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Oxidative stress contributes to the development of several
cardiovascular diseases, including diabetes, renal insufficiency, and
arterial hypertension. Animal studies have evidenced the association
between higher blood pressure (BP) and increased oxidative stress,
and treatment with antioxidants has been shown to reduce BP,

while BP reduction due to antihypertensive drugs is associated with
reduced oxidative stress. In 2000, it was first reported that oxidative
stress and arterial hypertension were produced in normal Sprague-
Dawley rats by oral administration of buthionine sulfoximine (BSO),
which induces glutathione (GSH) depletion, indicating that oxidative
stress may induce hypertension. The contribution of several potential
pathogenic factors has been evaluated in the BSO rat model, the

Animal studies have provided evidence that increased blood
pressure (BP) is associated with increased oxidative stress,
which has been demonstrated in spontaneous (genetic)!?
and experimental models of hypertension, induced by angi-
otensin II,> deoxycorticosterone acetate-salt,* lead,” T*¢ and
NO synthase inhibition.” However, findings on the association
between oxidative stress and hypertension in humans have
been less consistent, and results have varied according to the
oxidative stress marker under investigation.®

In animal hypertension models, many authors reported that
antioxidation may reduce BP'~7 while others found no such
association.”!? In human studies, antihypertensive drug therapy
with angiotensin II type 1 (AT,) blockers!! or calcium antago-
nists'? has proven to have beneficial effects on oxidative stress.

It was first reported in 20003 that oxidative stress and arte-
rial hypertension were produced in normal Sprague-Dawley rats
by oral administration of buthionine sulfoximine (BSO), which
induces glutathione (GSH) depletion by selective inhibition of
y-glutamylcysteine synthetase, an enzyme of the GSH biosyn-
thetic pathway. This model of hypertension is attenuated by anti-
oxidant therapy'® and aggravated by increased saline intake,'* by
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prototype of oxidative stress-induced hypertension, including
vascular reactivity, endothelium-derived factors, renin-angiotensin
system activity, TXA,-PGH, production, sodium sensitivity, renal
dopamine-induced natriuresis, and sympathetic tone. This review
summarizes the main factors implicated in the pathogenesis of
BSO-induced hypertension and the alterations associated with GSH
depletion that are related to renal function or BP control.
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administration of diethyldithiocarbamic acid (DETC), an inhibi-
tor of superoxide dismutase, and by the hyperthyroid state (data
not shown), which are all known to increase oxidative stress.

Grossman'® proposed the following criteria for the iden-
tification of oxidative stress as a cause of hypertension:
(i) oxidative stress should be associated with hypertension, (ii)
the mechanism by which oxidative stress causes hypertension
should be known, (iii) oxidative stress should cause hyperten-
sion in experimental animals, and (iv) antioxidation should
lower the BP. According to the available evidence, BSO-induced
hypertension is a prototype of hypertension caused by increased
oxidative stress. This review describes the cardiovascular and
renal effects of BSO-induced oxidative stress (Figure 1).

BLOOD PRESSURE

Discrepant BP results have been reported after BSO-induced
GSH depletion. Authors indirectly measuring BP by tail cuff
measurements have variously reported a marked increase
(around 100 mm Hg),'*1® a modest increase (20 mm Hg),!”!
and even no change.!? Conflicting results have also been pub-
lished when the BP was directly recorded. Ford et al.?’ found
that BSO (20 or 30 mmol/l in drinking water) had no signifi-
cant effect on direct systolic BP levels measured via indwelling
catheters in two locations (femoral and carotid) on repeated
occasions over 10 days in awake, unrestrained animals or at the
end of this period under anesthesia. In contrast, several studies
by Banday et al.!*#2!22 reported a modest increase (13-23 mm
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Figure 1| Summary of the effects of increased oxidative stress induced by buthionine sulfoximine (BSO) administration to rats or mice on cardiovascular and
renal variables involved in blood pressure control or hypertension. T increased, = unchanged and decreased.

Hg) in anesthetized rats. All of these discrepancies are difficult
to reconcile, but cannot credibly be attributed to differences
in BP recording method or rat strain (Sprague-Dawley in all
cases) or to a central effect of BSO that predisposes these ani-
mals to excessive BP increases under stress, as previously sug-
gested by Ford et al.?’ In mice, BSO was reported to induce
a dose-dependent BP increase, with the highest dose used
(20 mmol/l in drinking water) producing an increase of around
50 mm Hg.?? Hypertensive stimuli usually produce a lesser BP
increase in mice than in rats.2* Thus, after 4 weeks of hyper-
tension induction, systolic BP was found to be around 200 mm
Hg in renovascular or deoxycorticosterone acetate-salt hyper-
tensive rats and around 140 mm Hg in mice.?

HEART RATE

BSO administration was found to produce a dose-related
increase in heart rate (HR) in mice.2? Results of the few studies
on this variable in rat hypertension models have been incon-
clusive. Ford et al.?° found no significant effect of BSO on HR
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across sampling days or when measured via indwelling catheter
in the carotid artery of anaesthetized rats after 10 days of treat-
ment. However, Ganafa et al.?® administered BSO to Sprague-
Dawley rats for 24h and observed a parallel time course for
mean arterial pressure (MAP) and HR values, although they
found no HR modification after BSO treatment for 1 week.?

An increase in oxidative stress induced by the systemic
administration of the superoxide dismutase inhibitor DETC
was found to produce a rise in MAP, HR, and renal sympa-
thetic nerve activity (RSNA)?’ that was reversed by the systemic
administration of tempol, an antioxidant superoxide dismutase
mimetic.2>?”?8 These observations suggest that the dose-
response increase in HR reported in BSO-treated mice may
be secondary to an increased sympathetic activity induced by
greater oxidative stress.

CARDIACAND RENAL HYPERTROPHY
Relative left ventricular weight and renal weight relative to

body weight were unchanged in BSO-treated mice, despite
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their hypertension.?® These observations are similar to the find-
ings of Ford et al.?° in rats treated with BSO for 10 days at 20
and 30mmol/l and those of Johns et al.,* who unexpectedly
observed that renovascular and deoxycorticosterone acetate-
salt hypertensive mice did not develop cardiomegaly after
4 weeks of hypertension induction, in contrast to the widely
reported cardiac hypertrophy of these models in rats. All of
these findings suggest a reduced sensitivity to develop cardi-
omegaly in mice. Our group also observed (data not shown)
that mice treated with 10mmol/l BSO had a significantly
decreased expression of a-tubulin in renal tissue at 55kDa and
showed another band of protein at 40kDa, which may cor-
respond to a carbonylated form of the protein. Cytoskeletal
proteins are particularly susceptible to oxidative stress, and
the formation of protein carbonyls during GSH depletion has
been demonstrated in rat brain slices, identifying f-actin and
a/B-tubulin as major carbonylation targets.?” These findings
may in part explain the absence of cardiac and renal hypertro-
phy and even the weight loss observed in BSO-treated mice,
given that an adequate level of cytoskeletal proteins is crucial
for tissue development.

VASCULARREACTIVITY

BSO-induced GSH depletion causes vasomotor dysfunction in
the setting of oxidative stress. However, contradictory results have
been reported for its effects on the responsiveness to vasoconstric-
tors or endothelium-dependent or -independent vasodilators.

Ganafa et al.?® found an increased BP responsiveness to
phenylephrine at 24h after BSO administration. Likewise,
Ford et al.?® reported that a 10-day course of BSO produced
an increased sensitivity and maximal vasoconstrictor response
of aortic rings to phenylephrine, but they found no significant
differences in KCl dose-response curves between BSO and
control groups. However, Banday et al.'* found no difference
in the maximum contraction produced by phenylephrine or
KCl in aortic rings of rats treated with BSO for 12 days.

An in vitro study of acute GSH depletion demonstrated
reduced acetylcholine (ACh)- and NO-induced relaxation of
rabbit aortic rings.*® In an in vivo study by Laursen ef al., BSO
(intraperitoneal for 24h) reduced the hypotensive effect of
ACh by 30%, and the impaired effect of ACh was associated
with a significant reduction in endothelial nitric oxide synthase
(eNOS) activity.>! The authors concluded that thiol depletion
results in endothelial dysfunction and a reduced receptor-
mediated vascular relaxation due to diminished endothelial NO
formation. An in vitro study by Ford et al.2? also reported that
BSO significantly blunted endothelium-dependent relaxation
to ACh in aortic rings of rat. Likewise, Banday et al.'* showed
a mild rightward shift to ACh in thoracic aortic rings from
rats treated with BSO for 12 days and found that concomitant
treatment of rats with BSO and high salt produced a decreased
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response to endothelium-dependent agonists (ACh, ADP, and
calcium ionophore A23187). In contrast, Iwata et al.!® found
a significantly enhanced ACh-induced vasodilation in aortic
rings from BSO-treated rats (30 mmol/l in drinking water for 7
days) in comparison to control rats. This was thought to be due
to eNOS-dependent H,O, production, because ACh-induced
relaxation was significantly reduced by catalase and completely
abolished by L-NAME. The authors reported a more abundant
eNOS expression in BSO-treated vs. control rats and suggested
that the uncoupling of eNOS may contribute to the production
of (OJN which is dismuted to H,0,as the result of SOD activity,
thereby enhancing vasorelaxation. The contradictory nature of
these data prevents a definitive conclusion from being drawn
on endothelial function after BSO administration.

Ganafa et al?® described an impaired response to the
endothelium-independent sodium nitroprusside at 24h after
BSO administration. Banday et al.!* also found a decreased
response to endothelium-independent vasorelaxants in tho-
racic aortic rings from rats treated with BSO for 12 days, and
showed a decreased response to endothelium-independent
vasorelaxants in rats treated concomitantly with BSO and high
salt; moreover, incubation of aortic tissue from BSO-treated
rats with sodium nitroprusside revealed decreased cyclic gua-
nosine monophosphate accumulation. In contrast, Ford et al.?
and Iwata et al.!® showed a similar endothelium-independent
vasorelaxation to sodium nitroprusside between aortas from
control and BSO-treated rats, demonstrating that responsive-
ness of the vascular smooth muscle to NO was not affected
by the treatment. Taken together, the above findings suggest
that BSO-induced GSH depletion results in oxidative stress-
dependent vasomotor dysfunction, which might participate
in the reported hypertensive effect of BSO. However, further
research is required to clarify this issue.

VASOACTIVE AGENTS
Various groups reported a significant reduction in the plasma
or urinary excretion of the NO metabolite nitrate plus
nitrite, an index of depressed NO availability, in BSO-treated
rats.!>16:26 BSO-treated animals showed no significant dif-
ferences in the intensity or localization of eNOS or induc-
ible nitric oxide synthase in the kidney,'® whereas increased
eNOS levels were observed in the aorta.!*!? These observa-
tions suggest that the oxidative stress-induced hypertension
in this model is not caused by depressed NOS expression by
the vessels or the kidney or by their depressed NOS expres-
sion, but is rather associated with and perhaps partially related
to enhanced renal NO inactivation by reactive oxygen species
(ROS) and diminished NO bioavailability.

Ganafa et al.?% reported that the acute administration of
BSO reduced plasma prostacyclin at 8 and 24 h, whereas NO
was reduced at 24h, when thromboxane A, was increased in
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both plasma and aorta. The chronic administration of BSO
(1 or 2 weeks) by these authors increased isoprostane and
thromboxane A, but decreased prostacyclin and cAMP,!718
indicating that BSO administration reduces vasodilator and
increased vasoconstrictor agents.

Rats treated chronically with BSO (BSO, 30 mmol/l in drink-
ing water for 2 weeks) showed increased plasma angiotensin
IT levels, whereas administration of the AT, blocker losartan
reversed the BSO-induced elevation of MAP, superoxide, and
thromboxane A, and reduction of prostacyclin and aortic
cAMP levels.!” BSO treatment also increased renal proximal
tubular AT, receptor protein abundance, message levels, and
ligand binding.3? More recently, these authors®} observed that
the incubation of renal proximal tubules with angiotensin II
produced significantly higher NHE3 activation in BSO-treated
rats than in controls, indicating that oxidative stress exagger-
ates angiotensin II signaling, leading to the overstimulation of
renal NHE3 and contributing to an increase in BP. All of the
above data suggest an important role for the renin-angiotensin
system in this type of hypertension.

Sympathetic tone
Sympathetic tone plays an important role in BP control,** and
a growing body of evidence has implicated abnormal modula-
tion of the sympathetic nervous system (SNS) in the develop-
ment of hypertension in humans> and animals.® SNS activity
was augmented in salt-loaded spontaneously hypertensive rats
and Dahl salt-sensitive rats,**~*® while a,-adrenergic blockade
with prazosin produced a marked BP decrease in NO-deficient
hypertensive rats.>

It has been reported that ROS stimulate the central and
peripheral SNS.4%4! Central neural ROS play an important role
in cardiovascular function, and the altered regulation of cen-
tral redox mechanisms may be implicated in heart failure and
hypertension, which are characterized by SNS activation.#24?
Among the target organs of hypertensive vascular diseases, the
brain is the most affected by oxidative stress,***> and there is
evidence that oxidative stress in the brainstem has a pivotal
role in the pathogenesis of neural mechanisms in hyperten-
sion.*® The rostral ventrolateral medulla is the vasomotor
center that determines basal sympathetic nerve activity.*” ROS
are increased in the rostral ventrolateral medulla of stroke-
prone spontaneously hypertensive rats and contribute to the
neural mechanisms of this type of hypertension,*® and oxida-
tive stress was detected in the rostral ventrolateral medulla and
paraventricular nucleus of the hypothalamus in renovascular
hypertension.4%>0

Several authors have reported that the hypotensive effect of
tempol, a membrane-permeable superoxide dismutase mimetic,
is accompanied by a reduction in sympathetic nerve activ-
ity.2>27:28:4351 In addition, the intracerebroventricular infusion in
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rabbits of DETC, a superoxide dismutase inhibitor, significantly
increased RSNA,>? and the systemic administration of DETC in
rats increased the MAP, HR, and RSNA.!¢ Moreover, the local
administration of tempol or DETC on renal sympathetic nerves
resulted in dose-dependent decreases or increases in integrated
RSNA, respectively.?” More recently, it was reported that chronic
vitamin C treatment of two-kidney one-clip hypertensive rats
reduced arterial pressure and RSNA and improved cardiac and
renal baroreflex responses.>?

Several studies have reported that oxidative stress increases
sympathetic tone in some types of experimental hypertension,
including genetic,*® angiotensin IL,** deoxycorticosterone acetate-
salt,! renovascular,’® obesity,>* and salt-sensitive®> models.
High-salt intake exacerbates BP elevation and SNS system
activity during the development of hypertension in spontane-
ously hypertensive rats, mediated by increased ROS generation
in the rostral ventrolateral medulla.>® Moreover, the protective
central actions of estrogen in angiotensin II-induced hyper-
tension may involve interactions with ROS production.”” In
addition, the BP-lowering effect of some antihypertensive
drugs has been associated with a reduction in brainstem oxi-
dative stress.’®~0 Taken together, these observations suggest
an important role for oxidative stress-induced sympathetic
activation in hypertension. This proposition is supported by
findings®® that BSO-induced hypertension in mice is accompa-
nied by increased brainstem and urinary levels of isoprostanes
and increased plasma levels of noradrenaline, that chronic Q-
adrenergic blockade with prazosin prevents the hypertension
and increased HR of BSO-treated mice, and that acute gangli-
onic blockade with pentolinium produces greater percentage
MAP and HR decreases in BSO-treated mice than in controls.
Accordingly, it was proposed that BSO increases central and
peripheral oxidative stress, which may produce a central or
peripheral activation of sympathetic tone that elevates resting
BP and HR in BSO-treated mice.

Increased oxidative stress was previously shown to be an
important mechanism leading to impairment of the reflex con-
trol of circulation in experimental hypertension.>® However,
no data are available on the actions of BSO-induced oxidative
stress in central or peripheral nervous system control of the
cardiovascular system by arterial baroreceptors.

The precise mechanism by which oxidative stress may raise
the sympathetic tone in BSO-treated animals has not been
fully elucidated. Local ROS production appears to mediate
SNS activation in the brain, NO modulates SNS activity in
the central nervous system, and increased ROS production
can activate the SNS through the oxidation/inactivation of
NO.! In Sprague-Dawley rats, superoxide dismutase mimet-
ics increased the abundance of neuronal nitric oxide synthase
in brain nuclei involved in the noradrenergic control of BP.6?
As reported above, BSO-treated rats show reduced plasma and
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urinary levels of the NO metabolite nitrate plus nitrite.!>16:26

These observations suggest that the increased SNS activity
produced by BSO administration may be related to a decreased
NO bioavailability due to ROS-induced NO inactivation.

RENAL FUNCTION AND DOPAMINE-INDUCED NATRIURESIS
Serum creatinine concentration, creatinine clearance, and
urinary protein excretion values were similar between BSO-
treated animals and controls.!>!%21:23 Furthermore, light
microscopy studies found no morphological abnormalities in
the kidneys of BSO-treated rats'*162! or mice.?? These obser-
vations suggest that oxidative stress per se cannot induce dis-
cernible renal disease and/or structural abnormalities of the
kidney, at least in the period analyzed in these studies, i.e.,
< 5 weeks. However, it has been reported that BSO pretreat-
ment may exacerbate renal mercury toxicity in rats.®3

Dopamine plays an important role in regulating renal func-
tion and BP. Dopamine synthesis and dopamine receptor sub-
types have been demonstrated in the kidney. Dopamine acts
via cell surface receptors coupled to G proteins linked to ade-
nylyl cyclase stimulation. Activation of D,-like receptors on
the proximal tubules inhibits tubular sodium reabsorption
by inhibiting Na/H-exchanger and Na/K-adenosine triphos-
phatase activity. There have been reports of defective renal
dopamine production and/or dopamine receptor function in
human primary hypertension and in genetic models of animal
hypertension.646>

BSO treatment (30 mmol/l for 2 weeks) caused oxida-
tive stress and an increase in BP, which was accompanied
by defective D, receptor G-protein coupling and loss of
natriuretic response to SKF38393, a D, receptor agonist.
BSO treatment also increased NF-xf nuclear transloca-
tion, protein kinase C activity and expression, G-protein-
coupled receptor kinase-2 membranous translocation, and
D, receptor serine phosphorylation.?! In BSO-treated rats,
supplementation with tempol decreased oxidative stress,
normalized BP, and restored D, receptor G-protein coupling
and natriuretic response to SKF38393. Subsequently, this
group?? also observed that the concomitant administration
of BSO (30 mmol/l for 12 days) and high salt caused oxida-
tive stress, D, receptor dysfunction, and a marked increase
in BP. Although renal dopamine production was increased,
the baseline Na/K-ATPase activity was not reduced in these
animals. Treatment of rats with BSO and high salt plus the
antioxidant tempol decreased oxidative stress, restored
endogenous and exogenous D, receptor agonist-mediated
Na/K-ATPase inhibition, and normalized BP.

CONCLUDING REMARKS
Over the past two decades, a large number of experimental

studies have reported the functions and roles of free radicals
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in normal physiology and have described the association of
oxidative stress with diverse disease states, including arterial
hypertension. The finding that oral administration of BSO,
that induces GSH depletion, produced oxidative stress and
increased BP, demonstrated for the first time that oxidative
stress can be a cause of hypertension and offered the oppor-
tunity to study the interaction of oxidative stress with fac-
tors that elevate BP. This review summarizes the main factors
implicated in the pathogenesis of BSO-induced hypertension
and the alterations related to renal function and BP control
(Figure 1), offering a thorough and updated analysis of the
contribution of several potential pathogenic factors, including
vascular reactivity, renin—angiotensin system activity, TXA2-
PGH2 production, sodium sensitivity, renal dopamine-in-
duced natriuresis, and sympathetic tone.
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