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Abstract

The effects of lovastatin on glutathione peroxidase activity, hydrogen peroxide consumption, [*H]cholesterol uptake and [*“Clacetate
incorporation were investigated in cultured human endothelial cells. Treatment of endothelial cells with lovastatin in a medium without
serum for 4 hr significantly increased both glutathione peroxidase activity and hydrogen peroxide consumption. This treatment also
significantly inhibited cholesterol synthesis and cholesterol esterification. However, lovastatin stimulated cholesterol uptake by the cells.
These alterations produced by lovastatin continued up to 24 hr. When serum was present in the culture medium, only decreased cholesterol
synthesis and esterification were detected. We suggest that the in vitro antioxidative ability of lovastatin resulted, in part at least, from [1]
its activating effect on glutathione peroxidase, [2] its stimulative effect on the ability of endothelial cell to scavenge H,O,, and [3] its

hypolipidemic effect. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Our recent studies showed that concentrations of oxi-
dized products of cholesterol (oxysterols) and lipid perox-
ides in the plasma of cardiac catheterized patients with
established stenosis of their coronary arteries were signifi-
cantly higher than those in age- and sex-matched controls
[1,2]. It has been reported that the concentrations of lipid
oxidation products conformed with the severity of stenosis,
whereas the plasma cholesterol concentration did not con-
form with the stenosis severity [3,4]. These results indicate
that oxidation products played an important role in the
initiation and progression of atherosclerosis [1-4]. Studies
from other laboratories also showed that low density li-
poprotein (LDL) must be oxidatively modified to oxidized
LDL (ox-LDL) in order to trigger the atherogenic pathol og-
ical events, such as macrophage cholesterol accumulation,
foam cell formation, cytotoxicity, thrombosis and inflam-
mation, leading finally to atherosclerosis [5—7]. An increase
in ox-LDL, found in patients with coronary artery disease
[8,9] and in patients subjected to heart transplants [10], has
been credited with an important role in the initiation and
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progression of atherosclerosis [3,4]. The increase in ox-
LDL correlated not only with the extent of coronary artery
stenosis but aso with the development of the stenosis [10].
Imai et a [11] demonstrated that aortas of rabbits fed
concentrates of impure cholesterol (that had been oxidized
in an unsealed drum for several years) exhibited diffuse
fibrous lesions in the intima. Bovine aortic endothelial cells
cultured with LDL plus cholesterol oxidase (an enzyme
catalyzing the oxidation of cholesterol to cholest-4-en-3-one
in the cell) were significantly damaged, compared to the
cells cultured only with LDL [12]. Scanning and transmis-
sion electron microscopy showed damaged aortic endothe-
lial cells in rabbits within 24 hr after cholesterol oxidation
products were given intravenously or by gastric gavage
[13,14]. Both in vivo and in vitro studies showed that ox-
LDL induced damage of cellular membrane, caused loss of
cell viability [15], inhibited wound-healing response of vas-
cular endothelial cells [16], produced an increase in cyto-
solic Ca** [17], activated endothelial recruitment of leu-
kocytes, enhanced macrophage cytokine production and
stimulated smooth muscle cell proliferation [18].

A strong role of ox-LDL in triggering atherosclerosis
points to the importance of inhibiting oxidation to prevent
the initiation of atherosclerosis [19-21]. LDL can be oxi-
dized by release of reactive oxygen species (ROS) from
activated leukocytes, platelets and monocytes both in vivo

0955-2863/02/$ — see front matter © 2002 Elsevier Science Inc. All rights reserved.

Pll: S0955-2863(01)00213-3



Q. Zhou, F.A. Kummerow / Journal of Nutritional Biochemistry 13 (2002) 200208 201

and in vitro [22,23]. Cholesterol is also directly oxidized by
either free radical autoxidation reaction or enzymatic oxi-
dation [24]. Previous studies showed that oxidation in the
plasmais challenged by a host of defense mechanisms [25]
including ceruloplasmin, fibrinogen, transferrin and abu-
min [26] and that hypocholesterolemic therapy significantly
inhibited both in vivo and in vitro oxidation of LDL [27—
29]. We suggest that the antioxidative effect of hypocho-
lesterolemic therapy be related to its hypolipidemic effect
[29], to itsinhibiting effect on free radical generation [27],
and to its scavenging effect on free radical. [7] The current
study is to provide further evidence for our suggestion.
Evidence from clinical and laboratory studies indicate
that endothelial injury is involved in a loss of endothelia
integrity and endothelial permeability properties[22] and in
the early events leading to atherosclerotic lesion formation
[30,31]. The endothelium is not only constantly exposed to
ox-LDL, to free radicas and to other harmful materials in the
blood, but it dso is in direct contact with lovagtatin in the
circulation. We therefore chose the endothelia cell as an ex-
perimental model to study the antioxidative effect of lovastatin.

2. Materials and methods
2.1. Materials

[1,2,6,7-*H]cholesterol (3.1 TBg/mmol, 84 Ci/mmol)
and [1,2-**C]acetate (1.9 GBg/mmol, 51.8 mCi/mmol) were
obtained from NEN Research Products (Boston, MA USA).
Fetal bovine serum (FBS), lovastatin (mevinolin), nutrient
mixture F-12 ham (F12K), modified eagle’s medium nutri-
ent mixture F-12 ham (MF12K), bovine serum albumin
(BSA), glutathione reductase, hydrogen peroxide (H,O,)
and other reagents were purchased from Sigma Chemical
Co. (St. Louis, MO USA).

The concentrations of [*H]cholesterol, [**Clacetate, and
H,O, were chosen based on our previous experiments [32,
33]. Lovastatin (4 mg) was dissolved in 0.1 ml of absolute
ethanol. Stock solution was stored at —20°C. Final concen-
tration of ethanol in culture medium was 0.05%. BSA was
dissolved in 0.01 M phosphate buffered saline (PBS) at a
concentration of 5% and the BSA solution was sterilized.

2.2. Cell culture

Endothdia cdls (ECs) from human umbilical veins were
obtained from ATCC (Rockville, MA USA) and used at pas-
sages from 15-21. Cells were cultured in F12K supplemented
with 10% FBS (F12K-10%FBS) in a 5% CO, incubator at
37°C. The confluent ECs were seeded into 6-well plates, 60 x
15 mm dishes and 75 cm? flasks (Corning Medica and Sci-
entific Co., East Wdpol, MA USA). After the cells grew to
about 80% confluence, the cdlls were cultured for 24 hr with
lovastatin at levels of 5, 1, 0.1 and 0.01 uM in either
MF12K or MF12K containing 5% FBS (MF12K-5%FBS).

Control incubations were carried out in medium (either
MF12K or MF12K-5%FBS) containing 0.05% ethanal.

2.3. Measurement of glutathione peroxidase (GSHP,)
activity

The cellsin flasks were treated with or without lovastatin
for designed periods, washed with PBS, trypsinized briefly,
harvested by centrifugation, resuspended in 3.5 ml of PBS
and sonicated. Aliquots were taken for protein measure-
ment. The remaining 3.4 ml of the sample was centrifuged
at 8000 x g for 5 min in order to obtain clean supernatant.
GSHPx activity was assayed with a spectrophotometer at
366 nm by addition of 0.05 M PBS (pH 7.0), 1 mM EDTA,
0.36 U/ml glutathione reductase, 0.125 mM NADPH, 0.25
mM GSH, and 0.6 mM sodium azide into 1 ml of superna-
tant [34]. GSHPx activity was calculated using a millimolar
extinction coefficient of 3.2 for NADPH at 366 nm.

2.4. Measurement of H,O, consumption

After the cells in the 6-well plates were cultured in the
media containing lovastatin for 4 and 24 hr, the monolayer
was washed twice with Hanks balanced salt solution
(HBSS), then 2 ml of HBSS containing 0.2 mM H,0O, was
added to the monolayer. At time point 1, 5, 10, 15 and 20
min after the H,O, addition, 0.1 ml of the HBSS was
collected and the remaining H,O, in HBSS was measured
with a spectrophotometer at 560 nm according to the
method of Jiang, et al [35]. The concentration of H,O, was
calculated by comparison with a standard curve generated
with known amounts of H,O,. The protein content in the
monolayers was assayed.

2.5. Measurement of cholesterol uptake, synthesis and
esterification

[*H]cholesteral in ethanol was first dispersed in FBS or
BSA at aconcentration of 9 uCi of [*H]cholesterol in 0.2 ml
of FBS or BSA. The mixture was shaken constantly at 37°C
for 2 hr and then transferred into culture medium with or
without lovastatin. ECs in dishes were first cultured with
lovastatin for 1 hr, media were then replaced by freshly
prepared media containing 9 uCi of [*H]cholesterol or 9
uCi of [*Clacetate. After the cells were kept for another 3
or 23 hr in the incubator at 37°C, the media were aspirated
and the cells were gently rinsed thrice with PBS,
trypsinized, collected by centrifugation, resuspendedin 1 ml
of methanol and sonicated twice for 30 sec on ice. Aliquots
were taken for protein assay (Bio-Rad, Richmond, CA
USA). Lipids in the sonicated cells were extracted with 15
ml of chloroform/methanol (2:1, by vol.) overnight at 4°C.
The lipid extracts were separated by TLC (Silica Gel G
plates) using hexane : diethyl ether : acetic acid (80:20:1, by
vol.). The cholesterol and cholesterol ester bands were col-
lected and radioactivities were counted. The nonspecific
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Fig. 1. The effect of lovastatin (L) on glutathione peroxidase activity in endothelial cellsin the presence or absence of fetal bovine serum (FBS) in the culture
medium. Results are expressed as mean= SE of duplicate for each independent determination in six experiments. Mean values at the same incubation periods
under the same experiment condition with a letter are significantly different at a level of P < 0.05, compared with control group.

activities obtained from some silica gel on blank spaces
were subtracted from sample radioactivity.

2.6. Satistical analysis

Data were subjected to ANOVA and a Student-Newman-
keuls method. Differences with p < 0.05 were considered
significant. All data are presented as mean+SE.

3. Resaults

We observed that GSHPx activity was significantly en-
hanced by lovastatin at a concentration higher than 0.1 uM

in the absence of FBS after 4 hr of the treatment (Figure
1A). In the presence of FBS, however, no alteration of
GSHPXx activity was detected by lovastatin (Figure 1B).

The rate of degradation of H,O, present in the culture
medium was measured in this study. We found that the
amount of H,O, left in the wells decreased significantly
after 4 hr of exposure of the cells to lovastatin in the
medium without FBS (Figure 2A), indicating that more
H,O, was consumed by the lovastatin-treated cells. This
decrease was continuous up to 24 hr. No increase in con-
sumption of H,0O,, however, was detected in the cells cul-
tured in the medium containing FBS (Figure 2B).

The incorporation of [**C]acetate into cholesterol was
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Fig. 2. The effect of lovastatin (L) on H,O, consumption by endothelial cells in the presence or absence of fetal bovine serum (FBS) in the culture medium.
Results are expressed as mean=SE of duplicate for each independent determination in six experiments. Mean values at the same incubation periods under
the same experiment condition with a letter are significantly different at a level of P < 0.05, compared with control group.

significantly inhibited after 4 hr of treatment of the cells
with lovastatin at all concentrationsin the absence of FBSin
the culture medium (Figure 3A). This inhibiting effect of
lovastetin lasted up to 24 hr. In the presence of FBS,
lovastatin at concentrations of | uM or higher significantly
inhibited [**C]acetate incorporation after 4 hr of treatment
and at al concentrations after 24 hr (Figure 3B).

The effects of lovastatin on cholesterol uptake are shown
in Figure 4. With 5 uM lovastatin added into the medium
without FBS, the uptake of [*H]cholesterol significantly
increased after 4 hr of culture and the increased uptake
continued for up to 24 hr (Figure 4A). After FBS was added
into the medium, no significant increase in cholesterol up-
take was detected (Figure 4B). In the absence of FBS,
lovastatin at al concentrations significantly decreased the
percentage of cellular [*H]cholesterol incorporated into

cholesterol ester for up to 24 hr (Figure 5A). In the presence
of FBS, lovastatin at concentrations of 1 uM or higher
significantly reduced the percentage of cellular [3H]choles-
terol incorporated into cholesterol ester only after 24 hr
(Figure 5B). These data indicated that cholesterol esterifi-
cation was inhibited by lovastatin, especially in the absence
of FBS.

4, Discussion

In this study, we investigated the effects of lovastatin on
GSHPXx activity, H,O, consumption and cholesterol synthe-
sis and uptake in cultured human endothelial cells. We
found that lovastatin increased intracellular GSHPx activity.
We believe that the antioxidant effect of statinsis related to
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Fig. 3. The effect of lovastatin (L) on [*“C]acetate incorporation into cholesterol in the presence or absence of fetal bovine serum (FBS) in the culture medium.
Results are expressed as mean= SE of six separate experiments. Mean values at the same incubation periods under the same experiment condition with aletter

are significantly different at a level of P < 0.05, compared with control group.

its ability to reduce free radical formation. A pervious study
showed that when patients with ischemic heart disease were
treated with lovastatin, the superoxide anion generating
capacity of neutrophil granulocytes decreased markedly
while the activity of GSHPx increased significantly [36].
When LDL was directly incubated with statins, direct anti-
oxidative influence of statins themselves on LDL was aso
observed [27,37]. Indeed, simvastatin has decreased super-
oxide formation in human monocyte-derived macrophages
[37], and lovastatin not only preserved the endogenous
antioxidant enzyme, superoxide dismutase (SOD) in hyper-
lipidemic rabbits but also increased the SOD activity in
phorbol 12-myristate 13-acetate-activated leukocytes [27].
Addition of exogenous mevalonic acid to statin-treated
macrophages, however, restored their ability for superoxide

production and for oxidative modification of LDL [37].
Since the lovastatin molecule per se does not contain an
antioxidant moiety, lovastatin might inhibit free radical gen-
eration from leukocytes and other tissues by inhibiting the
isoprenoid reaction during the activation of NADPH oxi-
dase [27].

Cellular GSHPx activity was enhanced only in the cells
treated with lovastatin in absence of serum, but no change
was observed in the presence of serum. ECs have been
shown to have an oxidizing effect and can modify LDL in
vitro [38]. Serum which contain several antioxidants such as
vitamin C, vitamin E, albumin, ceruloplasmin and other
antioxidants could compensate for the oxidative effect of
ECs. However, in the absence of serum, there is an urgent
need for antioxidant to prevent the exposure of cells to
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Fig. 4. The effect of lovastatin (L) on [*H]cholesterol uptake by the cultured cells in the presence or absence of fetal bovine serum (FBS) in the culture
medium. Results are expressed as mean=SE of six separate experiments. Mean values at the same incubation periods under the same experiment condition
with a letter are significantly different at alevel of P < 0.05, compared with control group.

oxidative stress. Lovastatin was capable of enhancing the
GSHPx activity in ECs incubated without serum. We sus-
pect that hypercholesterolemic patients who need choles-
terol lowing therapy are challenged by a high level of
oxidative stress. Under these conditions lovastatin is capa-
ble of enhancing GSHPx activity in addition to its lowing
effect on plasma cholesterol.

We also found that lovastatin stimulated cell consump-
tion of H,O,. In other words, lovastatin increased H,0,
scavenging by ECs. ROS (e.g., superoxide anion, hydroxyl
radical and H,0,) in the blood can be released by activated
leukocytes, platelets and monocytes [22,39]. A high con-

centration of H,O, has been found to be harmful because
H,O, can induce oxidation of protein sulfhydryls, can ac-
tivate poly(ADP-ribose)poly-merase and can change mem-
brane fluidity by peroxidation of membrane lipid [40—42].
Conseguently the increased H,O, scavenging by ECs could
reduce the oxidative effect of H,O, in the blood. It is well
known that serum contains several antioxidant molecules
that have an important effect on antioxidation. As demon-
strated in our experiments in the presence of serum in
culture medium, an increased consumption of H,O, by the
cells could not be obtained after the treatment of the cells
with lovastatin. The reason, we suggest, could be that serum
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Fig. 5. The alternations of the percentage of [*H]cholesteral in cholesterol ester by lovastatin (L) in the presence or absence of fetal bovine serum (FBS) in
the culture medium. Results are expressed as mean=SE of six separate experiments. Mean values at the same incubation periods under the same experiment
condition with a letter are significantly different at a level of P < 0.05, compared with control group.

has stronger antioxidative effect than lovastatin does under
normal conditions.

An inhibition of cholesterol synthesis by lovastatin was
confirmed by this study. Reduction in the cholesterol
content lowered the amount of substrate available for
oxidation. So hypolipidemic effect of statins was thought
to play arole in antioxidation [29]. Inhibition of choles-
terol synthesis by lovastatin was observed in previous
studies with various cell lines by measuring [**C]acetate
incorporation [43,44] and mRNA levels of HMG-GoA
reductase [45,46]. In the presence of serum the cellular
[®*H]cholesterol uptake was stimulated by lovastatin. In

the absence of serum, no change in the cellular uptake of
[®*H]cholesterol was observed. We believe that choles-
terol present in serum could compete with [*H]choles-
terol for transfer into the cells, resulting in undetectable
change of [®*H]cholesterol uptake by the cells treated with
lovastatin.

In brief, our data suggest that the antioxidant effect of
lovastatin may result, at least in part, from the lovastatin's
activating effect on GSHPx and its stimulatory effect on
scavenging H,O, by ECs. The decreased cholesterol syn-
thesisinduced by lovastatin may be another factor related to
its in vitro antioxidant effect.
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