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Abstract

Modified (oxidized) low-density lipoprotein (LDL) plays a significant role in atherosclerosis by accumulation in arteries. Also, glycated

LDL, such as in diabetics, are increasing the risk for atherosclerosis, due to an increased oxidizability as compared to native LDL. For

these reasons, the potential inhibition of such modifications is of clinical importance. We investigated the influence of simvastatin on

oxidation of native and modified LDL as well as high-density lipoprotein (HDL), which plays a protective role in atherosclerosis.

Quantitative assessment of the oxidation end-product malondialdehyde (MDA) revealed the highest inhibitory rate for HDL at

concentrations of 1.6 mg/ml and 0.8 mg/ml by 30.3% and 20.4%, at 6 h and 4 h, respectively. At 24 h, the inhibition was still persisting

amounting to 27.9% and 20.3%, respectively.

For native LDL, we found less inhibition of oxidation at a concentration of 1.6 mg/ml amounting to 19.2% and 11.5%, for 4 h and 6 h,

respectively. Similar effects were found at a concentration of 0.8 mg/ml. For modified, glycated LDL, the most pronounced effect was

found at a concentration of 1.6 mg/ml amounting to 22.4% for the period of 2–24 h of oxidation. For glycoxidated LDL, the inhibition of

oxidation was less expressed amounting to 10.1% for the period of 2–6 h at the same concentration.

The influence of simvastatin on lag time (protection from oxidation) by diene conjugation was also investigated. At the highest

concentration of simvastatin (1.6 mg/ml), we found a prolongation of lag time from 73 min to 99 min for native LDL, for glycoxidated

LDL 60 min to 89 min and for HDL 54 min to 64 min. For glycated LDL, only a small decrease of lag time (66 min versus 71 min) at same

concentration was observed. For glycated and glycoxidated LDL, we found a moderate increase in relative electrophoretic mobility

(REM) by 2.0 and 2.3, respectively, but no changes in the presence of simvastatin were observed. These data show that simvastatin besides

its lipid-lowering action has also significant antioxidative properties.
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1. Introduction

Primary hypercholesterolemia is a key risk factor for

development of atherosclerosis and coronary heart disease

(CHD). Low-density lipoproteins (LDL), especially in

modified forms (oxidized or glycated = non-enzymati-

cally glycosylated), are favouring atherosclerosis, due

to enhanced accumulation in the arterial wall and forma-
Abbreviations: Apo I, apolipoprotein I; BHT, butylated hydroxyto-

luene; CHD, coronary heart disease; CRP, C-reactive protein; EDTA,

ethylenediaminetetraacetic acid; HDL, high-density lipoprotein; HMG-

CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; LDL, low-density lipopro-

tein; MDA, malondialdehyde; PBS, phosphate-buffered saline; REM, rela-

tive electrophoretic mobility; TBA, thiobarbituric acid; TCA,

trichloroacetic acid; VLDL, very low-density lipoprotein
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tion of ‘‘foam cells’’ [1–3]. The non-enzymatic glycosyla-

tion of LDL is accelerated in patients with diabetes

mellitus. There is also evidence that glycated LDL is more

prone to oxidation than native LDL [4–6]. Since LDL-

oxidation and/or -glycation seems to play such a promi-

nent role in the pathophysiology of atherosclerosis, it is

evident that lipid-lowering agents, such as statins, could be

of benefit in the treatment of the disease. Simvastatin is a

member of the statins family of such as lovastatin, pra-

vastatin, fluvastatin, atorvastatin and rosuvastatin in the

treatment of hypercholesterolemia [7–10]. These drugs

are inhibitors of 3-hydroxy-3-methylglutaryl-coenzymeA

(HMG-CoA) reductase, an enzyme, which is the rate

limiting step in the biosynthesis pathway of cholesterol.

Simvastatin, the most widely used compound, effectively

reduced total plasma cholesterol and LDL-cholesterol

levels by 25–35% [11–14]. Reduction of triglyceride
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was less pronounced by 7–30%,mildly raises high-density

lipoprotein (HDL)-cholesterol was increased by 5–15%

[15]. The changes in HDL-cholesterol were even more

pronounced by 29.1% versus 11.4% in patients with low

versus normal HDL under a high-dose of 80 mg simvas-

tatin treatment [16]. HDL plays an increasingly important

role as a protective factor in atherogenesis, due to the

reverse cholesterol transport from peripheral cells to the

liver. Representative data indicate that a large number of

patients with CHD even with normal LDL cholesterol

(�100–130 mg/dl) show a subnormal level of HDL-cho-

lesterol [17]. In older people, HDL is more predictive for a

vascular event as compared to LDL-cholesterol. The

Framingham study [18] shows that for each 1 mg/dl

increase in HDL, a 2–3% decrease in CHD occurred. In

this study, low HDL cholesterol is associated with high

level of atherogenic lipoproteins such as very low-density

lipoprotein (VLDL), small dense LDL, metabolic syn-

drome and hypertension [19]. The studies show that statins

are able to increase HDL and apolipoprotein I (Apo I)

levels for both healthy and CHD individuals [20–25]. This

is a very important fact, because both parameters are

responsible for removal and transfer of cholesterol from

the artery wall to the liver. Statins besides the lipid-low-

ering effects have also been demonstrated to have a variety

of non-lipid effects being of key relevance in atherogen-

esis. Among them are a decreased smooth muscle cell

proliferation and endothelial deactivation, reduction in

C-reactive protein (CRP) and also antithrombotic effects

[26]. Isoprostane measurement in patients with hyperli-

pidemia demonstrated an antioxidative action of statins

[27].

Data on the antioxidative effect of statins on LDL and

even more on HDL oxidation are rare. For this reason,

we investigated the effect of simvastatin on oxidation

of native and modified LDL and also on oxidation of

HDL.
2. Materials and methods

2.1. Simvastatin

Simvastatin was kindly provided by Lannacher Heil-

mittel Gmbh (Lannach, Austria). The drug was used as a

stock solution in ethanol (16 mg/ml).

2.2. Isolation of LDL and HDL

Blood from healthy normolipidemic overnight fasting

volunteers (n = 8, non-smokers, non-diabetics, not taking

any drug for at least 2 weeks) aged 25–55 years was

collected into syringes containing sodium ethylenediami-

netetraacetic acid (EDTA) (4 mM). Native LDL and HDL

were isolated by isopycnic preparative ultracentrifugation

(Sorvall ETD, SW-41 swing out rotor, 41,000 rpm, 10 8C,
24 h) of plasma using a discontinuous KBr density gradient

according to Chapman et al. [28].

2.3. Preparation and characterisation of LDL

modifications

For oxidation or glycation experiments, stock solutions

were dialysed extensively in the cold against phosphate-

buffered saline (PBS), pH 7.4. For glycation, dialysed LDL

at a concentration of 0.6–0.7 mg LDL protein/ml was

incubated with 0.5 M glucose in the presence or absence

of antioxidants (1.0 mM EDTA, 20 mM butylated hydro-

xytoluene (BHT)) at 37 8C for 4 weeks in the dark (‘‘g’’

versus ‘‘go’’ LDL). Advanced glycosylation end products

(AGEs) formation was monitored by measuring the fluor-

escence at 370 nm excitation/440 nm emission on a Hita-

chi RF-551 S spectrofluorometer. Only fluorescence

spectra showing the characteristic maximal emission at

440 nm were considered as AGE-specific. Oxidative mod-

ification of LDL also results in the generation of fluores-

cence peaking at 430 nm (excitation at 360 nm), so that

glycoxidative changes are manifested by combined oxida-

tive/AGE-specific fluorescence. Fluorescence data are

given in relative fluorescence units (RFU) of 0.1% LDL

solutions. After 4 weeks of glycation/glycoxidation, mean

AGE–RFU values for gLDL and goLDL were 310 RFU

and 540 RFU, respectively.

2.4. Measurement of oxidation parameters of LDL

2.4.1. Formation of conjugated dienes (CD) and

baseline dienes (BD)

Isolated LDL and HDL were chromatographed over a

PD-10 size exclusion column (Pharmacia Biotech Sepha-

dex G-25M gel filtration column) preequilibrated in PBS to

remove EDTA and BHT and then diluted to a final con-

centration of 0.25 mg/ml mass and absorbance read at

234 nm (Hitachi U-2000 spectrophotometer, Osaka, Japan)

to calculate BD, using a molar absorption coefficient of

29,500 M�1 cm�1. Oxidation was initiated by addition of

an aqueous copper-sulfate solution to a final concentration

of 5 mmol/l. Immediately after addition of copper, absor-

bance at 234 nm was followed at room temperature over

300 min in 5 min intervals to obtain a typical CD-forma-

tion curve as described by Esterbauer et al. [29,30]. The lag

time, defined as end of the crosspoint of the time axis and

the curve slope, was assessed.

2.4.2. Thiobarbituric reactive substances (TBARS)

Lipid peroxidation was determined by quantification of

TBARS with a microtiter plate-modification of the method

described by Buege and Aust [31]. Briefly, 50 ml 50% (w/

v) (trichloroacetic acid (TCA), Merck), 75 ml of 1.3% (w/

v) (thiobarbituric acid (TBA), Merck) dissolved in 0.3%

NaOH (Merck), 60 ml of PBS and 100 ml of LDL sample

were mixed in a 96-well microtiter plate (Sterilin), covered
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Fig. 2. Copper-mediated oxidation of nLDL in the presence of different

concentrations of simvastatin, as monitored by oxidation end-product

malondialdehyde (MDA). Data are given as mean values � S.D. of three

independent experiments with *p < 0.01, **p < 0.001 and ***p < 0.0001 vs.

nLDL in absence of simvastatin.
and placed in a water-bath for 40 min at 60 8C. After
cooling on ice, plates were centrifuged at 2000 rpm for

10 min in a Hettich Rotixa RP centrifuge (Hettich, Darm-

stadt, Germany) and 200 ml of the supernatant of each well

pipetted into corresponding wells in a second plate. Absor-

bance at 530 nm was determined in an Anthos HT II

microtiter plate reader (Anthos Labtec, Salzburg, Austria).

TBARS concentration was calculated using a malonyldial-

dehyde (MDA) standard curve and expressed as nanomolar

MDA-equivalent per milligram LDL protein.

2.4.3. Relative electrophoretic mobility (REM)

Gel-electrophoresis was performed on agarose gels pro-

vided by Baxter AG (Vienna, Austria). 0.25 mg/ml of LDL

samples were applied to the gel. Electrophoresis was

performed at 300 mA for 120 min. Protein bands were

stained with amido black and REM was calculated as the

quotient of running distance of modified and native LDL.

2.5. Statistical analysis

The results are expressed as mean values � S.D. Statis-

tical analysis was performed using one-way ANOVA. A

p < 0.05 was considered statistically significant.
3. Results

We found dose-dependent influence of simvastatin on

oxidation of native and modified LDL and HDL as well.

Interestingly, we observed an inhibitory action on oxida-

tion of different forms of LDL and HDL for a period up to

24 h. The highest inhibitiory rate of oxidation was found

for HDL, at concentrations of 0.1 mg/ml, 0.8 mg/ml and

1.6 mg/ml for the whole period of 2–24 h (Fig. 1). Quanti-

fication of the oxidation end-product malondialdehyde

(MDA) revealed the maximum of inhibition at concentra-

tions of 1.6 mg/ml and 0.8 mg/ml by 30.3% and 20.4%, at

6 h and 4 h, respectively. At 24 h, the inhibition was still

persisting (27.9% and 20.3%, respectively). For native

LDL, we found a comparable maximum of oxidation inhi-

bition for 4 h and 6 h, at a concentration of 1.6 mg/ml,
Fig. 1. Copper-mediated oxidation of HDL in the presence of different

concentrations of simvastatin, as monitored by oxidation end-product

malondialdehyde (MDA). Data are given as mean values � S.D. of three

independent experiments with *p < 0.01, **p < 0.001 and ***p < 0.0001 vs.

HDL in absence of simvastatin.
amounting to 19.2%and11.5%, respectively. Similar effects

were found at a concentration of 0.8 mg/ml (Fig. 2).

For modified, glycated and glycoxidated LDL, which

plays an important role in diabetics, we found also an

inhibition of oxidation. The most pronounced effect was

found for glycated LDL during the whole period of oxida-

tion of 2–24 h (Fig. 3). For glycated LDL, the inhibition of

oxidation was expressed to a maximum of 14.9% at a

concentration of 0.8 mg/ml and 13.6% at a concentration of

0.1 mg/ml at 6 h. At a concentration of 1.6 mg/ml, the

maximum of inhibition was achieved with 22.4% for the

period of 2–24 h of oxidation. For glycoxidated LDL, the

inhibition of oxidation was less expressed amounting to

3.7–10.1% for the period of 2–6 h at a concentration of

1.6 mg/ml and about 6% at concentration of 0.1 mg/ml for

the same period (Fig. 4).

We investigated not only the influence of simvastatin on

generation of oxidation end-product MDA, but also on lag

time (protection from oxidation) before the initiation of

oxidation took place. For native LDL, we found a prolon-

gation of lag time from 73 min to 99 min in the presence of

simvastatin at the highest concentration of 1.6 mg/ml

(Fig. 5). At the lowest concentration of 0.1 mg/ml, we

found only an insignificant prolongation by 5% of the

mean. For glycated LDL, we have even observed some

decrease of lag time (66 min versus 71 min) at the highest

concentration of 1.6 mg/ml (Fig. 6). At the lowest con-

centration of 0.1 mg/ml, the lag time was unchanged.
Fig. 3. Copper-mediated oxidation of gLDL in the presence of different

concentrations of simvastatin, as monitored by oxidation end-product

malondialdehyde (MDA). Data are given as mean values � S.D. of three

independent experiments with *p < 0.01 and **p < 0.001 vs. gLDL in

absence of simvastatin.
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Fig. 4. Copper-mediated oxidation of goLDL in the presence of different

concentrations of simvastatin, as monitored by oxidation end-product

malondialdehyde (MDA). Data are given as mean values � S.D. of three

independent experiments with *p < 0.01 and **p < 0.001 vs. goLDL in

absence of simvastatin.

Fig. 5. Influence of simvastatin on lag time for native LDL as maximal

effect at the highest concentration of 1.6 mg/ml. Native LDL was diluted to

standard concentration (0.25 mg/ml total cholesterol) and oxidation

initiated by addition copper-sulfate solution with a final concentration of

5 mmol/l. Absorbance at 234 nm was followed at room temperature over

300 min in 5 min intervals in a Hitachi U-2000 spectrophotometer to obtain

a typical conjugated diene-formation (CD) curve. From CD-formation

curve, the lag time defined as end of the crosspoint of the time axis and

the curve slope was estimated.

Fig. 7. Influence of simvastatin on lag time for goLDL as maximal effect at

the highest concentration of 1.6 mg/ml. The oxidation for gLDL and

conjugated diene-formation was estimated at the same condition as for

nLDL.

Fig. 8. Influence of simvastatin on lag time for HDL as maximal effect at

the highest concentration of 1.6 mg/ml. The oxidation for gLDL and

conjugated diene-formation was estimated at the same condition as for

nLDL.
For glycoxidated LDL, we observed a prolongation of lag

time (89 min versus 60 min) at the highest concentration of

1.6 mg/ml (Fig. 7) and no change at the lower concentra-

tions. For HDL, we found beneficial influence on the lag

time at the highest concentration of 1.6 mg/ml (73 min

versus 54 min) (Fig. 8) and no changes at the lower

concentrations.
Fig. 6. Influence of simvastatin on lag time for gLDL as maximal effect at

the highest concentration of 1.6 mg/ml. The oxidation for gLDL and

conjugated diene-formation was estimated at the same condition as for

nLDL.
The influence of simvastatin on 4 h oxidation of native

and modified LDL was investigated by agarose electro-

phoresis. For glycated and glycoxidated LDL, we found a

moderate increase in REM by 2.0 and 2.3, respectively, but

no changes in presence of simvastatin were observed.
4. Discussion

The most pronounced inhibition of oxidation in presence

of simvastatin was found for HDL. This lipoprotein plays

an important protective role in atherosclerosis, acting

against cholesterol accumulation in the foam cells, by

promoting of its efflux.

Oxidation of HDL is at least as important as that of LDL

in respect to atherogenesis. The Apo A-I of HDL is also

sensitive to oxidation like Apo B in LDL. This process

leads to molecular modifications and changes in its meta-

bolism (scavenger receptors). This results in a decreased

cholesterol efflux from peripheral tissues [32,33] and could

thus contribute to atherogenesis.

The protection of HDL oxidation will maintain the

molecule in a native, not modified state promoting its

original role as a protecting factor. This is of key impor-

tance, as the studies with human macrophages demon-

strated that oxidized HDL (for 12 h and 24 h) decreases the
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efflux of intracellular free cholesterol by 16–45% [34].

This means that HDL loses its atheroprotective action as a

consequence of oxidation. According to our findings, the

inhibition of oxidation was persistent for a very long time

of up to 24 h. Also, native LDL was protected from

oxidation up to 19.2% for a quite long period of up to

6–24 h. Glycated LDL was protected to a comparable

extent as native LDL amounting to 14.9%. We found less

protection against oxidation for glycoxidated LDL. This is

a well-known fact that this form of LDL is oxidatively

more modified and exposed to higher oxidative stress than

native LDL.

Our results show that the antioxidative action of sim-

vastatin is addressed to long protection of oxidation of

various LDL forms and HDL. The bioavailability of

simvastatin has been reported to be low [35–37,14].

About 5% of the dose of simvastatin is available in

circulation as active drug or metabolites in humans.

The inhibition was achieved for all forms of LDL and

HDL at concentrations corresponding to plasma levels of

simvastatin achieved in the therapeutic range of 10 mg up

to 160 mg daily considering a bioavailability of 5%. The

plasma level in the treatment phase at these dosages

corresponds to the experimental concentrations of 0.1–

1.6 mg/ml. This very accurate calculation is very impor-

tant, because it is well established that simvastatin espe-

cially at higher concentrations causes side effects like

myopathy [38].

Our experimental data show that simvastatin besides its

lipid-lowering action has also significant antioxidative

properties. The results provide evidence that the antiox-

idative effects of simvastatin in the concentration range

0.1–1.6 mg/ml are most pronounced during the longer time

period of action 6–24 h. It seems that this drug exerts some

of its action by antioxidative properties. By lag time

estimations (diene conjugation), the protective effects were

seen starting slowly with the initiation of oxidation of

native or glycated LDL in the first 1–2 h in the investigated

concentration range of 0.1–1.6 mg/ml. In case of glycated

LDL, only a weak protective effect on lag time was found.

These results provide evidence that simvastatin probably

because of its chemical structure is able to protect the

native or modified LDL from the generation of lipid

radicals and conjugated diene in the initial phase of

oxidation. The protective antioxidative effect was also

found in the later phase of lipids peroxidation sequelae,

when the lipid peroxidation end products were generated,

e.g. MDA. The reduction of MDA we have seen quite

expressed by native and glycated LDL, but a special strong

in case of HDL.

The structure of simvastatin [35] consists of two con-

jugated phenolic rings, which are known as a free radicals

scavenger source, especially for very active OH� radicals.

It also has a conjugated diene structure by two double

bonds by adjacent carbon atoms, which is very prone to

formation of peroxides. Furthermore, there are also two
oxygen double bonds (on the phenolic ring and aliphatic

chain), which could be a source for O2
� radicals by a

possible formation of peroxides or hydroxyperoxides. This

antioxidative mechanism is also supported by the meta-

bolic pathway of simvastatin. In vivo simvastatin is con-

verted to bioactive compounds by oxidation steps

including formation of aldehyde and finally acidic com-

pound 60b-carboxy simvastatin. These are our considera-

tions and speculations, how simvastatin could protect

lipids from oxidation by a free radicals attack, undergoing

oxidative modification itself.

The antioxidant effects of simvastatin on glycated and

glycoxidated LDL are very important, as diabetics have

increased risk for atherosclerosis [39,40] and glycated

LDL is more sensitive to oxidation than native LDL [4–

6,41]. After 4 weeks of glycation/glycoxidation, mean

AGE–RFU values for gLDL and goLDL were 310 RFU

and 540 RFU, respectively. Although the AGE–RFU

values for gLDL are lower than for goLDL, MDA forma-

tion showed similar profile, but still higher for gLDL than

for goLDL. One explanation for these results could be the

heterogeneity of the blood donors concerning antioxidant

status of LDL as well as its prones for glycation and/or

glycoxidation. For glycated and glycoxidated LDL, we

found a moderate, similar increase in relative electrophore-

tic mobility by 2.0 and 2.3, respectively, as compared to

native LDL. According to evidence in literature [42] in

NIDDM patients, Vitamin A, SH-groups and uric acid

were significantly reduced, whereas the level of Vitamin

E was significantly increased. Vitamin C was similar as

compared to healthy subjects. Other study [43] reports

lower contents of a-tocopherol and b-carotene in naturally

occurring multiple-modified LDL as compared to native

LDL.

For glycated LDL, the inhibition of oxidation was at

maximum 14.9% at a concentration of 0.8 mg/ml and

13.6% (0.1 mg/ml), for 6 h. There was an even slightly

higher inhibition of oxidation for glycated LDL as com-

pared to native LDL. Simvastatin shows the protective

antioxidative properties in a comparable manner for both,

native and glycated LDL. Our data are also supported by

other findings that simvastatin causes significant reduction

in plasma total cholesterol and LDL cholesterol which are

similar in magnitude for both diabetics and non-diabetics

patients [44,45].

It would be interesting to compare the antioxidative

potency of simvastatin with other drugs like acetylsalicylic

acid, troglitazone and calcium antagonists on their

antioxidative potency in previous studies [46–48]. Acet-

ylsalicylic acid shows, only at ‘‘supra therapeutic’’ con-

centrations in the range of 0.06–2.0 mg/ml, a significant

concentration-dependent inhibition of LDL oxidation both

for native and glycated LDL (up to 89.6% and 64.4%,

respectively). The borderline concentration of 0.06 mg/ml

(reflecting an in vivo dose of about 300 mg/d) amounted

still to 10.9% and 10.7%, inhibition of oxidation, respec-
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tively. From 0.2 mg/ml upwards, a significantly more

marked inhibition for native LDL than for glycated LDL

was found. Troglitazone was a potent inhibitor of 8-epi-

PGF2a formation at a concentration of 5–20 mg/ml. At a

concentration of 5 mg/ml corresponding to the highest

therapeutic plasma concentration troglitazone inhibited

significantly 8-epi-PGF2a formation of LDL and its mod-

ifications by 20% for 24 h. At higher concentrations, we

have also found high concentration-dependent inhibition of

oxidation for native and glycated LDL (almost to the same

extent) and for glycoxidated LDL only by half of that for

native or glycated LDL (measured by TBARS formation).

Calcium antagonists exhibited a high antioxidative effect

in the order: lacidipine > semotiadil > isradipine >amlo-

dipine > nifedipine > diltiazem at concentrations 10�3 M

to 10�5 M as measured by TBARS formation. At lower

concentrations (10�6 M to 10�7 M) corresponding to lower

therapeutic concentration range (10�5 M to 10�7 M), we

found only a 5–10% not significant inhibition of oxidation

for native and modified LDL. Only for lacidipine, the most

lipid-soluble calcium antagonist, the higher investigated

concentrations of 10�3 M, which might be achieved in the

microenvironment in vivo, are of relevance.

We found that the antioxidative action of simvastain is

persisting up to 6–24 h. Also, HDL protection from oxida-

tion seems to be very important, as HDL is acting against

accumulation of modified LDL in the artery wall. The

protection of HDL oxidation can be speculated as a reason

for HDL-level elevation (in its native, unmodified form)

during the treatment with simvastatin, as well documented

in the literature [20–25]. The kinetics of modified and

native LDL might be different [49,50] eventually influen-

cing circulating levels of HDL. These findings imply a

decreased accumulation of modified LDL in the arterial

wall and higher HDL level exerting a vasoprotective role.

Summarizing, simvastatin evolved a beneficial effect by

preventing oxidation of both LDL and HDL exerting

thereby a double antiatherogenic action.
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