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Vascular calcification is a common complication in athero-
sclerosis. Bone morphogenetic protein-2 (BMP-2) plays an
important role in atherosclerotic vascular calcification. The aim
of this study was to determine the effect of oxidized low density
lipoprotein (oxLDL) on BMP-2 protein expression in human
coronary artery endothelial cells (CAECs), the roles of Toll-like
receptor (TLR) 2 and TLR4 in oxLDL-induced BMP-2 expres-
sion, and the signaling pathways involved. Human CAECs were
stimulated with oxLDL. The roles of TLR2 and TLR4 in oxLDL-
induced BMP-2 expression were determined by pretreatment
with neutralizing antibody, siRNA, and overexpression. Stimu-
lation with oxLDL increased cellular BMP-2 protein levels in a
dose-dependent manner (40–160 �g/ml). Pretreatment with
neutralizing antibodies against TLR2 and TLR4 or silencing of
these two receptors reducedoxLDL-inducedBMP-2 expression.
Overexpression of TLR2 and TLR4 enhanced the cellular
BMP-2 response to oxLDL. Furthermore, oxLDL was co-local-
ized with TLR2 and TLR4. BMP-2 expression was associated
with activation of nuclear factor-�B (NF-�B), p38 mitogen-ac-
tivated protein kinase (MAPK), and extracellular signal-regu-
lated kinase (ERK)1/2. InhibitionofNF-�BandERK1/2 reduced
BMP-2 expression whereas inhibition of p38 MAPK had no
effect. In conclusion, oxLDL inducesBMP-2 expression through
TLR2 and TLR4 in human CAECs. The NF-�B and ERK1/2
pathways are involved in the signaling mechanism. These find-
ings underscore an important role for TLR2 and TLR4 in medi-
ating the BMP-2 response to oxLDL in human CAECs and indi-
cate that these two immunoreceptors contribute to the
mechanisms underlying atherosclerotic vascular calcification.

Calcification in intima is often associated with atherosclero-
sis. Atherosclerotic calcification of coronary artery is a signifi-
cant risk for the unsuccessful coronary intervention and bal-
loon-induced coronary artery dissection (1), and calcification is
found to be an indicator of plaque instability (2). Although inhi-
bition of atherosclerotic calcification might be a promising
approach to stabilize atherosclerotic plaques, the molecular
mechanism(s) underlying atherosclerotic vascular calcification
remains incompletely understood.

It is known that oxLDL2 accumulation in the vascular wall
provokes the development of atherosclerosis and vascular cal-
cification (3). BMP-2 is an osteogenic factor. It is expressed in
calcified human atherosclerotic plaque. Cells from the athero-
genic aortic wall express BMP-2 in vitro and formed calcified
nodules with prolonged culture (4). The BMP-2 mRNA level
increased after oxLDL stimulation in human CAECs (5). How-
ever, it remains unclear whether oxLDL up-regulates BMP-2
protein levels in CAECs. Further, the signalingmechanism that
regulates the cellular BMP-2 response to oxLDL is unknown.
Accumulating evidence indicates that atherosclerosis is an

inflammatory process involving a network of vascular cells,
monocytes, and T lymphocytes. Proinflammatory mediators,
including cytokines, chemokines, and growth factors, play crit-
ical roles in the inflammatory process associated with athero-
sclerosis. Native LDL and electronegative LDL increase the
expression and release of interleukin (IL)-8, monocyte che-
moattractant protein-1, and IL-6 in human umbilical artery
endothelial cells (6). TLR2 andTLR4play important roles in the
vascular inflammatory response and are involved in the initia-
tion and progression of atherosclerosis (7–10). Increased endo-
thelial expression of TLR2 at sites of disturbed blood flow exac-
erbates early atherogenic events (11). Increased levels of TLR4
are expressed by macrophages in murine and human lipid-rich
atherosclerotic plaques (12, 13). Lack of TLR4 suppresses ath-
erosclerosis and alters plaque phenotype in mice deficient in
apolipoprotein E (7). Several studies indicate that oxLDLmod-
ulates TLR4 expression or signaling (12, 14–16). In macro-
phages, oxLDL is found to up-regulate TLR4 expression (12).
Further, TLR4 signaling is required for the induction of macro-
phage actin polymerization by oxLDL (14). Currently, the role
of TLRs in the cellular BMP-2 response to oxLDL has not been
determined.
We hypothesize that oxLDL up-regulates BMP-2 protein

expression in human CAECs through TLR2 and TLR4. In this
study, we determined the effect of oxLDL on BMP-2 protein
levels in human CAECs, evaluated the roles of TLR2 and TLR4
in oxLDL-induced BMP-2 expression, and analyzed the signal-
ing pathways involved.
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EXPERIMENTAL PROCEDURES

Materials—Human CAECs and cell culture reagents were
purchased from Lonza (Walkersville, MD). OxLDL (from
human plasma, CuSO4-oxidized, endotoxin-free) was obtained
from Biomedical Technologies (Stoughton, MA). Monoclonal
neutralizing antibody to human lectin-like oxLDL receptor-1
(LOX-1) was obtained from HyCult Biotechnology (Mon-
trouge, The Netherlands). Monoclonal neutralizing antibodies
to human TLR2 and TLR4 were purchased from Imgenex (San
Diego, CA). Antibodies against BMP-2, TLR2, and TLR4 for
immunoblotting were purchased from ProSci (Poway, CA).
Antibody against ICAM-1was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Antibodies against phosphory-
lated p38 MAPK (Thr180/Tyr182), phosphorylated ERK1/2
(Thr202/Tyr204), phosphorylated NF-�B p65 (Ser536), and �-ac-
tin were purchased from Cell Signaling (Danvers, MA). Anti-
bodies against oxLDL, TLR2, and TLR4 for immunostaining
were purchased fromChemicon (Temecula, CA), Imgenex, and
Santa Cruz Biotechnology, respectively. ON-TARGET plus
SMART pool human TLR2 and TLR4 siRNA, scrambled
siRNA, DharmaFECT1 transfection reagent, and other trans-
fection-related reagents were purchased from Dharmacon
(Lafayette, CO). Opti-MEM I reduced serummediumwas pur-
chased from Invitrogen. A Bio-Plex human cytokine kit was
purchased fromBio-Rad. Lipopolysaccharide (LPS, Escherichia
coli 0111:B4), peptidoglycan (PGN), and all other chemicals
were purchased from Sigma.
Cells and Treatments—Human CAECs were cultured in

complete medium (EGM-2mediumwith 5% FBS, 100 units/ml
penicillin, and 100 �g/ml streptomycin). Cells of passages 4–6
were used for the experiments. Unless otherwise specified, cul-
tures at 90% confluence were used for treatment. Cells were
stimulated with oxLDL (40, 80, or 160�g/ml), LPS (200 ng/ml),
or PGN (10 �g/ml). Neutralizing antibodies against LOX-1,
TLR2, and TLR4, 10 �g/ml each, were added into culture
medium 30 min before stimulation and were present during
stimulation. NF-�B inhibitor SN50 (a cell-permeable peptide
that blocks the nuclear localization signal on NF-�B, 40 �M)
SN50M (an inactive peptide for control, 40 �M; from Enzo Life
Sciences), and MAPK inhibitors (10 �M SB203580 or 25 �M

PD98059) were added into culture medium 30 min before
oxLDL stimulation and were present during stimulation.
Immunoblotting—Immunoblotting was performed to detect

BMP-2, TLR2, TLR4, ICAM-1, phosphorylated p38 MAPK,
phosphorylated ERK1/2, and phosphorylated NF-�B p65, with
�-actin as a loading control. After treatment, cells were lysed
with lysis buffer (PBS containing a protease inhibitor mixture
and 1% Triton X-100, pH 7.4). Samples were separated on
4–20% SDS-polyacrylamide gels (Bio-Rad) and then trans-
ferred to nitrocellulose membranes. Membranes were rinsed
with Tris-buffered saline solution (TBS), blocked for 1 h at
room temperature with 5% dry milk in TBST (Tris-buffered
saline solution containing 0.1%Tween 20), then incubatedwith
primary antibodies (anti-BMP-2 and anti-TLR2were diluted to
2.0 �g/ml, anti-TLR4 to 5.0 �g/ml, anti-ICAM-1 1:200, phos-
phorylated ERK1/2 antibody 1:500, and all others 1:1000) over-
night at 4 °C. After washing with TBST, membranes were incu-

bated with horseradish peroxidase (HRP)-linked secondary
antibodies (1:5000 dilution with TBST containing 5% dry milk)
at room temperature for 1 h. After washing with TBST, target
bands were developed using the enhanced chemiluminescence
technique and exposed on x-ray films. Band density was mea-
sured using National Institutes of Health ImageJ software.
Gene Knockdown—Silencing TLR2 and TLR4 with siRNA

was performed as described previously (17, 18). Cells were cul-
tured in antibiotic-free growthmedium in 12-well plates to 60%
confluence. A transfectionmixture of TLR2 orTLR4 siRNA (60
nM) and DharmaFECT1 transfection reagent (0.5 �l/ml) was
made in Opti-MEM I reduced serummedium. Cells were incu-
bated with the transfection mixture in complete medium for
48 h. This protocol was optimal for silencing TLR2 and TLR4
and resulted in�95% cell survival. After transfection, cells were
incubated in growthmedium for 24 h and then stimulated with
oxLDL, PGN, or LPS. Controls were treated with scrambled
siRNA and transfection reagent. The sense and antisense
siRNA oligonucleotides used to generate siRNA have been
reported (18).
Gene Overexpression—Transfection was performed with

Effectene reagent (Qiagen,Valencia, CA) according to theman-
ufacturer’s instructions, except that a ratio of 6.25 �l Effect-
ene/�g of DNA was optimal for human CAECs. Cells were
plated in 12-well plates at a density allowing for �2–3 cell dou-
blings. 0.5–1.0 �g of DNA/well was used for transfection. Yel-
low fluorescent protein (YFP)-TLR fusion protein expression
constructs in pcDNA3 were obtained from Addgene (Cam-
bridge, MA; plasmids 13018 (YFP-TLR4) and 13016 (YFP-
TLR2)). The functionality of these receptor constructs has been
demonstrated (9). All plasmids were isolated with EndoFree
Maxi kits (Qiagen).
Bio-Plex Cytokine Assay—Cell culture supernatant was col-

lected and analyzed for cytokines by Luminex 100 (Luminex
Corp., Austin, TX) using a Human Cytokine 27-Plex assay kit.
The kit contains beads conjugated with antibodies specific for
IL-1�, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,
IL-12, IL-13, IL-15, IL-17, eotaxin, FGF, G-CSF, GM-CSF,
IFN-�, IFN-inducible protein-10, monocyte chemoattractant
protein-1, macrophage inflammatory protein-1� and -1�,
PDGF-BB, RANTES, TNF-�, and VEGF. For each cytokine,
nine-points standards were constructed, and the minimum
detectable levels were between 1 and 5 pg/ml. Standard curves
and the concentration of cytokines in samples were calculated
with the Bio-Plex Manager 3.0 software.
Immunofluorescent Staining—Immunofluorescent staining

was performed as described previously to co-localize oxLDL
and TLRs following oxLDL stimulation (19). Briefly, cells were
cultured in chamber slides to 30–50% confluence. OxLDL (80
�g/ml) was added to cells for 30min. After thoroughly washing
with cold PBS, cells were incubated with a mixture of 30%
methanol and 70% acetone at room temperature for 5 min and
then air dried. After fixing in PBS-buffered 3.5% paraformalde-
hyde at room temperature for 10 min, cells were blocked with
10%donkey serum for 30min. Then cells were incubated for 2 h
with a rabbit polyclonal antibody against oxLDL togetherwith a
mouse monoclonal antibody against TLR2 or TLR4. Control
cells were incubated with nonimmune rabbit and nonimmune
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mouse IgG. After washing with PBS, cells were incubated with
Cy3-conjugated donkey anti-rabbit IgG, Alexa Fluor 488-con-
jugated donkey anti-mouse IgG (Molecular Probes, Eugene
OR) for 1 h. Nuclei were counterstained with bis-benzimide.
Photography was performed with a Leica DMRX microscope
(Wetzlar, Germany).
Statistics—Statistical analysis was performed by ANOVA

with Fisher post hoc test. Statistical significance was accepted
within a 95% confidence limit.

RESULTS

OxLDL Induces a Pro-osteogenic Response in Human CAECs—
We determined the effect of oxLDL on the expression of the
osteogenic factor BMP-2. As shown in Fig. 1A, stimulation of
humanCAECswith oxLDL increased BMP-2 protein levels in a
dose-dependent fashion. Following 24-h stimulation with 80
�g/ml oxLDL, BMP-2 levels increased 6-fold. This oxLDL con-
centration was used for subsequent experiments. Temporal
analysis found that BMP-2 protein levels increased at 4 h, and
accumulation of this protein occurred over time with 24-h
stimulation (Fig. 1B).
To determine the effect of oxLDL on the proinflammatory

response in human CAECs, we analyzed the levels of 27 cyto-
kines in culture media. Among the 27 cytokines, only IL-8
levels increased significantly after stimulation with oxLDL
for 24 h (shown in Fig. 1C). The IL-8 level in cell culture
medium increased 2.1-, 2.8-, and 3.5-fold, respectively, after
stimulation with oxLDL in concentrations of 40, 80, and 160
�g/ml. In contrast, PGN and LPS induced robust increases in
the levels of most cytokines analyzed (a selected group of
cytokines is shown in Fig. 1C for comparison with oxLDL).
Apparently, oxLDL is different from TLR agonists PGN and

LPS in the induction of the proinflammatory response in
human CAECs.
Because endothelial cells are sensitive to LPS in the expres-

sion of ICAM-1, we examined ICAM-1 expression after oxLDL
stimulation to address further the concern of LPS contamina-
tion. Although LPS significantly increased the cellular ICAM-1
level, oxLDL failed to induce ICAM-1 (Fig. 1D). These results
confirm that the effect of oxLDL on IL-8 production is not due
to LPS contamination.
Neutralization of TLR2 or TLR4 Reduces OxLDL-induced

BMP-2 Expression in Human CAECs—Several studies have
linked TLR2 and TLR4 to atherosclerosis (7–9). Interestingly,
minimally modified LDL induces macrophage actin polymeri-
zation and cell spreading via a TLR4-dependent mechanism
(14). Further, oxLDL induces cell death in ganglion culture in a
TLR4-dependent fashion (16). These studies indicate a role for
TLR4 in mediating the effect of oxLDL. We have found that
activation of TLR2 or TLR4 induces BMP-2 expression in
human aortic valve interstitial cells (18). We hypothesized that
TLR2 and TLR4 regulate BMP-2 expression in human CAECs.
We determined the effect of neutralizing antibodies against
TLR2 and TLR4 on oxLDL-induced BMP-2 expression. Inter-
estingly, neutralization of either TLR2 or TLR4 markedly
reduced BMP-2 levels after oxLDL stimulation (Fig. 2,A andB).
It appears that oxLDL activates these two receptors to induce
BMP-2 expression in human CAECs. To confirm the effect of
TLR2 and TLR4 activation on BMP-2 expression in human
CAECs, we stimulated cells with the TLR2 agonist PGN and
TLR4 agonist LPS and determined their effects on cellular
BMP-2 levels. PGN and LPS induced BMP-2 expression, and
their effects were markedly reduced in cells pretreated with the
neutralizing antibodies (Fig. 2, C and D). Therefore, activation

FIGURE 1. OxLDL induces BMP-2 expression in human CAECs with a minor effect on the inflammatory response. A, representative immunoblot of four
separate experiments and densitometric data show that stimulation of cells with oxLDL for 24 h increased BMP-2 protein levels in human CAECs in a
concentration-dependent fashion. Densitometric data are expressed as mean � S.E. (error bars). n � 4; *, p � 0.05 versus control (no oxLDL). B, representative
immunoblot of two separate experiments shows that BMP-2 protein increased at 4 h of oxLDL stimulation (80 �g/ml) and accumulated with prolonged
stimulation. C, IL-8 level increased moderately after stimulation with oxLDL (80 �g/ml) for 24 h whereas PGN (10 �g/ml) and LPS (200 ng/ml) induced marked
increases in multiple cytokines. Data are expressed as mean � S.E. n � 4; *, p � 0.05 versus control. D, representative immunoblot of two separate experiments
shows that oxLDL (160 �g/ml, 24 h) failed to induce ICAM-1 expression although LPS significantly increased the cellular ICAM-1 level.
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of TLR2 and TLR4 increases BMP-2 expression in human
CAECs, and these two immunoreceptors play critical roles in
mediating oxLDL-induced BMP-2 expression in this cell type.
The scavenger receptor LOX-1 mediates cellular uptake of

oxLDL and oxLDL signaling (20, 21). We examined whether
LOX-1 plays a role in oxLDL-induced BMP-2 expression in
human CAECs using LOX-1 antibody to neutralize this recep-
tor. Interestingly, neutralization of LOX-1 had no influence on
oxLDL-induced BMP-2 expression (Fig. 2E). It appears that
oxLDL induces BMP-2 protein expression independently of
LOX-1 in human CAECs.
Silencing of TLR2 or TLR4 Also Reduces OxLDL-induced

BMP-2 Expression—We used siRNA to knock down cellular
TLR2 and TLR4 to further determine the roles of these two
innate immunoreceptors in mediating oxLDL-induced BMP-2
expression. Treatment of cells with specific siRNA reduced cel-
lular TLR2 andTLR4 levels to 21 and 22%, respectively (Fig. 3,A
and B) and resulted in significant reductions in the cellular
response to PGN and LPS for BMP-2 expression (Fig. 3, C and
D). Similarly, silencing TLR2 and TLR4 reduced oxLDL-in-
duced BMP-2 expression by 60 and 63%, respectively (Fig. 3, E
and F). These results further confirmed that TLR2 and TLR4
play a critical role in mediating the BMP-2 response to oxLDL
in human CAECs.
Overexpression of TLR2 or TLR4 Enhances OxLDL-induced

BMP-2 Expression—We tested whether the cellular BMP-2
response to oxLDL is enhanced by increasing TLR2 and TLR4
levels. We overexpressed TLR2 and TLR4 in human CAECs by
transfection of cells with DNA constructs. As shown in Fig. 4,A
andB, overexpression increased cellularTLR2 andTLR4by 121
and 108%, respectively. Overexpression of TLR2 and TLR4
enhanced the cellular response to oxLDL for BMP-2 expression

(Fig. 4, C and D). Thus, overexpression of TLR2 and TLR4 had
opposite effects on oxLDL-induced BMP-2 expression com-
pared with those resulted from neutralizing and silencing these
two receptors.
OxLDL Is Co-localized with TLR2 and TLR4 in Human

CAECs—We examined whether oxLDL interacts with TLR2
and TLR4.We used dual immunofluorescent staining to co-lo-
calize oxLDL and TLR2 or TLR4. The results show that oxLDL
is localized on the cell surfaces and in cytoplasm. Co-localiza-
tion with TLR2 and TLR4 on cell membranes is evident (Fig. 5).
ERK1/2 and NF-�B Are Independently Involved in the Mech-

anisms Underlying OxLDL-induced BMP-2 Expression—NF-
�B, p38 MAPK, and ERK1/2 are downstream of TLR2 and
TLR4 in the proinflammatory signaling. We determined the
effect of oxLDL on the phosphorylation of NF-�B, p38 MAPK,
andERK1/2 and the role of these signalingmolecules in oxLDL-
induced BMP-2 expression. As shown in Fig. 6A, oxLDL stim-
ulation resulted in rapid phosphorylation of NF-�B, p38
MAPK, and ERK1/2. Inhibition of NF-�B or ERK1/2 reduced
BMP-2 expression (Fig. 6, B and C). However, inhibition of p38
MAPK had no effect (Fig. 6C). To examine whether ERK1/2
activation is linked to NF-�B phosphorylation, we examined
NF-�B phosphorylation in the presence of ERK1/2 inhibitor.
Inhibition of ERK1/2 had no effect on NF-�B phosphorylation
induced by oxLDL (Fig. 6D). These results indicate that NF-�B
and ERK1/2 are involved in mediating BMP-2 expression in
response to oxLDL and that ERK1/2 modulates oxLDL-in-
duced BMP-2 expression independent of NF-�B.

DISCUSSION

The results of this study demonstrate that oxLDL up-regu-
lates BMP-2 protein levels in humanCAECs throughTLR2 and

FIGURE 2. Neutralization of TLR2 or TLR4, but not LOX-1, reduces oxLDL-induced BMP-2 expression. A and B, representative immunoblots of three
separate experiments and densitometric data show that neutralization of TLR2 or TLR4 markedly reduced BMP-2 levels after oxLDL stimulation (80 �g/ml, 24 h).
C and D, representative immunoblots of three separate experiments and densitometric data show that PGN (10 �g/ml, 24 h) and LPS (200 ng/ml, 24 h) also
induced BMP-2 expression and that their effects were greatly reduced by neutralizing antibodies against the receptors. E, representative immunoblot of three
separate experiments and densitometric data show that neutralization of LOX-1 had no influence on oxLDL-induced BMP-2 expression (80 �g/ml oxLDL, 24 h).
Densitometry data are expressed as mean � S.E. (error bars). n � 3; *, p � 0.05 versus control; #, p � 0.05 versus correspondent treatment without receptor
neutralization.
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TLR4. The ERK1/2 and NF-�B pathways are involved in the
signaling mechanism for oxLDL-induced BMP-2 expression.
These novel findings underscore an important role for TLR2
andTLR4 inmediating the BMP-2 response to oxLDL and indi-

cate that these two innate immunoreceptors contribute to the
mechanisms underlying atherosclerotic calcification.
Molecules that play a key role in the bone calcification, such

as matrix �-carboxyglutamic acid protein and BMP-2, have

FIGURE 3. Silencing of TLR2 or TLR4 reduces BMP-2 expression induced by oxLDL. A and B, representative immunoblots and densitometric data show that
treatment with specific siRNA for 48 h reduced cellular TLR2 and TLR4 levels. C and D, silencing TLR2 or TLR4 reduced cellular BMP-2 levels following stimulation
with a receptor agonist for 24 h. E and F, BMP-2 levels were reduced in cells treated with siRNA specific to TLR2 or TLR4 before oxLDL stimulation (80 �g/ml,
24 h). Densitometry data are expressed as mean � S.E. (error bars). n � 3; *, p � 0.05 versus control; #, p � 0.05 versus correspondent treatment without silencing
TLR2 or TLR4.

FIGURE 4. Overexpression of TLR2 or TLR4 enhances oxLDL-induced BMP-2 expression. A and B, human CAECs were transfected with plasmids to
overexpress TLR2 or TLR4. Representative immunoblots and densitometric data show increased TLR2 and TLR4 levels after transfection. C and D, BMP-2 levels
after oxLDL stimulation (80 �g/ml, 24 h) were increased in cells overexpressing TLR2 or TLR4. Densitometry data are expressed as mean � S.E. (error bars). n �
3; *, p � 0.05 versus control; #, p � 0.05 versus correspondent treatment without overexpressing TLR2 or TLR4.
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been identified in calcified atherosclerotic plaques (22). Accu-
mulated evidence has suggested that vascular calcification is a
process actively regulated by osteogenic factors locally
expressed in blood vessels (23–25). However, the mechanisms
underlying the up-regulation of pro-osteogenic factors are
incompletely understood.
OxLDL Up-regulates Pro-osteogenic Protein BMP-2 in Hu-

man CAECs—MBP-2 is a potent osteogenic factor and plays an
important role in vascular calcification (26–28).We found that
stimulation of human CAECs with oxLDL increased BMP-2
protein levels. An increase in cellular BMP-2 levels is observed
at 4 h of oxLDL stimulation and becomes evident at 24 h. Fur-
ther, oxLDL induces BMP-2 expression in a dose-dependent
fashion. These observations indicate that endothelial BMP-2
production induced by oxLDL may induce vascular osteogenic
changes associated with atherosclerosis.
BMP-2 could be a component of the inflammatory response.

To determine the effect of oxLDL on the proinflammatory
response in human CAECs, we analyzed the levels of 27 cyto-
kines in culturemedia. Among the 27 cytokines, only IL-8 levels
significantly increased after stimulationwith oxLDL for 24 h. In
contrast, stimulation of human CAECs with proinflammatory
stimuli, PGN (TLR2 agonist) and LPS (TLR4 agonist), induced
robust increases in the levels of most cytokines analyzed.

Apparently, oxLDL induces BMP-2 production without elabo-
rating a generalized inflammatory response in human CAECs.
Thus, oxLDL is potent to induce BMP-2 but has a minimal
effect on the inflammatory response in human CAECs. The
selective effect of oxLDL on BMP-2 production indicates that
the observed effect of the human oxLDL preparation is not due
to LPS contamination. We addressed this issue further by
examining ICAM-1 production after oxLDL stimulation.
Although LPS significantly increased the cellular ICAM-1 level,
oxLDL in a high concentration failed to induce ICAM-1. This
result excludes the possibility that LPS contamination is
responsible for the effect of the human oxLDL preparation.
Both TLR2 and TLR4 Are Involved in Induction of BMP-2 by

OxLDL—The scavenger receptor LOX-1 mediates oxLDL
uptake and signaling inmacrophages and vascular cells (21). To
determine whether LOX-1 plays a role in oxLDL-induced
BMP-2 expression in human CAECs, we treated cells with a
LOX-1-neutralizing antibody prior to oxLDL stimulation.
Unexpectedly, neutralization of LOX-1 had no influence on
oxLDL-induced BMP-2 expression. It appears that oxLDL
induces BMP-2 protein expression independently of LOX-1 in
human CAECs.
TLRs are pattern recognition receptors that sense the pres-

ence of numerous pathogen-associated molecular patterns.

FIGURE 5. OxLDL is co-localized with TLR2 and TLR4 in human CAECs. Cells were treated with oxLDL (80 �g/ml, 30 min). Cells were fixed immediately after
the treatment. TLR2 or TLR4 was stained green, and oxLDL was stained red by indirect immunostaining. Nuclei were counterstained blue with bis-benzimide.
Representative images show that oxLDL is co-localized with TLR2 (A) and TLR4 (B) on cell surfaces (yellow in composite images, arrows).
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TLR2 and TLR4 have been implicated in the signaling mecha-
nisms that contribute to chronic inflammatory diseases, includ-
ing atherosclerosis (7–9). A number of studies found that TLRs,
particularly TLR2 and TLR4, also respond to endogenous
agents, such as heat shock proteins (29–32). Previous studies by
Miller’s Laboratory have demonstrated that minimally modi-
fied LDL binds to CD14, and activates macrophages via TLR4/
MD-2 (14). In contrast to LPS stimulation, the most robust
TLR4-mediated effect of minimally modified LDL in macro-
phages is cytoskeleton remodeling (14, 33).
The results of the present study provided three lines of evi-

dence to support the notion that oxLDL induces BMP-2 pro-
duction in human CAECs through TLR2 and TLR4. First, up-
regulation of BMP-2 levels by oxLDL ismarkedly suppressed by
neutralization or silencing of TLR2 and TLR4. Second, overex-
pression of TLR2 and TLR4 enhances the cellular BMP-2

response to oxLDL. Finally, TLR2 andTLR4 agonists are potent
to induceBMP-2production in humanCAECs.Together, these
results demonstrate that oxLDL up-regulates BMP-2 produc-
tion in human CAECs through a mechanism dependent on
TLR2 and TLR4. In this regard, cell death in dorsal root gan-
glion cell culture induced by oxLDL is attributed to TLR4, not
LOX-1 (16). Our further experiments using immunostaining
found that oxLDL is co-localized with TLR2 and TLR4. It
appears that oxLDL interacts with these two innate immunore-
ceptors. OxLDLmay function as an endogenousmolecular pat-
tern to activate TLR2 and TLR4 although it is not as potent as
pathogen molecular patterns and other molecular patterns,
such as heat shock proteins, in elaborating the inflammatory
response. Interaction of oxLDL with TLR2 and TLR4 preferen-
tially induces BMP-2 production in human CAECs. Further
studies are needed to determinewhether theMyD88 pathway is

FIGURE 6. ERK1/2 and NF-�B pathways independently modulate oxLDL-induced BMP-2 expression. A, representative immunoblots show that oxLDL (80
�g/ml) induced rapid phosphorylation of ERK1/2, p38 MAPK, and NF-�B. B, inhibition of NF-�B with SN50 (40 �M) reduced BMP-2 levels following oxLDL
stimulation, but SN50M (a control peptide for SN50, 40 �M) had no effect. C, inhibition of p38 MAPK had no effect, but inhibition of ERK1/2 reduced oxLDL-
induced BMP-2 expression. D, inhibition of ERK1/2 did not influence NF-�B phosphorylation. Densitometry data are expressed as mean � S.E. (error bars). n �
3; *, p � 0.05 versus untreated control; #, p � 0.05 versus oxLDL alone.
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required for the induction of BMP-2 expression by oxLDL as
TLR2 and TLR4 utilize this shared signaling pathway (34).
NF-�B and ERK1/2 Pathways Contribute to the Signaling

Mechanism—Activation of NF-�B is critical for induction of
BMP-2 expression in endothelial cells by TNF-� (35). Further,
NF-�B has been reported to activate BMP-2 expression in
osteoblasts as well as in chondrocytes (36). We found that
oxLDL induces rapid and sustained NF-�B phosphorylation in
human CAECs, and inhibition of NF-�B reduces BMP-2
expression. In addition, BMP-2 expression is associated with
p38MAPK and ERK1/2 phosphorylation. Interestingly, inhibi-
tion of p38MAPK does not affect BMP-2 expression. Although
inhibition of ERK1/2 attenuates BMP-2 expression, it has no
effect on NF-�B phosphorylation. Thus, both NF-�B and
ERK1/2 play a role in oxLDL-induced BMP-2 expression in
human CAECs. NF-�B activation by oxLDL does not require
ERK1/2 activation although ERK1/2 has a role in regulating
oxLDL-induced BMP-2 expression. The NF-�B and ERK1/2
pathways contribute independently to the molecular mecha-
nism underlying oxLDL-induced BMP-2 expression in human
CAECs. As ERK1/2 is also involved in BMP-2 signaling inmany
cell types (37), this pathway could be important in atheroscle-
rotic coronary artery calcification.
Taken together, we demonstrated that oxLDL up-regulates

the levels of pro-osteogenic protein BMP-2 in human CAECs
through TLR2 and TLR4. Activation of NF-�B and ERK1/2 is
required for BMP-2 expression induced by oxLDL, and the
NF-�B and ERK1/2 pathways contribute independently to the
mechanism underlying oxLDL-induced BMP-2 expression.
Considering the important role of BMP-2 in vascular calcifica-
tion, down-regulation BMP-2 expression, up-regulation of the
expression of its antagonists, or inhibition of BMP-2 intracel-
lular signaling might be feasible for prevention of atheroscle-
rotic vascular calcification.
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