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Inflammatory markers serum amyloid A (SAA) and
C-reactive protein (CRP) are predictive of cardiac dis-
ease and are proposed to play causal roles in the
development of atherosclerosis, in which the reten-
tion of lipoproteins by vascular wall proteoglycans is
critical. The purpose of this study was to determine
whether SAA and/or CRP alters vascular proteoglycan
synthesis and lipoprotein retention in a pro-athero-
genic manner. Vascular smooth muscle cells were
stimulated with either SAA or CRP (1 to 100 mg/L) and
proteoglycans were then isolated and characterized.
SAA, but not CRP, increased proteoglycan sulfate in-
corporation by 50 to 100% in a dose-dependent man-
ner (P < 0.0001), increased glycosaminoglycan chain
length, and increased low-density lipoprotein (LDL)
binding affinity (Kd, 29 �g/ml LDL versus 90 �g/ml
LDL for SAA versus control proteoglycans; P < 0.005).
Furthermore, SAA up-regulated biglycan via the in-
duction of endogenous transforming growth factor
(TGF)-�. To determine whether SAA stimulated pro-
teoglycan synthesis in vivo , ApoE�/� mice were in-
jected with an adenovirus expressing human SAA-1, a
null virus, or saline. Mice that received adenovirus
expressing SAA had increased TGF-� concentrations
in plasma and increased aortic biglycan content com-
pared with mice that received either null virus or
saline. Thus, SAA alters vascular proteoglycans in a
pro-atherogenic manner via the stimulation of TGF-�
and may play a causal role in the development of
atherosclerosis. (Am J Pathol 2008, 173:1902–1910; DOI:

10.2353/ajpath.2008.080201)

Atherosclerosis is characterized by vascular inflamma-
tion and vascular inflammation is thought to be directly
pro-atherogenic. Elevated levels of the inflammatory
markers serum amyloid A (SAA) and C-reactive protein
(CRP) have both been found to be predictive of cardio-
vascular disease risk, albeit there are more extensive
data available for CRP. Both SAA and CRP are modestly
increased with obesity, insulin resistance, and high cho-
lesterol diets,1–6 which are known to increase the risk of
cardiovascular disease events. There is a robust litera-
ture supporting the use of CRP in clinical evaluation of
patients. A clinical trial to determine whether lowering
CRP improves cardiovascular disease event rates has
been performed,7 and data are expected within the next
year. Thus, there is considerable interest as to whether
elevated SAA and/or CRP are directly pro-atherogenic,
and play a causal role in atherosclerosis development, or
if they are merely elevated in reflection of the underlying
atherosclerosis burden.

The response to retention hypothesis of atherosclero-
sis development proposes that one of the earliest steps in
the formation of an atherosclerotic plaque is the retention
of atherogenic lipoproteins within the subendothelial
space by their interactions with vascular proteogly-
cans.8–11 Proteoglycans are a heterogeneous group of
molecules composed of a core protein to which one or
more glycosaminoglycan side chains are attached. The
major vascular proteoglycans are the large chondroitin
sulfate proteoglycan versican, the small dermatan sulfate
proteoglycans biglycan and decorin, and the heparan
sulfate proteoglycan perlecan.12 Proteoglycans bind li-
poproteins through ionic interactions between the nega-
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tively charged sulfate and carboxyl groups on the gly-
cosaminoglycan chains and the positively charged
amino acid residues on apolipoproteins (apo) B and E.
The critical role of lipoprotein retention by artery wall
proteoglycans in the initiation of atherosclerosis was
shown in a series of elegant experiments in which mice
expressing proteoglycan binding-defective lipoproteins
developed significantly less atherosclerosis than their lit-
termates expressing either control lipoproteins or low-
density lipoprotein (LDL) receptor-binding-defective li-
poproteins, despite similar levels of cholesterol.13

Recently, we demonstrated that increases in vascular
proteoglycan content precede and contribute to athero-
sclerosis development.14 Thus, lipoprotein retention by
vascular proteoglycans is a fundamental step in the ini-
tiation of atherosclerosis.

Several recent animal studies have proposed that SAA
promotes increased atherosclerosis development,15–17

although the mechanism is unknown. To date there are
no data suggesting a pro-atherogenic role for CRP, but
CRP is not an acute phase reactant in mice, which limits
the interpretation of this data. Both CRP and SAA have
been found in atherosclerotic lesions,18–21 but only SAA
is seen co-localized with proteoglycans15 and lipopro-
teins.22 Vascular proteoglycans are thought to be pre-
dominantly synthesized by vascular smooth muscle cells,
although endothelial cells and macrophages are also
known to synthesize proteoglycans.12,23,24 This study
was performed to test the hypothesis that SAA and/or
CRP could modify vascular proteoglycan synthesis in a
manner that increases LDL binding affinity, as a mecha-
nism contributing to increased atherosclerosis develop-
ment. We report that SAA increased vascular proteogly-
can synthesis both in vitro and in vivo, but CRP did not
alter vascular proteoglycan synthesis.

Materials and Methods

Chemicals and Reagents

Cell culture media and additives were obtained from
Invitrogen (Carlsbad, CA). SAA was obtained from Bio-
Vision Inc. (Mountain View, CA) and CRP was obtained
from Calbiochem (San Diego, CA). All other reagents
were from Sigma (St. Louis, MO) unless otherwise spec-
ified. Human LDL and high-density lipoprotein (HDL)
were isolated from pooled plasma from normal, healthy
patients by sequential ultracentrifugation as previously
described.25 HDL was incubated with SAA in vitro to form
HDL-SAA complex, as previously described.26 These
studies were approved by the University of Kentucky
Institutional Review Board.

Cell Culture

Monkey vascular smooth muscle cells (generously pro-
vided by T.N. Wight, Seattle, WA) were maintained in
commercially available Dulbecco’s modified Eagle’s me-
dium with 5.6 mmol/L glucose as previously de-
scribed.27,28 Cells were grown to confluence then made

quiescent by reducing the serum concentration to 0.1%
for 48 hours. Quiescent cells were stimulated with SAA (1
to 100 mg/L) or CRP (1 to 100 mg/L) for 0 to 72 hours. In
some experiments cells were stimulated with SAA com-
plexed to HDL or to HDL without SAA. Because trans-
forming growth factor (TGF)-� is known to stimulate vas-
cular proteoglycan synthesis,29,30 parallel wells were
stimulated with TGF-� (2 ng/ml) as a positive control. To
investigate the signaling pathways involved in some ex-
periments cells were co-incubated with SAA (100 mg/L)
in the presence of TGF-� neutralizing antibody 1D11 (10
�g/ml), control antibody 13C4 (10 �g/ml; both antibodies
from R&D Systems, Minneapolis MN), Lipoxin A4 (LXA4,
5 �mol/L), or pertussis toxin (PTX, 0.5 �g/ml). Cells were
metabolically labeled with 35S04 (50 to 100 �Ci/ml), which
labels glycosaminoglycan side chains. To study glycos-
aminoglycan chain synthesis, cells were supplied with
0.5 mmol/L methyl-�-D-xylopyranoside (xyloside), which
serves as an artificial glycosaminoglycan acceptor.31

Proteoglycan and Glycosaminoglycan
Purification and Characterization

Sulfate incorporation into secreted proteoglycans and gly-
cosaminoglycans was quantified using cetyl pyridinium
chloride precipitation, as previously described.29,32 After
removal of the radiolabeled culture media, the cell layer
was washed with phosphate-buffered saline, then cell
protein was quantified using a bicinchroninic acid protein
assay kit (Bio-Rad, Hercules, CA). The radiolabeled cul-
ture media from each condition was combined immedi-
ately with protease inhibitors, then proteoglycans or gly-
cosaminoglycans were purified and concentrated by
ion-exchange chromatography.29,32 The hydrodynamic
size of glycosaminoglycans was determined by molecu-
lar sieve chromatography using Sepharose CL-6B col-
umns.27,28 To estimate the size of proteoglycans, equal
counts (20,000 dpm) of purified 35S04-labeled proteogly-
cans, were run on sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis 4 to 12% gradient gels with a
3.5% stacking gel, as previously described.29,32 Dried
gels were exposed to Fuji Imaging Plates for 48 to 72
hours and then visualized using FLA-5000 (Fujifilm, To-
kyo, Japan) and analyzed using Multi Gauge software
(Fujifilm). To evaluate proteoglycan synthesis total pro-
teins were precipitated from the culture media of each
condition by trichloroacetic acid, and biglycan, versican,
and decorin were evaluated by Western blots as previ-
ously described33 using antibodies to biglycan (R&D
Systems); decorin (generously provided by Dr. Larry
Fisher, National Institutes of Health, Bethesda, MD), and
versican (Chemicon, Temecula, CA). �-Actin was used
as the loading control (Abcam, Cambridge, MA).

LDL Binding Assays

LDL binding to proteoglycans and glycosaminoglycans
synthesized under the various experimental conditions
was assessed by a modified gel mobility shift assay as
previously described.27,28,34 The amount of proteoglycan
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bound by LDL in each lane is expressed as the propor-
tion of radioactivity retained at the lane origin relative to
the total radioactivity per lane.

TGF-� Quantification

Aliquots of conditioned media and plasma were assayed for
content of total and bioactive TGF-� using the TGF-�1 Emax
ImmunoAssay System (Promega, Madison, WI) according
to the manufacturer’s directions. Bioactive samples were
measured directly, whereas total TGF-� was determined on
samples that were acid-activated before quantification.35,36

Murine Studies

Male apoE�/� mice 10 times backcrossed to C57BL6
(generously provided by Dr. Alan Daugherty, University
of Kentucky) were housed in temperature-controlled vi-
varium facilities with 12-hour light/dark cycles. Mice were
fed normal rodent chow ad libitum, and had free access
to water. Animal care and experimental procedures were
performed in accordance with University of Kentucky
Animal Care and Use Committee guidelines. At age 6 to
8 weeks mice were injected intravenously with a replica-
tion-defective adenovirus expressing human SAA-1 (ad-
SAA), a null adenovirus (ad-null), or saline. The construc-
tion and use of these viral constructs has been previously
described.26,37 Mice were bled on days 1, 3, 7, 10, 14,
21, and at study end (28 days), and plasma human and
murine SAA concentrations were quantified by species-
specific enzyme-linked immunosorbent assay kits (Ano-
gen, Mississauga, Canada, for human SAA; and Invitro-
gen for mouse SAA). Plasma lipoproteins from individual
mice were analyzed by fast performance liquid chroma-
tography as previously described.38 Fractions from the
peaks of VLDL, LDL, and HDL were analyzed by Western
blot for SAA content (antibody from Santa Cruz Biotech-
nology, Santa Cruz, CA). During injection and bleedings
mice were anesthetized by inhaled isoflurane. Livers
were collected from all mice 3 or 28 days after injections,
and hepatic TGF-�1 expression was evaluated by real-
time reverse transcriptase-polymerase chain reaction
(iCycler, Bio-Rad), using primers forward 5�-TGGAG-
CAACATGTGGAACTC-3� and backward 5�-GTCAG-
CAGCCGGTTACCA-3� (provided by Dr. Jianhua Shao,
University of Kentucky), and corrected for 18S expres-
sion. Twenty-eight days after injections, aortas were col-
lected, stripped of adventitia, and total protein was ex-
tracted and used in Western blot analyses to quantify
proteoglycan content as previously described.33 �-Actin
was used as the loading control. Atherosclerosis was
quantified in the aortic root, en face aorta, and brachio-
cephalic artery as previously described.14,39,40 Immuno-
histochemical staining was performed on adjacent aortic
root sections as previously described.33

Statistical Analyses

Results are expressed as mean � SEM. Data were ana-
lyzed by one-way analysis of variance for SAA effects,

with pair-wise comparisons using Dunnett’s multiple
comparison test. The effect of TGF-� was evaluated by
t-test compared to control (unstimulated cells). A P value
�0.05 was considered statistically significant. Binding
curves were evaluated using GraphPad Prism software
(GraphPad Software, San Diego, CA) to determine best
fit, and binding constants were compared by t-test.

Results

SAA Stimulates Vascular Proteoglycan
Synthesis

Incubation of vascular smooth muscle cells with SAA led
to a dose-dependent increase in sulfate incorporation (50

Figure 1. SAA, but not CRP, increases vascular proteoglycan and glycosami-
noglycan synthesis. A and B: Vascular smooth muscle cells were stimulated
with SAA (A) or CRP (B) at the indicated concentrations (mg/L) or with
TGF-� (gray bars, 2 ng/ml) for 24 hours. Sulfate incorporation was deter-
mined by cetyl pyridinium chloride precipitation as described in the Materials
and Methods. Data shown are mean � SEM from eight separate experiments
(A) and three separate experiments (B). C and D: Proteoglycan size was
estimated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(3.5% stacking gel with 4 to 12% gradient resolving gel). Lanes were loaded
with equal counts; gels shown are representative of eight independent
experiments (C) or three separate experiments (D). E and F: Vascular smooth
muscle cells were stimulated with SAA at the indicated concentrations (mg/L)
or with TGF-� (gray bars, 2 ng/ml) for 24 hours in the presence of 0.5 mmol/L
xyloside. E: Sulfate incorporation was determined by cetyl pyridinium chlo-
ride precipitation as described in the Materials and Methods. Data shown are
mean � SEM from five separate experiments. F: Glycosaminoglycans were
applied to Sepharose CL-6B columns as described in the Materials and
Methods for analysis of hydrodynamic size. The curves shown are represen-
tative of five separate experiments. *P � 0.01 versus control.
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to 100%, P � 0.0001; Figure 1A). The increase in sulfate
incorporation was seen even at very modest, physiolog-
ically relevant SAA concentrations (5 mg/L), and SAA at
25 to 100 mg/L induced a similar stimulation of sulfate
incorporation as TGF-�. Time course studies demon-
strated that the effect of SAA to stimulate proteoglycan
sulfate incorporation was maximal at 24 hours (data not
shown). There was no effect of CRP (1 to 100 mg/L for 0
to 72 hours) on sulfate incorporation (Figure 1B). The size
of the proteoglycans synthesized by vascular smooth
muscle cells stimulated with SAA was estimated by elec-
trophoresis. Proteoglycans synthesized by cells stimu-
lated with SAA had decreased electrophoretic mobility
indicating increased apparent size of both biglycan and
decorin (Figure 1C); however, there was no effect of CRP
on proteoglycan electrophoretic mobility (Figure 1D). An
effect on the larger versican and heparan sulfate proteo-
glycans cannot be determined because they do not enter
the resolving gel. Because the size of the proteoglycan
core proteins does not change, this indicates an increase
in glycosaminoglycan chain length. To confirm the effect
of SAA was to increase glycosaminoglycan chain length,
cells were supplied with xyloside, which acts as an arti-
ficial acceptor of glycosaminoglycan synthesis.31 Incu-
bation with SAA stimulated a dose-dependent increase in
glycosaminoglycan sulfate incorporation (30 to 100%,
P � 0.01; Figure 1E). Glycosaminoglycan chains synthe-
sized by cells incubated with SAA were larger compared
to glycosaminoglycans synthesized by unstimulated cells
(Figure 1F). The stimulation of proteoglycan or glycos-
aminoglycan sulfate incorporation and size was ob-
served only with lipid-free SAA, but not with SAA-HDL
complex or HDL alone (data not shown). Stimulation of
vascular smooth muscle cells with CRP had no effect on
glycosaminoglycan sulfate incorporation or length (data
not shown).

SAA Stimulates the Production of
Proteoglycans with Increased LDL
Binding Affinity

Proteoglycans bind LDL via ionic interactions between
the sulfate groups on the glycosaminoglycan chains with
positively charged residues on apolipoproteins, and in-
creased binding affinity is seen when there is increased
size and sulfation of the glycosaminoglycan chains.41

The LDL binding affinity of proteoglycans synthesized by
vascular smooth muscle cells stimulated with SAA was
determined using a modified gel mobility shift assay.
Proteoglycans synthesized by vascular cells stimulated
with as little as 5 mg/L SAA had increased LDL binding
affinity compared to proteoglycans synthesized by un-
stimulated cells (Kd, 29 �g/ml LDL versus 90 �g/ml LDL,
respectively; P � 0.0005) (Figure 2). However, no further
increase in LDL binding affinity was observed with pro-
teoglycans synthesized by cells stimulated with higher
concentrations of SAA (data not shown).

SAA Up-Regulates Biglycan Expression via
TGF-�

The effect of SAA and CRP on the expression of proteo-
glycan core proteins was determined using Western blot
analyses. SAA stimulation resulted in increased biglycan
core protein synthesis (Figure 3A), similar to the known
effect of TGF-� to stimulate biglycan synthesis (Figure
3A, lane 4).29 No changes in the core proteins for decorin
or versican were observed (Figure 3A). CRP had no
effect on the core proteins of biglycan (Figure 3B) or the
other proteoglycans (data not shown). The mechanisms
by which SAA exerts its effects are not clear; however,
there is striking similarity between observed effects
of SAA on biglycan with that previously observed with
TGF-�.29,30,33,42–44 Thus, TGF-� levels were quantified to
determine whether SAA stimulated biglycan expression
via stimulation of endogenous TGF-�. Conditioned media
from vascular smooth muscle cells exposed to SAA had
increased amounts of both total TGF-� (not shown) and
endogenously active TGF-� compared to media from
unexposed cells (165 � 11 pg/ml versus 68 � 24 pg/ml,
respectively; P � 0.04). To determine whether TGF-� was
required for SAA to stimulate biglycan expression, cells
were exposed to SAA (100 mg/L) in the presence of the
TGF-� neutralizing antibody 1D1145 or irrelevant control
antibody 13C4. The presence of 1D11 completely elimi-
nated detection of TGF-�, whereas there was no inhibi-
tion of TGF-� concentrations when cells were exposed to
the irrelevant control antibody with SAA (TGF-�, 184 � 1
pg/ml). Western blot analyses showed that biglycan was
increased in media from cells exposed to SAA alone,
TGF-� alone, and SAA with the 13C4 antibody, but was
not increased in media from cells exposed to no addi-
tives, or when SAA or TGF-� were provided with the 1D11
TGF-� neutralizing antibody (Figure 3C).

Figure 2. Proteoglycans secreted by cells stimulated with SAA have higher
LDL binding affinity than proteoglycans secreted by unstimulated cells.
Shown are representative gels showing the binding of proteoglycans synthe-
sized by unstimulated cells (A) and proteoglycans synthesized by cells
stimulated with 5 mg/L SAA (B) to native human LDL. C: Binding curves
show mean � SEM from four separate experiments.
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SAA Stimulation of Biglycan Involves the FPRL1
Receptor

Several studies have demonstrated that SAA is a ligand
for the formyl peptide receptor-like 1 (FPRL1)/Lipoxin A4
(LXA4) receptor,46–48 which is a G-protein-coupled re-
ceptor. FPRL1 mRNA is expressed by these vascular
smooth muscle cells (data not shown). To investigate the
mechanisms by which SAA affects proteoglycan synthe-
sis cells were co-incubated with SAA (100 mg/L) and
agents that inhibit either SAA binding to FPRL1 or G-
protein-coupled signaling pathways. Co-incubation of
SAA with LXA4, which competes for FPRL1 binding, at-
tenuated the SAA-induced up-regulation of biglycan,
whereas co-incubation with PTX, which inhibits G-pro-
tein-coupled receptor signaling, inhibited the effect of
SAA to stimulate biglycan expression (Figure 3D). Fur-
thermore, the binding of SAA to the FPRL1 receptor and
stimulation of G-protein-coupled receptor signaling is in-
volved in SAA’s stimulation of TGF-� because both LXA4
and PTX attenuated the SAA stimulation of TGF-� in the
media (TGF-� concentrations 20% of those seen when
cells stimulated with SAA alone, P � 0.01 for each).

SAA Stimulates Proteoglycan Synthesis in Vivo

To determine whether SAA stimulates vascular proteogly-
can synthesis in vivo, ApoE�/� mice were injected with
ad-SAA, ad-null, or saline. Time-course studies demon-
strated peak human SAA levels on day 1 (35 � 5 mg/L),
with levels still detectable through 21 days (Figure 4A).
Murine SAA was equally elevated in all groups on day 1
(10 � 1 mg/L), then rapidly returned to baseline at all
other time points and did not differ between groups at
any time (data not shown). Plasma aliquots drawn 1 and
3 days after adenovirus or saline injections were sepa-
rated using fast performance liquid chromatography then
lipoprotein fractions were blotted for SAA. There was no
effect of ad-SAA on plasma lipoprotein distribution (Fig-
ure 4B) and SAA was found predominantly associated
with HDL (Figure 4C), as previously described in both
mice26 and in humans.49 Mice that received ad-SAA had
increased aortic biglycan content (determined by West-
ern blot, Figure 4D). No differences in vascular decorin or
versican content were seen (Figure 4D). Plasma total and
bioactive TGF-� levels were quantified in mice that re-
ceived ad-SAA, ad-null, or saline. Only mice that re-
ceived ad-SAA had increased TGF-� levels (Figure 4E).
The TGF-� is likely hepatic in origin because mice that
received ad-SAA had twofold increased hepatic TGF-�
expression compared to mice that received ad-null or
saline (data not shown). Although mice had minimal athero-
sclerosis that did not differ between groups at this time
(data not shown), immunohistochemical analyses demon-
strated co-localization between biglycan, SAA, and apoB in
the aortic root of mice injected with ad-SAA (Figure 5).

Discussion

Elevated SAA and CRP levels are predictive of cardio-
vascular disease events, and have been proposed to
play a direct role in the development of atherosclerosis.
However, the mechanisms by which these inflammatory
markers may affect atherogenesis are unclear. Our data
demonstrate that SAA, but not CRP, increased vascular
smooth muscle cell proteoglycan synthesis in a pro-
atherogenic manner compared to unstimulated cells.
SAA stimulation induced an increase in sulfate incorpo-
ration because of both an up-regulation of biglycan syn-
thesis as well as elongation of glycosaminoglycan
chains. The net result was that proteoglycans synthe-
sized by vascular smooth muscle cells stimulated with
SAA, but not CRP, have increased LDL binding affinity
compared to proteoglycans synthesized by unstimulated
cells. Furthermore, the effect of SAA to stimulate proteo-
glycan synthesis also occurred in vivo, in that mice with
elevated levels of SAA had increased aortic biglycan
content. The short duration of study (SAA elevation per-
sisted �28 days after adenoviral administration) was not
sufficient to affect atherosclerosis development; however,
we found increased biglycan content in mice that had re-
ceived ad-SAA, and immunohistochemistry demonstrated
co-localization between biglycan, SAA, and apoB.

Figure 3. SAA stimulates biglycan via TGF-� and the FPRL1 receptor. A: Cells
were stimulated with SAA at 25 or 100 mg/L, or with TGF-� (2 ng/ml). B:
Cells were stimulated with CRP at 25 or 100 mg/L, or with TGF-� (2 ng/ml).
C: Cells were stimulated with TGF-� (2 ng/ml), SAA 100 mg/L alone or in
combination with TGF-� neutralizing antibody 1D11 (10 �g/ml), or with
irrelevant control antibody 13C4 (10 �g/ml). D: Cells were stimulated with
TGF-� (2 ng/ml), SAA 100 mg/L alone or in combination with Lipoxin A4
(LXA4, 5�mol/L), or PTX (0.5 �g/ml) for 24 hours. Proteoglycan core protein
synthesis was analyzed by Western blot. Lanes were loaded with an equal
amount of protein, and blotted for biglycan, versican, decorin, and actin.
Blots shown are representative of three independent experiments (A) or two
independent experiments (B--D).
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Our finding that SAA specifically up-regulated bigly-
can synthesis is of particular relevance to atherosclerosis
because proteoglycan-mediated LDL retention is thought
to play a key role in the development of atherosclero-

sis.8,9,13 All proteoglycans can bind LDL, thus, which
proteoglycan is the most atherogenic is not clear. How-
ever, biglycan is the proteoglycan that is consistently
reported to co-localize with apoB in both mice and hu-
mans.14,50–52 ApoB has also been reported to co-localize
with perlecan in mice,33,50 and decorin in humans.51

However, decorin overexpression in mice was associ-
ated with decreased atherosclerosis development,53 and
studies examining atherosclerosis in mice heterozygous
for perlecan (perlecan deficiency is lethal) are complex,
with only male apoE�/� mice showing decreased athero-
sclerosis, and no differences in atherosclerosis extent in
female apoE�/� or either gender of LDLR�/� mice.54 A
recent study using apoE�/� mice that express perlecan
lacking heparan sulfate glycosaminoglycan chains dem-
onstrated decreased atherosclerosis.55 Using in vitro
analyses the authors demonstrated decreased lipopro-
tein binding to both complex extracellular matrix and
isolated proteoglycans from the mice with glycosamin-
oglycan-less perlecan compared to wild-type, but in vivo
analyses did not demonstrate differences in lipoprotein
binding, thus the mechanisms by which glycosaminogly-
can-less perlecan is atheroprotective are not clear.55 The
role of proteoglycans in atherosclerosis is complex be-
cause they play many roles in addition to lipoprotein

Figure 4. Elevated human SAA stimulates proteoglycan synthesis in vivo. A:
Mice were injected with an adenovirus expressing SAA (ad-SAA, black
squares), a null virus (ad-null, open squares), or saline (gray squares, not
visible because of overlap with open squares) on day 0, then samples were
collected on the indicated days and human SAA quantified by enzyme-linked
immunosorbent assay. Shown are mean � SEM for n � 22 (ad-SAA), n � 11
(ad-null), and n � 9 (saline). B: Plasma aliquots from individual mice drawn 1
day after adenovirus or saline injection were analyzed by fast performance liquid
chromatography for lipoprotein cholesterol distribution. Shown are mean �
SEM for n � 5 (ad-SAA and ad-null) and n � 4 (saline). C: Fractions from the
VLDL, LDL, and HDL peaks (indicated by the horizontal bars) were collected and
SAA content analyzed by Western blot. Blot shown is from a mouse that received
ad-SAA, representative of five. D: Aortic biglycan content was determined by
Western blot analysis of total aortic protein. Each lane represents individual
mice, representative of n � 22 (ad-SAA), n � 11 (ad-null), and n � 9 (saline).
E: Endogenously active TGF-� was measured in six mice per group from
samples collected before, and 1 and 3 days after injections. Data shown are
mean � SEM. *P � 0.01 versus saline group.

Figure 5. SAA increased aortic biglycan content, which co-localizes with SAA
and apoB. Mice were injected with ad-SAA, ad-null, or saline, and 28 days
later vascular tissues were collected. Shown are representative photos from
a mouse that received ad-SAA. In each photo the lumen is shown to the
bottom right. Scale bars � 100 �m. Original magnifications, �200.
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binding, and the relative importance of proteoglycan-
mediated lipoprotein retention may alter with progression
of the atherosclerotic lesion development.10 However,
given the co-localization observed between apoB and
biglycan in both mouse and human atherosclerosis, we
propose that biglycan is a key proteoglycan of interest.
There are no data on the effect of biglycan deficiency or
overexpression on atherosclerosis development, but
overexpression of biglycan in vitro led to increased reten-
tion of LDL on complex extracellular matrices.56 We re-
cently demonstrated that increased vascular biglycan
content predisposed to accelerated atherosclerosis de-
velopment,14 further supporting a key role for biglycan in
mediating LDL retention.

Thus, the increased vascular biglycan content induced
by SAA could lead to increased LDL retention and initi-
ation of atherosclerosis. Although we did not find any
difference in atherosclerosis between groups in this
study, the mice were young at the time of atherosclerosis
analysis (10 to 12 weeks old) and the duration of eleva-
tion of SAA was short (�28 days), whereas most studies
evaluating atherosclerosis in this murine model require
consumption of cholesterol-enriched diets for 12 weeks,
or examine chow-fed mice at much older ages (6 to 12
months old). Further studies are required to determine
whether prolonged duration of elevated SAA indeed in-
creases atherosclerosis development. However, two pre-
vious studies that used dietary cholesterol feeding to
induce elevated plasma SAA concentrations have shown
increased atherosclerosis development in LDL receptor-
deficient mice that correlated with increased SAA con-
centrations.15,17 Our data combined with the literature
suggest that elevated SAA concentrations contribute
causally to the development of atherosclerosis.

The mechanisms by which SAA exerts its effects are
not yet understood. However, as previously suggest-
ed,46–48 we demonstrate that SAA exerts at least some of
its effects via binding to FPRL1 and G-protein-coupled
receptor signaling. Furthermore, we now demonstrate a
novel effect of SAA: the stimulation of TGF-�. We and
others have previously shown that TGF-� up-regulates
proteoglycan synthesis, especially biglycan synthesis,
and increases the LDL binding affinity of all proteogly-
cans.29,30,32,33,44 Inhibition of FPRL1 using LXA4 or PTX
or inhibition of TGF-� using a neutralizing antibody inhib-
ited SAA stimulation of biglycan expression and admin-
istration of adenoviral SAA in mice led to increased
plasma TGF-� concentrations, increased hepatic TGF-�
expression, and increased vascular biglycan content.
Thus, we suggest that SAA stimulates biglycan synthesis
via its effect to increase TGF-� concentrations. The role of
TGF-� in atherosclerosis development is complex with
decreased atherosclerotic fibrosis but increased inflam-
mation observed with the inhibition of TGF-� signal-
ing.57,58 However, both SAA and TGF-� may play a pro-
atherogenic role in the development of atherosclerosis
because of their induction of vascular biglycan content
and increase in proteoglycan-LDL binding affinity.

SAA is usually seen in association with HDL, although
some studies have shown SAA in association with apoB-
containing lipoproteins.15,17,59,60 SAA itself can bind to

proteoglycans, and SAA-containing lipoproteins have
been shown to bind proteoglycans in proportion to their
SAA content.15,61 Additionally, SAA has been shown to
be synthesized by all cell types pertinent to atheroscle-
rosis, including vascular smooth muscle cells, endothelial
cells, and macrophages.18 The co-localization of SAA
with biglycan observed in our studies could be attribut-
able to production or deposition of SAA in the vascular
wall where it directly stimulates vascular smooth muscle
cell biglycan synthesis, or could be attributable to bigly-
can-mediated retention of SAA-containing lipoproteins.
Although our tissue culture studies only found stimulation
of biglycan with lipid-free SAA, it is plausible that lipid-
free SAA exists within the milieu of the vascular wall.
Furthermore, in our mouse study we used adenoviral
expression of SAA, in which the vast majority of the SAA
is associated with HDL. We confirm the relevance of our
in vitro findings by demonstrating increased plasma
TGF-� concentrations and increased vascular biglycan
content in mice that had received ad-SAA compared to
ad-null or saline-treated mice. Thus, SAA appears to act
via induction of TGF-� to stimulate vascular smooth mus-
cle cell biglycan synthesis, elongate glycosaminoglycan
chains, increase LDL retention, and thus could stimulate
the initiation and/or progression of an atherosclerotic
lesion.

Importantly, these effects of SAA to stimulate proteo-
glycan synthesis were observed with only modestly
and/or transiently elevated SAA concentrations. In a pre-
vious study we found mean plasma SAA concentrations
of 3.5 mg/L in lean, insulin-sensitive, healthy, community-
dwelling individuals, and mean SAA concentrations of
7.1 mg/L in obese, insulin-resistant individuals.62 In the
present study, stimulation with SAA concentrations as low
as 5 mg/L was sufficient to increase vascular smooth
muscle cell proteoglycan synthesis and LDL binding af-
finity compared to unstimulated cells. Furthermore, after
adenoviral SAA expression, the plasma level of SAA de-
clined to levels �5 mg/L by 10 days, yet increased vas-
cular biglycan content was seen 28 days after viral ad-
ministration, indicating a prolonged or durable effect of
SAA on proteoglycan synthesis. In humans, although
acute inflammatory events can lead to 100- to 1000-fold
elevations of SAA, insulin resistance, obesity, or choles-
terol feeding are all associated with modest but chronic
elevations of SAA.62,63 Modest elevations of SAA are
associated with increased cardiovascular risk64,65; thus,
the concentrations used in this study are physiologically
relevant.

The relationship between CRP and cardiovascular dis-
ease has been well studied, and the linkage is estab-
lished. It is not clear, however, if elevated CRP levels are
contributory toward the development of vascular pathol-
ogy, or merely reflective. We did not find any effect of
CRP to stimulate vascular proteoglycan synthesis, LDL
binding, or biglycan expression, which is in agreement
with a recent report that mice transgenic for human CRP
did not have any increase in atherosclerosis develop-
ment.66 It is not yet known whether lowering CRP and/or
SAA will be protective against cardiovascular disease
events. However, our data suggest a possible mecha-
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nism by which elevated SAA is detrimental, and thus one
can extrapolate that lowering SAA may be a therapeutic
step in limiting atherosclerosis progression. Many current
medical therapies that have been shown to reduce car-
diovascular disease risk, such as statins, also lower CRP
and SAA, and thus it is conceivable that part of the
mechanism of benefit of these agents may be through
pleiotropic effects on SAA and the vessel wall. In sum-
mary, our data demonstrate that modestly elevated SAA
concentrations stimulate proteoglycan synthesis and in-
crease proteoglycan LDL binding affinity, suggesting a
causal role for SAA in atherosclerosis development.
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