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Statins (3-hydroxy-3-methylglutarylcoenzyme A reductase inhibitors),
apart from lowering plasma cholesterol, modulate other processes involved
in atherogenesis. Paraoxonase (PON), contained in plasma high density lipo-
proteins, protects plasma lipoproteins from oxidative damage and is a poten-
tially atheroprotective enzyme. We investigated the effect of cerivastatin on
oxidant-antioxidant balance and plasma PON activity. The adult male Wistar
rats received cerivastatin at a dose of 0.03 or 0.3 mg/kg/day for 3 weeks.
Then, plasma concentration of lipid peroxidation products, total antioxidant
capacity and PON activity were assayed. Plasma level of lipid peroxidation
products was unchanged in low-dose group but decreased significantly in
animals receiving high dose of cerivastatin. In this group, the concentration
of malonyldialdehyde and 4-hydroxydialkenals was reduced by 46.6%
whereas the level of lipid hydroperoxides was lowered by 59.3%. Total
plasma antioxidant capacity increased in low-dose group by 22.3% and in
high-dose group by 27.2%. PON activity toward paraoxon decreased by
16.1% and 11.6% in low- and high-dose groups, respectively. The activity
toward phenyl acetate, which better corresponds with enzyme concentration,
declined by 74.2% and 78.4% following lower and higher dose treatment, re-
spectively. PON/arylesterase ratio raised in cerivastatin-treated rats (low
dose: +227.4%, high dose: +328.2%). Cerivastatin had no effect on total
plasma cholesterol but significantly decreased triglyceride level by 34.6% in
low-dose and by 31.2% in high-dose group. These results indicate that ceri-
vastatin decreases the level of oxidative stress, improves plasma antioxidant
defense and modulates paraoxonase activity. These effects can contribute to
pleiotropic actions of statins in the cardiovascular system.
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Abbreviations: AE – arylesterase, 4-HDA –
4-hydroxyalkenals, HDL – high density lipoproteins,
HMG-CoA – 3-hydroxy-3-methylglutaryl-coenzy-
me A, MDA – malonyldialdehyde, PON – paraoxo-
nase

INTRODUCTION

Inhibitors of 3-hydroxy-3-methylglutaryl-coen-
zyme A (HMG-CoA) reductase (statins) are widely
used as cholesterol-lowering drugs in patients with
hyperlipidemia. The effectiveness of statins in re-
ducing morbidity and mortality from atherosclero-
sis complications has been documented by many
studies [35, 37]. The mechanisms of beneficial ef-
fect of statins extend beyond cholesterol-lowering
properties. These drugs reduce vascular inflamma-
tory reactions [5], stabilize atherosclerotic plaque
[40], inhibit proliferation of vascular smooth mus-
cle cells [28], favorably shift the balance between
coagulation and fibrinolysis [39] and stimulate vas-
cular nitric oxide production [10]. These “pleio-
tropic” effects of statins are not attributed to lipid-
lowering properties, but rather to their suppressive
effect on nonsteroid isoprenoid synthesis which,
like cholesterol, are also the products of mevalo-
nate cascade. Statins reduce the level of farnesyl-
and geranylgeranylpyrophosphate leading to de-
creased protein isoprenylation, and thus modulate
intracellular signal transduction mechanisms in-
volving GTP-binding proteins [19, 23–25, 40].
Therefore, the beneficial effect of statins is obser-
ved not only in hyperlipidemia but also in subjects
with normal cholesterol concentration [11, 34, 44].

Paraoxonase (PON) contained in plasma high
density lipoprotein (HDL) fraction plays an impor-
tant role in inhibiting atherogenesis by decompos-
ing lipid hydroperoxides in plasma and cell mem-
branes. The products of two other closely linked
genes, PON2 and PON3, are also involved in pro-
tection against oxidative damage, but their role is
much less understood. Various atherosclerosis risk
factors, such as hyperlipidemia, diabetes mellitus
and smoking, are associated with decreased plasma
PON1 activity [12]. However, little is known about
the effect of hypolipidemic drugs, such as statins,
on plasma PON. It has been demonstrated that sim-
vastatin treatment elevates PON1 in patients with
hypercholesterolemia [43]. However, because hy-
percholesterolemia per se decreases PON1 activity
[12, 43], the effect of simvastatin could be secon-

dary to reduced cholesterolemia. Since statins are
now indicated also in patients with average chole-
sterol level, especially in secondary prevention, it
would be of interest to know whether and how they
influence PON1 in subjects without lipid abnor-
malities.

The aim of the present study was to investigate
the effect of second generation HMG-CoA reduc-
tase inhibitor, cerivastatin, on PON activity in nor-
mal rats. In addition, we examined the effect of
this drug on the level of oxidative stress and plasma
lipids.

MATERIALS and METHODS

All studies were performed on adult male Wis-
tar rats weighing before treatment 256 ± 4 g. The
animals were kept at a temperature of 20 ± 2°C and
had free access to food and tap water before and
throughout the experiment. The study protocol was
reviewed and approved by the Animal Care and
Use Committee of the Medical University in Lublin.

Cerivastatin sodium (Lipobay) was obtained
from Bayer AG (Leverkusen, Germany). Unless
otherwise stated, all other reagents were from Sig-
ma-Aldrich.

After two weeks of acclimation, the animals
were randomized into 3 groups: 1) control group,
2) low-dose group receiving cerivastatin at a dose
of 0.03 mg/kg/day for 21 days, 3) high-dose group
receiving cerivastatin at a dose of 0.3 mg/kg/day
for 21 days. The drug was mixed with food, chow
consumption was monitored and recorded daily
and the amount of cerivastatin added was adjusted
to maintain constant intake.

After 3 weeks of drug administration the animals
were anesthetized with pentobarbital (50 mg/kg ip)
and systolic blood pressure and heart rate were
measured with a tail-cuff sphygmomanometer. The
blood from abdominal aorta was collected into
EDTA-containing tubes (for determination of the
levels of lipid peroxidation products, cholesterol
and triglycerides and antioxidant capacity) and into
heparinized tubes (for PON assay). The animals
were sacrificed by a lethal dose of pentobarbital.
Blood was centrifuged for 5 min at 3 000 rpm at
4°C, plasma was separated, frozen and stored at
–25°C until analysis.

The concentration of malonyldialdehyde (MDA)
and 4-hydroxydialkenals (4-HDA) was measured
by the spectrophotometric method using Bioxytech
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LPO-586 assay kit [26]. Lipid hydroperoxides in
plasma were assayed by the method of Naurooz-
Zadeh et al. [27]. Samples (90 �l) of plasma were
mixed with either 10 �l of 10 mM triphenylphos-
phine (TPP) in methanol or with 10 �l of methanol
and incubated for 30 min at a room temperature.
Then, 900 �l of FOX2 reagent (250 �M ammo-
nium ferrous sulfate, 100 �M. xylenol orange,
25 mM H�SO$ and 4 mM butylated hydroxytolu-
ene in 90% methanol) was added and the sample
was incubated for another 30 min. The mixture was
centrifuged at 12 000 × g for 10 min to remove
flocculated material and the absorbance was read at
560 nm. The absorbance of the sample with TPP
was subtracted from the sample without TPP and
hydroperoxides concentration was calculated from
the standard curve prepared using different concen-
trations (1–20 �M.) of H�O�.

Total plasma antioxidant capacity was meas-
ured according to the FRAP method (ferric reduc-
ing ability of plasma) [6] with slight modification.
The method measures the ability of antioxidants
contained in the sample to reduce ferric-tripyridyl-
triazine (Fe%&-TPTZ) to ferrous (Fe�&) form which
absorbs light at 593 nm. Working FRAP reagent
was prepared ex tempore by mixing 10 vol. of
300 mmol/l acetate buffer (pH 3.6) with 1 vol. of
10 mmol/l TPTZ (2,4,6-tripyridyl-s-triazine) in
40 mmol/l HCl and with 1 vol of 20 mmol/l FeCl%
× 6H�O. Then, 900 �l of a working FRAP reagent
was warmed to 37°C and its absorbance against
water was read at 593 nm (reagent blank). Subse-
quently, 30 �l of the sample and 90 �l of deionized
water were added to the FRAP reagent and the ab-
sorbance was monitored for 4 min at 37°C. Reagent
blank and sample blank (the absorbance of appro-
priately diluted sample without FRAP reagent)
were subtracted from the final absorbance after
4 min and the result was compared with the stan-
dard curve prepared using different concentrations
(100–1000 �mol/l) of FeSO$ × 7H�O. The FRAP
test measures total antioxidant capacity determined
by nonenzymatic antioxidants; the main contribu-
tors in this test are ascorbic acid and uric acid
whereas plasma proteins and low molecular weight
compounds containing SH groups, such as gluta-
thione, have very low activity in this method [9].

PON activity was measured using two synthetic
substrates: paraoxon (diethyl-p-nitrophenyl phos-
phate) and phenyl acetate [3]. The activity toward
paraoxon was determined by measuring the initial

rate of liberation of p-nitrophenol, which absor-
bance was monitored at 412 nm at 25°C in the as-
say mixture (800 �l) containing 1.0 mM paraoxon,
1.0 mM CaCl� and 20 �l of heparinized plasma in
50 mM glycine/NaOH buffer (pH 10.5). The blank
sample (incubation mixture without plasma) was
run simultaneously to correct for spontaneous sub-
strate breakdown. The activity was calculated from
E$'� of p-nitrophenol (18 290 M(' cm(') and ex-
pressed in U/ml, 1U of enzyme hydrolyzes 1 nmol
of paraoxon/min. Arylesterase (AE, the activity to-
ward phenyl acetate) was assayed on the basis of
initial rate of hydrolysis in the assay mixture (3 ml)
containing 1 mM substrate, 1 mM CaCl� and 30 �l
of plasma diluted 1:8 in 20 mM Tris HCl (pH 8.0).
The absorbance was monitored at 270 nm. Blank
sample, prepared as described above but without
plasma, representing nonenzymatic hydrolysis, was
subtracted and the activity was calculated assuming
E�)� = 1310 M(' cm('. The results are expressed in
U/ml; 1 U hydrolyzes 1 �mol of phenyl acetate/min.

Plasma triglycerides and total cholesterol were
assayed using Sigma-Aldrich kits (Infinity Triglyc-
erides Reagent, Cat. No 343 and Infinity Chole-
sterol Reagent, Cat. No 401, respectively).

Data are presented as means ± SEM from 8 ani-
mals in each group. Statistical significance was
evaluated by ANOVA followed by Duncan’s multi-
ple range test for comparisons of different means.
A p-value less than 0.05 was considered significant.

RESULTS

Cerivastatin administration had no effect on food
intake, water intake and weight gain. The final body
weight was 293 ± 4 g, 298 ± 6 g and 307 ± 10 g in
control, low-dose and high-dose groups, respecti-
vely. Systolic blood pressure measured in anesthe-
tized animals with the tail-cuff method was similar
in all groups (control: 118 ± 7 mmHg, low-dose
group: 114 ± 9 mmHg, high-dose group: 112 ± 12
mmHg). Cerivastatin had no effect on heart rate
(control: 376 ± 5 bpm, low-dose group: 371 ± 6
bpm, high-dose group: 385 ± 8 bpm).

Plasma concentration of MDA+4-HDA in low-
dose group tended to be lower than in the control
but the difference was not significant. In high-dose
group, MDA+4-HDA level was decreased by 46.6%
in comparison with the control. Similarly, hydro-
peroxides concentration was significantly lower
in high-dose group than in the control (–59.3%),
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whereas in low-dose group it was unchanged
(Fig. 1). Total plasma antioxidant capacity was sig-
nificantly elevated in low-dose group by 22.3% and
in high-dose group by 27.2% (Fig. 2). The differ-
ence between both cerivastatin-treated groups was
not significant.

Plasma PON activity assayed toward paraoxon
was reduced following cerivastatin administration
by 16.1% in low-dose group and by 11.6% in
high-dose group. The difference between groups
receiving different doses of statin was not signifi-
cant. AE activity was more markedly affected and
decreased by 74.2% and 78.4% in low-dose and
high-dose groups, respectively (Fig. 3). Again, the
difference between both experimental groups was
not significant. The greater effect of cerivastatin on

AE than on PON activity resulted in significant in-
crease in PON/AE ratio (+227.4% and +328.2% in
low-dose and high-dose groups, respectively). Al-
though the average PON/AE ratio was 30.8% higher
in high-dose than in low-dose group, the difference
did not reach the level of significance (Fig. 4).

Cerivastatin administration had no effect on to-
tal plasma cholesterol concentration. In contrast,
triglyceride concentration decreased in low-dose
group by 34.6% and in high-dose group by 31.2%
(Fig. 5). Because lipid peroxidation products can
originate partially from oxidative damage of pla-
sma lipoproteins, the availability of substrates, i.e.
triglycerides could influence significantly their
concentration. Therefore, we calculated (MDA+4-
-HDA)/triglycerides and hydroperoxides/triglyceri-
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des ratios. The former did not change significantly
in any cerivastatin-treated group. Hydroperoxides/
triglycerides ratio in low-dose group was also simi-
lar to the control, whereas in high-dose group it
was reduced by 61.9 % (data not shown).

When the data from all experimental groups
were analyzed together, PON activity significantly
correlated with plasma cholesterol (r = 0.56, p =
0.047). This correlation was also found in high-
-dose group (r = 0.99; p = 0.034), and when the
data from both cerivastatin-treated groups were
analyzed together (r = 0.92; p = 0.01). PON/AE ra-
tio correlated with cholesterol in the control group
(r = 0.82; p = 0.024). These correlations result
probably from the fact that PON is contained in
plasma high-density lipoproteins which carry most
of plasma cholesterol in the rat, thus the strong cor-
relation between total and HDL-cholesterol will be
expected in this species. Interestingly, the signifi-
cant negative correlation between terminal body
weight and plasma triglycerides was found in low-
-dose group (r = –0.99, p = 0.034) and in both
pooled cerivastatin-treated groups (r = –0.87, p =
0.025).

DISCUSSION

In the rats, unlike in humans and rabbits, pla-
sma triglycerides and cholesterol are transported
predominantly by HDL. Therefore, the effect of
hypolipidemic drugs differs in the rats and humans.
Consistently with previous studies [14, 21], we ob-
served no effect of cerivastatin treatment on plasma
cholesterol in the rat. In contrast, the drug mark-
edly reduced triglyceride concentration. Therefore,

the rat is a useful model to study cholesterol-in-
dependent effects of statins [29]. This is especially
important in the studies concerning oxidative stress,
because hypercholesterolemia per se stimulates
production of vascular reactive oxygen species [30].

The results of this study indicate that cerivasta-
tin administered at a dose of 0.3 mg/kg/day de-
creases the level of oxidative stress in the healthy
rat, as evidenced by reduced concentration of lipid
peroxidation products and increased total plasma
antioxidant capacity. Although antioxidant proper-
ties of statins have been reported in several previ-
ous studies [16, 36, 38, 49], two aspects of this
finding are noteworthy. First, most previous studies
were performed in rabbits and humans in which
statins have potent hypocholesterolemic effect, and
in hyper- rather than normocholesterolemia. Our
results clearly indicate that antioxidant effect of
statins is cholesterol-independent. Second, in ear-
lier studies other statins, such as fluvastatin and
simvastatin, were used. These HMG-CoA reduc-
tase inhibitors, unlike cerivastatin, have direct radi-
cals-scavenging activity [16, 36, 38, 45, 49]. To our
knowledge, only one previous study addressed the
effect of cerivastatin administration on plasma lipid
peroxidation products. In that study [8], cerivasta-
tin decreased the level of thiobarbituric acid-reac-
tive substances by more than 50% in renal trans-
plant recipients. Taken together, these data suggest
that in vivo statins as a class demonstrate antioxi-
dant activity, which is independent of specific
chemical structure of a given drug but rather results
from their general mechanism of action. Antioxi-
dant properties of statins may contribute to their ef-
fects, such as improvement of endothelium-depen-
dent vasorelaxation [45, 47], protection against
ischemia-reperfusion injury [22], inhibition of car-
diac remodeling and hypertrophy [4, 41] and de-
creased mortality in experimental sepsis [1].

The mechanism of antioxidative activity of
cerivastatin is unclear but several possibilities can
be proposed. First, cerivastatin decreased plasma
triglyceride concentration and thus, could reduce
the availability of substrates for peroxidation pro-
cess. However, this could not be entirely responsi-
ble for reduced level of lipid peroxidation products
because hydroperoxides/triglycerides ratio decreas-
ed significantly in high-dose group. Second, statins
have well-known antiinflammatory properties [31].
Inflammatory cells are an important source of reac-
tive oxygen species which are produced by phago-
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cytes’ NADPH oxidase [33]. Several HMG-CoA
reductase inhibitors, such as lovastatin and pravas-
tatin, reduce superoxide anion generation by iso-
lated and/or cultured phagocytes through the me-
chanism involving inhibition of protein isoprenyl-
ation and decrease in NADPH oxidase activity [7,
18, 20].

One of the mechanisms leading to free radical
production in the vasculature implicates NADPH
oxidase contained in endothelial cells in this pro-
cess. It has been demonstrated that both atorvasta-
tin and cerivastatin reduce NADPH oxidase-depen-
dent superoxide anion generation by isolated rat
aortic rings [45, 47]. Also in the rabbit either flu-
vastatin [32] or simvastatin [42] treatment reduces
endothelial radical generation. Statins may inhibit
vascular NADPH oxidase either directly or by in-
hibiting angiotensin signaling [48], since angioten-
sin stimulates vascular superoxide generation [46].

We also demonstrated that cerivastatin admini-
stration decreased plasma PON activity. This find-
ing is puzzling, since PON is considered as a poten-
tially atheroprotective enzyme whereas statins have
well-known antiatherosclerotic activity. Whether
this effect is specific for cerivastatin or pertains to
all HMG-CoA reductase inhibitors, remains to be
established, especially in view of recent withdrawal
of cerivastatin from the market [13]. However, this
effect of cerivastatin should not be necessarily
interpreted as disadvantageous. The most likely
physiologic role of PON is decomposition of lipid
hydroperoxides. Because cerivastatin decreased tri-
glycerides and lipid peroxidation products in pla-
sma, the reduced PON1 activity could be simply
the adaptive response to reduced availability of
substrates.

The mechanism by which cerivastatin affects
PON activity is not clear. The drug could either re-
duce hepatic enzyme synthesis or accelerate its
breakdown. Statins modulate hepatic expression of
multiple genes, including cytokines, transcription
factor NF �B and peroxisome proliferator-activated
receptor � (PPAR�) [17]. The rate of transcription
of these genes is regulated by protein isoprenyl-
ation, therefore, the effect of statins is attributed to
reduction of nonsteroid mevalonate metabolites,
such as farnesyl- or geranylgeranylpyrophosphate.
Whether statins also regulate PON gene expres-
sion, remains to be established. Further studies,
using more selective inhibitors of mevalonate cas-
cade and/or specific mevalonate metabolites, are

also needed to clarify which pathway of mevalo-
nate metabolism is involved in the effect of cerivas-
tatin on PON activity.

Because the activities assayed toward paraoxon
and phenyl acetate were reduced to the different de-
grees, we suggest that cerivastatin not only de-
creased the amount of PON in plasma but also
modulated its catalytic properties. It is suggested
that the activity toward paraoxon is more variable
and is sensitive to different modulating factors
whereas AE activity is stable and better corresponds
with enzyme concentration [15]. If this can be ex-
trapolated to the present study, one can suggest that
although cerivastatin decreased the amount of cir-
culating PON, the specific enzyme activity expres-
sed as PON/AE ratio was elevated following treat-
ment. Reactive oxygen species impair PON activity
[2], so decreased level of oxidative stress in ceri-
vastatin-treated rats could contribute to the im-
provement of PON/AE ratio. Alternatively, altered
lipid environment of HDL particles, such as chole-
sterol/triglycerides ratio, could modulate properties
of PON. It should be noted that although the effect
of simvastatin in hypercholesterolemic humans dif-
fered from that observed by us since the drug ele-
vated PON activity [43], PON/AE ratio also in-
creased in that study.

In conclusion, we observed that cerivastatin ad-
ministration to healthy rats reduced the level of
systemic oxidative stress, increased total plasma
antioxidant capacity and lowered plasma PON ac-
tivity. Enzyme activity toward paraoxon was less
affected than assayed toward phenyl acetate, sug-
gesting that cerivastatin increased PON1 specific
activity. Cerivastatin had no effect on total plasma
cholesterol but reduced plasma triglyceride con-
centration indicating that the observed effects were
independent of its cholesterol-lowering properties.
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