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Abstract

The antioxidative effect of fluvastatin sodium (fluvastatin), a 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitor, on lipid peroxidation of phosphatidylcholine (PC) liposomes
was investigated in various peroxidizing systems. Fluvastatin markedly inhibited the formation
of thiobarbituric acid reactive substances in iron (Il)-supported peroxidation of liposomes
(IC50 = 1.2 x 107> m). The order of magnitude of inhibition of each drug on the peroxidation
was: butylated hydroxytoluene > fluvastatin > probucol > pravastatin. Moreover, concentra-
tions of fluvastatin ranging from 1x107® to 1x10™*wm inhibited peroxyl radical-mediated
peroxidation of liposomes induced by water-soluble and lipid-soluble radical generators, 2,2'-
azobis (2-amidinopropane) dihydro-chloride and 2,2’-azobis (2,4-dimethylvaleronitrile), re-
spectively. However, pravastatin showed no effect against peroxyl radical-mediated peroxi-
dation. These results indicate that fluvastatin acted non-enzymatically as an effective
inhibitor against lipid peroxidation of PC liposomes and that the antioxidative effects of
fluvastatin may be due to the scavenging action of fluvastatin on liposomal lipid peroxidation
induced by peroxyl radicals generated in the aqueous and lipid phases.

Introduction

Fluvastatin is a potent, lipid-soluble inhibitor of 3-hydroxy-3-methylglutaryl co-
enzyme A reductase (Tse & Labbadia 1992; Yamamoto et al 1995), and has lipid-
lowering antioxidative effects (Hoffman et al 1992; Hussein et al 1997; Leonhardt
et al 1997). Therefore, fluvastatin therapy may help reduce the risk of arthero-
sclerosis and coronary heart disease (Leonhardt et al 1997; Massaeli et al 1999).
Afanas’ev et al (1993) reported that the lipid-rich microsomal membranes are
potential targets of injury in cells exposed to active oxygen species. The increased
production of reactive oxygen species contributes to pathological processes,
including membrane lipid peroxidation (Puntarulo & Cederbaum, 1996). We pre-
viously demonstrated that the suppression of both in-vivo and in-vitro lipid
peroxidation in liver microsomes was due to the scavenging action of fluvastatin on
free radicals, since fluvastatin chemically scavenged the active oxygen species such
as hydroxyl radicals and superoxide anion (Yamamoto et al 1998). Thus, fluvastatin
may be involved in antioxidant defences because the lipid-rich microsomal mem-
branes are potential targets of injury in cells exposed to active oxygen species.
However, the mechanism of the oxidative modification for membrane phospho-
lipids is not well known.
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The aim of this work was to clarify the antioxidative
effects of fluvastatin on lipid peroxidation in membrane
phospholipids. Phosphatidylcholine (PC) liposomes
were used as a simple model to investigate the effect of
fluvastatin on lipid peroxidation induced by iron (II)
or peroxyl radicals generated in the aqueous and
lipid phases by the thermal decomposition of the
azo-initiator 2,2’-azobis (2-amidinopropane) dihydro-
chloride (AAPH) or the lipid-soluble 2,2’-azobis
(2,4-dimethylvaleronitrile) (AMVN) (Niki 1990). The
effect of the lipophilic nature of fluvastatin and
antioxidants, probucol and butylated hydroxytoluene
(BHT), was compared with the hydrophilic antioxidant,
pravastatin, with regard to their capacity to prevent the
generation of lipid peroxides in PC liposomes.

Materials and Methods

Chemicals

Fluvastatin sodium, pravastatin sodium and probucol
were generous gifts from Sandoz Pharmaceuticals Ltd
(Ibaraki, Japan). r-a-Phosphatidylcholine p-arachi-
donoyl y-stearoyl, (PC(A)) and 2-thiobarbituric acid
(TBA) were obtained from Sigma Chemical Co. (St
Louis, MO) and E. Merck (Darmstadt, Germany),
respectively. Phosphatidylcholine (egg yolk; PC) and
azo compounds AAPH and AMVN were purchased
from Wako Pure Chemicals (Osaka, Japan). cis-
Parinaric acid (PnA) was purchased from Calbiochem-
Navabiochem Co. (La Jolla, CA). Other reagents were
of analytical grade.

Preparation of phospholipid liposomes

PC liposomes using an iron (II)-supported peroxidation
system were prepared by the method of Fukuzawa et al
(1981) with a minor modification. PC (15.4 mg) was
dissolved in 4 mL chloroform, evaporated to dryness
under nitrogen, and dispersed in 10 mL 0.1 m Tris-HCl
buffer, pH 7.4. PC(A) liposomes using the AAPH-
induced peroxidation system were prepared by the
method of Tampo & Yonaha (1991). PC(A) (3.5 mg)
was dissolved in 1 mL chloroform, the solvent removed
under Ar gas, and dispersed in 1 mL 0.1 m Tris-HCl
buffer containing 0.25m NaCl, pH 7.4. PC(A) lipo-
somes using the AMVN-induced peroxidation system
were prepared by the method of Custodio et al (1994).
PC(A) (3.5 mg) with AMVN (0.41 mg) was dissolved in
1 mL chloroform, the solvent removed under Ar gas,
and dispersed in 1 mL 20 mm Tris-HCI buffer, pH 7.4,

in a water bath at 35°C with hand-shaking. All lipo-
somal suspensions were sonicated in ice-cold water and
were stored under nitrogen at 0°C.

Lipid peroxidation supported by iron (ll) in PC
liposomes

Lipid peroxidation supported by iron (II) in PC lipo-
somes was estimated by monitoring the thiobarbituric
acid reactive substances formation according to the
method of Afanas’ev et al (1989). PCliposomes (0.03 mg
mL™") were incubated at 25°C for 60 min with 0.1 mMm
FeSO,, with or without each drug (7.5x 107 —5.0 x
107*m) and 0.1 M Tris-HCI buffer, pH 7.4. Lipid peroxi-
dation was terminated by adding 0.5mL 0.5M tri-
chloroacetic acid and 0.2 mL 0.1 M EDTA. Then 1 mL
0.8% (w/v) TBA was added and the solution was
heated at 100°C for 15 min. After centrifugation of pre-
cipitated proteins, the malondialdehyde content was
determined by measuring the absorbance at 532 nm
(e = 1.56 x10° M~! cm™), according to the method of
Buege & Aust (1978).

Lipid peroxidation induced by water-soluble
peroxyl radical

The membrane lipid peroxidation induced by peroxyl
radicals generated in the aqueous phase by thermal
decomposition of the azo-initiator AAPH was kineti-
cally followed by the measurement of oxygen consump-
tion using an Oxygen Monitor Model OBH-100 (Otsuka
Electronics Co., Osaka, Japan.) (Takenaka et al 1991).
The reaction mixture (1 mL) consisted of 200 um PC(A)
liposomes in 20 mm phosphate buffer containing 100 mm
NaCl, pH 7.0. The oxidation was carried out in a
thermostated glass cuvette at 37°C, provided with mag-
netic stirring and initiated by addition of 10 mm AAPH
(Laranjinha et al 1992). The concentrations of fluva-
statin and pravastatin were preincubated with liposomes
for 20 min at 37°C before the addition of AAPH. Blank
experiments in the absence of PC(A) liposome were
performed to evaluate the oxygen consumption induced
by 10 mm AAPH.

Lipid peroxidation induced by lipid-soluble
peroxyl radical

The oxidative degradation of PnA (7.5 um) incorporated
in liposomes (800 um PC(A)) containing AMVN
(330 M) was induced by peroxyl radicals generated by
thermal decomposition of the lipid-soluble AMVN at
50°C (Kuypers 1987; Kagan et al 1993). Each con-
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Figure 1 Inhibition of the formation of thiobarbituric acid reactive
substances in iron (II)-supported peroxidation of phospholipid lipo-
somes by fluvastatin (@), pravastatin ([J), probucol (&) and butylated
hydroxytoluene (A). The formation of thiobarbituric acid reactive
substances was evaluated in terms of nmol malondialdehyde and
expressed as a percentage inhibition from the control level (in the
absence of the drugs). A typical control value was 30.1 nmol mg™!
PChL

centration of fluvastatin and pravastatin was preincu-
bated with liposomes for 20 min at 37°C before starting
the PnA assay. The incorporation of PnA was achieved
by incubating a sample of an ethanolic solution of
750 um PnA with liposomes containing each drug for
2.5 min at 37°C. PnA degradation was monitored by
detecting the decay of fluorescence in a Fluorescence
Spectrometer Model F-2000 (Hitachi Co., Ibaraki,
Japan) provided with thermostated cuvettes and mag-
netic stirring. The excitation and the emission wave-
lengths were set at 324 and 413 nm, respectively. The
excitation and emission slit widths were 5 nm. Blank
experiments using liposomes prepared without AMVN
were performed to evaluate the spontaneous fluores-
cence decay of PnA.

Results

Inhibition of iron (l)-supported peroxidation of
liposomes

We investigated the inhibitory effect of fluvastatin on
the non-enzymatic peroxidizing system using liposomes.
Figure 1 shows the inhibition of fluvastatin, pravastatin,
probucol and BHT on lipid peroxidation supported by
iron (II) in liposomes. The lipid peroxidation was esti-
mated by thiobarbituric acid reactive substances forma-
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Figure 2 Inhibition of oxygen consumption by fluvastatin and

pravastatin in 2,2’-azobis (2-amidinopropane) dihydro-chloride
(AAPH)-induced peroxidizing system containing phospholipid lipo-
somes. Each concentration of fluvastatin (@) and 100 xM pravastatin
([O) was preincubated with liposomes before the addition of AAPH.
The oxygen consumption induced by AAPH in the absence of
liposomes is shown (Q). A typical example of the three independent
experiments is shown.

tion. Concentrations of fluvastatin (1.0 x 1077 —5.0 x
10~* M), pravastatin (1.0x10°—5.0x 10 ™), BHT
(1.0x10%=5.0x 10° M) and probucol (7.5x107°—
5.0 x 107> M) were added to the incubation mixture in the
presence of liposomes and 0.1 mm FeSO,. The IC50 of
fluvastatin, BHT and probucol was 1.2 x 1075,3.0 x 1077
and 2.3 x 107 M, respectively (Figure 1). These com-
pounds inhibited lipid peroxidation in the following
order of potency: BHT > fluvastatin > probucol >
pravastatin.

Inhibition of oxygen consumption in AAPH-
induced peroxidizing system containing
phospholipid liposomes by fluvastatin or
pravastatin

AAPH, a water-soluble radical generator, produces
peroxyl radicals in the aqueous phase, and the peroxyl
radicals attack phospholipids at the membrane surface
(Niki 1990). Figure 2 shows the effect of fluvastatin and
pravastatin on AAPH-induced lipid peroxidation of
liposomes. Liposomes with AAPH, which generates
initiating radicals at a constant rate in the aqueous
phase, caused a marked oxygen consumption by
approximately 80% when measured at 30 min after
the addition of AAPH (Figure 2). Fluvastatin at con-
centrations ranging from 1 to 100 um suppressed
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Figure 3 [Inhibition of 2,2-azobis (2,4-dimethylvaleronitrile)
(AMVN)-induced PnA fluorescence decay by fluvastatin and prava-
statin in phospholipid liposomes. Fluvastatin (@) and 100 uM prava-
statin ([J) were preincubated with liposomes before the PnA assay.
The spontaneous decay of fluorescence of PnA at 50°C without
AMVN is shown (Q). A typical example of the three independent
experiments is shown.

the AAPH-induced oxygen consumption in a dose-
dependent manner. However, 100 uM pravastatin
inhibited oxygen consumption to a lesser extent than
1 uM fluvastatin. In this study, 1 mm pravastatin did not
inhibit the AAPH-induced oxygen consumption (data
not shown).

Inhibition of AMVN-induced PnA fluorescence
decay by fluvastatin and pravastatin in
phospholipid liposomes

PnA as a polyunsaturated fatty acid has been used to
determine the susceptibility of membranes to lipid per-
oxidation and to study the effects of drugs of phar-
macological interest on membrane peroxidation
(Kuypers et al 1987; van den Berg et al 1988, 1991;
Kaganetal 1993). Figure 3 shows the effect of fluvastatin
and pravastatin on lipid peroxidation induced by
AMYVN, a lipid-soluble radical generator, as monitored
by the decrease in fluorescence intensity of PnA. In the
absence of AMVN, the fluorescence intensity of PnA
remained unchanged during the measurement. In the
absence of fluvastatin, the fluorescence of the PnA
decreased by approximately 60 % in 30 min (Figure 3).
Fluvastatin at concentrations ranging from 1 to 100 um
inhibited the AMVN-induced decay of fluorescence of
PnA dose-dependently. Pravastatin at a concentration

of 100 uM showed the same effect on the fluorescence
decay of PnA as 1 um fluvastatin. Moreover, 1 mm
pravastatin did not affect the AMVN-induced decay of
fluorescence of PnA (data not shown).

Discussion

We previously reported that fluvastatin, which had no
effect on the content of cytochrome P450 and the activity
of NADPH-cytochrome P450 reductase in liver micro-
somes, markedly inhibited NADPH-dependent lipid
peroxidation, and this suppression might be due to the
scavenging action of fluvastatin on free radicals
(Yamamoto et al 1998). In this study, to clarify the
mechanism of the antioxidative effects of fluvastatin
on membrane lipid peroxidation, we investigated
whether the antioxidative action of fluvastatin occurs
non-enzymatically, that is directly to membrane
phospholipids. We examined the inhibitory effect of
fluvastatin on iron (II)-induced PC liposomal peroxi-
dation by monitoring the thiobarbituric acid reactive
substances formation. PC liposomes are frequently
used as a simple model for cellular and subcellular
biomembranes (Murase et al 1997, 1998). In our experi-
ment, fluvastatin markedly inhibited the formation of
thiobarbituric acid reactive substances in iron (II)-
supported peroxidation of liposomes (Figure 1).

Probucol and BHT are also highly lipophilic, and the
antioxidant property of both drugs is partly due to their
free radical scavenging effect (Thompson et al 1989;
Valotiet al 1989 ; Hiramatsu et al 1994). Pravastatin, the
3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitor, is similar in structure to fluvastatin. How-
ever, pravastatin possesses the hydrophilicity of the
p-hydroxy group at the 6 position of decaline which
contributes to the tissue-selectivity (Koga et al 1990)
and is highly hydrophobic. Fluvastatin has a 4-
fluorophenyl group at the 3 position of indole. The
double bond conjugated with the indole ring plays an
important role for the antioxidative activity of fluva-
statin (Suzumura et al 1999; Nakamura et al 2000) and
fluvastatin is both lipophilic and hydrophilic. In this
study, the inhibitory effect of fluvastatin was similar to
that of probucol, and was more potent than that of
pravastatin, but less potent than that of BHT (Figure 1).
In addition, the IC50 value and inhibitory magnitude of
each drug on liposomal lipid peroxidation agreed with
our results on microsomal peroxidation (Yamamoto et
al 1998).
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Lipid peroxidation is a free radical-mediated chain
reaction forming lipid hydroperoxides occurring in the
unsaturated fatty acids of membrane phospholipid
(Esterbauer & Cheeseman 1990). The peroxidation of
liposomal phospholipids is responsible for chain-
carrying lipid peroxyl radicals (Lim et al 1992). We
investigated whether fluvastatin acts as an effective
inhibitor of lipid peroxidation in PC liposomes induced
by water-soluble and lipid-soluble radical generators,
AAPH and AMVN, respectively. The addition of the
water-soluble AAPH generates free radicals outside the
phospholipid membrane and these radicals attack the
liposomal membrane at the membrane surface (Murase
et al 1997, 1998). In AAPH-induced oxidation, fluva-
statin added to the aqueous phase suppressed the free
radical chain-reaction efficiently and inhibited the lipid
peroxidation of the liposomal membrane (Figure 2),
suggesting that fluvastatin is an efficient antioxidant
against radicals generated in the aqueous phase. In
contrast, a lipid-soluble AMVN incorporated in lipo-
somes generates free radicals within a lipid bilayer
(Murase et al 1998). Fluvastatin is lipid-soluble and can
easily be incorporated into the lipid bilayer (Yamamoto
et al 1995, 1998). In AMVN-induced oxidation, fluva-
statin incorporated in the liposomal membrane in-
hibited membrane lipid peroxidation (Figures 2 and 3).
In these systems, it would seem that the chain-initiating
peroxyl radicals are generated from AMVN and that
chain-propagation reactions would proceed within the
membranes (Niki 1990; Massaeli et al 1999). In fact,
lipid peroxidation was not observed when PC liposomes
containing AMVN were preincubated with fluvastatin
(datanotshown). Fluvastatinisslightly lipophilic, where-
as pravastatin is highly hydrophilic. Therefore, we pre-
sumed that fluvastatin is located both outside and inside
of the liposomal membrane and can scavenge both the
chain-initiating and chain-propagating radicals in the
aqueous and lipid phases. This may indicate that
fluvastatin operates most effectively in lipid-rich
biomembranes to suppress the initiation or propagation
of lipid peroxidation, but pravastatin operates only
slightly because of its hydrophilicity.

These results suggest that fluvastatin acts as an
antioxidant by scavenging radicals generated in both
the chain-initiating radicals in the aqueous phase
(i.e. a water-soluble peroxyl radical) and the chain-
propagating radicals in the lipid phase (i.e. a
lipid-soluble peroxyl radical). Fluvastatin may prevent
the initiation and promotion of biomembrane lipids
by the mechanisms scavenging free radicals and may
offer significant protection against atherosclerotic heart
disease.
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