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Glutathione Peroxidase Potentiates the Inhibition of Platelet Function by
S-Nitrosothiols
Jane E. Freedman, Balz Frei, George N. Welch, and Joseph Loscalzo
Whitaker Cardiovascular Institute and Evans Department of Medicine, Boston University School of Medicine, Boston,
Massachusetts 02118

Abstract

GSHperoxidase (Px) catalyzes the reduction of lipid hydro-
peroxides (LOOH), known metabolic products of platelets
and vascular cells. Because interactions between these cells
are modulated by nitric oxide (NO) and LOOHinactivate
NO, we investigated the effect of GSH-Px on the inhibition
of platelet function by the naturally occurring S-nitrosoth-
iol, S-nitroso-glutathione (SNO-Glu). Concentrations of
SNO-Glu that alone did not inhibit platelet function (sub-
threshold inhibitory concentrations) were added to platelet-
rich plasma together with GSH-Px (0.2-20 U/ml); this led
to a dose-dependent inhibition of platelet aggregation with
an IC50 of 0.6 U/ml GSH-Px. In the presence of subthreshold
inhibitory concentrations of SNO-Glu, the LOOH, 5-hydro-
peroxy-6,8,11,14-eicosatetraenoic acid, increased platelet
aggregation, an effect reversed by GSH-Px. Glutathione and
SNO-Glu were equally effective as cosubstrates for GSH-
Px. Incubation of SNO-Glu with GSH-Px for 1 min led to
a 48.5% decrease in the concentration of SNO-Glu. Incuba-
tion of SNO-Glu with serum albumin led to the formation
of S-nitroso-albumin, an effect enhanced by GSH-Px. These
observations suggest that GSH-Px has two functions: reduc-
tion of LOOH, thereby preventing inactivation of NO, and
metabolism of SNO-Glu, thereby liberating NOand/or sup-
porting further transnitrosation reactions. (J. Clin. Invest.
1995. 96:394-400.) Key words: nitric oxide * S-nitrosothiols
* endothelium-derived relaxing factor * lipid peroxides
glutathione peroxidase

Introduction

An important metabolic product of the endothelial cell is endo-
thelium-derived relaxing factor (EDRF), 1 a known endogenous
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vasodilator. EDRFalso inhibits platelet aggregation (1, 2) and
prevents adhesion of platelets to the endothelium (3). EDRF
exhibits properties of both nitric oxide (NO) and the naturally
occurring thiol adducts of NO, S-nitrosothiols, such as inhib-
iting platelet function and elevating intracellular levels of cGMP
(4). These alterations in cGMPlevels may represent a negative
feedback pathway in the regulation of platelet activation. In
vivo, endogenously synthesized NOhas been shown to prevent
thrombosis in a model of endotoxin-induced glomerular damage
(5), as well as attenuate platelet adhesion to damaged endothe-
lium (6).

In the setting of inflammation, oxygen-derived free radicals
can promote lipid peroxidation leading to the generation of
lipid alkoxyl and peroxyl radicals. Interestingly, NO itself has
antioxidant effects as a consequence of its direct reaction with
alkoxyl and peroxyl radical intermediates generated during lipid
peroxidation, thus terminating lipid radical chain propagation
reactions and leading to the formation of lipid peroxynitrites
(7). Such interactions may be important in vivo as cell and
tissue damage can occur secondary to oxidation of lipids.

The antioxidant enzyme GSHperoxidase (Px) reduces lipid
hydroperoxides (LOOH) to the corresponding alcohols by the
oxidation of reduced GSH(8). Activation and aggregation of
platelets result in the release of membrane-bound stores of ara-
chidonic acid, which, via the lipoxygenase pathway, are con-
verted to a variety of biologically active eicosanoids, including
LOOH. These LOOHs, such as 12-hydroperoxy-5,8,10,14-eico-
satetraenoic acid (12(S)HpETE), can be further metabolized
by GSH-Px to the corresponding alcohol or lipid hydroperox-
ide, e.g., 12-hydroxy-5,8,10,14-eicosatetraenoic acid (12(S)-
HETE). When added exogenously, HpETEs are potent inhibi-
tors of platelet aggregation (9).

Essentially all of the hydroperoxide-reducing activity in
plasma is attributable to GSH-Px (10). Patients with coronary
artery disease have lower plasma and platelet GSH-Px levels
and increased plasma levels of malondialdehyde, a LOOHde-
composition product (11). In addition, platelet aggregability is
increased in patients with coronary artery disease. In the absence
of the trace element selenium, plasma GSH-Px protein and its
activity are deficient (8), and low selenium intake is associated
with an increased risk of coronary artery disease (12). A de-
creased incidence of atherosclerotic cardiovascular disease is
found among populations with a high intake of fish, which, in
addition to having high levels of omega-3 polyunsaturated fatty
acids, also contains significant amounts of selenium (13).

GSH-Px activity appears to be decreased in coronary artery
disease, a condition also associated with impaired release of NO
and increased thrombosis. Thus, in this study we investigated
possible effects of GSH-Px on NOand S-nitrosothiol metabo-
lism and the consequences of these effects on platelet function.
Wedemonstrate that GSH-Px potentiates NO-mediated platelet
inhibition and conclude, therefore, that GSH-Px may be im-
portant in the regulation of EDRFaction.
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Methods !(0.5 FiM)

Chemicals and solutions. H202, GSH, GSHreductase (baker's yeast),
GSH-Px (human or bovine erythrocyte), SOD (bovine erythrocyte),
catalase (bovine liver), reduced NADPH, L-cysteinyl-glycine, D,L-ho-
mocysteine, zinc chloride, /3-mercaptosuccinic acid, L-cysteine, sodium
arachidonate, sodium nitrite, sulfanilamide, BSA, hydrochloric acid, and
TCA were purchased from Sigma Chemical Co. (St. Louis, MO). N-
(l-naphthyl)ethylene-diamine dihydrochloride was purchased from
Aldrich Chemical Co. (Milwaukee, WI). 5-Hydroperoxy-6,8,11,14-ei-
cosatetraenoic acid (5(S)-HpETE), 5-hydroxy-6,8,11,14-eicosatetrae-
noic acid (5(S)-HETE), 12(S)HpETE, and 12(S)-HETE (all [S-
(E,Z,Z,Z) ] configuration), as well as cGMPenzyme immunoassay kits,
were purchased from Cayman Chemical Co. (Ann Arbor, MI). PBS,
pH 7.4, consisted of 10 mMsodium phosphate and 150 mMNaCl and
was chelex-treated to remove contaminating transition metals.

Preparation of platelet-rich plasma. Venous blood, anticoagulated
with 89.4 mMsodium citrate, 15.6 mMcitric acid, 16.1 mMNaH2PO4,
and 142 mMdextrose, was obtained from healthy volunteer donors who
had not ingested platelet inhibitors for 2 10 d. Platelet-rich plasma
(PRP) was prepared by centrifugation at 150 g for 10 min at 250C.
Platelet-poor plasma was prepared by centrifugation at 800 g- for 10
min. Platelets were adjusted to 2 X 108 platelets/ml after counts were

determined using a Coulter Counter (model ZM, Coulter Electronics,
Hialeah, FL).

Platelet aggregation: incubations with S-nitrosothiols, antioxidant
enzymes, and lipid hydroperoxides. Aggregation was induced by adding
500 1LM arachidonate to platelets. Aggregation studies were performed
at 370C with a constant stirring rate of 1200 rpm in a BioData four-
chamber aggregometer (Bio/Data Corp., Horsham, PA). Aggregation
was quantified by measuring the maximal extent of change in light
transmittance (14).

S-nitrosothiols were prepared immediately before use by mixing
equimolar concentrations of NaNO2and thiol (GSH or L-cysteine) in
0.1 N HCl on ice (15). Further dilutions were made in PBS at room

temperature. Threshold concentrations (inhibitory or aggregatory) of
S-nitroso-glutathione (SNO-Glu), S-nitroso-L-cysteine (SNO-Cys), or

nitroprusside were determined immediately before the aggregation ex-

periment for which they were needed and repeated with each set of
aggregation experiments. In some experiments platelets were incubated
with GSH-Px, SOD, catalase, LOOH, or a GSH-Px inhibitor before
incubation withS-nitrosothiol. Each incubation was conducted for 30 s

with stirring at 370C. TheS-nitrosothiol was then added and stirred for
30 s at 370C immediately before addition of the platelet agonist for the
given experiment.

Human or bovine erythrocyte GSH-Px preparations were used in
these studies. Despite some known differences, both the plasma and
erythrocyte forms have the same substrate specificity andKm for GSH
(16), this being the probable rate-limiting step in the platelet aggrega-

tion experiments (17).
Cyclic nucleotide assay. After completion of the previously de-

scribed incubations, TCA (final concentration, 5% vol/vol) was added
to PRP. Samples were vortexed, placed on ice, and centrifuged at 1,500
g for 10min at4°C. The supernatant was extracted with diethyl ether and
assayed for cGMPby an ELISA methodology using cGMPantiserum

(Cayman Chemical Co.).
Measurement ofS-nitroso-albumin. SNO-Glu was incubated with

serum albumin and H202 in PBS, aliquots of the reaction solution were

removed over time, and the aliquots were mixed either with hydrochloric
acid or with perchloric acid (to precipitate protein). This incubation
was also repeated in the presence of 5U//m GSH-Px. Total nonprecipita-
bleS-nitrosothiol (SNO-Glu) and precipitableS-nitrosothiol (S-nitroso-
albumin) were determined by the method of Saville (18). This experi-
ment was also conducted incubating freshly preparedS-nitroso-albumin
(19), GSH, and H202 in the presence or absence of 5 U/mi GSH-Px.

Determination of GSH-Px activity. Endogenous plasma GSH-Px or

purified enzyme activity was assayed by coupling the peroxidase reac-

tion with the reduction of oxidized glutathione by glutathione reductase

U/ml GSH-Px

50%Ag~greg nS

1 00%Aggregatgn

U/ml GSH-Px

IU/mi GSH-Px

gM SNO-Giutathione
I Mn + 2.5 U/ml GSH-Px

Figure 1. Effect of GSH-Px on platelet aggregation. GSH-Px was added
(0.5-2.5 U/ml) to stirred PRP for 30 s, followed by the addition of a

subthreshold concentration of SNO-Glu (0.5 OM). Platelet aggregation
was induced by the addition of 0.5 mMarachidonate. With increasing
concentrations of GSH-Px, there is a dose-dependent augmentation of
the inhibitory effects of SNO-Glu on platelet aggregation response. The
addition of 2.5 U/ml GSH-Px in the absence of SNO-Glu does not alter
the baseline platelet aggregation response.

using NADPH. Hydroperoxide reduction was followed by the decrease
in absorbance at 340nm(20). Activity was evaluated using either GSH,
SNO-Glu, L-cysteinyl-glycine, L-cysteine, or DL-homocysteine as the
cosubstrate for GSH-Px.

Measurement ofS-nitrosothiols. SNO-Cys and SNO-Glu were mea-

sured by HPLCusing a C1 8 reverse-phase column coupled to an electro-
chemical detector with a dual Au/Hg electrode set at both oxidizing
(+0.15 V) and reducing (-0.15 V) potentials versus a Ag/AgCl refer-
ence electrode (Bioanalytical Systems, West Lafayette, IN). This tech-
nique can reliably detect S-nitrosothiols in the nanomolar range (19).
The working electrodes were configured in series with the reducing
electrode upstream. Using this arrangement, S-nitrosothiols are detected
at both electrodes, first asS-nitrosothiols at the reducing electrode and
then as reduced thiol (the product of upstream reduction) at the down-
stream oxidizing electrode. S-nitrosothiols were identified and quanti-
tated by comparison with authentic standards.

Statistics. All data are presented as means±SEM. Paired samples
were compared by Student's t test; values of P < 0.05 are considered
significant. Groups of data were tested by ANOVAand, if significant,
were further evaluated by the Newman-Keuls test.

Results

GSH-Px, but not SODor catalase, increases SNO-Glu-mediated
attenuation of platelet aggregation. Increasing concentrations
(0.1-20 U/ml) of GSH-Px, SOD, or catalase were added to
PRP followed by stirring for 30 s after which a subthreshold
concentration of SNO-Glu (0.4-0.6 MM) was added. This sub-
threshold concentration, without enzyme, still allowed for
> 90% platelet aggregation after the addition of arachidonate
(Fig. 1). GSH-Px, but not SOD or catalase, potentiated the
inhibition of platelet aggregation by SNO-Glu (Figs. 1 and 2).
This effect was observed at concentrations as low as 0.2 U/mi
of GSH-Px, with an IC50 of 0.6 U/mi (P < 0.05 by ANOVA
compared with incubations with SNO-Glu alone). SODor cata-
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Figure 2. Effect of GSH-Px, SOD, or catalase inhibition of platelet
aggregation by SNO-Glu. Increasing concentrations (0.1-20 U/ml) of
GSH-Px, SOD, or catalase were added to PRP, followed by the addition
of a subthreshold concentration of SNO-Glu (0.5 juM). Aggregation
was induced by the addition of 500 MiM arachidonate. GSH-Px (n), but
not SOD(A) or catalase (o), causes a dose-dependent augmentation
of inhibition of platelet aggregation by SNO-Glu. (For GSH-Px, P
< 0.05 by ANOVAcompared with incubations with SNO-Glu alone;
error bars represent SEMfor n = 3 experiments each performed in
duplicate.)

lase alone or in combination (data not shown), at concentrations
as great as 20-200 U/ml, failed to inhibit platelet aggregation
with SNO-Glu. Control studies, in which these enzymes were
added in increasing concentrations without SNO-Glu or with
GSHalone, showed no effect on platelet aggregation response
(data not shown).

To study the effect of GSH-Px on inhibition of platelet
aggregation by the direct NO donor, sodium nitroprusside,
GSH-Px was added in increasing concentrations (0.1-20
U/ml) to stirred PRP30 s before a subthreshold concentration
of sodium nitroprusside (0.2 [MM). This concentration of nitro-
prusside, without enzyme, allowed for > 80% platelet aggrega-
tion. Unlike the S-nitrosothiols, sodium nitroprusside-induced
inhibition of platelet aggregation was not altered by GSH-Px
(data not shown).

Reversal of the potentiation of SNO-Glu-mediated inhibition
of platelet aggregation by inhibitors of plasma GSH-Px. Zn2+
is a known inhibitor of endogenous plasma GSH-Px (21) that,
unlike transition metal ions, does not promote free radical gener-
ation (22, 23). In addition, ZnCl2 inhibits the plasma but not
the erythrocyte form of GSH-Px, excluding the possibility that
the results obtained were due to erythrocyte contamination. 5
mMZnCl2 was added to PRP containing a concentration of
SNO-Glu (1.0 j.tM) that inhibited arachidonate-induced platelet
aggregation by > 80%. Addition of ZnCl2 led to a 2.1-fold
increase in platelet aggregation (P < 0.05) compared with con-
trol with SNO-Glu alone (Table I), whereas ZnCl2 in the ab-
sence of SNO-Glu did not alter platelet aggregation response
(data not shown).

To confirm these results, /-mercaptosuccinic acid (33 ILM),
a specific inhibitor of selenium-dependent GSH-Px (IC50 33
AM) (24), was added to PRPfollowed by SNO-Glu (1.0 ,uM)
and arachidonate. As shown in Table I, a 2.3-fold increase
in platelet aggregation was observed under these conditions
compared with control without inhibitor (P < 0.05).

Differential inhibition of platelet aggregation by S-nitro-

Table L The Effect of GSH-Px Inhibitors on Platelet Inhibition
by SNO-Glu in Plasma

Extent of
aggregation

SNO-Glu (1 tzM) 18.0±3.2
SNO-Glu (1 /.tM) + ZnCl2 (5 mM) 38.6±4.1
SNO-Glu (1 IM) + 6-mercaptosuccinic acid (33 ,iM) 42.2±4.8

The addition of ZnCl2 or ,i-mercaptosuccinic acid to PRPcontaining a
concentration of SNO-Glu that inhibited platelet aggregation by > 80%
led to a decrease in SNO-Glu-induced platelet inhibition. (P < 0.05
for both ZnCl2 and 3-mercaptosuccinic acid compared with SNO-Glu
alone; for n = 3 experiments each performed in duplicate.)

sothiols and GSH-Px. Increasing concentrations of GSH-Px (0-
10 U/ml) were added to PRP30 s before the addition of sub-

threshold concentrations of either SNO-Glu (0.5 uM) or SNO-
Cys (0.1 u M). The extent of platelet aggregation was compared
at each concentration of GSH-Px after aggregation was induced
by arachidonate. As shown in Fig. 3, inhibition of platelet aggre-
gation by both SNO-Glu and SNO-Cys is potentiated by GSH-
Px; however, there is a rightward shift in dose dependency for
SNO-Cys compared with SNO-Glu, with an IC50 of 3.2 U/ml
versus 0.6 U/ml, respectively (P < 0.05 by ANOVA).

LOOHreverses the inhibition of platelet aggregation by
SNO-Glu and GSH-Px. Increasing concentrations (0-4 1M) of
12(S)HpETE or 5(S)HpETE were added to PRP30 s before
the addition of 1 U/ml GSH-Px in the presence of a concentra-
tion of SNO-Glu that caused 50% inhibition of platelet aggrega-
tion. In the presence of SNO-Glu, the normal inhibitory effect
of HpETEs was not seen. Instead, 12(S)HpETE alone, in a
dose-dependent manner, attenuated inhibition of platelet aggre-
gation by SNO-Glu, and this effect was partially reversed by

100

C

0)

o-I

102
CD

W 20 SO-~
-a-SNO-Cysteine

0*
0.1 1 10

[Glutathione Peroxidase] (U/ml)

Figure 3. Effects of SNO-Glu and SNO-Cys on platelet aggregation in
plasma. Extent of aggregation was compared after the addition of in-
creasing concentrations of GSH-Px (0-10 U/ml) and subthreshold con-
centration of either SNO-Glu (0.5 tLM) (o) or SNO-Cys (0.1 tLM) (A).
(P < 0.05 by ANOVAfor SNO-Glu compared with SNO-Cys for GSH-
Px s 5 U/ml; error bars represent SEMfor n = 3 experiments each
performed in duplicate.)
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Figure 4. Effect of LOOHon the inhibition of platelet aggregation by
SNO-Glu and GSH-Px. Increasing concentrations of 12(S)HpETE (0-
4 jM) or 12(S)HETE were added to PRPfollowed by the addition of
threshold concentrations of SNO-Glu (0.5 -AM). HpETE samples were
incubated in the presence and absence of 1 U/ml GSH-Px. Increasing
concentrations of HpETE(o) caused a dose-dependent increase in plate-
let aggregation, and this effect was attenuated by the addition of 1
U/ml GSH-Px (A). Increasing concentrations of HETEalone did not
alter platelet aggregation (o). (P < 0.05 for SNO-Glu compared with
SNO-Glu with GSH-Px for concentrations t 2 jzM HpETE; error bars
represent SEMfor n = 3 experiments each performed in duplicate.)

the addition of 1 U/ml GSH-Px (Fig. 4). Identical results were
obtained with 5 (S)HpETE (data not shown) but not
12(S)HETE (Fig. 4) or 5(S)HETE (data not shown). These
data indicate that LOOH, but not their corresponding alcohols,
attenuate SNO-Glu-induced platelet inhibition and that this
effect is modulated by GSH-Px.

Incubations with SNO-Glu, LOOH, and GSH-Px alter plate-
let cGMPlevels. Incubations were conducted as previously de-
scribed with PRPin the presence or absence of SNO-Glu, GSH-
Px, or HpETE. Before aggregation, the platelet proteins were
precipitated with TCA, and the protein-free supernatant was
analyzed for cGMP levels, a measure of the effects of NO
exposure on platelet function. Compared with PRPalone (2.24
pmol/108 platelet), there was a significant increase in cGMP
levels with the addition of 5 jiM SNO-Glu (5.16 pmol/108
platelets) (P < 0.05) (Fig. 5). Incubation of PRPwith either
S U/ma GSH-Px or 5 AM12(S)HpETE did not significantly
alter basal cGMP levels (2.51 and 2.21 pmol/108 platelets,
respectively). Incubation with 5 or 10 uM HpETE and 5 uM
SNO-Glu significantly decreased cGMPlevels compared with
SNO-Glu alone (Fig. 5) (P < 0.05). Addition of 5 U/ml GSH-
Px restored the effects of SNO-Glu despite the presence of 5
kLM HpETE (Fig. 5) (P < 0.05 for SNO-Glu and HpETE
compared with SNO-Glu, HpETE, and GSH-Px). Thus, the
increases in platelet cGMPlevels correlate with the extent of
inhibition of platelet aggregation.

Cosubstrate affects GSH-Px activity. The activity of GSH-
Px (4 U/ml) with 200 ILM H202 as substrate was measured
using a coupled spectrophotometric assay. GSH, SNO-Glu, L-
cysteinyl-glycine, D,L-homocysteine, L-cysteine, and SNO-Cys
were used as potential cosubstrates over a range of concentra-
tions (0.125-1.25 mM). GSH-Px activity was measurable only

6-
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a 1-
>L-
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SNO-Glu (pM)

HpETE (pM)

GSH-Px (U/mi)

I /
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0 5 10 5
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Figure 5. Effect of SNO-Glu, GSH-Px, and 12(S)HpETE on platelet
cGMPlevels. Incubation of PRPwith 5 or 10 AMHpETEand 5 OM
SNO-Glu significantly decreased cGMPlevels compared with the addi-
tion of SNO-Glu alone (P < 0.05). Addition of 5 U/ml GSH-Px restored
the effects of SNO-Glu despite the presence of 5 fzM HpETE(P < 0.05
for SNO-Glu and HpETEcompared with SNO-Glu, HpETE, and GSH-
Px). Concentrations of cGMPare expressed as pmol/ 108 platelets.
(Error bars represent SEMfor n = 3 experiments each performed in
duplicate.)

with GSHand SNO-Glu as cosubstrates (Fig. 6 A). Interest-
ingly, SNO-Glu, which has not been previously described as a
cosubstrate for GSH-Px, had virtually identical activity as GSH,
with a Kmof 5.2 mMfor GSHand 5.4 mMfor SNO-Glu (Fig.
6 B) and a VI. of 0.146 AAbs/min for GSH and 0.167
AAbs/min for SNO-Glu.

GSH-Px increases transnitrosation from SNO-Glu to serum
albumin. SNO-Glu (50 jLM) was incubated with serum albumin
(50 tM) and H202 (200 jLM) in PBS at room temperature, and
the amount of S-nitroso-albumin formed was determined both
in the presence and absence of GSH-Px. In the presence of
GSH-Px there was an increased rate of loss of SNO-Glu over
the 3-h incubation period (Fig. 7 A). There was a commensurate
increase in the rate of formation of S-nitroso-albumin, sug-
gesting an increase in transnitrosation from SNO-Glu to serum
albumin by GSH-Px (Fig. 7 B). GSH-Px, however, did not
facilitate the transfer of NO from S-nitroso-albumin to GSH
(data not shown).

Transnitrosation from SNO-Cys to GSH. The potentiation
by GSH-Px of platelet inhibition with SNO-Cys may be a conse-
quence of transnitrosation from SNO-Cys to endogenous (plas-
matic) GSH. As shown above (Fig. 3), the effects of GSH-Px
on S-nitrosothiol-mediated inhibition of platelet aggregation
are less marked for SNO-Cys than SNO-Glu. This observation
may be explained by the partial transfer of NO from SNO-
Cys to GSHpresent in plasma forming SNO-Glu. Although
transnitrosation reactions between serum albumin and low-mo-
lecular-weight thiols have been documented (24) and are sug-
gested by the above data (Fig. 7), transnitrosation reactions
between low-molecular-weight thiols have never been directly
demonstrated. SNO-Cys was incubated with GSHin physiologi-
cal buffer, and formation of SNO-Glu was measured by HPLC
with electrochemical detection. The incubation of equimolar
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Figure 6. (A) Effect of cosubstrate on GSH-Px activity. The activity
of GSH-Px (4 U/ml) was measured by a spectophotometric coupled
assay using H202 (200 pM) and either GSH(A), D,L-homocysteine
(l), L-cysteine (A), or SNO-Glu (o) as cosubstrates. Increasing con-

centrations of GSHor SNO-Glu (0.125-1.25 mM) led to an increase
in activity with similar rates for both GSHand SNO-Glu. D,L-homocys-
teine and L-cysteine had no activity in this assay. (B) SNO-Glu (o)
had similar activity to GSH(o) as a cosubstrate for GSH-Px. Double
reciprocal plots reveal a Kmof 5.2 mMfor GSHand 5.4 mMfor SNO-
Glu and a calculated Vm.. of 0.146 AAbs/min for GSHand 0.167
AAbs/min for SNO-Glu.

concentrations (50 1iM) of SNO-Cys and GSHat room temper-
ature for 3 min led to the formation of 36.0±9.2 .tM of SNO-
Glu and a concomitant decrease in the concentration of SNO-
Cys by 30.0±5.0 MM. These data indicate that the addition of
exogenous SNO-Cys leads to the transfer of NO to another
physiological low-molecular-weight thiol, forming SNO-Glu.

GSH-Px decreases SNO-Glu concentrations. Using the
HPLC-electrochemical detection method, the concentration of
SNO-Glu was measured after incubation with washed platelets
and H2O2, both in the presence and absence of GSH-Px. SNO-
Glu (50 1iM) was incubated for 1 min with 5 U/ml GSH-Px,
a concentration that potentiated platelet inhibition by SNO-Glu.
There was a decrease in the concentration of SNO-Glu from
50.3±0.5 MMwithout GSH-Px to 25.9±5.4 MMin the presence

of GSH-Px (Table II) (P < 0.05 for SNO-Glu with GSH-Px
compared with SNO-Glu without GSH-Px for n = 3 experi-
ments). These data suggest that potentiation of S-nitrosothiol-
induced inhibition of platelet aggregation by GSH-Px is related
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Figure 7. Effect of GSH-Px on transnitrosation from SNO-Glu to albu-
min. SNO-Glu (50 MM), serum albumin (50 pcM), and H202 (200 IM)
were incubated in PBS and the amount of S-nitroso-albumin formed
was determined both in the presence and absence of 5 U/ml GSH-Px.
(A) Effect of GSH-Px on loss of SNO-Glu. In the presence of GSH-
Px (o), increased loss of SNO-Glu is detected compared with the reac-

tion without the enzyme (o). (P < 0.05 by ANOVAcomparing reac-

tions with and without GSH; error bars represent SEMfor n = 3 experi-
ments each performed in duplicate.) (B) Effect of GSH-Px on S-nitroso-
BSAformation. In the presence of GSH-Px (o) there is increased forma-
tion of S-nitroso-BSA compared with the identical incubation without
the enzyme (a). (P < 0.05 by ANOVA; error bars represent SEMfor
n = 3 experiments each performed in duplicate.)

to the enzyme's use of SNO-Glu as a cosubstrate coupled with
the release of NO.

Discussion

Previous studies have demonstrated that LOOHand NOcriti-
cally affect platelet function and that GSH-Px is the major
hydroperoxide-reducing agent in plasma (10, 16). Therefore,
in the present study we investigated the effects of GSH-Px on

platelet inhibition by S-nitrosothiol. We found that GSH-Px
potentiates S-nitrosothiol-induced inhibition of platelet aggre-

gation in a dose-dependent manner with a concomitant decrease
in the concentration of SNO-Glu. These effects were not seen

with sodium nitroprusside, a direct NOdonor, and were depen-
dent on the type of S-nitrosothiol used. In addition, SNO-Glu
was found to be equally active as GSHas a cosubstrate for
GSH-Px, and increased transnitrosation from SNO-Glu to serum
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Table II. Utilization of SNO-Glu by GSH-Px in the Reduction
of H202

[SNO-Glu]

AM

Preincubation 50.3±0.5
Incubation without GSH-Px 50.0±2.3
Incubation with GSH-Px (5 U/ml) 25.9±5.4

SNO-Glu (50 1iM) was incubated with GSH-Px and H202 in PBS for
1 min, and the concentration of SNO-Glu was measured by HPLCand
electrochemical detection. There is a 49.5% decrease in the concentra-
tion of SNO-Glu after incubation with GSH-Px accompanying the re-
duction of H202 (P < 0.05 for SNO-Glu with GSH-Px compared with
SNO-Glu alone for n = 3 experiments).

albumin was observed in the presence of GSH-Px. These data
suggest that GSH-Px is important in NOregulation via metabo-
lism of the naturally occurring SNO-Glu.

Although a role for GSH-Px in NOregulation has not been
previously described, such an association is consistent with
studies on selenium, the trace element necessary for GSH-Px
activity. Dietary selenium supplementation, at levels far below
toxicity, correlates with increases in GSH-Px activity in normal
individuals, as well as a prolongation in bleeding time (25).
Platelets of selenium-deficient rats demonstrate an increased
aggregation response (26). Deficient whole-blood selenium lev-
els correlate with lower platelet GSH-Px activity without sig-
nificant differences in vitamin E levels or compensatory in-
creases in SODactivity (27). Selenium deficiency in children
correlates with decreased GSH-Px activity in plasma, also with-
out any compensatory increase in SODactivity.

GSH-Px is responsible for most of the hydroperoxide-reduc-
ing activity in human plasma (10, 16) and thus plays a role in
the protection against oxidative damage. Our data suggest that
LOOHcan interact with and inactivate NO. Normally, no
LOOHcan be detected in plasma (< 30 nM) (28), but a local
and/or transient increase may occur during oxidant stress or in
the local milieu of the platelet aggregate. Platelet aggregation
and subsequent stimulation of the arachidonic acid pathway in
platelets leads to the generation of HpETEs and HETEs by the
lipoxygenase pathway (29). As we have shown, 12(S )HpETE,
but not 12(S)HETE, reverses the inhibitory effects of NOon
platelet aggregation. Therefore, LOOHformed during the acti-
vation of platelets may react with NO, promoting further platelet
activation. GSH-Px, through catalysis of reduction of LOOH
normally produced during platelet activation, thus has potential
antithrombotic properties.

In addition to the antioxidant action of GSH-Px and the
prevention of a reaction between LOOHand NO, the preserva-
tion of SNO-Glu-induced inhibition of platelet aggregation
could result from the interaction of the S-nitrosothiol itself with
the enzyme. Although GSH-Px has been reported to be specific
for GSH, our experiments show that the S-nitrosated form of
GSHis an equivalently effective cosubstrate. The observation
that SNO-Glu concentration decreases in the presence of GSH-
Px suggests that GSH-Px increases the availability of NOfrom
SNO-Glu or converts it to a form that can more readily interact
with platelets. However, SNO-Cys was not a substrate for GSH-
Px, and the effects of GSH-Px on platelet function were greater

in the presence of SNO-Glu than SNO-Cys. The finding that
GSH-Px potentiates platelet inhibition by SNO-Cys indicates
that NOis transferred from SNO-Cys to plasmatic GSH, which
then acts as a substrate for GSH-Px. Indeed, we observed that
SNO-Glu is formed from SNO-Cys in the presence of GSH.
Therefore, the transient formation of SNO-Glu may be neces-
sary for the enzyme to support platelet inhibition by NO, regard-
less of the S-nitrosothiol initially present. This effect of GSH-
Px on SNO-Glu metabolism may also explain why GSH-Px did
not potentiate platelet inhibition by sodium nitroprusside, as
sodium nitroprusside does not support formation of SNO-Glu
from GSH. In addition, although GSH-Px increased the transni-
trosation from SNO-Glu to serum albumin, it did not facilitate
the transfer of NOfrom S-nitroso-albumin to GSH. Although
the precise mechanism for transnitrosation remains unknown,
these experiments suggest that in the presence of GSH-Px,
SNO-Glu may react with LOOHor H202 forming oxidized
glutathione, the lipid hydroxide or H20, and N203, .a known
nitrosating species.

The Kmof GSH-Px for reduced GSHin plasma (4.3 mM)
is several orders of magnitude higher than the plasma concentra-
tions of GSH(0.34-5 tIM) (30, 31). However, the enzyme
has a low Km value for organic hydroperoxides (2.3 tiM) as
well as a high catalytic constant (kcat), which in the setting
of decreased substrate concentrations can allow for significant
biological activity. In freshly obtained human plasma, Px activ-
ity can be detected for phosphatidylcholyl, free fatty acyl, and
cholesteryl hydroperoxides without the addition of an exoge-
nous reduced cosubstrate (32, 33). Thus, plasma GSH-Px ap-
pears to be a highly efficient enzyme for the reduction of organic
hydroperoxides, even at relatively low plasma concentrations
of GSH. GSH-Px may have a physiological role in the control
of circulating fatty acyl hydroperoxides as well as phospholipid
and cholesteryl hydroperoxides, species known to be elevated
in atherosclerotic lesions (34, 35). Intracellular selenium-de-
pendent GSH-Px has also been shown to play a significant
role in the enzymatic reduction of hydroperoxides generated by
platelets (36). Unstimulated platelets maintain an intracellular
GSHconcentration of 3-5 mM. Upon activation, there is a
transient 80% decrease in GSHlevels due to consumption by
GSH-Px. Although the relevance of these observations for in
vivo responses remains to be demonstrated, it is conceivable
that in the setting of inflammatory reactions, where large quanti-
ties of LOOHand H202 are formed, GSH-Px is depleted and
the reducing capacity of platelet GSH-Px is overwhelmed. As
a consequence, increased quantities of LOOHwould be avail-
able to interact with NO, potentially modulating platelet re-
sponses.

In summary, we have shown that GSH-Px has a potent effect
on S-nitrosothial-induced inhibition of platelet aggregation.
Thus, this enzyme may have two functions: reduction of LOOH,
thereby preventing inactivation of NO; and metabolism of SNO-
Glu, thereby liberating NOand/or supporting further transni-
trosation reactions. This study, therefore, shows that GSH-Px
regulates the availability of NO, possibly modulating its effects
on platelet activation and platelet-vessel wall interactions.
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