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Molecular signaling operated by a diet-compatible
mixture of oxysterols in up-regulating CD36 receptor

in CD68 positive cells
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Oxidation of dietary cholesterol during food storage and processing, and/or that of endogenous
cholesterol in the presence of increased steady-state levels of reactive oxygen species, leads to the
production of derivatives, termed oxysterols. Among the biochemical effects exerted by an
oxysterol mixture, it has recently been observed that marked up-regulation of CD36 scavenger
receptor on macrophage cells plays a primary role in foam cell formation. This article reports
evidence of a significant co-localization of CD36 receptor with cells of the macrophage lineage, i.e.
CD68 positive cells, LDL apoprotein B100 and lipids in human advanced atherosclerotic lesions.
In addition, it provides a comprehensive analysis of the molecular signaling operated by a
nutritionally relevant mixture of oxysterols in overexpressing CD36 receptor in cells of the
macrophage lineage. The involvement of a G protein, Src, phospholipase C cascade and
peroxisome proliferator-activated receptor vy in oxysterol-mediated signaling was demonstrated by
using selective inhibitors, while the central role of the downstream protein kinase C§ and
extracellular signal-regulated kinase pathways in oxysterol-induced enhancement of CD36 was
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conclusively proved by means of small interfering RNA (siRNA) technology.
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1 Introduction

The contribution of dietary cholesterol to the pathogenesis
of atherosclerosis has long been debated, but nowadays, on
the basis of the accumulated bulk of experimental, epide-
miological and clinical evidence, it may be assumed that
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cholesterol ingested in the diet at least contributes to
sustaining and worsening the atherosclerotic process [1, 2].
With regard to the mechanism(s) by which cholesterol
might favor the development of atherosclerosis, maximum
consideration is given to inflammation [3], namely the main
driving force of all major chronic disease processes occur-
ring in humans. However, unoxidized cholesterol does not
appear to exert per se a significant pro-inflammatory effect,
while several oxysterols (27-carbon derivatives of cholesterol
oxidation) of both dietary and endogenous origin are
recognized to markedly enhance and sustain inflammation
in the vascular wall [4-7].

The large majority of oxysterols of interest in pathophy-
siology are found in food and food derivatives: in particular,
7-ketocholesterol, 7a-hydroxycholesterol, 7B-hydroxychol-
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esterol, 50,60-epoxycholesterol,  5f,6B-epoxycholesterol,
cholestan-3B,50,6B-triol  and  25-hydroxycholesterol  [8].
Further, and more importantly, several factors are known to
accelerate the oxidation of food cholesterol: in particular, UV
and vy-radiation, photo-oxidation, heat, the presence of
oxygen and of pro-oxidant agents, and storage conditions [9,
10]. Oxidized cholesterol products are absorbed from the
food and contribute to the pool of oxidized lipids in circu-
lating lipoproteins [11].

A considerable accumulation of experimental data
supports the strong inflammatory potential of cholesterol
oxidation products [12]. In particular, an oxysterol mixture
compatible with that detectable in human hypercholestero-
lemic plasma and including all major oxysterols of dietary
origin has, in cells of the macrophage linage, been proved to
markedly up-regulate expression and synthesis of the pro-
inflammatory mediators transforming growth factor 1 [13]
and monocyte chemotactic protein-1 [14].

Thus, oxidation of cholesterol definitely appears to
be the molecular event that links hypercholesterolemia to
atherosclerosis through the promotion of inflammatory
reactions. Moreover, the atherogenic process implies a key
role for monocytes/macrophages in foam cell formation
and accumulation. Importantly, the same oxysterol
mixture that was shown to recruit and stimulate macro-
phages can also induce a sustained increase in both
expression and synthesis of CD36 scavenger receptor in
the same cells [15]; this receptor is generally recognized
as being essential in the generation of foam cells [16].
Indeed, oxysterol-treated macrophage cells rapidly turn
into lipid-laden cells when incubated in the presence
of oxidized LDL, a phenomenon that is fully prevented
by cell pretreatment with anti-CD36 specific antibodies
[15].

Following such key experimental evidence, a compre-
hensive and complete investigation of the molecular
signaling by which oxysterols induce CD36 overexpression
in cells of the macrophagic lineage was carried out. More-
over, it was also deemed of interest to simultaneously verify
in advanced human carotid plaques the actual localization of
macrophage cells (CD68 positive cells), CD36 receptors, LDL
apoprotein B100 and LDL lipids. The findings obtained from
these molecular and histochemical analyses are reported
here.

2 Materials and methods
2.1 Human atherosclerotic plaques

The histochemical analysis was approved by the local ethical
committee and all patients provided an informed
consent. Ten atherosclerotic carotid plaques were
obtained from patients with symptomatic high-grade
internal carotid artery stenosis undergoing carotid
endarterectomy.
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2.2 Immunohistochemical detection of CD68, CD36
and apoprotein B100 in human carotid plaques

Sequential sections from frozen human carotid plaques were
fixed in 4% formalin. The sections were incubated with
mouse anti-human CD68 (1:50) (AbD Serotec, Oxford, UK) or
anti-CD36 (1:10) (clone FA6-152, HyCult Biotechnology b.v.,
Huden, The Netherlands) or anti-apoprotein B100 (1:100)
monoclonal antibodies overnight at 4°C. For immunohisto-
chemical detection of CD68 and CD36 the sections were then
incubated with an anti-mouse secondary antibody (1:200)
(DakoCytomation, Milan, Italy) for 1h and then with avidin-
biotin complex (1:20) (DakoCytomation) for 30 min at room
temperature. Finally, to reveal peroxidase activity, sections
were incubated in freshly prepared 0.1% 3,3'-diaminobenzi-
dine solution in the dark for 10 min and counterstained with
Mayer’s hematoxylin (Sigma-Aldrich, Milan, Italy). Thereafter,
the plaque sections were mounted in DPX (Sigma-Aldrich),
and observed under a light microscope. Images were acquired
by the “Leica DCF Twain” program. For apoprotein B100
detection, the plaque sections were incubated with a goat anti-
mouse FITC-conjugated secondary antibody (1:50) (DakoCy-
tomation). Slides mounted with MOWIOL 4-88 (Calbiochem-
Merck, Darmstadt, Germany) were observed under the LSM
510 confocal laser microscope (Carl Zeiss SpA, Arese, Milan,
Italy).

2.3 Nile red staining of plaque sections

Frozen carotid plaque sections were stained with a fresh
solution of Nile red (1:1000) (Sigma-Aldrich) in the dark at
room temperature for S5min. Sections, mounted in
MOWIOL 4-88 (Calbiochem-Merck), were observed with a
LSM 510 confocal laser microscopy system (Carl Zeiss SpA).

2.4 Cell culture and treatments

The human promonocytic cell line U937 was grown in
RPMI-1640 (Lonza Milano Srl, Caravaggio, Italy) and
dispensed as described elsewhere [14]. Cells (1 x 10°/mL)
were treated with the oxysterol mixture (20 uM) or with
unoxidized cholesterol (20 uM) (Steraloids, Newport, RI,
USA), both dissolved in ethanol, or with an equivalent
volume of ethanol (12.5mM) used as solvent control. The
percentage composition of the oxysterol mixture used was
7o-hydroxycholesterol (5%), 7p-hydroxycholesterol (10%),
50,6a-epoxycholesterol (20%), 5B,6B-epoxycholesterol (20%),
cholestan-3,5a,6B-triol (9%), 7-ketocholesterol (35%) and
25-hydroxycholesterol (1%).

For chemical inhibitor studies, cells were pre-treated with
PP2 (2uM), a tyrosine kinase c-Src inhibitor, or with
U73122 (2uM), a phospholipase C (PLC) inhibitor or with
PD98059 (20uM), a selective mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase 1/2
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(MEK1/2) inhibitor (Calbiochem-Merck); other cells were
co-treated with GDP-B-S (50 uM), a protein G inhibitor, or
with Rottlerin (16 pM), a specific protein kinase C 3 (PKCS)
inhibitor (Calbiochem-Merck). Because certain inhibitors
were dissolved in DMSO, some cells were also treated with
an equivalent volume of DMSO (14.1mM) alone. Final
concentrations of all chemical inhibitors were chosen as
suggested by the relevant literature.

Incubation times for all experiments are in the figure
legends.

2.5 RNA extraction

Total RNA was extracted from treated cells using TRIzol
Reagent (Applied Biosystems, Monza, Italy) following the
manufacturer’s instructions. RNA was dissolved in RNase-
free water fortified with RNase inhibitors (RNase SUPER-
ase-In, Ambion, Austin, TX, USA). The amount and purity
(A260/A280 ratio) of the extracted RNA were assessed
spectrophotometrically.

2.6 cDNA preparation and real-time RT-PCR

cDNA was synthesized by reverse transcription from 2 ug RNA
with a commercial kit and random primers (High-Capacity
cDNA Reverse Transcription Kit, Applied Biosystems) follow-
ing the manufacturer’s instructions. Singleplex real-time
RT-PCR was performed on 25ng of cDNA using TagMan
Gene Expression Assay kits prepared for human CD36 and
B,-microglobulin, TagMan Fast Universal PCR Master Mix,
and 7500 Fast Real-Time PCR System (Applied Biosystems).
Negative controls did not include RNA. The oligonucleotide
sequences are not revealed by the manufacturer due to
proprietary interests. The cycling parameters were as follows:
20s at 95°C for AmpErase UNG activation, 3s at 95°C for
AmpliTaq Gold DNA polymerase activation, 40 cycles of 3 s at
95°C (melting) and 30s at 60°C (annealing/extension). The
fractional cycle number (Ct) at which fluorescence passes the
threshold in the amplification plot of fluorescence signal versus
cycle number was determined for each gene considered. The
results were then normalized to the expression of B,-micro-
globulin, as housekeeping gene. Relative quantification of
target gene expression was achieved with a mathematical
method proposed by Livak and Schmittgen [17].

2.7 siRNA transfection

siRNA was used for transient gene knockdown studies.
Transfection of PKC3, MEK1 and MEK?2 specific and negative
control siRNAs was carried out following the manufacturer’s
instructions (Ambion). The siRNAs used were PRCKD
siRNA, MAP2K1 siRNA, MAP2K2 siRNA, GNA, siRNA,
GNA;; siRNA, glyceraldehyde-3-phosphate dehydrogenase
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siRNA and negative control (scramble) siRNA (Ambion).
Briefly, 50nM of siRNAs were mixed with 25 uL of transfec-
tion reagent solution (NeoFX, Ambion) and left at room
temperature for 10 min. After 24 h of reverse transfection, the
cells (8 x 10*/mL) were centrifuged and incubated with
oxysterol mixture 20 uM for 6h in replaced medium with 2%
fetal bovine serum. For gene expression analysis, total RNA
was isolated from the cells and used for quantitative RT-PCR
as described above. The transfection efficiency, validated by
quantitative RT-PCR, was approximately 60%.

2.8 Western blotting

Whole cell extracts were prepared in ice-cold lysing buffer
(20mM Hepes, pH 7.9, 0.35M NaCl, 20% glycerol, 1%
(octylphenoxy)polyethoxyethanol, 1mM MgCl,, 0.5mM
EDTA, 0.1mM EGTA) containing protease inhibitors for
30 min, and the lysates were then cleared by centrifugation
at 15000rpm for 15min. The protein concentration was
measured following Bradford’s method [18].

To analyze the levels of phosphorylated extracellular
signal-regulated kinase (pERK) total proteins (50 pg) were
boiled for 5min in Laemmli buffer and separated by elec-
trophoresis in 10% denaturing SDS/polyacrylamide gel
followed by transfer to Hybond ECL nitrocellulose
membrane (GE Healthcare Europe, Milan, Italy). For
pPKC3 level analysis, 100 pug of total proteins were immu-
noprecipitated with 8 pL of anti-PKC§ primary antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), purified
on Protein A Sepharose resin (GE Healthcare Europe),
boiled in Laemmli buffer, separated by electrophoresis in
10% denaturing SDS/polyacrylamide gel, and then electro-
blotted onto nitrocellulose membrane. After saturation of
non-specific binding sites with 5% non-fat milk in Tris-
buffered saline 1X-Tween 20 0.05%, membranes were
immunoblotted overnight at 4°C with the appropriate
primary antibody against pPKC3 (1:250) or pERK1/2 (1:250)
(Santa Cruz Biotechnology), diluted respectively in 5% non-
fat milk or 1% BSA in Tris-buffered saline 1X-Tween 20
0.05% and subsequently probed with a specific horseradish
peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology). After stripping (Restore Western Blot
Stripping buffer, Pierce Biotechnology, Rockford, IL, USA),
membranes were again immunoblotted with anti-PKC3
(1:500) or anti-ERK1/2 (1:5000) primary antibody (Santa
Cruz Biotechnology) and then incubated with an appro-
priate secondary antibody, as described above. Proteins
detected by the antibodies were visualized through
enhanced chemiluminescence using the ECL-plus kit (GE
Healthcare Europe) following the manufacturer’s protocol.
The immunoreactive bands were scanned and subjected to
densitometric analysis using the “Image Tool” software
(Windows 3.00). The results were evaluated as relative units
determined by normalization of the density of each band to
that of the corresponding referred protein band.
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2.9 Analysis of CD36 by confocal laser microscopy

Cells were transferred onto glass slides (10 x 10* cells/slide)
by cytocentrifugation. The specimens were fixed in 95%
ethanol and then incubated in a 100 mM sodium cyanoboro-
hydride reducing agent. After blocking non-specific binding,
the slides were incubated in the presence of mouse mono-
clonal antibodies to human CD36 (1:2000) (Clone FA6-152,
HyCult biotechnology b.v.) or of peroxisome proliferator-acti-
vated receptor v (PPARY) (1:500) (Santa Cruz Biotechnology)
and then with purified goat anti-mouse FITC fluorochrome-
conjugated secondary antibodies (1:300) (Alexa Fluor 488,
Molecular Probes-Invitrogen Stl). Slides mounted with
MOWIOL 4-88 (Calbiochem-Merck) were observed through
the LSM 510 confocal laser microscope (Carl Zeiss SpA).

2.10 Statistical analysis

All values are expressed as means+ SD. Statistical analysis of
the data was assessed by using the one-way ANOVA with
Bonferroni’s post test for multiple comparisons and the ¢ test
with Welch correction for comparison between two groups.
Differences with p<0.05 were considered statistically signifi-
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cant. Statistical calculations were carried out with GraphPad
InStat3 software (GraphPad Software, San Diego, CA, USA).

3 Results

3.1 Co-localization of CD68 cells, CD36 receptor and
LDL in human atherosclerotic plaques

With the aim of directly checking the localization of cells of
the macrophage lineage (CD68 positive cells), CD36
scavenger receptors and accumulated LDL particles in
human atherosclerotic lesions, aliquots of human carotid
plaques were used for immunohistochemical and immu-
nofluorescent analyses. Immunohistochemistry performed
on serial slices from the single plaques consistently showed
good co-localization of CDG68, specific marker of cells of the
macrophage lineage, and CD36 scavenger receptor in the
core region of the atheromas, within the sub-intimal space
of the artery (Fig. 1). Detection of LDL apoprotein B100 by
immunofluorescence showed these micelles to be particu-
larly concentrated at the level of the plaque CD68/CD36
accumulation (Fig. 1). As expected, slice staining with Nile
red, a lipid dye [19], confirmed the prevalent lipid accumu-

500 pm

Stained lipids

Figure 1. Plaque CD68/CD36 co-localization and LDL apoprotein B100 and lipids. The relative distribution of CD68 and CD36 in consecutive
sections of the same carotid plaque was visualized by immunohistochemistry. Images, observed by light microscopy, were acquired with
the “Leica DCF Twain” program (x 25). LDL apoprotein B100 (Apo-B100) and lipid material accumulated in sections of the same human
carotid plaque were respectively observed by immunofluorescence or after Nile red staining. Images were observed by confocal laser
microscopy (apoprotein B100: FITC fluorochrome-conjugated secondary antibodies, excitation from the 488 nm Ar laser line and emission
passing through a long pass 505-550 filter, lens 5 x /0.15; lipid accumulation: Nile red staining, excitation from the 543 nm HeNe laser line
and emission passing through a long pass 560 filter, lens 5 x /0.15, 2 x). Images are from one representative plaque out of four.
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lation in this region (Fig. 1). The tissue around the athero-
sclerotic lesion, apparently normal, did not show positivity
for CD36. This result clearly underlines the involvement of
the scavenger receptor CD36 in the atherosclerotic lesion
progression. The observed data where confirmed in four
other different plaques.

3.2 Involvement of G protein/Src/PLC cascade in
the oxysterol mediated up-regulation of CD36
receptor levels on U937 promonocytic cells

Starting from the hypothesis that molecular signaling by
oxysterols would likely involved G proteins and the PLC
cascade, as was demonstrated many years ago for oxidized LDL
[20-22], U937 cells were challenged with the same oxysterol
mixture that had been shown to markedly up-regulate CD36
expression and synthesis [15], this time in the presence or
absence of selective inhibitors of that pathway. As shown in

S35

Fig. 2, the marked induction of CD36 observed when U937 cell
aliquots were incubated 48h with the oxysterol mixture
(20 uM) was completely prevented by cell co-incubation with
GDP-B-S (50 uM), a widely used G protein inhibitor. The same
result was obtained with 30min cell pre-treatment with PP2
(2pM), an inhibitor of tyrosine kinase c¢-Src, or with U73122
(2uM), a PLC inhibitor; conversely, a close analogue of the
latter compound, U73343, which does not inhibit PLC, did not
modify the stimulating action of the oxysterol mixture on
CD36 membrane levels at all (Fig. 2).

3.3 Enhanced phosphorylation of PKCS in U937 cells
induced by challenging the cells with the
oxysterol mixture, but not with unoxidized
cholesterol

The involvement of the PLC cascade in CD36 up-regulation by
oxysterols suggested that the consequent production of phos-

Control Ethanol

Cholesterol Oxysterol mixture

Oxysterol mixture

Oxysterol mixture
+PP2 + U73122

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Oxysterol mixture

Oxysterol mixture
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Figure 2. Involvement of the G protein/
Src/PLC cascade in CD36 synthesis
induced by the oxysterol mixture in cells
of the macrophage lineage. U937 cells
were incubated for 48 h with cholesterol
(20 uM) or oxysterol mixture (20 pM).
Untreated cells were used as control
and cells supplemented with 12.5 mM
ethanol or 14.1mM DMSO as solvent
controls. Cells were pre-treated with PP2
(2uM) or U73122 (2uM) or with the
inactive analogue U73343 (2 uM). Other
cells were co-treated with GDP-B-S
(50uM). CD36 protein levels were
detected by confocal laser microscopy
using FITC fluorochrome (excitation
from the 488nm Ar laser line and
emission passing through a long pass
505-550 filter, lens 40 x /0.75). Images
are from one representative experiment
out of three. Bars: 20 um.

+ GDP-B-S

+U73343
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Figure 3. Induction and inhibition of PKCS phosphorylation in U937
cells. (A) U937 cells were incubated with cholesterol (20uM) or
oxysterol mixture (20pM) for 2 and 4h. Cells incubated in the
presence of solvent alone (12.5mM) were used as internal control.
PKC3 levels were analyzed by Western blotting as described in
Section 2; the membranes were immunoblotted with polyclonal
antibodies against pPKC3 and PKC3. One blot representative of four
experiments is shown. Histograms represent the mean values+SD of
all four independent experiments; pPKC3 densitometric measure-
ments were normalized against the corresponding PKC3 levels and
expressed as percentage of the solvent group. ***p<0.001 versus
solvent a: Ethanol; b: Cholesterol; c: Oxysterol mixture. (B) U937 cells
were incubated for 2 h with oxysterol mixture (20 uM). Cells were also
pre-treated with PP2 (2 uM), or U73122 (2 uM) or co-treated with GDP-
B-S (50 uM). Untreated cells were used as control. PKC3 levels were
analyzed by Western blotting. One blot representative of three
experiments is shown. Histograms represent the mean values +SD of
all experiments; pPKC3 densitometric measurements were normal-
ized against the corresponding PKCS levels and expressed as
percentage of the control. ***p<0.001 versus control and
##4p<0.001 versus oxysterol mixture.
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phatidylinositol biphosphate and diacylglycerol would directly
stimulate members of the PKC family. Indeed, the complete
prevention of oxysterol-mediated CD36 receptor up-regulation
in U937 cells with the well-known PKCS inhibitor Rottlerin,
reported elsewhere [15], suitably orientated to that specific cell
signaling analysis. Focusing on the first few hours of cell
incubation in the presence of the oxysterol mixture (20puM),
PKCS phosphorylation, measured by Western blotting, was
found to be about double that of cells incubated for 2 or 4 h in
the presence of identical amounts of unoxidized cholesterol or
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Figure 4. Implications of the ERK1/2 pathway and inhibition of ERK
phosphorylation by Rottlerin, a selective inhibitor of PKCS. (A)
U937 cells were treated with the oxysterol mixture (20 uM) from
30 min up to 4 h. Untreated cells were used as control. Time-course
levels of pERK1/2 were analyzed by Western blotting. One repre-
sentative blot of two experiments is shown. (B) Cells were treated
with the oxysterol mixture (20 M) or cholesterol (20 uM) for 4 h.
Other cells were co-treated with Rottlerin (16 uM) and the oxysterol
mixture. Untreated cells were used as control and cells treated with
ethanol (12.6mM), DMSO (14.1mM) or Rottlerin (16uM) were
taken as internal controls. Levels of pERK1/2 were analyzed by
Western blotting. One representative blot is shown for phos-
phorylated and non-phosphorylated ERK1/2 levels. Histograms
represent the mean values+SD of pERK1/2 levels normalized
against the corresponding ERK1/2 levels of three experiments and
expressed as percentage of the control values. ***p<0.001 versus
control and #4p<0.01 versus oxysterol mixture.
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solvent alone (Fig. 3A). The link of G protein/Src/PLC cascade
signaling with PKC3 phosphorylation induced by oxysterols
was also observed using the selective chemical inhibitors of this
pathway (Fig. 3B). The obtained data support the hypothesis
that this signaling pathway is involved in oxysterol mixture-
induced CD36 overexpression.

Following PKC& phosphorylation, the
of ERK1/2 was clearly demonstrated by a time-dependent
experiment with a maximum of ERK phosphorylation
after 4h of cell treatment with the oxysterol mixture (20 M)
(Fig. 4A). Importantly, by preventing the stimulating effect
of the oxysterol mixture on PKCS phosphorylation by U937
cell pre-treatment with Rottlerin (16 pM), phosphorylation
of ERK1/2 was also inhibited (Fig. 4B).

involvement

3.4 Prevention of oxysterol-induced CD36
overexpression in U937 cells by cell transfection
with Gog, Goyz, PKCS or MEK1/MEK2 siRNAs

In order to definitively demonstrate a crucial role for the PKC3
and MEK/ERK kinase pathways in up-regulating CD36
scavenger receptors in cells of the macrophage lineage (i.e. the
molecular event necessary for these cells to be transformed
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into foam cells) U937 cells were first transfected with specific
siRNAs (50nM) then incubated for 6h with the oxysterol
mixture. Some cell aliquots were incubated in the absence of
oxysterols, not transfected (internal control) or transfected
with non-specific RNA sequences (negative control). Unlike
wild-type cells that, after 6h incubation with the oxysterol
mixture, showed a 2.5-3 fold increase in CD36 mRNA, all
cells transfected either with PKC3 siRNA (Fig. 5B) or with
MEK1 and MEK2 siRNAs (Fig. 5C) exhibited a mRNA for the
scavenger receptor that was quantitatively similar, though not
identical, to that of the negative and internal controls. To
check the involvement of G proteins in CD36 overexpression,
other cells were transfected with Go, Goy3 siRNAs; the levels
of the scavenger receptor mRNA was, in both cases, signifi-
cantly decreased comparing to oxysterol mixture-treated cells
(Fig. 5A). Demonstration of a good knockdown efficiency of
the used siRNAs is shown in Fig. 5D.

3.5 Induction of the transcription factor PPARy as

oxysterol-signaling downstream of ERK

The role played by PPARy [23] in the regulation of CD36
expression is well known. With the aim of clarifying oxysterol-
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1 hour

3 hours

4 hours

5 hours

6 hours

Oxysterol mixture

signaling downstream of ERK1/2, such as PPARy, the cells
were pre-treated with PD98059, a selective inhibitor of
MEK1/2, and then with the oxysterol mixture (20puM) for
intervals ranging from 1 to 6h. PPARy was consistently
induced by the oxysterols with a maximum after 5h
treatment, and the likely connection between MEK/ERK
and this transcription factor was observed when the cells were
pre-incubated with  PD98059. PPARy up-regulation

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Inhibition of ERK1/2 by PD98059,
a selective inhibitor of the upstream
MEK1/2, reduces PPARy up-regulation.
After 30 min pre-incubation with PD98059
(20 uM), cells were incubated up to 6h
with the oxysterol mixture (20 uM). PPARy
levels were visualized by confocal laser
microscopy using FITC fluorochrome
(excitation from the 488 nm Ar laser line
and emission passing through a long
pass 505-550 filter, lens 40 x/0.75).
Images are from one representative
experiment out of three. Bars: 20 um.

+ PD98059

was markedly reduced by inhibiting ERK phosphorylation
(Fig. 6).

4 Discussion
This article reports evidence of a significant overexpression

of CD36 receptor on cells of the macrophage lineage, i.e.

www.mnf-journal.com
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Figure 7. Schematic representation of a hypothetical model for
the signaling pathway involved in oxysterol mixture-induced
CD36 overexpression.

CD68 positive cells, which co-localized with the accumula-
tion of LDL apoprotein B100 and lipids in human advanced
atherosclerotic lesions (Fig. 1). The observation that all these
proteins are increased in atherosclerotic human carotid
lesions compared with normal areas are reported by other
authors confirming their role in the pathology of athero-
sclerosis [24, 25]. Moreover, a significant close correlation
has recently been observed between the total oxysterols
recovered from advanced atherosclerotic lesions in the
human carotid, and the respective total cholesterol, both
being measured by gas chromatography on plaque homo-
genate [7]. This implies that in advanced lesions, which are
characterized by the presence of several cells of the macro-
phage lineage, i.e. CD68 positive cells (Fig. 1), the more
cholesterol accumulates, the higher is the production of
oxysterols. However, while this is very interesting per se, a
purely quantitative determination does not take into account
that LDL cholesterol and derived oxidation products actually
localize in discrete areas of the atherosclerotic lesion where
foam cells tend to accumulate, i.e. in the core of the lesion
(Fig. 1). Consequently, the actual concentration of accu-
mulated oxysterols in an advanced atheroma might be
considerably higher than that indicated by quantitative
measurements made on aliquots taken from a plaque’s
homogenate (0.2-0.5 umol/g wet weight tissue) [26]. Based
on all these findings and considerations, in vitro investiga-
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tions of biochemical features of oxysterols appear biocom-
patible only when using concentrations of single cholesterol
oxides within the low micromolar range.

The increasing interest in the potential contribution of
oxysterols to the pathogenesis of hypercholesterolemia-
linked human diseases, in primis atherosclerosis, has over
recent years generated a considerable bulk of evidence,
which outlines the strong pro-apoptotic and pro-inflamma-
tory activities of this class of compounds [7, 10, 26]. While
most of the relevant experimental studies employed single
cholesterol oxidation products, a few considered mixtures of
oxysterols that are present in oxidized dietary lipids, circu-
lating lipoproteins and atherosclerotic lesions [27, 28]. The
experiments reported here followed the very recent evidence
of a marked up-regulation of the key scavenger receptor
CD36 on macrophage cells (U937 cell line) in vitro chal-
lenged with a biologically compatible mixture of oxysterols
[15].

As anticipated in the Introduction, the incubation of
oxysterol-treated U937 cells in the presence of anti-CD36
specific antibodies stopped the formation of foam cells [15].
Because of this central role played by oxysterol-induced
CD36 in the genesis of the atherosclerotic lesion, a basic
depiction of the relevant signaling cascade (Fig. 7) appears
important to provide new molecular insights into the
mechanisms of atheroma formation, for further develop-
ment of both preventative and therapeutic strategies.

The findings obtained by employing selective molecular
inhibitors clearly pointed to the involvement of G proteins,
of ¢-Src and of PLC cascade in the oxysterol-mediated
signaling that leads to a net increase of CD36 on macro-
phagic cells (Fig. 2). According to the literature, using
specific siRNAs, we demonstrated the involvement of the
Goyg protein and of the Gay; protein upstream of PKC in
CD36 overexpression (Fig. 5A).

PKC phosphorylation was recently reported to be crucial
in  oxysterol-induced osteoblastic  differentiation  of
mesenchymal cells on the basis of the strong inhibitory
effect exerted by Rottlerin, inhibitor of PKC novel isoforms
and bisindolylmaleimide, inhibitor of both classic and novel
isoforms [29]. In the present report, direct evidence of
increased PKCS phosphorylation was provided by Western
blotting in U937 cells challenged with an oxysterol mixture
(Fig. 3A) of a concentration and a relative composition
compatible with those detectable in oxidized foodstuff and
lipoproteins [8, 26]. A decrease of PKCS phosphorylation
was observed after the cell pre- or co-treatment with
chemical inhibitors of G proteins/c-Src/PLCs (Fig. 3B). At
present, this is the only available insight into oxysterols’
signaling upstream of PKC.

Importantly, a conclusive demonstration of a primary
role of PKC3 phosphorylation pathway in oxysterol-medi-
ated CD36 overexpression was provided by the almost
complete prevention of the latter event when macrophage
cells were transfected with the siRNA specific for that novel
PKC isoform (Fig. 5B). Moreover, inhibition of PKC3
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phosphorylation by cell co-treatment with Rottlerin preven-
ted the induction of ERK1/2 phosphorylation pathway,
induced by the same oxysterol mixture (Fig. 4B). Once
again, siRNA experiments allowed us to conclusively
demonstrate that MEK/ERK signaling also plays a key role,
downstream of PKCS3, in the consistently observed oxysterol-
dependent CD36 overexpression (Fig. 5C). Finally, induc-
tion of PPARY by oxysterols was markedly reduced in cells
pre-treated with PD98059, a selective inhibitor of MEK1/2,
underlining the connection between the ERK and the
PPARy pathways (Fig. 6).

In conclusion, an oxysterol mixture compatible with that
detectable in human hypercholesterolemic plasma, and
including all major oxysterols of dietary origin, has shown the
ability, in U937 cells of the macrophage lineage, to strongly
up-regulate the CD36 scavenger receptor, by sustaining a
molecular signaling that involves first G proteins-driven PLC
cascade, then the PKC isoform & and MEK/ERK phosphor-
ylation and PPARy pathways. In this way, cholesterol oxida-
tion products of dietary origin, but not unoxidized cholesterol,
could significantly contribute to foam cell formation in the
developing atheromasic lesions, and consequently may
aggravate the atherosclerotic disease process.

Very recently, the important role of dietary cholesterol in
promoting macrophage accumulation in adipose tissue and
the arterial wall has been reviewed, and strongly reaffirmed
[30]. Oxysterols are most likely responsible for such a choles-
terol-induced macrophage accumulation, because of their
recognized ability to induce the production of at least mono-
cyte chemotactic protein-1 [14] and interleukin-8 [31], two
potent chemoattractants of cells of the macrophage lineage.

Thus, because of the strong pro-oxidant and pro-inflam-
matory potential of oxysterols, uncontrolled or quantitatively
relevant oxidation of dietary cholesterol during food storage
and processing may significantly sustain the expression of
various human diseases. In particular, besides athero-
sclerosis, oxidized lipid products ingested in the diet could
contribute to the promotion and progression of disease
processes often associated with hypercholesterolemia, like
inflammatory bowel diseases and colon cancer [32-34].
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