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The saturated fatty acids acylated on Lipid A of lipopo-
lysaccharide (LPS) or bacterial lipoproteins play critical roles
in ligand recognition and receptor activation for Toll-like
Receptor 4 (TLR4) and TLR2. The results from our previous
studies demonstrated that saturated and polyunsaturated
fatty acids reciprocally modulate the activation of TLR4.
However, the underlying mechanism has not been under-
stood. Here, we report for the first time that the saturated
fatty acid lauric acid induced dimerization and recruitment
of TLR4 into lipid rafts, however, dimerization was not
observed in non-lipid raft fractions. Similarly, LPS and lauric
acid enhanced the association of TLR4 with MD-2 and down-
stream adaptor molecules, TRIF and MyD88, into lipid rafts
leading to the activation of downstream signaling pathways
and target gene expression. However, docosahexaenoic acid
(DHA), an n-3 polyunsaturated fatty acid, inhibited LPS- or
lauric acid-induced dimerization and recruitment of TLR4
into lipid raft fractions. Together, these results demonstrate
that lauric acid and DHA reciprocally modulate TLR4 activa-
tion by regulation of the dimerization and recruitment of
TLR4 into lipid rafts. In addition, we showed that TLR4
recruitment to lipid rafts and dimerization were coupled
events mediated at least in part by NADPH oxidase-depend-
ent reactive oxygen species generation. These results provide
a new insight in understanding the mechanism by which fatty
acids differentially modulate TLR4-mediated signaling path-
way and consequent inflammatory responses which are
implicated in the development and progression of many
chronic diseases.

Toll-like receptors (TLRs)3 are one of the key pattern recog-
nition receptor families that play a critical role in inducing
innate and adaptive immune responses in mammals by recog-
nizing conserved pathogen-associated molecular pattern of
invading microbes. So far, at least thirteen TLRs have been
identified in mammalian species (1, 2).
Lipopolysaccharide (LPS) from Gram-negative bacteria is

the ligand for the TLR4 complex (3), whereas, TLR2 can recog-
nize lipoproteins/lipopeptides of Gram-positive bacteria and
mycoplasma (1, 2). LPS forms a complexwith LPS-binding pro-
tein in serum leading to the conversion of oligomeric micelles
of LPS tomonomers, which are delivered to CD14.Monomeric
LPS is known to bind TLR4/MD-2/CD14 complex (4). Lipid A,
which possesses most of the biological activities of LPS, is acy-
latedwith hydroxy saturated fatty acids. The 3-hydroxyl groups
of these saturated fatty acids are further 3-�-acylated by satu-
rated fatty acids. Removal of these �-acylated saturated fatty
acids from Lipid A not only results in complete loss of endo-
toxic activity, but also makes Lipid A act as an antagonist
against the native Lipid A (5, 6). One or more Lipid As contain-
ing unsaturated fatty acids are known to be non-toxic and act as
an antagonist against endotoxin (7, 8). In addition, deacylated
lipoproteins are unable to activate TLR2 and to induce cyto-
kine expression in monocytes (9). Together, these results
suggest that saturated fatty acids acylated on Lipid A or bac-
terial lipoproteins play critical roles in ligand recognition
and receptor activation for TLR4 and TLR2. Indeed, it is
suggested that the rapid interaction of bacterial lipopeptides
with plasma membrane of macrophages occurs via insertion
of their acylated saturated fatty acids as determined by elec-
tron energy loss spectroscopy and freeze-fracture tech-
niques (10, 11). TLR2 can form a heterodimer with TLR1 or
TLR6, which can discriminate the molecular structure of
triacyl or diacyl lipopeptides (12–14). So far there is no evi-
dence that microbial ligands for other TLRs are acylated by
saturated fatty acids.

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK064007, DK41868, and CA75613. This work was also supported
by Grant 2001-35200-10721 from the United States Dept. of Agriculture
(USDA), Grant 01A095Rev from the American Institutes for Cancer
Research, and program funds from the Western Human Nutrition
Research Center/ARS/USDA (to D. H. H.) and by NIH Grants HL079904,
HL55330, and HL6234 (to A. M. K. C.). This investigation was conducted
in a facility constructed with support from Research Facilities Improve-
ment Program Grants C06 RR17348-01 and C06 RR12088-01 from the
National Center for Research Resources, NIH.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: USDA/ARS, Western

Human Nutrition Research Center and Dept. of Nutrition, University of Cal-
ifornia-Davis, 430 West Health Science Drive, Davis, CA 95616. Tel.: 530-
754-4838; Fax: 530-752-5295; E-mail: daniel.hwang@ars.usda.gov.

3 The abbreviations used are: TLR, Toll-like receptor; LPS, lipopolysaccharide;
PUFA, polyunsaturated fatty acid; DHA, docosahexaenoic acid; ROS, reac-
tive oxygen species; GFP, green fluorescent protein; FBS, fetal bovine
serum; DMEM, Dulbecco’s modified Eagle’s medium; BSA, bovine serum
albumin; DPI, diphenyleneiodonium chloride; NAc, N-acetyl-L-cysteine;
MyD88, myeloid differentiation factor 88; TIR, Toll/IL-1 receptor; TRIF, TIR
domain-containing adaptor inducing interferon-�; CM-H2DCFDA, 5-(and
6-)-chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate acetylester.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 40, pp. 27384 –27392, October 2, 2009
Printed in the U.S.A.

27384 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 40 • OCTOBER 2, 2009

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


Results from our previous studies demonstrated that satu-
rated fatty acids activate TLR4 and polyunsaturated fatty acids
(PUFA) inhibit both saturated fatty acid- and LPS-induced acti-
vation of TLR4 (15, 16). In addition, the saturated fatty acid
lauric acid potentiates, but the n-3 PUFAdocosahexaenoic acid
(DHA) inhibits lipopeptide (TLR2 agonist)-induced TLR2 acti-
vation (17). Together, these results suggest that both TLR2 and
TLR4 signaling pathways and target gene expression are recip-
rocallymodulated by saturated and polyunsaturated fatty acids.
However, the mechanism for this modulation by fatty acids is
not understood.
TLR4 is recruited to lipid raft factions after cells are treated

with LPS and subsequently induces tumor necrosis factor-�
expression in RAW264.7 cells (18). This process occurs in an
ROS-dependentmanner because inhibition ofNADPHoxidase
suppresses TLR4 recruitment to lipid rafts (19). Methyl-�-dex-
trin, a lipid raft inhibitor, significantly inhibits the LPS-induced
expression of cytokine (19), suggesting that lipid rafts are essen-
tial for TLR4-mediated signal transduction and target gene
expression. Lipid rafts are a collection of lipid membrane
microdomains characterized by insolubility in non-ionic deter-
gents. Lipid rafts serve as a platform where receptor-mediated
signal transduction is initiated (20). Lipid rafts have a special
lipid composition that is rich in cholesterol, sphingomyelin,
and glycolipids (21). The polar lipids in detergent-resistant
membrane contain predominantly saturated fatty acyl residues
with underrepresented PUFAs (22–24), suggesting that satu-
rated fatty acyl chains favor lipid raft association. On the other
hand, n-3 PUFAs displace signaling proteins from lipid rafts by
altering lipid composition, and the displacement leads to the
suppression of T-cell receptor-mediated signaling (25). It is
now well documented that TLRs form homo- or hetero-oli-
gomers (1, 2). TLR4 homodimerization is the initial step of the
receptor activation. Results from our previous studies suggest
that themolecular target by which saturated fatty acids and n-3
PUFAs reciprocally modulate TLR4 activation is the receptor
complex itself or the event leading to the receptor activation
instead of the downstream signaling components (15, 16).
Therefore, we determined whether the reciprocal modulation
of TLR4 activation is mediated by regulation of the dimeriza-
tion and recruitment of TLR4 into lipid rafts, and if these pro-
cesses occur in an ROS-dependent manner.

EXPERIMENTAL PROCEDURES

Reagents—Purified LPS was obtained from List Biological
Lab. Inc. (Campbell, CA). Antibodies for MyD88, TRIF, and
green fluorescent protein (GFP) were purchased from eBio-
science Inc. (San Diego, CA), Abcam Inc. (Cambridge, MA),
and Clontech Laboratories Inc. (Mountain View, CA), respec-
tively. Antibodies for flotillin-1, gp91[phox], and p47[phox]
were purchased from BD Biosciences Inc. (San Jose, CA). Anti-
bodies for TLR4 were purchased from Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, CA). All other reagents were purchased
from Sigma-Aldrich unless otherwise described.
Cell Culture—Ba/F3 cells, an interleukin-3-dependent

murine pro-B cell line, expressing TLR4 (FLAG- or GFP-
tagged), CD14, MD-2 (FLAG-tagged), and NF-�B luciferase
reporter gene were described previously (26). Cells were cul-

tured in RPMI1640 medium (Invitrogen) containing recombi-
nant murine interleukin-3 (70 units/ml), 10% (v/v) heat-inacti-
vated fetal bovine serum (FBS, Invitrogen), 100 units/ml
penicillin, and 100 mg/ml streptomycin (Invitrogen).
RAW264.7 cells (a murine monocytic cell line, ATCC TIB-71)
and 293T cells (human embryonic kidney) were cultured in
DMEM (Invitrogen) containing 10% (v/v) FBS, 100 units/ml
penicillin, and 100mg/ml streptomycin. Cells were maintained
at 37 °C in a 5% CO2/air environment. Cells were then further
incubated overnight in serum-poor medium prior to the treat-
ment with fatty acids as described previously (16).
Transfection and Reporter Gene Luciferase Assay—NF-�B

luciferase reporter gene assays were performed as described
previously (15–17). Cells were co-transfected with a luciferase
plasmid and heat shock protein 70-�-galactosidase plasmid as
an internal control using SuperFect transfection reagent (Qia-
gen, Valencia, CA) according to the manufacturer’s instruc-
tions. Luciferase enzyme activities were determined using the
luciferase assay system (Promega, Madison, WI) according to
the manufacturer’s instructions. Luciferase activity was nor-
malized by �-galactosidase activity.
Immunoblotting—Immunoblotting was performed as previ-

ously described (17). Cell extracts were subjected to 10% SDS-
PAGE and electrotransferred to a polyvinylidene difluoride
membrane for immunoblot analyses. The membrane was
blocked in phosphate-buffered saline containing 0.1% Tween
20 and 5% nonfat dry milk. Immunoblotting was performed
with the indicated antibodies and secondary antibodies conju-
gated to horseradish peroxidase (Amersham Biosciences). The
reactive bands were visualized with ECL Western blot detec-
tion reagents (Amersham Biosciences).
Immunoprecipitation—Immunoprecipitation was per-

formed as previously described (17, 26). Protein extracts from
Ba/F3 cells expressing TLR4 (FLAG- or GFP-tagged), CD14,
MD-2 (FLAG-tagged), and NF-�B luciferase reporter gene for
immunoprecipitation were prepared as described before (26).
The samples were immunoprecipitated with rabbit anti-GFP
polyclonal antibodies for 3 h and protein-A-Sepharose for 1 h.
The solubilized immune complex was resolved on SDS-
PAGE and transferred to polyvinylidene difluoride mem-
brane. The membrane was blocked with phosphate-buffered
saline containing 0.1% Tween 20 and 5% nonfat dry milk and
was probed with anti-FLAG antibodies overnight. Thereaf-
ter, the blot was exposed to horseradish peroxidase-conju-
gated secondary antibodies for 1 h and detected with ECL
Western blot detection reagents. The blot was reprobed with
mouse anti-GFP antibodies.
Isolation of Lipid Rafts Using Sucrose Gradient Centrifuga-

tion—RAW264.7 or Ba/F3 cells (1.5� 108 cells) stimulatedwith
LPS or lauric acid, in the presence or absence of DHA, were
used to isolate lipid rafts. RAW264.7 cellswere incubated in the
serum-poor DMEM (1% FBS) for 15 h prior to the treatment
with fatty acids and LPS. Lipid rafts from RAW264.7 cells were
isolated by lysing cells in 750 �l of HNE lysis buffer (25 mM

HEPES, pH 6.5, 150 mM sodium chloride, and 5 mM EDTA,
supplemented with 1.5% Triton X-100, 1 mM sodium
orthovanadate, 5 mM sodium fluoride, 1 mM phenylmethylsul-
fonyl fluoride, and 10 �g/ml each of aprotinin and leupeptin)
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for 15 min on ice followed by 10 rounds of Dounce homogeni-
zation. Lysatesweremixedwith an equal volumeof 80% sucrose
in HNE buffer. 2 ml of 30% sucrose in HNE buffer was overlaid
followed by 1 ml of 5% sucrose in HNE buffer. Samples were
ultracentrifuged in an SW60 rotor for 17 h at 40,000 rpm using
maximum acceleration and no brake conditions. Eight 500-�l
fractions were collected from the top. For immunoblotting,
fractionated samples from RAW264.7 cells were subjected to
trichloroacetic acid precipitation. Ba/F3 cells were incubated in
serum-free RPMI 1640 medium containing IL-3 for 15 h prior
to the treatmentwith fatty acids and LPS. Ba/F3 cells were lysed
on ice for 10 min with 1 ml of TNE lysis buffer (25 mM Tris, pH
7.5, 150 mM sodium chloride, and 5 mM EDTA, supplemented
with 1% Triton X-100, 1 mM sodium orthovanadate, 5 mM

sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and 10
�g/ml each of aprotinin and leupeptin) followed by 10 rounds
of Dounce homogenization. Lysates were mixed with an equal
volume of 85% sucrose in TNE buffer to adjust the final con-
centration to 42.5% sucrose. Two milliliters of the lysate-su-
crose mixture was transferred to the bottom of Beckman ultra-
centrifuge tubes and overlaid with 6 ml of 35% sucrose in TNE
buffer and 4 ml of 5% sucrose in TNE buffer. Samples were
ultracentrifuged for 17 h at 38,000 rpm using a Beckman SW41
rotor using maximum acceleration and no brake conditions.
Twelve 1-ml fractions were collected from the top of the gradi-
ent. For the immunoprecipitation, fractions 4 and 5, which
were the lipid raft fractions, were pooled.
Dimerization of TLR4—To assess the dimerization of TLR4

or the association ofTLR4withMD-2,TLR4 fromcell lysates or
lipid rafts fractions were immunoprecipitated with anti-GFP
and immunoblotted with anti-FLAG antibodies. To assess
recruitment of TLR4, TRIF, andMyD88 into lipid rafts, immu-
noblotting was performed with corresponding antibodies. Flo-
tillin-1 was used as a lipid raft marker. To examine association
of TLR4, MyD88, and TRIF in lipid rafts, trichloroacetic acid
precipitation was performed on lipid rafts fractions in
RAW264.7 cells and subjected to immunoblotting with anti-
TLR4, anti-TRIF, anti-MyD88, and anti-flotillin-1 antibodies.
Confocal Microscopy Analysis—Confocal microscopy was

performed according to the procedure described byNakahira et
al. (19), but with modifications. RAW264.7 cells were seeded
onto coverslips for 12 h in either DMEM containing 10% FBS
for LPS-treated cells or serum-poor DMEM (1% FBS) for lauric
acid-treated cells. Cells were treated with LPS (100 ng/ml) for
10min or lauric acid (100�M) for 1 h in the presence or absence
of DHA (20 �M). Cells were washed with serum-free DMEM
and incubated with 8 �g/ml fluorescein isothiocyanate-conju-
gated cholera toxin B (Sigma-Aldrich) on ice for 10 min. Cells
were fixed with 4% paraformaldehyde for 45 min followed by
incubation with 50 mM ammonium hydroxide for 10 min and
were permeabilized with 0.1% Triton X-100 for 15 min. Sam-
pleswerewashed three timeswith bovine serumalbumin (BSA)
solution (0.5% BSA, 0.15% glycine in phosphate-buffered
saline). Coverslips were blocked with 5% goat serum (Zymed
Laboratories Inc., South SanFrancisco,CA) for 45min followed
by washing with BSA solution. Samples were incubated for 1 h
with 1/100 dilution of anti-TLR4 (H-80, Santa Cruz Biotech-
nology) in BSA solution followed by a 1-h incubation with

1/500 dilution in BSA solution of Alexa Fluor 546-conjugated
F(ab�)2 fragment of goat anti-rabbit IgG (Invitrogen). Cover-
slips were washed three times with BSA solution and phos-
phate-buffered saline and mounted onto glass slides. For ROS
analysis, RAW264.7 cells were incubated with 10 �M 5-(and
6-)-chloromethyl-2�,7�-dichlorodihydrofluorescein diacetate
acetylester (CM-H2DCFDA) (Invitrogen) for 30 min. Cells
were preincubated with 20 �M DHA, 2 �M diphenyleneiodo-
nium chloride (DPI) or 10mMN-acetyl-L-cysteine (NAc) for 30
min followed by incubation with 150 �M lauric acid or 100
ng/ml LPS for 30 min. Confocal microscopy was performed
with the Zeiss LSM 510 microscope with 63� objective lens
and using laser excitation at 488 and 543 nm.
Reverse Transcription-PCR—Preparation of total RNA,

cDNA synthesis, and PCR were conducted as described (26).
The mouse primers used in reverse transcription-PCR are
described as following: tumor necrosis factor-� (5�-CTCTTC-
TCATTCCTGCTTGT-3� and 5�-TTGAAGAGAACCTGGG-
AGTA-3�), COX-2 (5�-CACTACATCCTGACCCACTT-3�
and 5�-GTCCTCGCTTATGATCTGTC-3�), and IRF-3 (5�-
CAATAGCAAGGACCCTTATG-3� and 5�-AAAAGAGTGT-
CTGCTGGAAG-3�). The primers used for hypoxanthine
phosphoribosyltransferase were described previously (27).
NADPH Oxidase Activation—RAW264.7 cells were seeded

into 10-cm dishes and grown to near confluency. Cells were
preincubated with DPI for 1 h, NAc for 2 h, or DHA for 30 min
followed by incubation with lauric acid or LPS for 30min. Cells
were lysed in TNE buffer containing 1.5% Triton X-100 for 30
min. Immunoprecipitation was performed with anti-
gp91[phox] antibody, run on SDS-PAGE, and immunoblotted
with anti-p47[phox] and anti-gp91[phox] antibodies.

RESULTS

Lauric Acid Enhances Recruitment of TLR4 and Its Down-
stream Adaptor Molecules into Lipid Rafts—It was shown that
LPS-induced TLR4 activation is initiated by recruitment of
TLR4 into lipid rafts (19). We have previously reported that
fatty acids differentially modulate TLR4 activation (15, 17, 28,
29). Based on these results, we investigated whether fatty acids
alsomodulate the recruitment of TLR4 into lipid rafts. The cells
treated with LPS showed increased amounts of TLR4 in the
fractions 2 and 3 containing flotillin-1, a lipid raftmarker, when
compared with vehicle treated cells (Fig. 1). Fractions 2 and 3
were highly enriched with lipid rafts as evidenced by detection
of flotillin-1. These results demonstrate that LPS enhances the
recruitment of TLR4 into lipid raft fractions (Fig. 1). Similarly,
lauric acid (C12) enhanced the recruitment of TLR4 into lipid
raft fractions (Fig. 1). Because TRIF and MyD88 are down-
stream adaptor molecules for TLR4, we further investigated
whether the recruitment of these adaptor molecules into the
lipid rafts is also induced by LPS or lauric acid. As shown in Fig.
1, the amounts of TRIF and MyD88 detected in the fraction 2
were increased in cells treatedwith LPS or lauric acid compared
with those from control cells. In contrast, DHA did not show
such effects (Fig. 1). Together, these results suggest that lauric
acid or LPS induce the recruitment of TLR4 and downstream
adaptor molecules into lipid rafts.
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DHA Inhibits LPS- or Lauric Acid-induced Recruitment of
TLR4 into Lipid Rafts—Wepreviously demonstrated that DHA
inhibits LPS- or lauric acid-inducedTLR4 activation (29). Thus,
we investigated whether DHA inhibits LPS- or lauric acid-in-
duced recruitment of TLR4 into lipid rafts. As shown in Fig. 2
(A and B), DHA inhibited the recruitment of TLR4, TRIF, and
MyD88 into the lipid rafts in RAW264.7 cells. To further con-
firm the results, we employed Ba/F3 cells stably transfected
with GFP-TLR4, FLAG-TLR4, and FLAG-MD-2 constructs.
TLR4 was recruited into the lipid rafts by the treatment of LPS
or lauric acid, but the recruitment was attenuated by DHA
(Fig. 2C).
To visualize the co-localization of TLR4 with lipid rafts, con-

focal microscopy images of fixed RAW264.7 cells were ana-
lyzed. Lipid rafts were stained with the fluorescein isothiocya-
nate-conjugated cholera toxin B conjugate, which binds to
monosialoganglioside (GM1), a protein enriched in lipid rafts
(30). In these confocalmicroscopy experiments, lipid rafts were
stained green, TLR4 was stained red, and merging these two
colors resulted in a yellow staining when the lipid rafts and
TLR4 were co-localized. Staining of lipid rafts and TLR4 in
resting RAW264.7 cells did not show co-localization of TLR4
with lipid rafts. TLR4 was localized in condensed formations

that were distributed throughout the cytoplasm (Fig. 2D).
When cells were stimulated with LPS, TLR4 became co-local-
ized with lipid rafts. This was observed as a diffuse yellow stain-
ing around the plasma membrane when images were merged.
When RAW264.7 cells were pretreated with DHA before LPS
treatment, the co-localization of TLR4 with lipid rafts was
diminished. Lauric acid produced similar effects as LPS- and
lauric acid-induced co-localization of TLR4 with lipid rafts was
also diminished by the pretreatment of DHA.
Lauric Acid Induces, but DHA Inhibits the Homodimeriza-

tion of TLR4—It is known that someTLRs function as homo- or
heterodimers (31). Homodimerization of TLR4 is an initial step
for receptor activation (32–34). Therefore, we determined
whether lauric acid promotes the dimerization of TLR4. The

FIGURE 1. Lauric acid enhances the recruitment of TLR4 and its adaptor
molecules, TRIF and MyD88, into the lipid rafts. RAW264.7 cells were stim-
ulated with LPS (100 ng/ml) or lauric acid (100 �M, C12) for 7 min or DHA (20
�M) for 1 h. The cells were lysed and lipid rafts (Fractions 2 and 3) and non-lipid
rafts fractions (Fractions 5– 8) were separated by sucrose-gradient ultracen-
trifugation. Each fraction was trichloroacetic acid precipitated and subjected
to immunoblotting using anti-TLR4, anti-TRIF, anti-MyD88, or anti-flotillin-1
antibodies.

1 -1 

1

1

FIGURE 2. DHA inhibits LPS- or lauric acid-induced recruitment of TLR4
into the lipid rafts. RAW264.7 cells were treated with LPS (A) or lauric acid (B)
for 7 min in the presence or absence of DHA (20 �M). The cells were lysed, and
lysates were fractionated using sucrose-gradient ultracentrifugation as
described in Fig. 1, lipid rafts collected in Fractions 1–3 and trichloroacetic
acid-precipitated. Fractions were immunoblotted with anti-TLR4, TRIF,
MyD88, or flotillin-1. C, Ba/F3 cells stably transfected with GFP/FLAG-tagged
TLR4 were treated in identical manner as in A and B, but immunoblotted with
anti-GFP or anti-flotillin-1. D, RAW264.7 cells were stimulated with LPS or
lauric acid for 1 h with or without DHA (20 �M) or DHA alone for 1 h and
followed by incubation with fluorescein isothiocyanate-conjugated cholera
toxin B on ice for 10 min. LPS-stimulated cells were incubated in DMEM with
10% FBS, whereas, lauric acid-stimulated cells were incubated in serum-poor
DMEM. Cells were analyzed for fluorescein isothiocyanate-conjugated chol-
era toxin B-stained glycosphingolipid 1 (GM1, green), which is enriched in
lipid rafts and TLR4 (red) by confocal microscopy.
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dimerization assay was performed as previously described with
Ba/F3 cells stably transfected with GFP-TLR4, FLAG-TLR4,
and FLAG-MD-2 constructs (26). Briefly, GFP-TLR4 was
immunoprecipitated, and dimerization was determined by the
co-immunoprecipitation of FLAG-TLR4. As shown in Fig. 3A,
the amount of dimerizedTLR4was low in the Ba/F3-TLR4 cells
in resting state, but gradually increased with LPS treatment,
reaching peak dimerization at 60 min. Similarly, the amount of
dimerized TLR4 increased with the treatment of lauric acid,
although the time course differed from that of LPS (Fig. 3A).
However, the amount of dimerized TLR4 diminished in the
presence of DHA in a dose-dependent manner (Fig. 3B). These
results suggest that LPS or lauric acid induced TLR4 dimeriza-
tion, but DHA inhibited LPS- or lauric acid-induced dimeriza-
tion. The enhanced dimerization of TLR4 correlated with
NF-�B activation and target gene expression induced by LPS or
lauric acid (Fig. 3, C–F). DHA inhibited LPS- or lauric acid-

induced NF-�B activation and target gene expression in both
RAW264.7 cells with endogenously expressed TLR4 (Fig. 3, C
and E), and Ba/F3 cells stably transfected with TLR4 (Fig. 3, D
and F). Taken together, these results demonstrate the recipro-
cal modulation of TLR4 dimerization by lauric acid and DHA.
Lauric Acid and DHA Reciprocally Modulate Recruitment of

TLR4 into Lipid Rafts and Association of TLR4 withMD-2—To
determine the effects of lauric acid and DHA on the
homodimerization of TLR4 and association of TLR4 with
MD-2 in lipid rafts, lipid rafts were isolated in Ba/F3 cells. Cell
lysis in 1% Triton X-100 for 10 min allowed for the isolation of
the lipid raft marker flotillin-1 in fractions 4 and 5. Markers for
non-lipid raft membrane proteins (transferrin receptor), inter-
nal membranes (Bcl-2), and cytoplasmic proteins (p65) were
found at the bottom of the gradient (fractions 10–12, data not
shown). GFP-TLR4 from lipid raft fractions was immunopre-
cipitated with anti-GFP antibodies. Subsequent immunoblot-
ting with anti-FLAG antibodies should reflect the extent to
which FLAG-TLR4 is dimerized with GFP-TLR4. LPS or lauric
acid enhanced the amount of dimerized TLR4 in the lipid raft
fraction, but the effect was attenuated by DHA (Fig. 4A). The
total amount of TLR4 in the lipid raft fraction significantly
increased after the treatment of the cells with LPS or lauric acid,
but DHA diminished the effects of LPS or lauric acid as shown in
Figs. 1 and 2. Together, these results suggest that the recruitment

FIGURE 3. LPS or lauric acid induces, but DHA inhibits the homodimeriza-
tion of TLR4. A, Ba/F3 whole cell lysates were immunoprecipitated with an
anti-GFP antibody and then immunoblotted with an anti-FLAG antibody. The
membrane was stripped and reprobed with anti-GFP. B, dose-dependent
response of Ba/F3 cells toward pretreatment with DHA. Cells were stimulated
with LPS or C12, and cell lysates were processed as described in Fig. 2A. For
the analysis of NF-�B promoter activity, Ba/F3-TLR4 cells transfected with
NF-�B- luciferase construct (C) or RAW264.7 cells transfected with NF-�B-
luciferase construct (D) were used. Cells were treated with LPS or lauric acid
for 8 h in the presence or absence of DHA. Cells were lysed to determine the
luciferase activity. The results were expressed as relative luciferase activity
(RLA) against the value of the vehicle treatment. Values are means � S.E. of
the mean of at least three independent experiments. a and b were signifi-
cantly different from the values for the control group without DHA treatment
(p � 0.05). For the analysis of mRNA levels of indicated genes, Ba/F3-TLR4 cells
(E) or RAW264.7 cells (F) were treated with LPS or lauric acid in the presence or
absence of DHA for 6 h. RNAs were prepared, and reverse transcription-PCR
was performed as described under “Experimental Procedures.” Hypoxan-
thine phosphoribosyltransferase (HPRT) was used as a control.

FIGURE 4. Lauric acid induces but DHA inhibits TLR4 homodimerization
and association of TLR4 with MD-2 in lipid rafts. A, Ba/F3 cells stably trans-
fected with GFP/FLAG-tagged TLR4 and FLAG-tagged MD-2 were treated
with LPS or lauric acid in the presence or absence of DHA (20 �M). For the
immunoprecipitation, lipid raft Fractions 4 and 5 were pooled from the
sucrose gradient. One half of the lipid raft fraction was immunoprecipitated
with anti-GFP antibodies and then immunoblotted with anti-FLAG antibod-
ies. The membranes were reprobed with anti-GFP antibodies. The other half
of the samples was immunoblotted with anti-flotillin-1 antibodies to show
the presence of the lipid raft marker. B, samples from pooled non-lipid raft
Fractions 10 –12 were immunoprecipitated and immunoblotted as described
above in A.
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of TLR4 into lipid rafts was increased by LPS or lauric acid.
Because TLR4 is known to associate withMD-2 to initiate signal-
ing, we determinedwhether LPS or lauric acid enhances the asso-
ciation ofTLR4withMD-2 in lipid rafts fractions. The association
of TLR4 with MD-2 was enhanced by treatment of LPS or lauric
acid, but DHA inhibited the association of TLR4 with MD-2 in
lipid rafts (Fig. 4A). However, flotillin-1 levels in the lipid raft frac-
tion were not changed by the treatment either with LPS or lauric
acid (Fig. 4A). In contrast, FLAG-TLR4 was not co-immunopre-
cipitated with GFP-TLR4 in non-lipid raft fractions (Fig. 4B).
Together, these results suggest that the dimerization of TLR4 is
coupled with the recruitment of TLR4 into lipid rafts and that the
dimerization and recruitment of TLR4 into lipid rafts are
enhanced by LPS or lauric acid. The effects of LPS or lauric acid
were diminished by DHA treatment.

Lipid Rafts Are Essential for TLR4-
mediated Signal Transduction—
To further understand the role of
lipid rafts for TLR4 activation, we
employed the lipid raft inhibitor
nystatin, which is known to inhibit
the formation of lipid rafts by
sequestering cholesterol. TLR4
dimerization induced by LPS or lau-
ric acid was inhibited by nystatin
(Fig. 5A). The dimerization of TLR4
in the lipid raft fraction was also
inhibited by nystatin (Fig. 5B).
Dimerized TLR4 was only observed
in lipid rafts but not in the non-lipid
raft fractions (Fig. 5C). Methyl-�-
cyclodextrin, another lipid raft
inhibitor, had the same effect as nys-
tatin (data not shown). Nystatin also
inhibited LPS- or lauric acid-in-
duced NF-�B activation and target
gene expression (Fig. 5, D–G).
Taken together, these results sug-
gest that the formation of intact
lipid rafts, recruitment of TLR4, and
dimerization of TLR4 into lipid rafts
are critical for initiating LPS or lau-
ric acid-induced TLR4 signal
transduction.
Lauric Acid Activates but DHA

Inhibits NADPH Oxidase—A previ-
ous report demonstrated that LPS
stimulates recruitment of TLR4 to
lipid rafts and is dependent on
NADPH oxidase-mediated by reac-
tive oxygen species (ROS) (19). To
determine if lauric acid activates
TLR4 in a similar mechanism as
LPS, ROS levels and NADPH oxi-
dasewere analyzed. RAW264.7 cells
were stimulated with lauric acid,
and ROS were analyzed by confocal
microscopy after staining with a

CM-H2DCFDA, a ROS-specific fluorescent probe. Lauric acid,
like LPS, increased ROS in cells. This increase in ROS by
lauric acid and LPS was inhibited by DHA. The NADPH
oxidase inhibitor, DPI, and the antioxidant NAc inhibited
lauric acid-induced ROS increase in RAW264.7 cells
(Fig. 6A).
To determine if lauric acids activates NADPH oxidase simi-

lar to LPS (19), formation of the NADPH complex was ana-
lyzed.When active, NADPH oxidase component gp91[phox], a
membrane protein, binds to p47[phox], a cytosolic protein (19).
Lauric acid added to RAW264.7 cells increased the interaction
between p47[phox] and gp91[phox] in a time- and dose-de-
pendent manner (Fig. 6, B and C). When RAW264.7 cells were
pre-treated with DHA, NADPH oxidase activation by lauric
acid was inhibited in a dose-dependent manner (Fig. 6D). LPS-

FIGURE 5. Lipid raft inhibitor nystatin inhibits LPS- or lauric acid-induced homodimerization of TLR4,
and the activation of NF-�B and TLR4 target gene expression. A, Ba/F3 cells were treated with nystatin prior
to treatment with LPS or lauric acid for 30 min. Cell lysates were immunoprecipitated with anti-GFP antibodies
and then immunoblotted with anti-FLAG antibodies. B, Ba/F3 cells were treated as in A but were lysed and
fractionated by the sucrose gradient. GFP-TLR4 was immunoprecipitated with anti-GFP antibodies from lipid
raft fractions and immunoblotted with anti-FLAG antibodies. C, samples from the non-lipid raft fractions were
immunoprecipitated and immunoblotted as in B. For the analysis of NF-�B-luciferase activity, Ba/F3-TLR4 cells
(D) or RAW264.7 cells (E) transfected with NF-�B-luciferase construct were treated with nystatin for 8 h before
the treatment with LPS or lauric acid. Cells were lysed to determine the luciferase activity. a and b were
significantly different from the values for the control group without nystatin treatment. For the analysis of
mRNA of indicated genes, Ba/F3-TLR4 cells (F) or RAW264.7 cells (G) were treated with nystatin for 6 h before
treatment with LPS or lauric acid. RNAs were prepared and reverse transcription-PCR was performed as
described under “Experimental Procedures.”
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induced NADPH oxidase activation was also inhibited by DHA
(Fig. 6E). In addition, lauric acid-induced activation of NADPH
oxidase was inhibited by DPI and NAc (Fig. 6F).
Inhibition of NADPH Oxidase Suppresses LPS- or Lauric

Acid-induced TLR4 Dimerization and Recruitment to Lipid
Rafts—NADPH oxidase was differentially modulated by lauric
acid and DHA similar to TLR4, suggesting that both are
involved in the same signaling pathway. We wanted to deter-
mine if inhibiting NADPH oxidase would affect TLR4 dimer-
ization. DPI and NAc inhibited TLR4 dimerization when stim-
ulated by LPS or lauric acid (Fig. 7, A and B). RAW264.7 cells
pretreated with DPI also inhibited lauric acid-induced recruit-
ment of TLR4 to lipid rafts (Fig. 7C). Together, these results
suggest that lauric acid induces dimerization and recruitment
to lipid rafts in a ROS-dependent manner as does LPS.

DISCUSSION

It is now recognized that chronic inflammation is one of the
key etiological conditions for the development and progression

of many chronic diseases, including
cancer, atherosclerosis, and insulin
resistance, suggesting that the inhi-
bition of inflammation can reduce
the risk of development of such dis-
eases. Inflammation can be induced
by microbial infection. Toll-like
receptors mediate infection-in-
duced inflammation by recognizing
invading pathogens and activating
downstream signaling pathways
that lead to the expression of diverse
arrays of pro-inflammatory marker
gene products (1, 2). However, it is
not well understood what causes
and mediates “sterile inflamma-
tion”: inflammation from a non-in-
fectious origin. Recent evidence
now suggests that certain TLRs can
be activated by endogenous mole-
cules derived from tissue injury and
saturated fatty acids (17, 35). This
suggests that TLRsmediate not only
infection-induced inflammation
but also sterile inflammation
induced by endogenous molecules.
It further suggests that TLRs and
their downstream signaling path-
ways can provide important targets
for preventive and therapeutic strat-
egies against the chronic diseases.
Results from epidemiological and
genetic studies linked TLRs to the
development and progression of
many chronic diseases, including
insulin resistance, atherosclerosis,
and cancer (17, 36–38). Our recent
studies demonstrated for the first
time that dietary saturated fatty

acids and n-3 polyunsaturated fatty acids reciprocallymodulate
TLR4 activation (14–17). The animal model of diet-induced
obesity also revealed that saturated fatty acid-induced insulin
resistance and vascular or adipocyte inflammation are medi-
ated by the activation of TLR4 (36, 38–41). However, the
molecular mechanism by which these fatty acids modulate the
activation of TLRs is not known.
Results from our previous studies further suggest that the

molecular target of the n-3 polyunsaturated fatty acid DHA in
inhibiting TLR4 activation is the receptor itself or the upstream
events (instead of downstreamcomponents) leading to the acti-
vation of TLR4 (14–17). It was demonstrated that TLR4 is
recruited to lipid raft fractions after cells are treated with the
LPS (18). The activation of TLR leads to recruitment of imme-
diate downstream adaptor protein MyD88 (42, 43). Therefore,
if TLRs are activated after being recruited to lipid rafts, this
activation can be assessed by enhanced recruitment of MyD88
into lipid raft, which can be determined by co-immunoprecipi-
tation of MyD88 and TLRs. TLRs form homo- or hetero-oli-

FIGURE 6. Lauric acid activates, but DHA inhibits NADPH oxidase and ROS generation. A, RAW264.7 cells
were preincubated with 10 �M CM-H2DCFDA for 30 min followed by incubation with DHA (20 �M), DPI (2 �M),
NAc (10 mM), or vehicle for 30 min. LPS (100 ng/ml) or lauric acid (150 �M) was incubated with the cells for an
additional 30 min. Cells were fixed and imaged by confocal microscopy. B, RAW264.7 cells were incubated with
50 �M lauric acid for the indicated time periods, cells were lysed, and gp91[phox] was immunoprecipitated and
immunoblotted with anti-gp91[phox] and anti-p47[phox] antibodies. C, similar to B, cells were incubated with
indicated amounts of lauric acid for 30 min. D, RAW264.7 cells were pretreated with DHA for 30 min, followed
by incubation with 50 �M lauric acid or 100 ng/ml LPS for 30 min (E). F, RAW264.7 cells were pretreated with NAc
(10 mM) for 2 h or DPI (2 �M) for 1 h followed by incubation with 50 �M lauric acid.
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gomers (32, 34, 44–47). TLR4 homodimerizes, whereas TLR2
heterodimerizes with TLR6 or TLR1. The TLR2/6 dimer rec-
ognizes peptidoglycan and diacylated lipopeptide (MALP-2),
whereas TLR2/1 dimer recognizes triacylated lipopeptides
(12–14). Thus, receptor dimerization and recruitment of TLR4
into lipid rafts appear to be two of the initial events leading to
the activation of TLR4 signaling pathways.
Our results presented here demonstrate that saturated fatty

acid lauric acid stimulates, but the n-3 polyunsaturated fatty
acid DHA inhibits the dimerization and recruitment of TLR4
into lipid rafts. In addition, lauric acid stimulates but DHA
inhibits the association of TLR4 with MD-2 and downstream
adaptormolecules, and the activation of NF-�B and target gene
expression. The treatment of cells with the lipid raft disrupting
agent nystatin caused significant reduction of the amount of
TLR4 homodimer in whole cell lysates and lipid rafts. Nystatin
also inhibited LPS- or lauric acid-induced activation of NF-�B
and the expression of TLR4 target genes. Lauric acid, like LPS,
activatedNADPH oxidase and increased ROS generation while
DHA inhibited NADPH oxidase. Inhibiting NADPH oxidase
with DPI and NAc suppressed TLR4 dimerization induced by
LPS or lauric acid. Together, these results suggest that the
recruitment and dimerization of TLR4 into lipid rafts are the

initial steps required for the activation of the downstream sig-
naling pathways and that lauric acid and DHA reciprocally
modulate these processes. Dimerized TLR4was not detected in
non-lipid raft fractions evenwhen stimulatedwith LPS or lauric
acid, suggesting that agonist-induced dimerization of TLR4
occurs in the lipid rafts rather than the non-lipid raft compart-
ment. These results further suggest that the recruitment of
TLR4 into lipid rafts is coupled with the dimerization of TLR4.
The results from our previous studies also showed that satu-
rated fatty acids and n-3 PUFAs reciprocally modulate the
dimerization of cytoplasmic pattern recognition receptor fam-
ily Nod2 that also recognizes bacterial components (48).
Previous studies showed that LPS induces recruitment of

TLR4 to lipid rafts through NADPH oxidase-dependent ROS
production (19). It was also shown that oxidative stress gener-
ated by hemorrhagic shock recruits TLR4 to lipid rafts in mac-
rophages (50). In our studies, lauric acid, like LPS, activated, but
DHA inhibited NADPH oxidase. The NADPH oxidase inhibi-
tor DPI or the antioxidant NAc abrogated TLR4 dimerization
induced by LPS or lauric acid. These results suggest that lauric
acid, like LPS, induces, but DHA inhibits dimerization and
recruitment of TLR4 to lipid rafts in a ROS-dependentmanner.
It was shown that NADPH oxidase 4 isozyme directly interacts
with TLR4 in human embryonic kidney cells transfected with
TLR4, MD-2, and CD14 (51). However, it was shown that
MyD88, the downstream component of TLR4, controls
NADPH oxidase function in primary macrophages (52). Thus,
it is not clear whereNADPHoxidase is located in the hierarchi-
cal order of TLR4 signaling pathways. Because both DPI and
NAc inhibit dimerization and recruitment of TLR4 to lipid rafts
induced by LPS or lauric acid, it is conceivable that these one or
more enzymes may be a part of the signaling complex directly
interacting with TLR4 in lipid rafts.
How the saturated fatty acid lauric acid induces, but DHA

inhibits dimerization and recruitment of TLR4 to lipid rafts,
and how lauric acid and DHA reciprocally modulate NADPH
oxidase are intriguing questions. The facts that Lipid A is acy-
lated with saturated fatty acids, that removal of saturated fatty
acids from Lipid A results in complete loss of endotoxic activity
(15, 16), and that Lipid A(s) containing unsaturated fatty acids
are nontoxic or act as an antagonist against endotoxins (17, 18)
suggest that saturated fatty acids, but not unsaturated fatty
acids, play the key role in LPS signaling.Unlike phospholipids in
plasma membrane, polar lipids in lipid rafts are predominantly
acylated with saturated fatty acids that facilitate the formation
of liquid-ordered lipid rafts. Our results showing that both LPS
and lauric acid induce dimerization and recruitment of TLR4 to
lipid rafts suggest the possibility that the saturated fatty acids
acylated in Lipid Amay help initiate the formation of lipid rafts,
and thereby, recruit TLR4 to lipid rafts where TLR4 interacts
with other signaling molecules to activate the downstream sig-
naling pathways.
It was demonstrated that treatment of cells with n-3 PUFA

eicosapentaenoic acid causes incorporation of this fatty acid
into lipids in lipid rafts, which are highly enriched with satu-
rated fatty acids (25). Such an alteration of the fatty acid com-
position of lipids in lipid rafts by n-3 PUFAs leads to displace-
ment of signaling molecules from lipid rafts, and thus inhibits

FIGURE 7. Inhibition of NADPH oxidase suppresses LPS or lauric acid-in-
duced TLR4 dimerization. A, Ba/F3 cells were pretreated with DPI (2 �M) for
1 h or NAc (10 mM) for 2 h and then stimulated with LPS (100 ng/ml) or (B) 100
�M lauric acid for 30 min. Cells were lysed, and GFP-TLR4 was immunoprecipi-
tated and immunoblotted with anti-FLAG and anti-GFP antibodies.
C, RAW264.7 cells were pretreated with 2 �M DPI for 1 h and treated with 100
�M lauric acid for 30 min. Cells were lysed, and lysates were fractionated by
sucrose gradient fractionation. Lipid raft fractions (1–3) were collected, tri-
chloroacetic acid-precipitated, and immunoblotted with anti-TLR4 and anti-
flotillin-1 antibodies.
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downstream signaling pathways (25, 49). Our results demon-
strate that DHA inhibits LPS- or saturated fatty acid-induced
dimerization and recruitment of TLR4 to lipid rafts, which is
the initial step of TLR4 signaling pathways, suggesting a possi-
bility that n-3 PUFAs inhibit the formation of lipid rafts by
altering the fatty acid composition of polar lipids that are
required to be acylated with saturated fatty acid for the forma-
tion of liquid-ordered lipid rafts. Therefore, the inhibition of
the formation of lipid rafts by DHA may lead to reduction of
signaling molecules recruited to lipid rafts.
Our results provide a new paradigm in understanding the

mechanism by which saturated fatty acids and n-3 polyunsatu-
rated fatty acids differentially modulate TLR4-induced inflam-
matory responses through the regulation of ROS-dependent
dimerization and recruitment of TLR4 to lipid rafts.
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