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ABSTRACT

Small amounts of carbon monoxide (CO) are continuously produced in mammals.The
intracellular levels of CO can increase under stressful conditions following induction of HO-1
(heme oxygnase-1), a ubiquitous enzyme responsible for the catabolism of heme. Unlike
nitric oxide, which is a free radical, CO does not contain free electrons but may be involved
in oxidative stress. Thecarbonate radical has been proposed to be a key mediator of
oxidative damage resulting from peroxynitrite production, likewise, the precursor of the
carbonate radical anion being bicarbonate and carbon dioxide.We report herein some of the
transcription factors and protein kinases involved in the regulation of vascular HO-1
expression. Beyond its widely feared toxicity, CO has revealed a very important biological
activity as a signaling molecule with marked protective actions namely against apoptosis and
endothelial oxidative damage. Abnormal metabolism and function of CO contributes to the
pathogenesis and development of cardiovascular diseases. Important results have been
reported in which CO and CO-releasing molecules (CO-RMs) prevent intimal hyperplasia by
arresting hyperproliferative vascular smooth muscle cells and increased mobilization and
recruitment of bone-narrow-derived progenitor cells. Clinical studies have demonstrated
beneficial properties of CO-RMs in transplantation. The anti-inflammatory properties of CO
and CO-RMs have been demonstrated in a multitude of animal models of inflammation,
suggesting a possible therapeutic application for inflammatory diseases.The development of
a technology concerning CO-RMs that controls the delivery and action of CO under different
pathological conditions represents a major step forward in the development of CO-based
pharmaceuticals with therapeutic applications.

Keywords: carbon monoxide. carbonate radical. transcription factors. CO-releasing
molecules. CO-RMs.
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MAPKs, mitogen-activated protein kinases;MSCs, multipotent marrow stromal stem cell; NF-kB,
nuclear factor-kB;NO, nitric oxide; NO,-FAS, nitro-fatty acid derivates; NRF1, nuclear
respiratory factor 1;Nrf2, nuclear factor E2-related factor 2; ONOQ', peroxynitrite; PKG, protein
kinase-G; PRMTs, protein arginine methyltransferases; RNS, reactive nitrogen species; ROS,
reactive oxygen species; SOD, superoxide dismutase; sGC, guanylate cyclase; StRE, stress-
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1- Introduction

The diverse physiological actions of “biological gases”: dioxygen (O,),hydrogen disulfide
(H,S), nitric oxide (NO) and carbon monoxide (CO) have attracted much interest(Lamon, et
al., 2009; Motterlini & Otterbein, 2010; Rochette & Vergely, 2008b; Ryter & Otterbein, 2004;
R. Wang, 2002; L. Wu & Wang, 2005). The multiplicity of gas actions and gas targets
associated with the difficulty in measuring local gas concentrations obscure detailed
mechanisms whereby gases exert their actions. A central question is how do these gases
interact with one another when transducing signals and modulating cell function? Among
the major free radicals with essential functions in cells are reactive oxygen species (ROS) like
superoxide anion (0,"), hydroxyl radical ("OH) and reactive nitrogen species (RNS) such as
nitric oxide (*NO) (Halliwell, 2007a). It has brought into focus reactive species described by
chemists but forgotten in biology. About 0.3% of O, present in cell cytosol exists in its
protonated form: hydroperoxyl radical (HO,"). Water (H,0) can be split into two free
radicals: *OH and hydrogen radical (H®). The transmembrane electrochemical potential is a
major force in cellular energy production.Several free radicals, including thiyl radicals (RS®)
and nitrogen dioxide (NO,") are known to isomerize double bonds. Evidence is emerging that
hydrogen sulphide (H,S), essentially as hydrogen thiol (H-SH), is a signaling molecule in vivo
which can be a source of free radicals(Rochette & Vergely, 2008a). The Cu-Zn superoxide
dismutase (SOD) enzyme can oxidize the ionized form of H,S to hydro-sulphide radical: HS".
Recent studies suggest that H,S plays an important function in cardiovascular functions
(Rochette & Vergely, 2008b; Whiteman & Moore, 2009). Unlike the high reactivity of NO
which is a free radical, CO does not contain free electrons. It has been reported that in the
cell carbonate radical anion (COs") may be formed after the oxidation of CO to
CO,(Kajimura, Fukuda, Bateman, Yamamoto, & Suematsu, 2010). In this review, we will
describe some functions of this radical such as its participation in the activity of Cu-Zn SOD.
Carbonate radicals can be also formed when "OH reacts with carbonate or bicarbonate ions.
Recently, it has been reported that carbonate anion were potentially relevant oxidant in
physiological environments. In this article, we will develop the importance of CO, its
interaction with free radicals and the potential medical applications of this gas molecule;

two organs beingparticularly susceptible to CO: the heart and the brain. Our focus is on the



cardiovascular effects of CO and CO-RMs(Motterlini & Otterbein, 2010; Prockop &
Chichkova, 2007). In this regard, we discuss in a next part of this review whyCO is an
important signaling mediator possessing vasodilatory properties, which are achieved by
activation of the guanylate-cyclase-cGMP pathway as well as large-conductance potassium

channels(Dong, et al., 2007; Wilkinson & Kemp, 2011).

2- Endogenous production of carbon monoxide

2.1. Production of CO and “gas-sensors”

CO is a ubiquitous air pollutant. It originates from the oxidation or combustion of organic
matter, coke and tobacco. Cigarette smoke accounts for a major source of CO exposure in
humans.Clinical sign of CO poisoning include shortness of breath and headache. Lethality
after CO exposure results from tissue hypoxia following hemoglobin saturation. CO
diminishes the blood capacity to deliver oxygen to tissue leading to hypoxia(L. Wu & Wang,
2005). Small amounts of carbon monoxide (CO) are continuously produced in mammals. The
production rate of CO is 20 micromol/h in the human body. A meta-analysis based on 15
studies in 632 asthmatics and 734 healthy subjects demonstrates that exhaled CO (eCO)was
increased in both adults and children with asthma, irrespective of steroid treatment, disease
severity or level of asthma control(J. Zhang, et al., 2010). Recently, it has been reported in
preschool-aged children, that eCO levels in those with asthma attacks were significantly
higher as these in healthy children. eCO levels during asthma attacks significantly decreased
after inhalation therapy with a combination of a [2-agonist and sodium cromoglycate
(Ohara, et al.,, 2012). Apart from asthma, other diseases such as allergic rhinitis,
bronchiectasis, lower and upper respiratory tract infections, interstitial lung disease and
cystic fibrosis have also shown an increased production of eCO. eCO was even found to be
elevated in asymptomatic atopic subjects. Two groups of subjects were studied: non-atopic
control subjects and asymptomatic individuals. Levels of eCO were elevated compared with
these in healthy subjects (Horvath & Barnes, 1999). These findings suggest that increased
eCO level may be an indicator of airway inflammation but it does not discriminate between

diseases.



To understand how gases such as CO are functioning in physiological processes, it is
important to know how much gas is producedanddelivered to a given target. Four major
determinants of the effective gas concentration are (a) the membrane permeability of the
gas (b) the physiochemical properties of the gas itself; (c) the properties of the local
environment, including the surrounding media through which a gas travels including
physico-chemistry properties of the tissueand (d) scavenging systems, including chemical
reactions that consume the gas(Kajimura, et al., 2010). Control of intracellular heme levels
was previously thought to occur through a balance among its mitochondrial biosynthesis,
utilization by hemoproteins, and catabolism by heme oxygenases (HO).Both cell surface and
organelle-associated heme transporters are likely involved in the sequestering and
trafficking of intracellular heme.Heme also binds NO, CO and O,, allowing hemoproteins to
serve as gas sensors and signal transducers(Khan & Quigley, 2011).

Therefore,heme based sensor proteins are key regulators of cellular responses to changes in
0,, CO, NO, and H,S levels. These gas sensors act as signal transducers by coupling a
“regulatory”” heme binding site to a “functional” signal-transmitter site. Both CO and NO are
strongheme-ligands, NO has a much higher affinity for ferrous heme (nitrosylhemoglobine)
than does CO (Lecour, Maupoil, Siri, Tabard, & Rochette, 1999; Lecour, et al.,, 2001; C.
Vergely, Maupoil, Clermont, Bril, & Rochette, 2003).

2.2. Importance of Heme oxygenases

In addition to uptake of exogenous gas, cells and tissues produce significant amounts of CO
as an elimination product of cellular metabolism, largely from heme degradation catalyzed
by microsomal heme oxygenases (HO; E.C. 1:14:99:3). Heme serves as a vital cofactor in
oxygen transport proteins (hemoglobin, myoglobin) and in enzymes involved in critical
cellular processes such as respiration, inflammation or drug metabolism. Hemo-protein
turnover leads to the production of CO as a necessary consequence of heme utilization.
Conversely, the physiological effects of CO depend on its ability to form complexes with the
heme moieties of cellular hemo-proteins. The substrate is ferric protoporphyrin IX and the
other products of the reaction are ferrous iron (which will lead to an equivalent of ferric iron

and superoxide) and biliverdin (Figure 1). NADPH, O,, and flavoprotein reductases



(cytochrome P450 reductase) are also required for turnover of HO.It is now well recognized
that HO-mediated heme degradation has multiple roles in mammals, including antioxidant

and iron reutilization functions.

Threeisoforms of HO have been characterized: an inducible form (HO-1) that is up-regulated,
especially in the spleen and liver, in response to various types of stress, and two constitutive
forms (HO-2 and HO-3).HO-1 and HO-2 represent the products of distinct genes (ho-1, ho-2,
also specified as hmox1, hmox2).The inducible form of heme oxygenase, HO-1, occurs at a
high level of expression in the spleen and other tissues that degrade senescent red blood
cells, including specialized reticulo-endothelial cells of the liver and bone marrow. High
levels of HO activity are detected in these tissues. HO is present in hematopoietic stem cells
of the bone marrow(Abraham, Nelson, Ahmed, Konwalinka, & Levere, 1989). HO-2 is
expressed throughout the brain, in nerves innervating smooth muscle, and, likely, in all other
tissues at low levels. HO-2 does not appear to be induced, and free heme is the limiting
factor of CO production(Morse, Lin, Choi, & Ryter, 2009).HO-1 belongs to a larger family of
stress proteins whose transcriptional regulation also responds to adverse environmental
conditions. Although HO-1 plays an essential role in the degradation of Hb-derived heme, it
is also a stress protein known as heat-shock protein-32 (HSP32). The ho-l1gene, which
encodes a low-molecular-weight stress protein (32 kDa in humans and rats, 34 kDa in mice),
provides a model system for the study of redox-regulated gene expression in mammalian
systems.Generally, HO-1 is thought to play a cytoprotective role against oxidant insults. As
the liver plays a crucial role for the body's iron homeostasis (eg. via secretion of the iron
regulatory hormone hepcidin) and also for systemic inflammation, hepatic HO-1 may be
important for the regulation of both systems. In particular, cell-specific functions of HO-1 in
liver tissue macrophages (Kupffer cells) might be of major significance, because these cells
play a key role in iron recycling and also in the control of hepatic and systemic inflammatory
responses(Immenschuh, Baumgart-Vogt, & Mueller, 2010).Within the normal liver, HO-2 is
constitutively expressed within hepatocytes, Kupffer cells, endothelial cells and Ito cells.

The function of HO-3 remains unclear, but it has been cloned from rat brain, suggesting a
neural function. This enzyme is structurally similar to HO-2, but is less efficient at degrading
heme. One theory suggests that HO-3 may be derived from retrotransposition of HO-2 gene

since HO-3 gene does not contain introns(Scapagnini, et al., 2002).



HO-1 in mesangial and endothelial cells interacts with caveolins (Cavs), structural proteins in
caveolae beside membrane (lipid) rafts.Cav-1 and Cav-2 localizes in caveolae in a manner
regulated by various agents; HO-1 is negatively regulated by Cav-1(Patel & Insel, 2009). In
vascular smooth muscle cells, loss of Cav-1 or HO-1 leads to increased neointimal formation
and CO promotes antiproliferative effects through Cav-1, specifically its ability to activate

p38 mitogen-activated protein kinase(H. P. Kim, et al., 2005).

In humans, as we previously noted,endogenous CO arises principally from the action of
microsomal HO, which catalyze the rate-limiting step in heme degradation. The HO reaction
generates one molecule of CO per molecule of oxidized heme. For every mole of CO formed
by the mechanism, one mole of ferrous iron is released, and one mole of the linear
tetrapyrrole biliverdin-1X alpha is produced. The latter undergoes further metabolism to
bilirubin-IXa by NAD(P)H: biliverdin reductase. The HO enzymes play an important
physiological role in hemoglobin turnover in reticulo-endothelial tissues such as the spleen,
kidney and liver where senescent erythrocytes are destroyed(Ryter & Otterbein, 2004).
Finally, the important point in vivo is that the intracellular levels of CO can markedly increase
under stressful conditions following induction of HO-1. Activation of HO-1 pathway is part of
a complex homoeostatic adaptation of cells to the redox imbalance inflicted by stressful
stimuli, and it is becoming evident that increased CO production reflects a dynamic and
active involvement of this by-product in the cytoprotective response. In closing this section,
we should note that there have been reports suggesting that HO-1 induction could be
harmful to the cell under certain circumstances;in particular, the release of heme—chelated
ferrous iron that could potentially interact with H,0,, producing the highly toxic hydroxide
radical. The causative factor in the etiology of a variety of disease states is the presence of
iron-ROS, which can result in cell damage or which can affect the signaling pathways
involved in cellular dysfunctions(Benderitter, et al., 1996; Heli, Mirtorabi, & Karimian, 2011;
Rochette, et al., 2011).

The antioxidant protection afforded by HO-1 activity cannot be explained alone by the
conversion of heme in exchange for increased intracellular iron, which is potentially toxic.
This antioxidant protection of HO-1 with respect to iron metabolism is possible by further
coupling with proteins that promote either the sequestration or the export of the liberated

iron. HO-1 has been associated with iron efflux pathways promotingthe synthesis of ferritin,



which  secondarily neutralizes reactive iron.Thus ferritin seems to confer
cytoprotectionagainst oxidative challenge and potentially plays an intermediate role in HO-
mediated anti-apoptotic protection(Berberat, et al., 2003).

In response to certain stimuli, the organism may induce HO-1 to counteract the action of the
stimuli in a feedback inhibition. For example, serum stimulates HO-1 gene expression and
subsequent CO synthesis in cells such as smooth muscle cells (SMC). In these conditions,CO
acts in a negative feedback fashion to inhibit vascular SMC.In another example, angiotensin
infusion causeshypertension and also induces HO-1 in the vasculature. Inhibition of HO-1
with CORM aggravates the hypertensive effects of angiotensin, thus highlighting HO-1 as an
antagonistic response to the stimulus(Yang, Quan, Nasjletti, Laniado-Schwartzman, &

Abraham, 2004).

2.3. CO -releasing molecules: CO-RMs(Figure 2)

Three distinct methods of delivering CO have been utilized in studies to date. Thesimplest
method involves gaseous delivery at low concentrations.A second method ofdelivery is the
use of CO gas-saturated physiological solutionswhich, whilst applicable in a transplant
setting, would have limited application as a therapeutic agent. Alternatively, CO may be
delivered to organ systems by chemical agents that release CO. These include the CO-
releasing molecules (CORMs); these molecules being employed both in in vitro and in vivo
studies.Transitional metal carbonyls based around iron, manganese or ruthenium, have
recently been developed as CO-RMs that, under appropriate conditions, will release CO.
Such molecules have been shown to provide cardioprotection in both ex vivo and in vivo
experiments(Chatterjee, 2004; Motterlini, et al., 2005). The development of transition metal
carbonyls as prototypic CO-RMs represents a novel stratagem for a safer delivery of CO-
based pharmaceuticals in the treatment of various pathological disorders(Foresti &
Motterlini, 2010). Recently,photosensitive CORMs (photo-CORMs: i.e.[Mn(pga)(C0O)3](CI04);
pga=2-pyridylmethyl)(2-quinolylmethyl)amine ) have been employed to deliver CO to
myoglobin under the control of light(Gonzalez, et al., 2012).

The results generated in the last few years indicate that CO-RMs possess effective

vasodilatory, anti-ischemic and anti-inflammatory activities. Their pharmacological action

10



may be associated with other important cytoprotective effects provided by small amounts of

CO released.

Understanding chemicalinteractions of CORMs with proteinsis crucial for the design of
pharmaceutical CORMs, which will ultimately circulate in the protein-rich plasma of
humans.The interaction of CORM-3 with several plasma proteins that may play a central role
in itstransport and activation in vivo(Santos-Silva, et al., 2011). In vitro, rapid formation of
protein-Ru”(CO)Z adducts led to hypothesize that such protein adducts generated in vivo are
the source of the reported COHb levels that were sustained over 24 h after a single dose of
CORM-3(G. Wang, et al., 2010). Azido-modified silicium dioxide nanoparticles can be utilized
as a carrier system for the Photo-CORMs (Dordelmann, Pfeiffer, Birkner, & Schatzschneider,
2011). The generation of “M(CO)5” appeared to be a crucial step in the mechanism of CO-
release, but it has been anticipated that species [M(CO)5L] (in which L is the biologically
compatible leaving group such as an amino acid )would be an attractive target(W. Q. Zhang,
Whitwood, Fairlamb, & Lynam, 2010).CO can be applied through inhalation; however, the
major disadvantage of this modality is that it directly competes with oxygen uptake in the
lung. CORMs have the propensity to liberate CO in a controllable fashion. In particular,
CORM-3, which is fully water soluble and allows intravenous administration, rapidly liberates
CO. In CORM-3-stimulated HUVECs, p38 MAPK was inhibited (Bergstraesser, et al., 2012).
This result is in conflict with previously published studies showing that CO activates p38
MAPK (Otterbein, et al., 2003). Differences in concentration, application form (gas vs. CORM-

3) and cell type could explain this controversy.

3- Overview: catabolism of endogenous carbon monoxide.

CO is the diatomic oxide of carbon. At temperatures above -190°C, CO is a colorless and
odorless gas. The specific gravity of CO is 0.967 relative to air, and its density is 1.25 g/L at
standard temperature and pressure. CO is a chemically stable molecule because of its formal
triple bond. Chemical reduction of CO requires temperatures well above 100°C. The water
solubility of CO is very low at standard temperature and pressure. CO cannot react with
water without substantial energy input. Even for molecular oxygen, the reaction rate of CO is

slow and needs high activation energy (213 kJ/mol). CO can be involved in redox reactions
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andis an important signaling mediator possessing vasodilatory, anti-inflammatory, anti-
apoptotic and anti-proliferativeproperties(Barbagallo, Marrazzo, Frigiola, Zappala, & Volti,
2012; H. P. Kim, Ryter, & Choi, 2006; Mann & Motterlini, 2007; Piantadosi, 2002; Ryter &
Otterbein, 2004).

Unlike the high reactivity of NO, which by itself is a free radical, CO does not contain free
electrons.It has been reported that intracellular reactions may form carbonate radical anion
from CO. Toxic and presumed sub-toxic CO exposures are associated with significant
oxidative and nitrosative stress. After poisoning rats with CO (> 1000 ppm), plasma levels of
oxidized proteins and lipid peroxidation were significantly increased(Thom, Fisher, Xu,
Garner, & Ischiropoulos, 1999). CO-induced increase in oxidative stress was not related to
hypoxic stress from formation of carboxyhemoglobin or changes in circulating platelets or
neutrophils. However, CO-dependent lipid peroxidation was prevented or reduced by
inhibition of xanthine oxidase or superoxide dismutase and iron chelators. It has also been
shown that intracellular H,O, production in the brain was increased by high concentrations
of CO, accompanied by increases in hydroxyl radical production and decreases in the
reduced to oxidized glutathione (GSH/GSSG) ratio in mitochondria(Piantadosi, Tatro, &
Zhang, 1995).

NO and CO have a high affinity for Fe. However, while both CO and NO bind Fe(ll) avidly in
hemoproteins, CO, unlike NO, does not bind to Fe(ll) hemoproteins(Kajimura, et al., 2010;
Watts, Ponka, & Richardson, 2003).

In contrast with CO, which exists as a stable neutral molecule, NO can be found in distinct
redox-related states that have different reaction specificities. These forms of NO include
nitric oxide ("NO), nitroxyl anion (NO’) and the nitrosonium ion (NO®). Apart from the
reaction with Fe and other transition metals, NO can react with dioxygen, superoxide and
thiol groups.Unlike CO, which has a long half-life, the biological half-like of *NO is in the
order of seconds, and its reaction with superoxide generates peroxynitrite (ONOO). This
latter species is highly reactive with cardiovascular actions(Lauzier, Sicard, Bouchot,
Delemasure, Moreau, et al., 2007)and rapidly decomposes to result in the cytotoxic hydroxyl
radical ("OH) inducing biological effects(Pacher, Beckman, & Liaudet, 2007).

In terms of the chemical interaction between CO and °NO, (Figure 3) it is known that CO can

stimulate *NO release from proteins and the production of peroxynitrite. This could be
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critical in terms of mobilizing intracellular *NO and be part of the synergistic interactions of
these two molecules(Piantadosi, 2002). It has been suggested that CO could cause
redistribution of *NO in cells, which is consistent with the different equilibrium constants of
these molecules for metal binding. For instance, considering Hb, the affinity of *NO for Fe(ll)
is 1,500 times greater than CO. The presence of iron will dramatically influence the roles of
*NO and CO, and, in turn, these signaling molecules will affect cellular iron metabolism.

Despite *NO having a higher affinity for heme-iron, a paradoxical effect of CO is its ability to
displace *NO after a period of time. This is because the association constant of *NO for
heme-Fe is greater than that of CO, while the dissociation constant for *°NO is also greater
than that for CO. Thus, as *NO is displaced by CO, CO remains bound to heme for a longer
period of timeand this effect is implicated in its toxic action (see above: Production of COand

“gas-sensors”).

4- Heme-oxygenase and cellular targets of CO

4.1. Heme-oxygenase and cellular metabolism

HO-1 mediates the degradation of free and protein-bound heme, and promotes the
formation of protective compounds. Numerous studies have indicated that HO-1 induction is
an adaptive defense mechanism to protect cells and tissues against injury in many disease
settings. Given that inflammation and oxidative stress are associated with development of
cardiovascular disease and that HO-1 has anti-inflammatory and anti-oxidative properties,
HO-1 is emerging as a great potential therapeutic target for treating cardiovascular diseases.
The enzyme is important in the regulation of cell proliferation, differentiation and apoptosis.
Its activity improves neovascularization and modulates the immune response, thereby
influencing carcinogenesis(Cairo, Recalcati, Mantovani, & Locati, 2011; Koliaraki & Kollias,

2011; M. L. Wu, Ho, Lin, & Yet, 2011).

Involvement of the HO—adiponectin-EET axis

13



Recent studies have also identified a beneficial role for HO-1 in the regulation of body
weight and metabolism in diabetes and obesity. Chronic HO-1 induction lowers body weight
and corrects hyperglycemia and hyperinsulinemia. Chronic HO-1 induction also modifies the
phenotype of adipocytes in obesity from one of large, cytokine producing to smaller,
adiponectin producing(Hosick & Stec, 2012). The pharmacological enhancement of HO-1
expression, resulting in a phenotype resistant to injurious stimuli, permits the heart to
initiate an immediate defense against the events associated with the metabolic

syndrome(Cao, et al., 2011).

Emerging studies indicate a role of lipid mediators in the regulation of metabolic
homeostasis; thereby warranting further examination of their biological role in conditions
such as obesity.The levels of HO-1 expression, HO activity and its products, CO and bilirubin,
are decreased in humans and in animal models of type-2 diabetes (Kruger, et al., 2006).In
conclusion, induction of HO-1 appearsmodulate metabolic syndrome, obesity, and insulin
resistance. The changes that are observed after increased expression of HO-1 in obese and
diabetic animal models include:prevention of weight gain, reduction of inflammatory
cytokines levels andrestoration of normal insulin sensitivity. Taken together,the recent
dataprovide definitive evidence for the involvement of the HO-adiponectin-EET axis in
adipogenesis and adipocyte signaling both in vitro and in vivo(Burgess, Vanella, Bellner,

Schwartzman, & Abraham, 2012).

New approach of HO-1 functionwith a cell-permeable pyrrazo-lopyrimidine derivative:
compound C

Recently, a new approach of HO-1 functions had been possible using a compound that is
able to stimulate the expression of HO-1 in these cells.This compound C has been identified
as a cell permeable inhibitor of adenosine monophosphate-activated protein kinase (AMPK)
and a novel inducer of heme oxygenase-1 (HO-1). Surprisingly, the compound C (6-[4-(2-
piperidin-1-yl-ethoxy)-phenyl]-3-pyridin-4-yl-pyrazolo[1,5-a] pyrimidine), could also elevate
HO-1 suggesting other AMPK-independent actions for this agent. In human endothelial cells,
compound C stimulated a concentration- and time-dependent increase in HO-1 expression
and an increase in HO-1 promoter activity. The ability of compound C to induce HO-1

expression may contribute to the pleiotropic actions of this agent and suggest caution when
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using compound C to probe for AMPK functions (Liu, Peyton, Shebib, Wang, & Durante,
2011).

Compound C exerts potent anti-proliferative and pro-apoptotic effects in various cell lines
(Jang, et al., 2010). Interestingly, treatment of endothelial cells with compound C results in a
concentration- and time-dependent increase in HO-1 mRNA and protein. The induction of
HO-1 expression by compound C is dependent on oxidative stress. Compound C induces a
progressive increase in the production of ROS that is paralleled by a decline in intracellular
glutathione (GSH) level associated with endothelial cell death. GSH serves several vital
functions including scavenging free radicals(S. C. Lu, 2009). Compound C-mediated
endothelial cell death is potentiated following knockdown of HO-1 expression, indicating
that the induction of HO-1 by compound C promotes cell survival; the cytoprotective action
of HO-1 being mediated via the formation and actions of bilirubin and CO. Ferrous iron, a
pro-oxidative molecule, is released during the breakdown of free heme by HO-1, but this
molecule is rapidly, as we reported,removed by ferritin, an ubiquitously existing intracellular
protein that is able to effectively sequester intracellular iron and, hence, limits the pro-
oxidant capacity of ferrous iron. There is evidence showing that increased ferritin expression
in conjunction with HO-1 expression contributes to the protective effect of HO-1 (Balla, et

al., 2007)

4.2 .Heme- Oxygenase and endothelium

HO-1 is highly expressed in the endothelium, macrophage, and foam cells of atherosclerotic
plagues in both humans and animals.In the vascular system, HO-1 and heme degradation
products perform important physiological functions, which are ultimately linked to the
protection of vascular cells(M. L. Wu, Ho, & Yet, 2011). Studies have shown that HO-1 and
heme degradation products exert vasodilatory effects on vascular cells.There are different
possible mechanisms for HO-induced changes in Ca?*- activated potassium channels with a
large conductance (KCa channels) of smooth muscle cells such ascGMP-dependent protein
kinase (PKG) pathway, where CO triggers SGC activation, leading to an increase in

intracellular cGMP content and subsequent activation of PKG. PKG may modulate KCa
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channel(Figure 4).Interestingly, these effects of HO-1 and its by-products are similar, at least
in part, to those of eNOS-derived NO.

The human HO-1 deficiency reveals a critical immunomodulatory role of HO-1 and highlights
the essential function of HO-1 in human health and disease(Radhakrishnan, et al., 2011). HO-
1 expression is observed throughout the development of lesions from early fatty streaks to
advanced complex atherosclerotic lesions. HO-1 is specifically upregulated in human
vulnerable atherosclerotic lesions with lipid and macrophage accumulation and low collagen
and vascular smooth muscle cell content(L. J. Wang, Lee, Lee, Pai, & Chau, 1998).An
important mechanism by which HO-1 exerts an anti-atherogenic effect is by arresting
inflammation. HO-1 inhibits monocyte chemotaxis and leukocyte adhesion to activated
vascular endothelium.Considerable evidence suggests now,in relationship withanti-
proliferative effects,that HO-1 plays a beneficial role in atherosclerosis(Durante, 2010).
Because the beneficial effects of HO-1 and heme degradation products are similar, at least in
part, to those of eNOS and eNOS-derived *NO, a possible relationship between eNOS andHO-
1 pathways exists.There are several factors accounting for uncoupled eNQOS, e.g. reduced
levels of the NOS substrate L-arginine or the cofactor tetrahydrobiopterin. Another potential
factor receiving increased attention is the accumulation of the endogenous inhibitor of
eNOS, asymmetric dimethylarginine (ADMA). ADMAIis an endogenous modulator of
endothelial function and oxidative stress, and increased levels of this molecule have been
reported in some metabolic disorders and cardiovascular diseases (Korandji, et al., 2011;
Korandiji, et al., 2007; Sicard, et al., 2008; Zeller, et al., 2008).Interestingly, the activity of the
enzymes involved in the formation and degradation of ADMA such as protein arginine
methyltransferases (PRMTs) and dimethylarginine dimethylaminohydrolase (DDAH) has
been shown to be regulated in a redox-sensitive fashion. It has been reported that
endothelial aging-induced increase in ROS formation was accompanied with an enhanced
expression as well as enzymatic activity of HO-1.ADMA and homocysteine increased these

changes(Scalera, et al., 2006).

Several strategies can be employed to target HO-1 in vascular disease (Durante, 2010).0One
promising approach involves the use of pharmacological inducers. Heme and its synthetic
analogues are potent inducers of HO-1 and have been shown to protect against the

development of vascular disease in numerous animal models. In addition to upregulating

16



HO-1 expression, heme is a substrate for HO-1 and this may serve to further enhance the
synthesis of CO and bilirubin since HO-1 activity may be substrate-limited in vascular cells.
Hemin is already approved for the treatment of acute porphyria and heme compounds have
been used to treat thalassemia andmyelodysplastic syndrome(Rund & Rachmilewitz, 2000).

Endothelial cells can synthesize calcitonin gene-related peptide (CGRP); this peptide could
protect against endothelial dysfunction induced by lysophosphatidylcholine (LPC) or oxidized
low-density lipoprotein(Ye, et al., 2007).CGRP has anti-apoptotic properties and inhibits
phosphatidylserine externalization, caspase 3 activation and DNA fragmentation due to
oxidative stress(Sueur, Pesant, Rochette, & Connat, 2005). It has been suggested that, in
some tissues,induction of alpha-CGRP mRNA expressionassociated with cellular protection

may involve the HO-1/COpathway(Peng, Lu, Ye, Deng, & Li, 2002).

4.3.Heme-oxygenase,endothelial progenitor cells and multipotent marrow stroma stem cells

(MSCs)

Endothelial progenitor cells

HO-1 is thought to protect the vessels via promoting re-endothelialization, inducing anti-
inflammatory activities, inhibiting smooth muscle cell proliferation associated withincreasing
cellular antioxidant activities. Re-endothelialization of a denuded arterial surface is achieved
by the migration and proliferation of cells from the injury border zone, or from adjacent
branching blood vessels. In addition, bone marrow—derived endothelial progenitor cells
(EPCs) can contribute to re-endothelialization.The number of circulating EPCs inversely
correlates with the risk for atherosclerosis and the extent of ischemia after myocardial
infarction(Kawamoto & Asahara, 2007). Several compounds, including erythropoietin and
statins, promote EPC mobilization and increase circulating EPCs. Interestingly, erythropoietin
and statins can induce HO-1 expression, raising the possibility that their ability to mobilize
EPCs is mediated at least in part via HO-1 induction(B. J. Wu, et al., 2009).Diabetes is
associated with a decrease in circulating EPCs and EPC function that may contribute to
vascular disease.HO-1 induction is known to attenuate inflammation and oxidative stress
thought to contribute to diabetes(Grochot-Przeczek, Dulak, & Jozkowicz, 2010). Recently in

an attempt to identify the downstream effector of HO-1, experiments were performed to
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test the effect of CO(Lin, Chen, Yet, & Chau, 2009). The results showed that exposure of mice
to a low dose of CO for 2 h day,1 for 4 consecutive days led to the elevated serum level of
SDF-1 but not VEGF. In parallel, circulating EPCs were significantly increased and contributed
to the accelerated re-endothelialization observed in the CO-treated mice after vascular
injury. These results support the theory that CO mediates at least in part the enhanced

vascular repair induced by HO-1.

Multipotent marrow stroma stem cells (MSCs)

The heme—-HO system serves as an important cellular antioxidant defense system in
obesityand diabetes. However, little is known about whether deficits in the cytoprotective
systems of HO are implicated in the biology of multipotent marrow stromal stem cells:
MSCs.MSCs are recognized as a crucial component of the bone marrow microenvironment,
and directly contribute to the development of hematopoietic stem cells.Many cells and
interactions within the bone marrow are still unknown; a delicate balance must exist within
this system to maintain homeostasis. It has been suggested that diseases such as diabetes
types 1 and 2, and other autoimmune diseases are actually disorders in stromal MSCs and
their microenvironment(lkehara, 2010).Bone marrow derived MSCs are particularly
susceptible to oxidative stress caused by bone marrow toxicity due to environmental
pollutants such as azitothymine (AZT), irradiation and chemotherapeutic drugs.It has been
reported that anemia and neutropenia, occurring as a result of AZT treatment, could be
reversed by the induction of HO-1 by hemin(Kemp, Morse, Sanders, Hows, & Donaldson,
2011). A decrease in HO-1 expression is frequently associated with increased superoxide
production and oxidative stress leading to impairment of MSCs function in bone marrow.HO-
1 appears as an important enzyme in protecting against oxidative stress caused by the
generation of free radicals and bone marrow toxicity, by providing a rich environment for

MSC growth and stem cell differentiation(Kansanen, Jyrkkanen, & Levonen, 2012).

5 — CO, interaction with endogenous compounds and functions

5.1 - Carbonate radical anion (COs;") production and interaction with endogenous

compounds(Figure 5)
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Bicarbonate anion (HCOj3) is present in high concentrations (25 mM) in biological tissues.
The role of bicarbonate anion in biological oxidation has largely been ignored. The
relationship between the metabolism of carbonate and ROS has been recently studied in
particular concerning the activity of antioxidant enzymes. A new perspective on the role of
bicarbonate anion in SOD1-catalyzed peroxidative reactions was recently proposed.The
copper-bound oxidant (Cu2+—'OH) could oxidize HCO3 to the carbonate anion radical CO5", a
potent oxidant that diffuses out of the active site and causes substrate oxidations. The fact
that CO3” (and not "OH) is the primary oxidant produced by SOD1-mediated peroxidase
activity is physiologically significant because COs*has a much longer half-life than the *OH
and can, therefore, diffuse away from the active site and modify cellular targets(H. Zhang,

Andrekopoulos, Joseph, Crow, & Kalyanaraman, 2004).

A variety of micro-organisms possess the ability to oxidize CO to CO,. In aerobic bacteria, the
oxidation is catalyzed by CO oxidase, an inducible molybdenum-containing enzyme that
couples the oxidation of CO to the reduction of oxygen. Moreover, heart cytochrome c
oxidase possesses the ability to convert CO to CO,(Motterlini, et al., 2003; Young & Caughey,
1986).

CO + Hzo - COZ + Hz
or

CO + H,0 = CO, + 2H" + 2e” (Water Gas Shift Reaction)

In biological systems where multiple free radicals were present, the recombination
reaction of superoxidewith another radical such as *NOis very fast. "NO can be toxic through
reaction with superoxide to generate peroxynitrite (O=NOQ’), an oxidizing agent capable of
modifying a variety of biological molecules. An interesting concept is that “NO protects
against the toxicity of0," by scavenging it to form O=NOO™ , which in part spontaneously
decomposes to NOs". The reaction of "NO with reactive species such as nitrogen dioxide

(*NO,) and nitrogen trioxide (N,03) may have biological significance. °"NO, is a more reactive
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and a more powerful oxidant that is *NO.This implies that when both 0,* and *NO, are

present in the same environment, they will most likely react to form peroxynitrate.

.NOZ + Oz.-—) OzNOO-

The mechanism for the reaction of peroxynitrite with CO, was ignored for several years and
the reactions of peroxynitrite in biological were investigated in vitro in solutions that
contained CO; in presence and absence of bicarbonate buffers. Initially, the carbonate
radical anion has been produced in vitro by radiolysis of aqueous solutions of
bicarbonate/carbonate(S. N. Chen & Hoffman, 1973).The modulation of peroxynitrite and
peroxynitratereactivity by CO, has been studies. In the presence of CO,, peroxynitrite
generates the CO;"” and "NO, radicals in a fast reaction. These two radicals constitute an
efficient nitrating system with biological nitration of protein tyrosine residues.The reaction
of CO, with peroxynitrite is fast, resulting in the formation of ‘NO,and CO3"in the medium
from the facile decomposition of the initially formed adduct, 1-carboxylato-2-
nitrosodioxidane (ONOOCO,")(Surmeli, Litterman, Miller, & Groves, 2010). So, under
physiological conditions, where the concentration of CO, is high, a rapid reaction of

peroxynitrite with CO, occurs.
ONOO- + CO,— [ONOOCO,”] —°NO, + CO3™
Carbonate radicals can be also formed when *OH reacts with carbonate or bicarbonate ions.
As we reported above, bicarbonate levels in blood plasma are high making reaction
possible(Meli, Nauser, Latal, & Koppenol, 2002; Radi, Peluffo, Alvarez, Naviliat, & Cayota,
2001).
COs” + "OH — CO;™ + OH
COs" havinga much longer half-life than *OH,it diffuses further from the enzyme active site

and can oxidizethedistant cellular targets. The order of reactivity is *OH>CO;*>°NO, and

these radicalspresenta selectivityfor certain biomolecules.COs;"and *NO,react faster with
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some amino acids such as tyrosine , tryptophan and cysteine than they do with alanine and

glycine. It has been reported thatCO;" can abstract *H from cysteine.

Cys-SH + CO3"— HCO3 + cys-S°

Carbonate radical is also involved in the activity of Cu-Zn SOD(Ramirez, Gomez Mejiba, &
Mason, 2005). The bicarbonate-dependent peroxidative activity of SOD1 has been explained
on the bases of bicarbonate to carbonate radical anion occurs at the enzyme active site by
reaction with the H,0,-induced enzyme - copper bound oxidant.lt has been demonstrated
that the oxidase activity of SOD1 stimulates carbonate anion radical formation in the
presence of HCO3. The CO;* formed in the SOD1/Cys/HCO;s system is responsible for

oxidation and hydroxylation reactions(Chandran, et al., 2010).

Cu(I1)-SOD1/°0OH + HCOs—>  Cu(ll)-SOD1-OH + CO5"™

The interest in carbonate radical anion is being renewed. The carbonate radical anion in
particular is a potent one-electron oxidant whose reducing potential at pH 7.0 (E = 1.78 V) is
not much smaller than that of the hydroxyl radical (E =2.3 V) and is considerably higher than
that of nitrogen dioxide (E = 0.99 V).

5.2.Carbonate radical anion: COs" and cellular functions

During myocardial reperfusion, the increased flux of free radicals(Opie, 1989; C Vergely,
Perrin-Sarrado, Clermont, & Rochette, 2002; C Vergely, et al., 2003), which reacts with "NO
enhances the formation of ONOO'". These peroxynitrite ions are decomposed as previously
mentioned. "NO, and CO;"are formed within the heart and may exert deleterious effects. A
nitroxide compound such as 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TPL) in
presence of arginine significantly improved the recovery of hemodynamic function of hearts
following ischemia-reperfusion. The kinetics of the reaction of COs;" with TPL has been
studied and it has been demonstrated that TPL is an efficient scavenger of COs" (Hoffman,

Goldstein, Samuni, Borman, & Schwalb, 2003).
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Reactions of the carbonate radical anion with transition metal ions in metalloproteins are
also predictable but they have been little studied thus far. The reaction of the carbonate and
dichloride radical anions with the extracellular matrix glycosaminoglycan hyaluronan (HA)
had been studied in vitro(Al-Assaf, Navaratnam, Parsons, & Phillips, 2006). These radicals
were found to react quickly with HA inducing a scission of HA. Next, we will focus on some
aspects related to thedegradation products of glycosaminoglycans.

It has been reported that carbonate anion was potentially animportant oxidant of nucleic
acids in physiological environments. The COs" radicals oxidize guanine bases of DNA through
a one-electron transfer reaction process that ultimately results in the formation of stable
guanine oxidation product, proteins and nucleic acids beinglikely main targets at this radical
(Hoffman, et al., 2003).

There is solid evidence supporting the formation of many free radicals by cells leading to the
view that they play an important role in cell homeostasis(Halliwell, 2007b; Jay, Hitomi, &
Griendling, 2006). In addition into focus reactive species, the recent studies of the
biochemical reactions of *NO, carbonate radical and hydrogen posed that these compounds
contribute to the pathogenesis of diseases pro has including inflammatory processes,
ischemia-reperfusion and cardiovascular disorders(Hart, 2011; Leffler, Parfenova, & Jaggar,
2011). As we reported, pro-oxidant states have been described following the inhalation of
toxic doses of CO, possibly by neutrophil recruitment(Thom, Fisher, Xu, Notarfrancesco, &
Ischiropoulos, 2000).In return, low doses of CO protect against hyperoxia-induced
endothelial cell apoptosis by inhibiting reactive oxygen species formation(X. Wang, et al.,
2007).

Recent studies implicate ROS-dependent signaling in the stimulation of mitochondrial
biogenis by CO via CO;" through redox-dependent activation of the nuclear respiratory factor
1 (NRF1) (Rhodes, et al., 2009). A role for autophagic regulator proteins in CO-dependent
cytoprotection has been recently reported (S. J. Lee, et al., 2011). This study uncovers a new
mechanism for the protective action CO via mitochondrial ROS formation (Cooper & Brown,
2008). Manganese superoxide dismutase (MnSOD) plays a critical role in cellular defense
against oxidative stress by decomposing superoxide within mitochondria.The degree of
activity of this enzyme is modified by the action of CO3;"(Surmeli, et al., 2010). This review
will discuss these different mechanisms in the context of the paragraph: Signalingto Heme -

Oxygenase-1 and CO.
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In addition, it is important to include a new research field that seeks to define the
relationship between the physiological properties of CO andCO;""as emerging regulators of
ion channels and the alteration of the redox state of the cell;proteins being likely the main
biotargets ofCO; " (Augusto, et al., 2002; Wilkinson & Kemp, 2011). There have been a
number mechanisms proposed to explain how CO3;" modifies these targets associated with
alteration of the redox sate of the cell and organites such as mitochondria(Radi, Cassina,
Hodara, Quijano, & Castro, 2002). The diffusion capacity of CO3;" and "NO2 radicals is
secondary to the peroxynitrite/CO, reaction and the two radicals diffuse across
mitochondrial membrane. Reactions in mitochondria involve either transition-metal
dependent pathways or the CO,-dependent formation and reactions of CO;" and ‘NO,
radicals.An important factor in the active mitochondrial biogenesis program initiated by COis
HO-1 induction. In this field, HO-1/CO has been implicated in the adjustment of
mitochondrial phenotype to oxidative stress(Piantadosi, 2008). In the mitochondria, CO
inhibits cytochrome c-oxidase (COX). CO is converted to carbon dioxide by COX after binding.
In physiological conditions, “free” CO concentration is very low due to its high affinity for
hemoglobin and myoglobin. In return, in toxic conditions, the CO concentration in tissues
could increase so much as to cause significant inhibition. A number of enzymes have also
been shown to be modulated by CO and CO-RMs. There have been reported suggesting that
CO decrease ROS production by inhibiting NADPH oxidase thereby limiting ROS
generation(Srisook, et al., 2006).

Recent studies have shown that peroxynitrite can lead to protein nitration and
inactivation;COsand ‘NO, radicals being implicated in the process.The tyrosine nitration
may also be mediated by nitrogen dioxide produced by the oxidation of nitrite by
peroxidases. Manganese superoxide dismutase (MnSOD), which plays a critical role in
cellular defense against oxidative stress by decomposing superoxide within mitochondria, is
nitrated and inactivated under pathological conditions. Three of the seven tyrosine residues
of MnSOD (Tyras, Tyre, and Tyri1) were the most susceptible to nitration. Nitration mediated
byperoxynitrite, in both the presence and absence of CO,, resulted in nitration of the active
site tyrosine, Tyrss. The nitration of Tyrs4 by peroxynitrite -CO, showed that the nitration rate
coincided with the kinetics of the reaction ofperoxynitrite with CO,(Surmeli, et al., 2010).
Kinetics in the efficiency of tyrosine nitration in the presence of CO, suggest a specific role

forCO;"in MnSOD nitration by peroxynitrite(Surmeli, et al., 2010).Protein tyrosine nitration
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has been observed in connection with numerous human diseases including
neurodegenerative conditions, cardiovascular disorders and diabetes(Y. Li, et al., 2010).
Considerable evidence exists for oxidative damage to extracellular and
intracellularmaterialsduring multiple human pathologies.The biomolecular damage can
result on minimal and reversible changes to cell and tissue physiology. Consequently,
although COs;'’can oxidize manybiological targets.The carbonate radical anion is an
important oxidizing agent in aqueous environments; consequently, it is unlikely to be an
efficient initiator of lipid peroxidation.An important effect ofCO3"is to increase nitrogen
dioxide efficiency in nitrating protein-tyrosine and nucleic acid-guanine residues(Augusto, et
al., 2002).

Nutrition of articular cartilage as avascular tissue containing chondrocytes embedded into a
large amount ofextracellular matrix is dependent on diffusion from synovial and subchondral
bone compartment. Oxygen and metabolic end products have to diffuse over relative long
distances, resulting in low O, tension in cartilage tissue. A rise of O, tension in cartilage
tissue as is typical for inflammation in chronically irritated joints enhances free radical
formation, an interesting finding in the context of cartilage degeneration(S. Zhou, Cui, &
Urban, 2004). Glycosaminoglycansand hyaluronan are major components of the extracellular
matrix and cartilage. These materials provide strength and elasticity to tissues and play a key
role in regulating cell function.It has already been established that degradation products of
glycosaminoglycans, and particularly lower molecular mass species, can have potent
biological effects. A number of studies have investigated the reaction of HO., produced by a
variety of mechanisms, with hyaluronan.There is new information concerning how CO3" may
induce depolymerization of hyaluronan and other glycosaminoglycans. The presence of CO,,
and consequent formation of CO;", has been reported to enhance ONOO™/ONOOHinduced
protein damage(Kennett & Davies, 2009).In a recent study, it has been demonstrated that
hyaluronan and chondroitin sulfate were extensively depolymerized by CO;"(Kennett &
Davies, 2009). In fact, hyaluronanitself acts as an ROS scavenger in the joint by competing
with other substrates for reaction with ROS. Joints appear to be capable of adapting to
oxidative stress induced by extrinsic factors if they have not been pathologically
altered(Ziskoven, et al., 2011). It is clear from recent data obtained that many of the sugar

derived radicals formed are common across the oxidants examined.COs™ is capable of
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generating sugar-derived radicals, these radicals being formed in ratios different from that

observed with HO(Kennett & Davies, 2009).

5.2. ROS and CO: regulators of inflammation

Novel insights have led to the suggestion that ROS are important regulators of inflammation
and are involved in limiting the inflammatory response(Hultgvist, Olsson, Gelderman, &
Holmdahl, 2009). Increasing amounts of data indicate that NOX2-produced ROS are
beneficial in both inflammatory and autoimmune conditions.The NOX2 enzymatic complex is
responsible for the reduction of the oxygen, yielding superoxide anion that is subsequently
transformed into other ROS such ashydrogen peroxide and the hydroxyl radical. The NOX2
complex is composed of five subunits, two of which (p22,n0x and gp91,n0x) are localized in
cellular membranes, constituting the flavocytochrome b558(Al Ghouleh, et al., 2011).
Hypothetically, ROS are beneficial during antigen presentation and affect the response and
reactivity of the T-cell and the other hand, redox levels affect the T-cell receptor (TCR)
signaling (Reyes, Danese, Sans, Fiocchi, & Levine, 2005).Furthermore, ROS not only affect the
TCR signaling structures but also promote the assembly of the T-cell-activation complex
within the lipid rafts (S. P. Lu, et al., 2007) and the clustering of proteins(Nakashima, et al.,
2002). It has beendemonstratedthat HO-1 and CO inhibit the production of cytokines critical
for T-cell responses. Increased expression of HO-1 by mouse macrophages or treatment of
these cells with CO inhibits the production of pro-inflammatory cytokines induced by LPS
stimulation(lnoue, et al., 2001). In conclusion,ROSproduced by antigen-presenting cells are
able toaffect the activation and reactivity of T cells during antigen presentation;ROS appear

as regulators of autoimmune inflammation.

6. Signalingto heme-oxygenase-1 and CO(Figure 6).

6.1. Signalingto heme-oxygenase-1

25



The induction of HO-1 expression is an important aspect of the anti-inflammatory, anti-
apoptotic response to cellular stress. The gene coding for HO-1 is highly regulated, and in
most cell types, HO-1 is expressed in response to numerous stimuli(H. P. Kim, et al., 2006;
Ryter, Alam, & Choi, 2006). Regulation of the HO-1 gene is predominantly at the
transcriptional level. Various transcription factors will interact with DNA binding domains in
the HO-1 promoter to regulate gene transcription. A number of signaling molecules have
been identified to be involved in regulating HO-1 expression. We report herein some of the
transcription factors and protein kinases involved in the regulation of vascular HO-1
expression. These molecules include mitogen-activated protein kinases (MAPKs), nuclear
factor E2-related factor 2 (Nrf2), Bachl, protein kinase C, protein kinase A, phosphatidyl
inositol 3-kinase, Akt, activator protein-1 (AP-1), nuclear factor-kB (NF-kB), cyclic adenosine
monophosphate-responsive element-binding protein and activating transcription factor 2.
There is significant interplay between these signaling pathways, transcription factors and the
production of inflammatory molecules and/or reactive oxygen species. It is not clear how
these interactions play out in response to toxins and/or nutrients, these interactions being
pivotal in determining the inflammatory response in a tissue(Spencer, Vafeiadou, Williams, &
Vauzour, 2012). It is most likely that HO-1 expression may result from the complex

cooperative interactions between these molecules(Y. M. Kim, et al., 2011).

MAPKs

It has been known that activation ofmitogen activated protein kinase (MAPKs) plays a
central role for the induction of HO-1 gene expression(Coulthard, White, Jones, McDermott,
& Burchill, 2009; Kyriakis & Avruch, 2001). The intracellular communication between
membranereceptors and their nuclear or cytoplasmic targets upon stimulation is mediated
by a limited number of signaling pathways, including a group of MAPK cascades. This group
includes 4 distinct cascades, which are named after their MAPK stage component: 1)
extracellular-signal-regulated kinase 1 and 2 (ERK1/2); 2) c-Jun N-terminal kinase 1 to 3
(JNK1-3); 3) p38MAPKand 4) ERK5 (Big MAPK)(Wortzel & Seger, 2011). In normal physiology,
MEKS5 and ERK5 are ubiquitously expressed and are activated by growth factors and cellular
stresses. It appears that the MEK5/ERK5 pathway plays an important role in tumor
neovascularization(Lochhead, Gilley, & Cook, 2012) and inflammation.The mitochondria is a

point of integration of signaling cascades because of its pivotal role in cellular metabolism,
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redox biochemistry, and survival/death decisions(Smith, Ng, Kluck, & Nagley, 2008). Because
the MAPK family of signaling molecules: phospho-p38 MAPK, and ERK, play essential roles in
cell signaling pathways that regulate cell growth and inflammation,an important point has
been studied concerning the MAPK signaling pathway associated with the actions of CO.The
anti-inflammatory effect of CO did not mediate through a guanylyl cyclase pathway,
butinstead through the p38 MAPK in lipopolysaccharide  (LPS)-activated
macrophages(Otterbein, et al., 2000).

Similar to HO-1, p38 MAPK has been shown to be involved in antioxidant and anti-
inflammatory responses. Studies have focused on the roles of MAPK pathways in HO-1
expression in diverse cell types in response to variousstimuli. Several antioxidantssuch as
curcumin and lipoic acidhave been reported to induce HO-1 expression in various types of
cells.Curcumin stimulates HO-1 expression through p38 MAPK pathway(Jeong, et al., 2006).
a-Lipoic acid, that exerts antioxidant effects in biological systems(Ghibu, et al., 2012; Ghibu,
et al., 2009), induces HO-1 expression through ERK pathway (Ogborne, Rushworth, &
O'Connell, 2005).

NF-xB

Under basal conditions NF-kB is contained in the cytoplasm by inhibitor of NF-kB (I-xB). In
response to a wide range of signals, the regulatory NF-kB subunits p50 and p65 dissociate
from I-kB and subsequently translocate to the nucleus.Oxidative stress including lipid
peroxidation products or depletion of reducedglutathione (GSH) and subsequent increases in
cytosolic oxidized form: GSSG in response to oxidative stress causes rapid ubiquitination and
phosphorylation and thus subsequent degradation of I-xB which is a critical step for NF-xB
activation. By modulating a wide variety of transcription factors, cellular metabolism may be
regulated. In this field, the HO system may be crucial for the coordination of physiological
conditions. Given that HO-1 is induced by different stimuli, the regulation of NF-kB by HO-1
may be important for cellular homeostasis in many pathophysiological conditions including
inflammation.Interestingly, it appears that the NF-kB inhibitorssuch as pyrrolidine
dithiocarbamate (PDTC) increaseHO-1 mRNA and protein expression in human colon cancer

HT29 cells(Min, Lee, Joe, & Kwon, 2011).Recently, it has been reportedl) a functional kB
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element in the mouse HO-1 promoter and 2)that the NF-kB subunits p50 and p65 and the

inducible NO-synthase mediated HO-1 up-regulation in vivo(Q. Li, et al., 2009).

Nrf2

The view of oxidative stress has broadened considerably. It is now often seen as an
imbalance that has its origins in genes, and the ways in which gene expression is regulated.
At the center of this field is the transcription factor called nuclear factor (erythroid-derived
2)-like 2, or Nrf2. Nrf2 is referred to as the "master regulator" of the antioxidant response,
modulating the expression of hundreds of genes, including not only the familiar antioxidant
enzymes, but large numbers of genes that control number processes such as immune and
inflammatory responses(Hybertson, Gao, Bose, & McCord, 2011). It is important to point out
thatthe redox-dependent Nrf2 system plays a central role for HO-1 induction in response to
oxidative stress.There are several critical regulatory domains present in a 10-kb region of the
5’-flanking sequence of the HO-1 gene. Two of the most highly studied enhancer regions,
called E1 and E2, contain stress-response elements (StRE) and structurally resemble the
antioxidant response element (ARE).The major positive transcriptional regulator of HO-1
gene acting on the StREs is represented by Nrf2. Nrf2 is ubiquitinated by forming a complex
with the Kelch-like ECH-associated protein 1 (Keapl). Keapl targets Nrf2 for ubiquitin-
dependent degradation and, hence, represses Nrf2-dependent gene expression. Some HO-1
inducers or oxidative stress may prevent Keapl-dependent degradation of Nrf2, thereby
resulting in Nrf2 nuclear accumulation. Accumulated or stabilized Nrf2 may bind to the StRE
regions to form complexes with the small Maf proteins leading to initiation of HO-1 gene
transcription (MacLeod, et al., 2009).In response to nitrosative stress, the activation of Nrf2
signaling led to the induction of HO-1 as a protective mechanism against inflammatory
damage. Stimulation with lipopolysaccharide (LPS) inducediNOS expression in both Nrf2+/+
and Nrf2-/- macrophages, while HO-1 expression was only evident in Nrf2+/+ cells. The LPS
induced iINOS expression was suppressed by pretreatment with HO-1 inducers in Nrf2+/+

macrophages(Ashino, et al., 2008).

NO2-FA

Recently, it has been reported the potential impact of electrophilic nitro-fatty acid derivative

(NO2-FA) on modulating endothelial gene expression and function as a therapeutic strategy,
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with these species exhibiting anti-inflammatory cell signaling properties that up-regulateHO-
1 in the vasculature, inhibit VSMC proliferation and activatePPARythrough Nrf2-dependent
and Nrf2-independent processes. These signaling actions are attributable to the electrophilic
nature of NO2-FA(Khoo & Freeman, 2010). The electrophile-dependent modulation of NF-kB
function represents one of the best-defined mechanisms accounting for the anti-
inflammatory actions of lipid derive electrophiles.A complex mechanism of action for
electrophile-dependent modulation of NF-kB signaling has emerged, wherein electrophiles
act at multiple levels.Through, these mechanisms of NF-kB signaling inhibition, electrophilic
lipids act as redox-derived anti-inflammatory mediators.

HO-1 expression and activity induced by NO2-FAs can exert broad protective effects within
the vasculature that suppresses pro-oxidant and pro-inflammatory mediators(Khoo, et al.,
2010).It has been reported that nitro-fatty acid induces HO-1 expression incultured
endothelial cells and rat aortic segments (Wright, et al., 2006). It appears that OA-NO2 also
increases HO-1 expression in VSMCs in vitro and throughout the endothelial and intimal cells
of vessels in vivo. Finally, the activation of HO-1 expression is a central element of the
response of tissues to metabolic and inflammatory stress, and thus is regulated by multiple
transcription factors sensitive to functional changes induced by oxidative and electrophilic
species. These transcription factors may act either synergisticallyor antagonistically to
modulate HO-1 expression.These observations indicate that regulationof human HO-1
expression by NO2-Fasrequires synergy between different transcription factors such as

Nrf2/Keapl or AP-1(Wright, et al., 2009).

AP-1

The AP-1 family of transcription factors consists of Jun family oncoproteins that homo- or
hetero-dimerize with other members of the Jun or Fos protein families.Inducible gene
expression via AP-1 has been shown to be involved in a diverse range of cellular responses
including immunological and antioxidant stress responses. Similar to NF-xB, AP-1 is up-
regulated by a wide variety of pro-oxidant and pro-inflammatory stimuli.Functional AP-1
sites, which mediated inducer-dependent gene expression of HO-1, have been identified in
the promoter regions of the human HO-1 genes(Hock, et al., 2007).Age-related differences in
the activation of AP-1 have been shown to contribute to the age-dependent increase in

vascular smooth muscle cells VSMCproliferation and migration. The signaling networks that
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modulate all the key changes in VSMC during the aging process such asAP-1 transcription

factor is associated with the redox-regulation of HO-1(M. Li & Fukagawa, 2010).

Bachl

It has been demonstrated that the transcription factor Bachl (BTB and CNC homology 1,
basicleucinezipper transcription factor 1), which inhibits oxidative stress-inducible genes, is a
crucial negative regulator of oxidative stress— induced cellular senescence(Dohi, et al., 2008).
Bachl forms a heterodimer with the small Maf oncoproteins and binds to the Maf-
recognition element (MARE) to inhibit target genes, including that encoding HO-1(Igarashi &
Sun, 2006). The transcription repressor Bachl has been recognized to be a key regulator of
the inducible HO-1 gene expression. The DNA binding activity of Bach-1 is negatively
regulated by heme in vitro, and this may account for the substrate dependent activation of
ho-1(Ogawa, et al., 2001).

Bach1 has initially been shown to repress HO-1 gene expression in the presence of lowlevels
of intracellular heme. When intracellular heme levels are elevated, Bachl changes its
conformation and dissociates from the HO-1 promoter, allowing Nrf2 to bind to AREs and to
activate HO-1 gene expression(Ogawa, et al., 2001). In conclusion, inactivation of Bach1l by
heme or oxidative stresses results in detachment of Bachl from DNA and export into the
cytoplasm, which allows Nrf2 to access Maf-recognition elements to up-regulate HO-
1(Kaspar & Jaiswal, 2010).

Recently, had beenexaminedin cardiac derived H9c2 myocytesexposed to different
doxorubicinconcentrations, the interplay between oxidative stress, cell death in
anthracycline-mediated cardiotoxicityand modulation of HO-1. The findings suggest that the
down-modulation of HO-1 plays a role in the ROS-independent apoptosis triggered by
exposure to low doses of doxorubicin andindicate a strong correlation between increased
levels of Bachland the down-regulation of HO-1 in apoptotic H9c2(Bernuzzi, Recalcati,
Alberghini, & Cairo, 2009).These results suggest thatDOX may facilitate the apoptosis of
cardiomyocytes by inhibiting the anti-apoptotic HO- in correlation with increasing levels of
Bach-1. In different fields, Bach-1 represents an important transcriptional repressor such as
human leukemia(Miyazaki, et al., 2010) and atherosclerosis; disruption of the Bachl gene in
Apo E KO mice causinginhibition of atherosclerosis through up-regulation of HO-1(Watari, et

al., 2008).
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6.2. Signalingto COand biological “acceptors” of CO

Surprisingly, CO can induce HO-1 expression, raising a possibility that CO may exert full
effects not only through the first pathway associated with its original ability but also through
the second pathway associated with HO-1 expression(B. S. Lee, et al., 2006). In this regard,
CO may serve as an effective HO-1 inducer.

As we reported, CO exerts a variety of diverse effects in different tissues, and these can
occur through modulation of multiple pathways. Many of the effects of CO depend on the
activation of guanylate cyclase, which generates guanosine 3',5'-monophosphate (cGMP),
and the modulation of mitogen-activated protein kinase (MAPK) signaling pathways(H. P.
Kim, et al., 2006). The biological “acceptors” of CO are structures containing transition
metals, the best known of which is heme; the number of potential targets at which CO could
act is large, heme-proteins being widely distributed.CO binds to a range of intracellular heme
proteins, including the ferrous heme a3 of cytochrome c oxidase (Cyt a3), the terminal
electron acceptor of the mitochondrial respiratory chain.Under anaerobic conditions, a
molecule of CO binds to the reduced heme a3 instead of oxygen.In these conditions,CO
appears as an important “regulator” of mitochondrial respiration(Lo lacono, et al., 2011).
Mitochondria are involved in hematopoietic cell homeostasis through multiple ways such as
oxidative phosphorylation, various metabolic processes and the release of cytochrome c in
the cytosol to trigger caspase activation and cell death(Fontenay, Cathelin, Amiot, Gyan, &
Solary, 2006). An important factor in the active mitochondrial biogenesis program initiated
by CO is HO-1 induction, supported in part by mitochondrial heme release(Cronje, Carraway,
Freiberger, Suliman, & Piantadosi, 2004). CO also stimulates mitochondrial biogenesis, which
is activated in part when CO binds to cytochrome c oxidase and boosts mitochondrial
hydrogen peroxide production.Mitochondrial biogenesis in various organs is activated by the
gaseous signaling molecules NO and CO(Rhodes, et al., 2009).

Reviews highlight the fact that CO exerts a variety of diverse effects in different tissues, and
these can occur through modulation of multiple pathways(Peers & Steele, 2012).CO

activates the heme protein sGC and so increases cyclic GMP levels. However, since its affinity
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for sGC beingconsiderably lower than that of NO, such an intracellulareffect is only
important when NO levels are low.

The ability of CO to “mimic” NO in activating sGC is only one way in which CO can interfere
with NO signaling: CO can also, in certain conditions,bind and activate NOS to stimulate NO
production(Lim, et al., 2005). Experimental evidence suggests that CO modulates the
generation of NO, and, by so doing, regulates vascular tone. But, it is important to note that
the mechanisms by which the gases exert their actions depend of different factors: such as
the different localizations of the NOs and HO enzymes. Although, number studies
demonstrate the role of spatial relations among the gas-producing enzymes and their
reception systems(Kajimura, et al., 2010).

CO can exert important influences on ROS levels and signaling in various tissue types.
But,macrophages being a major cellular target of CO, the majority of studies have focused
on this cell type in the inflammatory response. By inducingmitochondrial ROS and in some
cases RNS, CO rapidly conditions the macrophage gene expression,activation and enzymes
activities.In this context, CO has been shown to inhibit NADPH oxidase in macrophages and
airway smooth muscle cells(Taille, El-Benna, Lanone, Boczkowski, & Motterlini,
2005).Enzymatic systems, such as the mitochondrial respiratory chain, NADPH oxidases and
xanthine oxidase, increase the levels of superoxide in cells. Among them, NADPH oxidases
had a critical role in influencing the redox balance in vasculature. Another potential source
of 0," in vascular cells is what has been described as ‘uncoupling of eNOS’, a situation in
which eNOS can generate superoxide when the concentrations of L-arginine or
tetrahydrobiopterin (BH4) are low. The sources of ROSmay be from the vascular NAD(P)H
oxidases duringvascular injury, stem from ROS production by the influx of inflammatory
cells.NADPH oxidases playimportant roles in pathological cardiovascular situations(Lauzier,
Sicard, Bouchot, Delemasure, Menetrier, et al., 2007; Sicard, et al.,, 2007; Sicard, et al.,
2008).Another site of CO binding is the cytoplasmic oxidases, i.e., the P4so cytochromes. It
becomes increasingly apparent that exogenous CO exposure and the endogenous
production of CO by HO favors a pro-oxidant milieu in aerobic mammalian cells that
promotes ROS-dependent signaling, including the activation of redox-sensitive transcription

factors(Piantadosi, 2008).

6.3. Anti-inflammatory effects
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Effects on immune competent cells

CO exerts direct effects on immune competent cells(Hoetzel, Dolinay, Schmidt, Choi, &
Ryter, 2007). For instance, CO inhibits the activation of monocytes, macrophages, and
leukocytes in vitro as well as in vivo. Furthermore, the ability of T cells to proliferate is
suppressed by the application of CO. CO prevented the LPS-induced production of pro-
inflammatory cytokines such as TNF-a, IL1-Band macrophage inflammatory protein-B(MIP-
1B) in cultured macrophages(Pae, et al., 2004). The inhibitory effects of CO on TNF-
alphaproduction were also demonstrated with the application of CORM-2 (Sawle, et al.,
2005). CO treatment also promoted the increased production of the anti-inflammatory
cytokine IL-10 during LPS challenge and the effect of IL-10 itself appeared to be mediated by
HO activity and specifically required CO to exert its anti-inflammatory properties(Otterbein,

et al., 2000).

Induction of PPARy-SUMOylation

Recent evidence indicates that CO exerts its anti-inflammatory effects through the induction
of peroxisome proliferator-activated receptor (PPAR)-gamma, a nuclear receptor whose
activation has been linked to several physiological pathways. In this context, it has been
reported that CORM-2 and HO-1 induction significantly increase PPARs activation via ERK5
activation. Therefore, the induction of HO-1 and subsequent activation of ERK5S is critical in
up-regulating PPARs transcriptional activation as well as subsequent inhibition on
inflammation(Woo, et al., 2006). It has beenreported thattreatment with CO (before LPS
stimulation) increases expression of PPARy,in the nuclei of macrophages (Bilban, et al.,
2006). It washypothesized that the ability of CO to cause a relatively low intensity oxidative
burst from the mitochondria would lead to PPARY activation. The effects of CO on PPARy do
not involve direct binding of CO to these proteins mainly because of the absence of heme as
a prosthetic group(Bilban, et al., 2008).These findings show that exposure to CO leads to a
burst of ROS from the mitochondria that directs the subsequent up-regulation of PPARYy.

The protective effects of CO on apoptotic cell death have now been characterized in several
cell types, including epithelial and endothelial cells. Several signaling pathways have been

implicated in CO-dependent cytoprotection, including the p38MAPK, NF-xB
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pathways,soluble guanylate cyclase, and other transductionfactors.Recent studies indicate
that COcan potentially accelerate the turnover of mitochondria by stimulating both
mitochondrial degradation and biosynthesis pathways(S. J. Lee, et al., 2011).

Recent reports indicate that regulation of SUMO-conjugation contributes to the
pathogenesis of inflammationand development of metabolic andcardiovascular diseases.
SUMO (small ubiquitin-like modifier) covalently attaches to certain residues of specific target
proteins and alters a number of different functions depending on the substrates.Recent
studiesreported that some stimuliof PPARy1 activity, via activation of ERK5, contributes to
anti-inflammatory. A new mechanism of disease-inducedERK5-sumoylation is able toexplain
the causal relationship between a metabolic disease such as diabetes andinflammation(Woo
& Abe, 2010). In a recent study, it had been identified a new mechanistic findings in this
area.CoO treatment resulted in mitochondria driven ROS-dependent SUMOylation of PPARy
and UCP2; this effectbeing in part responsible for ROS generation by CO. Additionally, using
N-acetylcysteine, to selectively scavenge ROS, including superoxide and peroxides, itwas
demonstrated that PPARy-SUMOylation is contingent upon CO-induced ROS

formation(Haschemi, et al., 2011).

The immune-modulatory role of HO-1 and CO

The immune-modulatory role of HO-1 and CO has received a great deal of attention in
recent years because of its potent anti-inflammatory functions. Emerging evidence suggests
that toll-like receptors (TLRs) that play important roles in initiation of innate and adaptive
immune responses are implicated in the potent anti-inflammatory functions of CO and
CORMs.It has been demonstrated that CO suppresses TLR-4 signaling(X. M. Wang, Kim,
Nakahira, Ryter, & Choi, 2009) and blocks the LPS-mediated induction of pro-inflammatory
cytokines by modulation of the MAPK pathway. A potential link between HO-1 and
inflammation has initially been shown in an animal model, in which specific up-regulation of
HO enzyme activity attenuated complement-dependent inflammation and targeted
overexpression of HO-1 has been shown to have beneficial effects in various experimental
animal models of inflammation (Soares, Marguti, Cunha, & Larsen, 2009; Willis, Moore,
Frederick, & Willoughby, 1996). Therefore, identification and characterization of
pharmacological compounds that induce HO-1 in a cell-specific and cell context specific

manner deserve further attention (Paine, Eiz-Vesper, Blasczyk, & Immenschuh, 2010). HO-1
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appears as molecule of high significance in the protection against innate and adaptive
immune aberrations. Recent data support the presence of an additional direct effect of
myeloid HO-1 on innate immune conditioning. In myeloid cells, HO-1 forms a complex with
the transcription factor interferon regulating factor 3 (IRF3) and is required for IRF3
phosphorylation and consequent type-I interferon and chemokine gene induction (Koliaraki
& Kollias, 2011). Finally, enhanced HO-1 expression or the pharmacological application of HO
end-products affords protection in preclinical models of tissue injury, including experimental
and transplant-associated ischemia-reperfusion injury, promising potential future
therapeutic applications (Morse, et al., 2009).

Recent findings reveal a multifaceted role for HO-1 in immune responses in response to
bacterial or viral stimuli; HO-1 is required for early activation of the typelFN—inducing
pathway and subsequent development of antiviral or adaptive immunity. At a later time
point, HO-1, through CO production, acts to inhibit the pro-inflammatory response and
enhance the anti-inflammatory effects of IL-10(Tzima, Victoratos, Kranidioti, Alexiou, &
Kollias, 2009).

Macrophages are key innate immune effector cells best known for their role as
phagocytes.These cells respond to many different types of foreign and host-derived stimuli
with responses referred as activationM1 or M2.Interestingly, dietary fatty acids are able to
polarize macrophages towards M1 or M2states, depending on the signaling molecules with
which they interact, thus providing a molecular basis for the cross-talk between metabolic
and inflammatory pathways(Bhargava & Lee, 2012).The HO-1 reaction products will be
capable of blocking innate and adaptive immune responses by modifying the activation,
differentiation, maturation, and/or polarization of immune cells, including dendritic
cells(Durante, 2012). In the heart , it wasrecently reporteddendritic cell infiltration in the
infarcted myocardium suggestingthat dendritic cell is a potent immune-protective regulator
during the post-infarction healing process, via controlling monocyte/macrophage

homeostasis(Anzai, et al., 2012).

6.4.CO: regulator of ion channels

CO is emerging as an important cellular messenger, regulating a wide range of physiological

and pathologicalactions.lts role is to regulate several classes of ion channels, including
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calcium-activated-K* (BK(Ca)), voltage-activated-K*(K(v)) and Ca®*-channel (L-type) families,
ligand-gated P2X receptors (P2X2 and P2X4), tandem P domain K'channels (TREK1) and the
epithelial Na* channel (ENaC). The mechanisms by which CO regulates these ion channels are
still unclear(Wilkinson & Kemp, 2011).An action site of CO, which has been characterizedin
porcine arteriolar smooth muscle cells, is a direct cGMP-independent activation of K*
channels leading to a hyperpolarisation of the membrane(Kanu & Leffler, 2007). Another
interaction known with ion channels is the cGMP-independent inhibition of Na* channels in
alveolar epithelium(Althaus, et al., 2009).It has been demonstrated that activation of KCa
channels mediates CO-induced vasorelaxation.The activation of large conductance KCa
channels in SMCs accounts for a significant part of the relaxation induced by CO.
Paradoxically,the KCa channel-mediated vasorelaxing effect of CO was significantly
decreased approximately 40% in the presence of sodium nitroprusside, a donor of NO.These
results indicated that NO might desensitize KCa channels toward CO.The nature of the
interaction between NO and CO on KCa channels is complex.These KCa channels are
composed of two non-covalently linked subunits: the poreforming a-subunit and the
accessory B-subunit, which affects the electrophysiological and pharmacological properties
of KCa channel organization(L. Wu, Cao, Lu, & Wang, 2002). The interactions of CO with a-
and B-subunits of KCa channels may be the determining factor for the selective modulation
of KCa channels.

Recent studies report that CO inhibited both native cardiac KCa channels and the alC
subunit of thel-type voltage-gated calcium channel (Cavl.2)expressed alone in HEK 293
cells. These effects of CO mimicked by the CORM-2, were insensitive to manipulation of the
sGC-cGMP-protein kinase G pathway, but were prevented by antioxidants, implicating ROS
as mediators of these effects(Peers, 2011).ROS induce apoptosis in cells. An early step in this
process is the loss of intracellular K'via K" channels.Recent works have demonstrated that
many ion channels can themselves directly influence biochemical events in ways that do not
directly depend on their function as ion channels.Among the cellular behaviors that voltage-
gated potassium (Kv) channels regulate independently of their conducting functions are Kv
channel: Kv2.1.lt is reported recently that Kv2.1 is of particular importance in
pathophysiology, being rapidly inserted into the plasma membrane in response to apoptotic
stimuli. An additional feature of oxidative stress is the up-regulation of the inducible HO-1.

COprovides marked protection against oxidant-induced apoptosis; this effect being
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associated with reversibly inhibition of Kv2.1. Overexpression of Kv2.1 in HEK293 cells
increases their vulnerability to oxidant induced apoptosis, and this is reversed by CO(Dallas,
et al., 2011). These findings suggest that the inhibition of Kv2.1 by CO may be a pathway for

potential therapeutic exploitation to prevent or suppress cell damage.

7. Dysregulation, disease and potential therapeutic use of CO and CORMs

7.1. Cardiovascular disorders

CO-releasing molecules (CO-RMs) and CO gas

The development of a technology that controls the delivery of CO under different
physiological conditions represents a major step in the use of CO-RMs. There is an
abundance of preclinical evidence in experimental studies showing the beneficial effects of
CO, administered as a gas or as a CO-RM, in cardiovascular disease(Motterlini, 2007; Ryter,
et al., 2006).CORM-3 and CORM-A1 represent the examples of water-soluble CO releasers
(Figure 2).As we reported previously, the two compounds are fundamentally different in
terms of chemical structure and rate of CO liberation: CORM-3 is a ruthenium-based
tricarbonyl complex with a fast CO release (ty,< 1 min), whereas CORM-A1 is a boron-
containing carboxylic acid that under physiological conditions releases CO with a slow kinetic
(tx = 21 min). This chemical difference dictates the way CO causes vasorelaxation and
hypotension since CORM-3 elicits a prompt and rapid vasodilatory effect whereas CORM-A1
promotes mild vasorelaxation and hypotension. In addition, CORM-3 induced vasorelaxation
appears to be primarily cGMP- and endothelium-dependent; in contrast, the vasodilatory
effect mediated by CO slowly liberated from CORM-A1 involves guanylate cyclase and
potassium channel activation but appears to be endothelium-independent(Motterlini &
Otterbein, 2010). Moreover, while CORM-1 requires light to liberate CO, CORM-2
spontaneously releases CO once in contact with myoglobin or other heme-dependent
proteins that trigger the dissociation of CO from the metal. CO is important for the
homeostatic control of cardiovascular functions. Vascular disease is perhaps the most logical

arena for which CO would provide protective effects simply due to the mode of delivery,
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which probably involves offloading from hemoglobin directly to the endothelium and

smooth muscle.

Both HO-1 and HO-2 contribute to the endogenous production of CO in the cardiovascular
system(Chan, Ng, & Stocker, 2011). HO-2 expressed in endothelial and smooth muscle layers
of arterial and venous blood vessels has been reported to generate CO that intrinsically
modulates vascular tone. Depending on the types of blood vessels, HO-2 may become critical

in regulating the production of carbon monoxide and vascular tone.

Abnormal metabolism and function of CO contributes to the pathogenesis and development
of hypertension(Ndisang, Tabien, & Wang, 2004). Correction of these abnormalities in the
HO/CO system would be beneficial for the prognosis of hypertension. This has been
demonstrated in SHRs and other types of model of hypertension(Mustafa & Johns, 2001)
such as DOCA-salt, phenylepherine- and angiotensin llI-induced hypertension(Aizawa, et al.,
2000). Hypertension is characterized by increased vascular contractility, concomitant
increase in oxidative stress, enhanced vascular inflammation and vascular remodeling. An
up-regulated HO/CO system would not only normalize the endogenous CO concentration,
but also increase the production of biliverdin and bilirubin, two potent antioxidants.
Increased production of CO can suppress the progress of abnormal vascular contractility and
vascular remodeling. Anti-inflammatory and antioxidant protection of cardiovascular tissues
will also protect against both the primary and secondary damage inflicted on tissues by

hypertension.

In a mouse myocardial infarct model by coronary artery occlusion, intravenous infusion of
CO-RM3 before reperfusion reduced infarct size, fibrillation and tachycardia(Clark, et al.,
2003; Lo lacono, et al.,, 2011; Varadi, et al., 2007). These cardioprotective mechanisms
mediated by Co-RMs probably involve potassium channels. BKCa channels are also
important in several physiological phenomena, including oxygen sensing and vasodilatation.
Although potassium channels do not normally contain a transition metal, heme-protein
complexes can be formed in the BKCa complex.

The vasoconstrictor and vasodilatory responses to CO are critically conditioned by redox

mechanisms. The vasoconstrictor action is linked to increased oxidant activity which
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promotes formation of isoprostanes. The vasodilatory action is linked to mechanisms
involving sGC and KCa channel, and requires conditions that offset the pro-oxidant activity of
CO (Figure 4).

It may be anticipated that acute administration of CO would elicit vasodilatation, because
biliverdin/bilirubin would be present when redox balance is in equilibrium; however, the
present studies were conducted in an isolated, non-blood perfused system. Plasma bilirubin
has been shown to have a large capacity to combat oxidative stress; therefore, lack of this
pigment may reduce the antioxidant capacity of the vessel wall and allow for CO to elicit
vasoconstriction. Therefore, the effects of CO may be largely dependent on environmental
redox balance or, in some cases, experimental conditions.

The debate as to whether CO of vascular origin functions as a vasodilator or vasoconstrictor
has been fueled by conflicting reports in the literature. The mechanism associated with CO-
induced vasoconstriction, which appears to involve the generation of 0," and potentially
downstream ROS, has not been elucidated to date. ROS are known to lead to the generation
of non-enzymatic metabolites of arachidonic acid known as isoprostanes that are capable of
constricting vessels.

The cellular and molecular mechanisms responsible for the vasorelaxant effects of CO at
physiologically relevant concentrations are not restricted to GC activation. CO directly
enhances the activity of big-conductance calcium-activated potassium channels (BK¢,) in rat
vascular smooth muscle cells through a cGMP-independent mechanism. The opening of BKc,
channels leads to membrane hyperpolarization, which in turn closes voltage-dependent
calcium channels, reduces resting calcium concentration and ultimately relaxes vascular

tissues.

7.2.Lung and pulmonary arterial hypertension

The lungs are a major target for various inflammatory, oxidative, carcinogenic or infectious
stressors, which result in a range of lung diseases. Induction of HO-1 during acute and
chronic lung processes is an important defense mechanism(Raval & Lee, 2010). The HO-1
system is a powerful endogenous defense strategy with immense therapeutic potential

against a range of lung diseases(Fredenburgh, Perrella, & Mitsialis, 2007). Many chronic
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pulmonary diseases are associated with pulmonary hypertension and pulmonary vascular
remodeling.Pulmonary arterial hypertension is driven by an increased expansion of vascular
smooth muscle in the pulmonary arterioles and leads to right heart hypertrophy and
infarct(Ecarnot-Laubriet, et al.,, 2002; Ecarnot-Laubriet, et al.,, 2000). In rodent models of
established pulmonary arterial hypertension, inhaled CO restored thickened pulmonary
arteries and the right heart to normal size and pressures by a mechanism involving
endothelial-derived NO to induce apoptosis of the hyperproliferative vascular smooth
muscle cells(Zuckerbraun, et al., 2006). Important results had been reported in which CO
prevents intimal hyperplasia by arresting hyperproliferative vascular smooth muscle cells
and increased mobilization and recruitment of bone-narrow-derived progenitor cells(Wegiel,
et al., 2010). Therefore promoting re-endothelialization after vascular intervention is an
important target. The final broad category of effects of CO is its ability to influence cellular
proliferation. CO blocks the proliferation of a large variety of cells:cancer cells, effector T
cells, hyperproliferative smooth muscle cells of hyperplastic intima following vessel trauma,
as well as chronic vascular remodeling in pulmonary hypertension. Pulmonary ischemia-
reperfusion caused by temporal clamping of the pulmonary artery induced the biochemical
features of apoptosis in experimental rodent lungs.The protective effect of CO pretreatment
on mice subjected to lung ischemia-reperfusion in vivo was associated with caspase-3
activation and depended on activation of p38 MAPK, markers of apoptosis(X. Zhang, et al.,

2003; X. Zhang, Shan, Alam, Fu, & Lee, 2005).

7.3. Organ transplantation

One of the best studied models of I/R injury is organ transplantation(Lauzier, et al., 2008;
Lauzier, Sicard, Bouchot, Delemasure, Menetrier, et al., 2007).Generally, these models
involve cold preservation of organs followed by warm reperfusion of the grafts. The
transplanted organs are therefore at risk of injury during both the preservation and the
reperfusion phases(Lauzier, et al., 2009). The involvement of HO-1 in chronic graft
dysfunction due to immunologic rejection has also been well studied. Currently used cold
storage procedures can limit but not completely avoid ischemic injury and graft dysfunction
in patients receiving transplants. CO, either as a gas (saturated solution) or in the form or

CO-RMs, can act as protective adjuvants of the preservation solutions.
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Transplantation has been certainly the field of study in which most studies has been made
concerning the beneficial properties of CO-releasing molecules.CO has been evaluated in
every transplantable organ system as well as isletsand shown beneficial effects by treating
the donor, the organ or the recipient(Akamatsu, et al., 2004).

Data provide evidence that HO-1 is involved in the complex pathologies of organ
transplantation. As we reported in this review, degradation of heme by HO-1 yields multiple
compounds: CO, Fe* that leads to up-regulation of ferritin and biliverdin. These products are
antioxidants. It is hypothesized that HO-1 activity can interfere directly and indirectly with
processes that are involved in transplantation.

A recent report(B. Chen, et al., 2009) showed that aortic transplantation in HO-1-deficient
mice results in 100% mortality within 4 days owing to severe arterial thrombosis. Notably,
treatment of HO-1-deficient mice with CO-RM2 improved survival (62% survival at > 56
days). Interestingly, histological analyses showed that CO-RM2 treatment markedly reduced
platelet aggregation in the graft, confirming previous data on the anti-aggregatory
properties of CO-RM3 and CO gas and emphasizing the pleiotropic properties of these
compounds in the resolution of vascular disorders(Chlopicki, Olszanecki, Marcinkiewicz,
Lomnicka, & Motterlini, 2006).

Several experimental approaches have been made to induce HO-1 in the donor (non-brain
dead) to improve outcome with respect to early and long-term graft function. Induction of
HO-1 in the donor is beneficial in many islet and xeno-transplantations(Ollinger & Pratschke,
2010). Beneficial effects of HO-1 modulation have been described in xeno-transplantation
models(Sato, et al., 2001) where HO-1 gene expression appears functionally associated with
xenograft survival. In a mouse-to-rat heart transplant model, the effects of HO-1 up-
regulation could be mimicked by CO administration, suggesting that HO-derived CO
suppressed the graft rejection. The authors proposed that CO suppressed graft rejection by
different process such as inhibition of platelet aggregation.The ability of CO to suppress
inflammation is likely involved in xenograft transplant models in which 400 ppm CO for 2
days prevented rejection for up to 50 days. One other example for which CO-RM3 have
proved effective in organ transplantation were reported(Bagul, Hosgood, Kaushik, &
Nicholson, 2008)(Bagul, et al., 2008). In an experimental model of non-heart-beating donor
kidney in pigs, low concentrations of CO-RM3 ameliorated a loss in renal blood and urine

flow.The modulatory effects of CO on platelet aggregation, vasodilation and pro-
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inflammatory cytokines all potentially contribute to the favorable outcome in xenograft
transplantation. Donor and recipient HO-1 polymorphism may have an influence on long-
term graft function (Ozaki, et al., 2008).Additionally, the correlation of HO-1 gene
polymorphisms and the efficacy of immuno-suppressants have been studied (Yamashita, et
al., 2006).

Effects of CO on the liver have been investigated in models of inflammation- and
ischemia/reperfusion-induced hepatocellular injury. In cold ischemia reperfusion
associatedwith liver transplantation, CO inhalation suppressed the inflammatory response.
Down-regulation of MEK/ERK1/2 seems to play a role in mediating the protective effects
while the NF-kB signaling pathway is not affected(Kaizu, et al., 2008). In models of liver
ischemia and reperfusion, HO-1 induction plays an important role in maintaining
hepatocellular integrity and induction of HO-1 before ischemia can attenuate the
subsequent hepatic injury. Recentfindings suggest that CO-RM could be utilized as adjuvant
therapeutics in University of Wisconsin (UW) solution to limit the injury sustained by donor
livers during cold storage prior to transplantation(Pizarro, et al., 2009; Schmidt, et al., 2007).
Clearly, HO-1 via CO and products of heme degradation, exerts a dual function in

transplantation 1) by preventing oxidative stress 2) via anti-inflammatory mechanisms.

7.4. Liver

The liver plays a crucial role(Puntarulo, 2005) for the body's iron homeostasis (eg. via
secretion of the iron regulatory hormone hepcidin) and also for systemic
inflammation.Hepatic HO-1 may be important for the regulation of both systems.It has been
reported anendogenous hepatic production of CO as 0.5-0.7 nmol/mg protein/g
tissue(Kajimura, Goda, & Suematsu, 2002). During liver regeneration in vivo, CO and NO are
supposed to play a significant role. CO is rapidly produced after partial hepatectomythrough
induction of HO-1(Schuett, Eipel, Maletzki, Menger, & Vollmar, 2007).The adult ho-1(-/-)
mice developed an anemia associated with low serum iron levels, increased serum ferritin
levels, and irondeposits in hepatocytes. These mice were more vulnerable to mortality and
hepatic necrosis when challenged with endotoxin, indicating that the induction of HO-1 in

liverrepresentsa defense mechanism to protect cells from oxidative damage(M. Bauer &
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Bauer, 2002). CO is organ protective and counteracts hepatocyte apoptosis in vitro(Choi,
Pae, Kim, & Chung, 2003). A role of CO as a growth-promoting signal in the hepatocyte
proliferation cascade is supported by findings that both overexpression of HO-1 and cell
exposure to CORM-2-derived CO accelerated hepatocyte growth(Krause, et al., 2010).

Serendipitous observation in metabolome analysis in CO-overproducing livers suggested
roles of cystathioninebeta-synthase (CBS) that rate-limits trans-sulfuration pathway and H,S
generation, for the gas-responsive receptor(Shintani, et al., 2009). These results suggested
that CBS serves as a CO-sensitive modulator of H,S to support biliary excretion. In the liver,
the different gaseous mediators constitute an intriguing link for regulation of organ

functions.
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7.4. Inflammation and sepsis

The anti-inflammatory properties of CO and CO-RMs have been corroborated in a multitude
of animal models of inflammation, suggesting a possible therapeutic application for
inflammatory diseases. Increased accumulation of neutrophils, expression of intercellular
adhesion molecule 1 and activation of nuclear factor-xB in septic mice were also attenuated
by systemic administration of CO-RM2, an effect that seems to be associated with decreased
production of ROS and NO. Among the various inflammatory-related disorders, rheumatoid
arthritis and osteoarthritis have recently received attention as potential clinical indications
whereby the use of CO could be therapeutically effective.The CO-releasing molecule CORM-
3 protects against articular degradation in the K/BxN serum transfer arthritis model(Maicas,
et al., 2010).

Similar anti-inflammatory effects of CO have now been demonstrated in models of I/R injury
of the heart andkidney. CO protected against liver I/R injury via activation of the p38
MAPK(Amersi, et al., 2002). Homozygous ho-1 null mice (hmox-1") displayed increased
mortality in a model of lung I/R injury. Inhalation of CO (1,000 ppm) partially compensated
for the HO-1 deficiency in hmox-1" mice, and improved survival following I/R (Fujita, et al.,
2001). In this model, the authors propose that the protection provided by CO involved the
enhancement of fibrinolysis, via the cGMP-dependent inhibition of plasminogen activator
inhibitor-1 expression. Mice treated with a guanylate cyclase inhibitor, ODQ, were not
rescued by CO from I/R-induced lethality. The second category of effects of CO encompasses
broad effects on apoptosis. In endothelial cells, hepatocytes and cardiomyocytes, CO is anti-
apoptotic, preventing cell and tissue injury, whereas, in smooth muscle cells, cancer cells or
fibroblasts, CO imparts pro-apoptotic effects (Brouard, et al., 2000; Z. Zhou, et al., 2005).The
molecular mechanisms associated with apoptosis and which are modulated by CO exposure
are still not fully understood.The protective effects of exogenous CO or CORMs may strongly

depend on thetarget cell andtheconditions of application(l. Bauer & Pannen, 2009).

Sepsis-induced death associated with Enterococcus faecalis infection in mice is also reversed
by treatment with CO-RM2 in wild-type and HO1-deficient animals(Chung, Liu, Macias,
Baron, & Perrella, 2008)(Chung, et al., 2008). Recent findings report the possible applications

of CO and CO-releasing molecules in acute lung injury and acute respiratory distress
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syndrome (ARDS)(Ryter & Choi, 2010). Recent studies have explored the protective effect of
CO and CO-RMs in vitro and in vivo in several models of ARDS. Despites therapeutic benefit
in animal models studies, the efficacy of CO in humans remains unclear.Another important
field of clinical protection is the hemorrhagic shock and resuscitation.The insult from severe
hemorrhage is a multifactorial injury involving ischemia/reperfusion with inflammatory
dysfunction. It has been demonstrated that the administration of exogenous CO at low

concentrations provides cytoprotection in vivo and in vitro(Zuckerbraun, et al., 2005).

8. Summary and future direction

There are still a number of questions that remain to be answered, especially in relation to
the interactions between the gases such as CO and NO or H,S. For instance, the exact
correlation between these gases in the various pathways of cytoprotection has yet to be
fully investigated(Kajimura, et al., 2010).

CO and CO-RMs exhibit a wide range of biological effects resulting in specific responses that
involve a restricted number of intracellular pathways and targets that encompass
inflammation, apoptosis and cellular proliferation.However, the effects of CO may be largely
dependent on environmental redox balance or, in some cases, experimental conditions.
Both CO gas and CO-RMs have potent anti-inflammatory effects with incidence on oxidative
stress; they are able to decrease the production on inflammatory mediators and to
attenuate the levels of NO and TNF-a. Concerning the importance of HOs, a question that
arises with regard to HO-1 is whether CO generated endogenously during HO-1 activity
similar in concentrations to that administered exogenously by CO gas or by a CO-RM.
Despite the corroborating evidence showing a crucial role for HO-1-derived CO as a
protective agent, the therapeutic concentrations may be extremely different. This is a
challenging issue to resolve the biodynamic of HO1-derived CO, its localization in distinct
intracellular compartments and also the kinetics of HO1 induction.

It is becoming clear that the next major challenge surrounding the clinical applicability of the
HO-1 system is to identify the particular disease states that will respond positively to altered
HO-1 activity. Three therapeutic strategies exist: 1) pre-induction of HO-1 before a known

injurious insult; 2) pre-treatment; and/or 3) post-treatment with exogenous byproducts of
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the HO pathway such as CO. And the other hand, as with all new agents, therapeutic
strategies to minimize potential toxic effects are the ultimate objectives, and in this respect
CO-RMs and inhaled CO are not any different. One fundamental challenge, however, for
which development of the gas versus the CO-RMs differs, is in the parent molecule of the
CO-RM. CO gas is simple, relatively non-reactive and easy to administer, with well-described
pharmacodynamics and pharmacokinetics. Despites therapeutic benefit in animal models
studies, the efficacy of CO in humans remains unclear. Further studies are expected to lead
to a better understanding of the pharmacokinetics, and long- and short-term effects of the

carbon monoxide-releasing compounds.
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The heme degradation pathway. Heme is catalyzed into biliverdin by heme oxygenase (HO-1, 2 and
3) with the release of a molecule of carbon monoxide (CO) and iron. Biliverdin is rapidly converted to

bilirubin by a biliverdin reductase. Labile iron is pro-oxidant and can be “neutralized” by ferritin.
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Chemical structure of lipid-soluble, water-soluble and photoactive CO-RMs
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A: Chemical structure of Heme.

B: Interactions between NO and CO. CO and NO are generated by endogenous enzymatic systems:
heme oxygenases (HOs) and NOsynthases. Considering heme of hemoglobin (Hb), the affinity of NO
for Fe(ll) is 1,500 times greater than CO. CO can stimulate NO release from proteins. “Free” iron acts
as a pro-oxidant component inhibiting NO-synthases activities. CO competes against O, for binding to

the four heme iron centers of hemoglobin and forms carboxy-hemoglobin (CO-Hb).
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A major source of endogenous CO arises from the degradation of erythrocytes and hemoproteins.
Equimolar CO, iron and biliverdin are produced by HO enzymatic activity. The soluble guanylate
cyclase (sGC) /cyclic 3":5’-guanosine monophosphate (cGMP) pathway and protein kinase-G (PKG)
had been implicated in mediating the effects of CO on vasodilatation; vasoconstriction

beingmediated via pro-oxidant agents.
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Schematic representation of sources and consequences of the production of carbonate
radical (CO3") and peroxynitrite (anionic form: ONOO") in the blood and red blood cell.
ONOO" can also react with CO, to form a reactive CO, adduct of ONOO:
nitrosoperoxycarbonate, ONOOCO,. It decomposes to carbonate radical and nitrogen
dioxide (°NO,). These radicals react with tyrosine to give 3-nitrotyrosine. ONOO™ is
protonated under physiological conditions generating peroxynitrous acid (ONOOH). Oxy-
hemoglobin represents a relevant intravascular sink of peroxynitrite and the reaction leads

to methemoglobin.
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Figure 6

General scheme for the induction of genes expression through the signaling pathways.
Induction of these genes which include antioxidative and heme oxygenase-1 (HO-1) genes in
adaptive responses that enhance the resistance of cells to environmental stresses mediated
by free radicals (Reactive Oxygen Species: ROS andReactive Nitrogen Species: RNS) and
electrophilic compounds(Lipid Derived Aldehydes: LDA, Nitro-Fatty acid derivates: NO,-FAS).
ROS, RNS and endogenous and exogenous electrophiles/activators (see text for more details)
can alter the AP-1, HSF1, NF-kB/IxB,Nrf2—Keap1 and Bach-1signaling complexes. Subsequent
nuclear translocation exits and the induction of antioxidant response element (ARE)-driven
genes results in up-regulation of heme oxygenase-1 (HO-1).Bach 1 forms a heterodimer with
Maf (Musca domestica antifungal) oncoproteins and binds to the Maf-recognition element

(MARE).
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