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ABSTRACT 

Regulator of G protein signaling 2 (RGS2) is a GTPase-activating protein for Gαq, 

that is involved in regulating various vascular functions. To understand how RGS2 

regulates foam cell formation, the present study identified signaling pathways controlled 

by LPS, and discovered new mechanisms whereby protein kinase C (PKC)-η and 

phospholipase D (PLD) 2 regulate RGS2 expression. The toll-like receptor (TLR)4 

agonist LPS caused foam cell formation of Raw264.7 macrophages and dramatically 

decreased RGS2 mRNA expression. RGS2 downregulation by LPS was partially 

recovered by TLR4 siRNA. Peritoneal macrophages were separated from wild type and 

TLR4 mutant mice, and treatment with LPS showed RGS2 expression decrease in wild 

type macrophages, but no change in TLR4 mutant macrophages. RGS2 overexpression 

was suppressed while RGS2 downregulation accelerated foam cell formation by LPS. 

Treatment of PKC-η pseudosubstrate weakened foam cell formation and recovered 

RGS2 downregulation by LPS. In addition, LPS or PMA stimulated PLD activity, and 

the pretreatment of PLD inhibitor weakened foam cell formation and recovered RGS2 

downregulation. Inhibition of PLD2 expression by siRNA also weakened foam cell 

formation and partially recovered LPS-mediated RGS2 downregulation. On the other 

hand, PLD2 overexpression intensified RGS2 downregulation and foam cell formation 

by LPS. These results suggest that LPS causes foam cell formation by increasing PKC-

η and PLD2 activity, by downregulating RGS2 expression via TLR4 dependently. 
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Introduction 

Regulators of G-protein signaling (RGS) proteins are a large and diverse family 

initially identified as GTPase activating proteins (GAPs) of heterotrimeric G-protein 

Gα-subunits. RGS proteins are important proteins regulating G-protein coupled receptor 

(GPCR)-induced signaling by enhancing GTP hydrolysis thereby terminating the G-

protein activation (Kimple et al., 2009). Although RGS proteins were first known as 

negative regulators of G-protein, they are currently recognized as multifunctional 

proteins controlling G-protein signaling. Over 30 types of RGS and RGS-like proteins 

have been identified and are divided into six distinct subfamilies according to their 

amino acid sequences (Manzur and Ganss, 2009). Among them, RGS2 has a preferred 

interaction with Gαq/11 and is recognized as the most important regulator in 

cardiovascular pathophysiology. Many contractile responses are mediated via Gq in 

blood vessels and RGS2 interrupts Gq-mediated vasoconstriction (Hendriks-Balk et al., 

2009). Moreover, the vascular role of RGS2 is evidence that the increased RGS2 

expression is related to hypotension and that decreased RGS2 expression is related to 

hypertension (Le and Coffman, 2003). A strong hypertensive phenotype has been 

observed in RGS2 gene-deficient mice as well (Heximer et al., 2003).  

Reports of in vivo experiments show that RGS2 is selectively downregulated in the 

early processes of cardiac hypertrophy (Zhang et al., 2006). It has also been confirmed 

in neonatal rat cardiomyocytes that hypertrophy by endothelin-1 is increased when 

RGS2 expression is suppressed through small interfering RNA (siRNA) methods (Zou 

et al., 2006). However, there are only indirect reports and no direct reports of RGS in 

atherosclerosis development. Peroxisome proliferator-activated receptor δ (PPARδ) 
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suppresses lesion formation induced by monocyte chemotactic protein (MCP)-1 or 

chemokine (C-X-C motif) ligand (CXCL)2, and such suppression suggests the 

functional possibilities of RGS in atherosclerosis through reports of upregulation of 

RGS4 and RGS5 (Barish et al., 2008). Recently, the importance of RGS5 in vascular 

remodeling was reviewed (Manzur and Ganss, 2009). Interestingly, one study reported 

that RGS5 expressions was dramatically downregulated in the fibrous cap of primate 

atherosclerotic plaque-derived smooth muscle cells and human advance atherosclerotic 

plaques (Adams et al., 2006). However, there have not been any reports of RGS2 in 

atherosclerosis. 

The participation of cell surface receptors by ligands induces hydrolysis of 

phospholipase-mediated cellular phospholipids, produces lipid-derived products, and 

essentially functions by using various signaling pathways among the cells. Among 

enzymes that hydrolyze phospholipids, phospholipase D (PLD) is known to be an 

essential second messenger source, which contains phosphatidic acid (PA) (Lee et al., 

2008a). PLD has two known isoforms, PLD1 and PLD2 (Donaldson, 2009). In 

mammalian cells, activation of phosphatidylcholine-specific PLD controls signal 

transduction pathways that regulate various physiological processes including 

membrane trafficking, cytoskeleton rearrangement, phagocytosis, and mast cell 

degranulation (Kanaho et al., 2009). Also, PLD is known to control cellular responses 

related to inflammation (Zhao and Natarajan, 2009). Some studies have suggested a role 

for PLD in tumor necrosis factor (TNF)-mediated cellular cytotoxicity (Oprins et al., 

2001) and other results established the key roles of PLD1 in TNF-α signaling (Sethu et 

al., 2008). However, there have been an inadequate number of studies concerning the 
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potential function of PLD in RGS2 expression. Therefore, studies on how LPS-

mediated PLD activity controls RGS2 expression and thereby controls foam cell 

formation are important. 

Protein kinase C (PKC), a family of lipid-regulated serine/threonine kinases, is one of 

the important factors controlling PLD activation mediating cellular responses and 

cellular functions (Casabona, 1997). PKC has at least 10 different isozymes and is 

divided into three major groups according to its activation requirements and 

downstream targets. Classical isoforms (α, βI, βII, and γ) require diacylglycerol (DAG) 

and calcium for activation, while novel isoforms (δ, ε, η and θ) only need DAG for 

activation. Atypical isoforms (ι and ζ) are PKCs that require neither. Among them, 

PKC-η is usually expressed in epithelial tissues and has been reported to have essential 

functions in the differentiation of this tissue (Kashiwagi et al., 2002). Functions of 

PKC-η related to blood vessels have also been reported (Redig et al., 2009). 

Nonsynonymous single nucleotide polymorphism (SNP) of PKC-η is also related to 

cerebral infarction development. PKC-η is mostly reported to be expressed in vascular 

endothelial cells and foamy macrophages of human atherosclerotic lesions (Kubo et al., 

2007). However, it is still unclear how PKC-η participates in atherosclerosis 

progression.  

The present results demonstrate that PKC-η and PLD2 play a key role in signaling 

and both are important for LPS-mediated RGS2 downregulation. Furthermore, the 

physiological importance of PKC-η and PLD2 in the LPS-mediated signaling pathways 

is emphasized by their role in mediating foam cell formation.  
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Materials and Methods 

Reagents. Cell culture reagents, including fetal bovine serum (FBS), were obtained 

from Life Technologies (Grand Island, NY). RGS2 and PLD2 antibody were from 

Santa Cruz Biotechnology (Santa Cruz, CA). Escherichia. Coli LPS (0111:B4), phorbol 

12-myristate 13-acetate (PMA), staurosporine, 1-butanol (BuOH), t-BuOH, low density 

lipoprotein (LDL), and oil-red O were from Sigma-Aldrich (St. Louis, MO). The 

reverse transcription-polymerase chain reaction (RT-PCR) kit was from Takara Bio 

(Shiga, Japan), siRNAs were from Invitrogen (Carlsbad, CA) and angiotensin II was 

from Calbiochem (San Diego, CA). Pseudosubstrate (PS) peptide inhibitors were from 

Peptron (Seoul, South Korea). TLR4 wild type mice (C3H/HeN) and TLR4 mutant 

mice (C3H/HeJ) were purchased from Central Lab Animal (Seoul, South Korea).  

Cell culture and Transfection. The Raw264.7 macrophage cell line was obtained 

from the American Type Culture Collection (Manassas, VA) and cultured in DMEM 

supplemented with 10% FBS, and 1% antibiotics (100 U/ml penicillin and 100 μg/ml 

streptomycin) at 37oC in 5% CO2. Primary peritoneal macrophages were isolated from 

C3H/HeN or C3H/HeJ mice. For transfection, macrophages were plated in 35 mm 

diameter plates, grown overnight, and transfected using reagents (Amaxa, Gaithersburg, 

MD). Cells were nucleoporated according to the manufacturer’s protocol and incubated 

for 24 h before LPS stimulation. The pcDNA3-RGS2, pcDNA3-PLD2 and pcDNA3 

were transfected into cells using the FuGene HD transfection reagent (Roche, Basel, 

Switzerland)  

Plasmid and siRNAs. The cDNA of mouse RGS2 was amplified with forward 

primer, 5´-CGC AAG CTT ATA GAA TGC AAA GTG CCA TG-3´ and reverse 
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primer, 5´-GGG GGA TCC TCC TGG TCT CAT GTA GCA TG-3´. The RGS2 PCR 

product and pcDNA3 (Invitrogen) were digested by HindIII and BamHI and then 

ligated with T4 ligase. The full length PLD2 was also amplified by PCR. The cDNA 

encoding mouse PLD2 was amplified with the forward primer, 5´-CCC GAA TTC ATG 

ACT GTA ACC CAG AAG AAC-3´

 and the reverse primer, 5´-CCC CTC GAG CTA 

TGT CCA CAC TTC TAA AG-3´. The PCR product and pcDNA3 were digested by 

EcoRI and XhoI and ligated to pcDNA3 (Invitrogen). The constructs were confirmed by 

DNA sequencing. Stealth control and gene-specific siRNAs were designed by Block-IT 

Stealth RNAi designer (Invitrogen) and by using the following gene-target sequences: 

(1) TLR4 (5´-AAU GAU GGC ACC AUU GAA GCU GAG G-3´) (2) RGS2 (5´-UGG 

AAG ACC CGU UUG AGC UAC UUC U-3´) and (3) PLD2 (5´-AAG ACU UUG 

UGU CUC UGG AGG UCC C-3´). Macrophages were transfected with a siRNA at a 

final concentration of 100~200 pM using reagents (Amaxa). Following transfection, the 

cells were treated with LPS to study regulation of gene expression. 

RT-PCR and Real-time PCR. Total RNA was extracted from cells using TRIZOL 

reagent (Invitrogen). First strand cDNA was synthesized by one microgram of total 

RNA, oilgo-dT, and a reverse transcriptase system (Promega, Madison, WI). The 

sequences of PCR primers used in the present study were as follow: RGS2 forward 

primer 5´-ATG CAA AGT GCC ATG TTC CTG G-3  ́ reverse primer 5´-TCA TGT 

AGC ATG GGG CTC CG-3 ,́ which is amplified as 636 bp; PLD2 forward primer 5´-

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 17, 2010 as DOI: 10.1124/mol.110.064394

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 64394 

 9 

CTG GCC ATC TAT GAC CTT CAG C-3 ,́ reverse primer 5´-GCC ACC TCT TGG 

ACC ATC GAT A-3 ,́ which is amplified as 582 bp. Cycling conditions were 95 oC for 

5 min, followed by 26~33 cycles at 95oC for 1 min, 63oC for 1 min, and 72oC for 1 min. 

Real-time RT-PCR was performed using a LightCycler 1.5 (Roche Diagnostics, 

Almere, Netherlands) with SYBR-Green I as the florescent dye according to the 

manufacturer's instructions. For semi-quantification, target genes were normalized 

versus β-actin. 

Assay for Foam Cell Formation. For lipid uptake analysis, macrophages were 

cultured in six-well plates and then treated with LPS (100 ng/ml) and LDL (50 μg/ml) 

for 24 h. Next, the cells were washed three times with PBS, fixed with 10% formalin, 

and stained with Oil-red O. Intracellular lipid droplets were then detected by light 

microscopy using a DIAPHOT 300 light microscope (Nikon, Tokyo, Japan). Images 

were recorded with an AxioCam ICcl digital camera system (Carl Zeiss, Zeiss, 

Germany). Foam cells were observed under the light microscopy and counted by 

investigators, who were blinded to the genotypes of the stained cells. The foam cells 

were represented by the percentage of positive Oil-red O cells to total cells.  

In vitro PLD Assay. PLD activity was assayed by measuring the formation of 

phosphatidylbutanol, the product of PLD-mediated transphosphatidylation, in the 

presence of 1-butanol as described previously with a slight modification. Raw264.7 

cells were labeled (3x106 cells/ml) with [3H]myristic acid (5 μCi/ml; Amersham 

Biosciences, Piscataway, NJ) in the cell culture medium for 18 h. Unincorporated 

[3H]myristic acid was removed by washing twice with DMEM. Following the wash, the 

cells were incubated at 37°C for 15 min in DMEM medium containing 1-BuOH (0.5% 
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final). Following LPS or PMA stimulation for the indicated times at 37°C, the cells 

were then lysed and lipids were extracted with chloroform/methanol/1M NaCl (1:1:1, 

v/v/v). phosphatidylbutanol was separated from total lipid with ethyl 

acetate/trimethylpentane/ acetic acid (9/5/2) in a Silica gel 60 TLC plate.  

Western Blot Analysis. Macrophages were cultured in wells of six-well plates and 

treated with LPS in the presence or absence of an inhibitor. Cell pellets were 

resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 150 mM NaCl, 

0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor 

cocktail). Proteins were separated by 8% reducing SDS-PAGE and immunoblotted 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. The membranes were then washed, incubated for 1 h with a 

secondary antibody conjugated to horse radish peroxidase, rewashed, and finally 

developed using an enhanced chemiluminescence system (GE Healthcare, 

Buckinghamshire, UK). 

Statistical analysis. Results are expressed as the mean ± SD of at least three 

independent assays. Comparisons between the two groups were made by nonpaired 2-

tailed student’s t test using SPSS v12.0 (SPSS, Chicago, IL). A p value < 0.05 was 

considered significant. 
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Results 

LPS downregulates RGS2 mRNA expression via TLR4 signaling. We studied the 

effects of the LPS in converting Raw264.7 macrophages to foam cells. Confirmation of 

lipid droplets forming in foam cells by Oil-red O staining and the microscopy-based 

enumeration of Oil red-O positive cells revealed a strong increase in foam cell 

formation by LPS (Fig. 1A). A mRNA microarray was used to identify the factors 

contributing to foam cell formation induced by LPS. In the mRNA microarray results, 

expression changes were evident in the RGS2 gene. Treatment with LPS was followed 

by the confirmation of the time-dependent diminution of RGS2 mRNA expression. 

However, there was no change in RGS4 mRNA expression (Fig. 1B). Downregulation 

of RGS2 mRNA by LPS was also confirmed using real-time PCR (data not shown). 

Angiotensin II, which regulates hypertension, is also controlled by RGS2 (Hercule et 

al., 2007). Therefore, the expression changes of RGS2 mRNA by LPS and angiotensin 

II were compared. As expected LPS, decreased RGS2 expression dramatically, but 

angiotensin II had little effects (Fig. 1C). LPS also had no effect on RGS2 expression in 

smooth muscle cells (data not shown). These effects suggest that LPS and angiotensin II 

are involved in different mechanisms in the atherosclerosis process. The mechanism of 

LPS is known to be mediated through its receptor TLR4. To confirm this, cells in which 

expression of TLR4 was abrogated by siRNA were compared with control siRNA cells. 

As expected, TLR4 mRNA expression decreased in the TLR4 siRNA transfected cells. 

In these cells, LPS-induced RGS2 downregulation was comparatively less in TLR4 

siRNA cells than in control siRNA cells (Fig. 2A). The roles of TLR4 were reconfirmed 

in C3H/HeN (TLR4 wild type) and C3H/HeJ (TLR4 mutant type) mouse-isolated 
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peritoneal macrophages. While LPS treatment diminished RGS2 expression in 

C3H/HeN macrophages, no changes in RGS2 expression were shown in C3H/HeJ 

macrophages (Fig. 2B). Furthermore, while LPS-induced foam cell formation increased 

in C3H/HeN, there were no effects in C3H/HeJ (Fig. 2C). These results provided 

evidence that LPS-mediated expression of RGS2 is regulated by TLR4. 

 

RGS2 overexpression attenuates LPS-induced foam cell formation. A RGS2 

overexpression system was used to confirm the direct relationship between foam cell 

formation and RGS2 downregulation by LPS. Mouse RGS2 cDNA was cloned in the 

pcDNA3 vector, and was then sequenced and transfected in Raw264.7 cells. The 

efficiency of RGS2 protein overexpression was checked by Western blot analysis (Fig. 

3A). Foam cell formation by LPS was then analyzed using RGS2 overexpressing cells. 

In the vector-transfected cells, foam cell formation was increased about 25% by LPS, 

but RGS2-overexpressing cells strongly inhibited foam cell formation by LPS (Fig. 3B). 

RGS2 siRNA was utilized to confirm the effects of RGS2. RGS2 siRNA transfection 

successfully lowered RGS2 mRNA (Fig. 3C). LPS-induced foam cell formation shown 

in the control siRNA cells was potentiated in RGS2 siRNA cells (Fig. 3D). These 

results suggest that RGS2 downregulation is an essential step in LPS-induced foam cell 

formation.  

 

PKC-η is important for LPS-mediated RGS2 downregulation and foam cell 

formation. An experiment was performed to identify these mediators that are essential 

to the increase in foam cell formation following RGS2 downregulation by LPS. With 
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inhibitor screening, PKC mediation was identified. Staurosporine, a broad PKC 

inhibitor, not only recovered RGS2 downregulation by LPS, but also inhibited foam cell 

formation (Fig. 4A). Since there are various types of PKCs, experiments were 

performed to determine the isoforms that were most significant. Effects of several PKC 

isoforms were tested by using pseudosubstrate (PS) peptide inhibitors. PKC-α, PKC-β, 

PKC-ε, and PKC-θ inhibitors had no effect, while PKC-η inhibitor recovered RGS2 

downregulation by LPS (Fig. 4B); these effects were shown to be concentration 

dependent (Fig. 4C) and attenuated foam cell formation (Fig. 4D). The RGS2 regulation 

by PKC was confirmed by treatment with PMA, a PKC activator. Treatment with PMA 

decreased RGS2 mRNA expression in a dose-dependent manner (Fig. 5A). However, 

PKC-η PS inhibitor also recovered RGS2 downregulation with PMA (Fig. 5B) and 

attenuated foam cell formation (Fig. 5C). Taken together, these results suggest that 

PKC-η is an important mediator in RGS2 downregulation and foam cell formation 

induced by LPS or with PMA. 

 

PLD2 is involved in PKC-η-mediated RGS2 downregulation. The next 

experiment was designed to identify the contribution of PLD by studying the 

downstream molecule of PKC-η. First, the changes in PLD activity by LPS were 

ascertain in Raw264.7 cells. LPS treatment increased the production of 

phosphatidylbutanol, a product of PLD activity, which was concentration dependent 

(Fig. 6A). Next, a PLD inhibitor was used to check whether the increase of PLD activity 

by LPS had an effect on RGS2 expression. Pretreatment with 1-BuOH, a PLD inhibitor, 

reversed the decrease in RGS2 expression by LPS. However, pretreatment with the 
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control (t-BuOH), a control of 1-BuOH, showed no effect by LPS (Fig. 6B). The effects 

of 1-BuOH and t-BuOH on foam cell formation were assessed. While 1-BuOH 

suppressed LPS-induced foam cell formation, t-BuOH had a comparatively reduced 

effect (Fig. 6C). The effects of PLD inhibitor showed similar results in both Raw264.7 

cells and primary macrophages (data not shown). A third experiment assessed whether 

the increase in PLD activity by PMA affected RGS2 expression. PMA also increased 

PLD activity (Fig. 6D), while 1-BuOH reversed the decrease in RGS2 expression by 

PMA (Fig. 6E). These results provided support for the suggestion that PLD activity, 

increased by LPS or PMA, diminishes RGS2 expression and induces foam cell 

formation. Between two known PLD types, we tested the contribution of PLD2. The 

PLD2 siRNA method was used to confirm the function of PLD2. PLD2 siRNA 

transfection successfully decreased PLD2 mRNA and protein expression (Fig. 7A). 

RGS2 expression and foam cell formation by LPS was compared in control siRNA cells 

and PLD2 siRNA cells. LPS-induced RGS2 downregulation shown in the control 

siRNA cells was partially recovered in PLD2 siRNA cells (Fig. 7B). These results 

suggest that PLD2 participates in the RGS2 downregulation by LPS, and thereby 

controls foam cell formation (Fig. 7C). To re-confirm the importance of PLD2, the 

PLD2 overexpression system was used. The mouse PLD2 gene was cloned into the 

pcDNA3 vector and transfected into Raw264.7 cells. The efficiency of PLD2 protein 

overexpression was checked by Western blot analysis (Fig. 8A). LPS-induced RGS2 

expression and foam cell formation was compared in control vector-transfected cells 

and in PLD2-overexpressing cells. RT-PCR consistently demonstrated that RGS2 

downregulation by LPS was stronger in PLD2-overexpressing cells than in vector-
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transfected cells (Fig. 8B). These results were also shown through real-time PCR (data 

not shown). Foam cells were also more strongly produced in PLD2-overexpressing cells 

(Fig. 8C). Therefore, we suggest that PLD2 is an essential factor in LPS-induced RGS2 

downregulation and foam cell formation. 
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Discussion 

Accumulation of foam cells containing cholesterol in arterial intima is a key event in 

the early stages of atherosclerosis (Paulson et al. 2010). Exposure to TLR agonists like 

LPS or CpG ODN converts macrophages into foam cells (Kalayoglu and Byrne, 1998). 

There are various types of essential factors that contribute to foam cell formation. 

Among them, scavenger receptors that uptake modified lipoproteins are known to be 

critical (Badimon et al., 2009). TLRs directly cause inflammatory responses and induce 

expression of specific scavenger receptors, such as lectin-like oxidized loe density 

lipoprotein receptor 1 (Lox-1) (Lee et al., 2008b). Although it is clear that PKC-PLD 

signaling participates in mechanisms that increase atherosclerosis, few research studies 

have addressed the function of RGS2 and the PKC-PLD pathway in the development of 

atherosclerosis. 

The present results demonstrated that the PKC-η-PLD2 signaling pathway decreases 

LPS-induced RSG2 expression, thereby causing foam cell formation of macrophages. 

Multiple evidence supports this conclusion. First, LPS decreased RGS2 expression and 

induced foam cell formation, and the overexpression of RGS2 suppressed LPS-induced 

foam cell formation. Second, has been demonstrated using TLR4 siRNA and TLR4 

mutant mice that the regulations of foam cell formation and RGS2 expression by LPS is 

mediated by TLR4. Third, use of a PKC-η specific inhibitor recovered RGS2 

downregulation and suppressed macrophage foam cell formation. Fourth, while PLD2 

siRNA partially recovered LPS-induced RGS2 downregulation and foam cell formation, 

PLD2 overexpression intensified those LPS responses.  

It has been speculated that RGS signaling, which controls GAP activity, functions 
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essentially in vascular pathologies such as hypertension, atherosclerosis, or 

angiogenesis (Riddle et al., 2005). RGS proteins were first known as negative regulators 

of G-protein signaling, but currently it is understood that these are multifunctional 

proteins, which control G-protein signaling. So far more than 30 types of RGS proteins 

have been found in mammals (Manzur and Ganss, 2009). Among them, recent studies 

have researched the in vivo cardiovascular function of RGS proteins (Cho et al., 2008). 

The most frequent research targets were RGS2 and RGS4, but recently RGS5 was 

implicated in vascular remodeling and is known to regulate blood pressure (Gu et al., 

2009). RGS2-deficient mice are shown to be hypertensive and have prolonged 

vasoconstriction (Heximer et al., 2003). In preliminary human studies, elevation of 

RGS2 expression is related to hypotension, and the decrease in expression is related to 

hypertension (Hahntow et al., 2009). Although RGS2 has essential functions in 

hypertension, its functions in the atherosclerosis process have not been clarified. 

Presently, the TLR4 agonist LPS rapidly decreased RGS2 mRNA expression and 

induced foam cell formation, but overexpression of RGS2 suppressed the production of 

foam cell formation.  

RGS2 downregulation by LPS has been reported (Riekenberg et al., 2009). From 

these results, it is appropriate to suggest that RGS2 may regulate atherosclerosis. RGS2 

downregulation by LPS showed cell specificity. While LPS-induced RGS2 expression 

was decreased in macrophages, there was no effect on vascular smooth muscle cells 

(data not shown). Also, RGS2 regulation by LPS differed from the results of 

angiotensin II. In previous reports, angiotensin II was reported to stimulate RGS2 

expression (Hercule et al., 2007). The present results did not support this earlier 
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observation. Although RGS2 downregulation by angiotensin II was weak, it showed a 

time-dependent decrease. Under the same conditions, when the effects of angiotensin II 

and LPS were compared, angiotensin II was much weaker than that of LPS in RGS2 

downregulation. These results suggest that the mechanisms of LPS and angiotensin II 

are different in the processes of atherosclerosis. It is thought that LPS decreases GAP 

activity by decreasing RGS2 expression and foam cell formation, eventually 

contributing to atherosclerosis development.   

PKC is an important factor that can increase the chance of developing atherosclerosis 

(Harja et al., 2009). PMA, a PKC activator, can trigger transformation of monocytes to 

macrophages (Salonen et al., 2006). PKC-β and -δ isoforms mediate cholesterol 

accumulation in PMA-activated macrophages (Ma et al., 2006). The importance of 

PKC-β in foam cell formation has been proven (Osto et al., 2008). The inhibition of 

PKC-β1 presently decreased the expression of scavenger receptor A and suppressed 

foam cell formation. There are at least 11 different types of PKC isoforms. Therefore, 

we the possibility of other types of isoforms controlling RGS2 expression and foam cell 

formation cannot be excluded. In addition, the most dominantly expressed PKC isoform 

in Raw264.7 cells is reported to be PKC-η (Pham et al., 2003). In our research on the 

effects of various PKC PS inhibitors on RGS2 expression, the contribution of PKC-η 

was mediated. Among the tested isoforms, PKC-η PS efficiently recovered the decrease 

in RGS2 expression by LPS and strongly inhibited foam cell formation as well. These 

results suggest the important relationship between PKC-η and RGS2 in atherosclerosis. 

Previous studies reported that PKC-η is essential in the differentiation of epithelial 

tissues (Kashiwagi et al., 2002) and regulates ADP-induced thromboxane generation in 
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platelets (Bynagari et al., 2009), but the function of PKC-η in atherosclerosis 

development is not clear. However, the importance of PKC-η in cardiovascular 

pathology has been suggested (Kubo et al., 2007). These authors suggested the 

possibility of PKC-η function in atherosclerosis by showing that PKC-η overexpression 

in human monocytes caused nitric oxide production and inducible nitric oxide synthase 

induction after exposure to endotoxin (Pham et al., 2003). PKC-η PS inhibited foam cell 

formation and RGS2 downregulation by PMA, used as a PKC activator. With the 

treatment of LPS or PMA, the similar effects from PKC-η PS suggest that the function 

of PKC-η in RGS2 regulation and foam cell formation is a general phenomenon. 

Known functions of PLD are varied and include involvement in signaling pathways, 

membrane fusion, vesicular trafficking, and cytoskeleton dynamics (Kanaho et al., 

2009). Treatment with LPS increased PLD activity of macrophages. PLD2 inhibition by 

siRNA reversed the decrease of RGS2 expression and the increase of foam cell 

formation by LPS. On the other hand, an increase in the PLD2 level by overexpression 

intensified LPS-induced RGS2 downregulation and worsened foam cell formation. 

These observations suggest that PLD2 activity by LPS weakens RGS2 expression and 

induces foam cell formation. There are no direct reports describing the relationship 

between PLD and atherosclerosis development, but some reports have supported the 

possibility of a PLD role. ATP-binding cassette transporter 1 (ABCA1) transports 

cellular cholesterol and phospholipids to high density lipoprotein-apolipoproteins. The 

factors modulating ABCA1 activity have a profound impact on cholesterol transport and 

atherosclerosis. Previous reports showed that PLD2 activity, stimulated by unsaturated 

fatty acids, destabilize this transport by the phosphorylation of ABCA1 (Wang and 
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Oram, 2005). Subsequent studies by the same author revealed ABCA1 destabilization 

mediated by PKC-η and suggested a model that mediates the PKC-η-PLD2 signaling 

pathway in the regulation of ABCA1 (Wang and Oram, 2007).  

PLD2 is usually constitutively active and is modestly activated by ADP-ribosylation 

factor and PKC (Koch et al., 2003). How PLD2 activation affects RGS2 expression and 

foam cell formation has not yet been proven. We hypothesized the roles of second 

messengers PA and DAG, produced by PLD, and tested these molecules. Treatment 

with DOG, a DAG analogue, or dioleoyl PA had no effect on RGS2 expression and 

foam cell formation (data not shown). Further study of PLD2 products controlling LPS-

mediated RGS2 downregulation and foam cell formation is necessary. 
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Figure legends 

 

Fig. 1. LPS induces foam cell formation and RGS2 downregulation in Raw264.7 

cells. A, Raw264.7 cells were treated with LPS (100 ng/ml) containing LDL (50 μg/ml) 

for 24h. The cells were fixed with 10% formalin and stained with Oil-red O. The 

intracellular lipid droplets were then detected by light microscopy. Foam cells are 

expressed as percentage of positive Oil-red O cells compared with total cells. Data 

represent mean ± SD and experiments were repeated five times in duplicate. *** p < 

0.001 by two-tailed Student’s t-test. B, cells were stimulated with LPS for the indicated 

times. RGS2 and RGS4 mRNA expression were determined by RT-PCR and was 

normalized to β-actin. C, cells were treated with LPS (100 ng/ml) or angiotensin II (1 

μM) for the indicated times. RGS2 mRNA expression was determined by RT-PCR and 

was normalized to β-actin. 

 

Fig. 2. TLR4 siRNA or mutation recovers LPS-induced RGS2 downregulation and 

foam cell formation. A, Raw264.7 cells were transfected with either control siRNA or 

TLR4 siRNA for 24 h. The cells were stimulated with vehicle or LPS for 45 min. RGS2 

mRNA expression was determined by RT-PCR and was normalized to β-actin. B and C, 

peritoneal macrophages were isolated from TLR4 wild type or mutant mice and 

incubated with vehicle or LPS. RGS2 mRNA and foam cell formation were determined 

by RT-PCR (B) or Oil-red O staining (C), respectively.  

 

Fig. 3. RGS2 overexpression inhibits and RGS2 downregulation potentiates LPS-
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induced foam cell formation. (A and B), Raw264.7 cells were transfected with a 

pcDNA3 vector expressing mouse RGS2 or vector alone. A, the cell lysates were 

analyzed for RGS2 by Western blotting. B, gene-transfected cells were stimulated with 

or without LPS for 24 h and foam cell formation were determined by Oil-red O staining. 

(C and D), Raw264.7 cells were transfected with either control siRNA or RGS2 siRNA 

for 24 h. C, RGS2 mRNA was determined by RT-PCR. D, siRNA-transfected cells 

were stimulated with or without LPS. Foam cell formation was determined by Oil-red O 

staining. Data represent mean ± SD and experiments were repeated four or five times in 

duplicate. ** p < 0.01 or *** p < 0.001 by two-tailed Student’s t-test. 

 

Fig. 4. PKC-η is involved in the LPS-induced RGS2 downregulation and foam cell 

formation. A, Raw264.7 cells were pretreated with staurosporine then stimulated with 

LPS for 45 min. RGS2 mRNA expression was determined by RT-PCR and was 

normalized to β-actin. B, cells were pretreated with various PKC PS inhibitors and 

stimulated with LPS for 45 min. RGS2 mRNA expression was determined by RT-PCR. 

C, before LPS stimulation for 45 min, cells were treated with the indicated doses of 

PKC-η PS inhibitor. RGS2 mRNA expression was determined by RT-PCR. D, cells 

were treated with LPS in the presence or absence of PKC-η PS for 24 h. Foam cell 

formation was determined by Oil-red O staining. Data represent mean ± SD and 

experiments were repeated five times in duplicate. *** p < 0.001 by two-tailed 

Student’s t-test. 

 

Fig. 5. PKC-η also mediates PMA-induced RGS2 downregulation and foam cell 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 17, 2010 as DOI: 10.1124/mol.110.064394

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 64394 

 29

formation. A, Raw264.7 cells were treated with the indicated doses of PMA for 45 

min. RGS2 mRNA expression was determined by RT-PCR and was normalized to β-

actin. B and C, cells were pretreated with PKC-η PS inhibitor and stimulated with 

PMA. RGS2 mRNA and foam cell formation were determined by RT-PCR (B) or Oil-

red O staining (C), respectively. Data represent mean ± SD and experiments were 

repeated five times in duplicate. *** p < 0.001 by two-tailed Student’s t-test. 

 

Fig. 6. PLD plays a role in the LPS-induced RGS2 downregulation and foam cell 

formation. A, Raw264.7 cells were labeled with [3H]myristic acid (5 μCi/ml) overnight 

and stimulated with the different times of LPS. The accumulated phosphatidylbutanol 

was extracted by thin layer chromatography and the radioactivity was counted. B, cells 

were pretreated with the indicated doses of 1-BuOH or t-BuOH and stimulated with 

LPS for 45 min. RGS2 mRNA expression was determined by RT-PCR. C, cells were 

pretreated with 1-BuOH or t-BuOH and stimulated with LPS for 24 h. Foam cell 

formation was determined by Oil-red O staining. Data represent mean ± SD and 

experiments were repeated five times in duplicate. D, Raw264.7 cells were labeled with 

[3H]myristic acid overnight and stimulated with PMA (100 nM). The accumulated 

phosphatidylbutanol was extracted by TLC and the radioactivity was counted. E, Cells 

were pretreated with the 1-BuOH or t-BuOH and stimulated with PMA. RGS2 mRNA 

expression was determined by RT-PCR. * p < 0.05 , ** p < 0.01 , or ***p < 0.001 by 

two-tailed Student’s t-test. 

 

Fig. 7. PLD2 siRNA suppresses LPS-induced RGS2 downregulation and foam cell 
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formation. Raw264.7 cells were transfected with either control siRNA or PLD2 siRNA 

for 24 h. A, PLD2 mRNA and protein expression were determined by RT-PCR or 

Western blot, respectively. B and C, siRNA-transfected cells were stimulated with or 

without LPS. RGS2 mRNA and foam cell formation were determined by RT-PCR (B) 

or oil-red O staining (C), respectively. Data represent mean ± SD and experiments were 

repeated five times in duplicate. *** p < 0.001 by two-tailed Student’s t-test. 

 

Fig. 8. PLD2 overexpression potentiates LPS-induced RGS2 downregulation and 

foam cell formation. Raw264.7 cells were transfected with a pcDNA3 vector 

expressing mouse PLD2 or vector alone. A, PLD2 mRNA and protein expression were 

determined by RT-PCR or Western blot, respectively. B and C, gene-transfected cells 

were stimulated with or without LPS. RGS2 mRNA and foam cell formation were 

determined by RT-PCR (B) or Oil-red O staining (C), respectively. Data represent mean 

± SD and experiments were repeated five times in duplicate. *** p < 0.001 by two-

tailed Student’s t-test. 
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