
OXIDATIVE STRESS AND HYPERTENSION

OXIDATIVE REACTIONS, which provide high-energy com-
pounds in aerobic organisms, are a source of poten-

tially cytotoxic reactive oxygen species (ROS) that induce tis-
sue dysfunction through various pathways and contribute to
numerous pathological conditions such as hypertension, scle-
rosis inflammation, heart failure, and other cardiovascular
disorders (23). Studies performed in animal models have doc-
umented the existence of ROS overproduction in hyperten-
sion (21, 27).

Oxidative stress may contribute to nitric oxide (NO) inacti-
vation (24, 25, 28), as well as to the generation of vasocon-
strictive isoprostranes (1), leading to cellular damage evi-
denced by lipid peroxidation and changes in the antioxidant
defenses (3).

Different antioxidant enzymes like superoxide dismutase
(SOD), glutathione peroxidase (Gpx), and catalase (CAT)
protect cells from deleterious effects of primary free radical
species and participate in tissue detoxification. Hypertension
also correlates with ROS-mediated alterations in the vascula-
ture and myocardium, or in the central nervous system where
downregulation of endogenous antioxidants has been ob-
served (14).

We have previously demonstrated renal oxidative stress in
spontaneously hypertensive rats (SHR) in which the activity
of the antioxidant enzyme CAT was increased while Gpx and
SOD were decreased in comparison with the normotensive

group of Wistar Kyoto (WKY) rats (22). In agreement with
these results, it has been reported that a different hypertensive
model (nontreated SHR with uninephrectomy) showed de-
creased Cu/Zn SOD expression (15).

Vascular oxidative stress has also been demonstrated in ex-
perimentally induced hypertension, such as angiotensin
(Ang) II-mediated hypertension, Dahl salt-sensitive hyper-
tension, obesity-induced hypertension, and aldosterone-pro-
voked hypertension (14).

THE RENIN–ANGIOTENSIN SYSTEM
STIMULATES THE PRODUCTION 
OF REACTIVE OXYGEN SPECIES 

IN HYPERTENSION

The accumulated experimental evidence indicates that the
renin–angiotensin system (RAS) plays a crucial role in the
production of oxygen radicals in oxidative tissue injury (1).
Ang II exerts classic hemodynamic and renal effects, but it is
also a local biologically active mediator with direct effects on
endothelial and smooth muscle cells and plays important
roles in the development of cardiovascular diseases, includ-
ing hypertension, cardiac hypertrophy, congestive heart fail-
ure, ischemic heart disease, and renal diseases (16). Ang II is
thought to increase ROS production by activating vascular
NAD(P)H oxidases (12).
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DO THE ANGIOTENSIN II TYPE 1
RECEPTOR BLOCKERS IMPROVE 

THE ANTIOXIDANT STATUS 
IN HYPERTENSION?

Many physiological functions of Ang II are directly medi-
ated by ROS (13). It induces oxidative stress in heart, brain,
and liver of the hypertensive rat model by decreasing the ac-
tivity of antioxidant enzymes, while it plays no role in this
process in normotensive genetic controls (22). When we ex-
amined the capacity of losartan, the Ang type 1 receptor
blocker, to modify parameters of oxidative stress in SHR and
normotensive control rats, changes were only detected in the
SHR group (22).

For this reason, the aim of the present study was to de-
termine whether the RAS inhibitor, lisinopril, is able to di-
minish the oxidative damage induced in liver, kidney, and
brain from SHR in comparison with the normotensive
WKY rats.

ANGIOTENSIN-CONVERTING ENZYME
INHIBITORS DIMINISH ANG 

II PRODUCTION AND INCREASE 
OTHER BENEFICIAL

ANTIHYPERTENSIVE METABOLITES

The angiotensin-converting enzyme (ACE) inhibitors are
frequently used for clinical therapeutics of hypertension and
cardiac hypertrophy. ACE inhibition diminishes Ang II pro-
duction and, simultaneously, prolongs bradykinin half-life by
inhibition of kinase II and activation of the kallikrein–kinin
system (18). Furthermore, ACE inhibitors increase levels of
the antihypertensive heptapeptide Ang-(1–7), that opposes
various Ang II effects (29).

ANTIOXIDANT DEFENSES IN
EXPERIMENTAL HYPERTENSION

In agreement with earlier results (22), the comparison of
parameters of oxidative stress in tissues from hypertensive
and normotensive rats indicated that no significant difference
was observed in thiobarbituric acid reactive substances
(TBARS) levels measured in liver, kidney, or brain ho-
mogenates (Fig. 1). In contrast, the glutathione (GSH) con-
tent varied among tissues, being lower in liver, but higher in
brain from SHR (Fig. 2). Accordingly, the activity of antioxi-
dant enzymes [superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (Gpx)] decreased in SHR tissues
when compared to the WKY rats (Table 1). In SHR kidney,
only CAT activity increased 25% with respect to normoten-
sive rats (Table 1)

Therefore, it is clear that hypertension is associated with
impaired antioxidant defenses in the SHR model.

DOES LISINOPRIL PLAY A ROLE AS
ANTIOXIDANT IN HYPERTENSION?

In several pathologies, TBARS formation is a reliable indi-
cator of free radical production in tissues. Present results show
that lisinopril administration to SHR was associated with a di-
minished TBARS content in liver (35%), kidney (25%), and
brain (40%). In addition, an increased GSH content was deter-
mined in liver (66%), kidney (31%), and brain (20%), in com-
parison with untreated SHR. Also, when the ACE inhibitor
was given to SHR, changes in the activity of antioxidant en-
zymes were observed (Table 1). SOD, CAT, and Gpx activities
increased in kidney 91%, 20%, and 30% and in brain 70%,
34%, and 30%, respectively, relative to values detected in un-
treated SHR. Surprisingly, in liver, the only lisinopril-pro-
moted change was a 36% decreased CAT activity.
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FIG. 1. Lipid peroxidation in tissues of control
and lisinopril-treated rats. Bars represent mean
± SD of 8 animals in the WKY group and 8 ani-
mals in the SHR group. #p < 0.0001 lisinopril-
treated group (striped bars) versus untreated con-
trol (plain bars).
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DOES LISINOPRIL EXERT SIMILAR
ANTIOXIDANT EFFECTS IN 

THE NORMOTENSIVE WISTAR 
KYOTO GROUP?

After lisinopril administration, a significantly reduced
lipid peroxidation was observed in kidney (30%) and brain
(25%) of WKY rats, compared with the corresponding tissue
of the untreated-WKY group (Fig. 1). Moreover, such treat-
ment increased 27% the GSH level in kidney and 41% in
brain (Fig. 2)

The ACE inhibitor also produced changes in the activity of
antioxidant enzymes in WKY rats (Table 1), that is, it en-
hanced SOD and Gpx activities in kidney (30% and 19%, re-
spectively) and brain (21% and 50%, respectively), relative to
the untreated-WKY group.

On the contrary, lisinopril administration to normotensive
controls decreased the activity of CAT (19%) and Gpx (11%)
in liver (Table 1). This different pattern of response to lisino-
pril in liver, also observed in SHR, may be due to changes of
ACE activity and/or different levels of expression or regula-
tion of the RAS cascade in this organ. Besides, the pattern of
ACE induction and inhibition might be different depending
on the organ. Furthermore, it is necessary to consider that the
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effect of ACE inhibitors on the antioxidant defenses might
occur only in certain tissues or cell types (4).

As support of our findings, it was reported that the adminis-
tration of ACE inhibitors enalapril or captopril to normotensive
animals does induce antioxidant enzymes in different tissues (4).

CONCLUSION AND OPEN QUESTIONS

Changes in the redox state of blood vessels and essential
organs such as heart and kidney impair important functions
leading to pathogenesis of hypertension. Kidneys are impor-
tant blood pressure regulators that are also likely targets of
ROS leading to elevated levels of oxidation markers and de-
creased urinary nitrate and nitrite, whereas the associated tis-
sue damage results in protein excretion (14).

In the present study, lisinopril administration to SHR re-
duced lipid peroxidation, activated the antioxidant enzymes,
and enhanced glutathione content, the most important nonen-
zymatic intracellular ROS scavenger in kidney and brain.
These findings suggest that lisinopril may play an active role
restoring glutathione content and/or stimulating cellular an-
tioxidant mechanisms. 

Similarly, ACE inhibition in a rat model of streptozotocin-
induced diabetes reduced oxidative stress to the same extent
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FIG. 2. Comparison of glutathione content in
tissues of control and lisinopril-treated rats.
Bars represent mean ± SD of 8 animals in the
WKY group and 8 animals in the SHR group. #p
< 0.001 lisinopril-treated group (striped bars) ver-
sus untreated control (plain bars). *p < 0.001
SHR versus WKY rats.

TABLE 1. ACTIVITY OF ANTIOXIDANT ENZYMES IN LIVER, KIDNEY, AND BRAIN OF NORMOTENSIVE AND HYPERTENSIVE RATS

WKY WKY-Lis SHR SHR-Lis

Liver SOD (U/mg protein) 10.60 ± 2.56 8.02 ± 1.29** 3.22 ± 1.00& 4.00 ± 0.90
CAT (pmol/mg protein) 3.10 ± 0.22 2.52 ± 0.24* 2.50 ± 0.29& 1.60 ± 0.10*
Gpx  (U/ mg protein)    0.55 ± 0.01 0.49 ± 0.01* 0.32 ± 0.01& 0.35 ± 0.03

Kidney SOD (U/mg protein) 5.40 ± 0.70 7.02 ± 0.65* 2.80 ± 0.50& 5.35 ± 0.46*
CAT (pmol/mg protein) 1.46 ± 0.38 1.41 ± 0.08 1.82 ± 0.10# 2.18 ± 0.10*
Gpx  (U/ mg protein)    0.59 ± 0.02 0.70 ± 0.01* 0.23 ± 0.02& 0.30 ± 0.01*

Brain SOD  (U/mg protein) 10.20 ± 1.20 12.30 ± 1.30* 3.02 ± 1.00& 5.49 ± 0.60*
CAT (pmol/mg protein) 0.06 ± 0.01 0.06 ± 0.01 0.04 ± 0.01# 0.07 ± 0.01*
Gpx  (U/mg protein)    0.10 ± 0.01 0.15 ± 0.01* 0.07 ± 0.01& 0.13 ± 0.01*

Values represent mean ± SD. Statistical significance respect to the untreated rat is indicated by *p < 0.001, **p < 0.01. Com-
parison of SHR vs. WKY rats is indicated by &p < 0.001, #p < 0.01.
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as N-acetyl-l-cysteine known to have direct antioxidant prop-
erties (9). Furthermore, in heart of rat with left ventricular
aneurysm, ACE inhibition attenuated oxidative stress and
prevented left ventricular remodelling (20). 

Lisinopril was proposed as an antioxidant when it was de-
scribed as an effective inhibitor of copper-induced red cell
lipid peroxidation and copper-promoted methemoglobin for-
mation (8).

It is known that Ang II formation decreases by ACE inhibi-
tion, whereas levels of other metabolites of the RAS cascade
such as Ang-(1–7) and bradykinin increase (29). Since losar-
tan did not modify the parameters of oxidative stress in WKY
(22) but lisinopril did, present results provide evidence that
kinins and the RAS are involved not only in the hypertensive
but also in the normotensive group. In accordance with our
results, Cellier et al. reported that during ACE inhibition
bradykinin inhibits the phosphorylation of ERK1/2 as well as
oxidative stress in glomeruli of streptozotocin-diabetic rats
(5). These inhibitory actions in the glomeruli are consistent
with a renoprotective action of bradykinin and kinin B2 re-
ceptor during diabetes mellitus and support the existence of a
role for this autacoid in the beneficial effects of ACE inhibi-
tion (5).

Several stimuli are known to activate NAD(P)H oxidases
such as cytokines, thrombin, tyrosine kinases, mechanical
forces, hyperglycemia, and Ang II via AT1 receptor signaling.
Thus, the inhibition of the AT1 receptor or the reduced Ang II
formation after ACE inhibition will target oxidative stress at
its source by preventing the formation of superoxide anion
and other ROS that follow NAD(P)H activation (7). More-
over, ACE inhibition enhances NO formation through kinin
accumulation and abrogate a number of downstream effects,
such as increased cell proliferation, reduced NO bioactivity,
lipid peroxidation, resulting from NAD(P)H oxidase activa-
tion, and the subsequent ROS formation. NO also inhibits the
activity of NAD(P)H oxidase, thereby reducing ROS forma-
tion (7) and upregulates vascular extracellular SOD (11). Fur-
thermore, compelling evidence suggests that the kinin B2 re-
ceptor is organ-protective and partakes in the therapeutic
effects of ACE inhibition and Ang AT1 receptor antagonists.
Benefits derive primarily from vasodilatory, antihyperten-
sive, antiproliferative, antihypertrophic, antifibrotic, an-
tithrombotic, and antioxidant properties of kinin B2 receptor
activation. Mechanisms include the formation of NO and
prostacyclin and the inhibition of NAD(P)H oxidase involv-
ing classical and novel signaling pathways (7).

In conclusion, we demonstrated in this work that lisinopril
administration diminishes levels of oxidation markers and in-
creases the activity of the antioxidant enzymes not only in the
hypertensive SHR group, but also in the normotensive WKY
group, thus improving the antioxidant system and protecting
the cellular integrity. Therefore, our findings support the hy-
pothesis that ACE inhibition widens the possibilities to lessen
ROS-promoted tissue damage, thus suggesting a new thera-
peutic strategy to attenuate complications associated with ox-
idative stress. Our data are consistent with the view that a
normal regulation of the RAS cascade may be of clinical rele-
vance to treat hypertension and other cardiovascular diseases.
Studies in humans testing the hypothesis that lisinopril has
antioxidant function in vivo are warranted.
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APPENDIX

Notes

1. Chemicals
NADPH, reduced glutathione (GSH), 5,5�-dithio-bis-(2-ni-

trobenzoic acid) (DTNB), thiobarbituric acid, glutathione re-
ductase, lisinopril, and tert-butyl hydroperoxide were pur-
chased from Sigma-Aldrich (St. Louis, MO). All other
chemicals were of analytical grade.

2. Animals and treatments
Experiments were performed in 12-week-old male SHR

and WKY rats (body weight, 372 ± 9 g). The animals were
housed in individual cages in a room maintained at 25 ± 2°C
on a 12-h light/dark cycle and had free access to standard rat
chow and tap water.

One group of SHR (8 animals) and another of WKY (8 an-
imals) were given the ACE inhibitor lisinopril (20 mg/kg/day)
in the drinking water during 14 days, (SHR-Lis) and (WKY-
Lis), respectively. Other groups of WKY and SHR without
treatment were used as controls.

3. Enzyme preparations and assays
Rats were decapitated and kidneys, liver, and brain were ex-

cised, washed with an ice-cold saline solution (0.9% NaCl),
and homogenized in a Potter–Elvehjem homogenizer. SOD,
CAT, and Gpx activities were determined spectrophotometri-
cally in tissue homogenates prepared in a medium containing
140 mM KCl and 25 mM potassium phosphate buffer (pH
7.4), and centrifuged at 600 g for 10 min. The supernatant, a
suspension of preserved organelles, was used as homogenate.
CAT activity was determined by measuring the decrease in ab-
sorbance at 240 nm (6). Gpx activity was assayed by following
NADPH oxidation at 340 nm; one unit of the enzyme repre-
sents the decrease of 1 mmol of NADPH/min under assay con-
ditions (10). SOD activity was determined by inhibition of
adrenochrome formation rate at 480 nm (19). One unit in the
SOD assay is defined as the amount of enzymatic protein re-
quired to inhibit 50% epinephrine autooxidation.

4. Lipid peroxidation
Lipid peroxidation was determined by measuring the rate of

production of TBARS (expressed as malondialdehyde equiva-
lents). One volume of tissue homogenate was mixed with 0.5
volume of trichloroacetic acid (15% wt/vol) and centrifuged at
2,000 g for 10 min. Supernatant (1 ml) was mixed with 0.5 ml
thiobarbituric acid (0.7% wt/vol) and boiled for 10 min. After
cooling, sample absorbance was determined spectrophotomet-
rically at 535 nm. Malondialdehyde concentration was calcu-
lated using an  value of 1.56 � 105 M-1 cm-1(2).
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5. Reduced glutathione 
Reduced glutathione (GSH) was determined as nonprotein

in rat tissues using the method by Sedlak and Lindsay (26).
Briefly, tissues were homogenized in 5.0 ml of cold KCl
(1.15%), and proteins were precipitated with trichloroacetic
acid. The reaction mixture contained 0.5 ml supernatant, 2.0
ml Tris-EDTA buffer (pH 8.9), and 0.1 ml 6 mM DTNB. Ab-
sorbance was determined at 412 nm. The results were ex-
pressed in µmol GSH mg-1 protein.

6. Protein determination
Protein concentration was evaluated by the method of

Lowry et al. (17) using bovine serum albumin as standard.

7. Statistics
Values in the table and figures are expressed as mean ±

S.D. Differences between WKY, SHR, WKY-Lis and SHR-
Lis groups were analyzed using two-way ANOVA, consider-
ing p < 0.05 as statistically significant.
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