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Abstract Native LDL (nLDL) increases expression of ad-
hesion molecules on endothelial cells through induction of

 

Ca

 

2

 

�

 

 mobilization. Ca

 

2

 

�

 

 mobilization is also involved in the
induction of proinflammatory cytokines, important media-
tors involved in atherogenesis. The aim of the study was to
evaluate the capacity of nLDL to affect spontaneous and li-
popolysaccharide (LPS)-stimulated cytokine production.
Preincubation of human peripheral blood mononuclear
cells (PBMC) with nLDL for 24 h did not influence sponta-

 

neous production of tumor necrosis factor 

 

�

 

 (TNF

 

�

 

) or in-
terleukin-8 (IL-8), but significantly potentiated LPS-induced
production of these cytokines. nLDL preincubation of
PBMC did not increase the expression of the LPS receptors
Toll-like receptor-4, CD14, or CD11c/CD18. Potentiation
of cytokine production by nLDL was mediated through in-
duction of Ca

 

2

 

�

 

 mobilization, because: 

 

a

 

) nLDL induced a
sustained pattern of repetitive Ca

 

2

 

�

 

 transients in human
PBMC; 

 

b

 

) the Ca

 

2

 

�

 

 chelator fura 2-acetoxymethyl ester, 1,2-
bis(2-aminophenoxy)ethane-

 

N

 

,

 

N

 

,

 

N

 

�

 

,

 

N

 

�

 

-tetraacetic acid, an
intracellular Ca

 

2

 

�

 

 chelator, inhibited the potentiating effect
of nLDL on LPS-induced cytokine synthesis; 

 

c

 

) induction of
Ca

 

2

 

�

 

 mobilization by thapsigargin potentiated LPS-induced
cytokine production.  nLDL are able to potentiate LPS-
induced production of cytokines by human PBMC, and this
effect is probably mediated through induction of Ca

 

2

 

�

 

 mo-
bilization. This may represent an important pathogenetic
mechanism in atherogenesis induced by hyperlipoprotein-

 

emia.
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Atherosclerosis is the major cause of morbidity and
mortality in the Western society. There is accumulating ev-

 

idence for an important role of inflammatory processes in
the early phase of atherogenesis (1). The early interaction
between the circulating monocytes and the endothelial
cells of the intima, followed by subsequent migration of
monocytes into the vessel wall where they differentiate
into macrophages, is a very important initial step in the in-
flammatory reaction leading to atherogenesis (2). In the
vessel wall, the newly-formed macrophages start to ingest
biologically-modified lipid particles and transform into
foam cells which constitute the first step in the formation
of “fatty streaks,” the precursor lesion which subsequently
leads to the formation of the atherosclerotic plaque (3).
Among the risk factors for the development of atheroscle-
rosis, hyperlipoproteinemia, especially the increased cir-
culating concentrations of LDL, is one of the most impor-
tant (4, 5). Several studies have stressed the capacity of
modified LDL forms such as oxidized LDL (oxLDL) and
acetylated LDL (acLDL) to accumulate into and activate
the macrophages, inducing inflammatory reactions in the
vessel wall, which would eventually accelerate atherogene-
sis. Modified LDL can stimulate monocyte migration (6),
expression of adhesion molecules (7), and production of
proinflammatory cytokines and chemokines such as tu-
mor necrosis factor 

 

�

 

 (TNF

 

�

 

), interleukin-8 (IL-8), and
monocyte chemoattractant protein-1 (MCP-1) (8, 9). The
induction of cytokines during the process of atherogene-
sis represents an important step, as these signal molecules
increase the expression of adhesion molecules on endot-
helial cells (10), enhance the uptake of oxidized LDL
through increased expression of macrophage scavenger
receptors (11), regulate plaque stability (12), and induce
production of endogenous growth factors that regulate
cell proliferation in the arterial cell wall (13).
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,
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-tetraacetic acid; IL-8,
interleukin-8; LPDP, lipoprotein-depleted plasma; LPS, lipopolysaccha-
ride; PBMC, peripheral blood mononuclear cells; PKC, protein kinase
C; TLR4, Toll-like receptor 4; TNF, tumor necrosis factor; TNFbp, TNF
binding proteins.
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In addition to the data attesting a role for modified
LDL during the inflammatory processes leading to athero-
sclerosis, recent studies reported that native LDL (nLDL)
also have important immune-stimulating properties, which
may be an important factor connecting hyperlipopro-
teinemia with inflammation during atherogenesis. nLDL
stimulates chemokine CCR2 expression on monocytes
(14) and potentiates chemotaxis of human monocytes (15).
Allen and colleagues have shown that nLDL induces ex-
pression of VCAM-1 and E-selectin in human vascular en-
dothelial cells, and this is mediated through induction of
Ca

 

2

 

�

 

 mobilization (16). Interestingly, it has been demon-
strated that Ca

 

2

 

�

 

-dependent mechanisms are directly in-
volved in cytokine production and release by macro-
phages and neutrophils (17, 18), and induction of TNF by
acetylated LDL is also a Ca

 

2

 

�

 

-dependent phenomenon
(8). It is therefore tempting to speculate that nLDLs are
also able to potentiate spontaneous and/or stimulated
production of proinflammatory cytokines by bloodstream
human monocytes through Ca

 

2

 

�

 

-dependent mechanisms,
contributing in this way to the development of atheroscle-
rosis.

The aim of the present study was to evaluate the capac-
ity of nLDL to potentiate spontaneous and lipopolysac-
charide (LPS)-stimulated cytokine production by freshly
isolated human peripheral blood mononuclear cells (PBMC),
and to investigate the possible mechanisms responsible
for these effects.

MATERIALS AND METHODS

 

Materials

 

LPS (

 

Escherichia coli

 

 serotype O55:B5) was obtained from
Sigma Chemical Co. (St. Louis, MO). Fura 2-acetoxymethyl ester
(fura 2-AM), 1,2-bis(2-aminophenoxy)ethane-

 

N

 

,

 

N

 

,

 

N

 

�

 

,

 

N

 

�

 

-tetraace-
tic acid (BAPTA-AM), and Pluronic F-127 were purchased from
Molecular Probes (Eugene, OR). Thapsigargin was obtained
from LC Services (Woburn, MA). Murine anti-human monoclo-
nal antibodies were used for the FACS studies: anti-CD11c [clone
SHCL3 (19)], anti-CD18 (clone AZN-L19), and anti-CD14
(RM052, Beckman Coulter, Fullerton, CA). TNF binding pro-
teins (TNFbp) were a kind gift from Charles Dinarello (Univer-
sity of Colorado Health Sciences Center, Denver, CO). LDL,
HDL, and lipoprotein-depleted plasma (LPDP) were isolated
from freshly collected human EDTA-plasma by sequential cen-
trifugation, as previously described (20). As oxidation of LDL
has been suggested to influence cytokine production, we mea-
sured LDL oxidation by quantitating thiobarbituric acid-reactive
substances (TBARS) by fluorometry (21). The TBARS assay uses
the capacity of aldehydes, which are formed during LDL oxi-
dation, to combine with thiobarbituric acid to yield a fluoro-
chrome.

 

Experimental design

 

Venous blood was collected by venipuncture in the cubital
fossa from 11 healthy volunteers. All subjects gave informed con-
sent prior to the study. Separation of PBMC was performed as de-
scribed elsewhere (22). PBMC were washed twice in saline and
suspended in culture medium (RPMI 1640 Dutch modification,
ICN Biomedicals, Costa Mesa) supplemented with human serum

 

5%, gentamicin 1%, 

 

l

 

-glutamine 1%, and pyruvate 1%. The cells
were counted in a Coulter counter (Coulter Electronics, Mij-
drecht, The Netherlands) and the number was adjusted to 5 

 

�

 

10

 

6

 

 cells/ml. 5 

 

�

 

 10

 

5

 

 cells/well were incubated in 96-wells plates
(Greiner, Alphen a/d Rijn, The Netherlands) in a 200 

 

�

 

l final
volume with either lipoprotein deficient plasma LPDP (

 

�

 

0.1
mmol/l cholesterol) or native LDL (2.0 mmol/l cholesterol),
for 24 h at 37

 

�

 

C. This LDL concentration is the maximal con-
centration we can obtain after sequential centrifugation. In a
control experiment, PBMC were incubated with a similar con-
centration of HDL. After 24 h, the cells were divided in two
subgroups. In the first subgroup, the supernatants were col-
lected and the spontaneous cytokine production after LPDP or
nLDL incubation was measured. In the second subgroup, the
plates were centrifuged mildly (500 

 

g

 

, 5 min), and the cells
were washed three times with LPS-free PBS. Subsequently, 200

 

�

 

l culture medium or LPS (1 ng/ml) was added to the cells,
and the plates were incubated for an additional 24 h at 37

 

�

 

C.
At the end of the incubation time, the supernatants were col-
lected and stored at 

 

	

 

70

 

�

 

C.
In additional experiments, to study the role of the Ca

 

2

 

�

 

 mobi-
lization for the LDL potentiation of cytokine production, the
initial incubation of PBMC with LPDP or LDL was performed
in the presence or absence of an intracellular Ca

 

2

 

�

 

 chelator
(BAPTA-AM, 10 

 

�

 

M), which was present the entire 24 h of prein-
cubation period. As a positive control, a Ca

 

2

 

�

 

-mobilization in-
ducer (thapsigargine, 1 

 

�

 

M) was added in separate wells, with-
out LPDP or nLDL supplementation. These compounds were
washed after the initial 24 h incubation, and were not added dur-
ing the subsequent 24 h LPS stimulation.

The role of protein kinase C (PKC) activation for the effects of
nLDL was investigated by blocking its activity by addition of stau-
rosporine (1 

 

�

 

M) to the PBMC during the 24 h incubation with
LPS. In addition, we assessed whether endogenous TNF is re-
quired for the LPS-induced production of IL-8 by neutralizing
endogenous TNF through addition of TNFbp (10 

 

�

 

g/ml) to
PBMC 1 h prior to addition of the stimuli. All combinations of
stimuli and agents were not toxic to the cells, as shown by trypan
blue exclusion method (

 




 

95% viability of cells).

 

Cytokine measurements

 

TNF

 

�

 

 concentrations were determined by a specific radioim-
munoassay, as previously described (23). IL-8 was measured by a
commercial ELISA kit (Pelikine Compact, CLB, Amsterdam, The
Netherlands).

 

RT-PCR for Toll-like receptor-4

 

A semiquantitative RT-PCR method was used to assess the ef-
fect of LDL on the expression of Toll-like receptor-4 (TLR4)
mRNA. Total RNA was isolated by the method of Chomczynski
and Sacchi (24) from 1 

 

�

 

 10

 

6

 

 PBMC incubated for 6 h or 24 h
with either LDL or LPDP. The RNA was dissolved in RNAase-free
water and its quality analyzed by agarose gel electrophoresis. For
each sample, 0.5 

 

�

 

g of total RNA was reverse transcribed as previ-
ously described (25). Sequences of the PCR primers used for hu-
man TLR4 were: sense 5

 

�

 

-ATACTTAGACTACTACCTCCATG -3

 

�

 

and antisense 5

 

�

 

-AAACTCAAGGCTTGGTAGATC -3

 

�

 

; and for the
house keeping gene 

 

�

 

2-microglobulin (

 

�

 

2m) were: sense 5

 

�

 

-
CCAGCAGAGAATGGAAAGTC-3

 

�

 

 and anti-sense 5

 

�

 

-GATGCT-
GCTTACATGTCTCG-3

 

�

 

. Each primer pair was tested to determine
the annealing temperature and the linear range of the reaction.
PCR reactions consisted of 3 

 

�

 

l cDNA in 50 

 

�

 

l PCR buffer (20
mM Tris-HCl, pH 8.4, 50 mM Kcl, 1.5 mM MgCl

 

2

 

, 0.001% gela-
tin) containing 100 

 

�

 

M dNTPs, 0.3 

 

�

 

M of each primer, and 1.25
units Taq polymerase. Reaction mixtures were overlaid with
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mineral oil. PCR cycles were perfomed (30 s denaturation at
92

 

�

 

C, 30 s annealing at 51

 

�

 

C, and 90 s extension at 72

 

�

 

C) on the
Mastercycler 5330 (Eppendorf, Hamburg, Germany). The pla-
teau phase of the 

 

�

 

2m reaction was apparent after 30 cycles, and
of TLR4 after 38 cycles. We therefore selected 26 cycles for the

 

�

 

2m PCR and 32 cycles for the TLR4 PCR. PCR products were
analyzed by electrophoresis on 2% agarose gels stained with
ethidium bromide in order to quantify the intensity of the band-
ing pattern. Gels were scanned on a densitometer (GS-670, Bio-
rad, Veenendaal, The Netherlands) and analyzed using Molecu-
lar Analyst Software. The amount of TLR4 mRNA in each sample
was expressed semi-quantitatively as a ratio versus the amount of
the housekeeping gene 

 

�

 

2m mRNA.

 

Flow cytometry analysis

 

PBMC from seven volunteers was isolated as described above,
and after 24 h incubation with LPDP or LDL the expression of
CD14, CD11c, and CD18 was analyzed by flow cytometry. The
analysis was performed on a FACScan (Becton and Dickinson,
Oxnard, CA) using standard immunofluorescence staining tech-
niques. The expression of the LPS receptors on the membrane
of monocytes and lymphocytes incubated with nLDL was calcu-
lated as a percentage of the expression of the respective mole-
cule on the membrane of the cells incubated with LPDP.

 

Measurements of the cytosolic free Ca

 

2

 

�

 

 concentration
after nLDL incubation

 

Cytosolic free Ca

 

2

 

�

 

 concentrations in PBMC (after either
LPDP, nLDL, or LPS had been added to the cells at the concen-
trations mentioned before) were measured as previously de-
scribed, using 10 M fura 2-AM as Ca

 

2

 

�

 

-indicator (26). Dynamic
video imaging was carried out with the Magical system and TAR-
DIS software provided by Joyce Loebl (Tyne and Wear, UK).
Fluorescence emission ratios are reported as a measure of intra-
cellular Ca

 

2

 

�

 

 concentration (Ca

 

2

 

�

 

)

 

i

 

 (26).

 

Statistical analysis

 

All cytokine stimulation experiments were performed in du-
plicate (in at least five volunteers), and data are given as mean 

 

�

 

SD. Comparisons between the groups were performed using the
non-parametric Wilcoxon test. The differences were considered
significant at 

 

P

 

 � 0.05.

RESULTS

Potentiation of cytokine production by nLDL
Preincubation of PBMC with either LPDP or nLDL for

24 h did not induce subsequent spontaneous production
of TNF during the next 24 h. Similarly, subsequent spon-
taneous IL-8 release was also very low, although measur-
able, and did not differ between the cells preincubated
with either LPDP or nLDL (data not shown). When the
PBMC were subsequently stimulated with LPS, they pro-
duced significantly more cytokines when preincubated
with nLDL than with LPDP (TNF: 369 � 65 vs. 132 � 23
pg/ml, P � 0.01; IL-8: 34.4 � 2.1 vs. 12.7 � 3.9 ng/ml,
P � 0.01) (Fig.1). The concentrations of TBARS in the LDL
preparation was below the detection limit (0.01 nmol/l)
both before and after 24 h incubation with the PBMC, im-
plying that LDL oxidation did not play a role in the effects
observed on cytokine production.

To investigate whether the stimulatory effect on LPS-
induced TNF and IL-8 production is specific for LDL, we
preincubated cells with either HDL or LPDP in a separate
experiment. There was no potentiating effect of HDL on
the LPS-stimulated production of TNF and IL-8 (P 

0.05). Peripheral blood mononuclear cells (PBMC) con-
sist of approximately 20% monocytes and 80% lympho-
cytes. In previous experiments, we have investigated the
relative importance of these two cell populations for the
production of TNF and IL-8, and we have shown that
more than 95% of the total cytokine synthesis originates
from the monocyte population (not shown).

The effect of nLDL on LPS receptor expression
Because nLDL potentiate LPS-induced production of

TNF and IL-8, we investigated whether this may be medi-
ated through increased expression of LPS receptors on
the surface of the cells incubated with nLDL. The TLR4
expression was similar in PBMC incubated with either
LDL or LPDP: TLR4/�2m ratio after 6 h preincubation
0.40 � 0.07 versus 0.44 � 0.10; and after 24 h preincuba-
tion 0.25 � 0.09 versus 0.33 � 0.14, P 
 0.05. There was a
modest though significant increase in the expression of
CD14 on the surface of monocytes preincubated with
nLDL (119 � 8% of the expression on monocytes incu-
bated with LPDP, P � 0.05). In contrast, the expression of
both CD11c (107 � 11%, P 
 0.05) and CD18 (97 � 12%,
P 
 0.05), was not different between monocytes incubated
with either nLDL or LPDP. CD14, CD11c, and CD18 ex-
pression on lymphocytes was low and not different be-
tween the incubations with LDL or LPDP (not shown).

Intracellular Ca2� mobilization by nLDL
As it has been recently shown that nLDL is able to in-

duce intracellular Ca2� transients in human vascular epi-
thelial cells (16), we tested whether this may also be the
case for PBMC. Addition of nLDL to freshly isolated
PBMC caused a rapid increase in the intracellular Ca2�

concentration (Fig. 2A). Interestingly, although the level
of Ca2� gradually decreased after reaching a maximum,
the majority of the cells were able to respond with repeti-

Fig. 1. Potentiation of lipopolysaccharide (LPS)-induced cytokine
production by native LDL (nLDL). Preincubation of peripheral
blood mononuclear cells (PBMC) with nLDL for 24 h potentiated
the subsequent LPS-induced production of tumor necrosis factor
(TNF) and interleukin-8 (IL-8), compared with lipoprotein-
depleted plasm (LPDP) preincubation. Data are given as mean �
SD obtained from 11 volunteers. *P � 0.01.
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tive Ca2� transients, indicating the induction of a sus-
tained pattern of Ca2� mobilization (Fig. 2A). In contrast,
no effect was observed when LPDP was added to the cells
(Fig. 2B). In additional experiments, we investigated the
capacity of LPS to induce Ca2� transients. No effect on in-
tracellular Ca2� after stimulation of PBMC with LPS was
measured (not shown).

The role of Ca2� mobilization for the potentiation of TNF 
production by nLDL

To investigate whether induction of repetitive Ca2�

transients by nLDL leads to increased responsiveness of
PBMC to LPS, we added BAPTA-AM (a known chelator of
intracellular Ca2�) to the cells during the incubation pe-
riod with nLDL or LPDP. As shown in Fig. 3A, addition of
BAPTA-AM significantly reduced the potentiating effect
of nLDL on LPS-induced TNF production. In addition,
thapsigargin, a specific blocker of intracellular Ca2� ATPase
activity that increases the intracellular Ca2� concentration,
strongly potentiated the LPS-stimulated TNF synthesis
from 156 � 37 to 1365 � 243 pg/ml (P � 0.02). Similarly,
potentiation of LPS-induced IL-8 synthesis was Ca2�-depen-
dent, and influenced by both BAPTA and thapsigargin
(Fig. 3B). In contrast, blocking PKC and tyrosine kinases
activity by staurosporine did not influence nLDL/LPS-

induced TNF production (551 � 129 vs. 462 � 164 pg/
ml, P 
 0.05).

The intermediary role of endogenous TNF for
LPS-induced IL-8 production

Since TNF is known to be a potent stimulus of IL-8 syn-
thesis, the role of endogenous TNF in the induction of
IL-8 by LPS was investigated by blocking endogenous TNF
with TNFbp. A 63% reduction in LPS-induced IL-8 was ob-
served when TNFbp was added to PBMC (Fig. 3C). This
implies that the potentiation of LPS-induced IL-8 produc-
tion by nLDL is at least in part mediated by stimulation of
endogenous TNF release.

DISCUSSION

The results of the present study demonstrate for the
first time that nLDL are able to render freshly isolated hu-
man PBMC hyperresponsive to LPS, and subsequently
potentiate the cytokine production after LPS triggering.
These effects are specific for LDL, as HDL did not in-

Fig. 2. Induction of Ca2� mobilization by nLDL. Stimulation of
PBMC with nLDL (A) led to rapid induction of a transient increase
of intracellular Ca2�. Most of the cells responded with more than
one transient, in a oscillatory pattern. No increase in intracellular
Ca2� levels was measured after adding LPDP to the cells (B). The
two lines represent fluorescence emission ratios as a measure of in-
tracellular Ca2� concentrations in duplicate experiments.

Fig. 3. The role of Ca2� on nLDL effect on TNF and IL-8 produc-
tion. Addition of the Ca2� chelator fura 2-acetoxymethyl ester, 1,2-
bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid during the
preincubation of PBMC with nLDL, significantly reduced the po-
tentiating effect of nLDL on LPS-induced TNF (A) or IL-8 (B) syn-
thesis. No effect of BAPTA-AM was found when added to LPDP.
Neutralization of endogenous TNF by TNF binding proteins
strongly down-regulated LPS-induced IL-8 production (C). Data
are given as mean � SD obtained from five volunteers. *P � 0.05
when compared with LPDP. #P � 0.05 when compared with LDL
alone.
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fluence LPS-induced cytokine production. The action
exerted by nLDL is mediated through induction of Ca2�

mobilization in the cells, as stimulating or blocking in-
tracellular Ca2� influxes modulates the nLDL-induced
cytokine stimulation. At present, however, the mecha-
nisms by which nLDL-induced Ca2� signaling exerts its
potentiating effect is unknown. The possibility that nLDL-
induced Ca2� signaling leads to upregulation of LPS re-
ceptors is unlikely, as the expression of LPS receptors on
the cell membrane was only marginally influenced.

The importance of inflammatory processes for the de-
velopment of atherosclerosis has been strongly under-
lined in the recent years (1). It has been shown that modi-
fied forms of LDL, such as oxLDL and acLDL, are able to
activate immune processes by stimulating monocyte mi-
gration (6), expression of adhesion molecules (7), and
production of proinflammatory cytokines and chemo-
kines (8, 9). However, in the last few years it has become
apparent that non-modified nLDL also has immune-stim-
ulating properties, such as stimulation of adhesion mole-
cule expression on vascular endothelial cells (16), chemo-
kine receptor expression (14), and monocyte chemotaxis
(15). In line with these studies, our report provides new
information regarding the capacity of nLDL to potentiate
LPS-induced production of proinflammatory cytokines
such as TNF, and chemokines such as IL-8. This phenome-
non may have important consequences, as IL-8 chemo-
taxis can be instrumental in the early phase of atherogen-
esis (27), and TNF participates in the atherosclerotic
process through various mechanisms such as stimulation
of adhesion molecule expression (10), stimulation of scav-
enger receptor expression and cholesterol loading (11),
regulation of plaque stability (12), and stimulation of
growth factors important for proliferation (13). Despite
the effects of nLDL on LPS-induced cytokines, no direct
effect of nLDL on cytokine production could be seen.
This is in agreement with other studies that have demon-
strated the absence of a direct stimulatory effect of nLDL
on cytokine production (8, 9).

The capacity of nLDL to potentiate LPS-induced cyto-
kines is highly relevant in view of the recent data implicat-
ing chronic infection of the vessel wall with the intracellu-
lar gram-negative microorganism Chlamydia pneumoniae
in the pathogenesis of atherosclerosis. In addition to more
than a dozen epidemiological studies documenting an as-
sociation between infection with C. pneumoniae and early
atherosclerosis (28), in-vitro studies have shown that C.
pneumoniae can infect monocytes/macrophages and smooth
muscle cells (29), and can induce macrophage foam cell
formation (30, 31). Recently, we and others have also
shown the capacity of Chlamydia-stimulation to potentiate
LDL oxidation (32, 33). The multiplication of Chlamydia
inside macrophages and putative chronic release of cellu-
lar components including LPS trigger the production of
proinflammatory cytokines such as TNF, IL-1, and IL-6 (34,
35). Hyperresponsiveness of macrophages from hyperli-
poproteinemic individuals to this stimulation may prove a
highly deleterious event for the subsequent development
of atherosclerosis. In this respect, we have recently re-

ported that macrophages isolated from hyperlipopro-
teinemic LDLR	/	 mice (36), as well as PBMC from ho-
mozygous patients with familial hyperlipoproteinemia
(FH) (37), are also hyperresponsive to LPS stimulation.

There are several possible targets for the action of
nLDL on cytokine production. Recent studies have dem-
onstrated the pivotal role of the TLR4-MD2-CD14 recep-
tor for LPS signaling (38). We have assessed the effects of
LDL preincubation on the expression of the LPS recep-
tors. LDL did not influence the expression of TLR4 in hu-
man PBMC, and this mechanism is therefore unlikely to
account for the potentiating effects on LPS-induced pro-
duction of cytokines. Our data are sustained by the recent
publication of data showing that only oxLDL, but not
nLDL, are able to increase expression of TLR4 (39). In
vitro studies have shown that lipoproteins are essential for
cell membrane expression of CD14 (40), which is the
high-affinity chain of the receptor needed for the transfer
of LPS to TLR4 (41). However, our experiments have
demonstrated only a modest increase of 19% in the CD14
expression after incubation of cells with nLDL, which is
unlikely to account for the several-fold increase in cyto-
kine production after LPS challenge. Moreover, mono-
cytes of familial hypercholesterolemia patients express
normal amounts of CD14 (37, 42), and the increased cyto-
kine production after LPS stimulation of macrophages
isolated from LDLR	/	 mice is CD14-independent (36).
The cytokine production in macrophages from LDLR	/	

mice is mediated through CD11c/CD18 (36), which is the
second possible LPS co-receptor (43). However, this effect
is not exerted at the level of CD11c expression, but at the
level of intracellular pathways (36). In line with these
data, incubation of human PBMC with nLDL in the
present study did not lead to increased expression of ei-
ther CD11c or CD18.

As the effect of nLDL on cytokine synthesis seemed to
be located at the level of post-receptor pathways, our at-
tention focused on the observation that nLDL induces in-
tracellular Ca2� transients (16). As Ca2�-dependent mech-
anisms are involved in cytokine production and release by
macrophages and neutrophils (17, 18), it was tempting to
speculate that nLDL are also able to potentiate synthesis
of proinflammatory cytokines through Ca2�-dependent
mechanisms. As previously shown in vascular endothelial
cells (16), we were able to document an oscillatory pat-
tern of Ca2� mobilization by nLDL in human PBMC. To
investigate whether this phenomenon is involved in po-
tentiation of LPS-induced cytokine release, we sought to
modulate the nLDL-induced mobilization of Ca2� and to
assess its consequences at the level of LPS-induced cyto-
kine production. Indeed, thapsigargin, which is a specific
inducer of intracellular Ca2�, strongly potentiated LPS-
induced TNF production. Conversely, the intracellular Ca2�

chelator BAPTA-AM reversed the stimulatory effects of
nLDL on LPS-stimulated cytokine synthesis. These data
strongly suggest that the effect of nLDL is mediated
through mobilization of intracellular Ca2�. This is in
agreement with the data documenting the same mecha-
nism of action in the induction of TNF by acetylated LDL
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(8), and stimulation of VCAM-1 and E-selectin by nLDL in
vascular endothelial cells (16). In contrast, no effect of
PKC and tyrosine kinase activation on nLDL/LPS cytok-
ine production has been documented when the activity of
these enzymes was blocked by staurosporine.

We thereafter investigated whether the signals induced
by LPS also involve mobilization of intracellular Ca2�. No
Ca2� transients were measured after stimulation of cells
with LPS, indicating that LPS stimulation of cytokines
does not directly involve Ca2�-dependent mechanisms.
However, the potentiation of LPS-induced TNF and IL-8
by nLDL and thapsigargin, accompanied by sustained
Ca2� transients, suggests that Ca2�-dependent mecha-
nisms potentiate the LPS signaling pathway. Recent data
have demonstrated that LPS binds to the TLR4-MD2-
CD14 receptor complex (38, 44), and this in turn activates
an intracellular cascade involving MyD88, IRAK, TRAF6,
and NF-kB translocation. The precise level of interaction
between Ca2� and this signaling pathway remains to be
elucidated. In addition to TNF, IL-8 was also found to be
under control of Ca2�-dependent pathways. Experiments
involving neutralization of endogenous TNF by TNFbp
show that at least part of LPS-induced IL-8 production is
mediated through endogenous TNF, which is in line with
the data from the literature indicating TNF as a potent
IL-8 stimulus (45).

As the stimulatory action of nLDL on cytokine produc-
tion has also been documented in vivo in LDLR	/	 mice
and homozygous patients with familial hypercholester-
olemia (36, 37), it is unlikely that this effect is mediated
through the LDL receptor. Alternatively, preliminary data
from our laboratory (Netea et al., unpublished results) sug-
gest that the intracellular events leading to an increased re-
sponsiveness to a LPS challenge are triggered by a modifi-
cation of cell membrane fluidity by nLDL, as others have
also suggested (46). Other yet to be answered questions re-
gard the cascade of events downstream to Ca2� mobiliza-
tion, and whether these events are linked to the recruit-
ment of transcription factors such as NF-kB and/or AP-1,
which have been shown to be triggered by nLDL (47, 48).
The answer to these questions is crucial not only to a better
understanding of the processes linking hyperlipoprotein-
emia and inflammation as mechanisms of atherogenesis,
but also for developing new therapeutic strategies aimed to
block or delay the atherosclerotic processes.

This work was in part supported by the Dutch Cancer Society
(grant NKB 96-1358 to T.B.H.G.).
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