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Abstract

Along with the impressive achievements in understanding the endogenous signaling roles and
mechanism(s) of action of carbon monoxide (CO), much research has demonstrated the potential
of using CO as a therapeutic agent for treating various diseases. Because of CO’s toxicity at

high concentrations and the observed difference in toxicity profiles of CO depending on the route
of administration, this review analyzes and presents the benefits of developing orally active CO
donors. Such compounds have the potential for improved safety profiles, enhancing the chance
for developing CO-based therapeutics. In this review, the difference between inhalation and oral
administration in terms of toxicity, CO delivery efficiency, and the potential mechanism(s) of
action is analyzed. The evolution from CO gas inhalation to oral administration is also extensively
analyzed by summarizing published studies up to date. The concept of “CO in a pill” can be
achieved by oral administration of novel formulations of CO gas or appropriate CO donors.
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1. Introduction

Carbon monoxide (CO) is commonly known as a “silent killer” due to its lethality to
humans and animals at high concentrations. However, this traditional perception of CO

only as a harmful gas is changing because of the demonstrated endogenous signaling roles
and potential therapeutic applications of CO [1-4]. Since Schmid demonstrated CO as the
degradation product of heme by heme oxygenase in 1968 [5], a large number of researchers
have made great efforts in exploring the biological mechanisms of actions and therapeutic
effects of CO. Daily CO production from heme degradation as a result of red blood cell
turnover has been reported to be around 400 pmol in an “average” person [6]. CO has a high
affinity for heme-containing proteins (hemoproteins) at their ferrous state, with its avidity
for hemoglobin (Hb) being about 240-fold higher than that of oxygen. Therefore, CO is
said to mostly exist in the form of carboxyhemoglobin (COHDb) and distributes to tissues
through blood circulation [7] (The chemical term, “carboxyhemoglobin,” for referring to the
CO-Hb complex is technically incorrect; it should be “carbonylhemoglobin.” However, to
avoid confusion, we defer to convention and continue using the term carboxyhemoglobin).
CO also distinguishes itself in its chemical stability from the other two gaseous signaling
molecules, nitric oxide (NO) and hydrogen sulfide (H»S) [8]. It is relatively metabolically
inert and is highly diffusible. CO can engage multiple targets and thus has pleiotropic
effects that are essential in sustaining life [9-11]. There has been much progress in
understanding CQO’s biological properties and therapeutic potential in cytoprotection [12-14],
anti-inflammation [15], anti-oxidation [16-18], and anti-apoptosis [19,20], all of which
suggest a promising potential for developing CO as a therapeutic agent against a wide range
of human diseases including inflammatory bowel disease [20,21], ischemia-reperfusion
injury [20,21], bacterial infections [22], acute kidney injury [23,24], postoperative ileus
[25,26], among many others.

Even though CO shows many promising therapeutic prospects, its gaseous nature has
brought about several limitations for therapeutic use. A typical way of delivering CO is
inhalation of gaseous CO. There have been many clinical trials approved by the US Food
and Drug Administration (FDA) examining the safety and efficacy of inhaled CO. However,
difficulties in controlling precise dosage, safety concerns, portability, patient acceptance
and compliance, and delivery efficiency variations due to physical conditions bring upon
challenges in applications, especially for managing chronic conditions [27]. Therefore, other
forms of CO delivery, including CO solutions [25,28], metal-based carbonyl complexes
(also referred to as CO-releasing molecules or CO-RMs) [29-31], and organic CO prodrugs
[3,32-34] have been developed. Efforts have been made to deliver CO to the desired

site locally or systemically [35,36]. However, along with conventional drug delivery
challenges, there are other special issues related to CO delivery. Firstly, CO is a highly
diffusible gas that may engage multiple biological targets depending on its binding affinity,
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concentration, the presence of binding competitors such as oxygen, tissue pH, and other
physiological parameters. Therefore, the delivery approach used may have direct impacts on
the pharmacokinetics, pharmacology, and toxicology of CO. Secondly, with its high affinity
to Hb, most of the absorbed CO is believed to be in the form of COHb for distribution

and elimination through exhaling. Hence, localized delivery of CO to specific tissues and
the systemic effects caused by diffusion and distribution through blood circulation should

be considered concomitantly. Thirdly, both safety and efficacy are key points to consider in
evaluating a CO donor. The biological activity profiles and toxicity of the “byproducts” after
CO release should also be weighed.

As a potential therapeutic agent, it would be desirable to develop strategies to administer CO
via clinically relevant routes, including oral, intravenous, intramuscular, transdermal, and
inhalation, among others, to meet the need for different applications. One may wonder how
CO delivery routes would make a difference considering CO’s unique properties, including
diffusivity and affinity for hemoglobin, which is ubiquitous. There are many interesting
findings in the early days of toxicological studies of CO. Before we introduce the topic

of oral delivery, we would like to focus our effort on discussing some historical studies,
implications of different delivery routes as shown by these earlier studies, and demonstrated
advantages of delivering CO via the gastrointestinal (GI) system as compared to inhalation
in terms of minimizing systemic toxicity.

Delivery route has been shown to make a difference in CO toxicity

Generally speaking, it is well known that the route of drug delivery makes a difference in
terms of both pharmacokinetics and toxicity profiles [37]. CO is no exception. However, the
gaseous nature and its ability to bind to Hb make CO very unique as well, which leads to
added complexity to CO delivery. Further, CO’s toxicity at high exposure levels means extra
attention is needed in considering safety-related issues. There was a very well-known study
in dogs that demonstrated the much more lethal nature of administering CO via inhalation
than simply saturating blood hemoglobin with CO [38]. Specifically, using COHb level as
the indicator of CO exposure, the study showed that 57-64% COHb was not lethal when
generated by partially replacing the circulating blood with packed blood cells pre-saturated
to 80% of COHb. The packed blood cells were collected from a dog after breathing 13%
CO and centrifuged to remove the plasma. On the other hand, when inhalation was the
route of administration, all the dogs died within 65 min after reaching a similar COHb level
(54-73%) upon exposure to air with 13% CO [38]. Such results indicate that high COHb
concentration per seis not the root cause for CO’s toxicity, at least not entirely. In fact, this
assumption was made earlier by Haldane in 1895 as well through a series of experiments in
mice showing that CO by itself was “non-poisonous” [39]. In the dog experiment discussed
above, Goldbaum also showed that 2 h after the dogs were given 50, 150, and 200 mi/kg
pure CO gas via intraperitoneal injection (i.p.), venous COHDb level increased to 55%, 70%,
and 80%, respectively. However, the dogs did not show signs of intoxication as reflected in
the lack of change in the dogs’ appetite or behaviors [38]. These experiments indicate that
CO administered through different routes may have distinct toxicity and activity profiles.
Another good example to support such an idea was the study by McGrath and Leviseur in
1984 [40]. This study showed when pure CO gas was directly injected into the rat’s intestine
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between ligated pylorus and ileocecal at a dosage of 75 ml/kg (3.35 mmol/kg), the COHb
level in the rats quickly increased to 35% within 5 min and reached a plateau level of 70% at
the 15-min point. The elevated level was sustained until the 60-min point, which was at the
end of the experiment [40]. At the 60-min point, depressed heart rate (by about 20%), blood
pressure (by about 30%), and respiratory rate (by about 25% ) were observed. However, it
did not lead to death. In contrast, such sustained high COHb levels were usually associated
with death in rats when CO exposure was via inhalation [41-43]. Thus, it is reasonable to
deduce that: (1) CO can be readily absorbed through the GI system owning to its diffusive
nature, and (2) CO delivered through the Gl system leads to less systemic toxicity than

CO inhalation. For the second point, one may ask why the same COHb level achieved by
different administration routes would make such a difference in toxicity?

There are several ways of explaining and discussing the difference in toxicity depending

on the route of administration. We can dissect this question into two contributing factors.
One is the cause of CO’s acute toxicity; and the other is how different administration routes
make a difference in contributing to the cause of CO’s acute toxicity. Here we list five
pertinent questions accordingly: (1) Does acute toxicity solely originate from inhibition of
Hb’s ability to carry oxygen through the formation of COHDb; (2) Are there organs that are
more sensitive than others to CO in contributing to CO’s lethality; (3) Does the Hb affinity
difference to CO and O, at different sites make a difference in contributing to the toxicity
and lethality of CO; (4) Is there “free CO” that is not Hb bound and is potentially more
“available” to cellular targets (similar to the question we often ask of traditional non-volatile
small molecule drugs as to what extent are they plasma protein (albumin) bound); and (5)
Avre there differences at the molecular level in CO binding to Hb depending on the route of
administration?

All of these points probably need further experimental explorations in terms of validation
and/or mechanistic understanding at the molecular level; and there are different levels of
supporting evidence in answering these questions. In this review, we assess available data
and sometimes extrapolate from the reported studies by providing our analysis. First, we
examine whether an elevated level of COHb per seis the primary reason or is sufficient
for lethality. The results from the aforementioned experiments by Haldane [39], Goldbaum
[38], and McGrath [40] suggest that there are other factors beyond impeding O, transport
that lead to death, and the formation of COHb is not the primary root cause of the acute
toxicity. In humans, there are extensive clinical data. Although an elevated COHb level can
be seen in CO poisoned patients, the level of COHb does not seem to directly correlate
with the severity of acute CO poisoning [44-47]. For example, patients with low COHb
levels (<10%) have been found to have severe symptoms (e.g., coma) and yet patients with
high COHb levels (>50%) have been found to have only mild symptoms (e.g., headaches)
[46]. On the other hand, whenever intoxication or even death is shown after CO exposure,
an increased COHb level seems to be a certainty. Therefore, an elevated level of COHb

is a necessary but insufficient condition for CO’s acute toxicity, including lethality. There
is increasing acknowledgment that CO accumulation in the tissue rather than COHb is the
direct cause of acute toxicity.
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As for the second point on whether some organs are more vulnerable to CO poisoning

than others, a comprehensive and comparative examination of this issue would be a huge
undertaking. However, available evidence does point to anoxic and subsequent oxidative
neurological and cardiac injuries as a major contributing factor [44]. It should be noted that
the term “anoxic” not only implies a high-COHb condition under which Hb is not able to
deliver enough oxygen to the tissue but also comprises the condition in which oxygen supply
is sufficient, but the utilization of oxygen in cells is deficient. CO competes with oxygen in
binding to the ferrous iron of hemoproteins, which are essential to cellular respiration. Such
proteins include neuroglobin [48], myoglobin [49], and cytochrome ¢ oxidase [50], among
others. Under CO poisoning situation, increased CO partial pressure in tissue allows CO to
bind with these hemoproteins, thus compromising the storage and utilization of oxygen that
are critical to support energy production of vital organs with high oxygen demand, such as
the brain and heart. CO can be transported to these organs in two forms, as COHb and in
free dissolved form. As stated in the previous discussions, at least in dogs, COHb levels of
57-64% themselves are unlikely to cause severe acute toxicity. Therefore, free CO could be
responsible for the acute toxicity as seen with CO inhalation in the dog experiment.

To this point, there is the question as to whether there is available “free CO” that contributes
to acute toxicity through efficient delivery of CO to vital organ tissues such as the brain

and heart. This question is important in discussing the difference in toxicity among CO
administration routes. In the published literature, there are mixed statements [51]. Here, we
hope to analyze the results in a way that is consistent with published analytical results and
observed biological phenomena by analyzing both the thermodynamic and kinetic aspects
of CO binding to Hb. We first look at the affinity state of Hb at the site of the initial
encounter with CO, the efficiency of CO-O, exchange, and the associated impact on toxicity.
It is well established that Hb has a high-affinity R state with a Kq of 0.3 pM for oxygen
[49,52,53] and 1.67 nM for CO [52-55]. When gas exchange takes place in the lungs where
Hb is mainly transformed to the R-state, CO binds to Hb with an affinity ratio over O,

of about 180 [52,53]. This affinity ratio for Hb in the R-state is lower than the typically
referenced affinity constant (M, Haldane’s constant) of 246 [56]. Nevertheless, the affinity
ratio of 180 still heavily favors CO binding when CQO is in the ppm range. As an example,
inhalation of 200 ppm of CO (1:1000 in partial pressure ratio between CO and O5) for an
extended period (~1000 min) has been reported to lead to a COHb level of 30% in humans
[57]. The fact that it takes at least 10 h to reach the 30% COHb plateau (presumably close
to equilibrium) suggests strong competition for binding by O, and kinetic factors/barriers
for CO binding. This kinetic issue is analyzed in the next paragraph [57]. If one does a
theoretical calculation of what it means to inhale 200 ppm of CO in the air, based on
Henry’s law and reported solubility data [58], the theoretical concentration of CO dissolved
in a cell-free serum is about 126 nM. If binding Kkinetics is fast, one would expect the CO to
be “scavenged” by Hb to the level comparable to the K4 value of Hb for CO (0.7-1.7 nM in
the R-state). On the other hand, CO binding kinetics are on the scale of minutes (discussed
in the next paragraph). Thus, the true “free CO” concentration is probably somewhere
between the solubility limit (126 nM) and Hb’s K4 for CO (0.7-1.7 nM). In any case, the
mid- to high-nM concentration range is expected be a sufficient level of CO to engage
hemoprotein targets such as myoglobin (Kq = 29 nM [59,60]) and neuroglobin (K4 = 0.2
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nM [48,53]), and maybe partially engage cytochrome coxidase (Kg = 0.3 uM [61]). The
lack of lethal toxicity in the experiment of dog infusion with the CO-pre-saturated blood
cells [38] also suggest that the available free CO resulting from the dissociation of COHb
under the experimental conditions could be lower than that from CO inhalation when similar
COHb levels are reached. Exposing a subject to such a level of “free CO” for an extended
period of time is expected to offer an excellent chance for CO binding to targets critical

to cellular oxygen storage and respiration, leading to toxicity. In a different scenario when
pure CO is directly administered internally through GI, several factors favor CO binding

to hemoglobin, which diminishes the extent of competition by binding with oxygen. It is
important to note that the oxygen partial pressure in the vein (typically about 40 mmHg) is
much lower than in the air (150 mmHg) and in the alveoli of the lungs (106 mmHg) [62].
As a result, the competition from oxygen is significantly diminished in the vein. Presumably,
this leads to enhanced binding efficiency for CO with target hemoproteins in the epithelial
tissue of Gl tract and with hemoglobin in the peripheral tissue after diffusing to the capillary
blood vessel. Although the increased acidity and decreased oxygen partial pressure in the
tissue decrease the binding affinity for hemoglobin with CO (Kg = 1.1 uM [53]) and oxygen
(Kq = 420 uM [53,63]), the ratio of the binding affinity (M) actually increases to 390 in the
T-state (about 217% higher than the R-state) favoring CO binding. This is accompanied by a
75% drop in oxygen partial pressure in peripheral tissues. Since pure CO was administered
into the Gl tract in the described experiments, leading to a much higher local CO partial
pressure than oxygen, the conditions should be favorable for efficient CO binding with
hemoglobin after diffusing to the capillary vein and with hemoproteins in the tissue. The
overall result is higher efficiency in engaging hemoproteins in the tissue and venous blood
by CO delivered through the Gl tract than via inhalation. At this moment, one may ask

the question of the consequence of binding efficiency difference. Inefficient binding of CO
to Hb inevitably means more “free CO” in the blood, which is readily available to engage
protein targets in vital organs (e.g., brain and heart). When the CO-O, exchange is to happen
in the lungs via inhalation, the availability of “free CO” means its ready access to critical
organs such as the heart, brain, liver, and kidney, which are intuitively more sensitive organs
than peripheral tissues. One only needs to look at the blood flow diagrams from coronary
and aortic arteries to various parts of the body to see this point. It should be noted that
Goldbaum and co-authors [38] raised the same point as well; the combination of available
free CO and the inhibition of cytochrome ¢ oxidase is likely the most important mechanism
of CO’s toxicity.

At this point, it is also important to bring Kinetic analyses into the discussion. It is indeed
true that there have been reports of low “free CO” concentrations in the blood under
equilibrium conditions [38,64-67]. However, CO inhalation is a dynamic process with
constant exchanges of various gaseous components. Therefore, thermodynamic analysis
(equilibrium concentrations) probably represents the lower end of “free CO” concentrations.
In reality, the time scale of the blood circulation in a live subject rarely allows for
establishing true equilibrium. Theoretically, due to the small Ao (1 x 1072 s71) [53] of

the CO-Hb binding kinetics, the equilibration time of CO binding to Hb is on the scale of
minutes [68]. Experimentally in the Goldbaum study [38], it was found that it took 5 min
and 20 min to allow 26% and 91% of Hb to be converted to COHb, respectively, when blood
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was shaken in a 100% CO atmosphere. In contrast, an adult heart pumps about 5 L of blood
per minute, which is about the equivalent of the total blood volume of an average person.
Therefore, the time it takes to establish binding equilibrium is much longer than what it
takes for blood to distribute to vital organs. The slow equilibrium time means that by the
time COHb is measured at a high level, there is likely a substantial portion of the inhaled
CO that is in the free form, capable of directly and quickly accessing critical organs such as
the brain, heart, liver, and kidney through the arterial blood flow. In contrast, CO absorbed
in the venous flow (Gl absorption) has more time to diffuse into non-critical space and
exchange with oxygen as it goes back through the lungs before reaching critical organs. This
is expected to diminish the amount of “free CO” available to critical organs. Again, this is
also a point raised by Goldbaum and co-authors [38]. The studies by McGrath and Leviseur
[40] also support this point. Along with all these discussions, there is the important question
of how blood is sampled for COHb analysis (venous vs. arterial); this is a critical issue
because these two numbers are different [69] and may reflect different exchange processes
as analyzed in a previous paragraph.

Another issue that might affect toxicity is the total CO input in a given study. Because of the
enhanced CO binding efficiency, the actual total CO intake is expected to be lower through
Gl administration than via inhalation to achieve the same endpoint in terms of COHb level.
Take the aforementioned CO gas Gl injection experiment for example, we can look at the
issue of total CO intake via inhalation to sustain the same persistent COHb level of 70% for
1 h to reproduce the level achieved by GI administration. According to another study in rats
with CO inhalation [43], to maintain the COHb level at about 70%, continuous exposure to
4000 ppm of CO was needed. Assuming the alveolar ventilation rate of rats of 117 ml/min
in both cases as reported [70], 4000 ppm of CO inhalation for 1 h would give a total CO
exposure dosage of about 94 ml/kg in a 300 g rat. It is known that when COHb exceeded
30%, the alveolar ventilation rate also increases as compensation for anoxia [43]. Therefore,
an even higher total CO exposure than 94 ml/kg is expected. In contrast, the dose of 75
ml/kg CO with Gl injection was sufficient to maintain the same level of COHb for 1 h.

As a result, the extra CO dosage from inhalation might also contribute to the more serious
toxicity observed. Given the average Hb concentration of 14 g/dL in rats [71,72], 14 ml/kg
of CO is needed to bind all the Hb molecules. It should be noted that 75 ml/kg of CO is
sufficient to saturate all the Hb molecules in rats. Overall, the higher level of CO intake

and exposure coupled with inefficient competition for binding with hemoglobin might be the
reason for the enhanced level of toxicity when CO is administered via inhalation. Or at least,
this needs to be considered. It further marks the importance of studying pharmacokinetics,
pharmacology, and toxicology of CO delivered through different routes, which are critical
issues for developing CO into a therapeutic agent [73].

The above analysis is mostly based on the two-state (R and T) MWC allosteric binding
model of hemoglobin and the Bohr effect [74]. It may need to be supplemented with an
examination of molecular events in dissecting factors that could contribute to differences in
toxicity profiles depending on the route of administration. The static structural model of the
O,-Hb complex upon binding has been examined to the atomic level by Perutz [74], which
revealed the molecular mechanism of the MWC model and Bohr effect, thus the function of
hemoglobin [74]. Hb as a tetramer consists of a,p, subunits. Due to the cooperative binding
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mechanism, each subunit has different binding affinities towards oxygen and CO depending
on the O,/CO occupancy state of Hb and pH. The pH dependency of CO-Hb binding has
been reported to be similar as O,-Hb binding [75]. The ratio in binding affinity between CO
and O, to Hb in different occupancy states is not a constant [75]. Further, under dynamic
physiological conditions, the kinetic and thermodynamic changes of CO binding to Hb in
the presence of oxygen in different organs are not fully understood.

When one discusses certain levels of COHDb, often overlooked is the detailed

composition with a range of possibilities including Hb4(02)4, Hbs(02)3CO, Hby(05)2(CO),,
Hb,4(05)1(C0O)3, and Hb4(CO),4. For example, in a static /n-vitro condition, it has been
calculated that in blood with 25% COHDb, there are 32% Hb4(05)4, 21% Hb4(05),(CO),
42% Hby4(04)3CO, and less than 5% of other species. On the other hand, 90% COHb
saturation gives rise to about 66% Hb4(CO),, 30% Hb4(0,)1(CO)3, and less than 5%
Hb,4(05)2(CO), [76]. According to these /n-vitro experiments and calculations, the stepwise
CO dissociation constants were estimated to be 0.2 uM for Hb4CO and Hb4(CO)3, and 5.6
nM for Hby(CO), and Hb,(CO)4 [76]. The stepwise dissociation rate constant was measured
as 0.09 s71 for Hb,CO, 0.028 51 for Hb,(CO),, 0.09 s~ for Hb,(CO)3, and 0.036 s~2 for
Hb,4(CO),4. The differences in binding affinity and dissociation rate constant of each species
inevitably translate into differences in their ability to bind or unload CO and oxygen in

both kinetic and thermodynamic terms. It should be noted that under these static conditions,
oxygen binding was not taken into calculation. It is understandable that incorporation of

the oxygen binding terms will significantly convolute the picture. Nevertheless, because the
occupancy status of Hb in the lungs and in the Gl system is expected to be different, it is
very likely that CO administered through different routes could adopt varying combinations
of the Oo/CO-Hb complex species, and thus the associated toxicity profiles are expected to
be different. From these analyses, it is clear that much work needs to be done to gain more
insights of the molecular events that take places in each case under physiological conditions.

Beyond the issue of differential toxicity between CO delivered through inhalation and Gl
administration, an oral route has the advantage of easy administration [17,77]. Because of
its diffusivity, CO released in the Gl tract can easily diffuse into the systemic circulation.
The common barriers for drug absorption, such as the intestinal mucosal barrier, blood-brain
barrier, and placental barrier, are not considered to be a major issue for CO. Furthermore,
CO has been demonstrated to show therapeutic effects in a variety of Gl disorders [78-80],
including gastric injury [17,77], colitis [81], postoperative ileus [82], inflammatory bowel
disease [20], among others. Oral administration can provide direct access to Gl targets. With
the demonstrated therapeutic effects and the goal of developing CO delivery approaches for
oral administration, this review examines the various CO delivery approaches available and
focuses on the formulation, pharmacology, and pharmacokinetic issues of CO administration
to the GI system through oral delivery.

3. From inhalation to ingestion — the evolution of in-vivo CO delivery

CO can be delivered to the body in the gaseous form, dissolved in a homogenous solution,
or in a chemically caged CO donor form. Accordingly, inhalation, injection, and oral
administration can all be used for delivery. For animal experiments, intraperitoneal injection
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can be used as well. In this section, we briefly recap the current /n-vivo delivery approaches
that have been applied in animal or human studies and focus on the feasibility and
applications of CO administration through oral delivery. Contrasts and comparisons between
oral administration and other routes in the same type or similar studies are discussed
whenever possible.

3.1 CO Inhalation

Studies of CO’s toxicology have been ongoing for more than a century. As a result,

the toxicological profile of CO was well established even before the recognition of

its therapeutic potential. Early human clinical trials were mostly focused on CO gas
inhalation. However, newer preclinical studies also tend to use CO solutions and CO donors,
such as metal-based CO-RMs and organic CO prodrugs. Completed clinical trials have
addressed three basic issues of CO inhalation in humans: (1) safety and COHb levels, (2)
pharmacokinetics of COHb, and (3) therapeutic potential in treating select diseases.

In studies to determine the safety margin of CO inhalation, CO was administered after
mixing with air in a concentration range between 15 to 7500 ppm [23,83]. In all cases,
COHb was monitored as an indicator of CO exposure level. The highest experimental COHb
level in humans among these controlled studies was 24.8%, achieved by exposure to 500
ppm of CO for 114 min without indication of symptomatic outcome in the report [57]. In a
few additional studies, the highest documented COHb level in human was 10%, which was
said to be without significant adverse events such as fainting, headache, or discomfort. Such
a COHb level was achieved by inhaling 4000 ppm of CO for less than 30 min [84], 1200
ppm of CO for less than 45 min [85], or 500 ppm of CO for 1 h [86]. It should be noted that
the US National Advisory Committee for Acute Exposure Guideline Levels for Hazardous
Substances set the disabling toxic AEGL-2 levels of CO to be from 27 ppm for 8 h to 420
ppm for 10 min, which generally gives rise to about 4% COHb [87]. Nevertheless, the US
FDA approved 14% COHb level as the safety threshold for clinical trials in delayed graft
function of kidney transplant [23]. Such a fact reflects the reality that exposure levels for
therapeutic indications are not limited by threshold levels set in the context of occupational
safety and daily household exposure. This is true for other therapeutics as well and is
nothing unique. For example, the occupational safety level of nitric oxide (NO) is set at 25
ppm for an 8-h period [88], and yet NO is used as a therapeutic agent at a level that is orders
of magnitude higher [89]. The same is true for arsenic oxide (Trisenox) [90] as well as
many other therapeutic agents. Therefore, it is important to note that occupational exposure
levels and therapeutic applications are two different concepts with different concentration
thresholds for safety considerations.

Pharmacokinetic characteristics of CO have been well established by inhalation studies.
Using COHD as the indicator of CO exposure, various models have been established to
predict COHb levels after CO inhalation. Among them, the Coburn-Forster-Kane (CFK)
model is the most extensively validated and is very robust [91]. The CFK model has shown
excellent correlations with experimental results in healthy human volunteers [57,92-94],
clinical trials [95,96], and animal models [97]. With defined physiological parameters
including diffusivity in lung, blood volume, alveolar ventilation rate, rate of endogenous
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CO production, physical parameters such as partial pressure of oxygen and CO in the
air, and vapor pressure of water at body temperature, one can predict the COHb level at
a given time after CO inhalation. Further, endogenous CO production rate under various
conditions can also be back-calculated by examining the involvement of endogenous CO
generation in the model [98]. This feature allows for calculation of pharmacokinetics
after CO administration through the Gl system by mathematically assuming it is a part
of endogenous CO generation.

Inhalation is an obvious method of delivering CO for pharmacological studies in humans
and animals because CO gas has well-defined purity and safety profiles. In general,
inhalation of 50-200 ppm of CO for no more than 2 h would give a marginal (<2%) increase
of COHb level in humans [96,99]. In a phase-1I clinical trial (NCT01214187) using CO to
treat idiopathic pulmonary fibrosis, inhaling 200 ppm of CO gas for 2 h daily only increased
the COHDb level by about 1% from the basal level of about 2% [99]. This dosage did not
lead to a significant change in serum matrix metalloproteinase-7 (MMP-7) concentration and
respiratory scores at the endpoints of the 12-week treatment. In another clinical study to treat
chronic obstructive pulmonary disease (COPD), inhalation of 100-125 ppm of CO for 2 h
per day led to a median COHb level of 2.7% in COPD patients, and the COHb level for the
placebo group was 0.2% [100]. A marginal trend of decrease in eosinophils and improved
responsiveness to methacholine was shown, but the results were not considered statistically
significant (p>0.05). Such results suggest that a higher CO exposure level may be needed

to achieve statistically significant outcomes. In an initial experiment aimed at eventually
treating endotoxemia in humans, inhalation of 250 ppm of CO for 2 h or 500 ppm of CO
for 1 h increased COHb to 9% in the pilot trial [101]. In the main trial with 13 healthy
volunteers, inhalation of 500 ppm of CO for 1 h led to an average COHb level of 7%.

Then 2 ng/kg LPS was administered via bolus intravenous (i.v.) infusion, leading to acute
inflammatory responses. However, CO treatment did not lead to changes in inflammatory
markers in the serum, including IL-8, IL-1a, IL-1B, TNF-a, and IL-6. It should be noted
that CO inhalation stopped after LPS infusion; then the COHb level began to gradually
decrease to 4.5% after 4 h. Such studies suggest that a single episode of CO exposure of a
short duration may not be sufficient for beneficial effects in humans, at least in the case of
LPS-induced inflammation [102].

In a nonhuman primate model of lung inflammation in male cyrnomolgus macaques,
inflammation was induced in the monkey by LPS inhalation [103]. CO was subsequently
administered via inhalation of 250 or 500 ppm of CO gas for 6 h. The steady-state COHb
levels were 25% from treatment with 250 ppm of CO and about 34% from 500 ppm of
CO. Itis interesting to see that pulmonary neutrophil count decreased by about 60% after
treatment with 500 ppm of CO, while only a marginal decrease was seen with 250 ppm of
CO. Levels of TNF-a in bronchoalveolar lavage fluid also showed a significant reduction
(~40%) in the 500 ppm of CO study. However, the elevated levels of IL-6 and IL-8 in the
lavage as a result of LPS stimulation did not respond to treatment by 500 ppm of CO.
Obviously, the 34% COHb achieved in the monkey model is higher than the levels that
are generally considered to be safe in humans. The results suggest the need to address the
relationship between CO dosage, COHb level, and toxicity in the context of the intended
therapeutic indications and species difference.
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As discussed in the previous section, CO delivered through other pathways may offer a
higher safety margin compared with inhalation. If a high dosage of CO is needed to achieve
efficacy, inhalation may not be the best route of administration. Besides, CO needs to diffuse
across the epithelial cells and matrix membrane to reach the capillary vessel, where it forms
COHb and distributes to the whole body. The epithelial cell at the CO contact site may
experience a higher CO concentration compared with remote tissues that rely on CO carried
by COHb. As such, delivering CO directly to the target tissue through other administration
routes may offer an improved chance of success.

3.2. CO solutions

Another way of delivering CO is to dissolve it in an aqueous solution. CO can dissolve

in water with a solubility of 0.95 mM under 1 atm CO pressure at room temperature.
Various efforts have been made to develop solubilized CO for medical use, including organ
preservation solutions for transplant [104,105] and formulations for /n-vivo administration.
As organ preservation application is beyond the scope of this review, we mainly focus on
CO solutions for internal administration in this section.

One of the pioneering studies was done by Nakao et a/. with CO saturated lactated Ringer’s
solution (CO-LR) [25]. CO concentration of freshly prepared CO-LR was tested to be 1.2
mM at atmospheric pressure of CO. In one study in mice, i.p. administration of CO-LR

at 60 ml/kg (~72 umol/kg) led to a quick increase in COHb level to about 7.5% within

5 min and a gradual decrease to the basal level in about 80 min. The study found that
post-operative treatment with a single dose of CO-LR ameliorated postoperative ileus by
inhibiting the inflammatory response in the gut wall [25]. Decreases in the levels of IL-18,
COX-2, iNOS, and ICAM-1 were also observed. Since the protective effects were abolished
by pretreatment with ODQ, an sGC inhibitor, activation of sGC by CO was considered the
mechanism of action. Such results indicate the sufficient solubility of CO in the LR solution
for the delivery of an adequate amount of CO to mice for the intended application. As

a comparison, inhalation of 250 ppm of CO led to a similar effect in preventing/treating
postoperative ileus in mice [82]. Although the COHb level after CO inhalation was not
reported, it is known that the steady-state COHb level by inhaling 250 ppm of CO for 3 h is
about 20% [106]. Considering the alveolar ventilation rate for mice being about 0.029 L/min
[107], the overall CO exposure is about 750 pmol/kg by inhaling 250 ppm of CO for 1 h.
As a result, the total CO exposure dose of gas inhalation should be significantly higher than
that of i.p. administration of a CO solution. Such results also further support the proposal
earlier that it needs less CO intake by directly administering CO to the lesion site rather
than CO inhalation. Therefore, it is important to develop other delivery forms aside from gas
inhalation.

Along a similar line, Takagi et a/. [108] developed a CO-saturated solution by bubbling 50%
CO gas into saline to investigate the therapeutic effect of CO on gastric mucosal wound
healing. Oral administration of 0.2 ml of this CO solution (500 uM CO, about 4 pmol/kg)
per day for 4 days accelerated the healing of acetic acid-induced gastric ulcer in mice and
significantly promoted re-epithelialization of the wound. The study did not report the COHb
level. According to the dose and past literature reports, the increase of COHb is not expected

J Control Release. Author manuscript; available in PMC 2022 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 12

to be more than 1%. Therefore, the observed activity is unlikely to be attributed to the
increase of COHb level or systemic CO exposure. As a result, direct contact with the leisure
tissue was probably the reason for the observed effects and can be used for CO delivery to
the site of action.

Though there has been some success, the utility of a partially saturated CO solution is
limited by CO’s solubility under normal pressure. For example, if a dose of 5 umol/kg

CO is needed to show efficacy in humans, a man of 70 kg would need to take 350

ml of CO saturated water, given its solubility at 1 atm of pure CO being about 1 mM.
Further, such a solution would not be able to maintain its CO concentration once it

is open to the atmosphere. Therefore, increasing CO’s solubility is key to improve the
feasibility of using a CO solution for therapeutic purposes. To achieve this, a drinkable

CO enriched formulation was described by Hillhurst Biopharmaceuticals [109]. The lead
candidate HBI-002 is a saturated CO solution containing components that have been defined
as “generally recognized as safe (GRAS)” by the US FDA. However, the molecular details
are not described. According to a published patent, CO concentration is between 30-4400
mg/L (1.1~157 mM). The ingredients include lipid, protein, fats, and triglycerides [110].
This formulation has been studied in animal models of sickle cell disease (SCD) [110],
kidney ischemia-reperfusion injury (IRI) [28], and Parkinson’s disease, among others [109].
In the studies of sickle cell disease, the formation of COHb was proposed to be a key
remedy because it can decrease the level of deoxyhemoglobin, thereby reducing the sickling
[111]. In evaluating HBI-002 in a mouse SCD model, a single dose via gavage at 10 mg/kg
gave rise to a COHb peak between 0-10 min after administration. Then CO cleared from
the circulation in approximately 3 h [110]. The peak COHb level varied depending on the
mouse breed. COHb levels increased from 1.6 £ 0.2 to 5.4 + 0.8% inNY1DD transgenic
sickle mice; from 1.8 + 0.2% to 4.7 + 0.4% in Townes-SS transgenic sickle mice; and from
0.6 £ 0.2% to 3.0 £ 0.6% in Townes-AS control mice. The basal COHDb level of non-sickle
Townes-AS control mice was significantly lower than that of the sickle mice, presumably
because of a markedly reduced hemolytic rate than the sickle mice. The results demonstrate
that CO delivered by this solution can be readily absorbed from the gut and is bioavailable
in the systemic circulation within minutes [110]. It is worth noting that similar therapeutic
effects in sickle mouse models have been achieved with inhaling 250 ppm of CO gas, 1 h
per day, 3 days per week for 10 weeks [112]. The steady-state COHb level was about 20% in
the transgenic sickle mice and 14% in normal mice, higher than the maximum COHb levels
in the HBI-002 study. The study of HBI-002 in a renal IRl model showed rescuing effects
by pretreatment with HBI-002 via oral gavage at a dose of 0.2 mg/kg. Pretreatment with
250 ppm of CO for 1 h before IRI showed slightly better results than the HBI-002 solution.
In the same study, an organic CO prodrug BW-CO-101 with a short half-life (2 min) (see
the organic CO prodrug section for detail) dosed at 100 mg/kg (about 200 pmol/kg) showed
a similar effect as gas inhalation [28]. A clinical trial (NCT03926819) for HBI-002 has
already been registered with the FDA, but it seems that it is yet to start recruiting.

In both studies, due to a lack of information on CO concentration in HBI-002, the true
dosage is not publicly known. The solubility of CO in the solution follows Henry’s law
(C=kP) as the concentration of a dissolved gas (C) equals Henry’s constant (&) times
the partial pressure of the gas (A). Henry’s constant is also correlated with temperature.
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Therefore, much the same way as soda loses its CO, upon exposure to the air, CO

solution also loses its CO when open to the air, and the rate of CO loss can be greatly
influenced by physical conditions such as temperature and altitude. CO release from the
solution is generally a fast process unless there are special ingredients in HBI-002 that

can tune the release rate and solubility. This will be an interesting aspect to examine in
order to accommodate the special needs for various release rates depending on the intended
therapeutic indications.

3.3. Chemical CO donors for Gl administration

The aforementioned gas and CO solutions directly deliver CO. Drawing analogy with
nitroglycerin being a successful chemical donor for nitric oxide, another gaseous signaling
molecule, there has been a great deal of interest in developing a “solid” form of CO that
would allow for accurate dosing, tunable release rate, targeted delivery, ease of storage

and transport, and convenient administration. Along this line, chemical approaches to
“encage” CO in a compound have been developed. Depending on the caging chemistry,

the reported CO donors are categorized into metal-based CO releasing molecules (CO-RMs)
[1,29-31,113,114] and organic CO prodrugs [33,36,115-118]. Both approaches have been
tested via Gl administration to show therapeutic activities in animal models.

For these CO donors, several factors affect the oral bioavailability of CO, including release
mechanism (trigger), release half-life, solubility, bioavailability of the donor itself, chemical
reactive, and the effects of the “carrier” portion of the CO donor molecules, which can
involve both chemical reactions and direct interaction with biological targets. Among all
these, the release mechanism is a key factor that affects the feasibility of oral delivery.
There have been reports of photo-sensitive CO-RMs. [31,119] For obvious reasons, they
are not easily adapted to systemic applications and thus are not discussed in this review. In
the following sections, the donors are firstly categorized by their chemical nature and then
subcategorized by the release mechanism for clarity of the discussions.

3.3.1. Metal-based CO releasing molecules—The chemistry for metal coordination
with CO and the subsequent release has been known for centuries. The high affinity of

CO for a transition metal at the appropriate oxidation state and geometry is also the reason
why the heme molecule can bind with CO. Interestingly, as early as in 1891, McKendrick
and Snodgrass first studied CO delivery by inhalation of air containing nickel tetracarbonyl
vapor for therapeutic application [120]. However, nickel tetracarbonyl is highly toxic and
is not expected to be of therapeutic benefit. Among the modern-day CO-metal complexes,
Motterlini and Mann first reported using a series of metal-carbonyl complexes as CO
releasing molecules (CO-RMSs) in 2001 [114]. Among them are CORM-2 and CORM-3,
which are commercially available and have been widely used as CO “surrogates” in
numerous /n-vitro and in-vivo experiments [1]. Since an extensive discussion of CO-RMs’
chemistry and biology are beyond the scope of the current review, readers are referred

to some in-depth reviews and recent publications for details [1,4,30,36], including their
CO-independent effects [121-125]. In this section, we focus on the /n-vivo applications of
the different generations of CO-RMs that are dosed through the GI system and discuss
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developability issues of this approach. Figure 1 summarizes the structures of the metal-based
CO-RMs to be discussed in this section based on their release mechanisms.

Reaction with water as a triggering mechanism.: CORM-AL was identified by Motterlini
and coworkers as a potential CO-RM by utilizing borancarbonate decomposition chemistry
to release CO in an aqueous solution. It converts myoglobin to carboxymyoglobin with a
half-life of 21 min at pH 7.4 [1]. The reaction involves multiple steps with protonation
likely being the rate-limiting step. If so, this would give second-order reaction kinetics

and make the reaction pH dependent (and pseudo first order at a fixed pH). Indeed, the
conversion can be initiated at a lower pH with a shorter half-life [126]. After releasing

CO, CORM-AL1 forms borane as an intermediate, which is a hydride reagent and undergoes
reactions with water (or other species with an active proton or oxidizing group) to generate
boric acid and hydrogen as the formal byproducts (Figure 2) [127]. The chemistry allows
for release of CO in the gut without the need to absorb the compound into the systemic
circulation. As a result, oral delivery of CO by CORM-AL can be expected. Liu et a/.
reported oral delivery of CO via CORM-AL to protect cerebrovascular dysfunction caused
by neonatal seizures in a pig model [128]. Newborn piglets were given CORM-AL1 (2
mg/kg, 20 pmol/kg) via an oral gastric feeding tube to the stomach 10 minutes before or 20
minutes after bicuculline-induced epileptic seizures. CO levels in the cortical periarachnoid
cerebrospinal fluid (pCSF) increased from the basal level of 119 + 19 pmol/mL by about
2.5 folds in 20 min and then started to decline to the basal level within about 40 min.

Using intravital microscopy, dilation of the pial arterioles was observed accompanying

the CO increase in pCSF. This dilation peaked at about 117% of the baseline diameter

10 min after administration and then returned to the normal level in about 20-30 min.

The administration of CORM-A1 10 min before or within 20 min after seizure induction
effectively reduced endothelial and astrocyte dysfunction and improved cerebral vascular
outcome of neonatal seizures. COHDb level in the experiments was not reported. However,
oral administration of CORM-A1 at 2 mg/kg (19 umol/kg)_did not seem to reduce blood
oxygenation level as determined by monitoring arterial oxygen partial pressure, suggesting
limited COHb formation. Indeed, theoretical calculations also indicate it can only increase
COHb% level by 2~3 percentage points, assuming a hemoglobin concentration of 13 g/dL
and all released CO is bound to hemoglobin. As a comparison, the same group reported that
i.p. administration of 2 mg/kg CORM-A1 30 min before seizure induction offered similar
protective effects in piglets [129] as oral dosing. As reported in another study using CO gas,
inhalation of 250 ppm of CO gas for 3 h offered a similar protective effect in piglets [130].
Although COHDb levels under these treatments were not reported from all these studies, a
separate study showed a COHb level of about 20% in piglets after CO inhalation at this
dosage, leading to disruption of mobility and thus some toxicity [131]. Therefore, oral
administration CORM-A1 may be able to achieve a similar seizure protection effect with a
much lower dose compared with that of CO inhalation.

CO-RMs that use ligand exchange as a triggering mechanism.: Most of the reported
transition metal-based CO-RMs release CO by ligand exchange chemistry and/or photo-
excited decomposition chemistry. As stated earlier, since photo-CORMSs [119,132-134] are
not suited for systemic application, they are not discussed in the context of oral delivery.
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Even though the chemistry for CO release from most metal-based CO-RMs is yet to be
fully understood, ligand exchange is one of the major mechanisms that allow for CO to be
“transferred” to a hemoprotein (Figure 3) [135]. Since water is not a good chelating ligand,
most of the CO-RMs are stable in pure water. As a result, these CO-RMs have to react with
nucleophilic ligands, such as a thiol group [136], to release CO. As such, the reactions are
second order in terms of kinetics with the rate being dependent on the concentration of the
CO-RM and the nature and concentration of the various participating nucleophiles. These
nucleophilic ligands are available in the cell culture medium, inside the cell, in the blood,
and in other body fluids.

In the CO solution section, we have described the protective effects of saline saturated

with 50% CO gas against chemically induced gastric mucosal damage [108]. Before this
study in 2016, Magierowski et a/[137] had reported the protective activity of orally
administrated CORM-2 (Figure 1) against ethanol-induced gastric mucosa damage in rats

in 2015. Pretreatment with 1-10 mg/kg CORM-2 (2-20 umol/kg in CO dosage) decreased
the area of the gastric lesion in a dose-dependent fashion and significantly (p<0.05) raised
the gastric blood flow (GBF) compared with the vehicle. The dosage used is comparable

to that of Takagi’s experiment with CO solution [108]. After oral administration of 5

mg/kg (10 pmol/kg) or 50 mg/kg (about 100 umol/kg) CORM-2, CO content in the gastric
mucosa increased by 83% (from 46 pmol/mg to 85 pmol/mg) and 253% (to 164 pmol/mg),
respectively. Blood COHDb level also increased from 0.78% (vehicle) to 1.55% (5 mg/kg
CORM-2) and 2.2% (50 mg/kg CORM-2). It should be noted that the CO concentration in
tissue did not differentiate CO released from CO bound hemoproteins and from absorbed
CORM-2. Therefore, it is possible for absorbed CORM-2 to account for the unusually high
CO concentrations in the tissue. If one converts 164 pmol/mg CO into 149 uM using a
density of about 1.1 g/ml of the tissue and compares this concentration with that of the blood
hemoglobin, it is an equivalent of 2% COHb. However, the concentration of hemoprotein

in the tissue including cytochrome ¢ oxidase and myoglobin (less than 100 uM in total) is
not expected to be high enough to sustain such a high CO concentration in the bound form.
Therefore, other factors including absorbed CORM-2 need to be considered for the high
CO tissue concentrations. Nevertheless, under the low-dose condition, direct application of
a CO donor to the lesion tissue was able to show efficacy without significantly increasing
the COHb level. Further, a higher dosage of 100 mg/kg CORM-2 (about 200 umol/kg)
significantly increased mucosal damage as revealed by the increased area of the gastric
lesion and decreased GBF. Orally administrated RuCls (5 mg/kg, 24 pmol/kg), which was
used as the control of the “spent” donor in the study, significantly aggravated gastric damage
and decreased GBF. The dosage and the inherent toxicity of the ruthenium core as seen with
RuCl3 introduce complications in the assessment of such a CO donor.

Oral delivery of the manganese (Mn)-based CORM-401 [138] (Figure 1) is also feasible.
It has been studied in treating high-fat diet-induced obesity and insulin resistance in mice
by oral administration [139]. COHb increased from 0.3% to 2.5% or 4.5% 30 minutes
after administration of CORM-401 at 15 mg/kg (45 pmol/kg) or 30 mg/kg (90 umol/

kg), respectively. Then COHDb level gradually decreased to the control level within 48

h. CO contents in the adipose tissue also increased by about 2 folds with 30 mg/kg
CORM-401, as determined by GC. Therapeutic effects were achieved by orally giving
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30 mg/kg CORM-401 3 times a week for 14 weeks. Weight loss, improved glucose
tolerance, and insulin resistance were observed in obese mice. Local and systemic insulin
sensitivity in adipose tissue also increased. The mechanism was found to be CO-dependent
through activation of Akt phosphorylation, uncoupling mitochondrial respiration, decreasing
mitochondrial ATP production, and thus increasing ATP production through glycolysis. In
comparison, i.p. administration of CORM-A1 at 5 mg/kg (45 pmol/kg) every 48 h for 30
weeks was also shown to reverse dietary-induced obesity in mice [140].

A series of cobalt (Co)- [141,142], manganese (Mn)- [143], and ruthenium (Ru)-based
[144] hybrid CO complexes, namely HYCOs (Figure 1), were designed in recent years by
Motterlini and co-workers by conjugating a CO complex with a nuclear factor-erythroid-2—
related factor 2 (Nrf2) activator to enable a dual mode of action. Some of them have been
found to be orally bioavailable for delivering CO and an Nrf2 activator simultaneously.
Since release from cobalt-based HYCOs is triggered by oxidation of the cobalt, they are
discussed in the next section.

The anti-inflammatory activity of HYCO-3 has been studied via oral administration [143].
HYCO-3 is a hybridized CO-RM by merging CORM-401 with dimethyl fumarate (DMF),
an immunoregulatory and Nrf2 activator. Oral administration of 40 mg/kg (90 umol/kg)
HYCO-3 led to an increase of COHb level from 0.5% to a peak of 2.5% within 1 h with

the ability to maintain = 2% for at least 24 h. In comparison, oral dosing 40 mg/kg (120
pumol/kg) of CORM-401 increased COHb level to 5% within 1 h with a gradual decrease

to 2.5% and 2% at the 6-h and 24-h points, respectively. Considering the dosage difference
in molarity, CORM-401 showed better ability to increase COHb levels than HYCO-3, with
the reasons to be explored. It is worth noting that challenging with 5 mg/kg LPS (i.p.)

also led to a COHb level increase to about 1.3%, and the Nrf2 activator DMF alone also
increased the COHb level to 2.5%. 6 h after LPS challenge and oral administration (p.o.) 40
mg/kg HYCO-3 and CORM-401, COHDb levels were 4.4% and 6%, respectively. However,
in Nrf2 gene knockout mice, LPS challenge did not increase COHDb levels and HYCO-3
administration only increased COHb levels to 1.6%. Such results were interpreted as to show
synergistic effect in elevating COHb levels by HYCO-3 and LPS. Oral administration of

40 mg/kg HYCO-3 reduced mRNA levels of pro-inflammatory markers, including TNF-a.,
IL-1pB and IL-6 while increased the expression of the anti-inflammatory genes ARG1 and
1L-10. In comparison, DMF or CORM-401 alone or dosed together showed minimum
effects in inducing anti-inflammatory genes. Overall, the results indicate that HYCO-3 may
offer potent anti-inflammatory effects.

In 2020, the same group reported the biological activities of manganese- and ruthenium-
based based HYCOs in human monocyte (THP1) and keratinocyte (HaCaT, NHEK) cell
lines /n vitro and anti-inflammation effects /7 vivo [145]. By oral administration of
HYCOs at 40 mg/kg (dissolved in DMSO/sesame oil, 1:10 v:v) in mice, blood COHb
levels peaked at 1 h after treatment. Among the tested compounds, HYCO-13 showed the
highest increase in COHb levels, reaching about 5%, while the highest levels for HYCO-3,
HYCO-6, HYCO-7 were about 2%. Moreover, the anti-inflammatory effects of HYCOs
were studied in three anti-inflammation models. In an /n-vivo skin wound healing model,
HYCO-6 and HYCO-13 were given via gavage at 40 mg/kg (80 umol/kg) to mice daily
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for 14 days. Only HYCO-6 showed accelerated wound healing. It is worth mentioning that
without further explanation in the study, HYCOs did not ameliorate wound closure when
applied topically, indicating inefficient bioavailability through transdermal absorption. In an
/in-vivo mouse model of imiquimodinduced psoriasis, HYCO-3 and HYCO-13 were given
by gavage twice a day at a dose of 25 mg/kg (50 umol/kg) for 7 days. HYCO-3 and
HYCO-13 markedly attenuated erythema, epidermis thickness, and scaling in mice, and the
effects were comparable to or better than the effect exerted by DMF alone. In an /n-vivo
mouse model of multiple sclerosis, significant improvements in clinical manifestations were
achieved by oral gavage of HYCO-3 at 25 mg/kg twice a day and HYCO-13 at 25 mg/kg or
50 mg/kg once or twice a day for 40 days. Such results suggest that some HYCOs could be
good candidates for oral delivery as anti-inflammation therapy.

Oxidation triggered CO-RMs.: As common reagents for reduction and carbonylation,
hexacarbonyl molybdenum and octacarbonyldicobalt are widely used in organic synthesis
[146,147]. The release of CO can be triggered by pyrolysis, ligand exchange, and/or
oxidation of the zero-valent metal core. Among these possibilities, oxidation can take
place under physiological conditions. Exchanging two CO ligands in these metal carbonyls
with an amino acid or bioactive small molecule can enhance the water solubility and
bioavailability of the CO-RM derivative formed /7 situ. At this point, it should also

be mentioned that Ru-based CORM-2 and CORM-3 are also redox-active and can

react with nucleophiles and certain oxidizing reagents under physiological conditions
[121,123,148,149]. However, these chemistry issues are not included in this discussion.
Because of the complexity of the reactions involved in CO release, the overall kinetics
can be complex and can only be discussed when conditions are precisely defined. When
oxidation by molecular oxygen is the mechanism of release, the reaction kinetics are
expected to be dependent on the partial pressure of oxygen.

The molybdenum (Mo)-based CO-RM, fac-[Mo(0)(CO)3(histidinate)]Na (ALF186),
releases CO upon oxidation and is known to have the highest CO release ratio among

all CO donors [150]. In in-vitro CO release experiments, incubating ALF186 in solution
without oxygen showed no release of CO. In contrast, incubation under normoxic conditions
in a buffered solution at 37 °C liberated 1 equivalent of CO after 0.5 h and 2.26 equivalents
(75% of the CO load) after 2 h. However, in whole blood, all three equivalents of CO

were found to “instantaneously” release to hemoglobin [150]. Although the detailed reaction
mechanism has not been fully explored, we reason that the strong propensity for ALF186

to reduce methemoglobin, ferromyoglobin, and ferrocytochrome ¢ as demonstrated in

the original study [150] suggests the possibility of ALF186 oxidation through extracting
molecular oxygen from oxyhemoglobin, leading to the release its CO ligand. This proposed
mechanism, if true, means ALF186 can “swap” the oxygen on hemoprotein with its own

CO by involving a redox reaction. Through this mechanism, the exchange kinetics and
equilibrium of the oxygen on hemoglobin with a CO molecule do not rely on the simple
“intrinsic Kq” values. The redox chemistry involved facilitates the highly efficient formation
of COHb after intravenous administration of ALF186. Experimental results also support this
notion through comparison of the CO release efficiencies after i.p. and p.o. administration.
Intraperitoneal injection of ALF186 at a dose of 20 mg/kg or 40 mg/kg to mice gave
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an increase of COHb to 15% and 25% within 10-15 min, respectively. Assuming all
released CO was taken up to form COHDb, the increased COHb levels corresponded to
three equivalents of CO carried in the injected dose of ALF186. The delayed CO release in
the peritoneal cavity is consistent with the low oxygen content (17 mmHg) at this location
[151]. Thus, one would expect that COHb is formed mostly due to the absorption of intact
ALF186 and then CO release in the bloodstream. The release kinetics of ALF186 through
oral administration was even slower and more in line with the kinetics from the /in-vitro
buffer studies, which peaked at around 1 h. The maximal COHb level after gavage of

500 mg/kg ALF186 was 35-40%, which was said to correspond to roughly 50% of COHb
administered by /p. at the same dose. Absorption of ALF186 through the GI system is
expected to be slow. Considering the moderate oxygen level (about 60 mmHg) in the Gl,
the release of CO is expected to be mainly via slow oxidation. Therefore, due to the unique
oxygen-triggered release mechanism, oral administration of ALF186 is less efficient in
delivering CO than that of the i.p. or i.v. route. It needs to be noted that the effect of the
redox activity of ALF186 may go beyond simple CO-O, exchange. Other observations

in changes of ROS levels and decreasing oxygen partial pressure may not solely be
attributed to the function of CO per se. The redox chemistry of ALF186 may convolute
result interpretations and mechanistic understandings of this otherwise low-toxicity, well-
tolerated, and highly efficient CORM [150]. Further, the possibility of oxygen-“scavenging”
or “deprivation” effect also needs to be considered by these oxidation-sensitive CO-RMs
when the concentration is sufficiently high (comparable to that of Hb).

For the cobalt-based hybrid CO-RMs, HYCO-4 and HYCO-10 [141], CO release is also
found to be triggered by the oxidation of the cobalt(0) core, which could be promoted
under oxidative conditions such as oxidative stress induced by inflammation [142]. The
conjugated chromone (HYCO-4) and cinnamic acid (HYCO-10) moieties are known to
activate Nrf2 and subsequently induce HO-1 expression. In an in-vivo study, mice were
given HYCO-4 and HYCO-10 orally at a dosage of 3 mg per mouse (about 100 mg/kg,
200 pmol/kg, formulated with sesame oil). After 6 h, COHb increased from 0.5% to about
3.5% by HYCO-4 and about 1.8% by HYCO-10. It should be noted that in /n-vitro studies
with hemoglobin and a CO probe, HYCO-10 did not show robust CO release. Considering
the relatively high dosage used, the /in-vivo results are consistent with low CO delivery
efficiency after oral administration. On the other hand, the dosage of HYCO-10 did show a
robust increase of HO-1 expression in the lung and liver, which is consistent with the release
of the Nrf2 activator part of the molecule.

3.3.2 Oral delivery formulations based on metal-based CO-RMs—As discussed
in the aforementioned examples, metal-based CO-RMs have brought transition metal
coordination chemistry and CO delivery to the biological system and yielded fruitful
discoveries and possible drug candidates. However, questions remain in terms of the
developability of CO-RMs into clinical therapies, including toxicity concerns of transition
metals, especially for chronic diseases, quality control and chemical tractability issues due
to the convoluted CO chemistry of metal complexes [113,148,152,153] and the uncertain
stoichiometry of the released CO in some cases [148]. Beyond these, there is the question
of to what extent the intrinsic chemical reactivity of the metal complexes, such as their
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reducing ability, thiol depletion, redox catalysis, and potential ion channel blockage, should
account for the biological activities observed [23,111,123,136,148,149,152,154,155]. All
these issues suggest the reactivity of these CO donors, as well as their side-products after
CO release, should be taken into consideration at the molecular level when analyzing results.
Some of the issues could be addressed by formulation and through material chemistry
manipulations, if such efforts can prevent metal leakage.

Many efforts have been made in solving the problem of safely and effectively delivering
CO-RMs through the GI system. Aim at reducing exposure to the donor molecule while
enhancing target tissue exposure to free CO, elaborate drug delivery systems have been
designed to deliver CO to the Gl tract. It is known that CO release from CORM-2 can be
triggered by sulfite species through ligand exchange [148]. Steiger et a/. took advantage of
this reaction and designed an oral CO release system (OCORS) for sustained and controlled
CO delivery to gastric and/or intestinal sites [156]. OCORS was designed as an oral tablet
microreactor (7 mm dimension) with cellulose acetate/PEG coating. The tablet core consists
of citric acid-coated sodium sulfite crystals and CORM-2. When water diffuses through

the semi-permeable coating membrane, the citric acid coating layer dissolves, allowing the
dissolution of the sodium sulfite crystals subsequently. The liberated sulfite would react
with CORM-2 to release CO. Without exposure to water, the citric acid coating of sodium
sulfite crystals prevents its interaction with CORM-2 during storage. The system was shown
to deliver CO for up to 10 h, with nearly linear release Kinetics for a long period of time
(from 30 to 240 min). Because the release is a bimolecular reaction between sulfite and the
CO-RM, the linear release kinetic may mean that dissolution of the citric acid layer and/or
the sulfite crystals was the rate-limiting step under the experimental conditions because of
the constant nature of water concentration. Additionally, the linear nature could also simply
reflect the “steady-state” concentration of available sulfite, which is the summary results

of dissolution, diffusion, and reaction with CO-RM. The citric acid coating membrane not
only addresses the function of controlling the pH within the tablet but also acts as an ionic
strength modifier to increase CO release. Four equivalents of CO were released from such

a formulation, giving almost a quantitative yield. Although the visual integrity of OCORS
tablets remained unchanged throughout this study, approximately 90% of ruthenium escaped
after 13 h, which still presents an issue of ruthenium exposure [157].

Two years later, the same group modified the OCORS system into a micro-scale oral
carbon monoxide release system (M-OCORS) [158]. The tablet was miniaturized to a
1-mm coated tablet containing coated sodium sulfite as the trigger and uncoated CORM-2
as the CO donor. Different coating procedures and materials with varying hydrophobicity
allowed for controlling water permeability and hence tunability of the CO release rate. The
authors were able to tune the ty/, (time to half-maximal release) from 0.11 h (fast release)
to about 9.1 h (slow-release). Two 1-mm tablets administered to mice via oral gavage
increased the COHb level from a basal level of 0.23 £ 0.03% to 0.51 + 0.05% in 30 min
(fast release formula), which declined to the basal level within 3 h. With a slow-release
formula, COHb level peaked at 0.69 + 0.14% after 3 h and then dropped to the basal level
within 12 h. PK modeling of COHb levels using the Bateman equation [159] showed an
acceptable correlation to the experimental data of the fast release formula. The slow-release
formulation matched the murine gastrointestinal transition time and was shown to prevent
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TNBS-induced colitis in mice with COHDb level changes of less than 1%. Such results show
that local (GI) delivery of CO was able to minimize systemic CO exposure and achieve
efficacy. As a comparison, a steady state of about 20% COHb was reported for inhalation
CO (200-250 ppm) to show a protective effect in a colitis model [160]. However, the
post-release products of M-OCORS, including CORM-2 and sodium sulfite in an aqueous
solution (depleted-CORM-2) showed a significant reduction of cell survival at 0.25-1 mM.
This toxicity issue of the escaped ruthenium by-products prompted the researchers to modify
the OCORS by replacing the sulfite/CORM-2 system with an esterase/rac-1 system in the
same study [158]. rac-1(Figure 1) is an iron-based CORM aimed at avoiding ruthenium
toxicity. The new esterase-triggered OCORS (E-OCORYS) is a polymer coated formulation
with alternated layers of porcine liver esterase (PLE) and rac-1 which are separated by
disodium hydrogen phosphate crystals as the scaffolds. It is designed to release CO upon
contact with water in the GI system. Upon exposure to water, this formulation started to
release CO after a lag time of about 3.5 h, and exhibited zero-order release kinetics (linear)
for 13.3 h. Further experiments are yet to be done to evaluate its efficacy and toxicity.
However, the release of the metal-based CO-RMs and their CO-depleted product from

the tablet is still inevitable with this formulation. In 2018, the same group evaluated the
M-OCORS platform to ameliorate postoperative ileus (POI) through oral delivery to the
small intestine [161]. Twenty OCORS tablets with 0.5-mm diameter were administrated to
mice via a custom-made gavage needle. 55% of the tablets reached the small intestine after 1
h, with the COHb level increasing to 5.2%. Although CO was reported to show a therapeutic
effect on POI, orally given M-OCORS tablets did not effectively reduce surgery-induced Gl
muscular inflammation and transit retardation in mice.

Yin et al[162] reported a micelle formulation to deliver CO by encapsulating CORM-2
using a biocompatible polymer, styrene-maleic acid copolymer (SMA). It addressed the
water-solubility issue of CORM-2, enabled sustained CO release within ~21 h, prolonged
half-life in circulation, and localized CO accumulation in inflammatory tissues. The loading
ratio of CORM-2/micelle was calculated to be around 11%. The water solubility of the
resulting SMA/CORM-2 micelle was determined to be >50 mg/ml in PBS. When CO
release was studied in 100% fetal bovine serum, it was found that the release half-life of
SMAJ/CORM-2 was about 8 h. In contrast, CORM-2 alone led to full release within 30

min. The overall CO release stoichiometry from SMA/CORM-2 was the same as that of
CORM-2. Then CO delivery efficiency to mice was determined with GC by measuring the
CO released to the headspace in the vial containing blood samples collected at different time
points after administration of CO donors and NO-releasing agent NOC7, which served as

a competitive CO purging agent to release CO from hemoproteins. Specifically, when SMA/
CORM-2 was administered orally to mice at 20 mg/kg, the total blood CO concentration
slowly increased to about 28 pmol/ml (or 28 nM) during the initial 24 h. This concentration
was about 3 folds of the basal level (~10 pmol/ml). In comparison, i.v. administration at

the same dose led to a peak level of 31 pmol/ml (31 nM) within the same period of 24

h. The CO concentrations were interpreted to represent COHb levels, and the results were
interpreted as high systemic oral bioavailability of CO from the SMA/CORM-2 system.

In a dextran sulfate sodium (DSS) induced colitis model in mice, orally administrated
SMAJ/CORM-2 at 40 mg/kg ameliorated colitis symptoms and showed tissue-protective and
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anti-inflammatory activities. However, it should be noted that the CO concentration value

of 30 nM only corresponds to about (3.75 x 1074)% COHb, which is much lower (by

about 1000-fold) than the reported basal CO level discussed in other studies [141,143].
Considering 0.5% COHb as a basal level, we estimate the total Hb-bound CO concentration
to be about 40 uM if one assumes the concentration of mouse Hb being 8 mM [163].

The same issue could also be found in the tissue concentration, where the study showed
around 5 pmol/g while most studies in the literature showed about 5 pmol/mg [164]. We
have communicated with the correspondence authors of this publication, and the discrepancy
seems to be the result of typographical errors in unit conversions, for which the authors
indicated their intent to submit a corrigendum.

Table 1 summarizes the key features of the examples discussed above. Due to the non-
negligible reactivity/toxicity of the transition metal-containing byproducts or the CORMs,
some additional considerations of control experiments would improve the rigor of future
studies.

3.3.3. Metal-free organic CO donors and prodrugs—To avoid metal-related
issues, organic CO donors have been designed, leading to a new direction in the field
[32-34,118,119,134]. In this area, extensive efforts in introducing innovative chemistry to
generate CO under physiological conditions have been made in the last 6-7 years. We
advocate for the term “CO prodrug” to bring pharmaceutical considerations to the forefront
in designing CO-based therapeutics that go beyond simply releasing CO. In most cases, the
precursor for CO is in the form of ketone, carboxylic acid, amide, ester, etc. These organic
CO donors are designed to release CO under bio-relevant conditions such as light [166,167]
or physiologic conditions [117]. They have tunable release rates [31,34,116,117]; are
designed with single or dual-triggers to target tissue/organ [133,168,169]; and are capable of
localizing in subcellular compartments such as mitochondria [4,133]. They have predictable
CO release stoichiometry due to the clearly defined chemistry; showed /in-vitro anti-
inflammatory [34] and antibacterial effects [170]; and have been studied in animal models
of colitis [116], kidney injuries [24,28], liver injuries [115,168], gastric mucosal injuries
[77], and systemic inflammation [115] with promising therapeutic potentials. Readers are
encouraged to consult recent reviews for in-depth coverage of this area [4,32,34,166,171]. In
the following section, we mainly focus on the feasibility and developability issues of these
organic CO donors for oral delivery. For the same reason, photo-triggered organic donors
such as organic photoCORMs [31,166] are not included.

Among the strategies used to develop organic CO donors triggered by physiological
conditions, there are two general types of chemistry used: (1) a cheletropic reaction

to extrude CO from cyclopentadienone adopted by Larson’s group [172] and our lab
[33,36,115,116,168,170,173] and (2) decarbonylation chemistry of the oxalyl moiety [24].
In the first strategy, the formation of the norbornadiene-7-one is the key and rate-limiting
step to trigger CO release through cheletropic reaction (Figure 4) [23,34]. Thus, the release
kinetics depend on the preceding step(s). Reactions such as intermolecular Diels-Alder
reaction (second order) [168], intramolecular Diels-Alder reaction (first order) [117], and
elimination reaction (pH dependent, but pseudo-first order under certain pH) [172,174]

are utilized with modification to yield this intermediate. CO release can be triggered
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by physiological conditions such as pH, enzyme, aqueous conditions, or enrichment in
mitochondria. When the triggering condition is met, CO release can happen locally at the
administration site, such as the GI lumen or the peritoneal cavity, or in the vascular system
after direct intravenous injection. Therefore, depending on the triggering mechanism and
bioavailability of the CO prodrug itself, Gl administration of organic CO prodrugs are
feasible. Available conditions such as aqueous environments in the Gl fluid and vascular
system, esterase in the Gl tract and in the blood, neutral pH in the intestinal fluid and in the
blood can be harnessed to trigger the reaction to form the norbornadien-7-one intermediate
followed by CO release locally in the Gl tract or systemically in the bloodstream.

In collaboration with Magierowski’s group, we investigated an organic CO prodrug CO-111
(Figure 5) for its gastroprotection activity via oral administration in rats [77]. CO-111 can
release a stoichiometric amount of CO under neutral and acidic conditions in the GI tract.
The half-life in the aqueous solution was determined to be about 20 min. Pretreatment

with CO-111 at a dose of 0.1 mg/kg (0.25 umol/kg) through oral gavage was able to offer
significant protection against aspirin and 75% ethanol-induced mucosal injuries, while the
byproduct CP-111 (0.1 and 0.5 mg/kg) as a control did not show protective or cytotoxic
effect. It is important to note that at a dosage of 0.1 mg/kg, the CO saturation level of the
gastric mucosa tissue increased by about 2.5 folds as determined by GC analysis. Compared
with similar studies discussed in the previous sections, the effective dosage of CO-111 was
much lower than CORM-2 (10 pmol/kg) [137] and the CO solution described (4 pmol/kg)
[108]. The results indicate that CO-111 is very efficient in delivering CO locally to the
gastric tissue. CO-111 may release CO in both the gastric fluid and the mucosal cells after
being absorbed. At the molecular level, aside from attenuating pro-inflammatory biomarkers
and gene expression, CO-111 also enhanced the protective PEG5 system, which was found
to be involved in the physiological defensive mechanism against necrotic effects of ethanol.
Overall, oral administration of CO-111 appears to be a promising and safe pharmacological
approach for further studies related to gastric disorders.

Using an elimination reaction to generate norbornadiene-7-one, Larson’s group developed
a CO donor, which can release CO at neutral pH (Figure 5). Rats were given oCOm-19

and o0COm-21 at a dosage of 133.3 umol/kg and 33.3 umol/kg in water, respectively. COHb
levels of the 0COmM-19 group increased from a basal level of 0.7 = 0.28 % to 0.9% (no
statistical significance) after 1 h, and then reached 1.3 + 0.14 % after 3 h. As for ocCOm-21,
despite the dosage being about one-fourth of 0COm-19, COHb levels increased from 0.54
+0.36 to 1.52 + 0.44 % after 1 h and 1.74 + 0.45 % after 2 h. The author attributed the
difference in the bioavailability to the less soluble nature of 0COm-19, which might lower
the bioavailability of the compound itself, leading to a lower level of CO in the blood.

Recently, we reported the utility of the decarboxylation-decarbonylation chemistry to release
CO from a new type of sweetener-based CO prodrugs (Figure 7)[24]. In this approach, two
leaving groups chosen from either saccharin or acesulfame with pKa less than 4 were used
in making oxalyl amides. Upon exposure to water in the GI lumen, hydrolysis triggers to
decaroxylation-decarbonylation cascade reaction to release CO and CO», leaving saccharin
or aceulfame as the only non-gaseous byproduct (Figure 7). As FDA approved sweeteners as
food additives, the safety concern of the byproducts is largely mitigated. /n-vitro CO release
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half-lives of the saccharin-based CO-306 and the acesulfame-based CO-307 in PBS:ACN
(60:40, v/v) solution were 1.3 min and 9.5 min, respectively. /n-vivo CO delivery of CO-306
in mice through oral administration at a dosage of 100 mg/kg gave a peak COHb level of
5.2% within 10 min, which gradually decreased to baseline in 2 h. Lowering the dosage

to 50 mg/kg led to a peak COHb level of 4.2%, which returned to the baseline in 1 h. In

a mouse rhabdomyolysisinduced acute kidney injury (AKI) model, oral administration of
CO0-306 formulated with activated charcoal at a dosage of 50 mg/kg significantly attenuated
AKI as shown by the decreased blood urea nitrogen level, tubular injury score, kidney
injury molecule 1 (KimZ1) biomarker transcription and expression, and increased post-AKI
survival rate. The results indicate that these artificial sweetener-based CO prodrugs are
capable of delivering CO through oral administration and are promising candidates for
future development of CO-based therapies.

4. Comparative pharmacokinetic studies of CO prodrugs after

administration via different routes in mice

Pharmacokinetic (PK) studies are an essential part of drug development. In this sense, there
is no difference between a small-molecule drug and a prodrug of a gaseous molecule.

The discussions in the previous sections are based on reported pharmacological studies

of CO donors. In most cases, COHb levels or tissue CO contents were reported as proof

of CO delivery to the body and/or tissue. We felt that a dedicated pharmacokinetic study
was needed to address some critical developability issues of CO prodrugs to answer the
following questions: (1) can orally- delivered CO prodrugs lead to elevated levels of CO
using COHb as an indicator; (2) how different delivery routes (i.v., i.p., or p.0.) compare

in terms of efficiency in systemically delivering CO as measured by COHb levels; and (3)

to what degree we can minimize the systemic exposure of the “carrier” molecule. Some

of these questions (1 and 2) have been partially addressed through the aforementioned
discussions. However, detailed PK studies of the specific organic CO donors in this section
should offer a more comprehensive picture. As a pilot step to assess PK profiles in a side-by-
side comparison, we selected several organic CO prodrugs to study their pharmacokinetic
profiles (Figure 8) [73]. We selected these CO prodrugs because they have defined structure-
release kinetic profile, quantitative release stoichiometric [117], somewhat consistent release
rate regardless of minor perturbations in environmental factors such as pH, and validated
therapeutic activities both /n-vitro and in-vivo [28,77,115,116]. These CO prodrugs were
administered through different routes (i.v., i.p. and p.0.) in mice (n=3 for each group). The
PK profiles of the prodrugs and the byproducts after CO release were evaluated (Table 2).
We should note that this was the first and the only such comprehensive PK studies related to
CO delivery via different routes.

To answer the first question, all the test compounds are orally bioavailable for delivering a
meaningful amount of CO to the body. However, the efficiency is different depending on
their respective characteristics, such as release kinetics, solubility, and bioavailability of the
prodrug. For instance, CO-104 with a slow-release kinetic has good oral bioavailability of
the prodrug itself. However, its CO delivery efficiency is lower than CO-116 with a faster
release kinetic but with much lower oral bioavailability of the prodrug itself. Such results
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indicate 1) CO released in the GI lumen can be readily absorbed into the bloodstream
leading to elevated COHb levels, and 2) the slow releasers such as CO-104 and CO-115
have a lower overall COHb AUC (area under the curve of a drug’s concentration profile). It
should be noted that the GI emptying transition time is about 5 h for mice [175]. This means
that for either CO-104 or CO-115, if not absorbed into the general circulation, around half of
the given dose had not fully released CO before being cleared out from the body, leading to
a lower COHb AUC. Further, the COHDb peak is dependent on the balance of CO generation
and elimination rates, which can be fast with the t;, being about 5 h in humans [176] and
25 min in mice [53]. The rapid biological elimination of CO also contributes to the lower
overall COHb availability for the slower releasers. Along the same line, CO donors capable
of fast release are expected to provide higher efficiency as defined by AUC in the context of
oral delivery.

To answer the second question, CO delivery efficiency has been studied using CO-103
as an example. The results show that i.v. injection has the highest CO delivery efficiency
as measured by the COHb AUC, followed by oral administration and then intraperitoneal
injection. However, when the plasma AUC of the prodrug (CO-103) itself (not CO) was
examined, i.p. administration led to a higher level of bicavailability than that of oral
administration. CO release from this type of CO prodrugs is promoted by an aqueous
environment. Because the water content in the peritoneal cavity is low, i.p. injection is
expected to mainly rely on absorption of the prodrug (CO-103) into the general circulation
to trigger CO release. On the other hand, oral administration to the GI with ample water
is expected to lead to quick CO release from the prodrug as compared to i.p. injection.
However, the seemingly contradicting results of a lower CO bioavailability but a higher
prodrug bioavailability from i.p. injection compared to the oral administration indicate
convoluted kinetics for systemic CO delivery that need further studies.

To answer the last question, the overall COHb AUC is not dependent on the absorption

of the CO prodrug, as long as CO release happens inside the body. Therefore, it is not
necessary to absorb the CO prodrug into the blood circulation, which is good for minimizing
the side effect of the side product. To diminish the systemic exposure of the “carrier”
byproduct molecule as well as the prodrug itself, compounds with lower bioavailability such
as CO-103, -125, and -116 are preferred. The chemical property of a prodrug clearly has a
significant impact on the bioavailability of the CO prodrug and the byproduct. For example,
CO-125 with a morpholine moiety that forms a cation in the acidic gastric environment

or even a neutral environment has a lower bioavailability. Therefore, by rational design of
the compound and formulation method, systemic exposure of the CO prodrug and the side
product can be further minimized without compromising the ability to deliver CO to the
systemic circulation.

There are some unique technical and analytical challenges in studying the PK profiles of
such prodrugs. First, although COHb level is the parameter most relevant to CO exposure,
there is a need to monitor the levels of COHb, the prodrug, and the side product to

gain a deep understanding of the interplay of various factors in determining the overall
PK outcome. Secondly COHb determination is technically challenging, requiring very
careful work. Thirdly, some vehicle may have effects on both membrane permeability and
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HO-1 expression level.[177] Therefore, caution is needed in comparing data from different
experiments if conducted under different conditions or different vehicles were used. Fourth,
the pathophysiological states of the subject may have a profound effect on CO’s tissue
distribution. This is exacerbated by severe pathological states such as acidosis.

It should also be noted that the systemic COHb level may not necessarily be correlated with
the therapeutic efficacy if localized CO delivery is applied. In the examples described in
previous sections, such as gastroprotection by oral administration of CO-111, the elevation
of local CO concentration in the tissue (gastric mucosa) was achieved by oral administration
of a low dosage of CO-111 (0.1 mg/kg) [77]. Though COHb level was not assessed in

the study, such a low dosage of this CO prodrug is not expected to lead to a significant
elevation of systemic COHb level. As a highly diffusible gas, CO’s dissolution and diffusion
across the biological membrane is dependent on the partial pressure difference according to
Henry’s law and Fick’s law. Therefore, if the target tissue is accessible by the CO donor
through targeted delivery or formulation, it would allow for a relatively high local CO
concentration to primarily engage cellular targets in the target tissue. Lowering systemic
CO exposure level may also decrease the potential toxicity of the CO donor. As such, a

high systemic COHb level may not necessarily serve as a good parameter for evaluating

the therapeutic effects of a targeted CO delivery approach. In such a case, tissue CO
concentration should be evaluated in addition to the systemic COHb level to demonstrate
the efficiency of CO delivery and understand the correlation between the pharmacological
efficacy and CO delivery.

5. Concluding remarks

The therapeutic potential of CO has been well recognized through a large number of
studies. To date, a good arsenal of CO donors has provided various options to deliver CO
in addition to inhalation. An ideal chemical CO donor should deliver CO in a traceless
fashion or use benign “carrier” components. Compared with intravenous administration,
oral administration offers a pharmaceutically desirable approach for drug administration.
Further, there are many inflammatory conditions of the GI system that can be treated by CO.
Exogenous CO administrated by oral or parenteral routes has already been demonstrated
to have therapeutic effects in animal models of gastric injury [17,77], colitis [81], diabetic
gastropareses [139], postoperative ileus [25,26], inflammatory bowel disease [20,21], and
sepsis [144]. Through oral administration, CO released locally in the GI system can also
directly engage local targets, thus requiring a lower dose and leading to a lower level

of systemic exposure to CO. Previous studies have shown that CO given through the

Gl tract exhibits a preferable CO-related toxicity profile than inhalation. Based on these
reasons, there is a need for various options or formulations for CO “in a pill.” From a
clinical application perspective, oral delivery is a preferable and convenient route for drug
administration due to ease of administration and patient compliance, especially for treating
chronic diseases.

Towards the idea of “CO in a pill,” much needs to be done to overcome the challenges
beyond conventional drug delivery. These include designing CO donors and formulations
with stoichiometric and controllable CO release; evaluating CO-dependent and independent
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activities, pharmacokinetics, bioavailability, and toxicity; and minimizing systemic toxicity
of both CO and the carrier molecule; to name a few. All of these developmental issues

call for collaborative efforts among people from different disciplines, including chemists,
pharmacologists, toxicologists, and physicians.
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Figure 1.

Chemical structures of select CO-RMs used in animal-model studies via oral administration.
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CO release chemistry of CORM-A1
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Figure 4.

The general design of cheletropic reaction-based CO prodrugs.
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Figure 5.
The chemical structure of CO prodrug (CO-111) used in the gastric protection studies and

the corresponding CP product after CO release
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Figure 6.
Elimination-based CO prodrug developed by Larson’s group
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Figure 7.
Sweetener-based CO prodrugs design and CO release mechanism
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Figure 8.
Chemical structures of CO prodrugs used in the PK studies described in Table 2
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Table 1.

Summary of bioactivities of metal-based CO-RMs /n vivo via oral administration
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L Animal Side product

Compound Activity model Dosage COHb (%) control Ref
’ - 1.6% (5mg/kg)
CORM-2 gastric injury rats 5 mg/kg 10 mg/kg 2.29% (50mg/kg) RuCl; [137]
cerebrovascular .
CORM-A1 dysfunction piglets 2 mg/kg NA B(OH); [128]
ALF-186 acute toxicity evaluation mice 500 mg/kg 35%-40% NA [150]
CORM-401 obesity mice 15 mg/kg 30 mg/kg 2.5% 4.5% iCORM [139]
HYCO-4 inflammation mice 3 mg/kg 4% NA [141]
HYCO-10 inflammation mice 3 mg/kg 2% NA [141]
HYCO-3 inflammation mice 40 mg/kg 5% NA [143]
HYCO-6 Skin wound mice 40 mg/kg 2% NA [145]
HYCO-3 HYCO-13 Psoriasis, multiple mice 25 mglkg 2% 5% NA [145]
sclerosis
CAI-CORM rheumatoid arthritis rats 10-100 mg/kg NA NA [165]
. . abrogated -

M-OCORS colitis mice 2 tablets 0.69% CORM-2 [158]
M-OCORS postoperative ileus mice 20 tablets 5.2% NA [161]
SMA/CORM2 Rheumatoid Arthritis mice 20 mg/kg NA NA [162]
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Table 2.
Results of PK studies of CO prodrugs
Compound typ () in COHb Time to (&C.)h?gﬁU((zls Og?lissas&rgtéon abso%,—g:)n o CO ddlveg(r;/)(/’)eﬁlmency
plasma peak (%) Peak (h) mg/kg) prodrugs byproduct m i.p. p.o.

CO-103 13 35 1 41+03 + ++ 100 3.7 11.7
CO-125 1.6 3.2 1 6.1+14 + +
CO-116 15 41 1 56+1.1 - ++
CO-104 6.0 2.6 1 23104 ++ +
CO-115 51 35 1 +

Compounds ranked by their CO release rate. t1/2: release half-life of CO prodrug in SIF (50% DMSO); COHb AUC: area under the curve for
blood COHb level subtracting the pre-administration baseline from time zero to the last sampling time point. Results are presented as the mean +
SD (n = 3). CO delivery efficiency: ratio of COHb AUC of a given route over i.v. administration using i.v. result as 100%. Qualitative criteria: -:
lower than detection limit; +: 0-2.5 pM:h; ++: >2.5 uM-h. As a comparison, i.v. dose of 25 mg/kg should give an AUC of 25 pM:h.
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