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Abstract

Carbon monoxide is an intrinsic signaling molecule with importance on par with that of nitric
oxide. During the past decade, pharmacological studies have amply demonstrated the therapeutic
potential of carbon monoxide. However, such studies were mostly based on CO inhalation and
metal-based CO releasing molecules (CO-RMs). The field is now at the stage that a major effort is
needed to develop pharmaceutically acceptable forms of CO for delivery via various routes such
as oral, injection, infusion, or topical applications. This review examines the state of the art,
discusses existing hurdles to overcome, and proposes developmental strategies necessary to
address remaining drug delivery issues.
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1. CO pharmacology and drug delivery issues

Carbon monoxide is most widely known as a poisonous gas that originates from combustion
of fossil fuels. This is largely due to the fact that each year many die from CO poisoning,
which gives CO high visibility in that regard. However, research in recent years has
convincingly demonstrated the role of CO as a gasotransmitter having critical physiological
functions in mammals-7 with importance on par with that of nitric oxide (NO), which was
the subject of the 1998 Nobel Prize. Along with its physiological roles, CO is now accepted
as a potential therapeutic agent and has entered multiple clinical trials
(www.clinicaltrials.gov).
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There have been numerous research publications demonstrating the tremendous potential of
using CO as a therapeutic agent and several very high quality reviews for readers who are
interested in a comprehensive understanding of CO-related research.l: 3-8 Therefore, there is
no need to extensively review the literature. Instead, this article will focus on examining
critical issues remaining in developing CO-based therapeutics. Briefly, CO is produced in all
cells by one of two known heme oxygenases (Hmox1, HO-1 and Hmox2, HO-2),% 10 and
each possesses strong cytoprotective functions to the cell evidenced by the fact that absence
of either, particularly the stress response isoform HO-1, is incredibly detrimental to the cell
and organism.”- 1113 On a daily basis, an average person produces about 500 pmol of CO
largely related to erythrocyte turnover in the spleen, leading to about 2% of the hemoglobin
being CO-bound,* 15 which is being used as a surrogate indicator of CO exposure levels.
However, elevations in exhaled CO measured in samples of exhaled breath and indicative of
elevated HO-1 have been observed in patients with a variety of illnesses including asthma,
diabetes and shock. Cellular and animal pharmacological experiments suggest numerous
therapeutic indications where induction of HO-1 or administration of CO imparts benefits in
treating conditions such as sepsis, bacterial infection, cancer, inflammation, and circadian
clock regulation, stroke, erectile dysfunction, and heart attack.l: 3-7.13.16-17 A yery
prominent example of CO's therapeutic effect is its ability to protect the cardiomyocyte from
cell death, and help maintain overall cardiovascular health.18-21 Such protection is effective
in alleviating the cardiotoxicity of chemotherapeutic agents such as doxorubicin.19: 20. 22 |t
is also interesting to note that CO sensitizes cancer cells, but not normal cells, to the
genotoxin doxorubicin by 1000-fold in part through an anti-Warburg effect,23 leading to
metabolic exhaustion. Furthermore, in contrast to cancer cells, CO spares normal cells in the
cancer-laden tissue.20: 23-25 Collectively these findings support CO being used in cancer
chemotherapy with a two-fold advantage. First, CO will allow using a lower dose of
chemotherapy and thus chemosparing, which will reduce cardiotoxicity. Second, CO offers
protection of normal cells in the surrounding areas. Given the large amount of information
available on CO pharmacology, the time has come for intense medicinal chemistry effort,
which has been lagging way behind the biological assessment work.

Contrary to popular belief, inhaled CO is quite safe to use, possessing safety margins wider
than many clinically used drugs and even some nutrients. For example, the normal glucose
level is 5.8 mM and yet 14 mM of glucose can be life threatening.26 With insulin, there is no
consistent level that is considered “normal” because of the daily fluctuation. However, it is
commonly believed that staying below 10 ulU/mL is healthy,2” and yet 50 ulU/mL would
completely suppress hepatic glucose output, which would be life-threatening without
therapeutic intervention by administering glucose to the patient.2 With many metal ions, the
safety window is even narrower. For example, potassium significantly increases incidents of
sudden cardiac death at a concentration slightly above the normal range (5.5 mEq).2°
Considering the reversible nature of CO binding to heme, employing CO for therapeutic
applications does not present unusual safety challenges when compared to the development
of other small molecule drugs.

Physiologically speaking, the amount of CO-bound hemoglobin (COHDb) in healthy humans
averages < 1% (range 1-6%) while smokers can have up to 14% COHb,39 which is generally
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considered tolerable.3! It is commonly believed that 10% COHb would have therapeutic
effect for inhaled CO and the FDA has set 12-14% as the upper limit for the clinical

trials. 8 32 In some instances CO-releasing molecules (CO-RMs), e.g. CO-RM-3 and CO-
RM-A1, pharmacologic effects were observed without altering the serum COHb levels.33-35
The lethal dose of CO is reported to be over 50% COHb,36: 37 but some animal studies
suggest that 50% COHb is far from lethal.38 As a result, the safety margin is well over 10-
fold in many applications. At this point, it is important to make the distinction between 50%
COHb in the blood and an inhalation process that would produce 50% COHb. Simply
having 50% COHDb in erythrocytes may only have a significant effect on the oxygen-
carrying ability of the blood. This by itself may not be a major issue as indicated by the fact
that those with anemia possessing hemoglobin levels that are 50% of the normal level can
still perform relatively normal daily activities without life-threatening consequences.
However, an inhalation process that leads to 50% COHb may have many other effects such
as inhibition of cytochrome oxidase (Complex IV in the electron transport chain of the
oxidative phosphorylation process) and other enzymes including p450. This distinction also
brings out the significance of controlled delivery of CO, especially with the ability to target
certain tissue sites. This can be accomplished using systems that allow for tethering
targeting molecules to CO-prodrugs, and will be discussed in detail in various sections
below.

With the demonstrated therapeutic effect and safety profiles of CO, the development of CO-
based therapeutics has only the hurdle of developing pharmaceutically acceptable forms of
CO-based therapeutics that can be used for different indications. The focus of this review
examinees various available forms of delivery in the context of suitability and limitations in
clinical applications.

2. Existing CO-delivery methods

When one considers the therapeutic applications of CO, the form of delivery is a primary
concern. Because CO is a gas, inhalation is the natural consideration for administration. Gas
inhalation, however, has many issues including the limitation that it can only be used in
primarily hospital settings. Consequently, it would be desirable to develop formulations that
allow for delivery via oral, intravenous, intraperitoneal, sub-cutaneous, or other routes. This
would require the development of “caged” CO for release at the appropriate time and rate.
There have been recent efforts in developing metal-based CO-RMs (or CO-

prodrugs),1’: 39-42 encapsulated CO-RMs,*3-46 photo-sensitive organic CO-RMs,*49 and
organic CO-prodrugs that spontaneously release CO under physiological conditions.%0 In
addition to normal delivery route challenges, there are some special factors related to CO-
based therapeutics, all of which would affect the development of pharmaceutically
acceptable forms of a CO-prodrug. First, as is true with all gasotransmitters, the dosage
question is not only a concentration issue, but also involves release and therefore exposure
rates. The same dosage at different release rates may mean very different effective
concentrations. At this time, there have not been studies that examine the effect of sustained
release of CO versus a single bolus administration. Much of this is due to the difficulty in
tuning the release rates of currently available CO-RMs. Therefore, there is a need to develop
CO-RMs with release rates that can be controlled over specific kinetics to allow systematic
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pharmacodynamic and tissue distribution studies to be executed. Second, much of earlier
studies using inhaled CO were based on daily administrations of CO over a 1-2 h exposure
period.51-54 Such studies suggest that continuous administration is not necessary. There
could be two or more reasons that contribute to this. On one hand, inhaled CO can be
“stored” in the form of COHb, which serves as a “reservoir” for sustained release. On the
other hand, it is entirely possible that CO triggers a cascade reaction/signaling pathway.
Once the cascade has been initiated, there would be no need for a sustained level of CO to
achieve the effect. Based on the known mechanisms of action, both scenarios are possible
and could influence CO-RM design. The de-convolution of all these factors will be much
more feasible by having CO-RMs with tunable release rates. Third, CO has various
therapeutic indications. For each individual indication, one can envision the need for
different CO release rates and different pharmaceutical properties such as permeability and
solubility, which would require the ability to tune the structures of CO-RMs for optimal
physicochemical properties and ultimately efficacy. Fourth, currently available CO-delivery
methods lack targetability. CO as a gas molecule has high diffusivity and high affinity to
hemoproteins. It is expected to potentially have multiple targets depending on the binding
affinity and heme targets present, which can change as the cell expresses different proteins.
For minimized side effect, it would be desirable to be able to target CO to a specific location
or type of tissue. This would require conjugation chemistry to tether targeting molecules for
various applications. For all these reasons, we have developed criteria listed in Figure 1 to
guide our CO-prodrug design efforts. In the next section, we will examine the various
classes of CO-RMs in detail in the context of desirable pharmaceutical and medicinal
properties.

The easiest form of delivery of CO is by inhalation as a gas. This is also the form widely
used in successful animal studies for the past decade. For example, Otterbein et al.
demonstrated that CO in the concentration range of 100-500 ppm has protective effect
against lethal hyperoxia conditions.®® In this study, rats were exposed to 98% O, or 98% O,
with different concentrations of CO for 72 h. CO-treatment group showed a remarkable
increase in survival rate. Rats that were exposed to 100 ppm CO had a survival rate of 50%,
and 250 or 500 ppm CO groups had a survival rate of 100%. However, those without CO
treatment had a survival rate of 0%. In a rat inflammation model,¢ exposure to 250 ppm CO
for 1 h before treatment with a lethal dosage of lipopolysaccharides (LPS) led to a
remarkably improved survival rate (80%) compared with controls without CO treatment
(14%). In a recent report, CO was able to enhance bacterial killing by augmenting the host's
innate immune response.>” The ability for CO to prevent liver injury caused by LPS induced
inflammation was verified by the observation of significant down-regulation of a liver injury
marker, serum alanine aminotransferase. CO is also known to promote liver regeneration
and protection against fulminant hepatitis.>8: 59 Another exciting function of CO is its ability
to stimulate mitochondrial biogenesis. In a mouse model, Piantadosi et al.2% showed that CO
can prevent doxorubicin induced myocardial damage by stimulating mitochondrial
biogenesis. One group of mice was given doxorubicin (15 mg/kg) alone, and the other was
exposed to 1 h of CO treatment (500 ppm) 24 h prior to doxorubicin treatment and 1 h of
CO treatment (500 ppm) 7 days after doxorubicin administration. The group that was treated
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with CO showed a significant increase of mtDNA copies, mitochondrial transcription factor
A level, and DNA polymerase-y expression. Such results suggest that CO was effective in
countering doxorubicin's inhibitory effect on mitochondrial activities.

With all the success with inhaled CO in preclinical animal studies, five clinical trials have
been initiated to examine safety and efficacy in human.54 60-63 Brigham and Women's
Hospital initiated clinical trials to test the efficiency of low concentrations of CO in treating
idiopathic pulmonary fibrosis in July 2011 and the studies are ongoing at this time. Clinical
trials aimed at examining the antihypertensive effective in the pulmonary artery started at
the University of Illinois at Chicago in July 2012 and are ongoing. Aimed at evaluating the
ability for CO to decrease lung inflammation, the National Institutes of Health Clinical
Center initiated a clinical trial in October 2004, and this study has been completed though no
result has been posted yet. In August 2007, INO Therapeutics initiated clinical trials to test
the safety and tolerability of CO in kidney transplant patients. Meanwhile, Weill Medical
College of Cornell University initiated clinical trials to exam the safety of inhaled CO in
treating acute respiratory distress syndrome in April 2015. This study is still recruiting
participants. Table 1 summarizes some key clinical trials involving inhaled CO.

The above examples clearly demonstrate the growing interests in CO as a therapeutic agent.
Even with all the success and promises of inhaled CO in animal studies, direct translation
into human is difficult. In human applications, there is much less control of the specific
environment, compliance, and dosage of administration. Therefore inhaled CO, even with
clear efficacy in treating numerous conditions, is likely only suitable for administration in
hospitals, clinics, and other carefully controlled settings. In addition, administration of
inhaled CO has other issues to consider, particularly in spontaneously breathing individuals.
First, the appropriate dose and therefore the effectiveness of inhaled CO will be highly
dependent on respiratory function of the patient. Different respiratory rates, depth of breath
and masks or nasal cannulas will all impact the dose delivered. Because lung capacity and
physical conditions of patients can vary significantly, the difference in both efficacy and
toxicity among individuals with various conditions is something that has to be considered in
administering inhaled CO. Second, patient may have very different hematological conditions
depending on other illness. A substantial change of hemoglobin level could make dramatic
differences in terms of effective doses of CO delivered within a fixed period of time. Third,
inhaled CO will impact the lung first regardless of what the desired site of action is.
Therefore treating lung disease versus kidney or liver failure will likely be very different in
terms of the amount required to inhale to observe any biologic or medical effects. Fourth,
the inhalation form lacks targetability, and the availability of CO at the site of action is
entirely dependent on tissue perfusion and diffusion of the gas from the blood into the tissue.
This is imprecise and subject to perturbations by many factors. For all these reasons, there is
a strong need for “CO in a pill” or “CO in an ampule” much the same way that nitroglycerin
was designed to be a “caged” form of NO. The following sections discuss these aspects.

ii. Metal-based CO-RMs

In developing solid or liquid dosage of CO, metal complexes can be considered the
pioneering work in this field first described by Motterlini and Foresti (Table 2). The first
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example of metal-based CO-RMs, which can release carbon monoxide (CO) in aqueous
solution, was reported in 2002.17 They reported dimanganese decacarbonyl54 (CO-RM-1)
and tricarbonyldichlororuthenium (11) dimer (CO-RM-2), which release CO in a
concentration dependent manner. CO release from CO-RM-1 is induced by light whereas in
the case of CO-RM-2, CO is released in DMSO solution.

In 2003, the same group reported on a water soluble CO-RM, tricarbonylchloro(glycinato)
ruthenium (11) (CO-RM-3),39 which liberates CO under physiological conditions and
showed protection of myocardial cells and tissues against ischemia-reperfusion injury.

Motterlini and co-workers also created a water soluble sodium boranocarbonate
Nay[H3BCO,] (CO-RM-AL1),40 which releases CO in aqueous solutions. Unlike the original
CO-RMs, CO-RM-A1 does not contain a transition metal and releases CO with a slower rate
compared to CO-RM-3 with a half-life of ~21 min at 37 °C.

CO-RMs based on a new Mn complex structure [Mn(CO)3RR1]*4! (R = 2, 2’-bipyridine
(bipy), R1 = CO, Br) are known to generate CO upon irradiation in the UV region. Aimed at
addressing the issue of water solubility, a class of manganese based CO-RMs with water
soluble groups such as -CH,COOH in [Mn(C0O)4(SoCNMeCH,CO,H)] (CO-RM-401) was
introduced.#2 These compounds (CO-RM-401) have improved water solubility. A 25%
decrease in cell viability was observed after 24 h treatment with 100 uM of CO-RM-401 in
RAW264.7 macrophages, indicating mild cytotoxicity at a relatively high concentration.
CO-RM-401 successfully inhibited nitrite production, which is an indicator of inflammation,
in response to treatment with 1ug.ml~1 of LPS.

The metal-based CO-RMs described above have played very important roles so far in
helping the understanding of CQO's role in physiological, pathological, and pharmacological
processes. Unfortunately, their further development as clinically useful therapeutics has
faced many hurdles. The initial issue of solubility has been overcome by newer CO-RMs.
However, it has been hard to overcome the stigma of metal toxicity, which is probably
warranted for some applications, while others may be perception issues. At this time, it
needs to be noted that metal complexes have been developed as therapeutics.® For example,
cisplatin is a platinum complex widely used in cancer chemotherapy.®¢ There are other
similar metal complexes that are in use or being developed. Even arsenic trioxide, a
compound considered very toxic and often used historically as a poison, has been proven to
be quite effective in treating selected forms of leukemia and is approved for clinical use.
All such examples demonstrate one point, i.e., just because a compound contains a transition
metal does not and should not automatically disqualify the compound from clinical
development. However, there is no doubt that the use of transition metals adds a layer of
complexity in pharmaceutical development compared with traditional small molecule and
protein/peptide-based drugs. To date, the use of transition metal complexes has been largely
limited to short-term use or otherwise life-threatening situations such as cancer. In the body,
metal concentrations are tightly regulated. Perturbation of metal concentrations can lead to
serious or even life-threatening situations. With trace elements such as cobalt, selenium,
copper, and molybdenum, the allowable concentration range is even smaller. As a result, the
long-term health effect of most transition metals is of concern, and has not been adequately
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studied. This issue poses a hurdle for the development of metal-based CO-RMs for
application with non-life-threatening or chronic conditions. With CO-RM-A1, which
contains a boron atom, the situation is similar in one way that boron is considered an ultra-
trace element with no known physiological functions in mammals. In addition, the release of
CO from CO-RM-AL is accompanied by the formation of one net hydroxide. Therefore, the
effect of CO-RM-AL1 on the pH in certain locations cannot be overlooked. Once CO has
been discharged, all metal-based CO-RMs form new compounds termed iCO-RMs and it is
nearly impossible to create the inactive iCO-RM for testing as an appropriate control for the
original compound. For all these reasons, the further development of metal-based CO-RMs
faces many hurdles, which are not routinely encountered by the traditional pharmaceutical
industry. This by itself will present a serious developability issue.%® 69 Furthermore, because
of the extraordinarily high cost of pharmaceutical development, it is unfortunate that
sometimes perceived issues and uncertainties can be a major hurdle as well. As a result,
there is a strong desire to develop other CO-RMs where metal-related issues, whether real or
perceived, can be controlled and/or tested for many future clinical applications. This would
include the development of metal-free organic CO-prodrugs.

iii. Encapsulated metal-based CO-RMs

Given the issues described above with transition metal-containing CO-RMs, some clever
approaches have been developed to prevent metal leakage through encapsulation. Basically,
the system contains two components: macromolecular carriers and metal-based CO-RMs.
The CO-RMs are bound to the macromolecular carriers by either covalent bond or non-
covalent adhesion. The macromolecules could be polymeric micelles, nanoparticles,
copolymer, proteins, etc. Recently, there have been many papers published in this

field,8: 32. 44,48, 70-78 gang this section only has a few selected examples (Table 3) for
discussion of various issues. This selection is not based on “importance” of these papers, but
rather whether there are appropriate issues to discuss. Readers are referred to the literature
for a comprehensive review of this area.”3

In 2010, Hubbell et al.3 reported CO-releasing micelles, which showed slowed diffusion in
tissues and improved ability to target distal tissue drainage sites. Basically, the micelles were
formed by triblock copolymers: a hydrophilic poly(ethylene glycol) block, a poly(ornithine
acrylamide) block bearing [Ru(CO)3Cl-(ornithinate)]moieties and a hydrophobic poly(n-
butylacrylamide) block. The copolymeric micelles were quite stable under physiological
conditions and in serum, but released CO when treated with thiol-containing compounds
such as cysteine and glutathione. To study the anti-inflammatory effects of the micelles,
THP-1 Blue cells, which are derived from human monocyte THP-1 cells, were used. In these
cells, activation of NF-kB, a transcription factor that induces a pro-inflammatory response,
leads to the expression of a secreted embryonic alkaline phosphatase (SEAP); thus SEAP
levels correlate with NF-xB activation. In particular, upon treating THP-1 Blue cells with
200 pM of Ru(CO)3Cl(ornithinate) encapsulated in micelles, a substantial suppression of
SEAP production induced by LPS was observed. On the other hand, treating with CO-RM-3
alone did not show the same beneficial effects, which might be due to nonspecific effects
caused by the Ru compound. It was shown that CO release rates from these micelles were
slower than from CO-RM-3. It was also found that the stealth feature of poly(ethylene
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glycol) could significantly reduce the toxicity of the parent CO drug. All of these properties
showed that CO-releasing micelles might be a potential delivery system in the therapeutic
applications of CO. However, this method may only be applicable in selected local delivery
applications, such as in the gastrointestinal system, which allows the materials to be excreted
without entering the systemic circulation.

Schatzschneider et al.** developed a method of using silicon dioxide nanoparticles
containing azido groups at the surface as a macromolecular carrier. By applying copper-
catalyzed azide-alkyne 1, 3-dipolar cycloaddition (CUAAC “click” reaction), they
successfully loaded a photoactivatable CO-releasing molecule (Photo-CO-RM) based on
[Mn(CO)3(tpm)]*(tpm= tris(pyrazolyl)methane) containing an alkyne-functionalized TPM
ligand on the carrier. These Photo-CO-RM based nanoparticles displayed similar
photoinducible CO-release properties as the parent Photo-CO-RM. Silicon dioxide
nanoparticles are seeing increased usage in drug delivery in recent years and this kind of
functionalized nanoparticle carriers may provide a useful platform as delivery agents for
CO-RMs in solid tumors.

In 2014, Schiller et al.*> embedded water-insoluble, photoactive CO-RM-1 into nanoporous
fibrous non-wovens of polylactic acid. Effective CO release into the surrounding medium is
initiated by light stimulation of the high surface area materials. The metal complexes were
non-covalently embedded into the polymer matrices via electrospinning. It was found that
CO release rate was wavelength dependent as measured by CO binding to myoglobin.
Irradiation at 365 nm resulted in faster release than at 480 nm by four fold, and one
milligram of the non-woven materials could release 3.4 umol of CO. This CO delivery
platform was also tested by light-induced eradication of mouse fibroblast 3T3 cells grown
on the non-wovens, and the hybrid material showed no toxicity in dark and became strongly
cytotoxic when light was applied. These nanoporous fibrous non-wovens also provide a
possible CO delivery platform.

In 2015, Bernardes et al.8 demonstrated that Ru!'(CO),—protein complexes, generated by
the reaction of decomposition products of CO-RM-3 with the His residues exposed on
proteins in aqueous solution, spontaneously release CO in aqueous solution. Based on such
findings, a bovine serum albumin (BSA)-Ru'!(CO), complex was synthesized. Treating
cancer cells with this complex led to inhibition of inflammatory responses. To further show
successful CO delivery in vivo, administration of (BSA)-Ru!!(CO), in mice bearing colon
carcinoma tumors resulted in enhanced CO accumulation at the tumor site. This study
suggested the use of Ru!/(CO),—protein complexes as an alternative for the efficient and
tissue specific delivery of therapeutic CO in vivo.

There are several advantages for using the large and complex “encapsulation” forms of CO-
RMs. First, until now, most well studied CO-RMs are metal containing compounds, with
various concerns described earlier. The outside “capsule” could dramatically reduce the
toxicity issue by trapping the metal fragment in the insoluble matrices. Secondly, the
“capsule” could also contribute to site-specific drug uptake by using macromolecular
carriers with different targeting molecules tethered to the surface. Finally, “encapsulated
CO-RMs” could also increase the bioavailability of the parent CO-RMs. One potential issue
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with these encapsulation methods is the eventual fate of both the encapsulating materials and
the metal, if the application is systemic. One specific site of application for such
encapsulated materials without this concern is the gastrointestinal system, where direct
excretion is possible without entering into the general systemic circulation. This would
address the issue of the eventual fate of the metal ions and insoluble matrix materials.

iii. Enzyme-trigger CO-RMs

One issue in the development of an effective CO-RM is the controlled release of CO.
Current CO-RMs generally rely on reactions with water or pH changes or the presence of
oxygen for CO release, which lacks precise control. Controlled CO release could enhance
tissue targeting and minimize toxicity, and could greatly improve the therapeutic potential of
CO-RMs. Using an enzyme to trigger CO release from CO-RMs is emerging as a promising
strategy to address this issue. In 2011, Schmalz et al.”® developed acyloxybutadiene iron
tricarbonyl complexes. This design takes advantage of the tight complexation of a diene
with iron, which can bind and carry CO. Enzymatic cleavage of the ester group would lead
to enol-ketone tautomerization and the conversion of the diene to an a, f-unsaturated ketone,
which would lose affinity for Fe(ll) and result in its oxidation to Fe(l11) and the subsequent
release of CO (Figure 2).80 These enzyme-triggered CO-RMs (ET-CO-RMs) (1 and 2) are
stable under physiological conditions. The biological effects of these ET-CO-RMs are
related to both the organic components and the rate of CO release.8! Table 4 lists several
such examples.

In one study, ET-CO-RM s successfully inhibited NO production in LPS-stimulated
RAW?267.4 cells.”® Specifically, treatment of cells with compound 4 at 15 uM resulted in up
to 68% suppression of LPS-induced NO formation relative to control cells, which were only
treated with LPS. To improve the water solubility of ET-CO-RMs, cyclohexadienyl methy!l
phosphate iron tricarbonyl complex-based compound 5 was synthesized.8? Besides
improved water solubility, it showed less toxicity than other esterase sensitive ET-CO-RMs,
and also a moderate level of anti-inflammatory effect. The ICy of compound 5 in RAW
246.7 cells was determined to be 252 uM, and 100 pM of 5 resulted in 31% inhibition of NO
production in RAW264.7 cells. In 2015, to further address the site-specific targeting issue,
protease-activated ET-CO-RMs (6 and 7) were synthesized.8 This type of ET-CO-RMs
comprise of a protease-specific peptide, which is used as a targeting moiety, a self-
immolative linker, which was used to tune the rate of CO release, and an
oxycyclohexadiene—Fe(CO)3 moiety, which would release CO after dissociation of the iron
complex from the diene moiety. By using different self-immolative linkers, various release
rates were achieved. This enzyme-activated strategy represents a new and interesting
direction for the development of tissue-specific CO-RMs.

Enzyme trigger is an excellent option in controllable drug delivery, and has been
successfully used in other areas.84 The designs described above are very innovative,
reflecting a beautiful combinatorial use of chelation chemistry, enzymatic reactions, and
organic chemistry. However, at this stage all the designs and studies only focused on metal-
based CO-RMs. Because iron is released from these ET-CO-RMs, the issue of iron
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accumulation must be considered when such prodrugs are used on a daily basis for an
extended period of time.

v. Photo-sensitive organic CO-RMs

Although a wide range of metal-based CO-RMs have been developed, and showed
promising CO-associated pharmacological effects both in vitro and in vivo, the metal
containing inactive byproducts after CO release are of safety concerns as discussed earlier.
Ideally, one would want to have small organic molecules capable of releasing CO under
physiological conditions. There are well-defined paths and criteria for addressing general
developability issues in developing small molecule-based pharmaceuticals.68 79. 84,85 One
approach is to focus on small molecule CO-prodrugs. The chemistry of CO-release from a
small organic molecule is not without precedents. However, most examples rely on either
light or high temperature to achieve CO release. This section focuses on photo-sensitive
organic CO-prodrugs, which have the advantage of triggered release with spatio-temporal
control, and minimized off-site effects. However, photo-sensitive CO-prodrugs also have the
limitations of only delivering the prodrug and consequently CO to a site accessible by light
either by direct irradiation or an optical fiber. The discussions below focus on the examples
of available photo-activatable systems (Table 5).

The chemistry of UV or near UV light induced decarbonylation has been well studied.86-8°
Fluorescein analogue 8 (Figure 3) was the first reported transition metal free and water
soluble photo-sensitive CO-RM.47 After irradiation with visible light (A = 503 + 15 nm) in
phosphate buffer saline (PBS) buffer (pH = 7.4), compound 8 could release CO with a half-
life of around 4.5 h. This release rate is much slower compared to most metal based CO-
RMs, which tend to have half-lives in the range of minutes. Release of CO was
demonstrated by elucidating the chemical structure of the by-product 10 and using a
standard hemoglobin binding assay. The photo-release mechanism was believed to involve
an a-lactone intermediate 9, which is known to undergo ready decarbonylation.?% There was
no CO-associated biology data reported for compound 8.

As one can see from the structure of compound 8, the hydroxyl group could serve as a
handle for tethering different targeting moieties for precise spatio-control of CO release.
However, compound 8 still has much to be desired for application in biology and medicine
due to several limitations, including the difficulty in tuning the CO release rate.
Furthermore, the short wavelength needed for CO release and the low penetrating power of
light at this wavelength mean that this may only be applicable to topical application.
However for research applications, such photo-control may provide advantages because of
the precision with which one can exert spatio-temporal control of the CO release process.

Another example is the photoreaction of cyclic unsaturated diketones, which release two
molecules of CO after irradiation.9194 In a clever use of diketone photochemistry, Liao et
al. designed and synthesized three unsaturated cyclic a-diketones (11a-11c, Figure 4), and
studied their CO release properties upon visible light irradiation.*® The results showed that
all three compounds (11a-11c) could release CO in organic solvents upon irradiation at 470
nm, and CO release was finished in 10 min. However, when irradiating the aqueous solution
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of compounds 11a-11c, no CO release was observed. This was attributed to the tendency for
the diketone groups to exist in the hydrated form, which would not be photo-active, at least
not in the same way. To overcome this hydration problem, compounds 11a-11c were
encapsulated in Pluronic F127 micelles, which have a hydrophobic inner environment, and
protect the carbonyl from hydration. As expected, the encapsulated compounds 11a-11c
could release CO in aqueous solution upon irradiation at 470 nm, and the CO release yield
from encapsulated 11a, 11b, and 11c was 78%, 71% and 90% respectively. One unique
feature of this type of CO-RMs is the formation of a fluorescent byproduct, which greatly
facilitates “real time” monitoring of CO release. After incubation of encapsulated 11c with
acute myeloid leukemia (AML) KG-1 cells for 24 h, irradiation at 470 nm for six 30-second
pulses afforded a bright blue fluorescence in the cells. These results confirmed that 11c was
taken up by the cells and photo-induced CO release happened intracellularly. Additionally,
cell proliferation and viability assays showed no cytotoxicity for the byproduct or photo-
damage under experimental conditions.

It is clear that unsaturated diketones 11a-11c could serve as excellent research tools for the
investigation of CO biology in vitro. However, in vivo applications will unfortunately have
the same limitations as other photo-sensitive CO-RMs. Similar to fluorescein analogue 8,
tuning the CO release rate will be hard. In addition, encapsulation of diketones 11a-11c into
micelles may decrease light penetration efficiency.

Very recently, Berreau et al. designed and synthesized 3-hydroxyflavone-based CO-RMs,
which can be activated by visible light in the presence of oxygen. This is a very innovative
use of flavone chemistry. By modifying the substituent on the 3-hydroxyflavone scaffold
(Figure 5), the activation wavelength can be tuned from 419 to 546 nm.*° For example,
exposure of 13a to light (419 nm) in an aerobic organic or aqueous solution resulted in
quantitative CO release (0.96 equiv) in 10 min. Further structural modifications afforded
three new analogues 13b, 13c and 13d. The activation wavelength for compounds 13b and
13c remained the same as that of 13a. However, the activation wavelength for compound
13d red-shifted to >546 nm, which is very close to the photodynamic therapy window (>600
nm). Therefore, with this class of CO-prodrugs, it is possible to tune the activation
wavelength to a range that is acceptable in human therapy. This can be achieved by using
different substituents on the 3-hydroxyflavone scaffold. Another advantage for this type of
the prodrugs is its fluorescent change after CO release, allowing for tracking of 13a-13d in
cells prior to CO release and monitoring of CO release in real time based on fluorescence
emission changes. However, issues still remain for this type of CO-prodrugs. For example,
CO release is dependent on the presence of oxygen for 13a, 13b and 13c. Although 13d can
release CO in the absence of oxygen, the CO quantity released decreased by 70% compared
to the one released in the presence of oxygen. Such properties could limit the applicability of
these CO-RMs under hypoxia conditions (e.g. cancer). Compounds with the 3-
hydroxyflavone scaffold are known to possess various bioactivities including anti-oxidation,
anti-inflammation, and anti-cancer activity.%>-9 This aspect will need to be considered in
optimizing such structures.

In summary, photo-sensitive organic CO-RMs have great potential in applications with
precise spatio-temporal control. One possible direction in the field is the development of

J Pharm Sci. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jietal. Page 12

CO-RMs activated by infrared or near infrared light, which possess improved tissue
penetration compared to visible light. It will also be desirable to see more effort in tuning
CO release rates, which will be important for future applications.

vi. Organic CO-prodrugs capable of releasing CO under physiological conditions

In order to side-step metal-related issues and achieve targeted delivery, novel CO-RMs with
the following characteristics are highly desirable: metal free, tunable CO release rate, the
ability to release CO with an endogenous (e.g. enzyme) or exogenous (e.g. chemical) trigger
under physiological conditions, and the option to allow conjugation of targeting molecules
or other functional groups for physicochemical property tuning. Wang and colleagues
recently reported a prototype of an organic reaction that leads to CO release under
physiological conditions, which allows for the “caging” of CO in the form of a ketone and
then its “click and release.”>0

The design originated from an inverse-electron-demand Diels Alder reaction (DAjny)
between tetraphenylcyclopentadienone (TPCPD) and an alkyne, which results in the
formation of a strained intermediate with the ability to undergo a chelatropic reaction to
release CO. In terms of the chemistry concept for these reactions, this is not new. However,
most literature reactions between TPCPD and an ordinary alkyne require harsh conditions
(e.g. reflux in toluene), and cannot be used as CO-RMs under physiological conditions.
Since the reaction rate of DAy is a matter of the energy gap between the LUMO of the
diene and HOMO of the dienophile in a DAjqy, it was reasoned that a strained alkyne (e.g.
bicyclo-[6.1.0]nonyne (BCN)), which is known to possess a high HOMO energy level due
to its highly strained nature,® should be able to “click” with TPCPD and release CO under
physiological conditions. Specifically, the reaction between TPCPD-1 (15a) and strained
alkyne 16a was examined (Figure 6). It was found that the reaction went smoothly in
methanol at room temperature with a second order rate constant of 0.61 M~1s71. CO
generation was further confirmed by the CO-myoglobin assay. In order to improve the water
solubility and attenuate the potential toxicity of the reactants, mannose was conjugated to
the core structures of 15a and 16a by a hydrophilic triethyleneglycol linker, yielding
compounds 15b and 16b. In cell viability studies, 15b and 16b did not show any
cytotoxicity to RAW 264.7 cells at 1 mM after 24 h of incubation. Compounds 15b and 16b
were evaluated for their anti-inflammatory effect in RAW 264.7 cells. The results showed
that co-treatment with 15b and 16b attenuated LPS-induced TNF-a secretion, and neither
15b nor 16b alone showed any anti-inflammatory effect. Taken together, the observed anti-
inflammatory effect was associated with the CO generation by a “click and release” process
between 15b and 16b.

The “click and release” strategy demonstrated both CO formation and CO-associated
biological effects under physiological conditions. Since the CO generation rate is related to
the reaction rate between TPCPD and a strained alkyne, it is easy to tune the CO release
rate by modifying the electron density of TPCPD or using different strained alkynes with
various HOMO energy levels (e.g. cyclooctyne, fluorocyclooctyne, etc).?9: 100 Additionally,
both components are easy to be functionalized for different purposes including targeting and
improving pharmacokinetics profiles among others. However, the “prototype” reaction has
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its own issues where improvements are needed. For example, this is a bimolecular process,
and cannot be readily used as a CO-prodrug, except in selected situations, for two reasons.
First, prodrug concentration and reaction rates cannot be adjusted independent of each other
because bimolecular reaction rates are concentration-dependent. Second, to “synchronize”
the pharmacokinetic properties of two reaction components will be very challenging in a
drug delivery system. In order to overcome these limitations, unimolecular systems, which
combine the alkyne and the cyclopentadienone moieties into one molecule, is much more
desirable. Such an approach can be used for the preparation of CO prodrugs that are stable in
vitro, and can undergo intramolecular click reactions to release CO under physiological
conditions. The Wang lab has research underway along this direction.101

3. Conclusions

The CO field has provided all the necessary background supporting the clinical utility in
patients suffering from numerous pathologies; however, development has been slowed by a
series of unfortunate events. On the one hand, ample studies have demonstrated the
therapeutic benefits of inhaled CO; and yet the adequacy of the delivery systems available
so far remains a significant hurdle. Metal based CO-RMs as well as the family of photo-
sensitive CORMSs, which essentially mimic that observed with inhaled gas, have not been
able to identify a lead compound with acceptable pharmacologic characteristics primarily
because medicinal chemistry efforts are lagging behind significantly. However, this is an
area with tremendous potential and conditions are ripe for intense medicinal chemistry
efforts. The pioneering work of metal-based CO-RMs and inhaled CO has made
monumental contributions to the understanding of CO biology as well as to the identification
of pharmaceutical issues that need to be addressed. The work on encapsulated CO-RMs,
photo-sensitive CO-RMs, and enzyme-triggered CO-RMs has brought several drug delivery
issues to the forefront. At this time, the development of entirely organic CO-prodrugs is
becoming a reality with the “click and release” chemistry reported.>? Considering the vast
experience of the pharmaceutical industry with small organic molecules, these organic pro-
drugs hold promise for further successful clinical development. The encapsulated forms of
CO-RMs also have realistic potential in localized delivery of CO for treating colitis and skin
conditions, among others. The photo-sensitive prodrugs may allow for precise control of
delivery, which will be very useful in research and topical applications. The traditional
metal-based CO-RMs may find applications in situations where long-term application is not
needed. Taken together, we expect to see an increased level of interest in developing CO-
based therapeutics as well as continued advances in understanding CO biology. Collectively,
all of these will lead to an accelerated pace marching toward clinical testing of CO-based
therapeutics.
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The general concept of ET-CO-RMs
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The photo-release mechanism for fluorescein analogue 8
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Photoreaction of the diketone compounds
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The photoreaction of 3-hydroxyflavone analogues
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The click reaction between BCNs and TPCPDs
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Table 1

Clinical trials in examining the safety and efficacy of inhaled CO%* 60-63

Page 26

Sponsor Start Date Subject Phase Status

Brigham and Women's Hospital July 2011 Effect of inhaled carbon monoxide in treating idiopathic 2 Ongoing
pulmonary fibrosis

University of Illinois at Chicago July 2012 Carbon monoxide for the treatment of severe pulmonary 1 Ongoing
arterial hypertension 2

NIH Clinical Center October 2004  Prevention effect of carbon monoxide in lung inflammation 1 Completed

INO Therapeutics August 2007  Safety and tolerability study of inhaled carbon monoxide in 2 Withdrawn
kidney transplant patients

Weill Medical College of Cornell April 2015 Safety study of inhaled carbon monoxide to treat acute 1 Recruiting

University respiratory distress syndrome
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CO-RMs structures and CO release properties

Table 2

Compounds Chemical structures

Solubility

Half-life (min)

CO-RM-1 [Mny(CO)yq] " &4 co $co

CO-RM-2 [Ru(CO)5Cl,],Y7 co cl

CO-RM-3 [Ru(CO)4Cl-glycinate]3®

CO-RM-A140 H 2-

/ +

H O |2Nna

CO-RM-401 Mn(C0),(S,CR)]*? co
oc_ | / S
/Mn\ >—R
oc ’ S
co
R = NMeCH,CO,Na

Mn (CO);RR;# co

oc._

m/

Ry
CORM-328 R = 2,2"-bipy,
Ry=Br
CORM-333 R = 2,2"-bipy,
R,=CO

DMSO Ethanol

DMSO Ethanol

H,0

H,0

H,O

Ethanol

ty, <1min

ty, ~ 1 min

t,, ~ 1 min (37 °C, pH = 7.4)

t, ~ 21 min (37 °C, pH = 7.4)

ty, <4 min

ty, = 5000 min for R = 2, 2’-hipy
ty, = 2600 min for R = 2, 2’-bipy, Ry = Br
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Table 3
Encapsulated CO-RMs and CO release properties
Refs Macromolecular carriers CO-RMs Trigger release Release rate
Hubbell43 Micelles CO-RM-3 Thiol containing compounds  Thiol concentration dependent.
About 10% CO release after 60 min
at 10 mM of cysteine.
Schatzschneider*4  SiO, nanoparticles Photo-CO-RM  Light Similar to the parent CO-RMs.
Schiller4s Nanoporous fibrous non-wovens  CO-RM-1 Light Wavelength dependent
Bernardes*® Proteins (BSA) CO-RM-3 Proteins In Img/ml BSA with 50 eq. CO-

RM-3, CO release finished in 4 h.
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Table 4
ET-CO-RMs structures and CO release properties
Compounds Chemical structures Solubility Half-life Enzyme trigger Eq. of CO released
1 DMSO RAMEB 128 min Esterase 24
e(CO
/ )3
2 AN O DMSO RAMEB 12 min Esterase 24
—Fe(C
P
4 %j\Fe(CO)3 DMSO ~45 min Esterase 2.4
MeO\F;/o
/ \O
5 \ H,0 135 min Phosphatase 2.78
| —Fe(CO)
O
J_pn
HN
DMSO >100h  Penicillin G amidase (PGA) <0.25
O
X
| —Fe(CO);
o]
OJ\N/\/ N\H/\Ph
~30h PGA 15

7 X DMSO
| —Fe(CO)s
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Table 5

Summary of the properties of photo-sensitive CO-RMs
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CO-RMs Wavelength (nm) Release Rate
HO o o
L |
500 ty, = 270 min
07 "OH
[e]
o

. Oh@ R 470

419 or >546

Complete in 10 min.

Complete in 10 min.
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