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Rapid Communication

Hyperlipidemia Promotes Osteoclastic Potential of Bone
Marrow Cells Ex Vivo

Yin Tintut, Sean Morony, Linda L. Demer

Objectives—Osteoporosis is associated epidemiologically with atherosclerosis and hyperlipidemia. We previously found
that atherogenic lipids regulate bone formation. To determine whether hyperlipidemia also affects bone resorption, we
compared osteoclastogenesis in marrow preosteoclasts derived from hyperlipidemic versus control mice.

Methods—Nonadherent marrow cells from low-density lipoprotein receptor�/� (LDLR�/�)and C57BL/6J mice were
cultured with M-CSF and ligand for receptor activator of nuclear factor-kappaB (RANKL). Functional osteoclastic
activity, measured as number of resorption pits, was significantly greater in 12-month-old LDLR�/�. Similar results
were obtained in 5- and 10-month-old LDLR�/� versus C57BL/6J mice on a high-fat diet. Osteoclastic differentiation,
indicated by tartrate resistant acid phosphatase (TRAP) activity, was significantly greater in the 12-month-old
LDLR�/�, and there was a trend toward increased TRAP activity in LDLR�/� on a high-fat diet, at ages 5 and 10
months. Osteoclastic parameters correlated with total serum lipoproteins with a possible threshold effect. Osteoporotic
human cortical bone stained positive for lipids in the perivascular space of Haversian canals by oil red O. The presence
of lipid hydroperoxides was detected in bone marrow from hyperlipidemic mice.

Conclusions—Hyperlipidemia may contribute to osteoporosis via increased osteoclastic bone resorption.(Arterioscler
Thromb Vasc Biol. 2004;24:e6–e10.)
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Epidemiological studies link osteoporosis with hyperlip-
idemia and atherosclerosis.1 In some populations, this

relationship is independent of age.2 Lipid-lowering treatments
reduce osteoporosis3 in some, but not all, studies. In mice,
atherosclerosis susceptibility corresponds with low bone
density.4

Osteoclasts are formed by fusion of mononuclear cells of
the monocyte–macrophage lineage into multinucleate polar
cells that form resorption lacunae. Until recently, in vitro
osteoclastogenesis required co-culture with marrow stromal
cells. It is now known that two growth factors substitute for
stromal cells: monocyte colony-stimulating factor (M-CSF)
and the ligand for receptor activator of nuclear factor-kappaB
(RANKL).5 M-CSF, which is well known for its role in foam
cell formation, is a key growth factor for osteoclasts that is
required for survival and fusion of preosteoclasts into the
mature multinucleated form.6 Cells committed to the oste-
oclast lineage contain high levels of tartrate-resistant acid
phosphatase (TRAP) activity. Functional osteoclastic activity
is evidenced by formation of resorption pits in hydroxyapatite
mineral.

We previously showed that hyperlipidemia reduces bone
density in vivo7 and that this may be explained in part by
inhibition of osteoblastic (bone-forming cell) differentiation
by bioactive lipids.8 However, osteoporosis results primarily
from excess bone resorption rather than inadequate bone
formation. In vitro, atherogenic lipids promote osteoclastic
differentiation,9 but the in vivo effects are not known. We
assessed osteoclastic differentiation and resorptive activity in
marrow preosteoclasts derived from mice with genetic and
diet-induced hyperlipidemia and from controls. Results
showed that osteoclastic activity was greater in hyperlipid-
emic compared with control mice and that lipid deposits were
present in the perivascular space of Haversian canals in
osteoporotic bone.

Methods
C57BL/6J and low-density lipoprotein receptor�/� (LDLR�/�)
mice on a C57BL/6J background were obtained from the Jackson
Laboratory (Bar Harbor, ME). Chow diet (7013) and high-fat diet
(TD 94059, a standard atherogenic diet without cholate) were
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obtained from Harlan-Teklad (Madison, WI). Lipoprotein levels
were determined as described previously.10

Preosteoclast Cell Culture
Whole bone marrow was isolated from long bones and plated
overnight in 100-mm plates with 5 ng/mL M-CSF. The next day,
nonadherent cells were removed and were plated at 3 � 105 cells per
well in 96-well plates or on osteologic discs (BDPharMingen, San
Diego, CA) in alpha-MEM (Irvine Scientific) supplemented with
10% FBS (Hyclone; Logan, UT), sodium pyruvate (1 mmol/L), and
penicillin and streptomycin (10 U/mL). Mouse recombinant M-CSF
(25 ng/mL; R&D Systems; Minneapolis, MI) and mouse recombi-
nant RANKL (40 ng/mL; R&D systems; Minneapolis, MI) were
added at that time and on day 3 when media was replenished. Assays
were performed on days 5 through 7.

TRAP Assay
TRAP activity was assayed using the TRAP cytochemical stain
technique as described previously9 for all groups, except the
7-month-old mice for which TRAP activity was assayed in whole-
cell extract using the TRAP colorimetric activity assay, also de-
scribed previously.9

Resorption Pit Assay
After 6 to 7 days, the cells were removed from the discs and the
resorption pits were counted in quadruplicate wells by a blinded
observer. Results are expressed as average number of resorption pits
per osteologic disc more than 4 discs.

Histomorphometry
Femurs were fixed in 95% ethanol, embedded in plastic, cut into
6-micron longitudinal sections, and stained with the Goldner
trichrome method. One bone from the LDLR(�/�) group was
excluded because of technical difficulties during histological prepa-
ration. Osteoclasts were identified as red–orange stained cells found
associated with bone or cartilage. Osteoclasts, within 1 to 2 cell
diameters of the distal epiphyseal growth plate, were counted by an
experienced observer blinded to the subject group and normalized to
the curvilinear growth plate length using image analysis software
(Sigma Scan Pro v.5.; SPSS, Chicago, IL). Cell size was indexed as
the mean number of nuclei per osteoclast.

Oil Red O Stain
Fresh specimens of human nonosteoporotic and osteoporotic femoral
head bones were obtained from surgical patients by approval of the
Institutional Review Board. Bones were decalcified in 10% EDTA
until soft enough to be cut by microtome. The tissues were embedded
in OCT, cyrosectioned, and stained with oil red O.

Lipid Hydroperoxide Assay
Four C57BL/6 mice were fed a high-fat diet for 5 weeks, and 3 were
fed a high-fat diet for 16 weeks. Bone marrow was harvested from

the femurs, and lipids were extracted with chloroform/methanol and
assayed for lipid hydroperoxides as previously described.11

Statistical Analysis
Values are expressed as mean�SD. Data shown in Table 1 were
analyzed by ANOVA with Tukey post-hoc analysis. Significance
level was set at P�0.05. Data shown in the figure were analyzed
using Spearman correlation analysis, a rank-based method.12

Results
At age 5 months, marrow from LDLR�/� mice receiving a
high-fat diet for 2 months had increased osteoclastic potential
compared with that from C57BL/6J mice also receiving a
high-fat diet for 2 months. There was a nonsignificant trend
toward increased TRAP-positive cells in the LDLR�/� mice
(601�248 versus 292�189; n�4 per group; P�0.1). Resorp-
tion pit formation was significantly greater in cells from
LDLR�/� mice (254�120 versus 27�12 pits per osteologic
disc; n�4 per group; P�0.01).

To determine whether this relationship remained with older
mice and with a quantitative TRAP assay, marrow was
obtained from 10-month-old LDLR�/� and C57BL/6J mice
receiving a high-fat diet for 7 months. Marrow cells were
assayed for quantitative TRAP activity in addition to the
resorption pit formation assay. In this group, there was also a
trend toward increased TRAP activity in the marrow of
LDLR�/� mice (2.6�1.5 versus 1.7�0.8 U; n�5 per group;
P�0.24). The marrow of LDLR�/� mice also had greater
mineral resorptive activity than the fat-fed C57BL/6J mice
(213�83 versus 6�2 pits per osteologic disc; n�5 per group;
P�0.05). The results from these two age groups suggest that
hyperlipidemia leads to an increase in osteoclastic function
and a nonsignificant increase in osteoclastic differentiation.

To further assess the relationship between diet-induced and
genetically induced hyperlipidemia and osteoclastic potential,
we compared 4 groups of 5-month-old mice: C57BL/6J mice
on a chow (n�4) or high-fat (n�2) diet and LDLR�/� mice
on a chow (n�4) or high-fat (n�4) diet for 2.5 months.
Initially, 4 C57BL/6 mice were in the high-fat group, but 2
had to be excluded because of a diet error. There were
significant differences in serum lipid levels and in osteoclas-
tic resorptive activity and TRAP positivity (Table 1). To
determine whether their osteoclastic potential correlated with
severity of hyperlipidemia, we used rank-based Spearman
correlation analysis comparing these same measures of oste-

Serum Lipoprotein and Subfraction Levels (in mg/dL) and Osteoclastic Activity Parameters for
LDLR�/� and Control C57BL/6J Mice on High-Fat and Chow Diets

Mouse Strain Diet N
Total

Cholesterol LDL
TRAP-Positive

Cells
Resorption

Pits

LDLR�/� High-fat 4 1230�200 1131�205 558�134(a) 189�19 (c)

Chow 4 295�48 205�39 482�40 (b) 169�59(d)

C57BL/6J High-fat 2 139�NA 18.4�NA 392�NA 108�NA

Chow 4 84�10 13.2�1 326�24 (a,b) 106�6 (c,d)

(a) P�0.005 for LDLR�/� on high-fat vs C57BL/6 on chow.
(b) P�0.06 for LDLR�/� on chow vs C57BL/6 on chow.
(c) P�0.01 for LDLR�/� on high-fat vs C57BL/6 on chow.
(d) P�0.07 for LDLR�/� on chow vs C57BL/6 on chow.
N indicates number of mice; NA, not applicable.
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oclastic activity with serum lipoproteins. TRAP positivity
correlated with total and LDL cholesterol and triglycerides,
and similar relationships were found for resorption pit for-
mation (Figure 1).

To determine whether older mice also have a greater effect
on osteoclast parameters, marrow from LDLR�/� and
C57BL/6J mice at age 12 months was isolated and cultured as
described, and blood lipid levels were determined. Nonad-

herent marrow cells from the chow-fed LDLR�/� mice had
significantly more TRAP-positive cells (760�128 ver-
sus280�132; n�6 per group; P�0.001) and significantly
greater mineral resorptive activity (110�59 versus 19�7 pits
per osteologic disc; n�6 per group; P�0.01) than marrow
cells from the chow-fed C57BL/6J mice of the same age.
TRAP-positive cells and resorptive activity correlated with
total and LDL cholesterol by Spearman analysis (P�0.01 for

Figure 1. Correlation of osteoclastic potential (TRAP-positive cells and resorption pits) versus lipid levels (total cholesterol, LDL choles-
terol, and triglyceride) in marrow preosteoclasts from 5-month-old LDLR�/� and C57BL/6J mice on chow and high-fat diets.
(Rs�Spearman correlation coefficient) The low R value for the resorption pits versus triglyceride may be because of the outlier (bottom
right panel).

Figure 2. Correlation of osteoclastic potential versus lipid levels in marrow preosteoclasts from 12-month-old LDLR�/� and C57BL/6J
chow-fed mice. (Rs�Spearman correlation coefficient)

Tintut et al Hypercholesterolemia Promotes Osteoclastogenesis 3

D
ow

nloaded from
 http://ahajournals.org by on A

pril 14, 2026



each; Figure 2). These parameters also correlated positively
with serum triglyceride and free fatty acid levels (data not
shown).

To examine the osteoclast size and numbers in these mice,
histomorphometry was performed on their bones. Results
from 7 femurs (4 C57BL/6J and 3 LDLR�/�) showed
7.5�1.2 osteoclasts per millimeter of plate length in the
control (C57BL/6) bones and 7.7�2.1 osteoclasts per milli-
meter of plate length for femurs from the hyperlipidemic
mice, with no significant difference (P�0.91). However, the
mean osteoclast size index was greater in the bones of the
hyperlipidemic LDLR�/� mice (3.2�0.3 versus 2.6�0.2
nuclei/osteoclast; P�0.04).

We tested for the presence of oxidized lipids in bone by
measuring lipid hydroperoxides in bone marrow from mice
fed a high-fat diet for 5 weeks. Results showed a mean of
605.8�32.5 ng of lipid hydroperoxide per bone. To deter-
mine whether duration of diet influenced the deposition of
lipids, we performed an additional experiment in which 3
C57BL/6 mice were fed a high-fat diet for 16 weeks and the
marrow was assayed as previously described. Results showed
a mean of 3699�1677 ng of lipid hydroperoxides per bone.

To assess whether lipids deposit within the perivascular
space of Haversian canals in human bone, we obtained fresh
specimens of human osteoporotic and nonosteoporotic fem-
oral head bone from surgical patients. Cryosections stained
with oil red O showed positive staining for lipid within the
perivascular space of Haversian canals of cortical bone in the
osteoporotic patient (Figure 3). Lipid deposits were also
faintly detected in the osteocytes (Figure 3).

Discussion
Osteoporosis has been linked with atherosclerosis and hyper-
lipidemia. Our results show that osteoclastic potential is
greater in preosteoclasts from bone marrow in hyperlipidemic
compared with normal mice. The increased osteoclast size in
bones of hyperlipidemic mice suggests a functional, but not
numeric, difference in osteoclasts. Evidence of lipid oxida-
tion products was also found in bone marrow of hyperlipid-
emic mice, further suggesting that hyperlipidemia promotes
bone resorptive potential in vivo.

Cortical and trabecular bone are vascularized, and bone
cells are exposed to lipoproteins from the circulation. Our
findings indicate that lipids are present in the perivascular
space of the Haversian canals in osteoporotic cortical bone.
The faintly positive staining in osteocytes may be related to
the need for the fat-soluble vitamins D and K in bone
metabolism.13 In hyperlipidemic conditions, the lipoproteins
may accumulate and undergo oxidation in the same suben-
dothelial perivascular space of bone remodeling units as they
do in arteries.

In the present study, the degree of hyperlipidemia corre-
lated with the degree of osteoclastic functional activity in the
marrow and correlated less well with TRAP staining and
quantitative activity in the younger mice. This may be caused
by either the number of subjects being too few to reach
significance or the lipids acting primarily on osteoclastic
enzymes other than TRAP. The variation in baseline values
for resorption pits between experiments may be caused by
differences in reagent lots, assay techniques, or inter-animal
differences.

The correlation between lipid levels and parameters of
osteoclast activity were assessed using Spearman correlation
analysis, a method based on ranking of the values of the 2
parameters. We also tested linear, exponential, and logarith-
mic models for closeness of fit to the data. All 3 models
provided good correlations, but no single model was consis-
tently the best. Therefore, we chose the nonparametric,
rank-based method for all the correlations to allow compar-
ison without having to assume normal distributions for the
parameters. Interestingly, a threshold effect at 250 to 300
mg/dL cholesterol is suggested (Figure 2). In C57Bl/6 mice,
the diet had little effect on cholesterol level, and the oste-
oclast parameters were not significantly affected. In the
LDL�/� mice, the diet did increase cholesterol level signif-
icantly but still had little effect on osteoclast parameters,
further supporting the threshold effect (Table 1).

Previously, we showed that osteoblastic differentiation is
inhibited by modified lipoproteins and lipids8 and that bone
density is reduced in hyperlipidemic mice in vivo.7 We also
found that marrow stromal cells from mice fed the high-fat

Figure 3. Oil red O stain (red) of human cortical bones from
nonosteoporotic (A) or osteoporotic (B) patients. ➛ indicates
typical osteocyte; ‹, perivascular space of the Haversian canal,
which has a diameter of �40 �m.
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diet have reduced osteoblastic potential,14 consistent with the
findings of Verma et al that fat tissue replaces marrow
hematopoietic tissue in osteoporotic bone.15 Recently, we
reported that lipid oxidation products enhance the osteoclastic
differentiation of bone marrow preosteoclasts in vitro.14 We
show that osteoclastic differentiation is enhanced in vivo by
hyperlipidemia. Such effects would explain the epidemiolog-
ical findings linking hyperlipidemia and osteoporosis.

Acknowledgments
This research was supported by NIH grants HL/AR69261 and
HL30568, the Guthman Endowment, and the Laubisch and Cohen
Funds. The authors thank Dr J. Gornbein for statistical consultation, Drs
S. Tetradis, F. Parhami, M. Navab, S. Dry, M. Territo, and W. Shi for
valuable input, and S. Hama and J. O’Connor for technical assistance.

References
1. Boukhris R, Becker KL. Calcification of the aorta and osteoporosis.

JAMA. 1972;219:1307–1311.
2. Jie KG, Bots ML, Vermeer C, Witteman JC, Grobbee DE. Vitamin K

status and bone mass in women with and without aortic atherosclerosis:
a population-based study. Calcif Tissue Int. 1996;59:352–356.

3. Edwards CJ, Hart DJ, Spector TD. Oral statins and increased bone-
mineral density in postmenopausal women. Lancet. 2000;355:
2218–2219.

4. Beamer WG, Donahue LR, Rosen CJ, Baylink DJ. Genetic variability in
adult bone density among inbred strains of mice. Bone. 1996;18:397–403.

5. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation and acti-
vation. Nature. 2003;423:337–342.

6. Faccio R, Takeshita S, Zallone A, Ross FP, Teitelbaum SL. c-Fms and the
alphavbeta3 integrin collaborate during osteoclast differentiation. J Clin
Invest. 2003;111:749–758.

7. Parhami F, Tintut Y, Beamer WG, Gharavi N, Goodman W, Demer LL.
Atherogenic high-fat diet reduces bone mineralization in mice. J Bone
Miner Res. 2001;16:182–188.

8. Parhami F, Morrow AD, Balucan J, Leitinger N, Watson AD, Tintut Y,
Berliner JA, Demer LL. Lipid oxidation products have opposite effects on
calcifying vascular cell and bone cell differentiation. Arterioscler Thromb
Vasc Biol. 1997;17:680–687.

9. Tintut Y, Parhami F, Tsingotjidou A, Tetradis S, Territo M, Demer LL.
8-Isoprostaglandin E2 enhances receptor-activated NFkappa B ligand
(RANKL)-dependent osteoclastic potential of marrow hematopoietic pre-
cursors via the cAMP pathway. J Biol Chem. 2002;277:14221–14226.

10. Hedrick CC, Castellani LW, Warden CH, Puppione DL, Lusis
AJ. Influence of mouse apolipoprotein A-II on plasma lipoproteins in
transgenic mice. J Biol Chem. 1993;268:20676–20682.

11. Auerbach BJ, Kiely JS, Cornicelli JA. A spectrophotometric
microtiter-based assay for the detection of hydroperoxyl-derivatives of
linoleic acid. Anal Biochem. 1992;201:375–380.

12. Snedecor GW, Cochran WG. Statistical Methods, seventh edition. Ames,
IA: Iowa State University Press; 1980:191–193.

13. Lamon-Fava S, Sadowski JA, Davidson KW, O’Brien ME, McNamara
JR, Schaefer EJ. Plasma lipoproteins as carriers of phylloquinone
(vitamin K1) in humans. Am J Clin Nutr. 1998;67:1226–1231.

14. Parhami F, Jackson SM, Tintut Y, Le V, Balucan JP, Territo M, Demer
LL. Atherogenic diet and minimally oxidized low density lipoprotein
inhibit osteogenic and promote adipogenic differentiation of marrow
stromal cells. J Bone Miner Res. 1999;14:2067–2078.

15. Verma S, Rajaratnam JH, Denton J, Hoyland JA, Byers RJ. Adipocytic
proportion of bone marrow is inversely related to bone formation in
osteoporosis. J Clin Pathol. 2002;55:693–698.

Tintut et al Hypercholesterolemia Promotes Osteoclastogenesis 5

D
ow

nloaded from
 http://ahajournals.org by on A

pril 14, 2026




