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Inhibition of human platelet aggregation by a novel S-nitrosothiol

is abolished by haemoglobin and red blood cells irn vitro:
implications for anti-thrombotic therapy
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1 S-Nitrosothiols are nitric oxide (NO) donor drugs that have been shown to inhibit platelet
aggregation in platelet rich plasma (PRP) in vitro and to inhibit platelet activation in vivo. The aim
of this study was to compare the platelet effects of a novel S-nitrosated glyco-amino acid, RIG200,
with an established S-nitrosothiol, S-nitrosoglutathione (GSNO) in PRP, and to investigate the
effects of cell-free haemoglobin and red blood cells on S-nitrosothiol-mediated inhibition of platelet
aggregation.

2 The effects of GSNO and RIG200 in collagen (2.5 ug ml~')-induced platelet aggregation in PRP
and whole blood were investigated in vitro. Both compounds were found to be powerful inhibitors of
aggregation in PRP, and RIG200 was significantly more potent (IC59=2.0 um for GSNO and
0.8 uM for RIG200; P=0.04).

3 Neither compound inhibited aggregation in whole blood, even at concentrations of 100 uM. Red
blood cell concentrations as low as 1% of the haematocrit, and cell-free haemoglobin (=2.5 uMm),
significantly reduced their inhibitory effects on platelets.

4 Experiments involving measurement of cyclic GMP levels, electrochemical detection of NO and
electron paramagnetic resonance of haemoglobin in red blood cells, indicated that scavenging of NO
generated from S-nitrosothiols by haemoglobin was responsible for the lack of effect of S-
nitrosothiols on platelets in whole blood.

5 These studies suggest that scavenging of NO by haemoglobin in blood might limit the

therapeutic application of S-nitrosothiols as anti-platelet agents.
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Introduction

Nitric oxide (NO) inhibits platelet aggregation (Radomski et
al., 1987a,b) and adhesion to vascular endothelium (Ra-
domski et al., 1987¢c,d). Although the vasodilator properties
of NO donor drugs like organic nitrates have long been
exploited in the management of ischaemic heart disease, it
remains unclear whether these drugs also inhibit platelet
aggregation at therapeutic concentrations (Booth et al., 1997;
Mehta & Mehta, 1980; Stamler & Loscalzo, 1991).
S-Nitrosothiols are NO donor drugs that, unlike organic
nitrates, do not engender vascular tolerance (Bauer & Fung,
1991; Miller et al., 2000). S-Nitrosoglutathione (GSNO;
Figure la) is an endogenous S-nitrosothiol (Gaston et al.,
1993; 1994) that inhibits platelet aggregation at sub-threshold
concentrations for vasodilation (De Belder et al., 1994) via
both guanylate cyclase dependent (Radomski ez al., 1992) and
independent pathways (Gordge et al., 1998). Platelet effects in
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vivo have been confirmed with studies in women with pre-
eclampsia (Lees et al, 1996), in patients with acute
myocardial infarction or unstable angina (Langford er al.,
1996), and following percutaneous transluminal coronary
angioplasty (PTCA; Langford et al., 1994). However, GSNO
is ineffective in inhibiting platelet activation during cardio-
pulmonary bypass (Langford et al., 1997). Formation of
protein and low molecular weight S-nitrosothiols like GSNO
(Daniel et al., 1993), has been implicated as a pre-requisite
for inhibition of platelet activation by inhaled NO (Gries et
al., 1998).

To date, in vitro platelet studies involving NO donors have
not addressed the issue of the potential inhibitory effect of
haemoglobin (Hb) in the blood. Ferrohaemoglobin
(HbFe(Il)) is a powerful NO scavenger (Martin et al., 1985)
and is often used experimentally to inhibit NO-mediated
vasodilatation (Martin et al., 1985; Flitney et al., 1992; 1996;
Megson et al., 1997). Cell-free HbFe(Il) abolishes the anti-
platelet effects of GSNO, thus identifying NO as the mediator
(Radomski et al., 1992). Hb in red blood cells (RBCs) might,
therefore, also be expected to influence NO-mediated
inhibition of platelet aggregation. Indeed, inhibition of
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Figure 1 Structural formulae and full generic names for (a) GSNO
and (b) RIG200.

platelet aggregation by endothelium-derived NO is reversed
by RBCs in vitro (Houston et al., 1990). Recent evidence
suggests that Hb can interact with NO in a variety of ways,
depending on the oxidation state of the haem iron. Hb might
represent a complex NO transporter, binding NO in areas
where HbFe(Il) is oxygenated, and releasing it during arterio-
venous transit (Jia et al., 1996; Gow & Stamler, 1998). S-
Nitrosated met-Hb (the Fe(IIl) form of Hb) has even been
shown to inhibit platelet aggregation in platelet rich plasma
(PRP) in vitro (Pawloski et al., 1998). The role of Hb in NO
function is highly controversial, with a number of recent
studies questioning the importance of S-NOHD as a transport
mechanism for NO (Liao et al., 1999; Wolz et al., 1999).

Here, we investigated the anti-platelet effects of a novel S-
nitrosated glyco-amino acid (RIG200; Figure 1b). RIG200 is
considerably more stable than the parent compound, S-
nitroso-N-acetylpenicillamine (SNAP; Megson et al., 1997)
and S-nitrosocysteine, and causes prolonged vasodilatation in
endothelium-denuded rat femoral arteries (Megson et al.,
1997) and in human bypass graft veins (Sogo et al., 2000).
Experiments were performed to determine whether the anti-
platelet effects seen with RIG200 and GSNO in PRP are
reproduced in whole blood and to establish the influence of
RBCs, and the Hb they contain, on the fate of NO generated
from S-nitrosothiols. This information is critical in determin-
ing the therapeutic potential of these compounds as anti-
platelet agents.

Methods
Subjects

Venous blood samples (40 ml) were taken from healthy male
volunteers aged 20—30 years (n=28). Volunteers were non-
smokers, had not taken aspirin or ibuprofen during the
previous 10 days, or any other medication during the
previous 48 h, and were fasted for 12 h prior to sampling.
Each volunteer returned for six visits at least 1 week apart.

Samples

Blood samples were taken using a 19-gauge needle into 10 ml
evacuated Monovette™ tubes containing 0.8 ml sodium
citrate (3.8%), and gently mixed. Tubes for whole blood
(WB) experiments were stored at room temperature. Blood
for PRP experiments was centrifuged at 120 x g for 10 min
and PRP aspirated and stored at room temperature prior to
aggregation. Platelet-poor plasma (PPP) was derived from
blood that was centrifuged at 1000xg for 15 min. In
experiments requiring washed RBCs, a sample (1 ml) of
packed RBCs was taken from the lower layer, taking care to
avoid the ‘buffy coat’ containing monocytes and other white
blood cells. Samples were then ‘washed’ with an equal
volume of sterile saline (0.9%) and centrifuged again at
1000 x g for a further 15 min. The saline was then aspirated,
leaving a layer of packed RBCs.

Blood counts (Coulter AT 8 Haematology Analyser,
Coulter Electronics, Luton, U.K.) were carried out on
samples to determine the number of RBCs and platelets,
and the Hb concentration. RBC counts for all volunteers
were between 4.25-4.50 x 10> 1-' and platelet counts were
1.50-2.75x 10" 1='. PRP derived from samples contained
<0.01 x10" 17! RBCs and 2.75-4.00 x 10" 17! platelets.

Platelet aggregation

Half-millilitre samples of PRP and WB were diluted with
0.5 ml of 0.9% sterile saline and pre-warmed to 37°C for
Smin in a two-channel platelet aggregometer (Chronolog
Ca560, Labmedics, Stockport, U.K.) capable of measuring
aggregation in PRP and WB by an impedance method.

Diluted samples of PRP and WB were stirred at 1000
r.p.m. using disposable stirrer bars and platelets were
activated with a supramaximal concentration of collagen
(2.5 ug ml~"). Samples were treated 1 min prior to collagen
with 10 ul of saline (control) or concentrations of either
GSNO or RIG200 to give final drug concentrations in
cuvettes of 0.3—100 uM and an ICs, concentration of aspirin
(10 um), as determined by pilot experiments (n=3). The
concentration used is slightly lower than that reported
previously for aspirin in vitro (~45 puM; Dohi et al., 1993),
perhaps because of differences in the population from which
blood was derived. Aspirin experiments were used to
determine whether RBCs could influence NO-independent
inhibition of platelet aggregation. Aggregation was measured
by an impedance method using an electrode immersed in the
sample. The signal from the aggregometer was processed by
an analogue-digital converter (MacLab 4e; AD Instruments,
Sussex, U.K.) and displayed on a microcomputer (Macintosh
LC III) using Chart™ software (AD Instruments). Change in
impedance recorded 10 min after addition of collagen was
used as a measure of the extent of aggregation.

In separate experiments, diluted PRP samples were treated
with 10 uM GSNO or RIG200 (~ICgg) in the presence of
washed RBCs (100, 10, 1 or 0.1% of WB haematocrit; n=26
for each). Samples of diluted RBCs were centrifuged
(1000 x g) and the supernatant assayed in the Coulter counter
to assess cell-free Hb due to haemolysis. Alternatively, drug
exposures were carried out in the presence of human
ferrohaemoglobin (HbFe(Il); 250, 25 or 2.5 uM, chosen to
approximate Hb concentrations in 10, 1 and 0.1% WB, as
determined from blood counts). In both cases, RBCs or
HbFe(Il) were added to PRP immediately prior to NO donor
drug exposure. Again, samples were treated with NO donors
1 min prior to collagen addition (2.5 ug ml™").
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NO electrode measurements

One-millilitre samples of PPP or PRP were diluted with 1 ml
of sterile saline (0.9%) and incubated at 37°C in the
aggregometer, as for the aggregation studies described above.
An isolated NO electrode (World Precision Instruments,
Stevenage, Hertfordshire, U.K.), calibrated using sodium
nitrite solutions (10—1000 nM) in saline acidified with
ascorbic acid (10 mMm) at 37°C, was introduced into the
cuvette in place of the impedance electrode and allowed to
stabilize (10—30 min). The signal from the NO electrode was
processed and displayed using the same microcomputer
system detailed above for aggregation studies. Once stable,
GSNO or RIG200 (20 ul) was added to the PPP or PRP
using a microsyringe to give a final concentration of 10~ M.
Drug solutions and the microsyringe were pre-warmed (37°C)
to minimize temperature artefacts.

Cyclic GM P measurements

Whole blood (10 ml) was collected in trisodium citrate
evacuated tubes and centrifuged at 120x g for 10 min to
obtain PRP. Platelets were counted in PRP samples (Coulter
A°TS8, Beckman Coulter, U.K.) and five 250 ul aliquots were
diluted with 240 ul of sterile saline. Aliquots were then pre-
warmed to 37°C in the aggregometer pre-warming wells.
Thereafter, two aliquots were treated with HbFe(Il) (2.5 um
final concentration) and then with either GSNO (10 uMm final
concentration, two tubes) or RIG200 (10 uM, two tubes). The
remaining aliquots were treated with equivalent concentra-
tions of GSNO or RIG200 or with an equal volume of saline
(5 ul; control), all in the absence of Hb. The concentrations
of S-nitrosothiols chosen were known to give ~80%
inhibition of platelet aggregation. Collagen (2.5 ug ml™")
was then added to all five aliquots to mimic experimental
conditions and, following a 5-min incubation, trichloroacetic
acid (TCA; 10%; 300 ul) was added to the PRP to precipitate
proteins and aliquots were centrifuged (20,000 x g for 10 min
at 4°C). The supernatant was decanted and frozen at —80°C
prior to cyclic GMP immunoassay (low pH; R & D Systems,
Abingdon, U.K.). Results were expressed as pmol 10°
platelets—'.

Electron paramagenetic resonance (EPR) spectroscopy

Spectrometric analysis similar to that used previously was not
sufficiently sensitive to detect nitrosation of either cysteine
residues (414 nm) or haem iron (560 nm) on account of the
low ratio of S-nitrosothiol to Hb (1:10 compared to 1:1
detection limit in previous studies; Jia et al., 1996).
Ultraviolet/visible (u.v./vis) spectroscopy was nevertheless
carried out on Hb from washed, lysed RBCs from fresh
venous blood to confirm its oxygenation status (absorption
peaks at A= ~530 and 575 nm).

EPR was used to detect nitrosylation of haem iron. RBC
suspensions in plasma containing 100% of the haematocrit
were incubated with GSNO or RIG200 (both 100 um) for
30 min at 37°C and immediately snap-frozen on dry ice for
EPR studies that were carried out within 4 h of S-nitrosothiol
incubation. EPR spectra were run on ~200 ul samples in
4 mm diameter quartz tubes on a Bruker instrument (EMX
10/12 EPR X-band spectrometer) under the following
conditions: Temperature=102K; microwave power and
frequency =10 mW, 9.52 GHz; receiver gain=1 x 10° mod-
ulation=2 Gauss peak-to-peak (Gpp). Spectra between 3235
and 3530 Gauss (G) magnetic field were recorded, generally

as the sum of eight scans. Nitrosylation of Hb iron was
expected to result in a triplet of peaks at ~3350—3400 G.

Drugs

GSNO was purchased from Sigma Ltd (Poole, Dorset, U.K.).
RIG200 was synthesized using a published method (Megson
et al., 1997). Collagen was purchased from Labmedics
(Stockport, U.K.) and all other compounds were purchased
from Sigma Ltd. Human Met-Hb was reduced to the
ferro(Fell)-form by sodium hydrosulphite, which was then
removed by dialysis. Hb aliquots were frozen (—80°C) and
used within 2 weeks (Martin et al., 1985).

Statistical analysis

Repeated measures, 2-factor ANOVAs, paired and unpaired
Student’s r-tests and one-factor ANOVAs followed by post
hoc Bonferroni analyses were carried out where appropriate.
Tests used for each data set are stated in the text and a P
value of <0.05 was accepted as significant. Experimental
data are expressed as mean+s.e.mean in the text.

Results
Aggregometry

Effect of RBCs on S-nitrosothiol-mediated inhibition of platelet
aggregation Collagen-induced aggregation in PRP was
inhibited by GSNO (Figures 2a and 3a; ICs5,=2.0+1.3;
n=8) and RIG200 (Figure 3b; I1C5,=0.8+0.3; n=S8).
RIG200 was a significantly more effective inhibitor of platelet
aggregation than GSNO (P=0.04, paired Student’s r-test).
Equivalent experiments carried out in WB from the same
volunteers (Figures 2b and 3a,b; n=28) showed that GSNO
and RIG200-induced inhibition of aggregation was signifi-
cantly inhibited (P<0.001 for GSNO; P<0.001 for RIG200
compared to PRP results; 2-factor, repeated dose ANOVA).
The inhibitory effect of ICsy concentrations of aspirin
(10 um)  were not significantly different in  PRP
(61.2413.8% of collagen-induced aggregation) compared to
WB (51.7+13.4%; P=0.65; paired Student’s ¢-test; n=28).

Comparison of RBCs and cell-free HbFe(II) on S-nitrosothiol-
mediated inhibition of aggregation S-Nitrosothiol-induced
inhibition of platelet aggregation in PRP was abolished in
the presence of RBCs (100% of the haematocrit, n=6; Figure
4a). The effect was dependent on the RBC concentration;
RBCs at 0.1% of the haematocrit were incapable of
significantly altering inhibition of aggregation by either
GSNO (P=0.33, Bonferroni post hoc test following a one-
factor ANOVA) or RIG200 (P=0.08). Cell-free Hb in all
RBC dilutions was below the level of detection of the Coulter
counter (<0.5 um). HbFe(Il) concentrations of 250, 25 and
2.5 uM, equating to Hb concentrations in RBCs at 10, 1 and
0.1% of the haematocrit, all abolished S-nitrosothiol-induced
inhibition of aggregation in PRP (Figure 4b, n=6; P<0.05
for each HbFe(Il) concentration compared to PRP).

NO electrode

NO generation from GSNO and RIG200 in PPP and PRP
was confirmed using an isolated NO electrode (Figure 5a).
RIG200 generated significantly more NO than GSNO
(Figure 5b; P=0.01, paired Student’s t-test), and NO
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Figure 2 Recordings from platelet aggregation studies in (a) platelet rich plasma (PRP) and (b) whole blood (WB) from the same
subject. In each case, traces from saline-treated controls, and PRP or WB treated with GSNO (4 and 100 M) are shown. Collagen

(2.5 pyg ml~") was added at the point indicated.
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Figure 3 Concentration-response curves for inhibition of platelet aggregation by (a) S-nitrosoglutathione (GSNO) and (b) the S-
nitrosated glyco-amino acid, RIG200, in platelet rich plasma (PRP; IC5p=2.04+1.3 and 0.84+0.3 um respectively) and in whole
blood (WB). RIG200 was significantly more effective than GSNO (P=0.04; paired Student’s r-test, n=238). Inhibition of platelet
aggregation was prevented in WB (P <0.001 for both GSNO and RIG200; 2-factor, repeated measures ANOVA, n=38).

measured from RIG200 was enhanced by SOD (100 u ml~';
P=0.03), abolished by Hb (2.5 uMm; Figure 4, P<0.01 for
both S-nitrosothiols, #=15) and significantly reduced by 0.1%
RBCs (P=0.03). Interestingly, NO generated from both
compounds was greater in the presence of platelets (PRP)

than in PPP (Figure 5a,b; P=0.04 for GSNO and P=0.03,
Bonferroni post hoc tests).

Cyclic GM P immunoassay

Cyclic GMP concentrations in saline-treated (control) PRP
were 8.941.5 pmol 10° platelets™' (n=35). Concentrations
increased in platelets treated with 10 um  GSNO
(+2.15+0.42 pmol 108 platelets™') or RIG200
(+3.0+1.1 pmol 10° platelets~') in the absence of Hb
(Figure 6). There was no significant difference in the amount
of cyclic GMP generated in the presence of GSNO compared

to RIG200 (P=0.46; paired Student’s t-test). Significantly
less cyclic GMP was generated in the presence of Hb(Fe(II)
(2.5 um; P=0.001 for GSNO and 0.04 for RIG200, paired
Student’s z-test).

Ultraviolet|visible (u.v./vis) and EPR spectroscopy

Spectrophotometric analysis of diluted Hb (5 uM) from lysed
RBCs obtained from fresh venous blood samples indicated
that Hb was at least partially oxygenated on account of
absorption peaks at ~530 and ~575 nm (Figure 7a). Deoxy-
HbFe(Il) has a single absorption peak at ~550 nm and the
spectrum for HbFe(III) shows little absorption in this region.
Incubation of RBCs with RIG200 or GSNO (100 uM;
30 min) caused a detectable change in the EPR signal at
~3375 G, corresponding to nitrosylation of haem Fe(II)
(Figure 7b). The characteristic three-line signal of aHbFe(II)-
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Figure 4 Effect of (a) red blood cells (RBCs) and (b) cell-free
haemoglobin (HbFe(I)) on S-nitrosothiol-mediated inhibition of
aggregation. RBCs were reconstituted in platelet rich plasma (PRP)
to 100, 10, 1 and 0.1% of the haematocrit for WB. A one-factor
ANOVA indicated a significant difference between aggregation with
different RBC concentrations (P<0.001, n=6). The results of post-
hoc Bonferroni analyses between aggregation in PRP against each of
the RBC concentrations are indicated on the graph: *P<0.05,
**P<0.01. A similar one-factor ANOVA was carried out on the data
presented in (b) (P<0.001, n=06), and the results of Bonferroni post-
hoc analyses are indicated on the graph.

NO (splitting constant of a(N)=16.5 G), superimposed on a
broad ceruloplasmin signal (Kagan & Day, 1996), is apparent
after treating WB for 30 min with RIG200 (10~* M; Henry et
al., 1991). There is no signal corresponding to fHbFe(II)NO,
reinforcing previous data indicating that NO binds to a but
not f§ subunits of Hb (Kagan & Day, 1996). The high field
component of the triplet is partly obscured by a sharp singlet.
The g-factor of this singlet (~2.001) suggests that it is a
carbon-centred radical, possibly derived from lipid or protein
components of the RBCs.

Discussion

Our results show that two S-nitrosothiols, RIG200 and
GSNO, are powerful inhibitors of platelet aggregation in
PRP but fail to inhibit aggregation in WB. This is an
important finding because, although it is known that RBCs
abolish the antiplatelet effects of endothelium-derived NO
(Houston et al., 1990), and that cell-free HbFe(II) inhibits the
effect of S-nitrosothiols in platelets (Radomski et al, 1992), it
was unknown whether the NO in S-nitrosothiols would be
protected from scavenging by Hb in RBCs. Indeed, recent

studies have shown that the S-nitrosothiol, S-nitrosocysteine,
can nitrosate cysteine residues on so-called ‘tense’ or ‘T-state’
HbFe(I1I), but not ‘relaxed’ or ‘R-state’ oxy-HbFe(II), and
that the resultant SNO-HbFe(IIl) subsequently releases NO
that can inhibit platelet aggregation in vitro (Pawloski et al.,
1998). Given that at least some of the Hb in the venous blood
used in our experiments was in the T-state, potentially
facilitating S-nitrosation by exogenous S-nitrosothiols (Paw-
loski et al., 1998), we tested the hypothesis that pharmaco-
logically relevant S-nitrosothiol concentrations would cause
sufficient S-nitrosation of Hb to inhibit platelet aggregation
in mixed WB. In the event, this was not the case, with RBCs
preventing S-nitrosothiol-mediated inhibition of platelet
aggregation under these conditions. Furthermore, our
experiments show that RBCs at a concentration of only
1% of the haematocrit can significantly attenuate the
inhibitory effect of pharmacologically relevant concentrations
of both GSNO and RIG200.

Net scavenging of NO by Hb in our experiments, as
opposed to net release in previous studies, probably occurs
because the concentration of NO available for Hb interaction
was insufficient to generate enough S-nitrosated HbFe(III) to
inhibit aggregation, even with 100 uM GSNO or RIG200; Hb
in previous experiments was saturated with NO from S-
nitrosocysteine (Pawloski et al., 1998). Furthermore, spectro-
photometric analysis indicated that the Hb in RBCs from our
venous samples was partly in the oxy-HbFe(II) and would be
unlikely to release NO from any S-nitrosated cysteine
residues (Pawloski et al., 1998), and EPR studies indicated
that at least some of the NO scavenged by Hb in RBCs
nitrosylated the haem iron of o, but not f, subunits. Our
results do not, however, preclude the possibility that NO
scavenged by Hb in RBCs in vivo could be released later,
when the molecule undergoes autoxidation to HbFe(III).

Interestingly, cell-free HbFe(Il) proved more effective at
scavenging NO than RBCs containing an equivalent
concentration of Hb, probably because of closer proximity
of free HbFe(Il) to platelet membranes, and the relatively
slow rate at which NO crosses RBC membranes (diffusion
coefficient=0.4 x 10~° ¢cm? s~'; Denicola et al., 1996) com-
pared to the rate of reaction with HbFe(Il) (rate con-
stant=2x 10° M~ ' s~!; Hakim et al., 1996). In addition, it
has recently been proposed that RBCs possess an intrinsic
barrier that limits NO consumption still further (Vaughn et
al., 2000). It is possible that a proportion of the inhibitory
effect seen with high concentrations of RBCs was caused by
Hb released from cells through haemolysis. The concentra-
tion of cell-free Hb was found to be below our detection limit
(<0.5 uMm) but could, nevertheless, exaggerate inhibition by
RBCs. The effect of confining Hb to cells might, therefore, be
even more pronounced than we show here.

The inhibitory effects of the S-nitrosothiols in PRP were
associated with increased concentrations of NO and of
platelet cyclic GMP, and low concentrations of cell-free
HbFe(Il) were capable of preventing both inhibition of
aggregation and cyclic GMP elevation in PRP, probably due
to scavenging of NO. The amount of NO generated from
both GSNO and RIG200 was greater in PRP than in PPP,
indicative of a platelet-dependent mechanism that can
accelerate S-nitrosothiol decomposition, as previously pro-
posed (Radomski et al., 1992; Gordge et al., 1996).

These results have important implications for S-nitro-
sothiols as inhibitors of platelet aggregation in vivo. On the
face of it, they might suggest that these compounds would be
ineffective, and studies using GSNO in cardiopulmonary
bypass support this conclusion (Langford et al., 1997).

British Journal of Pharmacology vol 131 (7)



1396 l.L. Megson et al

S-nitrosothiols and platelet aggregation

PRP

100
PPP oM

2 min

RIG200 (10 pM)
inpeP: [ or-0) 25um)
inPRP: /A RBCs (0.1%)

b 250+ *

2004

W GSNO(10uM)
RIG200 (10 uM)

1504

NO (nmol/L)

100

50

+RBC  + HbFe(Il) inPRP
(100 U/ml) (0.1% Het) (2.5 uM)

inPPP  +SOD
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(HbFe(II); 2.5 uM). Results in the presence and absence of HbFe(II)
are compared for each S-nitrosothiol by a paired Student’s t-test.
*P<0.05, *P<0.01, n=>5.
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Figure 7 (a) Ultraviolet/visible spectrophotometric analysis of
venous red blood cell (RBC) lysate (5 um). The absorption peaks
shown are at 415, 530 and 570 nm (arrowed). Changes in the 414 nm
absorption peak caused by S-nitrosation were not detectable in these
experiments after incubation with S-nitrosothiols (<100 um). The
two peaks at ~530 and ~570 nm are indicative of at least partial
oxygenation of haemoglobin (HbFe(Il)); deoxy HbFe(II) has a single,
broad peak centered at ~550 nm and HbFe(IIl) fails to absorb
strongly in this region. (b) Electron paramagnetic resonance (EPR)
spectra for venous blood treated with saline (control) or the S-
nitrosated glyco-amino acid (RIG200; 100 um) for 30 min at 37°C.
The RIG200 trace shows a characteristic triplet of peaks indicative of
nitrosylation of o-subunit haem iron. Similar spectra were obtained
with S-nitrosoglutathione (GSNO) under the same conditions (not
shown). These signals were weak and were undetectable with lower
concentrations of RIG200 and GSNO (10 um), or with shorter
incubation times (10 min).

However, studies in women with pre-eclampsia and in
patients following myocardial infarction indicate that GSNO
can inhibit platelet activation, as indicated by reduced P-
selectin and glycoprotein IIb/IIla expression in vivo (Lang-
ford et al., 1996; Lees et al., 1996). Furthermore, it has been
shown that inhaled NO can inhibit platelet activation in vivo
by a mechanism that is likely to involve an S-nitrosothiol
intermediate (Gries et al., 1998).

Perhaps the obvious contradiction in the data can be
explained by the fact that blood is mixed in cardiopulmonary
bypass whereas in the true in vivo situation, plasma streaming
results in RBCs flowing through the centre of blood vessels,
surrounded by PRP adjacent to the endothelium (Aarts et al.,
1988). Separation of RBCs from platelets could facilitate NO-
mediated platelet actions of both endothelium-derived NO
and S-nitrosothiols under normal conditions in vivo. Recent
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modelling studies suggest that, whilst effectively scavenging
NO in the centre of vessels, Hb in RBCs might have little
influence over endothelium-derived NO in the peripheral zone
(Butler et al., 1998). A potential added benefit of this
dependency on plasma streaming is that during haemorrhage,
mixing of RBCs with PRP could prevent S-nitrosothiol
inhibition of aggregation, particularly if associated with
haemolysis. Therefore, use of S-nitrosothiols as a preventa-
tive measure against thrombotic events may not carry the
otherwise anticipated risk of haemorrhagic stroke (He et al.,
1998). The apparent dependency of S-nitrosothiol activity in
platelets on the separation of RBCs from platelets requires
confirmation. Bleeding time experiments, where blood is
likely to be mixed, could help to determine whether or not S-
nitrosothiols retain anti-aggregating properties in mixed
blood under physiological conditions.

It should be noted that, whilst plasma streaming is a
characteristic of healthy blood vessels, laminar flow is
disrupted by atherosclerotic plaques and thrombi. Mixing
of red blood cells with platelets under those conditions is
likely to limit the effect of endothelium-derived NO and
prevent the anti-platelet activity of blood-borne S-nitro-
sothiols. However, RIG200 has selective effects in injured
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