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Phospholipases A2 (PLA2) hydrolyze the sn�2 fatty
acid substituent, such as arachidonic acid, from phos-
pholipids, and arachidonate metabolites are recog-
nized mediators of bone modeling. We have previ-
ously generated knockout (KO) mice lacking the
group VIA PLA2 (iPLA2�), which participates in a va-
riety of signaling events; iPLA2� mRNA is expressed in
bones of wild-type (WT) but not KO mice. Cortical
bone size, trabecular bone volume, bone mineraliz-
ing surfaces, and bone strength are similar in WT and
KO mice at 3 months and decline with age in both
groups, but the decreases are more pronounced in
KO mice. The lower bone mass phenotype observed
in KO mice is not associated with an increase in os-
teoclast abundance/activity or a decrease in osteo-
blast density, but is accompanied by an increase in
bone marrow fat. Relative to WT mice, undifferenti-
ated bone marrow stromal cells (BMSCs) from KO
mice express higher levels of PPAR-� and lower levels
of Runx2 mRNA, and this correlates with increased
adipogenesis and decreased osteogenesis in BMSCs
from these mice. In summary, our studies indicate that
age-related losses in bone mass and strength are acceler-
ated in iPLA2�-null mice. Because adipocytes and osteo-
blasts share a common mesenchymal stem cell origin, our
findings suggest that absence of iPLA2� causes abnormal-
ities in osteoblast function and BMSC differentiation and
identify a previously unrecognized role of iPLA2� in bone
formation. (Am J Pathol 2008, 172:868–881; DOI:
10.2353/ajpath.2008.070756)

Bioactive arachidonic acid (AA) metabolites (eicosanoids)
generated by the actions of various oxygenases, such as
the 5-lipoxygenase (5-LO) and cyclooxygenase (COX)
isozymes, are important mediators of bone remodeling.
The 5-LO products leukotrienes and 5-HETE (hydroxyeico-
satetraenoic acid) function as negative modulators of bone
formation by inhibiting osteoblast differentiation and bone
formation.1 In contrast, prostaglandins (PGs), eg, PGE2,
derived from COX metabolism of AA enhance bone forma-
tion and mass by increasing osteoblast replication and dif-
ferentiation and/or by inhibiting osteoclastic resorption,2–5

although high concentrations of PGE2 can stimulate bone
resorption.6 Dietary supplementation with AA results in in-
creases in bone mass and volume,7,8 reflecting a beneficial
role of eicosanoids in bone formation.

Most cellular AA is esterified in the sn�2 position of
membrane glycerophospholipids and is inaccessible to
5-LO or COX.9 Phospholipases A2 (PLA2s) are a diverse
group of enzymes10 that catalyze the hydrolysis of sn�2
fatty acid substituents to yield a free fatty acid, eg, AA,
that can be converted to various eicosanoids.11 PLA2s
are classified into 15 different groups on the basis of
Ca2� requirement and sequence homology. These in-
clude the low molecular weight secretory (s)PLA2s, the
group IV cytosolic (c)PLA2s, and the group VI Ca2�-
independent (i)PLA2s, among others.

The group VIA iPLA2, designated iPLA2�, is an 84- to
88-kDa cytosolic PLA2 that does not require Ca2� for
catalysis, and its amino acid sequence includes eight
N-terminal ankyrin repeats, a caspase-3 cleavage site,
an ATP binding domain, a serine lipase consensus se-
quence (GXSXG), a bipartite nuclear localization se-
quence, and C-terminal calmodulin binding domain(s).12

It has been proposed that iPLA2� participates in phos-
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pholipid remodeling, signal transduction, cell prolifera-
tion, and apoptosis.12

We have generated iPLA2�-null mice by homologous
recombination, and these mice exhibit defective sperma-
tozoa motility,13 pancreatic islet insulin secretion,14 and
signaling in macrophages.15 iPLA2� mRNA is expressed
in a wide variety of wild-type (WT) tissues13 including
bone marrow and spinal cord.16 Here, we used 1) dual-
energy X-ray absorptiometry (DEXA) scanning to deter-
mine bone mineral density (BMD), 2) microcomputed
tomography (�CT) analyses to assess cortical and tra-
becular bone morphology, 3) whole-bone mechanical
testing to examine bone strength, 4) histomorphometry to
examine osteoclasts and osteoblasts, 5) calcein labeling
to assess dynamic bone formation, 6) real-time polymer-
ase chain reaction (PCR) to determine expression of
adipogenic and osteogenic transcriptional factors, and 7)
ex vivo differentiation of bone marrow progenitor cells into
bone-forming cells or adipocytes in WT and iPLA2�-null
female mice. Our findings indicate that iPLA2� is ex-
pressed in normal bone and that iPLA2�-null mice exhibit
accelerated aging-related bone loss.

Materials and Methods

Materials

The reagents (and sources) used in these studies included:
pentobarbital (Abbott Laboratories, Chicago, IL); FSH RIA
kit (Alpco Diagnostic, Salem, NH); amylin EIA kit (Bachem
CA Inc., Torrance, CA); osteocalcin EIA kit (Biomedical
Technologies, Inc., Stoughton, MA); estradiol EIA kit (Cay-
man Chemical Co., Ann Arbor, MI); paraformaldehyde
(Electron Microscopy Studies, Hatfield, PA); calcein, aga-
rose, and SuperScript reverse transcriptase (Invitrogen,
Carlsbad, CA); CTX EIA kit (Nordic Bioscience, Chesa-
peake, VA), ascorbic acid, �-glycerophosphate, diethlypy-
rocarbonate, and ethylenediaminetetraacetic acid (Sigma,
St. Louis, MO); �-MEM and streptomycin (Mediatech Inc.,
Herndon, VA); and phosphate-buffered saline (PBS) (Tissue
Culture Support Center, Washington University, St. Louis,
MO).

Generation of iPLA2��/� Knockout Mice and
iPLA2� mRNA Expression in Bones and
Bone-Modeling Cells

The iPLA2�-null mice were generated and genotyped, as
described.13,14 Briefly, 129SvJ embryonic stem cell
clones containing the disrupted iPLA2� were injected into
C57BL/6 mouse blastocysts, which were implanted into
pseudo-pregnant females for gestation to yield chimeras.
The chimeras were mated with WT C57BL/6 females
(obtained from Charles River Laboratories, Wilmington,
MA) to yield heterozygotes. Mating of the heterozygous
offspring with each other produced iPLA2��/�, iPLA2��/�,
and iPLA2��/� in a 1:2:1 ratio. The female wild-type
(iPLA2��/�, WT) littermates of iPLA2�-null (iPLA2��/�, KO)
mice produced by heterozygous breeding pairs were used

as controls. The animals were maintained with free access
to food (Purina Lab Diet; El-Mel, St. Louis, MO) and water,
five per cage, under alternating 12-hour light/dark cycles.
The Washington University Animal Studies Committee (St.
Louis, MO) approved all studies.

To examine the presence of iPLA2� in bones, both sets
of femora and tibiae were isolated from 3-month-old WT
and iPLA2�-null female mice. One set of bones contain-
ing marrow cells from each mouse was frozen immedi-
ately in liquid nitrogen. The marrow cells were flushed out
of the second set of bones from each mouse with cold
PBS containing 0.10% diethyl-pyrocarbonate to inhibit
RNases before freezing. The frozen bones were pulver-
ized using a precooled Bessman tissue pulverizer (Spec-
trum Chemical Laboratory Products, Gardena, CA) and
total RNA was prepared from 100 mg of bone powder
using the Trizol method as described17 and cDNA tem-
plates were generated with SuperScript reverse tran-
scriptase. PCR primers were generated based on se-
quences in the GenBank data base and the primer sets
and expected bp product sizes were: iPLA2� (accession
no. BC003487), sense 5�-TTTCAGTCATGGCATCCAG-
T-3� and antisense 5�-TATGCGTGGTGTGTACTTCCG-3�
(400 bp), and internal standard 18S (K01364), sense
5�-CGCTTCCTTACCTGGTTGAT-3� and antisense 5�-TC-
CCTCTCCGGAATCGAA-3�.13,14 PCR products were an-
alyzed by 1% agarose gel electrophoresis and visualized
by ethidium bromide staining. In addition, to examine
cellular localization of iPLA2�, its message expression
was determined in murine calvarial osteoblasts and os-
teoclasts, prepared as described.18,19

Whole Body Composition Analyses by DEXA
and Plasma Analyses

Mice (3 months, 1 year, and 2 years of age) were anes-
thetized with pentobarbital (40 mg/kg, i.p.) and body
weight (BW) and BMD measurements were obtained by
DEXA (Lunar, Madison, WI) scanning. Estradiol, amylin,
osteocalcin, and CTX levels were measured by enzyme-
linked immunosorbent assay, follicle-stimulating hormone
by radioimmunoassay, and creatinine and blood urea
nitrogen by spectrophotometry using a dry-chemistry
reaction.

Microcomputed Tomography (�CT) Analyses of
Cortical and Trabecular Bone

Femora and L4 vertebrae were isolated from WT and
iPLA2�-null (KO) female mice to assess cortical and tra-
becular bone parameters, respectively, by �CT. Isolated
bones were suspended in agarose (1.5%) and scanned
using a conebeam �CT scanner (model �CT 40; Scanco,
Bassersdorf, Switzerland), as described (X-ray energy,
55 KEV; intensity, 145 �A; integration time, 150 ms; res-
olution, 16 �m, threshold, 300).20 Cortical bone morphol-
ogy was assessed at a region spanning 3 mm, centered
at the mid-diaphysis of the femur. Three transverse slices
(16 �m/slice) were obtained at four locations: 0.5 and 1.5
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mm proximal and distal from the mid-diaphysis. Using
image processing software (ImageJ; National Institutes of
Health, Bethesda, MD) and custom Excel (Microsoft, Red-
mond, WA) macros, we determined cortical bone area,
moments of inertia about the x- and y-axes (where the x axis
is aligned with the medial-lateral direction) and average
cortical thickness. Results were averaged over the 12
slices. Trabecular bone analyses were done throughout the
entire length of the L4 vertebra. The vertebral body starting
immediately adjacent to the caudal endplate region was
selected for analyses using contours inside the cortical shell
on each two-dimensional image. Trabecular (Tb) bone vol-
ume relative to total bone volume (TbBV/TBV), number
(Tb.N�), thickness (Tb.Th�), and spacing (Tb.Sp�) were
determined using the manufacturer’s three-dimensional
analysis tools (�denotes the direct method of calculation,
not based on stereological models).

Whole-Bone Mechanical Testing

Mechanical testing of intact femora was done by three-
point bending as previously described.21 Specimens
were thawed, soaked in saline for 1 hour before testing to
ensure hydration, and were tested at room temperature
using a servohydraulic-testing machine (1331/8500R; In-
stron, Norwood, MA). Bones were placed with their ante-
rior side down on two horizontal supports spaced 7 mm
apart; the central loading point contacted the posterior
surface of the diaphysis at the midpoint of the bone
length. The loading point was displaced downward
(transverse to the long axis of the bone) at 0.03 mm/
second until failure, generating bending in the anteropos-
terior plane. Load-displacement data were recorded at
60 Hz (Labview; National Instruments, Austin, TX) and
test curves were analyzed to determine measures of
whole-bone strength (ultimate moment), bending mo-
ment when the bone starts to fail (yield moment), stiffness
(rigidity), ductility (post-yield displacement), and resis-
tance to fracture (energy-to-fracture).

Osteoclast and Osteoblast Measures

Tibiae were obtained from 3- and 6-month-old WT and
KO mice, fixed overnight in paraformaldehyde (4%), and
embedded in paraffin for osteoclast and osteoblast anal-
yses. Longitudinal sections (10 �m thickness) of the tib-
iae were prepared and TRAP stain was used to visualize
osteoclasts and hematoxylin and eosin (H&E) stain to
visualize osteoblasts. Osteoclast measures were deter-
mined in a 600-�m field across the bone that was one
field distal to the growth plate and analyzed using com-
mercial software (Osteomeasure; OsteoMetrics, Decatur,
GA). Quantitated measures included osteoclast number/
bone perimeter (N.Oc/B.Pm) and osteoclast surface/
bone surface (Oc.S/BS). Osteoblasts lining the endocor-
tical bone surface were counted and osteoblast number
in the 1000- to 4000-�m region from the growth plate,
relative to bone surface (Ob.N/mm), was analyzed by
Osteomeasure software. Images were captured using a
Coolpix camera (Nikon, Tokyo, Japan).

Dynamic Bone Formation Analyses by Calcein
Labeling

To compare the dynamic rate of bone formation in WT
and KO mice, 3- and 6-month-old female mice were
injected two times with calcein (7.5 mg/kg, i.p.) 10 days
apart. BWs at both 3 months (WT, 22.7 � 0.5 g and KO,
21.5 � 0.5 g; P � 0.1145) and 6 months (WT, 24.9 �
0.8 g and KO, 26.1 � 0.8 g; P � 0.3188) were similar in
the two groups. The animals were sacrificed on day 12,
and undecalcified bones were embedded in methyl
methacrylate. Longitudinal sections (10 �m thickness) of
the tibiae were then prepared and new bone formation
was assessed by fluorescence microscopy of calcein
green using a fluorescein isothiocyanate filter. Endosteal
and periosteal bone measures were taken along a 1000-
to 4000-�m region from the growth plate. Dynamic mea-
surements were determined using Osteomeasure soft-
ware and included mineral apposition rate (MAR) in the
trabeculae (Tb.MAR), and MAR, percent single(sLS/BS)-
and double (dLs/BS)-labeled bone surface, total miner-
alizing surface (MS/BS), and bone formation rate (BFR/
BS) at the endocortical (Ec) and periosteal (Ps) surfaces.

H&E Staining

Tibiae from WT and KO female mice were isolated and
fixed overnight in paraformaldehyde (4%), decalcified
throughout 1 week, embedded in paraffin, and sectioned
longitudinally (10-�m-thick slices) for H&E staining. The
sections were examined for changes in the bone marrow
and staining was visualized with a Nikon SMZ800 micro-
scope and images captured using a Nikon Coolpix
camera.

iPLA2�, PPAR�, and Runx2 Message
Expression in BMSCs

Primary cultures of the BMSCs, containing progenitor
cells for bone and adipocyte formation, were isolated
from the femur and the tibia of 3-month-old WT and KO
female mice, as described22 with slight modification.
Briefly, on surgical removal of the epiphyseal ends, the
bone shafts were flushed with �-MEM with a 25-gauge
needle. Cells from a single mouse were centrifuged,
treated with 1 ml of red blood cell lysis buffer (Roche,
Mannheim, Germany) for 5 minutes, rinsed, and resus-
pended in �-MEM containing 20% fetal bovine serum,
filtered through a 70-�m cell strainer, and plated at 2 �
106/well in 12-well plates. Half of the medium was
changed at day 3 and all medium changed at day 6 of
culture to remove floating cells. On day 10, the cells were
harvested and total RNA was prepared, as described
above, for real-time PCR analyses of iPLA2�, PPAR�, and
Runx2 messages. Isolated RNA was treated with DNase
(Invitrogen) before cDNA synthesis. The sense/antisense
primer sets were as follows: iPLA2�, sense 5�-GCCCTG-
GCCATTCTACACAGTA-3� and antisense 5�-CACCTCA-
TCCTTCATACGGAAGT-3�; PPAR�, sense 5�-CACAAT-
GCCATCAGGTTTGG-3� and antisense 5�-GCTGGTC-
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GATATCACTGGAGATC-3�; Runx2, sense 5�-CCGTGGC-
CTTCAAGGTTGT-3� and antisense 5�-TTCATAACAGC-
GGAGGCATTT-3�; and 18S control, sense 5�-AGTCCT-
GCCCTTTGTACACA-3� and antisense 5�-GATCCGA-
GGGCCTCACTAAAC-3�.

Induction of Osteogenesis and Adipogenesis in
BMSC Cultures

Primary cultures of BMSCs were prepared and cultured
as above for 10 days. The media was then switched to a
mineralization media containing 50 �g/ml of ascorbic
acid and 50 mmol/L �-glycerophosphate and bone nod-
ule formation was visualized using von Kossa stain.23 For
adipogenesis assay, the media was switched to a me-
dium containing 0.5 mmol/L IBMX, 60 mmol/L indometh-
acin, and 0.5 mmol/L hydrocortisone and adipogenesis
was assessed by lipid droplet accumulation in cells.24

Data Analysis

Data were converted to mean � SEM and significant
differences (P � 0.05) between WT and KO mice were
analyzed by unpaired Students’ t-test or by analysis of
variance with appropriate post hoc tests. Age-related
changes in each group were determined by calculating
the difference between values at a given age from the
mean values in 3-month-old mice with the same
genotype.

Results

Demonstration of Presence of iPLA2� mRNA in
Bones of WT Mice and Its Absence in Those of
iPLA2�-Null Mice by PCR

Heterozygous (iPLA2��/�) breeding pairs yielded a Mende-
lian ratio of WT (iPLA2��/�), knockout (KO, iPLA2��/�), and
heterozygous progeny. All mice used in this study were
genotyped using Southern analyses, as described.13 To
determine whether bones contain iPLA2�, expression of
iPLA2� message in the femur and tibia isolated from WT
and iPLA2�-null mice was analyzed by PCR. An expected
PCR product of size 400 bp is generated from bone
cDNA templates prepared from WT mice (Figure 1), and
the intensity of iPLA2� message in the absence or pres-
ence of bone marrow cells is found to be similar. In
contrast, no PCR product is generated from bone cDNA
templates prepared from KO mice, indicating that bones
in WT mice express iPLA2� mRNA and that it is absent in
bones of iPLA2�-null mice. PCR analyses also demon-
strate iPLA2� mRNA expression in murine calvarial os-
teoblasts (Figure 2) and real-time PCR analyses reveal
that the calvarial osteoblasts express a twofold higher
(P � 0.0001) message for iPLA2� than cultured oste-
oclasts. These findings indicate that iPLA2� mRNA is
expressed in bone-modeling cells from WT mice and is
absent in bones from KO mice.

Whole Body Composition Analyses by DEXA

To compare whole body composition throughout time, WT
and iPLA2�-null mice were subjected to DEXA scanning at
the ages of 3 months, 1 year, and 2 years. As illustrated in
Figure 3, BW (Figure 3A) and BMD (Figure 3B) of KO mice
are similar to WT mice at 3 months but are decreased at 1
and 2 years, relative to age-matched WT mice. Both param-
eters increased in WT at 1 year, relative to 3 months (P �
0.05), and did not change further at 2 years. In contrast, KO
mouse BW increased between 3 months and 1 year but
decreased to 3-month levels by 2 years and BMD did not
change during the entire 2-year study period. These find-
ings raise the possibility that normal bone development is
affected in the absence of iPLA2�.

Cortical Bone Area and Moment of Inertia
Decrease in KO Mice with Age

To determine whether cortical bone is abnormal in mice
that lack iPLA2�, femora were collected from WT and KO
mice and cortical bone was analyzed at the mid-diaphy-
sis using microcomputed tomography (�CT). Cortical
bone area (CrB.Ar), and medial-lateral (Ixx) and an-
teroposterior (Iyy) moments of inertia in bone from the
3-month-old WT and KO mice are similar and increase
during the first year in both groups by comparable
amounts (Table 1). WT mice show a progressive in-
crease in bone area and moments of inertia with aging
(Figure 4A and Table 1), but these parameters fail to
increase in KO mice. These findings suggest that cor-

Figure 1. iPLA2� message expression in femora and tibiae of WT and
iPLA2�-null mice. RT-PCR analyses were performed on RNA from bone
without and with bone marrow, and iPLA2� (A) and 18S rRNA (B) PCR
products were visualized by ethidium bromide staining. Arrowheads indi-
cate the expected PCR products of iPLA2� (dark, 400 bp) and 18S rRNA (light,
450 bp).

Figure 2. iPLA2� message expression in osteoblasts. Total RNA was pre-
pared from 7-day differentiated murine calvarial osteoblast-forming cells and
RT-PCR reactions and visualization of iPLA2� message were done as in Figure
1. Arrowheads indicate the expected PCR products of iPLA2� (dark, 400 bp)
and 18S (light, 450 bp).
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tical bone development is impaired in iPLA2�-null
mice.

Whole-Bone Mechanical Testing Reveals
Decreases in Cortical Bone Strength in KO Mice
with Age

We next examined whether diminished BMD and CrB.Ar
with aging are associated with greater fragility of KO
bones; whole-bone mechanical testing with 3-point bend-

ing was performed on femora. At 3 months, there are no
differences between the WT and KO mice in ultimate
moment, yield moment, postyield displacement/gauge
factor, rigidity, and energy to fracture. Between 3 months
and 1 year, ultimate moment, yield moment, and R increase
and postyield displacement and energy to fracture de-
crease in both WT and KO mice (Table 1) and the magni-
tude of changes are not statistically different between the
two groups. In contrast, while the measures of whole-bone
strength (ultimate moment), bending moment at onset of
bone failure (yield moment), whole-bone stiffness (rigidity),
ductility (post-yield displacement), and resistance to frac-
ture (energy to fracture) are unchanged in the WT mice
between 1 and 2 years, all parameters, except post-yield
displacement/gauge factor, are reduced in the KO mice
during this period. Taken together, these findings indicate
that bones from iPLA2�-null mice have similar mechanical
properties as WT bones up to 1 year of age, but are less
strong and more fragile than WT bones at 2 years.

Trabecular Bone Density Decreases in KO Mice
with Age

To determine whether trabecular bone development is also
affected in iPLA2�-null mice, �CT analyses were performed
along the entire length of L4 vertebrae isolated from the WT
and KO mice. Construction of a frontal plane section (96
�m) image of vertebrae reveals a dense trabecular network
in both groups at 3 months, especially near the endplates
(Figure 4B). Although the trabecular network remains intact
in the WT mice with age, signs of deterioration are apparent
at 1 year in the KO mice (data not shown). By 2 years, there
is a dramatic loss in trabeculae of KO mice. The trabecular
network was examined throughout a range of cross-sec-
tions, and three-dimensional analyses were then used to
determine trabecular morphological parameters (Table 2).
At 3 months of age, these trabecular measures are similar in
the WT and KO mice. In the WT mice, they do not change
significantly with age, although Tb.BV/TBV and Tb.N� tend
to be lower and Tb.Sp� higher in the 2-year mice, relative to
3-month WT mice. In contrast, Tb.BV/TBV in KO mice at 1
and 2 years is significantly lower than in age-matched WT

Figure 3. Comparison of BW and BMD in WT and iPLA2�-null mice by
DEXA scanning. Mice were anesthetized with pentobarbital (40 mg/kg, i.p.)
and BW and areal whole-body BMD were measured by DEXA scanning. The
data represent mean � SEM, where n � 7 to 12 at each age. KO group
significantly different from age-matched WT group, *P � 0.05, #P � 0.005,
and †P � 0.0001, respectively.

Table 1. Cortical Bone Assessment in WT and iPLA2�-Null Mice by �CT and Whole Bone Mechanical Strength Testing

Trabecular
measurement

3-Month
WT

3-Month
KO

1-Year
WT

1-Year
KO

2-Year
WT

2-Year
KO

Bone area (mm2) 0.82 � 0.04 0.89 � 0.02 0.96 � 0.05 1.04 � 0.08 1.10 � 0.02 0.88 � 0.03‡

Ixx (mm4) 0.10 � 0.01 0.13 � 0.01 0.17 � 0.02 0.19 � 0.02 0.28 � 0.01 0.20 � 0.01†

Iyy (mm4) 0.21 � 0.02 0.24 � 0.01 0.27 � 0.02 0.32 � 0.04 0.34 � 0.02 0.28 � 0.05
Average thickness (mm) 0.42 � 0.04 0.38 � 0.04 0.24 � 0.01 0.31 � 0.02* 0.26 � 0.02 0.21 � 0.02
Ultimate moment (Nmm) 30.76 � 2.08 35.39 � 0.09 49.01 � 3.21 44.85 � 3.91 50.42 � 4.20 34.48 � 3.25*
Yield moment (Nmm) 23.91 � 1.96 26.11 � 1.35 32.03 � 5.30 34.71 � 4.35 32.52 � 2.22 22.94 � 3.55*
Post-yield displacement/

gage factor (mm/mm2)
0.18 � 0.05 0.15 � 0.04 0.08 � 0.01 0.05 � 0.01* 0.05 � 0.01 0.04 � 0.01

Rigidity �Nmm/(mm/mm2)	 809 � 21 833 � 66 1300 � 91 1090 � 86 1329 � 90 847 � 140*
Energy to fracture �Nmm*/

(mm/mm2)	
4.02 � 0.64 4.66 � 0.86 3.90 � 0.48 2.91 � 0.31 3.30 � 0.56 1.75 � 0.37*

Femora were isolated from mice for analyses of bone area and whole bone mechanical testing by three-point bending. Ixx and Iyy, moments of
inertia about the x- and y-axes. Displacement data are normalized by gage factor.21. The data represent mean � SEM, where n � 7 to 9 each in the
3-month and 1-year groups and 3 to 5 each in the 2-year groups.*†‡

KO group significantly different from age-matched WT group, P � 0.001, P �
0.005, P � 0.05.
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mice and is decreased by nearly 40% and 70%, respec-
tively, relative to 3-month KO mice. Tb.N� in KO mice at 1
and 2 years is also significantly decreased, relative to age-
matched WT mice, and by 2 years the Tb.N� is reduced by
55%, relative to 3-month KO mice. Although Tb.Th� is un-
changed with age in the KO mice, Tb.Sp� at 2 years is

significantly higher than in the 3-month mice. These findings
reveal that, similar to cortical bone, there is an age-related
loss of trabecular bone in iPLA2�-null mice that is greater
than normal.

Osteoclast Density Is Not Increased in KO Mice

Because increased bone resorption may be a cause of
losses in bone volume in KO mice, TRAP-stained sections
of tibiae were used to identify and quantitate osteoclasts,
which stain red (Figure 5A). No significant differences in
osteoclast number are evident with age in either WT or KO
mice, except that, Oc.S/BS is decreased more in the KO,
relative to age-matched WT mice (Table 3). Further, plasma
levels of C-terminal telopeptide of type I collagen (CTX), a
marker for bone resorption, are similar between the two
groups (Table 4). These findings indicate that increases in
osteoclast number or activity are not responsible for the
lower bone volumes in iPLA2�-null mice.

Osteoblast Density Is Similar in KO Mice

Next, the possibility that the low bone mass phenotype in
KO mice is related to changes in osteoblast density was
examined using H&E stain to identify and quantitate mono-
nucleated osteoblast cells lining the endosteal bone. Quan-
titation of cell abundance using Osteomeasure software
reveal no significant differences in 3-month animals (Table
3). At 6 months, the osteoblast number/mm bone surface
decreases in both groups, relative to 3 months. However,
there was no significant difference between the WT and KO
groups at 6 months. These findings suggest that the lower
bone volumes in iPLA2�-null mice cannot be attributed to a
decrease in the abundance of bone-forming cells.

Calcein Labeling Demonstrates an Accelerated
Decrease in Bone Formation in KO Mice with
Age

Because decreased osteoblast function might also con-
tribute to lower bone mass in the iPLA2�-null mice, min-
eralizing bone surfaces in the WT and KO mice were
assessed using calcein to fluorescently label active
bone-forming surfaces. Two doses of calcein were ad-
ministered 10 days apart to 3- and 6-month-old mice, and
the distance between the two surfaces reflecting the MAR

Figure 4. Analyses of femoral cortical bone and L4 vertebral trabecular bone
of WT and iPLA2�-null mice by �CT. Femora and L4 vertebrae from mice
were used to examine cortical and trabecular bone morphology by �CT
analyses. A: Transverse sections of femora at mid-diaphysis. B: Frontal plane
sections (96 �m) of L4 vertebrae.

Table 2. Morphometrics of L4 Trabeculae from WT and iPLA2�-Null Mice by �CT Analyses

Trabecular
measurement

3-Month
WT

3-Month
KO

1-Year
WT

1-Year
KO

2-Year
WT

2-Year
KO

Tb.BV/TBV (%) 34.6 � 4.6 49.4 � 6.9 43.2 � 6.7 30.6 � 3.4*† 29.3 � 3.8 15.4 � 0.6*†

Tb.N� 6.92 � 1.31 6.96 � 0.71 6.39 � 0.11 5.76 � 0.10* 5.16 � 0.74 3.16 � 0.73*†

Tb.Th� (mm) 0.073 � 0.004 0.089 � 0.007 0.085 � 0.009 0.082 � 0.006 0.079 � 0.004 0.070 � 0.008
Tb.Sp� (mm) 0.171 � 0.030 0.146 � 0.023 0.144 � 0.008 0.152 � 0.025 0.236 � 0.038 0.331 � 0.036†

L4 vertebrae were isolated from mice and used to determine trabecular bone parameters by �CT analyses. Trabecular (Tb) bone volume relative to
total bone volume (Tb.BV/TBV), number (Tb.N�), thickness (Tb.Th�), and spacing (Tb.Sp�) were determined using the manufacturer’s three-
dimensional analysis tools. The data represent mean � SEM, where n � 7 to 9 each in the 3-month and 1-year groups and 3 to 5 each in the 2-year
group. *KO group significantly different from age-matched WT group at P � 0.05. †Two-year KO group significantly different from 3-month KO group,
P � 0.05.
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was measured. Analyses in the secondary spongiosa
region of the bone reveal a decrease (Figure 5B) in the
trabecular MAR (Tb.MAR) in the KO mice at both 3 and 6
months in the KO mice, relative to age-matched WT mice
(3 months: WT, 1.34 � 0.18 �m/day and KO, 0.96 � 0.11
�m/day, P � 0.0563; and 6 months: WT, 1.27 � 0.09
�m/day versus KO, 0.89 � 0.06 �m/day, P � 0.0109).
Analyses of the periosteal (Ps) and endocortical (Ec)
surfaces reveal minimal or no differences between the
two groups at 3 months (Table 3, Figure 5B). At 6 months,

only Ps.MAR and Ps.BFR/BS are significantly reduced in
the KO group, relative to age-matched WT group. In
contrast, dramatic differences in the endocortical (Ec)
bone of the two groups are evident at 6 months. Single-
labeled bone surface (Ec.sLS/BS) is significantly in-
creased in the KO mice, with an apparent absence in
double-labeled bone surface (Ec.dLS/BS). In the WT
mice, Ec.sLS/BS did not change and the Ec.BFR/BS de-
creased by nearly 60% between 3 months and 6 months.
At 6 months, double labeling is evident at 27% of the Ec

Figure 5. Histological assessment of bone properties in WT and iPLA2�-null mice by �CT. A: TRAP staining. Longitudinal sections (10 �m) of undecalcified tibiae
were stained with TRAP. Osteoclast (in red) measures were determined in a 600-�m field across the bone that was one field distal to the growth plate and analyzed
using commercial software (Osteomeasure; OsteoMetrics, Decatur, GA). B: Calcein labeling. Longitudinal sections (10 �m) of undecalcified tibiae bone were
obtained from calcein-administered mice and active bone formation, reflected by calcein green fluorescence, was visualized by fluorescence microscopy using
a fluorescein isothiocyanate filter. Left: Trabeculae labeling in the secondary spongiosa. Right: Endosteal and periosteal bone labeling. Arrowheads indicate
double-labeled bone regions and arrows indicate single-labeled bone regions. Endosteal and periosteal bone measures were taken along a 1000- to 4000-�m
region from the growth plate. Dynamic measurements were determined using Osteomeasure software. Ps, periosteal bone; Ec, endocortical bone. Original
magnifications, �10.
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bone surface, suggesting continued new bone formation
in the WT mice. In contrast, there is no double-labeled
surface in the 6-month KO mice, resulting in a zero value
for mineral apposition rate (Ec.MAR) and bone formation
(Ec.BFR/BS). Ec.MS/BS is also significantly reduced in
the 6-month KO mice, relative to age-matched WT group.
Thus, periosteal and, more prominently, trabecular and
endosteal bone formation are significantly decreased in
iPLA2�-null mice. The reduced MS/BS and MAR in KO
mice therefore suggest that a decrease in osteoblast
function contributes to the low bone mass phenotype in
iPLA2�-null mice.

Plasma Markers of Bone Modeling in WT
and KO Mice

To explain the low bone mass phenotype in the iPLA2�-
null mice, we examined plasma levels of biomarkers for
bone formation (osteocalcin) and resorption (CTX) and
these are not found to be significantly different between
the two groups (Table 4). Because recent reports sug-
gest that fertility and stimulated insulin secretion are im-

paired in iPLA2� mice,13,14 we examined plasma levels of
known modulators of bone modeling; estradiol,25 follicle-
stimulating hormone,26 and amylin,27 which is co-se-
creted with insulin from �-cells. As shown in Table 4,
plasma concentrations of estradiol and amylin in the KO
and age-matched WT mice are not statistically different.
Plasma follicle-stimulating hormone is also similar in the
two groups at 3 months and 1 year but is higher in the WT
group at 2 years. We next examined if renal function,
which can also impact bone formation,28 is abnormal in
the absence of iPLA2�. We, however, found that plasma
levels of creatinine and blood urea nitrogen in the WT and
KO groups are well within the normal ranges expected for
mice. These findings suggest that typical circulating fac-
tors or renal function that can impact bone modeling are
not dysregulated in the KO mice.

Fat Accumulates in Bone Marrow of KO Mice
with Age

In confirmation of �CT analyses, a greater reduction in
tibial trabeculae from KO mice, relative to age-matched

Table 3. Evaluation of Osteoclasts, Osteoblasts, and Dynamic Histomorphometric Properties in WT and iPLA2�-Null Mice by
TRAP and H&E Stain, and Calcein Labeling

3-Month WT 3-Month KO 6-Month WT 6-Month KO

Osteoclast measure
N.Oc/B.Pm (no./mm) 13.90 � 4.04 14.87 � 2.22 15.03 � 2.46 14.55 � 2.03
Oc.S/BS (%) 25.11 � 8.02 21.85 � 3.85 24.24 � 2.56 19.00 � 0.27*

Osteoblast measure
N.Ob/B.Pm (no./mm) 42.12 � 2.68 41.90 � 1.70 23.63 � 1.39 20.09 � 1.17

Periosteal bone (Ps)
Ps.sLS/BS (%) 22.38 � 7.03 26.51 � 8.49 42.85 � 3.39† 38.32 � 1.99
Ps.dLS/BS (%) 31.48 � 8.10 16.41 � 5.73 10.03 � 5.32 4.04 � 2.95
Ps.MS/BS (%) 42.66 � 4.93 29.67 � 2.94* 31.46 � 4.73 23.20 � 3.80
Ps.MAR (�m/day) 0.94 � 0.05 1.80 � 0.50 0.84 � 0.38 0.45 � 0.27†

Ps.BFR/BS (�m3/�m2/day) 0.40 � 0.05 0.53 � 0.15 0.27 � 0.10 0.12 � 0.07†

Endocortical bone (Ec)
Ec.sLS/BS (%) 18.81 � 7.09 25.54 � 8.99 17.73 � 1.66 29.87 � 6.07*
Ec.dLS/BS (%) 63.81 � 12.23 50.54 � 18.44 27.29 � 5.46† 0.00 � 0.00*†

Ec.MS/BS (%) 73.22 � 8.89 63.56 � 15.75 36.15 � 4.64† 15.11 � 4.28*†

Ec.MAR (�m/day) 1.26 � 0.20 1.51 � 0.38 1.02 � 0.25 0.00 � 0.00*†

Ec.BFR/BS (�m3/�m2/day) 0.93 � 0.20 1.12 � 0.52 0.40 � 0.15 0.00 � 0.00*†

Undecalcified tibiae sections were prepared and osteoclasts, osteoblasts, and mineralizing surfaces were visualized by TRAP staining, H&E
staining, and calcein labeling, respectively. Osteomeasure software was used to quantitate the following: N, number; Oc, osteoclast; Ob, osteoblast;
Ps, periosteal bone; Ec, endocortical bone; MAR, mineral apposition rate; sLS/BS and dLS/BS, percent single- and double- (dLs/BS) labeled bone
surface; MS/BS, total mineralizing surface; BFR/BS, bone formation rate. The data represent mean � SEM, where n � 4 to 6 in each group. *KO group
significantly different from age-matched WT group, P � 0.05. †Six-month group significantly different from corresponding 3-month group, P � 0.05.

Table 4. Comparison of Renal Function and of Factors that Can Affect Bone Modeling in WT and iPLA2�-Null Mice

Measurement
3-Month

WT
3-Month

KO
6-Month

WT
6-Month

KO
1-Year

WT
1-Year

KO
2-Year

WT
2-Year

KO

Osteocalcin (ng/ml) 69 � 5 80 � 8 44 � 10 52 � 5 nd nd nd nd
CTX (ng/ml) 24 � 3 25 � 3 17 � 3 16 � 2 nd nd nd nd
Estradiol (pg/ml) 6.6 � 0.9 7.4 � 2.0 nd nd 13.4 � 3.2 7.4 � 1.2 5.2 � 0.9 7.7 � 2.1
FSH (ng/ml) 8.4 � 2.0 9.7 � 1.6 nd nd 9.4 � 2.0 8.9 � 1.1 18.4 � 2.3 8.5 � 0.3*
Amylin (ng/ml) 0.13 � 0.01 0.14 � 0.02 nd nd 0.12 � 0.01 0.11 � 0.00 0.11 � 0.01 0.10 � 0.01
Creatinine (mg/dl) 0.39 � 0.01 0.55 � 0.10 0.54 � 0.10 0.50 � 0.10 0.38 � 0.02 0.40 � 0.0 nd nd
BUN (mg/dl) 18 � 2 13 � 1 12 � 2 19 � 2 12 � 2 17 � 2 nd nd

Blood was collected from 3-month, 6-month, 1-year, and 2-year WT and iPLA2�-null mice. Subsequently, plasma levels of estradiol, amylin,
osteocalcin, and CTX were measured by ELISA, follicle-stimulating hormone (FSH) by RIA, and creatinine and BUN by spectrophotometry. The data
represent mean � SEM, where n � 5 to 10 at 3 months, 6 months, and 1 year and n � 4 to 9 at 2 years. nd, not determined. *KO group significantly
different from age-matched WT group, P � 0.05.
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WT mice with aging, is evident in H&E-stained sections
(Figure 6). A closer examination of these sections reveals
a near absence of fat accumulation in the bone marrow of
WT mice (insets on the left side of each panel) but an
age-related increase in bone marrow fat content in KO
mice (3 months, 8.8 � 2.4; 1 year, 17.5 � 2.6; and 2
years, 31.8 � 2.6 adipocytes/0.50 mm2, 3 months versus
1 year, P � 0.05; 1 year versus 2 years, P � 0.01; 3
months versus 2 years, P � 0.001). In general, there is an
inverse relationship between BMD and bone marrow
fat,29 and we observe an age-related decrease in the
BMD of KO mice. These findings raise the possibility that
osteoblasts are being replaced with adipocytes in the
bone marrow of iPLA2�-null mice.

BMSCs from KO Mice Express No iPLA2�,
Higher PPAR�, and Lower Runx2 Message

In view of the accumulation of fat in the bone marrow of
KO mice, BMSCs were prepared from WT and KO mice
to compare expression of transcription factors PPAR�
and Runx2, which are required for adipocyte and osteo-
blast differentiation, respectively. As shown in Figure 7,
BMSCs from WT but not KO mice express iPLA2 � mRNA.
Interestingly, PPAR� expression is increased and that of
Runx2 decreased in KO cells, relative to WT cells. Be-
cause osteoblasts and adipocytes have a common mes-
enchymal stem cell origin, these findings suggest that
progenitor cells in KO mice have an apparent higher
predisposition to differentiate into adipocytes and a lower
predisposition to differentiate into osteoblasts.

Cultured BMSCs from KO Mice Exhibit
Increased Adipogenesis and Decreased
Osteogenesis

To examine the possibility of dysregulated BMSC differ-
entiation in the KO mice, BMSCs prepared from WT and
KO mice were stimulated with either an adipogenic or
osteogenic medium. In support of the findings of higher
PPAR� expression in undifferentiated KO-BMSCs, after
exposure to an adipogenic medium, a significantly (P �

Figure 6. Histological evidence for increased fat deposition in KO mice. Longitudinal sections (10 �m) of decalcified tibiae from WT and iPLA2�-null mice were
stained with H&E and images captured with a Nikon camera. Arrows indicate trabecular network and asterisk indicate areas of fat accumulation (insets).
Original magnifications: �3; �15 (insets).

Figure 7. Adipogenic and osteogenic transcription factor expression in
BMSCs. Pooled BMSCs were prepared from femora and tibiae of 3-month WT
and iPLA2�-null mice and cultured for 10 days. Total RNA was then isolated
from the cells and processed for real-time PCR analyses of PPAR� and
Runx2. The data represent mean � SEM, where n � 3 to 6 in each group. KO
group significantly different from WT group, *P � 0.05.
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0.0001) higher abundance of cells with fat deposits is
evident in the KO-BMSCs (95 � 2% of total cells) com-
pared to the WT-BMSCs (11 � 3% of total cells) (Figure
8). And, as suggested by lower Runx2 expression in
undifferentiated KO-BMSCs, bone nodule formation, re-
flected by von Kossa (black) staining of mineralizing
bone, is significantly more prominent in the WT-BMSCs
than in KO-BMSCs exposed to an osteogenic medium.
These findings support the hypothesis that in the ab-
sence of iPLA2�, there is a shift in the lineage determi-
nation of progenitor cells to differentiate into adipocytes
at the expense of differentiating into osteoblasts.

Discussion

PGs and other bioactive eicosanoids are involved in
maintaining normal bone health and structure.30–32 The
PGs are generated via COX-catalyzed metabolism of AA
after its hydrolysis from membrane phospholipids by
phospholipases A2 (PLA2s). Studies to date have fo-
cused on the roles of cPLA2 and sPLA2 in regulating
bone metabolism and they demonstrated that bone re-
sorption induced by PTH,33 cadmium,34 or lipopolysac-
charide6 is associated with activation of cPLA2 and bone
resorption induced by interleukin (IL)-135 or ovariectomy36

with activation of sPLA2. Further, they reported that bone
loss attributable to inflammation is prevented in cPLA2-
null mice, whereas that due to a decrease in estrogen is
suppressed by sPLA2 inhibitors. These observations sug-
gest that cPLA2 and sPLA2 participate in bone resorption
induced by certain stimuli. However, no temporal rela-
tionship between PLA2 activation and PGE2 synthesis
throughout the course of reduced osteoid mineralization
was evident.37 In addition, inhibition of COX-2 by indo-
methacin did not prevent IL-1-induced decrease in min-
eralization.35 These findings reveal that other products of

AA metabolism (ie, leukotrienes, HETEs, PAF)1,38 partic-
ipate in bone resorption.

Here, we demonstrate that iPLA2� mRNA is expressed
in bones from WT mice but not in bones from iPLA2�-null
mice, and that aging iPLA2�-null mice exhibit lower whole
body BMD, accelerated loss of cortical and trabecular
bone, impaired bone mechanical properties, increases in
bone marrow fat (BMF) content, and dysregulation of
adipogenic and osteogenic transcription factors that are
reflected by increased adipogenesis and decreased
bone nodule formation. These observations provide the
first evidence that iPLA2� is required for maintenance of
normal bone metabolism and mass.

We observed an increase in BMD in WT mice between
3 months and 1 year, which is consistent with previous
reports that BMD increases with age until peak bone
mass is reached (at 
1 year).39–41 In contrast, we ob-
serve no such increase in BMD in iPLA2�-null mice. One
possibility is that differences in the WT and KO bones
might be related to the lower BW recorded in the older
KO mice. However, the BW in the 2-year-old iPLA2�-null
group was similar to that in both WT and iPLA2�-null
groups at 3 months, although a similar low bone mass
phenotype is not evident in the 3-month-old iPLA2�-null
mice; calcein labeling in the iPLA2�-null mice demon-
strates abnormal bone formation rate; and iPLA2�-null
mice have higher bone marrow fat and exhibit dysregu-
lated BMSC differentiation. The data, when considered
collectively, suggest that the low bone mass phenotype
exhibited by the iPLA2�-null mice cannot be accounted
for by a decrease in BW. We therefore considered other
possibilities that could cause a low bone mass pheno-
type in the absence of iPLA2�.

Maintenance of bone health and structure is depen-
dent on the opposing processes of bone resorption and
bone formation. As in humans,42–44 decreases in bone
volume and trabecular number are part of the natural
aging process in C57BL/6 mice,45–48 and our histology
and �CT analyses indicate that the abnormal bone phe-
notype in iPLA2�-null mice is accelerated in the absence
of iPLA2�. Examination of bone resorption parameters
reveal no accompanying increase in osteoclast abun-
dance or activity, suggesting that bone resorption, most
likely is not responsible for bone loss in iPLA2�-null mice.
Bone loss in iPLA2�-null mice was also not associated
with changes in circulating levels of estradiol, follicle-
stimulating hormone, and amylin, or with renal function,
all known to impact bone modeling. In addition, we have
previously reported that female iPLA2�-null mice in the
age range studied here have normal glucose and insulin
levels and glucose tolerance.14 However, calcein label-
ing, a gold-standard measure of active bone mineralizing
surface, is reduced in periosteal bone and is profoundly
attenuated in endocortical (Ec) bone from KO mice.
MS/BS and MAR are also significantly reduced in KO
mice. These findings suggest that a decrease in osteo-
blast function contributes to the low bone mass pheno-
type in iPLA2�-null mice. This possibility is supported by
the findings that iPLA2� mRNA is more abundant in bone-
forming osteoblast cells than in osteoclast cells involved
in bone resorption.

Figure 8. Ex vivo adipogenesis and bone nodule formation in BMSCs.
Pooled BMSCs were prepared as in Figure 7 and cultured for 10 days. The
media was then changed to either an adipogenic or osteogenic medium.
Images of fat deposition were obtained on day 4 and bone nodule formation
was visualized using von Kossa stain on day 9. Original magnifications, �10.
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Lower bone volumes in the KO mice are also associ-
ated with a decrease in bone strength reflected by whole-
bone mechanical testing. The changes in ultimate and
yield moments, rigidity, and energy to fracture from 3
months to 2 years all reflect a relative decline in mechan-
ical properties in femora from KO mice versus WT con-
trols. These decreases are consistent with the relative
differences in cross-sectional morphology of the femoral
diaphysis, as reflected by diminished bone area and
moment of inertia in KO mice with aging. Taken together,
these data indicate that although iPLA2�-null mice de-
velop inferior bone mechanical properties with age, the
properties are appropriate to their size, and we find no
evidence of a material level defect. The lack of difference
in post-yield displacement (a measure of brittleness) be-
tween WT and KO bones supports this conclusion.

Curiously, fat accumulates to a greater degree with
age in the bone marrow of KO mice compared to WT
mice. Interestingly, an inverse relationship between BMF
content and BMD has been reported in humans with
osteoporosis,29,49,50 and older KO mice have lower BMD
than age-matched WT mice in our study. Because osteo-
blasts and adipocytes share a common mesenchymal
stem cell origin, the increase in BMF content in KO mice
might be caused by dysregulation of differentiation in the
absence of iPLA2�. Differentiation of BMSCs into osteo-
blasts is regulated by transcription factor Runx2 and into
adipocytes by transcription factor PPAR�.51,52 and we
find that expression of PPAR� is increased and of Runx2
decreased in undifferentiated BMSCs prepared from the
KO mice. These findings raise the possibility that BMSCs
in KO mice have a greater predisposition to differentiate
into adipocytes and a lesser predisposition to differenti-
ate into osteoblasts. This in fact appears to be so, be-
cause we find that when BMSCs harvested from WT and
KO mice are cultured in osteogenesis media, more bone
nodules form from WT cells, but when cultured in adipo-
genic medium much greater adipogenesis is evident in
KO cells.

Collectively, our data indicate that absence of iPLA2�
leads to lower bone mass and that decreases in osteo-
blast function and dysregulation of BMSC differentiation
contribute to this phenotype. It might be speculated that
iPLA2� and/or products of its activation participate in
these pathways and that their absence either shifts the
balance from osteoblast formation toward adipocyte for-
mation or eliminates stimuli necessary for differentiation
of BMSCs to osteoblasts. Several reports indicate that
products of PLA2, such as AA and PGE2, have positive
effects on bone formation. For instance, supplementation
of diets fed to piglets with AA increased whole body and
BMD7 and bone mass53,54 and decreased bone resorp-
tion.55 Other studies implicate PGE2 as the mediator of
AA-induced bone formation. Among the bone-modeling
cells, PGE2 is produced mainly by osteoblasts56,57 and
has been reported to enhance bone formation at low
doses but increase bone resorption at high doses.2–6 The
differential effects of PGE2 are attributed to the presence
of multiple cell-surface PG receptors.58–63 Systemic or
local injections of PGE2 have also been shown to stimu-
late bone formation in rats2,62 and in piglets,55 and re-

duce bone loss in rats attributable to disuse or orchidec-
tomy.5,64,65 Additionally, lamellar bone formation in
response to mechanical strain is mediated by COX-230,66

and COX-2�/� mice have decreased bone density.67

Further, PGE2 induces bone nodules to form in BMSC
cultures2,68 and in cultured calvaria osteoblasts69–72 and
osteoblastogenesis from bone marrow precursors.73 BM-
SCs isolated from rats injected with PGE2 for 2 weeks
produce four times more mineralized bone nodules than
control BMSCs.73 PGE2 increases bone nodule formation
in low-density cultures of rat bone marrow cells by re-
cruiting osteoblast precursors present in the bone mar-
row.74 Collectively, these findings suggest that PGE2
participates in bone formation. The demonstration that
PGE2 enhances bone morphogenetic protein-induced
osteoblastogenesis and expression of Runx2/cbfa1 and
osterix,63 which are required for osteoblast differentiation,
suggests a potential mechanism by which PGE2 can
contribute to bone formation.

PGE2 produces its effects through its interaction with
four recognized PGE2 receptor subtypes (EP1 to EP4),
that differ in the signal transduction pathway they trig-
ger.75–78 In vitro68,79 and in vivo80,81 studies suggest that
the bone anabolic effects of PGE2 are mediated through
the EP4 receptor. Further, an EP4 receptor-selective
PGE2 agonist was reported to stimulate cortical bone
formation and restore bone mass and strength in aged
OVX rats.82 Mesenchymal stem cells express COX-2 and
EP4 receptors and constitutively synthesize PGE2.58 The
secreted PGE2 has been shown to activate the EP4 re-
ceptor leading to induction of Runx2/cbaf1 and osterix81

and BMP2,58 which are all essential for bone formation.
EP4 receptor is also expressed by preadipocyte cells,83

and activation of this receptor by PGE2 suppresses in-
duction of adipogenesis marker gene peroxisome prolif-
erator-activated receptor gamma (PPAR�) and inhibits
adipocyte differentiation.83,84 An EP4 antagonist or inhi-
bition of COX-2, however, promotes adipocyte differenti-
ation. PGE2 also has been demonstrated to decrease
fatty marrow area in the proximal tibial metaphysis of
aged rats.85 Collectively, these observations reveal a
dual role for PGE2; in increasing bone formation and
decreasing adipogenesis, giving rise to the strong pos-
sibility that reduced generation of PGE2, as would be
expected in the absence of iPLA2�, contributes to de-
creased osteogenesis and increased bone marrow
adipogenesis.

Additional regulators of osteoblast differentiation that
could be affected by an absence of iPLA2� include reg-
ulator of G protein signaling (RGS2) and oxysterols. Os-
teoblast differentiation is promoted by RGS2,86 and
iPLA2� stimulates transcriptional up-regulation of RGS2
in response to incubating vascular smooth muscle cells
with angiotensin II.54 This transcriptional up-regulation is
blocked by pharmacological inhibition of iPLA2� with BEL
and does not occur in iPLA2�-null vascular smooth mus-
cle cells.87 Oxysterols are naturally occurring cholesterol
oxidation products that regulate differentiation of mesen-
chymal stem cells to promote osteogenesis and inhibit
adipogenesis.88–90 COX products participate in osteo-
genesis, and this is blocked by iPLA2� inhibitors.89
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Collectively, our findings indicate that iPLA2� contrib-
utes to maintenance of bone mass and that its role be-
comes more important with age. Another factor that con-
tributes to age-related bone loss is the accumulation of
fat cells in the bone marrow,91 and this is accentuated in
iPLA2�-null mice. The observations that the onset of
higher bone marrow adipogenesis and reduced trabec-
ular MAR is evident in the 3-month KO mice suggests that
bone abnormalities attributable to an absence in iPLA2�
begin to emerge by this age. Our findings therefore sug-
gest that iPLA2� might be an important regulator of bone
formation and BMSC differentiation. However, although
renal function and the levels of circulating glucose, insu-
lin, and several other factors that can affect bone mod-
eling are not altered in the iPLA2�-null mice, the possi-
bility that metabolic abnormalities, as yet unrecognized,
could contribute to the bone phenotype in the absence of
iPLA2� cannot be completely eliminated.
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