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Differential Effect of Saturated and Unsaturated Free
Fatty Acids on the Generation of Monocyte Adhesion and
Chemotactic Factors by Adipocytes
Dissociation of Adipocyte Hypertrophy From Inflammation
Chang Yeop Han,1,2 Atil Y. Kargi,1 Mohamed Omer,1,2 Christina K. Chan,3 Martin Wabitsch,4
Kevin D. O’Brien,1 Thomas N. Wight,3 and Alan Chait1,2

RESEARCH DESIGN AND METHODS—Differentiated 3T3L1, Simpson-Golabi-Behmel syndrome adipocytes, and mouse
embryonic fibroblasts were exposed to various FFAs (250
mol/l) in either 5 or 25 mmol/l (high) glucose for evaluation of
SAA, MCP-1, and HA regulation in vitro.
RESULTS—Saturated fatty acids (SFAs) such as laurate, myristate, and palmitate increased cellular triglyceride accumulation,
SAA, and MCP-1 expression; generated reactive oxygen species
(ROS); and increased nuclear factor (NF) B translocation in
both 5 and 25 mmol/l glucose. Conversely, polyunsaturated fatty
acids (PUFAs) such as arachidonate, eicosapentaenate, and
docosahexaenate (DHA) decreased these events. Gene expression could be dissociated from triglyceride accumulation. Although excess glucose increased HA content, SFAs, oleate, and
linoleate did not. Antioxidant treatment repressed glucose- and
palmitate-stimulated ROS generation and NFB translocation
and decreased SAA and MCP-1 expression and monocyte chemotaxis. Silencing toll-like receptor-4 (TLR4) markedly reduced
SAA and MCP-1 expression in response to palmitate but not
glucose. DHA suppressed NFB translocation stimulated by both
excess glucose and palmitate via a peroxisome prolifterator–
activated receptor (PPAR) ␥– dependent pathway.
CONCLUSIONS—Excess glucose and SFAs regulate chemotactic factor expression by a mechanism that involves ROS generation, NFB, and PPAR␥, and which is repressed by PUFAs.
Certain SFAs, but not excess glucose, trigger chemotactic factor
expression via a TLR4-dependent pathway. Diabetes 59:386–
396, 2010

From the 1Department of Medicine, University of Washington, Seattle, Washington; the 2Diabetes and Obesity Center of Excellence, University of
Washington, Seattle, Washington; the 3Hope Heart Program, Benaroya
Research Institute, Seattle, Washington; and the 4Department of Pediatrics,
University of Ulm, Ulm, Germany.
Corresponding author: Alan Chait, achait@u.washington.edu.
Received 23 June 2009 and accepted 31 October 2009. Published ahead of print
at http://diabetes.diabetesjournals.org on 23 November 2009. DOI:
10.2337/db09-0925.
© 2010 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit,
and the work is not altered. See http://creativecommons.org/licenses/by
-nc-nd/3.0/ for details.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

386

DIABETES, VOL. 59, FEBRUARY 2010

M

acrophage accumulation in adipose tissue is a
hallmark of obesity (1–3). Adipose tissue
macrophages have been implicated in the
pathogenesis of insulin resistance and systemic inflammation (4 – 6). However, the mechanism by
which monocytes are recruited into adipose tissue to
become macrophages remains elusive. While monocyte
chemoattractant protein (MCP)-1 has been proposed as a
key monocyte chemoattractant (2,7,8), recent studies have
found that neither MCP-1 (9) nor its receptor C-C motif
chemokine receptor 2 (10) are required for adipose tissue
macrophage accumulation. Therefore, other mechanisms
must exist. We recently described another monocyte recruitment pathway responsible for macrophage accumulation in adipose tissue (i.e., a complex containing both an
extrahepatic serum amyloid A [SAA] isoform, SAA3, and
hyaluronan [HA]). SAA3 is chemotactic for monocytes,
whereas HA acts as a scaffold to which both monocytes
and SAA3 adhere (11).
Previously, we showed that glucose-induced adipocyte
hypertrophy increased expression of SAA3, MCP-1, and
hyaluronan synthase (HAS) 2, the enzyme responsible for
HA synthesis in adipocytes, via a nuclear factor (NF) B
and peroxisome prolifterator–activated receptor (PPAR)
␥– dependent mechanism (11). We also demonstrated that
this pathway increases in susceptible mice fed diets rich in
saturated fatty acids (SFAs) and refined sugar (11). Moreover, others have shown that obesity resulting from excess
SFA consumption leads to insulin resistance via a toll-like
receptor-4 (TLR4)-dependent pathway (12,13). Obesity occurs when excess nutrients derived from glucose and/or
fatty acids accumulate in adipose tissue. However, little is
known about the effects of different classes of long-chain
FFAs on SAA, MCP-1, and HAS2 expression in adipocytes.
By exposing differentiated adipocytes to various longchain FFAs, we have shown that specific SFAs stimulate
monocyte chemotaxis, whereas specific polyunsaturated
fatty acids (PUFAs) inhibit these monocyte recruitment
pathways. Moreover, glucose and specific SFAs appear to
share a common pathway for macrophage accumulation in
adipose tissue.

RESEARCH DESIGN AND METHODS
Reagents and detailed methods are described in an online appendix, which
can be found at http://diabetes.diabetesjournals.org/cgi/content/full/db090925/DC1.
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OBJECTIVE—Obesity is associated with monocyte-macrophage accumulation in adipose tissue. Previously, we showed that
glucose-stimulated production by adipocytes of serum amyloid A
(SAA), monocyte chemoattractant protein (MCP)-1, and hyaluronan (HA) facilitated monocyte accumulation. The current objective was to determine how the other major nutrient, free fatty
acids (FFAs), affects these molecules and monocyte recruitment
by adipocytes.

C.Y. HAN AND ASSOCIATES

RESULTS

Adipocyte hypertrophy after exposure of differentiated 3T3-L1 cells to excess glucose and FFAs. To
mimic the metabolic milieu that promotes obesity, a
condition of chronic energy excess, we exposed differentiated 3T3-L1 and SGBS adipocytes and adipocytes differentiated from MEFs to high glucose concentrations and/or
FFAs. We have shown previously that 3T3-L1 adipocytes
exhibit increased hypertrophy following exposure to 25
mmol/l (11). In this study, daily replenishment of medium
for 7 days with the SFAs, laurate (12:0), myristate (14:0),
palmitate (16:0), and stearate (18:0), and the monounsaturated fatty acid, oleate (18:1), all induced adipocyte
hypertrophy in both 5 and 25 mmol/l glucose. However,
the n-6 PUFAs, linoleate (18:2) and arachidonate (C20:4),
and the n-3 PUFAs, eicosapentaenoate (EPA; 20:5) and
docosahexaenoate (DHA; 22:6), decreased lipid droplet
size induced by 25 mmol/l glucose (supplemental Fig. 1).
These findings are similar to the reduction of glucoseinduced adipocyte hypertrophy by the PPAR␥ agonist,
rosiglitazone (11). Triglyceride content was increased by
25 mmol/l glucose, each of the SFAs, and oleic acid.
Triglycerides increased in an additive fashion with a
combination of 25 mmol/l glucose and either SFAs or oleic
acid. In contrast, n-3 and n-6 PUFAs decreased triglyceride
content, even in the presence of 25 mmol/l glucose (supplemental Fig. 1). Thus, the FFAs studied have divergent
diabetes.diabetesjournals.org

effects on adipocyte hypertrophy. As with 3T3-L1 adipocytes, laurate, palmitate, stearate, and oleate induced,
while DHA decreased, adipocyte hypertrophy in human
SGBS adipocytes (supplemental Fig. 1) and adipocytes
differentiated from MEFs (data not shown).
SAA and MCP-1 expression. Previously we have shown
that 25 mmol/l, but not 5 mmol/l, glucose upregulated
SAA3 and MCP-1 mRNA expression in differentiated
3T3-L1 cells time dependently (11). We now exposed
differentiated 3T3-L1 adipocytes to various FFAs for 7 days
in both 5 and 25 mmol/l glucose with daily media replenishment. The SFAs, laurate, myristate, and palmitate, all
increased SAA3 and MCP-1 mRNA levels in both 5 and 25
mmol/l glucose (Fig. 1A and B). SAA3 mRNA was increased in a dose- and time-dependent manner by exposure to palmitate, with increased expression observed by
24 h (data not shown). Linoleate neither stimulated gene
expression nor caused cellular hypertrophy. Despite inducing adipocyte hypertrophy, neither stearate nor oleate
altered SAA3 and MCP-1 gene expression (Fig. 1A and B).
Thus, chemotactic factor gene stimulation and adipocyte
hypertrophy can be dissociated. Arachidonate, EPA, and
DHA decreased glucose-induced expression of SAA3 and
MCP-1 (Fig. 1A and B), similar to results observed with
rosiglitazone (11).
As for mRNA expression, SAA3 protein levels by immunoblot increased after exposure to 25 mmol/l glucose,
laurate, myristate, and palmitate and decreased after exposure to arachidonate, EPA, and DHA (Fig. 1C). No
changes in SAA protein were observed with stearate,
oleate, and linoleate. Thus, effects on gene expression also
were seen at the level of protein expression.
To extend the observation in 3T3-L1 adipocytes to other
adipocyte-like cells, differentiated human SGBS adipocytes and MEFs also were studied. Since the isoform of
SAA produced by human adipocytes is SAA1 rather than
SAA3 (21), SAA1 mRNA and protein were measured in
human SGBS adipocytes. As with 3T3-L1 adipocytes, the
SFAs, laurate and palmitate, increased SAA and MCP-1
mRNA levels, while stearate and oleate had no effect
despite inducing adipocyte hypertrophy (supplemental
Fig. 2). However, DHA also decreased glucose-induced
expression of SAA and MCP-1 in these cell lines (supplemental Fig. 2). Consistent with mRNA expression, SAA1
protein levels in SGBS adipocytes increased after exposure to 25 mmol/l glucose, laurate, and palmitate and
decreased after treatment with DHA (supplemental Fig. 2).
As with 3T3-L1 cells, stearate and oleate did not change
SAA1 protein in SGBS cells.
To confirm that the protein expression results were not
due to glucose- or FFA-induced apoptosis (20), cell death
was assessed using propidium iodide and annexin V
staining. Exposure of cells to 25 mmol/l glucose, with or
without palmitate or stearate, failed to induce apoptosis in
differentiated 3T3-L1 adipocytes (supplemental Fig. 3).
Effect of glucose and FFAs on HA content and hyaluronan synthase expression. We have shown previously
that HA production and expression of the enzyme responsible for its synthesis in adipose tissue, HAS2, are increased during glucose-induced adipocyte hypertrophy in
vitro and by diet-induced obesity in mice (11). Therefore,
we evaluated the effects of various FFAs on HAS2 expression and HA content in differentiated 3T3-L1, human SGBS
adipocytes, and MEFs. Although HA content and HAS2
expression increased after exposure to high glucose, they
were not altered by SFAs, the monounsaturated fatty acid,
DIABETES, VOL. 59, FEBRUARY 2010
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Cell culture. 3T3-L1 murine preadipocytes, obtained from American Type
Tissue Culture Collection, and mouse embryonic fibroblasts (MEFs), isolated
from embryos of C57BL/6 mice at 13.5 days postcoitum (a gift from Dr. Carol
B. Ware, University of Washington), were propagated and differentiated
according to standard protocol procedures (14), with the exception that
media containing either 5 or 25 mmol/l glucose with or without 250 mol/l
FFAs were replenished daily. Human preadipocytes from Simpson-GolabiBehmel syndrome (SGBS) were grown and differentiated, as described
previously (15), with daily replenishment of media containing either 5 or 25
mmol/l glucose with or without 250 mol/l FFAs. U937 and THP-1 monocytic
cell lines were cultured in RPMI-1640 medium for use in the monocyte
adhesion and chemotaxis assays, respectively.
In vitro TLR4 gene silencing. To test the role of TLR4-mediated SAA3 and
MCP-1 expression, 3T3-L1 adipocytes were transiently transfected (2 days
after completion of the differentiation protocol) with small-interfering RNA
(siRNA) duplexes for TLR4 synthesized and purified by Ambion using the
DeliverX system (Panomics), as described previously (11,16).
Reactive oxygen species quantification. Reactive oxygen species (ROS)
generation was assessed as CM-H2DCFDA (Molecular Probes) fluorescence,
which was monitored by fluorescence-activated cell sorting (FACS) (FACScan, Becton Dickinson), as described previously (17).
Multiplex real-time quantitative reverse-transcription PCR. Real-time
reverse-transcription PCR (RT-PCR) was performed using the TaqMan Master
kit (Applied Biosystems) in the Stratagene MX3000P system (16) (online
appendix).
Western blot analysis. Differentiated mouse 3T3-L1 and human SGBS
adipocytes were cultured in medium containing 5 or 25 mmol/l glucose with or
without 250 mol/l FFAs. After incubation, culture media were collected and
proteins separated in 10 –20% gradient SDS-PAGE for Western blot analysis
using an anti-mouse SAA3 antibody (a generous gift from Dr. Philipp E.
Scherer, University of Texas, Southwestern) (11) for the 3T3-L1 cells or an
anti-human SAA1 antibody (Anogen, Ontario, Canada) for the SGBS cells.
Monocyte adhesion assay. Monocyte adhesion to 3T3-L1 adipocytes was
assessed using U937 cells, as described previously (18) (online appendix).
Monocyte chemotaxis assay. The chemotactic activity of conditioned media
from 3T3-L1 adipocytes grown in 5 or 25 mmol/l glucose with or without 250
mol/l FFAs was studied in a 96-well microchamber (ChemoTx; Neuro
Probe), as described previously (19) (online appendix).
FACS analysis for cell death. Since specific FFAs can elicit apoptosis (20),
we also measured cell death in adipocytes cultured in 5 or 25 mmol/l glucose
with or without FFAs by FACS (online appendix).
Statistical analysis. Statistical significance was determined by Student’s t
tests. Data are reported as means ⫾ SD of two or three independent
experiments performed in triplicate. P ⬍ 0.05 was considered significant.
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FIG. 1. SAA3 and MCP-1 expression is stimulated by specific SFAs and inhibited by specific PUFAs. 3T3–L1 adipocytes were differentiated in 5
or 25 mmol/l glucose and cultured for 7 days in the same medium with various FFAs (250 mol/l). Total RNA was isolated and analyzed by
multiplex real-time RT-PCR using SAA3-specific (A) or MCP-1–specific (B) primers and probes and normalized to GAPDH. C: Conditioned media
were analyzed by immunoblot using anti-SAA3 antibody. *P < 0.001 vs. 5 mmol/l glucose control. **P < 0.001 vs. 25 mmol/l glucose control.

oleate, or the n-6 PUFA, linoleate. Interestingly, another
n-6 PUFA, arachidonate, and the n-3 PUFAs, EPA and
DHA, markedly attenuated glucose-stimulated HA content
and HAS2 expression (Fig. 2A and B, supplemental Fig. 2),
an effect similar to that observed previously with rosiglitazone (11). Thus, the effect of FFAs on HA differs from
that of glucose excess.
Glucose excess and certain SFAs have proinflammatory
effects, whereas arachidonate and the n-3 PUFAs, EPA and
DHA, have anti-inflammatory properties. We therefore evaluated the effect of glucose excess and FFAs on adiponectin,
an anti-inflammatory molecule expressed during adipocyte
differentiation. Exposure of 3T3-L1– differentiated adipocytes
to 25 mmol/l glucose, SFAs, oleate, and linoleate had no
effect on adiponectin mRNA levels. However, adiponectin
mRNA was further increased by exposure to arachidonate,
EPA, and DHA (supplemental Fig. 4).
Monocyte adhesion and chemotaxis. To investigate the
potential of excess glucose and FFAs to recruit monocytes, monocyte adhesion and chemotaxis assays were
388
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performed with 3T3-L1 adipocytes grown in 5 or 25 mmol/l
glucose with various FFAs. Adhesion of monocytes, an
HA-dependent process (11), was increased only in adipocytes exposed to excess glucose. SFAs, oleate, and linoleate had no effect on monocyte adhesion, while
glucose-stimulated HA-dependent cell adhesion was decreased in cells exposed to arachidonate, EPA, and DHA
(Fig. 3A), consistent with the effect of these FFAs on HA
content and HAS2 expression.
We next compared the chemotactic potency of factors
secreted by adipocytes cultured in 25 mmol/l glucose and
various FFAs. Only conditioned medium from adipocytes
cultured in excess glucose, laurate, myristate, and palmitate increased monocyte chemotaxis. The effects of glucose and these SFAs were additive (Fig. 3B). Conditioned
media from adipocytes cultured in arachidonate, EPA, and
DHA decreased monocyte chemotaxis induced by excess
glucose. In contrast to the effect of FFAs on monocyte
adhesion, the effect of FFAs on chemotaxis mirrored their
effects on SAA3 and MCP-1 expression.
diabetes.diabetesjournals.org
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FIG. 2. HA content and HAS2 gene expression are increased by high glucose conditions but not SFAs and attenuated by arachidonate, EPA, and
DHA. 3T3–L1 adipocytes differentiated in 5 or 25 mmol/l glucose were cultured for 7 days in the same media with or without various FFAs (250
mol/l). A: Cell lysates that included cell-associated extracellular matrix were harvested and analyzed for HA content by ELISA. B: 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. 5
mmol/l glucose control. **P < 0.001 vs. 25 mmol/l glucose control.

Effect of glucose and FFAs on NFB transactivation
and ROS generation. Previously, we showed that NFB
transactivation increased while PPAR␥ transactivation decreased in differentiated 3T3-L1 cells exposed to high
glucose (11). Since NFB transactivation regulates transcription of a wide range of proinflammatory mediators
(22–25), whereas PPAR␥ activation has anti-inflammatory
properties (26,27), we examined the effects of various
FFAs on NFB transactivation. Laurate, myristate, and
palmitate increased transactivation of NFB in both 5 and
25 mmol/l glucose, suggesting that these SFAs are proinflammatory, whereas oleate and stearate had no effect
(Fig. 4A).
To test potential intermediates by which excess glucose
and certain SFAs might activate NFB in 3T3-L1 adipo-
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cytes, ROS generation was measured using CM-H2DCFDA
(Molecular Probes), a membrane-permeable dye that is
oxidized by intracellular ROS to the fluorescent product
CM-DCF (28). Daily exposure for 7 days of cells to 25
mmol/l glucose and/or palmitate (Fig. 4B), laurate, or
myristate (not shown) increased intracellular CM-DCF
fluorescence. When incubated with palmitate and 25
mmol/l glucose, ROS generation was additive (Fig. 4B).
Stearate, oleate (Fig. 4B), and linoleate (not shown) had
no effect on ROS in either 5 or 25 mmol/l glucose.
Conversely, arachidonate (not shown), EPA, and DHA
blunted the effect of 25 mmol/l glucose (Fig. 4B). These
results raise the question of whether ROS generated by
high glucose and/or palmitate may be involved in NFB
activation in 3T3-L1 adipocytes.
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FIG. 3. Monocyte adhesion and chemotaxis are increased by growth of adipocytes in the presence of excess glucose and certain SFAs. 3T3–L1
preadipocytes were differentiated into adipocytes and cultured for 7 days in 5 or 25 mmol/l glucose-containing media with various FFAs (250
mol/l) with daily medium changes. U937 monocytes, prelabeled with calcein-AM, were then added and allowed to adhere for 90 min at 4°C. The
cells were then washed three times and adherent cells measured in a multiwell fluorescent plate reader. A: Results are expressed as the number
of adherent U937 cells per dish. In separate experiments, THP-1 monocytes, prelabeled with calcein-AM, were placed into the top chambers of
a 96-well Boyden chemotaxis and conditioned media from adipocytes were placed in the bottom chambers. B: After incubation for 90 min,
migrated monocytes were counted with a multiwell fluorescent plate reader. *P < 0.001 vs. 5 mmol/l glucose control. **P < 0.001 vs. 25 mmol/l
glucose control.
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FIG. 4. FFAs have differential effects on NFB translocation and ROS generation. 3T3–L1 adipocytes differentiated in 5 or 25 mmol/l glucose were
cultured on glass for 7 days in the same medium with various FFAs (250 mol/l) as indicated. A: Adipocytes were fixed and stained using an
anti-p65 NFB antibody, followed by the addition of a fluorescein isothiocyanate secondary antibody (original magnification ⴛ400). B: Cells were
subjected to FACS analysis using CM-H2DCFDA. Results are plotted as counts (number of cells) on the vertical axis versus CM-DCF fluorescence
intensity on the horizontal axis. Cells exposed to 5 mmol/l glucose are shown in the blue color and are used as the negative control. The dashed
lines, which indicate the peak of CM-DCF fluorescence of cells exposed to 250 mol/l palmitate in the presence of 25 mmol/l glucose, are used
as the high reference. These two conditions are used as low and high standards to compare ROS generation by the different FFAs, which are shown
in red. Cells exposed to 25 mmol/l glucose alone are shown in black. (A high-quality digital representation of this figure is available in the online
issue.)

Effect of antioxidants on NFB translocation, ROS
generation, and monocyte adhesion and chemotactic
factors. To further evaluate this possibility, several antioxidants were added to adipocytes together with 25
mmol/l glucose and/or 250 mol/l palmitate. Although
CM-DCF fluorescence was observed with several FFAs,
for these and many subsequent experiments we have used
390
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palmitate, since this fatty acid is common in the diet and
constitutes a large proportion of circulating FFAs. Nacetyl cysteine (NAC), catalase, and superoxide dismutase
(SOD) all inhibited CM-DCF fluorescence induced by
excess glucose and palmitate (data not shown) and NFB
translocation (supplemental Fig. 5A). All these antioxidants also suppressed SAA3 and MCP-1 gene expression,
diabetes.diabetesjournals.org
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FIG. 5. Inhibition of palmitate-induced expression of SAA3 and MCP-1
by silencing TLR4. 3T3–L1 adipocytes were transfected with a siRNA
specific for TLR4 or a scrambled siRNA (negative control). Twentyfour hours later, the cells were exposed to palmitate (250 mol/l) in 5
and 25 mmol/l glucose for 7 days with daily medium changes. Total RNA
was isolated and analyzed by multiplex real-time RT-PCR using primers
specific for TLR4 (A), SAA3 (B), or MCP-1 (C) and normalized to
GAPDH. *P < 0.001 vs. negative control plus palmitate in 5 mmol/l
glucose. **P < 0.001 vs. negative control plus palmitate in 25 mmol/l
glucose. #P < 0.001 vs. negative control.

DISCUSSION

Our findings indicate that specific SFAs increase the
expression of the monocyte chemotactic factors, SAA and
MCP-1, by differentiated 3T3-L1 and SGBS adipocytes and
by adipocytes derived from MEFs. They extend our previous observations on the effects of glucose excess on these
chemotactic factors and HA (11) by showing that SFAs
enhance the effect of glucose on SAA and MCP-1 expression. Moreover, SFAs stimulate SAA and MCP-1 expresDIABETES, VOL. 59, FEBRUARY 2010
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SAA3 protein secretion, and monocyte chemotaxis induced by 25 mmol/l glucose and palmitate (supplemental
Fig. 5). They also inhibited glucose-induced HA content.
Thus, ROS might be important intermediates that affect
the production of SAA3, MCP-1, and HA in 3T3-L1
adipocytes.
TLR4 inhibition of palmitate-induced gene expression. Since SFAs such as laurate and palmitate can
activate TLR4-mediated pathways, we evaluated the role
of TLR4 on the expression of SAA3 and MCP-1 induced by
SFAs. Transfection of differentiated 3T3-L1 cells with a
TLR4-specific siRNA markedly silenced TLR4 expression
compared with transfection of scrambled constructs and
to untreated cells (Fig. 5A). SAA3 and MCP-1 expression
levels were markedly decreased in response to palmitate
exposure in both 5 and 25 mmol/l glucose in TLR4 siRNAtransfected cells, whereas TLR-4 silencing had no effect on
glucose-mediated stimulation of gene expression (Fig. 5B
and C). These results imply that palmitate increases SAA3
and MCP-1 expression via a TLR4-dependent mechanism.
DHA inhibition of palmitate-induced expression of
SAA3 and MCP-1. Since n-3 fatty acids have anti-inflammatory properties (29,30), we examined the effect of DHA
on SAA3 and MCP-1 expression induced by excess glucose
and palmitate. Exposure to DHA for 7 days reduced the
increase in lipid droplet size induced by high glucose
and/or palmitate (data not shown), inhibited SAA3 and
MCP-1 gene expression induced by high glucose and/or
palmitate (Fig. 6A and B), and reduced secreted SAA
protein (Fig. 6C). DHA inhibited palmitate-induced expression of SAA3 in either 5 or 25 mmol/l glucose in a
dose-dependent manner and at relatively low concentration (Fig. 6D). DHA also suppressed HA content induced
by exposure of cells to both high glucose and palmitate
(Fig. 6E). These effects of DHA were not an artifact due to
apoptosis (supplemental Fig. 3).
We also examined whether DHA could inhibit the translocation of NFB and ROS generation induced by high
glucose and/or palmitate. DHA inhibited NFB translocation, CM-DCF fluorescence (Fig. 7A and B), and monocyte
chemotaxis (Fig. 7D) stimulated by both high glucose
and/or palmitate, consistent with its effect on chemotactic
factor expression (Fig. 6A and B). Moreover, DHA inhibited monocyte adhesion stimulated by high glucose, consistent with its effect on HA synthesis (Fig. 7C).
PPAR␥ dependence of the effect of DHA on adipocytederived chemotactic factor expression. We showed previously that glucose-induced expression of SAA3 and
MCP-1 was inhibited by rosiglitazone (11), a PPAR␥ ligand
with anti-inflammatory properties. To evaluate whether
anti-inflammatory properties of DHA are dependent on
PPAR␥, the PPAR␥ antagonists T0070907 and bisphenol A
diglycidyl ether (BADGE) were added to adipocytes with
daily replenishment of media containing glucose, palmitate, and/or DHA. Strikingly, both BADGE and T0070907
increased basal levels of expression of SAA3 and MCP-1 in
5 mmol/l glucose and amplified the effect of palmitate in
both 5 and 25 mmol/l glucose. They also obliterated the
repressive effect of DHA on high glucose–and palmitateinduced gene expression (Fig. 8A and B). In a control
experiment, these PPAR␥ antagonists also abolished the
effect of rosiglitazone on SAA3 expression (Fig. 8C and D).
These results strongly suggest that DHA is working via a
PPAR␥-dependent mechanism.
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FIG. 6. DHA suppresses SAA3, MCP-1 gene expression, and HA content. 3T3–L1 adipocytes differentiated in 5 and 25 mmol/l glucose were cultured
for 7 days with and without palmitate (250 mol/l) and/or DHA (250 mol/l). Total RNA was collected for analysis of SAA3 and MCP-1 mRNA
expression by real-time RT-PCR using SAA3- and MCP-1–specific primers and probes and normalized to GAPDH (A and B), and conditioned media
were analyzed by immunoblot using a SAA3 antibody (C). E: Cell lysates were also harvested for analysis of HA content by ELISA. D: To
determine the concentration dependence of DHA, differentiated 3T3–L1 adipocytes were cultured in 5 and 25 mmol/l glucose with and without
palmitate (250 mol/l) plus the concentrations of DHA indicated. *P < 0.001 vs. 5 mmol/l glucose control. **P < 0.001 vs. 25 mmol/l glucose
control. #P < 0.001 vs. 25 mmol/l glucose with palmitate. †P < 0.01 vs. 5 mmol/l glucose with palmitate.

sion via a pathway that is both ROS and NFB dependent,
similar to findings observed previously with glucose excess (11) but which is suppressible by exposure to specific
PUFAs. Our findings also implicate TLR4 in SFA-stimulated, but not glucose-stimulated, expression of these
chemotactic factors. Finally, while SFAs have no effect on
HA, specific PUFAs appear to block the increased HA
production associated with glucose excess.
Inflammatory gene activation by SFAs in adipocytes has
been described previously (12). Our studies extend these
observations to genes that are believed to play important
roles in monocyte adhesion (HAS2) and chemotaxis (SAA
and MCP-1), processes key to recruitment of macrophages
into adipose tissue. Moreover, they show that effects
observed on gene expression and protein secretion are
mirrored by changes in cell adhesion and chemotaxis.
Comparisons of several fatty acids yielded some surprising findings. For example, while the SFAs, laurate, myristate, and palmitate, all increased the expression of these
chemotactic factors, stearate had no effect despite being
only two carbon atoms longer than palmitate. The reason
for this discrepancy is unclear but could represent failure
of stearate to activate TLR4 or other components of the
signal transduction pathway used by the other SFAs
studied. The possibility that stearate was cytotoxic was
excluded by experiments showing no stearate-mediated apoptosis. Our findings also differ from a previous report that
myristate, palmitate, and stearate, but not laurate, increased
cytokine expression by macrophages (12). These differences
may represent cell-specific differences in response to SFAs
between adipocytes and macrophages.
Of the unsaturated fatty acids, oleate and linoleate had
no effect on SAA and MCP-1 expression. However, both
392
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EPA and DHA strongly suppressed gene expression in
both high-glucose conditions and/or after exposure to
palmitate. Similar findings were observed with arachidonate, which is not an n-3 fatty acid. Although relatively
high doses of n-3 fatty acids were used for these experiments, a dose-response experiment with DHA revealed
similar suppression of glucose and palmitate-mediated
stimulation at lower concentrations. These findings suggest that n-3 fatty acids have anti-inflammatory effects on
activation of these genes in adipocytes. Anti-inflammatory
properties of n-3 fatty acids have been reported (31,32),
including in adipose tissue (33) and in mice, where feeding
fish oil resulted in adipocyte hypertrophy without inflammatory gene expression or insulin resistance (33). Moreover, EPA, DHA, and arachidonate further increased levels
of adiponectin, an anti-inflammatory adipocytokine.
We found evidence that lipid accumulation and chemotactic factor gene expression could be dissociated in
adipocytes. For example, while all SFAs studied induced
adipocyte triglyceride accumulation, stearate and oleate
had no effect on chemotactic factor gene expression.
Moreover, all PUFAs studied reduced adipocyte triglyceride content, but only linoleate failed to inhibit glucose or
palmitate-mediated gene expression. Although increased
adipocyte size is associated with adipose tissue macrophage accumulation (1–3) and increased insulin resistance
(34) in vivo, dissociation between adipocyte hypertrophy
and adipose tissue inflammation also has been reported in
several animal models. For example, mice fed a fish
oil– enriched diet became obese with hypertrophic adipocytes but did not develop adipose tissue macrophage
accumulation or insulin resistance (33). Overexpression of
acyl CoA:diacylglycerol acyltransferase 1 (35) or phosdiabetes.diabetesjournals.org
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FIG. 7. DHA suppresses the translocation of NFB and ROS generation stimulated by excess glucose and palmitate. 3T3–L1 adipocytes were
cultured in 5 or 25 mmol/l glucose with or without palmitate or DHA (250 mol/l) for 7 days as indicated. Nuclear translocation of NFB was
analyzed using an anti-p65 NFB antibody followed by a fluorescein isothiocyanate–labeled secondary antibody (A, original magnification ⴛ600).
B: Cells were also subjected to FACS analysis using CM-H2DCFDA. Results are plotted as counts (number of cells) on the vertical axis versus
CM-DCF fluorescence intensity on the horizontal axis. Cells exposed to 5 mmol/l glucose are shown in blue and cells exposed to 250 mol/l
palmitate in the presence of 25 mmol/l glucose as dashed lines. These two conditions are used as low and high standards, respectively, to compare
ROS generation by the different FFAs, which are shown in red. Cells exposed to 25 mmol/l glucose alone are shown in black. Cells and conditioned
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phoenolpyruvate carboxykinase (36) resulted in hypertrophic obesity without insulin resistance, suggesting that
adipose tissue in these mouse models was not macrophage
enriched. Very obese ob/ob mice with modest adiponectin
overexpression were insulin sensitive without macrophage accumulation in adipose tissue (37). Thus, the
ability to expand adipose tissue mass appropriately in
response to nutrient excess may preclude the development of adipose tissue inflammation and insulin resistance
(37). Therefore, the mechanism by which adipocytes become hypertrophic may be more important in determining
whether macrophages will accumulate in adipose tissue
and lead to insulin resistance and systemic inflammation
rather than the presence of adipocyte hypertrophy, per se.
Our findings suggest that dietary FFA composition (i.e.,
SFA enriched versus PUFA enriched) may underlie at least
some of the dissociation between obesity and adipose
tissue inflammation. While we confirmed our previous
observation that glucose excess increased HA accumulation (11), none of the SFAs tested, nor oleate or linoleate,
affected HA content in either 5 or 25 mmol/l glucose.
However, EPA, DHA, and arachidonate suppressed glucose-stimulated HA accumulation and SAA3 and MCP-1
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expression in these adipocytes. Monocyte adhesion and
chemotaxis are critical to tissue macrophage accumulation (38), and HA plays an important role in monocyte
adhesion by binding to CD44 and other receptors on
monocytes (39). Absence of CD44 markedly decreased
macrophage accumulation in the artery wall (40). In
experiments assessing monocyte adhesion and chemotaxis, changes in both processes closely mirrored the
effects seen with HA content and the expression of SAA3
and MCP-1, respectively. Conditions that altered HA content led to parallel changes in monocyte adhesion, and
conditions that altered the expression of SAA3 and MCP-1
were mirrored by changes in chemotaxis.
EPA, DHA, and arachidonate inhibited both HA content
and chemotactic factor expression, similar to the effects of
the PPAR␥ agonist rosiglitazone, suggesting that these
PUFAs might be working via a PPAR␥-dependent mechanism. Moreover, these PUFAs increased the expression of
adiponectin, which is regulated by PPAR␥ (41). The experiment using the PPAR␥ antagonists further supports a
role for PPAR␥.
The observation that baseline expression of these chemotactic factors is increased by PPAR␥ antagonism is
diabetes.diabetesjournals.org
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weight gain and obesity. Indeed, findings consistent with
our in vitro observations have been made in several mouse
models. Thus, consumption by LDL receptor– deficient
mice of a diet rich in SFAs and sucrose led to SAA3 and
MCP-1 overexpression and accumulation of macrophages
in adipose tissue, together with increased insulin resistance (49). Deficiency of TLR4 was associated with reduced insulin resistance in response to diet-induced
obesity (12), and mice fed a diet rich in fish oils had large
fat cells yet little macrophage accumulation and insulin
resistance (33). Whether differences in dietary composition have similar effects in human obesity remains to be
determined.
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mirrored by findings in other tissues. For example, the
absence of PPAR␣ is associated with an increased baseline expression of adhesion molecules in endothelial cells
(42) and expression of the inflammatory molecules SAA1
and SAA2 in liver (16). Thus, PPAR isoforms may exert a
“braking” effect on the expression of several inflammatory
genes, suppression of which is removed by deficiency or
antagonism of the nuclear receptor. In the current study,
the PPAR␥ antagonists also overrode the effects of DHA in
suppressing the expression of SAA3 and MCP-1, suggesting that DHA is working via a PPAR␥ mechanism.
A common pathway for inflammatory gene activation is
via NFB. In the present study, NFB nuclear translocation mirrored the effect seen with chemotactic factor
expression, suggesting that they are linked. SFAs that
activated SAA3 and MCP-1 expression were associated
with NFB translocation, FFAs that had no effect on
chemotactic factor expression had no effect on NFB
translocation, and FFAs that inhibited gene expression
also inhibited nuclear translocation stimulated by either
high-glucose conditions or palmitate. Several other studies
(13,25,43,44) indicate that SFAs activate NFB, whereas
PUFAs do not. Future studies will need to use chemical
and molecular inhibitors to directly link NFB activation
with chemotactic factor gene expression.
Another common feature associated with SAA3 and
MCP-1 gene activation was ROS generation, as assessed by
CM-DCF fluorescence. ROS can play important roles in
signal transduction, including activation of NFB (45).
Although ROS have been implicated in activating several
NFB-mediated inflammatory signals (46), their direct role
has been challenged as being potentially facilitatory rather
than causal (47). Our data show that high glucose and
palmitate, conditions that lead to increased expression of
SAA3 and MCP-1, also increased ROS generation in adipocytes. These findings suggest that ROS-mediated activation of NFB in response to certain nutrients is linked to
generation of these chemotactic factors.
The finding that palmitate-mediated activation of chemotactic factor gene expression is markedly inhibited
by silencing TLR4 is consistent with previous observations that suggest that the TLR4 pathway can be activated by certain SFAs (12,13,48). While the specific
SFAs that activate TLR4 may differ between macrophages and adipocytes (12,13,48), others have also
observed activation of TLR4 by palmitate and myristate
in adipocytes (12). The effect of stearate on TLR4
activation is not known. However, our data suggest that it
may not activate TLR4 in adipocytes. Since there is no
evidence that glucose exerts effects via the TLR4 signaling
pathway, the absence of inhibition of glucose-mediated
activation of SAA3 and MCP-1 gene expression by TLR4
silencing is not surprising.
Our findings have important implications for understanding the obese state in vivo in that the specific nature
of the nutrient leading to obesity could potentially result in
different degrees of activation, or even suppression, of
chemotactic factors in adipocytes. This in turn could affect
macrophage accumulation in adipose tissue, an important
determinant of insulin resistance. Thus, nutritional excess
from SFAs and glucose, rather than high glucose levels,
per se, are likely to be proinflammatory and might have
more adverse metabolic consequences than obesity resulting from excess consumption of stearate, oleate, or
PUFAs. Conversely, fish oil consumption might actually
have anti-inflammatory effects in adipose tissue despite
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