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Beekman KM, Veldhuis-Vlug AG, van der Veen A, den Heijer
M, Maas M, Kerckhofs G, Parac-Vogt TN, Bisschop PH, Braven-
boer N. The effect of PPAR� inhibition on bone marrow adipose
tissue and bone in C3H/HeJ mice. Am J Physiol Endocrinol Metab
316: E96–E105, 2019. First published November 20, 2018; doi:
10.1152/ajpendo.00265.2018.—Bone marrow adipose tissue (BMAT)
increases after menopause, and increased BMAT is associated with
osteoporosis and prevalent vertebral fractures. Peroxisome prolifera-
tor-activated receptor-� (PPAR�) activation promotes adipogenesis
and inhibits osteoblastogenesis; therefore, PPAR� is a potential con-
tributor to the postmenopausal increase in BMAT and decrease in
bone mass. The aim of this study is to determine if PPAR� inhibition
can prevent ovariectomy-induced BMAT increase and bone loss in
C3H/HeJ mice. Fourteen-week-old female C3H/HeJ mice (n � 40)
were allocated to four intervention groups: sham surgery (Sham) or
ovariectomy (OVX; isoflurane anesthesia) with either vehicle (Veh)
or PPAR� antagonist administration (GW9662; 1 mg·kg�1·day�1,
daily intraperitoneal injections) for 3 wk. We measured BMAT
volume, adipocyte size, adipocyte number. and bone structural pa-
rameters in the proximal metaphysis of the tibia using polyoxometa-
late-based contrast enhanced-nanocomputed topogaphy. Bone turn-
over was measured in the contralateral tibia using histomorphometry.
The effects of surgery and treatment were analyzed by two-way
ANOVA. OVX increased the BMAT volume fraction (Sham � Veh:
2.9 � 2.7% vs. OVX � Veh: 8.1 � 5.0%: P � 0.001), average
adipocyte diameter (Sham � Veh: 19.3 � 2.6 �m vs. OVX � Veh:
23.1 � 3.4 �m: P � 0.001), and adipocyte number (Sham � Veh:
584 � 337cells/�m3 vs. OVX � Veh: 824 � 113cells/�m3: P �
0.03), while OVX decreased bone volume fraction (Sham � Veh:
15.5 � 2.8% vs. OVX � Veh: 7.7 � 1.9%; P � 0.001). GW9662 had

no effect on BMAT, bone structural parameters, or bone turnover. In
conclusion, ovariectomy increased BMAT and decreased bone vol-
ume in C3H/HeJ mice. The PPAR� antagonist GW9662 had no effect
on BMAT or bone volume in C3H/HeJ mice, suggesting that BMAT
accumulation is regulated independently of PPAR� in C3H/HeJ mice.

bone marrow adipose tissue; bone turnover; C3H/HeJ mice; ovariec-
tomy; PPAR� antagonist

INTRODUCTION

Osteoporosis along with its associated risk of fractures is an
increasing problem in our aging society. High marrow fat has
often been associated with low bone volume and osteoporosis
(11, 18, 20), as well as with prevalent vertebral fractures (38,
45), even independently of bone mineral density in some
studies (7, 39). Estrogen treatment can decrease bone marrow
adipose tissue (BMAT) (25) by decreasing adipocyte size and
adipocyte number (41) and increase bone mineral density
(BMD) in postmenopausal osteoporosis (26). However, estro-
gen treatment is not recommended for long-term treatment of
osteoporosis due to increased risk of breast cancer and throm-
bosis (12, 17).

Osteoblasts and bone marrow adipocytes are both derived
from skeletal stem cells (SSCs; also known as mesenchymal
stromal cells) (31, 42). The lineage fate of SSCs is determined
by several factors, including peroxisome proliferator-activated
receptor-� (PPAR�). PPAR� is part of the nuclear receptor
superfamily and is activated by endogenous ligands such as
fatty acids and exogenous ligands such as thiazolidinediones
(33, 36). PPAR� exist in two isoforms: PPAR�1 and PPAR�2.
PPAR�1 is abundantly expressed in several tissues, whereas
PPAR�2 is expressed mainly in adipose tissue (4). When a
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ligand binds to PPAR�, a heterodimer is formed with retinoid
X receptor-	, and this complex binds to PPAR�-responsive
elements in the promotor regions of downstream PPAR� genes
to initiate adipogenesis and regulate lipid metabolism and
insulin sensitivity (33). PPAR� activation can modulate SCC
fate resulting in stimulation of adipogenesis and inhibition of
osteoblastogenesis and could play a key role in the BMAT
increase and bone volume decrease seen with aging and in
postmenopausal osteoporosis (11, 20). Therefore, inhibition of
PPAR� seems a logical approach to prevent marrow adiposity
and bone loss after menopause.

Previous animal studies have shown inconsistent effects of
PPAR� modulation on bone and BMAT after ovariectomy. In
PPAR� haploinsufficient mice, bone loss after ovariectomy
was not different from wild-type animals (5). Mice overex-
pressing PPAR� specifically in osteoblasts showed accelerated
bone loss after ovariectomy compared with wild-type ovariec-
tomized mice (10). Another study showed that the PPAR�
antagonist bisphenol A diglycidyl ether (BADGE) could return
ovariectomy-induced marrow adiposity to sham levels in rats;
however, BADGE had no effect on bone turnover or bone
volume during estrogen deficiency (24). As BADGE binds
PPAR� reversibly and has relatively low affinity and solubil-
ity, it is possible that BADGE had difficulty in achieving
complete PPAR� antagonism (36, 46). Furthermore, some
studies report PPAR� agonistic activity of BADGE (8, 28). A
study by Sato et al. (35) showed that a different PPAR�
antagonist could inhibit marrow adiposity. This group used
GW9662, a potent PPAR� antagonist, which binds irreversibly
to PPAR�. The effects of GW9662 on bone volume, bone
quality, bone turnover, and BMAT during estrogen deficiency
have not been described so far. Studies on BMAT often use
aged animals, as old animals have larger amounts of BMAT.
However, aged C57BL/6 mice, for example, have little trabec-
ular bone volume left in their metaphysis, which makes it
harder to study BMAT and bone parameters at the same time.
C3H/HeJ mice have four times higher BMAT compared with
C57BL/6 at the age of 12 wk (37), which makes the C3H/HeJ
mouse a good animal model to study BMAT and bone to-
gether. The aim of this study was to determine if the PPAR�
antagonist GW9662 can prevent ovariectomy-induced marrow
adiposity and bone loss in C3H/HeJ mice, which have rela-
tively high BMAT.

MATERIAL AND METHODS

Animals. The experiment was evaluated and approved by the
institutional animal care and use committee of the Vrije Universiteit
Medical Center in Amsterdam (No. Endo 14-01). All procedures were
performed according to local, national, and international guidelines
and laws on experimental animal care. Reporting was performed
according to the Animal Research: Reporting of In Vivo Experiments
guidelines.

Forty 40 female, 12-wk-old, C3H/HeJ mice (stock: 000659; Jack-
son Laboratories) were randomly assigned to four treatment groups
(n � 10/group). Animals were group housed, with a 12-h light-dark
cycle and a room temperature of 21°C. Chow (2016 Teklad global
16% protein rodent diets, T.2016MI), and water were available ad
libitum. Chow was formulated to exclude soybean, thus minimizing
the presence of phytoestrogen in the diet. After 2 wk of acclimatiza-
tion, all animals underwent surgery: 20 mice were ovariectomized
(OVX; bilateral approach, isoflurane anesthesia, pain medication:
buprenorphine 0.05 mg/kg sc on the day of surgery) and 20 mice

underwent bilateral laparotomy (sham surgery). After a 1-wk recov-
ery, intraperitoneal injections with either GW9662 1 mg·kg�1·day�1

(Sigma-Aldrich) in 10% DMSO or 10% DMSO (vehicle) were ad-
ministered daily at 10 AM for 3 consecutive weeks (3, 35). Animals
were weighed daily, and dosing was adjusted accordingly. On days 21
and 27, 10 mg/kg calcein (Sigma-Aldrich) were administered intra-
peritoneally. On day 28, animals were euthanized via CO2 inhalation.
Subcutaneous (interscapular) adipose tissue was sampled, frozen in
liquid nitrogen, and stored at �80°C until RNA isolation. Uteri were
weighted to confirm successful ovariectomy. Left tibiae, right tibiae,
and left femora were fixated in 2% phosphate-buffered paraformal-
dehyde (pH 6.9) at 4°C for 24 h before further processing for
histology and contrast-enhanced nanocomputed topography (CE-CT).
Right femora were wrapped in saline-immersed gauzes and frozen at
�20°C for mechanical testing. Analysis of the data was performed
blinded for treatment group.

MicroCT and CE-CT image acquisition and analysis. After 24 h of
fixation, right tibiae were first transferred to PBS and were thereafter
transferred to a polyoxometalate (POM)-based contrast solution (35
mg of Hafnium-Wells Dawson POM per 1 ml PBS). Before POM
staining, the distal ends of the bones were removed to allow better
diffusion of the contrast agent into the bone marrow compartment.
Samples were incubated in the contrast solution, at 4°C while shaking
gently, for 48 h before CE-CT imaging (21). Similar acquisition and
reconstruction settings were applied as described previously (21):
briefly, we used a Phoenix NanoTom M (GE Measurement and
Control solutions, Germany) at a voltage of 70 kV and a current of 60
�A, and a 0.2-mm aluminum filter was used to reduce beam harden-
ing. The exposure time was 500 ms, and 2,400 images were acquired
over 360° using the fast scan mode (frame averaging � 1; image
skip � 0), resulting in a scanning time of 20 min. We scanned at a
2-�m isotropic voxel size.

For analyses if the bone structural parameters, we used an in-house
developed semiautomated protocol for drawing the volumes of inter-
est around the trabecular bone region in the proximal metaphysis
starting directly underneath growth plate and covering a height of 1.2
mm distal to the growth plate. One tibia was excluded from CE-CT
analysis due to damage to the proximal metaphysis. Primary outcomes
parameters were as follows: BMAT volume fraction as a percentage
of the tissue volume (total adipose tissue volume, %), BMAT volume
fraction as a percentage of the marrow volume (marrow adipose tissue
volume, %), adipocyte diameter (�m), adipocyte density (cells/mm3),
and bone volume fraction (%). Secondary outcome parameters were
trabecular thickness (�m), trabecular number (1/mm), and trabecular
separation (mm).

Cortical parameters and mineralization degree were also deter-
mined in the right tibiae using microCT (�CT 40; Scanco Medical,
Brüttisellen, Switzerland). Scan settings were as follows: peak volt-
age: 55 kVp; electric current: 144 �A; spatial resolution: 15 �m; and
scan integration time: 200 ms. Beam hardening effects were reduced
using both an aluminum filter in the microCT scanner and a correction
algorithm in the software. To separate cortical bone from the back-
ground, a threshold of 650 mg hydroxyapatite (HA/cm3) was used.
Cortical parameters (cortical area, cortical thickness, and cortical
mineralization) were determined in a middiaphyseal volume of inter-
est of starting 1 mm proximal of the tibio-fibular junction, extending
1 mm in the proximal direction. Morphometry was performed using
the uct_evaluation program (V6.6; Scanco Medical). MicroCT anal-
ysis was performed according to Bouxein et al. (9).

Bone histomorphometry. After fixation, the undecalcified left tibiae
were processed for methyl methacrylate (MMA) embedding. MMA
(BDH Chemicals, Poole, UK) was supplemented with 20% dibutyl
phtalate (Merck, Darmstadt, Germany), 8.0 g/l dibenzoyl peroxide
(AKZO Nobel, Deventer, The Netherlands), and 22 ml/10 ml N,N-
dimethyl-p-toluidine (Merck). Sections of 5-mm thickness were cut
with a Leica Jung K Polycut microtome (Nussloch, Germany) and
subsequent sections were stained with calcein blue (Sigma-Aldrich),
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as described by van ‘t Hof et al. (43b), or tartrate-resistant acid
phosphatase (TRAP). Images were acquired using a Nikon micro-
scope (Eclipse E 800), equipped with a DS-U1 camera (Nikon) and
NIS-Elements AR software (version 2.34; Nikon, Düsseldorf, Ger-
many) at a 
40 magnification. Three sections of each staining were
analyzed per animal. Measurements were performed in the secondary
spongiosa of the proximal metaphysis. All histomorphometric mea-
surements were performed according to the guidelines of the American
Society of Bone and Mineral Research (14). Images were analyzed using
open source software based on ImageJ (43b). Histomorphometric mea-
surements included mineral apposition rate (�m/day), mineralizing sur-
face (%), and bone formation rate (�m3·�m�2·day�1) measured in the in
the calcein blue-stained sections and osteoclast surface (%) and osteoclast
number (#/mm) measured in TRAP-stained sections.

Immunohistochemistry. After 24 h of fixation, left femora were
decalcified for 2 wk using ethylenediamine tetraacetic acid (EDTA
(10%, pH 7.2) and subsequently embedded in paraffin. To detect
PPAR� protein expression in the bone, immunohistochemical staining
was performed on 5-�m-thick sections, using a monoclonal Rabbit
anti-mouse PPAR� antibody as primary antibody (no. 2435; Cell
Signaling Technology; Ref. 3) in a concentration of 1:100 in PBS-
Tween. The secondary antibody was a polyclonal goat anti rabbit
(E0432; DAKO). Antigen retrieval was performed by incubation with
DNAse (D4527; Sigma-Aldrich) for 15 min. Nonspecific binding was
blocked by incubating the bone sections in normal goat serum for 1 h
at room temperature. Visualization was performed by incubation with
horseradish peroxidase-conjugated streptavidin (T20931; Invitrogen)
and tyramide signal amplification (T20931; Invitrogen) followed by
staining with AEC substrate (OO2007; Invitrogen). Images were
acquired using a Nikon microscope (Eclipse E 800), equipped with a
DS-U1 camera (Nikon) and NIS-Elements AR software (version 2.34;
Nikon, Düsseldorf, Germany) at a 
40 magnification. Two sections
per femur were analyzed. Measurements were performed in the
secondary spongiosa of the distal metaphysis. A binary was set using
a threshold in NIS elements AR software to determine the area of
PPAR�-positive cells (PPAR�.Ar), this area was divided by either the
tissue area (T.Ar) or the marrow area (Ma.Ar) to determine the area
fraction of PPAR�-positive cells (PPAR�.Ar/T.Ar or PPAR�.Ar/
Ma.Ar, respectively).

Mechanical testing. A three-point bending was performed using a
computer controlled Servohydraulic Instron testing device (Instron).
For mechanical testing, samples were stored in saline-soaked gauzes
at �20°C after harvesting and thawed just before the tests. All
mechanical tests were performed at room temperature. A three-point
bending test was performed on right femora according to Jepsen et al.
(19). An in-house build set-up was manufactured, which consists of
two parallel supports, spaced 10 mm. The middle support, attached to
the loading device, was able to move in a vertical direction. Middi-
aphysis preload of 0.5 N was applied to stabilize the bone. Subse-
quently an increasing force, with a displacement rate of 1 mm/min,
was applied until failure. The stiffness (N/mm), maximum load (N),
and maximum displacement (mm) were calculated from the load
displacement curve.

After three-point bending, distal right femora were used for a
compression test (34, 43) on the distal metaphysis of the femora to test
for the properties of cancellous bone. Distal parts of the femora were
embedded in cold curing methylmetacrylate (
60; HBM Benelux,

Waalwijk, The Netherlands). An in-house developed mold, fitting the
femoral condyles, was constructed an placed on top of the specimen.
A preload of 0.5 N was applied to stabilize the sample; thereafter, an
uniaxial load to failure was applied, with a displacement rate of 1
mm/min. The stiffness (N/mm), maximum load (N), and maximum
displacement (mm) were calculated from the load displacement curve.

RT-qPCR. One milliliter of cold TRI reagent was added to 50 mg
of subcutaneous adipose tissue for RNA extraction. RNA isolation
was performed by use of a RNA isolation kit (Macherey-Nagel,
Düren, Germany), according to the manufacturer’s protocol. RNA
concentration was measured with a Nanodrop spectrophotometer
(Nanodrop Technologies, Wilmington, DE). RNA was reverse tran-
scribed from 100 ng total RNA in a 20-�l reaction mixture containing
5 mmol/l MgCl2 (Eurogentec, Maastricht, The Netherlands); 1
 RT
buffer (Promega, Madison, WI); 1 mmol/l dATP, 1 mmol/l dCTP, 1
mmol/l dGTP, and 1 mmol/l dTTP (Roche Diagnostics, Mannheim,
Germany); and 1 mmol/l betaïne, 10 ng/�l random primer, 0.4 U/�l
RNAsin, and 5 U/�l M-MLV RT-enzyme (Promega), as described
previously (43a). The PCR reaction was performed on a total volume
of 25 �l, which contained 3 �l cDNA and 300 nmol/l reverse and
forward primer and SYBR Green Supermix (Bio-Rad Laboratories,
Veenendaal, The Netherlands). Downstream PPAR� genes glucose
transporter 4 (Glut 4), Lipoprotein lipase (LPL), and fatty acid binding
protein (aP2) were quantified. Primers are shown in Table 1. The PCR
was performed on an iCycler iQTM Real-Time PCR Detection Sys-
tem (Bio-Rad): 3 min at 95°C, 40 cycles consisting of 15 s at 95°C
and 1 min at 60°C. The relative gene expression was calculated by the
2��Ct method, and Beta-Actin and Beta2-microglobulin were used as
reference genes (primer sequences are shown in Table 1). Values
�0.75 SD of the mean of the triplicate measurement were considered
outliers and were excluded.

Statistics. This study was powered to detect a difference in BMAT
volume fraction of 3% with a variance of 6%. The sample size was
calculated using nQuery Advisor (Version 7.0) and power analysis
was approved by the ethics committee of the Vrije Universiteit
Medical Center. IBM SPSS Statistics for Windows (version 22; SPSS,
Chicago, IL) was used for statistical analysis. Graphs were con-
structed using Graphpad Prism (Version 7.0 for Windows; GraphPad
Software, La Jolla, CA). Means � SD or median and interquartile
ranges are reported, depending on the distribution of the data. The
linear mixed model (LMM) was used to analyze the repeated weight
measurements between the four groups. Based on the Akaike’s Infor-
mation Criterion and the Schwarz’s Bayesian Criterion, first order
autoregressive covariance structure was chosen. Two-way ANOVA
was used to assess the effects of surgery and treatment and their
interaction on the outcome parameters. The residuals were plotted to
check their distribution. Levene’s test was applied to check for
homogeneity of variance. If either one of the assumptions was
violated, the outcome parameter was rank transformed. All statistical
tests were two sided, and P � 0.05 was considered statistically
significant.

RESULTS

Body weight increased during the study in all groups (LMM,
P � 0.001; Fig. 1). The increase in body weight was signifi-
cantly larger in ovariectomized animals compared with sham-

Table 1. Primers used for quantitative real-time PCR

Gene Forward Primer Reverse Primer

�-Actin AACCGTGAAAAGATGACCCAGAT CACAGCCTGGATGGCTACGTA
�2-microglobulin TGACCGGCTTGTATGCTATC CAGTGTGAGCCAGGATATAG
Glut4 CAGCGCCTGAGTCTTTTCTT GGCATTGATAACCCCAATGT
Lpl CCCTAAGGACCCCTGAAGAC GGCCCGATACAACCAGTCTA
aP2 ACACCGAGATTTCCTTCAAACTG CCATCTAGGGTTATGATGCTCTTCA
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operated animals (LMM, P � 0.002). The PPAR� antagonist
GW9662 did not affect weight changes. Uterine weight was
lower in the ovariectomized animals [mean uterine weight
OVX: 22 mg (SD 8) vs. sham 96 mg (SD 26); two-way
ANOVA: P � 0.001], confirming estrogen deficiency. There
was no effect of GW9662 on uterine weight (data not shown).

Bone marrow adipose tissue. Figure 2 shows a typical
example of BMAT quantification using CE-CT. BMAT vol-
ume fraction, adipocyte size and adipocyte density were in-
creased after 4 wk of ovariectomy compared with sham surgery
(total adipose tissue volume: P � 0.001; marrow adipose tissue
volume: P � 0.001; adipocyte diameter: P � 0.001; and
adipocyte density: P � 0.032, respectively). GW9662 had no
effect on either of the BMAT parameters and no interaction
effects were found (Fig. 3A).

Bone structural parameters and bone turnover. Bone vol-
ume fraction, trabecular number, and average trabecular
thickness were decreased after ovariectomy (bone volume
fraction: P � 0.001; trabecular number: P � 0.001; trabec-
ular thickness: P � 0.001; Fig. 3B), while there was no
effect of GW9662. Trabecular separation increased after
ovariectomy (trabecular separation: P � 0.019). We ob-
served a significant interaction between ovariectomy and
GW9662 (OVX*GW9662: P � 0.029): in sham-operated
animals GW9662 increased the average trabecular separa-
tion, while in the ovariectomized animals GW9662 de-
creased the average trabecular separation (Fig. 3B). Repre-
sentative images of the calcein labels and the TRAP staining
are shown in Fig. 4. Mineralizing surface tended to increase
after GW9662, both in ovariectomized and in sham-operated
animals (P � 0.066), while there was no effect of OVX (Fig.
3C). Mineral apposition rate, bone formation, osteoclast
surface, and osteoclast number (#/mm, data not shown) were
not affected by OVX nor by GW9662 (Fig. 3C). Cortical
area, cortical thickness, and cortical mineralization were not
affected by either OVX or by GW9662 (data not shown).

PPAR� immunohistochemical staining. Immunohistochem-
ical staining of the femora showed clear PPAR� protein ex-
pression in the bone marrow (Fig. 5A). There was no effect on
of either treatment or surgery on the PPAR� stained area of the
bone marrow, not when the PPAR� stained area was expressed
as a percentage of the tissue area (PPAR�.Ar/T.Ar, data not
shown), nor when the PPAR�-stained area was expressed as
percentage of the marrow area (PPAR�.Ar/Ma.Ar, Fig. 5B).

Mechanical properties. OVX and GW9662 had no effect on
maximum load or stiffness on the three-point bending test, but
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Fig. 1. Changes in body weight (%). In all groups (n � 10/group) body weight
increased (LMM: P � 0.001). Body weight increased more in ovariectomized
(OVX) mice compared with sham-operated mice (LMM: P � 0.002). GW9662
had no effect on body weight. Data are presented as median and interquartile
range.

Fig. 2. 3-Dimensional quantification of bone marrow adipose tissue (yellow) in the proximal tibia using nanocomputed topography with a polyoxometalate-based
contrast solution. Representative images of Sham � Vehicle (A), Sham � GW9662 (B), ovariectomy (OVX) � Vehicle (C), and OVX � GW9662 (D).
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GW9662 reduced maximum deformation (P � 0.020; Fig. 6A).
Maximum load in the compression test was significantly lower
after ovariectomy (P � 0.001). Stiffness in the compression
test was not affected by OVX nor by GW9662. Maximum

deformation tended to decrease after GW9662 in both sham
and OVX animals (P � 0.074; Fig. 6B).

Subcutaneous adipose tissue. Glut4 expression in subcuta-
neous adipose tissue was increased after both OVX and
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Fig. 3. A: bone marrow adipose tissue (BMAT) volume fraction (Ad.V/TV and Ad.V/Ma.V), adipocyte size (Ad.Dm) and adipocyte number (Ad.Dn) increased after
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Fig. 4. A: calcein labels in the proximal metaphysis of the
tibia, counterstained with calcein blue (
100 magnifica-
tion). B: tartrate-resistant acid phosphatase staining show-
ing osteoclasts, indicated by black arrows (
100 magni-
fication). Scale bars � 100 �m.
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GW9662 (OVX: P � 0.002 and GW9662: P � 0.013; Fig. 7A).
The same pattern was seen for aP2 expression (OVX: P �
0.003 and GW9662: P � 0.038; Fig. 7C). LPL expression
increased after OVX (P � 0.004) and showed a trend for an
interaction effect (OVX*GW9662: P � 0.059): in sham ani-
mals GW9662 treatment tended to cause a higher expression of
LPL, and in ovariectomized animals GW9662 tended to lower
the expression of LPL (Fig. 7B).

DISCUSSION

Our study shows that systemic administration of the PPAR�
antagonist GW9662 does not prevent high bone marrow adiposity

and low bone volume after ovariectomy in C3H/HeJ mice. Our
results oppose the current dogma that PPAR� promotes adipo-
genesis and inhibits osteoblastogenesis, but other studies on the
effect of PPAR� on BMAT and bone metabolism have also
shown unexpected effects (1, 5, 10, 24, 35).

Our results indicate that 3 wk of treatment with the PPAR�
antagonist GW9662 does not decrease BMAT in C3H/HeJ
mice. A previous study using the same compound to inhibit
PPAR� showed a dramatic decrease in BMAT after 2 wk in a
mouse model of aplastic anemia (35). The inconsistency with
our results was unexpected as we used the same compound and
dosage scheme. Possible explanations for the lack of effect of

Fig. 5. A: immunohistochemical staining of includ-
ing peroxisome proliferator-activated receptor-�
(PPAR�) in de distal metaphysis of the femur (mag-
nification: 
100). B: PPAR� stained area was not
affected by treatment nor by surgery. No interaction
effects were found. Effects of surgery and treatment
were assessed by two-way ANOVA, and boxplots
represent median, interquartile range, and minimum
and maximum values; n � 10/group, except for
ovariectomy (OVX) � Veh: n � 9.

Sham OVX

25

30

35

40

45

M
ax

im
um

Lo
ad

(N
)

A OVX: p=0.195
GW9662: p=0.919

Sham OVX

50

150

250

350

St
iff

ne
ss

(N
/m

m
)

OVX: p=0.660
GW9662: p=0.571

Sham OVX

0.2

0.4

0.6

0.8

1.0

1.2

M
ax

im
um

D
ef

or
m

at
io

n
(m

m
)

Vehicle
GW9662

OVX: p=0.778
GW9662: p=0.020

Sham OVX

40

60

80

100

120

140

M
ax

im
um

Lo
ad

(N
)

B OVX: p<0.001
GW9662: p=0.955

Sham OVX

50

150

250

350

450

St
iff

ne
ss

(N
/m

m
)

OVX: p=0.089
GW9662: p=0.113

Sham OVX

0.4

0.6

0.8

1.0

1.2

M
ax

im
um

D
ef

or
m

at
io

n
(m

m
) OVX: p=0.217

GW9662: p=0.074
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GW9662 on BMAT in our study could be 1) the genetic
background of the mouse strain (which we will discuss in detail
later), 2) the different stimulus used to induce BMAT (aplastic
anemia vs. ovariectomy in our study) and 3) the timing of
treatment initiation (1 day before the experiment vs. 1 wk of
recovery after surgery in our study). It is important to consider
that PPAR� antagonism is hypothesized to induce cell fate
decisions of the SSC and therefore PPAR� antagonists might
not be able to reverse already existing increases in adipose
tissue when treatment is initiated after the causative event, but
it could very well prevent increases in adiposity when treat-
ment is initiated together with the causative event. However, it
is unlikely that the total increase of BMAT we observed in the
ovariectomized animals had already occurred within the first
week after ovariectomy; this would leave opportunities for
GW9662 to block the increase in BMAT in the second to
fourth week after ovariectomy.

We show PPAR� protein expression within the bone mar-
row by immunohistochemical staining, which is a prerequisite
for inducing an effect of a PPAR� antagonist. However, no
effect of ovariectomy nor of GW9662 was seen on the distri-
bution of PPAR� protein expression within the bone marrow,
which indicates it has no significant role in bone marrow
adipogenesis in C3H/HeJ mice. To confirm sufficient systemic
exposure to GW9662 in our experiment, we determined gene
expression downstream of PPAR� signaling in subcutaneous
adipose tissue. GW9662 indeed changed the expression of
PPAR� target genes. Interestingly, GW9662 is supposed to act
as a PPAR� antagonist, but we observed increased adipocyte
gene expression, indicating the effects of GW9662 were equiv-
ocal for all the targets examined and not only for bone marrow
adipose tissue. It could be hypothesized that GW9662 can have
both antagonistic and agonistic properties depending on the fat
depot (BMAT vs. subcutaneous adipose), possibly through its
PPAR	 agonistic activity (36, 40).

The current study shows that GW9662 has no effect on bone
turnover, bone volume, and trabecular number or thickness, but
it decreases maximum deformation on the three-point bending
test in both sham and ovariectomized animals. As other cortical
parameters, such as cortical mineralization and cortical thick-
ness, are alike in all groups, the implications of the effect of

GW9662 on maximum deformation are probably limited. This
is consistent with a previous report showing that PPAR�
haploinsufficiency (PPAR��/�) does not affect ovariectomy
induced bone loss (5). However, data on bone turnover in this
study differed from our results as both PPAR��/� and wild-
type animals showed increased bone turnover after ovariec-
tomy while in our study bone turnover was not affected by
either ovariectomy nor by GW9662. Possibly, the timing after
OVX in our study (4 wk) is on the point of change of the initial
high turnover phase right after OVX and the lower bone
turnover phase later after ovariectomy. The lack of effect of
ovariectomy and GW9662 on bone turnover could also be a
power issue as histomorphometric measurements show rela-
tively large variations in the measurements (13, 43b). On the
other hand, in a genetic mouse model of increased PPAR�
action (osteoblast specific overexpression of PPAR�), bone
loss was accelerated following ovariectomy compared with
wild-type mice (10). Again, all three studies differed in mouse
strains used, timing of the measurements, and age of the
animals. Furthermore, it could be postulated that genetic mod-
ifications in PPAR� expression might have different effects on
bone metabolism than pharmacological PPAR� antagonists, as
PPAR� also has ligand-independent basal activity of the re-
ceptor itself and ligand-dependent effects without specific
binding to the DNA (15, 30). Finally, genetic modifications are
already present at gestation whereas the pharmacological treat-
ment begins later in life.

Since the abovementioned studies only considered the ef-
fects of PPAR� on either BMAT or on bone metabolism, it is
difficult to compare studies directly. We showed that GW9662
has no effect on BMAT or bone parameters, with the exception
of an interaction effect on trabecular separation: in estrogen-
sufficient animals GW9662 increased trabecular separation,
while in estrogen-deficient animals GW9662 decreased trabec-
ular separation, suggesting a mild positive effect of GW9662
on bone in estrogen-deficient animals. However, as no similar
patterns were observed for the other trabecular parameters, the
implications of these findings are probably limited. In a study
by Li et al. (24), with the use of BADGE to antagonize PPAR�
action, BMAT decreased after BADGE, both in sham-operated
and in ovariectomized Wistar rats), while improvement in bone
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0.059). Effects of surgery, treatment, and interaction effects were assessed by two-way ANOVA, and boxplots represent median, interquartile range, and
minimum and maximum values; n � 10/group.

E102 EFFECT OF PPAR� INHIBITION ON BMAT AND BONE IN C3H/HeJ MICE

AJP-Endocrinol Metab • doi:10.1152/ajpendo.00265.2018 • www.ajpendo.org
Downloaded from www.physiology.org/journal/ajpendo at Univ Catholique Louvain Bruxe (130.104.226.076) on February 27, 2019.



structural parameters and biomechanical competence after
BADGE was only observed in sham-operated but not in ovari-
ectomized rats. BADGE had no effect on bone turnover during
estrogen deficiency, while BADGE increased bone formation
during estrogen sufficiency (24). Together these results could
indicate that the regulation of BMAT by PPAR� might be
different during estrogen sufficiency and estrogen deficiency.
An interaction between estrogen and PPAR� has not been
described before, although estrogen is known to decrease
PPAR� expression in bone marrow stem cells (16).

Methodological differences could account for the differ-
ences in the results between our study and the study by Li et al.
(24). Animal strain differs (C3H/HeJ mice vs. Wistar rats),
duration of the treatment differs (3 vs. 12 wk) and age of the
animals is different (18 wk vs. 8 mo). It is conceivable that the
interaction between marrow adipocytes and bone metabolism
is different in old compared with younger animals. For exam-
ple, PPAR� haploinsufficient (PPAR��/�) mice, 8 wk old,
have similar BMAT as wild-type mice, while at 52 wk of age
BMAT was decreased in PPAR��/� animals compared with
wild type. Bone volume was higher in PPAR��/� mice both at
8 wk of age and at 52 wk of age (5). Differences could also be
related to the compounds used. BADGE has potential PPAR�
agonistic effects (8, 28), and it binds reversible to PPAR� (36).
GW9662, on the other hand, binds irreversibly to PPAR� (23,
36). Some of the effects of GW9662 or lack thereof might by
specific to the C3H/HeJ mouse. For instance, rosiglitazone
treatment is an established method to induce BMAT, but 8 wk
of rosiglitazone treatment in the C3H/HeJ mouse did not affect
BMAT volume and decreased bone volume, as opposed to
C57BL/6J mice in which bone volume remained unchanged
and BMAT volume increased (1). Furthermore, it is possible
that different expression patterns of PPAR� between animal
strains cause differential effects of PPAR� in different animal
strains. Lee et al. (22) showed that C3H/HeJ mice had nearly
absent PPAR� protein and RNA in the liver, while C57BL/6
mice had abundant PPAR� in the liver. However, we show
ample expression of PPAR� within the bone marrow of our
C3H/HeJ mice.

We selected the C3H/HeJ mice as model because C3H/HeJ
mice have four times more BMAT compared with C57BL/6 at
the age of 12 wk (37). Generally, the larger the animal model,
the more BMAT they have. Humans have more BMAT than
rabbits and rabbits have more BMAT than mice (37). Mouse
models like C57BL/6 have low BMAT volumes at a young
age, and as BMAT increases with age, old animals would be
preferred for studying BMAT. Unfortunately, aged C57BL/6
mice have little trabecular bone volume left, and thus changes
in bone volume would be difficult to detect. As C3H/HeJ mice
have both sufficient BMAT and sufficient bone volume at a
relatively younger age, we chose this mouse as our model. The
C3H/HeJ mice harbor a spontaneous missense mutation in the
fourth exon of the Toll-like receptor 4 (Tlr4) gene (Tlr4Lps-d)
(32) causing loss of function of TLR4. The TLR4 pathway is
part of the innate immune system; it increases T cells, which
can produce receptor activator of nuclear factor-
B ligand
(RANKL) (44) and thus cause an increase in osteoclasts. In
C3H/HeJ mice, defective TLR4 signaling could explain the
high bone density phenotype of C3H/HeJ mice caused by
decreased osteoclasts (6). On the other hand, defective TLR4
signaling could lead to increased PPAR� expression (29) and

thus cause the high BMAT phenotype of the C3H/HeJ mice;
however, this does not fully explain the lack of effect of the
PPAR� antagonist GW9662 in C3H/HeJ mice observed in our
study.

In conclusion, the PPAR� antagonist GW9662 does not
prevent high bone marrow adiposity and low bone volume after
ovariectomy in C3H/HeJ mice, suggesting that BMAT accu-
mulation is regulated independently of PPAR� in C3H/HeJ
mice.
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