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Homocyst(e)ine (Hcy) inhibits the expression of the antioxidant
enzyme cellular glutathione peroxidase (GPx-1) in vitro and in vivo,
which can lead to an increase in reactive oxygen species that
inactivate NO and promote endothelial dysfunction. In this study,
we tested the hypothesis that overexpression of GPx-1 can restore
the normal endothelial phenotype in hyperhomocyst(e)inemic
states. Heterozygous cystathionine b-synthase-deficient (CBS(2/1))
mice and their wild-type littermates (CBS(1/1)) were crossbred with
mice that overexpress GPx-1 [GPx-1(tg1) mice]. GPx-1 activity was
28% lower in CBS(2/1)yGPx-1(tg2) compared with CBS(1/1)yGPx-
1(tg2) mice (P < 0.05), and CBS(2/1) and CBS(1/1) mice overexpress-
ing GPx-1 had 1.5-fold higher GPx-1 activity compared with GPx-1
nontransgenic mice (P < 0.05). Mesenteric arterioles of CBS(2/1)y
GPx-1(tg2) mice showed vasoconstriction to superfusion with
b-methacholine and bradykinin (P < 0.001 vs. all other groups),
whereas nonhyperhomocyst(e)inemic mice [CBS(1/1)yGPx-1(tg2)

and CBS(1/1)yGPx-1(tg1) mice] demonstrated dose-dependent va-
sodilation in response to both agonists. Overexpression of GPx-1 in
hyperhomocyst(e)inemic mice restored the normal endothelium-
dependent vasodilator response. Bovine aortic endothelial cells
(BAEC) were transiently transfected with GPx-1 and incubated with
DL-homocysteine (HcyH) or L-cysteine. HcyH incubation decreased
GPx-1 activity in sham-transfected BAEC (P < 0.005) but not in
GPx-1-transfected cells. Nitric oxide release from BAEC was signif-
icantly decreased by HcyH but not cysteine, and GPx-1 overexpres-
sion attenuated this decrease. These findings demonstrate that
overexpression of GPx-1 can compensate for the adverse effects of
Hcy on endothelial function and suggest that the adverse vascular
effects of Hcy are at least partly mediated by oxidative inactivation
of NO.

M ild hyperhomocyst(e)inemia is a risk factor for athero-
thrombotic vascular disease (reviewed in refs. 1–5). En-

dothelial dysfunction appears to play a key role in homocys-
t(e)ine (Hcy)-mediated vascular pathophysiology. Animal
models of mild hyperhomocyst(e)inemia manifest impaired
endothelium-dependent vasoreactivity and regulation of blood
flow, whether induced by vitamin deficiency (6), disruption of
the cystathionine b-synthase (CBS) gene (7), or both (8).
Impaired endothelium-dependent vasodilator function, but pre-
served endothelium-independent vasodilator response, is also a
common finding in humans with either acutely elevated plasma
tHcy levels after a methionine challenge (9–12) or with chronic,
mild hyperhomocyst(e)inemia (13, 14). In accordance with these
in vivo findings, homocysteine (HcyH) has been shown to
decrease the production andyor bioactivity of NO and S-
nitrosothiols by cultured endothelial cells (15, 16).

One mechanism proposed to explain the adverse effects of
Hcy on endothelial function involves oxidant stress with resulting
depletion of bioavailable NO (17). HcyH undergoes autooxida-
tion when added to plasma, leading to the formation of reactive
oxygen species, including hydrogen peroxide and superoxide
anion (18). Superoxide anion can react with NO to form
peroxynitrite, which leads to inactivation of its biological func-

tion (19). Hydrogen peroxide decomposes to the toxic oxygen
species hydroxyl radical, which is highly reactive and causes lipid
peroxidation. Elevated levels of lipid peroxides lead to an
increase in peroxyl radicals that can, as well, inactivate NO
through the formation of lipid peroxynitrites. Homocysteine-
induced vascular oxidant stress may be additionally aggravated
by an Hcy-mediated, specific decrease in the expression of the
cellular isoform of glutathione peroxidase (GPx-1), as recently
shown in vitro and in vivo (15, 20, §). This key enzyme for the
cellular defense against oxidant stress uses glutathione to reduce
hydrogen peroxide and lipid peroxides to their respective alco-
hols (22), and may also act as a peroxynitrite reductase (23). In
this study, we therefore tested the hypothesis that overexpression
of GPx-1 can restore the normal endothelial phenotype in
hyperhomocyst(e)inemic states by using a genetic model of
hyperhomocyst(e)inemia and cultured endothelial cells exposed
to elevated homocysteine concentrations.

Methods
Animal Models. Mice heterozygous for disruption in the CBS gene
[CBS(2/1)] (24) were obtained from The Jackson Laboratory and
subsequently bred at Boston University. Genotyping for the
targeted CBS allele was performed in each mouse by PCR using
genomic DNA obtained from tail biopsies as described (24).

Transgenic mice overexpressing cellular glutathione peroxi-
dase [GPx-1(tg1)] (25) were kindly provided by Y. Ho (Wayne
State University, Detroit) and subsequently bred at Boston
University. Genotyping for the presence of the transgene was
performed by real-time quantitative PCR by using 200 ng of
genomic DNA obtained from tail biopsies as templates and
molecular beacon technology for quantitation (26) (Stratagene).
Offspring were genotyped and used for experiments at 10–12
weeks of age. Correct genotyping was further confirmed by
measurement of cardiac GPx-1 activity (see below).

The animals were fed standard chow ad libitum (LabDiet
5001, PMI Feeds, St. Louis) and a diet sufficient in folic acid
(0.59 mg of folic acidy100 g of chow), pyridoxine (0.60 mgy100
g of chow), vitamin B12 (0.022 mgy100 g of chow), and selenium
(0.027 mgy100 g of chow). The animals were handled following
National Institutes of Health guidelines. The experimental pro-
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tocol was approved by the Institutional Animal Care and Use
Committee of Boston University Medical Center.

Plasma Homocyst(e)ine Concentration. At the time of death, blood
was drawn from the inferior vena cava in a syringe containing
1y10 vol CPD (10 mmol/liter citric acidy90 mmol/liter sodium
citratey15 mmol/liter Na2HPO4y142 mmol/liter dextrose, pH
7.35) and immediately centrifuged at 10,000 3 g for 10 min. The
plasma was separated and aliquoted, snap-frozen in liquid
nitrogen, and stored at 280°C until analysis. Plasma tHcy was
measured by a fluorescence polarization immunoassay (27)
using an Abbott IMX analyzer.

Cellular GPx-1 Activity. After blood collection at the time of death,
the hearts and aortas were perfused with normal saline via
puncture of the left ventricle and then harvested. Heart samples
were snap-frozen in liquid nitrogen and stored at 280°C until
analysis. Tissue samples were homogenized in an-ice cold buffer
containing 50 mmolyliter TriszHCl (pH 7.5), 5 mmolyliter EDTA
(pH 8), and 1 mmolyliter DTT. The homogenate was centrifuged
at 10,000 3 g for 20 min at 4°C. GPx-1 activity was then
determined from the supernatant by coupling the reduction of
peroxides (t-butylperoxide) and the oxidation of glutathione
with the reduction of oxidized glutathione by glutathione per-
oxidase using NADPH as a cofactor (28). Enzyme activity was
normalized to protein concentration measured by the Bradford
dye-binding procedure (29) by using a commercially available kit
(Bio-Rad).

Mesenteric Microvascular Reactivity Studies. Vascular reactivity in
the mesenteric circulation in response to b-methacholine (MC),
bradykinin (BK), and sodium nitroprusside was assessed in vivo
using videomicroscopy as described (7, 30).

Aortic Endothelial Nitric Oxide Synthase (NOS) Expression. Expres-
sion of endothelial NOS (eNOS) in aortic tissue was assessed by
Western blot analysis.

Cell Culture, Plasmids, and GPx-1 Transfection. Bovine aortic endo-
thelial cells (BAEC) and bovine aortic vascular smooth muscle
cells (BASMC) were obtained from BioWhittaker and main-
tained in DMEM containing 4,500 mgyliter D-glucose, 10% FBS,
and antibiotics (100 unitsyml penicillin G sodium and 100 mgyml
streptomycin sulfate; GIBCOyBRL, distributed by Invitrogen).
Culture plates were maintained in a humidified incubator at 37°C
with a 5% CO2 atmosphere. Cells (passages 6–14) were subcul-
tured after treatment with 0.05% trypsin and 0.53 mmolyliter
disodium EDTA.

Expression vectors for human GPx-1 and selenophosphate
synthetase (SelD) were generated by reverse transcription–PCR
of the respective cDNAs and cloning them into the plasmid
pHIHG-Ad2 (generous gift of Richard Mulligan, Harvard Uni-
versity, Boston), in which expression is driven by a cytomegalo-
virus (CMV) promoter. The human GPx-1 cDNA (31) (Gen-
Bank accession no. M83094) and the human SelD cDNA (32)
(GenBank accession no. U34044) were amplified by reverse
transcription–PCR from RNA from normal human pulmonary
artery endothelial cells (BioWhittaker). An expression vector for
the Xenopus laevis selenocysteine-specific tRNA (tRNASec) (33)
(GenBank accession no. M34507) was generated and kindly
provided by Marla Berry (Brigham and Women’s Hospital,
Boston). An 800-bp EcoRI–HindIII fragment had been cloned
into the expression vector pGEM3 (Promega); this vector is
denoted pGEM3-tRNASec.

Preliminary experiments had shown that overexpression of
GPx-1 in endothelial cells requires cotransfection with SelD and
tRNASec (data not shown), two of the known cofactors essential
for selenocysteine incorporation into the selenoprotein GPx-1

(32, 34). BAEC were either seeded into 100-mm cell culture
dishes (for measurement of GPx-1 activity), 6-well cell culture
plates (35-mm diameterywell, for measurement of NO release),
or transwell inserts for 6-well plates (24-mm diameter, 0.4-mm
pore size; for coculture experiments with BASMC). After cells
had reached '80% confluency, cells were washed twice with
Opti-MEM (GIBCOyBRL) and preincubated in this medium
for 30 min at 37°C and 5% CO2 in a humidified incubator. Eight
micrograms of pCMV-GPx-1 (1.6 mg for 35-mm plates and
24-mm inserts), and 1 mg (0.2 mg) each of pCMV-SelD and
pGEM3-tRNASec were complexed with 26.4 ml (3.3 ml) of the
cationic lipid mixture Oligofectin I (Sequitur, Natick, MA) in 3.2
ml (0.8 ml) of Opti-MEM and incubated for 30 min at room
temperature. The transfection medium was added to the cells
and incubated at 37°C and 5% CO2. Sham-transfected cells were
transfected with the same amount of the pGL3 control plasmid
(firefly luciferase under the control of an simian virus 40
promoter; Promega). After 6 h of incubation, the medium was
changed to DMEM supplemented with 10% FBS, antibiotics,
and 100 nmolyliter sodium selenite (GIBCOyBRL), and further
incubated for 24 h. Cells were then treated as specified below. In
preliminary experiments, a plasmid coding for green fluores-
cence protein had been transfected under the same conditions
and indicated that '15% of cells demonstrate green fluores-
cence (data not shown).

GPx-1 Activity in GPx-1- and Sham-Transfected BAEC Incubated with
Homocysteine. Twenty-four hours after GPx-1 or sham transfec-
tion of BAEC grown in 100-mm dishes, cells were washed twice
with Dulbecco’s PBS (DPBS) (GIBCOyBRL) and incubated
with medium containing 0 or 500 mmolyliter DL-homocysteine
(Sigma) for 4 h. Cells were then washed twice with ice-cold
DPBS, scraped off the plates, and collected in ice-cold buffer (50
mmolyliter TriszHCl, pH 7.5y5 mmolyliter EDTA, pH 8.0y1
mmolyliter DTT). After centrifugation for 5 min at 2,000 3 g and
4°C, the pellet was resuspended in the same buffer, snap-frozen
in liquid nitrogen, and stored at 280°C until analysis. Cells were
then thawed on ice, lysed by sonication (10 pulses at 0.3 s each,
40% output energy, sonicator cell disruptor W-225R, Heat
SystemsyUltrasonics), and centrifuged at 10,000 3 g and 4°C for
20 min; the supernatant was then aliquoted and kept on ice for
analysis. GPx-1 activity was measured as in murine tissue (see
above). The specific activity (per mg protein) was calculated
after protein determination by the Bradford dye-binding proce-
dure (29).

Diaminofluorescein-2 (DAF-2) Assay. Nitric oxide release from
BAEC was determined by measuring the green fluorescent
triazole formed by the reaction of the aromatic vicinal diamines
of DAF-2 (Calbiochem) with NO in the presence of molecular
oxygen (35). The protein concentration in the wells was deter-
mined by the Bradford dye-binding procedure (29).

cGMP Accumulation in BASMC After Short-Term Coculture with GPx-
1-Transfected and Homocysteine-Treated BAEC. BASMC were cul-
tured in 6-well plates and allowed to reach confluence for 24 h.
BAEC were cultured in transwell inserts for 6-well plates (24-mm
diameter, 0.4-mm pore size, Corning) and transfected with
pCMV-GPx-1, pCMV-SelD, and pGEM3-tRNASec, or sham-
transfected with pGL3 control, and incubated with sodium
selenite for 24 h as described above. BAEC were then washed
twice with DPBS and incubated with DL-homocysteine, L-
cysteine, or medium for 4 h. After incubation of the BAEC, both
BAEC and BASMC were washed twice with DPBS, and the
transwell inserts containing BAEC were transferred to the
culture plates containing BASMC and incubated with DPBS
supplemented with 900 mgyliter D-glucose, 100 mmolyliter L-
arginine, and 1 mmolyliter of the phosphodiesterase inhibitor
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3-isobutyl-1-methylxanthine (Sigma, prepared from 0.5 moly
liter stock solutions in DMSO) for 15 min at 37°C and 5% CO2.
BAEC were then stimulated by adding 1025 molyliter BK to the
upper well for 60 s. The insert then was removed, the medium
was removed, and cGMP was extracted by adding ice-cold
ethanol. After 30 min of incubation, the supernatant was col-
lected and dried under a stream of N2. cGMP levels were
determined after acetylation of the samples using a commercially
available enzyme immunoassay (Cayman Chemicals, Ann Ar-
bor, MI). Preliminary experiments had shown that the cGMP
increase in BASMC cocultured with BAEC under these condi-
tions peaks by 60 s of stimulation (data not shown).

Statistical Analysis. Values are reported as means 6 SEM. Dif-
ferences in the dose–response of microvascular diameter
changes to agonists between groups were tested with two-way
repeated measures ANOVA with posthoc analysis performed
using Scheffé’s F test and BonferroniyDunn procedures. Other
data were analyzed by ANOVA and posthoc comparisons using
Fisher’s probable least-squares difference. Analyses were per-
formed using the STATVIEW software package (Abacus Con-
cepts, Berkeley, CA). Statistical significance was defined as a P
value less than 0.05.

Results
Phenotype of CBS(2/1)yGPx-1(tg1) Mice. There was no obvious
phenotypical difference among the four groups of mice studied.
Plasma tHcy levels were higher in CBS(2/1)yGPx-1(tg2) and
CBS(2/1)yGPx-1(tg1) mice compared with CBS(1/1)yGPx-1(tg2)

and CBS(1/1)yGPx-1(tg1) mice (5.15 6 0.53 vs. 3.38 6 0.35
mmolyliter, P , 0.05); the presence of the GPx-1 transgene did
not influence plasma tHcy levels.

Tissue GPx Activity. Cellular GPx activity in cardiac tissue was
significantly lower in CBS(2/1)yGPx-1(tg2) compared with
CBS(1/1)yGPx-1(tg2) mice (43.5 6 3.1 vs. 60.1 6 4.4 milli-
unitsymg protein, P , 0.05), confirming previous findings in
hepatic tissue of CBS(2/1) mice.§ CBS(2/1) and CBS(1/1) mice
overexpressing GPx-1 had '1.5-fold higher cellular GPx activity
in cardiac tissue compared with the GPx-1 nontransgenic mice
[CBS(2/1)yGPx-1(tg1): 67.7 6 6.1 milliunitsymg protein, P , 0.05
vs. CBS(2/1)yGPx-1(tg2); CBS(1/1)yGPx-1(tg1): 82.3 6 5.6 milli-
unitsymg protein, P , 0.05 vs. CBS(1/1)yGPx-1(tg2)]. Hyperho-
mocyst(e)inemic GPx-1(tg1) mice tended to have lower GPx-1
activity compared with nonhyperhomocyst(e)inemic GPx-1(tg1)

mice, although the difference did not reach statistical signifi-
cance (Fig. 1).

Microvascular Reactivity and Aortic eNOS Expression. Endothelial
function in resistance vessels in response to endothelium-
dependent and -independent stimuli was assessed by in vivo
videomicroscopy of mesenteric arterioles. Mesenteric arterioles
of CBS(2/1)yGPx-1(tg2) mice showed a dose-dependent para-
doxical vasoconstriction to superfusion with MC and BK [max-
imal change in vessel diameter (MVR) 212.5 6 1.9% in response
to MC 1024 molyliter and 211.2 6 2.1% in response to BK 1025

molyliter], whereas nonhyperhomocyst(e)inemic mice
[CBS(1/1)yGPx-1(tg2) and CBS(1/1)yGPx-1(tg1) mice] demon-
strated dose-dependent vasodilation in response to both agonists
[MVR to MC: 16.25 6 0.9% and 14.87 6 2.6% for GPx-1
nontransgenic and transgenic mice, respectively; MVR to BK:
12.2 6 1.3% and 16.1 6 2.3%, respectively; P , 0.001 vs.
CBS(2/1)yGPx-1(tg2)] (Fig. 2 for MC data; BK data not shown).
These findings are consistent with a decrease in bioavailable NO
in hyperhomocyst(e)inemic mice. Overexpression of GPx-1 in
hyperhomocyst(e)inemic mice [CBS(2/1)yGPx-1(tg1)] com-
pletely restored the microvascular response to both endotheli-
um-dependent agonists [MVR to BMC, 15.4 6 3.5%; MVR to

BK, 13.6 6 1.9%; P , 0.001 vs. CBS(2/1)yGPx-1(tg2)] (Fig. 2 for
MC data; BK data not shown). Superfusion of the mesentery
with sodium nitroprusside led to dose-dependent vasodilation in
all animals studied (data not shown).

Western blot analysis for endothelial NOS expression in aortic
tissues showed no appreciable difference among the four groups
of mice studied, indicating that the effect on microvascular
reactivity is independent of enzyme expression (data not shown).

GPx-1 Activity in GPx-1-Transfected and Homocysteine-Incubated
BAEC. Overexpression of GPx-1 in vitro in endothelial cells
requires the cotransfection of pCMV-GPx-1 with plasmids cod-
ing for genes required for selenocysteine incorporation into the
GPx-1 protein (pCMV-SelD and pGEM3-tRNASec) and the
supplementation of the cell culture medium with selenium (as
selenite). Even under these optimized transfection conditions,
GPx-1-transfected and selenium-supplemented BAEC had only
1.4-fold higher GPx-1 activity compared with sham-transfected
and selenium-supplemented BAEC, a level of overexpression
comparable to the level seen in vivo in GPx-1 transgenic mice.

Fig. 1. Tissue GPx-1 activity in wild-type mice [CBS(1/1)yGPx-1(tg2), n 5 6],
heterozygous CBS knockout mice [CBS(2/1)yGPx-1(tg2), n 5 7], GPx-1 transgenic
mice [CBS(1/1)yGPx-1(tg1), n 5 5], and GPx-1 transgenic, heterozygous CBS
knockout mice [CBS(2/1)yGPx-1(tg1), n 5 5]. *, P , 0.05 vs. CBS(1/1)yGPx-1(tg2);
$, P , 0.01 vs. CBS(1/1)yGPx-1(tg2); §, P , 0.01 vs. CBS(2/1)yGPx-1tg2.

Fig. 2. Mesenteric microvascular response to superfusion with b-methacho-
line in CBS(1/1)yGPx-1(tg2) mice (F), CBS(2/1)yGPx-1(tg2) mice (E), CBS(1/1)yGPx-
1(tg1) mice (ƒ), and CBS(2/1)yGPx-1(tg1) mice (�). *, P , 0.001 vs. all other
groups.
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This indicates that other, as yet unknown, cofactors might be
necessary for higher levels of GPx-1 expression in vitro.

Incubation of sham-transfected cells with 500 mmolyliter
DL-homocysteine for 4 h significantly decreased GPx-1 activity
from 136 6 4.1 to 103 6 5.4 milliunitsymg protein (P , 0.005).
By contrast, HcyH incubation had no effect on the increased
GPx-1 activity in GPx-1-transfected cells (190 6 6.5 and 193 6
7.8 milliunitsymg protein in control and HcyH-incubated, GPx-
1-transfected BAEC, respectively; P , 0.005 vs. no homocysteine
control and vs. sham transfection).

Nitric Oxide Release from GPx-1-Transfected and Homocysteine-
Treated BAEC. HcyH incubation of sham-transfected cells for 4 h
dose-dependently and significantly decreased DAF-2 fluores-
cence to 76% of control in cells incubated with 50 mmolyliter
HcyH (P , 0.05) and to 52% of control in cells incubated with
500 mmolyliter HcyH (P , 0.005) (Fig. 3). Incubation of BAEC
with cysteine did not significantly influence DAF-2 fluores-
cence. GPx-1 transfection led to a 50% increase in DAF-2
fluorescence in control cells (P , 0.005). HcyH incubation of
GPx-1-transfected cells also dose-dependently decreased DAF-2
fluorescence. However, NO accumulation in the supernatant of
GPx-1-transfected cells incubated with 500 mmolyliter HcyH was
still as high as levels in sham-transfected BAEC (P 5 not
significant). Treatment of cells with the NOS inhibitor L-NAME
completely suppressed the DAF-2 signal, indicating that the
measured signal is specific for NOS-derived NO.

cGMP Accumulation in BASMC Cocultured with GPx-1-Transfected and
Homocysteine-Treated BAEC. BAEC were grown on semiperme-
able membranes, sham-transfected or transfected with the GPx-1
cDNA and the essential cofactors, and incubated with control
media or media containing HcyH or cysteine for 4 h. BAEC were
then transferred to wells containing BASMC and stimulated
with BK for 60 s. cGMP accumulation in the cocultured BASMC
was measured and paralleled the measured NO release from
BAEC (Fig. 4). cGMP levels dose-dependently and significantly
decreased in BASMC cocultured with sham-transfected BAEC
that had been incubated with increasing concentrations of HcyH
(71% control at 50 mmolyliter HcyH; 52% control at 500
mmolyliter HcyH, P , 0.05). Overexpression of GPx-1 in BAEC
led to a 217% increase in cGMP levels in cocultured BASMC

(P , 0.005) and compensated for the effects of HcyH on
BASMC cGMP levels. Cysteine had no significant effect on
cGMP levels in BASMC cocultured with sham-transfected
BAEC. cGMP levels in than BASMC cocultured with unstimu-
lated BAEC were significantly lower than cGMP levels in
BASMC cocultured with BK-stimulated BAEC, indicating that
the cGMP levels measured are derived from NO-mediated
guanylyl cyclase activation.

Discussion
The major findings of this study are that overexpression of GPx-1
(i) rescues the phenotype of and restores endothelium-
dependent vascular reactivity in mildly hyperhomocyst(e)inemic
CBS(2/1) mice and (ii) increases bioavailable NO from BAEC,
thereby compensating for the adverse effects of Hcy. These data
suggest that the vascular pathophysiology of Hcy is at least partly
mediated by decreased bioavailable NO owing to oxidative
inactivation, as increasing the cellular GPx-1 antioxidant capac-
ity compensates for the effect.

Heterozygous CBS-deficient mice fed a standard rodent chow
that is sufficient in folate and vitamin B6 had mildly elevated
plasma tHcy levels of about 1.5-fold the concentration found in
wild-type mice. Plasma levels of tHcy in mice [3.38 6 0.35
mmolyliter in CBS(1/1) mice] are generally lower than plasma
tHcy levels in humans, where normal total plasma tHcy con-
centrations range from 5 to 15 mmolyliter in the fasting state (36,
37). Mild hyperhomocyst(e)inemia usually is defined as plasma
tHcy levels ranging from 15 to 30 mmolyliter (38), which
represents the same proportional increase as seen in CBS(2/1).
This increase in plasma tHcy levels due to partial CBS deficiency
in mice is sufficient to cause endothelial dysfunction as CBS(2/1)

mice have been shown to have attenuated aortic relaxation to the
endothelium-dependent agonist acetylcholine (7) and paradox-
ical vasoconstriction of the mesenteric microcirculation to MC,
BK, and A23187, as we have previously shown (7) and confirmed
in this study (Fig. 2). As endothelial dysfunction is a commonly
observed pathology in mild hyperhomocyst(e)inemia in humans,
either with acute elevation of tHcy levels after a methionine
challenge (9–12) or chronic hyperhomocyst(e)inemic states (13,

Fig. 3. NO release from BAEC into the medium over 2 h. Cells were trans-
fected with pCMV-GPx-1, pCMV-SelD, and pGEM3-tRNASec or sham-
transfected and preincubated with the indicated concentrations of DL-
homocysteine or L-cysteine for 4 h. The buffer was then changed to a thiol-free
buffer, and DAF-2 fluorescence in the supernatant was measured after stim-
ulation with BK 1025 molyliter for 2 h as described in Materials and Methods.
n 5 four experiments. *, P , 0.05 vs. control; **, P , 0.005 vs. control.

Fig. 4. cGMP accumulation in BASMC after short-term coculture with BAEC.
BAEC were grown in transwell inserts, transfected with pCMV-GPx-1, pCMV-
SelD, and pGEM3-tRNASec or sham-transfected and preincubated with the
indicated concentrations of DL-homocysteine or L-cysteine for 4 h. BAEC were
then transferred for coincubation with BASMC, incubated with 3-isobutyl-1-
methylxanthine for 15 min, and then stimulated with BK 1025 molyliter for
60 s. cGMP was measured in the ethanol extract of BASMC by using an enzyme
immunoassay. n 5 three experiments. *, P , 0.01 vs. BK-stimulated control; **,
P , 0.001 vs. BK-stimulated control.
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14), this animal model seems to be suitable for the study of
vascular pathophysiology of mild hyperhomocyst(e)inemia.

Nitric oxide plays a key role in mediating the endothelium-
dependent response to acetylcholine (39). Paradoxical vasocon-
striction to cholinergic stimulation is well known to occur in
atherosclerotic coronary arteries (40). Chronic exposure to
elevated levels of Hcy may also alter the bioactivity of NO. Nitric
oxide production from endothelial cells is dose-dependently
decreased by HcyH as measured by photolysis-chemilumines-
cence (15), by an NO-selective electrode (16), or, as in this study,
by a recently developed fluorescent dye (Fig. 3).

Decreased cGMP accumulation in BASMC cocultured with
endothelial cells that had been pretreated with different con-
centrations of HcyH (Fig. 4) confirms that HcyH decreases NO
bioactivity. This effect observed in endothelial cells is indepen-
dent of NOS activity or eNOS gene transcription, as shown (15).
In vivo, cGMP accumulation has been shown to be diminished
in vascular tissue from hyperhomocyst(e)inemic mice stimulated
with acetylcholine (7), an effect that seems to be independent of
eNOS expression in vivo as previously shown by immunostaining
of aortic arch cross sections for eNOS (7) and by Western blot
analysis of aortic tissue for eNOS in this study.

Oxidant injury imparted by hyperhomocyst(e)inemia may
contribute to impairment of NO action and endothelial function,
and a Hcy-specific decrease in the expression of GPx-1 may
further contribute to the adverse effect of chronic hyperhomo-
cyst(e)inemia. Several studies have shown previously that HcyH,
but not cysteine, decreases the expression of GPx-1 in vitro in
cultured endothelial cells (15, 20). This effect can also be
observed in vivo in hepatic§ and cardiac tissue (Fig. 1) of
CBS(2/1) mice and in hepatic tissue of folate-depleted, hyper-
homocyst(e)inemic rats (41).

Hcy thereby seems to exert its effect on the expression of
GPx-1 by transcriptional down-regulation as Hcy decreases
GPx-1 mRNA levels in endothelial cells (15, 20) and in hepatic
tissue of CBS(2/1) mice§ without influencing mRNA stability
(15). In accordance with this observation is the finding that
GPx-1 activity in hyperhomocyst(e)inemic, GPx-1 transgenic
mice is lower than in nonhyperhomocyst(e)inemic GPx-1 trans-
genic mice (Fig. 1). In these mice, the GPx-1 transgene is under
control of its natural promoter. In contrast, HcyH did not
decrease GPx-1 activity in BAEC transfected with GPx-1 cDNA
under control of a CMV promoter. The exact molecular mech-
anism by which HcyH controls GPx-1 transcription is still under
investigation.

GPx-1 is a key enzyme for the cellular defense against oxidant
stress that uses glutathione to reduce hydrogen peroxide and
lipid peroxides to their respective alcohols (22), and may also act
as a peroxynitrite reductase (23). HcyH, when added to plasma,
undergoes autooxidation like other thiol-containing amino ac-
ids. This oxidative reaction is accompanied by the generation of
reactive oxygen species, such as hydrogen peroxide or superox-
ide anion (18). Superoxide anion can react with NO to form
peroxynitrite, which leads to inactivation of its biological func-
tion (19). The role of superoxide formation in Hcy-induced
endothelial dysfunction is underscored by the demonstration of
greater superoxide production in aortic tissue from CBS(2/1)

mice compared with wild-type mice (7), and by the findings that
superoxide dismutase can reverse the paradoxical vasoconstric-
tion of mesenteric arterioles of CBS(2/1) mice in response to
stimulation with MC (7) and can reverse the decreased cere-
brocortical blood f low during superfusion with HcyH-
containing buffer (42). Furthermore, the superoxide scavenger
4,5-dihydroxy-1,3-benzene disulfonic acid had been shown to
inhibit the effect of HcyH on acetylcholine- and A23187-induced
relaxation of rabbit aortic rings (43). Earlier investigations
additionally have provided support for a role for hydrogen
peroxide in HcyH-induced endothelial toxicity in vitro, as cata-

lase was found to inhibit the HcyH-induced lysis of endothelial
cells in the presence of transition metals or ceruloplasmin (44).
Furthermore, hydrogen peroxide decomposes to the toxic oxy-
gen species hydroxyl radical, which is highly reactive and causes
lipid peroxidation, and hydroxide anion, which promotes alka-
line tissue damage. Elevated levels of lipid peroxides lead to an
increase in peroxyl radicals that can inactivate NO through the
formation of lipid peroxynitrites. Peroxynitrite may further react
with cellular tyrosine residues to form nitrosated end products,
or with thiols to form S-nitrosothiols. As GPx-1 also acts as a
peroxynitrite reductase, GPx-1 deficiency might promote per-
oxynitrite or lipid peroxynitrite formation. Immunostaining for
one such nitrosated end product, 3-nitrotyrosine, has been
shown to be positive in aortic tissue from CBS(2/1) compared
with CBS(1/1) mice (7). A decrease in GPx-1 activity in chronic
hyperhomocyst(e)inemia might, therefore, at least partly explain
the observed increased vascular oxidative stress leading to
biological inactivation of NO and the increased nitrosative stress
under hyperhomocyst(e)inemic conditions that seems to be
specific for elevated Hcy concentrations but not for increased
concentrations of other low molecular weight thiols.

Overexpression of GPx-1 in BAEC together with selenium
supplementation and two of the cofactors essential for seleno-
cysteine insertion increased GPx-1 activity 1.4-fold compared
with sham-transfected and selenium-supplemented BAEC. This
level of overexpression is comparable with the level observed in
the tissue of the transgenic animals. Overexpression of GPx-1 in
vascular endothelial cells led to a 1.5-fold increase in NO release
from endothelial cells (Fig. 3) and to a 2.1-fold increase in cGMP
accumulation in BASMC cocultured with transfected, BK-
stimulated endothelial cells (Fig. 4). These results indicate that
GPx-1 overexpression increases the bioavailability of NO. Pre-
vious studies have shown that addition of purified GPx poten-
tiates S-nitrosothiol-induced inhibition of platelet aggregation
and increases S-nitrosothiol-induced cGMP accumulation in
platelets in an ex vivo system, and that GPx attenuates the
increase in platelet aggregation induced by the addition of lipid
peroxides. These effects are consistent with a decrease in the
S-nitrosothiol concentration, suggesting that GPx may regulate
the availability of NO by two functions: reduction of peroxides,
thereby preventing the inactivation of NO; and metabolism of
S-nitrosothiols, thereby liberating NO andyor supporting further
transnitrosation reactions (45). Our data are in accordance with
these previous observations and additionally show that intracel-
lular GPx-1 activity may regulate NO bioavailability in intact
endothelial cells.

HcyH, but not cysteine, incubated with endothelial cells,
dose-dependently decreases NO release from BAEC and cGMP
accumulation in BASMC cocultured with BAEC. GPx-1 over-
expression attenuated the effect of HcyH on both parameters of
NO bioavailability, shifting the HcyH dose-response curve to
higher NO and cGMP levels (Figs. 3 and 4). These effects might
be explained by the peroxidase activity of GPx-1, thereby
preventing the oxidative inactivation of NO by reactive oxygen
species generated during the incubation with HcyH. In addition,
this effect may also be explained by the effect of GPx-1 on the
metabolism of S-nitrosothiols, thereby increasing the pool of
free NO available to overcome oxidative inactivation. An alter-
native hypothesis that needs to be tested is that the increased
cellular Hcy pool under hyperhomocyst(e)inemic conditions
facilitates the formation of S-nitrosohomocysteine. S-
nitrosohomocysteine is known to have a longer biological half-
life than free NO. Most investigators assume that NO traverses
cell membranes freely, owing to its relative lipophilicity and
modest reactivity, to reach its effector site. It is, therefore,
possible that cellular entry and bioactivity of NO may be
regulated by transnitrosation reactions. It has been suggested
recently that cell-surface protein disulfide isomerase catalyzes
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transnitrosation reactions and regulates intracellular transfer of
nitric oxide from extracellular S-nitrosothiols (46). As GPx is
known to liberate NO from S-nitrosothiols, liberation of NO
from S-nitrosohomocysteine might explain the effects seen after
GPx-1 overexpression in endothelial cells and in transgenic
animals.

In summary, the findings presented here demonstrate that
elevated Hcy levels induce endothelial dysfunction in transgenic
animals and cultured cells, concomitant with a decrease in GPx-1
expression and activity. Overexpression of GPx-1 restores
endothelium-dependent vascular function in mildly hyperhomo-

cyst(e)inemic CBS(2/1) mice and increases bioavailable NO in
BAEC, thereby compensating for the adverse effects of Hcy.
These results suggest that the adverse vascular effects of Hcy are
at least partly mediated by oxidative inactivation of NO, as
increasing the cellular GPx-1 antioxidant capacity compensates
for the effect.
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