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Abstract

Research into the biology of the endogenous gaseous mediators nitric oxide (NO), carbon
monoxide (CO) and hydrogen sulfide (H,S) has significantly expanded over the last decade. A
number of drugs (already in clinical use) and drug candidates (in preclinical or clinical trials) exert
their effects via donation of these mediators and/or via modulation of their intracellular second
messenger pathways. Due to their important biological roles, gaseotransmitters offer many
therapeutic opportunities. However, their unique chemical and pharmacological properties can
also represent unusual challenges for translational science.

Nitric oxide (NO), for many decades, was only known as a toxic gas: familiar only to
scientists interested in the physics of lighting and related atmospheric events or in the
toxicology of car engine exhausts and smog. The discovery in the late 80’s that NO is
produced by mammalian cells (1,2) started a true revolution in the field of gaseotransmitters.
It has been established that NO is generated by a family of enzymes (NO synthases) from
the amino acid L-arginine: many fundamental regulatory functions of NO have been
discovered in the cardiovascular system, immune system and the central and peripheral
nervous system (3). A decade later, carbon monoxide (CO) (another toxic gas: previously
known in toxicological and medical sciences as a dangerous byproduct of engines and
furnaces) emerged as a neurotransmitter and cardiovascular and immune regulator. CO is
produced as a result of heme metabolism via a family of enzymes (heme oxygenases) (5,6).
Even more recently a third gas, hydrogen sulfide (H2S) (previously mainly recognized as a
toxic gas and environmental hazard produced in volcanic emissions, swamps and certain
industries) is rapidly emerging as an endogenous biological mediator, produced by cysteine
by several enzymes (CBS, CSE and 3-MPST), with important regulatory roles in the
nervous and cardiovascular system and in the regulation of cell and whole-body metabolism
(7,8).

There are many significant similarities between the biology and pharmacology of these three
molecule (Table 1, Fig. 1). At physiological concentrations, all three gases act as
vasodilators, as well as broad-spectrum anti-inflammatory and cytoprotective agents. As
reviewed recently (9), many therapeutic approaches (in clinical or preclinical stages) are
based on various aspects of gaseotransmitter pharmacology. These approaches, among
others, include the therapeutic administration of these molecules (in inhaled gaseous form or
as parenteral or oral prodrugs); modulators of intracellular pathways affected by these
molecules; administration of the biological precursors of these gases (Table 1).

It is interesting to note that the first clinical introduction of a donor of a gaseotransmitter
preceded the rational understanding of the underlying biological processes by many years.
Nitroglycerin and organic nitrates have been used as vasodilator and anti-angina compounds
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for over a century, while the discovery that they release NO, which then activates an
endogenous second messenger system (guanylyl cyclase/ cGMP) came about only in the
70’s (10). Furthermore, the realization that these drugs, in effect, are ‘replacement therapy’
for the vasodilator ‘endothelium-derived relaxing factor’ (EDRF), (i.e. nitric oxide) came in
the late 80’s (1-3).

In the beginning, the phosphodiesterase 5 (PDE5) inhibitor, sildenafil, was studied in
clinical trials aimed at cardiac protection. It was during these trials, that the compound was
serendipitously found to elicit an unexpected biological effect: induction of an erectile
response (11). The delineation of the compound’s exact cellular mode of action only
occurred subsequently. Detailed understanding of this mechanism (which involves the
inhibition of PDES5 leading to inhibition of cGMP degradation in the corpus cavernosum
smooth muscle), which, in effect, is an enhancement of the biological response to
endogenously produced NO) became essential for the rational design and development of
next-generation PDES5 inhibitors (12).

A third clinical example is the use of inhaled NO gas for the therapy of pulmonary
hypertension. In this case, introduction of this drug into clinical use was the result of a
rational understanding-based drug testing / drug development approach. Fundamental
laboratory research observations in the mid 90°s suggested that there are insufficient
amounts of biologically active NO in the pulmonary vasculature in animals with severe
pulmonary hypertension. It was hypothesized, therefore, that therapeutic replacement of this
‘missing’ NO, via the inhalation route, may provide significant benefit in newborn infants
with primary pulmonary hypertension. This hypothesis was subsequently confirmed, first in
preclinical and later in a series of clinical studies (13).

Many aspects of the pharmacology and experimental therapy of gaseotransmitters are
radically different from the characteristics of small molecule therapeutics. These unique
aspects provide interesting opportunities and challenges for basic research and translational
science and are overviewed in the subsequent sections.

Size matters

The three gaseotransmitters represent some of the smallest, biologically active molecules.
They diffuse easily through cell membranes, reaching their multiple intracellular targets.
Inhalation of these gases can produce significant local (intrapulmonary) actions, and, in
some cases, systemic effects as well. In the case of inhaled NO, the original hypothesis was
that majority of the biological effects will occur inside the lung tissue (producing selective
pulmonary vasodilatation), because the reaction of NO with hemoglobin after reaching the
blood was thought to inactivate the molecule (13). However, subsequent work demonstrated
that the oxidation products of NO (nitrite, nitrate) as well as some of its other reaction
products (e.g. S-nitrosothiols) can exert remote biological effects. Thus, inhaled NO has
recently been shown to exert beneficial effects in exploratory trials in patients with liver
transplantation or limb ischemia (14,15). In the case of CO, the inhaled gas binds to
hemoglobin in the red blood cells, which may serve as a CO-carrier, delivering CO to the
tissues (16,17). In the case of inhaled H,S, a recent study compared the levels of
biologically active reactive sulfide species in the blood in response to inhaled H,S vs.
infusion of a H,S donating formulation, thereby establishing a de facto bioequivalency
between the two modes of delivery (18).

Endogenous mediators

In theory, endogenous molecules may have a distinct advantage when applied as
therapeutics, because the body “already knows’ how to ‘deal with them’: the cellular
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responses are predictable, and specific elimination pathways are present. In some way,
gaseotransmitter therapy may be viewed as ‘hormone replacement therapy’ of an
exceptional kind. Nevertheless, as with all therapeutic agents (including hormone therapy,
and especially with gases that can be both viewed as toxic agents and as biological
regulators) it is important to determine, at which point do these elimination pathways
become overwhelmed, and when does the therapeutic response turn into a toxicological
effect. Since all three gaseotransmitters are produced endogenously (as part of the human
body’s normal physiology), there are significant basal levels of these gases in many cells
and tissues. This is obviously quite different from the scenario encountered with most
synthetic small molecule drugs. An added complexity is that endogenous levels of all three
gaseotransmitters may increase or decrease in various disease conditions. One one hand,
these changes may be interesting for diagnostic purposes. On the other hand, the possibility
exists that such changes may affect the overall biological response to the exogenously
administered gaseotransmitter. For instance, it is well known that the vasodilator response to
NO donors is potentiated in blood vessels in response to pharmacological inhibition of
endogenously produced NO (19).

Taking the fork in the road

“When you come to a fork in the road, take it” is a piece of convoluted advice attributed to
baseball legend Yogi Berra. Typically, one of the key requirements for small molecule
therapeutic agents is to have a clearly defined, specific mode of action (e.g. blockade of a
single receptor subtype, or selective inhibition of a particular intracellular enzyme isoform).
In contrast, gaseotransmitters are natural multitaskers: they have evolved to act on multiple
cellular targets, in order to induce a complex and coordinated biological response. The
multiple cellular targets and pathways affected by the gaseotransmitters (in many cases, in a
concentration-dependent and cell/tissue-dependent fashion) can create unique challenges for
translating the laboratory observations into therapeutic applications.

Key checkpoints in the biological effects of gaseotransmitters are amenable to therapeutic
intervention. For NO, the principal pathway of smooth muscle relaxation (and hence,
increase of blood flow, lowering of blood pressure or penile erection, depending on the type
of smooth muscle involved) involves the activation of the soluble guanylyl cyclase (sGC)
enzyme by interacting with an iron molecule on its heme prostethic group (followed by the
elevation of intracellular levels of cGMP, resulting in the activation of cGMP-dependent
protein kinases, or S-nitrosylation of proteins) (1-3). In addition to measuring the
physiological responses, various parameters (biomarkers) related to these pathways can be
monitored (for instance, circulating cGMP levels) (20).

The cytoprotective/anti-inflammatory effects of NO (as well as of CO and H,S) involve
multiple more complex pathways. This underlines the importance of appropriate biomarker
identification. At high local concentrations, the cytotoxic effects of NO, as well as CO and
H,S involve several interrelated pathways, including a direct inhibition of mitochondrial
respiration (3-8). In the case of NO, an additional pathway of cytotoxicity involves the
formation of peroxynitrite (a highly reactive species formed by its rapid reaction with
superoxide) (21). Conceptualization of the therapeutic effect/toxic side effect concept may
become particularly challenging when the therapeutic mode of action (e.g. interaction with
cytoprotective/anti-inflammatory kinase pathways) and the toxicity (such as the inhibition of
mitochondrial respiration) stems from the very same molecular target. For instance, in the
case of CO, it has been demonstrated that the inhibition of cytochrome ¢ oxidase (followed
by inhibition of mitochondrial respiration, and generation of reactive oxygen species) is
responsible for both the toxic effects of this gas and for the therapeutic modulation of anti-
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inflammatory signal transduction (22). In such cases, the direction of the net biological
effect (protection or toxicity) may be a function of the degree of cytochrome c inhibition.

Remember Paracelsus!

A characteristic aspect of gaseotransmitter pharmacology is the bell-shaped dose-response
relationship curve. The beneficial (e.g. cytoprotective, anti-inflammatory) effects of NO, CO
or H,S typically occur at low (near-physiological) concentrations, while at higher
concentrations the effects diminish, and toxicity may ensue. For instance, murine studies
demonstrated that the reduction of myocardial infarct size by nitrite (a precursor of NO) or
by H,S occurs at certain, well-defined doses: upon further elevation of the dose, the
protection is lost, or the compound may even worsen the outcome (23,24). Of course, we
know since the times of Paracelsus (1493-1541) that “all drugs are poisons; the benefit
depends on the dosage”. But it seems that the exact definition of the therapeutic dose range,
and careful monitoring for signs of potential toxicity at higher exposures is especially
relevant for gaseotransmitters like NO, CO and H,S.

It has been already mentioned that the toxicology of all three gases has been extensively
studied for many decades (in the context of environmental and/or medical sciences).
Nevertheless, the very chemical nature of NO, CO or H,S may lead to reservations against
the general idea of using such “well-known toxic gases’ (or compounds that contain/release
them) for therapeutic purposes.

“It’s a gas, man!”

The gaseous nature of NO, CO and H5S lends a convenient mode of delivery via inhalation.
In fact, currently the only FDA-approved use of an inhaled therapeutic gaseous drug is
inhaled NO, which is the first line of therapy for primary pulmonary hypertension of the
newborn (13). The lung, however, represents a ‘two-way street’ for gaseotransmitters. In all
three cases (NO, CO and H»S), healthy humans exhale significant amounts of these gases
(5,6,25,26); this can be used either as a potential diagnostic tool (25), or a way to monitor
exposure to infusion of prodrugs of the gaseous transmitters, as recently shown in the case
of intravenously administered H,S (27).

During gaseotransmitter therapy, the therapeutic ‘agent’ is the gas itself. Thus, the delivery
of the gaseous molecule (or a prodrug that releases it) may occur via inhalation or via oral or
parenteral administration, while the actual biological effect is mediated by a soluble gas,
which diffuses into the various compartments of the body. The unique characteristics of
gaseotransmitters require a complex integration of pharmacology and biology, when
thinking about dose-responses and biological exposures.

In certain cases, targeting certain downstream effector pathways of gaseotransmitters with
‘classical’ small molecule drug candidates represents a viable alternative approach to the
direct administration of the gaseotransmitters or their prodrugs. For instance, inhibitors of
PDES5 enhance cGMP-mediated responses (11,12). The fact that a specific PDE isoform is
present in the corpus cavernosum tissue provides the opportunity for tissue selectivity (thus
avoiding overt systemic effects, such as lowering of blood pressure).

An emerging class of clinical-stage compounds (stimulators or activators of soluble guanylyl
cyclase) (28-30) are being developed to either bind to the NO-responsive heme group of the
sGC enzyme (or, in case of the oxidized form of the enzyme, which misses the heme group,
to ‘mimic’ the conformation of a missing heme group on the enzyme, thereby re-activating
the enzyme).

Sci Transl Med. Author manuscript; available in PMC 2011 February 14.
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Prodrugs and donors of NO have been used for many decades for the therapy of angina
pectoris and hypertension, as well as many other systemic and topical indications (3,7). For
CO, several series of boron- or ruthenium-based compounds (CORMs; Carbon Monoxide
Releasing Molecules) have been synthesized in the last decade, in order to provide a
parenteral or oral way of therapeutic CO administration. CORMSs exert potent therapeutic
effects in preclinical studies of ischemia/reperfusion injury and inflammation (7,31).

A distinct approach for the therapeutic exploitation of NO and H,S relates to the synthesis of
modified small molecules with NO- or H,S-releasing functional groups (9). This approach,
with recently culminated in Phase 111 studies with Naproxcinod. The rationale for creating
this compound was that incorporation of an NO-donor group into the structure of naproxen
may (a) produce a local, NO-mediated vasodilatation, the compound would protect the
stomach from the ulcerogenic effect of the parent compound and (b) may exert a slight,
potentially therapeutic vasorelaxant/hypotensive effect (32). Although the US FDA has
recently declined the NDA package for Naproxcinod (33), it is hoped that in the future,
similar conceptual approaches may find their way into clinical use. Similar to the combined
NO donors, H,S-releasing non-steroidal anti-inflammatories as well as H,S-releasing PDE
inhibitors have been synthesized. Some of these compounds show unique pharmacological
profiles such as a therapeutic benefit over the parent compound (9,34).

A life full of surprises

There are many examples where hitherto unknown, gaseotransmitter-related modes of action
have been identified for various well-established drugs. For instance, part of the therapeutic
effect of statins is now attributed to the upregulation and activation of the endothelial
isoform of NO synthase, thereby improving cardiovascular function (35). Some of the
therapeutic benefit of resveratrol (the cardioprotective component of red wine) is also
mediated by a vascular NO-related pathway (36). The PDE5 inhibitor tadalafil is another
interesting example: it has recently been shown that some of its biological effects in the
heart occur via the stimulation of H,S production in vivo (37).

The rapid progress of basic and applied science in the field of gaseotransmitters is both
exciting (for investigators working in the field) and challenging (for those who attempt to
integrate the massive amount of rapidly changing information). As a result of intensive
efforts from thousands of scientific groups worldwide, many well-established
‘gaseotransmitter truths’ needed substantial revisions. For instance, nitrite (considered an
inactive metabolite of NO) has emerged as a biologically active ‘pro-drug’ for NO, opening
up a wide range of therapeutic applications (23,38). In addition, potent antibacterial effects
of CORMs have been identified recently, with obvious therapeutic implications (39). A
recent study demonstrates that topical administration of H,S promotes angiogenesis,
opening potential therapeutic applications for wound healing (40). Another recent study
identifies H,S as the ‘endogenous sildenafil’ (an inhibitor of PDES5, and an enhancer of the
effects of endogenously produced NO) (41), a finding that will necessitate a certain re-
evaluation of the biological roles of both NO and H,S.

The area of gaseotransmitters remains a rapidly progressing field of preclinical and clinical
research. Translational work in this area requires a deep understanding of the biology and
pharmacology of these gases, as well as an ability to integrate this scientific knowledge with
the principles of drug development, including medicinal chemistry and clinical and
regulatory aspects. It is safe to predict that continuing research in the area of
gaseotransmitters will lead to the identification of additional new biological concepts with
therapeutic and diagnostic potential.

Sci Transl Med. Author manuscript; available in PMC 2011 February 14.
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Figure 1.
Some of the intracellular effector pathways of NO, CO and H,S. All of these pathways are
necessarily present in a single cell type at the same time.
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Table 1
Biological and therapeutic aspects of the three gasotransmitters: nitric oxide (NO), carbon monoxide (CO) and
hydrogen sulfide (H,S).
NO co H,S

Chemical nature

Reactive free radical, gas

Gas, not a free radical

Reactive gas, not a free
radical

Main enzymatic
biosynthetic route(s)

From L-arginine via nitric
oxide synthases.

From heme via heme
oxygenases.

From L-cysteine, via CSE,
CBS and 3-MPST.

Metabolism, elimination

The main metabolites are
nitrite and nitrate. Major
elimination route for nitrite
and nitrate: urine; minor
elimination route for NO:
exhaled air.

Transiently binds to hemoglobin
to form CO-Hb. A small
fraction of CO oxidizes to form
CO,. Main elimination route:
via exhaled air.

The main metabolites are
thiosulfate, sulfite and
sulfate. Main elimination
route for sulfite, sulfate and
thiosulfate: urine; minor
elimination route for H,S:
exhaled air.

Intracellular effector
pathways

cGMP-dependent protein
kinases; modulation of
enzymatic activity by
posttranslational protein
modifications via
nitrosylation; variable effects
on enzymes Vvia reactions with
heme groups of various
enzymes; inhibition of
cytochrome c oxidase.

cGMP-mediated actions with
lower potency; K¢, channels;
intracellular kinase pathways,
inhibition of cytochrome ¢
oxidase.

Activation (opening) of Katp
channels; inhibition of
cytochrome c oxidase,
inhibition of
phosphodiesterase,
modulation of intracellular
calcium, modulation of
signal transduction
processes.

Therapeutic effects as
inhaled gas

Inhaled NO is an approved for
the therapy of primary
pulmonary hypertension of the
newborn. Inhaled NO was
shown to provide benefit in
animal models of ARDS,
pulmonary hypertension,
sickle cell disease, circulatory
shock, transplant rejection,
vascular injury, heart failure
and other diseases.

Inhaled CO has been tested in
COPD patients and entered into
clinical studies for the therapy
of graft dysfunction after renal
transplantation. Inhaled CO was
shown to provide benefit in
animal models of ARDS,
circulatory shock, transplant
rejection, vascular injury and
other diseases.

In preclinical studies,
inhaled H,S was shown to
provide benefit in acute
hypoxia, acute hemorrhagic
shock, ventilator-induced
lung injury and other
diseases.

Therapeutic effects as
liquid formulation

Not explored.

A CO-containing lavage fluid
was found to produce benefit in
preclinical models of
postoperative ileus. CO-
containing preservation fluids
improve the function of
transplants in preclinical
studies.

Sodium sulfide for injection
has entered Phase Il clinical
trials for cardioprotective
effects. In preclinical
studies, parenteral sodium
sulfide or sodium hydrogen
sulfide was shown to exert
benefit in myocardial
infarction, cardiopulmonary
bypass, liver and kidney
reperfusion injury, transplant
rejection, ARDS and other
diseases.

Prodrugs requiring
conversion

Organic nitrates
(nitrovasodilator compounds
of various classes) are in
routine clinical use in the
therapy of cardiac ischemia,
cardiac failure, hypertension
and other diseases.

Methylene chloride (which is
converted to CO in cells) is a
preclinical research tool that
provides benefit in animal
models of organ failure and
transplantation.

Garlic-derived endogenous
polysulfides release H,S and
exert vasodilatory and
cardioprotective effects in
preclinical models.

Spontaneously releasing
chemical donors

NONOates, nitrosothiols,
sydnonimines, and other
classes of NO donors are in
clinical use or in human trials.
Preclinical studies
demonstrate their efficacy in
cardiac failure, hypertension,
pulmonary hypertension,
reperfusion injury, stroke,

CORMs (Carbon Monoxide
Releasing Compounds)
demonstrate preclinical efficacy
in animal models of reperfusion
injury, ARDS, organ
transplantation and other
diseases. They also exert
antimicrobial effects.

The water-soluble hydrogen
sulfide-releasing molecule
GYY4137 has been tested in
animal models of
hypertension and vascular
disease.
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NO

co

H,S

atherosclerosis and wound
healing.

Combined donors

NO-nonsteroidals, NO-
steroids, NO-statins, NO-
captopril and other combined
NO donors exert benefits in
various models of
inflammation, cardiac and
vascular disease; some of
them have also been tested in
clinical trials including
naproxcinod (Phase 111 trials
completed) for arthritis.

Not explored.

Combined compounds with
a sulfide-releasing moiety
(e.g. various sulfo-
nonsteroidals) demonstrate
beneficial effects in
preclinical models of
inflammation and
cardiovascular disease.

Pharmacological

messenger pathways
activated by the
gaseotransmitter

PDES inhibitors are in clinical

stimulation of the second | use for male erectile

dysfunction, and have
demonstrated therapeutic
benefit in other cardiovascular
diseases in preclinical and
clinical studies. Riociguat and
cinaciguat (direct activators
and stimulators of the soluble
guanylyl cyclase enzyme)
have shown proof-of-concept
efficacy in preclinical and
clinical models of pulmonary
hypertension and heart failure.

Not explored.

Supplementing

of the enzyme that
produces the mediator

L-arginine exerts beneficial

substrate(s) or co-factors | effects in a variety of

cardiovascular diseases in
preclinical models and in
some of the exploratory
clinical studies. L-citrulline
has been shown to be effective
in preclinical and clinical
models of pulmonary
hypertension.
Supplementation of
tetrahydrobiopterin improves
endothelium-dependent
relaxations in preclinical
models of vascular disease.

Not explored.

Cysteine, the precursor of
H,S in some cellular assays
leads to H,S formation.
Parenteral cysteine injection
leads to an increase in the
amount of exhaled H,S after
parenteral administration in
a rodent study.
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