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Abstract:

Hyperleptinemia may be involved in the pathogenesis of obesity-associated hypertension, however, the mechanism of hypertensive

effect of leptin is incompletely elucidated. Previously, we have demonstrated that chronic hyperleptinemia causes up-regulation of

renal Na�,K�-ATPase and decreases urinary Na� excretion. Herein, we investigated whether antioxidant treatment could correct

these abnormalities. The study was performed on male Wistar rats. Leptin administered for 7 days (0.25 mg/kg twice daily sc)

increased systolic blood pressure by 20.6%. Leptin had no effect on urine output and creatinine clearance but reduced sodium

excretion by 40.1%. Na�,K�-ATPase activity in the renal cortex and medulla was higher in leptin-treated rats by 24.3% and 80.6%,

respectively. In addition, hyperleptinemia was associated with an increase in plasma and urinary 8-isoprostanes and reduced urinary

excretion of nitric oxide (NO) metabolites and cGMP. Co-treatment with a superoxide dismutase mimetic, tempol, or an NAD(P)H

oxidase inhibitor, apocynin (2 mM in the drinking water), prevented leptin-induced blood pressure elevation, normalized plasma and

urinary 8-isoprostanes, urinary excretion of sodium, NO metabolites and cGMP, as well as prevented up-regulation of renal

Na�,K�-ATPase activity. These data suggest that hyperleptinemia increases renal Na�,K�-ATPase activity and reduces natriuresis by

inducing oxidative stress-dependent NO deficiency. Antioxidant treatment is effective in leptin-induced hypertension and should be

considered in controlling blood pressure in hyperleptinemic obese individuals.
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Introduction

Leptin is a recently described peptide hormone se-

creted by white adipose tissue, which is involved in

the regulation of various physiological processes in-

cluding energy balance, reproduction, immune and in-

flammatory response and cardiovascular function

[30]. Plasma leptin concentration is increased in

obese individuals and in animals with dietary-induced

obesity [11]. Recent studies indicate that hyperlepti-

nemia is involved in the pathogenesis of obesity-

associated complications including arterial hyperten-

sion [40]. Acutely administered leptin has no effect on

blood pressure because it stimulates the opposite pres-

sor (i.e. sympathetic nervous system, SNS), and de-

pressor mechanisms such as natriuresis and nitric ox-

ide (NO)-dependent vasorelaxation [6, 17]. However,

chronic leptin administration increases blood pres-

sure, suggesting that either acute depressor effects of

leptin become inefficient or additional pressor mecha-

nisms appear [45].

Na+,K+-ATPase is responsible for active sodium

reabsorption along the nephron and thus is involved in
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the regulation of body fluid volume and blood pres-

sure [14]. Inadequate Na+,K+-ATPase regulation con-

tributes to Na+ retention and blood pressure elevation

in some animal models of hypertension including Mi-

lan hypertensive rat [15], spontaneously hypertensive

rat [20], Dahl salt-sensitive rat [35] and obesity-

associated hypertension [23]. Recently, we have dem-

onstrated that chronic hyperleptinemia decreases

natriuresis and up-regulates renal Na+,K+-ATPase ac-

tivity, which suggests that sodium pump may be in-

volved in the pathogenesis of leptin-induced hyper-

tension [4]. Interestingly, Na+,K+-ATPase activity is

increased in the renal cortex and medulla of rats with

dietary-induced obesity [6], but unchanged [16] or in-

creased only in the renal cortex [8] in obese Zucker

rats which have a mutation of the leptin receptor gene,

suggesting that functional leptin signaling is neces-

sary for obesity-induced up-regulation of renal so-

dium pump. Hyperleptinemia is also associated with

systemic and intrarenal oxidative stress and NO defi-

ciency evidenced by reduced urinary excretion of NO

metabolites and its second messenger, cGMP [7]. NO

inhibits Na+ reabsorption and Na+,K+-ATPase activity

in different nephron segments [25, 27, 32]. The

amount of bioactive NO may be curtailed by reactive

oxygen species (ROS), especially superoxide radical

(O2
–) which binds NO to form peroxynitrite (ONOO–).

Studies performed during the last decade indicate that

chronic low-level oxidative stress may contribute to

the development of hypertension by limiting NO

availability and attenuating its effect on vascular tone

and renal Na+ transport [38, 47]. Taken together, these

data suggest that hyperleptinemia could up-regulate

renal Na+,K+-ATPase by oxidative stress-dependent in-

activation of NO. In the present study, we investigated

the effect of antioxidant treatment on renal Na+,K+-A-

TPase in hyperleptinemic rats.

Materials and Methods

Animals and reagents

The study was performed on 72 normotensive adult

male Wistar rats weighing 208 ± 8 g (mean ± SEM)

before the experiment. The animals were kept at a tem-

perature of 20 ± 2°C under 12-h light/dark cycle

(lights on at 7.00 a.m.). The study protocol was ap-

proved by the Bioethics Committee of the Medical

University in Lublin.

Recombinant human leptin was purchased from

R&D Systems (Abingdon, Oxon, UK). As recom-

mended by the manufacturer, the vial containing 5 mg

of leptin was dissolved in 2.5 ml of 15 mM HCl and

then 1.5 ml of 7.5 mM NaOH was added to bring pH

to 5.2. This solution was diluted with the 15 mM

HCl/7.5 mM NaOH mixture (5:3 vol/vol), frozen in

0.06 mg/0.25 ml aliquots, stored at –40°C and thawed

immediately before use. The specific inhibitor of

H+,K+-ATPases, Sch 28080, was provided by Sche-

ring-Plough Research Institute (Kenilworth, NJ, USA).

Other reagents were obtained from Sigma-Aldrich

(St. Louis, MO, USA).

Experimental protocol

The rats were randomly divided into 9 groups (n = 8

each): 1) control group, fed ad libitum standard rat

chow containing 0.22% Na+, 2) leptin-treated group,

which received leptin injections (0.25 mg/kg twice

daily sc for 7 days), 3) since leptin inhibits food in-

take, pair-fed group was included, in which the

amount of chow served was adjusted to food con-

sumption by leptin-treated animals, 4) ad libitum-fed

group receiving superoxide dismutase mimetic which

catalytically scavenges O2
–, 4-hydroxy-2,2,6,6-tetra-

methyl piperidinoxyl (tempol), in the drinking water

at a concentration of 2 mM, 5) ad libitum-fed group

receiving NADPH oxidase inhibitor, apocynin (2 mM

in the drinking water), 6) ad libitum-fed group receiv-

ing �1-adrenergic antagonist, prazosin (50 mg/l of

drinking water), 7) leptin-treated group receiving tem-

pol, 8) leptin-treated group receiving apocynin, 9)

leptin-treated group receiving prazosin. To exclude

a nonspecific effect of injecting exogenous protein,

animals not treated with leptin received bovine serum

albumin (BSA, 0.25 mg/kg sc in leptin vehicle solu-

tion). Leptin and BSA injections were made every

12 h, between 7.00 and 8.00 a.m. and between 7.00 and

8.00 p.m. The approximate doses of tempol, apocynin

and prazosin calculated from water intake were

200 �mol/ kg/day, 200 �mol/kg/day and 5 mg/kg/day,

respectively. All three compounds administered in the

drinking water at concentrations applied by us have

been demonstrated to normalize blood pressure in

various models of hypertension in the rat [2, 39, 44].

Before starting the respective treatments, 24-h urine

was collected in all animals kept in metabolic cages.
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The second urine collection was performed during the

last 24 h of treatment. Urine was collected into sterile

containers with 10 �l of 2 mM EDTA and 10 �l of 0.01%

butylated hydroxytoluene (BHT) to prevent formation of

isoprostanes in vitro. Between urine collections the ani-

mals were housed in standard individual cages.

Systolic blood pressure (SBP) was measured with

a tail-cuff method in conscious restrained animals

prewarmed with a light lamp for 5 min at 37oC. Three

consecutive measurements were taken and the aver-

age value was recorded. SBP measurements were

started 5 days before the beginning of treatment to

train the animals to the procedure, and were per-

formed every day throughout the experiment between

1.00 and 2.00 p.m., i.e. about 6 h after preceding in-

jection. After completion of the second urine collec-

tion and the last SBP measurement, the animals were

anesthetized with pentobarbital (50 mg/kg). The ab-

dominal cavity was opened and blood was withdrawn

from the abdominal aorta into EDTA-containing

tubes. Subsequently, aorta was ligated proximally to

the renal artery and 5 ml of saline was infused slowly

through the cannula inserted distally to the renal arter-

ies to remove erythrocytes from the kidneys. The kid-

neys were excised and microsomal fraction of the re-

nal cortex and medulla was isolated as previously de-

scribed [5]. The kidney, plasma and urine samples

were stored at –80°C until analysis. For the measure-

ment of cGMP, 3-isobutyl-1-methylxantine (IBMX)

was added to the samples (30 �l of 10 mM IBMX per

0.5 ml of the sample) to prevent cGMP breakdown by

phosphodiesterases. Plasma and urine samples for iso-

prostane assay were stored in the presence of 0.05%

BHT.

Na+,K+-ATPase assay

Na+,K+-ATPase activity was measured as the amount

of inorganic phosphate (Pi) liberated from ATP under

Vmax conditions, i.e. in the presence of saturating con-

centrations of Na+ (100 mM), K+ (20 mM) and ATP

(3 mM). Na+,K+-ATPase activity was calculated as

the difference between activities measured in the ab-

sence and in the presence of 2 mM ouabain. Sch

28080 (0.2 mM) was added to both samples to block

ouabain-sensitive H+,K+-ATPase which otherwise in-

terferes with the assay [4, 5]. Na+,K+-ATPase activity

was expressed in �moles of Pi liberated by 1 mg of

microsomal protein during 1 h (�mol/h per mg of pro-

tein).

Other assays

Plasma and urinary creatinine was measured by the

colorimetric method using Sigma-Aldrich kit. Sodium

concentration was assayed by flame photometry. NO

metabolites (nitrites + nitrates, NOx) were assayed

colorimetrically using Total NO Assay Kit (R&D

Systems). cGMP and plasma leptin were measured by

enzyme immunoassay using kits obtained from Cay-

man Chemical (Ann Arbor, MI, USA). Plasma and

urinary 8-isoprostanes were extracted on C-18 SPE

cartridges (Waters Corporation, Milford, MA, USA)

and assayed by competitive immunoassay using Cay-

man Chemical 8-isoprostane EIA kit [7]. For the

measurement of NO metabolites, plasma and urine

samples were filtered through 10 000 molecular

weight cut-off filters (Ultrafree 0.5, Milipore, Bed-

ford, MA, USA) upon centrifugation at 10 000 × g for

10 min.

Statistics

Data are presented as the mean ± SEM from 8 animals

in each group. Statistical significance was analyzed

by two-factor ANOVA; one factor was feeding (ad li-

bitum, leptin treatment or pair-feeding) and the other

was antioxidant/antihypertensive treatment (no treat-

ment, tempol, apocynin or prazosin). A p-value less

than 0.05 was considered significant.

Results

Food intake, water intake, body weight, plasma

leptin and systolic blood pressure

There were no significant differences in food intake,

water intake, body weight and blood pressure be-

tween the groups before treatment and these variables

did not change in the control group during the experi-

ment (not shown). Food intake was significantly

lower in leptin-treated animals only on 6th and 7th

day of the experiment, however, final body weight

was similar in all groups. Tempol, apocynin and pra-

zosin had no effect on food intake either in ad libi-

tum-fed or in leptin-treated rats (Tab. 1). Water intake

did not differ between the groups. Plasma leptin was

more than three-fold higher in leptin-treated than in

control rats, whereas pair-feeding caused 40.5% de-
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crease in plasma leptin. Tempol, apocynin and prazo-

sin had no effect on plasma leptin either in ad libi-

tum-fed or in leptin-treated rats (Tab. 1). After 7 days

of treatment, SBP was by 20.6% higher in leptin-

treated than in control animals, whereas pair-feeding

did not change blood pressure. Tempol, apocynin and

prazosin had no effect on SBP in rats which did not

receive leptin, however, each of these drugs normal-

ized blood pressure in leptin-treated animals (Tab. 1).

Renal function, sodium balance and renal

Na+,K+-ATPase

Urine output and creatinine clearance on the 7th day

of the experiment were not different between groups

(Tab. 2). Due to the reduced food consumption, so-

dium intake on the 7th day was by 24% lower in

leptin-treated and in pair-fed rats than in control

group. Urinary sodium excretion was by 40.1% lower
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Tab. 1. The effect of leptin and antioxidant/antihypertensive treatment on food intake, water intake, body weight, plasma leptin and systolic
blood pressure (SBP)

Experimental group Food intake
(g/day)†

Water intake
(ml/day)†

Body weight
(g)‡

Plasma leptin
(ng/ml)‡

SBP
(mmHg)‡

Control 25 ± 3 24 ± 2 229 ± 2 4.12 ± 0.20 126 ± 5

Leptin-treated 19 ± 3* 21 ± 3 227 ± 6 13.97 ± 0.96*** 152 ± 7*

Pair-fed 19 ± 2* 25 ± 3 225 ± 4 2.04 ± 0.15*### 121 ± 5#

Ad libitum-fed + tempol 24 ± 3 26 ± 2 227 ± 7 3.96 ± 0.17 124 ± 6

Ad libitum-fed + apocynin 26 ± 2 22 ± 3 228 ± 6 4.01 ± 0.21 121 ± 3

Ad libitum-fed + prazosin 22 ± 3 21 ± 2 222 ± 5 4.12 ± 0.17 123 ± 4

Leptin + tempol 18 ± 2* 25 ± 3 236 ± 8 13.78 ± 1.10*** 128 ± 3#

Leptin + apocynin 19 ± 3* 21 ± 2 232 ± 7 14.01 ± 0.97*** 132 ± 4#

Leptin + prazosin 20 ± 2* 20 ± 2 228 ± 4 13.86 ± 0.85*** 132 ± 5#

�
during 7th day of treatment,

�
after 7 days of treatment, * p < 0.05, *** p < 0.001 vs. control group,

�
p < 0.05,

���
p < 0.001 vs. leptin-treated group

Tab. 2. The effect of leptin and antioxidant/antihypertensive treatment on renal function and Na
�

excretion

Experimental
group

Urine output
(ml/day)

Creatinine clearance
(ml/min)

UNaV
(mmol/day)

Control 23 ± 4 2.33 ± 0.25 2.27 ± 0.22

Leptin-treated 19 ± 4 2.59 ± 0.28 1.36 ± 0.15*

Pair-fed 24 ± 4 2.18 ± 0.20 2.13 ± 0.18#

Ad libitum-fed + tempol 25 ± 4 2.14 ± 0.19 2.43 ± 0.19

Ad libitum-fed + apocynin 23 ± 2 2.37 ± 0.21 2.39 ± 0.20

Ad libitum-fed + prazosin 27 ± 3 2.25 ± 0.16 2.48 ± 0.20

Leptin + tempol 21 ± 3 2.15 ± 0.16 2.16 ± 0.21#

Leptin + apocynin 23 ± 3 2.45 ± 0.19 2.23 ± 0.26#

Leptin + prazosin 27 ± 4 2.21 ± 0.13 1.88 ± 0.15#

U��V – urinary sodium excretion. All values are reported for 7th day of treatment. * p < 0.05 vs. control group,
�
p < 0.05 vs. leptin-treated group
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Fig. 1. The effect of leptin and antioxidant/antihypertensive treatment on renal Na
�
,K

�
-ATPase activity. Leptin was administered at a dose of

0.25 mg/kg twice daily sc for 7 days. In pair-fed group, food intake was limited to match the level observed in leptin-treated group. C – control
group, L – leptin-treated group, PF – pair-fed group, T – group receiving tempol (2 mM in drinking water), A – group receiving apocynin (2 mM in
drinking water), P – group receiving prazosin (50 mg/l drinking water), L + T – group receiving leptin and tempol, L + A – group receiving leptin
and apocynin, L + P – group receiving leptin and prazosin. * p < 0.05, *** p < 0.001 vs. control group,

�
p < 0.05,

���
p < 0.001 vs. leptin-treated

group
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in leptin-treated than in control animals. Pair-feeding

had no effect on Na+ excretion. Tempol, apocynin and

prazosin had no significant effect on natriuresis in rats

not treated with leptin. In contrast, in leptin-treated

animals each of these drugs restored Na+ excretion to

the level observed in the control group (Tab. 2).

Na+,K+-ATPase activity in the renal cortex and me-

dulla was higher in leptin-treated than in control rats

by 24.3% and 80.6%, respectively (Fig. 1). Pair-feeding

had no effect on renal Na+,K+-ATPase. Administration

of tempol, apocynin or prazosin did not change

Na+,K+-ATPase activity in rats not treated with leptin.

In animals receiving leptin, either tempol or apocynin

restored both cortical and medullary Na+,K+-ATPase

activity to the level observed in the control group. In

contrast, prazosin prevented leptin-induced increase

in cortical Na+,K+-ATPase but had no effect on me-

dullary Na+,K+-ATPase (Fig. 1).

Urinary excretion of NO
x
, cGMP and markers of

oxidative stress

Urinary excretion of NO metabolites (UNOxV) was by

57.4% lower in leptin-treated than in control animals.

In pair-fed group, mean urinary NOx excretion was

lower than in control group by 20.0%, and this differ-

ence was close to but did not reach the level of signifi-

cance (p = 0.06). As stated in our previous study [4],

this may be accounted for by reduced nitrate intake

due to food restriction. However, urinary NOx excre-

tion was significantly lower (–46.8%, p < 0.01) in

leptin-treated than in pair-fed rats despite identical

food intake. Tempol, apocynin and prazosin had no

effect on urinary NOx excretion in animals not treated

with leptin. In leptin-treated rats either tempol or apo-

cynin restored urinary NOx to values close to those

observed in the control and pair-fed groups. In con-

trast, prazosin did not normalize urinary excretion of

NOx in leptin-treated rats (Fig. 2).

Urinary cGMP excretion (UcGMPV) followed the

pattern observed for UNOxV, i.e. it was by 32.0%

lower in leptin-treated than in control rats but was not

changed in pair-fed group. Tempol and apocynin, but

not prazosin, normalized urinary cGMP excretion in

leptin-treated animals, whereas neither of these drugs

had any effect on UcGMPV in rats not treated with

leptin (Fig. 2).

To investigate the level of systemic oxidative

stress, we assayed plasma concentration and urinary
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excretion of 8-isoprostanes which are products of

nonenzymatic ROS-dependent peroxidation of un-

saturated fatty acids. Plasma concentration and uri-

nary excretion of isoprostanes increased in leptin-

treated rats by 66.9% and 67.7%, respectively. Pair-

feeding had no effect on plasma and urinary iso-

prostanes. In rats treated with leptin, tempol and apo-

cynin restored plasma and urinary isoprostanes to nor-

mal level. Although prazosin tended to reduce plasma

isoprostanes, this effect did not reach the level of sig-

nificance. Neither of the used drugs had any effect on

isoprostanes in rats which did not receive leptin (Fig. 3).

Discussion

Recent studies indicate that oxidative stress is in-

volved in the pathogenesis of arterial hypertension in

many experimental models including hypertension as-

sociated with high-caloric diet and obesity, the condi-

tions accompanied by hyperleptinemia [12, 41]. Be-

cause the product of the reaction between NO and

O2
-, peroxynitrite, binds to protein tyrosine residues,

less NO is oxidized to NO2
– and NO3

– and urinary ex-

cretion of these stable metabolites decreases in oxida-

tive stress-dependent hypertension. Treatment with

antioxidants such as tempol ameliorates oxidative

stress, increases NO availability and normalizes blood

pressure in these experimental models [44, 49].

Herein we demonstrate that tempol, administered at

a dose which efficiently prevents leptin-induced oxi-

dative stress, normalizes blood pressure in leptin-

treated rats. Thus, leptin-induced hypertension may

be added to the growing list of experimental models

in which antioxidant treatment is effective.

Oxidative stress increases blood pressure not only

by limiting systemic vasodilatory effect of NO but

also by curtailing intrarenal NO availability and at-

tenuating NO-induced natriuresis [37]. Superoxide

stimulates tubular Na+ reabsorption, partially by scav-

enging NO [38]. Induction of intrarenal oxidative

stress by intrarenal infusion of superoxide dismutase

inhibitors decreases natriuresis and elevates blood

pressure, whereas tempol has the opposite effect [29,

52]. We observed that tempol prevented the elevation

of renal Na+,K+-ATPase activity induced by leptin.

Although excessive amounts of ROS can inactivate

renal Na+,K+-ATPase [43], chronic low-level oxida-

tive stress may stimulate sodium pump. For example,

oxidative stress resulting from chronic ethanol expo-

sure is associated with an increase in renal Na+,K+-

ATPase activity and antioxidants reverse these

changes [42]. In addition to normalizing Na+,K+-

ATPase, tempol alleviated NO deficiency as evi-

denced by correction of urinary NOx and cGMP. NO

decreases renal Na+,K+-ATPase activity in vitro [25,

27, 32] and in vivo [5, 24]. Thus, leptin-induced oxi-

dative stress may increase Na+,K+-ATPase activity by

ROS-dependent inactivation of NO. Previously, we

have demonstrated that locally infused NO donors de-

crease Na+,K+-ATPase activity only in the renal me-

dulla [5], whereas in leptin-treated rats its activity was

higher also in the renal cortex and tempol normalized

it in both kidney regions. We cannot exclude that

chronic effect of NO on renal Na+ pump differs from

the acute one. For example, in cultured renal epithe-

lial cells, NO decreases transcription of the gene en-

coding �1-subunit of Na+,K+-ATPase [25]. This effect

is unlikely to occur in our previous acute experiment

[5], but might be important in the present long-term

study. Indeed, chronic administration of NO synthase

inhibitor, L-NAME, increases both cortical and me-

dullary Na+,K+-ATPase activity in the rat [24].

Tempol might modulate Na+,K+-ATPase activity

also through NO-independent mechanism. For exam-

ple, leptin stimulates SNS including renal sympa-

thetic nerves [13], and norepinephrine released by in-

trarenal sympathetic endings increases Na+,K+- ATPase

activity specifically in proximal convoluted tubule,

the nephron segment contained entirely in the renal

cortex [3]. Tempol inhibits renal sympathetic nerves

[46], thus it could normalize cortical Na+,K+-ATPase

activity by attenuating its adrenergic stimulation. Our

observation that prazosin prevented leptin-induced

elevation of Na+,K+-ATPase activity specifically in

the renal cortex supports this possibility. 20-Hydr-

oxyeicosatetraenoic acid (20-HETE), the main cyto-

chrome P450-dependent metabolite of arachidonic

acid in the kidney, decreases Na+,K+-ATPase activity

in proximal tubule and medullary thick ascending

limb (mTAL) [31]. Deficiency of 20-HETE contrib-

utes to augmented Na+ reabsorption in the mTAL of

Dahl salt-sensitive rats, and tempol increases natriu-

retic effect of 20-HETE by protecting it from ROS-

mediated peroxidation [21]. Thus, tempol could de-

crease Na+,K+-ATPase activity through 20-HETE-

dependent mechanism. Renal oxidative stress also

leads to the up-regulation of mitogen-activated pro-
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tein kinases [36] and serine/threonine protein phos-

phatase type 2B (calcineurin) [50] and both of them

can stimulate renal sodium pump [22, 34]. Finally,

ROS directly stimulate transcription of genes encod-

ing á1 and â1 subunits of Na+,K+-ATPase in renal tu-

bular cells [51].

NAD(P)H oxidase is the main source of ROS in the

cardiovascular system and the kidney [26, 52], and its

expression is up-regulated in various forms of experi-

mental hypertension [50]. Mice lacking catalytic

subunit of NAD(P)H oxidase, gp91PHOX, are charac-

terized by increased urinary excretion of Na+ and

NOx, which suggests that superoxide generated by

this enzyme regulates intrarenal NO availability and

sodium transport [19]. In the present study NAD(P)H

oxidase inhibitor, apocynin, reproduced all effects of

tempol, suggesting that NAD(P)H oxidase is involved

in leptin-induced ROS production. Leptin stimulates

ROS generation by endothelial cells and phagocytes

[9, 28], in which it is accounted for mainly by

NAD(P)H oxidase. Further studies are needed to clar-

ify the effect of leptin on NAD(P)H oxidase and the

possible mechanisms involved.

We compared the effect of antioxidant treatment

with �1-adrenergic antagonist without antioxidant

properties, prazosin, and found that prazosin also nor-

malized blood pressure in hyperleptinemic rats.

Stimulation of SNS is considered the main mecha-

nism of leptin-induced hypertension [10], however,

�1-receptor blockade is effective also in other forms

of hypertension in which SNS is not activated [2]. In-

terestingly, although prazosin normalized only corti-

cal but not medullary Na+,K+-ATPase activity, it re-

stored sodium excretion to the level similar to the

control group. About 70% of a filtered Na+ is reab-

sorbed in the proximal tubule, whereas medullary

nephron segments (mTAL and medullary collecting

duct) transport only 15–20% of sodium [14]. There-

fore, normalization of Na+,K+-ATPase activity in the

renal cortex (containing proximal tubules) could have

more marked effect on overall sodium reabsorption.

In addition, daily urine collection in metabolic cages

may not be sensitive enough to detect a decrease in

natriuresis resulting from the up-regulation of

Na+,K+-ATPase confined to the distal nephron seg-

ments. It should be noted that, in contrast to tempol

and apocynin, prazosin had no effect on urinary NOx

and cGMP and only slightly reduced plasma iso-

prostanes. Hypertension per se increases vascular

ROS generation [2], so it is likely that prazosin par-

tially reduced oxidative stress by normalizing blood

pressure. On the other hand, these results indicate that

most of leptin-induced oxidative stress and NO defi-

ciency are not secondary to blood pressure elevation.

The results of this study have potential clinical im-

plications. Plasma leptin positively correlates with

urinary excretion of isoprostanes in humans [33]. In

addition, increased plasma leptin concentration was

observed in hypertensive individuals [1]. According

to some studies [18, 48], high plasma leptin inversely

correlates with plasma and urinary NO metabolites in

patients with essential hypertension, suggesting that

leptin-induced oxidative stress and NO deficiency

may contribute to blood pressure elevation. Together

with the results presented here, these data suggest that

antioxidant treatment should be considered for con-

trolling blood pressure in hyperleptinemic overweight

and obese individuals.

In conclusion, the results of this study indicate that:

1) antioxidant treatment normalizes NO production,

renal Na+,K+-ATPase activity, urinary sodium excre-

tion and blood pressure in leptin-induced hyperten-

sion, 2) SNS may mediate the stimulatory effect of

leptin on renal cortical Na+,K+-ATPase, 3) NAD(P)H

oxidase is the main source of the increased ROS pro-

duction in leptin-treated rats.
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