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ATP-binding cassette transporter A1 (ABCA1) is a membrane-bound protein that regulates cardiovascular
disease including atherosclerosis by the efflux of excess cholesterol from cells and by suppression of
inflammation. Using a mouse macrophage cell line Raw264.7, we studied the importance of toll-like
receptor 2 (TLR2) on ABCA1 expression and the signaling pathway responsible for TLR2-mediated ABCA1

Keywords: expression. Interestingly, our data demonstrated that treatment of macrophages with TLR2 agonist Pamjs
E:g;CSK“ CSKj significantly increased ABCA1 mRNA and protein levels. We found that ABCA1 induction is myeloid
ABCAT differentiation primary response gene 88 (MyD88)-dependent as well as TLR2-dependent. ABCA1 induc-
PKC-1, tion upon Pam;CSKj is controlled by protein kinase C-n (PKC-n) and phospholipase D2 (PLD2). Further-

PLD2 more, direct treatment of dioctanoyl phosphatidic acid (diCgPA) into cells also induced ABCA1 mRNA and
protein indicating that PLD2-mediated PA involve in the TLR2-stimulated ABCA1 expression. Cumula-
tively, these results demonstrate for the first time that activation of PKC-n and PLD2 signaling pathway

is an important mechanism for regulation of TLR2-induced ABCA1 expression.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Atherosclerosis is a chronic and progressive inflammatory dis-
ease of the arteries that is characterized by subendothelial accu-
mulation of lipid-rich macrophages, called foam cells [1].
Although the mechanism has not been clearly established, toll-like
receptors (TLRs) in atherosclerotic lesions contribute to the forma-
tion of foam cells [2,3]. Using a genetically defined apolipoprotein
E-deficient model, pathogen-mediated inflammatory atherosclero-
sis occurs via TLR2-dependent manner [4,5]. Several studies also
suggest the relevance of TLRs in the atherosclerosis pathology,
either using human or animal models [6]. Especially, TLR2 and
TLR4 participate in the induction and progression of the atheroma
[7].

Reverse cholesterol transport (RCT) is a pathway by which accu-
mulated cholesterol is transported from the vessel wall to the liver

Abbreviations: TLR, toll-like receptor; PKC-n, protein kinase C-n; PLD2, phos-
pholipase D2; ABCA1, ATP-binding cassette transporter Al; MyD88, myeloid
differentiation primary response gene 88; RCT, reverse cholesterol transport; PA,
phosphatidic acid; BMDM, bone marrow-derived macrophage.
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for excretion, thus preventing atherosclerosis. ATP-binding cas-
sette transporter A1 (ABCA1) is one of the plasma membrane pro-
teins that export excess cholesterol derived from internalized
lipoproteins [8]. Specific disruption of the macrophage ABCA1 gene
aggravates atherosclerosis development in low-density lipoprotein
(LDL) receptor knockout mice [9], and macrophages obtained from
ABCA1 knockout mice are deficient in cholesterol efflux [9,10].
Overexpression of ABCA1 inhibits atherosclerosis in mice models
[11]. Macrophages obtained from transgenic mice that overexpress
ABCAT1 have an elevated cholesterol efflux compared with normal
macrophages [11,12].

Foam cell formation is a key event for the accumulation of lipids
and can be enhanced by the presence of bacteria or lipopolysaccha-
ride (LPS), TLR4 agonist [13]. Our previous studies also demon-
strated that various TLR agonists increased foam cell formation
[14]. Transporters implicated in changes of foam cell formation in-
clude the ABCA1 [15]. However, early investigation of the molecu-
lar mechanism underlying LPS-mediated ABCA1 expression is very
controversial. While Kaplan et al. [16] reported that bacterial LPS
induced ABCA1 expression; another report suggested that LPS
down regulates ABCA1 expression, leading to suppression of cho-
lesterol efflux [17]. Therefore, we clarified such opposite results
and studied by what mechanism ABCA1 expression is regulated.

In this study, we demonstrated that TLR2 agonist PamsCSK, in-
creased ABCA1 expression, and such expression was regulated
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through protein kinase C-n1 (PKC-n)) and PLD2 signaling. This re-
port demonstrates for the first time that TLR2-induced ABCA1
expression is associated with phosphatidic acid (PA) derived from
PLD2.

2. Materials and methods
2.1. Cells lines and reagents

Raw264.7 cell lines were purchased from the American Type
Culture Collection (ATCC, Manassas, VA) and cultured in Dublecco’s
modified Eagle’s medium supplemented with 10% fetal bovine ser-
um and 1% antibiotics (100 U/ml penicillin and 100 pg/ml strepto-
mycin) at 37 °C in 5% CO,. Bone marrow-derived monocytes were
differentiated into bone marrow-derived macrophages (BMDM) for
5-7 days in DMEM supplemented with 10% L929 cell-conditioned
medium (as a source of macrophage-colony stimulating factor;
M-CSF). This study was conducted in accordance with the guide-
lines for the care and use of laboratory animals provided by Yeung-
nam University and all experimental protocols were approved by
the Ethics Committee of Yeungnam University, Republic of Korea.
Cell-culture reagents, including fetal bovine serum (FBS), were ob-
tained from Life Technologies (Grand Island, NY). ABCA1 antibody
was obtained from Novus Biologicals (Littleton, CO) and PLD2 anti-
body was from Santa Cruz Biotechnology (Santa Cruz, CA). B-Actin
antibody, Escherichia coli LPS (0111:B4), 1-butanol (BuOH), t-BuOH
and Polymyxin B were obtained from Sigma-Aldrich (St. Louis,
MO). Dioctanoyl phosphatidic acid (diCgPA) was obtained from
Avanti polar lipids (Alabaster, AL). PamsCSK,, various TLR agonists
were purchased from InvivoGen (San diego, CA). Reverse transcrip-
tion-polymerase chain reaction (RT-PCR) kits were from Takara Bio
(Japan). siRNA and TRIzol were purchased from Invitrogen (Carls-
bad, CA). PKC-n pseudosubstrate (PS) peptide inhibitor was from
Peptron (Daejeon, South Korea).

2.2. siRNAs and transfection

Stealth control and gene-specific siRNAs against the following
target genes were designed using the Block-IT Stealth RNAi de-
signer (Invitrogen): (i) TLR2, 5-UUA AAG GGC GGG UCA GAG
UUC UCC A-3'; (ii) MyD88, 5'-ACC ACC AUG CGG CGA CAC CuU
UUC U-3’; (iii) PLD2, 5'-AAG ACU UUG UGU CUC UGG AGG UCC
C-3'; (iv) PKC-m, 5'-UUG UGU GGG AUG UUG AUG CCA AAC C-3.
For transfection experiments, Raw264.7 cells were plated in
35 mm petri-dish and transfected with siRNA at a final concentra-
tion of 150-200 pM using nucleoporation reagents from Lonza
(Allendale, NJ). Cells were nucleoporated according to the manu-
facturer’s protocol and incubated for 24 h before PamsCSK,
stimulation.

2.3. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from cells using TRIzol. First-strand
cDNA was synthesized from 1 pg total RNA with random primers,
oligo-dT, and reverse transcriptase (Promega, Madison, WI). Cy-
cling conditions for PCR were 95 °C for 5 min, followed by 26-33
cycles at 95 °C for 1 min, 63 °C for 1 min, and 72 °C for 1 min. For
semi-quantitative PCR, target genes expression was normalized
to B-actin transcription. The sequences of PCR primers used in
the present study were as follows: (i) ABCA1 forward, 5-GGA
AGT GGC CTG GCC TCT CT-3/, reverse, 5'-GAG AAC AGGCGA GAC
ACG AT-3'; (ii) TLR2 forward, 5'-CGC CCT TTA AGC TGT GTC TC-
3, reverse, 5'-TTA TCT TGC GCA GTT TGC AG-3’; (iii) MyD88 for-
ward, 5'-CCA GTA TCC TGC GGT TCA TCA-3’, reverse, 5'-GCT CCG
CAT CAG TCT CAT CTT-3’; (iv) PKC-n forward, 5-AAG GAA ATC

GAC TGG GCC-3', reverse, 5'-CAG TTG CAA TTC CGG TGA C-3/; (v)
PLD2 forward, 5-CTG GCC ATC TAT GAC CTT CAG C-3', reverse,
5-GCC ACC TCT TGG ACC ATC GAT A-3'; (vi) B-actin forward, 5'-
TCC TTC GTT GCC GGT CCA CA-3', reverse, 5'-CGT CTC CGG AGT
CCA TCA CA-3.

2.4. Western-blot analysis

Macrophages were cultured in 35 mm petri-dishes and treated
with Pam3CSKj, in the presence or absence of inhibitors. Cell pellets
were resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0; 5 mM
EDTA; 150 mM NaCl; 0.5% Nonidet P-40; 1 mM phenylmethylsul-
fonyl fluoride; and protease inhibitor cocktail). Proteins were sep-
arated on an 8% reducing SDS-PAGE gels and transferred onto
nitrocellulose membranes in 20% methanol, 25 mM Tris, and
192 mM glycine. Membranes were then blocked with 5% non-fat
dry milk and incubated overnight with primary antibody at 4 °C
before washing, followed by 1h incubation with horseradish-
peroxidase conjugated secondary antibody, further wash steps,
and development with an enhanced chemiluminescence system
(LAS 3000, GE Healthcare, Buckinghamshire, UK).

3. Results
3.1. Pam3CSK, induces ABCA1 expression

We investigated whether the TLR2 agonist PamsCSK, can in-
duce ABCA1 expression in Raw264.7 macrophages cell line. Pams
CSK4 induced both mRNA and protein of ABCA1l in a time-
dependent manner (Fig. 1A and B). To prove the general effect of
TLR agonist for ABCA1 expression, we tested other types of TLR
agonists. TLR agonists PamsCSK,; (TLR1/2), HKLM (TLR2), LPS
(TLR4), Flagellin (TLR5), FSL1 (Pam,CGDPKHPKSF) (TLR6/2) and
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Fig. 1. Pam;CSK, induces ABCA1T mRNA and protein in a time-dependent manner.
(A and B) Raw264.7 cells were treated with Pam3;CSK,4 (100 ng/ml) for the times
indicated. ABCA1 mRNA expression was determined by RT-PCR and normalized to a
B-actin control. ABCA1 protein expression was determined by western blotting
using ABCA1 antibody. (C) Raw264.7 cells were treated with the various TLR
agonists for 2h and ABCA1 mRNA expression was determined by RT-PCR and
normalized to a B-actin control.
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CpG ODN 1668 (TLR9, Type B) induced ABCA1 expression in mRNA
level (Fig. 1C). These results suggest that ABCA1 expression by TLR
agonists is a general characteristic shown in TLRs.

3.2. ABCA1 induction by PamsCSK, is TLR2-MyD88 signaling-
dependent

We tested whether Pam3CSK, affects ABCA1 expression in
BMDM. While ABCA1 expression was induced by Pams;CSK, in
BMDM from WT mice, its expression was not affected in BMDM
from mice with TLR2 deletions (TLR2 KO; Fig. 2A). MyD88 is the
best characterized adaptor protein in TLR2 signaling. We therefore
tested its involvement in ABCA1 expression by PamsCSK, using
siRNA. MyD88 siRNA transfected into cells could successfully
down-regulate its respective target gene. We found that in Pams
CSK4-treated cells, ABCA1 expression was increased in control siR-
NA transfected cells, but was partially reduced in MyD88 siRNA
transfected cells (Fig. 2B and C).

3.3. PKC-n is involved in TLR2-mediated ABCA1 expression

Previous studies have been reported that some PKC is regulator
for ABCA1 expression [18,19]. Among the PKC isoforms, PKC-1 is
predominantly expressed in Raw264.7 cells [13]. We therefore
sought to determine the role of PKC-n in ABCA1 expression. We
confirmed this involvement of PKC-n in ABCA1 expression by
RNAi; PKC-n knockdown blocked increase by Pam;CSK, of ABCA1
expression. (Fig. 3A and B). The PKC-n PS peptide is often used as
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Fig. 2. Pam3CSK, induces ABCA1 expression by a TLR2- and MyD88-dependent
pathway. (A) BMDMs were isolated from WT or TLR2 KO mouse bone marrow and
treated with Pams;CSK, (100 ng/ml) for the times indicated. Indicated genes
expression was determined by RT-PCR and normalized to a B-actin control.
(B and C) Raw264.7 cells were transfected with control, TLR2, or MyD88 siRNA
(200 pM) for 24 h. Cells were stimulated with vehicle or Pam3;CSK,4 (100 ng/ml).
After 2 h, indicated genes expression was determined by RT-PCR and normalized to
a B-actin control (B). After 12 h, ABCA1 protein expression was determined by
western blotting and normalized to a B-actin (C).
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Fig. 3. PKC-n mediates ABCA1 induction by Pams;CSK,4. (A and B) Raw264.7 cells
were transfected with either control or PKC-n siRNA (200 pM) for 24 h. Cells were
stimulated with vehicle or Pam3CSK,4 (100 ng/ml). (A) After 2 h, PKC-n and ABCA1
mRNA expression was determined by RT-PCR and normalized to a p-actin control.
(B) After 12 h, ABCA1 protein expression was determined by western blotting and
normalized to a B-actin. (C and D) Raw264.7 cells were pretreated with PKC-n PS
inhibitor (50 pM) and stimulated with Pam3;CSK,4 (100 ng/ml). ABCA1 mRNA (C) and
protein (D) expression were determined by RT-PCR or western blot, respectively.

an inhibitor of PKC-n activity; in our hands, it inhibited ABCA1
expression upon Pam3CSK, stimuli (Fig. 3C and D). These results
suggest that the PKC-n is important for TLR2-mediated ABCA1
expression.

3.4. PLD2-mediated PA is an essential regulator for ABCA1 expression

Previous studies have been reported that PKC is activator for
PLD activity [13]. We studied the function of PLD2 in ABCA1 regu-
lation by TLR2. PLD2, rather than PLD1, is dominantly expressed in
Raw264.7 cells [20], therefore we tested the effects of PLD2 using
siRNA and inhibitor methods. Compared to control siRNA transfec-
ted cells, PLD2 siRNA transfected cells had decreased expressions
of PLD2 mRNA and protein levels. Therefore ABCA1 mRNA and pro-
tein expressions were also decreased in PLD2 siRNA transfected
cells (Fig. 4A and B). 1-BuOH is the most widely used PLD inhibitor.
Pretreatment of 1-BuOH in Raw264.7 cells inhibited ABCA1 mRNA
expression by Pam3CSKy, while pretreatment of t-BuOH, an alcohol
control, showed no effect (Fig. 4C). Pretreatment of 1-BuOH also
showed a similar pattern in ABCA1 protein expressions (Fig. 4D).
These results suggest that PLD2 is an essential mediator in Pams
CSK,4 induced ABCAT1 expression. Effects of PLD2 were shown in
Pam3CSK, induced ABCA1 expression. PLD2 produces a secondary
messenger, PA, and therefore we confirmed the direct effect of
PA using diCgPA. Treatment of diCgPA induced both mRNA and pro-
tein expressions of ABCA1 as shown by PamsCSK, (Fig. 4E and F).
Polymyxin was used to prove that ABCA1 expression induced by
Pam3CSK, and diCgPA is not a result from toxin contamination.
Pretreatment of polymyxin, a toxin scavenger, strongly inhibited
ABCAT1 induced by LPS, but had no effect on ABCA1 expressions in-
duced by either diCgPA or PamsCSKy, (Fig. 4G).

4. Discussion

There are currently 11 types of TLR in mammalian cells known.
TLR2 and TLR4 exist at the plasma membrane while TLR3 and TLR9
exist at the endosome [21]. TLR4 is most widely studied, and LPS is
the representative ligand. Baranova et al. [17] reported that LPS re-
duces ABCA1 expression and thereby inhibits cholesterol efflux.
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Fig. 4. PLD2 mediates ABCA1 induction by Pam5CSK,. (A and B) Raw264.7 cells
were transfected with either control or PLD2 siRNA (200 pM) for 24 h. Cells were
stimulated with vehicle or Pam3CSK4 (100 ng/ml). After 2 h, PLD2 and ABCA1 mRNA
expression was determined by RT-PCR and normalized to a B-actin control (A). After
12 h, PLD2 and ABCA1 protein expression was determined by western blotting and
normalized to a B-actin (B). (C and D) Raw264.7 cells were pretreated with PLD
inhibitor (0.3% 1-butanol) or an alcohol control (0.3% t-butanol) and stimulated
with Pam3CSK,4 (100 ng/ml). ABCA1 mRNA expression were determined by RT-PCR
and normalized to a B-actin control (C). ABCA1 protein expression was determined
by western blotting and normalized to a B-actin (D). (E and F) Raw264.7 cells were
treated with diCgPA (20 uM) for the times indicated. ABCA1 mRNA expression was
determined by RT-PCR and normalized to a B-actin control (E). ABCA1 protein
expression was determined by western blotting and normalized to a B-actin (F). (G)
Raw264.7 cells were treated with the diCgPA, Pam3CSK, or LPS in the absence or
presence of polymyxin for 12 h and ABCA1 protein expression was determined by
western blotting and normalized to a B-actin.

However, Kaplan et al. [16] reported that LPS increases ABCA1
expression. Our results showed similar trends with reports of Kap-
lan et al. Currently there are no reports shown on ABCA1 expres-
sion by other TLRs except TLR4, but our results showed that TLR2
and other types of TLR agonists (TLR1/2, TLR2, TLR4, TLR5, TLR6/
2, and TLR9) increased ABCA1 expression as well.

Elevation of ABCA1 expression is assumed to inhibit foam cell
formation and atherosclerosis by effluxing intracellular cholesterol
[22]. However, many other studies reported that TLR stimulation
promotes atherosclerosis [2,3]. This is very opposite phenomena.
Our previous results also showed that LPS or Pam3;CSK,4 promoted
foam cell formation in macrophages [13,14]. It is not easy to inter-
pret foam cell formation increase amongst the elevation of ABCA1
expression. Our hypothesis is that although TLR2 stimulation pro-
motes foam cell formation and atherosclerosis as a final output,
cells will have a defense mechanism against the process of athero-
sclerosis. Elevation of ABCA1 expression is also one of the defense
factors in TLR2-induced foam cell formation.

Previous studies reported about defense factors of atherosclero-
sis such as LRP1, heme oxygenase-1 (HO-1), or regulator of G-pro-
tein signaling 2 (RGS2) [23-26]. Especially, HO-1 is a well known
protein for inhibiting atherosclerosis progression [23]. Recently,
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RGS2 is also studied as a protein inhibiting foam cell formation
[24]. RGS2 is capable of deactivating G protein subunit in G-protein
coupled receptor, and acts as a turn-off switch on the process of
hypertension [27]. RGS2 rapidly decreases with TLR stimulation
in Raw264.7 cells [24]. This phenomenon is probably due to its
mechanism in interrupting the turn-off function of RGS2 in macro-
phages. Therefore, while various positive regulators participate in
TLR2-induced foam cell formation, there must be defense mecha-
nisms such as ABCA1 participating, and the balance of this will de-
cide whether atherosclerosis will be promoted or inhibited.
Pam3CSKy is an agonist that usually combines with TLR1/TLR2
heterodimer receptor and transmits signals. However, in TLR2 KO
macrophages, ABCA1 increase by PamsCSK,; did not occur.
These results show that PamsCSK, induced ABCA1 expression is
TLR2-dependent. The importance of TLR2 in ABCA1 expression
was confirmed by siRNA method. TLR2 siRNA transfected cells
had decreased TLR2 expression. TLR2 knock-down cells had
decreased ABCA1 mRNA and protein expression induction, which
are Pam;CSK, effects (Fig. 2B). These results explain with Fig. 2A
that Pam3CSK, induced ABCA1 expression is TLR2 dependent.
The effect of MyD88 acting under TLR2 was also essential.
MyD88 siRNA cells showed significant decrease in not only
MyD88, but also ABCA1 expression. These results suggest that
ABCAT1 expression by Pam3CSK, is dependent upon MyD88 as well.
ABCAT1 expression in MyD88 siRNA cells significantly decreased,
but the some expression is still remained in both mRNA and pro-
tein level. These phenomena suggest the possibility that other
types of adaptor proteins or pathways can exist in ABCA1 expres-
sion other than MyD88. In fact, when TLR/IL-1R-domain-contain-
ing adapter-inducing interferon-B (TRIF) siRNA was used, which
has an important part in TLR4 signaling, ABCA1 expression par-
tially decreased, suggesting TRIF participation (personal observa-
tion), but yet there have been no reports of TRIF-dependent
pathway in TLR2 signaling, and thereby requires further research.
We tried to find the importance of the downstream molecule of
TLR2-Myeloid differentiation primary response gene 88 (MyD88)
in ABCA1 expression. We proved that PKC-1/PLD2 pathway is
important in LPS-induced foam cell formation from previous stud-
ies [13]. PKC-n/PLD2 pathway stimulated by TLR4 agonist elevated
Nox-1-induced ROS production, and thereby promoted foam cell
formation. PKC-n/PLD2 pathway was also confirmed to participate
in TLR2 stimulated tissue factor (TF) expression and monocyte che-
motactic protein-1 (MCP-1) production (personal observation). TF
and MCP-1 both are known as proteins that start and promote ath-
erosclerosis. These results suggest that among various gene
expression changes in TLR-mediated foam cell formations, some
genes will be regulated through the PKC-n/PLD2 pathway.
Phospholipase is an enzyme that produces secondary messen-
gers such as arachidonic acid, phosphatidylinositol 4, 5-bisphos-
phate (PIP;), and PA, and is correlated accordingly to
phospholipase A, (PLA;), phospholipase C (PLC), and PLD. The dis-
covery of PLD2 function in TLR2-mediated ABCA1 expression is
very significant, and although the importance of other types of
phospholipases was referred earlier, the report on the function of
PLD2 function is the first to be made. In ABCA1 expression, group
X secretory PLA, mechanism was reported by Shridas et al. [28],
and cytosolic PLA; mechanism was also reported by Zhou et al.
[26]. The similarity between the two reports is that arachidonic
acid by PLA, suppresses liver X receptor-o activation, and thereby
decreases ABCA1 expression. However, PA produced by PLD2, un-
like arachidonic acid, promotes ABCA1 expression. These results
may suggest that ABCA1 expression regulation may differ accord-
ing to the secondary messenger produced by each phospholipase
mechanisms. There were no direct evidence of PLD2 function in
cholesterol efflux, but Haidar et al. [29] suggested the possibility
of PLD using PA and alcoholic inhibitor. Our research provides
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proof to the importance of PLD by showing the increase in ABCA1
when PA is directly treated to the cell. Raw274.7 cells have domi-
nant expression of PLD2 over PLD1, and have significantly higher
PKC-n expression among the PKC isoforms. Therefore, the PKC-
n/PLD2 pathway regulating ABCA1 expression in Raw264.7 cells
is a very meaningful discovery, and will be one of the new targets
to regulate atherosclerosis in foam cell formation.
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