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ARTICLE INFO OBJECTIVE

Keywords: Background: The main cause of death among patients with malignant hypertension is a kidney failure. The

Kidney promising field in essential and malignant hypertension therapy could be centered on the amelioration of

;‘NAME ) oxidative stress using antioxidant molecules like resveratrol. Resveratrol is a potent antioxidative agent naturally
1t'r0ty.rosme occurred in many plants that possess health-promoting properties.

Oxidative stress . . . . . .

Resveratrol Methods: In the present study, we investigated the therapeutic potential of resveratrol, a polyphenol with anti-

oxidative activity, in N®-L-Arginine Methyl Ester (L-NAME) treated spontaneously hypertensive rats (SHR) -
malignantly hypertensive rats (MHR).

Results: Resveratrol significantly improves oxidative damages by modulation of antioxidant enzymes and sup-
pression of prooxidant factors in the kidney tissue of MHR. Enhanced antioxidant defense in the kidney improves
renal function and ameliorates the morphological changes in this target organ. Besides, protective properties of
resveratrol are followed by the restoration of the nitrogen oxide (NO) pathway. 4) Conclusion: Antioxidant
therapy with resveratrol could represent promising therapeutical approach in hypertension, especially malig-
nant, against kidney damage.

Spontaneously and malignant hypertension

1. Introduction Cardiovascular disease (CVD) and chronic kidney disease (CKD) are the
major NCDs. Hypertension is one of the most important cardiovascular

According to the World Health Organization the most common risk factors. Other cardiovascular risk factors include impaired endo-
causes of death all over the world are non-communicable diseases thelial function, reduced production/release, or increased inactivation
(NCDs), accounting for almost two-thirds of all global deaths [1]. of endothelium-derived vasodilators, as well as interactions of NO with
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angiotensin 2, reactive oxygen species (ROS), reactive nitrogen species
(RNS) as well as oxidized lipoproteins. Unfortunately, the precise cause
of blood pressure elevation often cannot be determined. In the general
population, 30-45 % of death is caused by hypertension, with a ten-
dency to increase incidence from the age of 50. Hypertension and kidney
diseases are closely interconnected. Hypertension induced a cluster of
disorders of the heart and blood vessels which causes the damage of the
one organ that leads to dysfunction of the other, eventually failing both
organs [2]. In the past decades, although numerous studies have been
performed aiming to develop better strategies for treating high blood
pressure, the therapeutic outcome has been still unsatisfactory. Un-
treated hypertension in the human population (about 10%) results in a
developed malignant or accelerated form, defined by extremely high
systolic and diastolic arterial pressure (SAP > 200; DAP > 130). Un-
fortunately, the prognosis of patients with malignant hypertension is
highly unfavorable because almost eight out of ten patients die within 2
years [3,4]. The main cause of death among patients with malignant
hypertension is a kidney failure [4]. This situation requires an urgent
need for better developing appropriate therapeutic strategies.

Animal models have been useful for unravelling the pathogenesis of
hypertension and for testing novel therapeutic strategies. Spontaneously
hypertensive rats (SHR) are widely used as a rat model of primary or
essential hypertension because they have similar vascular anatomy and
structure as humans [5,6]. Malignant hypertension can develop from
essential through serious long-term nitric oxide (NO) inhibition by
L-NAME resulting in a significant increase in blood pressure, profound
vasoconstriction, oxidative stress, and structural alterations of the
conduit and large arteries, as well as cardiac hypertrophy [7,8].

In addition, it has been demonstrated that the administration of
antioxidant agents, such as vitamins C and E, improved arterial stiffness
and endothelial function in essential hypertensive patients [9]. Resver-
atrol (RSV; 3,5,4 -trihydroxy stilbene, C14H;203) is one of the most
highly investigated and well-known antioxidant molecules [10-12].
Numerous studies have demonstrated beneficial effects of resveratrol on
human health, including CVD [7,8,10,12,13] and kidney disease [10,
13]. Resveratrol is one of the natural polyphenol compounds found in
pomegranates, berries, peanuts, and red wine. Furthermore, it is found
with an elevated level in grape juice. Over the years, many investigators
have shown a beneficial effect of resveratrol on endothelial function,
carcinogenesis, neuroprotection, and inflammation [14]. Data obtained
using different animal models such as ischemia-reperfusion injury [15],
drug-induced kidney injury [16], kidney toxicity [17], diabetic ne-
phropathy [18], and sepsis-induced kidney injury [19] have shown the
well-proven utility of resveratrol. Although resveratrol was shown to
alleviate kidney injury in a several experimental models, the possible
protective effect of resveratrol on malignantly hypertension induced
target organ injury has not yet been completely investigated.

New antihypertensive strategies that target not only blood pressure,
but also exhibit beneficial organ-protective effects, candidate resveratrol
as effective tool in protection and preservation of the kidney in hyper-
tensive condition. Thus, the aim of the present study was to examine the
effects of resveratrol treatment on kidney function and structure,
oxidative stress, and antioxidant defense in malignantly hypertensive
rats (MHR).

2. Materials and methods
2.1. Reagents

All reagents and chemicals were provided with the highest analytical
grade from Sigma-Aldrich Merck and Acros Organic. The chemicals
obtained from Sigma-Aldrich: resveratrol, L-NAME, lithium-heparin,
nitroblue tetrazolium, nicotinamide, adenine dinucleotide, phenazine
methosulfate, dithiobis (2-nitrobenzoic acid, phenylacetate, tetrame-
thylbenzidine, azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), peri-
odic acid schiff. The chemicals obtained from Acros Organic:
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trichloroacetic acid, thiobarbituric acid, and Trolox. The chemicals ob-
tained from Centrohem: citric acid, potassium iodide, alcohol, formalin,
and hydrogen peroxide. The plasma/urine creatinine and urine protein
were evaluated using commercial kits from Hoffmann-La Roche, Leitch
Diagnostic, Germany. Anti-3-Nitrotzrosine antibody obtained from
Abacam.

2.2. Ethics Statement

The experimental protocol was in accordance with the National Law
of Animal Welfare (the Official Gazette of the Republic of Serbia, No.:
41/2009 and 39/2010) and the Directive on the protection of animals
used for scientific purposes (2010/63/EU). The study protocol was
approved by the Ethics Committee of the Institute for Medical Research
(IMR), University of Belgrade, Serbia and Veterinary Directorate, Min-
istry of Agriculture and Environmental Protection, Republic of Serbia
(No. 0316-1/11).

2.3. Animals

The experiments were performed on 6-month-old female SHR rats
(200-250 g) bred at the IMR. They were descendants of breeders orig-
inally obtained through Taconic Farms, Germantown, NY, USA. The
experimental animals were housed in plastic cages (Macrolon® cage
type 4, Bioscape, Germany) with sawdust bedding (Versele-Laga,
Belgium) certificated as having contaminant levels below toxic con-
centrations. The environmental conditions were controlled and moni-
tored by a central computer-assisted system with a temperature of 22 +
29 G, relative humidity of 55 + 15%, 15 — 20 airchanges/h, and artificial
lighting of approximately 220 V (12 hrs light/dark cycle). The experi-
mental animals had free access to food, commercial pellets for rats
(Zavod Subotica, Serbia) and tap water from municipal mains, filtered
through a 1.0 pm filter (Skala Green, Serbia).

2.4. Experimental design

All animals were examined for control values of systolic blood
pressure by an indirect method using a tail-cuff, pneumatic pulse de-
tector and direct recorder (Physiograph Four, Narco Bio-System, Hous-
ton, TX, USA) [7]. After assuring that all animals had been hypertensive,
they were divided randomly into four groups according to the 4 weeks
drug treatment: (1) SHR (n = 10), SHR received tap water 0.5 ml by
gavage; (2) SHR+R group (n = 10), SHR treated with resveratrol
(Resveratrol, C14H203, Mr 228.2, Sigma-Aldrich, USA) in a dose of 10
mg/kg/day, by gavage; (3) MHR group, SHR rats (n = 10) treated with
L-NAME (N®-L-Arginine Methyl Ester, Sigma), dissolved in tap water in
a dose of 10 mg/kg/day, and (4) MHR-+R group, SHR rats (n = 10)
treated with the combination of L-NAME and resveratrol in the same
dosages (Fig. 1).

2.5. Blood pressure measurements

At the end of treatment, all animals were anaesthetized (by 35 mg/
kg ip. sodium pentobarbital) and then direct blood pressure measure-
ment was performed [7]. Systolic (SAP) and diastolic (DAP) arterial
pressure and heart rate (HR) were measured directly through a femoral
artery catheter (PE-50, Clay-Adams Parsippany, NJ, USA) using a low
volume displacement transducer P23 Db (Statham, Oxnard, CA, USA),
and recorded on a direct writing recorder.

2.6. Biochemical measurements

Twenty-four-hour urine samples were collected in graduated cylin-
ders with an accuracy of 0.1 ml. These urine samples were used for
creatinine protein concentration measuring. After blood pressure mea-
surement, blood samples were obtained by abdominal aorta puncture,
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Fig. 1. Scheme of the experimental design.

using an anticoagulant lithium-heparin (Li-heparin, Sigma-Aldrich, St.
Louis, MO, USA), and centrifuged at 4000 rpm, 4 °C for 20 min. Plasma
was collected and stored at —20 °C until assaying. Plasma creatinine, a
marker of glomerular filtration, as well as urine protein (Up) and
creatinine (Cr) levels in 24 h urine, were measured by an automatic
COBAS INTEGRA 400 plus analyzer (Hoffmann-La Roche, Leitch Diag-
nostic, Germany). Urine protein and urine-to-creatinine ratio (Up/cr)
were used for the assessment of proteinuria.

2.7. Redox state of kidney

Kidneys were removed, rinsed in ice-cold saline, and weighed. The
tissue was immediately frozen in liquid nitrogen and stored at — 70 °C
for later analysis. Malondialdehyde (MDA), as a marker of lipid perox-
idation, was measured by using phosphoric and thiobarbituric acid so-
lution according to the method of Mihara and Uchiyama [20]. Advanced
oxidation protein products (AOPP) was measured in an acidic condition
in the presence of potassium iodide [21]. The concentration of super-
oxide anion radical (Oz ) in kidney tissue was measured at 530 nm, after
the reaction of nitro blue tetrazolium in TRIS buffer [22]. The activity of
antioxidant enzyme superoxide dismutase (SOD) was measured in kid-
ney homogenates by the spectrophotometric method, as previously
described [23]. Quantification of free protein thiol groups was deter-
mined by derivatization with 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB), by the Ellman method [24]. Paraoxonase 1 (PON1) in the
kidney was evaluated by phenylacetate [25]. Determination of
prooxidant-antioxidant balance (PAB) in the kidney tissue was per-
formed using 3,3’, 5,5'-tetramethylbenzidine as a chromogen [26]. Total
oxidant status (TOS) of tissue is based on the oxidation of ferrous iron to
ferric iron by the various types of peroxides contained in the samples, in
the presence of xylenol orange which produces a colored ferric-xylenol
orange complex whose absorbance can be measured spectrophotomet-
rically [27]. Total antioxidant capacity (TAC) method is based on the
bleaching of characteristic color of a more stable ABTS [2,2’-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid)] radical cation by antioxidant
sample constituents [28]. Ratio of TOS to TAC level was accepted as
oxidative stress index (OSI) and expressed in arbitrary units. All spec-
trophotometric analyses were performed in duplicate with an Ultrospec
3300 pro UV/Visible spectrophotometer (Amersham Biosciences Corp.,
USA).

2.8. Histopathological and semiquantitative examination

The left kidney was excised, dissected longitudinally and tissue slices
were fixed in 10% buffered formalin solution. Renal tissue samples were
dehydrated in alcohol, blocked in paraffin wax, cut into 5 um slices and
stained by periodic acid Schiff (PAS) reaction for light microscopy
observation. The whole visual field from each renal slice was analyzed
and photographed at magnification 200x, by using a light microscope
connected with a digital camera (Olympus-2, Tokyo, Japan) for histo-
pathological examination, as per our method previously published in the
literature [29]. The severity of renal impairment expressed as Renal
Damage Score (RDS) is shown in Table 1.

2.9. Immunohistochemistry examination

The standard protocol was followed for the immunohistochemistry
staining on 5 um deparaffinized and rehydrated tissue sections. The
sections were treated by microwave for 20 min at 400 W in citric acid
buffer (pH 6.0) to reduced nonspecific background staining. Slides were
incubated in 3% hydrogen peroxide for 10 min. Primary antibody for 3-
nitrotyrosine  (Abacam, Anti-3-Nitrotzrosine antibody [39B6]
(ab61392), dilution 1:1000) was applied according to the manufac-
turer’s recommended protocol. The slides were washed thoroughly with
phosphate buffer saline, pH 7.4, between the steps. 3,30-Diaminobenzi-
dine (DAB) (TL-015-HDJ, Thermo Scientific Lab Vision UltraVision ONE
Detection System) was used as chromogen, to develop the antigen-
antibody complex, and all slides were then counterstained with

Table 1
Tissue scoring scale for renal alterations—Renal Damage Score (RDS).
Degree  Description
0 Normal finding.
1 Mild damage: Single glomerular cells slightly enlarged. Mild dilatation of
small blood vessels. A few foci of inflammatory cell infiltrates.
2 Moderate damage: < 50% glomerular cells with proliferation. Severe

vasodilation is associated with hyperemia, oedema and prominent
inflammatory cell infiltrates.

3 Severe and focal damage: > 50% glomerular cells with proliferation.
Transmural rupture of the blood vessels (up to 50 %) and accumulation of
inflammatory cells.

4 Severe and diffuse damage: Complete loss of the normal glomerular
architecture and endothelial cells of the blood vessels (> 50 %). High-
intensity haemorrhages and diffuse accumulation of inflammatory cells.
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hematoxylin, dehydrated, and mounted. Appropriate positive and
negative controls were processed in parallel. The slides were analyzed
with a microscope (Olympus-2, Tokyo, Japan) at 200x magnification.
For these sections, the average number of immune-positive cells (tubular
cells with intensive optical density expression of nitrotyrosine across
twenty non-successive fields were calculated by two independent pa-
thologists in a blinded manner [23], using ImageJ software 1.50 (Na-
tional Institute of Health, Bethesda, Rockville, MD, United States).
Quantitative measurement of the immuno-positive tubular cells was
expressed according to this formula:

Percentage of 3-NT positively stained cells = the number of positively stained
tubular cells x 100 / total number of tubular cells

2.10. Statistical analysis

Results are expressed as mean + S.D. One way analysis of variance
(ANOVA) was applied as appropriate. Fisher LSD test was performed as a
post hoc multiple comparison test STATISTICA 12, StatSoft Inc, (Tulsa,
OK, USA). The differences between examined groups were significant if
p < 0.05.

3. Theory/calculation

Considering previous, resveratrol seems to serve as an effective di-
etary supplement for the protection and preservation of the kidney
injury in a several experimental models, but the question is its efficacy in
malignant hypertension. In this study, we have addressed this inter-
esting issue to examination of the resveratrol effects on kidney structure
and function and correlated it with oxidative stress and inflammation
status of kidney in the spontaneously and malignant hypertensive rats.

4. Results
4.1. Blood pressure

Blood pressure parameters are shown in Table 1. SAP and DAP
arterial pressures were 172.04 +9.68 mmHg and 133.33
=+ 12.65 mmHg in the SHR group, respectively. After 4 weeks of blocked
NO synthesis in MHR, SAP raised to 201.11 + 6.00 mmHg and DAP to
156.12 + 2.48 mmHg. The application of resveratrol significantly
reduced this blood pressure in both SHR and MHR groups (p < 0.001).
The HR remained unchanged in all experimental groups. (Table 2).

4.2. Biochemical parameters

The data of biochemical parameters showed in Fig. 2. After 4 weeks
of blocked NO synthesis in the MHR group plasma creatinine level and
urine protein were significantly elevated compared to SHR rat. The same
significance between these two groups exists when followed Up/Cr
(p < 0.001). Chronic application of resveratrol, in both SHR and MHR
groups, significantly reduced this increase of plasma creatinine

Table 2

Systolic and diastolic arterial pressure (SAP and DAP) and heart rate (HR).
Treatments SAP DAP HR
SHR 172.04 + 9.68 133.33 £ 12.65 307 + 4.83
SHR+R 138.21 £ 16.05 *** 110.85 + 14.07 *** 305 +£5.27
MHR 201.11 + 6.00 *** 156.12 + 4.83 *** 307 £ 15.67
MHR+R 162.77 + 19.07 ### 145.46 + 23.43 # 299 + 14.49

SHR - spontaneously hypertensive rat; SHR+R — spontaneously hypertensive rat
treated with resveratrol; MHR — malignant hypertensive rat; MHR+R - malig-
nant hypertensive rat treated with resveratrol; Values are means + S.D; ***
indicate p < 0.001 vs. SHR; ###, # indicate p < 0.001, 0.05 vs. MHR.
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Fig. 2. Plasma creatinine (A), urine protein (B), urine protein/creatinine ratio
(Up/Cr) (C) in experimental groups. SHR- spontaneously hypertensive rat,
SHR+R - spontaneously hypertensive rat treated with resveratrol; MHR — ma-
lignant hypertensive rat; MHR+R - malignant hypertensive rat treated with
resveratrol. Values are means + S.D. *** , ** * indicate p < 0.001, 0.01, 0.05.

(p < 0.05, p < 0.001, respectively), urine protein (p < 0.001, p < 0.01,
respectively), and Up/Cr (p < 0.001, respectively).

4.3. Redox state

In the kidney tissue of MHR level of O35 significantly increased
(p < 0.001), followed by significantly higher MDA (p < 0.01) and AOPP
(p < 0.01) compared to the SHR group (Fig. 3). Interestingly, the
application of resveratrol declines all prooxidant parameters in both
SHR+R and MHR+R compared to their respective controls (Fig. 3).

The blockade of NO syntheses decreased all antioxidant parameters
(p < 0.001) in MHR compared to the control group (Fig. 4). As expected,
these parameters were significantly increased after treatment with
resveratrol in SHR+R (p < 0.001), and in MHR + R (p < 0.001), almost
to the value of the control group (Fig. 4).

Oxidative stress parameters were significantly higher in MHR
compared to SHR (Fig. 5). However, chronic resveratrol treatments
significantly reduced TOS and PAB (p < 0.001, respectively) and
significantly increased TAC level (p < 0.001) in the SHR+R group
compared to SHR. A similar trend was maintained in the MHR+R group,
the TOS (p < 0.05) and PAB (p < 0.01) were significantly lower, but the
level of TAC (p < 0.01) was higher compared to MHR.

OSI showed similar trend in MHR so that it became significantly
increased (p < 0.01), and the application of resveratrol significantly
reduced these parameters in both treated groups (p < 0.001,
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MHR+R - malignant hypertensive rat treated with resveratrol. Values are
means + S.D. *** | ** * indicate p < 0.001, 0.01, 0.05.

respectively), compared to their respective controls (Fig. 6).
4.4. Histopathological parameters

Morphological changes in the kidney tissue are shown in Fig. 7. The
high blood pressure in SHR leads to minimal change which is charac-
terized by mild oedema and hyperemia. Only individual glomeruli
showed hypercellularity, with increased numbers of both resident cells
and infiltrating leukocytes, a mean RDS was 2.56 + 0.13 (Figs. 7A, B and
Fig. 6B). Histological changes are more intensive in MHR, including
hypercellular glomerulus and poorly defined capillary loops. Almost
completely atrophy of tubules with PAS intensive positive casts, prox-
imal and distal convoluted tubules showed diffuse epithelial cell
swelling, loss of brush border, vascular degeneration, and focal necrosis.
Increased numbers of epithelial cells and pericapillary infiltration by
polymorphonuclear leukocytes and erythrocytes were in the glomerular
lesion. These changes are correlated with the RDS (Fig. 6B) of 3.69
+ 0.12 confirming that the L-NAME in MHR induced severe renal
damage (Fig. 7E and Fig. 7F). However, the application of resveratrol
significantly ameliorates the morphological changes caused by hyper-
tension. The normal glomerulus is stained with PAS to highlight base-
ment membranes of glomerular capillary loops and tubular epithelium.
Podocytes are present and form the visceral epithelial surface. Bow-
man’s space is seen along with parietal epithelial cells (Fig. 7C and D).
Renal specimens taken from the SHR+R rats (Fig. 6B) expert minimal
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Fig. 4. Antioxidant parameters: SOD — superoxide dismutase (A), Thiol groups
(B), PON1-paraoxonase 1 (C) in experimental groups. SHR — spontaneously
hypertensive rat, SHR+R - spontaneously hypertensive rat treated with
resveratrol; MHR — malignant hypertensive rat; MHR+R- malignant hyperten-
sive rat treated with resveratrol. Values are means 4 S.D. *** | ** * indicate
p < 0.001, 0.01, 0.05.

changes 1.81 + 0.17 in comparison to the SHR (p < 0.01). Renal his-
topathological examination in the MHR+R showed a decreased intensity
of tissue damage with the distinct renal tubular epithelial cell swelling
and degeneration (Fig. 7G and H). Treatment with resveratrol in this
group is indicative of the significantly lower RDS (Fig. 6B) of 2.63
£ 0.13 (p < 0.01 vs. MHR group).

Immunohistochemistry of the kidney tissue of SHR showed that 3-
nitrotyrosine was granularly present in the cytoplasm (Fig. 8A and B).
In the MHR group intense 3-nitrotyrosine staining was observed in the
region of proximal and distal convoluted tubules, initial collecting tu-
bules, interlobular vascular endothelium, and glomeruli (Fig. 8E and F).
Treatment with resveratrol induced a total absence of 3-nitrotyrosine
particular in the SHR+R group (Fig. 8C and D). The MHR+R group
treatment with resveratrol showed much less renal staining for 3-nitro-
tyrosine compared with MHR, and the general distribution of 3-nitrotyr-
osine staining was in proximal and convoluted tubules, as well as in
glomeruli (Fig. 8G and H).

5. Discussion

The major novel findings in the present study are that the chronic
treatment of malignantly hypertensive rats with natural polyphenol
resveratrol results in reduced proteinuria, better glomerular filtration,
and improved renal histology, mainly due to antiinflammatory and
antioxidative actions of resveratrol. These effects were similar or slightly
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Fig. 5. Oxidative stress parameters: TAC — total antioxidant capacity (A), TOS —
total oxidant status (B), PAB — prooxidative balance (C) in experimental groups.
SHR - spontaneously hypertensive rat, SHR+R — spontaneously hypertensive
rat treated with resveratrol; MHR - malignant hypertensive rat; MHR+R —
malignant hypertensive rat treated with resveratrol. Values are means =+ S.D.
wxx %% jndicate p < 0.001, 0.01, 0.05.

blunted than in SHR. These results give a promise that this polyphenol,
resveratrol, has a potential to reduction a high blood pressure induced
kidney injury in different stadium of hypertension. Actually, this has for
the first time showed benefits of resveratrol on the kidney in malignant
hypertension.

Our results indicate, similarly to the study of Montoro-Molina [30],
that, in a genetic model of hypertension, renal hypertension changes
develop to overt proteinuria. There is limited literature data about
malignant hypertension and its pathophysiological influence on renal
changes. It is well known that the kidney is essential for the long-term
control of arterial pressure and that abnormalities in renal function
play a key role in the pathogenesis of hypertension. In this study, long
term blockade of NO syntheses with L-NAME in MHR rats can contribute
to the expected increase in wall tension and the hypertrophy of
glomerular capillaries. It also compromises baseline function leading to
elevated plasma creatinine and proteinuria (> 147 pmol/L and
6 mg/ml, respectively). This is similar to the two large retrospective
analyses of patients with malignant hypertension, the renal outcome
was associated with serum creatinine elevation (> 200 pmol/L and 175
pmol/L) and proteinuria (< 1 g/24 hrs) [31,32]. Some studies reported
that the treatment with the resveratrol reduced serum creatinine in
diabetic nephropathy [18], sepsis-induced kidney injury [19], kidney
toxicity [17], as well as in acute kidney injury [33]. The results of our
investigation revealed that plasma creatinine and urine protein levels
decreased after treatment with resveratrol in both models of
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Fig. 6. Risk scores: OSI — oxidative stress index (A), RDS - renal damage score
(B), number of immuno-positive cells (C) in experimental groups. SHR -
spontaneously hypertensive rat, SHR+R - spontaneously hypertensive rat
treated with resveratrol; MHR - malignant hypertensive rat; MHR+R — malig-
nant hypertensive rat treated with resveratrol. Values are means + S.D. ***, **,
* indicate p < 0.001, 0.01, 0.05.

hypertension, SHR and MHR. Although both hypertensive groups had
markedly proteinuria (UP/Cr) the resveratrol treatment induced a sta-
tistically significant reduction of this parameter in both hypertensive
rats, SHR and MHR (p < 0.001, respectively). These results indicate a
significant improvement of glomerular filtration and tubular function
after resveratrol treatment.

Essential hypertension is among other pathophysiological conditions
characterized by the increased presence (bioavailability) of reactive
oxygen/nitrogen species known as oxidative stress [2]. Daenen et al.
have showed that oxidative stress led to metabolic dysregulation and/or
lipid and protein end products oxidation, as well as oxidative damage of
cells, tissues, and organs [34]. This is in the line with the results obtained
in our study that in the MHR, long term blockade of NO synthesis,
induced excessive release of oxygen radicals. Radical storms cannot be
buffered because all antioxidant parameters are reduced, resulting in a
significant increase in protein and lipid peroxidation.

The present study also demonstrates that superoxide anion produc-
tion is ameliorated by long-term resveratrol treatment, in both models of
hypertension MHR and SHR. Moreover, it has been proposed that
resveratrol had decreased all prooxidative changes by scavenging O3
and preventing oxidative stress-induced kidney damage. The harmful
kidney O3 production is likely buffered with preserved kidney antioxi-
dant defense, since superoxide dismutase activity (SOD), paraoxonase 1
activity (PON1) as well as TAC were increased in both resveratrol
treated groups. Our results that resveratrol promotes redox benefits even
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when the nitric oxide is decreased by the inhibition of nitric oxide
synthase are in accordance with the results of Dillenburg et al. [35].
Thus, it is not surprising that great benefits are seen in MHR after
resveratrol treatment, especially keeping in mind that L-NAME signifi-
cantly diminished but did not eliminate resveratrol-induced anti-
oxidative activity.

Evidence obtained from different animal models [36-38] and pa-
tients with essential hypertension [37] support the hypothesis that the
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Fig. 7. Protective effects of resveratrol treat-
ment in the kidney tissue of the essential and
malignant hypertensive rats, periodic acid
Schiff (PAS) method, 200x magnified images,
bar = 100 um. (A-B) Mild oedema of glomeruli
and slightly prominent tubular dilatation with
infrequent PAS-positive tubular casts in the
SHR group. (C-D) The normal shape of
glomeruli and tubulointerstitium in the SHR+R
group. (E-F) Glomerulus with capsular adhe-
sions and tubular atrophy and dilatation with
PAS-positive tubular casts in the MHR group.
(G-H) Moderate capsular adhesion and incip-
ient sclerosis; well-preserved tubules and
interstitium in MHR+R group.

development of hypertension and hypertension-induced damage in
target organs are associated with oxidative stress and inflammation
[39]. Our results confirmed elevated blood pressure and typical histo-
pathological changes of the kidney tissue in the SHR group, including
arteriole alterations, individual glomerular damage, and moderate
oedema of tubulointerstitium, also seen in the studies of other authors
[40,41]. These histological changes are more intensive in MHR, fol-
lowed by a remarkable increase in SAP and DAP. Long term exposure to
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Fig. 8. Immunohistochemical staining of 3-nitrotyrosine in the kidney tissue of the essential and malignant hypertensive rats, magnification 200x. (A-B) Granular
appearance of 3-nitrotyrosine particles in SHR. (C-D) negative immunostaining in the SHR+R group. (E-F) intense cytoplasmic staining in the kidney tissue of MHR
(dark brown). (G-H) resveratrol induced much less 3-nitrotyrosine staining in the MHR+R group.

very high blood pressure in MHR overcame the wall tension force of
these epithelial cells that limit their ability to maintain physical integrity
and their ability to withstand mechanical stress load leading to atrophy
of tubules, vascular damage, and focal necrosis completely [42].

The central findings of this study are that the treatment with this
natural compound resveratrol ameliorates hypertension as well as the

renal infiltration of lymphocytes, macrophages, and preserves tubu-
lointerstitial areas of the kidney subjected to the extremely high blood
pressure. The precise mechanisms of resveratrol induced blood pressure
lowering in SHR we showed in the our previous studies [7,8]. Similar
results were obtained in the study of Javkhedkar et al. after 8 weeks of
treatment with a much higher dose of resveratrol (50 mg/kg) [43]. Also,
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in a model of acute kidney injury, pretreatment of animals with
resveratrol (5 and 10 mg/kg) markedly attenuated renal dysfunction,
improved morphologic alterations, reduced elevated oxidative stress,
and restored the depleted renal antioxidant enzymes [33]. The present
study demonstrates, for the first time, interstitial immune cell infiltra-
tion, as well as vascular degeneration and atrophy of tubules in the renal
tissue of MHR, reduced after treatment with antioxidant resveratrol.

The kidney is one of the most susceptible target organ for
hypertension-induced tissue damage [42]. In different models, it has
been well described that the downregulation of NO played a decisive
role in development of hypertension and kidney disease [44-46].
Reduced NO bioavailability promotes an oxidative imbalance by
simultaneously enhancing ROS and RNS production and
down-regulating key antioxidant enzymes [47]. Increased levels of ROS
indicate excessive production of superoxide, which reacts with NO to
form peroxynitrite. Peroxynitrite can cause nitration of tyrosine residues
on proteins to form nitrotyrosine [47] and has been identified as an
indicator or marker of cell damage and inflammation [48-50]. The
elevated level of nitrotyrosine reflects the degree of tissue damage [49],
while the presence of nitrotyrosine in the kidney detected with immu-
nohistochemistry could be associated with progressive deterioration of
the kidney [51].

In accordance with the earlier study [43], our SHR also exhibited
hypercellularity in individual glomeruli of the renal tissue followed with
mild oedema and hyperemia. This was associated with marked elevation
of TOS and PAB in the kidney tissue, suggesting oxidative stress of these
cells. In hypertension, especially malignant, disturbed endothelial cells
increase NADPH-oxidase activity that directly reduces the bioavail-
ability of endothelial NO [52]. Also, high intrarenal pressure-induced
glomerular injury and advanced production of ROS/RNS [53]. Agents
such as L-NAME that reduce local, intra-renal bioavailability of NO or
increase renal vasoconstriction may directly increase ROS/RNS pro-
duction within the kidney and play a role in the aggravation of the
histopathological damage of the kidney [54,55]. Its rationale to assume
that malignant hypertensive rats of our study have excessive production
of different reactive oxygen/nitrogen species including superoxide
anion and 3-nitrotyrosine, as well as infiltration of inflammatory cells
that lead to direct oxidation of protein within the kidney, induced renal
injury with mild glomerular damaged vascular degeneration, and focal
necrosis.

The suppression of renal inflammation obtained with resveratrol has
been previously shown in different experimental models [18,56]. We
measured total antioxidant and total oxidant contents due to the di-
versity of antioxidant and oxidant agents’ interactions. Accordingly, in
the present study, the improvements of blood pressure, as well as kidney
structure and function in SHR treated with resveratrol, were accompa-
nied by replenished antioxidant defense and lower 3-nitrotyrosine
levels, verifying the antioxidant and NO-mediated renoprotective ef-
fects of resveratrol.

Our data shows for the first time, that resveratrol treatment in MHR
not only decreases blood pressure and oxidative stress but also restores
the antioxidant capacity of these animals. Actually, oral administration
of resveratrol in MHR increased all antioxidant parameters and
decreased levels of kidney non-enzymatic prooxidant, as well as reduced
the formation of 3-nitrotyrosine to normal range in SHR rat. In the
present study, we also show that resveratrol’s protection against hy-
pertension may be related to the restoration of the NO pathway. As far as
we know, this is the first study showing that resveratrol decreases
overproduction of 3-nitrotyrosine in kidney tissue, therefore it is
conceivable that resveratrol targets both antioxidative and inflamma-
tory pathways to protect renal tubules against L-NAME induced hyper-
tension. In line with this, Hong et al. found protective action of
resveratrol through upregulation of NO in the kidney cells [57]. More-
over, it has been proposed that resveratrol exerts a renoprotective action
as a result of the upregulation of nitric oxide and antioxidant activity.
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6. Conclusions

In conclusion, resveratrol significantly attenuates kidney damage in
malignantly hypertensive rats at the same way, but a little more subtle
than in SHR. Resveratrol decreased proteinuria and inflammation in the
kidney tissue and its renoprotective effect is closely related to the in-
hibition of reactive oxygen species and reactive nitrogen species pro-
duction as well as restoration of endogenous antioxidants and nitric
oxide enzyme activity followed by blood pressure lowering. Our study
suggests that resveratrol may be a promising therapeutical approach for
different hypertension-induced renal damage, especially in combination
with conservative agents.
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