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Differential effect of antioxidant treatment on plasma and tissue
paraoxonase activity in hyperleptinemic rats
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Abstract

Recent studies suggest that adipose tissue hormone, leptin, is involved in atherogenesis, especially in obese subjects. Previously, we have
demonstrated that experimentally induced hyperleptinemia decreases plasma paraoxonase 1 (PON1) activity. The aim of this study was to
investigate whether treatment with synthetic antioxidant, Tempol, modulates the effect of leptin on plasma and tissue PON1 in the rat. Leptin
was administered at a dose of 0.25 mg kg−1 s.c. twice daily for 7 days and Tempol was added to the drinking water at a concentration of 2 mM.
Leptin reduced plasma PON1 activity toward paraoxon, phenyl acetate and�-decanolactone to 71.1, 72.3 and 57.1% of control, respectively.
In addition, leptin decreased PON1 activity toward paraoxon in aorta, renal cortex and medulla to 78.6, 49.2 and 48.0% of control, respectively,
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ut had no effect on PON1 in heart, lung and liver. PON1 activity toward phenyl acetate was lower following leptin treatment only
eptin increased plasma concentration and urinary excretion of isoprostanes as well as malonyldialdehyde + 4-hydroxyalkenals le
enal cortex and renal medulla. Coadministration of Tempol prevented leptin-induced oxidative stress and normalized PON1 activ
nd kidney. However, Tempol had no effect on plasma PON1 in leptin-treated rats. These data indicate that hyperleptinemia decr
ON1 activity through oxidative stress-dependent mechanism. In contrast, leptin-induced downregulation of plasma PON1 is no
y oxidative stress.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Leptin is a recently described peptide hormone secreted
y white adipose tissue, which acts on hypothalamic
entres and regulates food intake and energy expenditure.
eptin receptors are also expressed in many tissues outside

he brain including cardiovascular system. Plasma leptin
oncentration is proportional to the amount of adipose tissue
nd is markedly increased in obese subjects as well as in
nimals with dietary-induced obesity. Recent studies suggest

hat hyperleptinemia may contribute to the pathogenesis of
besity-associated pathologies including arterial hyperten-
ion and atherosclerosis[1,2]. Leptin exerts many potentially
therogenic effects such as stimulation of inflammatory cells

3], migration and proliferation of vascular smooth muscle
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cells [4], increase in platelet activity[5,6] and stimulation
of arterial thrombosis[7]. Leptin increases production
proatherosclerotic endothelin-1[8], induces vascular calci
cation[9] and regulates lipid metabolism in macrophages
foam cells[10,11]. Neointima formation after endovascu
injury is markedly reduced in leptin deficient ob/ob m
and leptin-resistant db/db mice in comparison to wild-t
littermates[12,13]. Leptin and its receptor are expres
in mice and human atherosclerotic lesions[14,15]. Finally,
some clinical studies indicate that high plasma le
correlates with reduced arterial distensibility, eleva
markers of endothelial damage and increased carotid a
intima-media thickness[16–18], as well as is an independe
predictor of acute cardiovascular events[19,20], hemor-
rhagic stroke[21] and restenosis after coronary angiopla
[22].

Oxidative stress, i.e. imbalance between the amou
reactive oxygen species (ROS) and antioxidant def

043-6618/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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mechanisms, plays an important role in atherogenesis[23].
Several in vitro studies have demonstrated that leptin stimu-
lates ROS production by inflammatory cells[11], endothelial
cells[24,25]and other cell types[26,27]. In contrast, little is
known about the effect of leptin on antioxidant mechanisms.
Paraoxonase 1 (PON1, EC 3.1.1.2) is synthesized in the
liver and circulates attached to high-density lipoproteins
(HDL). PON1 protects plasma lipoproteins from oxidative
modification. The enzyme inhibits atherogenesis by hy-
drolyzing bioactive lipid hydroperoxides (esterase activity),
reducing peroxides to the respective hydroxides (peroxi-
dase activity) and hydrolyzing homocysteine thiolactone,
which prevents protein homocysteinylation (lactonase
activity) [28]. Knockout of PON1 gene increases, whereas
transgenic PON1 overexpression decreases the size of
atherosclerotic lesions in mice[29,30]. In humans, low
PON1 activity is an independent predictor of acute coronary
events[31].

Recently, we have demonstrated that experimental
hyperleptinemia induced in lean rats by administration of
exogenous leptin induces systemic oxidative stress and
decreases plasma PON1 activity[32]. However, the causal
relationship between these two effects remains unclear. ROS
and lipid peroxidation products decrease PON1 production
in the liver[33] and inactivate HDL-bound enzyme[34,35].
On the other hand, reduced PON1 activity could cause
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every 12 h. Tempol (4-hydroxy-2,2,6,6-tetramethyl piperidi-
noxyl) is a synthetic membrane-permeable antioxidant and
superoxide dismutase mimetic which catalytically scavenges
superoxide anion radical (O2−). Tempol was added to the
drinking water at a concentration of 2 mM, which corre-
sponded to a dose of≈250�mol kg−1 day−1. Before starting
their respective treatments, 24-h urine collection was made
in all animals kept in individual metabolic cages. The sec-
ond 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 hy-
droxytoluene (BHT) to prevent formation of isoprostanes
in vitro.

The animals were anaesthetized with pentobarbital
(50 mg kg−1) 6 h after the last injection. Blood was with-
drawn from the abdominal aorta into heparinized tubes (for
PON1 assay) and into EDTA-containing tubes (for PAF-AH,
plasma leptin, lipid profile and isoprostanes). Then, kidneys,
liver, heart, thoracic and abdominal aorta and lungs were ex-
cised and frozen in liquid nitrogen. Plasma, urine and tissue
samples were stored at−80◦C until analysis. For the assay
of isoprostanes, plasma and urine samples were stored in the
presence of 0.05% BHT.

2.2. PON1 activity in plasma
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ncrease in plasma lipid peroxidation products. There
n the present study, we investigated whether treatment
xogenous antioxidant attenuates the effect of leptin
lasma PON1. In addition, because PON1 is containe
nly in plasma but also in tissues where it may confer l
ntioxidant protection[36,37], we also examined the effe
f leptin on its activity in the liver and selected extrahep

issues.

. Materials and methods

.1. Animals and experimental protocol

The study was performed in 48 adult male Wistar
eighing 168± 5 g (mean± S.E.M.) before the experimen
he study protocol was approved by the Bioethical C
ittee of the Lublin Medical University. The animals w

ept at a temperature of 20± 2◦C with a 12-h light:12-h
ark cycle (lights on at 7:00 a.m.). After 2 weeks of ac
ation, they were randomized into six groups (n= 8 each)

1) control group fed standard rat chow ad libitum and
eiving tap water to drink, (2) leptin-treated group, wh
eceived leptin injections (0.25 mg kg−1 twice daily s.c. fo
days) and tap water to drink, (3) pair-fed group, in wh

he amount of food served was adjusted to food intake i
eptin group, (4) ad libitum-fed group receiving Tempol,
eptin-treated group receiving Tempol and (6) pair-fed gr
eceiving Tempol. Animals not treated with leptin (gro
, 3, 4 and 6) received s.c. injections of 0.25 mg kg−1 BSA
Plasma PON1 activity was assayed using three synt
ubstrates: paraoxon (diethyl-p-nitrophenyl phosphate
henyl acetate and�-decanolactone. PON1 activity towa
araoxon was determined by measuring the initial rat
ubstrate hydrolysis top-nitrophenol, which absorban
as monitored at 412 nm in the assay mixture (800�l)
ontaining 2.0 mM paraoxon, 2.0 mM CaCl2 and 20�l of
lasma in 100 mM Tris–HCl buffer (pH 8.0). The bla
ample containing incubation mixture without plasma
un simultaneously to correct for spontaneous subs
reakdown. The enzyme activity was calculated fromE412
f p-nitrophenol (18,290 M−1 cm−1) and was expresse

n U ml−1; 1 U of enzyme hydrolyses 1 nmol of paraox
er min[38].

Enzyme activity toward phenyl acetate (aryleste
ctivity) was determined by measuring the initial rate
ubstrate hydrolysis in the assay mixture (3 ml) contai
mM substrate, 2 mM CaCl2 and 10�l of plasma in
00 mM Tris–HCl (pH 8.0). The absorbance was monito

or 3 min at 270 nm and the activity was calculated fr
270= 1310 M−1 cm−1. The results are expressed in U ml−1;
U of arylesterase hydrolyses 1�mol of phenyl acetate p
in [38].
PON1 activity toward�-decanolactone was measured

he 2 mM HEPES buffer (pH 8.0) containing 1 mM CaC2,
.004% phenol red, 0.005% BSA and 1 mM substrate.

ncrease in absorbance was monitored at 422 nm after
ion of sample and the rate of hydrolysis was calculated
he calibration curve obtained using known amounts of H
he activity was expressed in�mol of acid produced by 1 m
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of serum during 1 min[39]. All PON1 measurements were
made at 25◦C.

2.3. PON1 activity in tissues

Tissue samples were thawed and the kidney was separated
into cortex and medulla. Tissue slices were homogenized in
10 volumes of 50 mM Tris–HCl (pH 8.0) containing 2 mM
CaCl2 and the homogenates were centrifuged at 10,000×g
for 15 min. Then, supernatants were incubated for 15 min in
the presence of 10�M paraoxon to inhibit B-type esterases,
which could interfere with PON1 assay[40]. PON1 activity
toward phenyl acetate in tissue supernatants was assayed by
the same method as in plasma. The amount of supernatant
used for the assay was chosen to fit within the linear range
of the relationships between sample volume and the mea-
sured activity (liver: 10�l, renal cortex and medulla: 30�l,
heart, lung and aorta: 50�l). PON1 activity toward paraoxon
was measured in a microplate reader (EL× 800, Bio-Tek In-
struments, USA). Ten microliters of homogenate was mixed
with 300�l of the assay buffer containing 2 mM substrate
and the increase in absorbance at 405 nm was monitored for
5 min in 1-min intervals (liver) or for 30 min in 5-min inter-
vals (other tissues). The buffer used to measure tissue PON1
activity toward both substrates contained 2 mM of phenyl-
methyl sulfonyl fluoride (PMSF) to inhibit serine esterases.
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2.5. Indices of oxidative stress

The level of oxidative stress was assessed by mea-
suring plasma concentration and urinary excretion of F2-
isoprostanes—the products of nonenzymatic peroxidation of
arachidonic acid by reactive oxygen species. Isoprostanes
were assayed by enzyme immunoassay (EIA) using Cayman
Chemical 8-isoprostane EIA kit. Plasma or urine samples
were mixed with ethanol and centrifuged to remove particu-
late matter. Ethanol was evaporated from the supernatant un-
der a stream of nitrogen. Then, supernatant was acidified with
acetate buffer to pH 4.0 and isoprostanes were extracted us-
ing C-18 SPE cartridges (Waters Corporation, Milford, MA).
Cartridges were activated by rinsing with 5 ml methanol and
5 ml H2O and then the sample was passed through the car-
tridge. The cartridge was rinsed with 5 ml of water, dried and
rinsed with 5 ml of HPLC grade hexane. 8-Isoprostanes were
eluted with 5 ml ethyl acetate containing 1% methanol. The
solvent was evaporated to dryness; the sample was dissolved
in 450�l of EIA buffer and used for the analysis. All samples
were assayed in duplicate; before purification one set of sam-
ples was spiked with 8-isoprostane standard contained in the
kit to correct for individual recovery. The limit of the sensitiv-
ity of the assay was 5 pg ml−1 and the intraassay coefficient
of variation was 8%.

In addition, the level of malonyldialdehyde + 4-
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nzyme activity in tissues was expressed in U per mg pro
rotein concentration was assayed by the method of L
t al.[41].

.4. Platelet activating factor acetylhydrolase (PAF-AH)
ctivity

Plasma platelet activating factor acetylhydrolase (P
H), a member of phospholipase A2 family, is produced
y macrophages and is contained in LDL in humans
DL in rodents. Like PON1, PAF-AH hydrolyzes oxidiz
hospholipids and may be involved in atheroprotec
lasma PAF-AH activity was measured by two meth

n one of them [42], PAF-AH hydrolyses 1-myristoy
-(4-nitrophenylsuccinyl)phosphatidylcholine produc
-nitrophenyl succinate. This compound degrades sp
eously in aqueous solutions and liberates 4-nitroph
hose formation is monitored spectrophotometrically
05 nm. The activity is expressed in U per liter, 1 U of PA
H hydrolyses 1�mol of substrate during 1 min. This ass
as performed using commercially available kit (Azw

nc., Osaka, Japan). In the second method (PAF-AH a
it, Cayman Chemical, Ann Arbor, MI, USA), 2-thio-PAF
sed as a synthetic substrate. After hydrolysis of the a

hioester bond at the sn-2 position by PAF-AH, free thiols
etected using 5,5-dithiobis(2-nitrobenzoic acid) (DTN
llman’s reagent). Enzyme activity is calculated from

ate of increase in absorbance at 405 nm using D
xtinction coefficient (10.0 mM−1 cm−1), and is expresse

n U per liter; 1 U hydrolyses 1�mol of 2-thio-PAF per min
.
y

-
l,

y

l

hydroxyalkenals (MDA + 4-HNE) was measured
liver, heart, lung, renal cortex, renal medulla and aorta u
Bioxytech LPO-586 assay kit (Oxis International, Portla
OR, USA). After thawing, tissues were homogenized
20 mM Tris buffer (pH 7.4) containing 5 mM BHT an
20 mM EDTA to prevent lipid peroxidation in vitro. Th
homogenate was centrifuged at 10,000×g for 10 min and
MDA + 4-HNE level was measured in the supernatant.
results are expressed in pmol per mg protein.

2.6. Other assays

Plasma leptin was assayed using Leptin Enzyme
munoassay Kit (Cayman Chemical). Plasma triglyceri
total cholesterol and HDL-cholesterol were measured
ing routine enzymatic methods (Thermo Electron Co., N
Park, Victoria, Australia).

2.7. Reagents

Recombinant human leptin was purchased from R
Systems (Abingdon, Oxon, UK). As recommended by
manufacturer, the vial containing 5 mg was dissolve
2.5 ml of 15 mM HCl and then 1.5 ml of 7.5 mM NaOH w
added to bring pH to 5.2. This solution was diluted with
15 mM HCl/7.5 mM NaOH mixture (5:3, v/v), frozen, stor
at−40◦C and thawed immediately before use. BSA was
solved in this HCl/NaOH mixture and administered as a v
cle into animals not treated with leptin. Other reagents w
obtained from Sigma–Aldrich (St. Louis, MO, USA).
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2.8. Statistics

Data are reported as mean± S.E.M. from eight ani-
mals in each group. Baseline and post-treatment urinary
excretion of isoprostanes in a given group was compared
by repeated-measures ANOVA. Comparisons between dif-
ferent groups were performed by ANOVA followed by
Student–Newman–Keuls post hoc test. AP< 0.05 was con-
sidered significant.

3. Results

3.1. Characteristics of experimental groups

There were no significant differences in food intake, wa-
ter intake and body weight between groups before treatment.
Administration of vehicle solution into control animals had
no effect on these variables. Food intake was significantly
lower in leptin-treated animals only on sixth and seventh
day of the experiment; however, final body weight was sim-
ilar in all groups. Tempol had no effect on food intake in
ad libitum-fed, leptin-treated and pair-fed animals (Table 1).
Plasma leptin concentration in leptin-treated rats increased to
318.2% of control, whereas in pair-fed group plasma leptin
decreased to 48.5% of control. Plasma leptin concentration in
a ving
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group, but this effect was not significant. However, due to
numerically lower HDL-cholesterol in pair-fed than in con-
trol group, the difference between leptin-treated and pair-fed
group was not significant. Among Tempol-treated rats, leptin
had no effect on HDL-cholesterol. Plasma HDL-cholesterol
in ad libitum-fed animals receiving Tempol was 79.9% of
control (P< 0.01). In contrast, Tempol had no effect on HDL-
cholesterol in either leptin-treated or pair-fed rats. Plasma
triglycerides did not differ between groups (Table 1).

3.3. Plasma PON1 activity

Leptin decreased plasma PON1 activity toward paraoxon,
phenyl acetate and�-decanolactone to 71.1, 72.3 and 57.1%
of control, respectively, and to 74.1, 76.7 and 66.7% of
activity toward these substrates observed in pair-fed group
(Fig. 1). Tempol administration did not change PON1 activ-
ity in ad libitum-fed or pair-fed animals. Moreover, Tempol
did not attenuate the inhibitory effect of leptin on plasma
PON1. PON1 activity toward paraoxon, phenyl acetate and
�-decanolactone in leptin-treated animals receiving Tempol
was 83.1, 80.4 and 48.7% of activity in ad libitum-fed animals
receiving Tempol, respectively, and 83.3, 74.7 and 53.9% of
the respective activities observed in pair-fed group receiving
Tempol (Fig. 1).
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F ± 2*

B ± 6
P ± 0.13
T ± 0.30
H ± 0.04
T ± 0.07

∗

d libitum-fed, leptin-treated and pair-fed animals recei
empol did not differ from the respective groups receiv
ap water without this antioxidant.

.2. Plasma lipid profile

Total plasma cholesterol tended to be lower in lep
reated and in pair-fed animals than in ad libitum-fed r
oth in those which received tap water and in those whic
eived Tempol. In addition, total plasma cholesterol ten
o be lower in groups receiving Tempol than in the res
ive groups, which received tap water. However, neithe
hese differences reached the level of significance. In
als, which were not treated with Tempol, leptin decre
lasma HDL-cholesterol to 81.3% of control. In pair-
roup, HDL-cholesterol tended to be lower than in con

able 1
he effect of leptin on food intake, body weight, plasma leptin and lipi

Control Leptin-treated Pa

ood intake (g day−1)a 21 ± 1 15 ± 1* 15
ody weight (g)b 209 ± 2 207± 6 208
lasma leptin (ng ml−1) 3.69± 0.15 11.74± 0.76*** 1.79
otal cholesterol (mM) 2.58± 0.33 2.04± 0.21 2.16
DL-cholesterol (mM) 1.39± 0.05 1.13± 0.04** 1.23
riglycerides (mM) 0.76± 0.09 0.73± 0.07 0.75
a During 7th day of treatment.
b After 7 days of treatment.
∗ P< 0.05, compared to control group.

∗∗ P< 0.01, compared to control group.
∗∗ P< 0.001, compared to control group.
.4. PON1 activity in tissues

PON1 activity in the liver and heart was similar in
xperimental groups. In the renal cortex of leptin-treated

mals, PON1 activity toward paraoxon was 49.2% of con
P< 0.01) and 44.2% (P< 0.001) of activity in pair-fed grou
Fig. 2). Administration of Tempol had no effect on renal c
ical PON1 activity in ad libitum-fed and pair-fed animals,
ormalized its activity in leptin-treated rats. Leptin decrea
ON1 activity toward paraoxon also in the renal medul
8.0% of control (P< 0.001) and to 46.5% (P< 0.001) of ac

ivity in pair-fed group. Co-treatment with Tempol preven
eptin-induced decrease in paraoxon-hydrolyzing activi
enal cortical homogenates (Fig. 2). PON1 activity toward
henyl acetate tended to be lower in the renal cortex of le

reated than of control rats; however, the difference wa

e

ad libitum + Tempol Leptin + Tempol Pair-fed + Te

20 ± 1 14 ± 2* 14 ± 2**

207± 7 216± 8 218± 6
* 3.53± 0.13* 11.56± 0.86*** 1.49± 0.16*

2.04± 0.27 1.64± 0.19 1.77± 0.17
1.11± 0.08** 0.95± 0.04** 1.07± 0.08**

0.70± 0.19 0.84± 0.2 0.77± 0.06
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Fig. 1. Plasma paraoxonase (PON1) activity toward different substrates in ad
libitum-fed, leptin-treated and pair-fed rats receiving tap water (open bars) or
2 mM Tempol (closed bars) to drink. Leptin was administered s.c. at a dose
of 0.25 mg kg−1 twice daily for 7 days. PON1 was assayed in heparinized
plasma.*P< 0.05,** P< 0.01 vs. control group,#P< 0.05 vs. pair-fed group,
†P< 0.05,††P< 0.01 vs. pair-fed group receiving Tempol.

significant. There were no significant differences in phenyl
acetate-hydrolyzing activity in the renal medulla between ex-
perimental groups. Aortic PON1 activity toward paraoxon
and phenyl acetate decreased in leptin-treated animals to 78.6
and 71.1% of control, respectively, and to 77.0 (P< 0.05) and
77.6% (P< 0.05) of activities toward these substrates in pair-
fed group. This effect was abolished by Tempol (Fig. 2). In
lung homogenates, PON1 activity toward both substrates was
similar in all groups.

3.5. Plasma PAF-AH

Consistently with our previous study[32], plasma
PAF-AH activity toward 1-myristoyl-2-(4-nitrophenylsucc-
inyl)phosphatidylcholine was not different between
groups (control: 368± 35 U l−1, leptin-treated group:
348± 11 IU l−1, pair-fed group: 347± 12 IU l−1, ad libitum-
fed group receiving Tempol: 464± 18 IU l−1, leptin-treated
group receiving Tempol: 338± 39 IU l−1, pair-fed group
receiving Tempol: 428± 21 IU l−1). Moreover, PAF-AH

activity toward 2-thio-platelet activating factor was similar
in all groups (control: 56.5± 5.9 U l−1, leptin-treated
group: 47.6± 4.5 U l−1, pair-fed group: 50.3± 5.2 U l−1,
ad libitum-fed group receiving Tempol: 51.7± 3.1 U l−1,
leptin-treated group receiving Tempol: 43.5± 6.5 U l−1,
pair-fed group receiving Tempol: 46.3± 4.1 U l−1).

3.6. Lipid peroxidation products

Urinary excretion of isoprostanes was similar in all groups
before treatment and did not change in the control group
following vehicle administration (not shown). Plasma con-
centration and urinary excretion of 8-ispoprostanes increased
following leptin treatment to 163.4 and 180.9% of control,
respectively (Fig. 3). Plasma and urinary isoprostanes in pair-
fed group did not differ from control. Tempol had no effect
on plasma and urinary 8-isoprostanes in either ad libitum-fed
or in pair-fed group. However, Tempol prevented increase in
plasma concentration and urinary excretion of 8-isoprostanes
induced by leptin treatment.

Oxidative stress in tissues was assessed by measuring
MDA + 4-HNE concentration. The level of these lipid per-
oxidation products in liver and heart did not differ between
groups. Leptin increased MDA + 4-HNE concentration in
the renal cortex and medulla to 139.6 and 146.9% of control,
respectively. Renal MDA + 4-HNE in pair-fed group did not
d E
e , it
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l tivity
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H ing
l leptin
a y
f cts
a
N uced
b ome
s sent
iffer from control. Tempol had no effect on MDA + 4-HN
ither in ad libitum-fed or in pair-fed groups; however
revented increase in MDA + 4-HNE induced by lep
imilarly, leptin treatment increased MDA + 4-HNE
ortic homogenates to 139.5% of control and this effect
revented by coadministration of Tempol (Fig. 4).

. Discussion

The results of this study confirm our previous observa
32] that experimentally induced hyperleptinemia decre
lasma PON1 activity. In addition, leptin reduced enzy
ctivity in the kidney and aorta but had no effect on PON

he liver, heart and lung. Treatment with Tempol amelior
eptin-induced oxidative stress and normalized PON1 ac
n tissues but not in plasma.

Although leptin increases ROS generation in isolate
ultured cells[24–27], little is known about its effect o
xidative stress in vivo. Herein, we demonstrate that le

nduces systemic oxidative stress as evidenced by inc
n plasma and urinary isoprostanes. In addition, MDA
NE level increased in the kidney and aorta follow

eptin treatment. Recent study has demonstrated that
dministered at a dose of 0.23 mg kg−1 every alternate da

or 2 weeks had no effect on lipid peroxidation produ
nd antioxidant enzymes in mice liver and kidney[43].
evertheless, leptin augmented oxidative stress ind
y ethanol, which suggests that leptin per se had s
ubthreshold prooxidant activity. It is unclear at pre
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Fig. 2. Tissue PON1 activity toward paraoxon (open bars) and phenyl acetate (closed bars). T, ad libitum-fed group receiving Tempol; L, leptin-treated group;
L + T, leptin-treated group receiving Tempol; PF, pair-fed group; PF + T, pair-fed group receiving Tempol.*P< 0.05,** P< 0.01 and*** P< 0.001 vs. control
group.

Fig. 3. Plasma concentration (left scale) and urinary excretion (right scale) of 8-isoprostanes in experimental groups. T, ad libitum-fed group receiving Tempol;
L, leptin-treated group; L + T, leptin-treated group receiving Tempol; PF, pair-fed group; PF + T, pair-fed group receiving Tempol.*** P< 0.001 vs. control
group.
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Fig. 4. The effect of leptin on lipid peroxidation products: malonyldialdehyde and 4-hydroxyalkenals (MDA + 4-HNE) in tissues of control (ad libitum-fed),
leptin-treated and pair-fed rats not treated with Tempol (open bars) or receiving this antioxidant (closed bars).** P< 0.01,*** P< 0.001 vs. control group.

why leptin-induced oxidative stress only in kidney and
aorta in the present study. Leptin receptors are expressed
in the vascular wall and leptin stimulates ROS production
in cultured endothelial cells[24,25]. In the kidney, leptin
stimulates the expression of prooxidant cytokine, transform-
ing growth factor-� (TGF-�) and its receptor in glomerular
endothelial and mesangial cells[44–46]. Chronic leptin
infusion-induced glomerulosclerosis resembles nephropathy
often observed in obesity[45]. Thus, oxidative stress may be
involved in the pathogenesis of renal lesions associated with
hyperleptinemia and obesity. It remains to be established
whether more severe and/or longer lasting hyperleptinemia
could stimulate oxidative stress also in other tissues.

It should be noted that leptin decreased PON1 activity
only in tissues in which it stimulated oxidative stress, i.e.
in aorta and kidney. Tempol ameliorated leptin-induced ox-
idative stress and normalized PON1 activity in these organs.
These data suggest that leptin-induced downregulation of
tissue PON1 is accounted for by enzyme inactivation by
ROS and/or lipid peroxidation products. Interestingly, in the

kidney leptin decreased PON1 activity only toward paraoxon
but not toward phenyl acetate. It should be noted that the
ratio between phenyl acetate- and paraoxon-hydrolyzing
activities was close to 1 in plasma and other tissues but
was much higher in the kidney (≈2:1 in the renal medulla
and≈4:1 in the renal cortex). This may indicate that in the
kidney phenyl acetate hydrolysis is catalyzed also by other
enzyme(s) in addition to PON1[47]. In particular, PON3 is
a PON1-related enzyme, which hydrolyzes phenyl acetate
but not paraoxon[48]. Whereas plasma PON3 activity is
about two orders of magnitude lower than PON1, PON3 is
expressed in substantial amounts in the kidney[49]. PON3
activity is inhibited by ROS and lipid peroxidation products,
but in contrast to PON1 its gene expression is not sensitive to
oxidative stress[50,51]. One may speculate that in the kidney
phenyl acetate-hydrolyzing activity is partially accounted
for by PON3, which is less sensitive to oxidative stress than
PON1. Alternatively, paraoxon-hydrolyzing activity of renal
PON1 might be more sensitive to leptin-induced oxidative
stress than its activity toward phenyl acetate.
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The effect of antioxidants on plasma PON1 is controver-
sial. In vitro studies suggest that antioxidants protect isolated
PON1 from free radical-induced inactivation[34]. Jarvik et
al. [52] have reported positive correlation between dietary in-
take of Vitamins C and E and plasma PON1 activity. However,
other studies demonstrate no changes[53,54]or even suggest
negative effect[55] of dietary antioxidants on plasma PON1.
In the present study, Tempol had no effect on plasma PON1
in either control or leptin-treated rats, although it ameliorated
oxidative stress in hyperleptinemic animals. These data sug-
gest that in contrast to aorta and kidney, decrease in plasma
PON1 activity in leptin-treated rats is not accounted for by
oxidative stress. Previously, we have suggested several pos-
sible mechanisms through which leptin could downregulate
plasma PON1, such as altered composition of HDL particles,
stimulation of inflammatory cytokines and/or acute phase
proteins and activation of peroxisome proliferator activated
receptor-� [see[32] and Refs. therein]. It seems that at least
one more possibility should be considered, i.e. that the effect
of leptin is mediated by ghrelin. Ghrelin is a gastric peptide,
which induces hunger and stimulates somatotropin secretion
from anterior pituitary. Recently, it has been demonstrated
that ghrelin specifically binds to PON1-containing HDL sub-
fraction[56]. In addition, antighrelin antibodies inhibit PON1
activity toward paraoxon and phenyl acetate, suggesting that
ghrelin may directly stimulate PON1. Plasma ghrelin con-
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Antioxidant treatment with Tempol prevents leptin-induced
oxidative stress and normalizes PON1 activity in tissues
but not in plasma. These data indicate that hyperleptinemia
downregulates plasma and tissue PON1 through divergent
mechanisms. PON1 deficiency and oxidative stress may
contribute to accelerated atherogenesis as well as to renal
complications in hyperleptinemic obese individuals.
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