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Redox imbalance and immune functions: opposite effects of
oxidized low-density lipoproteins and N-acetylcysteine
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SUMMARY

This study investigates the in vitro effects of oxidized low-density lipoproteins (ox-LDL),
‘physiological’ pro-oxidants, N-acetylcysteine (NAC), a free radical scavenger and glutathione
precursor, and their combination on human peripheral blood mononuclear cell functions. We found
that treatment with ox-LDL induced a significant down-regulation of proliferative response to
mitogens, antigens and interleukin-2. Lipid extracts from ox-LDL were able to reproduce the same
effect as the lipoprotein. On the other hand, NAC exposure induced a significant up-regulation of
proliferative responses to all the stimuli used. Moreover, we showed that natural killer (NK)
cell-mediated cytotoxic activity was significantly down-regulated by ox-LDL while treatment with
NAC induced a significant up-regulation of NK-cell activity. Finally, we found that ox-LDL and
NAC exerted opposite effects on the cytokine network, interfering both at the protein secretion level
and the messenger RNA synthesis level. More importantly, when NAC was used in combination
with ox-LDL the proliferative responses, NK-cell-mediated cytotoxic activity and cytokine
production were restored to values comparable to controls. These data indicate that ox-LDL and
NAC modulate immune functions, exerting opposite effects reflecting their pro-oxidant and
antioxidant behaviours. Our results add new insights to the key role played by redox imbalance as a
modulator of immune system homeostasis and suggest that an antioxidant drug such as NAC could

be useful against pathologies associated with an increase in lipid peroxidation.

INTRODUCTION

It has been demonstrated that oxidative imbalance and
the production of reactive oxygen species (ROS) cause, or
are associated with, several human degenerative diseases.
In fact, cardiovascular diseases,! aging related diseases,’
infectious diseases” [e.g. acquired immune-deficiency syndrome
(AIDS)*°], and non-infectious diseases’ (e.g. genetic pathol-
ogies®) share redox alterations and increase ROS production
as a hallmark. However, at present, several studies are in
progress in order to identify the putative key molecules
involved in the redox dysregulation associated with such
diseases. Among these, the low-density lipoproteins (LDL)
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could be of great physiological relevance. Several lines of
evidence support the idea that oxidative modification of
LDL plays a central role in the development of athero-
sclerosis.’ In fact, when LDL are oxidized (ox-LDL), they
exert a pro-oxidant activity leading to the formation of
intracellular ROS. This can lead, depending on the dose, to
an alteration of cell activities and functions or, alternatively,
given in vitro at highest concentrations, to apoptosis.'®!'!
For instance, in patients who are positive for human
immunodeficiency virus, triglyceride metabolism disorders
lead to an increase of some subclasses of LDL and to
the appearance of ox-LDL. These are internalized via
specific receptors in several cell types including the immune
system.'>!® As a consequence, different forms of ox-LDL
have been reported to elicit humoral immune responses
in both experimental animals and in human patients'*!'
and are able to modulate various cellular immune func-
tions contributing to the pathogenesis of different immune
diseases.'*1°

On the other hand, antioxidant drugs can in turn act as
modulators of immune response. In particular, N-acetyl-
cysteine (NAC), interfering with or counteracting ROS-induced
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subcellular changes using different mechanisms, can modulate
several cell functions. This drug can in fact work per se as a
free radical scavanger, as a glutathione (GSH) precursor via
a ‘thiol supplier’ activity, or as a structural analogue of
GSH, enriching the GSH pool in the cellular environ-
ment.! 718

It was suggested that antioxidant drug therapy could be of
relevance in a plethora of human diseases sharing oxidative
imbalance as a common marker. For instance, regarding NAC,
several studies have been performed in the field of infectious
as well of non-infectious diseases.'®>*

Because ox-LDL represent ‘physiological’ pro-oxidant
agents relevant in human pathology and since receptors for
both LDL and ox-LDL are expressed on immune cells such
as lymphocytes, natural killer (NK) cells and macrophages,
we analysed the immunomodulation induced both by ox-LDL
and NAC on normal human peripheral blood mononuclear
cells (PBMC). We found that ox-LDL can strongly down-
regulate immune functions and that NAC can, at least
partially, counteract this effect.

MATERIALS AND METHODS

LDL isolation and oxidation
LDL (1-019-1-063 g/ml) were prepared from pooled human
plasma by density gradient ultracentrifugation.> The LDL
fraction was dialysed overnight against 0-15m NaCl and
then analysed for protein content by the Bradford method
using bovine serum albumin as standard. Aliquots of LDL
solution (2 mg/ml), sterilized by filtration through 0-2 pum
Millipore membranes, were exposed to ultraviolet-B radiation
(Philips TL 20 W/12) for 6 hr (42000 J/m?). In these condi-
tions, the ultraviolet (UV) radiant flux density was verified
by an Osram Centra UV-meter (Euroseps Instruments,
Germany). In the present study LDL were exposed to UV
radiation to obtain ox-LDL characterized by a relatively low
content of lipid peroxidation derivatives.?® 28

The same LDL preparations at the same concentration,
without exposure to UV, were used as controls. Lipid extracts
of native LDL and ox-LDL fractions, obtained according
to Folch er al® were analysed for their lipid composition.
The fatty acids composition of phosphatidylcholine (PC)
and cholesteryl ester (CE) classes was determined by the thin
layer chromatography/gas-liquid chromatography technique.
Oxidation resulted in a lowering of polyunsaturated fatty
acid content of about 15% in PC and 50% in CE. The extent
of lipid peroxidation was estimated as malondialdehyde
and 4-hydroxynonenal content by a commercial kit (LPO
586, Bioxytech S.A., Bonneuil Sur Marne, France) resulting
in a mean value of 40-5+8:2 nmol/mg of LDL protein.

Cells preparation

Human PBMC were isolated by Ficoll-Hypaque (Flow
Laboratories, Irvine, UK) gradient separation of buffy coats
obtained from healthy volunteer blood donors at the Trans-
fusion Centre of the Croce Rossa Italiana (CRI), Rome, Italy.
Promonocytic U937 cell line was maintained in RPMI-1640
medium supplemented with 10% heat-inactivated fetal calf
serum, L-glutamine and penicillin-streptomycin.

Treatments

LDL treatment. LDL and ox-LDL were added to the
cultures according to the reported physiological concentrations
in human plasma (0-2 mg/ml).>° Experiments were performed
adding native LDL, ox-LDL, or their lipid extracts at the
beginning of the culture period and left throughout. Experi-
ments using trypan blue dye exclusion tests and Hoechst
chromatin staining were always performed in the same
conditions in order to exclude any aspecific toxicity of LDL
and ox-LDL.

NAC treatment. The antioxidant compound NAC was
purchased from the Zambon Group (Milano, Italy). The drug
was dissolved in sterile distilled water as stock solution and
diluted before experiments. The pH was adjusted to 7-4 by
the addition of NaHCOs;. A titration curve using 0-5, 5 and
50 mm NAC was performed. Any effect was obtained using
0-5 mm while significant effects were obtained using 5 mm
and 50 mwm (data not shown). Therefore, only experiments per-
formed by using NAC at the concentration of 5 mm will be
reported. Experiments by using trypan blue dye exclusion tests
and Hoechst chromatin staining were always performed in
order to exclude any aspecific toxicity of 0-5, 5 and 50 mm NAC.

The experiments employing ox-LDL and NAC in combina-
tion were performed adding them at the beginning of the
cultures using 0-2 mg/ml ox-LDL and 5 mm NAC.

Measurement of intracellular glutathione content

Reduced GSH was measured by high-performance liquid
chromatography (HPLC) according to the procedure of
Reed et al®' Briefly, PBMC (3 x10° cells) were collected
after separation and cellular pellets were deproteinized by
rapid mixing with 250 ml 1% picric acid containing 0-5 mm
desferal. After centrifugation at 500 g for 10 min, 100 ml acidic
supernatant, containing soluble (non-protein) thiols, includ-
ing GSH, cysteine and cystine, were derivatized for HPLC
measurements. Samples (100 ml) were mixed with 50 ml of
100 mm iodoacetic acid solution in the presence of excess
sodium bicarbonate. The reaction was allowed to proceed for
1 hr in the dark; then 100 ml of 0-75% of dinitrofluorobenzene
in HPLC-grade absolute ethanol (Sanger reagent) was added
and allowed to react overnight in the dark. Aliquots of 25 ml
were subjected to HPLC analysis by using a 5-mm-spherisorb
amino column (Phase Separation, 25-0 cm x4:6 mm) in a
Hewlett Packard 1090 Liquid Chromatograph with diode
array detector. The column was eluted isocratically with
solvent A (80% methanol, 20% water) for 10 min, followed
by a 20-min gradient to 90% of solvent B (80% ammonium
acetate buffer, 20% solvent A). GSH was calculated at 357 nm
against known quantities of external standard (0-5-5-0 nmol).

Proliferative response

PBMC were resuspended at 1x10%ml in complete medium
[RPMI-1640 supplemented with 10% heat-inactivated human
serum (blood type AB), L-glutamine and penicillin-streptomy-
cin] and stimulated with different mitogens, antigen and
recombinant interleukin-2 (IL-2). The following doses were
used: 10 pg/ml phytohaemmaglutinin (PHA), 1:50 dilution of
pokeweed mitogen, 5 pg/ml concanavalin A, 20 pg/ml purified
protein derivative from Mycobacterium tuberculosis, 50 pg/ml
GMP (a mannoprotein-rich extract of Candida albicans cell
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wall that was a kind gift from Dr A. Cassone of this Institute),
20 U/ml IL-2. In some experiments PBMC were preincubated
with 100 pg/ml fucoidan or 10 pg/ml anti-CD36 (Sigma
Chemicals Co., St. Louis, MO) for 30 min at 37°. After 3 or
5 days, the cultures were pulsed for 18 hr with 0-5 uCi/well
of [PHJTdR (specific activity 5 Ci/mm, Radiochemical Inc.,
Amersham, UK). Cells were then harvested onto glass fibre
filters and [*H]TdR incorporation was measured by liquid
scintillation spectroscopy. The results are expressed as mean
counts per minute (c.p.m.)+SD of the mean of triplicate
cultures.

Cytotoxic assay

U937 target cells (1 x 10%) were labelled with *'Cr by incubation
with 100 pCi  of Na,’'CrO; (Amersham) for 1 hr at
37°.32 Effector cells (EC) were admixed with target cells (TC)
(1 x 10* cells/well) at several ratios ranging from 6:25:1 up to
100: 1. All experiments were performed in triplicate. Cell
mixtures were incubated for 4 hr at 37° in flat-bottom, 96-well
microtitre plates and centrifuged at 800 g for 5 min at the
end of incubation period. One hundred microlitres of the
supernatant was then collected from each well and counted in
a gamma-counter. Spontaneous release, maximum release and
percentage of specific >'Cr release were determined as described
previously.*® NK cells were pretreated overnight with ox-LDL,
NAC, or ox-LDL/NAC prior to the cytotoxic assay.

Cytokine assay

Detection in cell supernatants. To induce cytokine produc-
tion, PBMC were cultured at 1x10° cells/ml in 24-well
plates (Costar 3524) in complete medium, stimulated with
10 ug/ml PHA and treated with native LDL, ox-LDL and
NAC. Supernatants were harvested 48 hr later and cytokine
contents were measured using a sandwich ELISA (R & D
System, Minneapolis, MN) according to the manufacturer’s
instructions.

Reverse transcription—polymerase chain reaction (RT-PCR)
and densitometric analysis. For cytokine mRNA analysis, cells
were cultured at 5x10%ml and stimulated with 10 pg/ml
PHA with or without native LDL, ox-LDL and NAC. After
6 and 24 hr of culture, total cellular RNA was extracted using
the RNeasy Kit (Quiagen, Hilden, Germany). RNA was reverse
transcribed into cDNA and amplified by PCR using the Access
RT-PCR System (Promega, Madison, WI) according to the
manufacturer’s instruction. The GAPDH set of primers was
synthesized by MWG Biotech (Edersberg, Germany); the fol-
lowing couples of primers were used: GAPDH: sense 5-GTC
TTC ACC ATG GAG AAG GTC-3'; antisense 5-CAT GCC
AGT GAG CTT CCC GTT CA-3; IL-1B, IL-2, IL-4, IL-6,
IL-10, tumour necrosis factor-oo (TNF-o) and interferon-y
(IFN-v) sets of primers were purchased from Clontech; IL-15
set of primers was kindly provided by Dr S. Ferrini (Istituto
Nazionale per la Ricerca sul Cancro, Genova, Italy). To avoid
contamination all experiments included control RT-PCR
without RNA. Densitometric analysis was performed as
previously described.***3

Statistical analysis

Statistical significance of results obtained from different
experiments was calculated using a Student’s z-test. A P value
less than 0-05 was considered statistically significant.
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RESULTS

NAC and ox-LDL exert opposite effects on lymphocyte
proliferative response

The effects of ox-LDL and NAC, added at the beginning
of the culture and left throughout the culture period, on
mitogen-induced, antigen-induced and IL-2-induced activa-
tion of normal human PBMC are illustrated in Fig. 1. The
ox-LDL induced a significant down-regulation of proliferative
response either with mitogens or with antigens and IL-2.
By contrast, NAC induced a significant up-regulation of
proliferative responses with all the stimuli used. More
importantly, when NAC was added to the cultures in
combination with ox-LDL, the proliferative responses were
restored to values similar to control samples.

Different control experiments were also performed in
order to assess the specificity of the above results.
These experiments indicated, first, a similar viability in
ox-LDL-exposed, NAC-exposed and control cultures. This
was performed to exclude the possibility that inhibition of
cell proliferation was due to a non-specific toxicity or induc-
tion of apoptosis. In fact, no signs of cytotoxicity were
found after trypan blue dye exclusion assay as well as
Hoechst chromatin staining (data not shown). Second, no
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Figure 1. NAC and ox-LDL exert opposite effects on lymphocyte
proliferative response based on [PH]TdR uptake. Normal human
PBMC were stimulated in vitro with mitogen (top; PHA, phyto-
haemmaglutinin; PWM, pokeweed mitogen; Con A, concanavalin A)
or antigen (PPD, protein purified derivative from M. tuberculosis;
C. alb., Candida albicans) and IL-2 (bottom) and untreated (control)
or treated with native LDL, ox-LDL, NAC and ox-LDL/NAC.
Results are expressed as mean c.p.m.+SD of triplicate cultures.
Data represent values from one representative experiment of at least
five performed. (* P <0-05; **P <0-001 versus control cells).
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inhibitory effects were observed on proliferative response
after mitogen-induced, antigen-induced and IL-2-induced
activation when native LDL were added to the cultures at
the same concentrations as the ox-LDL (Fig. 1). Third, and
notably, lipid extracts from ox-LDL were able to reproduce
the same effect as the lipoprotein (Fig. 2).

As NAC acts as a precursor for GSH synthesis, we
evaluated intracellular GSH level in NAC- or ox-LDL-treated
PBMC. Our data indicate that the content of GSH in PBMC
is: 1:117 nmol/10° cells in control cells; 1:340 nmol/10° cells in
NAC-treated cells and 0-446 nmol/10° cells in ox-LDL-treated
cells.

Further experiments were carried out in order to evaluate
ox-LDL internalization. The down-regulating effect on PHA
proliferative response induced by ox-LDL (80%) was not
abrogated by either the preincubation with fucoidan (76%),
a polysaccharide ligand that competes for the ligand-binding
domain of class A scavenger receptors,>®® or with anti-CD36
(86%), a monoclonal antibody that blocks ox-LDL binding
to CD36 (a class B scavenger receptor).'>!3-3-41

NAC and ox-LDL exert opposite effects on NK-cell-mediated
cytotoxicity activity

In order to evaluate the effect of NAC and ox-LDL on
NK-cell-mediated cytotoxicity, effector cells were preincu-
bated overnight with ox-LDL, NAC, or with their combina-
tion. As shown in Fig. 3, a significant decrease of NK-cell
activity (P<0-05) was observed when ox-LDL were added,
while a significant increase was detected after the exposure
to NAC at all the effector to target cell ratios considered.
More importantly, when NAC was added to the cultures
together with ox-LDL, the NK-cell activity was completely
restored to values similar to that of control samples.
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Figure 2. Lipid extract of ox-LDL down-regulated PHA-induced
proliferative response of normal human PBMC based on [PH|TdR
uptake. Results are expressed as mean c.p.m.+SD of triplicate
cultures. Data represent values from one representative experiment
of at least three performed (*P <0-05 versus control cells). The effect
of native LDL was tested and the results obtained were comparable
to control values.

NAC and ox-LDL exert opposite effects on cytokine
production

Since cytokines drive both T-cell and NK-cell responses,
we analysed the pattern of the production of these mediators
by PBMC exposed to ox-LDL, NAC and their combination.

In vitro exposure of PHA-stimulated PBMC to ox-LDL
caused a significant (P <0-05) down-regulation of 1L-2, IL-4,
IL-12, IL-10 and IL-6 release in culture supernatants while
no significant decrease of IL-1B, IFN-y, IL-15 and TNF-a
content was found in the same supernatants (Fig. 4). In
contrast, IL-8 production was significantly up-regulated
after ox-LDL treatment.

On the other hand, 48-hr NAC treatment induced a
significant (P <0-05) up-regulation of IL-1p, IL-2, IL-12 and
IL-15 production while production of 1L-4, IL-10, IFN-v, IL-
8, IL-6 and TNF-o was unchanged. More importantly,
when NAC was used in combination with ox-LDL cytokine
secretion was restored to control values (Fig. 4). Notably,
using the combination, IL-2 and IL-15 production was
comparable to that induced by NAC.

To verify whether ox-LDL and NAC affected cytokine
gene expression we performed a molecular analysis of
mRNA level. Figure 5 shows that ox-LDL inhibited IL-1,
IL-2, IL-15, 1L-10 and IFN-y gene expression and did not
affect IL-4, IL-6 and TNF-oo mRNA transcription. More
importantly, NAC was able to abrogate the inhibitory
effects induced by ox-LDL at transcriptional level on all
the cytokines analysed except for IL-10. We investigated the
early (6 hr) effect of ox-LDL, NAC and their combination
on cytokine mRNA synthesis. Interestingly, mRNA inhibition
induced by ox-LDL was already detectable after 6 hr of
treatment for all the cytokines analysed except for IL-10
(Fig. 6).
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Figure 3. NAC and ox-LDL exert opposite effects on NK-cell-
mediated cytotoxicity based on *'Cr release. Effector cells (EC) were
preincubated overnight with ox-LDL, NAC or their combination.
Results are expressed as percentage of cytotoxicity (% of specific >'Cr
release). Data are expressed as mean+SD from three independent
experiments. *P <0-05 vs. control. In all experiments the spontaneous
release was less than 10%. The effect of native LDL was tested and
the results obtained were comparable to control values.
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Figure 4. NAC and ox-LDL modulate cytokine supernatant release.
PHA-stimulated PBMC were treated with ox-LDL, NAC, or their
combination for 48 hr. Results are expressed as pg/ml or ng/ml.
Data represent values from one experiment representative of at least
three performed, in which the same trend of values was observed.
(*P<0-05). The effect of native LDL was tested and the results
obtained were comparable to control values.

Treatment of PHA-activated PBMC with native LDL did
not exert any modulation of cytokine production in any of the
experimental conditions considered (data not shown).

DISCUSSION

In the present study we analysed the in vitro effects of
ox-LDL and NAC, used either alone or in combination, on
different immune functions of normal human PBMC. We
found that ox-LDL and NAC exerted opposite effects down-
regulating and up-regulating immune functions, respectively.
Therefore, we set up experiments in order to verify whether
the antioxidant NAC added in combination with ox-LDL
was able to counteract the down-regulating effect of the

© 2001 Blackwell Science Ltd, Immunology, 104, 431-438
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Figure 5. NAC and ox-LDL modulate cytokine mRNA levels.
PHA-stimulated PBMC were treated with ox-LDL, NAC, or their
combination for 24 hr. Results are expressed in arbitrary units. Data
represent values from one experiment representative of three performed
considering different donors in which the same trend of values was
observed. The effect of native LDL was tested and the results obtained
were comparable to control values.

ox-LDL. We found that NAC re-established the lymphocyte
proliferative  response, the NK-cell-mediated cytotoxic
activity and the cytokine production to values comparable to
controls. Native LDL used as control did not exert any
inhibitory effects either on proliferative responses or on
NK-cell activity and cytokine production.

We found that the lipid moiety of ox-LDL was able to
reproduce the same effect as the lipoprotein, suggesting its
role in the immunomodulation. In addition, we found that
the inhibitory effect induced by ox-LDL on proliferative
responses is not receptor-mediated. We blocked the two
major receptors that bind and internalize ox-LDL: CD36
(a class B scavenger receptor) and the macrophage
scavenger receptor (MSR, a class A scavenger receptor).**!
In addition to modified lipoproteins, a different group of
polyanionic ligands are recognized by the MSR, including
sulphated polysaccharides such as fucoidan.**~3® The inhibi-
tory effect on PHA proliferative response induced by
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Figure 6. NAC and ox-LDL modulate cytokine mRNA levels.
PHA-stimulated PBMC were treated with ox-LDL, NAC or their
combination for 6 hr. Data represent values from one experiment
representative of three performed considering different donors in
which the same trend of values was observed. Lane M, 100 bp ladder;
lane 1, control; lane 2, LDL; lane 3, ox-LDL; lane 4, NAC; lane 5,
ox-LDL/NAC. GAPDH cDNA levels were equivalent in all cell
samples analysed, as indicated.

ox-LDL was not abrogated either by the preincubation
with anti-CD36 monoclonal antibody or with fucoidan.
This might suggest that modulation induced by ox-LDL
is not due to the entire lipoprotein but to the lipid moiety
entry inside the cell. However, we cannot rule out the
possibility that, without directly entering the cells, ox-LDL
could trigger a signalling cascade inside the cells. This needs
to be further analysed in future studies.

In the present study we observed that the NK-cell-mediated
cytotoxic activity was significantly down-regulated by
ox-LDL while treatment with NAC induced a significant
enhancement in NK-cell cytotoxic activity. On the basis of
our previous studies,*** we hypothesize that cytoskeleton
integrity and function, prerequisites for NK-cell activity,
could be oxidatively altered by ox-LDL leading to a decreased
NK-cell function. On the other hand, the antioxidant
activity exerted by NAC on cytoskeletal thiol groups can
lead to an increased NK-cell-mediated cytotoxic binding
and killing.***" Therefore, in this study we analysed the
effect of NAC added in combination with ox-LDL on
NK-cell-mediated cytotoxic activity. We found that NAC
restored NK-cell activity to values comparable to controls.

It has been reported that the cytokine network is altered
in ox-LDL-related diseases.**** Here we showed that
ox-LDL down-regulated the production of IL-2, IL-4,
1L-10, IL-12, IL-10 and IL-6 in PHA-stimulated PBMC.
In contrast, ox-LDL induced a significant up-regulation
of IL-8 production, confirming previous results by other
authors.’™>' We found that IL-1p and IFN-y mRNA levels
were inhibited up to 80-90% by ox-LDL, while secretion of

these proteins was not significantly down-regulated. Thus,
the inhibitory effect of ox-LDL on IL-1p and IFN-y
production may be due to an early event at transcriptional
level suggesting that the products of pre-existing mRNA
were secreted and that ox-LDL inhibited mRNA neosynthesis.

Similarly to proliferative responses and NK-cell-mediated
cytotoxic activity, NAC treatment exerted an up-regulating
effect on the cytokine network increasing production of IL-1f,
IL-2, IL-12, IL-15. Interestingly, cytokine production was
restored when NAC was used in combination with ox-LDL.
However, it should be noted that NAC was not able to
counteract the inhibitory effect of ox-LDL on IL-10 mRNA
transcription. Interestingly, mRNA inhibition induced by
ox-LDL was already detectable after 6 hr of treatment for
all the cytokines analysed except for IL-10, suggesting that
NAC is not able to abrogate a late (24 hr) effect of ox-LDL.

Our results suggest that ox-LDL and NAC modulate
immune functions exerting opposite effects reflecting their
pro-oxidant and antioxidant behaviour and we hypothesized
that they may act by an indirect mechanism involving the
cytokine network. In particular, the significant decrease or
the significant increase in IL-2 and IL-15 production, cytokines
known for their activating effect on T cells, may account for
the down-regulation or up-regulation exerted on proliferative
responses by ox-LDL or NAC, respectively. Similarly the
induction (increase) or inhibition (decrease) of IL-12, IL-15
and IFN-y production by NAC and ox-LDL, respectively,
might be responsible of the modulation of NK-cell activity.

The results of the present study could add new insights to the
key role played by redox imbalances as modulators of immune
homeostasis, contributing to the clarification of the pathogenic
mechanisms of different human degenerative diseases including
ageing related diseases and AIDS. Moreover, an antioxid-
ant drug such as NAC could be useful against pathologies
associated with an increase in lipid peroxidation.

In conclusion, since it has been demonstrated that in vivo
an increase of ox-LDL modulates cellular and humoral
immune responses, our in vitro model employing experimen-
tally oxidized LDL could be a useful tool to test the efficacy of
novel antioxidant drugs before their clinical use.
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