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Obesity is characterized by adipocyte hypertrophy and

macrophage accumulation in adipose tissue. Monocyte che-

moattractant protein-1 (MCP-1) plays a role in macro-

phage recruitment into adipose tissue. However, other

adipocyte-derived factors, e.g., hyaluronan and serum amy-

loid A (SAA), can facilitate monocyte adhesion and chemo-

taxis, respectively. The objective was to test the potential

involvement of these factors in macrophage recruitment.

Differentiated 3T3-L1 adipocytes made hypertrophic by

growth in high glucose conditions were used to study SAA

and hyaluronan regulation in vitro. Two mouse models

of obesity were used to study their expression in vivo.

Nuclear factor-�B was upregulated and peroxisome

proliferator–activated receptor (PPAR)� was down-

regulated in hypertrophic 3T3-L1 cells, with increased

expression of SAA3 and increased hyaluronan produc-

tion. Rosiglitazone, a PPAR� agonist, reversed these

changes. Hypertrophic adipocytes demonstrated overex-

pression of SAA3 and hyaluronan synthase 2 in vitro and

in vivo in diet-induced and genetic obesity. SAA and

hyaluronan existed as part of a complex matrix that

increased the adhesion and retention of monocytes. This

complex, purified by binding to a biotinylated hyaluro-

nan binding protein affinity column, also showed mono-
cyte chemotactic activity, which was dependent on the
presence of SAA3 and hyaluronan but independent of
MCP-1. We hypothesize that adipocyte hypertrophy leads
to increased production of SAA and hyaluronan, which
act in concert to recruit and retain monocytes, thereby
leading to local inflammation in adipose tissue. Diabetes
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O
besity is associated with chronic low-grade
inflammation as evidenced by increased levels
of inflammatory markers, such as C-reactive
protein (CRP) and serum amyloid A (SAA)

(1–5), and an increased risk of cardiovascular disease
(6–9).

Two major features of obesity are adipocyte hypertro-
phy and macrophage infiltration into adipose tissue (10).
Adipocyte expansion (genetic or diet-induced) promotes
the accumulation of macrophages in adipose tissue in
mice and in humans (11,12). Cross-talk between adipo-
cytes and macrophage in adipose tissue may amplify the
production of pro-inflammatory molecules by adipocytes
and by macrophages, leading to local and systemic insulin
resistance in obesity (10).

Monocyte chemoattractant protein-1 (MCP-1) plays an
important role in the recruitment of macrophages to
adipose tissue in obesity (13). In the absence of its
receptor, C-C motif chemokine receptor 2 (CCR2), macro-
phage infiltration into adipose tissue was reduced and
insulin resistance attenuated (14). However, substantial
accumulation of macrophages was observed in adipose
tissue from CCR2-deficient mice (14,15), suggesting that
other molecules also are involved in macrophage recruit-
ment. Molecules produced by adipocytes that have been
implicated in monocyte recruitment and macrophage ac-
cumulation are SAA (16) and hyaluronan (17).

Recent studies suggest that SAA may play an important
role in both local and systemic inflammation (2,18,19).
SAA is able to recruit inflammatory cells, such as mono-
cytes (20), and can activate endothelial cells, increasing
their expression of adhesion molecules, such as intracel-
lular adhesion molecule-1 and vascular adhesion mole-
cule-1 (21). SAA is produced by the liver in response to
inflammatory stimuli (22) and is secreted in lipoproteins,
predominantly HDL (23). It also is produced by adipocytes
and macrophages (16). In obesity, inducible forms of SAA
are abundantly expressed in adipose tissue in humans and
in mice (24). The isoform produced by extra-hepatic cells
in mice, SAA3, is a different gene product from the hepatic
forms of SAA (SAA1 and -2); little is known of its regula-
tion or functional significance in adipocytes.

Hyaluronan, a nonsulfated glycosaminoglycan that lacks
a core protein (25), binds monocytes via a number of
receptors, predominantly CD44 (26). CD44-deficient ath-
erosclerosis-prone mice have a marked reduction in the
number of macrophages in their lesions plus a dramatic
reduction in lesion size (27), suggesting that hyaluronan
plays an important role in macrophage recruitment in
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vascular tissue. Whether it plays a similar role in adipose
tissue, where it is abundantly present, is unclear. Hyaluro-
nan is secreted by 3T3-L1 cells during adipocyte differen-
tiation (28,29). However, little is known regarding the
regulation of its synthesis and secretion during adipocyte
hypertrophy or its potential role in macrophage accumu-
lation in adipose tissue.

In the current study, we induced adipocyte hypertrophy
in vitro by growing 3T3-L1 cells in high glucose concen-
trations and in vivo either by feeding LDL receptor–
deficient (LDLR�/�) mice a high-fat, high-sucrose diet or
by use of a genetically obese mouse model, the ob/ob
mouse. We demonstrated that nuclear factor-�B (NF-�B)
activity increased in hypertrophic adipocytes, indicative of
a pro-inflammatory state, whereas activity of the anti-
inflammatory transcription factor peroxisome prolifera-
tor–activated receptor (PPAR)� decreased. SAA and
hyaluronan expression increased during adipocyte hyper-
trophy. The PPAR� agonist, rosiglitazone, suppressed this
effect. We also showed that SAA and hyaluronan existed as
a complex that not only increased the adhesion and
retention of monocytes by hypertrophic adipocytes but
also had monocyte chemotactic activity. These findings
indicate that adipocyte hypertrophy leads to increased
production of SAA and hyaluronan and suggest that these
molecules act in concert with MCP-1 to cause monocyte
recruitment and adhesion, leading to adipose tissue in-
flammation.

RESEARCH DESIGN AND METHODS

Cell culture. 3T3-L1 murine preadipocytes were propagated and differenti-
ated according to standard procedures (30), except that cells were differen-
tiated and propagated in Dulbecco’s modified Eagle’s medium containing 5 or
25 mmol/l glucose or 5 mmol/l glucose plus 20 mmol/l mannitol as a control for
osmolarity, and media were changed daily. To monitor glucose consumption,
glucose concentrations were checked at the time of each medium change,
because it is conceivable that exposure to excessively low glucose concen-
trations might limit 3T3-L1 differentiation. The U937 and THP-1 monocytic cell
lines were cultured in RPMI 1640 for use in the monocyte adhesion and
chemotaxis assays, respectively. Preliminary experiments indicated that sim-
ilar effects on hypertrophy and SAA3, MCP-1, and hyaluronan synthase (HAS)2
gene expression were obtained if cells were differentiated in 25 mmol/l
glucose and then switched to 5 or 25 mmol/l glucose–containing media (data
not shown). Growth of cells in 5 mmol/l glucose plus 20 mmol/l mannitol had
no effect on cellular hypertrophy or gene expression (Supplemental Fig. 1,
which is detailed in the online appendix [available at http://dx.doi.org/10.2337/
db07-0218).
In vitro SAA3 gene silencing. Small interfering RNA (siRNA) duplexes for
SAA1, SAA3, negative control #1, and negative control #3 were synthesized
andpurifiedbyAmbion.Thesequencesareasfollows:SAA1,5�GGACAUGAGGA
CACCAUUG3�; and SAA3, 5�GCUGGUCAAGGGUCUAGAG3�. Transfection of
siRNA was performed using Hiperfect agent (Quiagene) 2 days after comple-
tion of the differentiation protocol.
Multiplex quantitative RT-PCR. Quantitative real-time RT-PCR was per-
formed using the TaqMan Master kit (Applied Biosystems) in the Stratagene
MX3000P system as described previously (31,32) (online appendix).
Western blot analysis. 3T3-L1 adipocytes were cultured for the indicated
times and treated for 24 h with a cytokine mixture (interleukin [IL]-1�, IL-6,
and tumor necrosis factor-� [TNF-�], all at 10 ng/ml) and/or rosiglitazone (100
nmol/l). After incubation, culture media and cell extracts were analyzed by
Western blot using anti-SAA3 antibodies (generous gift from Dr. Philipp
Scherer, University of Texas Southwestern, Dallas, TX) or an anti–MCP-1
antibody (R&D Systems).
Hyaluronan enzyme-linked immunosorbent assay. Hyaluronan content
was measured in culture media and cell extracts from 3T3-L1 adipocytes or
adipose tissue by enzyme-linked immunosorbent assay (ELISA) as described
previously (33) (online appendix).
Electromobility shift assay. Nuclear extracts from adipocytes were isolated
and analyzed by electromobility shift assay (EMSA) according to the manu-
facturer’s protocol (Active Motif). The DNA-protein complexes were separated
electrophoretically and autoradiographed at �80°C. To assess specificity, com-

petition assays were performed with an excess of unlabeled NF-�B and PPAR
response element (PPRE) oligonucleotide (unlabeled probe) or mutant NF-�B
and PPRE oligonucleotide.
Monocyte adhesion assay. Monocyte adhesion to 3T3-L1 adipocytes was
assessed using U937 cells as described previously (34) (online appendix).
Biotinylated hyaluronan binding protein affinity column. A hyaluronan
binding protein (HABP) affinity column was used to purify the hyaluronan-
containing complex from hypertrophic adipocytes. Briefly, streptavidin-aga-
rose (Sigma) was mixed with biotinylated-HABP (Seikagaku) in PBS
containing 50% glycerol and shaken overnight at 4°C. Hyaluronan was added
in PBS to protect the HABP from cross-linking. Sulfo-EGS (Pierce) was added
in PBS and incubated for 30 min at room temperature. Finally, HABP-
conjugated streptavidin-agarose was poured into the column and rinsed with
PBS. The column was washed with 4 mol/l guanidine, 0.5 mol/l sodium
acetate, pH 5.8, to remove hyaluronan, equilibrated with PBS containing azide,
and stored at 4°C. A control column with streptavidin-agarose column was
prepared by the same method without biotinlyated HABP. Media and cell-
associated samples from adipocytes cultured in either high or low glucose
concentrations were applied to the control column before they were applied
to the HABP affinity column. After washing seven times with PBS, the complex
of hyaluronan and associated molecules was eluted with 4 mol/l guanidine and
0.5 mol/l sodium acetate, pH 5.8, dialyzed in PBS, and concentrated.
Ligand blot analysis. Ligand blotting was performed to examine the inter-
action between hyaluronan and SAA3, as described previously (35) (online
appendix).
Monocyte chemotaxis assay. The chemotactic activity of conditioned media
and the purified complex (using the HABP affinity column) from 3T3-L1
adipocytes grown in 5 or 25 mmol/l glucose was studied in a 96-well
microchamber (ChemoTx; Neuro Probe) as described previously (36) (online
appendix).
Animals, diet, and tissue collection. Eight-week-old male LDLR�/� mice
bred onto a C57BL/6 background were fed a high-carbohydrate, high-fat diet
(BioServ No.F1480, containing 35.5% fat [primarily lard] and 36.6% carbohy-
drate [primarily sucrose]) for 24 weeks. ob/ob mice and C57BL/6 littermate
controls were fed a chow diet for 24 weeks.
Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (37,38) (online appendix).
Statistical analysis. Statistical significance was determined by Student’s t

tests. All data are shown as means � SD of three independent experiments
performed in triplicate. P � 0.05 was considered significant.

RESULTS

Achieving adipocyte hypertrophy by exposure of
3T3-L1 cells to high glucose concentrations. To induce
cellular hypertrophy, we exposed 3T3-L1 cells to high
glucose concentrations during differentiation from the
preadipocyte to the adipocyte-like state and for 1, 7, and 14
days after completion of differentiation. 3T3-L1 adipocytes
grown in 25 mmol/l glucose were hypertrophic by 7 days,
with the appearance of large cells containing considerable
numbers of lipid droplets compared with cells maintained
in 5 mmol/l glucose (Fig. 1A). Because undifferentiated
adipocytes do not express adiponectin (30), we ascer-
tained that adiponectin mRNA expression levels did not
differ after differentiation in high and low glucose concen-
trations (data not shown). This indicated that cells grown
under low glucose conditions can fully differentiate into
3T3-L1 adipocytes. To investigate the effect of PPAR�
agonists in cellular hypertrophy, the PPAR� agonist ros-
iglitazone (100 nmol/l) was added to cells exposed to both
high and low glucose concentrations with each medium
change. Rosiglitazone prevented the effect of high glucose
on adipocyte hypertrophy (Fig. 1A).
Hypertrophy induced by high glucose conditions in-
duces SAA3 and MCP-1 expression in 3T3-L1 adipo-
cytes. The effect of adipocyte hypertrophy on SAA3
expression levels was measured using real-time RT-PCR at
the indicated times after completion of differentiation.
SAA3 mRNA level increased in cells grown in high glucose
medium in a time-dependent manner but did not change in
cells grown in low glucose medium (Fig. 1B). Although
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FIG. 1. Expression of SAA3 and MCP-1 mRNA is induced in hypertrophic adipocytes and suppressed by rosiglitazone. 3T3-L1 preadipocytes were
differentiated into adipocytes and cultured in low (5 mmol/l) or high (25 mmol/l) glucose media with or without rosiglitazone (100 nmol/l). A:
Photomicrographs were performed 7 days after completion of the differentiation protocol. 3T3-L1 adipocytes were differentiated in low (5
mmol/l) or high (25 mmol/l) glucose and then cultured in the same medium for the indicated times (B and C) or 7 days (D, E, and F) with or
without a cytokine mixture (10 ng/ml IL-1�, IL-6, and TNF-�) or added rosiglitazone (100 nmol/l). After differentiation, rosiglitazone was
replenished daily, whereas the cytokine mixture was added 24 h before harvesting. Total RNA was isolated and analyzed by multiplex real-time
RT-PCR using SAA3-specific primers and probes (B, C, D, and E) or MCP-1 specific primers and probes (F), and normalized to GAPDH. *P < 0.001
vs. low glucose, **P < 0.001 vs. cytokine mixture, #P < 0.001 vs. high glucose.
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SAA1 and -2 mRNA levels also increased, their expression
levels were very low compared with SAA3 (data not
shown). Treatment with a mixture of pro-inflammatory
cytokines (IL-1�, IL-6, and TNF-�) amplified SAA3 expres-
sion (Fig. 1C). Rosiglitazone dramatically inhibited SAA3
expression in cells exposed to high glucose concentrations
(Fig. 1D) and blocked the amplifying effect of cytokines on
SAA3 mRNA expression (Fig. 1E).

Preliminary experiments demonstrated that each iso-
form of SAA contains a unique peptide that ionizes with
high efficiency. Peptide mapping therefore represents a
highly sensitive and specific method that is able to identify
the various isoforms of SAA. To determine whether hyper-
trophic 3T3-L1 adipocytes secrete SAA3 protein, medium
isolated from the cells was fractionated by SDS-PAGE and
immunoblotted with an antibody specific for SAA. The
single immunoreactive band of material (which exhibited
an apparent molecular weight consistent with that of SAA)
was cut out, digested with trypsin, and analyzed by matrix-
assisted laser desorption ionization/time of flight (MALDI-
TOF) mass spectrometry. A peptide unique to SAA3, but
not SAA1 and SAA2, was detectable in the medium from
3T3-L1 adipocytes cultured in high glucose media (data
not shown).

Another inflammatory molecule believed to have an
important role in monocyte recruitment into adipose tis-
sue is MCP-1 (10,15). Therefore, MCP-1 expression levels
were measured using real-time RT-PCR. As with SAA3,
MCP-1 mRNA levels increased in cells that had become
hypertrophic by exposure to high glucose. Treatment with
cytokines amplified the increased MCP-1 expression in-
duced by growth in high glucose concentrations. Rosigli-
tazone inhibited the induction of MCP-1 by growth in high
glucose and by inflammatory cytokines (Fig. 1F). These
results indicate that hypertrophic adipocytes have the
potential ability to make two proteins known to be capable
of recruiting monocytes, i.e., SAA and MCP-1.
NF-�B DNA binding activity is increased and PPAR�
DNA binding activity decreased in differentiated
3T3-L1 adipocytes, effects that are reversed by ros-
iglitazone. NF-�B DNA activation regulates transcription
of a wide range of inflammatory mediators in pro-inflam-
matory states, whereas PPAR� activation has anti-inflam-
matory properties. Therefore, NF-�B and PPAR� DNA
binding activity was examined in differentiated 3T3-L1
cells exposed to high or low glucose concentrations, with
or without the addition of cytokines and rosiglitazone (Fig.
2). Hypertrophic adipocytes showed evidence of increased
NF-�B DNA binding activity without any change of NF-�B
mRNA expression levels (Fig. 2A and B). Conversely,
PPAR� DNA binding activity decreased in hypertrophic
adipocytes without any change in PPAR� mRNA levels
(Fig. 2C and D). Rosiglitazone treatment restored these
effects, resulting in increased PPAR� and decreased
NF-�B DNA binding activity in hypertrophic adipocytes.
These results imply that the pro-inflammatory state asso-
ciated with adipocyte hypertrophy is reciprocally regu-
lated by NF-�B and PPAR�.
Adipocyte hypertrophy induced by high glucose con-
ditions is associated with changes in hyaluronan.
Extracellular matrix molecules secreted by adipocytes
may play an important role in local inflammation because
they can anchor lipoproteins, cells, and pro-inflammatory
molecules. Hyaluronan secretion was investigated be-
cause hyaluronan increases during the differentiation of
3T3-L1 preadipocytes into adipocytes (28,29) and because

hyaluronan is involved in monocyte attachment (26,39).
Hyaluronan secreted into the media and bound to differ-
entiated 3T3-L1 cells were measured by ELISA. In adipo-
cytes in which hypertrophy was induced by high glucose
conditions, media hyaluronan increased by 	40% (Fig.
3A). However, cell-associated hyaluronan increased by
	400% (Fig. 3B). The expression of the HAS1, -2, and -3
genes, which are responsible for hyaluronan production,
was measured using real-time RT-PCR. HAS2 mRNA ex-
pression levels were increased in hypertrophic adipocytes
(Fig. 3C), whereas HAS1 and -3 mRNA were not detected.
Rosiglitazone inhibited the increase of hyaluronan in both
the media and cell-associated compartments. Interest-
ingly, pro-inflammatory cytokines did not stimulate the
production of cell-associated hyaluronan (Fig. 3).

To explore the role of NF-�B on SAA3, MCP-1, and HAS2
mRNA expression levels, the effect of a specific NF-�B
inhibitor, SN50 (100 
g/ml; Calbiochem), was investigated.
SN50 treatment effectively inhibited the increase of SAA3,
MCP-1, and HAS2 in cells exposed to high glucose concen-
trations (Supplemental Fig. 2, online appendix).
SAA3 and hyaluronan are coordinately induced by
high glucose concentrations and associate with each
other in a complex. We used three independent ap-
proaches to determine whether SAA3 and hyaluronan
released by hypertrophic adipocytes exist in a free form or
are present in a complex. First, we used hyaluronidase to
determine whether hyaluronan degradation could release
cell-associated SAA. 3T3-L1 adipocytes cultured in 5 or 25
mmol/l glucose for 7 days after differentiation were treated
with cytokines or/and rosiglitazone. After an additional
24-h incubation, media were collected and replaced with
new media with or without hyaluronidase for 30 min
before re-harvesting (Fig. 4A, a). Hyaluronidase released
cell-associated SAA3 into the media from hypertrophic
adipocytes grown in 25 mmol/l glucose (Fig. 4A, b, com-
pare lanes 1 and 3 with lanes 6 and 8). However, SAA3 was
not released without hyaluronidase treatment (Fig. 4A, b,
lane 10). Second, we immunostained cells with an SAA
antibody and identified hyaluronan with HABP. To deter-
mine whether the complex was at the cell surface or
intracellular sites, cells were stained with Alexa Fluor
594–conjugated wheat germ agglutinin (WGA; Molecular
Probes), which selectively labels glycoproteins on plasma
membranes. SAA and hyaluronan (green fluorescence, Fig.
4B, c and h) and Alexa Fluro 594–conjugated WGA (red
fluorescence, Fig. 4B, d and i) were colocalized (compare
with merge; Fig. 4B, e and j, yellow). SAA (green fluores-
cence, Fig. 4B, m) and hyaluronan (red fluorescence, Fig.
4B, n) also colocalized in hypertrophic adipocytes (yellow,
Fig. 4B, o). Hyaluronidase treatment simultaneously re-
moved hyaluronan and SAA staining (Fig. 4B, r, w, �, and
�) but not plasma membrane staining (Fig. 4B, s and x),
suggesting that hyaluronan and SAA associate in a com-
plex matrix present at the cell surface. Finally, we used a
HABP column to isolate the hyaluronan-containing matrix.
Media from hypertrophic adipocytes were loaded onto the
HABP column, after which hyaluronan-containing com-
plexes were eluted with 4 mol/l guanidine. SAA protein
was detected in the eluate but not in the pre-elution
washes (Fig. 4C, a). SAA protein was not detected in the
eluate when media were pretreated with hyaluronidase
before loading onto the HABP column (Fig. 4C, b). To
assess the relative abundance and purity of the complex
containing hyaluronan and SAA3, the complexes were run
on SDS-PAGE, immunoblotted with an anti-SAA antibody,
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FIG. 2. Reciprocal regulation of NF-�B and PPAR� DNA binding activity during hypertrophy induced by high glucose concentrations in
differentiated 3T3-L1 adipocytes. 3T3-L1 adipocytes were differentiated in low (5 mmol/l) or high (25 mmol/l) glucose and cultured for 7 days in
the same medium with or without a mixture of cytokines or rosiglitazone (100 nmol/l). Total RNA was isolated and analyzed by multiplex
real-time RT-PCR using NF-�B– and PPAR�–specific primers and probes (A and C) and normalized to GAPDH. Nuclear extracts were analyzed by
EMSA using radiolabeled NF-�B (B) and PPRE (D) oligonucleotides. Specificity was determined by the addition of unlabeled NF-�B and PPRE
(unlabeled probes) or mutant NF-�B and PPRE oligonucleotides before addition of the labeled probe.
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and ligand blotted using biotinylated hyaluronan. A band
of 	15 kDa (Fig. 4C, c), which was confirmed as SAA3 by
immunoblot analysis (Fig. 4C, d) and MALDI-TOF mass
spectrometry, was the major protein detected in the
complex. Moreover, hyaluronan selectively detected the
SAA3 band on the ligand blot assay (Fig. 4C, e). These
results indicate that SAA3 binds to hyaluronan and suggest
that hyaluronan plays a role in anchoring SAA3 in the
extracellular matrix of hypertrophic adipocytes.
The complex containing SAA3 and hyaluronan in-
creases monocyte adhesion. To investigate the potential
of the complex containing SAA3 and hyaluronan to recruit
monocytes into adipose tissue, monocyte adhesion assays
were performed with 3T3-L1 adipocytes grown in high or
low glucose concentrations. Adhesion of monocytes to
hypertrophic adipocytes was increased compared with
cells grown in low glucose. Rosiglitazone, a PPAR� agonist
that decreased both SAA and hyaluronan production in
response to hypertrophy, inhibited monocyte adhesion.
Pretreatment of the cell cultures with hyaluronidase,
which removes hyaluronan from the extracellular matrix
of the cells, also inhibited the monocyte adhesion (Fig.
5A).

To examine the role of SAA3 present in the complex,
SAA3 expression was silenced by transfecting a specific
SAA3 siRNA into hypertrophic 3T3-L1 adipocytes. siRNA
transfection decreased SAA3 mRNA and protein levels
compared with transfection of control siRNA constructs
and untreated cells (Fig. 5B and C). This SAA3 siRNA was
specific for the SAA3 gene and did not silence other
genes, such as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and SAA1 (data not shown). By using this siRNA
silencing technique, SAA3 was largely removed from the
complex extracellular matrix (see below). Silencing of
SAA3 partially inhibited the adhesion of monocytes (Fig.
5D). These data imply that both the hyaluronan and SAA3
in the complex extracellular matrix produced by hypertro-
phic adipocytes play an important role in monocyte adhe-
sion to adipose tissue.
The complex of SAA3 and hyaluronan induces chemo-
taxis of monocytes, an effect that is inhibited by
SAA3 silencing. To further characterize biological prop-
erties of the complex of SAA3 and hyaluronan that might
recruit monocytes into adipose tissue, the chemotactic
activity of this complex was determined using a Boyden
chamber assay. Addition of the complex, purified from

FIG. 3. Rosiglitazone suppresses the increase in both medium and cell-
associated hyaluronan in adipocytes exposed to high concentrations of
glucose. 3T3-L1 adipocytes differentiated in 5 or 25 mmol/l glucose were
cultured for 7 days in the same medium with or without a cytokine mixture
(10 ng/ml IL-1�, IL-6, and TNF-�) or rosiglitazone (100 nmol/l). Condi-
tioned media (A) and cell lysates that included cell-associated extracellu-
lar matrix (B) were harvested and analyzed for hyaluronan content by
ELISA. C: Total RNA was isolated and analyzed by multiplex real-time
RT-PCR using HAS2-specific primers and probes and normalized to GAPDH.
*P < 0.001 vs. low glucose, **P < 0.001 vs. high glucose, #P < 0.001 vs.
cytokine mixture.
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FIG. 4—Continues on the following page.
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hypertrophic adipocytes on a HABP column, showed the
typical dose response of migration of monocytes com-
pared with the complex from adipocytes grown in low
glucose conditions (Fig. 6A). The optimal concentration of
the complex containing SAA3 and hyaluronan for induc-
tion of monocyte migration was 100 ng/ml. To address the
role of each component of the complex on monocyte
chemotaxis, the complex was pretreated with either
pronase or hyaluronidase. Pretreatment with pronase
completely blocked monocyte migration, whereas hyal-
uronidase reduced migration by 	20% (Fig. 6B).

Because MCP-1 expression was increased in hypertro-
phic adipocytes, we needed to establish whether MCP-1
was present in the complex because its presence could
have a major effect on monocyte chemotaxis. Therefore,
the complex was pretreated with a neutralizing antibody
against MCP-1. Pretreatment with an anti–MCP-1 antibody
had no effect on the chemotactic activity of complex,
whereas the chemotactic activity of purified MCP-1 added
alone was completely blocked by pretreatment with the
anti-MCP antibody (Fig. 6C). Moreover, MCP-1 was not
detected by immunoblot on the complex containing SAA3
and hyaluronan (Fig. 6D). These data indicate that the
monocyte chemotactic activity of the complex containing
SAA3 and hyaluronan is not dependent on MCP-1.

Because SAA is known to be a chemoattractant (20), the
chemotactic activity of SAA3 in the complex was evalu-
ated by transfection of cells with SAA3 siRNA. SAA3
protein was not detected in the complex purified from
SAA3 siRNA-transfected hypertrophic adipocytes, com-
pared with matrix from cells transfected with a control

siRNA construct and from untreated cells (Fig. 7A). Also,
the concentration of hyaluronan did not change with
transfection of the SAA3-specific siRNA (Fig. 7B). SAA3
deficiency inhibited the chemotactic activity of the com-
plex (Fig. 7C). These results indicate that SAA3 plays an
important role in the chemotactic activity of the complex
of SAA3 and hyaluronan, which might work in concert
with MCP-1 to attract macrophages to adipose tissue or
become an alternative chemoattractant to MCP-1 in CCR2
knockout mice.

We next compared the chemotactic potency of MCP-1
and the complex containing SAA3 and hyaluronan, both of
which are secreted into the medium by hypertrophic
adipocytes. Conditioned medium from hypertrophic adi-
pocyte increased monocyte chemotaxis. Pretreatment
with an anti–MCP-1 antibody reduced migration by 	38%,
whereas medium from SAA3 siRNA-transfected hypertro-
phic adipocyte reduced monocyte chemotaxis by 	32%
(Fig. 7D). Pretreatment of conditioned medium from SAA3
siRNA-transfected hypertrophic adipocyte with an anti–
MCP-1 antibody showed an additive effect of SAA3 and
MCP-1 on monocyte chemotaxis (Fig. 7D). These data
indicate that not only MCP-1 but also SAA3 plays a
major role on monocytes chemotaxis to hypertrophic
adipocytes.
SAA3 and hyaluronan increase during the develop-
ment of obesity in mouse models. To extend our in vitro
findings in 3T3-L1 adipocytes to in vivo models, we used
male LDLR�/� mice fed a high-fat, high-sucrose diet,
which previously has been shown to result in obesity,
insulin resistance, and atherosclerosis (40). In addition,

FIG. 4. SAA3 and hyaluronan are bound in a complex. A: 3T3-L1 adipocytes differentiated in 5 or 25 mmol/l glucose were cultured for 7 days with
a cytokine mixture (10 ng/ml IL-1�, IL-6, and TNF-�) or rosiglitazone (100 nmol/l). a: After 24 h of incubation, conditioned media were collected
(the first collection was designated as 1), replaced by new media with or without hyaluronidase (200 mU/ml) for 30 min and collected again (the
second collection was designated as 2). b: These two collections were analyzed by immunoblot using anti-SAA3 antibody. Hyaluronidase released
cell-associated SAA3 into the medium of adipocytes exposed to high glucose. B: 3T3-L1 adipocytes differentiated in high glucose medium on
22-mm2 coverslips were cultured in the same medium for 7 days. p–�: For controls, cells were treated with hyaluronidase (200 mU/ml) for 30 min
before fixation. Cells were stained with a SAA3 (green) antibody following fluorescein isothiocyanate (FITC)-secondary antibody (c, m, r, and�)
and HABP following FITC-conjugated (green) (h and w) or Cy5-conjugated (red) (n and g) streptavidin. d, i, s, and x: To distinguish the outside
of cells from intracellular sites, plasma membranes were stained with Alexa Fluor 594–conjugated WGA (red). b, g, l, q, v, and �: Cell nuclei were
counter-stained by Hoechst 33342 (blue), and cells were photographed using fluorescence microscopy. e, j, o, t, y, and �: Merged fluorescence is
shown in yellow (original magnification, �1,000). a, f, k, p, u, and z: Cell morphology was shown by phase-contrast photography. o: Thus,
hyaluronan and SAA3 colocalize in hypertrophic adipocytes. C: Conditioned media from adipocytes exposed to high or low glucose conditions
were loaded onto a HABP column to purify the hyaluronan complex, washed extensively, and eluted with 4 mol/l guanidine. a: Each washing
fraction and the fraction eluted with guanidine were analyzed by immunoblotting using a SAA3 antibody. Only cells grown in high glucose
conditions have SAA complexed with hyaluronan. b: To test for the specificity of the HABP column, some media were treated with hyaluronidase
before loading onto the column. SAA3 was lost by pretreatment with hyaluronidase. To examine the abundance and purity of the complex, the
isolated complexes (20 �g/ml) were loaded on 10–20% gradient SDS-PAGE, visualized by Coomassie staining (c), by immunoblot using an
anti-SAA antibody (d), or by ligand blot using biotinylated-HA (e). Thus, hyaluronan exists in a complex with SAA3 in media from adipocytes
induced to become hypertrophic by growth in high glucose conditions.
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ob/ob mice, which lack leptin and develop massive obesity
(41), were investigated. Both mouse models had systemic
inflammation as evidenced by increased circulating levels
of SAA (data not shown). SAA3 mRNA and protein in-
creased dramatically in adipose tissue of LDLR�/� mice in
response to consumption of the high-fat, high-sucrose diet
(Fig. 8A and B). ob/ob mice also exhibited a marked
increase in SAA3 mRNA levels in adipose tissue (Fig. 8D).
In addition, hyaluronan concentration and HAS2 mRNA
increased dramatically in both diet-induced and geneti-
cally obese mice (Fig. 8C and E). Immunohistochemical
staining showed an increase in SAA (using an antibody
that recognizes all isoforms of SAA), hyaluronan (detected
with HABP), and macrophages (detected with Mac-2), in
visceral adipose tissue from LDLR�/� mice fed the high-
fat, high-sucrose diet (Fig. 8F). Adipose tissue from these
mice also showed evidence of adipocyte hypertrophy and
macrophage accumulation. Moreover, hyaluronan and

SAA were detected in the same regions where macro-
phages infiltrated (Fig. 8F). These findings imply that the
complex of SAA and hyaluronan might have an important
role in the accumulation and recruitment of macrophages
into adipose tissue in vivo.

DISCUSSION

We have demonstrated increased SAA3 and hyaluronan
expression in 3T3-L1 adipocytes induced to become hy-
pertrophic by culture in high glucose concentrations in
vitro and in diet-induced and genetic obesity in vivo. These
changes are coordinately and reciprocally regulated by
DNA binding activity of NF-�B and PPAR�. Moreover,
SAA3 and hyaluronan produced by hypertrophic adipo-
cytes associate with each other in a complex. This SAA3-
and hyaluronan-containing complex facilitates monocyte
adhesion and increases monocyte chemotaxis. Thus, mol-

FIG. 5. The complex containing SAA3 and hyaluronan increases the
adhesion of monocytes to hypertrophic differentiated 3T3-L1 cells,
whereas silencing SAA3 reduces adhesion. 3T3-L1 adipocytes differen-
tiated in low (5 mmol/l) or high (25 mmol/l) glucose medium were
cultured for 7 days with or without rosiglitazone (100 nmol/l). A: Some
adipocytes were pretreated with hyaluronidase (200 mU/ml) 30 min
before replacing with fresh media. Then U937 monocytes, prelabeled
with calcein-AM, were added and allowed to adhere for 90 min at 4°C.
The cells were then washed three times, and adherent cells were
measured in a multi-well fluorescent plate reader. Results are ex-
pressed as the number of adhered U937 cells per dish. B–D: Some
adipocytes were transfected with SAA3 or SAA1 siRNA. Negative
control siRNAs #1 or #3 provided by the manufacturer also were
transfected. After transfection, total RNA and conditioned media were
collected for analysis of SAA3 and SAA1 mRNA expression by real-time RT-PCR using SAA3 and SAA1 specific primers and probes and normalized
to GAPDH (B) or by immunoblot using a SAA3 antibody (C). D: Two days after finishing the transfection, adipocytes were subjected to the
monocyte adhesion assay described in A. *P < 0.001 vs. low glucose; **P < 0.001 vs. high glucose; #P < 0.001 vs. negative control siRNA 3; †P <
0.01 vs. negative control siRNA 3.
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ecules present in this complex could facilitate the recruit-
ment and retention of monocytes in adipose tissue in
obesity.

An important feature of obesity is that adipocytes be-
come hypertrophic due to the delivery of an excess
amount of energy in the form of glucose or fatty acids. To
mimic obesity, a major feature of which is adipocyte
hypertrophy, we used high glucose concentrations to
make 3T3-L1 adipocytes hypertrophic in vitro. Previous
studies have shown that hyperglycemia per se can rapidly
increase the secretion of SAA by adipocytes in vitro and by
adipose tissues from streptozotocin-treated mice without
adipocyte hypertrophy (30,42). However, we were unable
to show increased expression of SAA3 in the absence of
adipocyte hypertrophy, possibly because of the different
conditions used in the previous study (30).

Coordinate and reciprocal regulation of NF-�B and
PPAR transactivation is an important determinant of the
inflammatory state. NF-�B DNA transactivation leads to
the expression of pro-inflammatory molecules (34,43–45),
whereas PPARs ameliorate inflammation by regulating the

expression of anti-inflammatory molecules (46,47). In the
present study, we have shown that hypertrophic adipo-
cytes are in a pro-inflammatory state in which NF-�B
activity is increased, PPAR� activity is decreased, and
expression of SAA and hyaluronan is increased. Moreover,
these inflammatory changes were reversed by rosiglita-
zone, which decreased NF-�B DNA binding activity, in-
creased PPAR� DNA binding activity, and reduced SAA
and MCP-1 expression.

Our data show that adipocyte hypertrophy is specifically
associated with an increase in SAA3 mRNA and protein
expression both in vitro and in vivo. SAA3 is the isoform
produced by extra-hepatic cells, such as adipocytes, in
mice (16). Although adipocyte hypertrophy was also asso-
ciated with an increase in the expression of SAA1 and -2,
isoforms produced primarily by the liver, their transcripts
levels were considerably lower than for SAA3.

Our data also indicate that hyaluronan is increased
during adipocyte hypertrophy because of HAS2 induction
in vitro, changes that are also reversed by rosiglitazone.
Similar observations were made in vivo, because steady-

FIG. 6. The complex containing SAA3 and hyaluronan is chemoattrac-
tant for monocytes. The complex containing SAA3 and hyaluronan from
conditioned media of 3T3-L1 adipocytes differentiated in low (5 mmol/l)
or high (25 mmol/l) glucose for 7 days was purified using a HABP affinity
column. Then THP-1 monocytes, prelabeled with calcein-AM, were
placed into the top chambers of a 96-well chemotaxis Boyden chambers
with the indicated concentration of complex (A) or 100 ng/ml the
complex with or without pronase (100 �g/ml) or hyaluronidase (Hase;

200 mU/ml) (B) in the bottom chambers. The complexes (100 ng/ml) purified from conditioned media of 3T3-L1 adipocytes cultured in high
glucose were pretreated with neutralizing anti–MCP-1 antibody (5 �g/ml). Then, the complexes or MCP-1 (100 ng/ml), with or without added
anti–MCP-1 antibody, were analyzed with the chemotaxis assay. C: The chemotactic peptide, formyl-methionyl-leucyl-phenylalanine (FMLP) (10
nmol/l, Sigma), was used as a control. D: Finally, the complex containing SAA3 and hyaluronan (20 �g/ml) and MCP-1 (10 ng/ml) as control was
loaded on SDS-PAGE and subjected to immunoblot analysis using an anti-SAA (top) or anti–MCP-1 antibody (bottom). *P < 0.001 vs. low glucose;
**P < 0.001 vs. high glucose; #P < 0.01 vs. high glucose.
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state levels of SAA3, HAS2 mRNA, and hyaluronan con-
centrations were increased in adipose tissue from two
different mouse models of obesity.

Recent studies show that macrophages are present,
albeit in reduced numbers, in adipose tissue of obese
CCR2-deficient mice (14). These observations suggest that
molecules other than MCP-1 also must be involved in the
recruitment and retention of macrophages into adipose
tissue. SAA is known to be a chemoattractant (20), and
hyaluronan can bind macrophages via an interaction with
cell surface receptors, especially CD44 (26,48), events that
could potentially lead to monocyte recruitment and mac-
rophage retention in adipose tissue. Because both SAA
and hyaluronan increase during adipocyte hypertrophy,
we postulate that SAA and hyaluronan have a synergistic
effect on macrophage recruitment. Several lines of evi-
dence indicate that SAA3 and hyaluronan coexist in a
complex surrounding the cells. First, hyaluronidase treat-
ment of the cell-associated matrix led to the release of
SAA3. Second, SAA and hyaluronan colocalized on adipo-

cytes, and treatment with hyaluronidase removed both
SAA and hyaluronan immunostaining. Third, SAA bound to
a HABP affinity column, indicating that it existed in a
complex with hyaluronan. And finally, SAA and hyaluro-
nan were colocalized in adipose tissue from mice with
diet-induced obesity.

We have demonstrated that the complex of SAA and
hyaluronan that surrounds hypertrophic adipocytes in-
creases both monocyte adhesion and retention. Both hya-
luronan and SAA appear to facilitate monocyte adhesion,
because pretreatment of the cells with hyaluronidase and
silencing of SAA3 production both partially reduced mono-
cyte adhesion. We also showed that the SAA and hyaluro-
nan-containing complex, which is free of cells, increased
monocyte chemotaxis. Degradation of hyaluronan with
hyaluronidase and inhibition of SAA3 production by the
use of a SAA3-specific siRNA both partially inhibited
monocyte chemotaxis to the hyaluronan-containing com-
plex. Moreover, this effect was independent of the chemo-
tactic factor MCP-1, which was absent from the matrix

FIG. 7. Silencing SAA3 reduces the chemotaxis of monocytes to the
complex containing SAA3 and hyaluronan. 3T3-L1 adipocytes dif-
ferentiated in low (5 mmol/l) or high (25 mmol/l) glucose were
cultured in the same media for 7 days. Some adipocytes were
transfected with SAA3 (S3) siRNA or negative control siRNA #3
(N3). Two days after transfection, conditioned media were col-
lected for analysis of SAA3 expression by immunoblot using a
SAA3 antibody (A) or for analysis of hyaluronan by hyaluronan-
ELISA (B). The complexes were then purified using a HABP
affinity column and subjected to the monocyte chemotaxis assay
described in Fig. 6A. C: Controls used were the complexes purified
from conditioned media cultured in low glucose (L), and the
chemotactic peptide FMLP (10 nmol/l). D: Conditioned media from
3T3-L1 adipocytes differentiated in low (5 mmol/l) or high (25
mmol/l) glucose, with or without transfection of negative control
#3 siRNA or SAA3 siRNA, were subjected to the monocyte chemo-
taxis assay described in Fig. 6. *P < 0.001 vs. low glucose, **P <
0.001 vs. negative control #3 siRNA, †P < 0.01 vs. SAA3 siRNA.
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although induced by adipocyte hypertrophy. Furthermore,
chemotaxis induced by the isolated complex was not
reduced by the use of an antibody against MCP-1. How-
ever, use of media from the hypertrophic adipocytes
indicated that MCP-1 and SAA3 each accounted for about
35% of the chemotaxis, with the remainder presumably
due to some as-yet-unidentified chemotactic factor(s). It is
unclear why SAA3 should play a role in the adhesion of
monocytes to the matrix. It is conceivable that SAA3

present in the deeper layers of the complex might induce
monocyte chemotaxis, thereby facilitating the retention of
monocytes by the matrix surrounding the adipocytes.
Hyaluronan might thus facilitate monocyte retention via
CD44 and other receptors and also by anchoring SAA3,
thereby creating a gradient of this chemotactic factor,
which might facilitate monocyte adhesion.

Plasma SAA is derived mainly from the liver and circu-
lates predominantly in association with HDL (16). It is not

FIG. 8. SAA3 and hyaluronan are increased and colocalized in adipose tissue from diet-induced and genetically obese mice. A, B, C, and F: LDLR�/�

mice were fed a chow or high-fat, high-sucrose diet for 16 weeks. Epididymal fat was isolated and analyzed by immunoblot using a SAA3 antibody
(A; n 	 4) and by real-time RT-PCR using a SAA3-specific primer and probes (B; n 	 4), and hyaluronan content was measured by ELISA (C; n 	
5). D and E: ob/ob mice and C57BL/6 littermates were fed a chow diet for 24 weeks. Epididymal fat was isolated and analyzed by real-time RT-PCR
using SAA3-specific (D; n 	 5) and HAS2-specific (E; n 	 5) primers and probes and normalized to GAPDH. *P < 0.01 vs. chow, **P < 0.001 vs.
C57BL/6 mice. F: Epididymal fat was isolated and analyzed by immunohistochemistry using a SAA3 antibody, HABP, and a Mac-2 antibody, which
detects SAA3, hyaluronan, and murine macrophages, respectively. Tissues were photographed using microscopy (original magnification �100).
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present in a lipoprotein-free form in plasma (37). Because
adipocytes do not produce structural apolipoproteins,
such as apo A-I or apo B, non–lipoprotein-associated SAA
produced by adipocytes might have a local function, such
as monocyte recruitment. Although hyaluronan is involved
in monocyte adhesion, it might also work to retain im-
mune cells, such as macrophages, by anchoring pro-
inflammatory molecules, such as SAA.

We propose a model whereby the extracellular matrix
surrounding adipocytes acts as an anchor that traps li-
poprotein-free SAA3 and that these molecules act in
concert to facilitate the recruitment, adhesion, and reten-
tion of monocyte-macrophages in adipose tissue, playing a
role in the local inflammation that is characteristic of
adipose tissue in obesity.
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