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Developing drug molecules for therapy with carbon monoxide
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The use of Carbon Monoxide (CO) as a therapeutic agent has already been tested in human

clinical trials. Pre-clinically, CO gas administration proved beneficial in animal models of various

human diseases. However, the use of gaseous CO faces serious obstacles not the least being its

well-known toxicity. To fully realise the promise of CO as a therapeutic agent, it is key to find

novel avenues for CO delivery to diseased tissues in need of treatment, without concomitant

formation of elevated, toxic blood levels of carboxyhemoglobin (COHb). CO-releasing molecules

(CO-RMs) have the potential to constitute safe treatments if CO release in vivo can be controlled

in a spatial and temporal manner. It has already been demonstrated in animals that CO-RMs

can release CO and mimic the therapeutic effects of gaseous CO. While demonstrating the

principle of treatment with CO-RMs, these first generation compounds are not suitable for

human use. This tutorial review summarises the biological and chemical behaviour of CO,

the current status of CO-RM development, and derives principles for the creation of the next

generation of CO-RMs for clinical applications in humans.

1. Introduction

At first sight, the well-known lethal toxicity of carbon
monoxide (CO) seems to be incompatible with a therapeutic
role for CO. Indeed, whereas the toxicity of CO has been
known since Greek and Roman times, its beneficial effects
were only discovered in the 20th century. Three seminal
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Department of Chemistry andApplied Biosciences,Wolfgang-Pauli-Str. 10,
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findings established CO as an important biological gas: (i) the
Swedish physician Torgny Sjöstrand showed that CO was
produced endogenously in humans and that the amount of
exhaled CO was higher in patients suffering from a variety
of diseases than in healthy humans;1 (ii) Sjöstrand further
demonstrated that an oxidative metabolism of heme was
the source of CO in humans;1 and (iii) finally, the two
CO-generating metabolic enzymes, heme oxygenase-1 and heme
oxygenase-2 (HO-1 and HO-2), were isolated and characterised.2

The initial finding of higher CO levels in sick patients and the
induction of HO-1 under stress conditions strongly hinted that
endogenously produced CO had a beneficial or therapeutic
effect. This hypothesis was confirmed in various animal
models of human diseases using inhaled CO (iCO) and later
rudimentary CO-releasing molecules (CO-RMs) (reviewed in
ref. 3–6). These experiments not only solidified the concept
that endogenously produced CO had important functions in
pathological tissues but also established that exogenous CO
could have therapeutic effects. Therefore, the challenge for the
pharmaceutical chemists has been, and still is, the develop-
ment of safe and convenient methods for the delivery of
therapeutic amounts of CO. These methods comprise the
development of pharmacologically competent pro-drugs,
CO-RMs that release CO upon a certain activation.
More than 100 years ago, unknowingly at first, there was a
precedence established with nitro drugs for the therapeutic use
of a toxic gas. Nitro drugs, such as nitro glycerine, are pro-
drugs that upon activation by mitochondrial dehydrogenases,
release the therapeutic gas nitric oxide (NO) that displays
strong vasodilatory activity. Thus, the well established nitro
drugs are NO-releasing molecules (NO-RMs)7 as they have
been recently named, ironically after the more recent CO-RM
concept. In this tutorial review we summarise the biological
and chemical behaviour of CO, the current status of CO-RM
development, and we derive principles for the creation of
the next generation of CO-RMs for clinical applications in
humans.

2. Biology of carbon monoxide

Carbon monoxide (CO) is medically best characterised for
its toxicity. Under ambient conditions, it is a colourless,
odourless and tasteless gas. These characteristics allow CO
to rise undetected to high, toxic concentrations, thus its
reputation as a ‘‘silent killer’’. Intoxication occurs after CO
inhalation via the lungs; CO then reaches the blood stream
where it is bound by hemoglobin (Hb), forming carboxy-
hemoglobin (COHb). The toxicity of CO is often attributed
to its much higher affinity (ca. 230-fold) for Hb than that of
oxygen,8,9 which inhibits oxygen transport to tissues by red
blood cells. Accordingly, the resulting lack of oxygen in tissues
(hypoxia) is usually held responsible for intoxication and
eventual death. In agreement with this model, the serum
COHb levels correlate with the degree of CO intoxication
and thus the severity of symptoms (Fig. 1). Serum COHb
levels as a percentage of total Hb are used diagnostically to
establish the severity of CO intoxication (see Fig. 1).
As Fig. 1 shows, COHb levels of up to 10% caused by CO

inhalation are asymptomatic, setting a first guideline for the
development of safe CO-RMs. CO-RMs that demonstrate
therapeutic efficacy without exceeding COHb levels of 10%
should be accepted as safe agents. However, despite the
medical practice of assessing and monitoring CO intoxication
by serum COHb levels, the severity of CO intoxication may not
be a simple function of serum COHb levels.10 For example,
an interesting study performed in dogs suggested that the
correlation between toxicity and COHb levels may only apply
to cases where CO is delivered as a gas by inhalation through
the lungs. When a group of dogs were kept in a CO-rich
atmosphere (13% CO), all dogs died between 15 minutes and
1 hour with COHb levels varying between 54% and 90%. In
contrast, dogs whose blood was partially replaced with ex vivo
CO-loaded red blood cells to COHb serum levels of 80%
survived indefinitely.11 It appears that sufficient free, non-Hb
bound CO may reach important organs through inhalation
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and contribute to toxicity beyond hypoxia. This experiment
also indicates that COHb-bound CO is not efficiently trans-
ported to tissues where it may cause toxicity through binding
to vital heme proteins. Hb has rather a CO detoxification
function; it removes endogenous CO by tightly binding it and
transporting it to the lungs, where it is exchanged for oxygen
under the high oxygen tension. Based on this physiological
behaviour of CO, one may argue that efficient delivery of
therapeutic amounts of CO through inhalation in a safe
manner is rather challenging because the Hb of red blood cells
constitutes a barrier that prevents CO from reaching the diseased
tissue from the lungs. In addition, CO inhaled via the lungs
also seems to contribute to toxicity beyond the hypoxic effect.

Indeed, therapeutic effects with inhaled CO in animal models
of diseases were typically only observed at doses that yielded
COHb serum levels greater than 10%, therefore not following
the guideline stated above. For instance, inhalation of 250 ppm
CO for 10 minutes induces ca. 20% COHb in Balb/c mice, and
rises above 30% after 60 minutes. Although no overt toxicity
was observed in the animals, such levels would not be acceptable
in humans. These major limitations of inhaled CO gas may be
overcome by delivering CO using CO-RMs that are adminis-
tered by intravenous injection or oral administration. Fig. 2
illustrates graphically the therapeutic pathway of both inhaled
CO gas and of a CO-RM and identifies the advantages of the
latter. The challenge to the medicinal chemist is therefore the
preparation of drug-like molecules that can release CO in vivo
in a controlled manner.
A new dimension into the physiological role of CO was

given by the seminal discovery of endogenous generation of
CO in 1949 by Sjöstrand.1 In 1966, it was reported that CO
was generated through the degradation of senescent red blood
cells, but it took twenty more years to identify and characterise
the enzyme, heme oxygenase (HO), which is responsible for
the generation of CO by breaking down heme.2 Rapid degra-
dation of free heme is physiologically important due to heme
toxicity. In the heme degradation process, three reaction
products are generated: CO, ferrous iron and biliverdin-IX a
(blue-green pigment), which is then further converted into
bilirubin-IX a (yellow pigment) by the action of biliverdin
reductase (Scheme 1).2

This process can be easily observed when one gets a bruise.
During the injury, a dark red/purple coloration is observed,
which arises from deoxygenated hemoglobin released from lysed
red blood cells. The released heme is then oxidatively degraded
by HO with formation of biliverdin, which is responsible for a
green tinge. Later, biliverdin is reduced into bilirubin resulting in
a yellow coloration.12

Three isoforms of HO were identified but only two, HO-1
and HO-2, appear to be active enzymes (reviewed in ref. 13).

Fig. 1 Symptoms caused in humans and levels of COHb attained

after the inhalation of air with increasing concentrations of CO

(in ppm; 1 ppm = 1 part per million = 1 mL of CO gas in 1000 L

of contaminated air = 1.145 mg m!3 at 25 1C). Figure constructed

based on data from ref. 8 and 9.

Fig. 2 Alternative pathways for the therapeutic delivery of CO to diseased tissues with their main advantages and disadvantages.
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Characterisation of HO-2 and HO-1 isoforms of heme oxygenase
as well as studies on the kinetics and tissue distribution of these
enzymes revealed their importance under various pathophysio-
logical conditions. HO-2 is constitutively expressed in tissues
such as the brain, liver, and endothelium, and regulates the basal
levels of free heme. HO-1 is an inducible isoform that represents
a pivotal defence against stressful stimuli such as ischemia-
reperfusion damage, endotoxic shock, UV-A radiations and
other stressful insults derived from oxidative and nitrosative
stress. Initially, it was believed that the known anti-oxidant
properties of both biliverdin and bilirubin could readily
account for the benefit in the scenario of tissue injuries and
other diseases involving oxidative stress processes. Thus CO
was thought of as an unimportant by-product that was rapidly
removed by Hb. Only twenty years later, it was discovered that
CO had similar vasodilatory effects as those observed for nitric
oxide (NO). This finding generated the hypothesis that CO may
also have a biological role as a mediator of cellular functions
similar to NO and led to the clear proposal ‘‘. . .that CO is a
neural messenger associated with physiologic maintenance of
endogenous cGMP concentrations’’.14 This discovery spurred an
extensive investigation of the biological roles and mechanisms of
action of CO, which firmly established CO as an important
gaseous messenger molecule. With the recent discovery of H2S as
a biological gaseotransmitter,15 three of the most toxic chemical
gases (NO, CO, H2S) have attained recognition as important
biological agents.

Extensive research into the in vivo biology of CO established
important functions for CO under various physiological and
pathophysiological conditions. The vast scientific literature on
this subject has been summarised in recent reviews that should
be perused by the interested reader.3,5,8,12,16–18 In brief, CO
was found to play a key beneficial role in various inflammatory
and cardiovascular diseases, many of which are attractive
targets for the development of new drugs (see Section 4). Here,
we briefly summarise the findings of CO biology that should
serve as guidelines to the medicinal chemist for the development
of pharmaceutical CO-RMs. First, the generation of endogenous
CO is tightly controlled; COHb levels in blood never reach
symptomatic levels. Second, in the blood, all CO is bound as
COHb, and as such, is transported to the lungs and exhaled.

At disease sites, CO is locally produced in the tissue through
the induction of HO-1. An ideal CO-RM should therefore be
stable during circulation in the blood and only release CO at
the target tissue. CO-RMs for the treatment of endothelial
lesions may be an exception. CO released in a temporally
controlled manner in the plasma may reach endothelial tissue
before it is scavenged by Hb because of the slow kinetics of CO
binding to Hb.11

3. Chemistry of carbon monoxide: identification,
design and development of pharmaceutical CO-RMs

Besides the toxicity of CO and the biological requirements, the
chemistry and fundamental reactivity of CO is the third factor
that should guide the development of CO-RMs. The biological
carrier of CO is heme in hemoglobin, where CO is bound as a
ligand to the central iron forming an organometallic compound.
Very few pharmaceutical agents are organometallic compounds,
largely due to the reactivity of metals with biological substances
(e.g., nucleophilic and electrophilic side chains of proteins) and
the toxicity of many heavy metals.19 Therefore, one may search
the chemical space for other classes of compounds that could act
as carriers of CO or could be converted into CO under biological
conditions (Fig. 3).
Besides organometallic compounds, four classes of compounds

that can release CO under mild conditions were identified: a,a-
dialkylaldehydes, oxalates, boroncarboxylates and silacarboxy-
lates. The rate of CO release from oxalates was far too slow to
make these molecules useful CO-RMs. Preliminary data on
aldehydes confirmed their potential biological activity but
their slow release rate and toxicology have stood in the way of
their development as useful CO-RMs.20 Boroncarboxylates are
well known CO releasers and indeed, its simplest representative,
disodium boranocarbonate [H3BCO2]Na2 (CORM-A1), was
successfully used in various experimental animal models of
diseases.21 However, the limited scope for chemical transfor-
mation of this class of compounds22 makes them not suitable
for the generation of compounds with appropriate pharma-
ceutical characteristics (ADME characteristics: administra-
tion, distribution, metabolism, excretion). In close analogy
to boroncarboxylates, silacarboxylic acids (R3SiCOOH) have
been recently used as CO-RMs for the delivery of stoichio-
metric amounts of CO in Pd catalysed transformations.23

In hot organic solvents in the presence of a strong activator,

Scheme 1 Mechanism of hemoglobin degradation of senescent red

blood cells with the generation of CO by heme oxygenase (HO).

Fig. 3 Chemical classes of compounds for which experimental

conditions have been reported that lead to the release of CO.
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such as F!, MeO! or tBuO! ions, and MePh2SiCO2H,
silacarboxylic acids released ca. 1 equivalent of CO gas within
10 minutes. However, CO release using KF in water was slow:
0.41 equivalents after 20 hours. The need to use high temperatures
and/or strong bases to activate these molecules suggests their
incompatibility with biological systems. Therefore, as suggested
by nature, organometallic complexes may be the most suitable
class of compounds that can act as carriers of CO, and the
generation of pharmaceutical CO-RMs becomes the chemistry
of generating stable (under ambient conditions in the presence
of oxygen and water) organometallic carbonyl compounds
with appropriate pharmaceutical behaviour.

3.1 Carbon monoxide as a ligand of organometallic complexes

CO is a stable, naturally occurring compound with the carbon in
the rare 2+ oxidation state. The molecule has ten valence electrons,
distributed among three bonds and one lone pair on each atom
(Scheme 2), similar to the highly stable dinitrogen molecule
(N2). In fact, the CO bond dissociation energy (1072 kJ mol!1)
is higher than that of N2 (942 kJ mol!1). However, the octet
rule localises formal charges on each atom of CO, as depicted
in Scheme 2, giving the molecule a small dipole moment and
making it more reactive than the non-polar N2.

CO is not protonated in water (the formyl cation HCO+ is
exceedingly reactive) where it is sparingly soluble: 26 mg L!1

at 20 1C (0.93 mM). Its reaction with NaOH to produce
HCO2Na, and other similar ones, require harsh conditions.
However, bubbling CO in aqueous solutions of PdCl2 produces
metallic Pd(0), CO2 and HCl showing that CO can be activated
by coordination to metal ions. In aqueous, aerobic solution, CO
coordinates only with few simple metal ions, the exceptional
textbook example being its quantitative absorption by aqueous
ammonia solutions of CuCl. In contrast, under an inert atmosphere
and reducing conditions, usually in organic solvents, CO reacts
readily with many low valent metal ions forming carbonyl
complexes with M–CO bonds. CO gas reacts even with metals
in their elemental solid state to produce volatile metal carbonyl
complexes (MCCs) such as Fe(CO)5 and Ni(CO)4.

24

This brief outline shows that CO reacts preferably with
metals in low formal oxidation states (soft Lewis acids) in
contrast to the typical Lewis base ligands (e.g., HO!, halides,
NH3, RCO2

!) that dominate the classical and biological
coordination chemistry of metal ions, namely those in high
formal oxidation states (hard Lewis acids). This crucial differ-
ence is readily explained by describing the CO bond using the
molecular orbital (MO) model, as depicted in Fig. 4, where the
Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) are the orbitals that
interact with a metal ion or atom to form a M–CO bond.

As depicted in Fig. 5, the HOMO of CO donates its electron
pair to an empty metal orbital forming a s bond identical to
that formed between e.g. NH3 and a metal ion. The difference
between NH3 and CO is that in the latter the LUMO orbitals
have the adequate symmetry to overlap with filled d orbitals of
the metal.

When their energies match, a bonding interaction is formed
in which metal d electrons are ‘‘back-donated’’ to an empty
anti-bonding orbital of CO (pp*). As an acceptor of electrons
in orbitals with p symmetry, CO is called a p acceptor or
p acid. NO+ and CN! are isoelectronic with CO and are
also biologically relevant p acceptors. Most importantly, the
M–CO bonding scheme is synergistic: a stronger s donation
increases the electron density at the metal, therefore enhancing
p back-donation. This bonding scheme is favoured for metals
in low formal oxidation states with high-energy d electrons.
Increasing the positive charge of a metal ion decreases the
energy of its d orbitals, compromising effective back-donation,
thereby weakening and labilising the M–CO bond. This
control can be fine tuned by manipulation of the electronic
density donated or removed by the ancillary ligands that share
the coordination sphere with CO. A striking example of the
reactivity control provided by M–CO back-donation and the
unique binding characteristics of CO is given by Hb, which
binds CO when heme is reduced (Fe2+), and releases it upon
oxidation to methemoglogin (metHb) (Fe3+). Other p acceptors,
such as CN! and NO, bind Hb in both reduced and oxidised
forms. The selectivity of CO for reduced metals and its
otherwise limited reactivity suggests that CO likely only
targets reduced heme proteins.

3.2 Preparation of metal carbonyl complexes (MCCs) for use
as pharmaceutical CO-RMs

Having identified MCCs as the most appropriate class of
CO-RMs, the next step is the construction and selection of
those that can perform in a pharmaceutically acceptable
manner. We must identify or design MCCs that are solid drug
substances and that act as CO carriers targeted to disease sitesScheme 2 Valence bond description of CO.

Fig. 4 (left) Simplified MO diagram of CO with electronic occupancy

in the ground state. The energy scale is arbitrary. The asterisk

identifies anti-bonding orbitals. (right) Schematic shape of the bonding

and frontier molecular orbitals of CO. Black and white colours

represent the phases of the orbital lobes.24

Fig. 5 M–CO bond representation.
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where they can readily release CO in response to a certain
trigger or bio-activation stimulus.

MCCs are of the general formula [Mm(CO)xLy]
z"[Q"]z, where

M = transition metal, L = ancillary ligand, Q = counter ion,
and z is the overall charge of the complex and can be zero, in
which case there is no counter ion present. Further, m, x and y
are stoichiometric coefficients where m and x must be Z1. All
these entities contribute to the physical, chemical and biological
properties of the MCC and must be judiciously selected in the
construction of pharmaceutical CO-RMs. In practical terms this
means that, like most pharmaceutical drugs, CO-RMs should be
soluble and stable in aqueous solutions and preferably be stable
for storage under ambient conditions. Besides, they must survive
circulation in order to reach the diseased tissues where they must
be active and potent, and produce non-toxic metabolites after
CO release. This is a demanding set of conditions and the
generation of such MCCs is a challenge, since historically most
MCC chemistry has been performed in organic solvents under
an oxygen free atmosphere. These conditions, which are very
different from the typical biological environment, are due to the
fact that most reactants and resulting complexes are unstable
under ambient conditions of oxygen and humidity. As a result,
the only widely assumed biological activity of MCCs was their
toxicity, probably based on the extreme toxicity of the first
industrial MCCs, Ni(CO)4, and the phased-out, anti-knock
gasoline additive (MeCp)Mn(CO)3 (MMT).25 The exceptions
are a number of MCCs with biocompatible solubility characteri-
stics, which were developed for radiopharmaceutical purposes.
They are mainly confined to the general formula [M(CO)3L3]

+

(M = 99mTc, Re).26 However, these air stable, water soluble d6

octahedral complexes are inert towards loss of CO. While this is
an advantage for their use in diagnostic or therapy, providing
clean PK and excretion profiles, it does not provide clear
pathways for CO release. Indeed, the only reported Re based
CO-RMs have a very rare 17 e! configuration as a built-in
destabiliser.27,28 Thus the known MCC chemistry can provide
little guidance for the preparation of pharmaceutical CO-RMs,
and we will now discuss novel approaches for building MCCs
with CO-RM activity for use in biological systems.

By definition, a MCC acting as a CO-RM must be capable
of decomposing in vivo to release CO. Therefore, a useful
starting point for the creation of CO-RMs is to consider
possible ways in which MCCs can react to liberate CO. The
chemistry of MCCs provides per se a variety of mechanisms to
effect CO release (see Scheme 3).

Photochemically activated loss of CO is a general reaction
of MCCs. Of course, different wavelengths of incident light
(different energies) may be required for this activation, depending
on the nature of the MCC and the strength of the M–CO bond.
Such photo-CO-RMs, which have been recently reviewed,29

may be useful for skin treatment or transdermal delivery of
CO or to release CO in localised organs, tissues or tumours by
means of photodynamic therapy technologies. The widely
studied, lipophilic, photo-active dimanganese decacarbonyl,
(Mn2(CO)10; CORM-1), became the first example of a bio-
active photo-CO-RM (Fig. 6).30 Treatment with CORM-1
followed by irradiation with cold light was shown to prevent
acute renal failure (ARF) in mice challenged with the HO-1
inhibitor cobalt protoporphyrin (CoPP).31 The water soluble

dicarbonyl-bis(cysteamine) iron(II), cis-[Fe(CO)2(H2NCH2CH2S)2],
(CORM-S1) is a promising photo-CO-RM related to the
family of reversible CO carriers of formula [FeII(CO)2(N–S)2]
(N–S = bidentate ligand).32 Photoactivation of the water
soluble [Mn(CO)3(tpm)]+, (tpm = tris(1-pyrazolyl)methane)
which readily internalises into HT29 human colon cancer cells
through a passive diffusion process, leads to cell death. However,
this observed cytotoxicity is likely to derive from the metal
containing scaffold that results after release of the CO ligands
rather than from CO alone (2 equivalents of CO are liberated).29

The tpm ligand has been conjugated to peptides in order to
improve biocompatibility and targeting.29 More recently, it has
been grafted on the surface of SiO2 nanoparticles designed to
deliver CO to solid tumors.33 Interestingly, the intrinsic spectro-
scopic signature (CO vibration) of [Mn(tpm)(CO)3]

+ enables its
localisation inside cells by using Raman microspectroscopy.34

This method may prove useful for the visualisation and detection
of CO-RMs in cells and tissues.
The thermal dissociation of CO is also a general reaction for

MCCs. Upon heating, the M–CO bond breaks and CO gas is
released from the majority of MCCs. The vacant coordination
position is then occupied by a different ligand in a thermally
activated, dissociative ligand substitution process. This strategy
is widely used in the synthesis of organometallic complexes
starting from simple metal carbonyls (e.g., Mo(CO)6,
Fe(CO)5, Mn(CO)5Cl). However, this reaction has limited
applicability under biological conditions because it usually
requires the use of temperatures well above 37 1C. Indeed, for
CO dissociation to occur at 37 1C, the starting complex must
be rather unstable at room temperature. The equilibrium
between CO and O2 binding to hemoglobin (Hb) and other
heme proteins is a special case that may suggest the use of Hb
as a CO-RM. However, Hb in plasma, outside red blood cells,

Scheme 3 Mechanisms leading to CO release from a generalised

MCC of formula LnM–CO.

Fig. 6 Examples of photo-CO-RMs [tpm = tris(1-pyrazolyl)methane].
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is toxic—it can cause high blood pressure and splits into two
dimers that cause renal toxicity—and must be stabilised and
modified for use as a drug. Indeed, polyethyleneglycol
(PEG)—a modified form of COHb (pegylated COHb,
MP4CO), has been proposed for clinical use and was recently
granted orphan drug status in Europe.35

There are other ligand systems besides heme that can provide
similar substitution reactivity of CO, therefore avoiding the
irreversible oxidation readily undergone by most [FeII(CO)xLy]
complexes (L = porphyrins, N4-macrocycles, diglyoximes,
diimines) upon CO release. For example, the iron carbonyl
complexes with pentadentate N5 ligands [(SBPy3)Fe(CO)]2+

and [(Tpmen)Fe(CO)]2+ have recently been disclosed and shown
to release CO under physiological conditions (Fig. 7).36 However,
a similar [(N4Py)Fe(CO)]2+ complex requires photo activation
to lose CO, thereby producing cytotoxic species.37

A further strategy for CO release from a MCC under mild
conditions is to use a strong p donor ligand, which labilises the
CO that is positioned at an adjacent (cis) coordination position.
Such ligands are, for instance, O2!, OH!, OR!, NH2

! or
NR2

!, which may be formed by deprotonation of coordinated
OH!, H2O, HOR, NH2R and NR2H, respectively.38 The pH
dependence of these systems can be used for tissue specific release
of CO. For example, MCCs such as Na[Mo(CO)3(histidinato)]
(ALF186) and related Mo(0) anions release CO faster at
pH E 7.4 than at pH E 2, suggesting that such a CO-RM
candidate might release CO preferentially in the intestine after
passing through the acidic stomach.

CO can also be substituted via an associative mechanism.
In certain complexes, an incoming ligand (L0) can approach
the metal and start forming a new bond. The coordination
number of the complex increases and one of the initial M–CO
bonds may start to elongate and finally break. CO is then
released and the new L0–M bond is fully established.39

The stabilisation of the M–CO bonds via p back-donation
by metals in low oxidation states suggests that oxidation of
MCCs by oxidising species present in living organisms under
normal physiological conditions will inevitably lead to CO
release. Dissolved molecular oxygen, O2, is the most abundant
oxidant in biological systems and can act fast on MCCs when
it interacts directly with the metal atom. Electrons are then
transferred from the reduced metal centre to O2 weakening

and eventually breaking all the existing M–CO bonds during
the process. Therefore, if an ancillary ligand in the initial air
stable MCC is displaced by a certain process, O2 may occupy the
free coordination position and initiate oxidative decomposition
of the complex resulting in CO release. Such displacement of
ancillaryM–L bonds may be induced by certain specific chemical
conditions in cells, tissues or organs and promote preferential CO
release at those sites. Protonation of some labile ligands (e.g.,
histidine, pyridine) under acidic conditions as those found in the
stomach, lysosome or at specific protein sites may lead to open
coordination positions and facilitate oxidation with O2 resulting
in CO release. Other oxidants that are present in certain bio-
logical systems may also lead to CO release. These include
reactive oxygen species [(ROS), e.g., O2

!, H2O2, HO, HOCl,
HOBr], reactive NO species [(NOS), e.g., NO, NO2, ONOO!,
ONOOCO2

!], disulfide bonds, metal ions and others, which may
act through different mechanisms. Regardless of the actual
mechanism and the nature of the oxidising species, oxidatively
driven CO loss is likely the most common trigger of CO release
from metal carbonyl CO-RM candidates. Nevertheless, a
number of MCCs are fully air stable and do not release CO
through an oxidative mechanism. The most common examples
are CORM-2 and CORM-3 (see Fig. 8) and others can be

Fig. 7 Fe complexes bearing pentadentate N5 ligands SBPy3 and

Tpmen, and the similar ligand N4Py.

Fig. 8 Selected metal-based CO-RM structures reported in the literature.

(A) CO-RMs that have been tested in vitro and/or in animal models of

diseases. (B) Other CO-RM structures that were not mentioned or

referenced in the text but that may be easily retrieved from the following

references: Mo1, Cr1;48 Co1;49 Fe1;44 Fe2;50 Fe3, Fe4, Mo2;51 Mn1.52
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designed and prepared, e.g. CORM-S1 (Fig. 6) and those in
the case study presented below.

The decomposition of MCCs by enzymes and proteins is
another possible pathway that may lead to CO release in vivo.
Metabolism by cytochrome P450 (CYP450) enzymes immediately
comes to mind in view of their important role in the detoxification
of xenobiotics and drugs. One may imagine that many ancillary
ligands in MCCs will be metabolised by these enzymes thereby
triggering the decomposition of the complex and the liberation of
CO. One might even specifically incorporate ligands into MCCs
that are known to be good substrates for one or several enzymes
of the large CYP450 enzyme family. However, one has to
consider that CO can bind to the heme cofactor of CYP450
enzymes and potentially act as an inhibitor. Nevertheless, this
hypothesis is quite attractive particularly for the delivery of
therapeutic CO to CYP450 rich tissues, such as the liver.

An enzyme-triggered strategy for controlled CO release
from acyloxybutadiene–iron tricarbonyl complexes has been
recently reported (Scheme 4).40 Cleavage of the dienylester by
an esterase led to a highly unstable hydroxybutadiene ligand.
Decomposition of the complex was followed by oxidation of
the Fe(CO)3 fragment which resulted in rapid liberation of
the CO load. This Enzyme-Triggered CO-RM (ET-CO-RM)
showed a strong inhibitory activity against inducible nitric
oxide synthase in a cellular assay and provides a new strategy
for controlled CO delivery from a MCC.

Last, but not least, are the reactions that suggest a transfer of
CO from a CO-RM directly to a heme protein. For example,
during incubation of CORM-3 in a buffered solution at pH 7.4
in a closed vial no CO gas was released into the head space.41

However, if the solution contained reduced deoxy-myoglobin,
one equivalent of CO-myoglobin (COMb) was rapidly formed.42

This so-called myoglobin assay was used by Motterlini and
co-workers to select CORM-2 and CORM-3 for further bio-
logical studies,30,42 and has since been used as the key criterion
for selecting most CO-RM structures reported in the literature
(see Fig. 8).

This assay was recently revised and several methodological
issues addressed.43 In brief, treatment of Mb with sodium
dithionite in PBS pH 7.4 results in deoxy-Mb as the only
protein species in solution. The CO released by a CO-RM
added to this solution is scavenged by deoxy-Mb forming
CO-Mb. The reaction can be followed by UV-visible spectro-
scopy monitoring the decrease of the absorption of deoxy-Mb
(555 nm) and the increase of the Q bands of CO-Mb at 541 and
578 nm. The amount of CO-Mb formed at the expense of the
CO-RM is measured through deconvolution of the experi-
mental spectrum, which is fitted as a weighted sum of the
deoxy-Mb and the CO-Mb spectra.44 This method enables the
comparison of the CO release rate of different CO-RMs or a
CO-RM under certain conditions (e.g., concentration, medium)

by simply comparing the different half-lives in the respective
conditions. The half-life (t1/2) in these studies is defined as the
time taken for a CO-RM to release 0.5 equivalents of CO. This
definition avoids the issues arising with CO-RMs that are able
to release several CO molecules. This assay uses mM concen-
trations of CO-RM matching those used in most biological
experiments. However, the presence of excess dithionite,
necessary to avoid interference of the absorptions of oxy-Mb,
creates anaerobic conditions, which have no biological relevance.
The method responds best (low t1/2 values) to CO-RMs that
either react readily with Mb (e.g. CORM-3) or dissociate CO
anaerobically (e.g., those in Fig. 7). CO-RMs that are activated
or co-activated by O2, ROS, low pH or enzymes cannot be
accurately evaluated through this assay and methods based
upon the quantification of the CO released to the headspace
have been used instead.41,45 Moreover, CO-RMs are pro-drugs
that have to withstand some specific biological conditions (e.g.,
survive in circulation) and be activated under certain conditions
at disease sites (e.g., elevated ROS concentration). Therefore,
the panel of properties that such a drug-like CO-RM must
display requires many other criteria beyond the CO release
half-life, as mentioned in ref. 5 and discussed below. The
complex B12-ReCORM-2 derived from vitamin B12 and the
labile Re(II) centre (Fig. 8) is a remarkable example of a
CO-RM designed and studied taking into account most of
the drug-like factors.28

In summary, with a few exceptions, most CO-RMs claimed
in the literature (Fig. 6, 7 and 8 and Scheme 4) have not been
tested for their drug-like properties and few if any are equipped
with the appropriate set of characteristics for a clinically useful
CO releasing drug. In spite of repeated demonstration of their
therapeutic efficacy in animal models of diseases, the lack of
stability of CORM-3 in water41,46 and of ALF186 to aerobic
conditions along with the rapid destruction of both by plasma
proteins,41,46 leading to the absence of an assignable pharma-
cokinetic (PK) profile, prevent these complexes to be considered
useful pharmaceutical drugs. In addition, the rapid formation
of ROS species from these same complexes in aerobic and
aqueous media poses difficulties to mechanistic studies, under-
scoring the need for CO-RMs with improved properties.47

Nonetheless, the examples reported in the literature (Fig. 6,
7 and 8 and Scheme 4) are experimental CO-RMs that in many
cases have been extremely useful tools for the progress of
CO-based therapeutics.

Conceptualising a CO-RMmodel.We propose the conceptual
model depicted in Fig. 9 as a tool to help rationalising the design
of CO-RMs with the appropriate pharmaceutical properties built
within the constraints of metal carbonyl chemistry.
This particular model has an octahedral geometry defined

by six ligands surrounding the central metal. Shown is a MCC
with two CO ligands (L3, L4) and four ancillary ligands, which
may be all the same, all different or combinations thereof.
Chelating ligands, namely bidentate and tridentate ones, may
be useful since they add thermodynamic and kinetic stability
to the MCC in comparison to a set of chemically similar
monodentate ligands. Typically, the valence shell of the central
metal atom should have 18 electrons. This electron count
corresponds to filling the nine bonding orbitals of the eighteen

Scheme 4 Esterase-mediated CO release from a MCC.
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molecular orbitals created by the interaction of the nine
valence orbitals of the metal (one ns, five (n ! 1)d, and three
np) with nine appropriate valence orbitals of the ligands.24

MCCs that have 17 or 19 valence electrons are rare and
usually highly reactive, although exceptions are possible as
shown by the well behaved family of CO releasers of the
general formula cis–trans-[ReII(CO)2Br2L2]

z!.27 In contrast,
MCCs with 16 electrons are common for early (groups 4 and 5)
and late (groups 9 and 10) transition metals. Their electronic
unsaturation makes them prone to add a variety of biological
nucleophiles in a more indiscriminate manner than the 18-electron
complexes of the middle groups metals where CO-RMs are more
likely to be found (seeChoosing appropriate metals section below).

The nature of the ancillary ligands (halides, phosphines,
amines, imines, sulfides, carboxylates, etc.) influences the
electronic density of the metal centre and therefore its stability
to oxidation and dissociative CO release. Besides, the kinetic
stability or lability of these ancillary bonds to the metal may
also stabilise the coordination sphere against associative sub-
stitution reactions or, conversely, accelerate CO substitution.
Therefore, the composition of this inner ligand sphere is decisive
to tune the stability and chemistry of a given CO-RM to resist
plasma proteins, respond to a given type of trigger, or generate
a specific CO release profile. However, an appropriate pharma-
cological profile requires the CO-RM to possess many other
properties namely those that control solubility in aqueous
solutions, cellular internalisation, as well as the pharmacological
ADME characteristics, pharmacokinetic profile and targeting to
diseased tissues. This last characteristic ensures that the CO-RM
mimics heme oxygenase in producing small amounts of CO at
the site of disease, thereby allowing for lower drug doses and
improved safety. A ‘‘drug sphere’’ featuring the required
pharmacological parameters can be obtained by modifying
the ancillary ligands at their distal sites, in agreement with
medicinal chemistry rules. CO-RMs designed in this manner
should behave in vivo like standard organic drug molecules.
In the model of Fig. 9, four different arbitrary types of
substituents were chosen which, either alone or in combination,
may decisively tune the pharmacological properties of a
CO-RM. For example, carbohydrates enhance water solubility,
biocompatibility and even biodistribution to certain tissues53

whereas morpholino groups provide a more amphiphilic
character to the ligands. Solubility, membrane permeation
and other parameters may also be controlled by charges
originating either from the net metal and ligand charge sum or
from terminal charged groups such as amino and carboxylate
groups on the ancillary ligands. In summary, the ancillary ligands
play a decisive role in the creation of CO-RM drugs, a fact that is
often overlooked but is crucial for the generation of metal based
drugs.54

Choosing appropriate metals. The choice of the metal in a
CO-RM is of critical importance due to the caveats that are
often raised against the use of transition metal based drugs.55

Binary MCCs [M(CO)n]
z" can be generated with almost all

transition metals. When ancillary ligands are added into the
composition, the number of possibleMCCs becomes enormous.
However, simple stability considerations for pharmaceutical
MCCs rule out the use of metals of groups 3, 4 and 5 (Sc, Ti
and V triads) because they can only form M–CO bonds under
strongly reducing conditions and therefore highly oxygen
sensitive oxidation states. Complexes of groups 9 and 10 tend
to be electronically unsaturated (16 electrons) and CO deriva-
tives of the Cu group are mostly very labile. Further exclusion
of Technetium (artificial and radioactive) leaves the elements
Cr, Mo, Mn, Re, Fe, Ru from groups 6, 7 and 8, where
kinetically stable 18-electron complexes prevail, as the best
candidate metals for CO-RMs. Indeed, these metals have been
selected in most published work to date. Ruthenium and
rhenium have no known biological role, chromium has a very
limited one and all other three elements are essential for life
being present in a variety of enzymatic systems in all sorts of
lower and higher organisms.
Established organometallic chemistry and the analogies

with [M(CO)3L3]
+ (M = 99mTc, Re) radiopharmaceuticals

suggests that Mn- and Re-carbonyls could provide flexible and
versatile systems for generating CO-releasing complexes.56

Although Re(I)(CO)3 is difficult to activate due to its d 6

configuration and strong Re–CO bonds, the chemistry of the
Re(II)(CO)2 fragment has already proved useful and devoid of
major toxicities.27 Mn(I) carbonyl derivatives are oxidatively
stable and their easily controllable substitution chemistry

Fig. 9 Conceptual model for the development of pharmaceutical CO-RMs.
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enables the use of a wide variety of ancillary ligands including
biomolecules.57 Unfortunately, evidence for brain toxicity of
Mn is of great concern and the use of drugs based on this
metal has been strongly discouraged.58 On the contrary, Ru
has been used in a variety of experimental anti-cancer drugs59

and in a number of NO-scavenging molecules in animal
experiments and no acute or sub-acute toxicities due to the
metal were reported.60 Ru has an extensive carbonyl chemistry,
especially in the 2+ oxidation state, and has provided the first
and still most widely used examples of experimental metal based
CO-RMs.30,42 Iron is ubiquitous in organisms and its home-
ostasis in mammals has an extremely sophisticated control.
The binding of CO by Fe is very common in the Fe(0) and
Fe(II) oxidation states (Fe(I) has no practical significance, and
Fe(III) no longer binds CO). Although Fe carbonyl complexes
generally tend to be readily oxidised—see free heme—there are
families of air stable Fe carbonyl complexes that offer good
opportunities for CO-RM development as shown in Fig. 7 and 8,
and Scheme 4.

Molybdenum (Mo), the most abundant transition metal in
ocean waters, under the form of molybdate [MoO4]

2!, is the
only 2nd row metal that has an essential biological role.
Molybdenum deficiency, despite being extremely rare, has
severe consequences in humans. On the contrary, the possible
toxic consequences due to excessive intake are not well docu-
mented, but are described in conflicting reports.61 Recent
metabolic studies revealed a rapid physiological adaptation
to dietary or intravenously administered Mo, that is, Mo
turnover increases along with the increase of its administered
dose.62 The well known antagonism of Mo towards Cu can be
monitored and controlled as in the case of the anticancer
treatment with [MoS4]

2!.63 Depending on the ancillary ligands,
CO can form kinetically and thermodynamically stable Mo
complexes in a range of oxidation states comprising Mo(0) up
to Mo(IV), therefore providing a broad basis for the search of
pharmaceutically acceptable CO-RMs (see below).

Choosing the ancillary ligands. As discussed above, ancillary
ligands in the coordination sphere tune the chemical behaviour of
the metal complex, in particular its stability towards oxidation
and rapid dissociative or associative CO substitution. Pharma-
cologically speaking, the ancillary ligands control the rate of CO
release from the CO-RM. Of course, the choice of ligand is
constrained by the metal center and its oxidation state, however a
priori the set of ligands that is available is broad and encompasses
the typical ligands of organometallic chemistry (e.g., alkyl, aryl,
cyclopentadienyl, alkenes, dienes, alkynes, arenes, phosphines,
nitriles), classical metal ligands (e.g., amines, imines, diimines,
cyanide, water, alkoxides, carboxylates) including biomolecules
(e.g., amino acids, peptides, nucleobases, carbohydrates), and
drug molecules (e.g., ASA, NSAIDs). The choice depends on the
particular objective in sight. Furthermore, the need to impart
controlled ADME and PK properties to the CO-RM candidates
eliminates many ligand possibilities because not all are amenable
to modifications that may lead to an appropriate drug sphere
(see Fig. 9).

An extension of this concept is the incorporation of MCCs
into polymeric or liposomal drug delivery vehicles. In this case,
the ADME and PK control can be modulated by the properties

of the particular vehicle, thus taking advantage of established
methodologies. The first entry into this area was recently
reported and uses micelles to carry CORM-3 analogues.64

These are built by assembling a triblock copolymer where one
of the blocks carries the [Ru(CO)3]

2+ fragments. The properties
of the resulting construct were indeed different from those of
CORM-3 with a slower rate of CO release.

One particular case study: creating a liver targeted CO-RM.
The therapeutic action of gaseous CO in inflammatory and
endothelial liver diseases has been well documented in the
literature, in particular in the prevention of acute liver failure
induced by acetaminophen (paracetamol) poisoning and liver
ischemia/reperfusion injury.65 In order to develop a CO-RM
for such inflammatory lesions of the liver, we aimed at preparing
a Mo-based molecule of the general formula [Mo(CO)nL6!n]

0/!1.
In a systematic search a variety of complexes with n = 5, 4, 3
and L = Br!, I!, b-diketonates, amines, diamines, triamines,
pyridines, diimines, thioethers, phosphines, CN! and isocyanides
were prepared. These complexes were then subjected to a battery
of tests to ascertain their utility. Testing started with determining
the stability when exposed to air, water, plasma and whole blood.
CO release in aqueous buffer solutions or plasma, and the
formation of COHb in whole blood, were followed over a period
of time to determine the rate of CO release for each complex.
Complexes with appropriate stability were then subjected to a
series of in vitro biological assays: haemolysis, cytotoxicity on
various cell lines, and anti-inflammatory activity on macrophage
cell lines.66 Several classes of complexes with different ancillary
ligands passed the in vitro tests and were further analysed in an
in vivo animal model of acetaminophen-induced acute liver
failure.65

These tests identifiedMo-carbonyl complexes with two or three
isocyanide ligands, Mo(CO)4(CNR)2 and Mo(CO)3(CNR)3, as
themost promising class of compounds in this liver disease model.67

Interestingly, all tested molecules of formula Mo(CO)5L,
including complexes with isocyanide ligands, were associated
with high toxicity in vivo with the exception of [Mo(CO)5Br][NEt4].
Thus, having established the coordination sphere, development
continued by modifying the substituent R on the ancillary ligands
to create an appropriate drug sphere. Pharmacological testing
led finally to the selection of a lead candidate (and back-up
molecules) for the treatment of acute liver diseases illustrating
in a practical setting the general methodology discussed in
this tutorial review for the development of pharmaceutical
CO-RMs. Importantly, such a compound demonstrated metabolic
CO release and high accumulation in the liver after intravenous
injection, indicating tissue specific CO delivery. In addition, no
acute toxicity was observed when mice were treated with up to
1000 mg kg!1 of such a compound.
This case study illustrates that it is possible to modulate

the stability, solubility, and pharmacological properties of
Mo-carbonyl complexes and achieve promising CO-RM drug
candidate molecules for the treatment of liver diseases. It is
our belief that there are no inherent limitations to the MCC
chemistry that will inhibit the development of CO-RMs for the
treatment of other diseases (see below) by making full use of
the tools available in medicinal chemistry.
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4. Disease targets for treatment with carbon
monoxide

Today, drug development typically starts with the identifi-
cation of a molecular target for the treatment of a selected
disease. Interestingly, no definite therapeutic target has been
identified for CO. As mentioned, CO is a stable and chemically
inert molecule and its reactivity is largely limited to binding to
transition metals that are at a low oxidation state and in a non-
aqueous environment. Accordingly, it is believed that the
biological and therapeutic targets are transition metals that
are contained in enzymes. The widespread use of transition
metals in an organism coupled with the ability of CO to freely
pass through tissues has so far made it impossible to identify
specific targets amongst the great many possibilities. Targets
most often suggested in the literature are the metals in heme of
the many heme proteins; and mechanistic pathways elucidated
in certain diseases, such as inflammatory diseases, strongly
suggest that heme proteins in the respiratory pathway in
mitochondria might constitute therapeutic targets (for further
discussion of CO targets, the reader is referred to a recent
review5 and references cited therein).

In the absence of a molecular target for CO, the initial
screening and selection of CO-RMs as drug candidates need to
be performed with cellular systems at best or more often with
animal models of human diseases. Thus, the development of
CO-RM drugs is most efficient when medicinal chemists,
pharmacologists and physicians work in close collaboration.
A few animal models of diseases where activity for CO was
tested are listed below to give the reader an insight of the models
currently used for the development of CO-RMs. The models
listed serve only as examples and do not represent the vast
potential of CO-based drugs. As mentioned earlier, many if not
most of CO-responsive diseases are inflammatory or cardiovascular
diseases and a few examples for both classes are given.

4.1 Inflammatory disease models

Activation of macrophages is a hallmark of inflammatory
diseases. This behaviour can be tested ex vivo with isolated
macrophages or with macrophage cell lines. Such cell lines
were successfully used to demonstrate anti-inflammatory activity
of CO gas and CO-RMs. For example, lipopolysaccharide
exposure of the cell line RAW264.7 elicits an inflammatory
response that leads to NO and tumour necrosis factor-a
(TNF-a) production, which can be inhibited by CO.66 Liver
injuries caused by various insults, such as viral infections, drug
overdoses, or alcohol, are accompanied by strong inflammatory
responses that can cause further damage to the liver. As an
example, a mouse model of acute liver injury by an overdose of
acetaminophen was used to demonstrate the strong anti-
inflammatory activity of CO gas in liver inflammation.65

Animal models of inflammatory diseases of the intestines were
also used to demonstrate activity of CO. CO showed activity
in murine models of ulcerative colitis,68 inflammatory bowel
disease (IBD),69 and post-operative ileus.70

Autoimmune diseases constitute a large group of inflammatory
diseases. Various animal models are routinely used for the
evaluation of drug candidates for the treatment of rheumatoid
arthritis, and there are already data with experimental CO-RMs

in some models. For example, CORM-3 displayed activity in
the type II collagen-induced arthritis model in mice71 and in the
genetic chronic arthritis model of K/BxN mice.72 Similarly,
there are well-established animal models of multiple sclerosis
(MS) that can be used for the evaluation of CO-RMs. It has
been demonstrated that both CO gas and CORM-A1 display
promising activity in a murine experimental autoimmune
encephalomyelitis (EAE) model of MS.73

4.2 Cardiovascular disease models

One fundamental activity of CO is the protection of cells
against death from various stresses, such as hypoxia and drug
injuries. Organ transplantation is associated with hypoxia and
reperfusion damage to endothelial tissues. CO administration
displayed a protective and therapeutic effect in several animal
models of transplantation.74 In a rat and mouse model for
endothelial injury caused by balloon angioplasty, it was shown
that CO accelerates endothelial cell proliferation and thus
healing of the lesion.75 In a mouse model of the vascular
disease pulmonary arterial hypertension (PAH), CO treatment
could reverse established hypertension and reduce the size of
the right heart ventricle.76

Again, this limited number of examples is quoted to give a
flavour of the type of animal models that are available for the
screening of promising CO-RMs and is representative of only
a small fraction of diseases that might benefit from treatment
with CO-RMs.

5. Future directions and concluding remarks

The biological effects observed with administered CO gas
strongly suggest a broad range of therapeutic applications for
CO. The use of CO-releasing molecules (CO-RMs), pro-drugs
capable of delivering CO to cells and tissues in vivo, constitute the
most valid strategy to realise the therapeutic potential of CO.
Indeed, several experimental CO-RMs confirmed the beneficial
effects of CO gas in different animal models of diseases. This
proof-of-concept left to medicinal chemists the task of developing
the next generation of pharmaceutical CO-RMs equipped with
the safety and ADME profiles required for clinical use.
To date, both academic and industrial experience suggests

the use of metal carbonyl complexes as versatile CO-RM
scaffolds. The development of organometallic compounds,
which have been scarcely used in biological settings, raises
safety concerns due to the presence of both CO and metals.
However, challenging as these issues may appear, today’s knowl-
edge about the behaviour of metals in biological systems and
the construction of pro-drugs with controlled in vivo distribu-
tion and activation, form a solid basis for the generation of
organometallic CO-RMs for therapeutic applications. Indeed,
first applications of this knowledge have led to CO-RMs with
drug-like properties, which are active in scenarios of acute
liver failure67 or experimental malaria.53

The proposed controlled delivery of CO through preferential
tissue distribution and tissue-specific CO-RM activation make it
highly unlikely that a ‘‘universal’’ CO-RM for the treatment of
many diseases will be found. Rather further studies of the inter-
action of CO-RMs with plasma proteins,41,46 heme proteins and
cellular membranes, the mechanisms of cellular CO-RM uptake,



3582 Chem. Soc. Rev., 2012, 41, 3571–3583 This journal is c The Royal Society of Chemistry 2012

the mapping of the intracellular trafficking of CO and CO-RM,
the identification of the cellular targets for CO and their
interactions with CO-RMs that result in CO delivery is
required for the generation of CO-RMs useful for the treatment
of specific diseases. The metabolism of CO-RMs is also a topic
of key importance not only for toxicological reasons but also in
order to be able to prevent possible drug–drug interactions
derived from the inhibition of the detoxifying CYP system by
CO. Altogether, this knowledge will guide the construction of
the inner and outer coordination spheres that minimize doses
and maximise CO-RM efficacy and safety for a given indication.

Both designing novel CO-based drugs and understanding of
CO and CO-RM biology are interdependent tasks that must
progress side-by-side. This provides an exciting scientific area
for the collaboration between inorganic chemists, biologists,
pharmacologists, medicinal chemists, and physicians who may
highlight the unmet medical needs where CO therapy may
provide a desirable breakthrough. The range of diseases that
are responsive to CO together with the ongoing elucidation of
the methodology required to deliver CO to specific disease sites
is paving the way for the use of CO-based drugs in the clinic.
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J. D. Seixas, A. Beuve, C. C. Romão and A. Papapetropoulos,
Arterioscler., Thromb., Vasc. Biol., 2011, 31, 2570–2576.

48 W.-Q. Zhang, A. J. Atkin, R. J. Thatcher, A. C. Whitwood,
I. J. S. Fairlamb and J. M. Lynam, Dalton Trans., 2009,
4351–4358.

49 A. J. Atkin, S. Williams, P. Sawle, R. Motterlini, J. M. Lynam and
I. J. S. Fairlamb, Dalton Trans., 2009, 3653–3656.

50 L. Hewison, S. H. Crook, T. R. Johnson, B. E. Mann, H. Adams,
S. E. Plant, P. Sawle and R. Motterlini, Dalton Trans., 2010, 39,
8967–8975.

51 I. J. S. Fairlamb, J. M. Lynam, B. E. Moulton, I. E. Taylor,
A. K. Duhme-Klair, P. Sawle and R. Motterlini, Dalton Trans.,
2007, 3603–3605.

52 S. H. Crook, B. E. Mann, A. J. H. M. Meijer, H. Adams, P. Sawle,
D. Scapens and R. Motterlini, Dalton Trans., 2011, 40, 4230–4235.



This journal is c The Royal Society of Chemistry 2012 Chem. Soc. Rev., 2012, 41, 3571–3583 3583

53 A. C. Pena, N. Penacho, L. Mancio-Silva, R. Neres, J. D. Seixas,
A. C. Fernandes, C. C. Romão, M. M. Mota, G. J. L. Bernardes
and A. Pamplona, Antimicrob. Agents Chemoter., 2012, DOI:
10.1128/AAC.05571-11.

54 T. Storr, K. H. Thompson and C. Orvig, Chem. Soc. Rev., 2006,
35, 534–544.

55 K. H. Thompson and C. Orvig, Science, 2003, 300, 936–939.
56 R. Motterlini, B. E. Mann and D. Scapens, WO 2008003953A2,

2008.
57 K. Severin, R. Bergs and W. Beck, Angew. Chem., Int. Ed., 1998,

37, 1634–1654.
58 N. C. Burton and T. s. R. Guilarte, Environ. Health Perspect.,

2008, 117, 325–332.
59 M. Liu, Z. J. Lim, Y. Y. Gwee, A. Levina and P. A. Lay,

Angew. Chem., Int. Ed., 2010, 49, 1661–1664, and references cited
therein.

60 D. Chatterjee, A. Mitra and G. S. De, Platinum Met. Rev., 2006,
50, 2–12.

61 J. R. Turnlund, Met. Ions Biol. Syst., 2002, 39, 727–739.
62 J. A. Novotny and J. R. Turnlund, J. Nutr., 2007, 137,

37–42.
63 G. J. Brewer, Drug Discovery Today, 2005, 10, 1103–1109.
64 U. Hasegawa, A. J. van der Vlies, E. Simeoni, C. Wandrey and

J. A. Hubbell, J. Am. Chem. Soc., 2010, 132, 18273–18280.
65 B. S. Zuckerbraun, T. R. Billiar, S. L. Otterbein, P. K. M. Kim,

F. Liu, A. M. K. Choi, F. H. Bach and L. E. Otterbein, J. Exp. Med.,
2003, 198, 1707–1716.

66 P. Sawle, R. Foresti, B. E. Mann, T. R. Johnson, C. J. Green and
R. Motterlini, Br. J. Pharmacol., 2005, 145, 800–810.

67 C. C. Romão, W. A. Blättler, et al., Manuscript in preparation.
68 S. Z. Sheikh, R. A. Hegazi, T. Kobayashi, J. C. Onyiah, S. M. Russo,

K. Matsuoka, A. R. Sepulveda, F. Li, L. E. Otterbein and
S. E. Plevy, J. Immunol., 2011, 186, 5506–5513.

69 R. A. F. Hegazi, K. N. Rao, A. Mayle, A. R. Sepulveda,
L. E. Otterbein and S. E. Plevy, J. Exp. Med., 2005, 202, 1703–1713.

70 O. De Backer, E. Elinck, B. Blanckaert, L. Leybaert, R. Motterlini
and R. A. Lefebvre, Gut, 2009, 58, 347–356.

71 M. L. Ferrándiz, N. Maicas, I. Garcia-Arnandis, M. C. Terencio,
R. Motterlini, I. Devesa, L. A. B. Joosten, W. B. van den Berg and
M. J. Alcaraz, Ann. Rheum. Dis., 2008, 67, 1211–1217.

72 N. Maicas, M. L. Ferrándiz, I. Devesa, R. Motterlini,
M. I. Koenders, W. B. van den Berg and M. J. Alcaraz, Eur. J.
Pharmacol., 2010, 634, 184–191.

73 P. Fagone, K.Mangano, C. Quattrocchi, R.Motterlini, R. DiMarco,
G. Magro, N. Penacho, C. C. Romao and F. Nicoletti, Clin. Exp.
Immunol., 2011, 163, 368–374.

74 A. Nakao, A. M. Choi and N. Murase, J. Cell. Mol. Med., 2006,
10, 650–671.

75 B. Wegiel, D. J. Gallo, K. G. Raman, J. M. Karlsson, B. Ozanich,
B. Y. Chin, E. Tzeng, S. Ahmad, A. Ahmed, C. J. Baty and
L. E. Otterbein, Circulation, 2010, 121, 537–548.

76 B. S. Zuckerbraun, B. Y. Chin, B. Wegiel, T. R. Billiar,
E. Czsimadia, J. Rao, L. Shimoda, E. Ifedigbo, S. Kanno and
L. E. Otterbein, J. Exp. Med., 2006, 203, 2109–2119.


