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Abstract

Many different methodologies have been applied for the detection of S-nitrosothiols (RSNOs) in human biological fluids. One unsatisfactory
outcome of the last 14 years of research focused on this issue is that a general consensus on reference values for physiological RSNO concentration in
human blood is still missing. Consequently, both RSNO physiological function and their role in disease have not yet been clarified. Here, a summary
of the values measured for RSNOs in erythrocytes, plasma, and other biological fluids is provided, together with a critical review of the most widely
used analytical methods. Furthermore, some possible methodological drawbacks, responsible for the highlighted discrepancies, are evidenced.
© 2006 Elsevier B.V. All rights reserved.
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P o o ) o 1. Introduction
This paper is part of a special issue entitled “Analysis of the L-arginine/NO
pathway”, guest edited by D. Tsikas.
* Corresponding author. Tel.: +39 0577 234198; fax: +39 0577 234208. The function of nitric oxide (NO) in the activation of guanylyl
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Fig. 1. Chemical formula for S-nitrosocysteine, the simplest low-molecular-
mass S-nitrosothiol.

as also recognized by the award of the Nobel Prize to Furch-
gott, Ignarro and Murad in 1998 for their discovery about the
actions of NO in the cardiovascular system. However, NO and
its derivatives may be involved in a much broader range of
pathophysiological actions [1]. NO is not detectable per se in
human circulation at the basal state because of its short half-life
(<0.18) in that it rapidly undergoes a series of chemical reac-
tions with various types of biomolecules [2]. However, many
storage forms of NO have been postulated to exist in mammalian
tissues. Recent studies have focused on the role of intravascu-
lar NO-derived molecules that could stabilize NO bioactivity
and contribute to blood flow and oxygen delivery [3]. Among
these, a pool of derivatives of NO, i.e., S-nitrosothiols (RSNOs),
where a nitroso moiety is covalently bound to the sulfhydryl
group (SH) of proteins or low-molecular-mass (LMM) thiols,
has been identified in various tissues (reviewed in Ref. [1]).
Chemically, S-nitrosothiols are thioesters of nitrite with close
analogy with nitrite esters of alcohols (Fig. 1). The evidence
that RSNOs possess many of the biological activities of NO itself
(e.g., in causing arterial and venous smooth muscle relaxation,
in inhibiting platelet aggregation) by activating guanylyl cyclase
has stimulated a wealth of research into the biological signifi-
cance of these molecules. Since RSNOs are relatively stable and
release NO under various conditions, they are considered to be a
buffering system that controls intra- and extracellular functions
of NO increasing its range of actions in terms of time and space

[4].
2. Formation and catabolism of S-nitrosothiols

S-Nitrosothiols cannot be produced by the simple reaction of
NO with free thiol groups. The formation of RSNOs observed in
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oxygenated buffers [5] was supposed to be due to the oxidation
of NO to dinitrogen trioxide (N2O3). This molecule can be pro-
duced in environments containing both NO and O3, and N, O3 is
considered a good nitrosating agent, since it reacts with thiols at
physiological pH to yield RSNOs and nitrite [1,6]. Differently
from the gas phase, the formation of N>O3 from autooxida-
tion of NO in aqueous phase is rather unlikely [6,7]. Thus,
the mechanism(s) leading to the RSNO formation in vivo are
still largely unknown. Nevertheless, in the presence of reduced
thiols at mM-concentrations in incubates with nitric oxide syn-
thase (NOS), formation of nM- to puM-concentrations of RSNOs
has been reported [8—10]. Moreover, intravenous infusion of
aqueous solution of NO gas was shown to be accompanied by
systemic and hemodynamic effects [11], which are mediated
by the transport of NO stored as RSNOs, thus further suggest-
ing an in vivo mechanism that can convert a percentage of NO
into RSNOs. However, it is unclear what could be the chemi-
cal mechanism(s) involved. Among the various possible routes,
catalysis due to metal ions in traces, which can serve as elec-
tron acceptors, has been hypothesized (Fig. 2) [1]. Alternatively,
serum albumin has been shown to catalyze the production of S-
nitrosothiols by oxidizing, within the protein hydrophobic core,
NO to NO*, which is then transferred either to the sulfhydryl
group of Cys34 of albumin itself or to other thiols (LMM or
protein thiols) [4,12].

A controversial theory, in which hemoglobin (Hb) was sug-
gested to be capable of preserving, transporting, and exporting
NO activity through the formation of S-nitrosohemoglobin (Hb-
SNO) as an intermediate, has been proposed for RSNO produc-
tion in vivo. This theory suggests that NO binds rapidly to the
heme group of deoxygenated Hb to form nitrosylhemoglobin
(Fe-NO Hb). Once Fe-NO Hb is oxygenated (and undergoes a T
to R transition), some of the NO on the heme group is transferred
to the 3-93 cysteine to form Hb-SNO [13,14]. Upon deoxygena-
tion, some of the NO (actually NO*) on the cysteine is transferred
to erythrocytic glutathione or thiol groups on anionic exchanger
(AE1) protein and, finally, it is exported from the red blood
cell (RBC) to effect vasodilation, thus actively participating in
the regulation of blood flow [15]. Nevertheless, the proposed
mechanism seems to have numerous shortcomings, and many
researchers in the field were unable to obtain the same results as
originally proposed [16-20]. Finally, the lack of an allosterically
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Fig. 2. Summary of proposed main pathways for the formation, decomposition and biological action of S-nitrosothiols (RSNOs). N,O3, dinitrogen trioxide; NO,,
nitrogen dioxide; NO*, nitrosonium ion; ONOO™, peroxynitrite; RSH and R’SH, thiols; (O,° ™) superoxide anion.
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controlled intramolecular transfer of NO from the heme group
to cysteine has recently been further demonstrated [20].

Different reducing agents such as transition metal ions, ascor-
bate, superoxide (O,°7), thiols and direct light can mediate
NO release from RSNOs. Some enzymes have also been stud-
ied for their ability to decompose RSNOs (e.g., formaldehyde
dehydrogenase, protein disulfide isomerase, y-glutamyl trans-
ferase) and the occurrence of an S-nitrosoglutathione (GSNO)
reductase has been proven from bacteria to mammals [21]. Addi-
tionally, the ability of dithiols has been evidenced (specifically
thioredoxin and lipoic acid) to decompose some RSNOs with
concomitant generation of nitroxyl (NO™), the one-electron
reduction product of NO [22]. However, how NO is released
from RSNOs in vivo is not clear. Free metal ion-dependent
NO release could be physiologically unlikely, since concen-
trations of free metal ions are kept low. On the other hand,
some copper-containing cell-surface proteins, such as cerulo-
plasmin, would be able to decompose RSNOs, enhancing their
NO-mimetic activity (Fig. 2) [23,24]. Thiols can also have an
important role in RSNO metabolism since they are ubiquitous
and reach millimolar concentrations in the intracellular envi-
ronment [17]. They can react with RSNOs by transnitrosation,
a reaction in which the nitroso group is exchanged between S-
nitrosothiol and another thiol (Fig. 2). Since the susceptibility
to decomposition of LMM RSNOs is much greater than that of
protein S-nitrosothiols (PSNOs) and, additionally, some LMM
RSNOs (e.g., S-nitrosocysteine, Cy-SNO) can also cross cellu-
lar membranes [25], these S-transnitrosation reactions appear to
have a pivotal role in RSNO metabolism and to influence their
biological activity.

3. Mechanism(s) of action of S-nitrosothiols

It is still to be elucidated whether RSNOs can be simply con-
sidered a by-product of the metabolism of NO itself or can have
an active role in the regulation of biological pathways. Beyond
their supposed feature to function as NO stores, RSNO are able
to deliver NO and to act via guanylyl cyclase activation, there is a
large wealth of research as well about RSNO capability to act via
a guanylyl cyclase-independent pathway. The guess is that NO,
through the formation of RSNOs, can induce post-translational
modifications on sulfhydryl groups of cysteine residues in pro-
teins, thus contributing to the regulation of their function (Fig. 2).
Dozens of examples of proteins undergoing S-nitrosation have
been reported in the literature [1,26-28]. However, it should be
underlined that most examples of protein cysteine S-nitrosation
have been described only in purified proteins or in cells treated
with supraphysiological concentrations of NO donors or LMM
RSNOs (e.g., Cy-SNO), thus simply demonstrating that the pro-
tein has a reactive SH group that can be nitrosated [1]. Some
evidence of S-nitrosated proteins in vivo in various tissues has
also been reported [29-32], but these results should be taken with
caution. In fact, the intracellular environment contains millimo-
lar concentrations of glutathione, therefore, as transnitrosation
reactions are governed by second order reversible kinetics, the
Keq of which are close to unit, it is unlikely that protein S-
nitrosation is stable under these conditions [1]. It has recently

been reported that S-nitrosation is targeted enzymatically to
specific protein sites (thioredoxin may catalyze this reaction),
thus diminishing the non-specificity of a simple chemical reac-
tion [33]. However, as the enzymatic catalysis cannot influ-
ence the S-transnitrosation equilibria, this issue requires further
analysis.

4. From NO to RSNO: what is the yield?

Even if the complete chemical mechanism has not yet been
fully elucidated, it is widely accepted that most RSNOs arise
from NO and, ultimately, from NOS activity, given that the
enzyme S-nitrosothiol synthase, even if postulated, has not yet
been identified. In any case, it is not of secondary importance to
evaluate how much NO can be converted into RSNOs to have
an idea, with acceptable approximation, of the levels of RSNOs
occurring in tissues and biological fluids. NO administered intra-
venously at 30 wmol/min resulted in an increase in RSNOs in
peripheral blood of ~30nM (corresponding to an increase of
about 50% over measured basal values) [11]. Additionally, after
treatment of RAW 264.7 cells with lipopolysaccharide [34] or
of epithelial cells with NO-donors [35], less than 0.01% of the
released NO was transformed into RSNOs. The amount of NO
that is delivered from endothelial cells into blood stream is calcu-
lated to be 10° to 10* NO molecules/pm? s [19]. Consequently,
it seems to be unlikely that RSNO concentration in blood and
other biological fluids can be at the wM- rather than at the
nM-range. Nevertheless, higher production of NO, typically by
the inducible NOS, as occurs for example during sepsis, may
increase the basal concentration of RSNOs [36], although the
quantitative aspect of this is still to be elucidated.

5. Quantitative analysis of S-nitrosothiols
5.1. General concerns

There are a large number of challenges that investigators have
to face when approaching the quantification of RSNOs in bio-
logical systems. Most of them are connected to their very low
in vivo levels. As a consequence of this, the presence of nitrite,
iron-nitrosyl and other compounds, occurring in tissues and also
as contaminants in buffers and chemicals, makes the detection of
RSNOs artifact-prone, as some procedures may lack selectivity
[37]. Moreover, the chemical lability of RSNOs in the pres-
ence of thiols, ascorbic acid or metals further complicates the
problem. The analytical difficulties are mirrored by the incon-
trovertible observation that reported values by different research
groups cover some orders of magnitude also when analyzing
the same tissue or biological fluid. It is wondering that one
research group found 20-30 nmol/mg PSNO (i.e., 1.5-2 mM) in
endothelial cells [38] or rat kidney [39], a value that corresponds
to the levels of cellular glutathione (GSH) itself. Conversely,
Bryan et al. [40] found only 10-100 nM of RSNOs in almost all
the analyzed tissues. Therefore, an apparent gap of four-to-five
orders of magnitude exists. One can guess that such four-order
difference is limited to tissues or cells where RSNO measure-
ment is more difficult, due to the preparative phase for sample
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Table 1
Reported S-nitrosothiol levels in plasma or serum in health and disease measured by different methodologies
Sample S-Nitrosothiol Concentration (uM) Methodology Cleavage Publication year Reference
Human RSNO 7.194+5.73 Chemiluminescence Photolysis 1992 [41]
Human PSNO 6.92+545 Chemiluminescence Photolysis 1992 [41]
Rabbit Cy-SNO 0.221+£0.259 EC/HPLC No 1994 [70]
Rat PSNO 1.20 Spectrophotometer (Griess) HgCl, 1996 [120]
Human* RSNO 2.00+0.800 Spectrofluorometric Unspecified 1997 [52]
Human RA? RSNO 3.17+2.30 Spectrofluorometric Unspecified 1997 [52]
Human OA* RSNO 235+1.27 Spectrofluorometric Unspecified 1997 [52]
Human? RSNO 0.450 £+ 0.400 Fluorimeter (DAN) HgCl, 1997 [71]
Human sepsis® RSNO 1.30£0.800 Fluorimeter (DAN) HgCl, 1997 [71]
Mice LMM RSNO 5.00 Spectrophotometer (Griess) HgCl, 1997 [121]
Human RSNO 0.321 £0.139 Chemiluminescence HgClz/Vd3+ 1998 [91]
Rat* PSNO 0.930+0.360 Chemiluminescence Cu*/Cys 1998 [88]
Human RSNO 0.220+0.190 HPLC (Griess) HgCl, 1998 [105]
Human Alb-SNO 0.181 £0.150 GC-MS HgCl, 1999 [94]
Human hepatic diseases Alb-SNO 0.161 £0.274 GC-MS HgCl, 1999 [94]
Human CRF Alb-SNO 0.147 £0.055 GC-MS HgCl, 1999 [94]
Human GSNO <0.100 (LOD) HPLC (OPA) B-Me 1999 [67]
Rat GSNO <0.100 (LOD) HPLC (OPA) B-Me 1999 [67]
Human? LMM RSNO <0.025 (LOD) Chemiluminescence Cu*/Cys 2000 [122]
Human? (arterial blood) PSNO 0.045+0.014 Chemiluminescence /I~ 2000 [122]
Human? PSNO 0.063 £0.013 Chemiluminescence LT~ 2000 [122]
Rat Alb-SNO 0.120 £ 0.052 HPLC (Griess) HgCl, 2000 [36]
Rat LMM RSNO <0.020 (LOD) HPLC (Griess) HgCly 2000 [36]
Human Alb-SNO 0.062 +0.024 HPLC (Griess) HgCl, 2000 [104]
Human LMM RSNO <0.020 (LOD) HPLC (Griess) HgCly 2000 [104]
Human RSNO 0.028 £0.007 Chemiluminescence Cut/I/1- 2000 [72]
Human? (arterial blood) PSNO 0.024 £0.009 Chemiluminescence /1™ 2001 [123]
Human? PSNO 0.035+£0.013 Chemiluminescence L/~ 2001 [123]
Human RSNO 0.250£0.200 Chemiluminescence HgCl,/KI 2001 [51]
Human hypercholesterolemia RSNO 0.550 £ 0.260 Chemiluminescence HgCl,/KI 2001 [51]
Rat RSNO 0.051 £0.006 Chemiluminescence CuZ*//1~ 2001 [124]
Rat biliary cirrhosis RSNO 0.206 £0.059 Chemiluminescence Cut/IL/1- 2001 [124]
Human PSNO 0.020-0.050 HPLC (DAN) HgCly 2001 [56]
Human Alb-SNO 4.2041.00 Fluorimeter (DAF-2) Photolysis 2001 [45]
Human pregnancy Alb-SNO 5.10£0.700 Fluorimeter (DAF-2) Photolysis 2001 [45]
Human pregnancy RSNO 9.40 £1.50 Fluorimeter (DAF-2) Photolysis 2001 [45]
Human pre-eclampsia Alb-SNO 6.30£1.40 Fluorimeter (DAF-2) Photolysis 2001 [45]
Human pre-eclampsia RSNO 11.14+2.90 Fluorimeter (DAF-2) Photolysis 2001 [45]
Rat RSNO 0.002 Chemiluminescence /1~ 2002 [82]
Guinea pig RSNO 0.025 Chemiluminescence L/~ 2002 [82]
Monkey RSNO 0.001 Chemiluminescence /1~ 2002 [82]
Human RSNO 5.93 +£0.750 Spectrophotometer (Griess) HgCl, 2002 [47]
Human diabetes RSNO 7.64 £0.790 Spectrophotometer (Griess) HgCl, 2002 [47]
Rat RSNO 1.78 £0.760 Chemiluminescence Cu*/Cys 2002 [125]
Rat RSNO 0.050-1.00 NO electrode Cu?* 2002 [4]
Human RSNO 0.040 £ 0.007 Chemiluminescence Cut/I/1- 2002 [126]
Human RSNO 0.015+£0.006 Chemiluminescence Cut/Ip/1- 2002 [11]
Human RSNO 0.0072+£0.0011 Chemiluminescence L/~ 2002 [3]
Human SCD PSNO 0.0023 4+ 0.0005 Chemiluminescence I/1~ 2002 [53]
Human RSNO 0.450 £0.450 Fluorimeter (DAN) HgCl, 2003 [50]
Human HD RSNO 225+1.17 Fluorimeter (DAN) HgCl, 2003 [50]
Rat Alb-SNO 0.0012 4+ 0.0003 Chemiluminescence /1™ 2003 [127]
Human Alb-SNO 0.0072 +0.0011 Chemiluminescence /1~ 2003 [127]
Guinea pigs Alb-SNO 0.0252 +0.0051 Chemiluminescence /1~ 2003 [127]
Human RSNO 9.00 Fluorimeter (DAN) HgCl, 2003 [49]
Human CRF RSNO 12.0 Fluorimeter (DAN) HgCl, 2003 [49]
Human CRF before HD RSNO 8.10 Fluorimeter (DAN) HgCl, 2003 [49]
Human CRF after HD RSNO 8.60 Fuorimeter (DAN) HgCl, 2003 [49]
Rat RSNO 0.00135 £ 0.00046 Chemiluminescence /1~ 2004 [40]
Human (left ventricle) RSNO 10.8 +3.10 Chemiluminescence L/~ 2004 [92]
Human (pulmonary artery) RSNO 9.20+£3.70 Chemiluminescence /I~ 2004 [92]
Human CHF (left ventricle) RSNO 14.7+4.20 Chemiluminescence L/~ 2004 [92]
Human CHF (pulmonary artery) RSNO 129+3.10 Chemiluminescence /1~ 2004 [92]
Human HD RSNO 1.77+£0.320 Fluorimeter (DAN) HgCly 2004 [128]
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Table 1 (Continued )

Sample S-Nitrosothiol Concentration (nM) Methodology Cleavage Publication year Reference
Cat Alb-SNO <0.050 (LOD) Fluorimeter (DAN) HgCl, 2004 [81]

Cat GSNO <0.100 (LOD) HPLC (UV) No 2004 [81]

Rat LMM RSNO 0.010+0.006 NO electrode Cu* 2004 [112]

Rat RSNO 0.200 NO electrode Cu?* 2004 [112]
Human Alb-SNO 0.00059 £+ 0.00031 Chemiluminescence /I~ 2004 [43]
Human pregnancy Alb-SNO 2.90 Biotin-switch Ascorbic acid 2005 [46]
Human pre-eclampsia Alb-SNO 7.20 Biotin-switch Ascorbic acid 2005 [46]
Human RSNO 0.090 EPR spectrometry MGD 2005 [114]
Human RA RSNO 0.109 EPR spectrometry MGD 2005 [114]

4 Serum. CHF: congestive heart failure; CRF: chronic renal failure; DAN: 2,3-diaminonaphthalene; EPR: electron paramagnetic resonance; HD: hemodialysis;
B-Me: 2-mercaptoethanol; MGD: N-methyl-D-glucamine dithiocarbamate; OPA: o-phthalaldehyde; RA: rheumatoid arthritis; SCD: sickle cell disease.

analysis; however, a similar discrepancy among different lab-
oratories is present also when biological fluids are analyzed
(Tables 1-3).

Stamler et al. first reported the presence of 7 uM RSNOs in
plasma of healthy humans, suggesting that S-nitrosoalbumin is
the most abundant circulating S-nitrosothiol [41]. During the
past 14 years, dozens of other studies measured the concentra-
tions of RSNOs both in healthy people and subjects suffering
from various diseases: from an analytical standpoint, results mir-
ror the difficulties of researchers in the field. Apart from the
initial difficulties one faces with new methodologies and vali-
dation procedures, paradoxically, still now most of the papers
reporting measurement of RSNOs in human blood or other
tissues are frequently preceded by an “in situ” validation of
the applied analytical procedure. Furthermore, in these papers
[42—44] we can frequently find data supporting the thesis that
early published results are affected by artifacts because of the
use of inappropriate methods.

RSNO concentration has been reported to be altered in
patients suffering from many different pathologies such as pre-
eclampsia [45,46], diabetes [47,48], end-stage renal disease
[49,50], hypercholesterolemia [51], theumatoid arthritis [52],
sickle cell disease [15,53], chronic obstructive pulmonary dis-
ease [54], and cystic fibrosis [55]. These findings were from
assessing RSNOs in a variety of biological fluids: blood, plasma,
sputum, saliva, bronchoalveolar lavage fluid (BALF), synovial
liquid, or cerebrospinal fluid (see Tables 1-3). Considering these
data as a whole, it is impossible to demonstrate that the vari-
ation in the levels of RSNOs may serve as an indicator of the
evolution of the disease, with the consequent attribution of diag-
nostic/prognostic importance. The three-to-four orders of mag-
nitude divergence in basal levels (Tables 1-3), severe artifacts
occurring during preparative pre-analytical phases, analytical
shortcomings, and, more generally, the insufficient attention by
some authors, reviewers and editors of scientific journals to the
analytical chemistry of NO (and other NO-related molecules)
pose reasonable concerns on most of these findings of clinical
research and their ensuing conclusions on the involvement of
RSNOs in physiology and pathology [16,56-58]. Thus, it is pos-
sible that measurement of RSNOs in different biological fluids
may have a clinical relevance, but this can be understood with
certainty only once some evident methodological drawbacks are
solved.

5.2. Sample manipulation and pre-analytical phase

Not less important than the use of the appropriate analytical
technique is the actual sample processing. The importance of
adding SH-alkylating agents such as N-ethylmaleimide (NEM)
to prevent S-transnitrosations and chelators to avoid metal-
mediated degradation in the samples before analyses has been
highlighted [59]. In procedures requiring acidification for pro-
tein precipitation and/or sample derivatization, nitrite is trans-
formed into nitrous acid (pK, = 3.4), which is a strong nitrosating
agent, able to artificially lead to an increase in RSNOs [60]. Thus,
the use of NEM or other thiol blockers in large excess over
matrix concentrations of thiols is particularly recommended.
Analogously, some additional critical points should be consid-
ered during sample manipulations. The collection of samples in
chilled tubes to be immediately kept and maintained at 2—4 °C,
sample handling in the dark to prevent degradation, as well as
avoiding freeze/thawing process that may elicit artifactual pro-
duction of RSNOs are highly recommended [61,62].

In addition, a careful consideration should be paid to the
choice of commercially available chemicals and solutions that
may contain considerable amounts of nitrite [63]. Moreover,
because some anticoagulants, beyond being contaminated with
nitrite, may also influence the quantification of RSNOs [64,65],
this possible interference with the analytical phase must be ver-
ified. Finally, ultrafiltration procedures have been reported to
deliver some NO metabolites (NO,) such as nitrite and nitrate
from cellulose filters, thus leading to an overestimation of the
real RSNO value [66].

5.3. The most common analytical procedures

S-Nitrosothiols in biological fluids have been quantified by
a wide spectrum of different techniques, e.g., chemilumines-
cence, spectrophotomety, HPLC, gas chromatography—mass
spectrometry (GC-MS), liquid chromatography—mass spec-
trometry (LC-MS), fluorimetry, electron paramagnetic reso-
nance (EPR) spectroscopy, and immunological methods. Some
methods are directed to measurement of total S-nitrosothiols,
whereas others may discriminate between PSNOs and LMM
RSNOs. Most of the developed techniques involve the conver-
sion of the S-nitroso group to nitrite (e.g., by HgCl, action)
or its reduction to NO and finally the detection of NO itself
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Table 2
Reported S-nitrosothiol levels in red blood cells in health and disease measured by different methodologies®
Sample S-Nitrosothiol Concentration Methodology Cleavage Publication Reference
(uM) year
Rat (arterial) RSNO 3.40+1.55 Spectrophotometer (Griess) HgCl,/Cd 1997 [76]
Rat (arterial) Hb-SNO 0.144+0.012 Chemiluminescence L/~ 2002 [82]
Rat Hb-SNO 0.037+0.011 Chemiluminescence L/~ 2002 [82]
Human (arterial) Hb-SNO 0.046 £0.017 Chemiluminescence L/~ 2002 [87]
Human Hb-SNO 0.069+0.011 Chemiluminescence /1~ 2002 [87]
Rat RSNO 5.1+£2.87 Spectrophotometer (Griess) HgCl/Cd 1997 [76]
Human (arterial) Hb-SNO 0.161 +0.042 Chemiluminescence L/~ 2000 [122]
Human Hb-SNO 0.142+0.029 Chemiluminescence L/~ 2000 [122]
Human (arterial) Hb-SNO 0.099 +0.036 Chemiluminescence L/~ 2000 [129]
Human Hb-SNO 0.117 +£0.054 Chemiluminescence LA™ 2000 [129]
Rat Hb-SNO 0.025+£0.021 Fluorimeter (DAN) HgCl, 2000 [36]
Rat (LPS-treated) Hb-SNO 0.605 £0.162 Fluorimeter (DAN) HgCl, 2000 [36]
Human (arterial) Hb-SNO 2.50 Chemiluminescence Photolysis 2002 [14]
Human Hb-SNO 0.30 Chemiluminescence Photolysis 2002 [14]
Human Hb-SNO 1.930 +0.281 Fluorescence (DAF-2) HgCl, 2002 [14]
Human Hb-SNO <0.050 (LOD) Chemiluminescence L/~ 2003 [130]
Rat Hb-SNO 0.072 +0.033 Chemiluminescence L/~ 2003 [127]
Rat (arterial) Hb-SNO 0.288 +0.025 Chemiluminescence L/~ 2003 [127]
Guinea pig (arterial) Hb-SNO 0.431 +0.099 Chemiluminescence L/~ 2003 [127]
Human Hb-SNO <0.001 (LOD) Chemiluminescence L/~ 2003 [127]
Rat Hb-SNO 0.123+0.016 Chemiluminescence L/~ 2004 [40]
Human (left ventricle) Hb-SNO 6.15+1.81 Chemiluminescence L/~ 2004 [92]
Human (pulmonary artery) Hb-SNO 6.70£1.76 Chemiluminescence L/~ 2004 [92]
Human CHF (left ventricle) Hb-SNO 13.7+3.21 Chemiluminescence L/~ 2004 [92]
Human CHF (pulmonary artery) Hb-SNO 6.90£+2.08 Chemiluminescence L/~ 2004 [92]
Human Hb-SNO 22 Chemiluminescence L/~ 2004 [48]
Human type 1 diabetes Hb-SNO 13.2 Chemiluminescence L/~ 2004 [48]
Human RSNO 0.177 +£0.107 Chemiluminescence Cu*/Cys 2005 [90]
Human SIRS and ARDS RSNO 3.70+1.97 Chemiluminescence Cu*/Cys 2005 [90]
Human Hb-SNO 3.52 Chemiluminescence Photolysis 2005 [44]
Human hypoxiemia Hb-SNO 0.235 Chemiluminescence Photolysis 2005 [44]
Human RSNO 0.700 Chemiluminescence Photolysis 2005 [15]
Human mild SCD RSNO 0.280 Chemiluminescence Photolysis 2005 [15]
Human severe SCD RSNO 0.187 Chemiluminescence Photolysis 2005 [15]
Human Membrane PSNO 5.10 Chemiluminescence Photolysis 2005 [15]
Human mild SCD Membrane PSNO 1.50 Chemiluminescence Photolysis 2005 [15]
Human severe SCD Membrane PSNO 0.300 Chemiluminescence Photolysis 2005 [15]
Sheep® RSNO 0.025 Amperometry Cu?*/Cut 2005 [115]
Human Hb-SNO 0.054 Chemiluminescence L/~ 2006 [74]
Human (arterial) Hb-SNO 0.050 Chemiluminescence L/~ 2006 [74]

ARDS: acute respiratory distress syndrome; CHF: congestive heart failure; DAN: 2,3-diaminonaphthalene; RA: rheumatoid arthritis; SCD: sickle cell disease; SIRS:

systemic inflammatory response syndrome.

2 All values are referred to the whole blood volume. For the original data referring to red blood cells (RBC) values, the blood values have been calculated by
considering a hematocrit value of 45%. For the original data expressed as mol NO/mol Hb, values have been calculated by considering 300 g/l of hemoglobin (if not
differently specified) in RBCs. Additionally, for the calculations the Hb was considered as a tetramer (if not differently specified). For membrane RSNO a protein
concentration of 3 mg/ml blood was considered. Some of these values (reported without SD) were approximately deducted from graph data.

b Value measured in whole blood.

or nitrite formed from NO. Alternatively, a procedure for
S-nitrosoglutathione determination by detection of the glu-
tathionyl moiety after its cleavage with 2-mercaptoethanol has
been proposed [67]. It requires a pre-column derivatization with
o-phthalaldehyde (OPA) followed by HPLC separation and fluo-
rescence or UV detection. Differently, the biotin-switch method
involves the cleavage of the S—NO bond by ascorbic acid, the
biotinylation of the nascent thiol and the immunological detec-
tion of the biotin tag [68]. To the authors’ knowledge, only a few
methodologies have been applied for the direct measurement
of RSNOs. Specifically, GSNO has been detected in biological
fluids by LC-MS in human plasma [69]; however, the authors

reported only a comparison between the tracings of plasma from
arterial and venous blood and any reference to the concentra-
tions found was lacking. Additionally, S-nitrosocysteine was
directly measured in rabbit plasma, before and after the in vivo
intravenous administration of S-nitrosoalbumin, by HPLC cou-
pled to an electrochemical detector (ECD) with a dual Au/Hg
electrode [70]. Blood samples were immediately centrifuged,
then plasma was microfiltered and injected into the HPLC/ECD
instrument.

In the present review, we have tried to critically analyze
the techniques applied for S-nitrosothiol detection in biologi-
cal fluids. We hope this analysis will set the stage for further
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Table 3
Reported S-nitrosothiol levels in different biological fluids in health and disease measured by different methodologies
Sample S-Nitrosothiol Concentration Methodology Cleavage Publication Reference
(LM) year
Human BALF RSNO 0.240+0.075 Chemiluminescence Photolysis 1993 [131]
Human tracheal aspirate RSNO 0.530£0.110 Chemiluminescence Photolysis 1993 [131]
Human BALF lung transplant RSNO 0.830£0.063 Chemiluminescence Photolysis 1993 [131]
Human BALF pneumonia RSNO 4.43£1.40 Chemiluminescence Photolysis 1993 [131]
Human tracheal aspirate ECMO RSNO 0.056 £0.027 Chemiluminescence Photolysis 1993 [131]
Human synovial fluid RA RSNO 10.1£2.90 Spectrofluorometric Unspecified 1997 [52]
Human synovial fluid OA RSNO 8.20+3.52 Spectrofluorometric Unspecified 1997 [52]
Human urine RSNO <0.150 (LOD) Fluorescence (DAN) HgCl, 1997 [71]
Human urine sepsis RSNO 8.90+3.90 Fluorescence (DAN) HgCl, 1997 [71]
Human BALF RSNO 0.080 Chemiluminescence Cu*/Cys 1999 [132]
Human BALF CF RSNO Not detectable Chemiluminescence Cu*/Cys 1999 [132]
(LOD not reported)
Exhaled breath RSNO 0.110+0.020 Spectrophotometer (Griess) HgCl, 2001 [55]
Exhaled breath severe asthma RSNO 0.810 £ 0.060 Spectrophotometer (Griess) HgCl, 2001 [55]
Exhaled breath mild asthma RSNO 0.080+0.010 Spectrophotometer (Griess) HgCl, 2001 [55]
Exhaled breath CF RSNO 0.350£0.070 Spectrophotometer (Griess) HgCl, 2001 [55]
Exhaled breath COPD RSNO 0.240 +0.040 Spectrophotometer (Griess) HgCl, 2001 [55]
Human sputum RSNO 38 Spectrophotometer (Griess) HgCl, 2004 [54]
Human sputum, COPD RSNO 60.4 Spectrophotometer (Griess) HgCl, 2004 [54]
Human gastric juice RSNO 0.204 Chemiluminescence Cu*/GSH 2005 [114]
Human synovial fluid RSNO 0.308 EPR spectrometry MGD 2005 [114]

BALF: bronchoalveolar lavage fluid; CF: cystic fibrosis; COPD: chronic obstructive pulmonary disease; DAN: 2,3-diaminonaphthalene; ECMO: extracorporeal
membrane oxygenation; EPR: electron paramagnetic resonance; MGD: N-methyl-D-glucamine dithiocarbamate; OA: osteoarthritis; RA: rheumatoid arthritis.

validation and consensus on methodologies, and will lead to a
clearer understanding of the physiological relevance of RSNOs
in vivo.

5.3.1. Spectrophotometric detection

The simplest procedure to determine RSNOs is based on
a modification of the reaction described by Griess more than
one century ago. Under acidic conditions (pH < 3), sulfanil-
amide reacts with nitrite forming a diazonium cation which,
in turn, reacts with N-(1-naphthyl)ethylenediamine yielding a
diazo molecule characterized by a strong absorbance around
540 nm [65]. Some authors have also suggested that variations,
e.g., the replacement of sulfanilamide with dapsone, increase
the performance of the method [71]. Since this procedure is
essentially based upon the detection of nitrite, the concentra-
tion of which in biological fluids is largely higher than that of
RSNOs, it is absolutely necessary to remove the pre-existing
nitrite before RSNO analysis [72]. This can be achieved by dif-
ferent procedures, e.g., ultrafiltration or gel-filtration of samples
to remove low-molecular-weights compounds [36,37]. Alterna-
tively, sulfamate can be added to samples at 5-10 mM final
concentrations, thus reducing nitrite to N, (Fig. 3) [73]. All
these procedures may have significant drawbacks: the materi-

als applied for the ultrafiltration may release RSNO metabolites
such as nitrite [66], which may interfere with the measurement.
Additionally, it is not so easy to completely eliminate the nitrite
background because some proteins such as hemoglobin have
specific binding sites for nitrite [37,74]. Sulfamate is able to
eliminate nitrite, but sample acidification is required (Fig. 3).
Under acidic conditions, nitrite is protonated into nitrous acid
that nitrosates SH groups producing RSNOs; thus, NEM or other
molecules able to alkylate free thiols must be used before sample
acidification [72].

The nitroso moiety of RSNOs is generally transformed into
nitrite by the action of HgCl,. It is obvious that, when sulfamate
isused, its excess may remove also nitrite produced de novo from
the cleavage of RSNOs, leading to a possible underestimation of
S-nitrosothiols. Even if the reaction of nitrite with sulfamate is
slower than that with sulfanilamide, mainly because of the high
concentrations of sulfanilamide [75] used in the assay procedure
(i.e., a final concentration of 0.5 wt.% sulfanilamide), this possi-
ble interference should not be neglected. In some cases, the use
of HgCl, has been coupled with the addition of cadmium prob-
ably to facilitate the cleavage process [76]. However, it should
be considered that cadmium is able to reduce nitrate to nitrite in
a pH-dependent manner, allowing its detection by reaction with

H* N,

+
2H H,O ?. f
NO, LJ. NO* + ozﬁ—NHz
0]

¢ J ¢
O=ﬁ—NNOH O0=S8—OH
0]

Fig. 3. Schematic representation of the reaction between sulfamate and nitrite. Nitrite is converted to NO" at acidic pH and then NO* reacts with ammonium

sulfamate. Nitrogen and sulfuric acid are the products of the reaction.
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the Griess reagents. Consequently, over-estimated values can be
obtained.

By the use of the spectrophotometric detection after deriva-
tization with the Griess solution, RSNOs have been measured
in plasma, BALF, urine, blood (Tables 1-3). Some ready-to-
use colorimetric detection kits are also available (e.g., Oxonon,
Alexis Biochemicals) [54,55]. However, the detection limit of
the method close to 0.2 wM of nitrite [56,77] represents the main
limit that hampers application of the Griess assay on most bio-
logical samples. In our experience, the Griess method is not
sensitive enough to allow RSNO measurement in normal human
plasma or whole blood, suggesting that levels of RSNOs in
human blood are lower than 0.2 uM [56]. To confirm this, the
addition of standard solutions of S-nitrosoalbumin (Alb-SNO) or
S-nitrosohemoglobin (0.5-10 wM) to the same samples readily
allowed their detection with the appearance of the typical red-
purple color [56,77]. We think that this easy experiment should
be a starting point to grossly indicate the RSNO levels in sam-
ples to be analyzed and, in particular, to confirm data obtained by
other techniques when the measured concentrations are above
the detection limit of the spectrophotometric Griess method.

5.3.2. Fluorimetric detection

Nitrite derived from decomposed RSNOs can be detected by
means of the diazotization reaction of 2,3-diaminonaphthalene
(DAN), a reaction that takes place intramolecularly, because the
DAN molecule contains two amino groups in ortho-position.
This reaction yields 2,3-naphthotriazole (NAT), a stable fluo-
rescent compound, whose fluorescence is measured using an
excitation of 365nm and emission of 405nm [71]. Fluores-
cent procedures based on this diazotization reaction have been
used to measure nitrite, nitrate and S-nitrosothiols ([65,71]
and Tables 1 and 2). Basically, the same possible interfer-
ences described for spectrophotometric RSNO detection can
also affect fluorimetric methods, with the major problems being
the lack of selectivity and the scarce reproducibility. This is prob-
ably due to the fact that some of the applied procedures for nitrite
removal by treatment with sulfamate were carried out without
sample acidification [49,50,71]. This generated a significant pit-
fall, since an absolute requirement for sulfamate to trap nitrite
is an acidic pH [78]. Additionally, some doubts have also been
posed about the employment of sulfamate to remove the nitrite
background. Some data, in fact, seem to indicate that this action
should be preferentially achieved by using sulfanilamide [72].

An alternative fluorimetric assay has been applied to deter-
mine RSNOs in plasma samples from normal pregnant and
pre-eclamptic women [45]. By this procedure, RSNOs are deter-
mined after the delivery of NO by UV radiation and its reaction
with 4,5-diaminofluoresceine (DAF-2), which was declared by
the authors themselves to specifically react with NO but not with
other NO, under the applied experimental conditions [45]. How-
ever, the original method [79] was not validated in plasma but
only used for evidencing NO production within cells. Neverthe-
less, it has also been reported that photolysis in the presence of
free thiols enhances NO and RSNO formation from nitrate, sug-
gesting that most of the RSNOs measured by this methodology
are likely due to such artifact [80].

Declared detection limit of the fluorimetric methods is as low
as 20nM [71]. Great discrepancies in reference values can be
observed for RSNOs measured in body fluids by these fluori-
metric methods by analyzing the data in Table 1. Marzinzig et
al. [71] and Wlodek et al. [49] found mean values of 450 and
8800 nM in plasma of healthy subjects, respectively, and more
generally plasmatic levels of RSNOs assessed with the above
described procedures ranged from undetectable [81] to 9.2 uM
[45].

5.3.3. Chemiluminescence

Gas-phase chemiluminescence is undoubtedly the most
widely applied method for RSNO detection, mainly because
of its suitability in terms of low detection limit [82]. Briefly, it
consists of an indirect analysis of RSNOs by measuring the NO
derived from the cleavage of the S—NO bond. The NO gas is
drawn by a vacuum into a reaction chamber, where it is oxidized
with ozone to form excited NO,", which rapidly decays back
to its ground state, emitting near-infrared radiation and can be
quantified by a photomultiplier [83]. This methodology can be
applied to measurements in biological samples by taking advan-
tage of the low solubility of NO in aqueous solutions (close to
2.0mM at 20°C, [84]): in fact, NO has a partition coefficient
between gaseous and aqueous phases of about 20. Thus, NO
dissolved in the liquid phase can be displaced by bubbling an
inert gas through the specimen [85]. Different procedures have
been proposed to release NO from RSNOs, the most frequently
used of which are photolysis and chemical methods involving
use of Cu*/cysteine or iodine/triiodide [59]. The preferential
choice of the reductive agent is a quite delicate aspect since
these procedures greatly differ in terms of reducing properties,
which in turn influence both the efficiency and the specificity
of the reaction. For example, it has been observed that photol-
ysis is not specific for the cleavage of the S—NO bond, but it
can also cause the release of nitroso groups from nitrosamine,
dinitrosyl-iron complexes, leading to a possible overestimation
of the results [86]. Moreover, it has also been reported that nitrate
can be reduced to NO by photolysis in the presence of thiols
[80]. These observations might explain the high concentration
of RSNO measured by photolysis-chemiluminscence methods
in biological samples [15,41,44]. The substitution of photolysis
with chemical reduction seems to be able (at least in part) to over-
come these methodological problems. In particular, recent data
seem to indicate the cleavage of the S—NO bond with I,/I™ (triio-
dide method), coupled with some additional steps during sample
preparation, as the most appropriate procedure for RSNO analy-
sis by chemiluminescence [59]. Specifically, since HI derived by
the use of I in acidic environment is able to reduce nitrite, gen-
erating indefinite amounts of NO, the pre-treatment of samples
with acidified sulfanilamide is carried out. In fact, acidified sul-
fanilamide, by reacting with nitrite, forms a diazonium ion that
is not reduced to NO by HI, largely increasing the selectivity of
the procedure [72]. S-Nitrosothiols can be further distinguished
from nitrosyl complexes by reaction of the sample, prior to the
addition of acidified sulfanilamide, with and without mercuric
chloride, which converts S—NO to nitrite. Finally, RSNOs are
measured as the difference of the chemiluminescence signal
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between samples pre-treated or not treated with HgCl, [37]. By
this procedure, RSNOs have been measured both in plasma and
in RBCs. Because of the instability of Hb-SNO in reducing envi-
ronments when whole blood or RBCs have to be analyzed [87],
sample pre-treatment with a Hb-SNO stabilizing solution con-
taining K3Fe(CN)g, NEM, and Nonidet-P-40 is required [37].

RSNO concentration both in plasma and RBCs measured
with this methodology was found to be several orders of magni-
tude lower than that obtained by photolysis/chemiluminescence
(see data in Tables 1 and 2).

The use of Cu*/cysteine as cleaving agents can have some
advantages, since the neutral pH necessary to perform the reduc-
tive step ensures that nitrite, nitrate and probably other NO, are
not detected, possibly rendering this procedure highly specific
for RSNO detection [88]. Cysteine has two functions. First, by S-
transnitrosation, it transforms all RSNOs into Cy-SNO; the NO*
equivalent is then reduced by Cu™*, forming NO (and Cu®*) with
the transnitrosation equilibrium that favors S-nitrosocysteine
because of the excess of Cys. Second, Cys reduces Cu®*, regen-
erating Cu* [89]. The method, as stated by the authors, appears
not to be affected by NO release from Fe-NO Hb, rendering it
particularly suitable for RSNO detection in blood [42,88,90].
However, an accurate validation of this procedure has not yet
fully carried out, in particular, its selectivity needs to be proven.

The use of HgCl, for RSNO cleavage and the successive
reduction of nitrite with vanadate or I~ has also been adopted
[51,91]. However, the authors did not remove the blank nitrite
present in their samples, thus de facto they measured nitrite plus
S-nitrosothiols. The levels of RSNOs were thus assessed after
subtraction of the signal obtained from samples untreated with
HgCl,. However, this proceeding affects the accuracy of the
method and this procedure has been abandoned in more recent
years.

About the ozone-chemiluminescence technique, it is neces-
sary to verify its selectivity and accuracy. Some doubts have
been cast on the pre-treatment of samples with acidified sulfanil-
amide, since it has been observed that hydrochloric acid per se is
able to reduce the chemiluminescence signal [42]. Nevertheless,
this statement has been recently challenged [74], demonstrating
that RSNOs are stable at acidic pH values and that acidic sulfanil-
amide does not interfere with RSNO titration. Additionally, it
has underlined the scarce NO yield from Alb-SNO: 78% by I,/1~
chemiluminescence, and 34% by Cu*/Cys chemiluminescence
[42,82,88]. Recent data also suggest that use of Cu*/cysteine and
I,/I” reagents underestimate the concentration of Hb-bound NO
in blood, because of the auto-capture of NO by deoxygenated
Hb/cell-free heme in the reaction chamber [42]. To avoid this
problem, the same authors suggest to add K3Fe(CN)g to the
original triiodide reagent, so as to oxidize heme and generate
methemoglobin, which binds NO with lower affinity and, conse-
quently, is a less potent scavenger of NO. Therefore, the released
NO can escape auto-capture in the reaction chamber. Alterna-
tively, in order to avoid NO auto-capture, carbon monoxide has
been added to the inert gas flow through the reflux chamber
[90]. Nevertheless, the problem to avoid the NO auto-capture
by heme by the addition of K3Fe(CN)g was also considered for
the triiodide assay, as clearly reviewed by Yang et al. [37]. It is

not clear why Rogers et al. [42] and Doctor et al. [90] did not
consider these aspects in their recent experiments. Moreover, by
means of this procedure, total NO (i.e., Hb-SNO, Fe-NO Hb,
and any nitrite bound to Hb) has been measured in human blood
and levels ranging from 445 to 600 nM have been found [42],
which are largely lower than that reported by the same authors
for RSNOs in previous works [47,48,92]. The paper by Rogers et
al. [42] as well has recently been challenged and the conclusions
put into question [74], suggesting that most of the differences
reported were simply due to the nitrite contained in RBCs that
was co-titrated with RSNO.

Finally, it has been reported that some of the problems of
incomplete NO yield from RSNOs, when Cu*/Cys are exploited
as cleaving agents, could be due to the low solubility of CuCl at
neutral pH and the ease by which Cu* can be oxidized to Cu?*.
As a consequence, the authors advised to substitute the cysteine
with the ascorbate [89], an efficient reducing agent of Cu>* but
not of nitrite.

From data of Tables 1-3, great discrepancies among basal
values measured with the different analytical procedures based
on chemiluminescence are evident. These discrepancies are still
present when comparing levels detected by using techniques
that involve similar procedures for the S—NO cleavage. This
indicates that sample manipulation and pre-analytical phase are
probably critical steps. This is particularly evident in samples
rich in hemoglobin (whole blood or RBCs).

5.3.4. Mass spectrometry

Among the analytical methods available for RSNO anal-
ysis, mass spectrometry (MS)-based approaches, such as
gas chromatography—mass spectrometry, and liquid chromato-
graphy—mass spectrometry, are emerging as fundamental tools,
in particular as a consequence of their inherent selectivity and
accuracy. These features of MS-based methods are due to the
use of stable-isotope labeled analogues of the endogenous com-
pounds as internal standards. Due to the thermal lability of the
S-nitroso group, the necessity of derivatization to render these
compounds volatile, and the fact that most of RSNOs in biolog-
ical fluids are located in protein cysteine moieties, GC-MS is
difficult to be applied. From this point of view, LC-MS should
be considered more appropriate for the MS-analysis of RSNOs,
but also this approach is limited because of the technical diffi-
culties linked to the necessity of detecting S-nitrosated proteins
in a sample containing a complex mixture of proteins. On the
other hand, a direct analysis of LMM RSNOs, even if easier, is
hampered by their very low levels in vivo.

GC-MS methods have been developed, validated and applied
to quantify S-nitrosoalbumin levels in plasma of healthy and dis-
eased humans (for a review see Ref. [93]). The RSNO cleavage
was carried out by HgCl, or CuSOg4/cysteine; nitrite produced
was derivatized with pentafluorobenzyl bromide (PFB bromide)
by means of a substitution reaction that leads to the forma-
tion of the nitro-PFB derivative, which can be then analyzed by
GC-MS. These methods use S-['°N]nitrosoalbumin as an inter-
nal standard. The standard is added to samples at the appropriate
final concentration and undergoes all physical changes during
the whole analytical process. Endogenous molecules and their
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respective stable-isotope labeled analogues behave almost iden-
tically until their separation in the mass spectrometer according
to their mass-to-charge ratios. By means of this method, the
concentration of S-nitrosoalbumin in plasma of healthy humans
was determined to be within the range 150-205nM [94,95].
Since endogenous nitrite will also contribute to RSNOs, S-
nitrosoproteins (and thus proteins) are separated by extraction on
HiTrapBlue Sepharose affinity columns. As stated above, these
GS-MS-based analytical procedures offer high selectivity and
accuracy. However, being indirect measurements, titration of
nitrite released from RSNOs may have some drawbacks essen-
tially due to the presence of nitrite in all the used buffers,
co-eluting nitrite, and other NO, that can form nitrite during
sample manipulation. Therefore, blank nitrite is to be accurately
assessed and its value subtracted.

LC-MS-based methods are able to detect S-nitrosothiols
without derivatization; however, such methods are limited to
detection of LMM RSNOs (e.g., GSNO [100,101]) or Hb-SNO
produced in vitro [96]. Consequently, these procedures have
actually found little application in RSNO detection. This reflects
the intrinsic feature of the LC-MS-based technology coupled
with the fact that most of RSNOs in biological fluids are proba-
bly bound to proteins. In other words, LC-MS can be useful to
detect LMM RSNOs, but their concentrations are presumably
too low to be reliably measured in most biological samples.
Notwithstanding, some papers, in which an effort at improving
the sensitivity and selectivity of proteomic approaches based
on mass spectrometric techniques has been done, have been
recently published [97-99].

5.3.5. High-performance liquid chromatography
Chromatographic separation before RSNO detection may
represent a useful tool to increase the specificity of the method-
ology. Additionally HPLC would allow direct simultaneous
measurements of different RSNOs (for example, by discrim-
inating among various LMM RSNOs), without any need of
derivatization, by simply detecting spectrophotometrically UV
or visible absorbance at 335 or 545nm, respectively. How-
ever, this methodology is actually limited by the low extinction
coefficients of RSNOs (e.g., 920M~!cm™! at 335nm [102]
and 17.2M~'em™! at 545nm for GSNO [103]). Moreover,
most RSNOs in biological samples are likely represented by
S-nitrosoproteins, which elute with different retention times and
the non-nitrosated proteins have absorbance spectra that over-
lap those of PSNOs, rendering impracticable any direct analysis
[60]. Therefore, HPLC separation has been coupled with the
indirect spectrophotometric detection of RSNOs by reaction
with the Griess reagents [36,104,105]. HgCl, post-column is
used to decompose RSNOs and successively the diazo com-
pound is detected after HPLC separation. This is an improvement
compared to the classical spectrophotometric analysis with the
Griess reagents, as HPLC can ensure a lower detection limit
due to minor interference by background spectra (due to the
chromatographical fractionation of the molecules contained in
the sample). However, it presents some of the possible draw-
backs (e.g., nitrite interference, artificial formation of RSNOs)
previously described for the spectrophotometric Griess method.

The problem of nitrite contamination was solved by subtract-
ing the peak area obtained with or without pre-treatment with
HgCl, [105], with consistent troubles of reproducibility and
quantification, mainly because nitrite is much more abundant
than RSNOs in analyzed samples. Other authors pre-treated sam-
ples by ultra-filtration thus eliminating the pre-existing nitrite
[36,104] but, as above mentioned, the ultra-filtration step is not
always artifact-free. Interestingly, a post-column derivatization
procedure for LMM RSNO analysis has been proposed [36,104]:
LMM RSNOs were separated by ultra-filtration and loaded onto
HPLC equipped with a RPC18 column; the eluate was mixed
before detector with the Griess solution containing HgCl, and
the diazo compound developed was detected at 540 nm. A simi-
lar procedure was adopted also for PSNO analyses only changing
the chromatographic column. In both cases, the detection limit
was 20nM [36,104]. Although the above described methods
yielded divergent values for RSNOs in human plasma (Table 1),
they suggest, as general information that RSNO physiological
concentrations are rather at the nanomolar level. In particular,
the method proposed by Jourd’heuil et al. was applied for the
detection of LMM RSNOs and gave the fundamental informa-
tion that their levels both in human and rat blood are under the
declared detection limit of the method (i.e., 20nM) [36,104].

HPLC for detection of RSNOs can be further improved in
terms of sensitivity and detection limit by coupling HPLC with
the fluorimetric analysis. We have developed a procedure suit-
able for the measurement of PSNOs by reversed phase-HPLC
coupled with fluorescent detection following reaction of nitrite
with DAN under acidic conditions [56]. As previously described,
the relatively weak fluorescent DAN agent reacts rapidly with
nitrite at acidic pH to yield the highly fluorescent derivative
NAT. In our procedure, plasmatic proteins are separated by ace-
tone precipitation (thus eliminating the basal nitrite levels of the
sample), nitrite is delivered from PSNOs by HgCl, treatment
and, successively, incubation with DAN under acidic conditions
is carried out after blocking free thiols with an excess of NEM.
2,3-Naphthotriazole is then separated by HPLC on a C18 col-
umn and detected by fluorescence. Our data seem to indicate
such a methodology as a possible alternative to the chemilu-
minescence technique, at least for PSNO detection in plasma
samples. The sensitivity and the relative linearity of this method
are confirmed by analyses obtained from human plasma spiked
with 20-200 nM of authentic human S-nitrosoalbumin (Fig. 4).
Human Alb-SNO was obtained by reaction between GSNO and
human albumin as previously described [106]. Briefly, human
albumin, dissolved in Na/K phosphate buffer (0.1 M, pH 7.4) at
a final concentration of 30 mg/ml, was incubated with GSNO
(I mM final concentration). After a 90 min incubation, excess
of GSNO was removed by passing reaction mixture through
Sephadex PD-10 columns (Pharmacia Biotech, Sweden). Alb-
SNO titer was carried on by colorimetric determination of nitrite
after decomposition of the S—NO bond with HgCl,.

Human blood was obtained from healthy donors and imme-
diately centrifuged (20s at 10,000 x g) for plasma analyses.
Plasma was then spiked with different amount of Alb—SNO
and rapidly treated with NEM (10mM final concentration).
After 30s from NEM addition, proteins were precipitated by
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Fig. 4. HPLC elution profile of 2,3-naphthotriazole obtained from nitrite
released by HgCl, cleavage of plasmatic PSNO reaction with DAN. Human
blood was obtained from healthy donors and immediately centrifuged for plasma
analyses. The peaks around 9 min retention time represent 2,3-naphthotriazole,
the tracings are representative of a typical experiment in which the following
samples (from the lower to the upper) were analyzed: blank (human plasma
pretreated with HgCl, before acetone precipitation), unspiked human plasma,
human plasma spiked with 20, 40, 80, 100, 150, 200 nM (final concentrations)
S-nitrosoalbumin (Alb-SNO). In the inset, the correlation between mean + S.D.
of measured peak areas and the final concentration of added Alb-SNO is shown.

the addition of 4 volumes of acetone. After centrifugation and
discarding of supernatant, pellets were washed twice with ace-
tone, resuspended in the presence of 2mM HgCl, (final con-
centration) and, after 2 min, again precipitated with acetone.
Supernatants were then acidified with 20 mM HCl (final concen-
tration) and incubated with 5 pg/ml DAN (final concentration)
for 5 min. The solution was neutralized with a mixture of 1.0M
HEPES, pH 7.0/1.25M NaOH (6:1, v/v), loaded onto HPLC
(Sephasil C18 column), eluted isocratically (55 vol.% methanol
and 45 vol.% 50 mM Hepes, pH 7.0) and detected by fluores-
cence (excitation at 363 nm and emission at 430 nm wavelength).

The plot of peak area versus concentration suggests a good
linearity; the concentration of PSNOs in human plasma at
the basal state obtained from these data is estimated to be
34+ 15nM [56], a value near to the detection limit of the
method (i.e., 20 nM). This concentration was calculated after
subtraction of the area given by “blank reactions” obtained by
analyzing the same plasma samples without addition of Alb-
SNO, but pretreated with HgCl, (before acetone precipitation)
in order to eliminate all present S-nitrosothiols. This blank was
greater than that obtained with reagents only. The presence of
this “not-eliminable” blank peak is therefore the shortcoming of
the method, in particular because its intensity may vary between
experiments. We found that it could be reduced by a preparative
purification of the DAN reagent through C18 columns and using
as much as possible nitrite-poor buffers. Furthermore, the “not-

eliminable” blank peak is also influenced by nitroso gases (NO;)
present in the atmosphere, since its intensity increases with time
after dry powders of DAN and HgCl, are dissolved. However,
we cannot exclude that some of the nitrite present in plasma
samples was still present despite the acetone precipitation and
washing. Therefore, we are trying to clarify these aspects before
proposing our method as valid and reproducible for PSNO detec-
tion in plasma. In any case, values for basal plasma PSNOs we
have found by our method agree with those reported in some
recent papers (see Table 1). This further indicates that the phys-
iological concentration of these molecules in human plasma is
at the low nanomolar level rather than at the micromolar level.

5.3.6. Other analytical procedures

To understand how S-nitrosation is involved in NO-mediated
post-translational modification of proteins, the proteomic anal-
ysis of S-nitrosated proteins is fundamental. In fact, a key issue
to evaluate the occurrence and, in case, the putative role of this
protein modification is the availability of a methodology allow-
ing the detection not only of the total amount of S-nitrosothiols
in a tissue, but also the S-nitrosation of each single protein.
For this purpose, the biotin-switch assay has been developed
[107]. This semi-quantitative methodology has been used to
reveal the occurrence of single nitrosated proteins in tissues and
cells; furthermore, it has recently been applied to the quantita-
tive detection of Alb-SNO in human plasma as well, yielding
values in healthy pregnant women close to 3 uM [46]. This
procedure includes three main steps: (i) the alkylation of free
thiols by the thiol-specific reagent methyl-methanethiosulfonate
(MMTS); (i) the reduction of S-nitrosothiols by ascor-
bate (after MMTS being removed); (iii) the reaction of
the newly formed thiols with N-[6-(biotinamido)hexyl]-3’-
(2'-pyridyldithio)propionamide. Biotinylated proteins are then
revealed by Western blot using a peroxidase-conjugated anti-
biotin antibody [68]. However, it has recently been evidenced
that S-nitrosated proteins have different reactivity towards ascor-
bate and that, under the suggested conditions, ascorbate is able
only to cleave a minor percentage of PSNOs, so that the detected
species may represent the proteins that are sensitive to ascorbic
acid reduction, rather than the S-nitrosated protein pool [108].
To overcome this problem, it has been suggested that the assay
should be modified by drastically incrementing both the concen-
tration of ascorbate (to 10—-50 mM) and the time of incubation
(up to 3-5h). Unfortunately, to date, the selectivity of the pro-
cedure to cleave the S—NO bond has been poorly evaluated.
Considered that the concentration range of PSNOs is likely to
be much lower than that of protein disulfides, it is of fundamen-
tal importance to demonstrate that ascorbic acid is selective for
RSNOs, i.e., it is unable to reduce various S—S bridges abun-
dantly present in plasma. Jaffrey et al. stated that, in their exper-
iments, ascorbic acid failed to reduce 5,5’ -dithiobisnitrobenzoic
acid (DTNB) as well as glutathione disulfide [107]. However,
in a recent paper, it has been shown that ascorbate can reduce
the disulfides of tubulin as well as those of DTNB [109]. In
addition, some newly published data show that ascorbate per
se can interfere with the biotinylation reaction by giving false-
positive results [110]. All these critical aspects concerning the
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employment of the biotin-switch assay for PSNO detection have
also been recently reviewed and discussed [111]. Application of
this assay to detect AIb-SNO in human plasma revealed levels of
2.9and 7.2 uM in healthy pregnant women and in pre-eclampsia,
respectively [46]. These values are significantly higher (about
three orders of magnitude) than those considered to be physio-
logical in human plasma [111].

An alternative assay for plasmatic RSNOs has been proposed,
which is essentially based on the formation of NO from RSNOs
by using CuCly; the released NO is in turn detected electrochem-
ically with an NO electrode [4,112]. Values measured with this
method are in the 50-1000 nM range for RSNOs and 10nM
for LMM RSNOs in rat plasma. The discrimination between
PSNOs and LMM RSNOs was provided by using different con-
centrations of Cu* since PSNOs are less prone to be cleaved by
Cu?*. Therefore, RSNOs (using high concentrations of Cu?*)
and LMM RSNOs (at low concentrations of Cu?*) were mea-
sured by this method. However, also in this case, the authors did
not adequately describe and validate the applied procedure nor
watchfully weighed up all the possible interferences. Moreover,
it has been reported that Cu>* releases NO from RSNO with
low efficiency [113], thus the percentage of NO released from
RSNOs by this procedure is unknown. These shortcomings and
the fact that quantification is based on the use of a single, usually
LMM RSNO, question the utility of this method for quantita-
tive analysis of RSNOs in complex biological samples such as
plasma.

Recently, an EPR-based analytical procedure has been
reported to provide a sensitive assay for RSNOs. S-Nitrosothiols
are homolytically cleaved by N-methyl-D-glucamine dithiocar-
bamate (MGD) at alkaline pH. The released NO is spin trapped
by MGD complexed with Fe?*, the resulting adduct is then mea-
sured by EPR spectrometry [114]. The method, with a detection
limit of 50 nM, was shown not to be influenced by external
added nitrite and nitrate or 3-nitrotyrosine. However, even if
the procedure could be relevant, an adequate validation is still
to be performed, actually in analogy to many other methods
for RSNO detection. Calibration curves were constructed with
GSNO and not with PSNOs, which are likely to be the main con-
stituent of the RSNO pool. Additionally, the calibration curve
was built in the range of 300—1000 nM and the assay precision
was determined by using 1 wM GSNO, which is an irrelevantly
high concentration. Considering that the authors measured mean
values of 90 nM in human plasma by their method [114], it is
not clear why they did not produce the calibration curve with
concentrations added within a relevant range, i.e., the measured
plasma values.

Finally, a direct amperometric procedure for RSNO analy-
sis in biological fluids has been recently described [115]. This
method looks promising and combines the use of polymer films
containing the redox couple Cu®*/Cu* with the employment of
an amperometric NO sensor. RSNOs are decomposed to NO by
Cu* with successive NO revealing by the amperometric detec-
tor. No interference with nitrite in the range 0.1-100 uM has
been observed. Hematic RSNO level of 25 nM in sheep blood
has been measured by this procedure. The available data about
this new methodology are insufficient to really appreciate if

it could be a real improvement for quantitative RSNO detec-
tion. Calibration curves have been performed only in buffers
by adding 0.2—40 uM standard RSNOs, a concentration range
largely higher than that measured in human (and sheep) blood. In
addition, the various RSNOs tested were found to produce differ-
ent detection signals at a molar basis, so that the authors rightly
stated that their method is of semi-quantitative value [115].

6. Conclusions and future prospects

The application of the above discussed methods for RSNO
detection in biological fluids undoubtedly has provided greatly
differing values at the basal state. RSNOs have been the subject
of intense study following initial reports that plasma contains
7 uM S-nitrosoalbumin [41]. Over the last 14 years, the reported
measured levels both in plasma and whole blood randomly
bounced from low nanomolar to values even greater than those
originally proposed by Stamler and co-workers. It is evident
that one of the main reasons why a general agreement about the
physiological range of RSNOs in human blood (and in other
tissues as well) is still lacking, is the availability of numerous
methodologies being inappropriately validated prior to use in
animal and human studies that could render them universally
applied. Since the performance of the methodology applied to
RSNO investigation has the potential to alter our perception of
some biological processes, a probationary period during which
the investigators test the suitability of the method itself and
ascertain its limitations is necessary. Many analytical and pre-
analytical aspects need to be addressed and defined in order to
develop a suitable methodology for RSNOs. Specifically, there
are pre-analytical steps to standardize: (i) avoidance of nitrite
contamination and artifactual RSNO formation or degradation
during sample manipulation; (ii) definite clarification of the need
and kind of sample storage before analysis. Additionally, some
analytical factors should also be taken into consideration: e.g.,
the eventual release/formation of NO and nitrite from molecules
other than RSNOs, the heterogeneity of RSNOs themselves
including the RSNO serving as the calibrator, the selectivity
of the method, which is also challenged by the presence of mix-
tures of hardly distinguishable iron-nitrosyl and S-nitrosothiols
in plasma and blood. Disregard and/or inadequate considera-
tion of these aspects as a whole have probably generated the
disappointing state of the art on RSNO detection presented in
Tables 1-3.

To pick the best methodology is a difficult task for the reader.
In our opinion, the perfect analytical procedure does not exist at
the moment, even if some methods could be better than others.
Gas-phase chemiluminescence-based procedures are suitable in
terms of detection limit over other techniques, but some aspects
should be fully clarified: e.g., the yield of NO from RSNOs, the
best cleaving agent(s), the possible interference by other poten-
tial NO-releasing molecules and, in particular, why it gives some
divergent results when applied by different laboratories. How-
ever, if micromolar levels of RSNOs are supposed to be present
in samples, the derivatization with the Griess reagents, which
has been recently updated for nitrite (and RSNO) detection in
the presence of large amounts of proteins, with the advantage of



136 D. Giustarini et al. / J. Chromatogr. B 851 (2007) 124—-139

being time-saving and having a detection limit of 100-200 nM
[77], could represent the first choice.

One could probably wonder how it may be possible that,
using poorly validated and artifact-prone analytical procedures,
many research groups found differences in the measured lev-
els between control subjects and those affected by a particular
disease (Tables 1-3). One reason could be the different pro-
cedures applied for the collection and storage of samples for
control group compared to the pathological one. Another impor-
tant issue that may explain generation of greatly differing results
from the application of apparently the same analytical method
could be inadequate adoption and validation of the respective
analytical method in the own laboratory. But also many other
factors should be considered such as differences in NO, con-
centrations, thiol status, diet, and circadian rhythm. Accurate
quantitative determination of RSNOs in biological fluids is a
great analytical challenge and requires highly qualified skillful
personnel and meticulous experimental work.

The frequent use of inappropriate, non-validated and/or
artifact-prone analytical techniques in research articles indicates
that poor research has survived the peer-review process. Because
of the significant importance we would like to discuss this issue
in more detail. An aspect of this is the use of inappropriate
or incorrect methods. Once incorrect, artifact-enriched analyt-
ical procedures become common, it is hard to stop them from
spreading through the literature like a genetic mutation. Many
editors have wrestled with the problem of authors objecting to a
reviewer’s criticism on the grounds that the same methods have
appeared in previous articles, possibly in the same journal. In
addition, many readers seem to assume that articles published in
peer-reviewed journals are scientifically sound and methodolog-
ically correct, despite much evidence of the contrary. Therefore,
it is important that misleading work is identified after publica-
tion. Undoubtedly, the ultimate value of an article rests with
the reader. Editors should give special attention to the papers
(in particular letters) making criticism to previously published
methodologies. A problem that frequently hampers an adequate
space to letters discussing methodologies is that demonstrating
(or suggesting) a paper that contains one or more major analyt-
ical flaws may challenge its findings. Thus, as one can imagine,
such letters/commentaries are not generally welcome by the edi-
tors, since they may be a clear admission that the peer-review
process has failed.

Bioanalytical procedures are key determinants in generating
reproducible and reliable data. It is essential to apply well-
characterized and satisfactorily validated analytical methods,
which, constantly undergoing changes and improvements, rep-
resent the cutting edge of the technology. Bioanalytical methods
must be validated to demonstrate their reliability and repro-
ducibility. In addition to the linearity, detection and quantifi-
cation limits, analysts should investigate and include in the
validation process of their analytical methods particular analyt-
ical measures: (i) selectivity; (ii) accuracy; (iii) precision; (iv)
recovery; and (v) stability [17,116].

The rules for validation have been globally harmonized in
regulated laboratories of the pharmaceutical industry. How-
ever, no precise and binding rules exist in the field of basic

research, and method validation procedures are freely applied
and interpreted by researchers, reviewers and editors of scientific
journals. This is particularly evident in the field of detection of
oxidative stress biomarkers but also in the field of NO research.
Thus, a careful consideration of the Guideline for Industry Text
on Validation of Analytical Procedures would be useful ([116],
http://www.fda.gov/cder/guidance/).

The first approach for trying to solve the problem could be
the creation of consortia of laboratories that, working together,
could define the best methodologies to be used for the accu-
rate measurement of every single NO-derived metabolite. This
should be done by evaluating the eventual artifacts of the method
and/or of the preparative phases, its precision, accuracy, selectiv-
ity and, finally, its suitability to be applied on large-scale clinical
studies. Moreover, reference values and ranges for physiological
levels should be defined and established for particular RSNOs.
This could be reached only through the active collaboration
of various laboratories working on the same biological matrix
(e.g., blood) and by comparing the different analytical proce-
dures. Not only RSNOs represent a problem child in the area of
NO research. For other members of the L-arginine/NO pathway,
notably nitrite [65], 3-nitrotyrosine [117,118] and asymmetric
dimethylarginine [119], also greatly diverging basal values have
been reported so far. In recent years, however, reference values
have been suggested for these analytes in human plasma, mainly
due to advances in analytical chemistry and collaboration among
different groups worldwide. The efforts made in this area may
be an incentive to investigators dealing with and interested in
RSNOs, which are admittedly a much more problematic class
of compounds from the analytical standpoint. Of course, any
conclusion drawn from previous and future experiments should
be valid only if the analytical methods to determine RSNOs were
those recommended by the outcome of this group survey. The
same should be done to ascertain whether the levels found in
controls are within the indicated ranges. This will greatly help
the work of referees and editors of scientific journals as well as
other researchers, who aim to repeat the experiments, to confirm,
counteract or further ameliorate the reported findings.

Nomenclature

AE1 anionic exchanger

Alb-SNO S-nitrosoalbumin

Cy-SNO S-nitrosocysteine

DAF-2 4,5-diaminofluoresceine

DAN  2,3-diaminonaphthalene

DTNB 35,5'-dithiobisnitrobenzoic acid

ECD electrochemical detector

EPR electron paramagnetic resonance

Fe-NO Hb nitrosylhemoglobin

GC-MS gas chromatography—mass spectrometry
GSNO  S-nitrosoglutathione

GSH  glutathione

Hb hemoglobin

Hb-SNO S-nitrosohemoglobin

LC-MS liquid chromatography—mass spectrometry
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LMM low-molecular-mass

MGD  N-methyl-D-glucamine dithiocarbamate
MMTS methyl-methanethiosulfonate
NAT 2,3-naphthotriazole

NEM  N-ethylmaleimide

NO nitric oxide

NOS  nitric oxide synthase

OPA  o-phthalaldehyde

PFB pentafluorobenzyl

PSNOs protein S-nitrosothiols

RBC  red blood cell

RSNOs S-nitrosothiols

SH sulfhydryl group
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