
Acute inhibition of glutathione biosynthesis alters endothelial function

and blood pressure in rats

Agaba A. Ganafaa, Robin R. Soccia, Danita Eatmana,b, Natalia Silvestrovaa,c,
Imad K. Abukhalaf a,b,c, Mohamed A. Bayorha,b,*

aDepartment of Pharmacology/Toxicology, Morehouse School of Medicine, 720 Westview Drive, S.W., Atlanta, GA 30310, USA
bDepartment of Space Medicine and Life Sciences Research Center, Morehouse School of Medicine, 720 Westview Drive, S.W., Atlanta, GA 30310, USA

cDepartment of Clinical Research Center, Morehouse School of Medicine, 720 Westview Drive, S.W., Atlanta, GA 30310, USA

Received 17 September 2002; accepted 1 October 2002

Abstract

The cardiovascular and biochemical responses during acute oxidative stress induced by D,L-buthionine-(S,R)-sulfoximine (BSO) were

investigated in Sprague–Dawley rats. Mean arterial pressure, heart rate and vascular reactivity were measured after subcutaneous injection of

BSO (4 mmol/kg). Control rats received saline. Levels of GSH and GSSG in blood and tissues as well as renal superoxide were determined.

Nitric oxide, prostacyclin and thromboxane A2 in plasma and aorta, and isoprostane in plasma were also measured. Blood pressure was

elevated at 24 h (121F 2 vs. 104F 2 mm Hg), with increased reactivity to phenylephrine (by a 59F 4 vs. 45F 2 mm Hg change), and

impaired response to sodium nitroprusside (by a � 35F 2 vs. � 63F 2 mm Hg change), P< 0.05. The GSH:GSSG ratio was reduced at 8 and

24 h in blood (4.1F 0.6 and 5.1F 0.3, respectively, vs. 8.5F 0.2), and at 8 h in the aorta (1.0F 0.2 vs. 2.9F 0.5), heart (1.6F 0.3 vs.

2.3F 0.1) and kidney (2.1F 0.2 vs. 3.7F 0.4), P< 0.05. Superoxide fluorescence was increased at 24 h via NADH (4131F194 vs.

2853F 199), NADPH (2874F 272 vs.1479F 257) and succinate (2475F 133 vs. 1594F 2150), P< 0.05. Plasma prostacyclin was reduced

at 8 and 24 h (36F 4 and 52F 13, respectively, vs. 310F 44 pg/ml), P< 0.001, whereas nitric oxide was reduced at 24 h (6.4F 1 vs. 22F 2

AM), P< 0.01. Also at 24 h, thromboxane A2 was increased both in plasma (374F 154 vs. 61F10 pg/ml) and the aorta (174.4F 38 vs.

27F 3.4 pg/mg), P < 0.05. Thus, acute BSO-induced oxidative stress alters blood pressure and endothelial function by mechanisms involving

increased plasma levels and aortic release of thromboxane A2 and reduced nitric oxide and prostacyclin.
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Keywords: Oxidative stress; Glutathione; Blood pressure; Endothelial function

1. Introduction

Oxidative stress due to thiol depletion has been shown to

play a role in the pathogenesis of various cardiovascular

disorders such as hypertension (Vaziri et al., 2000; Sharma et

al., 1992) and ischemia–reperfusion injury (Kim and Phyl-

lis, 1998). Glutathione is the most abundant nonprotein

intracellular thiol with multiple roles as an antioxidant agent

(Halliwell and Gutteridge, 1989). It acts to scavenge reactive

oxygen species as well as to regenerate other antioxidants

from their oxidized forms (Dhalla et al., 2000). Consistent

with this notion, administration of antioxidant compounds

has been shown to provide protection against oxidative

cardiovascular injury (Peng and Li, 2002). Administration

of buthionine sulfoximine (BSO), a selective inhibitor of g-

glutamyl-cysteine synthetase, an enzyme in the glutathione

biosynthetic pathway, induces glutathione depletion and

oxidative stress (Meister, 1984). In this process, glutathione

is converted to its oxidized form (GSSG) which must be

reduced by the combination of glutathione reductase and

NADPH. Therefore, an index of cellular oxidative events is

the ratio of the levels of the reduced and oxidized forms of

glutathione. Also, reactive oxygen species, such as super-

oxide radicals, form vasoconstrictor isoprostanes from non-

enzymatic peroxidation of arachidonic acid (Tesfamariam

and Cohen, 1992), and may inactivate nitric oxide (Vaziri et

al., 2000). Endothelial cells are known to generate nitric

oxide and prostacyclin, which are vasodilators, and throm-

boxanes, which mediate vasoconstriction. (Davidge, 2001).
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It is also now clear that nitric oxide plays a critical role in the

maintenance of blood pressure and peripheral vascular

resistance and contributes to the resting tone of conductance

and resistance arteries (Quyyumi et al., 1995). Thus, vascular

endothelial dysfunction has been associated with decreased

formation, release or action of nitric oxide; decreased for-

mation and release of prostacyclin; and increased formation

of vasoconstrictor prostanoids (Taylor, 2001). Also, oxidant

stress influences blood pressure via alterations in the pro-

duction, release or effect of endothelium-derived paracrine

substances (Schiffrin, 2001).

In this study, we investigated the effect of inhibition of

glutathione biosynthesis, by BSO, on blood pressure and

endothelial function. Levels of GSH and GSSG in blood, the

aorta, heart and kidney as well as superoxide anion produc-

tion in the kidney were determined. We also measured levels

of nitric oxide, prostacyclin, thromboxane A2 and isopros-

tane in plasma, in addition to the aortic capacity to produce

nitric oxide and prostanoids.

2. Materials and methods

2.1. Experimental design

Male Sprague–Dawley rats (4–5 weeks, Harlan Spra-

gue–Dawley, Indianapolis, IN) were used in these experi-

ments. Upon arrival, they were grouped five per cage in our

animal facility that has 12-h light/dark cycles with the

temperature controlled at 21–23 jC. Rodent Lab. ChowR
(Purina Mills, IN) and water were made available ad

libitum.

Following 1 week of acclimatization, each animal was

anesthetized (using 70 mg/kg ketamine and 10 mg/kg

xylazine, i.m.) and the carotid artery and jugular vein were

cannulated using polyethylene tubing containing heparin

(20 IU/ml) in 0.9% sodium chloride. The artery was used

for the measurement of direct mean arterial pressure, heart

rate, and free-flow blood sample collection. The cannulae

were externalized in the posterior cervical region and

occluded with a metal plug, and flushed with heparinized

saline every 12 h. The animals were allowed to recover for

24 h, after which the basal mean arterial pressure and heart

rate were measured. Following the basal measurements, the

rats were divided into four groups (n = 6 each) for the

control, 4, 8 and 24 h studies. Each animal was adminis-

tered with BSO at a dose of 4 mmol/kg (or f 890 mg/kg)

of body weight s.c. (dissolved in 2 ml 0.9% sodium

chloride, with the aid of 0.1 N sodium hydroxide, final

pH 8.5). This dose was previously demonstrated to be

optimal for depletion of hepatic glutathione in rats (Drew

and Miners, 1984). Control animals received saline (2 ml

s.c. for 4 h). At the end of each time point, mean arterial

pressure and heart rate were measured. Also at 24 h,

vascular reactivity was assessed in a separate set of unan-

esthetized free-moving animals (n = 5 per group).

The Institutional Animal Care and Use Committee at

Morehouse School of Medicine has approved all experi-

ments and procedures.

2.2. Direct mean arterial blood pressure, heart rate and

vascular reactivity measurement in conscious rats

In order to take readings in the fully conscious state, the

plugs were replaced with metal tubing on the cannulae

connected to 23-gauge needles on tuberculin syringes con-

taining heparinized saline. Mean arterial pressure and heart

rate were measured through the arterial cannulae connected to

a blood pressure transducer (Gould Model P23, Gould,

Oxnard, CA) that was coupled to a Cardiomax-II (CMX2-

780-K, Columbus Instruments Intern, Columbus, OH). For

every individual animal, after stabilization, readings were

collected eachminute for 5min and an average value obtained.

Vascular reactivity was assessed in unanesthetized free-

moving animals as described previously (Bayorh et al.,

2001). Briefly, intravenous bolus injections (0.2 ml) of

phenylephrine (1, 3 and 9 Ag/kg) were followed by sodium

nitroprusside (1, 3, and 9 Ag/kg) injection, each followed by

a 0.2-ml saline flush. Sufficient time (10–15 min) between

injections allowed both mean arterial pressure and heart rate

to return to basal values. The data were expressed as the

change from the resting mean arterial pressure and heart rate

for each dose.

2.3. Collection and storage of blood samples

Blood samples (1 ml) for plasma nitric oxide, thrombox-

ane and prostacyclin measurements were collected by free

flow (for basal levels and at each time point) via the cannulae

in the carotid artery into heparinized and indomethacin (100

mM)-rinsed (for prostaglandin samples) tubes. The volume

was replaced with normal saline. To assess glutathione and

isoprostane concentrations, blood samples (5–10 ml) were

withdrawn via cardiac puncture from all animals (under

ketamine/xylazine i.v.) prior to sacrifice. Both samples were

centrifuged at 3000� g for 25 min at 4 jC.
For the isoprostane assay, butylated hydroxytoluene was

added to 1 ml of plasma to a final concentration of 0.005% (v/

v), and then sample was frozen and stored at � 80 jC until

analysis.

For the glutathione assay, 0.5 ml of the blood sample was

added to an Eppendorf tube containing an equal volume of

ice-cold 10% perchloric acid containing 0.2 M boric acid and

10 AM g-glutamylglutamate (PCA/BA/gGG) solution. It

was then centrifuged at 3000� g for 25 min at 4 jC, to
remove protein. The supernatant was collected, frozen in

aliquots and stored at � 80 jC until analysis.

2.4. Tissue harvesting for in vitro studies

Immediately following cardiac puncture, the heart and

both kidneys were harvested from all animals and frozen in
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liquid nitrogen and stored at � 80 jC. The descending

thoracic aortas were put in Hank’s balanced salt solution

(HBSS) containing HEPES and kept at 4 jC prior to release

studies.

2.5. Measurement of plasma prostanoids and nitric oxide

Enzyme immunoassay kits (Cayman Chemical, Ann

Arbor, MI), were used to measure plasma levels of throm-

boxane A2 (as thromboxane B2), prostacyclin (as 6-keto-

prostaglandin F1a) and total 8-isoprostanes (free and esteri-

fied), after sample purification on a C-18 column, as

described by the manufacturer. Nitric oxide (as nitrates + ni-

trites) levels in plasma were quantitated by a colorimetric

assay kit (Cayman Chemical), which utilizes the Greiss

reagent.

2.6. Determination of whole blood and tissue levels of

glutathione

Total reduced and oxidized glutathione in whole blood

was simultaneously measured by high performance liquid

chromatography fluorescence detection as described previ-

ously (Jones et al., 1995). The tissues (heart, kidney and

aorta) were mixed 1:1 (w/v) with ice-cold PCA/BA/gGG

solution and homogenized. The mixture was then centri-

fuged at 3000� g for 25 min at 4 jC. The supernatant was

collected and frozen at � 80 jC until assayed. An aliquot

was taken for protein determination by the BioRad method

(Bradford, 1976). Total reduced and oxidized tissue gluta-

thione was measured as described for plasma.

2.7. Measurement of renal superoxide production

Fluorescence spectrometry of renal superoxide production

was performed as described previously (Zou et al., 2001).

Briefly, whole kidneys were minced and homogenized with a

glass homogenizor in ice-cold HEPES buffer containing 25

mM HEPES, 1 mM ethylenediaminetetracetic acid and 0.1

mM phenylmethylsulfonyl fluoride, in a 1:1 (w/v) ratio. After

centrifugation at 6000� g for 5 min at 4 jC, the supernatant
was collected, frozen and stored at � 80 jC until use. Protein

was determined in an aliquot of each homogenate by the

BioRad method (Bradford, 1976). Superoxide production

was measured in the following reaction mixture: 10 AM

Fig. 1. Effect of administration of BSO for 24 h on mean arterial pressure

and heart rate in Sprague–Dawley rats. Data are represented as meanF
S.E.M. for six animals per group. Significant difference ( P < 0.05) from

control is denoted by asterisk (*).

Fig. 2. Effect of administration of BSO for 24 h on vascular reactivity to

intravenous doses of phenylephrine and sodium nitroprusside in Sprague–

Dawley rats. Data are represented as the change in mean arterial pressure

and heart rate from resting values at each dose. Each bar represents

meanF S.E.M. for five animals per group. Significant difference ( P< 0.05)

from control is denoted by asterisk (*).
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dihydroethidium, 0.5 mg/ml salmon testes DNA, 10 Ag of

homogenate protein, and the appropriate substrate for either

NADH/NADPH oxidase (0.1 mM NADH or NADPH),

mitochondrial respiratory enzymes (5 mM succinate) or

xanthine oxidase (0.1 mM xanthine), in a total volume of

0.2 ml. This mixture was incubated on a 96-well microplate

for 30 min at 37 jC. Ethidium/DNA fluorescence was

measured at an excitation of 475 nm and an emission of

610 nm on a CytoFluork II Microplate Reader (Biosearch

Products, Bedford, MA). The data was expressed as fluo-

rescence units/min/mg protein.

2.8. Vascular capacity for generation of prostanoids and

nitric oxide

The vascular capacity for generation of prostanoids and

nitric oxide was determined as described by Uehera et al.

(1991). Briefly, the aortas were placed in HBSS containing

HEPES and rinsed repeatedly with fresh media. The sur-

rounding connective tissues were carefully removed. A seg-

ment of the aorta was dissected and incubated in 2 ml of

HBSS at 37 jC for 30 min. Prostanoids and nitric oxide

released into the media were directly assayed as described

above for plasma. The aortic strips were then dried at 80 jC
for 18 h and weighed. The amount of prostanoids and nitric

oxide produced was normalized to the dry weight of the aorta.

2.9. Statistical analysis

Values were expressed as meanF S.E.M, and n refers to

the number of animals used. Statistical significance

(P < 0.05) was evaluated using either Student’s t-test or, for

multiple groups, analysis of variance (ANOVA), followed by

the Tukey–Kramer multiple comparison test using the

INSTAT program (GraphPad Software, San Diego, CA).

3. Results

3.1. Effect of BSO on mean arterial pressure and heart rate

Blood pressure was significantly elevated at 24 h (121F 2

mmHg), compared to the other time points (104F 2, 106F 3

and 107F 2 mm Hg, for the control, 4 and 8 h, respectively,

P < 0.05), as shown in Fig. 1A. There were no significant

changes in the heart rate from the control (398F 21 vs.

Fig. 3. Effect of administration of BSO for 24 h on whole blood, kidney,

heart and aortic GSH:GSSG ratio in Sprague–Dawley rats. Data are

represented as meanF S.E.M. for six animals per group. Significant

difference ( P < 0.05) from control is denoted by asterisk (*).

Fig. 4. Effect of administration of BSO for 24 h on renal production of

superoxide anion, via different pathways, in Sprague–Dawley rats. Data are

represented as meanF S.E.M. for six animals per group. Significant

difference ( P< 0.05) from control is denoted by asterisk (*).
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417F 36, 423F 45 and 479F 14 beats/min for the 4, 8 and

24 h, respectively), as shown in Fig. 1B.

3.2. Effect of BSO on vascular reactivity

Phenylephrine produced dose-dependent increases in

mean arterial pressure and corresponding decreases in the

heart rate, with a significantly bigger increase in blood

pressure at a dose of 9 Ag/kg, in the BSO group (59F 4 vs.

45F 2 mm Hg), P < 0.05. Sodium nitroprusside induced

dose-dependent decreases in mean arterial pressure and

increases in heart rate, with a significantly less reduction in

blood pressure at the 9 Ag/kg dose (� 35F 2 vs. � 63F 2

mm Hg), P < 0.05, as shown in Fig. 2A. The heart rate

responses were not statistically different between the two

groups, as shown in Fig. 2B.

3.3. Effect of BSO on whole blood and tissue GSH:GSSG

ratio

The GSH:GSSG ratio was significantly reduced in whole

blood at 8 and 24 h (4.1F 0.6 and 5.1F 0.3, respectively),

compared to the control (8.5F 0.2), P < 0.05, in Fig. 3A. In

the kidney, heart and aorta, the GSH:GSSG ratio was also

significantly reduced at 8 h (P < 0.05) in Fig. 3b–d. The

kidney GSH:GSSG ratio was 2.1F 0.2 at 8 h compared to

3.7F 0.4 for control, 3.4F 0.3 at 4 h and 3.2F 0.5 at 24 h.

In the heart, the GSH:GSSG ratio was 1.6F 0.3 at 8 h,

compared to 2.3F 0.1 for control, 2.7F 0.2 at 4 h and

2.1F 0.1 at 24 h. The aortic GSH:GSSG ratio was 1.0F 0.2

at 8 h, compared to 2.9F 0.5 for control, 1.9F 0.4 at 4 h

and 1.8F 0.2 at 24 h.

3.4. Effect of BSO on renal superoxide production

The formation of superoxide was increased in the reaction

mixtures compared to the control: at 8 h via NADH oxidase

and succinate, 3905F 298 vs. 2853F 199 and 2500F 207

vs. 1594F 215, respectively; at 24 h via NADH, NADPH

oxidases and succinate, 4131F194 vs. 2853F 199, 2874F
273 vs. 1479F 257 and 2475F 133 vs. 1594F 215, respec-

tively, P < 0.05, as shown in Fig. 4.

3.5. Effect of BSO on plasma nitric oxide and prostacyclin

levels

There was a gradual decrease in the levels of plasma

nitric oxide and prostacyclin at 8 and 24 h compared to the

Fig. 5. Effect of administration of BSO for 24 h on plasma nitric oxide and

prostacyclin levels in Sprague–Dawley rats. Data are represented as

meanF S.E.M. for six animals per group. Significant difference ( P< 0.05)

from control is denoted by asterisk (*).

Fig. 6. Effect of administration of BSO for 24 h on plasma thromboxane

and total isoprostane levels in Sprague–Dawley rats. Data are represented

as meanF S.E.M. for six animals per group. Significant difference

( P< 0.05) from control is denoted by asterisk (*).
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control. Nitric oxide was significantly reduced to 6.4F 1.9

AM at 24 h (P < 0.01), compared to 22F 2, 23F 3 and

16F 2 AM, for the control, 4 and 8 h, respectively, as shown

in Fig. 5A. Prostacyclin levels were reduced to 36F 4 pg/ml

at 24 h and 52F 13 pg/ml at 8 h (P < 0.001), compared to

310F 44 pg/ml for the control and 302F 45 pg/ml at 4 h, as

shown in Fig. 5B.

3.6. Effect of BSO on plasma thromboxane A2 and

isoprostane levels

Thromboxane A2 levels were significantly elevated at 24

h (374F 154 pg/ml) compared to earlier time points,

61F10 pg/ml for control, 58F 13 pg/ml at 4 h and

166F 49 pg/ml at 8 h (P < 0.05), as shown in Fig. 6A.

Plasma isoprostane levels were higher at 24 h (73F 19 pg/

ml) compared to the control (45F 5 pg/ml), 4 h (63F 7 pg/

ml) and 8 h (61F15 pg/ml) values, but this elevation was

not statistically significant, as shown in Fig. 6B.

3.7. Effect of BSO on vascular capacity to produce

prostanoids and nitric oxide

Levels of thromboxane A2 released from the aorta were

significantly elevated at 24 h (174.4F 38 vs. 27F 3.4 pg/

mg), P < 0.05; however, there was no difference in the aortic

production of nitric oxide and prostacyclin, as shown in

Table 1.

4. Discussion

Data from the present study show that treatment with

BSO causes significant changes in glutathione homeostasis,

reflected by a reduction of the GSH:GSSG ratio for blood,

aorta, kidney and heart during 24 h. This pattern of change

in GSH and GSSG levels is consistent with previous

observations in studies on the interorgan translocation,

turnover and metabolism of glutathione in rats following

BSO administration (Griffith and Meister, 1979, 1997).

Furthermore, renal superoxide formation was increased via

NADH/NADPH and succinate, which are substrates for

NADH/NADPH oxidases and mitochondrial respiratory

chain enzymes, respectively. These enzymes have been

demonstrated to represent the major source of superoxide

formation in the kidney (Zou et al., 2001). Cowley et al.

(1995) demonstrated that increased oxidant stress or

impaired antioxidant mechanisms in the kidney may lead

to reduction of renal medullary blood flow and sodium

excretion and hypertension. The reduction in the GSH:

GSSG ratio and increase in renal superoxide formation in

our study were associated with increased mean arterial

blood pressure. Thus, the current data underscores the

central role of the kidney in the regulation of blood pressure.

The effect of BSO on blood pressure was associated with an

augmented pressor response to phenylephrine and a reduced

hypotensive responsive to sodium nitroprusside, suggesting

impaired endothelial function and, thus, a reduction in

vascular relaxation.

Administration of BSO was also associated with gradual

reductions in the plasma levels of vasodilatory compounds,

as reflected by the changes in nitric oxide and prostacyclin.

During oxidative stress, nitric oxide and superoxide react to

form peroxynitrite, a potent cytotoxic oxidant, hence reduc-

ing the available nitric oxide (Halliwell, 1997). Likewise, a

recent study suggested that oxidative stress-induced hyper-

tension is not caused by either structural abnormality of or

depressed nitric oxide synthase expression. Instead, it may

be associated with and perhaps partially related to enhanced

nitric oxide inactivation by reactive oxygen species and

diminished nitric oxide bioavailability (Zhou et al., 2002).

We found that BSO-induced depletion of glutathione after 4

h had no effect on plasma prostacyclin, consistent with what

was previously reported (Maynard et al., 1992). However,

we demonstrated that at longer periods of treatment, plasma

prostacyclin levels are significantly reduced. This effect

may be related to the inhibitory effect of superoxide on

the production of prostacyclin (Katusic and Vanhoutte,

1989).

It was also very interesting to observe a gradual time-

dependent increase of the aortic production and plasma

levels of thromboxane A2. Previous studies in sponta-

neously hypertensive rats suggested that oxygen-derived

free radical-induced vasoconstriction in the rat aorta is

caused by thromboxane A2 and prostaglandin H2 release

in smooth muscles (Michitaka et al., 1999). The increase

in aortic production of thromboxane A2 and reduction in

prostacyclin may be related to the differential expression

of these prostanoids in the vascular tissue (Szekacs et al.,

1996). The GSH–GSSG system is capable of activating

and/or inactivating many enzymes and may upregulate

thromboxane A2 and downregulate prostacyclin synthesis.

Oxidative stress has also been associated with elevated

plasma isoprostane levels due to increased free radical

catalyzed peroxidation of arachidonic acid (Schnacken-

berg and Wilcox, 1999). We observed a tendency

towards increased levels of isoprostane over the treatment

period.

Table 1

Effect of BSO for 24 h on aortic production of nitric oxide, prostacyclin and

thromboxane A2 in Sprague–Dawley rats

Aortic production (per mg dry weight) of nitric oxide,

prostacyclin and thromboxane A2

Control 4 h 8 h 24 h

Nitric oxide

(AM/mg)

1.6F 0.1 2.4F 0.3 1.8F 0.2 1.6F 0.6

Prostacyclin

(pg/mg)

59.7F 16.5 26.7F 4.8 43.7F8.3 59.9F 19.3

Thromboxane

A2 (pg/mg)

27.0F 3.4 32.9F 3.6 51.2F 7.6 174.4F 38.0a

a P < 0.05 compared to control, 4 and 8 h.
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Thus, the acute BSO-induced oxidative stress and

pressor response is associated with vascular endothelial

dysfunction as evidenced by altered reactivity, increased

plasma levels and aortic production of thromboxane A2 and

reductions in nitric oxide and prostacyclin. These findings

have implications for the use of antioxidative therapy in

hypertension.

Acknowledgements

This study was supported, in part, by NIH grants

S06GM08248-12 (M.A.B.) and P20RR11104-06 (I.A.).

References

Bayorh, A.M., Socci, R.R., Watts, S., Wang, M., Eatman, D., Emmet, N.,

Thierry-Palmer, M., 2001. L-NAME, a nitric oxide synthase inhibitor,

as a potential countermeasure to post-suspension hypotension in rats.

Clin. Exp. Hypertens. 23 (8), 611–622.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye

binding. Anal. Biochem. 72, 248–254.

Cowley Jr., A.W., Mattson, D.L., Lu, S., Roman, R.J., 1995. The renal me-

dulla and hypertension. Hypertension 25, 663–673.

Davidge, S.T., 2001. Prostaglandin H synthase and vascular function. Circ.

Res. 89 (8), 650–660.

Dhalla, N.S., Temsah, R.M., Netticadan, T., 2000. Role of oxidative stress

in cardiovascular diseases. J. Hypertens. 18, 655–673.

Drew, R., Miners, O.J., 1984. The effects of buthionine sulphoximine

(BSO) on glutathione depletion and xenobiotic biotransformation. Bio-

chem. Pharmacol. 33 (19), 2989–2994.

Griffith, O.W., Meister, A., 1979. Potent and specific inhibition of gluta-

thione synthesis by buthionine sulfoximine (S-n-Butyl homocysteine

Sulfoximine). J. Biol. Chem. 254, 7558–7560.

Griffith, O.W.,Meister, A., 1997. Glutathione: interorgan translocation, turn-

over and metabolism. Proc. Natl. Acad. Sci. U. S. A. 76, 5606–5610.

Halliwell, B., 1997. What nitrates tyrosine? Is nitrotyrosine specific as a

biomarker of peroxynitrite formation in vivo? FEBS Lett. 411, 157–160.

Halliwell, B., Gutteridge, J.M., 1989. Protection against oxidants in bio-

logical systems: the superoxide theory of oxygen toxicity. Free Rad-

icals in Biology and Medicine, 2nd ed. Clarendon Press, Oxford, UK,

pp. 87–187.

Jones, D.P., Maellaro, E., Jiang, S., Slater, A.F.G., Orrenius, S., 1995.

Effects of N-acetyl-L-cysteine on T cell apoptosis are not mediated by

increased cellular glutathione. Immunol. Lett. 45, 205–209.

Katusic, Z.S., Vanhoutte, P.M., 1989. Superoxide anion is an endothe-

lium-derived contracting factor. Am. J. Physiol. 257 (1 Part 2),

H33–H37.

Kim, M.O., Phyllis, E.B., 1998. Oxidative stress in critical care: is antiox-

idant supplementation beneficial? J. Am. Diet. Assoc. 98, 1001–1008.

Maynard, P.M., Graupper, W.G., Botjje, W.G., 1992. Effect of glutathione

depletion on tissue and plasma prostacyclin and thromboxane in rats.

Biochem. Pharmacol. 43, 1043–1051.

Meister, A., 1984. Selective modification of glutathione metabolism. Sci-

ence 220, 472–477.

Michitaka, H., Keriji, O., Yoshio, I., Shinji, M., Hiroyuki, O., Hideo, M.,

Yukio, T., Takayuki, I., 1999. Oxygen-derived free radical induced

vasoconstriction by thromboxane A2 in the aorta of the spontaneously

hypertensive rat. J. Cardiovasc. Pharmacol. 33, 605–610.

Peng, X., Li, Y., 2002. Induction of cellular glutathione-linked enzymes

and catalase by the unique chemoprotective agent, 3H-1,2-dithiole-3-

thione in rat cardiomyocytes affords protection against oxidative cell

injury. Pharmacol. Res. 45 (6), 491–495.

Quyyumi, A.A., Dakak, N., Andrews, N.P., Husain, S., Arora, S., Gilligan,

D.M., Panza, J.A., Cannon III, R.O., 1995. Nitric oxide activity in the

human coronary circulation. J. Clin. Invest. 95, 1747–1755.

Schiffrin, E.L., 2001. A critical review of the role of endothelial factors in

the pathogenesis of hypertension. J. Cardiovasc. Pharmacol. 38 (Suppl.

2), S3–S6.

Schnackenberg, C.G., Wilcox, C.S., 1999. Two-week administration of

tempol attenuates both hypertension and renal excretion of 8-isoprosta-

glandin F2a. Hypertension 33, 424–428.

Sharma, R.C., Crawford, D.W., Kramsch, D.M., Sevanian, A., Jiao, Q.,

1992. Immunolocalization of native antioxidant scavenger enzymes in

early hypertensive and artherosclerotic arteries: role of oxygen free

radicals. Arterioscler. Thromb. 12, 403–415.

Szekacs, B., Nadasy, G.L., Vajo, Z., Juhasz, I., Feher, J., Monos, E., 1996.

Prostacyclin and thromboxane production of rat and cat arterial tissue is

altered independently by several vasoactive substances. Prostaglandins

52 (3), 221–235.

Taylor, A.A., 2001. Pathophysiology of hypertension and endothelial dys-

function in patients with diabetes mellitus. Endocrinol. Metab. Clin. N.

Am. 30 (4), 983–997.

Tesfamariam, B., Cohen, R.A., 1992. Role of superoxide anion and endo-

thelium in vasoconstrictor action of prostaglandin endoperoxide. Am. J.

Physiol. 262, H1915–H1919.

Uehera, Y., Numabe, A., Takada, S., 1991. Possible role of prostacyclin

synthase in altered prostacyclin generation in DOCA-salt hypertensive

rats. Am. J. Hypertens. 4, 667–673.

Vaziri, N.D., Wang, X.U., Oveisi, F., Rad, B., 2000. Induction of oxidative

stress by glutathione depletion causes severe hypertension in normal

rats. Hypertension 36, 142–146.

Zhou, X.J., Vaziri, N.D., Wang, X.Q., Silva, F.G., Laszikv, Z., 2002. Nitric

oxide synthase expression in hypertension induced by inhibition of

glutathione synthase. J. Pharmacol. Exp. Ther. 300 (3), 762–767.

Zou, A., Li, N., Cowley Jr., A.W., 2001. Production and actions of super-

oxide in the renal medulla. Hypertension 37 (Part 2), 547–553.

A.A. Ganafa et al. / European Journal of Pharmacology 454 (2002) 217–223 223


	Introduction
	Materials and methods
	Experimental design
	Direct mean arterial blood pressure, heart rate and vascular reactivity measurement in conscious rats
	Collection and storage of blood samples
	Tissue harvesting for in vitro studies
	Measurement of plasma prostanoids and nitric oxide
	Determination of whole blood and tissue levels of glutathione
	Measurement of renal superoxide production
	Vascular capacity for generation of prostanoids and nitric oxide
	Statistical analysis

	Results
	Effect of BSO on mean arterial pressure and heart rate
	Effect of BSO on vascular reactivity
	Effect of BSO on whole blood and tissue GSH:GSSG ratio
	Effect of BSO on renal superoxide production
	Effect of BSO on plasma nitric oxide and prostacyclin levels
	Effect of BSO on plasma thromboxane A2 and isoprostane levels
	Effect of BSO on vascular capacity to produce prostanoids and nitric oxide

	Discussion
	Acknowledgements
	References

