Cl(glycinate)] convenient to administer as CO release

is very slow until the compound meets suitable strong ligands

in biological fluids.

The biological activity of [Ru(CO)3Cl(glycinate)] has

received extensive investigation. For example, it produces

vasodilatation in an isolated aortic ring precontracted with

phenylephrine,82 protects an isolated rat heart from reperfu-

sion damage following 30 min of ischemia,80 and markedly

improves the survival time of mice following heart transplan-

tation.80 [Ru(CO)3Cl(glycinate)] also improves kidney function

following cold ischemia occurring during organ preservation

and protects against cisplatin-induced nephrotoxicity.46,83

More recently, in vitro studies revealed some important anti-

inflammatory properties of this compound in the context of

both vascular and neuro-inflammation,47,84 as well as inhibi-

tion of platelet aggregation.85

[Ru(CO)3Cl(glycinate)] has a complex solution chemistry,

with hydroxide attacking one carbonyl at pH 3 to give

[Ru(CO)2(CO2H)Cl(glycinate)]2 (isomers), which then under-

goes another pH-dependent reaction to give mainly

[Ru(CO)2(CO2)Cl(glycinate)]22 (isomers) or [Ru(CO)2(CO2H)-

(OH)(glycinate)]2 (isomers) at physiological pH, see

Scheme 11.86

CORMs are not restricted to transition metals. [H3BCO2]22

had been developed to convert [TcO4]2 into [Tc(CO)3(OH2)3]+

for imaging.87 [H3BCO2]22 releases CO with a tK = 21 min at

pH 7.4.88 The rate of reaction is pH dependent, see Scheme 12.

[H3BCO2]22 produces vasodilatation in isolated vessels and

promotes a reduction in mean arterial pressure in vivo at a rate

that correlates with the CO release.88
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Recently other CORMs have been identified, 10,89 [(g5-

C5H4R)Fe(CO)3]+,90 and [Mn(CO)4X2]0/2.91 [(g5-C5H4R)Fe-

(CO)3]+, and [Mn(CO)4X2]0/2 are particularly interesting, as

the rate of CO loss can be controlled by choice of R or X and

more than one CO is lost per metal, making it possible to use

smaller concentrations of the compound.

[(g5-C5H5)Fe(CO)3]+ was identified as a CO-releasing

molecule in 2001.92 It loses CO to myoglobin at 37 uC with

tK = 69 min. Unfortunately, it suffered from a problem. On

CO release, the product precipitated. This immediately ruled

out its use, as the precipitate could block micro-arteries and

cause toxicity.93 Improved water-solubility has been intro-

duced by substituting the cyclopentadienyl with relatively

polar groups. At the same time, the rate of CO release is

modulated, see Table 1. There is an approximate correlation

between tK and n(CO).

The correlation between tK and n(CO) fails for

[Mn(CO)4X2]+/0/2, see Table 2. Some of these molecules are

excellent CO-releasing agents with tK , 2 min, and many

release more than one CO rapidly, enabling lower concentra-

tions of compound to be used to generate CO. Cationic

complexes such as [Mn(CO)4(bpy)]+ (bpy = 2,29-bipyridine)

are very slow CO releasers while anionic complexes such as

[Mn(CO)4Br2]2 are very fast CO releasers. This is despite

[Mn(CO)4(bpy)]+ having the highest n(CO) values of all the

molecular ions in Table 2. The mechanism of CO release is

unknown, but oxidation could possibly contribute to the

liberation of CO from this type of compound.

Molecules catabolised to produce CO

CO is produced naturally by heme oxygenase oxidation of

heme, (Scheme 2). This provides the possibility of enhancing

CO production by providing more heme to be catabolised to

give CO. For example, when spontaneously hypertensive rats

are injected with heme or heme arginate, their blood pressure

decreases.94

Dichloromethane is catabolised in the liver to generate

CO.95 It has been proposed that this provides a mechanism to

supply CO as a pharmaceutical,96 but there are serious

concerns about it causing liver and cardiac damage.97

Heme oxygenase-1 (HO-1) inducers

Heme oxygenase (HO-1) is a stress-inducible protein and its

expression can be enhanced in cells and tissues by agents or

conditions that cause an increase in oxidative stress.15 There is

also a wide range of natural compounds present in fruits and

vegetables that act as potent inducers of HO-1. Although it has

Scheme 11 The pH dependence of [Ru(CO)3Cl(glycinate)] in water. Due to the lability of the chloride it is not known if it remains coordinated in

water.

Scheme 12 The reaction between [H3BCO2]22 and acid.

Table 1 The rate of CO release, tK, of CO from [CpFe(CO)3]+ and
some derivatives and the n(CO)90

Molecular ion
tK for CO loss
at 37 uC/min n(CO)/cm21

[(C5H4CO2CH3)Fe(CO)3]+ 42 2131, 2086
[(C5H4CO2CH2CH2OH)Fe(CO)3]+ 62 2131, 2087
[CpFe(CO)3]+ 69 2124, 2074
[(C5H4CH2CO2Me)Fe(CO)3]+ 220 2121, 2065
[(C5H4CH2CH2CO2Me)Fe(CO)3]+ 290 2116, 2065

Table 2 The rate of CO release, tK, of CO from [Mn(CO)4X2]+/0/2

and the n(CO)91

Molecular ion
tK for CO loss
at 37 uC/min n(CO)/cm21

[Mn(CO)4Br2]2 ,2 2089, 2013, 1983, 1936
[Mn(CO)4I2]2 7 2077, 2002, 1984, 1942
[Mn(CO)4{SC(O)Me}2]2 32 2073, 1992, 1976, 1934
[Mn(CO)4(g2-S2CNEt2)] 2 2086, 2007, 1990, 1947
[Mn(CO)4(bpy)]+ 5000 2127, 2050, 1947, 1938
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not been proven experimentally, high intake of certain fruits or

vegetables may eventually lead to increased production of CO

in the body. This may explain why certain natural products

appear to be beneficial for the cardiovascular system.

Examples include curcumin98 found in turmeric, chalcones

and L-sulforaphane99 present in broccoli, carnosol100 in

rosemary, resveratrol101 in grape skin, as well as red wine

and garlic-derived organosulfur compounds.102 It is also

possible that HO-1 induction may contribute to the beneficial

effects of drugs such as aspirin103 and some statins104 in the

cardiovascular system, although direct experimental evidence

for this link is still missing.

Hydrogen sulfide

Recently, interest has been growing in H2S as a signalling

molecule.105 As H2S has a pKa of 6.8, it is mainly present as

H2S and [HS]2 at physiological pH. It is more toxic than CO.

In the brain, H2S is synthesised from cysteine, catalysed by

cystathionine b-synthase, but it is probable that there are other

pathways. H2S concentration is 50–160 mM in brain tissue and

10–100 mM in blood, which is much higher than is found

naturally for either CO or NO. H2S is active in both the

cardiovascular and central nervous systems. For example, it

causes vasodilatation.106 As [HS]2 readily coordinates to

hemes and some cytochromes, it is not surprising that it is

biologically active, but more research is necessary to establish

whether or not it is an important signalling molecule.

Conclusions

Both CO and NO are essential signalling molecules in the

body. The importance of NO was discovered in the 1970s

and has led to a much greater understanding of the

biochemistry of NO and the development of NO-based

pharmaceuticals. On account of the later discovery that CO

is important, the understanding of the role of CO is lagging

about 25 years behind NO. Most of the research on CO has

been concentrated in the areas of the biological and medical

effects of CO.

The medical applications of CO are progressing rapidly and

it is probable that CO will be used in human medicine in the

near future, with an important role for CO-releasing

molecules. The understanding of the mechanism of action of

CO at a molecular level is now reasonably understood for

guanylyl cyclase but the molecular mechanisms of action for

the pathways in Scheme 6 leave much scope for further

investigation.
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