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ApoE is secreted by macrophages at the lesion site of the atherosclerotic plaque, where it is thought to play a protective role against atherosclerosis

independently of its effects on lipid metabolism. Of the three common isoforms for apoE, apoE4 is associated with higher risk of cardiovascular

disease (CVD). In vitro studies have shown that recombinant apoE may act as an antioxidant in an isoform-dependent manner (E2 . E3 . E4).

The oxidative status of the macrophages plays a key role in the process of atherosclerosis. In the present study the possible differential actions of

apoE3 and apoE4 on several parameters of oxidative status were determined in stably transfected murine macrophages (RAW 264·7-apoE3 and -

apoE4). No differences between genotypes were observed after peroxide challenge in either protection against cytotoxicity or in cell membrane

oxidation, and modest differences were observed in the non-enzymatic antioxidants (glutathione and a-tocopherol) in apoE3 v. apoE4 macro-

phages. Importantly, cells secreting apoE4 showed increased membrane oxidation under basal conditions, and produced more NO and superoxide

anion radicals than the apoE3 macrophages after stimulation. The present data suggest that apoE genotype influences the oxidative status of macro-

phages, and this could partly contribute to the higher CVD risk observed in apoE4 carriers.

apoE: Macrophage: Atherosclerosis: a-Tocopherol: Lipid oxidation: Glutathione: Nitric oxide: Superoxide anion: Oxidative stress

ApoE plays an important role in cardiovascular homeostasis and
is a recognised mediator of many metabolic processes under-
lying atherogenesis and thrombosis. This 34 kDa protein,
mainly produced by the liver, was first identified as a regulator
of lipoprotein metabolism being involved in hepatic lipoprotein
secretion, lipoprotein metabolism in the circulation and serving
as a high-affinity ligand for cellular lipoprotein uptake. apoE is
also secreted by many other tissues, and extra-hepatic apoE has
been shown to protect against atherosclerosis independently of
its effects on lipid metabolism (Yamada et al. 1992; Shimano
et al. 1995; Fazio et al. 1997; Hasty et al. 1999). The protein
is abundant in the atherosclerotic lesions, where resident macro-
phages are its principle source. The role of this locally produced
apoE is not fully understood, but some identified effects include
modulation of immunological functions in lymphocytes (Pepe
& Curtiss, 1986; Kelly et al. 1994; Mistry et al. 1995), inhibition
of platelet aggregation (Riddell et al. 1997), regulation of
smooth muscle cell migration and proliferation (Zeleny et al.
2002), and down-regulation of adhesion molecule expression
in endothelial cells (Stannard et al. 2001). Apart from the effects
on the surrounding cells, apoE is also thought to play an import-
ant role in macrophage metabolism acting as a modulator

of cholesterol efflux (Bellosta et al. 1995; Shimano et al.
1995; Yoshida et al. 2001; Hara et al. 2003) and NO production
(Colton et al. 2001, 2002). In addition, increasing evidence
shows that apoE protects against oxidative reactions (Hayek
et al. 1994; Pratico et al. 1998; Kitagawa et al. 2002), which
may partly explain its anti-atherogenetic effects on vascular
cell metabolism.

The apoE gene is polymorphic with two missense mutations
resulting in three common allelic isoforms, apoE2, apoE3 and
apoE4, which differ in the amino acids at positions 112 and
158 of the mature protein. apoE3 has Cys-112 and Arg-158,
apoE2 has two cysteines and apoE4 has two arginines in these
positions. apoE4 carriers (E3/E4, E4/E4), which represent
15–25 % of Caucasian populations, have been shown to have
a relative risk of CVD of 1·4–1·5 relative to the common E3/E3
genotype (Song et al. 2004). The increased CVD burden has
traditionally been attributed to higher LDL cholesterol in E4
carriers. However, it is becoming increasingly apparent that
the modest 3–8 % elevation in LDL cholesterol (Minihane
et al. 2000) is unlikely to be the sole explanation for the differ-
ence in CVD incidence observed, and highlights the fact that
the lipoproteins’ apoE-mediated mechanisms are likely to
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contribute. Given that macrophages represent a significant
source of apoE protein, which is a key regulator of the
metabolism of the macrophages themselves and surrounding
endothelial and smooth muscle cells and platelets, it is hy-
pothesised that part of the disease differential is mediated by
an impact of genotype on localised vascular wall metabolism.

A number of studies conducted in different models of
Alzheimer’s disease (AD) and atherosclerosis have reported
a decreased antioxidant capacity of the apoE4 protein relative
to apoE3 (Miyata & Smith, 1996; Jolivalt et al. 2000;
Tamaoka et al. 2000; Humphries et al. 2001; Dietrich et al.
2005; Talmud et al. 2005). Macrophage oxidative state,
which is mainly determined by the balance between cellular
oxygenases and macrophage-associated antioxidants (Aviram
& Fuhrman, 1998), is a key regulator of macrophage metab-
olism. The differential influence of the apoE isoforms on
this balance remains largely unknown. The aim of the present
study was to characterise murine macrophages which have
been stably transfected with either the human apoE3 or
apoE4 gene, in terms of indices of oxidative status.

Materials and methods

Materials

Specialised chemicals were obtained from Sigma-Aldrich
(Taufkirchen, Germany): Griess-Reagent, lipopolysaccharide
(LPS; Salmonella enteriditis), buthionine sulphoximine
(BSO), phorbol myristate acetate (PMA), reduced L-glutathione
(GSH) and Sanger reagent. a-Tocopherol used in cell culture
was obtained from BASF (Ludwigshafen, Germany) and
a- and d-tocopherol used as standards were obtained from
Calbiochem (La Jolla, CA, USA). Neutral Red dye, nitroblue
tetrazolium and dimethyl sulphoxide were purchased from
Carl Roth (Karlsruhe, Germany). C11-BODIPY581/591 was
obtained from Molecular Probes, Invitrogen (Karlsruhe,
Germany). Specialised HPLC solvents were purchased from
Mallinckrodt Baker BV (Deventer, The Netherlands). RAW
264·7 cells lines stably transfected with either human apoE3
or apoE4 were kindly given by Dr B. Pitas (Gladstone Institute,
UCSF, USA). This model was chosen since the murine RAW
264·7 cells have been previously used to study differential
effects of human apoE isoforms on monocyte function as
these cells do not produce appreciable amounts of apoE
(Miyata & Smith, 1996; Smith et al. 1996). Cell culture
medium, fetal bovine serum, penicillin/streptomycin and
G-418 were from PAA Laboratories (Coelbe, Germany).

Cell culture

RAW 264·7-apoE3 and -apoE4 cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 10 % fetal bovine
serum, 4 mM-L-glutamine, 100mg/ml penicillin and 100mg/ml
streptomycin, and 100mg/ml G-418. Cells were grown in a
humidified incubator at 378C and 5 % CO2.

Cell lines assessment for apoE (genotype and protein levels)

For genotype cells, DNA was extracted from cell pellets using
the QIAamp DNA Blood Mini Kit (Qiagen Ltd, Crawley,
UK). The apoE region, which includes the two apoE

polymorphic sites, was amplified by PCR using the following
primers: 50-ACA GAA TTC GCC CCG GCC TGG TAC
AC-30 (forward) and 50-TAA GCT TGG CAC GGC TGT
CCA AGG A-30 (reverse). The amplified sequence was
digested using the HhaI restriction enzyme, and the resultant
fragments were separated and characterised by gel electro-
phoresis as described by Hixson & Vernier (1990).

ApoE protein concentrations were measured in cell super-
natants to ensure that secreted levels were similar among the
two clones. Protein was concentrated by using Vivaspin 20
columns (Sartorius, Epsom, UK). apoE concentration was
determined by an automated turbimetric immunoassay kit
(Apolipoprotein E-HA Wako, Alpha Laboratories Ltd, Eastleigh,
UK) on the ILAB 600 automatic analyser (Instrumentation
Laboratories UK Ltd, Warrington, UK). Total cell protein was
measured with the BCA kit (Pierce Biotechnology, Rockford,
IL, USA).

Assessment of peroxide-induced cell death

RAW 264·7-apoE3 and -apoE4 cells were seeded at 1·5 £ 105

cells/well in twenty-four-well plates and grown for 48 h. Cells
were then challenged with either tert-butyl hydroperoxide or
H2O2 at increasing concentrations (100mM to 2 mM) in serum-
free media for 3 h. Cell viability was measured by the Neutral
Red assay (Borenfreund & Puerner, 1985) with slight modifi-
cations. Cells were incubated with the dye for 2 h and washed
twice with PBS before extraction of the Neutral Red into sol-
ution. Cell viability (Neutral Red uptake) was determined by
reading absorbance at 540 nm (Labsystems iEMS Reader; Lab-
systems, Helsinki, Finland). Results were expressed as absor-
bance observed as a percentage of control cultures.

Oxidation of C11-BODIPY581/591

The lipid peroxidation reporter molecule C11-BODIPY581/591

(Pap et al. 1999) was used to examine the oxidation of
membranes in macrophages. The C11-BODIPY581/591 dye is
a lipophilic substance which incorporates into membranes
and is useful to assess membrane oxidation since its oxidised
and its reduced forms fluorescence at different wavelengths.
C11-BODIPY581/591 oxidation was assessed under basal
conditions and after oxidation. Macrophages were incubated
with C11-BODIPY581/591 (10mM) for 30 min at 378C in
growth medium. After labelling, cells were washed with
PBS, and oxidation was induced by addition of cumene
hydroperoxide (80mM) and hemin (80 nM) in PBS and incu-
bated for 1 h at 378C. Control cells were incubated with
PBS only. A multi-well spectrofluorometer (Optima; BMG
Labtech, Offenburg, Germany) was used to measure green
(485/520 nm) and red (544/590 nm) fluorescence intensity.
Oxidation of C11-BODIPY581/591 was calculated as the ratio
between green fluorescence (oxidised) and total fluorescence
(oxidised plus reduced), to normalise for dye incorporation
into cellular membranes.

a-Tocopherol and buthionine sulphoximine cytotoxicity test

In order to ensure that the a-tocopherol and BSO concen-
trations used for further experiments were not cytotoxic,
cells were subcultured in twenty-four-well plates (1·5 £ 105
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cells/well) 24 h before experimental treatment. Cells were
incubated with test substances at increasing concentrations
(up to 100mM for a-tocopherol and 200mM for buthionine sul-
phoximine) for 24 h and the Neutral Red assay was carried out.

Glutathione levels

To determine whether apoE genotype had an influence on
GSH levels under basal conditions, after treatment with
a-tocopherol and upon GSH depletion, cells were incubated
for 24 h with vehicle (0·1 % ethanol), a-tocopherol (50mM

in 0·1 % ethanol) or BSO (50mM in PBS), an inhibitor of
g-glutamylcysteine synthetase, the rate-limiting enzyme for
GSH de novo synthesis. After treatments, cells were washed
twice and scraped on ice with cold PBS and then centrifuged.
Cell pellets were frozen in liquid nitrogen and stored at
2808C. Pellets were resuspended with 100ml PBS and soni-
cated, an aliquot was used to determine protein concentration
by the BCA kit, and 80ml of sample was prepared for GSH
determination (Hernandez-Montes et al. 2006).

Briefly, after protein precipitation with TCA (5 %) contain-
ing 0·2 mM-desferal, GSH was derivatised by addition of
iodoacetic acid to yield 5-carboxymethyl glutathione, and
this was followed by complexation with dinitrofluorobenzene
(Sanger Reagent). The resulting complex was analysed by
HPLC analysis with UV detection by a modification of the
method of Yoshida (1996).

Vitamin E concentration

To investigate whether the apoE genotype had an influence on
the intracellular accumulation of a-tocopherol after its
supplementation, macrophages were subcultured in six-well
plates and grown for 24 h. Treatments with a-tocopherol
and collection of samples were similar to that described by
Gao et al. (2002). In summary, medium was enriched with
a-tocopherol (5 and 50mM) for 6 h. Adherent cells were
washed with PBS and were overlaid with 420ml lysis buffer
(1 % Triton X-100 in pH 7·5, 20 mM-HEPES buffer with
0·1 mM-EDTA) and scraped. One aliquot was collected for
protein determination and 2,6-di-tert-butyl-4-methylphenol
was added to the other aliquot samples, which were stored for
tocopherol analysis. d-Tocopherol was used as internal
standard. Cell samples were mixed with ethanol–1 % ascorbate
(1 : 1·5) and with hexane (1 : 2·5) and were vortexed for 30 s.
After phase separation, the upper layer was removed and
dried under N2. Samples were resuspended in methanol. For
the HPLC analysis, the mobile phase was methanol–water
(98:2) isocratically delivered at a flow rate of 1·2 ml/min. The
tocopherol content was analysed using a Jasco HPLC system
on a Waters Spherisorb ODS-2 3mm column (100 £ 4·6 mm)
with the detector set to an excitation wavelength of 290 nm
and emission wavelength of 325 nm.

NO production

NO production was assessed by determining the amount of
its stable metabolite, nitrite NO2

2

� �
; in culture supernatants

using the Griess reaction. Cells were pretreated for 24 h with
a-tocopherol (50mM) or ethanol (0·1 %) and then stimulated
for 4 h with LPS (1mg/ml). Removal of LPS was carried out

by washing twice with PBS, and fresh culture medium was
added. After 20 h, supernatants were collected for nitrite
measurement by the Griess reaction. Samples were processed
as described elsewhere (Rimbach et al. 2003) and nitrite
concentration was determined by reading its absorbance at
540 nm (Labsystems iEMS Reader) using a standard curve for
sodium nitrite.

Determination of intracellular superoxide anion production

A colorimetric assay was used to compare the amount of
superoxide anion Oz2

2

� �
production by RAW 264·7-apoE3

and -apoE4 after stimulation with PMA. Superoxide anion
was determined by the quantitative nitroblue tetrazolium
assay (Choi et al. 2006) with the only modification being
that cells were grown in twenty-four-well plates and were
stimulated for 1 h with increasing concentrations of PMA
(0·25–1mg/ml) in serum-free medium containing 0·05 %
nitroblue tetrazolium (total volume of 500ml/well). After
dissolving the deposited nitroblue tetrazolium inside the
cells, the solution was transferred into ninety-six-well plates
and read at 620 nm (Labsystems iEMS Reader).

Statistical analysis

Statistical calculations were conducted with SPSS version
13.0 (SPSS Inc., Chicago, IL, USA). t Tests (for independent
samples) were performed to compare the outcomes between
apoE3 and apoE4 cells. In the absence of normal distributed
data, the Mann–Whitney U test was used. Results are
expressed as means and their standard errors, and significance
was accepted at P,0·05.

Results

Cell lines assessment for apoE

Genotyping confirmed that the RAW 264·7 cell lines contained
the gene coding for either human apoE3 or apoE4. apoE protein
levels secreted in the medium in 24 h were found to be similar in
both clones (1·38 (SEM0·38) mg/mg cell protein for apoE3, and
1·36 (SEM0·38) for apoE4) and within the human physiological
range (Wang-Iverson et al. 1985).

a-Tocopherol and buthionine sulphoximine cytotoxicity test

Incubation of cells with a-tocopherol up to 100mM, and
BSO up to 200mM for 24 h did not produce any changes in
cell viability in RAW 264·7-apoE3 and -apoE4 as determined
by the Neutral Red test.

Assessment of peroxide-induced cell death

At a concentration of 750mM-H2O2, a modest loss of cell via-
bility was evident (16 % for apoE3 and 20 % for apoE4). At a
concentration of 1 mM-tert-butyl hydroperoxide a similar
amount of cell death occurred (6 % for apoE3 and 20 % for
apoE4) (Fig. 1(A, B)). At higher exposure of both substances,
viability decreased in a dose-dependent manner. However, no
significant differences between genotypes could be observed
in the cytotoxicity dose–response curves.
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Oxidation of C11-BODIPY581/591

In cells where oxidative stress was not externally induced
(baseline conditions), RAW 264·7-apoE4 showed an approxi-
mately 40 % increase (P,0·001) in the oxidation ratio as
compared to RAW 264·7-apoE3 (Fig. 2). One hour after
induction with cumene hydroperoxide/hemin, the ratio
increased considerably in both cases, but no differences
could be observed between the two isoforms.

Glutathione levels

Intracellular glutathione levels were analysed in untreated
cells (controls), and in cells incubated for 24 h with either
a-tocopherol (50mM) or BSO (50mM). Although there was a
trend for cells expressing apoE3 to exhibit higher levels of
GSH, no significant differences could be observed between
genotypes (Fig. 3). The amount of glutathione in untreated
RAW 264·7-apoE3 and -apoE4 was 8·9 (SEM 2·1) and 8·5
(SEM 3·5) nmol/mg protein, respectively. A modest 16 %
(P¼0·38) and 6 % (P¼0·75) increase in GSH levels were
evident in apoE3 and apoE4 cells following a-tocopherol
supplementation. BSO almost completely abolished GSH
synthesis, so that only 8·7 and 5·1 % of the GSH levels
found in controls could be detected in cells expressing
apoE3 and apoE4, respectively.

Vitamin E accumulation

Incubation with a-tocopherol for 6 h at 5mM resulted in an
accumulation of vitamin E in macrophages of 1·8 (SEM 0·5)
and 1·3 (SEM 0·4) nmol a-tocopherol/mg protein in apoE3 and
apoE4 cells, respectively (Fig. 4). Enrichment of medium with
50mM-a-tocopherol for the same time period resulted in an
approximately 10-fold increase of vitamin E detected in cell
pellets (16·2 (SEM 3·7) and 13·8 (SEM 3·9) nmol a-tocopherol/
mg protein for apoE3 and apoE4, respectively). Although
in both tested concentrations there was a trend for apoE3
macrophages to accumulate more a-tocopherol, differences
were not statistically significant.

NO production

Twenty hours after stimulation of macrophages with LPS (1mg/
ml) for 4 h, macrophages showed a substantial increase in NO
production (Fig. 5). The nitrite concentration in the medium
from RAW 264·7-apoE4 was 6 % higher than in RAW 264·7-
apoE3 (P¼0·028). Pre-incubation with a-tocopherol (50mM)
for 24 h reduced NO production in a genotype-dependent
manner. RAW 264·7-apoE3 were more sensitive to vitamin E,
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Fig. 1. Viability of apoE3 (S) and apoE4 (B) stably transfected macrophages

in response to peroxide challenge. RAW 264·7-apoE3 and -apoE4 cells were

treated with either H2O2 (A) or tert-butyl hydroperoxide (B) at increasing con-

centrations (100mM to 2 mM) in serum-free medium for 3 h. Cell viability was
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with a 20 % reduction in nitrite, compared to a 7 % decrease
evident in RAW 264·7-apoE4.

Superoxide production

After 1 h stimulation with PMA at increasing concentrations,
the superoxide anion radical production increased in a dose-
dependent way in both genotypes (Fig. 6). The amount of
superoxide produced by the apoE4 macrophages was consist-
ently higher in all the PMA doses tested. At 0·25mg/ml PMA,
cells expressing apoE4 produced 30 % more Oz2

2 than the
apoE3 macrophages (P¼0·005). At 0·5 and 1mg/ml PMA,
RAW264·7-apoE4 showed an increase of almost 60 % in
Oz2

2 production (P¼0·002 and P¼0·001).

Discussion

In addition to its well-described role in lipoprotein metabolism,
apoE is becoming increasingly recognised for its role in numer-
ous metabolic pathways within the vascular intima. Although
the impact of apoE may be mediated by a cell-signalling

process stimulated by interaction of apoE with cell surface
apolipoprotein receptors, it is likely to be in part attributable
to its antioxidant capacity within the relatively antioxidant-
depleted environment of the vascular wall. In vitro studies have
consistently reported differences in the antioxidant capacity of
the different isoforms (Miyata & Smith, 1996). In macrophages,
oxidative stress triggers a cycle of events which exacerbates
lesion formation. The impact of genotype independently of
apoE concentration on the oxidative status of macrophages is
unknown and was the topic of the current investigation.

Since cellular apoE location is mainly associated with
surface-connected compartments of the plasma cell membrane
(Bellosta et al. 1995; Duan et al. 1997), the possible differen-
tial effects of apoE3 and apoE4 in protecting against mem-
brane damage induced by H2O2 and tert-butyl hydroperoxide
were investigated. The Neutral Red assay was chosen since
it is a viability test sensitive to cell membrane injury. A
shift in the cytotoxicity dose–response curve between apoE
isoforms was not evident in our macrophage cell model.
This differs from the results of Miyata & Smith (1996), who
showed protection of apoE3 . E4 against H2O2-mediated
cytotoxicity in rat neuronal B12 cell line after incubation
with conditioned media containing either apoE3 or apoE4
(Miyata & Smith, 1996). In addition to possible cell-specific
differences, an explanation to these contradictory results
could be that our cell model exposed the cells to endogenously
produced apoE, which is arguably a more physiological
approach, rather than adding exogenous apoE to the cell
culture medium.

To further determine whether the different apoE isoforms

have an effect on the rate of membrane oxidation, cells

were loaded with the C11-BODIPY581/591 dye, which can be

incorporated readily into lipid bilayers by its fatty acyl chain

and monitors the oxidation of unsaturated fatty acids in the

membranes (Naguib, 1998; Pap et al. 1999; Drummen et al.

2004). Spontaneous oxidation of the dye (baseline levels)

was significantly higher in RAW 264·7-apoE4 than in RAW

264·7-apoE3. Following stress induced by a free radical gen-

eration system (cumene hydroperoxide/hemin), lipid oxidation

considerably increased in a genotype-independent manner.
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This is likely due to an inability of either isoform to protect
against oxidation in a highly oxidising saturated environment.
Similar results have been observed in the frontal cortex of AD
brains, as measured by thiobarbituric acid reactive substances
(Ramassamy et al. 2000), in which under basal conditions,
there was a genotype effect of apoE in lipid peroxidation
(E4 . E3), but after complete oxidation of the samples, no
difference could be observed between genotypes. In any
case both CVD and AD pathology are a result of chronic
modest insults and it is likely that the genotype differences
in lipid oxidation observed could make a meaningful contri-
bution to the development of these diseases. Previously, the
limited data in man was suggestive that genotype differences
in oxidative status may be attributable to the lower circulating
apoE protein levels in E4 carriers. As both E3 and E4 cells
lines used in the current study secrete equivalent apoE protein
levels, the data indicates that differences in the antioxidant
capacity of the E3 and E4 isoforms may also make a signifi-
cant contribution.

ApoE4 carriers have been suggested as a population that
could potentially benefit from vitamin E supplementation
(Peroutka & Dreon, 2000). a-Tocopherol is the most biologi-
cally active form of vitamin E and is known to be effectively
accumulated by RAW 264·7 cells (Gao et al. 2002; McCor-
mick & Parker, 2004). Furthermore, in the current study its
impact on macrophage oxidative status was determined.
Accumulation studies indicated a trend towards higher con-
centrations of a-tocopherol in apoE3 compared to apoE4
transfected cells. In vivo LDL and HDL represent the major
vitamin E carriers in the bloodstream, with apoE mediating
the cellular uptake of HDL to scavenger receptor class B
type 1 (Mardones et al. 2002). apoE4 has preferential affinity
to VLDL rather than HDL, which could lead to a decreased
uptake of vitamin E in the macrophages (or other tissues),
and increased concentration in plasma. In fact, higher
plasma vitamin E levels in apoE4 carriers have previously
been reported (Lodge et al. 2004). However, any trends
observed in the cell culture system may not be directly attrib-
uted to this potential mechanism as vitamin E was delivered in
ethanol and not in lipoproteins. Furthermore, due to the nature
of the experiment, it cannot be elucidated whether these small
differences are due to lower uptake or to higher metabolism of
vitamin E in apoE4 macrophages.

Glutathione is an important intracellular antioxidant found
mainly in the cytosol, and it plays a pivotal role in maintaining
the macrophage redox balance. In particular, GSH participates
in the detoxification of peroxides, and in addition, it can deter-
mine the rate of LDL oxidation in these cells (Gotoh et al.
1993). It was shown that mouse peritoneal macrophages from
apoE-deficient mice had reduced GSH levels and increased
lipid peroxides (Rosenblat et al. 2002). In addition,a-tocopherol
has been shown to increase GSH in mouse peritoneal macro-
phages (Rosenblat et al. 2002). For these reasons, intracellular
GSH concentrations were measured in RAW 264·7-apoE3 and
-apoE4 under basal conditions and after incubation of cells
witha-tocopherol at 50mM, a concentration which was not cyto-
toxic and which falls within the reachable concentrations in
plasma (Jialal et al. 1995). In the present study, only a small
decrease in GSH could be observed in E4 in respect to E3
under basal conditions. These results are in accordance with
the findings of Ramassamy et al. (2000) and Fernandes et al.

(1999), who found no differences in the GSH concentration
according to apoE genotype either in the frontal cortex or in
the plasma of AD patients. Incubation of cells witha-tocopherol
(50mM) for 24 h induced a small increase in the GSH concen-
trations, which may be in part attributable to the small differ-
ences found in vitamin E accumulation. Furthermore, cells
from both genotypes responded similarly to GSH depletion by
incubation with BSO (50mM), which inhibits the de novo syn-
thesis of GSH.

Activated macrophages generate NO and superoxide anion
Oz2

2

� �
which react to produce peroxynitrite, a strong oxidant,

which is centrally involved in the pathogenesis of athero-
sclerosis. The rate of this reaction is faster than the rate of
superoxide anion radical scavenging by superoxide dismutase
(Beckman & Koppenol, 1996); therefore, NO can influence
the fate of superoxide. NO is produced by nitric oxide
synthase, with the induction of nitric oxide synthase occurring
by activation of NF-kB, but also by other mechanisms, includ-
ing the activation of NADPH oxidases (Zhou et al. 1999). It
has been shown that apoE regulates the response to LPS
in vivo (Ali et al. 2005), and modulates NO production in
macrophages, in a genotype-dependent way (E4 . E3;
Colton et al. 2004). Additionally a-tocopherol has been
shown to inhibit NF-kB activation by LPS (Asehnoune et al.
2004). The present results confirm that RAW 264·7-apoE4
produce more NO than RAW 264·7-apoE3 following LPS
stimulation. In addition, we show that apoE3 macrophages
respond better to a pretreatment with a-tocopherol, since
NO production was reduced by 20 % in apoE3 in comparison
to 7 % in apoE4. The molecular mechanism by which apoE
modulates LPS effects, and its possible synergism with vita-
min E, need to be further investigated.

On the other hand, to assess the production of Oz2
2 , cells were

stimulated with PMA, an activator of the NADPH oxidase. It has
been reported that NADPH oxidase-dependent superoxide pro-
duced by infiltrated monocytes is associated with atherosclero-
sis, as well as with thickness of carotid intima-media, even
before appearance of clinical atherosclerotic disease (Bokoch
& Knaus, 2003). The present results show a significant increase
in superoxide anion radical production in apoE4 in comparison
to apoE3 macrophages, in the three doses of PMA tested. The
present data suggest that differential modulating effects of
apoE3 and apoE4 on the NADPH oxidase system could partly
contribute to the higher risk of CVD observed in apoE4 carriers.
The hypothesis that apoE may influence the NADPH oxidase
activity is supported by the fact that in apoE-deficient mice,
mouse peritoneal macrophages secreted twofold more superox-
ide anions than the mouse peritoneal macrophages from the wild
type (Rosenblat & Aviram, 2002).

Peroxidation of cellular lipids and the formation of oxyster-
ols have been considered responsible for the increased
NADPH oxidase activity in apoE-deficient mice (Rosenblat
& Aviram, 2002). Increased content of oxysterols in E4 is
plausible since differential oxidation of membrane lipids was
observed in the present study (E4 . E3), and this could
partly contribute to the increased NADPH oxidase activity
in apoE4 cells.

The mechanism by which apoE acts as an antioxidant, and
why it is isoform-dependent, is not entirely understood. There
are several putative mechanisms which include metal binding
activity (Miyata & Smith, 1996), the presence of a thiol group
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(Cys 112) in apoE3, and recent work indicating that the most
plausible mechanism relies on the radical scavenging activity
of positively charged amino acids found in the receptor bind-
ing domain of the apolipoprotein (Pham et al. 2005). Due to
the exchange of a Cys by an Arg at position 112 in apoE4,
a domain interaction arises which leads to a less stable protein,
with folding intermediates which are more rapidly degraded
and which influence the affinity of apoE for different lipopro-
teins (Hatters et al. 2006). This could also have an impact on
the antioxidant capacity of the protein (Pham et al. 2005).

The current study is suggestive that an impact of apoE
genotype on monocyte oxidative status may contribute to the
higher CVD and AD risk observed in man. However, it
needs to be taken into account that cell culture models have
limitations, and it is not possible to mimic the course of a
chronic disease in vitro. Further clarification of the impact
of apoE genotype on oxidative status using in vivo animal
models and human trials is needed.

Conclusions

Taken together, current data indicate that apoE genotype affects
several parameters which determine the oxidant/antioxidant
status of macrophages. Differences (apoE4 . apoE3) in
membrane oxidation under basal conditions and in NO and
superoxide anion radical production upon macrophage stimu-
lation with LPS and PMA, respectively, were observed. More-
over, pretreatment with a-tocopherol was able to decrease
LPS-induced NO production in E3 . E4. On the other hand,
small differences were observed in the concentrations of intra-
cellular GSH and a-tocopherol (apoE3 . apoE4). Taken
together the data are suggestive of increased oxidative stress
in macrophages which may be an important contributing
factor to the higher CVD risk in apoE4 v. apoE3 carriers.
Finally, the findings of the current trial are suggestive that anti-
oxidant interventions, such as increased vitamin C, vitamin E or
polyphenols, could serve to reduce the 40–50 % increased risk
of CVD evident in E4 carriers.
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