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Forgione, Marc A., Norbert Weiss, Stanley Heydrick,
André Cap, Elizabeth S. Klings, Charlene Bierl, Robert
T. Eberhardt, Harrison W. Farber, and Joseph
Loscalzo. Cellular glutathione peroxidase deficiency and
endothelial dysfunction. Am J Physiol Heart Circ Physiol
282: H1255–H1261, 2002. First published December 6, 2001;
10.1152/ajpheart.00598.2001.—Cellular glutathione peroxi-
dase (GPx-1) is the most abundant intracellular isoform of
the GPx antioxidant enzyme family. In this study, we hy-
pothesized that GPx-1 deficiency directly induces an increase
in vascular oxidant stress, with resulting endothelial dys-
function. We studied vascular function in a murine model of
homozygous deficiency of GPx-1 (GPx-1�/�). Mesenteric ar-
terioles of GPx-1�/� mice demonstrated paradoxical vasocon-
striction to �-methacholine and bradykinin, whereas wild-
type (WT) mice showed dose-dependent vasodilation in
response to both agonists. One week of treatment of GPx-
1�/� mice with L-2-oxothiazolidine-4-carboxylic acid (OTC),
which increases intracellular thiol pools, resulted in restora-
tion of normal vascular reactivity in the mesenteric bed of
GPx-1�/� mice. We observed an increase of the isoprostane
iPF2�-III, a marker of oxidant stress, in the plasma and
aortas of GPx-1�/� mice compared with WT mice, which
returned toward normal after OTC treatment. Aortic sections
from GPx-1�/� mice showed increased binding of an anti-3-
nitrotyrosine antibody in the absence of frank vascular le-
sions. These findings demonstrate that homozygous defi-
ciency of GPx-1 leads to impaired endothelium-dependent
vasodilator function presumably due to a decrease in bio-
available nitric oxide and to increased vascular oxidant
stress. These vascular abnormalities can be attenuated by
increasing bioavailable intracellular thiol pools.

nitric oxide; peroxynitrite; oxidant stress

NITRIC OXIDE (NO) synthesized by the endothelium con-
tributes to vascular tone (23), preserves endothelial
integrity (13), inhibits smooth muscle cell migration
and proliferation (16), and acts as an antioxidant (30).
An increase in reactive oxygen species (ROS), leading
to increased oxidant stress in the vasculature, pro-
motes endothelial dysfunction (28) associated with NO
insufficiency (15).

The enzyme glutathione peroxidase (GPx) is a sel-
enocysteine-containing protein that serves an impor-
tant role in the cellular defense against oxidant stress
(24) by utilizing reduced glutathione (GSH) to reduce
hydrogen peroxide (H2O2) and lipid peroxides to their
corresponding alcohols (37). GPx exists in several iso-
forms, and the most abundant intracellular isoform is
cellular GPx, or GPx-1. We (7, 36, 39) have previously
shown that elevated homocysteine concentrations sup-
press GPx-1 expression in endothelial cells in vitro and
in mildly hyperhomocysteinemic mice in vivo and sug-
gested that this effect may account, in part, for the
vascular oxidant stress of hyperhomocysteinemic
states. Hydrogen peroxide forms the toxic oxygen spe-
cies hydroxyl radical (�OH), which is highly reactive
and causes lipid peroxidation, and hydroxide anion
(OH�), which promotes alkaline tissue damage, a pro-
cess that is offset in part by catalase and GPx-1-
dependent reduction to H2O. Elevated levels of lipid
peroxides are accompanied by an increase in peroxyl
radicals, which can inactivate NO through the forma-
tion of lipid peroxynitrites (19, 30), although the pre-
cise molecular mechanism(s) by which these peroxyl
radicals form remains speculative (19). Thus a defi-
ciency of GPx-1 would theoretically lead to an increase
in ROS and a decrease in bioavailable NO.

Because GSH represents one of the most important
intracellular antioxidants, primarily as a cosubstrate
for GPx-1, we hypothesized that this antioxidant sys-
tem plays a central role in protecting the vasculature
in states of increased oxidant stress. To test the hy-
pothesis, we studied the role of this system in modu-
lating endothelial function by using a murine model of
targeted gene disruption of the GPx-1 gene.

MATERIALS AND METHODS

Reagents and animals. All chemicals were obtained from
Sigma (St. Louis, MO) unless otherwise stated. Mice homozy-
gous for disruption of the GPx-1 gene (GPx-1�/� mice) were
kindly provided by Dr. Y. Ho (Wayne State University; De-
troit, MI) and subsequently bred at our institution. GPx-1
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was inactivated by insertion of a neomycin resistance gene
(NEO) cassette into an EcoRI site located in exon 2 of the
GPx-1 gene, which was then inserted into mouse embryonic
stem cells as previously described (11).

Homozygous GPx-1-deficient mice and wild-type (WT;
�/�) control mice were used at 16–20 wk of age for the
experiments assessing vascular function and at 16 to 20 and
40 wk to evaluate markers of oxidant stress. The animals
were fed standard chow and handled according to National
Institutes of Health guidelines.

L-2-Oxothiazolidine carboxylic acid (OTC) was adminis-
tered to the animals in water bottles at a concentration of 2
�mol �g�1 �day�1, a dose known to affect hepatic GSH levels.
Actual ingestion was determined by weighing the drinking
bottles daily.

All mice were killed during full anesthesia with pentobar-
bital by exsanguination during the collection of blood and
tissue. All procedures were approved by the Institutional
Animal Care and Use Committee at Boston University Med-
ical Center.

Genotype determination. DNA was obtained by extraction
from mouse tail snips. DNA (1 �l) was amplified in a 50-�l
PCR reaction containing 10 mM Tris �HCl (pH 8.3), 50 mM
KCl, 1.5 mM MgCl2, 0.001% gelatin, 0.1 mM dNTP, and 0.18
�M each primer. To identify the WT GPx-1 gene, we utilized
the forward primer FinN (5�-GTTTCCCGTGCAATCAGT-
TCG-3�) and the reverse primer R3N (5�-TCGGACGTAC-
CCTTGAGGGAAT-3�) to detect the presence of a 293-bp
fragment. To identify GPx-1�/� mice, we used FinN and
RpgkN (5�-CATTTGTCACGTCCTGCAC-3�) as the reverse
primer to amplify a 509-bp fragment in the NEO insert.
Reaction products were analyzed by electrophoresis on a 1%
agarose gel. GPx-1�/� mice were identified by an exclusive
509-bp product, and WT mice were identified by an exclusive
293-bp product.

Hepatic GPx-1 activity. Liver samples were snap-frozen in
liquid nitrogen and stored at �80°C. Tissue (0.5 g) was
homogenized in an ice-cold buffer containing 50 mM Tris (pH
7.5), 5 mM EDTA (pH 8), and 1 mM dithiothreitol (DTT). The
homogenate was centrifuged at 10,000 g for 20 min at 4°C.
GPx activity was then determined from the supernatant by
coupling the reduction of peroxides and the oxidation of
glutathione with the reduction of oxidized glutathione by
glutathione reductase using NADPH as a cofactor (9). The
reaction was carried out in a buffer containing 50 mM
Tris �HCl, 5 mM EDTA, 1 mM glutathione, 0.4 U/ml gluta-
thione reductase, and 0.2 mM NADPH (pH 7.6) and initiated
by the addition of tert-butyl-hydroperoxide (0.22 mM final
concentration). GPx activity was monitored by a decrease in
light absorbance with oxidation of NADPH at 340 nm. En-
zyme activity was calculated using a molar extinction coeffi-
cient for NADPH of 6,220 M�1 �cm�1 and normalized to
protein concentration.

Mesenteric microcirculation studies. Vascular reactivity in
the mesenteric circulation in response to the endothelium-
dependent agonists �-methacholine (BMC) and bradykinin
(BK) and the endothelium-independent vasodilator sodium
nitroprusside (SNP) was assessed in vivo using videomicros-
copy as previously described (7, 35).

cGMP levels. cGMP content was measured in isolated
thoracic aortas as previously described (2) with slight modi-
fications. In anesthetized mice, the aortas were gently and
antegradely perfused with normal saline via puncture of the
left ventricle, the thoracic aortas were then excised, and loose
connective tissue of the adventitia was removed. The tissue
was weighed, placed in Dulbecco’s PBS containing Ca2� and
Mg2� (GIBCO-BRL Life Technologies, distributed by Invitro-

gen; Carlsbad, CA), and then supplemented with 0.068 mM
EDTA, 0.14 mM ascorbate, and 11.1 mM glucose. The vessels
were preincubated at 37°C, aerated with 95% O2-5% CO2 for
15 min, stimulated with BK (10�5 M) for 1 min, snap-frozen
in liquid nitrogen, and then stored at �80°C until analysis.
The tissue was homogenized in ice-cold 50 mM phosphate
buffer containing 7.5% (vol/vol) trichloroacetic acid and cen-
trifuged at 2,000 g for 10 min at 4°C. Trichloroacetic acid was
removed from the supernatant by extraction with water-
saturated diethyl ether. cGMP content in the supernatant
was then measured using a commercially available immuno-
assay (Cayman Chemical; Ann Arbor, MI) according to the
manufacturer’s instructions.

Aortic endothelial NO synthase expression. Expression of
endothelial NO synthase (eNOS) in aortic tissue was as-
sessed by immunoblot analysis. Thoracic aortas were homog-
enized in 50 mM Tris �HCl buffer (pH 7.5) in the presence of
EDTA (2 mM) and protease inhibitors (1 �g/ml aprotinin, 10
�g/ml pepstatin, 10 �g/ml leupeptin, 1 mM benzamidine, and
1 mM phenylmethylsulfonyl fluoride) and adjusted to equal
protein concentrations in the same buffer. Samples were
reduced and denatured by adding DTT (0.05 M final concen-
tration) and lithium dodecyl sulfate sample buffer (Invitro-
gen) and by boiling for 5 min. Samples of 10 �g protein each
were electrophoresed through Bis-Tris �HCl-buffered (pH 6.4)
12% polyacrylamide gels (NuPAGE, Invitrogen) and blotted
on nitrocellulose filters. Blots were blocked in 5% skimmed
milk in PBS-Tween (PBS-T; 1� PBS � 0.05% Tween) for at
least 15 min, followed by an overnight incubation with a
monoclonal antibody to eNOS (1:1,000, Signal Transduction
Laboratories; Lexington, KY). Blots were washed three times
for at least 15 min each in PBS-T and then incubated with a
peroxidase-conjugated second antibody for 1 h (1:2,500, Sig-
nal Transduction Laboratories). Immunoblots were devel-
oped using the enhanced chemiluminescence detection sys-
tem (Amersham Pharmacia Biotech; Piscataway, NJ). Equal
loading of protein was confirmed by staining parallel gels
with Coomassie brilliant blue or the filters with Ponceau S.

Plasma and tissue isoprostane determination. Mice were
killed and plasma was obtained by centrifugation of blood
collected in tubes containing a final concentration of 0.1 M
EDTA, snap-frozen in liquid nitrogen, and stored at �80°C.
Tissue samples were weighed as described previously (7),
snap-frozen in liquid nitrogen, and stored at �80°C.

The isoprostane iPF2�-III was purified from plasma sam-
ples. Plasma was diluted 1:15 in ultrapure water, and sam-
ples were applied to a reverse-phase C-18 column (Alltech;
Deerfield, IL) at pH 3 and eluted with 1:1 (vol/vol) ethyl
acetate-heptane. The eluant was then further purified on a
Silica column (Alltech) and eluted with 1:1 (vol/vol) ethyl
acetate-methanol. iPF2�-III was measured from the eluant
using a commercially available immunoassay (Cayman
Chemical).

Tissue samples were minced, and iPF2�-III was extracted
overnight using 2:1 (vol/vol) chloroform-methanol with
0.0005% butylated hydroxytoluene. Samples were filtered
through glass wool, and the organic phase was evaporated at
40°C under nitrogen. The dried sample was resuspended in
methanol, saponified using 15% KOH, and then incubated for
60 min at 40°C. The sample was then adjusted to pH 2 and
applied to the C-18 column as above. iPF2�-III was assayed
from the eluant of the C-18 column as described above.

Tissue phospholipid hydroperoxide content. Measurement
of phospholipid hydroperoxide levels in hepatic tissue was
performed by HPLC using a LC-Si column as previously
described (32).
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Histological assessment. Tissue, including the heart, aorta,
and mesentery, was excised from GPx-1�/� and WT mice.
The tissues were fixed in 4% formalin, embedded in paraffin,
and stained with hematoxylin and eosin as well as Masson
trichrome.

Immunohistochemistry for 3-nitrotyrosine. The production
of reactive nitrogen species was assessed in aortic tissue by
the presence of the stable endproduct of their interaction
with cellular tyrosine residues, 3-nitrotyrosine, as previously
described (7, 10).

Data analysis. Continuous data are expressed as means �
SE. The Kruskal-Wallis test was used for multigroup com-
parisons of continuous variables, followed by Mann-Whitney
U-tests to compare differences between two groups. Differ-
ences in the dose response to agonists between groups were
tested using two-way repeated-measures ANOVA with post
hoc analysis performed using Scheffé’s F-test and Bonfer-
roni-Dunn methods. Statistical significance was defined as a
P value 	0.05.

RESULTS

Hepatic GPx-1 activity. Hepatic cellular GPx activity
was undetectable in GPx-1�/� mice compared with WT
mice (�1.5 � 0.9 vs. 579.4 � 6.1 mU/mg protein, P 	
0.0001).

Mesenteric vascular reactivity. Superfusion with
BMC and BK produced dose-dependent vasodilation of
mesenteric arterioles in WT mice, with a maximal vas-
cular response (MVR) of 10.0 � 0.7% (BMC) and 12.2 �
1.3% (BK), respectively, at concentrations of 10�4 M and
10�5 M, respectively. However, superfusion of mesentery
from GPx-1�/� mice with either endothelium-dependent
agonist resulted in paradoxical arteriolar vasoconstric-
tion, with a MVR of �14.0 � 0.7% (BMC) and �10.1 �
1.2% (BK), respectively (Fig. 1, A and B), that was sta-
tistically different from the response of WT mice (P 	
0.0001). Superfusion of the mesentery with SNP resulted
in dose-dependent arteriolar vasodilation that was simi-
lar in the two groups of animals (Fig. 1C). These results
indicate that GPx-1�/� mice have impaired endothelium-
dependent vasodilation and intact endothelium-indepen-
dent vasodilation in mesenteric arterioles, suggesting a
depletion of bioavailable NO.

Aortic cGMP levels and eNOS expression. Aortic tis-
sue from GPx-1�/� mice tended to accumulate less
cGMP upon stimulation with bradykinin for 1 min
compared with aortic tissue from WT mice (0.38 � 0.07
vs. 0.80 � 0.12 pmol/ml tissue, P 	 0.02; Fig. 2). This
effect was independent of aortic eNOS expression be-
cause immunoblot analysis of eNOS protein did not
show any appreciable difference between GPx-1�/� and
WT mice (data not shown).

Isoprostanes/hepatic phospholipid hydroperoxides.
iPF2�-III levels were elevated in the plasma and aortas
of 16- to 20-wk-old GPx-1�/� mice compared with WT

Fig. 1. Mesenteric microvascular response to superfusion of
�-methacholine (A), bradykinin (B), and sodium nitroprusside (C) in
wild-type (WT) mice, WT mice treated with L-2-oxothiazolidine car-
boxylic acid (OCT), glutathione peroxidase-deficient (GPx-1�/�)
mice, and GPx-1�/� mice treated with OTC. *P 	 0.0001 compared
with WT mice for the entire dose response; †P 	 0.01 compared with
WT mice at each specific concentration of agonist.
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mice [plasma: 168.4 � 25.4 vs. 84.6 � 7.6 pg/ml, n 
 6
mice/group, P 	 0.005 (Fig. 3A); and aortas: 13.3 � 2.8
vs. 8.4 � 1.1 pg/mg tissue, n 
 6 mice/group, P 	 0.01
(Fig. 3B)]. By 40 wk of age, plasma iPF2�-III increased
further to 214.0 � 18.0 pg/ml in GPx-1�/� and 100.5 �
5.4 pg/ml in WT mice (n 
 6 mice/group, P 	 0.001).
Aortic iPF2�-III levels did not increase further (14.9 �
1.8 vs. 8.2 � 0.5 pg/mg tissue, respectively, for GPx-
1�/� and WT mice, n 
 6 mice/group, P 	 0.01).
Cardiac iPF2�-III also increased in GPx-1�/� mice com-
pared with WT mice (17.2 � 0.4 vs. 5.6 � 1.1 pg/mg
tissue, n 
 6 mice/group, P 	 0.001), as did hepatic
iPF2�-III levels (1.8 � 0.2 pg/mg tissue for GPx-1�/�

mice vs. 0.6 � 0.2 pg/mg tissue for WT mice, n 
 6
mice/group, P 	 0.01). Hepatic phospholipid hydroper-
oxides were also elevated in GPx-1�/� mice compared
with WT mice almost twofold (199 � 31% vs. 100 � 9%,
n 
 6 mice/group, P 	 0.05).

Effect of OTC treatment. Treatment of mice with
OTC resulted in an increase in hepatic GPx-1 activity
in WT mice (679.4 � 17.6 vs. 579.4 � 6.1 mU/mg
protein for untreated, P 	 0.01) but did not affect
enzyme activity in GPx-1�/� mice (1.7 � 2.5 vs. �1.5 �
0.9 mU/mg protein for untreated).

OTC treatment of GPx-1�/� mice restored normal
dose-dependent arteriolar vasodilation to BMC
(MVR 
 14.8 � 3.0%) and BK (MVR 
 13.1 � 1.9%),
which was similar to the response observed in WT mice
treated with OTC (MVR 
 11.8 � 9% for BMC and
11.2 � 0.9% for BK; Fig. 1, A and B). There was no
significant difference in the vascular reactivity with
superfusion of SNP in either group of mice (Fig. 1C).

GPx-1�/� mice tended to accumulate less cGMP in
aortic tissue compared with WT mice. cGMP levels in
aortic tissue from OTC-treated GPx-1�/� mice (0.082 �
0.08 pmol/mg tissue), however, were not different from
the levels in WT mice and in OTC-treated WT mice
(0.79 � 0.07 pmol/mg tissue; Fig. 2). OTC treatment
did not affect aortic eNOS expression, which was sim-

ilar in WT and GPx-1�/� mice without and with OTC
treatment (data not shown).

OTC treatment also resulted in a significant reduc-
tion of plasma iPF2�-III (96.7 � 16.0 pg/ml, P 	 0.05
compared with untreated GPx-1�/� mice; Fig. 3A) and
a trend to reduction in aortic iPF2�-III (8.7 � 3.4 pg/mg
tissue for OTC-treated GPx-1�/� mice vs. 13.3 � 2.8
pg/mg tissue for untreated GPx-1�/� mice, P 
 0.074;
Fig. 3B).

Histological assessment and 3-nitrotyrosine staining.
There were no appreciable differences in aortic mor-
phology by hematoxylin and eosin or Masson trichrome
staining in the GPx-1�/� mice compared with WT mice.
However, immunostaining of aortic tissue with an 3-ni-
trotyrosine antibody showed greater staining for 3-ni-
trotyrosine in GPx-1�/� mice compared with WT mice
(Fig. 4). This increase in staining was primarily on the
endothelial surface and adventitia, supporting in-
creased reactive nitrogen species formation at these
sites.

Fig. 3. iPF2�-III levels in plasma (A) and aortas (B) from WT mice,
GPx-1�/� mice, WT mice treated with OTC, and GPx-1�/� mice
treated with OTC; n 
 6 mice/group. *P 	 0.005 compared with WT
mice; $P 	 0.05 compared with GPx-1�/� mice.

Fig. 2. Aortic cGMP accumulation stimulated with bradykinin for 1
min in WT mice (n 
 8), GPx-1�/� mice (n 
 8), WT treated with OTC
(n 
 8), and GPx-1�/� mice treated with OTC (n 
 8). *P 	 0.02
compared with WT mice; $P 	 0.02 compared with GPx-1�/�.
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DISCUSSION

We found that homozygous deficiency of the GPx-1
gene produces vascular dysfunction as well as oxida-
tive and nitrosative stress. The vascular dysfunction
we observed was detected in response to mesenteric
superfusion with BMC and BK, not SNP, indicating
that the aberrant microvascular function is endothe-
lium dependent. The trend to lower cGMP accumula-
tion in aortic tissue from GPx-1�/� mice after stimula-
tion with BK indicates a decrease in bioavailable
endothelium-derived NO, which is not caused by de-
creased expression of eNOS protein, as indicated by
immunoblot analysis.

NO plays a critical role in the endothelial response to
muscarinic agonists (20). In normal arteries, musca-
rinic agonists stimulate NO release, which attenuates
the muscarinic agonist-induced vasoconstrictor effect
and causes vascular relaxation. However, with a deple-
tion of bioavailable NO in the presence of increased
oxidant stress, vasoconstriction occurs because there is
unopposed muscarinic stimulation of vascular smooth
muscle cells. Abnormal endothelial responses to mus-
carinic agonists have been shown to be a marker for the
development of atherothrombosis (18) as well as a risk
factor for a worse prognosis in the presence of athero-
sclerotic vascular disease (18, 31, 34). Because endo-
thelial response to a direct vasodilator, SNP, was sim-
ilar between both groups, we can infer that the effect of
endothelial dysfunction from homozygous GPx-1 defi-
ciency is not a consequence of impaired vascular
smooth muscular function. Therefore, a depletion of
bioavailable NO likely plays a role in the endothelial
dysfunction that occurs in GPx-1 deficiency. Impor-
tantly, this dysfunction occurs in the absence of frank

structural vascular lesions, suggesting that the endo-
thelial dysfunction may precede the development of
vascular lesions.

Because GPx-1 plays a central role in defending the
cell from ROS, its deficiency should lead to increased
oxidant stress in the cell. GPx-1 has a much higher
Michaelis-Menten constant for H2O2 than catalase
(12), the other important cellular enzyme involved in
the detoxification of H2O2. In endothelial cells, 70% of
H2O2 generated by activated polymorphonuclear leu-
kocytes is detoxified by GPx-1 (6); importantly, there is
no change in catalase activity in GPx-1�/� mice (11).
Chemical inhibition of GPx-1 activity in macrophages
results in increased cellular peroxide formation and
increased superoxide (O2

��) production (27). GPx-1�/�

mice have decreased survival compared with WT mice
after a lethal injection of the xenobiotic paraquat (3),
which induces formation of O2

�� and H2O2, indicating
an impaired ability to detoxify ROS.

Increased ROS in the presence of GPx-1 deficiency
induces lipid peroxidation, which we evaluated by mea-
suring the isoprostane iPF2�-III and hepatic phospho-
lipid hydroperoxides. Isoprostanes are formed largely
(but not exclusively) from the non-cyclooxygenase
(COX)-dependent peroxidation of arachidonic acid (14,
22) and serve as an index of oxidant stress. The iso-
prostane iPF2�-III has been shown to be elevated in
several conditions associated with endothelial dysfunc-
tion, such as diabetes mellitus (5) and hypercholester-
olemia (4, 26). Isoprostanes may contribute to vascular
pathology by serving as mitogens (14) and vasocon-
strictors (22). There is some capacity for iPF2�-III to
form in a COX-dependent fashion; however, urinary
iPF2�-III excretion in diabetics (5) was unaffected by

Fig. 4. Cross sections of the aortic arch
stained for 3-nitrotyrosine in animals
at 10 wk of age. A: WT with primary
antibody; B: WT preincubated with
peroxynitrite (positive control); C: GPx-
1�/� without primary antibody (nega-
tive control); D: GPx-1�/� with primary
antibody.
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the administration of a reversible or an irreversible
COX inhibitor, whereas urinary 11-dehydro-thrombox-
ane B2 (a thromboxane metabolite that depends on
COX for its formation) excretion was decreased. Riley
and colleagues (25) have demonstrated similar results
using an irreversible COX inhibitor in cigarette smok-
ers (25), as has McAdam and co-workers (17) in normal
volunteers given endotoxin. Thus the enzymatic forma-
tion of isoprostanes may be of little relevance in vivo.
GPx-1�/� mice had significantly increased levels of
iPF2�-III compared with WT mice in aortic tissue and
plasma. GPx-1�/� mice also had increased phospho-
lipid hydroperoxide levels in the liver compared with
WT mice, consistent with a previous report (8) of GPx-1
deficiency that was generated in a different fashion
than this model. These two indexes of lipid peroxida-
tion reflect the increased oxidant stress occurring
throughout the lifetime of these animals and may con-
tribute to the aforementioned endothelial dysfunction.

Peroxynitrite (ONOO�) and peroxynitrous acid are
potent oxidants and reactive nitrogen species that are
formed from the reaction of NO with O2

��. Peroxynitrite
has a short half-life (29), which makes its detection
difficult in biological systems, and reacts with cellular
tyrosine residue to form the stable 3-nitrotyrosine de-
rivative. We detected increased immunostaining for
3-nitrotyrosine in aortic tissue of GPx-1�/� mice com-
pared with WT mice. GSH has been shown in vitro to
be dependent on GPx to defend against peroxynitrite
toxicity (peroxynitrite reductase activity) (33); our ob-
servations suggest the same in vivo, because these
immunostaining experiments show that there is in-
creased nitrosative stress in GPx-1�/� mice.

The administration of OTC increases hepatic GSH
(41), cysteine, and glutathione levels in vascular tissue,
plasma (1), and lymphocytes (21) as well as total blood
cysteine concentration (38). OTC is transported into
cells and converted to cysteine by the enzyme 5-oxo-
prolinase (40); thus OTC represents an effective way to
increase intracellular thiol pools.

OTC treatment reversed the vasoconstrictor re-
sponse to superfusion with BMC and BK observed in
the mesenteric bed of GPx-1�/� mice and the decrease
in aortic cGMP accumulation after stimulation with
BK, indicating an increase in bioavailable NO. Vita
and colleagues (38) have reported an improvement in
NO-dependent brachial artery responses to shear
stress as measured by ultrasound after OTC treatment
in patients with coronary artery disease. OTC treat-
ment also decreased plasma iPF2�-III and demon-
strated a trend toward a decrease of aortic iPF2�-III in
GPx-1�/� mice. Preliminary data show that OTC treat-
ment significantly increased total low-molecular-
weight thiols in cardiac tissue extracts by 36% from
GPx-1�/� mice (P 	 0.01 compared with untreated
GPx-1�/� controls). This indicates that increasing in-
tracellular thiol pools (principally glutathione) de-
creases the amount of oxidant stress present with
GPx-1�/� deficiency and may contribute to the normal-
ization of endothelial function seen after OTC treat-
ment by minimizing oxidative inactivation of NO.

In summary, mice with homozygous deficiency of
GPx-1 have impaired endothelium-dependent vascular
reactivity in resistance vessels in the presence of in-
creased oxidative and nitrosative stress. Increasing
intracellular thiol pools attenuates the increased oxi-
dant stress and reverses the endothelial dysfunction in
resistance vessels induced by homozygous deficiency of
GPx-1. We conclude that GPx-1 contributes to the
maintenance of a normal endothelial function as well
as protects against oxidative and nitrosative stress in
the blood vessel.
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