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Abstract

Nitroxyl (HNO), the one electron reduced and protonated congener of nitric oxide, is emerging as a novel
nitrogen oxide with distinct chemistry and biological actions as compared with its redox sibling. The ‘‘thiophilic’’
nature of HNO underlies many of its unique properties, and attention has been focused on its regulation of
cellular function and therapeutic potential, particularly in the treatment of cardiovascular disease. The present
Forum issue summarizes the intriguing chemistry and biology of HNO and highlights its impact in the car-
diovascular and central nervous systems. Recent advances in the development of new HNO donors and their
potential use as tools to study HNO signaling and therapeutic agents are discussed. Evidence is also provided
for a role of HNO as a putative, endogenous regulator of vascular function. However, as highlighted in this
Forum issue, the development of sensitive methods for HNO detection in a biological system is needed to
conclusively prove its in vivo generation. As research expands in this area, it is likely that new targets and
pharmacological applications of HNO will be discovered. Antioxid. Redox Signal. 14, 1609–1613.

Introduction

Nitric oxide (NO�) is undoubtedly the most well-recog-
nized nitrogen oxide, with this biologically active gas

playing an integral role in the control of vascular homeostasis,
the immune response, cellular growth, differentiation, and
neurotransmission (25). Recently, however, NO� is having to
share centre stage with its one electron reduction product,
nitroxyl (HNO).

Although chemists have studied HNO since the early 1900s,
significant interest in the biological actions of this nitrogen
oxide has arisen only in the last decade with the discovery that
HNO has unique chemical and pharmacological properties
(17, 33). Indeed, the striking finding by Paolocci and colleagues
that HNO, unlike NO�, serves as a positive cardiac inotrope
(via thiol modification) (28) and has potential in the treatment
of heart failure (29) has led to marked advances in the field. It is
now recognized that thiol- and metallo-containing proteins
serve as the primary targets for HNO and, for the most part,
the facile reaction of HNO with thiols underlies its distinct
biological actions. Interestingly, HNO may also be endoge-
nously generated, and research is directed at developing sen-
sitive detection methods for HNO in vivo.

The current Antioxidants and Redox Signaling Forum ex-
plores the most recent developments in the field of HNO
signaling and pharmacology. The issue consists of two origi-
nal articles and six reviews by many of the leaders in the HNO
field. The original articles focus on the role of HNO as an en-
dogenous regulator of vascular tone and its resistance to tol-
erance development with continued administration, a finding

with therapeutic relevance. The review articles unravel the
chemistry and biology of HNO and provide explanations for
its distinct biological actions as compared with NO�. More-
over, the importance of HNO in the cardiovascular and cen-
tral nervous systems (CNS) is explored, and the development
of novel HNO donors and their therapeutic potential is
highlighted.

Before proceeding further, it should be noted, as empha-
sized in this issue by Fukuto and Carrington (13), that the use
of the term nitroxyl to describe HNO is ambiguous. Although
this term is commonly used when describing the biological
actions of HNO, such nomenclature does not describe its
chemical structure and more appropriate terms are nitrosyl
hydride or hydrogen oxonitrate. Moreover, nitroxides
(R2NO./R2N + -O - ) are commonly referred to as HNOs, and
caution should be exerted when reviewing the literature, as
some reports will not be related to HNO.

HNO Chemistry and Biology

In the first review article of the Forum, Wink and colleagues
(11) have eloquently compared and contrasted the chemistry
of NO� and HNO and discussed the chemical biology of HNO
that underlies its unique actions. As a weak acid, HNO (pKa

11.4) exists in its protonated form at physiological pH (2) and
undergoes rapid dimerisation and dehydration to nitrous
oxide. The authors highlight that the acid/base chemistry of
HNO is distinct with this nitrogen oxide able to serve as a
nucleophile or electrophile depending on the reaction condi-
tions/partners. Indeed, the two main biological targets

Vascular Biology and Immunopharmacology Group, Department of Pharmacology, Monash University, Clayton, Victoria, Australia.

ANTIOXIDANTS & REDOX SIGNALING
Volume 14, Number 9, 2011
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2011.3937

1609



of HNO are thiols and metals that it oxidizes and reduces,
respectively.

Wink and colleagues (11) describe the nature of the inter-
action of HNO versus NO� with thiols, which is a major dis-
tinguishing feature of these redox siblings. Thus, although
NO� requires autoxidation to induce thiol nitrosation, HNO
associates with thiols rapidly and with ease, leading to their
oxidation. The authors indicate that thiol modification by
HNO is a two-step process, such that association with a thiol
first leads to the generation of a N-hydroxysulfenamide in-
termediate which can react with additional thiols to form a
disulfide (reversible process) or undergo rearrangement to
generate a sulfinamide (irreversible process), which serves as
a unique footprint for HNO activity (14, 32).

The biological consequences of HNO-thiol interactions
are explored in the review by Fukuto and Carrington (13).
Thus, the reactivity of HNO with thiols targets its actions
to thiol-containing proteins (i.e., aldehyde dehydrogenase,
glyceraldehyde 3-phosphate dehydrogenase) and receptors/
ion channels (i.e., cardiac sarcoplasmic ryanodine receptors).
The authors indicate that it is in the myocardium where the
ability of HNO to modify thiol activity has gained much at-
tention. Here HNO interacts with thiol proteins involved in
sarcoplasmic reticulum (SR) Ca2 + release and uptake, to en-
hance Ca2 + cycling, and increase myocardial contractility, a
phenomenon not observed with NO�. Both processes are re-
versible, indicative of disulfide or N-hydroxysulfenamide
formation. Fukuto and Carrington (13) raise the interesting,
although purely speculative, concept that the formation of a
stable N-hydroxysulfenamide within a protein by HNO may
confer specific alterations in protein function.

Intriguingly, HNO preferentially targets thiol-containing
proteins, leaving cellular gluthathione levels unaltered. As
discussed by Fukuto and Carrington (13), the reasons under-
lying such selectivity remain an enigma, particularly given the
high cellular concentration of gluthathione [1–10 mM]. The
authors put forward a number of potential explanations. First,
HNO-thiol modifications may be readily reversed by biologi-
cal reductants such that only a few select thiols remain oxi-
dized by HNO. Second, irreversible (i.e., sulfinamide) versus
reversible (i.e., disulfide) thiol modifications by HNO may
predominate. Third, the reactivity of HNO with a thiol will
depend on its pKa and cellular location such that HNO, as an
electrophile, may target nucleophilic thiolates (RS-) over sulf-
hydryls (11); and the hydrophobic nature of HNO may direct
its action to membrane-bound molecules. From a therapeutic
viewpoint, such selectivity of HNO for certain protein thiols is
fortuitous, as it underlies the ability of HNO to increase myo-
cardial contractility while maintaining cellular redox status as
discussed in detail by Paolocci and colleagues (35) in this issue.

Further distinction between HNO and NO� is evident on
consideration of their interaction with metalloproteins. NO�

interacts predominantly with ferrous (Fe2 + ) heme proteins,
whereas HNO preferentially targets ferric (Fe3 + ) heme groups
(23). As discussed by Wink and colleagues (11), such inter-
actions lead ultimately to the generation of the same end
product, a ferrous nitrosyl complex (ON-Fe2 + -Heme). Un-
doubtedly, the most well-recognized heme-containing pro-
tein HNO interacts with is the NO� receptor, soluble guanylyl
cyclase (sGC). However, as explored by Fukuto and Car-
rington (13), whether HNO itself can directly activate sGC or
first requires oxidation to NO� remains contentious with re-

cent studies providing evidence in support of direct (22) and
indirect (39) targeting of sGC by HNO. Although further
work is required to reconcile these findings, it is clear that the
sGC/cGMP signaling pathway plays a predominant role in
the actions of HNO in the vasculature (3). Indeed, given the
preference of HNO for ferric (Fe3 + ) versus ferrous (Fe2 + ) heme
groups, it is tempting to speculate that HNO may target the
oxidized (Fe3 + ), NO�-insensitive, form of sGC. However, this
concept was recently refuted with HNO shown to only acti-
vate the reduced (Fe2 + ) state of sGC (22, 39). The relative
resistance of Fe3 + -sGC to substitution may necessitate the use
of high concentrations of HNO to achieve activation. Inter-
estingly, higher concentrations of HNO can limit sGC activity,
possibly via oxidation of cysteine residues on the protein—an
action that may serve to limit adverse effects of HNO, such as
deleterious hypotension (22).

The unique chemistry and biological actions of HNO just
discussed have been elucidated via the use of HNO donor
compounds that are necessary due to the rapid dimerisation
of HNO. The HNO donor, Angeli’s salt (Na2N2O3), first
synthesized by the Italian chemist Angelo Angeli in 1896, has
been the mainstay of the field. However, its short half life
(2–3 min) and concomitant release of nitrite, which itself has
biological actions, confers limitations. As such, pure and
longer-acting HNO donors are needed to fully characterize
the physiological actions and potential toxicity of HNO and
provide a platform for HNO-based therapeutics.

Advances in this area have been made with the develop-
ment/modification of novel HNO donors as discussed in de-
tail by DuMond and King (9). The authors have indicated
that the development of HNO donors is based predominantly
on the generation of HNO from hydroxylamine derivatives
(i.e., Angeli’s salt, Piloty’s acid, cyanamide, and diaze-
niumdiolates) or the decomposition of nitroso compounds (i.e.,
acyl nitroso, acyloxy nitroso). Although secondary amine-
derived diazeniumdiolates (NONOates) are well known as
NO� donors, primary amine-derived NONOates such as the
isopropylamine NO-adduct can serve as HNO donors (24).
The ability to modify the primary amine in this class of com-
pounds provides the opportunity to generate HNO donors
with different half lives and release kinetics. Interestingly,
King and colleagues (31) have developed a new class of acy-
loxy nitroso-based HNO donors (blue compounds), which
release HNO on ester hydrolysis. DuMond and King (9)
highlighted that changes in structure of the organic group can
alter the kinetics of HNO release. Although initial studies in-
dicate that these compounds have similar cardiovascular ac-
tions as Angeli’s salt (10, 31), further investigation is required
as acyloxy nitroso compounds themselves react with thiols
and such an action may compete with the release of HNO from
these agents. It is clear that significant progress is being made
in the generation of new HNO donor compounds, and these
tools will strengthen research efforts in the field.

Actions of HNO in the Cardiovascular
System and CNS

The next set of review articles in this Forum focus on the
role of HNO in the regulation of myocardial and vascular
function and its role in the CNS. Although the effects of NO�

in the cardiovascular system are attributed mainly to the ac-
tivation of sGC and subsequent increase in cGMP, the facile

1610 KEMP-HARPER



reaction of HNO with thiols confers actions distinct from
those of its redox sibling in this setting. Indeed, as compre-
hensively reviewed by Paolocci and colleagues (35), there is
no better place to look for the unique pharmacological profile
of HNO than in the heart.

In 2001, Paolocci and colleagues (28) identified an ability of
HNO to increase myocardial contractility (positive inotropy)
and hasten relaxation (positive lusitropy)–an effect not ob-
served with NO�. Importantly, such positive inotropic effects
of HNO are preserved in the setting of acute experimental
heart failure (29) and this property, coupled with its unload-
ing action (via vasodilatation), make HNO a promising agent
for the treatment of heart failure.

Thiol modification by HNO underpins its cardiostimula-
tory action. As discussed by Paolocci and colleagues (35), the
excitation-contraction machinery of the myocardium is a
prime target for HNO, as these structures contain cysteine
residues (redox switches) that are susceptible to redox mod-
ification. Specifically, HNO activates cardiac ryanodine re-
ceptors (RyR2), via oxidation of cysteine thiols, leading to
Ca2 + release from the SR (4, 34). In addition, HNO can target
thiol groups on the SR Ca2 + -ATPase (SERCA2a) (19) and its
regulatory partner, phospholamban (12), to stimulate Ca2 +

uptake into the SR as well as sensitize myofilaments to Ca2 +

(8). These actions of HNO on SR Ca2 + cycling and myofila-
ment function lead to an increase in contractile force and ac-
count, to a large extent, for its cardioprotective properties.

The authors also discuss the protective (27) and detrimental
(21) actions of the HNO donor, Angeli’s salt, which been re-
ported in the setting of myocardial ischemia/reperfusion
(I/R) injury. Although HNO protects against I/R injury when
administered preischemia, it aggravates injury when given at
the time of reperfusion and the mechanisms underlying such
opposing actions remain to be elucidated.

Complementary to its positive inotropic actions, HNO also
serves as a vasodilator and anti-aggregatory agent. Our un-
derstanding of the vasoprotective actions of HNO have been
expanded over the past few years as reviewed by Bullen and
colleagues (3). Similar to NO�, HNO elicits vasodilatation
predominantly via activation of sGC, yet it can also signal via
distinct pathways including the release of calcitonin gene-
related peptide and the activation of K + channels (Kv, KATP).

The authors also explore the possibility that the vasopro-
tective actions of HNO may be preserved under pathophysi-
ological conditions associated with increased reactive oxygen
species generation and compromised NO� signaling. Thus,
unlike traditional NO� donors, such as the organic nitrate
glyceryl trinitrate (GTN), HNO is resistant to scavenging by
superoxide and does not develop tolerance after acute ad-
ministration in vitro (16). Moreover, in an original article in
this Forum issue, Irvine et al. (15) demonstrate that chronic
in vivo administration of the HNO donor Angeli’s salt, in rats,
does neither lead to tolerance to its vasodilatory actions
(in vivo or ex vivo) nor cause cross-tolerance to GTN. Such
findings are of clinical relevance, suggesting that HNO donors
may be of use in patients resistant to the effects of GTN.

Bullen et al. (3) highlight that there is a paucity of infor-
mation on the effects of HNO on cellular growth and prolif-
eration and its potential anti-inflammatory actions. Although
a recent study has identified an ability of the HNO donor,
isopropylamine NO-adduct, to inhibit vascular smooth
muscle and endothelial cell proliferation (36) and preliminary

evidence suggests that HNO is able to limit vascular NADPH-
oxidase derived superoxide generation, further investigation is
needed to fully elucidate the cytoprotective armoury of HNO.

Although much attention has been afforded to the actions
of HNO in the cardiovascular system, evidence is emerging
that HNO also modulates the CNS, as comprehensively re-
viewed by Donzelli and colleagues (6). The authors indicate
that HNO may target thiol groups to modulate neuronal
function, including stimulation of N-methyl-d-aspartate re-
ceptors (18) and, hypothetically, neuronal RyR to evoke ex-
citoxicity and calcium-induced calcium release, respectively.
Such actions of HNO, together with its potential to impair
energy metabolism, may be detrimental in the CNS and high
concentrations of the HNO donor Angeli’s salt have been
shown to induce neurotoxicity (motor neuron injury, reduced
striatial dopamine) (37). In addition, Donzelli and colleagues
discuss their recent finding that systemic administration of
Angeli’s salt increased infarct size in an animal model of is-
chemic stroke (5). Taken together, these studies indicate that
HNO may have adverse effects in the CNS, yet further work is
required to determine whether such neurotoxic actions are
observed with lower doses of HNO donors, which have been
shown to be cardioprotective, if they are dependent on the
route of administration and nature of the HNO donor used
and the model of neurotoxicity employed.

Endogenous Generation of HNO

Although the chemistry and pharmacology of HNO is
being rapidly unraveled, a major question remains un-
answered—is HNO generated endogenously? Despite the
identification of a number of potential biosynthetic pathways
for HNO, the lack of direct detection methods for this nitrogen
oxide has precluded definitive proof for its production in vivo.

Nevertheless, the role of HNO as an endogenous signaling
molecule can be inferred from pharmacological studies that
employ well-characterized tools (i.e., thiols and NO� scaven-
gers) to discriminate between HNO and NO�. A number of
reviews in this Forum issue have addressed the concept of
putative endogenous HNO formation from NO synthase
(NOS)-dependent and -independent sources in the myocar-
dium (35), vasculature (3), and brain (6). Bullen et al. (3)
indicated that in the vasculature, HNO may serve as an en-
dothelium-derived relaxing factor working in concert with
NO� to cause vasorelaxation of conduit and resistance arteries
(1). Further support for this idea is provided by the original
article by Yuill et al. (38) in this issue, in which the authors have
identified an ability of both exogenous and endothelial-
derived HNO to initiate spreading vasodilatation in isolated,
pressurized rat small mesenteric arteries. Such a phenomenon
occurs as a consequence of HNO-mediated vascular smooth
muscle hyperpolarization and suggests a physiological role for
HNO in maintaining tissue perfusion. Importantly, spreading
vasodilatation is not observed with NO�, further highlighting
the distinct actions of these redox siblings. Evidence also sug-
gests that HNO may serve as a nitregic transmitter (7, 20), and
Donzelli and colleagues (6) speculated that the generation of
HNO from neuronal NOS during cerebral ischemia may con-
tribute to CNS injury, a concept which remains to be proven.

The detection of HNO remains a challenge for the field.
However, with the recent development of small-molecule,
metal-based fluorescent probes specific for HNO (30), we are
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now hopefully one step closer to determining whether HNO
is an endogenous signaling partner of NO�.

Future Directions

Over the last decade, significant advances have been made
in our understanding of the chemistry and biology of HNO.
It is becoming increasingly evident that the thiol reactivity
of HNO underlies much of its unique pharmacology as com-
pared with NO�. From a therapeutic perspective, HNO-
induced thiol modification confers potential in the use of HNO
donors in the treatment of alcoholism (via inhibition of alde-
hyde dehydrogenase) and heart failure. Moreover, the vaso-
protective actions of HNO, coupled with its resistance to
tolerance development, indicate that these compounds may be
utilized in the treatment of vascular dysfunction associated
with angina and atherothrombotic syndromes. Interestingly, in
this issue, Wink and colleagues (11) also highlighted a potential
use of HNO donors in the treatment of cancer. Thus, at high
millimolar concentrations, HNO can lead to DNA double-
strand breaks and cellular toxicity. In addition, HNO inhibits
breast and neuroblastoma cancer proliferation and limits blood
vessel density in tumors (26), possibly via HNO-mediated in-
hibition of glycolysis (via glyceraldehyde 3-phosphate dehy-
drogenase inhibition) and DNA repair (via poly (ADP-ribose)
polymerase inhibition). Although such actions of HNO are
desirable in cancer therapy, it will be necessary to limit the
potential cytotoxic effects of HNO (i.e., via dose) in the treat-
ment of other pathophysiological conditions. This is of partic-
ular relevance in light of the findings that HNO can, under
certain circumstances, aggravate I/R injury in the myocardium
and brain. As such, it is imperative that future studies fully
elucidate the potential toxicological effects of HNO and de-
lineate the impact of dose, mode, and timing of administration,
model (in vitro vs. in vivo), and species utilized in such actions.

Currently, the field of HNO research is faced with a number
of burning questions. Is HNO an endogenously generated
species? How does HNO selectively target certain thiols/thiol
proteins? Are the actions of HNO sustained under redox-
altered conditions? Does HNO influence energy production
or ROS generation? What impact does HNO have outside the
cardiovascular system? Excitingly, with advances being made
in the development of pure, long-lasting HNO donors and
sensitive detection methods for HNO in the intact cell, it is
anticipated that many of these questions will be answered in
the near future.

HNO is no longer the forgotten redox sibling of NO�. Its
unique chemistry and pharmacology has captured the interest
of researchers in the field and focused attention on its po-
tential role as an endogenous regulator of cellular signaling
and therapeutic agent. I wish to thank all the authors for their
valuable contributions to this Forum issue; it has provided an
authoritative insight into the area of HNO research.
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GTN¼ glyceryl trinitrate
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SERCA¼ SR Ca2+-ATPase
sGC¼ soluble guanylyl cyclase

SR¼ sarcoplasmic reticulum
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