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a b s t r a c t

In the year 1992, S-nitrosoalbumin (SNALB) has been proposed to be the most abundant physiological
carrier and pool of nitric oxide (NO) activity in human circulation, by which NO-dependent biologi-
cal functions are regulated. The concentration, the metabolism and the mechanisms of the biological
actions of SNALB are controversial and still incompletely understood. Moreover, the suitability of SNALB
as a biomarker of diseases associated with altered NO bioactivity in human circulation has not been
demonstrated convincingly so far. In the present study, we report on the development and application
of a stable-isotope technique to study the pharmacokinetics of 15N-labelled SNALB (S15NALB) in anes-
thetized rats. S15NALB was synthesized from albumin isolated by affinity chromatography from freshly
prepared human plasma. This technique was also applied to study and quantify the formation of S15NALB
from endogenous rat plasma albumin and intravenously applied S-[15N]nitrosoglutathione (GS15NO) or
S-[15N]nitrosocysteine (S15NC) in anesthetized rats. In these investigations the mean arterial pressure
(MAP) was monitored continuously. The elimination half-life (t1/2) of S15NALB from rat plasma was deter-
mined to be 4.1 min (t1/2˛) and 9.4 min (t1/2ˇ). S15NALB (125 nmol) produced long-lasting decreases in
MAP (by 49% for 18 min). Thirty minutes after intravenous (i.v.) injection of S15NALB (125 nmol), repeated
i.v. injection of l-cysteine ord-cysteine (10 �mol each) produced repeatedly potent (by 44–55%) but short-
lasting (about 4 min) MAP falls. Intravenously administered GS15NO and S15NC (each 500 nmol) could not
be isolated from rat blood. 15N-Labelled nitrite and nitrate were identified as the major metabolites of

15
all investigated S-nitrosothiols in rat plasma. The results of this study suggest that in the rat S NALB is
a potent S-transnitrosylating agent and that the blood pressure-lowering effect of S15NALB and other S-
nitrosothiols are mediated largely by l-cysteine via S-transnitrosylation to form S15NC that subsequently
releases 15NO. Our results also suggest that S-transnitrosylation of the single reduced cysteine moiety of
albumin by endogenous GSNO or SNC in blood is possible but does not represent an effective mechanism
to produce SNALB in vivo. This stable-isotope dilution GC–MS technique is suitable to perform in vivo

hysio
studies on SNALB using p

. Introduction

S-Nitrosoalbumin (SNALB) is one of the most abundant phys-

ological high-molecular-mass (HMM) S-nitrosothiols (RSNO) and
as been proposed to be a biomarker of NO bioactivity in human
irculation. First analyses of plasma from healthy humans by
hemiluminesence provided SNALB levels of the order of 1–7 �M

� This paper is part of the special issue “Quantitative Analysis of Biomarkers by
C–MS/MS”, J. Cummings, R.D. Unwin and T. Veenstra (Guest Editors).
∗ Corresponding author. Tel.: +49 511 532 3959; fax: +49 511 532 2750.

E-mail address: tsikas.dimitros@mh-hannover.de (D. Tsikas).
1 These authors contributed equally to this study and both are first authors.

570-0232/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2008.11.035
logically and pharmacologically relevant doses.
© 2008 Elsevier B.V. All rights reserved.

[1,2], whereas the concentration of low-molecular-mass (LMM)
S-nitrosothiols, presumably S-nitrosoglutathione (GSNO) and S-
nitrosocysteine (SNC), was reported to be considerably lower, i.e., of
the order of 0.2 �M [1]. In plasma of healthy humans SNALB levels
were found by a GC–MS method to be of the order of 160 nM [3,4].
Further data on SNALB levels in human plasma are very rare. Most
investigators usually measure the sum of S-nitrosothiols in plasma,
not distinguishing between SNALB and other HMM S-nitrosothiols.
So far, plasma levels of HMM S-nitrosothiols in humans and ani-

mals have been reported to cover almost four orders of magnitude.
The concentration of SNALB and other S-nitrosothiols including S-
nitrosohaemoglobin in plasma and erythrocytes and the biological
functions of S-nitrosothiols are currently controversially discussed
[5–12]; for recent reviews see refs. [13,14].

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:tsikas.dimitros@mh-hannover.de
dx.doi.org/10.1016/j.jchromb.2008.11.035
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The mechanisms of formation and biological actions of circu-
ating SNALB in humans are still poorly understood. Reaction of
itric oxide (NO), a putative endothelium-derived relaxing factor
EDRF) [15,16], with sulfhydryl groups of reduced thiols of peptides
nd proteins has been reported to lead in part to S-nitrosylated
ompounds by nitrosylation of the sulfhydryl (SH) groups, and
n part to sulfenic acid formation by oxidation of the sulfhydryl
roups [17]. It should be pointed out that NO itself does not directly
eact with SH groups, but formation of RSNO requires produc-
ion of nitrosating species such as N2O3. A further mechanism
or the formation of SNALB could be the reaction with LMM S-
itrosothiols of the sole sulfhydryl group of Cys-34 of albumin
ALB), the most abundant reduced thiol in human blood [18]. This
as been shown for various physiological and non-physiological
ompounds [1,2,14,19–22]. LMM S-nitrosothiols such as GSNO and
NC have been reported to be present in the circulation and in
arious tissues of humans and animals [1,23–25]. GSNO has been
etected in GSH-containing incubates of isolated NO synthases
26,27]. Production of an S-nitrosothiol would initiate formation of
umerous S-nitroso compounds in thiols-containing matrices via
-transnitrosylation reactions [19,22]. It can, therefore, be assumed
hat the arrival in the circulation of a LMM S-nitrosothiol such as
SNO or SNC, for example from intra-cellular sources, would result

n formation of circulating SNALB by S-transnitrosylating albumin.
ince the equilibrium constants for the reversible reactions (1) and
2) are both in favour of SNALB, i.e., Keq = 1.69 and 1.33, respectively
22], and the concentration of albumin greatly prevails over GSH
nd Cys in plasma (about 400, 4 and 8 �M, respectively), circulat-
ng SNALB concentrations should be, at least in theory, considerably
igher than those of GSNO and SNC.

SNO + ALB ⇔ GSH + SNALB (1)

NC + ALB ⇔ Cys + SNALB (2)

In vivo, intravenous (i.v.) bolus injection of SNALB has been
eported to cause a greater duration of blood pressure fall than
NC or glycerol trinitrate (GTN) and to produce marked prolon-
ation of the template bleeding time associated with inhibition
f platelet aggregation [28]. More recently, Orie et al. [29] have
emonstrated that in rats infused SNALB (prepared from human
lbumin) acts primarily as a venodilator at high concentrations.
lso, this group has suggested that SNALB represents as stable reser-
oir of NO that can release NO when the concentrations of LMM
hiols are elevated [29]. Generally, S-transnitrosylation reactions
ave been appreciated to regulate protein function, biological activ-

ties and metabolic fate both of endogenous NO (reviewed in refs.
5,30]), exogenous NO donors [31] and of S-nitrosothiols [32,33].
hus, S-transnitrosylation reactions could be promising targets for
he development of new medical therapies.

Until now, most investigations on formation and reactions
f SNALB have been performed in aqueous buffered solutions
19–22], presumably due to the lack of reliable analytical meth-
ds suitable for specific quantification of SNALB in plasma. We
ave reported on accurate and specific GC–MS methods for the
uantification of endogenous SNALB in human plasma using 15N-
abelled SNALB (S15NALB) as internal standard [3,4]. These methods
re based on the affinity column chromatography extraction of
NALB and S15NALB, their conversion to nitrite and 15N-labelled
itrite ([15N]nitrite), respectively, either by HgCl2 [3] or by a com-
ination of Cu2+ and l-cysteine [4], their derivatization to the
entafluorobenzyl (PFB) derivatives, and GC–MS quantification by

elected-ion monitoring (SIM) of the ions at m/z 46 for nitrite
i.e., [14N]nitrite) and m/z 47 for [15N]nitrite [3,4,13]. Besides accu-
ate quantitative determination of SNALB in plasma of healthy and
iseased subjects [3,4], this method was found to be useful to

nvestigate S15NALB stability in human blood in vitro [34] and S-
r. B 877 (2009) 1375–1387

transnitrosylation reactions in vitro and in vivo in the rat [35]. One
of these studies revealed that the half-life (t1/2) of S15NALB at the
very high concentration of 25 �M in human blood is about 5.5 h
[34]. The half-life of S15NALB formed from i.v. infusion of GS15NO
in the rat was estimated to be 10–20 min [35].

In the present study we report on the modification of the GC–MS
method previously reported by our group [4] and the develop-
ment of a stable-isotope dilution technique allowing performance
of pharmacokinetic studies in vivo in anesthetized, operated but
otherwise untreated rats using low doses of S15NALB. This tech-
nique was also applied in vivo in the rat to investigate whether the
S-transnitrosylation of endogenous albumin by putative endoge-
nous LMM S-nitrosothiols may be an efficient mechanism leading
to formation of SNALB. In this article, possible mechanistic and
biological implications of the findings are discussed.

2. Experimental

2.1. Materials and chemicals

Sodium [15N]nitrite (98% at 15N) was purchased from Cambridge
Isotope Laboratories (Andover, MA, USA). Sodium [15N]nitrate (99%
at 15N) was supplied from MSD Isotopes Merck Frosst Canada
(Montreal, Canada). Glutathione (GSH), l-cysteine, d-cysteine and
N-acetyl-l-cysteine (NAC) were purchased from Sigma (Munich,
Germany). HiTrapBlue Sepharose affinity columns (1 ml for quanti-
tative analyses and 5 ml cartridges for isolation of freshly prepared
SNALB and S15NALB) were obtained from Pharmacia Biotech
(Freiburg, Germany). Centrisart I® ultrafiltration cartridges (pore
size 4 �m, cut-off 20 kDa) were obtained from Sartorius (Göttingen,
Germany). NO gas and other chemicals including sodium nitrite
and buffer salts were purchased from Merck (Darmstadt, Germany).
ODQ, a putatively selective inhibitor of soluble guanylyl cyclase, was
obtained from ALEXIS Corporation (San Diego, CA, USA). Stock solu-
tions of ODQ were prepared in DMSO. Collagen was obtained from
Hormonchemie (Munich, Germany).

2.2. Synthesis of S-nitrosothiols

SNALB and S15NALB standards were prepared by incubating
albumin extracted from freshly obtained human plasma with unla-
beled and 15N-labelled butylnitrite, respectively, and were isolated,
characterized and standardized by GC–MS as described previ-
ously [34]. Typical SNALB concentrations in stock solutions in
physiological saline were about 150–170 �M. SNC, GSNO, S-nitroso-
N-acetyl-l-cysteine (SNAC), S15NC, GS15NO and 15N-labelled SNAC
(S15NAC) were prepared by mixing equimolar solutions in phys-
iological saline of l-cysteine, GSH or NAC and unlabeled or
15N-labelled nitrite and by acidifying with HCl (at a final concen-
tration of 50 mM) as described elsewhere [22] and stored in an
ice-bath in the dark until immediate use. The structure of the LMM
S-nitrosothiols in their stock solutions was elucidated by electro-
spray ionization-mass spectrometry [36]. Stock solutions of LMM
S-nitrosothiols usually contained the compounds at 4.8 mM.

2.3. Measurement of SNALB-derived NO in vitro

NO in aqueous buffered solutions (potassium phosphate buffer,
50 mM, pH 7.4) was measured by an ISO-NO meter equipped with
a 200 �m diameter shielded micro-sensor ISO-NOP200 and a Duo-
18 data recording system (World Precision Instruments, Sarasota,

Florida). The NO electrode was inserted into 1 ml aliquots of buffer
placed in 1.5 ml brown glass vials which were constantly mixed by
a magnetic stirrer at 350 rpm at room temperature (20–25 ◦C). NO
derived from S15NALB (0–20 �M or 20 �M) was recorded continu-
ously prior to and after addition of l- or d-cysteine at varying final
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oncentrations (0–50 �M or 500 �M). Dilutions of S15NALB and l-
r d-cysteine for these experiments were freshly prepared. Cali-
ration (in the range of 0–5 �M) was carried out by using freshly
repared saturated aqueous solutions of NO (assumed to contain
pproximately 2 mM of NO) which were prepared by introducing
uthentic NO gas into buffer previously deoxygenated by argon.
or calculation of NO concentrations, the maximal levels of the
ontinuously recorded current were used. NO was released from
15NALB immediately after addition of l- or d–cysteine or after
ddition of S15NALB to the buffered thiol solutions. Maximum cur-
ents occurred between 90 and 120 s after addition of S15NALB or
he thiols.

.4. Analysis of SNALB and S15NALB in rat plasma by GC–MS

Quantification of SNALB in unspiked and spiked rat plasma sam-
les was performed as described elsewhere [3]. Briefly, plasma
amples (400 �l) were spiked with the internal standard S15NALB
nd diluted with buffer A (1.6 ml; 50 mM potassium phosphate
uffer, pH 7.0). These solutions were applied to 1 ml HiTrap-
lue Sepharose affinity columns preconditioned with buffer A
2 ml). Cartridges were washed with buffer A (4 ml), and pro-
eins were eluted from the columns with buffer B (2 ml; 50 mM
otassium phosphate buffer, 1.5 M KCl, pH 7.0). Subsequently, elu-
tes were ultrafiltered by centrifugation (1800 × g, 20 min, 4 ◦C)
n order to obtain a protein fraction of about 800 �l. Two 100 �l
liquots of these fractions were treated with HgCl2 (final con-
entration of 1 mM) and analysed by GC–MS after derivatization
ith PFB bromide as described [3]. Freshly prepared, unspiked rat
lasma samples used in this study contained endogenous SNALB at
50 ± 120 nM (n = 5) by GC–MS and not detectable concentrations
f SNC (≤1 �M) and GSNO (≤0.1 �M) as measured by HPLC [22].
lasma nitrite and nitrate were determined by GC–MS as described
lsewhere [37].

In studies on pharmacokinetics and on in vitro and in vivo
15NALB formation from S15NC or GS15NO and albumin in rat
lasma, the same procedure was used as described above, with the
xception that no S15NALB or S14NALB were added externally to
lasma samples.

.5. GC–MS conditions

A Hewlett-Packard MS engine 5890 connected directly to a
as chromatograph 5890 series II equipped with an autosam-
ler (sample tray capacity for 100 vials) Hewlett-Packard model
673 (Waldbronn, Germany) was used for GC–MS analyses. The
as chromatograph was equipped with a fused-silica capillary
olumn Optima 17 (30 m × 0.25 mm i.d., 0.25 �m film thickness)
rom Macherey-Nagel (Düren, Germany). Aliquots (1 �l) of toluene
xtracts were injected in the splitless mode by means of the
utosampler. The following oven temperature program was used
ith helium (50 kPa) as the carrier gas: 1 min at 70 ◦C, then

ncreased to 280 ◦C at a rate of 30 ◦C/min. Interface, injector and
on source were kept at 280, 200 and 180 ◦C, respectively. Electron
nergy and electron current were set to 200 eV and 300 �A, respec-
ively. Electron-capture negative-ion chemical ionization (ECNICI)
ith methane (200 Pa) as the reagent gas was used. Routinely, elec-

ron multiplier voltage was set to 1.8 kV. Quantification by GC–MS
n the ECNICI mode was performed by SIM of the ions at m/z 45.95
or unlabelled nitrite and m/z 46.95 for 15N-labelled nitrite using a
well-time of 50 ms for each ion [37].
.6. Animal studies

These studies required the participation of at least three
nvestigators. Each one experiment was performed per day
r. B 877 (2009) 1375–1387 1377

and GC–MS analyses were performed within the same day or
overnight.

2.6.1. Ethics
The studies described below had been approved by the local

supervisory committee for studies in animals (Hannover, Ger-
many). The maximum blood loss in our animals was estimated
to be about 30%. All animal experiments reported here were final
experiments, i.e., with a lethal end for the rats.

2.6.2. Pharmacokinetics of S15NALB in the rat
Three male Sprague Dawley rats (weighing 540, 490 and

430 g) were anesthetized with xylazine (2 mg/kg body weight) and
ketamine (70 mg/kg body weight). Aliquots {250 �l (41.5 nmol),
750 �l (125 nmol) or 1355 �l (225 nmol)} of a freshly prepared
166 �M solution of S15NALB in saline were injected i.v. into the right
jugular vein of the rats, respectively. Before and at various times
after injection (i.e., 1, 3, 5, 8, 12, 20, 30, and 45 min), about 1 ml
aliquots of venous blood from the right femoral vein was collected
into pre-cooled 2.3 ml EDTA monovetes, plasma was immediately
prepared by centrifugation (800 × g, 5 min, 2 ◦C), samples were
immediately processed, and endogenous SNALB and exogenous
S15NALB were analysed by GC–MS [3].

Mean arterial pressure (MAP) was measured by using a catheter
made of polyethylene (outer diameter 0.9 mm; inner diameter
0.58 mm) which was treated with heparin sulphate before place-
ment into the right femoral artery of the animals. The catheter
was fixed using suture material to avoid displacement. Connect-
ing the catheter to a pressure transducer (Cobe Laboratories Inc.,
Lakwood, CO, USA) allowed direct and continuous measurement
of the blood pressure. Monitoring and documentation of the MAP
was performed by means of the pressure monitor BP1 (Word Preci-
sion Instruments, Berlin, Germany) and the flat-bed recorder L6512
(Linseis, Princeton Jet., NJ, USA).

2.6.3. Formation of S15NALB from i.v. administered GS15NO or
S15NC in the rat

Six male Sprague Dawley rats were anesthetized with xylazine
(2 mg/kg body weight) and ketamine (70 mg/kg body weight). Three
rats (weighing 338, 340 and 380 g) received i.v. each 500 nmol of
S15NC (105 �l aliquots of 4.76 mM). Three rats (weighing 310, 330
and 350 g) received i.v. each 500 nmol of GS15NO (105 �l aliquots of
4.76 mM). Ten minutes before and 3 min after injection, about 2 ml
aliquots of venous blood from the right femoral vein were collected
into pre-cooled (in ice bath) 2.3 ml EDTA monovetes, and plasma
was immediately prepared by centrifugation (800 × g, 5 min, 2 ◦C).
In addition, 250 �l aliquots of the plasma samples generated from
blood taken before and after administration of S15NC and GS15NO
were incubated for 10 min at room temperature each with 2.4 nmol
of S15NC and GS15NO, respectively, in order to measure in vitro
formation of S15NALB. These amounts correspond to final added
concentrations each of 9.6 �M for S15NC and GS15NO. All samples
were immediately analysed for endogenous SNALB and exogenous
S15NALB by GC–MS as described above. Prior to derivatization for
GC–MS, a half of the affinity chromatography sample extracts (each
100 �l aliquots) were treated with 10 �l aliquots of a 10 mM solu-
tion of HgCl2 and incubated for 60 min at room temperature in order
to convert the S-nitroso groups to nitrite, i.e., to the final analyte
[3].

2.7. Measurement of platelet aggregation
Blood platelets were isolated from EDTA-anticoagulated venous
blood from nine healthy volunteers who had not received aspirin
or other non-steroidal antiphlogistic drugs for at least 10 days.
Platelet aggregation measurements were performed using freshly



1378 A. Warnecke et al. / J. Chromatogr. B 877 (2009) 1375–1387

Fig. 1. Standard curves of [15N]nitrite in human plasma (A), S15NALB in elution buffer B (B), and of S15NALB in human plasma (C). Neither nitrite (i.e., [14N]nitrite) nor SNALB
(i.e., S14NALB) were externally added to buffer or plasma. Standard curves in (A) and (B) were prepared without affinity column chromatography extraction. Standard curve
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n (C) was prepared after affinity column chromatography extraction as described [3
1 mM). Data are shown as mean ± SD from duplicate analyses by two investigators
ote that the extraction yield of SNALB (about 45% [34]) and the sample dilution fa
, have not been considered in this figure.

repared washed platelet suspensions as described elsewhere
38]. Briefly, washed platelet suspensions (250 �l aliquots contain-
ng approximately 108 cells) were incubated in duplicate at 37 ◦C

ith 0.9 wt.% NaCl (i.e., the control) with SNALB (2 �M) alone,
ith SNALB (2 �M) plus l-cysteine (10 �M), or SNALB (2 �M) plus

-cysteine (10 �M) plus ODQ (10 �M). Platelet aggregation was
nduced by collagen (1.0 �g/ml) and was monitored for 5 min with
n Apact dual-channel aggregometer (LAbor, Hamburg, Germany).
he final portion of DMSO in the platelet suspension was less than
vol.%; at these portions DMSO did not influence platelet aggrega-

ion.

.8. Statistical analysis

Values are expressed as mean ± SD except in platelet aggre-
ation measurements which are presented as mean ± SEM. The
ignificance of differences was determined with the unpaired t-test.
P value of <0.05 was considered significant.

. Results

.1. Analysis of S15NALB by GC–MS linearity, precision and limit of
uantitation

Fig. 1 shows standard curves of [15N]nitrite and S15NALB pre-

ared in buffer B and in human plasma in the concentration range
f 0–10 �M each considered to be relevant in the present study.
n these experiments no [14N]nitrite or S14NALB were added exter-
ally to buffer of plasma. Thus, the measured peak area ratio of
/z 47 to m/z 46 (RPA) reflects the concentration ratio of added
S15NALB analyses were performed in the elution buffer after incubation with HgCl2
= 4 in total). Inset in (C) is an amplification of the lower concentration range. Please
f 2 (400 �l plasma versus 800 �l elution buffer), i.e., a total dilution factor of about

[15N]nitrite or S15NALB to the basal or blank concentration of
nitrite (i.e., [14N]nitrite) present in the plasma or in the buffer
B used. In buffer and plasma linear relationships were observed
between RPA (y) and the respective analyte concentration (x). From
the reciprocal of the slope of the regression equation of Fig. 1A, a
mean basal plasma nitrite concentration of 2.85 �M is estimated.
From the reciprocal of the slope of the regression equation of
Fig. 1B, a mean blank nitrite concentration of 2.4 �M in buffer B is
estimated.

A linear relationship was observed between RPA and S15NALB
added to human plasma after affinity chromatography column
extraction (Fig. 1C). However, the slope of the regression equation
is about 3.5 times smaller than that observed in buffer (Fig. 1B),
although in both cases the final matrix analysed was the elution
buffer B. This apparent discrepancy is due to the fact that the
ratio RPA was plotted versus the concentration of S15NALB added
to plasma but not versus the S15NALB concentration in the elution
buffer B after extraction. Thus, this experiment does not consider
the extraction recovery of SNALB, which is of the order of 45% [34],
and the sample dilution factor of 2 (400 �l plasma versus 800 �l
elution buffer), i.e., a total dilution factor of about 4.

The results shown in Fig. 1 suggest that the expectedly con-
stant nitrite concentration present in the elution buffer B can be
used to roughly estimate S15NALB concentrations in vitro and in
vivo experiments. These findings also suggest that instead of calcu-

lating absolute concentrations, the peak area ratio RPA may serve
as a rough estimate of S15NALB present in rat plasma in vivo
or in vitro in the present study. For the sake of simplicity, we
decided to measure and use the peak area ratio RPA as a rough esti-
mate of S15NALB concentration in vitro experiments and in vivo
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Fig. 2. Pharmacokinetics of S15NALB in three rats administered intravenously at
three different doses. (A) Time course of the peak area ratio of m/z 47 to m/z 46.
(B) Mathematical analysis (integral method) of the data shown in (A), i.e., plotting of
A. Warnecke et al. / J. Chrom

harmacokinetic studies. Calculation of absolute concentrations
ould require knowledge of exactly measured volumes of extracts

rom affinity chromatography extraction and/or of protein frac-
ions of these solutions after protein concentration by ultrafiltration
3,34].

Analyses of S15NALB and [15N]nitrite in the experiments
escribed above (Fig. 1) were performed each in duplicate by two

nvestigators. These analyses were performed with an intra-day
recision (RSD) ranging between 0.5% and 15%. In unspiked elu-
ion buffer the peak area ratio RPA was of the order of 0.006 which is
lose to the y-axis intercepts of the standard curves for S15NALB and
15N]nitrite (Fig. 1). The value of RPA for blank [15N]nitrite, i.e., RPAo,
s mainly determined by the extent of [15N]nitrite-contamination
n solutions and materials used including buffers and GC–MS
nstrument. Theoretically, the RPAo value for nitrite is calculated
o be 0.0036 because of the natural abundance of the 15N iso-
ope of 0.36%. However, this value has never been measured by
s using our GC–MS instrument when nitrite was analysed as its
FB derivative. For [15N]nitrite in plasma the RPAo value was mea-
ured to be (mean ± SD, n = 4) 0.00764 ± 0.0005, whereas the RPA
alue for [15N]nitrite added at 10 nM, i.e. RPA10, was determined
o be 0.01152 ± 0.00137. Paired t-test analysis for RPAo and RPA10
evealed that these values were statistically significantly different
P = 0.004). For S15NALB in plasma the RPAo value was measured
o be (mean ± SD, n = 4) 0.00733 ± 0.00058 (RSD, 7.9%), whereas
he RPA value for S15NALB added at 50 nM to plasma, i.e. RPA50,
as determined to be 0.02067 ± 0.00404 (RSD, 19.5%). Paired t-test

nalysis for RPAo and RPA50 revealed that these values were statis-
ically significantly different (P = 0.031). Thus, we defined 50 nM
s the LOQ of the method for S15NALB added to plasma, and the
resence of S15NALB in rat plasma in vivo and in vitro experiments
as considered for RPA values above the RPA50 value of 0.020 (see

nsertion in Fig. 1C).

.2. Pharmacokinetics of S15NALB in the rat

Before i.v. injection of S15NALB in the rats, the peak area ratio
PA in the protein fraction of ultrafiltered eluate amounted to
.0058 ± 0.004. Injection of S15NALB resulted in dose-dependent
lear increases in RPA measured in the first blood sample taken
bout 1 min after injection, i.e., to 0.3 for 41.5 nmol of S15NALB, to
.8 for 125 nmol of S15NALB, and to 4.7 for 225 nmol of S15NALB,
ndicating high enrichment of exogenous S15NALB in rat plasma
ver endogenous SNALB plus blank nitrite (Fig. 2A). These RPA val-
es are within the ranges measured for [15N]nitrite and S15NALB
oncentrations added to buffer or plasma (Fig. 1). In the blood sam-
les taken thereafter, RPA fell and reached values of 0.012, 0.035
nd 0.037 at the end of the experiment, respectively. Representa-
ive chromatograms from GC–MS analyses of S15NALB in rat plasma
efore and at selected time points after i.v. injection of 225 nmol
f S15NALB are shown in Fig. 3. The peaks obtained at the trace
f m/z 46 (i.e., [14NO2]−) were relatively constant and indepen-
ent of the use of HgCl2 (to convert S-nitroso groups to nitrite),

ndicating that the major compound contributing to these peaks
s blank nitrite. By contrast, the peaks obtained at the trace of m/z
7 (i.e., [15NO2]−) were considerably greater in the samples treated
ith HgCl2 as compared to the respective HgCl2-untreated sam-
les, strongly indicating that the major compound contributing to
hese peaks is S15NALB.

The integral method was applied to determine the pharmacoki-
etics of S15NALB in the rat. On the assumption that the decay of the

oncentration of S15NALB in rat plasma follows the law of the one-
ompartment model with a first order kinetics, the concentration
f S15NALB at time point t, i.e., Ct, can be described by the equa-
ion Ct = Co × e−k×t, whereas Co is the concentration of S15NALB at
he time point 1 min after injection and k is the elimination rate
ln[Co/Ct] versus time. Co represents the maximum values obtained for the peak area
ratio of m/z 47 to m/z 46 1 min (tmax) after S15NALB administration. Ct represents the
values for the peak area ratio of m/z 47 to m/z 46 measured at various time points
following tmax. Data in (B) are shown as mean ± SD (n = 3).

constant. Linearization of this equation by taking the logarithm
yields the equation ln[Co/Ct] = k × t. Plotting of ln[Co/Ct], actually
of the natural logarithm of the corresponding mean RPA for the
three doses, versus the time t did not result in a straight line across
the whole observation time (Fig. 2B). This finding suggests that the
one-compartment model is not applicable to the whole observation
time (Fig. 2B). Nevertheless, the integral method revealed two lin-
ear regimes suggesting that the pharmacokinetics of S15NALB in the
rat is a biphasic process, with the one-compartment model being
formally valid in each of these two regimes (Fig. 2B). From this plot
the elimination half-life (t1/2) of S15NALB from plasma is estimated
to be 4.1 min in the early phase (t1/2˛, time interval: 0–8 min) and
9.4 min in the later phase (t1/2ˇ, time interval: 8–45 min).

3.3. S-transnitrosylation of endogenous albumin by i.v. injection
of GS15NO or S15NC in the rat

Bolus i.v. injection of GS15NO or S15NC in rats resulted in small
increases in RPA measured in the protein fractions of the affinity
chromatography extraction as compared with the RPA measured
before i.v. injection (Fig. 4), indicating formation of S15NALB from
the reaction between endogenous albumin and exogenous GS15NO
or S15NC. In most cases, the RPA measured in samples treated with
HgCl2 was higher than in the corresponding HgCl2-untreated sam-
ples, strongly suggesting presence of the intact S-[15N]nitroso group
in albumin. Considerably higher increases in R in the protein frac-
PA
tions were obtained from (in vitro) addition to plasma of equivalent
amounts (with respect to the estimated whole blood volume of
the rats) of GS15NO and S15NC before as well as after injection
of the compounds (Fig. 4). In consideration of the rapidity and
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Fig. 3. Partial chromatograms from the GC–MS analysis of S15NALB in rat plasma before (A, 0 min) and at various times (B and C: 1 min; D and E: 12 min; F and G: 30 min)
after intravenous administration of 225 nmol of S15NALB into a 430 g weighing rat. The labelling “+HgCl2” and “−HgCl2” indicates that samples were treated or not treated
with HgCl2. The pentafluorobenzyl derivatives of [14N]nitrite (m/z 46, lower tracings) and [15N]nitrite (m/z 47, upper tracings) emerged from the GC column almost at the
same time, i.e., at 5.11 min.
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Fig. 3. (Continued )
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Fig. 3.

nselectivity of the S-transnitrosylation reaction with regard to thi-
ls, the finding that the yield of S15NALB from S-transnitrosylation
f endogenous albumin by GS15NO and S15NC in vivo is much
ower than in vitro in plasma suggests that GS15NO and S15NC

re rapidly metabolized in blood, presumably by releasing 15NO
nd S-transnitrosylating extra- and intra-cellular SH groups. This
ssumption is supported: (i) by the inability to isolate and detect
uthentic GS15NO and S15NC from rat blood after i.v. injection

ig. 4. Peak area ratio of m/z 47 to m/z 46 measured in the S15NALB fraction extracted
rom rat plasma before and 3 min after intravenous injection of GS15NO (A) or S15NC
B) each in three rats. Open columns indicate no sample treatment with HgCl2 and
losed columns indicate sample treatment with HgCl2. Labelling “in vivo” indicates
n vivo formation of S15NALB after i.v. administration of 500 nmol of GS15NO or S15NC.
abelling “in vitro” indicates in vitro formation of S15NALB after incubation of the
lasma samples obtained from the “in vivo” experiments for 10 min with GS15NO or
15NC at final concentrations of 9.6 �M each.
nued ).

and (ii) by measuring 15N-labelled nitrite and nitrate in plasma
and different tissues including liver and kidney (RPA up to 0.2 for
[15N]nitrite; data not shown). Furthermore, it is interesting that
considerably lower RPA values were measured from i.v. injected
GS15NO and S15NC (Fig. 4; each 500 nmol) as compared with the
i.v. injection of the about 12-fold lower dose of 42 nmol of S15NALB,
i.e., the lowest dose used in the present study (Fig. 2A). In vivo as
well as in vitro, GS15NO and S15NC produced very similar RPA val-
ues suggesting comparable S-transnitrosylation potency of these
species. These findings collaborate with previous observations in
human plasma and blood in vitro [35]. Also, the finding that simi-
lar RPA values were observed for S15NALB in vitro before and after
i.v. injection both of GS15NO and S15NC (Fig. 4; “in vitro”) suggests
that these S-nitrosothiols did not alter considerably the SH group
of cysteine in rat albumin.

3.4. Blood pressure-lowering effects of S15NALB, S15NC, GS15NO
and S15NAC in the rat

Bolus i.v. injection of S15NALB, S15NC, GS15NO or S15NAC in
the rats resulted in immediate and dose-dependent fall in the
mean arterial pressure (MAP). In all rats investigated, baseline
MAP amounted to approximately 70–80 mmHg, and MAP did not
fall below approximately 30 mmHg upon i.v. administration of S-
nitrosothiols. A representative tracing of the MAP from i.v. injection
of S15NALB (125 nmol) is shown in Fig. 5. As can be seen in this fig-
ure, MAP fell by 49% after injection of S15NALB, with the baseline
MAP being recovered 18 min after injection. The MAP fall caused
by S15NALB and all other investigated LMM S-nitrosothiols typi-
cally showed two peaks, of which the first peak required less than
30 s to reach its minimum, while the subsequent second minimum
was greater in extent and required up to about 240 s to reach its
minimum. Thirty-three minutes after the i.v. injection of S15NALB,
repeated i.v. bolus injection of l-cysteine (each 10 �mol, i.e., 1 ml
aliquots of a freshly prepared 10 mM solution of l-cysteine in saline)
caused falls in MAP (�MAP) of comparable extent (by 55%, 45%
and 44%) as S15NALB. However, baseline MAP was recovered much
faster, i.e., about 4 min after injection of l-cysteine (Fig. 5). Injection

of d-cysteine (each 10 �mol, i.e., 1 ml aliquots of a freshly pre-
pared 10 mM solution of d-cysteine in saline) instead of l-cysteine
also caused �MAP of the same extent (by 50%, 45% and 40%) and
comparable MAP recovery time within 4 min (data not shown)
when followed S15NALB i.v. injection (not shown). Repeated i.v.
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Fig. 6. l-Cysteine-mediated release of [15N]nitric oxide from S15NALB in 50 mM
potassium phosphate buffer, pH 7.4, at room 25 ◦C. (A) S15NALB concentration var-
ied as indicated and l-cysteine was used at the fixed concentration of 500 �M. (B)
l-cysteine concentration varied as indicated and S15NALB was used at the fixed con-

guanylyl cyclase. Quantitatively similar results were also obtained
using d-cysteine instead of l-cysteine, suggesting that most likely
free NO mediated these anti-platelet effects.

Fig. 7. Collagen-induced (1 �g/ml) aggregation of washed human blood platelets
(approximately 108) incubated with physiological saline (NaCl) serving as the con-
ig. 5. Time course of the mean arterial pressure (in mmHg) in a rat (490 g) before
nd after i.v. bolus injection of S15NALB (125 nmol) followed by repeated i.v. injection
ach of 10 �mol of l-cysteine as indicated by arrows. �MAP means change in mean
rterial pressure.

olus injection of increasing amounts (100, 400, 500, 750 nmol)
f l-SNC into a rat (weight, 420 g) revealed almost linear relation-
hips between dose and time to reach the maximum of MAP fall
s well as for time to reach the baseline MAP with approximate
ates of 0.03 s/nmol l-SNC and 0.6 s/nmol l-SNC, respectively. Qual-
tatively similar results were also observed with i.v. injection of
SNO and SNAC. Bolus i.v. injection of up to 10 �mol of freshly pre-
ared solutions in saline (1 ml, 10 mM) of l-cysteine, d-cysteine,
SH or NAC alone did not produce any falls in MAP (data not
hown).

.5. Cysteine-mediated release of 15NO from S15NALB

In aqueous buffered solution the reaction of l-cysteine or
-cysteine and S15NALB produced 15NO that was detected and
uantitated by an NO electrode. l- and d-cysteine produced very
imilar amounts of 15NO (shown only for l-cysteine in Fig. 6).
5NO formation from the reaction of l-cysteine and S15NALB
as found to depend upon the concentration of S15NALB at a
xed l-cysteine concentration of 500 �M (Fig. 6A) and upon l-
ysteine concentration at a fixed S15NALB concentration of 20 �M
Fig. 6B). At l-cysteine concentrations far exceeding those of
15NALB (Fig. 6A)–a condition similar to that prevailing in the exper-
ment reported in Fig. 5–measured 15NO concentration in the buffer
y) was found to depend linearly upon the S15NALB concentra-
ion (x). Linear regression analysis between y and x revealed the
egression equation y = 0.02 + 0.15x (R = 0.99973), indicating aver-
ge l-cysteine-mediated conversion of 15% of S15NALB to 15NO.
t l-cysteine concentrations comparable to those of S15NALB, less
han 10% of S15NALB released detectable amounts of 15NO (Fig. 6B),
uggesting that even low amounts of l-cysteine may produce con-
iderable amounts of NO from SNALB.

.6. Inhibition of platelet aggregation by SNALB

SNALB, added at 2 �M to washed human platelets, inhib-
ted collagen-induced platelet aggregation; however, the effect of
NALB was not statistically significant from that of physiological
aline (SNALB: 74 ± 2% versus the control NaCl: 80 ± 3%, P = 0.116)
Fig. 7). Incubation of washed platelets with SNALB (2 �M) and
-cysteine (10 �M) clearly inhibited platelet aggregation as com-
ared both to 0.9 wt.% NaCl (P = 3.7 × 10−7) and to SNALB alone

P = 4.6 × 10−9). Co-incubation of washed platelets with SNALB
2 �M), l-cysteine (10 �M) and ODQ (10 �M) (i.e., “+Cys + ODQ”;
ig. 7) reversed almost completely the inhibitory effect of the
ombination of SNALB and l-cysteine (i.e., “ + Cys”; platelet aggrega-
ion: 71 ± 3% versus 27 ± 5%, P = 7.3 × 10−7), but did not completely
centration of 20 �M. For calculation of NO concentrations, the maximal levels of the
continuously recorded current were used. Maximum currents occurred between 90
and 120 s after addition of the thiols or S15NALB.

reverse the weak inhibitory effect of SNALB as compared to control
(NaCl, P = 0.029). That ODQ inhibited the action of the combination
of SNALB and l-cysteine on platelet aggregation suggests that the
mechanism of the inhibition of platelet aggregation involves soluble
trol (“NaCl”), SNALB (2 �M) alone (“SNALB”), SNALB (2 �M) plus l-cysteine (10 �M)
(“+Cys”), or SNALB (2 �M) plus l-cysteine (10 �M) plus ODQ (10 �M) (“+Cys + ODQ”).
Data are shown as mean ± SEM. P values were obtained from statistical t-test analy-
sis of the various combinations. EDTA venous blood was obtained from nine healthy
volunteers. The means of 9 for “NaCl” and “+Cys + ODQ”, 16 for “SNALB” and 19 for
“+Cys” independent measurements were used in this figure and in statistics.
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. Discussion

.1. Quantitative analysis of S-nitrosothiols by mass spectrometry

Mass spectrometry-based approaches such as GC–MS and
C–MS and their variants GC–MS/MS and LC–MS/MS emerged
ndispensable analytical tools to discover, establish and quantitate
MM and HMM biomarkers in biological fluids and tissues. These
pproaches have also been widely applied to investigations of the
hemistry, biology and pharmacology of the l-arginine/NO path-
ay, in particular in combination with the use of stable-isotope

abelled analogs (reviewed in refs. [13,39,40,41]). Previous studies
rom our group showed that GC–MS in combination with the use of
5N-labelled S-nitrosothiols offers a powerful analytical approach
o investigate various aspects of biologically and pharmacologically
elevant S-nitrosothiols (reviewed in ref. [13]).

To the best of our knowledge, thus far LC–MS and LC–MS/MS
echniques have not been reportedly applied to the quantitative
etermination of SNALB, a putative biomarker of NO bioactivity

n the human circulation. Many grave reasons may be responsible
or this failure. Presumably, the most important reason concerns
he relatively low concentration of SNALB (e.g., 0.2 �M [3]) in
he presence of a very high excess of albumin (e.g., 400–700 �M)
ogether with the relative small difference in the molecular-mass
f SNALB and albumin which is estimated to only about 0.04%.
his circumstance makes indirect analysis of SNALB in plasma
andatory. However, acid-catalyzed hydrolysis is de facto prohib-

ted mainly because of potential and abundant artificial formation
f SNC and/or complete degradation of SNC under the strong condi-
ions for pH and temperature. Also, enzyme-catalyzed proteolysis
ould most likely produce species such as SNC which are by far
uch less stable than SNALB under the required conditions. Due

o the considerably higher stability of the tripeptide GSNO and
he potential of LC–MS/MS to analyze GSNO with high sensitivity,
pecific enzymatic hydrolysis of SNALB to produce an oligopeptide
hat contains the S-nitroso group at Cys-34, such as Tyr-Leu-Gln-
ln-Cys(-SNO)-Pro-Phe-Glu or Gln-Cys(-SNO)-Pro, could perhaps
nable quantitative determination of SNALB by LC–MS/MS. Until
his day, the GC–MS approach seems to be the single one MS-based
echnique that allows indirect quantitative analysis of SNALB in
he presence of high molar excesses of albumin (e.g., 3500-fold in
uman plasma) [3,13,34].

In the present study we applied the GC–MS methodology to
nvestigate the pharmacokinetics of S15NALB and the formation of
15NALB from i.v. injection in the rat of the LMM S-nitrosothiols
-S15NC and GS15NO, the 15N-labelled analogs of the putative
ndogenous l-SNC and GSNO. The principle of this GC–MS tech-
ique is based on the Saville method [42], i.e., on the conversion
f the S-[15N]nitroso group to [15N]nitrite by HgCl2. [15N]Nitrite
ormed by the Saville reaction is subsequently derivatized to its
-[15N]nitro-pentafluorotoluene, i.e., the pentafluorobenzyl (PFB)
erivative, which is finally analysed by GC–MS. Interestingly, under
CNICI conditions �-[15N]nitro-pentafluorotoluene ionizes readily
o form the [15N]nitrite ion (with m/z 47) which is finally selected
nd monitored in the SIM mode.

The GC–MS analysis of [15N]nitrite as PFB derivative allows to
etect as less as 170 amol of [15N]nitrite (i.e., the LOD value) [43].
onsidering an almost quantitative recovery of [15N]nitrite from
gCl2-treated S-[15N]nitrosothiols and an overall yield (i.e., deriva-

ization/extraction) of 20–100% for �-nitro-pentafluorotoluene
rom aqueous buffered solutions [43], it can reasonably be assumed

hat the LOD of this GC–MS method for various S-[15N]nitrosothiols
ill be of the same order as for [15N]nitrite.

By far more relevant than LOD, however, is the LOQ value in
uantitative analyses in biological fluids, i.e., the lowest added
oncentration of the analyte that can be accurately and pre-
r. B 877 (2009) 1375–1387

cisely measured and discriminated from the blank or basal analyte
concentration. The LOQ of this GC–MS method is mainly deter-
mined by the concentration of [14N]nitrite present in the matrix
that contains a particular S-[15N]nitrosothiol, i.e., S15NALB in the
present study. [15N]Nitrite produced in rat plasma from HgCl2-
independent decomposition of S15NALB and eventually from LMM
S-[15N]nitrosothiols is a less important determinant of the methods
LOQ. This is because both [15N]nitrite and LMM S-[15N]nitrosothiols
are almost quantitatively eliminated by the selective affinity chro-
matography column extraction of S15NALB from rat plasma. Like
other S-[15N]nitrosothiols, S15NALB also decomposes in part to
[15N]nitrite during derivatization with PFB bromide, notably in
the absence of HgCl2 (Fig. 3). However, this apparent [15N]nitrite
should be assigned to in situ-decomposed S15NALB rather than to
[15N]nitrite from other sources. Upon addition of HgCl2 to S15NALB-
containing extracts, the GC–MS peak of [15N]nitrite, i.e., of the ion
with m/z 47, increased, unequivocally evidencing the presence of
S15NALB in plasma of rats receiving this substance (Fig. 3).

In the buffer B used to elute S15NALB from the affinity chro-
matography column, nitrite was found to be present at about
2400 nM in the present study. Due to the composition of the N atom
of the stable-isotopes 14N and 15N at natural abundances of 99.635%
and 0.365%, respectively, it can be estimated that blank nitrite
consists of 2391 nM of [14N]nitrite and only 9 nM of [15N]nitrite.
In comparison to the relatively high level of 2391 nM for blank
[14N]nitrite, the value of 9 nM for blank [15N]nitrite is about 266
times lower than the blank nitrite and allows, therefore, for a much
more sensitive quantification of [15N]nitrite and S15NALB-derived
[15N]nitrite than that of [14N]nitrite. Indeed, external addition of
10 nM of [15N]nitrite to plasma was statistically significantly dif-
ferent from the basal [15N]nitrite level, and this concentration
was measured with analytically acceptable accuracy (100 ± 20%)
and precision (RSD ≤ 20%). Therefore, 10 nM of [15N]nitrite can be
defined as the LOQ of this GC–MS method for [15N]nitrite in plasma
samples that contain normal levels of nitrite (e.g., 1–3 �M for this
method [39]).

With respect to the quantitative determination of S15NALB in
plasma the LOQ of the method is higher, i.e., 50 nM, because of
the extraction yield of about 50% and of a final sample dilution
factor of two. Incomplete recovery lowers the final S15NALB con-
centration in the elution buffer by a factor of about 4 as compared
with non-extracted plasma. Thus, the major advantage of using 15N-
labelled S-nitrosothiols over use of unlabelled S-nitrosothiols in
combination with the analysis of 15N-labelled nitrite as PFB deriva-
tive is a considerably lower LOQ value. As the LOQ of the method
for S15NALB is mainly dependent upon the concentration of blank
nitrite in the elution buffer, the LOQ of the method could be further
lowered by decreasing the blank nitrite concentration, for instance
by using distilled water, buffer salts and laboratory materials of low-
est nitrite content. Worth mentioning advantages of the lower LOQ
values in this stable-isotope technique are a more specific and accu-
rate quantitative determination of S15NALB, notably distinguishing
of S15NALB from blank nitrite, and use in vivo studies of 15N-labelled
S-nitrosothiols, which are potent vasodilators, at much lower doses
such as in pharmacokinetic studies as demonstrated in the present
study. It may be expected that the use of such a GC–MS approach
would help delineate more reliably the pathophysiology of SNALB
and other S-nitrosolthiols in humans without altering considerably
the haemodynamics.

4.2. Possible mechanistic and biological implications of

S-nitrosothiols within the vasculature

On the basis of a t1/2˛ value of 4.1 min for the first 8 min and
of a t1/2ˇ value of 9.4 min for the subsequent 37 min after i.v.
bolus injection of S15NALB into the rat (Fig. 2), it can be calculated
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hat 18 and 30 min after i.v. bolus injection of S15NALB approxi-
ately 12% and 6% of the initially administered amount of S15NALB,

espectively, will still circulate in the rat. This approximation collab-
rates with the MAP course in the rat that received intravenously
25 nmol of S15NALB (Fig. 5). That i.v. injection of l-cysteine 33,
2 and even 52 min after i.v. injection of S15NALB caused repeat-
dly considerable MAP falls suggests that l-cysteine reacted with
-[15N]nitroso groups different from those of S15NALB through
-transnitrosylation to form l-S15NC which is highly unstable in
lood and releases 15NO that finally caused MAP to fall (Fig. 5).
ecause i.v. injection of l- or d-cysteine that followed i.v. bolus

njection of S15NALB in the rat produced comparable falls in MAP
not shown) and becaused-cysteine is most likely not so rapidly and
ffectively transported into intra-cellular compartments, it can rea-
onably be assumed that extra-cellular rather than intra-cellular
-[15N]nitroso groups were involved in this S-transnitrosylation
eaction. The assumption of intermediate formation of l-S15NC
rom S15NALB or other S-[15N]nitrosothiols and l-cysteine and the
ubsequent decomposition of l-S15NC to 15NO in rat circulation is
upported by the finding that in aqueous buffered solution the reac-
ion of l-cysteine and S15NALB produced significant amounts of
5NO (Fig. 6).

The course and shape of MAP in the rat depicted in Fig. 5 may
ain further interesting insights into the potential mechanisms by
hich the interplay between SNALB or other S-nitrosothiols and

hiols may regulate vascular tone. In this context, of particular
nterest is l-cysteine which is the most abundant LMM thiol in
uman plasma [44,45] and forms one of the most labile, appar-
ntly spontaneously NO-releasing LMM S-nitrosothiols, i.e., l-SNC,
putative endothelium-derived relaxing factor [46]. It should be,
owever, mentioned that there may be considerable differences
etween humans and rodents regarding concentrations of indi-
idual LMM thiols [47] as well as regarding reactivity of cysteine
oieties in mammalian and rodent proteins [11]. The present find-

ngs suggest that SNALB itself is not a directly acting vasodilator,
ut its blood pressure-lowering effect is most likely mediated by
lasma l-cysteine. The underlying mechanism could involve reac-
ion of l-cysteine with SNALB by which the S-nitroso group of SNALB
s transferred to the SH group of l-cysteine to form l-SNC and
lbumin (reaction (2)). In vitro, this S-transnitrosylation reaction
roceeds very rapidly, and more importantly, it is reversible, with
he equilibrium (Keq = 1.33) being in favour of SNALB [22]. Because
he concentration of cysteinyl-SH groups of albumin greatly pre-
ails over l-cysteine in human plasma–a molar ratio of 36:1 can be
stimated from literature data [35]–circulating SNALB concentra-
ions should be considerably higher than those of l-SNC in human
irculation. These considerations also apply to GSNO, however, our
iscussion will focus on l-SNC, because l-SNC, unlike GSNO, is a
ery potent NO donor and can be actively transported through
embranes from various cells [48,49,12].
Considering a whole rat plasma volume of about 10 ml, injection

f 125 nmol of S15NALB in the rat would result in a plasma S15NALB
oncentration of about 12.5 �M immediately after injection. The
eak area ratio RPA of about 1.8 measured in rat plasma 3 min after

.v. injection of 125 nmol of S15NALB (Fig. 2A), the standard curve of
15NALB in Fig. 1C, strongly suggest that a large portion of injected
15NALB is present unchanged in rat blood immediately after injec-
ion. Indeed, a rough estimate comes to a plasma concentration of
5 �M for S15NALB 1 min after injection of 125 nmol of S15NALB
125 nmol), suggesting that the administered dose of S15NALB is
till entirely present in rat plasma at this time. Most likely, how-

ver, a part of the administered dose of S15NALB has already reacted
irectly with SH groups from various LMM thiols circulating in
at blood, including l-cysteine and GSH, as well as with protein
H groups abundantly present on the surface of various blood
ells including thrombocytes and erythrocytes [12]. It is possible
r. B 877 (2009) 1375–1387 1385

that these S-transnitrosylation reactions were in part facilitated by
intermediately formed l-S15NC. Because S-transnitrosylation reac-
tions are very quick, the rapid decrease in the peak area ratio RPA
measured 5 min after i.v. injection of S15NALB is most likely due
to S-transnitrosylation of circulating SH groups, resembling the
rapid disappearance of drugs due to distribution within the body,
and may explain the calculated elimination half-life of S15NALB of
4.1 min (t1/2�). A few seconds after i.v. injection of S15NALB in the
rat the MAP fell very sharply (Fig. 5). This initial, abrupt and short-
lasting fall in MAP is most likely caused by 15NO released from
intermediately formed l-S15NC. Likely, initially formed l-S15NC
disappears very rapidly from the blood leading to a temporary
increase in MAP due to a reduced 15NO release rate from l-S15NC.
Because initially formed l-S15NC may potently S-transnitrosylate
SH groups, subsequently occurring S-transnitrosylation reactions
inside cells, notably red blood cells [50], may also led to a tempo-
rary decrease in l-S15NC concentration in rat plasma. Assuming an
equilibrium constant (Keq) of 1.33 for the reaction between SNALB
and l-cysteine [22], an initial S15NALB concentration of 15 �M and
initial albumin-SH and l-cysteine-SH groups concentrations in rat
plasma of 300 and 10 �M, respectively, it can be calculated that
the initially formed l-S15NC would reach a maximum concentra-
tion of about 0.4 �M immediately after i.v. injection of 125 nmol
of S15NALB in rat plasma. Because of the high vasodilatory potency
of l-SNC [46], it is quite possible that the initial and short-lasting
fall in MAP of about 27 mmHg upon administration of 125 nmol of
S15NALB in our study had been caused by 0.4 �M of l-SNC. In pre-
vious study, using the same GC–MS methodology, we found that
l-S15NC added to human blood anticoagulated with EDTA could
not be isolated after 10 min of incubation at added l-SNC concen-
trations below 10 �M [35]. This finding and the calculated l-S15NC
maximum rat plasma concentration of 0.4 �M may explain the fail-
ure to detect any l-S15NC after i.v. injection of l-S15NC or S15NALB
in rats in the present study.

In aqueous buffered solutions of LMM S-nitrosothiols such as
SNC and GSNO and in the presence of their corresponding thiols,
e.g., l-cysteine and GSH, we found stable equilibria for several S-
transnitrosylation reactions persisting for up to 135 min, despite
constant decreases in the concentration of the participating S-
nitrosothiols [22]. Importantly, in such mixtures l-SNC turned out
to be apparently considerably more stable than in the absence of
other thiols and S-nitrosothiols, seemingly prolonging the half-life
of l-SNC [22]. Nevertheless, it can reasonably be assumed that l-
S15NC is the most reactive and most potent blood pressure-lowering
species participating in S-transnitrosylation reactions in rat circu-
lation following i.v. injection of S15NALB and l-cysteine. Our results
suggest that MAP fall parallels l-S15NC rat plasma concentration
which, in turn, depends upon actual S15NALB concentration in rat
plasma. Given the considerably much lower stability of l-S15NC
in rat plasma as compared with that of S15NALB and the striving
for equilibrium concentrations of the S-transnitrosylation reaction
involving S15NALB, l-S15NC, albumin and l-cysteine, the decrease
in l-S15NC plasma concentration will inevitably lead to concomi-
tantly falls both in MAP and S15NALB concentration. Most likely,
this phenomenon predominates within the period of 8–45 min, i.e.,
in the late phase of the pharmacokinetic experiment, and is respon-
sible for the considerably longer elimination half-life of S15NALB of
9.4 min (t1/2ˇ) as compared to the t1/2˛ of S15NALB of 4.1 min in the
early phase.

The course of RPA in Fig. 2A suggests that the half-life of S15NALB
in the rat is even greater than 9.4 min within the observation

period of 20–45 min. One possible explanation for this apparent
prolongation of the half-life of S15NALB in the rat could be re-S-
transnitrosylation of albumin by S-[15N]nitroso groups from extra-
and intra-cellular sources including erythrocytic GS15NO and S-
[15N]nitrosoheamoglobin (S15NOHb). The formation of S15NOHb
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ould have been mediated by l-S15NC transported into the ery-
hrocytes by a specific transporter system that exists within the
ed blood cell membrane [49]. This assumption is supported by the
nding that incubation of fresh native human plasma with washed
ed blood cells having been pre-incubated with l-S15NC led to for-
ation of plasma S15NALB and inhibition of platelet aggregation in a
anner depending upon l-S15NC concentration initially exposed to

rythrocytes [49]. Further support of this assumption is provided
y Fig. 5. Repeated i.v. injection of each 10 �mol of l-cysteine in
he rat after i.v. bolus injection of S15NALB led to immediate and
hort-lasting falls in MAP. We assume that these MAP falls were
aused by low concentrations of l-S15NC (about 0.4 �M) which was
ormed from the reaction of l-cysteine with remaining S15NALB as
ell as with extra- and intra-cellular S-[15N]nitroso groups inside

nd outside the vasculature driven by the very high doses of l-
ysteine applied. On the basis of a rat blood volume of 30 ml, it is
alculated that repeated administration of l-cysteine led to blood
oncentrations of about 0.7, 1.3 and 2 mM, respectively.

The recent study by Orie et al. [29] has demonstrated that
nfused SNALB causes venodilation in the rat at considerably high
lasma concentrations (about 4 �M). The study by Orie et al. [29]
nd the present study suggest that endogenous circulating SNALB
ay have little impact on vascular function in vivo in the rat and

resumably in humans. However, the latter remains to be demon-
trated.

.3. Possible implications for basal concentration of
-nitrosothiols in the human vasculature

We are aware of the differences which are likely to exist
etween humans and rats regarding S-nitrosothiols and reactivity
f l-cysteine moieties in proteins including albumin [11], of the
roblematic extension of results from animal studies to humans,
nd of the high divergence in reported concentrations of SNALB
nd other S-nitrosoproteins in plasma of humans and other species
14]. However, in consideration of the overwhelming evidence in
he literature we think that our results from the present investiga-
ion and from previous studies, which were all generated by using
he GC–MS methodology [3,4], strongly suggest that the concentra-
ion of SNALB, and most likely of other S-nitrosoproteins, in plasma
f healthy humans is presumably not higher than 160–200 nM.
eported concentrations for SNALB in plasma of humans in the
asal state far above this value are, in our opinion, erroneously.
NALB concentrations in human plasma of the order of 200 nM
nd the need for equilibrium between thiols and S-nitrosothiols
ould also have the consequence that the concentration of LMM S-
itrosothiols including GSNO and SNC in plasma of healthy humans
ould be far below 10 nM.

. Conclusions

In the year 1992, it has been reported for the first time that
NALB occurs in plasma of healthy humans at concentrations of
he order of 7000 nM in the basal state as measured by chemi-
uminescence. Since then, SNALB and other HMM S-nitrosothiols
ave been reported to occur at concentrations ranging from about
0 to 10,000 nM and even higher. SNALB has been suggested to
e a biomarker of NO bioactivity and to be involved in many dis-
ases. However, high divergences, contradictory results and most
mportantly obvious analytical shortcomings in numerous basic

nd clinical studies challenge the concentrations and implications
scribed by many groups to SNALB and other S-nitrosoproteins in
ealth and disease. By means of GC–MS we measured SNALB con-
entrations in the range 160–200 nM in plasma both of healthy
ubjects and of those suffering from hepatic and renal diseases.

[

[

[

r. B 877 (2009) 1375–1387

At present, the GC–MS methodology is the single MS-based
approach that allows quantitative but certainly indirect determina-
tion of unlabelled and 15N-labelled SNALB (S15NALB) in biological
fluids including human and rat plasma. This methodology is selec-
tive for SNALB as it uses affinity chromatography for its isolation
from plasma. The stable-isotope technique reported here has a
low LOQ value which enables performance of pharmacokinetic
studies at quasi physiologically relevant plasma concentrations.
Our present study shows that S15NALB is a relatively long-lived
S-nitrosothiol in the rat and a potent S-transnitrosylating and a
blood pressure-lowering species. Sixteen years after the discovery
of SNALB in human circulation, we have until this day no depend-
able knowledge of the potential functions of SNALB in humans. Even
if the present study was performed in rats, it suggests that endoge-
nous SNALB in human plasma may be an interesting biomarker
candidate for NO bioactivity in the human circulation. However,
accurate and interference-free analysis of SNALB and S15NALB still
represents an analytical challenge. The GC–MS approach is useful
for the quantitative analysis of SNALB and S15NALB, but it suffers
from being indirect. Actually, LC–MS-based techniques should be by
nature the method of the choice for the quantitative determination
in biological fluids both of LMM and of HMM S-nitrosothiols includ-
ing SNALB and SNOHb. However, this remains to be demonstrated
for these potential biomarkers.
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