
Secretory Phospholipase A2, Group IIA Is a Novel Serum
Amyloid A Target Gene
ACTIVATION OF SMOOTH MUSCLE CELL EXPRESSION BY AN INTERLEUKIN-1
RECEPTOR-INDEPENDENT MECHANISM*

Received for publication, October 1, 2009, and in revised form, October 20, 2009 Published, JBC Papers in Press, October 22, 2009, DOI 10.1074/jbc.M109.070565

Christopher P. Sullivan‡, Stephanie E. Seidl‡, Celeste B. Rich‡, Michel Raymondjean§, and Barbara M. Schreiber‡1

From the ‡Department of Biochemistry, Boston University School of Medicine, Boston, Massachusetts 02118 and the §Université
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Atherosclerosis is a multifactorial vascular disease character-
ized by formation of inflammatory lesions. Elevated circulating
acute phase proteins indicate disease risk. Serum amyloid A
(SAA) is one such marker but its function remains unclear. To
determine the role of SAA on aortic smooth muscle cell gene
expression, a preliminary screen of a number of genes was per-
formed and a strong up-regulation of expression of secretory
phospholipase A2, group IIA (sPLA2) was identified. The SAA-
induced increase in sPLA2 was validated by real time PCR,
Western blot analysis, and enzyme activity assays. Demonstrat-
ing that SAA increased expression of sPLA2 heteronuclear RNA
and that inhibiting transcription eliminated the effect of SAA
on sPLA2 mRNA suggested that the increase was transcrip-
tional. Transient transfections and electrophoretic mobility
shift assays identifiedCAAT enhancer-binding protein (C/EBP)
and nuclear factor �B (NF�B) as key regulatory sites mediating
the induction of sPLA2. Moreover, SAA activated the inhibitor
ofNF-�Bkinase (IKK) in cultured smoothmuscle cells. Previous
reports showed that interleukin (IL)-1� up-regulates Pla2g2a
gene transcription via C/EBP� and NF�B. Interestingly, SAA
activated smoothmuscle cell IL-1�mRNAexpression, however,
blocking IL-1 receptors had no effect on SAA-mediated activa-
tion of sPLA2 expression. Thus, the observed changes in sPLA2
expression were not secondary to SAA-induced IL-1 receptor
activation. The association of SAAwith high density lipoprotein
abrogated the SAA-induced increase in sPLA2 expression.
These data suggest that during atherogenesis, SAA can amplify
the involvement of smooth muscle cells in vascular inflamma-
tion and that this can lead to deposition of sPLA2 and subse-
quent local changes in lipid homeostasis.

Elevated circulating acute phase proteins correlate with an
increased risk for atherosclerosis (1–4). One such disease indi-
cator is serum amyloid A (SAA)2 (5). The SAA protein family

consists of 12–14-kDa constitutive (SAA4) and acute phase
(SAA1, SAA2, and SAA3) isoforms. During inflammation, there
are large changes in liver-derived plasma levels of the acute phase
isoforms, SAA1 and SAA2 (6, 7). The other acute phase iso-
form, SAA3, is extrahepatically inducible (8), and although
the locus equivalent to SAA3 was previously believed to be a
pseudogene in humans, Larson and co-workers (9) demon-
strated its expression bymammary gland epithelial cells. Proin-
flammatory stimuli induce SAA expression in liver; optimal
expression is achieved with a combination of interleukin (IL)-1
and IL-6 (10, 11). Extrahepatic synthesis of SAA by synovial
fibroblasts, macrophages, adipocytes, and smooth muscle cells
has been documented (12–15). SAA is also expressed in athero-
sclerotic lesions (13, 16, 17). Although several roles have been
suggested, the functions of SAA remain uncertain (7). Our lab-
oratory demonstrated that in response to IL-1�, cultured aortic
smoothmuscle cells synthesize SAA (18) leading to the hypoth-
esis that during atherogenesis, locally synthesized SAA acts in
an autocrine fashion to influence smooth muscle cell function.
In this regard, to determine the role of SAA on aortic smooth
muscle cell gene expression, a preliminary screen of a number
of genes was performed on RNA extracted from acute phase
SAA-treated aortic smoothmuscle cell cultures. The data show
that the mRNA levels of another acute phase protein, secretory
phospholipaseA2, group IIA (sPLA2) increased in smoothmus-
cle cells treated with SAA. The SAA-induced expression of
sPLA2 mRNA was validated and the mechanism whereby SAA
activates the sPLA2 gene was explored. These data suggest that
expression of SAA in the vasculature during the progression of
atherosclerosis can amplify the involvement of smooth muscle
cells in that an autocrine response to SAA may induce expres-
sion of additional acute phase proteins.

EXPERIMENTAL PROCEDURES

Isolation, Culture, and Treatment of Neonatal Rat Aortic
Smooth Muscle Cells—Smooth muscle cells were isolated by
enzymatic digestion of aortas from 3-day-old Sprague-Dawley
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rats (Charles River Breeding, Wilmington, MA) as previously
described (19). Primary cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 100 units/ml of
penicillin, 100�g/ml of streptomycin, 0.1mMMEMnon-essen-
tial amino acids, and 1 mM MEM sodium pyruvate solution
(DMEM) (all fromCellgro,Manassas, VA) containing 20% fetal
bovine serum (Sigma). Trypsinized cells were seeded at a den-
sity of 2 � 104 cells/cm2 in DMEM containing 10% fetal bovine
serum. Experiments were performed on cells up to the third
passage.
Cells were treated with recombinant SAA (Peprotech, Rocky

Hill, NJ), which corresponds to human acute phase SAA (20).
There is some variation in potency of the various lots of SAA,
but as stated in the figure legends, all experiments were per-
formed with 2–4 �M SAA, doses that consistently induced an
effect. Lipid-deficient serum (LDS) was prepared as previously
described (21). Additional reagents included actinomycin D
(ActD) (Sigma), recombinant IL-1� (eBioscience, San Diego,
CA), IL-1 receptor antagonist (IL-1Ra) (R&D Systems, Minne-
apolis, MN), lipopolysaccharide (LPS) (Sigma, E. coli 0111:B4),
and Ro 23-9358 (Sigma). To study the effect of lipid-associated
SAA, high density lipoprotein (HDL) (Calbiochem, La Jolla,
CA)-associated SAA was prepared in medium containing LDS
(DMEM-LDS) by adding various concentrations of HDL to a
fixed concentration of SAA before incubating at room temper-
ature for 15 min while shaking, followed by 15 min at 37 °C.
Prior to treatment, media were removed and the cells were
washed twice. DMEM-LDSwas added followed by the addition
of SAA, IL-1�, IL-1Ra, LPS, HDL, or SAA-associated HDL
alone or in combination as described in the figure legends. In
cultures treated for more than 3 days, the medium was aspi-
rated and the cells were re-fed with fresh DMEM-LDS plus
reagents twice weekly, including the day before harvest in each
case. ActD was added 1 h prior to the addition of SAA.
Western Blot Analysis—Extracts were prepared to generate

total cellular protein or nuclear and cytoplasmic protein. Total
cell lysis was carried out in RIPA buffer (50 mM Tris (pH 8.0),
150 mM NaCl, 0.5% deoxycholate sodium salt, 0.1% SDS, 1%
Nonidet P-40, 1 mM EDTA) supplemented with enzyme inhib-
itors (10 �g/ml of leupeptin, aprotinin, pepstatin, 1 mM phenyl-
methylsulfonyl fluoride, 1 mM Na3VO4, 1 mM dithiothreitol).
For differential extraction, the cytoplasmic fraction was iso-
lated by incubation in lysis buffer (20 mM HEPES (pH 7.9), 1.5
mM MgCl2, 10 mM KCl, 2 mM EDTA, 0.5 mM dithiothreitol,
0.1% Nonidet P-40) containing enzyme inhibitors (10 �g/ml
leupeptin, aprotinin, pepstatin, 0.25 mM phenylmethylsulfonyl
fluoride, 2mMNa3VO4). Lysis of nuclear pellets was carried out
by incubation in nuclear lysis buffer (20mMHEPES (pH7.9), 1.5
mM MgCl2, 10 mM KCl, 2 mM EDTA, 0.5 mM dithiothreitol,
0.1% Nonidet P-40, 350 mM NaCl, 25% glycerol). The quantity
of protein in extracts was determined by the BCA assay (Pierce)
as per the manufacturer’s instructions. Protein extracts were
resolved by 12–15% SDS-PAGE and transferred to Immo-
bilon-P membranes (Millipore, Bedford, MA). Western blots
were stained with Ponceau S and protein loading was equal in
all lanes. Membranes were then washed in Tris-buffered saline
with 0.1% Tween 20 (TBST) before blocking for 1 h in TBST
with 5% nonfat dry milk (Nestle, Vevey, Switzerland) or 5%

bovine serum albumin, the latter for detection of phosphor-
ylated and total inhibitor of NF-�B kinase (IKK). Blocked
membranes were incubated with anti-sPLA2 (1:1,000, Santa
Cruz Biotechnology, Santa Cruz, CA), anti-CEBP� (1:2,000,
Santa Cruz Biotechnology), anti-p65 (1:1,000, Santa Cruz
Biotechnology), anti-phospho-IKK�/� (1:750, Cell Signaling
Technology, Inc., Danvers, MA), or anti-IKK� (1:1,000, Cell
Signaling) overnight at 4 °C with rocking. After 4 washes
with TBST, membranes were incubated with the horseradish
peroxidase-conjugated secondary antibody (1:2,000–1:10,000,
Santa Cruz Biotechnology) specific for the species fromwhich the
primary antibodywasderived. Finally, horseradishperoxidasewas
detected on immunostained blots by chemiluminescent detection
(Visualizer EC,Millipore) as per the manufacturer’s instructions.
Transfection and Luciferase Assays—Rat Pla2g2a promoter

constructs were generated from a 534-bp (-488 to �46) frag-
ment of the rat Pla2g2a promoter as previously described (22).
This construct is referred to as 488. Constructs called 156 and
42 contain shortened promoter fragments that were generated
by deleting nucleotides �488 to �157 and �488 to �43,
respectively. In addition, site-directed mutant promoter con-
structs include those with mutations in the two C/EBP binding
sites (C/EBP�1 and C/EBP�2) and one NF�B binding site
(NF�B�) previously identified within the 488 promoter frag-
ment (23). A luciferase reporter construct (C-Luc) in which
luciferase expression is driven by 4 repeats of C/EBP binding
site 1 was used (24). Last, a luciferase reporter construct
(N-Luc) in which luciferase expression is driven by 6 repeats of
an NF�B binding site was kindly provided by Dr. Gail Sonen-
shein, Boston University School of Medicine, Boston, MA. To
normalize for transfection efficiency, all cultureswere co-trans-
fected with a pRL-CMV-Renilla luciferase construct (Pro-
mega). For all transfections, cells were cultured in 24-well
dishes until they were 70% confluent. Using FuGENE 6 (Roche
Applied Science) according to the manufacturer’s instructions,
cultures were co-transfected with 1 �g of plasmid construct
and 40 ng of pRL-CMV-Renilla per well. After an overnight
incubation, cells were cultured under experimental conditions
for 24 h. Cells were then washed twice with cold phosphate-
buffered saline, harvested, and analyzed according to the man-
ufacturer’s instructions using the Dual Luciferase Reporter
Assay System (Promega). Data are expressed as luciferase/
Renilla � S.D.
Real Time PCR—Total RNA was extracted using the RNeasy

kit (Qiagen, Valencia, CA) and RNA was subjected to reverse
transcriptase-PCR using the Superscript III First Strand Syn-
thesis System (Invitrogen). The resultant cDNA was used to
conduct real time PCR on the Applied Biosystems 7300 Real-
time PCR System (Applied Biosystems, Foster City, CA). To
detect expression of rat Pla2g2a gene products, Primer Ex-
press software (Applied Biosystems) was used to design SYBR
Green primers to detect mRNA (5�-ACAGCATGAAGGTC-
CTCCTGTT-3� and 5�-GGCTCCCCTGGACCTGAA-3�) and
TaqMan primers to detect heteronuclear (hn) RNA (5�-CCT-
TTGGATGCATTTGAGTGATT-3� and 5�-TGAACAA-
GAAGCCATACCACCAT-3�; TaqMan, 5�-CCATCCAAGA-
GGTACATGCCCAGAAACTC-3�). The latter generates an
80-bp product that spans an intron/exon border. The expres-
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sion levels of IL-1� mRNAwere detected by SYBR Green anal-
ysis using previously described primers (25). An 18S rRNA
TaqMan primer set (Applied Biosystems) was used for normal-
ization. All primers were synthesized by Operon Biotechnolo-
gies. Calculations were carried out using the ��Ct method of
relative quantitation. Data are expressed as relative mRNA (or
hnRNA) levels � S.D.
Enzymatic Activity Assay for sPLA2—Media were collected

and stored at �80 °C. Cells were washed twice with cold 100
mM HEPES buffer (pH 8), scraped into that same buffer, and
stored at �80 °C. Upon thawing, cell layer samples were dis-
rupted by sonication twice for 5 s on ice. Enzyme activity in the
medium and cell layer samples was determined according to
the manufacturer’s instructions using a commercially available
kit (Cayman Chemical, Ann Arbor, MI). Specificity was deter-
mined using the inhibitor Ro 23-9358 (Sigma) (26). Enzyme
activity is expressed as a function of the area of cell culture
growing surface (nmol of product/min/cm2 � S.D.).
Electrophoretic Mobility Shift Assay—Nuclei were isolated

and electrophoretic mobility shift assays performed essen-
tially as described previously (27). Oligomers purchased
from Operon Biotechnologies were annealed and end-labeled
with [�-32P]ATP (50–100 �Ci) (PerkinElmer Life Sciences).
For binding reactions, nuclear extracts (3–5 �g) were com-
bined with the labeled double-stranded oligomers (10–150
fmol, 20,000–150,000 cpm) in a final volume of 8 �l of nuclear
lysis buffer. Volumes of 1.25 �l (1 �g/�l) of poly(dI-dC) (GE
Healthcare), 3.5 �l of 5� binding buffer (10 mM HEPES (pH
7.9), 1mMdithiothreitol, 0.1%TritonX-100, 0.5% glycerol), and
water were added to bring the total volume to 17.5 �l. Binding
was carried out at 25 °C for 30 min. For competition analysis,
reactions were also incubatedwith 100-fold excess of unlabeled
double-stranded oligonucleotides for 30 min prior to the addi-
tion of the other binding reaction components. For supershift
experiments, 0.8 �g of anti-C/EBP� (Santa Cruz Biotechnol-
ogy), anti-p65 (Santa Cruz Biotechnology), or normal rabbit
IgG (Santa Cruz Biotechnology) were incubated with nuclear
extracts for 30 min at 25 °C before the addition of the other
binding reaction components. All binding reaction mixtures
were resolved on pre-electrophoresed 4% nondenaturing poly-
acrylamide gels. TheDNAoligonucleotide sequences used cor-
respond to sequences as follows (actual binding sites are under-
lined and mutated bases appear in bold; base pairs not actually
present in the gene appear in lowercase): C/EBP1, C/EBP bind-
ing site �242 to �232 on the rat Pla2g2a promoter (ATGAA-
CTTTCGAAATCAGCT); C/EBP�1, mutated C/EBP1 (ATGA-
ACTTTAGATCTCAGCT) (22); C/EBPc, a C/EBP consensus
binding site (GGTATGATTTTGTAATGGGGTAGG) (28);
NF�B, �141 to �131 on the rat Pla2g2a promoter, (gttacaaa-
GGGAAATTACCatttgatc) (22); NF�B�, mutated NF�B (AGA-
GATCTTTACCCAAG) (29); or NF�Bc, an NF�B consensus
binding site (GGGACAGAGGGGACTTTCCGAGAGG) (30).
Statistical Analyses—Data are expressed as mean � S.D. for

samples from a representative experiment, except where indi-
cated, the mean � S.D. for the average from 3 independent
experiments is shown (in the latter cases, experiments were
performed in duplicate so means of duplicates for 3 indepen-
dent experiments were used to calculate S.D. and perform sta-

tistical analysis). For comparison of 2 samples, data were ana-
lyzed using a two-tailed unpaired Student’s t test and
statistically significant differences were reported when p �
0.05. For multiple comparisons, data were analyzed by analysis
of variance. Statistically significant differences of relevant com-
parisons were determined by Bonferroni post hoc analysis and
reported when p � 0.05.

RESULTS

Circulating levels of SAA correlate with an increased risk for
atherosclerosis. SAA accumulates in atherosclerotic vessels,
potentially synthesized by aortic smooth muscle cells in re-
sponse to inflammatory cytokines (13, 18). However, smooth
muscle cell targets are as yet unknown; identification of such
targets will shed light on the role SAA plays in atherosclerosis.
To identify potential targets, a preliminary screen of a number
of genes was performed on total RNA extracted from neonatal
rat aortic smooth muscle cells that were treated with SAA for 1
and 7 days. The level of sPLA2 mRNA was highly elevated in
neonatal rat aortic smooth muscle cells treated with SAA (data
not shown). It has been determined that sPLA2, which cleaves
phospholipids to generate a free fatty acid and a lysophospho-
lipid, is also an indicator of cardiovascular risk and therefore of
interest. To validate these results, real time PCRwas performed
to measure the SAA-induced expression of sPLA2 mRNA. The
data from a typical experiment are depicted in Fig. 1A and show
that there was virtually no detectable expression of sPLA2
mRNA in control cultures. By 8 h after the addition of SAA,
sPLA2 mRNA was detected (13.1-fold increase in expression
relative to control) and levels continued to increase during the
24-h study. As expected with primary cells, there was variation
in the level of sPLA2 mRNA gene expression in control versus
SAA-treated cells from different cell isolations, however, there
was a consistent dramatic increase upon treatment with SAA.
To determine whether the increase in Pla2g2a gene expression
resulted in an increase in protein expression and if the increase
was chronic, Western blot analysis was performed on extracts
of smooth muscle cells treated with SAA for 1, 4, and 7 days.
The data show that sPLA2 protein expression was evident only
in SAA-treated cultures (Fig. 1B). The expression of sPLA2 was
evident on day 1 and persisted throughout the time course to
day 7. To ensure that the SAA-mediated expression of sPLA2
was not due to LPS contamination of the SAA preparation, the
effect of Escherichia coli LPS on sPLA2 expression was exam-
ined. The manufacturer markets preparations of SAA with no
more than 0.1 ng of LPS/�g of SAA. The actual amount of LPS
in the preparation used for the study depicted in Fig. 1C was
0.01 ng of LPS/�g of SAA or 0.24 ng of LPS/ml at the dose of
SAA tested (2 �M). Treatment with LPS for 24 h with doses as
high as 100 ng/ml had no effect on sPLA2 mRNA expression.

To determine whether the SAA-induced increase in sPLA2
mRNA and protein expression resulted in an increase in avail-
able active enzyme, total activity was evaluated by measuring
both medium and cell layer fractions to detect secreted and
cell-associated enzyme activity, respectively. The latter reflects
intracellular enzyme activity as well as cell-associated secreted
enzyme. After treating the cells in the presence or absence of
SAA, medium and cell layer fractions were harvested and then
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enzyme activity was evaluated using a 1,2-dithio analog of
diheptanoyl phosphatidylcholine as substrate, in the presence
and absence of the inhibitor, Ro 23-9358. There was little or no
activity in medium (this varied slightly from experiment to
experiment) in the absence of SAA, however, the addition of
SAA consistently induced an enzyme activity (Fig. 2A). All of
the enzyme activity in themedium fraction was inhibited by Ro
23-9358. There was baseline enzyme activity in the cell layer of
control cultures and this was not inhibited by Ro 23-9358 and
hence, was not sPLA2. Interestingly, the SAA-induced activity
in the cell layer was only partially inhibited by Ro 23-9358. The
data in Fig. 2B depicts a time course study and demonstrates
that 16 h after the addition of SAA, enzyme activity increased
and continued to increase during the 48-h study. Although the
enzyme was previously shown to be activated by SAA (31),
under the assay conditions in this report, there was no increase
in activity in control medium to which SAA was added after
harvest (data not shown).

To determine a mechanism for the increase in steady state
levels of sPLA2 mRNA, the potential role of SAA-induced acti-
vation of transcription of the Pla2g2a gene was explored by
examining the expression of hnRNA. The data in Fig. 3A show
that hnRNA was detected as early as 6 h after the addition of
SAA, and continued to increase and remained elevated at 16 h
post-treatment. The increase in prespliced RNA suggests that
the SAA-induced increase in sPLA2 mRNA was likely due, at
least in part, to increased gene transcription. To determine
whether SAA also increased the stability of sPLA2 mRNA, cells
pretreated with ActD to inhibit gene transcription were ex-
posed to SAA for 18 h, at which time the expression of sPLA2
mRNA was determined. The data in Fig. 3B show that inhibit-
ing gene transcription prevented the SAA-induced increase in
sPLA2 mRNA expression, demonstrating that transcription
was required for the increase in sPLA2 mRNA and the increase
in expression was not due to mRNA stabilization. To explore
which transcription factors played a role in the SAA-induced
increase in expression of the Pla2g2a gene, promoter transfec-
tion analyses were carried out. Previously, IL-1�-responsive
elements were identified within the proximal promoter of the
rat Pla2g2a gene (22). To test if SAA-responsive elements were
located in this promoter region, smoothmuscle cells were tran-
siently transfected with the full-length construct (488), as well

FIGURE 1. SAA induces sPLA2 expression. A, rat smooth muscle cells were
treated with (SAA) or without (control) SAA (2 �M) for 4, 8, 18, or 24 h, at which
time total RNA was extracted and analyzed by real time PCR for sPLA2 mRNA.
RNA expression was calculated as described under “Experimental Proce-
dures” and data expressed as RNA levels relative to the 0-h control � S.D. (n �
3). B, rat smooth muscle cells were treated with (�) or without (�) SAA (4 �M)
for 1, 4, or 7 days, at which time total cell protein extracts were prepared and
duplicate extracts were subjected to Western blot analysis using an anti-
serum directed against sPLA2. C, rat smooth muscle cells were treated with
(SAA) or without (Control) SAA (2 �M) or LPS (0.1–100 ng/ml) for 24 h, at which
time total RNA was extracted and analyzed by real time PCR for sPLA2 mRNA.
RNA expression was calculated as described under “Experimental Proce-
dures” and the data expressed as RNA levels relative to the control � S.D. (n �
3). The level of sPLA2 mRNA in SAA-treated cells was significantly different
from that in control-treated and LPS-treated samples (p � 0.003).

FIGURE 2. SAA increases sPLA2 activity. A, rat smooth muscle cells were
treated overnight with (SAA) or without (Control) SAA (4 �M), at which time
media and cell layers were harvested and assayed for enzyme activity in
the presence of 0, 4, or 8 �M Ro 23-9358. The data are expressed as nmol of
product/min/cm2. B, rat smooth muscle cells were treated with (SSA) or
without SAA (4 �M) for 2, 16, 24, or 48 h, at which time media were har-
vested and assayed for enzyme activity. The data are expressed as nmol of
product/min/cm2 � S.D. (n � 3).
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as deletion constructs (156 and 42) designed to drive luciferase
expression, treated with SAA (or under control conditions),
and reporter activities analyzed. SAA induced a 1.8-fold
increase in promoter activity compared with control-treated
cells (Fig. 3C). Baseline promoter activity decreased in deletions
to �156 and �42 bp. Moreover, deletion to �156 or �42 bp
abrogated the SAA induction of the promoter, indicating that
the response elements reside in the promoter region between
�488 and �156 bp.
Two C/EBP binding sites in the region upstream of base pair

�156 have been described previously (24). Western blot anal-
ysis was conducted on cell lysates from cultures treated with
SAA to look for changes in C/EBP� expression. C/EBP�
expression was not detected in control cells but was expressed
as early as 3 h after SAA treatment (Fig. 4A). To determine
whether or not the previously identified C/EBP binding sites
located between �242 and �223 bp (C/EBP1) and �299 and
�278 bp (C/EBP2) (24) contribute to SAA-induced activation
of the Pla2g2a gene promoter, transfection analyses were car-
ried out using luciferase construct 488 or constructs with
mutated C/EBP1 and C/EBP2 binding sites, C/EBP�1 and
C/EBP�2, respectively. The data show that removal of either
C/EBP binding site decreased baseline activity of the promoter
(Fig. 4B). Moreover, mutation of C/EBP2 did not alter SAA-
induced promoter activity significantly, however, C/EBP�1 was
unresponsive to SAA treatment. To further assess the potential
response to SAA, a luciferase reporter construct containing 4
repeats of C/EBP1 attached to the rat pyruvate kinase minimal
promoter driving luciferase expression was studied. Activity of
this construct increased with SAA treatment (Fig. 4C). To
assess the C/EBP-binding capacity in nuclear extracts of SAA-
treated cells, electrophoretic mobility shift assays were per-
formed using 32P-labeled oligos corresponding to the C/EBP1
site within the Pla2g2a promoter. Labeled oligos were incu-
bated with nuclear extracts from control- or SAA-treated cul-
tures (Fig. 4D). In comparison to control, nuclear extracts from
SAA-treated samples bound more of the oligomer. This
increase in binding was competed away with excess unlabeled
C/EBP1 and C/EBP consensus oligos. An oligomer correspond-
ing to mutated C/EBP1 was unable to reduce binding (data not
shown). Additionally, the mobility of the protein-oligonucle-
otide complexwas retarded in the presence of theC/EBP� anti-
body but not normal rabbit IgG.
Another transcription factor shown to regulate Pla2g2a gene

expression is NF�B. The promoter region of the Pla2g2a gene
between bp �131 and �141 has been identified as a high affin-
ity binding site for NF�B (32). Although the transient transfec-
tion experiments using the promoter deletion constructs did
not suggest the involvement of this region andhence, thisNF�B
binding element, the possibility of cooperation between
C/EBP� and NF�B led us to consider whether SAA increases
transcription of the Pla2g2a gene via activation of NF�B. To
determine whether NF�B plays a role in SAA-induced up-reg-
ulation of sPLA2, localization of NF�B to the nucleus was stud-

FIGURE 3. SAA up-regulates transcription of the Pla2g2a gene. A, rat
smooth muscle cells were treated with (SAA) or without (Control) SAA (4 �M)
for 2, 6, 10, or 16 h, at which time total RNA was extracted and analyzed by real
time PCR for sPLA2 hnRNA. RNA expression was calculated as described under
“Experimental Procedures” and data expressed as RNA levels relative to the
2-h control � S.D. (n � 3). B, rat smooth muscle cells were pretreated with or
without ActD (10 �g/ml) for 1 h followed by SAA (2 �M) for 18 h, at which time
total RNA was extracted and analyzed by real time PCR for sPLA2 mRNA. RNA
expression was calculated as described under “Experimental Procedures” and
data expressed as RNA levels relative to the control � S.D. (n � 3). The level of
sPLA2 mRNA in SAA-treated cells was significantly different from that in con-
trol-treated, ActD-treated, and SAA plus ActD-treated samples (p � 0.0001).
C, rat smooth muscle cells were transfected with rat Pla2g2a luciferase pro-
moter constructs (488, 156, or 42) and a Renilla construct to control for trans-
fection efficiency. Twenty-four hours later, cells were incubated with (SAA) or
without (Control) SAA (4 �M) for an additional 24 h, at which time cells were
harvested and promoter activity determined as described under “Experimen-
tal Procedures.” Relative luciferase activities are expressed as the average
fold-induction in comparison to control cells transfected with the 488-bp
construct from three independent experiments � S.D. Promoter activity in
control-treated cells transfected with the 488 bp was significantly different
from that in control-treated cells transfected with either the 156- or 42-bp

constructs (p � 0.001). Promoter activity in SAA-treated cells transfected with
the 488-bp construct was significantly different from that in control-treated
cells transfected with the 488-bp construct (p � 0.001).
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ied. Cells were cultured with or without SAA for various peri-
ods of time. Differential extraction of cytoplasmic and nuclear
proteins was performed and Western blot analysis was carried

out to look for p65, a component of NF�B. The data show that
SAA induced the movement of p65 from the cytoplasm to the
nucleus (Fig. 5A). This change in localization, which was evi-
dent as early as 2 h after the addition of SAA, demonstrates that
SAA activated NF�B. To determine whether NF�B activation
plays a role in SAA-induced up-regulation of Pla2g2a gene
expression, transfection analysis was carried out using NF�B�,
which is the 488 construct containing a mutation in the NF�B
binding site (22). Cells were transfected with the 488 or NF�B�

constructs, followed by 24 h of treatment with SAA. The activ-
ity of the control-treated wild type 488 construct is shown in
Fig. 4B and in comparison, the control-treated NF�B� con-
struct expressed only 4.0 � 0.7% of the activity, demonstrating
that baseline activity of the mutated promoter is dramatically
decreased (p � 0.001). Importantly, promoter activity in SAA-

FIGURE 4. SAA induces binding to the C/EBP1 site in the Pla2g2a promoter.
A, rat smooth muscle cells were treated with (�) or without (�) SAA (4 �M) for 3 or
24 h, at which time total cell protein extracts were prepared and subjected to
Western blot analysis using an antiserum directed against C/EBP�. B, rat smooth
muscle cells were transfected with luciferase promoter constructs (488, C/EBP�1,
or C/EBP�2) and a Renilla construct, the latter to control for transfection efficiency.
Twenty-four hours later, cells were incubated with (SAA) or without (Control) SAA
(4 �M) for an additional 24 h, at which time cells were harvested and promoter
activity determined as described under “Experimental Procedures.” Relative lucif-
erase activities are expressed as the average fold-induction in comparison to
control cells transfected with the 488-bp construct from three independent
experiments�S.D. Promoter activity in control-treated cells transfected with 488
was significantly different from that in control-treated cells transfected with
either C/EBP�1 (p � 0.01) or C/EBP�2 (p � 0.05). Promoter activity in SAA-treated
cells transfected with the 488 and C/EBP�2 constructs was significantly different
from that in control-treated cells transfected with these plasmids (p � 0.001).
C, rat smooth muscle cells were transfected with a luciferase promoter construct
activated by C/EBP (C-Luc) and a Renilla construct, the latter to control for trans-
fection efficiency. Twenty-four hours later, cells were incubated with (SAA) or
without (Control) SAA (4 �M) for an additional 24 h, at which time cells were
harvested and promoter activity determined as described under “Experimental
Procedures.” Relative luciferase activities are expressed as the average fold-in-
duction in comparison to control cells � S.D. (n � 3). Promoter activity in SAA-
treated cells was significantly different from that in control-treated cells (p �
0.002). D, an electrophoretic mobility shift assay was conducted using nuclear
extracts from rat smooth muscle cells treated with (�) or without (�) SAA (4 �M)
for 24 h. Nuclear extracts were incubated with 32P-labeled oligos corresponding
to C/EBP1 prior to electrophoresis. Competition studies were carried out by add-
ing an excess of unlabeled oligos corresponding to C/EBP1 or a C/EBP consensus
sequence (C/EBPc). Supershift analysis was performed by preincubating nuclear
extracts with either C/EBP� antibody (C/EBP�) or normal rabbit IgG (IgG). Free
probe, i.e. no nuclear extract, was run in the first lane.

FIGURE 5. SAA induces binding to the NF�B site in the Pla2g2a promoter.
A, rat smooth muscle cells were treated with (�) or without (�) SAA (4 �M) for
1, 30, 120, and 240 min, at which time, cytoplasmic (C) and nuclear (N) protein
extracts were prepared and subjected to Western blot analysis using an anti-
serum directed against p65. B, rat smooth muscle cells were transfected with
a luciferase promoter construct activated by NF�B (N-Luc) and a Renilla con-
struct, the latter to control for transfection efficiency. Twenty-four hours later,
cells were incubated with (SAA) or without (Control) SAA (2 �M) for an addi-
tional 24 h, at which time cells were harvested and promoter activity deter-
mined as described under “Experimental Procedures.” Relative luciferase
activities are expressed as the average fold-induction in comparison to con-
trol cells � S.D. (n � 6). Promoter activity in SAA-treated cells was significantly
different from control-treated cells (p � 0.0001). C, an electrophoretic mobil-
ity shift assay was conducted using nuclear extracts from rat smooth muscle
cells treated with (�) or without (�) SAA (4 �M) for 24 h. Nuclear extracts were
incubated with 32P-labeled oligos corresponding to the NF�B binding site in
the Pla2g2a gene promoter prior to electrophoresis. Competition studies
were carried out by adding an excess of unlabeled oligos corresponding to
the NF�B binding site (NF�B) or an NF�B consensus sequence (NF�Bc). Super-
shift analysis was performed by preincubating nuclear extracts with either
p65 antibody (p65) or normal rabbit IgG (IgG). Free probe, i.e. no nuclear
extract, was run in the first lane. D, rat smooth muscle cells were treated with
(�) or without (�) SAA (2 �M) for 0.25, 0.5, 1, 3, 6, or 24 h, at which time total
cell protein extracts were prepared and subjected to Western blot analysis
using antisera directed against phospho-IKK�/� (upper panel) and total IKK�
(lower panel).
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treated cells transfected with construct 488 was significantly
different from that in SAA-treated cells transfected with
NF�B� construct (p � 0.001); the SAA-treated mutated pro-
moter expressed 4.1 � 0.6% of the activity of the control-
treated wild type 488 construct, demonstrating that this
construct was unresponsive to SAA. Further support for SAA-
induced activation of NF�B was provided using a reporter
construct that contains 6 copies of a consensus NF�B binding
site (33). This construct displayed a 3.1-fold increase in activity
with SAA treatment (Fig. 5B). To evaluate the binding of NF�B
to the identified binding site in the Pla2g2a promoter, an elec-
trophoretic mobility shift assay was conducted. Nuclear
extracts from control- and SAA-treated cell cultureswere incu-
bated with 32P-labeled oligos corresponding to the NF�B bind-
ing site on the Pla2g2a gene promoter. In addition to bands
indicative of SAA-unresponsive binding, there was a band that
increased in nuclear extracts from SAA-treated smoothmuscle
cells (Fig. 5C). This increase in binding to the oligomer was
competed away with both unlabeled NF�B corresponding to
the element in the Pla2g2a gene and with NF�B consensus
oligos. An oligo corresponding to themutatedNF�B element in
the Pla2g2a gene promoter was unable to reduce binding (data
not shown). Additionally, mobility of the protein-oligonucle-
otide complex was retarded in the presence of p65 antibody but
not normal rabbit IgG. NF�B is inactive and sequestered in the
cytoplasm when complexed with I�B. One mechanism of acti-
vation of NF�B is via IKK, which is known to phosphorylate
I�B, leading to its degradation, thereby enabling NF�B tomove
to the nucleus (34). To determinewhether activation ofNF�B is
mediated by IKK,Western blot analysis was performed to eval-
uate IKK phosphorylation. The data in Fig. 5D show that IKK
was phosphorylated 30 min after the addition of SAA. Peak
levels of phosphorylated IKKwere evident at 1 h. Total levels of
IKK did not change with the addition of SAA.
Although SAA is largely associated with HDL in circulation,

it has been speculated that it is available in lipid-free/lipid-poor
forms at the site of atherosclerotic lesion formation, which
makes the functional differences between lipid-associated and
lipid-free SAAof interest. Studieswere performed to determine
whether HDL-associated SAA up-regulates sPLA2 or if associ-
ation with HDL inhibits these effects. It has been shown that
when SAA is combinedwithHDL they readily associate (35), so
to perform these studies, a constant concentration of SAA was
first incubated with varying concentrations of HDL. Cells were
then control-treated or treated with SAA alone, i.e. lipid-free,
HDL alone, or HDL-associated SAA for 24 h. Media were col-
lected and analyzed for enzyme activity. HDL alone had no
effect on enzyme activity but the addition of increasing concen-
trations of HDL caused a dose-responsive decrease in SAA-
induced sPLA2 activity (Fig. 6). Additional studies to determine
whether HDL inhibits sPLA2 expression at the mRNA level
confirmed this finding (data not shown).
Previous reports demonstrated that IL-1� induces rat vascu-

lar smooth muscle cell expression of sPLA2, also in a C/EBP�-
and NF�B-dependent manner (22, 36). It was of interest to
determine whether the SAA-induced increase in sPLA2 was
mediated by IL-1� signaling. First, the effect of SAA on IL-1�
expression was explored by real time PCR. Cells were treated

with SAA for various periods of time before analysis of IL-1�
mRNA levels. SAA induced a large increase in IL-1� mRNA
expression in response to SAA as a function of time of treat-
ment (Fig. 7).
To determine whether IL-1� signaling contributes to the

SAA-induced increase in sPLA2 expression, cells were treated
with or without SAA or IL-1� in the presence or absence of the
receptor antagonist, IL-1Ra. After 24 h of treatment, expression
of sPLA2 was analyzed by real time PCR. In accordance with
previous studies (36), IL-1� increased smooth muscle cell
expression of sPLA2 mRNA (Fig. 8A). As expected, IL-1Ra
inhibited the IL-1�-induced sPLA2 mRNA expression. Inter-
estingly, however, the SAA-induced sPLA2 mRNA expression
remained elevated in the presence of IL-1Ra, suggesting that
SAA-induced sPLA2 expression is independent of IL-1� signal-
ing. Likewise, IL-1� induced an increase in enzyme activity and
thiswas blocked by IL-1Ra, however, the SAA-induced increase

FIGURE 6. SAA-induced sPLA2 activity is inhibited when added in the
presence of HDL. Rat smooth muscle cells were treated with (SAA) or without
(Control) SAA (4 �M) or with increasing concentrations of HDL (25–150 �g/ml)
preincubated with SAA (4 �M) for 24 h, at which time media were harvested
and assayed for enzyme activity. The data are expressed as nmol of product/
min/cm2 � S.D. (n � 3). Enzyme activity in control lipid-free samples was
significantly different from lipid-free SAA-treated samples (p � 0.001).
Enzyme activity in the HDL (25 �g/ml)-treated samples was significantly dif-
ferent from SAA plus HDL (25 �g/ml)-treated samples (p � 0.001). Enzyme
activity in the lipid-free SAA-treated samples was significantly different from
SAA plus HDL (25, 100, 150 �g/ml)-treated samples (p � 0.001).

FIGURE 7. SAA up-regulates IL-1� mRNA expression. Rat smooth muscle
cells were treated with (SAA) or without (Control) SAA (4 �M) for 4, 8, 12, and
24 h, at which time total RNA was extracted and analyzed by real time PCR for
IL-1� mRNA. RNA expression was calculated as described under “Experimen-
tal Procedures” and data expressed as RNA levels relative to the 4-h control �
S.D. (n � 3).
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in enzyme activity was unaffected by the presence of the recep-
tor antagonist, IL-1Ra (Fig. 8B).

DISCUSSION

Vascular smooth muscle cells in atherosclerosis respond to
numerous inflammatory mediators. Previously, we reported
that smooth muscle cells synthesize SAA in response to IL-1�
(18). In this study, the mechanisms of smooth muscle response
to SAA treatment were explored. These data demonstrate that
SAAup-regulates smoothmuscle cell expression of thePla2g2a
gene via critical NF�B and C/EBP sites, suggesting that SAA
amplifies an acute phase response in the vasculature. Although
local levels of SAA in the vasculature are not known, circulating
concentrations in the plasma during an acute phase can be
more than 1,000 �g/ml (i.e. 	80 �M) and these experiments
were performed with 2–4 �M SAA, suggesting the physiologic
relevance of these findings.

The specific role of the SAA family in atherosclerosis
remains controversial and both pro-atherogenic and anti-
atherogenic roles for SAAhave been suggested (7, 37). Potential
pro-atherogenic functions include induction of expression of
matrix metalloproteinases, chemotaxis of monocytes, poly-
morphonuclear leukocytes and T lymphocytes, cholesterol
delivery to peripheral tissues, and binding to proteoglycans in
the vasculature, causing retention ofHDL (1). Alternatively, the
SAA2.1 isoform promotes cholesterol export from cholesterol-
laden macrophages (38, 39), and peptides corresponding to the
mouse SAA2.1 isoform were demonstrated to be atheroprotec-
tive in apolipoprotein E-deficientmice (40). Our data show that
SAA decreases smoothmuscle cell lipid synthesis and accumu-
lation, potentially guarding against smooth muscle “foam cell”
formation (20).
In addition to SAA, an elevated level of serumsPLA2has been

identified as a marker of cardiovascular risk (41, 42). The genes
for which sPLA2 is the product have been identified and
sequenced in mice (Pla2g2a), rats (Pla2g2a), and humans
(PLA2G2A) (43–45). Interferon-� (46, 47) and IL-1� (22, 48)
stimulate smooth muscle cell sPLA2 expression. Moreover, it
was reported that LPS at 100 ng/ml stimulates smooth muscle
cell phospholipase activity (36). Here, at a similar dose, there
was no effect on mRNA expression of sPLA2. It is uncertain as
to the cause of this discrepancy, however, the increase in sPLA2
mRNA expression in this study is clearly not due to contami-
nation of the recombinant SAA with LPS. Expression of sPLA2
in smooth muscle cells has been shown to be regulated (acti-
vated) at the level of transcription by C/EBP, peroxisome pro-
liferator-activated receptor �, NF�B, Ets, and liver X receptors/
retinoid X receptors (22, 29).
A member of the phospholipase superfamily of enzymes,

sPLA2, cleaves at the Sn2 position of phospholipids, generating
a free fatty acid and a lysophospholipid (49–51). In this study,
enzyme activity was measured using a 1,2-dithio analog of
diheptanoyl phosphatidylcholine as substrate. Specificity for
sPLA2 was evaluated using the inhibitor Ro 23-9358 and is
strongly suggestive of active sPLA2 enzyme. Although it is pos-
sible that the inhibitor does not fully distinguish the sPLA2 of
interest in this study from all others due to the inherent prob-
lems associated with the use of pharmacologic inhibitors, the
evaluation of activity that is not inhibited by Ro 23-9358 ismost
meaningful. Thus, the finding that SAA-induced phospho-
lipase activity in the medium is wholly sPLA2, but in the cell
layer it is only partially sPLA2 suggests that SAA induces addi-
tional intracellular phospholipase(s). Future studies will eluci-
date the nature of this activity. Interestingly, acute phase SAA
was shown to increase enzyme activity of sPLA2 (31), but this
was not the case in the study reported herein. This discrepancy
is perhaps due to the differences in the source of the SAA
and/or the enzyme.
Arachadonic acid is commonly generated as a product of

sPLA2 and it can then serve as the precursor for signaling mol-
ecules such as prostaglandins, leukotrienes, thromboxanes, and
prostaglandins. Lysophospholipids are also biologically active
with a variety of identified functions including the induction of
mitogenesis and chemotaxis (51). It has been shown that sPLA2
also localizes to vascular lesions (52–56) and published data

FIGURE 8. SAA-induced expression of sPLA2 is not mediated by IL-1�.
A, rat smooth muscle cells were treated with (SAA) or without (Control)
SAA (2 �M) or IL-1� (100 ng/ml) for 24 h in the presence (�) or absence (�)
of IL-1Ra (1 �g/ml), at which time total RNA was extracted and analyzed
by real time PCR for sPLA2 mRNA. RNA expression was calculated as
described under “Experimental Procedures” and data expressed as RNA
levels relative to the control � S.D. (n � 3). The level of sPLA2 mRNA in
control-treated cells was significantly different from that in SAA- (p �
0.01), IL-1�- (p � 0.01), and SAA plus IL-1Ra-treated cells (p � 0.001). The
level of sPLA2 mRNA in IL-1�-treated cells was significantly different from
IL-1� plus IL-1Ra-treated cells (p � 0.01). B, rat smooth muscle cells were
treated with (SAA) or without (Control) SAA (2 �M) or IL-1� (100 ng/ml) for
24 h in the presence (�) or absence (�) of IL-1Ra (1 �g/ml)) for 24 h, at
which time media were harvested and assayed for enzyme activity. The
data are expressed as nmol of product/min/cm2 � S.D. (n � 3). Enzyme
activity in the media of control-treated cells was significantly different
from that in SAA-, IL-1�-, and SAA plus IL-1Ra-treated cells (p � 0.001).
Enzyme activity in the IL-1�-treated cells was significantly different from
that in IL-1� plus IL-1Ra-treated cells (p � 0.001). Enzyme activity in
IL-1Ra-treated cells was significantly different from that in SAA plus
IL-1Ra-treated cells (p � 0.001).
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support a role for sPLA2 in hydrolysis of arterially embedded
low density lipoprotein (LDL), contributing to an inflammatory
response and lesion formation (57, 58). The sPLA2-modified
LDL particles aggregate and bind to proteoglycans, causing
their retention in the vasculature, generation of proinflamma-
tory lysophosphatidylcholine, which is chemotactic for mono-
cytes, and the induction of expression of proteoglycans and
growth factors, including platelet-derived growth factor.More-
over, the modified LDL particles are taken up more avidly by
macrophages, leading to lipid-laden “foam cell” formation (58,
59). In addition to LDL, both acute phase and normalHDLhave
been shown to be substrates for sPLA2 (60). In a transgenic
mouse model, sPLA2 led to a decrease in the levels of HDL (61,
62), possibly due to the reported increase in cholesteryl ester
uptake via the scavenger receptor BI by sPLA2-modified HDL
(61). Transgenic mice overexpressing sPLA2 either globally or
in a macrophage-specific manner developed atherosclerotic
lesions (63–66). In a model in which sPLA2 was overexpressed
in macrophages, it was shown that lesion size increased but
interestingly, collagen accumulation was also greater, suggest-
ing that sPLA2 might exacerbate lesion formation but lead to a
more stable lesion, i.e. one not prone to rupture (63). These
findings deserve further attention. Anti-atherogenic roles for
sPLA2 have been suggested by identification of anti-thrombotic
properties that could potentially inhibit the formation of a
thrombus after plaque rupture in late stage disease (67, 68).
Anti-apoptotic properties of sPLA2 may protect against athero-
sclerosis and it has been suggested that functions in anti-in-
flammatory cascades may well be dependent upon the stage in
lesion formation (51). Moreover, Labeque et al. (69) showed
that sPLA2-modified LDL is cleared from the bloodstream
more rapidly than unmodified. Likewise, cholesterol is taken up
more avidly by hepatocytes incubated with phospholipase-
treated HDL (31, 70, 71). It is also noteworthy that sPLA2
expression has been shown in normal artery tissue and
although this could suggest changes indicative of an early
inflammatory response, it might also suggest that sPLA2 partic-
ipates in maintaining vascular homeostasis (53, 54).
The role of NF�B in vascular disease has been the subject of

many investigations (72, 73). The data reported here demon-
strate that SAA activates smooth muscle cell IKK and NF�B as
well as C/EBP�, and these findings are likely to have relevance
beyond their role in Pla2g2a gene expression. These data sup-
port a role for SAA in exacerbating the local inflammatory
response within the vessel wall during atherosclerotic plaque
formation. Interestingly, the expression of SAA itself has been
shown to be up-regulated by NF�B as well as C/EBP (11). The
acute phase response in hepatocytes has been shown to be de-
pendent on NF�B and C/EBP� including IL-1�-induced
expression of C-reactive protein (74) and LPS-induced factor
VIII expression (75). C/EBP� functions with NF�B to promote
the expression of SAA as well as cytokines such as IL-6, IL-8,
and IL-12 (76–78). Our demonstration of cytokine-induced
smooth muscle cell expression of SAA (18) suggests a potential
autocrine loop whereby vascular inflammation activates
expression of SAA, which further activates NF�B and C/EBP�-
mediated expression of SAA. The cytokine-induced activation
of NF�B shown to down-regulate hepatic gene expression of

apoA-1 and paraoxonase 1 and up-regulate expression of SAA
suggests a potentialmechanism for an increase in inflammatory
circulating HDL (79) and it is interesting to speculate as to
whether the expression of SAA would also activate hepatic
sPLA2 during an acute phase response, thereby resulting in
additional remodeling of plasma lipoprotein particles.
These data show that SAA activates expression of sPLA2

mRNA via an IL-1 receptor-independent pathway. The SAA-
induced activation of expression of IL-1� mRNA would be
expected to contribute, at least in part, to the sPLA2 expressed
in response to SAA, but this was not the case. When an exoge-
nous source of IL-1� was provided, sPLA2 expression was acti-
vated, demonstrating that the receptor and signaling pathways
leading to IL-1�-mediated activation of sPLA2 are available in
these cells. Themost likely explanation for the lack of an IL-1�-
mediated activation of sPLA2 by SAA is that the amount of
IL-1� synthesized, secreted, and available in an active form in
response to SAA is insufficient to activate the promoter.
SAA has been shown to bind to a variety of receptors includ-

ing the formyl peptide-receptor like-1 receptor (80, 81), Tanis
(82), CD36 and lysosomal integral membrane protein-II analo-
gous-1 (83), the receptor for advanced glycation end products
(84, 85),�IIb�3 integrin (86), and the scavenger receptor BI (87,
88). More recently, it was suggested that SAA-induced nitric
oxide production by macrophages is Toll-like receptor (TLR)
4-dependent (89). Another recent report identified TLR2 as a
receptor that binds SAA and activates NF�B andmitogen-acti-
vated protein kinases. Using macrophages from a TLR2-de-
ficient mouse model, SAA-mediated expression of tumor
necrosis factor � and IL-23p19 were shown to be TLR2-de-
pendent. Interestingly, the SAA-induced expression of the
anti-inflammatory cytokines, IL-10 and IL-1Ra, are TLR2-
dependent as well (90). IL-1�-activated expression of the
Pla2g2a promoter is mediated by C/EBP, NF�B, and Ets (22).
The IL-1 and TLR superfamily of receptors share a common
intracellular Toll/IL-1 domain. Diversity in responses is gen-
erated by variable extracellular regions (91). Whether SAA-
induced activation of transcription of the Pla2g2a gene is
mediated by a TLR remains to be determined and it will be
interesting to further pursue the potential links between the
innate immune system and the chronic inflammation asso-
ciated with atherosclerosis (91, 92).
The activation of sPLA2 expression was inhibited by HDL,

suggesting a potentialmechanism for regulation of induction of
the enzyme by SAA. The data show that association with HDL
inhibits the SAA-induced activation of sPLA2 expression.
Although SAA is known to bind avidly toHDL, its availability in
a lipid-free/lipid-poor form has been the subject of much spec-
ulation and is probably due to expression of large amounts of
SAA (87) or as van derWesthuyzen et al. (93) suggested, due to
remodeling of acute phase HDL, which could generate lipid-
poor SAA that can serve as a cholesterol acceptor, promoting
efflux. Data fromour laboratory and that of others demonstrate
SAA synthesis by smooth muscle cells (13, 18) suggesting that
local production of SAAmay contribute to its accumulation in
atherosclerotic plaques and that the SAA is potentially available
to the cells in a free, non-lipoprotein-bound form for the auto-
crine induction of sPLA2.
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In conclusion, these data show that SAA dramatically up-
regulates the expression of sPLA2 in aortic smoothmuscle cells.
The effect of SAA on sPLA2 activity is mediated, at least in part,
at the level of transcription by activation of both NF�B and
C/EBP�. Taken together, the data suggest that during an
inflammatory cascade in the vasculature, SAA synthesized by
smooth muscle cells could act in autocrine fashion to activate
expression of sPLA2.
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