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Abstract

Although carbon monoxide (CO) is known to be toxic due to its ability to interfere with oxygen
delivery at high concentrations, mammalian cells endogenously generate CO primarily via the
catalysis of heme by heme oxygenases (HO). Recent findings have indicated that HO and
generation of CO serve as a key mechanism to maintain the integrity of the physiological function
of organs, and supported the development of a new paradigm that CO, at low concentrations,
functions as a signaling molecule in the body and exerts significant cytoprotection. Consequently,
exogenously delivered CO has been shown to mediate potent protection in various injury models
through its anti-inflammatory, vasodilating, and anti-apoptotic functions. Ischemia/reperfusion (I/
R) injury associated with organ transplantation is one of the major deleterious factors limiting the
success of transplantation. I/R injury is a complex cascade of interconnected events involving cell
damage, apoptosis, vigorous inflammatory responses, microcirculation disturbance, and
thrombogenesis. CO has a great potential in minimizing I/R injury. This review will provide an
overview of the basic physiology of CO, preclinical studies examining efficacy of CO in I/R
injury models, and possible protective mechanisms. CO could be developed to be a valuable
therapeutic molecule in minimizing I/R injury in transplantation.
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INTRODUCTION

Carbon monoxide (CO), a diatomic gas, is an invisible, chemically inert, colorless, non-
irritant, and odorless gas. It is a chemically stable molecule with a molar mass of 28.0 and
vapor density of 0.967 relative to air, slightly lighter than air. CO is commonly viewed as a
poison in high concentrations; however, recent findings that the body endogenously
produces CO to regulate neural and vascular functions have changed the view of CO from
an environmental poison to an endogenous regulatory gaseous molecule. During the last
decade, CO has received great attention as a biological regulator that can be used as a
therapeutic tool, and the current review focuses on the use of CO to prevent ischemia/
reperfusion (I/R) injury particularly in the setting of transplantation.
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1. History of CO: environmental poison to endogenous regulator

The early history of CO is difficult to trace; however, environmental CO is readily produced
by the incomplete combustion of carbon-containing materials (e.g. coal, wood, natural gas),
and the presence of noxious fume has been known since the Greek and Roman era. During
the 18t century, the chemical composition of CO was determined, and in 1857, Bernard
demonstrated that CO could cause asphyxia by reversibly displacing oxygen from
hemoglobin and forming carboxyhemoglobin (COHb) (1). During the following years, CO’s
toxicity has been extensively studied (2, 3); however, it also became apparent that some
level of CO is present in the blood of normal man and animals. The origin of CO in blood
was initially assumed to be exogenous and absorbed from the environment; however, there
was an assumption that some levels of CO might be formed endogenously. Actual
experimental evidence was obtained around 1950 demonstrating that CO is indeed
endogenously formed in our body (4-6). Further experiments showed that CO can be
generated by oxidation of hemoglobin and heme, in particular the a-methene bridge carbon
atom of the heme porphyrin ring and suggested that CO might be a catabolic byproduct of
hemoglobin in the body under abnormal conditions (7, 8). Finally, in 1968 Tenhunen and
colleagues identified heme oxygenase (HO) as the enzyme that catalyzes heme and
endogenously produces CO (9).

Although endogenous production of CO was confirmed by HO, the biological implications
of endogenous CO had been unrevealed for long time. Based on the conventional
understanding of this gas, CO was considered as an endogenous waste of heme metabolism.
The view of CO was dramatically changed after recognition of nitric oxide (NO) as a body’s
gaseous messenger instead of a poison in the conventional understanding. The biological
and physiological functions of endogenous CO were experimentally demonstrated in 1993
by Verma and colleagues; using primary olfactory neuron culture and HO inhibitors, they
have shown that CO is an endogenous neural transmitter and regulates cGMP through
guanylyl cyclase (GC) (10).

Subsequent studies, mostly using HO inhibitors and/or exogenous CO, have provided piling
evidence those endogenous CO functions as a membrane/receptor-independent gaseous
regulator of vascular tone; CO is shown to regulate the nonadrenergic/noncholinergic
intestinal relaxation (11, 12), intrahepatic vascular resistance (13), pulmonary vascular
resistance (14), and relaxation of tail artery tissues (15).

Based on these studies showing endogenous CO as a neuromessenger and a regulator of
vascular tone, subsequent studies have actively used exogenous CO to treat various
experimental disease conditions. Exogenously delivered CO has exerted potent protective
function in numerous experimental models of inflammation, sepsis/endotoxicemia,
hemorrhagic shock, autoimmune diseases, and fibrosis. Preclinical experimental conditions,
in which CO can be applicable as a therapeutic choice are rapidly growing, and reviewed by
recent article by Motterlini (16). In the field of transplantation, CO has been shown to inhibit
acute and chronic allograft rejection (17-21), and xenograft rejection (22). However, CO’s
potent protective effects are well documented in controlling I/R injury associating with
transplantation, and these laboratory works on CO indicate a therapeutic potential of CO to
minimize I/R injury in clinical transplantation.

2. Heme oxygenase and CO

As mentioned above, HO is the rate-limiting step in heme degradation and regulates
endogenous CO generation. Oxidative cleavage of the a-mesocarbon bridge of b-type heme
molecules by HO yields equimolar quantities of biliverdin (BV)-1Xa and CO, while the
central iron is released (Figure 1). Three isozymes, HO-1 (23, 24), HO-2 (25, 26), and HO-3
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(27), have been identified. HO-3 is recently cloned and has a substantially lower catalytic
activity, and significant biologic functions come from HO-1 and HO-2. Although HO-1 and
HO-2 catalyze the same reaction, they differ in molecular weight and are immunologically
distinct in regulation and expression patterns in various tissues. HO-2, “constitutive”
isozyme, is constitutively expressed in most tissues and abundant in brain, testis and liver,
and responsible for particularly high HO activity in these organs during the steady
(unstimulated) condition (28). In contrast, the “inducible” isoform, HO-1, is a ubiquitous
heat shock protein (HSP32) that is highly induced by diverse stress-related conditions. It is
upregulated in response to oxidative stress, hyperthermia, and proinflammatory stimuli in a
variety of tissues, and has been shown to exert potent cytoprotective and anti-apoptotic
properties, providing generalized endogenous anti-inflammatory protection against oxidative
stress (29, 30). Three byproducts generated during the heme catabolism have been suggested
as potential protective mediators (31-33), and CO has been shown to provide significant
protection against various types of injury. Ultimately, CO is exhaled by the lung and
analysis of exhaled CO can serve to assess stress-induced HO activity in vivo in critical
illness (34, 35).

3. Molecular targets of CO

CO is chemically stable and does not appear to involve membrane receptors to exert the
function. However, CO has a remarkable affinity for transition metals, suggesting that the
major molecular targets of CO most likely are transition metals. Indeed, metal-containing
proteins are key molecules in gas transport, gas generation and gas sensing in the body. Iron
is the most abundant element of the body's transition metals. The body iron is found in
hemoglobin (66%), myoglobin (3%), heme enzymes (0.1%), intracellular storage as ferritin
(30%) or labile iron (chelatable iron, 1%), and extracellular transferrin (0.1%). These heme-
containing proteins play important roles in regulating cellular functions in oxygen delivery
and mitochondrial respiration to signal transduction. In particular, heme-containing enzymes
play crucial roles in regulating cellular function, and include catalase, cyclooxygenase,
cytochrome c, cytochrome P450, cytochrome c oxidase, GC, NADPH oxidase, NO
synthases, prostaglandin endoperoxide synthase, peroxidases, tryptophan dioxygenase, and
pyrrolases (36). In vitro studies suggest that CO interferes with these enzymes and alter their
functions; for example, CO is shown to activate bovine GC (37, 38), and inhibit cytochrome
c oxidase (39-41) and cytocrome P450 (42). Accordingly, in vivo function of CO might be
mediated by the binding to heme-containing enzymes. As hemoglobin and myoglobin are
the largest pool of the body iron, in vivo inhaled gaseous CO most likely binds to them, and
the binding of CO to heme enzymes may be limited. However, when CO is used in the
bloodless condition to treat excised grafts, CO might efficiently bind to heme-containing
enzymes (see later, Figure 2). In rat kidney grafts exposed to CO during cold storage in CO-
containing UW solution, renal I/R injury was mitigated via the inhibition of cytochrome
P450 degradation and detrimental intracellular free heme increases. The study suggests that
the binding of CO to renal cytochrome P450 would stabilize and prevent degradation of
cytochrome P450 during cold I/R injury (43).

NO and hydrogen sulphide also are important physiological gaseous mediators in the body.
Because of chemical properties as a radical species, NO has a stronger affinity to metal
irons; an approximately 3000-fold higher binding ability to hemoglobin (44-47) and 50-fold
greater ability to activate sGC (37, 48), compared to CO. Thus, as NO could promptly
interact with hemoglobins or other heme-containing proteins and lose function, exogenous
delivery of NO is difficult. In contrast, CO’s moderate affinity to target heme enzymes
makes it more feasible to use this gas for therapeutic tool.
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4. CO toxicity

CO’s major acute toxicity is due to its avid binding to hemoglobin and formation of COHb
with an affinity significantly (210-300 times) higher than that of oxygen. This results in an
interference with the oxygen-carrying capacity of the blood and consequent tissue hypoxia.
COHb levels of 10-30% can cause headache, shortness of breath and dizziness, and higher
levels (30-50%) produce deleterious toxicity, such as severe headache, vomiting, syncope

and arrhythmia (49, 50).

In addition, due to the affinity of CO for metal atoms, CO could bind and form complexes
with other numerous heme-containing proteins in the body. CO binding to the central iron
group contained within these metalloproteins potentially influences the biological activity of
hemeproteins. This could be the mechanisms of CO in mediating beneficial effects;
however, the same process also could induce adverse outcomes. It has been suggested that
CO also has a mortal toxicity independent of hemoglobin, as the toxicity does not correlate
to COHb levels and CO induces late toxicity after COHb elimination (51). These toxic
effects of CO could count for CO binding to hemeproteins, such as mitochondrial
cytochromes and myoglobin. Although relevant cellular enzymes such as cytochrome ¢ (a—
az) have a greater affinity for O, than CO, and the binding of CO to cytochromes may be
limited, some levels of interaction with cytochrome c and other hemeproteins may occur in
the absence of tissue hypoxia (52). Cytochrome P450 (CYP) represent a large family of
hemeenzymes that catalyze the oxidation of endogenous and exogenous compounds,
including drugs, antioxidants, fatty acids, steroids, eicosanoids, lipid hydroperoxides, and
amino acids. CYP3A1/2 metabolizes immunosuppressive drugs and is important in clinical
care of transplant recipients. Therapeutic concentrations of inhaled CO in experimental
animals (250 ppm for 24 hrs) do not significantly alter the CYP3A1/2 activity in the liver
(unpublished data). Thus, it remains to be explored if CO preferentially binds to specific
hemeproteins according to the affinity, protein location, or protein abundance.

CO is a ubiquitous pollutant found in outdoor air pollution caused by automobile exhaust
and industrial emissions, and chronic exposure to low concentrations of CO also has effects
on human health. In remote areas, natural background CO levels average 0.04 ppm. In
contrast, CO levels in major cities could reach ~50 ppm and further increase in tunnels and
garages. COHb levels in normal individual are reported to be 0.4—-0.96% due to endogenous
CO generation, and occupational exposure to CO in traffic polices, coal miners, and
transportation mechanics, results in COHb levels ~5% (49). Chronic exposure to cigarette
smoke also increases COHb levels to 2-18%. The National Institute for Occupational Safety
and Health has established a recommended exposure limit for CO of 35 ppm as an 8-hour
time-weighted average and 200 ppm as a ceiling for short-term exposure, based on the risk
of elevated COHb levels exceeding 5%.

5. CO delivery

5-1. Inhalation of gaseous CO

Donor and/or recipient treatment with inhaled gaseous CO could be a straightforward
delivery method to apply CO to treat I/R injury associating with transplantation. Low
concentrations of CO could be easily used during surgery and early post-transplant period
while patients are intubated. Monitoring, adjustment, and control of CO inhalation can be
technically achieved with blood COHb monitoring. A brief CO inhalation at low
concentrations (~250 ppm) with COHb levels 10~20% does not associate with noticeable
morbidity in animal transplant experiments. Normal healthy volunteers exposed to 500—
1000 ppm CO for 1 hr with COHDb levels of 7-8% do not exhibit adverse effects (53, 54).
However, exposure to ~500 ppm CO (COHb levels ~6%) to subjects with coronary artery
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disease has been reported to induce electrocardiographic changes (55-57). CO’s toxic
effects might be different in transplant patients with end stage organ diseases, and in vivo
inhalation delivery of gaseous CO to transplant donors/recipients will require additional
precautions.

5-2. COin liquid phase in preservation solution for excised graft

Several previous have studies used CO in the fluid phase by bubbling gaseous CO into
solutions and showed beneficial effects. Typically, in ex vivo perfusion circuits, perfusion of
the lung and liver with CO-equilibrated solution induces vasorelaxation in the pulmonary
(58) and hepatic vasculature (13, 59). Further, culturing pancreatic islets in medium pre-
saturated with CO before transplantation significantly improves islet function after
transplantation (60) and enhances islet allograft survival in mice (61).

We have extended the use of CO to preservation solution by simply bubbling gaseous CO
into UW solution. Ex vivo delivery of CO to excised organ grafts by storing in CO-
containing UW solution conferred protective effects relevant to those seen with low-dose
CO inhalation (43, 62-65) (see below). Although the solubility of gaseous CO in aqueous
media is known to be poor (66), clinically effective levels of soluble CO can be achieved in
UW solution after bubbling compressed gaseous CO. Ex vivo application of CO in cold
storage solution has two significant potential advantages; 1) the strategy decreases the
concerns of adverse effects due to COHb possibly induced during in vivo CO inhalation
treatment, and 2) during ex vivo CO exposure to grafts in cold preservation solutions, CO
could function effectively by binding to crucial hemeproteins in excised bloodless grafts
without interference by hemoglobin.

Alternatively, transition metal carbonyls have been used as a carrier to develop CO-releasing
molecules (CORM) to carry and deliver controlled amounts of CO into biological systems
(67, 68). A wide range of CO carriers are currently available and include manganese
(CORM-1), ruthenium (CORM-2 and -3), boron (CORM-A1) and iron (CORM-F3). Water-
soluble complexes with tricarbonyl dichlororuthenium (I1) dimer (CORM-3) liberate CO
under physiological conditions and have been shown to elicit biological activities similar to
those seen with gaseous CO, when they are used in cold preservation solution (69-71) and
ex vivo perfusion solutions (72-74).

6. I/R injury in organ transplantation

I/R injury is considered one of major deleterious factors limiting the success of
transplantation particularly in the current organ shortage era with an increasing use of organs
from extended criteria donors. In the immediate posttransplant period, I/R injury increases
risks of delayed or primary-non-function of transplanted grafts and complicates
posttransplant recipient management. Furthermore, I/R injury has been shown to accelerate
alloantigen specific and non-specific immune reactions, and identified as a key risk factor
for developing graft degenerative changes/fibrosis and for poor long-term graft survival (75,
76).

The development of I/R injury and the application of CO in transplantation could be divided
into 3 stages: initial donor stage, second cold preservation period, and final reperfusion
stage. The currently available preclinical data on CO therapy in I/R injury are reviewed
below according to these stages of transplantation (Table 1).
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7. CO delivery to donor can decrease I/R injury

I/R injury in transplantation is a complex cascade of interrelated diverse injurious pathways
with efficient self-amplifying loops. In essence, hypoxic condition induces depletion of ATP
and results in failure to maintain intracellular homeostasis, including altered cytosolic pH,
disturbances of cellular ion homeostasis, increased cytosolic Na* and Ca?* concentrations,
activation of cytotoxic enzymes (e.g. proteases, phospholipases, endonucleases) and
degradation of their substrates, and increases in the permeability of cellular membranes (77,
78). These changes take place in both warm and cold ischemia. The cold storage method
decreases the rate of anoxic cell injury process. However, hypothermia itself could cause
cell injury (see below), and significant alterations occur in endothelial cells during cold
storage.

In the donor stage, cadaveric donors with brain death suffer from profound physiological
disturbances, including severe hemodynamic dysfunction, profound metabolic alterations,
and malfunction in endocrine, immune, and coagulation systems. In addition, donation after
cardiac death (DCD) associates with direct warm ischemic injury. Donor factors, such as
known medical conditions, including hypertension, diabetes, and metabolic disorders also
contribute to graft injury and outcomes of transplantation. CO can be used in this stage as
donor treatment.

Efficacy of donor CO treatment was directly examined in the rat heart and lung
transplantation models with 24 hrs and 6 hrs cold storage and syngenic transplantation.
Donor CO inhalation (250-1000 ppm) mitigated I/R injury and improved graft function and
survival after transplantation (79-81). CO showed anti-inflammatory, anti-apoptotic, and
anti-thrombosis effects after reperfusion with suppressions of ERK1/2 MAPK activation,
Erg-1 expression, and Erg DNA-binding activity (81). In the rat liver transplantation model,
donor CO 250 ppm inhalation also inhibited I/R injury and improved posttransplant graft
function. The protective effects associated with HSP70, but not HO-1 or HSP60,
upregulation in graft livers before transplantation (unpublished data).

Clinically, various organs have been obtained from donors with fatal CO poisoning and used
for transplantation. As the central nervous system and myocardium are most susceptible to
CO toxicity (82), most publications focus on the use of intrathoracic organs (heart and lung)
and aim to validate the use of such donors as a part of donor pool expansion (Table 2). Early
transplant experiences with CO-poisoned donors (COHDb levels 16.4-48%) were rather
disappointing due to high mortality (83—-86). Although the causal relationship between graft
losses and CO were not firmly confirmed, the use of organs from CO intoxicated donors was
controversial. However, recent individual case reports demonstrated successful
transplantation from carefully selected CO poisoned donors. Outcomes of transplantation
(heart, lung, liver, kidney and pancreas) from CO intoxicated donors without CO-induced
tissue damage appear to be comparable to those with nonintoxicated donors (87-91). Thus,
grafts obtained from selected hemodynamically stable CO poisoning donors with minimal
tissue damage could be transplanted; however, these reports do not investigate whether
donors exposed to CO show reduced degree of I/R injury. Bojakowski has reported
unexpected excellent outcome of kidney graft from a CO poisoned donor in spite of
complicated transplantation procedure with prolonged warm ischemia to 100 minutes (89).
Further studies to identify the optimized condition to use CO as donor treatment are
warranted.

8. CO delivery during cold storage and inhibition of apoptosis

Although cold perfusion and preservation of organ grafts are the principle procedure to slow
down cell metabolism and decrease oxygen and energy consumption, hypothermic/hypoxic
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condition during cold storage of organs initiates injury process and sets a stage for apparent
damage by reperfusion. Hypothermic condition per se induces losses of ionic homeostasis,
membrane integrity, and membrane associated transporter and enzyme functions, resulting
in metabolic, structural and functional cell injury (92-94). In particular, hypothermia has
been shown to induce apoptosis in various types of cultured cells by increasing the opening
of the permeability transition pores and subsequent mitochondrial swelling, and generation
of ROS and direct DNA damage, as well as by an activation of proteasomes and serine
proteases (95-98). Previous experimental studies have shown that prolonged cold ischemia
alone increased apoptotic cell death in organ grafts (96, 99, 100). Further, caspase inhibitors
added into cold preservation solution have been shown to inhibit the apoptotic process,
reduce I/R injury, and improve graft function (99-101). Moreover, clinical studies
demonstrate that increased frequencies of apoptotic renal tubular epithelial cells in kidney
graft biopsies before transplantation associate with the development of delayed graft
function (102, 103). Thus, activation of apoptosis pathway during cold storage plays
significant roles in transplant-induced cold I/R injury and posttransplant graft function.

Accordingly, application of CO to excised grafts during cold storage period becomes
attractive to inhibit ischemic injury and improve graft viability owing to CO’s anti-apoptosis
action (see below). Although brief CO inhalation treatment would be applicable for clinical
transplantation, significant obstacles may exist in applying in vivo CO treatment, due to the
CO binding to hemoglobin and possible CO's adverse effects. Ex vivo treatment of excised
bloodless grafts with gaseous CO could minimize the concerns associating with in vivo CO
inhalation and significantly advance the application of CO in a clinical setting (see above
and Figure 2). These possible advantages of the graft CO treatment have been confirmed in
experimental studies. When rat kidney, liver, lung, and intestine grafts were perfused and
stored in CO-containing UW preservation solution, I/R injury was significantly mitigated
with improved graft function and survival after transplantation (43, 62, 63, 65). Preservation
solutions containing CORM also protected rabbit kidney, and rat liver and heart grafts from
I/R injury with improved blood flow and function after reperfusion in ex vivo perfusion
circuits (69-71). Using the preclinical large animal model of kidney transplantation with 48
hrs static cold storage, ex vivo treatment of excised porcine kidney grafts with CO during
cold storage inhibited renal I/R injury with shorter initial oliguria periods, lower serum
creatinine levels, less urinary protein secretion, and better graft histopathology, when
compared to those in control UW solution. These beneficial effects of CO did not associate
with any adverse event or COHb elevation in recipient animals (64).

The inhibition of I/R injury in the graft treatment with CO in preservation solution
associates with anti-inflammatory and vasodilative effects after reperfusion. lkeda examined
effects of CO on liver grafts at the end of cold storage in CO-containing UW solution and
demonstrated significantly decreased frequencies of sinusoidal endothelial cell death,
reduced intercellular cell adhesion molecule translocation, and less matrix metalloproteinase
release during cold preservation (62) (Figure 3). Together with the vasodilatative effect of
CO in preservation solution, graft CO treatment might be effective in protecting vascular
endothelial cells against damage caused by the hypothermic/hypoxic condition. Although
graft CO treatment does not cause COHb elevation after reperfusion, high CO levels in
preservation solution might be unsuitable. CO solubility of 40~100 UM appeared to be
beneficial using CORM or 5-10% gaseous CO for bubbling preservation solutions;
however, higher soluble CO levels in preservation solution resulted in no beneficial effects
in the porcine kidney transplantation study (64) and poor survival after the liver
transplantation experiment (62). As graft tissue CO levels increase by the end of cold
storage depending on the concentration of soluble CO levels in preservation solution, high
CO concentrations in preservation solutions and excess CO bindings to grafts may introduce
impaired graft hemeprotein function.
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9. Reperfusion and recipient CO treatment to minimize I/R injury

Reperfusion of grafts with warm oxygenated blood causes an excess of oxygen and
generates ROS, resulting in significantly augmented cell injury. Damage or loss of vascular
endothelial cells (VECs) causes disturbance of microcirculation, and anoxic cell injury may
persist after graft reperfusion. Further, damaged cells, in particular VECs upregulate
adhesion molecules (e.g. ICAM, VCAM) and activate noncellular elements, such as the
complement system, blood coagulation cascade, chemokines, and proinflammatory
cytokines, resulting in influx of host inflammatory infiltrates. In addition, the damaged cell
debris and disrupted tissue matrix activate macrophages, dendritic, and other cells via
binding to Toll-like receptors. Thus, the graft reperfusion promptly initiates vigorous
inflammatory events that are complicated with the microcirculation disturbance. The
complexity of the cellular injury processes during early reperfusion associates with
activation of various intracellular signaling pathways, and MAPK, NF-xB, and apoptotic
pathways have all been reported to be activated in the reperfusion phase.

9-1. Vasodilatation effects

Endogenously produced CO plays a key role in vivo in regulating vasomotor tones mostly
through the activation of sGC and subsequent generation of cGMP, which is an intracellular
signaling molecule involved in the regulation of cellular events, such as smooth muscle
relaxation, inhibition of platelet aggregation, and synaptic transmission (11-15). Suematsu
has shown in the ex vivo liver perfusion circuit that the inhibition of endogenous CO
generation with an HO-1 inhibitor increases perfusion pressure, and exogenous CO or
cGMP analogues are able to reverse the effects of the HO-1 inhibitor (104). In vitro study
suggests that hypoxia-induced HO-1 and CO generation in the vasculature regulate the
expression of endothelin-1 (ET-1) and platelet-derived growth factor-B (PDGF-B) through
sGC/cGMP pathway (105). Exogenously provided CO in human pulmonary artery smooth
muscle cell culture inhibits ET-1 expression and release (105, 106). Damaged VECs release
a variety of vasoconstrictive proteins such as ET-1, which is the most powerful natural
mammalian vasoconstrictive agent (107). CO may induce vasodilatation via the suppression
of ET-1. Since the damage in the graft vascular system and significant disturbance in graft
microcirculation are key events in I/R injury associating with organ transplantation, CO’s
potent vasodilatation effects would have significant impacts in minimizing graft injury.

As seen with donor and/or graft CO treatment, recipient CO treatment during
perireperfusion period effectively inhibits I/R injury with significant vasodilative effects. In
the kidney and intestine I/R injury models with prolonged cold storage, recipient CO
inhalation significantly improves graft blood flow (108, 109). As the beneficial effect is
abolished by a selective sGC inhibitor, CO*s vasodilative effects in I/R injury might be
mediated through sGC/cGMP pathway. In the hepatic I/R injury experiment using ex vivo
perfusion circuit, CO reduces portal venous resistance via the activation of p38 MAPK
signaling pathway (59). Recent studies in the pig using an isolated organ-perfusion system
with autologous pig blood show that the addition of CORM in perfusion solution increases
renal blood flow, creatinine clearance, and urine output in an experimental model of 60 min
warm ischemia with 18 hrs cold storage (73, 74). In these studies, the doses of 50-100 uM
CORM-3 show benefits, while higher doses of 200-400 M CORM resulted in renal
dysfunction.

9-2. Anti-coagulation effects

Vascular injury during I/R injury leads to platelet adhesion, activation, and aggregation,
resulting in the formation of microvascular thrombosis. I/R injury also activates tissue factor
and coagulation system. When activated platelets adhere to sites of vascular injury, the
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platelet activating factors, such as ADP, thromboxane A2 (TXAZ2), serotonin, collagen and
thrombin, are produced to recruit additional circulating platelets for aggregation and to
directly activate platelets to express proinflammatory molecules (e.g. P-selectin, soluble
CDA40 ligand and others). HO-1 and CO are known to play pivotal roles in regulating
vascular integrity, as the patient with HO-1 deficiency and HO-1 knockout mice have been
reported to develop advanced systemic vascular endothelial cell injury (110, 111). As early
as 1982, CO is shown to inhibit the arachidonic acid induced platelet aggregation (112).
Subsequently, it is shown that CO inhibits human platelet aggregation triggered with
arachidonate, ADP, collagen, thrombin, or the prostaglandin endoperoxide analogue via
SGC/cGMP activation (113).

These anti-coagulation effects greatly benefit in inhibiting graft injury due to I/R. In the lung
warm I/R injury, CO suppresses fibrin accumulation and tissue injury by inhibiting PAI-1,
the major inhibitor of the fibrinolytic axis (114). The protective effects of CO and PAI-1
inhibition are abolished by the inhibition of sGC activity, confirming that CO potentiates
fibrinolysis by activating sGC/cGMP pathway. In the rat lung transplant-induced I/R model,
donor CO inhalation protects lung grafts by inhibiting proinflammatory and prothrombotic
mediators through cGMP-dependent ERK inhibition and Erg-1 expression (81). In rat liver
transplant-induced I/R injury, CO significantly inhibited platelet accumulation as early as 1
hr after reperfusion (115).

9-3. Anti-apoptotic function

Tissue necrosis is a common pathophysiological finding of I/R injury; however, apoptosis of
graft cells, particularly of VECs, is evident before and after reperfusion with an activation of
initiator and effector caspases and of Bcl-2 family members via the intrinsic and extrinsic
pathways of apoptosis. As mentioned above, mitigation of I/R injury by caspase inhibitors
indicates an important role of apoptosis in developing graft injury (99-101). Indeed,
apoptotic cell death has been shown to be a crucial event in initiating inflammation and
subsequent necrotic tissue injury (116).

In vitro studies have clearly shown CO’s anti-apoptotic effects during various injurious
stimulations. When VECs are exposed to exogenous CO (10,000 ppm), TNF-a-mediated
apoptosis is suppressed through the activation of the p38 MAPK pathway and NF«B (117,
118). Low level exogenous CO (15 ppm) attenuates anoxia-reoxygenation-induced lung
VEC apoptosis through p38 MAPK activation (119). Further study in anoxia-reoxygenation
injury shows that the anti-apoptotic effect of CO in VECs is also depend on the activation of
STAT3 via PI3K/Akt and p38 MAPK pathways with a subsequent attenuation of Fas
expression and caspase 3 activity (120). Apoptosis of vascular smooth muscle cells (SMCs)
induced by cytokines is inhibited with CO (50-200 ppm) in a concentration-dependent
manner through the activation of sGC with inhibitions of mitochondrial cytochrome c
release and p53 expression (121). Thus, a direct inhibition of apoptosis afforded by CO may
be mediated by several different mechanisms, probably depending on the variety of stimuli
to induce apoptosis and the types of responding cells.

Inhibition of VEC apoptosis with CO also is seen after reperfusion in the experimental
transplantation models; although it is unclear whether the inhibition of apoptosis in in vivo
experiments is caused by CQO’s direct anti-apoptotic function or is the results of other
mechanisms of CO. I/R injury induced by prolonged cold storage of renal and intestinal
grafts results in significant morphological alteration of graft VECs, and recipient treatment
with inhaled CO 250 ppm protects VECs and preserves vascular morphology and integrity
(108, 109). Apoptosis of graft parenchymal cells after transplantation is also inhibited with
CO. Recipient CO inhalation (250 ppm) inhibits the expression of cleaved caspase 3 on
renal tubular epithelial cells in rat kidney grafts and intestinal crypt epithelial cells in small
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bowel grafts after prolonged cold preservation and transplantation with a downregulation of
early Bax mRNA and upregulation of antiapoptotic Bcl-2 (108, 109). Myocardial TUNEL
positive apoptotic cells in rat heart grafts also decreased after 24 hrs cold storage and
transplantation with donor, graft and recipient CO treatment (79).

9-4. Anti-inflammatory effect

Potent anti-inflammatory actions of CO have been well documented in various experimental
models, and are the most extensively studied CO’s function. Inhaled CO or CORM inhibits
endotoxin-induced inflammatory tissue injury (122-126), sepsis-induced lethality in
polymicrobial sepsis (127), hyperoxia-induced acute lung injury (128), ventilator-induced
lung injury (129-131), autoimmune neuroinflammation (132), postoperative ileus (133,
134), inflammatory liver damage (135), and graft damage due to rejection (17, 18, 21, 22,
136). These anti-inflammatory effects of CO associated with potent downregulation of
proinflammatory cytokines, chemokines, and inflammatory infiltrates. In vitro experiments
show that CO inhibits RAW 264.7 macrophages to produce inflammatory cytokine
production (e.g. TNF-a, IL1B, MIP-1) while increased anti-inflammatory IL-10 in response
to LPS via p38 MAPK activation (122) or inhibition of INK/AP-1 signaling pathways (123).
CO also inhibits LPS-induced growth factor (GM-CSF) induction of RAW 264.7
macrophages via NFxB inhibition (137). These in vitro studies suggest that CO might
function mainly on macrophage populations in mediating anti-inflammatory effects.

In rodent transplant experiments, recipient CO inhalation significantly reduces inflammatory
responses in I/R injury and resulted in improved graft function of kidney, liver, heart, lung
and small intestine grafts with extended cold preservation and syngenic transplantation (108,
138-140). Anti-inflammatory effects of CO are observed as decreased mRNA and protein
levels for proinflammatory mediators (e.g. IL-6, TNF-a, IL-1B, iINOS, cyclooxygenase-2)
and decreased cellular infiltration. Using the porcine kidney transplantation model,
peritransplant recipient CO inhalation reduces I/R injury of kidney grafts with 60 min warm
ischemia and 24 hrs cold storage (141). I/R injury induce prompt activations of several
intracellular signaling pathways (62, 138), and protective effects of CO, particularly anti-
inflammatory functions, appear to correlate with its regulation of MAPK pathways. MAPK
signaling pathways integrate cellular responses to the environmental stresses and
inflammation (142). The pathways include parallel and interacting cascades that
phosphorylate the three main MAPK families, p38 MAPK, ERK, and JNK. Each of
pathways is preferentially recruited by distinct sets of stimuli through diverse receptor
families to allow the cells to respond coordinately to multiple divergent inputs. Early in vitro
study demonstrating CO’s anti-inflammatory properties in TNF-a-induced rat pulmonary
artery VEC injury shows an inhibition of ERK1/2 pathway and activation of p38 MAPK
(143). Although the mechanisms of action in in vivo experiments are complex, anti-
inflammatory actions of CO in organ transplantation also associate with regulation of
MAPK signaling pathways. Recipient CO inhalation inhibits hepatic I/R injury with 18 hrs
cold storage with a significant inhibition of inflammatory responses via ERK1/2 inhibition
(138). Lung I/R injury and inflammatory cytokine upregulation induced by 6 hrs cold
preservation in rats are ameliorated by CO inhalation and associated with significant
inhibition of ERK1/2 and marginal p38 MAPK activation (139). In ex vivo rat liver
perfusion circuit model, CO’s anti-inflammatory effects, such as a decrease of cell
infiltration, are abrogated by a p38 MAPK inhibitor (59). In addition, CO might also have
direct antimicrobial effects in controlling inflammation, as CORM-3 increases survival of
immunoincompetent mice following P. aeruginosa bacteremia via inhibition of pathogen’s
respiratory chain (144). Taken together, large numbers of preclinical studies emphasize a
potential mechanism of CO modulating the inflammatory response by differentially
regulating the MAPKSs.
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10. Warm I/R injury and CO

Although significant differences in injury sites and mechanisms exist between warm and
cold ischemic injury, they also share common injurious pathways (145). CO is able to
alleviate warm ischemic injury induced by brief interruption of blood supply and subsequent
reperfusion in various organs. In the rat heart warm I/R injury model, inhalation of CO at
250-1000 ppm reduces infarct size and improved cardiac function (146). Likewise, in the
mouse heart warm I/R injury model with 30 min left anterior descending coronary artery
ligation, 1V injection of CORM-3 reduces infarct size and improves function (147-149).
Renal function after 40 min warm I/R injury also is improved with CORMs (150). The
beneficial effects of gaseous CO or injection of CORM are seen in various warm I/R models
of kidney, liver, and lung using rodents and pigs with similar ranges of CO doses through
anti-inflammatory and anti-apoptotic actions (Table 1).

11. Tissue repair and anti-fibrotic effects

In vitro experiments, CO treatment results in a prompt burst of mitochondrial ROS,
presumably due to CO’s binding to the heme group of cytochrome c oxidase (41, 151). This
ROS burst is proposed to activate the p38 MAPK and other signal transduction pathways,
including the hypoxia-inducible factor 1 alpha (HIF-1a) (152). HIF-1a is a stress response
transcription factor, and regulates numerous genes involved in angiogenesis, metabolism,
and cell survival, including TGF-f and vascular endothelial growth factor (VEGF). VEGF is
a multifunctional growth factor that induces VEC growth, differentiation, and regeneration
through its receptors VEGFR-1 and VEGFR-2 (153, 154). HIF-1a/VEGF pathway has been
shown to be involved in some of the cytoprotective effects of CO. VEC culture with CORM
leads to VEGF upregulation and angiogenesis (155). Astrocytes stimulated with CORM
promote angiogenesis by increasing VEGF expression and secretion via increasing HIF-1a
protein level (156). In renal I/R injury model, inhaled CO promotes VEGF upregulation
through its upstream signal, HIF-1 activation (157). CO has been shown in the cardiac warm
I/R model to significantly increase c-kit* progenitor cell migration into the infarct area and
subsequent vascular and myocardial regeneration via HIF-1a, stromal cell derived factor-1a
and VEGF upregulation (158). These data suggest that CO also potentially has an important
action promoting proliferative repair after I/R injury.

Interestingly, CO alternatively suppresses in vitro proliferation of cultured human airway
SMC with increased cellular levels of p21Cipl and decreased levels of cyclins A and D
(159, 18). The same effects are seen in in vivo mice bleomycin-induced lung fibrosis model,
and CO suppresses collagen-1 production and matrix deposition by fibroblast through the
transcriptional regulator 1d1 (160). CO also inhibits renal fibrosis in the mouse unilateral
ureteral obstruction model via the MKK3 pathway (161). Severe I/R injury could result in
the failure in proper repairing, and subsequent replacement of the graft parenchyma by
fibrotic tissue could lead to loss of organ function. Thus, CO’s actions to promote
proliferative repair and inhibit fibrosis would have a great potential to combat long-term
complications of I/R injury.

12. Conclusion

Gaseous modulators, such as CO, NO, and hydrogen sulphide, are important physiological
mediators in the body. Although these gases were initially viewed as toxic substances, they
play important roles in the body as signaling molecules. In particular, endogenous CO plays
crucial roles in regulating vascular tones, platelet and endothelial cell function. Significant
amounts of preclinical data indicate that exogenously provided CO is able to ameliorate I/R
injury associating with organ transplantation. Currently, a prospective, multicenter, single-
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blind, placebo-controlled, phase 1 trial is being conducted to examine safety and tolerability
of inhaled CO in kidney transplant patients (ClinicalTrials.gov Identifier: NCT00531856).
In early history, CO was viewed as a poison due to the environmental generation of high
concentrations; however, CO is an efficient endogenous gaseous regulator with potent
cytoprotective effects. If used properly, this simple molecule would have enormous

potential.
ABBREVIATIONS
CO carbon monoxide
COHb carboxyhemoglobin
CORM CO-releasing molecules
ERG-1 early growth response protein-1
ERK extracellular signal-regulated kinase
ET1 endothelin-1
GC guanylyl cyclase
HIF hypoxia-induced factor
HO heme oxygenase

ischemia/reperfusion injury

JNK ¢-Jun NH2 terminal protein kinase

MAPK mitogen-activated protein kinase

NO nitric oxide

ROS reactive oxygen species

SMC smooth muscle cells

VECS vascular endothelial cells

VEGF vascular endothelial growth factors
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Figure 1. Heme degradation and endogenous CO generation

Heme oxygenases catalyze heme into biliverdin with the release of CO and ferric iron.

Biliverdin is further converted to bilirubin by biliverdin reductase.
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Figure 2. CO application for transplantation

CO can be applied in transplantation by in vivo inhalation or ex vivo graft treatment. Ex
vivo application of CO to excised bloodless grafts by cold preservation solution containing
CO could avoid CO binding to hemoglobin and COHb generation. At the same time, during
ex vivo exposure to CO, the efficient binding of CO to graft heme proteins could take place.
* Crucial heme proteins: catalase, cyclooxygenase, cytochrome c, cytochrome P450,
guanylyl cyclase, NADPH oxidase, NO synthases, peroxidases, prostaglandin H synthase,
tryptophan dioxygenase.
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ontrol uw 5%CO-UW

Figure 3. Inhibition of sinusoidal endothelial cell death with CO during cold storage

Rat liver grafts were preserved for 18 hours in control UW solution or UW solution
containing CO. At the end of cold preservation, grafts were perfused with a propidium
iodide (PI) solution, fixed, cut into 6-um sections, and stained with sinusoidal endothelial
cell-specific SE-1 monoclonal antibody (green) and Hoechst nuclear dye (blue). Normal
liver (NM) showed networks of healthy SECs with smooth SE-1 surface staining and flat
nuclear staining. In liver grafts preserved in control UW solution, many SECs showed
colocalization (pink, white arrows) of nuclear Hoechst (blue) and PI (red). There were very
few injured PI+ SE-1+ SECs in liver grafts with CO-containing UW solution.
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