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Abstract 

H2S is an gaseous mediator that has its own beneficial effects on vascular physiology.  It has 

been implicated in the modulation of cellular processes including vessel tone/constriction, blood 

pressure, and tissue reperfusion [1].  When S-nitrosothiols (RSNOs) react with excess H2S, they form 

several intermediates including the soluble guanylate cyclase (sGC) activating nitrosopersulfide (SSNO-) 

[2].  However, the stability and reactivity of this intermediate remained under debate, and hence, the 

relevance of nitric oxide (NO) and HS- reactions had not been established [2, 3].  With novel and 

confirmatory data, my work has demonstrated the capacity of SSNO- to donate NO and the mechanism 

by which it does so.  I have shown that SSNO- has a half-life in anaerobic and aqueous conditions of 40 

minutes [4].  I employed UV/visible spectroscopy, electron paramagnetic resonance (EPR), and took 

advantage of the redox reactivity of liganded hemoglobin under aerobic and anaerobic conditions, to 

determine that SSNO- spontaneously releases very little NO upon decomposition.  Using the selectivity 

of ferricatalase, I have also shown that nitroxyl (HNO) release from SSNO- decomposition is unlikely.  

However, I have determined that NO is acquired from SSNO- in the presence of vacant heme.  Indeed, 

our data shows that a vacant heme is necessary to acquire NO from SSNO-, which indicates a direct 

heme-SSNO- reaction.  SSNO- reacts with ferrous and ferri-hemes, but more efficiently with 

ferrihemoglobin (metHb)[4].  I have further demonstrated the stability of SSNO- in platelet-rich plasma, 

in which, the inhibition of platelet activation in platelets treated with SSNO- is comparable to those 

treated with S-nitrosoglutathione (GSNO).   

Lastly, I have also employed chemiluminescence to quantify nitrite in the evaluation of the 

relationship between basal oral and plasma NO2
- and NO3

- as well as ex vivo NO3
- reduction in saliva with 
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in vivo changes in plasma NO2
-.  We found that salivary NO2

- and NO3
- are correlated, while plasma NO2

- 

and salivary NO2- are not correlated.  Plasma NO3
- was correlated with salivary NO2

- and NO3
-.  Finally, 

there was no correlation between ex vivo NO3
- reduction and in vivo changes in plasma NO2

-. 

 

Introduction 

 The formation of nitric oxide (NO) from L-arginine, NADPH, and O2 by endothelial nitric oxide 

synthase (eNOS), has become the hallmark of a healthy and functional endothelium.  In addition to its 

vasodilatory properties, NO has anti-inflammatory, anti-platelet, and anti-adhesive properties.  Thus, 

pathologies characterized by NO deficiency, which include, but are not limited to sickle cell anemia 

(SCA), demonstrate heightened inflammation, leukocyte adhesion, and platelet activation [5-7].  SCA is a 

thrombotic, hemolytic blood disorder that results from homozygous inheritance of Hemoglobin S (HbS).  

HbS is a defective variant of the α2β2 tetramer in which glutamate is replaced by valine in the 6th position 

of the β-chain, α2β2
E6V[8, 9].  At low pO2, HbS polymerizes which causes the RBCs to lose their disc-like 

shape and eventually sickle[8, 9].  At least, 50% of sickle cell disease patients demonstrate endothelial 

dysfunction[10].  The painful hallmark of SCA is the vaso-occlusive crisis (VOC).  The disruption and 

obstruction of the flow of blood by sickled RBCs does not comprehensively explain the pathophysiology 

of a VOC (reference Scheme 1).  VOC is a thrombotic process that involves chronic inflammation, injured 

and activated endothelium, and accumulation of activated, heterocellular aggregates [11, 12].  

Deficiency in NO contributes to the inflammatory and procoagulant state that primes the vasculature for 

thrombosis in the form of VOC[11].   
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Scheme 1 Pathology of a vaso-occlusive crisis (VOC).  The pathology of the vaso-occlusive crisis is 

complex process that is not adequately addressed by hydration, opioids, analgesics, and 

transfusion.  Originally published by Zhang et al, Blood, 2016. 

Similarities between the physiological effects of NO and H2S have led to speculation on potential 

crosstalk of NO and H2S [13-15].  NO must diffuse from its site of generation in the endothelium to the 

smooth muscle to bind its soluble, heme-containing target, guanylate cyclase (sGC).  As a relatively 

reactive, naturally occurring free radical, NO reacts with thiol, metal, and heme-containing proteins, and 

other reactive species, which leads to inactivation, preservation, or conversion to its once oxidized or 

reduced congeners, NO+ and HNO/NO-, respectively (reference Scheme 2).  For example, NO 

dioxygenation by oxyhemoglobin (oxyHb) produces nitrate and metHb.  NO dioxygenation is a rapid 

reaction, reacting on the order of 107 M-1s-1, which is only limited by NO diffusion or association to the 

oxyHb heme pocket [16-18].  Nitrate is biologically inactive.  Hence, NO dioxygenation is a biologically 

relevant reaction that inactivates NO bioactivity.  On the other hand, because deoxyhemoglobin 

(deoxyHb) has NO2
- reductase activity, producing NO and metHb, NO2

- is a storage pool that preserves 
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Scheme 2. NO reactivity and bioavailability.  The primary suppliers of NO are 

nitric oxide synthases (NOS) and the NO2
-
 reductase activity of deoxyHb 

under hypoxia.  NO is free radical that has a propensity to react with 

metalloproteins such as heme-containing proteins.  For example, NO 

nitrosylates it’s heme-containing target, sGC, to confer its beneficial 

downstream effects, such as, vasodilation and platelet inhibition.  Reactions 

of NO with deoxyHb or metHb conserve NO bioactivity by forming ferrous 

iron nitrosyl hemoglobin, Hb (Fe
2+

)NO or simply, HbNO.  While reactions with 

oxyHb inactivate NO, by a mechanism that is termed NO dioxygenation 

because it results in NO3
- and metHb formation.  NO+ (RSNOs) and 

HNO reactivity also contribute to the flux of NO bioavailability.  

NO bioactivity.  Furthermore, 

when NO reacts with NO2
• its 

bioactivity is preserved through 

the formation of N2O3 [19, 20].  

Importantly, when nitrite is 

bound to metHb, the heme-

oxygen binding causes NO2
- to 

have NO2
• characteristics.  In 

fact, N2O3 is formed from a 

metHb-NO2
- intermediate 

reaction with NO within the 

context of the NO2
-- deoxyHb 

reaction [21].  N2O3 directly 

preserves NO bioactivity by 

homolytic cleavage to yield NO 

and NO2
• or converts and indirectly preserves NO  bioactivity by donating NO+ in reaction with RS- to 

yield RSNO (NO+ donor) and NO2
-[19-21].  The release of NO from the reaction of RSNOs with HS- is 

attributed to the formation and subsequent homolytic cleavage of HSSNO/SSNO-, the formation of 

which is dependent on the prior formation of the smallest s-nitrosothiol (HSNO) and its reaction with HS- 

which  leads to the putative release of NO- and persulfide (HSS-)(reference Scheme 3) [2, 22].  Sulfane 

sulfur refers to sulfur atoms bound to other sulfur atoms.  A pool of these molecules includes β-

mercaptopyruvate, cysteine-hydrodisulfide, thiosulfate, thiosulfonates, and persulfides [23].  This pool is 

the result of cystathionine β-synthase (CBS) and cystathionine λ-lyase (CSE) metabolism of L-

homocysteine, cystathionine, cystine, and methionine producing H2S as a byproduct.[23, 24]  H2S has a 
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pKa1 of 6.8 and a pKa2 of 14.1 indicating that at pH 7.4 H2S is mostly HS- with tiny amounts of S2
-[25].  

Hence, unless oxidized HS- interacts with nucleophilic tendencies.  Thus, in chapters I and II we 

determined how sulfide (HS-) affects NO bioavailability by 1) determining the NO or HNO donating 

capacity of the stable products of reactions of HS- with RSNOs, 2) characterizing the stability and 

reactivity of the products of the reaction of HS- and RSNO, and 3) determining the effect of the stable 

products on platelet activation. 

In chapter III, we evaluated the relationship between plasma and oral NO2
- and NO3

-.  The 

entero-oral pathway is a mechanism for the recycling and reduction of dietary (NO3
-) within the human 

body.  Without the NO3
- reductase activity of oral bacteria, humans would be unable to use NO3

- as a 

source of NO.  In the entero-oral pathway, dietary NO3
- is reduced to NO2

- by oral bacteria.  NO2
- is then 

further reduced in the acidic milieu of the stomach or absorbed into the plasma through the digestive 

track [26, 27].  Plasma NO3
- is extracted in the salivary glands and given an opportunity for reduction.  

Thus, the cycle repeats.  Salivary NO3
- and NO2

- are correlated, but without plasma correlations this 

information is of no value as a diagnostic tool for disease states associated with endothelial dysfunction 

[28-30].  Since plasma NO2
- is a well-established indicator of endothelial function, determining the 

relationship between salivary NO2
- and NO3

- with plasma NO2
- could provide a diagnostic tool for disease 

states characterized by diminished endothelial function. 
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Abstract 

When nitrosothiols react with excess hydrogen sulfide, H2S, they form several intermediates 

including nitrosopersulfide (SSNO-).  The stability and importance of this species has been debated.  

While some data suggest SSNO- can be a relatively stable source of NO activity, others suggest that the 

species degrades too quickly.  We find the species to be relatively stable in isolation.  Due to the 

abundance and prominence of iron-containing proteins throughout the human body, it is important to 

establish the interaction of ferrous- and ferric-iron containing proteins with SSNO-.  Study of the 

reactions of SSNO- with heme proteins can also provide information about the potential in vivo stability 

and spontaneous reactivity of this species.  We have used time-resolved electron paramagnetic 

resonance and UV-Vis absorption spectroscopy to study the reactions of SSNO- with heme proteins.  

Iron-nitrosyl hemoglobin is formed when SSNO- is reacted with deoxyhemoglobin and deoxygenated 

methemoglobin, suggesting NO formation from SSNO-.  However, the yields of nitrosyl hemoglobin in 

reactions of SSNO- with deoxyhemoglobin are much less than when SSNO- is reacted with deoxygenated 

methemoglobin.  Very little to no nitrosyl hemoglobin is formed when SSNO-is reacted 

carboxyhemoglobin, HbCO, and when SSNO- is reacted with oxygenated hemoglobin, minimal 

methemoglobin is formed   Taken together, these data confirm the release of NO, but indicate a vacant 

heme is necessary to facilitate a direct heme-SSNO- reaction to form substantial NO.  These data also 

suggest that the ferric iron in methemoglobin potentiates SSNO- reactivity.  These results could 

potentially impact NO and sulfide bioavailability and reactivity. 

 

Keywords 

Hydrogen sulfide, nitric oxide, nitroxyl, nitrosopersulfide, nitrosothiol 
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Introduction 

Nitric oxide (NO) produced by nitric oxide synthase (NOS) in the endothelium must diffuse into 
the smooth muscle to activate its heme-containing target, soluble guanylate cyclase (sGC).  The 
reactivity of NO with heme-containing proteins is implicated in the inhibition of mitochondrial 
respiration and NO cytoxicity where the targets are cytochrome c oxidase and catalase, respectively [1-
3]. NO bioavailability is diminished by its reaction with oxyhemoglobin [4].  In the presence of oxygen, 
NO can form nitrosothiols which have been thought to be more stable than NO and still carry NO activity 
[5].  NO reactivity with ferrous and ferric heme proteins influences its signaling in substantial ways [6-8]. 

When the ferriheme of methemoglobin (metHb) reacts with NO, it binds to and subsequently 
reduces the heme at both acidic and alkaline pH values, but is fastest at higher pH [9, 10]. Hence, 
nitrosyl hemoglobin (HbNO) formation from metHb requires two NO, one to reduce and the other to 
bind, and the rate of reduction is dependent on [OH-] (Eqs. 1-4) [9, 10],  

 

   3+ 3+Hb Fe  + NO Hb Fe NO
K    Eq. 1 

 

   OH3+ 2+

2Hb Fe N HNOO OH Hb Fek     Eq. 2 

 

   H2O3+

2 2

2+Hb Fe NO H O Hb F H O He N
k      Eq. 3 

 

   NO2+ 2+Hb Fe NO Hb Fe NOk
     Eq. 4, 

 
where Hb(Fe3+) is methemoglobin, Hb(Fe3+)NO is the ferriheme-nitrosyl adduct, Hb(Fe2+) is reduced 
ferrous hemoglobin, and Hb(Fe2+)NO is iron-nitrosyl hemoglobin.  The equilibrium constant, K, at pH 7.4 

is 1.3 ± 0.1 × 104 M-1, the rate constant,
2H Ok , is  1.1 × 103 M-1 s-1 and the rate constant, kOH, is 3.2 × 103 

M-1 s-1   [9].  In the case of myoglobin, metmyoglobin binds NO to form the ferric nitrosyl species with an 
equilibrium constant K = 1.3. ± 0.1 × 104 M-1, but subsequent reduction of the ferric nitrosyl does not 
occur between pH 6.0 and 7.2. [9].  Only the hydroxyl ion facilitates the reduction of metmyoglobin, not 
water like Hb as in Eq. 3. 

Nitroxyl (HNO) also reduces ferriheme containing globins to yield nitrosyl species, as shown in 
Eq. 5,  

 

    3+ 2+Hb Fe +HNO Hb Fe NO + H    Eq. 5, 

 
where Hb (Fe3+) is metHb, HNO is nitroxyl, and Hb(Fe2+)NO is HbNO.  The reduction of ferriheme 
depicted in Eq. 5 is expected to occur with a rate constant similar to that for metmyoglobin which has 
been reported to be 8 × 105 M-1 s-1 [11].  The reaction of HNO with oxyhemoglobin (oxyHb) yields metHb 
and NO, which leads to NO dioxygenation by excess oxyHb (Eqs. 6, 7) [12, 13].  NO dioxygenation occurs 
when the O2-ligated ferrous heme of oxyHb reacts with NO, yielding metHb and nitrate (Eq. 7) [13-15],  
 

   2 2

2+ 3+Hb Fe HNO HO NO+F Hb e O     Eq. 6 
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   2+ 3+

2 3Hb Fe NO OHb FeO N       Eq. 7 

 
where oxyhemoglobin, Hb(Fe2+)O2 reacts with  HNO or NO on the order of  107 M-1 s-1 [13].   

H2S, like NO, is a gasotransmitter that has many biological effects, including the potentiation of 
NO signaling [16, 17].  Endogenously produced H2S is stored in sulfane sulfur, such as, polysulfides, 
persulfides, thiosulfate, etc. [18].  At neutral pH, unstored H2S is predominantly HS- due to a pKa of 6.8 
[19].  Although NO and HS- are likely nonreactive, HS- and NO+, which occurs in S-nitrosothiol (RSNO), or 
sulfide radical (HS•) and NO are reactive [19-21]. 

As a product of the chemical reaction of RSNO with HS- and a long-term activator of sGC, 
nitrosopersulfide (SSNO-) has gained interest for its physiological potential [21].  As shown in Eqs 8 and 
9,  

HS RSNO HSNO+RS      Eq. 8 

 

HS HSNO HNO+HSS      Eq. 9 

 
nucleophilic attack of HS- on the sulfur of RSNO may result in thionitrous acid (HSNO) formation and 
HNO formation upon a subsequent nucleophilic attack of HS- on HSNO (Eqs. 8, 9)  [20] [21].  Although 
HSNO is likely a product of this reaction, its labile nature excludes it as a candidate for the prolonged 
sGC activation observed by Cortese-Krott and colleagues[20].  The prevalence of persulfide (HSS-) at 
high concentrations of sulfide leads to formation SSNO-, 
 

 

H SSNO +RSHSS RSNO       Eq. 10 

 
 
where nucleophilic attack of HSS- on the RSNO results in the formation of SSNO- (Eq. 10) [20].  For this 
reason, SSNO- formation is prevalent at 1:1 or higher HS- to RSNO concentration ratios [20].  When 
concentration ratios of 1:1 and 2:1 (HS-:RSNO) are used, SSNO- is formed within 10 minutes and there is 
substantial NO released when compared to RSNO alone [20].  Cortese-Krott et al. show sustained sGC 
activation and cGMP accumulation upon SSNO- decomposition along with a gradual increase in 
absorbance at 290-300 nm, indicating polysulfide formation [20].  These data support homolytic 
cleavage of SSNO- as a mechanism to obtain NO from SSNO-.  SSNO- decomposition by homolytic 
cleavage as shown by Eq. 11, 

 
 -SSNO SS +NO       Eq. 11, 

 
results in NO and the disulfide radical (SS•), which form polysulfides [20].  In this way, the once oxidized 
redox congener of NO, RSNO, can behave as a reservoir for NO bioactivity.   

Precontracted aortic rings that were preincubated with a sGC inhibitor showed diminished 
relaxation in response to GSNO and SSNO-[21], confirming a role for sGC in GSNO and SSNO--induced 
relaxation.  Although application of an NO scavenger effectively mitigated GSNO-induced relaxation, it 
had no effect on SSNO--induced relaxation [21].  These data suggest a mechanism for SSNO--induced 
relaxation in which NO is not “released” from SSNO-, but sGC activation is obtained.  A possible 
explanation may be HNO formation or direct SSNO- and sGC interaction.  sGC is a heme containing 
protein and direct interaction between SSNO-and sGC cannot be ruled out.  Although some believe 
SSNO- is physiologically relevant, still others suggest that SSNO- is too unstable to be physiologically 
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relevant [20, 22].  In this study, we sought to determine the stability and spontaneous reactivity of 
SSNO- in the presence of heme-containing proteins. 
 

Experimental Procedures 

Chemicals 

 MAHMANONOate and Angeli’s salt were purchased from Cayman Chemical Company.  Equine 

skeletal muscle myoglobin, lyophilized bovine liver catalase, TRIZMA hydrochloride (Tris HCl) , 

phosphate buffered saline (PBS) pH 7.4 , monosodium phosphate, disodium phosphate, 

diethylenetriaminepentaacetic acid (DTPA) and potassium hexacyanoferrate (III) (K3Fe(CN)6) were 

purchased from Sigma.  Sodium hydroxide (NaOH) solution, 1 N, was purchased from Fisher Scientific.  

Na2S 9H2O was obtained form Acros Organics.  S-nitrosoglutathione (GSNO) was formed from the 

protocol by T.W. Hart [23] with adaptations.   

 

Reagent Preparation 

 

Methemoglobin and metmyoglobin were prepared by mixing oxyhemoglobin or equine skeletal 

muscle myoglobin, respectively, with K3Fe(CN)6 in 10-fold excess in PBS, pH 7.4.  A stock of K3Fe(CN)6 

was prepared in PBS pH 7.4 and the globin/K3Fe(CN)6 mixtures were gently agitated for 20 minutes to 

ensure thorough mixing.  Then, the mixtures were filtered through a sephadex G-25 M column 

containing 0.15% Kathon.  Concentration was determined by UV-visible spectroscopy.  Lyophilized 

bovine liver ferricatalase stocks were prepared in 100 mM Phosphate Buffer, pH 7.4 and centrifuged at 

13,000 x g to remove any debris.  Concentration was determined spectrally, Ԑ405 = 1.49 x 105 M-1 cm-1 

[24].Stocks of 10 mM NaOH with and without 0.1 mM DTPA were made in deionized (DI) water and 

degassed with N2 or Ar gas.  Stocks of PBS pH 7.4 with and without 0.1 mM DTPA were made and 

degassed with N2 or Ar.  DI water and 20 mM TRIS HCl pH7.4 were also degassed. 

In a 5 mL polypropylene tube capped with a rubber stopper, Na2S crystals were rinsed with DI 

water and immediately degassed with N2 or Ar until dried.  The addition of 3-4 mL of degassed 10 mM 

NaOH with 0.1 mM DTPA to the degassed Na2S crystals yielded stock concentrations that ranged 

between 10-25 mM.  Na2S stock concentrations were ascertained using UV-visible spectroscopy by 

diluting the stock into 2 mL of degassed DI water in a degassed 1 cm quartz cuvette, ε232 = 7700 M-1 cm-

1[21].  Stocks were freshly made and used within 6 hours. 

GSNO stocks were prepared in glass, amber-tinted vials, capped with a rubber septum by adding 

400-500 L of degassed PBS with 0.1 mM DTPA to fully degassed GSNO.  Concentration of the GSNO 

stocks were ascertained by UV-visible spectroscopy by diluting the stock into 2 mL of degassed PBS in a 

degassed 1 cm quartz cuvette, ε338 = 980 M-1 cm-1[25].  GSNO stock concentration ranged between 20-40 

mM. 
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Experimental Methods 

 

SSNO- mixture stocks were prepared by reacting Na2S and GSNO at a 2:1 molar ratio in degassed 

PBS pH 7.4 without DTPA in a degassed, rubber stoppered, polypropylene tube covered in aluminum 

foil.  After allowing the Na2S and GSNO to react for 10 or 30 minutes, SSNO- stocks were then degassed 

with N2 or Ar for 30 minutes.  SSNO- mixture stocks were used immediately after being degassed.  

Throughout this work, “SSNO- at 10 (or 30) minutes” or “SSNO- preincubated for 10 (or 30) minutes” 

refers to Na2S and GSNO coincubated for 10 (or 30) minutes prior to using for any reactions with 

proteins.  Since we were unable to spectrally detect any other nitroso or nitrogen oxide species in the 

reaction product, the concentration of SSNO- was based on the concentration of GSNO measured before 

adding sulfide.  It is possible that there are other NO-based products that we did not detect spectrally, 

so the concentrations of SSNO– referred to are potentially higher than actual concentrations.  SSNO– 

reactions with proteins were carried out in anaerobic or aerobic 1 cm quartz cuvettes.  UV-vis 

spectroscopy was obtained for 10 minutes at one scan every 30 seconds using a Cary 50 or Cary 100 

spectrophotometer.   

OxyHb was prepared from red cell lysates.  Concentration and purity was determined by 

spectral deconvolution of a UV/vis absorption spectrum.  MAHAMANOnoate stocks were prepared in 

anaerobic 10 mM NaOH and the concentration was determined by absorbance, ε250=7,250 M-1 cm-1 [26].  

HbNO yield from reacting deoxyHb with MAHMANOnoate was used to determine NO yield.  

MAHMANOnoate final concentrations were corrected according to the NO yield.  OxyHb, 0.1 mM, was 

reacted with an equimolar SSNO- mixture or equimolar NO and followed with UV/visible spectroscopy 

for 10 minutes prior to freezing 400 L of each sample and scanning for metHb formation using EPR. 

 HbNO yield from SSNO– and metHb under anaerobic and aerobic conditions was obtained by 

electron paramagnetic resonance (EPR).  After reacting H2S and GSNO for 10 or 30 minutes, observing 

SSNO- formation spectroscopically, and degassing SSNO- for 30 minutes, degassed 0.1 mM metHb was 

reacted with the SSNO- mixture at equimolar concentrations in anaerobic or aerobic 20 mM TRIS HCl, pH 

7.4.  Reactions were followed for 10 minutes using UV-visible spectroscopy.  EPR spectra of HbNO were 

taken using a Bruker EMX 10/12 spectrometer operated at 110K using a modulation amplitude of 5.0 

Gauss, 9.38 GHz microwave frequency, and a microwave power of 13.0 decibels. EPR of metHb was 

collected similarly except that the temperature was 5K and we used a modulation amplitude of 15.0 G.   

DeoxyHb was prepared with gentle agitation during degassing to obtain a stock that was >95% 

deoxygenated.  Concentration and purity was determined by spectral deconvolution of a UV/vis 

spectroscopic scan.  MAHAMANOnoate stocks were prepared in anaerobic 10 mM NaOH and 

concentrations determined by absorbance, ε250=7,250 M-1 cm-1[26].  HbNO yield from reacting deoxyHb 

with MAHMANOnoate was used to determine NO yield from the NOnoate.  MAHMANOnoate final 

concentrations were corrected according to the NO yield.  Reactions of equimolar SSNO- mixture with 

equimolar 0.1 mM deoxyHb or 0.1 mM metMb and equimolar NO from MAHMANOnoate with 0.1 mM 

deoxyHb or 0.1 mM metMb were followed by absorption spectroscopy for 10 minutes in anaerobic 20 

mM TRIS HCl pH 7.4.  After allowing the protein and SSNO- to react for 10 minutes, 400 L of each 

sample was frozen and scanned for nitrosyl formation using EPR.   
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A basis spectrum of ferrous nitrosyl catalase was created by reacting 50-fold excess, 0.1 mM, 

HNO donor with 2 μM ferricatalase.  A nitrosyl ferricatalase basis spectrum was created by reacting 50-

fold excess NO donor with 2 μM ferricatalase.  Stocks of Angeli’s Salt were prepared in anaerobic 10 mM 

NaOH and were used within 4-6 hours of preparation.  HbNO yield from reacting metHb with Angeli’s 

Salt was used to determine HNO yield.  Angeli’s Salt final concentrations were corrected according to 

HNO yield.  Spectral features of ferricatalase, nitrosyl ferricatalase, and ferrous nitrosyl catalase 

correspond to those demonstrated by Huang et al [27].  Excess SSNO- at 10 minutes was reacted with 2 

μM ferricatalase and the spectrum of the final product was deconvoluted by fitting to the basis spectra.  

All reactions were carried out in anaerobic 100 mM Phosphate Buffer pH 7.4 in Argon or Nitrogen 

purged 1 cm quartz cuvettes. 

The rate of HbNO formation from metHb and SSNO- was obtained by reacting metHb with 4-, 8-, 

12-, and 16-fold excess SSNO- in 20 mM TRIS HCl pH 7.4.  Reaction kinetics were recorded by absorption 

spectroscopy using 1 scan every 6 seconds for 8 minutes.  The observed rate constant was obtained by 

fitting to a single exponential function and plotted v. [SSNO-].  The biomolecular rate constant for SSNO- 

formation was obtained by reacting Na2S and GSNO at fixed 2:1 ratios in PBS pH 7.4.  Reaction kinetics 

were recorded by absorption spectroscopy at 1 scan every 6 seconds for 10 minutes.  The initial rate of 

the decomposition of GSNO, Ԑ338 = 980 M-1 cm-1, assumed to be concomitant with SSNO- formation, was 

found from the slope of the absorbance decay.  From this, the bimolecular rate constant for SSNO- 

formation was obtained by dividing by the initial concentrations of GSNO and Na2S.  The stability of 200 

μM SSNO- was determined by absorption spectroscopy, λmax = 412 nm, using 1 scan every 5 minutes for 

3 hours in N2 saturated, 5% oxygenated, and ambient air equilibrated  PBS pH 7.4.  The absorbance at 5 

minutes was used as the maximal absorbance in order to plot the change in absorbance at 412 nm as a 

percent of maximal absorbance.   

 

 

Results 

As it pertains to the generation of NO or its congeners, current data consisting of 

chemiluminescent NO detection, sGC activity, and cGMP formation indicate SSNO- to be a potent NO 

generator [28].  There is an inverse correlation between SSNO- decomposition and NO formation [20].  

However, our data show that, in the presence of heme containing proteins under aerobic conditions, 

SSNO- appears to release only small amounts of NO (Fig. 1.1A).  NO reacts with oxyHb in a 1:1 ratio to 

yield 1 metHb (Eq. 5) [13].  The intensity of the EPR signal of metHb yield from the reaction of 100 μM 

SSNO- mixture and 100 μM oxyHb is small (Fig. 1.1A).  Fig. 1.1B shows metHb yields from reactions of 

SSNO- and oxyHb.  In reactions of oxyHb with SSNO-, SSNO- mixtures were preincubated for 10 or 30 

minutes and degassed for 30 minutes, prior to reacting with oxyHb.  In reactions using SSNO- 

preincubated for 10 minutes, metHb yields were 1.3 ± 1.3 μM, after subtracting basal metHb in oxyHb.  

In reactions using SSNO- preincubated for 30 minutes, metHb yields were 0.5 ± 0.5 μM, after subtracting 

basal metHb in oxyHb (Fig. 1.1B).  The decrease in metHb yield is not significant, p=0.41.  A 100 μM 

metHb standard is also shown (Fig. 1.1B).  As shown in Fig. 1.1C, reacting a SSNO- mixture with 

carboxyhemoglobin (HbCO) forms no HbNO although the use of MAHMANOnoate produces HbNO (Fig. 

1.1C) with an average yield of  53.3 ± 4.8 μM (Fig. 1.1D).  In cases where heme is ligated, here shown 

with oxygen or carbon monoxide, the absence of nitrosyl formation from a HbCO and SSNO- mixture and 
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the minimal metHb yield from oxyHb and SSNO- suggests little-to-no NO is spontaneously released from 

SSNO- during the time periods studied.   

On the contrary, nitrosyl ferrous heme is obtained from the reaction of SSNO- and vacant 

ferriheme containing proteins under anaerobic conditions (Fig. 1.2).  Representative EPR spectra 

demonstrate enhanced HbNO yield from reactions of deoxygenated metHb and SSNO- when compared 

to reactions of deoxyHb and SSNO- (Fig. 1.2A).  Deoxygenated metMb and SSNO- also produces nitrosyl 

myoglobin (MbNO) with no significant changes when SSNO- is preincubated for 10 or 30 minutes prior to 

use, as shown by representative EPR spectra  (Fig. 1.2B).  Fig. 1.2C shows substantial average HbNO 

yields from reactions of deoxygentated hemoglobin and methemoglobin reacted with SSNO- 

preincubated for 10 and 30 minutes.  The change in average HbNO yield from deoxygenated metHb 

reacted with SSNO- at 10 and 30 minutes is significantly different, p= 0.04.  The HbNO yield from 

deoxygenated metHb and SSNO- is significantly different from deoxyHb and SSNO- at identical SSNO- 

preincubation times, p=0.026 at 10 minutes and p=0.005 at 30 minutes.  The fact that so little or no NO 

formation is evident in reactions of SSNO- mixtures with oxygenated or carboxyHb (Fig. 1.1), yet 

substantial HbNO is made from deoxyHb and metHb (Fig. 1.2A,C), suggests that a vacant heme 

facilitates or is necessary for substantial NO liberation.  Differences in HbNO yield, when SSNO- mixtures 

are combined with deoxyHb compared to when they are combined with metHb (Fig. 1.2A, 2C) suggests a 

mechanism that is due to either nitroxyl formation or enhanced reactivity of ferriheme with SSNO-.  The 

reduction of metMb by NO is fairly slow, as the rate constant , kOH (see Eq 2), for Mb2+ formation is 8.8 ± 

0.2 × 10-4 M-1 s-1 at pH 8.3 [9] .  This rate constant,kOH, increases as pH increases; hence, at neutral pH, 

MbNO yield from reacting NO and MetMb should be very small (Fig. 1.2B, 2D).  Indeed, at pH 6.5 

Hoshino et al find that there is no reductive nitrosylation of metMb by NO, just reversible binding of NO 

to the ferriheme[9].  Average MbNO yields from metMb and SSNO-, shown in Fig. 1.2D, along with NO 

donor controls, are 13.8 ± 2.07 μM and 13.9 ± 2.08 μM at 10 and 30 minutes, respectively, and 0.3 ± 0.6 

μM for the NO donor.  The absence of MbNO formation from metMb and an NO donor (Fig. 1.2B, 2D) 

supports this notion that reductive nitrosylation of metMb does not occur to a measurable extent at pH 

7.4.  On the other hand, the formation MbNO when metMb is reacted with SSNO-, as shown in Fig. 1.2B 

and 2D, suggests that there is a direct reaction of metMb and SSNO-.  The NO donor does, however, 

form substantial HbNO when reacted with metHb (Fig. 1.2D) and this is expected as ferric nitrosyl Hb 

reacts with hydroxyl ion and water (Eq. 3) so it is much more efficient in recductive nitrosylation at 

neutral pH than ferric nitrsoyl Mb which only reacts with the hydroxyl ion [9]. 

The reaction of SSNO- with O2 may be an alternate explanation for the diminished metHb yields 

observed in Fig. 1.1.  However, analysis of representative HbNO EPR spectra from SSNO- and metHb 

under aerobic conditions (Fig. 1.2E) suggests it is an unlikely explanation.  Although Fig. 1.2E shows a 

smaller yield under aerobic conditions, this diminished yield is not likely due to a reaction of SSNO- with 

O2.  Fig. 1.2F shows the HbNO formation from a mixture of metHb (100 μM) and NO donor 

MAHMANOnoate (NO yield of 100 μM) under aerobic and anaerobic conditions.  The lower nitrosyl yield 

under aerobic conditions is likely due to NO dissociation followed by dioxygenation with an oxygenated 

heme to form metHb and nitrate.  As summarized in Fig. 1.2G, the effect of oxygen on HbNO yield is as 

great when NO is administered through a donor or via SSNO-.  Thus, the low metHb yield in Fig. 1.1A is 

unlikely to be due to an oxygen/ SSNO- reaction.   
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In order to further characterize spontaneous NO yield from SSNO-, we observed NO liberation 

using a nitric oxide analyzer.  A 5 uL injection of a 1.0 mM SSNO- stock solution, prepared and injected 

anaerobically, gave a broad peak that returned to baseline over the course of 1 hour (Fig. 1.2H).  

Calculating the area under the curve using a nitrite standard, the NO yield was 59.2 μM at 10 minutes.  

Assuming linearity, this NO yields suggest about 6 μM NO liberation at 10 minutes for 100 μM SSNO-, 

much less than the amount of nitrosyl species formed when SSNO- is reacted with vacant heme proteins. 

The data in Fig. 1.2H supports the notion that spontaneous NO release from SSNO- is much less than 

that produced from a reaction of SSNO- with a vacant heme. 

One alternative explanation for the increased yield using the ferric heme is that SSNO- produces 

HNO, which reacts with the ferric heme to form HbNO [12].  To explore this possibility, we studied the 

ferrous nitrosyl yield when SSNO- is reacted with ferricatalase.  The formation of ferrous nitrosyl catalase 

from the reaction of ferricatalase and NO is very inefficient [27]. However, ferrous nitrosyl catalase is 

efficiently made when HNO reacts with ferricatalase (Fig. 1.3) [27].  With the addition of Angeli’s Salt (an 

HNO donor), the absorbance peak of ferricatalase at 405 nm shifts to 421 nm and a new band at 555-

580 nm appears, indicating irreversible formation of ferrous nitrosyl-catalase (Fig. 1.3A) [27].  An 

example of the absorption spectrum obtained when excess SSNO- is added to catalase is shown in Fig. 

1.3B.  The final products from this reaction are ferricatalase and nitrosyl ferricatalase.  The average of 

several trials yielded 42.0% ± 17.2% nitrosyl ferricatalase, 2.0% ± 2.8% nitrosyl ferrous catalase, and 

56.0%, ± 14.4% ferricatalase, n = 3.  Hence, diminished HbNO formation in the reaction of deoxyHb and 

SSNO- is likely not due to HNO formation.  These data are in agreement with current literature that 

shows low HNO yield from SSNO- [28].  

In order to assess potential significance of the reactions of SSNO- with ferric hemes, it is 

important to know the kinetics of the reaction.  Thus, we measured the observed rate constant of the 

reaction of excess SSNO- with metHb (25 μM) (Fig. 1.4A).  The observed rate constant appeared to be 

linear in SSNO- [20], suggesting a 2nd order reaction, with a bimolecular rate constant of 11 M-1 s-1.  The 

formation of SSNO- from GSNO and H2S is evidenced by a decrease in absorption at 338 nm (due to 

GSNO) with concomitant increase in absorption at 412 nm (characteristic of SSNO-, Fig. 1.4B)  By 

maintaining a constant ratio of H2S:GSNO of 2:1, we found the bimolecular rate constant for SSNO- 

formation from GSNO and H2S to be 640 ± 200 M-1 s-1 (Fig. 1.4C).  The decrease at 0.4 mM SSNO- is not 

significant, p=0.063.  SSNO- is less stable in oxygen (Fig. 1.5A).  Fig. 1.5A shows the decomposition of 200 

μM SSNO- under aerobic and anaerobic conditions over the course of 3 hours as well as that at an 

intermediate oxygen pressure (5%).  Maximal absorbance was taken 5 minutes after the initiation of the 

reaction and the absorbance is plotted as a percent of maximal absorbance.  Fig. 1.4D shows that after 

ten minutes, substantial SSNO- is present under aerobic or anaerobic conditions.   

 

 

Discussion 

 

 It has been suggested that SSNO- is the main, stable, long-term NO-donating reaction product of 

the RSNO/HS- reaction [20].  However, another group has suggested that SSNO- is too unstable to be of 

any physiological relevance [22].  We find that SSNO- is relatively stable in the absence of heme-

proteins.  Our data suggest that NO is not efficiently formed from SSNO- in the presence of ligated 
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heme, but is formed when there is a vacant heme, indicating a direct reaction between the vacant heme 

and SSNO- is required to get NO from SSNO-.  Furthermore, ferriheme is more efficient at acquiring NO 

from SSNO- than ferrous heme [22].  We also find that in the presence of heme-containing proteins, 

SSNO- does not yield HNO. 

In previous work the compound SSNO- was shown to be unstable in the presence of light [22], 

decaying within a minute of exposure to 55 mW of light at 470 nm.  It also was shown to decay 

completely within 10 minutes when exposed to water [22].  However, in our hands, SSNO- is very stable 

under anaerobic conditions and decays slowly under aerobic conditions (half life of about 40 minutes) in 

aqueous buffer (Fig. 1.4C,D).  In aerobic conditions, SSNO- is stable enough that it could react with heme 

proteins as studied here, over 85% of SSNO- remains after ten minutes.  It has been posited that during 

the incubation of SNAP and HS- (time < 10 minutes) enhanced oxygen consumption is due to the 

formation radical intermediates[20].  These data are consistent with those of the Feelisch group [20]  

Our data may differ from that suggesting SSNO- is unstable [22] due to differences in preparation and 

solution conditions.  Importantly, we made SSNO- by simply mixing sulfide and nitrosothiols in PBS. 

In the reactions of SSNO- with oxyHb and HbCO, we show the absence of the expected products 

of NO and heme, when heme is ligated (Fig. 1.1).  NO dioxygenation is expected to yield metHb and 

nitrate.  The absence of the metHb formation from the reaction of SSNO- and oxyHb demonstrates that 

SSNO- does not release substantial amounts of free NO in the time-frame and conditions of our 

experiments.  Also, HNO and oxyHb produce NO upon reaction.  Hence, the absence of metHb 

formation also indicates that HNO is not freely released from SSNO- in the time-frame of our 

experiments.  Previous work has shown spontaneous release of NO from SSNO- using 

chemiluminescence detection [20], but the yields in those experiments are not apparent.  Our data do 

not preclude some NO or HNO being spontaneously released from SSNO- , but we do find that the yields 

are small.  Indeed, we demonstrate spontaneous release of NO in Fig. 1.2H, but the yield is much less 

than that when vacant hemes are present. 

The formation of nitrosyl species from SSNO- and vacant heme proteins confirms the necessity 

of a vacant heme in order to acquire substantial yields of NO from SSNO- (Fig. 1.2).  In the case of a ferric 

heme, one possible pathway that could lead to NO formation from metHb would be from a reaction of 

GSNO and a reduced heme [29].  However, in our hands, immediate reduction of metHb by HS- occurs 

only when HS- is in extreme excess, 12X, to heme (data not shown).  Otherwise, at ratios up to 4:1 HS-

:RSNO the sulfide-heme adduct is stable for over 15 hrs, and at ratios in between, reduction is delayed.  

Thus, at ratios of 2:1 HS-:RSNO, reduction of metHb followed by iron nitrosylation is unlikely.   

The reaction of metMb and an NO donor demonstrates the ineffective reductive nitrosylation of 

metMb by NO (Fig. 1.2B).  Hence, the formation of MbNO from metMb and SSNO- is likely not the result 

of free NO, but of a direct reaction with the heme.  Reacting metHb with SSNO- under aerobic conditions 

did not eliminate HbNO formation, as might occur if SSNO- and O2 reacted directly (Fig. 1.2E).  Rather, 

HbNO formation from metHb under oxygenated conditions and NO donor is mitigated due to 

dioxygenation secondary to NO release from HbNO.   

It has been suggested that HNO is at least partially responsible for the vasorelaxant properties of 

RSNO/HS- reaction products[21].  However, the two main, stable intermediates of the RSNO/HS- 

reaction are lackluster HNO donors[28].  Our work with catalase (Fig. 1.3) supports a minimal role of 

HNO in potential SSNO- activity.  HNO reacts with ferricatalase to form nitrosyl ferrous catalase [27].  NO 
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does not efficiently reduce ferricatalase, but forms nitrosyl ferricatalase.  Therefore, the formation of 

nitrosyl ferricatalase when SSNO- is added to ferricatalase indicates NO, but not HNO formation.  

However, we could not detect nitrosyl ferricatalase with EPR. 

Although we cannot define mechanisms for the observed reactions in this work with certainty, 

we can propose a couple of potential pathways.  MetHb could react with SSNO- to form ferrous nitrosyl 

Hb and elemental sulfur,  

    3+ 2+
2Hb Fe +SSNO Hb Fe NO + S ,    Eq. 12 

and the elemental sulfur could further react to form polysulfides.  For the reaction with deoxyHb we 

suggest the simple pathway 

     2+ 2+Hb Fe +SSNO H Hb Fe NO + HSS ,  Eq. 13 

where the decomposition of SSNO- into NO and HSS•, previously suggested to occur spontaneously [30], 

is facilitated by the vacant ferrous heme.  An alternative mechanism would include oxidation of the 

ferrous heme, but we did not observe any MetHb formation in this reaction (data not shown).  Further 

work is required to establish the mechanisms of these reactions. 

Our kinetic data (Fig. 1.4) provide some information that can be useful in assessing potential 

physiological relevance of SSNO-.  The rate constant we obtained for SSNO- formation was 640 M-1s-1.  

Based in the stoichiometry, we originally thought that the rate constant would be third order, so the 

rate would depend on [HS-]2[GSNO].  However, we found that the rate of the reaction depended more 

on just [HS-][GSNO] (Fig. 1.4B).  Perhaps there is an initial, rate-limiting, reaction of one HS- with GSNO 

forming an intermediate species that quickly reacts with another HS-.  The rate constant for SSNO- 

formation from GSNO compares favorably with other reactions of GSNO including transnitrosation to 

from S-nitrosohemoglobin (0.1 M-1s-1 [31]) and oxidation of deoxygenated ferrous Hb (<0.05 M-1s-1 [29]).  

Thus, concentrations of sulfide that are about 3 orders of magnitude below that of these (and probably 

similar) heme proteins can compete for GSNO to form SSNO-.  Once formed, we found that SSNO- reacts 

with metHb in a reaction described by the rate constant of 11 M-1s-1.  In conditions of the experiments 

performed here, SSNO- is very stable under anaerobic conditions.  Under aerobic conditions, taking the 

lifetime of SSNO- to be 90 minutes (Fig. 1.4C), 17 M or more excess ferric heme would compete 

successfully with spontaneous decay of the SSNO-.  These rough calculations suggest that SSNO- and its 

reaction with ferric heme proteins may be of physiological relevance, but much more work is needed to 

see if this is the case.  Of particular interest is the possibility that, like with Mb and Hb, SSNO- could react 

with sGC to form a nitrosyl species and thereby activate the enzyme. 
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Fig. 1.1 Diminished NO yield from SSNO
-
 in the presence of ligated hemoglobin.  A EPR representative 

spectra of metHb yielded from the reaction of 100 μM SSNO
-
 mixture preincubated for 10 (blue) or 30 

(black) minutes, degassed, and then, reacted with 100 μM oxyHb for 10 minutes.  Throughout this 

manuscript, “SSNO
-
 at 10 (or 30) minutes” or “SSNO

-
 preincubated for 10 (or 30) minutes” refers to 

Na2S and GSNO coincubated for 10 (or 30) minutes prior to using for any reactions with proteins.  B 

Average metHb yields when 100 μM SSNO
-
 mixture is reacted with 100 μM oxyHb. Yields were 1.3 ± 1.3 

at 10 minutes and 0.5 ± 0.5 at 30 minutes (n = 3).  Also shown is a 100 μM metHb standard.  C EPR 

representative spectra of HbNO yield from reactions of MAHMANONOate (black) or SSNO
-
 aged to 10 

minutes (blue) with HbCO for 10 minutes D Average HbNO yields when 100 μM SSNO
-
 mixture after 10 

minutes of reacting or MAHMANOnoate (NO yield 100 μM) is reacted with 100 μM HbCO for 10 

minutes (n=3).  HbNO yields from 100 μM of HbCO and NO donor were 53.3 ± 4.8 μM.   
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Fig. 1.2 Nitrosyl yield from unliganded hemes. A Representative EPR spectra of HbNO yields from reactions of 100 μM 

deoxyHb (dHb) or 100 μM deoxygenated metHb and equimolar SSNO
-
 mixture preincubated for 10 and 30 minutes.  B 

Representative EPR spectra of MbNO yields from 100 μM of metMb and equimolar SSNO
-
 and 100 μM of metMb with 

MAHMANOnoate yielding 100 μM NO.  C Average HbNO yield from a 100 μM SSNO
-
 mixture preincubated for 10 or 30 

minutes, degassed, and reacted with 100 μM metHb in anaerobic buffer and 100 μM deoxyHb (n=3).  Average nitrosyl 

yields from metHb and SSNO
-
 at 10 and 30 minutes were 17.8 ± 1.9 μM and 14.2 ± 1.0 μM, p < 0.05.  Average nitrosyl 

yields from deoxyHb and SSNO
-
 at 10 and 30 minutes were 8.3 ± 4.5 μM and 5.9 ± 2.3 μM, p=0.27.  Nitrosyl yields from 

deoxyHb + SSNO
-
 at 10 and 30 minutes are significantly less than yields from metHb + SSNO

-
 at the same preincubation 

times. *= p-value < 0.050 and **= p-value = 0.005. D Nitrosyl yield from 100 μM SSNO
-
 mixture at 10 or 30 minutes, 

degassed, and reacted with 100 μM metHb (n=6) and 100 μM metMb (n=4) for 10 minutes (*= p-value < 0.005).  

MAHMANOnoate (yield 100 μM NO) reacted with 100 μM metHb and metMb for 10 minutes in deoxygenated buffer 

for 10 minutes showed significantly different nitrosyl yields.  E Representative EPR spectra of HbNO yield from the 

reaction of 100 μM SSNO
-
 pre-incubated for 10 minutes and 100 μM metHb in the absence (solid blue) and presence of 

(solid black) O2.  Using the SSNO
-
 incubated for 30 minutes, HbNO yield is shown in the absence (black dot) and 

presence (blue dash) of O2.  F Representative EPR spectra of HbNO yield from 100 μM metHb and MAHMANOnoate 

(100 μM NO yield) reacted under aerobic and anaerobic conditions for 10 minutes.  G Average HbNO yield from 10 

minute SSNO
-
 mixture (100 μM) and metHb (100 μM) in aerobic and anaerobic conditions(n=6, n=3, respectively).  

Average HbNO yield from 30 minute SSNO
-
 mixture (100 μM) and metHb (100 μM) in aerobic and anaerobic conditions 

(n=6, n=3, respectively).  Also shown is MAHMANOnoate (100 μM NO yield) and 100 μM metHb reacted for 10 minutes 

in aerobic and anaerobic conditions (n=3).  At 10 and 30 minutes, nitrosyl yields were significantly different between 

atmospheric conditions.  Likewise, nitrosyl yields were significantly different between atmospheric treatments of 

metHb and MAHMANOnoate ( †= p-value = 0.05, *= p-value < 0.01, **= p-value = 0.001,).  H Spontaneous release of 

NO from 1.0 mM SSNO
-
 mixture stock.  Injection was 5 μL into PBS pH 7.4.   
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Fig. 1.3 Nitrosyl ferrous catalase formation in the presence of HNO.  

A Representative UV-visible absorbance spectra of 2 μM 

ferricatalase (dashed line) with a Soret absorbance peak at 405, 

nitrosyl ferricatalase with absorbance peaks at 427, 540, and 576nm 

(dotted line) formed in the reaction of 2 μM ferricatalase and excess 

MAHMANOnoate or ProliNOnoate, and nitrosyl ferrous catalase with 

absorbance peaks at 421 and 555-580 nm (solid line) formed in the 

reaction of 2 μM ferricatalase and excess Angeli’s Salt. B 

Representative spectra of the final product of the reaction of 2μM 

ferricatalase and excess SSNO
-
(green) fit to the spectra of 

ferricatalase, nitrosyl ferricatalase, and ferrous nitrosyl catalase 

showing some nitrosyl ferricatalase (56.6%), but no nitrosyl ferrous 

catalase formation.  
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Fig. 1.4 Kinetics involving SSNO-.  A The reaction of excess SSNO- and metHb was observed using 

absorption spectroscopy and the observed rate constant plotted vs [SSNO-].  The bimolecular rate 

constant for HbNO formation from the reaction of 25 μM metHb and excess SSNO-, k = 11 M-1 s-1 and . 

R2=0.88.  B Changes in the absorption spectra of GSNO when H2S is added.  When 200 μM GSNO is 

reacted with 400 μM H2S in PBS pH 7.4, the absorbance at 338 nm decreases (solid line) as the 

absorbance at 412 nm increases (dashed line).  For GSNO, λmax = 338 nm.  For SSNO-, λmax = 412.  C The 

reaction between GSNO and sulfide was monitored by absorption spectroscopy for fixed 2:1 ratios of 

sulfide (800, 400, 200 μM) to GSNO (400, 200, 100 μM).  The initial rate of the reaction was used to 

calculated a second order rate constant (dividing by the concentrations of GSNO and sulfide).  The 

bimolecular rate constant for SSNO- formation, k, is 640 ± 200 M-1 s-1; R2=0.89, n=3.  Reactions 

performed anaerobically, in 20 mM TRIS buffer pH 7.4 at room temperature.   
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Fig. 1.5 Stability of SSNO-. A Decomposition of 200 μM SSNO- in N2 saturated, ambient air equilibrated, 

and 5% oxygenated PBS pH 7.4 over the course of 3 hours.  The absorbance at 5 minutes was used as 

the maximal absorbance.  The absorbance is plotted as a percent of maximal absorbance. (n=3)  B  

Average absorbance at 412 nm at 10 minutes for 200 μM SSNO- in ambient air equilibrated and N2 

saturated conditions.  The average % absorbance (% A) under O2 and N2 are 88.0 ± 2.5% and 100.0 ± 

1.5%, respectively.  (n=3) 
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Nitrosopersulfide and platelet activation 
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Chronic activation of platelets is an established feature of SCA [1, 2].  Basal activation of 

platelets is elevated in patients with SCA without VOC compared with healthy, non-SCA patients but 

platelets are further activated in SCA patients with VOC compared to asymptomatic SCA [3, 4].  Due to 

the cyclic and accumulative nature of SCA, platelet activation is both the cause and result of chronic 

inflammation and a hypercoagulable state [5, 6].  A clinical study, randomized, double-blind with 

placebo controls by Cabannes et al, showed that inhibition of platelet activation reduced the frequency, 

duration, and severity of VOC[7].  Yet, a more recent, multinational study on the effect of Prasugrel, a 

P2Y12 ADP receptor antagonist, on the frequency and intensity of VOC in children ages 2-17 years 

demonstrated that inhibition of platelet activation by P2Y12 blockade does not have an effect on VOC 

formation [8].  Given the complexity of VOC, targeting a single mechanism may not yield significant 

results, as is the case with previous treatments targeting a single mechanism [9].  The prasugrel 

treatment trended toward significance in the 12-17 year old group, p=0.06 for the average number of 

VOC.  This may indicate the range in which chronic platelet activation develops into a targetable 

contributor to VOC.  Because the severity of endothelial dysfunction in SCA is progressive, these data 

may indicate the point at which restoring NO bioavailability can contribute to reducing VOC. 

Micromolar concentrations of the NO donor sodium nitroprusside (SNP) inhibit activation in a 

sGC-dependent manner and RSNO-dependent reduction in platelet activation correlates closely with 

platelet sGC and cGMP and is dose-dependent [10, 11].  In SCA, potentiation of NO signaling through 

phosphodiesterase-5 (PDE5) inhibition reduces platelet activation in hemolysis-associated pulmonary 

arterial hypertension [4].  Hence, the inhibition of platelet activation may represent a viable target for 

reducing VOC and NO stimulation of platelet sGC may be a viable option to do so.  Cortese-Krott et al 

used a cellular system, rat fibroblast-like (RFL-6) cells, lacking substantial NO generation and low 

expression of PDE5 to demonstrate the ability of SSNO- to stimulate cGMP accumulation.  SSNO- induced 

cGMP accumulation was sGC-dependent, dose-dependent, and more potent that SNAP alone, but 
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eliminated with NO scavengers. [12].  However, we have found that there is some heme-specificity to 

SSNO- as an NO donor (see chapter I).  New developments in the oxidation of sGC thiols to modify sGC 

activity indicate that free NO may be more detrimental than beneficial under some conditions [13].  

Thus, the addition of some specificity for an agent that allows it to be delivered to the heme of its 

receptor without thiol reactivity is a novel, perhaps necessary direction. 

Glycoprotein IIb/IIIa (gpIIb/IIIa) complex under goes a calcium-dependent conformational 

change to expose binding sites for fibrinogen upon activation.  Glycoprotein IIIb (gpIIIb) is the β-subunit 

of the gpIIb/IIIa complex that is expressed on resting and activated platelets.  The goal of the final aim 

was to determine the effect of SSNO- on platelet activation.  In doing so, platelet activation after SSNO- 

exposure was measured by fluorescent antibody cell sorting using gpIIb/IIIa antibody and gp IIIb 

antibody. 

 

Methods 

Whole blood was collected from volunteers in a sodium citrate vacutainer; the first vacutainer 

was discarded and the second was centrifuged at 130 g for 10 minutes to separate platelet rich plasma 

(PRP).  A 7-fold dilution of PRP was made in PBS pH 7.4 and incubated for 10 minutes at 37ᵒC before the 

addition GSNO, H2S, or SSNO- treatments.  For preparation of GSNO, H2S, and SSNO- stocks please refer 

to ‘Reagent Preparation’ in chapter 1.  Final concentrations were 2 μM for GSNO, 4 μM for H2S, and 

presumed to be 2 μM SSNO-, based on the concentration of GSNO that was used.  Samples were 

incubated with treatments for 10 minutes at 37ᵒC before the addition of ADP.  A 50 μM stock of ADP 

was prepared fresh in saline and added to samples for a final concentration of 2 μM.  Samples were 

incubated with ADP for 10 minutes at 37ᵒC.  Samples were mixed with anti-CD61 Per CP and anti-PAC-1 

FITC and incubated in the dark for 15 minutes prior to fixing with 1% formaldehyde. 
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Fig. 2.1 Inhibition of platelet activation by SSNO
-
.  A 

Platelets were activated with 2 μM ADP for 10 minutes at 
37ᵒC after incubation with GSNO (2 μM), H2S (4μM), and 
SSNO

-
 (2μM) in aerobic environment for 10 minutes at 

37ᵒC.  Platelets were then reacted with anti-CD61 Per CP 
and anti-PAC-1 FITC, fixed with 1 % formaldehyde and 
counted using FACS.  B The addition of NO scavenger 
blunts the effect of SSNO- on platelet activation. ** < 0.005 
and * < 0.05  (n=5).  Control is untreated, unactivated 
platelets. 
 

A 

 

Fluorescent antibody cell sorting was performed on Becton Dickinson FACS Calibur analyzer and 

analyzed using CellQuest Pro software.  Platelet populations were gated by forward and side scatter 

plots.  Forward light scatter was set to E=0 and side scatter set to 443.  Both light scatter and fluorescent 

channels were placed in the logarithmic mode.  Ten thousand events were collected and gated by 

PerCP/FITC double labeled fluorescence in each sample and compared to untreated, unlabeled controls. 

 

 

Results 

 

Fig. 2.1A shows the inhibition of 

platelet activation by SSNO-.  Both GSNO and 

SSNO- significantly reduced platelet activation 

when compared to untreated, ADP activated 

platelets, p-values are <0.005 and <0.05 for 

GSNO and SSNO-, respectively.  However, the 

inhibition of platelet activation by SSNO- is 

comparable to that of GSNO, in that, there is 

no significant difference, p-value= 0.098.  

Notably, although the other stable products of 

the reaction of RSNO and HS- are not strong NO 

or HNO donors, their formation within the 

mixture indicates that SSNO- is not equal to the 

amount of RSNO used[14].  Fig. 2.1B shows 

that NO scavenger, 2-4-carboxyphenyl-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide(cPTIO), 

H2S SSNO- 

B 
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blunts the effect of SSNO- on the inhibition of platelet activation, p<0.05.  The ability of cPTIO to blunt 

the inhibition of platelet activation by SSNO- indicates that, within the context of the cell, SSNO- does 

not confer NO bioactivity across a membrane via direct heme interaction.  The lack of greater 

significance for SSNO- +cPTIO compared to SSNO- alone or any significance between GSNO + cPTIO 

compared to GSNO alone is attributed to cPTIO oxidation.  However, other groups have shown that 

cPTIO significantly mitigates the effects of GSNO[15, 16]. 

Fig. 2.2 Formation and quantification of SSNO-.  

A  UV/visible absorbtion spectrum of a 2:1 

Na2S:GSNO mixture reacted for 10 minutes in 

anaerobic PBS pH 7.4.  An increase in SSNO- 

formation is observed at λmax = 412 nm as a 

concomittant decrease in GSNO is observed, λmax 

= 338 nm.  B Initial UV/visible absorbtion 

spectrum of a mixture of 2mM Na2S and 1mM 

GSNO reacted for 10 minutes in anaerobic PBS 

pH 7.4 (blue line).  SSNO- λmax =412 nm, sulfide 

λmax=232 nm.  After degassing the reaction 

mixture with Ar or N2 for 30 minutes (red line), 

absorbance around 230 nm decreases, 

suggesting removal of some sulfide.  C 

Absorbance spectrum of the reaction mixture of 

2 mM Na2S and 1 mM GSNO reacted in 

anaerobic PBS pH7.4 for 10 minutes, and then, 

further degassed for 30 minutes (blue line).  

Absorbance was taken using a 1mm pathlength.  

Reaction mixture was then diluted 20-fold into 

DMSO (red line). Pathlength was taken using 1 

cm pathlength; Ԑ448 = 2,800 M-1 cm-1 for SSNO- in 

nonaqueous buffer.  SSNO- yield was 393 μM. 

C 

A 

B 
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Fig. 2.2A shows the decrease in absorbance for GSNO with concomittant increase in absorbance 

for SSNO-.  For GSNO, λmax is 338 nm and 412 nm for SSNO-.  While Fig 2.2A demonstrates that the 

absorbance of GSNO is eliminated, Fig 2.2B shows additional absorbance around 230 nm.  In Fig. 2.2B, 

the absorbance of the reaction mixture of 2 mM Na2S and 1 mM GSNO at 10 minutes shows the 

absorbance of SSNO- at 412 nm is accompanied by absorbance around 230 nm.  Upon degassing this 

reaction mixture with Ar or N2 the absorbance around 230 nm is reduced, suggesting that the 

absorbance around 230 is due to the presence of sulfide, λmax= 232 nm.  In Fig. 2.2C, the formation of 

SSNO- is from 2 mM Na2S and 1 mM GSNO reacted in anaerobic PBS pH 7.4 at 10 minutes, and then, 

further degassed with N2 or Ar for 30 minutes (blue line).  A 20-fold dilution of this reaction mixture into 

dimethylsulfoxide (DMSO) shifts the λmax for SSNO- to 448 nm (red line).  If the yield of SSNO- were equal 

to the concentration of GSNO, then SSNO- should be 1 mM.  However, using Ԑ448 = 2,800 M-1 cm-1 for 

SSNO- in nonaqueous buffer, we found the yield of SSNO- is about 39% [14].     

 

 

Conclusions 

 Previous studies demonstrate that SSNO- sGC-induced accumulation of cGMP is more potent 

than RSNO alone. [12, 14]  We used a biologically- and pathologically-(in terms of VOC) relevant 

endpoint of platelet activation to assess the potency of platelet sGC stimulation by SSNO-.  We found 

that inhibition of platelet activation by SSNO- is not only comparable to inhibition of platelet activation 

by GSNO, but it’s stronger.  Inhibition of platelet activation by SSNO- is approximately 3X more potent 

than GSNO inhibition of platelet activation.  Because this assay is performed in platelet-rich plasma, 

these data also suggest that SSNO- is stable enough to preserve NO bioactivity; albeit, not by a direct 

sGC-SSNO- interaction.  Hence, SSNO- is a stable intermediate of the reaction of HS- and RSNO that has 

implications as an NO-sGC-cGMP -mediated inhibitor of platelet activation. 
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Abstract 

Several studies have shown that fasting plasma nitrite (NO2
-) is an indicator of endothelial nitric oxide 

synthase (NOS) activity while  plasma nitrate (NO3
-) or the sum of NO2

- and NO3
- (NOx) do not reflect NOS 

function.  Plasma NO2
- can also be elevated through dietary NO3

- where the NO3
- is partially reduced to 

NO2
- by oral bacteria and enters the plasma through the digestive system.  NO3

- is taken up from plasma 

by salivary glands and the cycle repeats itself.  Thus, one may propose that salivary NO2
- is an indicator 

of plasma NO2
- and consequently of NO production.  Many brands of nitric oxide (NO) saliva test strips 

have been developed that suggest that their product is indicative of circulatory NO availability.   

However, data supporting a relationship between salivary and plasma NO2
- or NO bioavailability is 

lacking.  Here we have measured basal salivary and plasma NO2
- and NO3

- to determine if any correlation 

exists between these in 13 adult volunteers.  We found no significant correlation between basal salivary 

and plasma NO2
-.  Also no correlation exists between salivary NO3

- and plasma NO2
-. However, we did 

see a correlation between salivary NO3
- and plasma NO3

-, and between salivary NO2
- and plasma NO3

-.  In 

a separate study, we compared the efficiency of salivary NO3
- reduction with the efficacy of increasing 

plasma NO3
- and NO2

- after drinking beet juice, a high NO3
--containing beverage, in 10 adult volunteers.  

No significant correlation was observed between the ex vivo salivary reduction of NO3
- to NO2

- and 

plasma increases in NO3
- or NO2

-. These results suggest that measures of salivary NO3
-, NO2

- or NOx are 

not good indicators of endothelial function.  In addition, the efficiency of saliva to reduce NO3
- to NO2

-

ex-vivo does not demonstrate one’s ability to increase plasma NO2
- following consumption of dietary 

NO3
-.   

 

 

Key Words: Nitrite, nitrate, nitric oxide bioavailability 

 

Abbreviations: NOS, nitric oxide synthase; FMD, flow-mediated dilation; iNOS, inducible nitric oxide 

synthase; IMT, intima media thickness 
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1. Introduction 

Determining a diagnostic marker of endogenous NO bioavailability has been a major topic of 

research, one which would have clinical implications for monitoring cardiovascular disease, metabolic 

syndrome, and other conditions [1; 2; 3; 4].  Endothelial dysfunction has been noted as a key event in 

early atherosclerosis.  Due to defective synthesis, decreased levels of endothelium-derived NO 

characterize endothelial dysfunction [5].   In addition,  increased scavenging of NO by oxygen radicals 

results in low NO bioavailability associated with endothelial dysfunction [6; 7].  Individuals with 

endothelial dysfunction show a decrease in flow-mediated dilation (FMD) and an increase of intima 

media thickness (IMT), both representative of atherosclerosis [8; 9; 10; 11].  Given the cost of 

procedures to measure FMD and IMT, it would be useful to establish a simple blood test to diagnose 

endothelial dysfunction or low NO bioavailability due to other conditions.  The Kelm and Moncada labs 

have demonstrated that the majority of plasma NO2
- is derived from constitutive NOS-activity [12; 13].  

Observations have shown that upon regional nitric oxide synthase (NOS) inhibition in forearm 

circulation, vascular resistance increases linearly as plasma NO2
- levels decrease, thereby establishing 

plasma NO2
- as a potential measure of endothelial function [12].  

In some of the same studies, plasma NO3
- was ruled out as an indicator of NOS function.  The 

Moncada lab showed that only 16% of isotopic L-arginine infused into circulation was represented in 

plasma NO3
- levels versus 90% of plasma NO2

- [13].  The Kelm laboratory demonstrated no significant 

change in plasma NO3
- in mammals with inhibition of NOS activity [12].  These data are somewhat 

expected since plasma NO3
- has many NOS-independent factors which can drastically change the basal 

levels such as dietary NO3
- intake, denitrifying liver enzymes, and renal function [14; 15].  Interestingly, 

Hibbs and colleagues showed that inducible-nitric oxide synthase (iNOS) is one of the main contributors 

to circulating NO3
- due to the increase of NO production after the addition of the cytokine-IL2 [16].  

However, the general consensus is that, under most conditions, plasma NO3
- does not reflect NOS 

function or NO bioavailability.  In addition, there are even some investigators who suggest that plasma 

NO2
- does not accurately reflect eNOS function and NO bioavailability [17]. 

In recent years, dietary NO3
- has become a known contributor to the pool of bioavailable NO [18].  It 

is known that dietary NO3
- is reduced in the oral cavity by tongue flora, specifically by Actinomyces and 

Veilonella species [19; 20].  Once ingested, NO2
- is non-enzymatically reduced to NO in the gastric acidic 

milieu [21].  NO3
- and remaining NO2

- are rapidly absorbed in the small intestine.  Plasma NO2
- can then 

be reduced to NO by various mechanisms [18; 22]. Though most of the circulating NO3
- is excreted in 

urine, approximately 25% is extracted by the salivary glands and recycled through the enterosalivary 

circulation [23].  Complementary to endogenous NO production, this cycle of dietary NO3
- being 

converted to NO in physiology is referred to as the nitrate-nitrite-nitric oxide pathway [18]. 

Through this physiological pathway, it has been shown that dietary NO3
- will increase plasma NO3

- 

and NO2
-.  In addition, dietary NO3

- has been shown to lower blood pressure with short and long term 

effects, be vasoprotective and reduce platelet aggregation, along with having acute effects on cerebral 

blood flow and an increase in exercise tolerance and performance [18; 24; 25; 26; 27; 28; 29; 30].  Daily 

dietary NO3
- ingestion also improves endothelial function and vascular stiffness in hypercholesterolemia  

[31; 32; 33; 34].     
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As evidence suggests that basal plasma NO2
- levels reflect NOS function and bioavailable NO, these 

measurements may have clinical utility.  However, based on the nitrate-nitrite-NO cycle, one may also 

suggest that salivary NO2
- could have the same utility, as recently pointed out [1].  Indeed, commercially 

available products exist that measure salivary NO2
- and claim to report NO bioavailability.  However, 

until now, no published studies have shown a positive correlation between basal plasma NO2
- and 

salivary NO2
- levels.  Thus, in this work, we sought to investigate the basal levels of plasma and salivary 

NO2
- and NO3

-. 

When studying increased plasma NO2
- after a high NO3

- load, Lundberg et al. observed attenuation 

after using an antibacterial mouthwash [35], suggesting saliva’s conversion from NO3
- to NO2

- greatly 

affects plasma NO2
-.  Consumption of high NO3

--containing food or drinks increases plasma NO3
-, NO2

-- 

and thus NOx.  However, many studies have observed a significant variation with the increase in plasma 

levels among individuals [13; 24; 25; 28; 35].  It appears that some individuals are poor or non-

responders with respect to dietary NO3
- interventions as measured by increases in plasma NO2

-[24; 27; 

36; 37].  It would be useful to easily determine individuals’ efficacy at converting oral NO3
- to plasma 

NO2
-.  In this study we hypothesized that saliva would reflect ability to convert NO3

- to NO2
- in the oral 

cavity and that this ability would correlate with an individual’s dietary NO3
- to plasma NO2

- conversion 

efficacy.  Thus we conducted a second study where we examined both ex-vivo conversion of NO3
- to 

NO2
- in saliva as well as in vivo conversion of dietary NO3

- to plasma NO2
-.     

2. Methods 

2.1 Study Design 

All human subjects use was approved by an internal review board following federal and 

institutional guidelines.  For the basal levels study, 13 volunteers (8 male and 5 female) participated 

between the age of 18 and 80 years old.  Volunteers reported to the lab at 9:00 am on the day of their 

participation.  Individuals did not eat or drink within two hours of their participation.  If the volunteers 

had eaten any food the morning of the sampling, they were told to avoid any high NO3
- foods (ex. 

spinach, beets, lettuce, and other green leafy vegetables).  In addition, volunteers did not use 

mouthwash but were permitted to brush their teeth.  Upon arrival, blood was drawn from each 

volunteer from an antecubital vein and collected in a 4 mL lithium heparin vial.  Simultaneously, 

volunteers expectorated 5 mL of saliva which was collected in a sterilized 50 mL Corning tube. 

The beet juice study was ancillary to a larger study aimed at investigating potential additional 

benefits of beet juice combined with supervised exercise compared to supervised exercise alone.  The 

larger study provided a great opportunity for the ancillary one discussed here to compare in vivo 

conversion of oral nitrate to plasma nitrite and ex vivo salivary conversion efficiency.  10 participants (5 

male and 5 female) above the age of 55 were recruited.    All recruits consumed a bottle of concentrated 

beet juice (Beet it Sport shot, 500 mg NO3
-) a day for 6 weeks.  On the first day of weeks 1, 3 and 6 

participation, each recruit came in for sampling.  As described for the study above, volunteers did not 

use mouthwash or eat any high NO3
- foods but were permitted to brush their teeth.   Blood was drawn 

before and 1 hour after beet juice consumption.  Immediately before the blood draw, participants 

expectorated a 5 mL saliva sample into a 50 mL sterilized Corning tube.   One plasma sample was 
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excluded due to hemolysis during sample preparation.  In addition, two anaerobic saliva samples were 

excluded due to their having dried out during the deoxygenation procedure. 

2.2 Measurements 

Since salivary NO strips claim to be indicative of physiological NO, we sought to determine what 

these strips actually test in saliva.  Two brands of NO test strips, Nitric Oxide Test Strips (Berkeley Test) 

and Nitric Oxide Indicator Strips (Neogenis; Austin, TX), were placed in solutions of NaNO3
- and NaNO2

-.  

Since the strips have a colorimetric indicating tip, concentrations were varied in order to darken the 

strip with more reactant.  

Similar measuring techniques were used for both basal and beet juice studies.  Blood was taken 

from an antecubital vein and collected in a 4 mL Lithium heparin vial.  The tubes were immediately 

centrifuged at 11,500 g for 2 min.  The supernatant plasma was removed and immediately frozen on dry 

ice in aliquots of ~0.4 mL of plasma and stored in a -80 °C freezer.  Plasma NO3
- and NO2

- were 

determined and labeled “basal levels.”  For the beet juice studies, plasma NO2
- levels were determined 

in the before- and 1 hr after-beet juice consumption timepoints.  The difference was reported as the Δ 

plasma NO2
-. 

Plasma NO3
- and NO2

- levels were measured using an HPLC-based Eicom NOx Analyzer, model 

ENO-20 according to instructions of the manufacturer.  For all measurements, standard curves were 

obtained and used for quantitative measurements. 

For the basal levels study, each tube of saliva was centrifuged at 11,500 g for 5 minutes to 

exclude a large pellet of bacteria.  The supernatant salivary matrix was removed and immediately frozen 

on dry ice in aliquots of ~1.0 mL of saliva until time of analysis.  Freezing saliva is a method tested and 

employed by our lab which maintains the integrity of the sample after exclusion of the bacterial 

pellet[38; 39].  Before instrumental analysis, saliva was thawed and mixed 1:1 by volume with methanol 

for deproteination (a method tested which maintains NO3
- and NO2

- but allows for a cleaner sample to 

eliminate possible syringe clogging of the HPLC system of the NOx analyzer). Salivary NO3
- and NO2

- were 

determined and labeled “basal levels.”   

For the beet juice study, each tube of saliva (5 mL) was immediately split into two samples, one 

designated for aerobic testing and the other for anaerobic testing.  Both samples were placed in a round 

bottom flask and left to incubate in a 37 °C water bath.  The anaerobic sample was capped and flushed 

with argon for 1 hr to deoxygenate and induce anaerobic activity.  After 1 hr of incubation, 10 mM 

NaNO3
- was added to each sample to mimic a high NO3

- beverage.  Starting with a 0 min time point, the 

NO2
- produced was detected at 10 minute increments up to 90 minutes.  The salivary rate (k) of NO2

- 

production was calculated and reported in µM/min.   

Salivary NO3
- and NO2

- levels were measured using chemiluminescence-based Nitric Oxide 

Analyzers (Sievers, Inc.) according to instructions of the manufacturer.  For all measurements, standard 

curves were obtained and used for quantitative measurements. 



40 
 

2.3 Statistical Analysis 

For the basal levels study, salivary NO3
- and NO2

- levels are reported as the mean value of three 

injections.  Plasma NO3
- and NO2

- are reported as the sole value measured.  For the beet juice study, the 

aerobic and anaerobic salivary rate of NO2
- production was plotted against the change in plasma NO2

-.  A 

linear trendline was added to each plot to show relative correlation.  Spearman correlation coefficients 

(r) were calculated to measure the linear correlation between the two variables plotted.  An r value less 

than -0.5 or greater than 0.5 was considered significant.  In addition, two-tailed p-values were 

calculated.  A p-value less than 0.05 was considered significant. 

3. Results 

We first investigated sensitivity of oral commercial test strips to NO2
- and NO3

-.  The salivary NO test 

strips reacted with NaNO2
- in solution, but not NaNO3

- (Fig. 3.1).  There was no colorimetric change 

when the strips were submerged in NaNO3
- solution of 1 and 10 mM concentrations.  When the strips 

were submerged in NaNO2
-, a very apparent colorimetric change was seen. No detectable reaction was 

observed using the low concentration of 10 µM NaNO2.  A light pink color was apparent at a 

concentration of 50 µM and the color darkened with increasing concentrations up to 10 mM NaNO2
-. 

As these test strips appear to measure salivary NO2
-, then, assuming plasma NO2

- reflects NO 

bioavailability, the strips would measure NO bioavailability as long as salivary NO2
- correlates with 

plasma NO2
-.  Thus, we compared basal salivary NO2

- to plasma NO2
-.  We found that salivary NO2

- in 

volunteers ranged from 51 to 257 µM while salivary NO3
- ranged from 9 to 681 µM.  Plasma NO2

- in 

volunteers ranged from 60 to 184 nM while plasma NO3
- ranged from 19 to 61 µM.  Importantly, plasma 

NO2
- did not significantly correlate with salivary NO2

- (Fig. 3.2A, p = 0.87).   Plasma NO3
- significantly 

correlated with salivary NO3
- (Fig. 3.2B, p = 0.05).  Plasma NO3

- significantly correlated with salivary NO2
- 

(Fig. 3.2C, p = 0.02).  Basal plasma NO2
- did not correlate with basal salivary NO3

- (Fig. 3.2D, p = 0.41). 

For the second study we investigated whether ex-vivo conversion of NO3
- to NO2

- in saliva correlates 

with in vivo conversion of dietary NO3
- to plasma NO2

-.  Changes in plasma NO2
- ranged from -270 to 740 

nM. The average increase in plasma NO2
- was 150 nM.  The rates of salivary NO2

- production ranged 

from 0 to 201 µM/min in aerobic saliva and 0 to 402 µM/min in anaerobic saliva.  There was no 

correlation between the rate of aerobic salivary NO2
- production and the change in plasma NO2

- (Fig. 

3.3A).  The trendline R2 value was 0.0240.  The calculated r and p-values were 0.02 and 0.23, 

respectively.  In addition, there was no correlation for the rate of anaerobic salivary NO2
- production 

versus the change in plasma NO2
- (Fig. 3.3B).  The trendline R2 value was 0.0003.  The calculated r and p-

values were 0.08 and 0.76, respectively.  Each plot includes all of the week 1, 3 and 6 time points for 

each individual.  It is worth noting that there was no correlation when comparing only week 1, 3 and 6 

time points individually, aerobic or anaerobic salivary reduction of NO3
- (data not shown).  

4. Discussion 

We have investigated potential methods to assess individuals’ basal NO bioavailability and a 

potential salivary-based method to assess the individuals’ ability to convert dietary NO3
- to plasma NO2

-.  

Our major findings were (i) Nitric Oxide Test Strips indicate a relative level of NO2
- in saliva, (ii) basal 
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plasma and salivary NO2
- do not correlate, and (iii) ex vivo conversion of salivary NO3

- to NO2
- is not an 

indicator of in vivo dietary NO3
- conversion to plasma NO2

-.  We also found that plasma NO3
- correlated 

with both salivary NO3
- and NO2

-.  As expected, there was no correlation between plasma NO2
- and 

salivary NO3
-.   

As the Kelm lab has demonstrated, plasma NO2
- may be indicative of endothelial function [8].  If 

salivary NO2
- reflected plasma NO2

-, it could be an easy way to measure endothelial function, as 

suggested recently [1].  However, we found no relation between basal and salivary NO2
- (Figure 2A).  

These data suggest that salivary NO2
- would not be a valid way to measure endothelial function and NO 

bioavailability.  In addition, as we found that commercially available test strips measure salivary NO2
- 

(Figure 1), those strips are not likely to accurately assess NO bioavailability.  It should be noted that we 

used the test strips in a setting where liquid was applied to them.  Future work may consider whether 

other employments, such as putting the strip directly on the tongue, give different results.  

Our study for basal levels was designed primarily to determine if physiological levels of salivary NO2
- 

and plasma NO2
- correlated.  Without recently using mouthwash, consuming a high NO3

- food or 

beverage, or medications, salivary and plasma NO2
- in volunteers should reflect normal physiological 

levels.  We observed no correlation between basal salivary and plasma nitrite levels.  Interestingly, 

plasma NO3
- correlated with both salivary NO3

- and NO2
- (Fig. 3.2B & 2C).  As noted by the Kelm 

laboratory, plasma NO3
- is influenced by many NOS-independent factors such as dietary NO3

- intake, 

saliva formation, and bacterial synthesis in the bowel [12].  The positive correlations between plasma 

NO3
- and salivary NO2

- and NO3
- could be understood in terms of the nitrate-nitrite-NO cycle [18].  

Salivary NO3
- is converted to salivary NO2

- by oral bacteria and thus, these levels correlate with each 

other [18; 19; 20; 22; 23].  NO3
- enters the plasma and is taken back up into saliva [18; 22; 23].  Thus 

salivary and plasma levels of NO3
- are linked.  However, under basal conditions, plasma NO2

- levels are 

largely due to eNOS function [40] and thus do not correlate with salivary NO3
- or NO2

-.  Indeed, we did 

not see a correlation between plasma and salivary NO2
- or NO3

-.  

To further rationalize the lack of a correlation between plasma and salivary NO2
- levels, it is 

important to consider nitrogen oxide chemistry occurring during consumption and in the gut.  As 

suggested by work looking at nitrogen oxide production in the oral cavity, it is likely that salivary NO2
- is 

converted to further reduced nitrogen oxides such as NO, nitrous oxide, ammonia, and/or nitrogen gas 

[41; 42] and also reactive nitrogen oxide species [43] by bacteria which make up the human oral 

microbiome [44]. Additionally, the acidic milieu of the gastric lumen will likely affect the levels of plasma 

NO2
- as evident in research showing increased NO levels after swallowing NO2

- containing saliva [21; 22].  

Thus, variations in factors that influence gastric pH and nitrogen oxide absorption as well as those that 

influence chemistry in the oral cavity could lead to additional variations in plasma NO2
- that are not 

reflected in salivary NO2
-. 

The beet juice study was designed for exploring a correlation between in-vivo conversion of dietary 

NO3
- to plasma NO2

- and the efficacy of ex-vivo salivary NO3
- conversion.   Several labs have shown that 

dietary NO3
- increases plasma NO2

- substantially [23; 24; 25; 26].  However, the efficacy of this 

conversion varies dramatically among individuals, perhaps due to their microflora [13; 24; 25; 28; 35].  It 
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would be useful to be able to easily assess individuals’ ability to convert dietary NO3
- to plasma NO2

-.  

We hypothesized that the rate of ex-vivo salivary NO3
- to NO2

- conversion would serve this purpose.  

However, we saw no correlation between the in vivo efficacy of converting dietary NO3
- to plasma NO2

- 

and the ex-vivo conversion rate.  This lack of correlation may be due to the bacteria in the saliva samples 

we collected not being representative of the oral bacteria that are mainly responsible for NO3
- to NO2

- 

conversion in vivo.  These bacteria are thought to form biofilms[19; 20] so that saliva may not 

necessarily reflect their number, distribution, or reflect optimum conditions for NO3
- reduction.   

Possible limitations to this study should be acknowledged.  For the basal and beet juice studies, the 

sample sizes were 13 and 10 respectively.  A larger sample size might show stronger correlations.  For 

both studies we also used ex vivo salivary samples.  As mentioned we used expectorated saliva to assess 

salivary NO3
- to NO2

- conversion.  Tongue scraping or swabbing or NO3
- to NO2

- conversion in the oral 

cavity itself (gargling with NO3
- and then expectorating) might show better correlations with in vivo 

dietary NO3
- to plasma NO2

- conversion.  Plasma samples in the beet juice study were taken before and 

1-hr after beet juice consumption.  We have previously seen that plasma NO2
- levels are close to 

maximum one hour after consumption [24].  However, others [25; 26] have found that plasma NO2
- does 

not reach a semi-steady maximum value until three hours after consumption so that may have been a 

better choice for sampling.  It’s possible that several time points (such as at 1, 2 and 3 hours after 

consumption) are needed to obtain the maximum plasma NOx levels after a high NO3
- food or beverage 

for all individuals.   

5. Conclusions 

Our results argue against use of salivary NO2
- as a marker for NO bioavailability. In addition, the 

efficacy of ex-vivo NO3
- to NO2

- conversion cannot be used to assess individuals’ ability to convert dietary 

NO3
- to plasma NO2

-.   
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Fig. 3.1. Sensitivity of test strips to NO2
- and NO3

-.  Nitric 

Oxide Saliva Test Strips, Neogenis (A) and Berkeley (B), 

were dipped in a NaNO3
- or NaNO2

- solution.  New unused 

test strips have a white tip where saliva is intended to be 

placed.  Reaction with the strip caused a light pink to deep 

red colorimetric change.   
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Fig. 3.2. Examination of basal salivary vs plasma levels of NO2
- and NO3

-  (A) Basal plasma NO2
- and 

salivary NO2
- levels, p=0.87. (B) Plasma NO3

- and salivary NO3
-, p=0.048. (C) Plasma NO3

- and salivary NO2
-

, p=0.020.  (D) Plasma NO2
- and salivary NO3

- levels, p=0.41.  
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Fig. 3.3. Comparison of ex vivo salivary conversion of NO3
- to NO2

- to in vivo conversion of oral NO3
- to 

plasma NO2
-. Patients (n = 10) were given 2.35 oz of concentrated beet juice (Beet-It) each day for six 

weeks.  Blood was drawn from each patient before and 1 hr after (Δ Plasma NO2
-) beet juice 

consumption at weeks 1, 3, and 6 (all 3 timepoints plotted for each individual).  Saliva samples were 

expectorated early each morning (before breakfast or tooth brushing) at weeks 1, 3, and 6.  Δ Plasma 

NO2
- was plotted versus the rate of salivary NO2

- production after 10 mM inorganic NO3
- was added to (A) 

aerobic (p-value=0.23, corr=0.02) and (B) anaerobic saliva (p-value=0.76, corr=0.08).  Neither condition 

shows a correlation. 
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Conclusions 

In my hands, SSNO- spontaneously releases very little NO upon decomposition.  In vitro data 

shows that a vacant heme is necessary to acquire NO from SSNO-, which indicates a direct heme-SSNO- 

reaction.  SSNO- reacts with ferrous and ferri-hemes, but more efficiently with metHb.  Furthermore, 

SSNO- is relatively stable with a half-life in anaerobic and aqueous conditions of 40 minutes, which is 

consistent with the results of other investigators in the field[1, 2].  HNO release from SSNO- 

decomposition is unlikely as nitrosyl ferrous catalase is not formed from ferricatalase and SSNO-
.  This is 

also consistent with data in the field that shows low HNO yield from SSNO- with triarylphosphine 

trapping and P-Rhod fluorescence [2].   

Previous studies demonstrated that SSNO- is stable in the presence of millimolar concentrations 

of GSNO.  We expanded on this characteristic by demonstrating that SSNO- is stable enough in platelet-

rich plasma to potently inhibit platelet activation.  The inhibition of platelet activation in platelets 

treated with SSNO- is greater than those treated with GSNO alone.  The data indicate that SSNO- yield is 

about 39%.  Cortese-Krott et al also estimated SSNO- yield.  SSNO- is stable under high concentrations of 

dithiothreitol (DTT) allowing the reduction of polysulfides formed during SSNO-, while leaving SSNO- 

intact.  However, chloroform extracts all sulfane sulfur, including that of SSNO-.  Using the methylene 

blue assay to quantify H2S, Cortese-Krott et al determined that SSNO- accounts for about 30% of all 

sulfane sulfur, while polysulfides accounts for 50% of sulfane sulfur [2].  In nonaqueous media, SSNO- 

was calculated to be about 34%, λmax = 448, Ԑ448 = 2,800 M-1cm-1.  Thus, SSNO- can be expected to be 

about 1/3 of the concentration of GSNO used.  This suggests that the effect of SSNO- is about three 

times more potent than that of GSNO.  However, the effect of SSNO- on platelet activation is blunted by 

NO scavenging.  Thus, the robust effect of SSNO- on platelet activation is not likely due to a direct SSNO-

/heme reaction.  Even still the robust effect of SSNO- on platelet activation suggests a mechanism that 
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would make SSNO-, or an SSNO--like NO donor, a valuable addition to antiplatelet treatments in SCA 

where endothelial dysfunction is evident. 

In the Clodfelter et al. inquiry, we tested the reactivity of commercial salivary NO strips and 

found that they detect NO2
-.  If salivary NO2

- is correlated with plasma NO2
-, then NO2

- detecting salivary 

strips can be a simple and easy diagnostic tool.  To evaluate the in vivo capacity to reduce NO3- in the 

oral cavity we tested the correlation between plasma NO2
- and oral NO3

-.  In the study, subjects 

consumed beetroot juice every day for 6 weeks.  On three occasions throughout the study, blood was 

collected before and after consumption of the beetroot juice to determine plasma NO2
- and NO3

-.  At the 

same time, saliva was also collected from these participants and incubated at 37ᵒC under aerobic or 

anaerobic atmospheric conditions for 1 hour.  The ex vivo nitrate reductase capacity of the saliva was 

determined from NO2
- and NO3

- measurements that were taken before and every 10 minutes after the 

addition of 10 mM NaNO3
-, which was used to mimic the concentration of NO3

- in beetroot juice.  Basal 

levels of plasma and salivary NO2
- and NO3

- were also established and used to determine that there is no 

correlation between plasma NO2
- and salivary NO2

- or NO3
-, but plasma NO3

- is correlated with salivary 

NO3
- and NO2

- [3].  Furthermore, when the rate of NO3
- reduction in the saliva ex vivo under aerobic and 

anaerobic conditions was compared to the change in plasma NO2
-, there was no correlation found.  

Therefore, salivary NO2
-, and hence, salivary test strips that measure NO2

-, cannot serve as a diagnostic 

tool for disease states characterized by endothelial dysfunction. 

Again, the oral NO3
- reductase capacity in human beings is the result of NO3

- reduction by oral 

bacteria.  Hence, the absence of correlation may be due to the absence of oral bacteria with the ability 

to reduce NO3
-.  Furthermore, it’s possible that a correlation was not observed because the NO3

- 

reducing oral bacteria are thought to reside on the tongue and create biofilm.  Thus, gargling or swishing 

NO3
- solution may have been a better method to detect NO3

- reductase capacity of the oral microbiome.  

The main contributor to fasting plasma NO2
- is endogenous NO synthesis and NO2

- is biologically active.  
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In addition to flux from the reduction of NO2
- under hypoxic conditions and the spontaneous conversion 

under acidic conditions, copper II-mediated bioactivation of NO2
- converts NO2

- to RSNO [4].  Thus, 

mechanisms on the end of NO3
- reduction (supply) and mechanisms on the end of NO2

- bioactivation 

(demand) may contribute to the flux of NO2
- in the plasma and account for the lack of correlation 

between plasma and salivary NO2
-. 

Heme-iron bioactivation of NO2
- is not limited to deoxyHb under hypoxia.  The participation of 

the microbiome on the end of NO2
- bioactivation is also posited to rely on metal centers, including 

heme-iron and copper II centers[4].  The presence of H2S or RS- during the metal-center catalyzed 

reduction of NO2
- may produce SSNO-.  Chemically,  H2S facilitates heme-porphyrin mediated NO2

- 

reduction [5].  Thus, the bioactivation of NO2
- by metal centers in the presence of HS-/RS- has the 

potential to generate SSNO- and contribute to the absence of a correlation between salivary NO3
- and 

plasma NO2
-. 

The NO2
- reductase activity of deoxyHb under hypoxia is the hypoxic counter balance to the O2-

dependent generation of NO by eNOS under normoxia.  The formation of HbNO from the reaction of 

SSNO- with metHb was more efficient than SSNO- with deoxyHb [6].  Even still, the formation of HbNO 

from the reaction SSNO- with metHb is not very rapid; the bimolecular rate constant is 11 M-1 s-1 [6].  

Moreover, metHb comprises only about 1% of circulating hemoglobin. Unless assisted by proteins in the 

red blood cell (RBC) membrane, SSNO- reactivity with hemoglobin should not be biologically relevant.  

To elucidate if SSNO- can be used as a therapeutic agent, the effect of the RBC membrane on the rate of 

reaction with hemoglobin needs to be established.  Future studies to determine the effect of SSNO- on 

platelet activation under anaerobic conditions with and without healthy RBCs would elucidate if and 

when SSNO- would be a biologically active reservoir of NO bioactivity and reveal if SSNO- can be used as 

a therapeutic agent.  Studies that look into the effect of SSNO- on HbSS RBCs will also help to determine 
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the therapeutic capacity of SSNO-.  Mixtures of SSNO- and NO2
- should be evaluated to determine if a 

collaborative or synergistic effect occurs.   
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