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In 1998, Robert Furchgott, Louis Ignarro and Ferid Murad were
awarded the Nobel Prize in Physiology or Medicine for ‘for their
discoveries concerning nitric oxide as a signalling molecule in
the cardiovascular system’. Before these discoveries, NO was
considered to be a caustic pollutant gas in the earth’s atmo-
sphere, with chemical properties that would preclude its consid-
eration as an endogenous signalling molecule of any sort. For
example, NO is highly lipid soluble, freely permeates all mem-
branes and is a free radical readily reacting with oxygen and
other radicals, iron and sulphur species. How could such a mol-
ecule exist endogenously, much less act as a signalling mole-
cule? However, the discovery (Ignarro et al., 1986a,b, 1987a,b)
that mammalian tissues produce NO as a signalling molecule
created an avalanche of studies by hundreds of investigators
that established, unequivocally, the physiological relevance of
the NO-cyclic GMP pathway. Interestingly, the very chemical
properties that earlier argued against NO as a possible endoge-
nous molecule turned out to be the most salient characteristics
that make NO the perfect signalling molecule.

The earliest pharmacological experiments with NO were
performed by Ferid Murad, who demonstrated in 1977 (Katsuki
et al., 1977) that NO gas could activate the cytosolic isoform of
guanylyl cyclase (GC), thereby catalysing the conversion of
GTP to cyclic GMP. This idea to test NO for such activity came
from an astute observation by Murad, followed by his passion
for mechanistic approaches to pharmacology. In working with
enzyme protein solutions, bacterial contamination can often
destroy the protein or reduce its catalytic activity. The antibacte-
rial agent, sodium azide (NaN3), was added to unpurified GC
preparations to provide stability and extend catalytic activity.
Murad noted that such azide-treated preparations had about
100-fold more catalytic activity than untreated enzyme (Mittal
et al., 1975). Moreover, addition of NaN3 to isolated tissue prep-
arations caused a marked increase in cyclic GMP levels. In a

systematic series of experiments, it was found that azide, in
the presence of catalase, was converted toNO, which accounted
for the markedly higher GC activity and increased tissue levels
of cyclic GMP (Katsuki et al., 1977). These experiments with
NaN3 and NO launched the field of NO research.

Additional experiments revealed that certain chemicals con-
taining NO or related groups could also elevate tissue levels of
cyclic GMP, and if the tissue studied was nonvascular smooth
muscle, relaxation was observed (Katsuki et al., 1977). My labo-
ratory revealed that vascular smooth muscle was also relaxed
byNO,NOdonor compounds, and that cyclic GMPwas the sec-
ondmessengermediating the effect ofNO (Gruetteret al., 1979).
Even the more structurally complex organic nitrate and nitrite
esters were demonstrated to elicit vascular smoothmuscle relax-
ation by being metabolized to NO (Ignarro et al., 1981).

The years 1980 and 1981 were pivotal years for basic re-
search in the NO and vascular biology fields. NO was shown
to be a potent inhibitor of human platelet aggregation, working
through cyclic GMP mechanisms (Mellion et al., 1981). Nitro-
glycerin was demonstrated unequivocally to promote vasodi-
lation by NO-cyclic GMP mechanisms (Ignarro and Gruetter,
1980). S-Nitrosothiols were synthesized and shown to be excel-
lent NO-donor compounds in the laboratory (Ignarro et al.,
1980; Ignarro and Gruetter, 1980). ACh was shown to require
the presence of a healthy, functioning vascular endothelial cell
layer to cause relaxation of the underlying smooth muscle
(Furchgott and Zawadzki, 1980). Thiswas the discovery of endo-
thelium-derived relaxing factor or EDRF by Robert Furchgott.

Summarizing, three principal discoveries resulted in the
awarding of the Nobel Prize in Physiology or Medicine for NO
in 1998. Firstly, Ferid Murad discovered that NO activates GC
and elevates tissue levels of cyclic GMP, thereby establishing
theNO-cyclic GMPpathway. Secondly, Robert Furchgott discov-
ered EDRF. Thirdly, my group discovered that EDRF is NO,
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thereby establishing that mammalian cells produce NO. Since
the discovery that EDRF is NO in 1986, literally tens of thou-
sands of papers were published on the chemistry and biology
of NO during the subsequent 12 year period leading up to the
Nobel Prize. I know of no other field of biomedical research that
exploded in such an astonishing manner over such a short pe-
riod of time. The interested reader is referred to Volume 1 of ‘Ni-
tric Oxide – Biology and Pathobiology’ (Ignarro, 2000).

One additional discovery that is pertinent to NO and cyclic
GMP, which is worth mentioning here, is the work that culmi-
nated in the development and marketing of ViagraR (sildena-
fil) for the treatment of erectile dysfunction. NO was reported
to be the principal neurotransmitter of the NANC neurons in-
nervating the corpus cavernosumor erectile tissue in rabbits (Ig-
narro et al., 1990) and humans (Rajfer et al., 1992). The Pfizer
Pharmaceutical Company followed up on these observations
and developed a drug (sildenafil) for the treatment of erectile
dysfunction in men. Sildenafil works as a potent selective PDE
inhibitor (PDE-5, an isoform that is concentrated in erectile tis-
sue) and results in the marked enhancement of tissue cyclic
GMP accumulation in response to only small amounts of NO.
The marketing of sildenafil as ViagraR took place in March of
1998. Interestingly, just 7 months later, the announcement
was made for the 1998 Nobel Prize in the field of NO.

In this themed section, which celebrates 20 years since the
1998 Nobel Prize, we have an opportunity to see how much fur-
ther the field has advanced since that enlightening day in
Stockholm. The discovery of NO as an endogenously generated
effector molecule was a paradigm shift in biological signalling
and suggested the possibility that other small, freely diffusible
molecules might be synthesized endogenously as active mole-
cules. Such other molecules included HNO, CO andH2S. In this
issue, Fukuto discusses the discovery of HNO (nitroxyl) as an im-
portant, potential signalling molecule in the mammalian species
(Fukuto, 2019). HNO possesses unique effects on the heart,
namely, a positive inotropic effect that is distinct from the effects
of NO. Therefore, HNO or HNO donor compounds represent a
novel and pharmacologically important strategy for treating
heart failure. Due to the recognition of the therapeutic potential
and clinical demand for a drug to treat heart failure, clinical
studies using HNO donors show encouraging results (Tita et al.,
2017).

As in many other tissues, NO plays key roles in regulat-
ing a wide range of functions in the gastrointestinal tract
in both health and disease, such as maintenance of
mucosal integrity, through modulation of mucosal defence
and through regulation of secretion and smooth muscle
function. NO also plays a role in pathophysiology, particu-
larly with respect to regulating mucosal inflammation,
enteric pain and responses to injury. There are many
poorly managed diseases of the GI tract, such as
inflammatory bowel disease, for which NO-based therapies
hold significant promise. In this issue, Wallace (2019)
reviews the contributions of NO to mucosal defence and
disease, with examples provided of attempts to develop
NO-based treatments for some prevalent GI disorders.

It has become increasingly evident during the past decade
that the efficacy of cancer therapy depends not only on the abil-
ity to successfully target tumour cells but also activation of the
immune system to control tumour progression. NO generated
by NOS-2 and PGE2 generated by COX-2 have emerged as

key players in the regulation of cytokine-mediated signalling
and cellular metabolism. Both enzymes are inducible rather
than constitutively expressed. Triple negative breast cancer
(TNBC) is an inflammation-driven and very aggressive cancer.
Therefore, it is not surprising that co-expression of high NOS-2
and COX-2 leads to dramatically reduced patient survival. Here,
we have a clear situation where two distinct signalling mole-
cules, NO and PGE2, when produced in relatively large quanti-
ties, can exacerbate certain forms of breast cancer. This
phenotype is supported by feed-forward mechanisms where
NOS-2 is activated by PGE2, and COX-2 is activated by NO,
and these pathways involve cytokines such as IL-8 (CXCL8),
IL-6 andTNF-α. In this issue, Basudharet al. discuss how further
insights into the interface between metabolism and immunity
can lead to novel therapeutic approaches by inhibiting the over-
production of both NO and PGE2 (Basudhar et al., 2019).

The studies involving NOS have played a prominent role in
NO biology and pathobiology from its discovery to the present
time. Literally, thousands of research articles have been pub-
lished on the isoforms of NOS. The discovery of NOS was made
by Bredt and Snyder in 1990, approximately 4 years after NO
was first shown to be produced in mammalian tissues. This par-
ticular NOS was from rat cerebellum and, therefore, was the
neuronal NOS isoform (nNOS) or NOS-1. In this first and
historic article, not only was the enzymatic biosynthesis of NO
revealed but the enzymewas isolated, purified, characterized (re-
quiring NADPH and calcium; producing stoichiometric quanti-
ties of citrulline as a second reaction product) and shown to
be dependent on the presence of calmodulin for catalytic activ-
ity (Bredt and Snyder, 1990). The discovery of constitutively
expressed neuronal NOS was quickly followed by the identifica-
tion of endothelium-derived NOS (eNOS; NOS-3; constitu-
tively expressed) and inducible NOS (iNOS; NOS-2; not
constitutively expressed). In this issue, Stuehr andHaquediscuss
whatwas known aboutNOS enzymology before the 1998Nobel
Prize and what has been learned since that time (Stuehr and
Haque, 2019). The more recent advances made include NOS
maturation and assembly, with particular emphasis on the haem
insertion process and catalytic feedback effects of NO itself.

Knowledge of the pharmacology of NO in the cardiovas-
cular system by 1980, coupled with the discovery in 1986
that vascular endothelial cells produce NO, led to the inevita-
ble discovery of endothelial NOS or eNOS (Förstermann et al.,
1991). This discovery of a unique membrane-bound isoform
of NOS subsequently led to an explosion of mechanistic
information on the molecular and cellular pathways that
regulate eNOS function and catalytic activity. Moreover,
these studies allowed the systematic exploration of how this
enzyme is regulated in health and disease. As Garcia and Sessa
(2019) discuss in this issue, eNOS is critical for normal vascu-
lar homeostasis, vascular remodelling and adaptation to
stress and exercise. Central to this field of study is whether
correction of impaired endothelium-dependent responses,
which is the hallmark of cardiovascular disease progression,
would delay or prevent disease. Answers to such critically
important questions will inevitably come from a deeper
understanding of the multifaceted regulation of eNOS and
should lead to novel therapeutic approaches for the preven-
tion and/or treatment of vascular dysfunction and disease.

Since the early measurements of cyclic GMP levels in
mammalian tissues, it was appreciated that the brain,
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particularly the cerebellum, had relatively high levels. In the
late 1970s, NO was shown to stimulate the biosynthesis of
cyclic GMP in numerous tissues including brain. Interest-
ingly, more than 10 years before the discovery of neuronal
NOS, the addition of L-arginine to brain tissue was found
to increase the levels of cyclic GMP. This was later shown to
be attributed to the conversion of L-arginine to NO by nNOS,
and subsequent activation of cytosolic GC by NO. In this
issue, Garthwaite (2019) provides a detailed and exciting ac-
count of the chronology of experiments leading to the identi-
fication of NO as an important neuronal transmitter in the
brain (Garthwaite et al., 1988). These studies show clearly
how seemingly diverse experimental results emerging from
different laboratories can converge into the discovery of a
distinct and novel CNS neurotransmitter. This discovery
accounts for the present-day knowledge of high levels of
nNOS, soluble GC and cyclic GMP in brain tissue. Moreover,
we now have a much better idea of the functions of NO and
cyclic GMP in certain regions of the brain. As Garthwaite
highlights in this issue, the past 20 years have been character-
ized by major changes in our understanding of the NO-cyclic
GMP signalling pathway, both in terms of its overall effects
on many different overall brain functions and in the details
of how it operates.

At about the time NO was identified as the NANC neuro-
transmitter responsible for penile erection (Ignarro et al.,
1990), NO was demonstrated to function as an inhibitory
neurotransmitter in the enteric nervous system (Bult et al.,
1990). Soon thereafter, other evidence amassed that
established NO as an enteric inhibitory neurotransmitter. As
a consequence, the terminology rapidly changed to describe
responses mediated by NO from NANC neurons as nitrergic;
it was no longer necessary to refer to such responses as NANC.
In this issue, Sanders and Ward focus on the role and mecha-
nisms of NO as an enteric neurotransmitter that have
emerged since the Nobel Prize for NO in 1998 (Sanders and
Ward, 2019). It is clear that nitrergic regulation is extremely
important in GI motility, as NO is a major inhibitory
neurotransmitter in nearly every region, and is a mediator
of inflammatory effects during overproduction.

Soon after the discoveries that NO is produced in mam-
malian cells and that the mechanism of NO production is
via the catalysed oxidation of L-arginine by NOS, attention
was focused on the mechanisms by which the physiological
effects of NO are terminated. NO undergoes numerous and
distinct oxidation reactions to other nitrogen oxides, which
either are biologically inactive or do not share the same
biological activity as NO itself. Perhaps the most prevalent
oxidation reaction in biologic tissues is the conversion of
NO to NO2

� (nitrite) and NO3
� (nitrate). NO2

� and NO3
� are

often thought of as being the inactive metabolic products of
NO since the biological activity of NO2

� is several orders of
magnitude lower than NO, and NO3

� is essentially inactive.
This concept was dogma for many years until more recent ob-
servations showed clearly that both NO2

� and NO3
� are biolog-

ically active, albeit indirectly. In this issue, DeMartino et al.
discuss the progression of studies demonstrating that NO2

�

and NO3
� serve as biological reserves of NO, and under what

conditions NO can be produced from such stores (DeMartino
et al., 2019). Today, it is clear that NO2

� and NO3
� are not sim-

ply inactive products of NO metabolism but play important

roles in conserving NO. The fact that the products of NO bio-
synthesis and metabolism all serve as biological reserves of
NO is intriguing. The second reaction product of the NOS
pathway is L-citrulline, which is enzymically recycled back
to L-arginine, the substrate for NOS to produce more NO.
Likewise, NO2

� and NO3
�, the oxidation products of NO, act

as reserves of NO because each can be converted back to NO
by distinct reductive pathways. The biological importance
and potential clinical application of these concepts are nicely
discussed in this issue.

The first clinical application of NO gas was pioneered by
Warren Zapol in the early 1990s at theMassachusetts General
Hospital in Boston. In this issue, Yu et al. describe the initial
experiments performed in awake sheep with pulmonary
hypertension, and how this led to clinical studies in infants
suffering from persistent pulmonary hypertension (Yu et al.,
2019). Initially, some thought that inhaled NO would be
toxic to animals, including humans, because of the oxidation
of NO in air to NO2 (nitrogen dioxide) gas, which is highly
toxic. However, the chemistry of NO is kind to the inhaler
of small quantities because the reaction between NO and O2

is second order in NO and first order in O2. That is, high con-
centrations of NO react with O2 at a very fast rate to produce
high concentrations of NO2. However, very low concentra-
tions of NO (e.g. 10 p.p.m. or less) react very slowly with O2

to form negligible quantities of toxic NO2. Therefore, small
quantities of NO can be mixed with O2 and safely adminis-
tered to animals and humans by inhalation, without any
significant presence of NO2. As a safety measure, the inhaled
NO/O2 gas mixture is scrubbed in the apparatus just prior to
inhalation in order to remove any small amounts of NO2 that
might be formed. The inhaled NO reaches the patent airways
and diffuses into the adjacent pulmonary arteries to dilate
them and alleviate pulmonary hypertension by decreasing
pulmonary artery pressure and resistance. The vasodilation
is specific for the pulmonary vasculature because any NO that
gets into the circulation is immediately destroyed by
oxyhaemoglobin, thereby preventing any downstream
systemic vasodilation. Inhaled NO therapy affords a safe
and non-invasive method of treating persistent pulmonary
hypertension in newborn babies. In this issue, the many
advances made in the use of inhaled NO to treat a variety of
cardio-pulmonary disorders are discussed. In addition, a
novel and economic method of production of NO, which
uses pulsed electrical discharges in air to produce therapeutic
levels of NO that can be used for inhalation therapy, is
described in detail.

This themed section provides a snapshot of the progress
that has beenmade in the field of NO research during the past
20 years. This begs the question of what more will we under-
stand 20 years from now? Inmy view, the chemical biology of
NO strongly suggests, if not indicates, that many additional
physiological actions will be discovered. Just as one example,
the complex interactions between NO and haem-containing
proteins are likely to uncover a host of new regulatory mech-
anisms and pathways. Another example is the physiological
significance of the relatively high levels of neuronal NOS
and cyclic GMP above and beyond their known roles in neu-
rotransmission and neuromodulation. Finally, the wide-
spread interactions between NO and ubiquitous sulphur-
containing molecules are likely to uncover new signal
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transductionmechanisms by which NO regulates a host of di-
verse biological pathways.
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