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Abstract

Nitroxyl or azanone (HNO) represents the redox-related (one electron reduced and protonated) 

relative of the well-known biological signaling molecule nitric oxide (NO). Despite the close 

structural similarity to NO, defined biological roles and endogenous formation of HNO remain 

unclear due to the high reactivity of HNO with itself, soft nucleophiles and transition metals. 

While significant work has been accomplished in terms of the physiology, biology and chemistry 

of HNO, important and clarifying work regarding HNO detection and formation has occurred 

within the last 10 years. This review summarizes advances in the areas of HNO detection and 

donation and their application to normal and pathological biology. Such chemical biological tools 

allow a deeper understanding of biological HNO formation and the role that HNO plays in a 

variety of physiological systems.
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1. Introduction

The discovery of nitric oxide (NO) as a biological signaling agent helped establish the 

importance of endogenously produced gaseous small molecules as modulators of numerous 

physiological processes.1–3 NO-mediated signaling plays widely-recognized roles in blood 

pressure and flow control, the immune response and neurotransmission and NO’s role in 

blood pressure control explains the mechanism of action of clinically long-used drugs like 

nitroglycerin.2,4–6 These initial findings triggered wide-ranging investigations to support and 

explore NO-based physiological signaling.4,7,8 For example, metallo-heme proteins, 

particularly soluble guanylate cyclase (sGC) in terms of smooth muscle relaxation, were 

identified as valid biological targets of NO that ultimately allowed the development of new 

clinical phosphodiesterase inhibitors that modulate NO’s actions.4,5,9–12 Protein thiols react 

with NO or its redox forms to yield S-nitrosothiols (RSNO) that control NO transport, 
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preservation and form an NO-based post-translational modification.13,14 Other early work 

clearly defined the nitric oxide synthase (NOS) catalyzed oxidation of L-arginine to NO and 

L-citrulline as a pathway of NO biosynthesis and demonstrated the existence of this system 

in endothelial and neural tissue and macrophages.5,8,15–20 Numerous analytical methods 

either existed or were developed, including spectroscopic, electrochemical and 

chemiluminesence techniques, to measure NO levels allowing researchers to track and 

monitor this reactive signaling agent.21–24 Commercially available nitric oxide gas provides 

direct access to solutions of NO but many other NO donors, especially the diazenium 

diolates (NONOates) achieve more controlled NO delivery.25 The contributions of these 

basic studies in pharmacology, biochemistry, molecular biology, enzymology, chemistry and 

physics have driven the current understanding of NO signaling and its translation to 

physiology and medicine.

Nitroxyl or azanone (HNO) differs from nitric oxide (NO) only by the addition of a 

hydrogen atom (the formal one-electron reduction and protonation product of NO, Figure 1). 

Given the close structural similarity of HNO to NO, HNO initially gained significant 

consideration as a possible component of NO’s biological response or intermediate in NO 

biosynthesis.26–30 Despite the structural similarity, the high chemical reactivity of HNO has 

hindered the overall development of our understanding of HNO’s basic chemical and 

biological properties as compared to NO. HNO represents the smallest and simplest nitroso 

compound (RN= O, R = H for nitroxyl) and exhibits reactivity like other C-nitroso 

compounds as HNO reacts with itself to form a dimer (k = 8 × 106 M−1 s−1) that dehydrates 

to ultimately give nitrous oxide (Figure 1, N2O).31 This property alone requires nitroxyl to 

be introduced to systems by the use of donor molecules with Angeli’s salt (AS, Na2N2O3) 

and Piloty’s acid (PA, PhSO2NHOH) being the most commonly utilized. HNO’s self-

reactivity also limits HNO detection and the identification of any endogenous generating 

systems. Nitroxyl also reacts with NO (k = 5.8 × 106 M−1 s−1) and oxygen (k = 3 × 103 M−1 

s−1).32,33 Nitroxyl avidly reacts with soft nucleophiles, especially thiols, to yield either 

disulfides or sulfinamides and many of the observed biological effects of HNO appear to be 

mediated through the modification of protein thiols (Figure 1).34 Similarly, HNO reacts as a 

Lewis acid/base or redox partner with numerous metallo-proteins (including both ferrous 

and ferric heme groups, Figure 1) making both thiol and metal-containing proteins valid 

biological targets for HNO.32,35 While the stability of C-nitroso compounds and nitrous 

oxide indicates the accessibility of the formal +1 nitrogen oxidation state of HNO and 

suggests possible biological roles for HNO, the self-reactivity and the lack of HNO specific 

metabolites or protein modifications limits our overall understanding of its biological 

chemistry.

Despite these limitations, notable important discoveries and accomplishments regarding 

HNO’s chemistry and biology have been reported since the initial identification of NO as a 

gaseous signaling agent. A number of relatively recent excellent reviews summarize the 

knowledge to date regarding the chemistry, pharmacology, signaling aspects and physiology 

of HNO.26,27,29,32,33,35,36 Recently, two special issues (Antioxidants and Redox Signaling, 
2011, 14 and the Journal of Inorganic Biochemistry, 2013, 118) have been devoted to 

various aspects of HNO biology and chemistry. Given this recent attention, the current 
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review does not attempt comprehensive coverage but focuses on advances in the chemical 

biology in the detection and generation of HNO from within the last 10 years. Specifically, 

this review will address advances in HNO detection followed by advances in the discovery 

and development of new HNO sources, including both HNO donors and endogenous HNO 

formation, which relies heavily on sensitive and selective detection methods. Much progress 

has been made in the area of HNO’s biological chemistry that sets the stage for major 

advances in understanding HNO’s role in normal and disease state biology.

2. Advances in HNO Detection

The development of new HNO donors and a complete establishment of HNO’s biological 

profile requires fast and reliable HNO detection methods. Historically, frequently used 

methods to detect HNO included tracking the dimerization/dehydration product, N2O, by 

headspace gas chromatography, identification of sulfinamides that arise from HNO trapping 

of physiological thiols by high pressure liquid-chromatography mass spectrometry (HPLC-

MS) and detection of the nitrosyl adducts of ferric heme proteins, such as FeII-NO 

myoglobin (MbNO) by ultravioletvisible (UV-Vis) or electron paramagnetic resonance 

(EPR) spectroscopy. These traditional analytical techniques suffer from either low sensitivity 

or selectivity and have been extensively reviewed.26,29 Recent intensive study has led to the 

development of several new detection strategies, including a series of fluorescent probes 

based on CuII complexes, triphenylphosphine derivatives or 2,2,6,6-tetramethyl-1-

piperidinyloxy (TEMPO) and both electrochemical or mass spectrometric techniques.37–41 

These new detection methods hold many advantages over the more traditional methods of 

HNO detection as each demonstrates greater selectivity and specificity for HNO giving 

much better confidence. The newer methods operate through distinct chemical or physical 

mechanisms providing a variety of choices depending on the particular situation. Finally, 

many of these new methods demonstrate the ability to detect HNO in cells or organisms 

allowing their application for the discovery of endogenous HNO formation or the role of 

HNO in biological processes.

2.1 Copper-based Fluorescent Probes

HNO reacts with metallo-proteins, especially heme proteins, via reductive nitrosylation 

forming the basis of HNO detection by the reaction of ferric heme proteins, such as 

metmyoglobin (metMb) to yield iron nitrosyl myoglobin (MbNO).42,43 Other examples of 

colorimetric HNO probes based on reductive nitrosylation include a group of MnIII 

porphyrins capable of distinguishing HNO from NO.44 This reactivity extends to CuII 

complexes with the first CuII based fluorescent HNO probe being a bithiophene-substituted 

poly(p-phenyleneethynylene) derivative (CP1) complexed to CuII that displays good 

emission enhancement upon exposure to both Angeli’s salt and NO (g).45

In 2010, Lippard developed the first small-molecule fluorescent probe selective for HNO, a 

CuII complex of a BODIPY reporter linked to a tripodal dipicolylamine-appended receptor 

via a triazole bridge (CuII[BOT1], Figure 2).46 The BODIPY dye has relatively long-

wavelength absorption and emission properties suitable for cellular imaging and the metal 

free organic moiety BOT1 displays typical BODIPY optical properties with a maximum 
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emission at 526 nm.46 Introduction of CuII immediately quenches the fluorescence via 

photoinduced electron transfer (PET) from the BODIPY singlet excited state to the bound 

CuII ion.46 Addition of excess AS to CuII[BOT1] under physiological conditions restores 

emission inducing a 4.3-fold fluorescence increase revealing HNO detection with significant 

emission turn-on.46 Further analysis suggests that this probe senses HNO in the 0.5 to 5 mM 

range and displays selectivity over other biological relevant species such as NO, NO3
−, 

NO2
−, ONOO−, H2O2 or OCl−.46,47 The probe detects HNO in biological systems as HeLa 

cells incubated with CuII[BOT1] show only faint intracellular fluorescence but introduction 

of AS induces an increase of intracellular fluorescence.46 Similar experiments with an NO 

donor do not enhance fluorescence.46

A rigid fluorescent moiety (BOT1), which can be quenched with CuII but not with CuI, 

represent a key design element of this probe, and direct coordination of BOT1 to CuII 

affords the non-fluorescent HNO probe. In the fluorescence turn-on process, HNO reduces 

CuII to CuI, restoring the emission of BOT1 and forming NO (Figure 2) and both 

electrochemical and quantum chemical studies support this mechanism.47,48 As this 

mechanism relies on the reducing power of HNO, other biological reductants may reduce 

CuII in these complexes yielding fluorescence and generating false positives. Treatment of 

CuII[BOT1] with cysteine restores the emission of BOT1 and positive ion electrospray mass 

spectrometry shows the reduced species as the CuI complex.46 The lack of a substantial 

fluorescence signal in HeLa cells incubated with CuII[BOT1] suggests normal levels of 

intracellular cysteine and other thiols do not reduce this complex.46

After the initial report, various improved CuII based fluorescent HNO probes have emerged 

(Figure 3).46,49–53 Yao reported CuII[COT1], a CuII-coumarin complex capable of HNO 

detection by both fluorescence and EPR spectroscopy (Figure 3).49 The same group 

designed CuII[COET] by replacing one pyridine moiety with an ester group to improve cell 

membrane permeability (Figure 3)50 and extends HNO detection to both living cells and 

vertebrate organisms. However, these fluorescent probes suffer from high-energy absorption 

and emission, and relatively short Stokes shifts. To overcome these limitations, Lippard 

prepared a CuII-benzoresorufin complex (BRNO1–3, Figure 3).51 The first near infrared 

emitting fluorescent HNO probe, CuII[DHX1] possesses improved selectivity (Figure 3) and 

does not react with NO and reduced sulfur species (Figure 3). Recently, a solid-phase 

prepared modular, lysine-based platform allows easy access to more versatile fluorescent 

moieties for CuII based HNO probes.53

2.2 Phosphine-based Fluorescent Probes

Nitroso compounds are electrophilic and react with various nucleophiles at the polar N=O 

bond. For example, triphenylphosphine reduces α-nitroso-β-napthol to the phosphine oxide 

and an azaylide.54 In addition to C-nitroso compounds, triphenylphosphine reacts with trityl 

S-nitrosothiol in a similar pattern, generating an S-azaylide and triphenylphosphine oxide.55 

By viewing HNO as the simplest nitroso compound and given its reactivity with soft 

nucleophiles, our group reported the reaction of HNO with organic phosphines.56 

Triphenylphosphine reacts with HNO generated from Angeli’s salt (2:1 ratio) to give equal 

amounts of triphenylphosphine oxide and an azaylide, a Staudinger reduction intermediate 
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that quickly hydrolyzes to phosphine oxide.56 A similar reaction of a water-soluble 

phosphine, tris(4,6-dimethyl-3-sulfonatophenyl)phosphine trisodium salt hydrate (TXPTS), 

with HNO generates a stable azaylide product, serving as a useful HNO detection method.56 

Nitroso compounds may react with phosphines via a hetero three-membered ring 

intermediate followed by another phosphine to produce the corresponding phosphine oxide 

and azaylide in a 1:1 ratio (Figure 4).56,57

Azaylides produced from these reactions are reactive nucleophilic intermediates that can 

undergo Staudinger ligation forming the basis of a new HNO detection strategy. An 

electrophilic ester adjacent to the phosphine allows the intramolecular nucleophilic attack 

from the azaylide, producing a stable and unique HNO-derived amide that can be tracked for 

HNO identification and quantification. Figure 4 depicts a triaryl phosphine trapping HNO 

through reductive Staudinger ligation with an appropriately positioned electrophilic group.56 

Reaction of the phosphine with HNO first generates an equal amount of phosphine oxide 

and azaylide, which will be trapped by the adjacent electrophilic ester group forming a 

tetrahedral intermediate. The decomposition of this species yields a free alcohol and a 

phosphonium ion that hydrolyzes to benzamide phosphine oxide as the final product (Figure 

4). The benzamide is a unique product from the process and represents a stable and 

chemically distinct HNO marker. The alcohol release provides a new perspective for the 

further design and development of colorimetric and fluorescent HNO probes. Based on this 

strategy, methyl 2-(diphenylphosphino)benzoate and its derivatives have been designed for 

successful detection of HNO with 31P NMR, UV-Vis spectroscopy or HPLC.56,58

Figure 5 depicts recently developed phosphine based fluorescent probes.40,59–67 These 

probes share structural similarities (with the exception of the replacement of the methyl ester 

with a fluorophore-derived ester) and the same basic chemical concept as described in 

Figure 4. Unlike the CuII based probes, phosphine probes are metal free, reductant resistant 

and in general demonstrate a greater fluorescence response. Nakagawa reported the first 

fluorescent probe (P-Rhod, Figure 5) using this strategy based on rhodol, a synthetic hybrid 

of fluorescein and rhodamine with excellent photophysical properties.40 Incubation of P-

Rhod with excess AS in buffer leads to a significant fluorescence increase and parallel 

experiments demonstrate that P-Rhod possesses excellent selectivity for HNO over other 

biological species including physiological oxidants such as ONOO−, NO2
−, NO3

−, and 

H2O2 as well as biological reductants like H2S and ascorbic acid. P-Rhod detects HNO 

derived from various systems and demonstrates feasibility for cellular applications as HeLa 

cells loaded with P-Rhod immediately fluoresce upon introduction of HNO.

Following this report, several other phosphorus-based fluorescent HNO probes using the 

same strategy have been described. The coumarin-based fluorescent probe (P-CM, Figure 5) 

is much easier to prepare and has an improved sensitivity and linear response toward low 

HNO concentrations.61 The 1,8-naphthalimide-derived probe (P-Nap, Figure 5) shifts 

fluorescence from blue (418 nm) to green (546 nm) upon introduction of AS, allowing the 

ratiometric detection of HNO.60 A lysosomal-directed near-infrared probe (Lyso-JN, Figure 

5) permits organelle specific HNO detection.59 Our group developed a modified fluorescein-

based fluorescent probe suitable for detection of HNO in biological systems.65 This strategy 

has been extended to prepare several other probes including a FRET (coumarin/fluorescein 
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pair) based ratiometric fluorescent probe (CF), a two-photon fluorescence turn-on probe 

(GCTPOC-1), a near-infrared fluorescent probe (Cyto-JN) and an excited state 

intramolecular proton transfer (ESIPT) based ratiometric fluorescent probe (HNO-

HBT).62–64,66,67

Earlier reports indicate that phosphines react similarly with S-nitrosothiols leading to the 

concern that phosphorus-based probes may give false positives when used in more 

complicated biological systems in the presence of biological S-nitrosothiols.57,68 

Experimental data demonstrates that the existing phosphine probes possess relatively good 

selectivity for HNO over GSNO.40,65 S-Azaylides derived from biologically-relevant S-

nitrosothiols do not appear to effectively participate in the reductive ligations required for 

fluorescence turn-on.69,70 The S-azaylides derived from biological RSNOs all contain free 

amine and carboxylic acid groups and primarily yield phosphine oxides assuring a selective 

fluorescence response for HNO.70

2.3 TEMPOL-based fluorescent probes

HNO reacts with 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) through a 

hydrogen abstraction from HNO by the nitroxide radical (Figure 6).71 Based on this 

reaction, Toscano designed a nitroxide based prefluorescent probe 4-((9-

acridinecarbonyl)amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO-9-AC, Figure 6) that 

demonstrates weak fluorescence.38 Introduction of HNO from various sources transforms 

TEMPO-9-AC to the highly fluorescent TEMPO-9-AC-H and this probe displays selectivity 

for HNO over NO in aqueous solution.38 The use of TEMPO-9-AC may be complicated by 

intermolecular fluorescence quenching and competitive HNO trapping by the nascent NO (a 

potential drawback in the CuII probes as well) limiting its use in complicated biological 

environments.

2.4 Non-Fluorescent Approaches to HNO Detection

Membrane inlet (or introduction) mass spectrometry (MIMS), a technique for gas detection 

since 1963, also detects HNO. In 2011, Toscano re-engineered and modified the membrane 

inlet following the original design of Silverman.39 This specific analytical technique has 

been successfully applied to monitor HNO generated from AS and 2-bromo-N-
hydroxybenzenesulfonamide (2-bromo-Piloty’s acid) in aqueous solution by detecting NO+, 

HNO+ and N2O+, the respective ions of the ions of NO, HNO and N2O.39 Careful control 

experiments distinguish these species and allow for HNO real-time HNO detection.39

Electrochemical HNO detection represents another area of rapid and extensive research and 

progress in the identification of HNO. In 2010, Doctorovich developed a gold electrode with 

a cobalt porphyrin covalently attached through Au-S bonds.37 The CoII 5,10,15,20-

tetrakis[3-(p-acetylthiopropoxy) phenyl]-porphyrin modified electrodes (Co(P), Figure 7) 

were thoroughly characterized and electrochemical methods demonstrate its ability to 

discriminate HNO from NO.37,72 The cycle starts with the reaction of HNO with the 

electrode to yield CoIII(P)-NO− (Figure 7).37,72 Under these conditions, CoIII(P)-NO− is 

oxidized to CoIII(P)NO, which releases the NO ligand and returns to CoIII(P), allowing the 

start of a new cycle.37,72 This method allows time-resolved electrochemical quantification of 
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HNO with a linear response in transient HNO concentration as low as 1 to 1000 nM.72 

Control experiments indicate that several common biological species do not affect electrode 

performance, although the presence of O2 leads to a notable decrease in HNO 

concentration.72

3. Advances in HNO Sources

Despite the recent described interest in HNO biochemistry, pharmacology and physiology, 

endogenous production of HNO remains questioned and poorly understood. Compounds that 

release HNO demonstrate unique biological properties compared to NO donors, especially 

in the area of cardiac muscle contractility and show promise as new therapeutics for 

congestive heart failure. A need exists to both develop improved HNO donors for basic 

studies and therapeutics and to better understand endogenous HNO production.

3.1 HNO Donors

Currently, two popular strategies exist for HNO release: disproportionation/oxidation of 

hydroxylamine derivatives with good leaving groups attached to the nitrogen atom (type a, 

Figure 8) and decomposition of nitroso compounds (type b, Figure 8).73 For hydroxylamine 

derivatives (type a), the nitrogen atom possesses a formal −1 oxidation state and 

disproportionates to HNO (+1 oxidation state). Transformation of nitroso compounds (type 

b) to HNO usually occurs through hydrolysis or some type of displacement reaction. 

Traditional donors such as Angeli’s Salt, isopropylamine diazeniumdiolate (IPA/NO) and its 

analogs, Piloty’s acid and cyanamide are type a donors while acyl and acyloxy nitroso 

compounds release HNO via a type b mechanism. Improvements in HNO detection and a 

better understanding of both basic nitrogen and HNO chemistry have boosted the 

development of HNO generation systems. Inspired by the potential of endogenous HNO 

production and its promising pharmaceutical application, efforts have been made to generate 

physiologically useful donors/prodrugs that release HNO in a controlled, sustainable and 

tunable fashion.

3.1.1 Diazeniumdiolate-based donors—Angeli’s Salt still remains the most widely 

used HNO donor and generates HNO and NO2
− under physiological pH with a short half-

life and releases NO in acidic media.73 IPA/NO, a primary amine-derived diazeniumdiolate, 

acts as a dual HNO and NO donor at neutral pH.73 AS is an easily synthesized inorganic salt 

that has not been successfully structurally modified but the organic character of IPA/NO 

allows the preparation of derivatives with versatile HNO releasing properties.

To achieve a prolonged HNO release profile, Miranda and Keefer reported a nitroxyl 

prodrug IPA/NO-AcOM (iPrHN-N(O)=NOCH2OAc, Figure 9), a stable, easily purified 

derivative from IPA/NO.74 Spontaneous hydrolysis of IPA/NO-AcOM generates HNO with 

a longer half-life than AS (t1/2 = 41 min, pH 7.4) and a negligible amount of NO.74 In the 

absence of esterase, IPA/NO-AcOM hydrolyzes and rearranges to produce HNO via an acyl 

nitroso intermediate.74 The extended release rate enhances the amount of trappable HNO 

due to limited self-dimerization.74 In the presence of an esterase, IPA/NO-AcOM directly 

dissociates to acetate, formaldehyde, and IPA/NO.74 This new donor displays a significantly 

improved ability to strengthen contraction of beating cardiac myocytes compared to 
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IPA/NO.74 Inspired by IPA/NO-AcOM, a nonsteroidal anti-inflammatory drug, IPA/NO-

aspirin, (Figure 9, t1/2=7.5 h, pH 7.4, no esterase) was developed that retains the anti-

inflammatory properties of aspirin while reducing gastric toxicity.75 IPA/NO-aspirin exhibits 

significantly enhanced cytotoxicity compared to both parents toward non-small cell lung 

carcinoma cells but not normal endothelial cells, suggesting a potential application in cancer 

treatment.75 Knaus reported a series of O2-sulfonylethyl protected IPA/NO derivatives with 

half-lives that ranged from 6.6 to 17.1 h under physiological conditions.76 These stable non-

explosive derivatives release the parent donor via base-induced β-elimination that 

subsequently and preferentially releases HNO.76 The 2-methylsulfonylethyl analog exhibits 

an antihypertensive effect and a significant in vitro inotropic effect by increasing contraction 

and relaxation without inducing a chronotropic effect (Figure 9).76 Besides primary amine 

based diazeniumdiolates, a secondary amine analog 1-(7-

azabenzobicyclo[2.2.1]heptane)diazen-1-ium-1,2-diolate acts as a promising dual NO/HNO 

donor (t1/2=17.8 min) with significant in vitro inotropic anti-hypertensive effects has been 

reported and serves as a novel lead.77 A group of cyclic primary amine-based 

diazeniumdiolates (for example, AcOM-CPA/NO, Figure 9) release HNO with a wide-range 

of half-lives and hold promise in cancer cell targeting.78

3.1.2 Hydroxylamine derivatives—Piloty’s acid (PA) is another well-known HNO 

donor that finds less use in biological experiments due to its relatively low production of 

HNO at physiological pH. Structural modification of PA can greatly improve HNO release 

and a library of PA derivatives with various substitutions at different positions or based on 

different aromatic heterocycles have been reported.39,73,79,80 Some of these derivatives 

release significant amounts of HNO at neutral pH such as 2-bromo-PA and 2-nitro-PA 

(Figure 10).39,79,80 2-Bromo-PA is an easily prepared stable organic compound that only 

produces HNO under physiological conditions, properties that suggest its increased use as an 

HNO donor.39,79 2-Nitro-PA is a more efficient HNO donor due to electronic and steric 

effects.80 Besides aromatic substitutions, N-,O-diacylated or alkylated derivatives of PA 

have been prepared as HNO pro-drugs that first generate acyl nitroso compounds that release 

HNO through hydrolysis. (Figure 10).81 A library of N, O-bis-acylated N-
hydroxysulfonamide derivatives with tunable half-lives (minutes - hours) demonstrate 

efficient HNO release at physiological pH (Figure 10).82 Knaus prepared 

ethanesulfohydroxamic acid esters of indomethacin, (S)-naproxen, and ibuprofen as 

potential clinical prodrugs (Figure 10).83 These compounds display diverse biological 

activities and show much higher NO release compared to other N-hydroxysulfonamides.

Toscano reported a new unique series of highly tunable HNO donors based on N-substituted 

hydroxylamines with carbon-based leaving groups (Figure 10).84–86 The initial report 

reveals hydroxylamine-derived HNO donors based on Meldrum’s acid (t1/2=0.9 min), 

barbituric acid (t1/2=0.7 min) and pyrazolone (t1/2=9.5 min) that release HNO with high 

efficiency under physiological conditions without any enzymatic requirement.84 Further 

modification of (hydroxylamino)-barbituric acid (HABA) successfully extended the half-

lives of this new group of HNO donors from 19 to 107 min.86 An extensive investigation of 

the (hydroxylamino)- pyrazolone (HAPY) series shows these donors quantitatively produce 

HNO with half-lives spanning from minutes to days under physiological conditions.86 In 
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addition, this work shows the pyrazolone by-product reacts reversibly with HNO via an 

HNO-aldol reaction.85 These new structurally diverse HNO donors with extended half-lives 

hold promise as pharmacological tools and therapeutics.

3.1.3 Nitroso Compounds—Currently two type of nitroso compounds find use as HNO 

precursors, the acyl nitroso and the acyloxy nitroso compounds. Acyl nitroso compounds are 

highly reactive species and no stable acyl nitroso compounds have been successfully 

isolated.73 Traditional strategies for acyl nitroso compound formation include oxidation of 

hydroxamic acids or hydroxyureas by either chemical oxidants or enzymatic systems, such 

as catalase or horseradish peroxidase (HRP).87,88 Thermal decomposition of Diels-Alder 

adducts of acyl nitroso compounds and 9, 10-dimethylanthracene (9, 10-DMA) presents 

another popular pathway to prepare acyl nitroso compounds.89–92 Inspired by this approach, 

Nakagawa developed several photo cleavable HNO donors based on the retro-Diels-Alder 

reaction capable of controlled HNO release (Figure 11).93–95 The introduction of conjugated 

nitroaromatic groups to known hetero-Diels–Alder cycloadducts greatly enhance 

photoinduced HNO formation, which was confirmed by EPR and GC-MS analysis.93 

Besides these 9,10-DMA hetero cycloadducts, nitrodiazo compounds, nitronates with α-

leaving groups and 1,2,4-oxadiazole-4-oxides demonstrate acyl nitroso compound formation 

upon irradiation making these compounds potential HNO donors (Figure 11).96 Both HPLC 

and GC–MS analysis reveal photo degradation of nitrodiazo compounds yields quantitative 

HNO in acetonitrile/water mixtures while nitronates with α-leaving groups in methanol also 

release HNO upon photolysis.

Acyloxy nitroso compounds represent another type of recently described HNO donor. Acid 

or base catalyzed cleavage of the ester group leads to an unstable nitroso alcohol 

intermediate that quickly decomposes to HNO and ketone (Figure 12).97 Gas 

chromatographic headspace analysis of 1-nitrosocyclohexyl acetate (NCA) in a mixture of 

methanol and neutral phosphate buffer indicates the formation of HNO.97 NCA is relatively 

stable under buffered conditions but quickly hydrolyzes under basic conditions.97 

Interestingly, smaller ring-derived acyloxy nitroso compounds (cyclopentane or cyclobutane) 

do not hydrolyze to produce HNO but rearrange to cyclic hydroxamic acids.98,99 Acyloxy 

nitroso compounds can be easily obtained from direct oxidation of the corresponding oxime 

with lead tetra-acetate and the addition of an excess amount of the appropriate acid generates 

various esters.100,101 This approach allows structural modification to control HNO release as 

a function of the ease of hydrolysis of the ester group of the acyloxy nitroso compound.97 

King engineered several cyclohexanone-derived acyloxy nitroso donors with half-lives 

ranging from milliseconds to days.97,102–104 Replacement of a methylene group with an 

oxygen atom in these compounds improves their water solubility allowing for more 

biological applications.103,104 Chemical analysis reveals acyloxy nitroso compounds also 

directly react with both small molecule and protein thiols to yield disulfides, suflinamides 

and sulfinic acids indicating that hydrolytically stable acyloxy nitroso compounds retain the 

ability to act as thiol modifying agents. 102–105

Acyloxy nitroso compounds also demonstrate a number of biological actions including 

vasodilation, enhanced cardiac contractility and the inhibition of platelet 

aggregation.26,102,104 Acyloxy nitroso compounds relax pre-constricted rat aorta with the 
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rapid donors following a profile similar to AS and acyloxy nitroso compounds also activate 

soluble guanylate cyclase.97,102,106 Acyloxy nitroso compounds increase rat cardiac muscle 

contractility by modifying cardiac myofilament proteins by increasing both maximum force 

and calcium sensitivity in both intact and skinned muscle.107 A modified biotin switch 

procedure and modern mass spectrometry defined specific HNO-modified thiols with 

disulfides formed between Cys257 in actin and Cys190 in tropomyosin and Cys81 in myosin 

light chain and Cys37 in myosin heavy chain.107 These results provide an initial glimpse 

into how HNO-based structural modification alters cardiac contractility. Acyloxy nitroso 

compounds also reverse the isoflurane-induced depression of myocardial contractility108 and 

block the leukemia inhibitory factor (LIF) signaling in endothelial and cardiac myocytes 

indicating the redox sensitivity of the signal transducer and activator of transcription 3 

(STAT3) pathway.108,109 Recent work shows these compounds limit left ventricular diastolic 

dysfunction in a mouse model of diabetes suggesting the possibility of long-term use of 

HNO donors in chronic diseases.110

3.1.4 Metal nitrosyl (MNO) complexes—Metallo-proteins play important roles in HNO 

chemistry and MNO complexes represent an alternative type of HNO-releasing agents. 

Harrop reported the first potentially useful MNO complex for HNO delivery.111 The 

{CoNO}8 complex [Co(LN4PhCl)(NO)] is relatively stable at physiological pH but addition 

of stoichiometric amounts of acid releases HNO that is trapped by [Fe(TPP)Cl] or Ph3P to 

afford the {FeNO}7 complex or Ph3P=O/Ph3P=NH, providing evidence for HNO release.111 

A ruthenium complex has also been identified as a NO/HNO-donor in aqueous media.112 

Trans-[Ru(NO)(NH3)P(O−)(OEt)2] (PF6)2, is stable in aqueous media over pH 3.0–7.5 but 

electrochemical activation of this complex at potentials of −0.50 and −0.80 V versus SCE 

releases NO/HNO with a half-life of 1.5 h (pH 7.5 and 25 °C) and such metal-based HNO 

donors comprise a structurally and mechanistically unique group.112

3.2 Potential Endogenous HNO Sources

Due to the previous limitations in HNO detection, only proposed pathways of endogenous 

HNO formation exist including: NOS-catalyzed reactions, oxidation of hydroxylamine-

derivatives, reductions of NO, and the direct reaction of S-nitrosothiols with 

nucleophiles.113–115 The development of new methods of HNO detection in the last few 

years greatly aids the identification of endogenous HNO formation. Recently, the reaction of 

NO and hydrogen sulfide (H2S) has drawn attention as a possible pathway for HNO 

formation. Similar to NO, H2S acts as an endogenously produced gaseous biological 

signaling agent.3,116–118 Like NO, H2S demonstrates toxicity at higher concentrations but 

mediates numerous physiological processes associated with the cardiovascular, nervous and 

immune (inflammatory response) systems.116–120 Hydrogen sulfide forms during normal L-

cysteine metabolism from the pyridoxal-5′-phosphate (PLP)-dependent cystathione β-

synthetase (CBS) and cystathione γ-lyase (CSE) catalyzed reactions of cysteine, 

homocysteine, and cystathione or the action of 3-mercaptopyruvate sulfur transferase (MST) 

on 3-mercaptopyruvate.119,121,122 Hydrogen sulfide formation occurs in numerous tissues 

and excellent reviews regarding H2S chemistry and biology exist.119–125
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Generally, H2S/HS− acts as a nucleophile and reducing agent and should form addition 

complexes with electrophilic organic compounds or nitrogen oxides and reduce NO or its 

oxidized forms (nitrite, nitrate, peroxynitrite or S-nitrosothiols) to lower oxidation state 

nitrogen oxides including HNO, thus altering the biological properties of the system.123,126 

Given that H2S exists as the diamagnetic acid/base pair of H2S/HS− at physiological pH and 

the paramagnetic nature of NO, the direct reaction of H2S and NO appears unlikely.127–129 

However, the reaction of thiols with NO yields radical complexes that decompose to various 

products depending on reaction conditions and gives a possible mechanism for HNO 

formation that parallels the recently reported proton assisted reduction of NO by alcohols 

(Figure 13).130 Calculations provide a bond dissociation energy of H2S = 90 kcal/mol 

making H atom abstraction by NO to form HNO (H-N bond dissociation energy 47 kcal/

mol) thermodynamically unfavorable.123,131 Direct reaction of NO with H2S to give an S-

nitrosothiol requires oxidation of either H2S to the HS• radical followed by coupling with 

NO or oxidation of NO to the nitrosonium ion (NO+) followed by reaction with −SH, 

reactions that both yield the simplest S-nitrosothiol, HSNO (thionitrous acid, Figure 13), 

similar to thiol nitrosation to generate S-nitrosothiols.127,128,132,133

3.2.1 Reactions of NO with H2S—Early work by Moore shows the addition of H2S (as 

NaSH) to different NO donors scavenges released NO or blocks NO release and the addition 

of H2S to NO donors changes the expected NO-based biological function.134 Treatment of 

these reaction mixtures with HgCl2 or CuCl2 produces nitrite or NO and restores the 

expected biological function suggesting S-nitrosothiol formation.134 While not explicitly 

defined, a likely candidate for this species would be HSNO.134

Bian similarly reports that administration of NO donors and H2S (as NaSH) to cardiac 

myocytes elicits distinct responses compared to either the NO donor or NaSH alone.135 

Specifically, NaSH does not affect myocyte contractility and three mechanistically distinct 

NO donors including sodium nitroprusside (SNP, 2Na+[Fe(CN)5NO]2
−) decrease 

contractility (negative inotropic effect).135 Addition of both NaSH and the NO donors 

however yields an increase in myocyte contractility (positive inotropic effect).135 The SNP + 

NaSH system also increases the resting calcium level in the cell, which depends on 

intracellular calcium stores, suggesting increased calcium cycling within these cells.135 

These results mimic the effects of HNO on cardiac myocytes leading to the suggestion that 

the reaction of NO and H2S generates HNO.34,135 Experiments using AS show an identical 

response to the mixture of SNP and H2S.135 The addition of various thiols blocks both the 

AS and the SNP + NaSH mixture response suggesting HNO intermediacy.135,136 Further 

experiments show that the effects of SNP and NaSH do not involve cGMP or cyclic 

adenylate monophosphate (cAMP)-mediated pathways.135 Given the previous evidence of S-

nitrosothiol formation from the NO and H2S reaction, direct displacement of HSNO by H2S 

(a reduction) would in principle generate HNO and HSSH (Figure 14).114 These biological 

results strongly support HNO generation from the reaction of SNP and NaSH and provide 

the basis for the further chemical exploration of these speculative H2S-mediated pathways to 

HNO.

Hydrogen sulfide actively adds to SNP to form a red violet complex, the basis of the 

“Gmelin” test of sulfide.137 A re-examination of the H2S/HS− reaction by Olabe with the 
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metal coordinated NO of SNP reveals initial addition of HS− to SNP produces a nitrosyl 

addition product with a pKa of 10.5.138 This product/anion pair decomposes to HS2
2− and 

[Fe(CN)5NO]3
− radicals or further reacts with H2S to give addition products that ultimately 

yield NH3, N2O and HS2
−, which may indicate HNO generation.138 By using a combination 

of various spectroscopic and chemical methods as well as pharmacological measures, 

Filipovic further defined HNO release from SNP upon reaction with H2S.139 Using a 

copper-based fluorescence HNO probe, these experiments show HNO generation in human 

umbilical vein endothelial cells (HUVECs) treated with both SNP and H2S.139 Control 

experiments do not show HNO formation in the presence of only SNP or H2S suggesting 

HNO formation arises from their reaction.139 Similarly, only the combination of SNP and 

H2S result in the release of calcitonin gene related peptide (CGRP), a potent vasodilator and 

known HNO marker in an isolated mouse heart model.139 Mechanistically, H2S adds to the 

coordinated nitrosonium ion of SNP to give a formally coordinated HNSO adduct that yields 

HNO and HSSH upon reduction by a second molecule of H2S (Figure 14).139 Overall, this 

group of studies indicates that addition of H2S to NO donors (especially SNP) changes both 

the chemical and biological outcome and clearly results in HNO formation in the case of 

SNP. Given the varied structures of available NO donors and potential variability of different 

biological systems, the generality of these reactions to produce HNO remains to be 

determined but this work clearly demonstrates the possibility of HNO formation through 

these pathways.

Using the recently developed HNO electrode for detection as well as following the 

disappearance of NO and H2S electrochemically, Filipovic recently showed the reaction of 

H2S and NO directly produces HNO.140 While the chemical mechanism for this conversion 

remains unclear, H2S may add to NO to form a radical complex that decomposes to HNO 

and a thiyl radical, similar to the proton coupled nucleophilic attack (Figure 13 and Section 

3.2.3).130 Both the pKa of H2S and the ability of sulfur to stabilize radicals would support 

this pathway. Subsequent experiments indicate HNO formation in dorsal root ganglion 

(DRG) neurons using a copper-based HNO fluorescent probe from enzymatically generated 

NO and H2S.140 A basal level of fluorescence possibly suggests endogenous HNO formation 

in these cells that can produce both NO and H2S.140 Fluorescence decreases upon addition 

of inhibitors of either NOS or CBS inhibitors or by depleting the substrates L-arginine or L-

cysteine revealing the requirement of both NO and H2S for HNO formation.140 The 

combination of NO and H2S also causes CGRP release in this system and these results 

provide some of the strongest evidence for endogenous HNO formation arising from the 

reaction of enzymatically generated NO and H2S.140 As hydrogen sulfide reduces the 

copper-based fluorescence probe yielding fluorescence in vitro, the use of such probes under 

situations that require H2S for HNO generation should warrant caution and perhaps a 

combination of HNO detection methods. The HNO generated in the DRG neurons reacts 

with the transient receptor potential channel A1 (TRPA1) to form specific disulfide bonds 

near the N-terminus of the protein that were identified biotin-switch technology and mass 

spectrometry.140 This protein modification results in an increase in calcium flux that leads to 

CGRP release and subsequent local and systemic vasodilation.140 This work provides some 

of the strongest evidence for endogenous HNO formation arising from the reaction of 

enzymatically generated NO and H2S and clearly defines an HNO-TRPA1-CGRP pathway 
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that describes HNO’s biological effects.140 This work nicely shows the application of new 

HNO detection methods both for the discovery of endogenous HNO formation and 

elucidation of HNO biology.

3.2.2 Reactions of S-Nitrosothiols with H2S—Similar to the production of HNO from 

the reaction of NO and H2S, the reactions of S-nitrosothiols with H2S have garnered 

increasing attention as a pathway to HNO formation. The addition of H2S to any S-

nitrosothiol should yield an initial N-hydroxysulfenamide adduct that could undergo trans-

nitrosation to yield RSH and HSNO or decompose to RSSH and reduced nitrogen products 

through radical intermediates as previously described (Figure 15).141 Alternatively, direct 

displacement by the reaction of H2S with any S-nitrosothiol would yield HNO and RSSH 

(Figure 15).114 Trans-nitrosation provides a mechanism for the formation of HSNO whose 

basic chemistry and reactivity in terms of biology remains relatively unexplored.

In 2012, Filipovic reported the generation of HSNO via pulse radiolysis, treatment of H2S 

with acidified nitrite and the trans-nitrosation of glutathione S-nitrosothiol (GSNO) with 

H2S.142 The product of the last reaction was characterized by high resolution MS, IR 

and 15N NMR spectroscopy to provide evidence of HSNO formation.142 Further 

experiments show that HSNO decomposes, to yield NO, likely through S-N bond homolysis, 

and HNO as judged by methemoglobin trapping and identification of nitrous oxide and 

hydroxylamine.142 Treatment of HUVECs with GSNO and H2S yields HNO within the cells 

as judged by a copper-based fluorescent probe.142 Other experiments show that HSNO 

capably trans-nitrosates thiols of bovine serum albumin and hemoglobin within red blood 

cells identifying HSNO as a diffusible nitrosonium carrier.142 Filipovic extended this work 

showing that nitrite reacts with H2S to form HSNO and HNO in the presence of water 

soluble ferric iron porphyrin complexes.143 The combination of nitrite and H2S applied to 

HUVECs generates more NO (than nitrite alone) and HNO localized to the mitochondria.143 

While HNO could arise from an oxygen atom transfer to H2S mechanism, the authors 

propose initial reduction of the ferric iron by H2S, binding and reduction of nitrite to give an 

FeIINO+ species that reacts with H2S to yield an HSNO adduct that subsequently 

decomposes to NO and HNO.143,144

The trans-nitrosation of any small molecule or protein S-nitrosothiol with H2S will yield an 

equilibrium mixture of HSNO, an extremely interesting species given the recent information 

regarding its ability to release NO, HNO and shuttle the nitrosonium group.142 HSNO 

represents the simplest S-nitrosothiol and the sulfur analog of nitrous acid and would be 

expected to be more acidic than HNO2 (pKa = 3.5) indicating the likely formation of 

thionitrite (−SNO) at physiological pH. Unlike nitrite, HSNO could exist as a tautomeric pair 

with HONS and both cis and trans stereoisomers of both HSNO and HONS theoretically 

exist (Figure 16).145–147 Both HSNO and HONS appear extremely unstable and have only 

been isolated by low temperature photolysis reactions of HNSO in an argon matrix and 

examined by infrared spectroscopy and theoretical calculations.145–147 Further theoretical 

calculations of HSNO indicate an S-N bond dissociation energy of 29.2 kcal/mol indicating 

the weakness of this bond and suggesting homolytic S-N bond cleavage to NO.148 These 

calculations also consider the structure as a combination of covalent non-charged, 

zwitterionic and ion pair species to predict S-nitrosothiol structure.148 Recent calculations 
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indicate the formation of the tautomers HONS and SN(H)O from HSNO appear 

thermodynamically feasible and that a solvent assisted reaction of SN(H)O with H2S 

provides a theoretical pathway to HNO.149 The chemical reactivity of HSNO or 

SNOremains poorly described but many reactions appear possible including sulfur-nitrogen 

bond homolysis to yield NO, reactions with nucleophiles to yield HNO, hydrolysis to nitrite 

and various dimerization and disproportionation pathways to other products (Figure 16). 

These highly unstable species have not been clearly identified in biological systems but 

based on this chemistry may form during the reaction of H2S with S-nitrosothiols or other 

oxidized nitrogen oxides. Whether HSNO/NSO− can be generated or detected under 

biological conditions as well as its chemistry remains to be answered. New work shows the 

reaction of H2S with peroxynitrite generates sulfinyl nitrite [HS(O)NO], that was 

characterized by spectroscopic and computation methods and may act as a biological NO 

donor.150

Feelisch has also examined the chemistry and biology of the reaction of NO or S-
nitrosothiols with H2S and found that similar to previous reports the mixture of NO and H2S 

elicits modified biological effects compared to either NO or H2S.151 The addition of H2S 

and NO to rat fibroblastoid like (RFL-6) cells alters sGC activity and cGMP formation in a 

concentration-dependent manner.151 At low ratios of H2S:NO, sGC activity is inhibited but 

enhanced at equimolar amounts of H2S to NO.151 Ultraviolet-visible spectroscopy suggests 

rapid formation of HSNO and in the presence of excess H2S, a yellow compound forms with 

an absorption at 412 nm that is attributed to nitrosopersulfide (−SSNO).151 Compared to 

HSNO, −SSNO displays relative stability and slowly decomposes to NO and polysulfides 

resulting in sustained sGC activation.151 Reasonable mechanisms for both HSNO and 

SSNO− formation are suggested that demonstrate the complexity of the intersection of 

nitrogen and sulfur chemistry. Feelisch and collaborators followed this initial report and 

further characterized the chemical products of the reaction from NO (generated from NO 

donors or S-nitrosothiols) and H2S by Uv-vis spectroscopy, mass spectrometry and various 

chemical methods and show that the three major bioactive products of the reaction include 

the above mentioned nitrosopersulfide (−SSNO), polysulfides (HSn
−) and dintrososulfite (or 

N-nitrosohydroxylamine N-sulfonate), (SULFI/NO), a known sulfite-derived adduct of the 

NO dimer.152 Each of these products has specific biological attributes and further releases 

other bioactive species with SSNO− acting as a long-term NO donor capable of sGC 

activation leading to vasorelaxation.152 −SSNO also releases polysulfides but the exact 

biological effects of these compounds remain unclear.152 SULFI/NO acts as both an NO and 

HNO donor that does not significantly effect sGC activation/vasorelaxation but increases 

cardiac output, stroke volume and peak blood flow velocity, all indications of increased 

cardiac function and indicators of HNO release.152 Of interest in these studies is the inability 

to provide evidence of HSNO formation (by mass spectrometry) although they suggest 

HSNO as an intermediate in −SSNO formation.152

The recent intense work in this area indicates 1) that H2S modulates the biological effects of 

NO and 2) that reactions of NO or RSNOs and H2S generates HNO, explaining a portion of 

the modified biology. Clearly chemical and biological “crosstalk” between NO and H2S 

exists that likely includes nitroxyl but questions remain regarding the chemistry (Figure 17). 

The Filipovic group proposes the biological activity arises from NO and HNO formation 
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from HSNO while the Feelisch group proposes that the biological activity arises from the 

formation of −SSNO (an NO donor) and SULFI/NO (an NO/HNO donor) suggesting that 

HSNO may only be an intermediate towards their formation (Figure 17). The biological 

redox chemistry of both nitrogen and sulfur is complex and their combination only further 

complicates these chemistries. HSNO appears a likely and logical candidate intermediate in 

these reactions but its history of only being isolated in a frozen matrix argues against its 

long-term stability and the lack of a pure standard decreases confidence in its 

characterization and identification. One study identifies HSNO by mass spectrometry while 

another fails to reveal this species highlighting the difficulty in working with such unstable 

compounds. Further work on HNO formation through these H2S-mediated pathways will be 

required to elucidate these pathways.

Alternatively, Filipovic recently synthesized an organic salt of −SSNO and confirmed its 

structure by X-ray crystallography, UV-vis, IR and 15N NMR spectroscopy in an organic 

solvent.153 A verified SSNO− sample allows a number of experiments to investigate its 

properties and reactivity.153 Particularly, −SSNO appears unstable in aqueous solutions and 

decomposes to disulfide ion and HNO.153 Contrary to other reports, SSNO− reacts with H2S 

and actually forms HSNO by trans-nitrosation.151–153 Taken together, these results cast 

doubt on the role and importance of −SSNO in the biological chemistry of these reactions. 

This work provides insight into the biological chemistry of −SSNO and further work will be 

required to completely clarify interaction of nitrogen and sulfur biochemistry and its 

potential for HNO generation. However, these reactions clearly generate HNO and the 

known biochemical generation of NO and H2S establish the basis of endogenous HNO 

production.

3.2.3 Proton Coupled Nitric Oxide Reduction—New exciting work shows the ability 

of biologically relevant alcohols to reduce NO to HNO through a process termed proton 

coupled nucleophilic attack (PCNA).130 Addition of various alcohols including ascorbic 

acid, tyrosine and hydroquinone to a solution of NO results in HNO formation as determined 

by electrochemical methods.130 Both nitrous oxide and nitrite form during these reactions 

presumably from HNO dimerization or the reaction of HNO with NO.130 EPR spectroscopy 

indicates the generation of the corresponding alkoxy radicals, especially for ascorbic 

acid.130 Aliphatic alcohols including methanol, D-mannitol and malic acid do not facilitate 

this transformation.130 Figure 18 depicts a proposed mechanism of HNO formation that 

involves a proton coupled nucleophilic attack of the alcohol to NO to yield an intermediate 

radical species that decomposes to the alkoxy radical, which can be trapped by excess NO, 

and HNO.130 Treatment of endothelial and macrophage cells that produce NO with excess 

ascorbic acid shows evidence of HNO formation by fluorescence and electrochemical 

detection, respectively.130 Extended work shows the ability of other biologically relevant 

phenols including vitamin E (tocopherol) and the drugs acetaminophen and salicylic acid 

facilitate the conversion of NO to HNO.154 Overall, these results provide a unique potential 

endogenous pathway for the conversion of NO to HNO in the presence of these “reducing” 

alcohols and theoretically make any NO source a source of HNO. Given the numerous 

systems capable of reducing nitrite (NO2
−) to NO and the known conversion of dietary 

nitrate to nitrite by oral bacteria in humans and the subsequent chemical or enzymatic 
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reduction of nitrite to NO, a large number of potential endogenous HNO generating systems 

appear possible.155

CONCLUSION

Nitroxyl (HNO) continues to emerge as a small molecule signaling agent with a distinct 

chemistry and biology from other recognized gaseous transmitters (NO, CO and H2S). This 

review describes recent chemical biological advances in both HNO detection and HNO 

donation/formation that provide a basis of our expanding understanding of HNO. The 

development of numerous mechanistically distinct HNO detection systems permits greatly 

improved specific and selective HNO detection and these methods are now routinely being 

used in various cell types and systems to define HNO-mediated pathways. The use of 

electrochemical and copper-based fluorescence detection methods point to at least one 

endogenous source of HNO formation, the reaction of enzymatically produced NO and H2S 

and suggest another in the reduction of NO by biologically relevant alcohols.130,140 These 

detection methods also verify HNO production from a group of new synthetic HNO donors 

allowing their confident use in a variety of experiments to discover new therapeutic agents. 

On-going studies outside the scope of this review continue to explore HNO’s role in basic 

cardiac physiology or define HNO’s reactivity with oxygen or new targets, such as cobalt-

containing proteins or manganese quercetin dioxygenase.110,156–158 Reactions of HNO with 

the proteins that control hydrogen peroxide degradation reveals a “cross-talk” between HNO 

and hydrogen peroxide that may define new redox based signaling or gene expression 

pathways.159 The combination of the advances in HNO detection and donation with these 

emerging areas highlights the enormous potential of these new chemical biology tools to 

understanding HNO’s actions in biology, physiology and medicine.
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Abbreviations

AS Angeli’s Salt

cAMP cyclic adenylate monophosphate

cGMP cyclic guanylate monophosphate

CBS cystathione β-synthetase

CSE cystathione γ-lyase

EPR electron paramagnetic resonance

GSH glutathione

GSNO glutathione S-nitrosothiol

GSSG oxidized glutathione
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GSSH glutathione persulfide

LPS lipo-polysaccharide

MST 3-mercaptopyruvate sulfur transferase

NO nitric oxide

NOS nitric oxide synthase

PLP pyridoxal-5′-phosphate

sGC soluble guanylate cyclase

SNP sodium nitroprusside

SCE saturated calomel electrode

NCA 1-nitrosocyclohexyl acetate

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy

TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

MIMS membrane inlet mass spectrometry

Mb myoglobin

PA Piloty’s acid

HABA (hydroxylamino)barbituric acid

HAPY (hydroxylamino)-pyrazolone

DMA dimethylanthracene

TXPTS tris(4,6-dimethyl-3-sulfonatophenyl)phosphine trisodium salt hydrate

ESIPT excited state intramolecular proton transfer

HUVEC human umbilical vein endothelial cells

CGRP calcitonin gene related peptide

DRG dorsal root ganglion

TRPA1 transient receptor potential channel A1

RFL rat fibroblastoid like

SULFI/NO N-nitrosohydroxylamine N-sulfonate
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Highlights

• New fluorescent, mass spectrometric and electrochemical HNO detection

• New structurally varied HNO donors

• Endogenous HNO formation from NO and H2S “cross-talk”

• Better defined roles for HNO in specific biological processes
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Figure 1. 
The chemical biology of HNO
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Figure 2. 
Structure and mechanism of the HNO reaction for CuII[BOT1]
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Figure 3. 
New CuII based fluorescent probes
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Figure 4. 
Trapping nitroso compounds with phosphine
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Figure 5. 
Structure and mechanism of phosphorus based HNO probes
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Figure 6. 
The reaction of HNO with TEMPOL and TEMPO-9-AC
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Figure 7. 
Reaction cycle in the amperometrical detection of HNO by Co (P)
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Figure 8. 
Chemical strategies for HNO generation
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Figure 9. 
New IPA/NO type HNO prodrugs

Miao and King Page 32

Nitric Oxide. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
New hydroxylamine derived HNO donors
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Figure 11. 
Photo controllable acyl nitroso sources
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Figure 12. 
Generation of HNO by acyloxy nitroso compounds
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Figure 13. 
Potential reactions of H2S and NO
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Figure 14. 
Reactions of hydrogen sulfide with SNP
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Figure 15. 
Reactions of H2S with S-nitrosothiols
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Figure 16. 
Reactivity of HSNO and its tautomers
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Figure 17. 
Cross talk between H2S and S-nitrosothiol signaling
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Figure 18. 
HNO formation from proton coupled NO reduction
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