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(BMD) not only by a meta-analysis of clinical studies ( 3 ) 
but also by an experimental animal model ( 4 ). Absence of 
TLR4 increased BMD as well as decreased body fat ( 5 ). 
Epidemiological studies also suggest that BMD is signifi -
cantly related to serum lipid profi les ( 6 ). Verma et al. have 
demonstrated that marrow fat in bone biopsy samples is 
increased in osteoporosis ( 7 ), and osteoporosis has been 
connected to increased marrow fat content and decreased 
un-saturation of fat by studies using in vivo proton mag-
netic resonance spectroscopy ( 8 ). 

 Increased adipose tissue mass is associated with changes 
in the endocrine and metabolic function of adipose tissue. 
FFA is a major secretory product from adipocytes as a re-
sult of lipolysis of stored triglycerides. FFA level is elevated 
in obesity along with various adipocyte factors, which are 
responsible for low-grade infl ammation associated with 
obesity-related metabolic syndrome ( 9, 10 ). Saturated fatty 
acid (SFA) induces the expression of pro-infl ammatory 
genes in macrophages ( 11 ), and SFA plays an essential 
role as signaling molecules in the chronic infl ammatory 
disease associated with obesity ( 12 ), although the mecha-
nism by which they infl uence the development of chronic 
diseases is not clearly understood. 

 Osteoclasts (OC), multinucleated giant cells that can re-
sorb bone cells, differentiate from hematopoietic stem 
cells. OC precursors have properties in common with pre-
cursors of the monocyte and macrophage cell lineages, 
which could cross-talk with adipocytes to reinforce infl am-
matory conditions ( 13 ). They have an important role in 
physiological bone remodeling and participate in the 
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 Obesity is considered to be a state of chronic infl amma-
tion that leads to metabolic derangements. Actually the 
relationship between obesity and bone loss is highly con-
troversial. Obesity could be a protective factor due to en-
dogenous estrogen production, but recent fi ndings 
emphasize the positive relationship between obesity and 
bone loss. Other factors released from increased adipose 
tissue mass, free fatty acid (FFA), adipokine, and infl am-
matory cytokines are also necessary for consideration to 
evaluate the contribution of obesity to bone metabolism. 
FFA could be a potent candidate to cause bone loss. Hy-
perlipidemia is shown to decrease bone formation ( 1 ) and 
increase bone resorption ( 2 ). Statin, a lipid-lowering drug, 
has been demonstrated to increase bone mineral density 
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with  � -MEM from one end of the bone using a sterile 21-gauge 
needle. The resulting bone marrow suspension was washed twice 
and added to plates along with M-CSF (20 ng/ml) for 16 h. Non-
adherent cells were then harvested and layered on a Ficoll-
Hypaque gradient. The cells at the interface were collected, 
washed, resuspended in  � -MEM containing 10% FBS, and cultured 
for two more days with M-CSF, at which time large populations of 
adherent monocyte/macrophage–like cells had formed on the 
bottom of the culture plates. The small numbers of nonadherent 
cells and adherent stromal cells were removed by washing the 
dishes with PBS and by subsequent incubation for 5 min in 0.25% 
trypsin/0.05% EDTA, respectively. The adherent bone marrow–
derived macrophage (BMM) was harvested, seeded at a density of 
5 × 10 4  cells/well in 48-well plates, medium containing M-CSF 
and RANKL (40 ng/ml) was added. The medium was replaced 
on day 2 or 3. After incubation for the indicated times, the cells 
were fi xed in 10% formalin for 10 min, and stained for tartrate-
resistant acid phosphatase (TRAP) as described ( 15 ). Numbers 
of TRAP-positive multinucleated cells (MNC) (three or more nu-
clei) were scored. 

 Real time quantitative RT-PCR 
 Total RNA was reverse-transcribed with oligo-dT and Super-

script I enzyme (Invitrogen, Carlsbad, CA), according to the man-
ufacturer’s instructions. Quantitative RT-PCR was carried out 
using SYBR Green 1 Taq polymerase (Qiagen, Hilden, Germany) 
and appropriate primers on a DNA Engine Opticon Continuous 
Fluorescence detection System (MJ Research Inc., Waltham, MA) 
according to the manufacturer’s instructions. Specifi cities of each 
primer pair were confi rmed by melting curve analysis and agarose-
gel electrophoresis. The housekeeping GAPDH gene was ampli-
fi ed in parallel with the gene of interest. Relative copy numbers 
compared with GAPDH was calculated using 2 - �  � Ct  ( 16 ). The 
primer sequences used are as follows: 5 ′ -accatgacactctgcaacca-3 ′  
and 5 ′ -cccaggtctctttggagtca-3 ′  (MIP-1 � ); 5 ′ -acccagaagactgtggatgg-3 ′  
and 5 ′ -cacattgggggtaggaacac-3 ′  (GAPDH). 

 ELISA 
 To each of the wells containing mature OC was added addi-

tional medium containing effectors as indicated. The culture me-
dium was harvested at the indicated times, and the concentration 
of MIP-1 �  determined by a sandwich ELISA using coating anti-
MIP-1 �  Ab and biotinylated anti-MIP-1 �  Ab, as recommended by 
the supplier (R and D). 

 Apoptosis assay 
 OC apoptosis was detected with annexin V staining. OC de-

rived from BMM stimulated with RANKL for 4 d was washed and 
restimulated with vehicle, M-CSF and RANKL, lauric acid, or 
palmitic acid for 18 h. For annexin V staining, cells were har-
vested and transferred to FACS tubes. After washing, cells were 
incubated with annexin V FITC (BD Biosciences) in binding 
buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM 
CaCl 2 ) for 15 min and immediately analyzed with FACSCalibur. 

 Electrophoretic mobility shift assay (EMSA) 
 OC generated by RANKL stimulation of BMM for 4 d was 

washed, restimulated with vehicle, M-CSF and RANKL, lauric 
acid, or palmitic acid for 1 h, and nuclear extracts were prepared. 
NF- � B-binding studies were performed using double-stranded 
oligonucleotides (Santa Cruz Biotechnology, Santa Cruz, CA) 
containing an NF- � B consensus binding site. The oligonucle-
otide or a variant was end-labeled with [ � - 32 P]ATP using T4 poly-
nucleotide kinase (Promega, Madison, WI). Five  � g of each 
nuclear extract was incubated at 30°C for 20 min with 1 ng of 

bone destruction associated with chronic infl ammatory 
disease ( 14 ). 

 In the present study we investigated whether obesity-
induced FFA in bone marrow environment affects bone 
metabolism by acting on OC. We found that SFA, such as 
lauric acid (LA) or palmitic acid (PA), increased OC sur-
vival. Using Toll-like receptor 4 (TLR4)-knockout (KO) 
mice and myeloid differentiation factor 88 (MyD88)-KO 
mice, we explored the role of TLR4 and MyD88 in the OC 
survival induced by SFA. 

 MATERIALS AND METHODS 

 Reagents 
 Recombinant mouse M-CSF, RANKL, and MIP-1 �  were ob-

tained from R and D Systems, Inc. (Minneapolis, MN). Bovine 
serum albumin (BSA) (fatty acid-free and low endotoxin) was 
purchased from Sigma Chemical Co. (St. Louis, MN), and the 
sodium salts of lauric acid, palmitic acid, stearic acid, oleic acid, 
linoleic acid, and cis-5, 8, 11, 14, 17-eicosapentaenoic acid 
(EPA) were from Nu-Chek (Eslyan, MN). BSA and all fatty acids 
within used concentration ranges contained undetectable 
amounts (<0.03 EU/ml) of endotoxin by E-TOXATE kit (Sigma 
Chemical Co.). No signifi cant increase of MIP-1 �  was found at 
0.03 EU/ml of endotoxin by mature OC. All free fatty acids 
(FFA) were solubilized in ethanol as described ( 11 ). They were 
mixed with fatty acid-free and low endotoxin BSA at a molar 
ratio of 10:1 in 0.25% fetal bovine serum. Fatty acid-albumin 
complex solution was freshly prepared prior to each experi-
ment. The same volume of vehicle was added to the controls as 
was added with FFA. 

 Animals 
 Male C57BL/6J mice were rendered obese by ingesting a high-

fat diet (obese) (45% calories from lard and soybean oil) (Re-
search Diets Inc.) for 13 weeks starting at 9 weeks of age. Control 
mice (lean) were fed a control diet (10% calories from soybean 
oil). All mice were housed in the specifi c pathogen-free animal 
facility of the University of Ulsan, Immunomodulation Research 
Center (IRC) and were handled in accordance with the Institu-
tional Animal Care and Use Committee of the IRC. Standards 
were approved by that Committee. Serum levels of FFA were 
0.664 and 1.309 mEq/l for lean (n = 12) and obese (n = 19) mice, 
respectively. To measure FFA in bone marrow, femora were re-
moved and dissected free of adherent soft tissue. The bone ends 
were cut, and the marrow cavity was fl ushed out with  � -MEM 
from one end of the bone, using a sterile 21-gauge needle. The 
FFA content of bone marrow was determined by colorimetric 
analysis of nonesterifi ed fatty acids using a NEFA kit (Wako 
Chemicals, Japan). The average bone marrow volume of mice 
was determined to be  � 57  � l/femur. 

 Osteoclast formation 
 Bone marrow cells (typically three per preparation) were iso-

lated from 4–5-week-old C57BL/6J mice as described ( 15 ). TLR-
4 +/+  (C3H/HeN) and TLR-4  � / �   (TLR4-KO) (C3H/HeJ) mice 
were provided by the Jackson Laboratory. MyD88  � / �   (MyD88-
KO) (C57BL/6 background) was originally a generous gift from 
Dr. Shizuo Akira, Osaka University, Japan, and provided by the 
IRC. The genotypes of offspring were determined by Southern 
blot analysis of DNA from tail biopsies. Femora and tibiae were 
aseptically removed and dissected free of adherent soft tissue. 
The bone ends were cut, and the marrow cavity was fl ushed out 
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 Since the stimulatory effect of SFA was prominent in the 
later stage of osteoclastogenesis, we tested whether it af-
fected OC survival. As M-CSF or RANKL is also an OC sur-
vival factor ( 17 ), we removed cytokines from cultures of 
differentiated OC by washing them on day 4. The cells 
were then incubated in the presence or absence of SFA for 
an additional 18 h. As shown in  Fig. 2B , the number of 
mature OC was reduced dramatically in the absence of cy-
tokines, while the reduction was restored in the presence 
of M-CSF and RANKL. Treatment with lauric acid or pal-
mitic acid alone prevented some loss of mature OC with 
maximum effect at 50  � M, although its effect was less than 
that of M-CSF and RANKL.  

 Next, we determined by annexin V staining whether the 
effect of SFA on survival was due to an anti-apoptotic ac-
tion ( Fig. 2C ). As a positive control we observed fewer an-
nexin V–positive OC in the presence of M-CSF and RANKL 
than when cytokines were removed. Cells incubated with 
lauric acid or palmitic acid alone also contained fewer an-
nexin V–positive cells, indicating that SFA protects mature 
OC from apoptosis. 

 Enhanced OC survival is mediated by a signal through 
TLR4 and MyD88 

 As SFA-induced COX-2 expression in murine mac-
rophage is mediated by a signaling pathway derived from 
TLR4 ( 11 ) and as OC expresses TLR4 ( 18 ), we examined 
whether SFA stimulates the survival of OC via TLR4. We 
prepared mature OC from C3H/HeJ mice that are defec-
tive of TLR4, and compared the response to SFA with that 
of C3H/HeN (wild-type) mice. Lauric acid or palmitic 
acid alone signifi cantly increased the survival of OC de-
rived from C3H/HeN mice, but not in that from C3H/
HeJ mice (  Fig. 3A  ).  This indicates that TLR4-mediated sig-
nals are essential for the effect of SFA on OC survival. 
Since signaling through TLR4 involves subsequent recruit-
ment of the adaptor molecule MyD88 ( 19 ), we investigated 
whether MyD88 was also required for SFA signaling using 

 32 P-labeled NF- � B probe in 10  � l of binding buffer containing 1 
 � g of poly (dI·dC), 15 mM HEPES, pH 7.6, 80 mM NaCl, 1 mM 
EGTA, 1 mM dithiothreitol, and 10% glycerol. DNA-protein 
complexes were visualized by electrophoresis on a native 5% 
polyacrylamide gel, vacuum-drying, and autoradiography using 
an intensifying screen at  � 80°C. 

 Statistical analysis 
 All values are expressed as means ± SEM. Student’s  t -test was 

used to evaluate differences between samples of interest and the 
corresponding controls. A  P  value of less than 0.05 was consid-
ered statistically signifi cant. 

 RESULTS 

 Osteoclastogenesis is stimulated by SFA 
 To investigate whether obesity affects the bone marrow 

microenvironment, we determined the levels of FFA in the 
bone marrow of lean and obese mice. As shown in   Fig. 1A  , 
 the level of FFA in the bone marrow of obese mice was sig-
nifi cantly higher than in that of lean mice, suggesting that 
increased FFA could affect bone metabolism. Consistent 
with biochemical analyses, histology has demonstrated an 
increase in bone adiposity in obese mice ( Fig. 1B ). Adipo-
cyte number was elevated in proximal tibia of obese mice 
compared with lean mice. Since bone loss is more associated 
with content of saturated fat than with unsaturated fat ( 9 ), 
we focused on whether SFA plays a role in osteoclastogene-
sis. We determined the effect of SFA on cultures of BMM 
free of stromal cells and lymphocytes to investigate the direct 
action on OC. SFA was added to separate cultures during the 
indicated period after BMM was incubated with M-CSF and 
RANKL. Lauric acid (C12:0) signifi cantly increased the 
number of TRAP-positive MNC formed by the BMM when 
added on 2–4 day (D) or 3–4 D. Palmitic acid (C16:0) was 
less potent (  Fig. 2A  ).  However, exposure to SFA at early stage 
did not affect OC formation signifi cantly, suggesting that 
SFA affects mature OC, rather than early OC precursor. 

  Fig.   1.  Increased FFA and adiposity in obese mice. 
(A) The FFA content of the bone marrow plasma of 
lean and obese mice was determined by the colori-
metric assay for nonesterifi ed fatty acids as described 
in “Materials and Methods” (*,  P  < 0.05). (B) Repre-
sentative histology of mouse proximal tibias of lean 
and obese mice stained with hematoxylin and eosin 
(100×). FFA, free fatty acid.   
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script ( Fig. 4B ). The effect of stearic acid (C18:0) was 
more intense than that of palmitic acid (C16:0). Oleic 
acid (C18:1), linoleic acid (C18:2), and EPA had no sig-
nifi cant effect.  

 Next we examined the level of MIP-1 �  secreted by ma-
ture OC. As shown in  Fig. 4C , mature OC produced a sig-
nifi cantly higher level of MIP-1 �  after addition of lauric 
acid or palmitic acid than after addition of the vehicle. 
The OC survival factors, M-CSF and RANKL, also increased 
expression of MIP-1 � , suggesting a role of MIP-1 �  in the 
elevated OC survival.  

 We also tested whether SFA affects the expression of re-
ceptor for MIP-1 � . No increased expression of CCR1 or 
CCR5 in mature OC was observed in response to lauric acid 
(data not shown). Because SFA did not change the expres-
sion level of receptor for MIP-1 �  on mature OC, we exam-
ined whether the enhanced OC survival due to SFA was the 
result of increased MIP-1 � . Treatment with MIP-1 �  alone 
prevented the loss of mature OC. Addition of neutralizing 
Ab against MIP-1 �  to cultures of lauric acid- or palmitic 
acid-treated OC prevented the increase in OC survival, 
whereas control IgG had no signifi cant effect ( Fig. 4D ). 
However, blockade of MIP-1 �  in lauric acid- or palmitic 
acid-treated OC showed modest, but signifi cantly enhanced 
OC survival, compared to vehicle-treated OC. Taken 

MyD88-KO mice. As shown in  Fig. 3B , neither lauric acid 
nor palmitic acid increased OC survival in the absence of 
MyD88, whereas M-CSF and RANKL could. As signaling by 
the TLR complex induces activation of NF- � B ( 20 ) and 
because many factors that promote OC survival activate 
the transcription factor NF- � B ( 21 ), we examined the ef-
fect of lauric acid or palmitic acid on NF- � B activation. 
RANKL restimulation induced NF- � B DNA binding activ-
ity in mature OC from C57BL/6 mice (wild-type) that had 
been thoroughly washed. Lauric acid or palmitic acid also 
activated NF- � B (lane 4, 5) to a similar extent as RANKL 
(lane 6) ( Fig. 3C ). However, NF- � B activation upon SFA 
stimulation was not found in mature OC from MyD88-KO 
mice and C3H/HeJ (TLR4-KO) mice ( Fig. 3D ). 

 MIP-1 �  generated by mature OC in response to SFA is 
responsible for the increased OC survival 

 To investigate the factors enhancing OC survival, 
we fi rst measured the expression of MIP-1 � . The induc-
tion of MIP-1 �  transcripts in mature OC was signifi -
cantly upregulated after 3 h of lauric acid addition. 
Palmitic acid also increased MIP-1 �  transcripts, al-
though to a lesser degree (  Fig. 4A  ).  To determine the 
effect of a wide range of FFA using the most sensitive 
assay, we determined the expression of the MIP-1 �  tran-

  Fig.   2.  Effects of SFA on osteoclastogenesis. (A) BMM were prepared as described in “Materials and Meth-
ods” and incubated in 48-well plates (5 × 10 4  cells/well) in the presence of M-CSF (20 ng/ml) and RANKL 
(40 ng/ml) with LA (50  � M) or PA (50  � M) over the intervals of 0–4 D, 0–2 D, 2–4 D, and 3–4 D. LA and PA 
were prepared as described in “Materials and Methods.” After 4 d, cells were fi xed and stained for TRAP, and 
the number of TRAP-positive MNC per well was scored. (*,  P  < 0.05; **,  P  < 0.01, n = 3). (B) BMM were stimu-
lated with RANKL for 4 d, extensively washed, and subsequently stimulated with M+R; LA (20, 50, 100  � M); 
PA (20, 50, 100  � M); V; or C (day 4 RANKL-stimulated) for 18 h (*,  P  < 0.05; **,  P  < 0.01; ***,  P  < 0.001, 
n = 3). (C) Anti-apoptotic effect of SFA on mature OC. RANKL-induced BMM (10 6  cells)-derived mature OC 
were washed and recultured with V; M+R; LA (50  � M); or PA (50  � M) for 18 h. Apoptotic cells were stained 
with annexin V FITC, analyzed with FACSCalibur (*,  P  < 0.05; **,  P  < 0.01, n = 3). BMM, bone marrow-
derived macrophage; C, control; D, day; LA, lauric acid; M+R, M-CSF and RANKL; MNC, multinucleated 
cell; OC, osteoclast; PA, palmitic acid; SFA, saturated fatty acid; TRAP, tartrate-resistant acid phosphatase 
V, vehicle.   
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also participate in the bone loss associated with chronic 
infl ammatory disease ( 14 ). Indeed we have shown that 
SFA stimulates osteoclastogenesis by acting on mature OC, 
suggesting it could play a critical role in inducing bone 
loss along with obesity. 

 Contrary to our results, inhibition or no signifi cant ef-
fect of OC formation by SFA in murine macrophage cell 
line, RAW264.7 cells, has been reported ( 26, 27 ). How-
ever, they did not distinguish the effect of SFA at specifi c 
stage. We have presented evidence that SFA is most effec-
tive in increasing osteoclastogenesis at a late stage of OC 
formation; it enhances OC survival by inhibiting apoptosis 
of the mature OC via a signal though TLR4, MyD88, and 
NF- � B. To see whether SFA stimulated the survival of OC 
through TLR4, mature OC were prepared from TLR4-KO 
mice. SFA increased the survival of OC derived from wild-
type mice of the same strain but not from the TLR4-KO 
mice, indicating that TLR4-mediated signals are essentially 
involved in the OC survival promoted by SFA. TLR recog-
nizes not only conserved pathogen-associated molecular 
patterns of invading microorganisms but also nonmicro-
bial molecules ( 28 ). SFA-induced COX-2 in macrophages 
has been inhibited by a dominant-negative mutant of 
TLR4 ( 11 ). Removal of SFA or its replacement with un-
saturated fatty acids on LPS, a TLR agonist, abolishes its 
activities and turns it into an antagonist ( 29 ), suggesting 
that SFA is responsible for the effects of TLR agonists. The 

together, these fi ndings indicate that MIP-1 �  is a positive 
regulator of OC survival and that the stimulation of OC sur-
vival by SFA is due to an increased level of MIP-1 � . 

 DISCUSSION 

 We have demonstrated that the level of FFA in bone 
marrow is signifi cantly elevated along with marrow adipos-
ity in obese mice, although the degree of increase in bone 
marrow was slightly lower than that in serum. Although 
there is no direct evidence that FFA induces bone loss, 
FFA can be a potential candidate for bone loss. The meta-
bolic syndromes associated with increased level of FFA, 
diabetes, and atherosclerosis have been demonstrated to 
be highly related to bone loss ( 9, 13 ). More alveolar bone 
loss is associated with the Goto-Kakizaki rat, a type 2 diabe-
tes rat ( 22 ), and the Zucker fatty rat, a known model of 
prediabetes ( 23 ). Lower BMD and rapid bone loss is asso-
ciated with the advanced aortic calcifi cation, a surrogate 
marker for atherosclerosis, in postmenopausal women 
( 24 ), and a graded association is also found between ath-
erosclerotic vascular calcifi cation and vertebral bone loss 
( 25 ). FFA also causes infl ammation by activation of JNK 
and IKK �  in muscle and liver ( 9 ) as well as macrophages 
( 12 ). Macrophages not only play a critical role as infl am-
matory mediators in metabolic syndromes ( 13 ), but they 

  Fig.   3.  SFA affects OC survival via TLR4 and MyD88, 
and induces NF- � B activation. BMM (5 × 10 4  cells) 
from C3H/HeN, C3H/HeJ (A), and MyD88-KO (B) 
were stimulated with M-CSF (20 ng/ml) and RANKL 
(40 ng/ml) for 4 d, extensively washed, and subse-
quently stimulated with M+R; LA (50  � M); PA (50 
 � M); or V for 18 h (*,  P  < 0.05; **,  P  < 0.01, n = 3). 
OC was generated by M-CSF and RANKL stimulation 
of BMM (5 × 10 6 cells) from C57BL/6 (C), C3H/HeJ 
or MyD88-KO (D) for 4 d, washed, and restimulated 
with V (lane 3); LA (50  � M, lane 4); PA (50  � M, lane 
5); or RANKL (lane 6) for 1 h. RANKL-stimulated 
OC on day 4 (lane 2) and a variant NF- � B oligomer 
(lane 1) were used as positive and negative controls, 
respectively. Similar results were obtained in three 
independent experiments. LA, lauric acid; M+R, 
M-CSF and RANKL; M-CSF, macrophage-colony stim-
ulating factor; MyD88, myeloid differentiation factor 
88; OC, osteoclast; PA, palmitic acid; RANKL, recep-
tor activator of nuclear factor- � B ligand; SFA, satu-
rated fatty acid; TLR4, Toll-like receptor 4; V, 
vehicle.   
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SFA stimulation was absent in TLR4-defi cient cells as well 
as MyD88-defi cient ones, indicating that NF- � B activation 
by SFA is due to a signal through TLR4 and MyD88. We 
cannot exclude the possibility of a delayed response of 
SFA, as we do not perform kinetics of NF- � B activation. 
NF- � B activation by LPS is delayed, but not absent, in 
MyD88-defi cient cells, suggesting that certain LPS-induced 
responses do not require MyD88 ( 32 ). 

 We showed that exogenously added SFA affects osteo-
clastogenesis induced by RANKL by modulating the level 
of MIP-1 � , although it was not demonstrated clearly 
whether MIP-1 �  is a downstream molecule of the above 
signaling pathway. Our data indicate that MIP-1 �  is a posi-
tive regulator of OC survival and that the enhanced OC 
survival of SFA-treated OC may be at least partly due to the 
increased level of MIP-1 � . We also determined the effect 
of a variety of FFA on inducing MIP-1 � . SFA had an effect, 
but it is hard to tell the relationship between the magni-
tude of effect and chain length because of the small sam-
ple size. On the contrary, no signifi cant effect was found 
with unsaturated fatty acids, suggesting that the response 
is due to SFA. Although SFA had modest effect on OC sur-
vival, it was effi cient in induction of MIP-1 �  in a compa-
rable degree. This apparent discrepancy in the effi cacy 

role of TLR in osteoclastogenesis is controversial, but the 
difference could be due to the stage that OC was exposed 
to TLR agonists. TLR stimulation inhibits OC formation 
( 30 ), whereas it enhances OC survival ( 18 ). Actually in 
vivo excessive bone resorption by OC in infl ammatory 
bone diseases is related to bacterial infection, probably as 
a consequence of activation of TLR ( 31 ). 

 Conserved cytoplasmic regions of TLR associate with 
MyD88, which is also an adaptor molecule for IL-1 and 
LPS ( 19 ). We have also shown that SFA alone did not pro-
mote the survival of OC from MyD88-KO mice, suggesting 
that MyD88 is required for signaling from SFA. In addi-
tion, the number of OC was somewhat lower in vehicle-
treated cultures from MyD88-KO mice ( Fig. 3B ) than in 
that from wild-type mice ( Fig. 2B ), indicating that OC sur-
vival could be enhanced by endogenous molecules signal-
ing through MyD88. However, the absence of TLR4 did 
not change basal level of OC signifi cantly ( Fig. 3A ). It 
could be explained by the redundancy of TLR. TLR forms 
a complex with MyD88, IRAK, and TRAF6 ( 28 ). Signaling 
by the latter induces activation of NF- � B ( 20 ), and in-
creased OC survival is associated with activation of NF- � B 
( 20 ). Our data also demonstrate that SFA causes activation 
of NF- � B in mature OC. However, NF- � B activation upon 

  Fig.   4.  Induction of MIP-1 �  by OC. BMM (2 × 10 6 cells) was stimulated with RANKL (40 ng/ml) and M-CSF 
(20 ng/ml) for 4 d, extensively washed, and subsequently stimulated with V; LA (50  � M); PA (50  � M); or 
M+R for 3 h, 8 h (A), or 18 h (C). BMM was treated as above, subsequently stimulated with V or 50  � M of 
LA, PA, SA, OA, LinA, or EPA for 8 h (B). Total RNA was extracted and subjected to semi-quantitative PCR 
analysis (A, B). (*,  P  < 0.05; ***,  P  < 0.001, n = 3) The levels of MIP-1 �  in the supernatants were measured by 
ELISA (C). (**,  P  < 0.01; ***,  P  < 0.001, n = 3). (D) BMM (5 × 10 4  cells) was stimulated with RANKL and 
M-CSF for 4 d, extensively washed, and subsequently stimulated with V; MIP-1 �  (20 ng/ml); LA (50  � M); or 
PA (50  � M). Neutralizing anti-MIP-1 �  Ab (0.2  � g/ml) or control IgG was added simultaneously with LA- or 
PA-treated BMM to determine the role of MIP-1 �  in LA- or PA-stimulated OC survival for 18 h (*,  P  < 0.05; 
**,  P  < 0.01, n = 3). Neutralization of MIP-1 �  in LA-treated (**,  P  < 0.01, n = 3) or PA-treated culture (*,  P  < 
0.05, n = 3) was signifi cantly different from vehicle-treated one. BMM, bone marrow-derived macrophage; 
EPA, 17-eicosapentaenoic acid; LA, lauric acid; LinA, linoleic acid; M+R, M-CSF and RANKL; M-CSF, 
macrophage-colony stimulating factor; OA, oleic acid; PA, palmitic acid; RANKL, receptor activator of nu-
clear factor- � B ligand; SA, stearic acid; V, vehicle.   
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of SFA according to OC survival and its effect on MIP-1 �  
induction could be explained by the possibilities that SFA 
modulates OC survival through production of negative 
regulators as well as positive ones, including MIP-1 � . Our 
present results showed that MIP-1 �  blockade in lauric 
acid- or palmitic acid-treated OC did not restore the re-
sponse of baseline, also suggesting a contribution of other 
factors induced by SFA. Recent studies suggest that 
chemokines play roles in osteoclastogenesis in vivo and in 
vitro. In vivo mouse model of inhibition of human my-
eloma bone disease by MIP-1 � , an anti-sense construct 
markedly reduced MIP-1 �  in marrow plasma and de-
creased bone destruction ( 33 ). Moreover addition of a 
neutralizing Ab to MIP-1 �  to human bone marrow cul-
tures blocked the enhancement of OC formation induced 
by marrow plasma from patients with active multiple my-
eloma ( 34 ). Our previous data showing increased osteo-
clastogenesis in BALB/c mice, compared to that in 
C57BL/6 mice also suggested that MIP-1 �  is a potent os-
teoclastogenic factor for BMM. MIP-1 �  affected not only 
early precursors but also mature OC by preventing apo-
ptosis ( 35 ), and a similar effect has been observed with 
other chemokines. SDF-1 prevented mature OC from un-
dergoing apoptosis by altering the ratio of expression of 
Bcl-2 family members ( 36 ). MIP-1 � , which is upregulated 
in OC derived from RANKL-stimulated BMM, also pro-
moted the survival of mature OC by activating NF- � B ( 21 ). 
In our previous studies, neutralization of MIP-1 �  sup-
pressed OC survival by M-CSF and RANKL, suggesting a 
critical role of MIP-1 �  in OC survival ( 35 ). Our present 
results also showed that M-CSF and RANKL induce OC 
survival in the absence of TLR4 and MyD88, suggesting 
that they did not share common signaling pathways with 
SFA, even with MIP-1 �  as a convergent molecule for OC 
survival. 

 CONCLUSION 

 We found that SFA promoted OC survival by preventing 
apoptosis. The stimulation of OC survival in SFA-treated 
OC was caused by an increased level of MIP-1 �  and a sig-
nal via TLR4, MyD88, and NF- � B activation. Thus, the sig-
naling pathway from SFA has both physiological and 
pathophysiological implications. The induction of MIP-1 �  
by SFA may be an important component of OC survival. 
MIP-1 �  is also expressed in primary cultures of preadipo-
cytes and upregulated during adipocyte differentiation 
( 37 ), suggesting the occurrence of autocrine and para-
crine signaling in OC. In the obese state, OC will tend to 
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1 �  or be exposed to it by adjacent cells. The enhanced 
level of MIP-1 �  may be not only chemotactic for mono-
cytes but also promote OC survival, thus playing a role 
in the cross talk between bone and fat metabolism. Fur-
ther studies of the intracellular signaling pathway of SFA 
should help identify therapeutic targets that may reduce 
elevated FFA levels associated with obesity-induced meta-
bolic diseases.  
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