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ABSTRACT: Serum amyloid A (SAA) is an acute phase protein whose level of expression increases markedly
during bacterial infection, tissue damage, and inflammation. The potential beneficial roles of SAA include its
involvement in reverse cholesterol transport and possibly extracellular lipid deposition at sites of inflamma-
tion and tissue repair. It is an attractive therapeutic target for the treatment of atherosclerosis. Peroxisome
proliferator-activated receptor γ (PPARγ) plays a major regulatory role in adipogenesis and in the expression
of genes involved in lipid metabolism. Activation of PPARγ leads to multiple changes in gene expression,
some of which are believed to be atherogenic while others are antiatherogenic. In this study, we investigated
the effects of SAA on PPARγ activation and its downstream target gene expression profiles in HepG2 cells.
We demonstrated that SAA could activate PPARγ transcriptional activity. Preincubation of HepG2 cells
with SAA enhanced the efflux of cholesterol to HDL and apoA-I. In addition, SAA increased the level of
intracellular 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2), which is a potent natural ligand for PPARγ. Our
data suggested that SAA activated PPARγ through extracellular signal-regulated kinase 1/2 (ERK1/2)-
dependent COX-2 expression. Furthermore, SAA-induced cholesterol efflux was suppressed when the ERK1/
2 pathway or COX-2 was inhibited. Overall, our study has established, for the first time, a relationship
between SAA and PPARγ. Additionally, the data from our study have also provided new insights into the role
of SAA in cholesterol efflux.

Cardiovascular disease is one of the leading causes ofmortality
in developed countries (1). It most often results from athero-
sclerosis, a progressive condition characterized by the accumula-
tion of lipids and fibrous elements in the large arteries.
Atherosclerosis has been regarded as a chronic inflammatory
disease since 1999 (2).

Serum amyloidA (SAA)1 is an acute phase protein whose level
of expression increasesmarkedly during bacterial infection, tissue
damage, and inflammation (3). SAA is mainly synthesized in the
liver following inflammatory stimuli, although induction of SAA
synthesis has also been reported in adipocytes, intestinal epithe-
lial cells, myocytes, and macrophages (4). During an acute phase
response, SAA constitutes 2.5% of the total protein produced in
the liver, and its plasma levels could be increased by as much as
1000-fold over the basal level, suggesting a beneficial role for
SAA in host defense (5). SAA ismainly associated withHDLand

behaves like an apolipoprotein. It can displace apoA-I as the
major HDL protein at elevated concentrations (6). SAA is
thought to have both beneficial and harmful effects in the
inflammatory process. The potential beneficial roles of SAA
include its involvement in reverse cholesterol transport and
possibly extracellular lipid deposition at sites of inflammation
and tissue repair (7). Reverse cholesterol transport involves the
removal of excess cholesterol from peripheral tissues, including
foam cells of the arterial wall, and its delivery to the liver for
biliary excretion. Cholesterol efflux is a crucial process regulating
the cholesterol homeostasis of an organism and is thus an
important therapeutic target for the prevention and reversal of
atherosclerosis (8). Cholesterol efflux is the only mechanism by
which cells can limit or reverse the accumulation of cellular
cholesterol (9). Conversely, SAA has its harmful effects as a
precursor of amyloid A, whose deposition results in amyloid-
osis (10).

Peroxisome proliferator-activated receptor γ (PPARγ) is a
nuclear receptor protein that functions as a transcription factor
to regulate the expression of its target genes (11). PPARγ plays a
major regulatory role in adipogenesis and the expression of genes
involved in lipid metabolism (12, 13). Activation of PPARγ leads
to changes in expression levels of multiple genes, some of which
are believed to be atherogenic (14) while others are antiathero-
genic (15). PPARγ can be activated by a number of naturally
occurring fatty acid metabolites, including oxidized linoleic acid
(9- and 13-HODE) and 15-deoxy-Δ12,14-prostaglandin J2 (14, 16).
PPARγ agonists have been shown to improve endothelial func-
tion, inhibit the proliferation and migration of vascular smooth
muscle cells, and inhibit the production of inflammatory cytokines
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and matrix metalloproteinases (MMPs) in macrophages (15).
These lines of evidence indicate that PPARγ activation might
have a positive effect in suppressing atherosclerosis.

COX-2 is a rate-limiting enzyme of prostaglandin (PG)
synthesis, which catalyzes the conversion of arachidonic acid to
prostaglandin G2 (PGG2) and then to prostaglandin H2 (PGH2)
(17). PGH2 is subsequentlymodified into prostaglandinD2 (PGD2).
The bioactive 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) is
physiologically formed by dehydration and isomerization of
PGD2 (18). A recent study suggested that the intracellular 15-
deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2) level could be in-
creased by COX-2 overexpression (19). It has been reported that
SAA induces COX-2 expression in monocytes and epithelial
cells (20, 21). However, the mechanisms of SAA-induced COX-2
expression are not clearly understood.

ABCA1, a member of the ATP-binding cassette transporter
family, is involved in the control of high-density lipoprotein and
apolipoprotein A1-mediated cholesterol efflux (22). ABCG1 is
another ABC transporter implicated in cholesterol homeostatsis
and promotes the efflux of cholesterol to HDL (23). Overexpres-
sion of ABCG1 is protective against lipid accumulation (23).
Recent studies proposed that ABCA1 and ABCG1 might func-
tion synergistically to promote cellular cholesterol efflux (24).
Both ABCA1 and ABCG1 are downstream target genes of
PPARγ. Agonists for the PPARγ have been reported to increase
the levels of ABCA1 andABCG1 expression and stimulate efflux
of cholesterol to HDL (25). It has been reported that SAA
induces ABCA1 and ABCG1 in macrophages (8). However, the
underlying mechanism is not clear.

In this study, we investigate the effects of SAA on PPARγ
activation and its downstream gene expression profile in HepG2
cells.We demonstrate that SAA activated PPARγ through extra-
cellular signal-regulated kinase 1/2 (ERK1/2)-dependent cyclo-
oxygenase (COX-2) expression. Furthermore, SAA-induced
cholesterol efflux was suppressedwhen the ERK1/2 pathwaywas
inhibited.

METHODS

Cell Culture. HepG2 cells (human hepatocellular carcinoma
cell line) were cultured in DMEM (Dulbecco’s modified Eagle’s
medium) supplemented with 10% FBS (fetal bovine serum) and
1% penicillin and streptomycin. Recombinant synthetic human
SAA was purchased from PeproTech. SAA is a hybrid molecule
corresponding to human SAA1R except for the N-terminal
methionine and substitutions of asparagine for aspartic acid at
position 60 and arginine for histidine at position 71. The latter
two substituted residues are present in SAA2β. In SAA treatment
studies, cells were seeded onto a cell culture plate under serum
free conditions, and SAA was added to the medium at different
times ranging from 0 to 24 h. The endotoxin levels in the SAA
preparation were confirmed to be e1 EU/μg of protein by the
E-TOXATE test kit (Sigma-Aldrich). In the PPARγ receptor
study, cells were pretreated with 1 nM PPARγ antagonist,
T0070907 (Cayman), for 1 h and then treated with 20 μg/mL
SAA or 5 μM PPARγ agonist, ciglitazone (Cayman), in serum-
free medium for 4 and 8 h. In the extracellular signal-regulated
kinase 1/2 (ERK1/2) pathway study, cells were pretreated with
50 μM ERK1/2 inhibitor, PD98059 (Sigma-Aldrich), in serum-
free medium for 1 h and then treated with 20 μg/mL SAA for 4 h.
To determine if ERK1/2 phosphorylation was induced by SAA
directly or mediated through synthesis of other signaling proteins,

100 μM translation inhibitor, cycloheximide, was added to the
cells for 1 h before SAA treatment.
Estimation of the Level of Protein Expression by Wes-

tern Blotting. Protein samples (30 μg) were loaded and sepa-
rated via 10% SDS-PAGE. Rabbit anti-ABCA1 antibody
(Millipore), mouse anti-ABCG1 antibody (Sigma-Aldrich), rab-
bit anti-LXRR antibody (Abcam), and mouse anti-phospho-
ERK1/2 (Thy202/Tyr204) antibody (Cell Signaling) were used at
a dilution of 1:1000. Anti-β-actin antibody (Sigma-Aldrich) was
used at a dilution of 1:5000. Anti-rabbit secondary antibody (Cell
Signaling) and anti-mouse secondary antibody (Thermo Scien-
tific) coupled to horseradish peroxidase were used at a dilution of
1:10000. The blots were developed with the SuperSignal West
Pico Chemiluminescent substrate (Pierce) and exposed to Clear
Blue X-ray film (Pierce).
Determination of Gene Expression Levels by Quantita-

tive RT-PCR.Total RNAwas isolated usingRNeasyMiniKits
(Qiagen). The LightCycler RNA Master SYBR Green I kits
(Roche) were used to quantify the starting mRNA. The house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. Following the
manufacturer’s instructions, 90 ng of RNA template, primers,
Mn(OAc)2, and LightCycler RNA Master SYBR Green I were
mixed well and transferred into LightCycler capillaries. The
LightCycler 2.0 system program was set up to conduct reverse
transcription, denaturation, amplification, melting curve anal-
ysis, and final cooling. The crossing point of each sample was
measured, and the relative treatment versus control ratio of each
target gene was analyzed with LightCycler version 3.5. The
sequences of the primers that were used were as follows: ABCG1,
50-CAGTCGCTCCTTAGCACCA-30 (sense) and 50-TCCATG-
CTCGGACTCTCTG-30 (antisense); ABCA1, 50-GGAGGCA-
ATGGCACTGAGGAA-30 (sense) and 50-CCTGCCTTGTGG-
CTGGAGTGT-30 (antisense); LXRR, 50-AGCGTCCACTCA-
GAGCAAG-30 (sense) and 50-ACAGTCATTCGTGCACA-
TCC-30 (antisense); GAPDH, 50-CACTCCTCCACCTTTG-
ACGC-30 (sense) and 50-GGTCCAGGGGTCTTACTCC-30

(antisense).
Cholesterol Efflux Assay. Cells were seeded on six-well

plates at a density of 5� 105 cells/well. After incubation for 24 h,
the cells were labeledwith 1μCi/mL [3H]cholesterol (PerkinElmer)
for 24 h in medium containing 10% FBS. The cells were washed
five times with PBS containing 1 mg/mL BSA and equilibrated in
serum-free medium containing 0.2% fatty acid-free BSA for 16 h.
HepG2 cells labeled with [3H]cholesterol were preincubated with
SAA (20 μg/mL) or H2O as a control for 4 h. Following
incubation, the cells were washed extensively with PBS to remove
all radioactivity in the preincubation medium. Thereafter, cells
were incubated for 1-24 h at 37 �C in media with or without
lipoproteins or lipid-free apolipoproteins (HDL, 40 μg/mL; apoA-I,
10 μg/mL). Human HDL and apoA-I was obtained from Calbio-
chem. Following incubation, the medium was collected and
cells were washed three times with PBS containing 1 mg/mL
fatty acid-free BSA. Radioactivity in the medium was measured
directly in a liquid scintillation counter. Cells were lysed with 0.1 N
NaOHand 0.1%SDS for 30min at room temperature and counted
for radioactivity. Efflux was calculated as the percentage of counts
in the medium to the counts in the medium and cells together.
PPARγ Activity Assay. PPARγ transcription factor activ-

ity was assayed using an enzyme-linked immunosorbent assay-
based kit to detect and confirm activation of the PPARγ
transcription factor (Active Motif, Carlsbad, CA). HepG2 cells
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were seeded on the six-well plate for 24 h and treated with SAA
(20 μg/mL) or one of the following controls: LPS (4 and 100 ng/
mL), heat-treated LPS and SAA (100 �C for 30 min), LPS and
SAA treated with polymyxin B (50 μg/mL, 1 h), and apoA-I
(20 μg/mL, 4 h). The cells were then rinsed, and nuclear protein
was extracted according to the manufacturer’s instructions.
Nuclear extracts were added to a 96-well plate containing
immobilized oligonucleotides bearing peroxisome proliferators
or response elements (50-AACTAGGTCAAAGGTCA-30). After
1 h, the wells were incubated with primary PPARγ antibody to
detect the accessible epitope on PPARγ protein upon DNA
binding. The horseradish peroxidase-conjugated secondary anti-
body was added and incubated for 1 h at room temperature. The
reaction was stopped with stopping solution, and the absorbance
was read at 450 nm on a spectrophotometer (Spectra Plus,
TECAN).
SAA-HDL Association. To study the effect of lipid-

associated SAA, high-density lipoprotein (HDL)-associated
SAA was prepared in medium via addition of various concentra-
tions of HDL to SAA (20 μg/mL) before incubation at room
temperature for 15 min with shaking. The medium was then
incubated at 37 �C for 15 min before treatment.
Electrophoretic Mobility Shift Assay. HepG2 cells were

seeded on the six-well plate in the serum-freemedium for 24 h and
treated with SAA (20 μg/mL) for 4 h. Nuclear extracts were
prepared with a Nuclear Extraction Kit (Active Motif). The
double-stranded oligonucleotide probe containing the PPRE
motif (50-CAAAACTAGGTCAAAGGTCA-30) was labeled
with biotin using the Biotin 30-End DNA Labeling Kit (Pierce,
Rockford, IL). PPARγ binding activity was determined using the
light shift chemiluminesencent EMSA kit (Pierce). The nucleo-
protein binding reaction was performed via combination of
5 μg of nuclear extract and labeled probe for 30 min at room
temperature in the presence or absence of a 200-fold excess of
unlabeled specific PPRE probe or unlabeled mutated PPRE
probe (50-CAAAACTAGCACAAAGCACA-30). For the super-
shift experiment, extracts were preincubated with 2 μg of mono-
clonal anti-PPARγ (Active Motif) for 30 min before the labeled
probe was added. Protein/DNA mixtures were run on 6%
acrylamide gels, developed, and exposed to Clear Blue X-ray
film (Pierce).
Transfection and Luciferase Assay. The PPRE-luc re-

porter and Renilla luciferase construct were purchased from
SABiosciences. PPARγ cDNAs were cloned into mammalian
expression vector pcDNA3.1. To measure the PPARγ activ-
ity, HepG2 cells (1.25 � 105 cells/well) were transfected with
PPRE-luc and pcDNA3.1- PPARγ using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s protocol.
After transfection for 48 h, the cells were lysed and subjected to
luciferase assays using a Dual-Luciferase Reporter Gene Assay
system (Promega) according to the manufacturer’s instructions.
Serum-free medium was used for the treatment of HepG2 cells
with SAA (20 μg/mL) or ciglitazone (5 μM).
siRNA-Mediated Gene Silencing. Scrambled control RNA

oligonucleotides and siRNA to SR-BI obtained from Dharma-
con were used to suppress SR-BI expression in HepG2. To assess
the PPARγ transcriptional activity and cholesterol efflux,
HepG2 cells were plated in six-well plates and cultured inDMEM
with 10%FBS at 37 �C for 24 h. Cells were then transfected with
siRNA andLipofectamine 2000 for 48 h andwashed twice before
SAA stimulation, and their PPARγ transcriptional activity and
cholesterol efflux were measured.

EIA for 15d-PGJ2. The 96-well based EIA kit of 15d-PGJ2
was purchased fromCayman Chemical. Cells cultured in six-well
plates were pretreated with one of the following experimental
controls: 50 μM PD98059, 10 μM COX-2 inhibitor, NS-398
(CaymanChemical), or vehicle for 1 h.The cells were then treated
with 20 μg/mL SAA for 2 h. The cells were then lysed with lysis
buffer. The concentration of intracellular 15d-PGJ2 was deter-
mined by the EIA kit according to the manufacturer’s instruc-
tions.
Statistical Analysis.Measurementswere expressed asmeans

( standard deviation from at least three samples. For compar-
ison of two samples, data were analyzed using the Student’s t test
(two-tailed). For multiple comparisons, data were analyzed by
ANOVA. The statistical significance of relevant comparisons
was assessed by Bonferroni post hoc analysis and reported when
P < 0.05.

RESULTS

SAA Induces PPARγ and Expression of Its Target
Genes in HepG2 Cells. The expression levels of PPARγ and
its target genes LXRR, ABCG1, and ABCA1 in HepG2 were
examined in relation to varying concentrations and times of
exposure to SAA stimulation. The transcript levels for these four

FIGURE 1: SAA induces PPARγ, LXRR, ABCA1, andABCG1 gene
expression in HepG2 cells. HepG2 cells were treated with 5-40 μg/
mL SAA for 4 h (a) and 20 μg/mL SAA for the indicated times (b).
Total RNA was extracted, and real-time quantitative RT-PCR was
performed to determine mRNA expression levels of each gene. The
mRNA levels of each gene were standardized for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) levels. The results fromthree or
four separately performed experiments are expressed relative to the
controls and presented as the mean ( the standard deviation. (c)
HepG2 cells were incubated with 20 μg/mL SAA for the indicated
times. Protein samples were immunoblotted with anti-ABCG1, anti-
ABCA1, anti-LXRR, anti-PPARγ, and anti-β-actin antibodies.
**P < 0.05 vs 0 h SAA treatment for all the genes. *P < 0.05 vs
0 h SAA treatment. n= 3 or 4.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100645m&iName=master.img-000.jpg&w=196&h=287
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genes were all induced after stimulation for 4 h by SAA in a
concentration-dependent manner (Figure 1a). The effect of SAA
on the mRNA levels of PPARγ and LXRR was very transient.
We could detect an only mild increase for both after stimulation
for 4 h. The increases in mRNA levels for ABCG1 and ABCA1
were more pronounced than those for PPARγ and LXRR. For
ABCG1, the effect of SAA stimulation remained for up to 24 h
(Figure 1b), the maximum time point in our study. Western blot
analysis confirmed the induction of ABCG1, ABCA1, PPARγ,
andLXRR protein levels by stimulationwith 20μg/mLSAAover
time (Figure 1c).
SAA Facilitates Cholesterol Efflux in HepG2 Cells. The

ability of SAA to facilitate cholesterol efflux was examined using
purified lipid-free SAA. The results shown in Figure 2 indicated
that when HepG2 cells labeled with [3H]cholesterol were pre-
incubated with SAA (20 μg/mL), no significant changes in the
amount of efflux of cholesterol into the mediumwithout HDL or
apoA-I acceptor were observed. However, the amount of cho-
lesterol efflux was significantly increased in the presence of HDL
(Figure 2a). This increase was more drastic when apoA-I (10 μg/
mL) was used as themain cholesterol efflux acceptor (Figure 2b).
SAA Enhances PPARγ Transcriptional Activity in

HepG2 Cells. As both ABCA1 and ABCG1 are downstream
target genes of PPARγ, we examined the PPARγ activity
in HepG2 cells using an enzyme-linked immunosorbent

assay-based PPARγ transcription factor activity assay kit. As
shown in Figure 3a, 5 μMPPARγ agonist, ciglitazone, increased
the PPARγ transcriptional activity almost 8-fold compared to
the control. SAA (20 μg/mL) also increased PPARγ transcrip-
tional activity bymore than 3-fold, although the effect wasmilder
than that of ciglitazone. The effect of PPARγ antagonist
T0070907 on SAA-induced PPARγ activation was examined
via the pretreatment of HepG2 cells with T0070907 (1 nM), for
1 h. The treated cells were then stimulated with SAA (20 μg/mL)
and ciglitazone (5 μM). The enhanced PPARγ transcription
activity stimulated by SAA and ciglitazone was significantly
inhibited by T0070907 (Figure 3a).

We next investigated whether the PPARγ activation was a
direct effect of SAA or resulted from contaminating LPS in the
SAA preparation. The LPS content in the recombinant SAAwas
e0.1 ng/μg of protein, translating into e4 ng/mL LPS in 40 μg/
mLSAA.LPS at this concentration andat a higher concentration
of 100 ng/mL that we had tested was unable to induce PPARγ
activation (Figure 3b). Given that most proteins are heat-labile
while LPS is heat-resistant, we examined the ability of heat-
treated SAA (20 μg/mL) and LPS (100 ng/mL) to induce PPARγ
activation. SAA could no longer induce PPARγ activation after
being heated at 100 �C for 30 min. LPS had no effect on
transcription activation with or without heat treatment. In
parallel experiments, polymyxin B (PMB), an amphiphilic cyclic

FIGURE 2: SAA facilitates cholesterol efflux in HepG2 cells. HepG2 cells were labeled with 1 μCi/mL [3H]cholesterol for 24 h and equilibrated in
medium in the absence of cholesterol for 16h.The cellswere thenpreincubatedwith 20μg/mLSAAordistilledwater for 4 h.After this incubation,
the cells were washed with PBS four times. The cells were then incubated with medium that consisted of DMEM/BSA alone (null) or the same
medium containing 40 μg/mL HDL (HDL) (a) or 10 μg/mL apoA-I (apoA-I) (b) at 37 �C for different periods of time for the determination of
cellular efflux. Medium was collected at the indicated time points and assayed for [3H]cholesterol. Cells were lysed with 0.1% SDS and 0.1 M
NaOH lysis buffer, and radioactivity was determinedwith a scintillation counter. The average values are represented ((standard deviation) as the
percentage of the radioactivity in medium relative to the total radioactivity in cells and medium. *P < 0.05 vs HDL or apoA-I. n= 4 or 5.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100645m&iName=master.img-001.png&w=321&h=337
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polycationic peptide that specifically binds to LPS and neutra-
lizes its effect, had a minimal effect on the potency of
SAA-induced PPARγ activation. These results indicate that the
trace amount of LPS in the SAA preparation did not contribute
to the PPARγ activation. In another control experiment, apoA-I
was used in the PPARγ activation assay. Like SAA, apoA-I is
another major apolipoprotein of HDL, and they share similar
structure (amphipathic helices) and function (lipid transport). As
shown in Figure 3b, apoA-I has no effect on PPARγ transcrip-
tional activity. The gene expression levels ofABCA1 andABCG1
after SAA stimulation for 8 h, as well as PPARγ and LXRR after
SAA stimulation for 4 h, were also inhibited by the PPARγ
antagonist, T0070907 (Figure 3c).

To investigate the effect of SAA on PPARγ binding, we also
performed an EMSA. SAA increased PPRE DNA binding
activity in HepG2 cells (Figure 3d). The sequence specificity of
SAA-induced PPRE binding was demonstrated by inhibition of
binding with an excess of unlabeled PPRE probe, while the
binding was not affected by the same molar excess of oligonu-
cleotide with a mutated PPRE motif. The identity of the
PPAR-oligonecleotide complex was verified by a supershift
assay. To examine the effect of SAA on PPARγ activity, HepG2
cells were transfected with PPRE-luc reporter vector and PPARγ
expression vector. As shown in Figure 3e, SAA increased
luciferase activity in a concentration-dependent manner.

As SAA is associated with HDL in circulation, the effects
of HDL on SAA-induced PPARγ activation were examined.

The addition of increasing concentrations ofHDL caused a dose-
dependent suppression of SAA-induced PPARγ activation while
HDL alone had no effect on PPARγ activation (Figure 3f).
Cycloheximide (CHX) is a protein biosynthesis inhibitor. In this
study, we examinedwhether de novo protein synthesis is required
for the SAA-induced PPARγ activation. In a time course
experiment, SAAwas shown to increase PPARγ activity between
2 and 16 h. The SAA effect on PPARγ subsided after 8 h. As
shown in Figure 3g, the increased PPARγ activity was generally
suppressed by CHX, indicating endogenous expressed SAA or
intermediate molecule(s) involved in SAA-induced PPARγ acti-
vation. However, CHX could not completely abolish the PPARγ
activation induced by SAA.
SAA-Induced PPARγActivation andCholesterol Efflux

in HepG2 Are Partially Mediated by SR-BI. We also
assessed the contribution of scavenger receptor class B type
I (SR-BI) in SAA-induced PPARγ activation and cholesterol
efflux by using siRNA against SR-BI. Examination of the SR-BI
level by quantitativeRT-PCRdemonstrated 60%mRNAknock-
down (data not shown). As shown in Figure 4, siRNA-mediated
SR-BI gene silencing partially inhibited PPARγ activation and
cholesterol efflux induced by SAA treatment. However, siRNA
could not completely block the SAA effects, which indicated
the involvement of other receptors in SAA-induced PPARγ
activation and cholesterol efflux.
SAA Elevates the Intracellular 15d-PGJ2 Level. As

PPARγ can be activated by a number of intracellular fatty acids

FIGURE 3: SAA enhances PPARγ transcriptional activity inHepG2 cells. (a) HepG2 cells were pretreated with 1 nMT0070907 or vehicle for 1 h
and then treated with 20 μg/mL SAA or 5 μM cisglitazone for 4 h. PPARγ transcriptional activity was determined by a PPARγ transcription
factor activity assay kit. (b) HepG2 cells were incubated with SAA (20 μg/mL), LPS (4 and 100 ng/mL), heat-treated LPS and SAA (100 �C for
30 min), polymyxin (50 μg/mL, 1 h)-treated LPS and SAA, and apoA-I (20 μg/mL) for 4 h and followed by the PPARγ transcriptional activity
assay. (c) Real-time quantitativeRT-PCRwas performed to determinemRNAexpression levels of each gene, standardizingwithGAPDH levels.
(d)HepG2 cellswere stimulatedwith 20μg/mLSAA for 4 h, and nuclear extractswere prepared.TheEMSAwas performedusing a biotin-labeled
PPREprobe.Unlabeled PPRE sequences of itsmutantwere added as specific or nonspecific competitors as indicated: lane 1, control; lane 2, SAA
treatment; lane 3, SAA and unlabeled probe; lane 4, SAA and unlabeled mutant probe; lane 5, free probe; lane 6, SAA and anti-PPARγ.
(e)HepG2 cellswere transfectedwithPPARγ expression vector andPPRE-luc reporter constructs. PPRE-luc reporter activitywasmeasuredwith
a Dual-Luciferase Reporter Gene Assay system after incubation of transfected cell cultures with different doses of SAA for 4 h. (f) HepG2 cells
were incubated with medium containing 20 μg/mL SAA and increasing concentrations of HDL (25-100 μg/mL) (SAAþHDL) or medium
containingHDLonly (ConþHDL) for 4 h. (g) Cells were incubatedwith 100 μMcycloheximide (CHX) for 1 h before SAA (20 μg/mL) treatment
for the indicated times. PPARγ transcription activity was determined as described before. The results from at least three separately performed
experiments are expressed relative to the controls and presented as the mean( the standard deviation. *P<0.05 vs control. #P<0.05 vs SAA
group. n= 3-5.

http://pubs.acs.org/action/showImage?doi=10.1021/bi100645m&iName=master.img-002.jpg&w=500&h=239
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such as 15d-PGJ2, we examined the effect of SAA on the
intracellular 15d-PGJ2 level in HepG2 cells using an enzyme
immunoassay. As shown in Figure 5, SAA increased the intra-
cellular 15d-PGJ2 level by more than 3-fold.
SAA Induces COX-2 Expression. As the 15d-PGJ2 level

could be induced by COX-2 expression, we next examined
whether COX-2 expression could be induced by SAA. After
treatment of HepG2 cells with 20 μg/mL SAA for 4 h, both the
mRNA level and the protein level of COX-2 were increased and
remained so for up to 24 h as revealed by real-time RT-PCR and
Western blot analysis, respectively (Figure 6a,b).
SAA-Induced PPARγActivation IsMediated by ERK1/

2-Dependent COX-2 Expression, and Protein Translation
Is Required.OurWestern blot data (Figure 6a) have shown that
SAA could induce ERK1/2 phosphorylation. To evaluate if this
is the direct effect of SAA or if it occurs through the synthesis of
signaling proteins, the HepG2 cells were incubated with cyclo-
heximide. ERK1/2 phosphorylation could be observed for the
first 30 min despite cycloheximide pretreatment and was only
suppressed subsequently while ERK1/2 protein levels were un-
changed by cycloheximide. For cells not pretreated with cyclo-
heximide, ERK1/2 phosphorylation could be sustained for up to

6 h, the maximum duration of our experiment (Figure 7a). These
data indicated that the initial 30min of phosphorylationmight be
the direct effect of exogenous SAA that did not require any
synthesis of endogenous signaling proteins, whereas the later
effects were perhaps dependent on endogenous protein that may
take more time to synthesize. Phosphorylation of p38 and JNK
could not be detected in HepG2 cells after SAA treatment (data
not shown). We then examined the effect of ERK1/2 specific
inhibitor PD98059 on SAA-induced COX-2 mRNA expression.
As shown in Figure 7b, SAA-induced COX-2 mRNA expression
was blocked by PD98059, which indicated the involvement of
ERK1/2 in SAA-induced COX-2 expression. In addition, both
NS-398 and PD98059 had an inhibitory effect on SAA-induced
ABCA1 and ABCG1 mRNA expression (Figure 7c). The SAA-
induced intracellular 15d-PGJ2 level was also partially suppressed
by these two inhibitors (Figure 7d). Furthermore, SAA-enhanced

FIGURE 4: SAA-induced PPARγ activation and cholesterol efflux in
HepG2 are partially mediated by SR-BI. HepG2 cells were treated
with 100 pmol of siRNA to SR-BI or scrambled siRNA for 48 h
before SAA (20 μg/mL) treatment for 2 h. PPARγ transcription
activity and cholesterol efflux were assessed as described above.
*P < 0.05 vs control. #P < 0.05 vs SAA group. n= 3.

FIGURE 5: SAA induces intracellular 15d-PGJ2 in HepG2 cells.
HepG2 cells were incubated with 20 μg/mL SAA for 4 h, and then
the cells were lysed with lysis buffer. The concentrations of 15d-PGJ2
weredeterminedbyEIA.The results fromthree separately performed
experiments are expressed relative to the controls andpresented as the
mean( the standard deviation. *P < 0.05 vs control. n= 3.

FIGURE 6: SAA-induced COX-2 gene expression in HepG2 cells.
(a) HepG2 cells were treated with 20 μg/mL SAA for the indicated
times. TotalRNAwas extracted, and real-time quantitativeRT-PCR
was performed to determinemRNAexpression levels of COX-2. The
mRNA levels of COX-2 were standardized for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) levels. (b) HepG2 cells were
incubated with 20 μg/mL SAA for the indicated times. Protein
samples were immunoblotted with anti-COX-2 and anti-β-actin
antibodies. *P < 0.05 vs 0 h. n= 3.
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PPARγ activation was also inhibited by NS-398 and PD98059
(Figure 7e). SAA-facilitated cholesterol efflux was inhibited by
the same COX-2 and ERK1/2 inhibitors (Figure 7f,g). These
results suggested that PPARγ activation is mediated by ERK1/
2-dependent COX-2 expression.

DISCUSSION

SAA is one of the major acute phase plasma proteins involved
in multiple physiological and pathological processes. As the liver
is the major site of SAA synthesis, we chose the human

hepatocellular carcinoma cell line (HepG2) to conduct the
experiments. The normal SAA level is considered to be less than
0.1 μM or 1.25 μg/mL. Under inflammatory conditions, the
maximal levels could be up to 80 μM or 1 mg/mL. The
concentrations of SAA (5-40 μg/mL) tested were within the
range that represented low-grade inflammation (26). Our data
have shown that SAA could activate PPARγ through the ERK1/
2 pathway, leading to upregulation of PPARγ target gene
expression, such as ABCA1 and ABCG1 (Figure 8). We also
demonstrated that SAA-induced PPARγ activation is dependent
on COX-2. The finding that preincubation of HepG2 with SAA
increased cholesterol efflux suggests that SAA may serve to
promote the efflux of cholesterol from the liver. SAA-induced
PPARγ activation has not been reported previously in studies
involving SAA.

We found PPARγ transcriptional activity was increased by
3-fold because of SAA stimulation in HepG2 cells. However,
there was no significant corresponding change in the PPARγ
mRNA levels. Our data demonstrated that the PPARγ inhibitor
T0070907 had a significant inhibitory effect on PPARγ tran-
scription, which is consistent with a previous publication (27).
T0070907 covalently binds to Cys313 of PPARγ, inducing
conformational changes that block the recruitment of transcrip-
tional cofactors to the PPARγ-RXR heterodimer. We em-
ployed three approaches to evaluate the relationship between
SAA and PPARγ: ELISA, EMSA, and PPRE-luc reporter
system. Our data showed that SAA strengthened PPRE binding
and enhanced PPARγ transcriptional activity. The expression
levels of PPARγ target genes such as ABCA1 and ABCG1 were
also increased by SAA treatment. A recent study reported that
porcine recombinant SAA protein reduced the level of PPARγ

FIGURE 7: SAA-induced PPAR activation is mediated by ERK1/2-dependent COX-2 expression. (a) Cells were incubated with or without
100 μMcycloheximide (CHX) for 1 h before SAA (20 μg/mL) treatment for the indicated times. Protein samples were immunoblotted with anti-
phospho-ERK1/2 (p-ERK) and anti-ERK1/2 antibodies. HepG2 cells were pretreated with 10 μM NS-398 (NS) or 50 μM PD98059 (PD) or
vehicle for 1 h and then treated with 20 μg/mLSAA for 4 h (for ABCA1 andABCG1mRNAquantitation, cells were treated with 20 μg/mLSAA
for 8 h). mRNA expression levels of COX-2 (b) ABCA1 andABCG1 (c) were quantified as described above. (d) The concentrations of 15d-PGJ2
were determined by EIA. (e) PPARγ transcriptional activities were measured as described above. (f) HDL (40 μg/mL) or (g) apoA-I (10 μg/mL)
wasusedas the cholesterol effluxacceptor.Cholesterol effluxwas alsoassessedasdescribed above. *P<0.05vs control. #P<0.05vsSAAgroup.
n= 3 or 4.

FIGURE 8: Schematic diagram of the proposed mechanism of the
efflux of cholesterol through SAA-induced PPARγ activation of its
target genes.
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expression by 60%, and its target gene (aP2, LPL, and ACC1)
mRNA levels were also decreased in porcine differentiated
adipocytes (28). The discrepancy between their observations
and our findings could be due to tissue specific regulation of
these genes as well as distinct cofactors involved in the transcrip-
tional machinery.

The protein biosynthesis inhibitor, CHX, was shown to have
an inhibitory effect on SAA-induced PPARγ activation, suggest-
ing that another signaling molecule or endogenous SAA could
play a role in this process. To determine whether the unknown
molecule is a cytokine or endogenously produced SAA, the
PPARγ activity assay was repeated with siRNA against SAA1
and SAA2. Knockdown of SAA1 could slightly reduce the level
of PPARγ activation induced by exogenous SAA, while siSAA2
did not show such effects (data not shown). The possibility of one
or several other signalingmolecules being involved in this process
could not be excluded, and more experiments need to be
conducted.

In this study, we show that SAA could induce ABCA1 and
ABCG1 expression in HepG2 cells. Both ABCA1 and ABCG1
play important roles in cholesterol efflux. Thus, functional
expression of both ABC transporters is critical for preventing
atherogenesis. It has been reported that SAA induces ABCA1
and ABCG1 in macrophages (8). Our results have shown that
SAA-induced ABCA1 and ABCG1 expression is mediated by
PPARγ activation, suggesting that the activation of PPARγ
might lead to an antiatherogenic effect through cholesterol efflux.

Accumulating evidence has shown that SAA could facilitate
cholesterol efflux (29-32). We demonstrated through this study
that SAA could increase the efflux of cholesterol to both HDL
and apoA-I. However, the increase in cholesterol efflux wasmore
drastic when apoA-I was used as the cholesterol efflux acceptor
compared to HDL. The possible reason for this observation
could be the different acceptor specificity for ABCA1 and
ABCG1. ABCA1 is a key regulator of the export of cholesterol
to lipid-free apolipoproteins, forming nascent HDL, but it is
unlikely to be involved in the export of cholesterol to mature
HDL (33). ABCG1 facilitates the export of cholesterol to HDL
but not to lipid-free apoA-I (23). When HDL was used as the
efflux acceptor, only the overexpressed ABCG1 could facilitate
cholesterol efflux. ABCA1 would not be effective as HDL is not
the right acceptor for ABCA-1-dependent cholesterol efflux,
although it was upregulated through SAA stimulation. On
the other hand, when apoA-I was used as an acceptor, ABCA1
could facilitate the efflux of cholesterol to apoA-I to form
nascent HDL, which in turn could serve as an acceptor for
ABCG1-mediated cholesterol efflux. Therefore, with the use of
apoA-I as the acceptor, both ABCA1 and ABCG1 could
contribute to the cholesterol efflux while only ABCG1 could
contribute to the efflux when HDL is used. A recent study
suggested that ABCA1 and ABCG1 operate in synergy to
mediate the efflux of cholesterol to apoA-I (24). Previous studies
have shown that SAA could enhance cholesterol efflux either
through being a cholesterol acceptor (30) or by improving the
availability of intracellular cholesterol through activation of
neutral cholesterol ester hydrolase (nCEH) and deactivation of
acyl-CoA cholesteryl acyl transferase (ACAT) (29, 31). ACAT
esterifies cholesterol for transport, and nCEH de-esterifies cho-
lesterol for transport. By inhibiting ACAT and enhancing nCEH
activities, SAA shifts the equilibrium from stored cholesterol
ester to transportable free cholesterol, thereby promoting cho-
lesterol efflux. Here, we propose that an additional mechanism in

which SAA could induce cholesterol efflux indirectly through
upregulation of the efflux mediators ABCA1 and ABCG1 might
be in place. This is a novel mechanism, and our experimental
evidence has suggested additional action points of SAA in
cholesterol efflux. SAA has been reported to be a high-affinity
ligand for SR-BI (34). Therefore, we also explored the involve-
ment of SR-BI in SAA-induced cholesterol efflux. Our data
suggest that SAA can promote cellular cholesterol efflux through
both SR-BI-dependent and SR-BI-independent pathways.

In our study, we used a lipid-poor recombinant synthetic
human SAA as well as a HDL-associated SAA. The data show
that association with HDL inhibits the SAA-induced PPARγ
activation. SAA is known to exist in plasma mainly as a HDL
apolipoprotein (6). This raises the question of the physiological
relevance of the lipid-poor SAA. Although most of the SAA in
plasma is associated with lipoproteins, it is possible that sufficient
SAA may exist in a lipid-free form to exert its physiological
function. Evidence of the relevance of the lipid-poor SAA comes
from the analysis of the serum SAA distribution during an acute
phase reaction induced by LPS injection in mice (35). In this
study, 15% of SAA was present in the lipid-poor form. Con-
sidering the high levels of SAAsynthesized during the acute phase
response, the physiological functions of the lipid-poor SAA
demonstrated in various studies could be easily contributed to
this portion (36-38). During the acute phase reaction, the serum
concentration of SAA may reach 80-1000 μg/mL (39), exhaust-
ing the capacity of HDL to bind all of the SAA and allowing
some of the SAA to be in a lipid-poor form. In addition, there is
evidence that suggests that newly synthesized SAA is secreted in a
lipid-free form from hepatocytes (40). It is possible that local
production of SAA may contribute to its accumulation and
that the SAA is potentially available to the cells in a free,
non-lipoprotein-bound form to activate PPARγ and enhance
cholesterol efflux.

The underlyingmechanisms of SAA effects have been a subject
of interest in recent years. In this study, we have established that
SR-BI is only partially involved in SAA-induced activation of
PPARγ and cholesterol efflux. Several other potential receptors
for SAA have been postulated, including the receptor for
advanced glycation end products (RAGE) (41), formyl peptide
receptor-like 1 (FPRL1) (37), hepatic expressed Tanis recep-
tor (42), and toll-like receptors (43). Whether these receptors are
essential for SAA-induced ERK1/2-mediated PPARγ activation
remains to be determined.

It is well-known that 15d-PGJ2, one of the ultimate dehydra-
tion products of PGD2, is a strong PPARγ activator (16). Some
groups also reported that the 15d-PGJ2 level could be induced by
COX-2 expression (19). In accordance with these results, we
found that SAA stimulation increased the intracellular 15d-PGJ2
level, and this induction was probably due to COX-2 over-
expression. We also showed that COX-2 inhibitor, NS398,
exerted an inhibitory effect on the SAA-induced 15d-PGJ2,
suggesting the involvement of COX-2.

SAA-induced COX-2 expression had been shown in mono-
cytes and endothelial cells (21, 38), but the underlyingmechanism
is not clearly elucidated. MAPKs are important signaling mole-
cules that regulate COX-2 expression (44). Our data revealed that
SAA induced COX-2 expression inHepG2 cells and that this was
mediated by ERK1/2 activation. In addition, SAA-induced
PPARγ activation was inhibited by inhibitors of COX-2 and
ERK1/2, suggesting that SAA-induced PPARγ activation is
mediated by COX-2 and ERK1/2. We showed that SAA
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increased the level of phosphorylation of ERK1/2 at 10 min, and
this effect remained for up to 6 h. These data are in line with the
results showing that lipid-free SAA can activate MAPKs,
especially ERK1/2, from several other studies (36, 38, 43). With
the use of PD98059, an ERK1/2 inhibitor, PPARγ activation,
COX-2 induction, an increased intracellular 15d-PGJ2 level, and
enhanced cholesterol efflux caused by SAA treatment were
suppressed.

In summary, this study has investigated the effects of SAA on
PPARγ activation. SAA was found to activate PPARγ, induce
the expression of ABCA1 and ABCG1, and enhance cholesterol
efflux. The effects were mediated through ERK1/2-dependent
COX-2 expression. These signals induced by SAAmay be one of
the protective mechanisms for preventing the progression of
atherosclerosis.
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