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Aging is associated with the accumulation of ectopic lipid resulting in the inhibition of normal organ
function, a phenomenon known as lipotoxicity. Within the bone marrow microenvironment, elevation
in fatty acid levels may produce an increase in osteoclast activity and a decrease in osteoblast number
and function, thus contributing to age-related osteoporosis. However, little is known about lipotoxic
mechanisms in intramembraneous bone. Previously we reported that the long chain saturated fatty acid
palmitate inhibited the expression of the osteogenic markers RUNX2 and osteocalcin in fetal rat calvarial
cell (FRC) cultures. Moreover, the acetyl CoA carboxylase inhibitor TOFA blocked the inhibitory effect of
palmitate on expression of these two markers. In the current study we have extended these observations
to show that palmitate inhibits spontaneous mineralized bone formation in FRC cultures in association
with reduced mRNA expression of RUNX2, alkaline phosphatase, osteocalcin, and bone sialoprotein
and reduced alkaline phosphatase activity. The effects of palmitate on osteogenic marker expression were
inhibited by TOFA. Palmitate also inhibited the mRNA expression of fatty acid synthase and PPARc in FRC
cultures, and as with osteogenic markers, this effect was inhibited by TOFA. Palmitate had no effect on
FRC cell proliferation or apoptosis, but inhibited BMP-7-induced alkaline phosphatase activity. We con-
clude that palmitate accumulation may lead to lipotoxic effects on osteoblast differentiation and miner-
alization and that increases in fatty acid oxidation may help to prevent these lipotoxic effects.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Lipotoxicity refers to the inhibitory effects of lipid on tissue
function. Lipotoxicity has been best characterized in metabolic tis-
sues wherein excess lipid inhibits insulin signaling, leading to dys-
regulated metabolism [1]. However, the toxic effects of lipid
include decreased cell viability and differentiation. Recently, bone
has been identified as an important site of lipotoxicity, and it has
been suggested that lipotoxicity may be a key mechanism in age-
related osteoporosis [2,3]. Published results show that lipids cause
increased osteoblast apoptosis and inhibit the differentiation of
osteoblasts [4,5]. The mechanisms of lipotoxicity in bone are, how-
ever, incompletely understood. In bone marrow it is believed that
with age, there is a switch from osteoblastogenesis to adipogenesis
[2]; and that fatty acids, released from the adipocytes, act in a par-
acrine manner to inhibit osteoblast function [4–7]. In calvarial
cells, on the other hand, there is evidence that osteoblasts co-
express adipogenic and osteogenic markers in response to PPARc
agonists [8].

Regardless of the precise change in cellularity, it is evident
that lipotoxicity involves the dysregulation of free fatty acid
metabolism leading to inhibitory effects on cells [1]. In soft tis-
sues, increased de novo fatty acid biosynthesis and/or ineffective
fatty acid oxidation leads to metabolism of fatty acids through
alternative pathways resulting in the production of toxic com-
pounds such as ceramides [1]. A key regulator of the balance of
fatty acid metabolism is the enzyme, acetyl CoA carboxylase
(ACC), which catalyzes the conversion of acetyl CoA to malonyl
CoA. Malonyl CoA in turn acts as a switch by providing the sub-
strate for fatty acid biosynthesis and by acting as an allosteric
inhibitor of fatty acid oxidation. Thus, acetyl CoA carboxylase
inhibition may attenuate lipotoxicity by inhibiting fatty acid bio-
synthesis and by promoting fatty acid oxidation [9]. Previously
we found that palmitate inhibited the expression of two osteo-
genic markers in FRC cells and that this effect was blocked by
the ACC inhibitor TOFA [10]. In the present study we have further
tested the hypothesis that stimulation of fatty acid oxidation may
attenuate the lipotoxic effects of palmitate on fetal rat calvarial
(FRC) cell.
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Fig. 1. Effect of palmitate on FRC cell proliferation and differentiation. Fetal rat
calvarial (FRC) cells were cultured under osteogenic conditions until 60% conflu-
ence, followed by addition of VEH (DMSO) and palmitate (100 lM). (A) Cultures
were terminated 48 h after initiation treatment. Cell proliferation was measured
using the commercial kit as described in Section 2. (B) Cultures were treated for
14 days and stained with alizarin red for mineralized bone nodule formation as
described in Section 2.
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2. Materials and methods

2.1. Materials

Fetal bovine serum (FBS) was purchased from Gemini Bio-Prod-
ucts (Woodland, CA). Alpha MEM (aMEM), Hanks’ Balanced Salt
Solution (HBSS), penicillin–streptomycin stock, and trypsin–EDTA
were purchased from Gibco/Invitrogen (Carlsbad, CA). Recombi-
nant human BMP-7 was provided by Stryker Biotech (Hopkinton,
MA) and dissolved in 47.5% ethanol/0.01% trifluoroacetic acid.
TOFA was purchased from Cayman Chemical (Ann Arbor, MI) and
Cell Proliferation (MTT) kit was from Promega.

2.2. Fetal rat calvarial cell culture

Animals were purchased from Harlan (Madison, WI), housed,
and killed according to the protocol approved by the Institutional
Animal Care and Use Committee of the University of Texas Health
Science Center at San Antonio, TX, USA. Primary osteoblastic cells
were prepared from calvariae of 19-day-old fetal rats as described
previously [11] and were cultured in aMEM plus 10% FBS, 100 U/
ml penicillin, and 100 mg/ml of streptomycin sulfate, at 37 �C with
5% CO2. For experiments with palmitate and TOFA, FRC cultures
were treated as indicated in individual figure legend for 48 h and
terminated.

2.3. Cell proliferation assay

Cell proliferation was measured using the CellTiter 96 AQ One
Solution Assay kit from Promega (Madison, WI). Absorbance at
490 nm was determined using a MRX II microplate reader (Thermo
Labsystems, Chantilly, VA).

2.4. RNA extraction and real-time RT-PCR

mRNA expression in FRC cells was analyzed by qRT-PCR as
described previously [12]. Total RNA was extracted using RNA-
STAT-60 reagent/chloroform, and precipitated with isopropanol.
RNA (2.5 lg) was used to synthesize cDNAs with the High-capacity
Reverse Transcription kits (Applied Biosystems, Foster City, CA) in
the Eppendorf Mastercycler (Westbury, NY). Real-time PCR was
performed on the ABI7500 Fast Real-Time PCR System using the
universal condition (1 cycle at 50 �C for 2 min; 1 cycle at 95 �C
for 10 min; 40 cycles at 95 �C for 15 s and 60 �C for 1 min) and
the TaqMan Universal PCR Master Mix (Applied Biosystems). Taq-
man gene expression probes for alkaline phosphatase (AP,
Rn01516028_m1), Osteocalcin (OCN, Rn00566386_g1), Bone Sialo-
protein (BSP2, Rn00561414_m1), Runx2 (Rn01512298_m1), fatty
acid synthase (FAS, Rn00569117_m1), PPARc (Rn00440945_m1),
BMP-7 (Rn01528889_m1), and internal controls b-2-microglobulin
(B2M, Rn00560865_m1) were purchased from Applied Biosystems.
Target gene expression was normalized to that of B2M; duplicates
were determined using the DDCT method.

2.5. Alkaline phosphatase (AP) enzymatic activity measurement and
protein staining

AP activity was measured as previously described [12]. Briefly,
FRC cells were grown in 48-well plates as described above. Cells
were treated with as described in individual figure legends. Total
cellular AP activity was measured using a commercial assay kit
(Sigma Chemical Co., St. Louis, MO). Protein was measured accord-
ing to the method of Bradford using bovine serum albumin as a
standard. AP activity was expressed as nanomoles of p-nitrophenol
liberated permicrogram of total cellular protein. For AP protein
staining, FRC cultures were stained using a commercial kit (Sigma).
Images of stained cells were captured with a CCD camera.
2.6. Formation of mineralized bone nodules and alizarin red S staining

Near confluent FRC cells in 12-well plates grown in aMEM con-
taining 5% FBS, b-glycerol phosphate (5 mM) and ascorbic acid
(100 lg/ml) were treated as indicated in the figure legend. Media
were refreshed every 3 days. At the end of the experiment, cultures
were stained with alizarin red S (AR-S) for mineralized bone nod-
ules as previously described [12,13]. Briefly, cultures were rinsed
with PBS, fixed with cold ethanol for 1 h, washed with water,
stained with 40 mM alizarin red S for 10 min at room temperature,
washed with water, and photographed using the CCD camera.
2.7. Statistical analysis

Data are presented as mean ± SD. All data were analyzed using
Student t-test in Microsoft Excel program. p < 0.05 is considered
statistically significant.
3. Results

In order to evaluate the influence of lipid on osteoblast function,
we incubated fetal rat calvarial (FRC) cells with palmitate, the pri-
mary product of de novo lipogenesis and a major component of tri-
acylglycerol. We then evaluated effects of palmitate on FRC cell
proliferation and osteogenic differentiation. As shown in Fig. 1A,
palmitate did not inhibit cell proliferation to a significant extent
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but inhibited mineralized bone nodule formation in FRC cultures as
revealed by Alizarin Staining (Fig. 1B).

To determine the mechanisms by which palmitate affected
osteoblast differentiation, we measured the mRNA levels of osteo-
genic markers in FRC cells incubated with palmitate. We also uti-
lized an ACC inhibitor, TOFA, to further evaluate whether
manipulation of fatty acid metabolism could modulate the effects
of palmitate on FRC cells. Palmitate treatment of FRC cultures
resulted in attenuation of mRNA expression of the osteoblast-spe-
cific transcription factor Runx2 and osteoblast differentiation
markers, alkaline phosphatase (AP), Osteocalcin (OCN), and Bone
Sialoprotein (BSP) by 60%, 73%, 30%, and 59%, respectively, com-
pared to the vehicle-treated control (Fig. 2A).
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Fig. 2. Effect of palmitate and TOFA on osteogenic marker mRNA expression and
alkaline phosphatase activity in FRC cells. Fetal rat calvaria (FRC) cells were
differentiated under osteogenic conditions until 60% confluence, followed by
addition of VEH (DMSO), TOFA (1 lM), palmitate (100 lM), or TOFA (1 lM) and
palmitate (100 lM). Cultures were terminated 48 h after initiation of treatment. (A)
Total RNA was isolated and the steady-state mRNA expression levels of osteogenic
markers, Runx2, alkaline phosphatase, osteocalcin, and bone sialoprotein were
determined by real-time PCR. All data was calculated using the DDCT method and
compared to endogenous expression of b-2 microglobulin. (⁄p 6 0.01). (B) Cultures
were stained for alkaline phosphatase using the commercial kit. (C) Enzymatic
activity was measured in the cell lysates as described in Section 2.
Effects of the ACC inhibitor TOFA alone on the expression of sev-
eral osteogenic markers are shown in Fig. 2. TOFA (1 lM) alone
inhibited mRNA expression of Runx2, OCN, and AP by 20%, 33%,
and 34%, respectively, compared to the solvent-treated controls.
At this TOFA concentration, BSP mRNA expression was not
affected. TOFA was able to either partially or completely prevent
the inhibitory effect of palmitate on the mRNA expression of these
osteogenic markers (Fig. 2A). In particular, TOFA rescued partially
the inhibition of palmitate on mRNA expression of Runx2 and AP
and completely that of OCN and BSP in FRC cultures.

To further assess the effect of palmitate and TOFA on osteogenic
differentiation, we evaluated their effects on the protein level and
enzymatic activity of alkaline phosphatase. As seen in Fig. 2B and C,
palmitate strongly inhibited AP activity, and AP protein levels. By
comparison, TOFA alone showed little effect on AP activity or AP
protein and was able to largely prevent the inhibition by palmitate.

We also evaluated the effects of palmitate and TOFA on lipo-
genic gene expression in FRC cells. Fig. 3 shows that palmitate
inhibited mRNA expression of two key enzymes in lipogenesis,
fatty acid synthase (FAS) and the peroxisome proliferator-activated
receptor gamma (PPARc). Palmitate had a strong inhibitory effect
on FAS mRNA expression and a lesser inhibitory effect on PPARc
mRNA (by 66% and 31%, respectively compared to the control).
However, 1 lM TOFA was able to prevent these inhibitory effects.

The results presented thus far focused on FRC cultures without
added exogenous growth factors; however, we and others previ-
ously showed that BMP-7 stimulates FRC cell differentiation [14–
16]. In the present study, we also evaluated effects of palmitate
on BMP-7-stimulated FRC cell differentiation. Fig. 4A shows that
neither BMP-7 alone nor palmitate alone affected FRC cell prolifer-
ation. The combination of BMP-7 and palmitate also did not affect
cell proliferation. However, BMP-7 alone stimulated osteoblastic
differentiation as indicated by an increase in AP activity; palmitate
alone inhibited AP activity (Fig. 4B). More importantly, BMP-7 was
able to partially reverse the inhibitory action of palmitate (Fig. 4B).
Furthermore, palmitate did not inhibit endogenous BMP-7 mRNA
expression in FRC cultures (Fig. 4C).
4. Discussion

Several published studies have modeled the effect of fatty acids
released from adipocytes in the bone marrow environment on
osteoblast function in endochondral bone formation [6,17,18].
Our previously published [10] and current studies examined the
effect of palmitate on calvarial cells, which are involved in intra-
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Fig. 3. Effect of palmitate and TOFA on FAS and PPARc mRNA expression in FRC.
FRC cultures were treated as described in the legend of Fig. 2. Total RNA was
isolated and the steady-state mRNA expression levels of lipogenic markers, FAS and
PPARc were determined by real-time PCR. All data was calculated using the DDCT
method and compared to endogenous expression of b-2 microglobulin. (⁄p 6 0.01).



Fig. 4. Effect of palmitate on BMP-7-treated FRC cultures. (A) Cultures were
terminated 48 h after initiation of treatment with vehicle (VEH) or at the indicated
concentrations of BMP-7 and/or palmitate. Cell proliferation was measured using
the commercial kit as described in Section 2. (B) Fetal rat calvarial (FRC) cells were
treated with VEH (DMSO), palmitate (100 lM) alone, BMP-7 (100 ng/ml) alone or
BMP-7 + palmitate (100 lM) for 14 days. At the end of the experiment, cultures
were stained for alkaline phosphatase. (C) Total RNA was isolated and BMP-7 mRNA
levels were determined by real-time PCR. All data was calculated using the DDCT
method and compared to endogenous expression of b-2 microglobulin. (⁄p 6 0.01).
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membranous bone formation. Our results show that palmitate
does not affect osteoblast cell proliferation but inhibits the osteo-
genic differentiation function of fetal rat calvarial cells. These
results are similar to those previously reported for the effects of
palmitate on human osteoblast differentiation [4]. In that study,
osteoblasts were derived from long bone from young male adults.
Long bones are formed via the endochondral ossification pathway.
In that study, palmitate interfered with the transcriptional activity
of Runx2 as well as the activity of SMAD transcription factors
which mediate BMP-induced osteogenesis. Our published study
[10]on fetal rat calvarial cells showed that palmitate reduced
mRNA expression of two genes (Runx2 and OCN) that participate
in osteoblastic cell differentiation. Our current study not only con-
firmed our published results but further showed that palmitate
also reduced mRNA expression of genes (AP and BSP) that are
responsible for mineralized bone nodule formation and thus osteo-
blast function. Taken together, these results showed that palmitate
inhibited osteoblastic cell differentiation in both intramembranous
and endochondral ossification. Furthermore, our observations that
palmitate inhibited BMP-7-induced osteoblastic cell alkaline phos-
phatase activity suggest that palmitate inhibited not only sponta-
neous osteoblastic cell differentiation, but also growth factor
(such as BMP-7)-induced osteoblast differentiation.

Our results provide insight into the mechanism by which palmi-
tate inhibits intramembranous bone formation. TOFA is known to
inhibit acetyl CoA carboxylase thereby reducing its product, malo-
nyl CoA levels. This will in turn result in decreased inhibition of
carnitine palmitoyl CoA transferase 1, which is the rate limiting
step in fatty acid beta oxidation [19]. At the TOFA concentrations
we used, fatty acid oxidation is predicted to be increased [20].
Thus, our results showing that TOFA can prevent the inhibitory
effects of palmitate strongly suggest that accumulation of fatty
acids underlies the inhibitory effects of palmitate on osteogenic
differentiation. Incomplete oxidation of fatty acids has been sug-
gested to increase the accrual of lipid intermediates such as cera-
mides, fatty acyl CoAs, and diacylglycerol [1]. On the other hand,
by promoting palmitate oxidation, TOFA may reduce the accumu-
lation of these intermediates. Thus our results support a model in
which promotion of fatty acid oxidation leads to clearance of pre-
cursors to these toxic lipid intermediates.

Our data also showed that palmitate reduced the expression of
fatty acid synthase and PPARc. The literature on the role of PPARc
on bone appears to be controversial. For examples, Akune et al.
[21] showed that PPARc enhances osteogenesis. Yu et al. [22]
showed that suppression of PPARc resulted in inhibition of
adipogenesis but did not promote osteogenesis of human bone
marrow cells. In contrast, Duque et al. [23] showed that treatment
with the PPARc antagonist, bisphenol-A-diglycidyl ether (BADGE),
increased bone mass in mice, consistent with PPARc exerting an
inhibitory effect on bone. Our previously published studies and
our current findings are significant because they show that fatty
acids can exert inhibitory effect on intramembranous bone forma-
tion. A previously published study showed that a PPARc agonist
promoted adipogenesis in FRC cells without inhibiting osteogene-
sis, in contrast to what was observed in bone marrow cells [8].
Our results suggest that there may exist an inverse relationship
between osteogenesis and lipid levels in intramembranous bone
such as is well documented for endochondral bone. FRC cells
respond similarly to liver and adipose tissue in which exogenous
fatty acids inhibit fatty acid synthase [24]. However, clearance of
the palmitate inhibitory effect by using TOFA to promote fatty acid
oxidation resulted in loss of the inhibitory effect on lipogenesis.
Prior studies have shown that inhibition of adipocyte lipogenesis
utilizing a fatty acid synthase inhibitor prevents the toxic effects
of adipocytes on osteogenic differentiation in co-cultures of adipo-
cytes and osteoblasts [6]. Our results provide novel insight sug-
gesting that the manipulation of fatty acid oxidation by the
osteoblasts themselves, specifically promotion of fatty acid oxida-
tion, can relieve the inhibitory effects of fatty acids on osteogenic
differentiation. Our current results could have strong implications
for therapeutic approaches to combating age-related osteoporosis,
which is thought to be largely due to dysregulated lipid
metabolism.
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