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Abstract Toll-like receptors (TLRs) are major receptors

that mediate the innate immune and inflammatory

responses, of which TLR4 has been found most closely

related to human atherosclerosis. After ligands are poly-

merized and activated by TLR, the mitogen-activated

protein kinase and nuclear factor-jB (NF-jB) pathways are
activated, leading to promotion of NF-jB–regulated tran-

scription of inflammatory factors, thus playing a role in the

physiological and pathological processes in atherosclerosis.

Oxidized lipoproteins or their components, oxidized lipids,

have been confirmed as endogenous TLR receptors.

Lysophosphatidic acid (LPA) is an active component of

low-density lipoprotein that induces vascular endothelial

lesions. However, the mechanism of the TLR4/NF-jB
signaling system involved in LPA-induced atherosclerosis

has not been fully elucidated. In this study, we investigated

the effects of LPA on TLR4 expression, nuclear translo-

cation of NF-jB p65 subunit, and changes in the cytokine

tumor necrosis factor a (TNF-a) in human THP-1 cells.

LPA upregulated expression of the TLR4 mRNA and

protein in THP-1 cells in a dose- and time-dependent

manner, induced NF-jB p65 activation synchronously in

THP-1 cells, and increased TNF-a secretion. After TLR4

was blocked using TLR4 monoclonal antibody, NF-jB p65

expression and TNF-a secretion were inhibited signifi-

cantly. These data suggest that LPA can significantly

upregulate TLR4 expression and promote NF-jB activa-

tion and proinflammatory cytokine secretion in THP-1

cells; it is possible that the TLR4/NF-jB signaling pathway

mediates the atherogenic effect of LPA.
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Introduction

Toll-like receptors (TLRs) are major receptors that mediate

the innate immune and inflammatory responses; they were

recently found to be closely related to human atheroscle-

rosis. Oxidized lipoproteins or their components, oxidized

lipids, have been confirmed as endogenous TLR receptors.

The mitogen-activated protein kinase and nuclear factor-

jB (NF-jB) pathways are activated following ligand

polymerization and activation by TLR, leading to the

promotion of NF-jB-regulated inflammatory factor tran-

scription [1–3].
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NF-jB is a transcriptional regulatory factor usually

bound with the inhibitor of jB (IjB) protein in dimers and

is present in the cytoplasm. IjB is phosphorylated when

cells are stimulated (by cytokines, hypoxia, virus, bacterial

infection). NF-jB is thus activated, localizing from the

cytoplasm to the nucleus to activate expression of various

target genes. Likewise, TLR-mediated signals induce the

abundant expression of genes encoding proinflammatory

cytokines, and are thus involved in the inflammatory

response and the physiological and pathological processes

in atherosclerosis.

To date, TLRs have been found in 12 mammals, of

which TLR4 is most closely related to human atheroscle-

rosis [4]. TLR4 is expressed in endothelial cells and

macrophages in human coronary atherosclerotic plaques,

and oxidized low-density lipoproteins (oxLDL) can induce

the upregulation of TLR4 in macrophages [5, 6].

As an active component of LDL, lysophosphatidic acid

(LPA) is a low-molecular weight lysophospholipid enri-

ched in platelets and a mildly oxidized LDL that exerts a

range of effects in the cardiovascular system that includes

modulation of platelet activation, recruitment and activa-

tion of inflammatory cells, migration, phenotypic modula-

tion, and proliferation of vascular smooth muscle cells

(VSMC) [7, 8]. Thus, its involvement in thrombosis and

vascular disease, such as atherosclerosis and vascular

remodeling, is critical [9]. However, the role TLR4 plays in

LPA-induced atherosclerosis is unclear. In the present

study, the effect of LPA on the TLR4/NF-jB signaling

pathway in the human monocytic THP-1 cell line was

studied to investigate the mechanism of LPA-induced

atherosclerosis.

Materials and methods

Reagents

THP-1 cells were from Biochain (Newark, CA, USA); 18:1

LPA (1-oleoyl-sn-glycero-3-phosphate) was purchased

from Sigma-Aldrich (St Louis, MO, USA), Purity (TLC)

C98 %. LPA was dissolved in phosphate-buffered saline

(PBS) containing 0.1 % fatty acid-free bovine serum

albumin (BSA). Nuclear protein and cytoplasmic protein

isolation kits, mouse anti-TLR4 antibody, and rabbit anti–

Phospho -NF-jB p65 antibody were from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). TLR4 monoclonal

antibody (TLR4 mAb, Anti-Human CD284, Clone:

HTA125) were from eBioscience (San Diego, CA, USA),

SYBR Green PCR Master Mix was from ABI Research

(Foster City, CA, USA), and 406-diamidino-2-phenylindole

(DAPI) was from Invitrogen (Carlsbad, CA, USA).

Cell culture and intervention experiments

THP-1 cells were grown in suspension in RPMI 1640

containing 10 % fetal bovine serum in 5 % CO2 at 37 �C.
The medium was replaced every 2–3 days. The cells were

passaged when they had grown to 4–6 9 106/ml. Cells

were incubated in serum-free medium overnight; seeded in

24-well plates at a density of 106 cells; treated with 0, 0.1,

0.5, 1, 5, and 10 lM LPA; and harvested after 4 h, or

treated with 1 lM LPA and harvested after 0, 1, 2, 4, and

8 h. To evaluate the possible contamination of LPA with

LPS, the endotoxin content was determined by the chro-

mogenic Limulus amebocyte lysate test, following the

manufacturer’s instructions. The endotoxin content in the

100 lM LPA solution was B3.45 9 10-3pg/ml, which is

far below the concentration to affect THP-1 cells under our

assay conditions. The TLR4 mRNA level was determined

using fluorescence quantitative reverse transcription-poly-

merase chain reaction (RT-PCR). Cell proteins were

extracted, and the TLR4 protein level was determined

using Western blotting. The nucleoproteins were extracted

and the expression and translocation of the NF-jB p65

subunit was detected by Western blotting and immunoflu-

orescence, respectively. The secretion of tumor necrosis

factor a (TNF-a) into cell culture supernatants was mea-

sured by enzyme-linked immunosorbent assay (ELISA).

Fluorescent quantitative RT-PCR

Cellular total RNA was extracted using the one-step TRI-

zol procedure, and then the reverse transcription reaction

was carried out using a Taq RevertAidTM H Minus First

Strand cDNA Synthesis Kit (Fermentas, Burlington,

Canada) according to its instructions to synthesize the first

chain of complementary DNA. Real-time quantitative PCR

was carried out using SYBR Green fluorescent dye with b-
actin as the internal control. The primer sets for TLR4 and

b-actin were as follows: TLR4 forward: 50-acatcaaatgccc-
ctactca-30 and reverse: 50-ctaaaccagccagaccttga-30; b-actin
forward: 50-cattaaggagaagctgtgct-30; and reverse: 50-
gttgaaggtagtttcgtgga-30. The fluorescent quantitative PCR

reaction system contained 1 ll cDNA, 12.5 ll 2 9 SYBR

Green PCR Master mix, and 100 nm each upstream and

downstream primers, and was topped up to 25 lL with

double-distilled water. The amplification reaction was

performed at 95 �C for 5 min, 94 �C for 20 s, 56 �C for

20 s, 72 �C for 20 s, 72 �C for 5 min, and 55 �C for 10 s,

for 40 cycles. The melting point curve was analyzed after

the end of the amplification, and measurement between 60

and 95 �C was made at increments of 0.5 �C and 5 s each

time. The data were automatically collected using an ABI

7500 Real-Time PCR System (Applied Biosystem

Research), and the threshold cycle (CT) value was
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analyzed on a personal computer. The relative level of

TLR4 mRNA expression to that of b-actin was derived

using DCt (DCtTLR4 = CtTLR4-Ct b-actin). The data

were processed using the 2-DDCt (RQ) method. Three

wells were run in parallel three times for each specimen.

Western blot analysis

The cells were harvested to prepare lysates according to a

previously described protocol [10]. NF-jB p65 was

extracted according to the instructions of a Nuclear Protein

Extraction Kit (Beyotime, Jiangsu, China), and the protein

concentration was determined using the bicinchoninic acid

method. Sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) was performed to determine the

level of TLR4 protein and nucleoprotein NF-jB p65, fol-

lowed by the Western blot analysis with TLR4- and NF-jB
p65-specific antibodies used according to the manufac-

turer’s instructions. Briefly, the treatment of THP-1 cells

with various agents was halted by the addition of tri-

chloroacetic acid, and total cellular proteins were extracted

with SDS sample buffer as previously described [10]. An

equal amount of protein (5 lg) was resolved by SDS-

PAGE and transferred to a nitrocellulose membrane

(Pierce, Rockford lL USA). Immunoreactivity was visual-

ized using an enhanced ECL detection kit (Pierce) and

exposed to radiographic film. The blots were scanned and

quantified with Gelpro32 (Beta 4.02 version for Windows

Media Cybernetics, Marlow, UK). When the expression

level of nucleoprotein NF-jB p65 was detected, the

GAPDH expression level was determined simultaneously.

The GAPDH expression was negative which indicated

that the nuclear extracts are free of contaminating cyto-

plasmic protein.

Immunofluorescence staining

Immunofluorescence staining was performed according to

a previously described protocol [11]. Briefly, cells were

fixed with 4 % paraformaldehyde in phosphate-buffered

saline (PBS) containing 10 % fetal calf serum for 20 min at

room temperature, followed by permeabilization for

10 min using 0.3 % (w/v) Triton X-100 in PBS. Primary

antibody dilutions were Anti-NFkB p65 antibody 1:100

and secondary antibody dilutions were Goat Anti-Rabbit

IgG H&L Alexa Fluorj 488 1:200 (Sigma-Aldrich). After

incubation with primary antibody overnight at 4 �C, slides
were incubated for 1 h with a secondary antibody. Slides

with stained cells were mounted in 90 % glycerol with

1 lg/ml DAPI and examined with a fluorescence micro-

scope. Images were captured with a Nikon inverted fluo-

rescent microscope with attached CCD (charge-coupled

device) camera at 9400 magnification.

Statistical analysis

Data are presented asmean ± SE; statistical significancewas

determined using analysis of variance for multiple compar-

isons. P\ 0.05 was considered statistically significant.

Results

Effects of LPA on TLR4 mRNA and protein levels,

and NF-jB p65 nuclear translocation

To investigate the effects of LPA on the expression levels of

TLR4 mRNA and protein and NF-jB p65 in THP-1 cells,

cells were cultured in serum-free medium overnight. Cells

were then treated using 0, 0.1, 0.5, 1, 5, and 10 lM LPA for

4 h, or 1 lM LPA for 0, 1, 2, 4, and 8 h. Total RNA was

extracted and the level ofTLR4mRNAwas determined using

fluorescent quantitative RT-PCR. The levels of extracted

TLR4 protein and NF-jB p65 nucleoprotein were deter-

mined with Western blotting. Nuclear translocation of NF-

jB p65 was detected by immunofluorescence. The expres-

sion levels of TLR4 mRNA and protein and NF-jB p65

increased in THP-1 cells synchronously with the increased

LPA titer, peaking at 1 lM LPA; subsequently, the expres-

sion levels of TLR4 mRNA, protein (Fig. 1a), and NF-jB
p65 (Fig. 2a) decreased. Following different durations of

1 lMLPA treatment, the expression levels of TLR4mRNA,

protein (Fig. 1b), and NF-jB p65 nucleoprotein (Fig. 2c) in

THP-1 cells increased synchronously with time and peaked

at 4 h before subsequently declining. At the same time,

nuclear translocation of NF-jB p65 was examined with a

fluorescence microscope. In unstimulated cells, NF-jB p65

was mainly located in the cytoplasm. In LPA-stimulated

cells, NF-jB p65 translocation to the nucleus significantly

increased (Fig. 2b, d). This indicated that LPA upregulated

the expression of TLR4 mRNA and protein and NF-jB p65

activation in a dose- and time-dependent manner in THP-1

cells.

Effect of LPA on levels of secreted TNF-a

The level of TNF-a in the supernatant of THP-1 cells

stimulated by 1 lM LPA for 4 h was significantly higher

than that in the control group (0 lM LPA), continuously

increasing in the groups stimulated with 1–10 lM LPA

dose-dependently (Fig. 3a). TNF-a levels in the groups

stimulated with 0.1 and 0.5 lM LPA were not significantly

different from that of the control group. When THP-1 cells

were stimulated using 5 lM LPA over 0, 1, 2, 4, and 8 h,

TNF-a levels in the 2, 4, and 8 h groups were significantly

increased in contrast to the control group, but there were no

significant differences among these groups (Fig. 3b).
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NF-jB p65 activation and TNF-a secretion

by TLR4-mediated LPA induction

To investigate the effect of TLR4 on LPA-induced NF-jB
p65 activation and TNF-a secretion in THP-1 cells further,

TLR4 was blocked with TLR4 mAb. The 1-h TLR4 mAb

(5 mg/l) pretreatment of THP-1 cells significantly inhibited

NF-jB p65 expression and nuclear translocation (Fig. 4a),

and TNF-a secretion (Fig. 4b) in THP-1 cells stimulated by

1 lM LPA.

Fig. 1 LPA upregulated the expression levels of TLR4 mRNA and

protein in THP-1 cells. a (Top) TLR4 mRNA levels determined using

fluorescent quantitative RT-PCR; (bottom) TLR4 protein levels

determined using Western blotting. Cells were incubated with

different concentrations of LPA for 4 h. *Compared with the other

groups: P\ 0.01. b (Top) TLR4 mRNA levels determined using

fluorescent quantitative RT-PCR; (bottom) TLR4 protein levels

determined using Western blotting. Cells were treated with 1 lM
LPA for different durations. *Compared with the other groups:

P\ 0.01. Values are mean ± SE, n = 3. RQ Relative quotient,

GAPDH glyceraldehyde-3-phosphate dehydrogenase
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Fig. 2 LPA upregulated NF-jB p65 expression and activation in

THP-1 cells. a Level of extracted NF-jB p65 determined using

western blotting after THP-1 cells had been incubated with different

concentrations of LPA for 4 h. *Compared with the other groups:

P\ 0.01. b Representative immunofluorescence fields showing

staining for NF-jB p65 (green) and nucleic acid (blue) in THP-1

cells stimulated with different concentrations of LPA for 4 h (9400).

c Level of extracted NF-jB p65 determined using Western blotting

after THP-1 cells had been incubated with 1 lM LPA for different

durations. *Compared with the other groups: P\ 0.01. Values are

mean ± SE, n = 3. d Representative immunofluorescence fields

showing staining for NF-jB p65 (green) and nucleic acid (blue) in

THP-1 cells stimulated with 1 lM LPA for different durations

(9400). H2, Histone H2. (Color figure online)
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Discussion

Oxidized LDL is an endogenous immune response acti-

vator and is recognized as an atherosclerosis-inducing

factor. Studies have shown that vascular or systemic

inflammatory diseases are induced by oxLDL, infection,

and heat shock protein (three factors involved in the

development of atherosclerosis) in part via the TLR4/NF-

jB signaling pathway [12]. A larger amount of LPA is

generated during mild LDL oxidation and functions by

binding to the LDL surface. LPA is an active component of

LDL. LDL bound by LPA can promote platelet activation

and stimulate the formation of stress fibers and gaps in

vascular endothelial cells. However, the mechanism of the

TLR4/NF-jB signaling system involved in LPA-induced

atherosclerosis is unclear. The present study revealed that

LPA could significantly upregulate TLR4 expression and

promote NF-jB activation in THP-1 cells. The role of LPA

in inducing atherosclerosis might be partially mediated by

the TLR4/NF-jB signaling pathway.

Atherosclerosis is a chronic inflammatory disease. The

immune response-associated inflammatory process is pre-

sent throughout the atherosclerotic process. The inflam-

mation and immune responses are critical in the occurrence

and development, and formation, evolution, and rupture of

unstable plaque in atherosclerosis [13, 14]. The innate

immune mechanism is an important participant in pro-

moting atherosclerotic inflammation. Two major risk fac-

tors, in atherosclerosis, hyperlipidemia, and inflammatory

lesions, are interlinked through the immune response [5].

TLRs are a family of pattern recognition receptors for the

molecular patterns associated with immune cell surface

recognition of pathogens, playing a key role in the signal

transduction of cell activation, and acting as a bridge

between natural and acquired immunity [15, 16].

An increasing amount of evidence supports the impor-

tant effect of the TLR signaling pathway in the initiation

and development of atherosclerosis [6]. Many in vivo

experiments on atherosclerosis mouse models have pro-

vided compelling verification that TLR2 and TLR4 in the

TLR signaling pathway are mainly involved in the patho-

physiological process in atherosclerosis [17]. TLR2 and

TLR4 are expressed in macrophages, dendritic cells,

endothelial cells, and VSMC, which are involved in

atherosclerosis. TLR2 is also expressed in some T lym-

phocytes [17–19]. In an atherosclerosis mouse model, with

deleted LDL receptors (LDLR-/-) and apolipoprotein E

(ApoE-/-), the expression levels of TLR2 and TLR4 were

significantly higher in atherosclerotic plaques [6, 20].

Edfeldt et al. found that TLR4 expression was significantly

increased in atherosclerotic plaques, and confirmed that a

series of atherosclerosis-linked cytokines were synthesized

and subsequently released via the recognition function of

TLR4 [6]. Comparing a normal mouse model with an

atherosclerosis mouse model, Michelsen et al. and Mullick

et al. found that the atherosclerotic lesion area in TLR4-

deleted or TLR2-missing and ApoE-/- mice was reduced

by 55 % [16, 21]; the atherosclerotic lesion area of the

aortic arch in ApoE-/- and TLR4-deleted mice was reduced

by 25 %, and the volume of lipid core in the aortic sinuses

was reduced in the ApoE-/- and TLR4-deleted mice. The

macrophages invading the atherosclerotic lesions were

reduced by 65 % [21]. Hollestelle et al. [22] showed that

TLR4 was a key receptor for arterial remodeling; it pro-

moted plaque formation and outer arterial wall remodeling

when exposed to lipopolysaccharide in ApoE Leiden

transgenic mice with atherosclerosis in a femoral artery

Fig. 3 The effect of LPA on level of secreted TNF-a in THP-1 cells.

TNF-a levels in cell supernatant were determined using ELISA after

THP-1 cells were stimulated with a different concentrations of LPA

for 4 h, [4Compared with control group (0 lM LPA) and group

(0.1 lM LPA) P\ 0.01, *Compared with group (0.5 lM LPA)

P\ 0.05 *Compared with the other groups, P\ 0.01); values are

mean ± SE, n = 3] or b 5 lM LPA for different durations [*Com-

pared with group (0 h) P\ 0.05. *Compared with group (0 h, 1 h)

P\ 0.01; 4Compared with group (8 h) \0.05, łCompared with

group (0 h) P\ 0.01; values are mean ± SE, n = 3]
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cuff model, but no outer arterial wall remodeling occurred

in TLR4-deleted mice.

The present study found that LPA could upregulate the

expression levels of TLR4 mRNA and protein in THP-1

cells in a dose- and time-dependent manner. At the same

time, LPA could activate NF-jB and promote NF-jB p65

nuclear translocation and expression with the same change

trend as TLR4 expression. LPA could also promote

secretion of the inflammatory factor TNF-a. The expres-

sion and nuclear translocation of NF-jB p65 and the level

of TNF-a declined significantly after the TLR4 signal

transduction pathway was blocked by TLR4 antibody.

Mononuclear macrophages are one of the major inflam-

matory cells that are involved in the atherosclerotic

inflammatory response (Fig. 5). TNF-a from macro-

phages can promote atherosclerosis and cause the

apoptosis of VSMC. LPA can promote endothelial injury

and increase cell adhesion and endothelin. This study

demonstrated that it could upregulate TLR4 expression

in monocytes as a main initiator in the vascular wall

inflammatory response. TLR4 can promote the subse-

quent activation of NF-jB and upregulation of the

expression of proinflammatory cytokines such as TNF-a
after binding with ligands, which are involved in the

atherosclerosis process [23].

Conclusions

We have demonstrated that LPA significantly upregulates

TLR4 expression, promotes NF-jB activation, and facili-

tates secretion of the inflammatory cytokine TNF-a in

THP-1 cells. TLR4 and inflammatory pathways were

activated through LPA stimulation..

Fig. 4 The effect of TLR4 mAb on LPA-induced NF-jB p65

activation and TNF-a secretion in THP-1 cells. a Level of NF-jB p65

expression determined using Western blotting in THP-1 cells

pretreated with 5 mg/l TLR4 mAb for 1 h and then stimulated with

1 lM LPA for 4 h. *P\ 0.01 versus with the other groups;

4P\ 0.05 versus control (LPA alone) *P\ 0.05 versus control

(Vehicle) values are mean ± SE, n = 3. H2, Histone H2.

b Representative immunofluorescence fields showing staining for

NF-jB p65 (green) and nucleic acid (blue) in THP-1 cells following

1-h pretreatment with 5 mg/l TLR4 mAb and 4-h stimulation with

1 lM LPA (9400). c The level of TNF-a secreted in the cell

supernatant was determined using ELISA. *P\ 0.01 versus control

(Vehicle), and control (TLR4 mAb alone) # P\ 0.05 versus group

(LPA alone). (Color figure online)
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