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Abstract. Thiazolidinediones are insulin-sensitizing
agents and in clinical use for the treatment of type II
diabetes. Under specific experimental conditions, these
molecules induce adipogenic differentiation of mesen-
chymal precursor cells at the expense of osteoblasts
in vitro, suggesting possible negative effects on the
skeleton. We measured effects of the thiazolidinedione
BRL49653 on bone tissue of intact and estro-
gen-deprived skeletally mature adult female Wistar rats
(6–9 months old). Weight gain and decreased plasma
triglyceride levels confirmed the effectiveness of the
treatment. However, no change in bone mass or fat
marrow volume was observed in intact rats treated for 8
weeks with 5, 10, or 20 mg/kg of BRL49653. Study of
marrow cultures established at necropsy revealed a
higher responsiveness to adipogenic differentiation
protocols of cultures established from the 10-mg/kg
group compared to vehicle control. In a second study,
the effects of thiazolidinedione treatment on the skeleton
of estrogen-deprived rats were investigated. Application
of 10 mg/kg of BRL49653 for 12 weeks resulted in en-
hanced bone loss (+31%; pQCT) and increased fat
marrow volume (+117%; histomorphometry) compared
to vehicle-treated OVX control. Interestingly, osteoblast
number was comparable in both cases. Bone resorption
parameters were significantly increased in the treatment
group (+27% osteoclast number, +30% eroded sur-
face). Enhanced bone loss due to treatment was con-
sistently observed in the tibia, femur, and the lumbar
spine. Our data indicate that thiazolidinediones may
enhance bone loss induced by estrogen deprivation.
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The thiazolidinediones (TZDs) are antidiabetic com-
pounds that were discovered to be potent stimulators of

adipogenesis. These molecules sensitize target tissues to
the action of insulin and, therefore, are widely used
clinically to treat type II diabetes [1, 2]. TZDs bind and
activate the nuclear receptor PPARgamma, which exerts
critical control over the adipocyte differentiation process
[3–5].
TZDs are routinely used today in adipogenic treat-

ment protocols to induce fat droplet accumulation
within a few days in mesenchymal precursor cultures [6,
7]. In vitro cell differentiation studies indicated that
TZDs inhibit osteogenic differentiation while favoring
adipogenic conversion of precursor cells [8–10], and
there is evidence that lack of estrogen may potentiate
TZD action [11–13]. However, the potential impact of
TZDs on bone status in vivo is only poorly documented
in peer-reviewed journals, despite the obvious impor-
tance of the question given their widespread clinical use.
An early animal study, which as of now is published

only in abstract form [14], reported a significant reduc-
tion of tibial bone mineral density in rats treated for 28
days with pioglitazone. In contrast, Tornvig et al. [15]
recently reported increased bone marrow adipose tissue,
but normal bone status, in mice following a 10-month
treatment with troglitazone. The authors concluded that
adipogenesis and osteogenesis are regulated indepen-
dently in bone marrow.
We describe here studies carried out with skeletally

mature female rats, investigating also the impact of
TZD treatment on bone loss following ovariectomy.

Material and Methods

Animals

Animal experimentation was carried out according to regula-
tions effective in the Kanton of Basel–Stadt, Switzerland.
Wistar rats (BRL) were housed in groups of four animals at
25�C with a 12:12-hour light–dark cycle. They were fed a
standard laboratory diet containing 0.8% phosphorus and
1.1% calcium (NAFAG 890, Kliba, Basel, Switzerland). Food
and water was provided ad libitum.

Present address of V. Sottile: Institute of Genetics, Univer-
sity of Nottingham, Queen’s Medical Center, Nottingham,
NG7 2UH, UK
Correspondence to: K. Seuwen; E-mail: klaus.seuwen@
pharma.novartis.com; M. Kneissel; E-mail: michaela.
kneissel@pharma.novartis.com

Calcif Tissue Int (2004) 75:329–337

DOI: 10.1007/s00223-004-0224-8



Study Design

Skeletally mature 6-month-old intact female virgin rats were
used in the first study. The rats were evenly distributed into 4
groups (N = 8/group) according to body weight and cross-
sectional total bone mineral density in the tibia as measured at
baseline by pQCT. The animals were treated daily for 8 weeks
with BRL49653 (produced at Novartis) at doses of 5, 10, or
20 mg/kg/day or vehicle (1% carboxymethylcellulose) by ga-
vage. Changes in bone mineral density (DEXA, pQCT) were
evaluated in vivo after 4, 8, and 12 weeks of treatment and at 8
weeks before necropsy and compared to baseline values.
In the second study a similar protocol was used on 9-

month-old skeletally mature estrogen-deficient rats (N = 8/
group). Bilateral ovariectomy (OVX) was carried out in all
animals by a dorsolateral approach under inhalation anes-
thesia using Forene� (isoflurane, WOB506, Lot 55370VA,
Abbott) with the exception of a sham-operated group. Ani-
mals were treated daily for 12 weeks with BRL 49653 (10 mg/
kg/day) or vehicle by gavage. Changes in bone mass and
geometry (DEXA, pQCT) were evaluated in vivo after 4 and 8
weeks of treatment and at 12 weeks before necropsy and
compared to baseline values.
Body weight was monitored weekly in both studies. Blood

was taken at necropsy. DEXA measurements were carried out
after necropsy on excised tibia, femur, and lumbar vertebrae.
One tibia was processed for histomorphometric analysis.

DEXA Measurements

Bone mineral density (mg/cm2) of the proximal quarter of the
left tibia was measured using a regular Hologic QDR-1000
instrument adapted for measurements of small animals. A
collimator with a 0.9-cm diameter and ultrahigh resolution
mode (line spacing = 0.0254 cm, resolution = 0.0127 cm)
was used. During measurements the animals were put under
inhalation anesthesia (isoflurane, 2.5%) on a resin platform
provided by Hologic for soft tissue calibration. The animals
were placed in a supine position. Their hind limbs were
maintained in external rotation with a tape. Hip, knee, and
ankle were in 90� flexion. The left tibia was measured in total
and in the proximal quarter. To control the stability of the
measurements, a phantom was scanned daily.
For ex vivo experiments, the right femur and lumbar ver-

tebrae 1–4 were collected at necropsy. For soft tissue simula-
tion 70% ethanol was used.

pQCT Measurements

Cross-sectional bone mineral density, content, and geometry
were monitored in the proximal tibia metaphysis 4.5 mm distal
from the intercondylar tubercle using an adapted Stratec–
Norland XCT-2000 fitted with an Oxford 50-lM X-ray tube
and a collimator of 1-mm diameter. The following setup was
chosen for the measurements: voxel-size: 0.2 mm · 0.2 mm ·
1 mm, scan speed: scout view = 20 mm/second, final
scan = 10 mm/second, 1 block, contour mode = 1, peel
mode = 2, cortical threshold = 610 mg/cm3, inner thresh-
old = 610 mg/cm3.
The animals were placed in a lateral position under inha-

lation anesthesia (isoflurane, 2.5%). The left leg was stretched
and fixed in this position.

Blood Sampling

Blood samples of 500 ll were taken in heparin at necropsy.
Plasma was separated by centrifugation and frozen until
analyses. Triglyceride levels were determined on a COBAS
MIRA S system using standard test kits (Roche Diagnostics).

Tissue Processing and Histomorphometric Analysis

The right proximal tibia was fixed at 4�C (Kamovsky fixative)
for 24 hours, dehydrated, defattened, and embedded in resin
(HistoDur Leica). A set of 4- and 10-lm nonconsecutive
microtome sections was cut (Microtome 2050 Supercut, Reic-
hert Jung) in the frontal midbody plane. Structural and cel-
lular parameters were evaluated using a Leica DM microscope
fitted with a Sony DXC-950P camera and adapted Quantimet
600 software (Leica).
Three sections per animal were sampled for all sets of

parameters within a sampling area starting 0.6 mm from the
lowest point of the cranial growth plate–metaphyseal junction.
The mineralized bone at the 10-lm section surface was silver-
stained with modified von Kossa stain, thus facilitating the
determination of static structural bone parameters. Images of
the stained mineralized surface layer were taken and converted
into binary images. Bone volume per tissue volume (BV/TV;
%), trabecular thickness (Tb.Th; lm), trabecular number
(Tb.N; mm)1) and trabecular separation (Tb.S; lm) were
determined at 50· (data derived from 15.3 ± 0.4-mm2 tissue
area) according to the plate model [16] in the secondary
spongiosa of the proximal tibia metaphysis. The 4-lm-thick
sections were stained with modified Giemsa stain or tartrate-
resistant acid phosphatase (TRAP) for evaluation of fat cell
area and bone turnover. Microscopic images of the specimen
were either evaluated using a Merz grid (fat marrow content,
data derived from 4.6 ± 0.1-mm2 marrow area) or digitized
and evaluated semiautomatically on screen (bone turnover;
200· data derived from bone perimeter of 38.8 ± 17.6 mm).
Fat volume per marrow volume (FV/MV; %) and osteoblast
number per bone surface (Obl.N/BS; mm)1) were measured on
the Giemsa-stained sections, while osteoclast number (Ocl.N/
BS; mm)1) and eroded surface (ES/BS; %) were determined on
the TRAP-stained slides. All measurements were carried out
according to the recommendation of Parfitt et al. [16].

Statistical Analysis

Results are expressed as mean ± SEM. Statistical analysis was
carried out using BMDP (Version 1990 for VAX/VMS,
BMDP Statistical Software Inc., Cork, Ireland). The data were
subjected to one-way analysis of variance (ANOVA). Equality
of variances was tested by Levene F-test and differences be-
tween groups were tested using the Bonferroni-adjusted Dun-
nett test. Groups were tested for difference from the vehicle-
treated estrogen-competent control group. For in vitro data,
Student’s t-test was used (Microsoft Excel). All statistical tests
were two-tailed and unpaired.

Bone Marrow Cell Culture

At necropsy, bone marrow was prepared immediately from the
left tibia and femur of each animal. Cells from each treatment
group were pooled. Cell cultures were established in MEMal-
pha/Ham’s F12 medium (Life Technologies) supplemented
with 10% fetal bovine serum (Bioconcept, Allschwill, Swit-
zerland) and antibiotics (Bioconcept). The seeding density for
primary cultures was 1.5 · 108 cells per T175 flask. After 4
days in primary culture, nonadherent cells were removed by
medium change and adherent cell colonies were determined
(cfu/cm2). Cultures were maintained until they reached con-
fluence (day 16) with medium change every third day. The
cultures were then split 1:4 (passage 1), grown to confluence,
and part of the cells were seeded for differentiation assays,
while the remaining cells were frozen for later analysis.

Osteogenic Differentiation

Cells were seeded in 12-well plates at a density of 20,000 cells
per well and grown for 4 days. Osteogenic medium was then
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added [normal medium supplemented with ascorbic acid
(50 lM), b-glycerophosphate (10 mM), and calcium adjusted
to 1.8 mM final]. Cultures were maintained for 21 days
(medium change twice weekly) before calcium deposited in
wells was determined using the MPR2 assay kit (Roche
Diagnostics).

Adipogenic Differentiation

Cells were seeded in 6-well plates at a density of 400,000 cells
per well and grown for 4 days. Adipogenic medium was then
added [normal medium supplemented with isobutylmethyl-
xanthine (0.2 mM) and BRL49653 (1 lM)]. Cultures were
maintained for 12 days (medium change twice weekly) before
determination of adipocyte numbers (Oil Red O stain and flow
cytometry). Flow cytometry using the lipophilic dye Nile Red
was carried out following the method developed by Gimble et
al. [6] modified as described previously [7]. We used a fluo-
rescence/forward scatter plot of events to define a selection
window called R2 in which cells with high fluorescence values
were counted (adipocytes). For each sample 20,000 events were
collected. The results are expressed as the percentage of cells
appearing in the R2 region. All determinations were done in
duplicate.

GPDH Activity Assay

For biochemical determination of GPDH activity, cell extracts
were prepared in Tris/EDTA buffer. Aliquots were incubated
at 37�C in 1 ml of assay solution containing 0.1 M trietha-
nolamine, 2.5 mM EDTA, 0.1 mM b-mercaptoethanol,
125 lM NADH (Roche Diagnostics), and 200 lM di-
hydroxyacetonephosphate. Enzyme activity is reflected by the
disappearance of NADH measured by absorption at 340 nm
over 10–20 minutes [17]. The protein content of each sample
was analyzed in parallel using the BioRad O

D Protein Assay.
Results are expressed as mU/mg protein, 1 mU being defined

as 1 nmol NADH reacted/minute. All determinations were
done in duplicate.

Results

Intact animals receiving BRL49653 showed a dose-re-
lated tendency to gain weight and significantly reduced
plasma triglyceride levels, as expected with such treat-
ment (Fig. 1A, B). However, bone mineral density, as
evaluated by DEXA in the entire proximal tibia and by
pQCT in a proximal metaphyseal cross section, re-
mained unchanged over the 8-week period (Fig. 1C, D).
Similarly, no effect was observed on bone mineral den-
sity values in the femur (control: 281 ± 8 mg/cm2;
5-mg/kg dose: 270 ± 3 mg/cm2; 10-mg/kg dose:
285 ± 9 mg/cm2;20-mg/kg dose: 287 ± 5 mg/cm2) and
in lumbar vertebral bodies (control: 257 ± 5 mg/cm2;
5-mg/kg dose: 250 ± 8 mg/cm2; 10-mg/kg dose:
249 ± 7 mg/cm2; 20-mg/kg dose: 258 ± 6 mg/cm2) as
evaluated ex vivo by DEXA. Histomorphometric anal-
ysis of the tibial cancellous bone structure confirmed
these findings and did not reveal differences between
vehicle and BRL49653-treated animals (Fig. 2A and
data not shown). Fat marrow volume was low in the
proximal tibia metaphysis in these 9-month-old animals.
It appeared slightly higher in the treatment groups
compared to control; however, these differences did not
reach statistical significance (Fig. 2B).
In mesenchymal cell cultures isolated from the bone

marrow of these animals after necropsy, colony forma-

Fig. 1. Weight gain (A) and
plasma triglyceride levels (B)
after 8 weeks of treatment of
skeletally mature intact female
Wistar rats. (C) Bone mineral
density in the proximal tibia as
determined by DEXA. (D)
Change from baseline in cross-
sectional bone mineral density
in the tibial metaphysis as
measured by pQCT; a, b, c
indicate measurements at
baseline and after 4 and 8
weeks, respectively.
Mean ± SEM; **P< 0.01
against vehicle (ANOVA).
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tion capacity appeared slightly reduced for the
BRL49653-treated groups at 5 and 10 mg/kg; a marked
reduction of about 50% was observed for the 20-mg/kg
group (Fig. 3A). However, following equal expansion of
cell cultures at passage 1, exposure to osteogenic con-
ditions induced strong mineral deposition in cultures
from all treatment groups (Fig. 3B). Quantification of
mature adipocytes following adipogenic differentiation
using Nile Red flow cytometry revealed a significant
increase in adipocyte numbers in cultures established
from animals treated with 10 mg/kg of BRL49653.
Biochemical determination of GPDH activity produced
similar results, albeit less pronounced (Fig. 4).
Following this first series of experiments we carried

out a second study with ovariectomized animals, aimed
at evaluating the effects of TZD treatment on bone status
in a high-turnover situation. The study also appears
interesting in light of recent observations that estrogen
may directly inhibit adipogenesis [11, 12] and counteract
PPARgamma-mediated gene transcription in specific
experimental systems [13]. Estrogen deprivation induced
the expected increase in body weight over the 12-week
treatment period (Fig. 5A). This increase was further
enhanced in the group receiving BRL49653 (borderline
significance, P < 0.1). The significant drop of triglycer-
ide levels in animals receiving the TZD confirmed the
effectiveness of the treatment (Fig. 5B). Measurements
of bone mineral density showed the expected significant
bone loss induced by ovariectomy overtime. This bone
loss was enhanced in OVX animals treated with
BRL49653, reaching significance by the end of the study
(Fig. 5C, D). DEXA measurements detected a slight
increase in overall BMD in the proximal tibia of estro-
gen-competent animals during the study (+9%), while it
decreased in OVX animals ()8%). This loss was signifi-
cantly enhanced in estrogen-deprived animals treated
with the TZD ()12%; Fig. 5C). Stable bone mass was
measured by pQCT in cross sections of the proximal tibia
metaphysis of sham-operated animals, while estrogen
deprivation led to the expected reduction. Treatment of
OVX animals with BRL49653 induced a further 30%

reduction in volumetric bone mineral density (Fig. 5D).
Potentiation of bone loss occurred in both the cancel-
lous and the cortical compartments (cancellous BMD
OVX/vehicle: )41.1 ± 2.4% vs. OVX/BRL49653:
)48.5 ± 2.4%, P< 0.05; cortical bone mineral content
at week 12 OVX/vehicle: )18.2 ± 1.7% vs. OVX/
BRL49653: )24.0 ± 2.0%, P < 0.05). The latter was

Fig. 2. Histomorphometric
analysis of cancellous bone (A;
bone volume/tissue volume)
and fat marrow volume (B; fat
volume/tissue volume) in the
proximal tibia metaphysis of
vehicle and BRL49653-treated
animals. Mean ± SEM.

Fig. 3. Analysis of marrow mesenchymal cell cultures estab-
lished at necropsy. (A) Colony formation capacity; (B) mineral
deposition in passage 1 cultures measured under control (white
bars) or osteogenic conditions (shaded bars). Mean ± range
of duplicate determinations; **P < 0.01 against vehicle
(t-test).
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Fig. 4. Adipogenic
differentiation of marrow
mesenchymal cells.
Representative
photomicrographs and dot-
blots from flow cytometry are
shown in A. Bar = 50 lm.
Corresponding quantitative
results from flow cytometry are
presented in B; data from
enzymatic dosage of GPDH
activity given in C. White bars
indicate control, shaded bars
indicate adipogenic treatment
cell cultures. Mean ± range of
duplicate determinations; *P<
0.05 against vehicle (t-test).

Fig. 5. Weight gain (A) and
plasma triglyceride levels (B)
after 12 weeks of treatment of
skeletally mature sham-
operated and ovariectomized
(OVX) female Wistar rats,
treated with vehicle or
BRL49653. (C) Bone mineral
density in the proximal tibia as
determined by DEXA. (D)
Change in cross-sectional bone
mineral density in the tibial
metaphysis from baseline as
measured by pQCT; a,b,c,d
indicate measurements at
baseline and after 4, 8, and 12
weeks, respectively.
Mean ± SEM; *P< 0.05, **P
< 0.01 against vehicle sham; z,
P < 0.1; x, P < 0.05; xx, P <
0.01 against vehicle OVX
(ANOVA).
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due to endocortical bone loss (endocortical cir-
cumference OVX/vehicle: 33.0 ± 5.2% vs. OVX/
BRL49653: 44.1 ± 3.7%, P < 0.1).
Ex vivo DEXA measurements of bone mineral den-

sity demonstrated that a similar effect had occurred in
the femur (OVX/vehicle: 264 ± 5 mg/cm2 vs. OVX/
BRL49653: 249 ± 5 mg/cm2, P < 0.05) and in the
lumbar spine (OVX/vehicle: 236 ± 4 mg/cm2 vs. OVX/
BRL49653: 208 ± 4 mg/cm2, P < 0.01).
Histomorphometric analysis of the secondary

spongiosa in the proximal tibia metaphysis again con-
firmed that cancellous bone volume was significantly

reduced following ovariectomy (Fig. 6A) and more
pronounced in BRL49653-treated animals. The typical
structural changes due to estrogen loss were observed:
Trabecular number was significantly decreased (Fig. 6B)
and separation significantly increased (Fig. 6D), while
trabecular thickness was only mildly decreased
(Fig. 6C). The enhancement of these structural changes
in response to BRL49653 treatment was visible in all
three measured parameters (Fig. 6A–C).
Fat marrow volume was slightly higher in the 12-

month-old vehicle-treated intact animals (Figs. 6E, 7A)
compared to the 3-month-younger intact control ani-

Fig. 6. Histomorphometric
parameters (see Methods)
measured in the proximal tibia
metaphysis of skeletally mature
sham-operated and
ovariectomized (OVX) female
Wistar rats treated with vehicle
or BRL49653. Mean ± SEM;
* P < 0.05, ** P < 0.01
against vehicle sham; z, P <
0.1; x, P < 0.05; xx, P < 0.01
against vehicle OVX
(ANOVA).
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mals of the first study (Fig. 2B). As expected, estrogen
deficiency resulted in an increased fat marrow content
(4.6-fold; Figs. 6E, 7B). This was significantly enhanced
in the PPARgamma agonist-treated rats (tenfold;
Fig. 6E). A substantial number of apparently mature
adipocytes were visible (Fig. 7C). Osteoblast number
was lower in estrogen-deficient animals than in sham-

operated controls, however, this difference did not reach
significance (Fig. 6F). No difference was observed be-
tween vehicle and BRL49653-treated rats. Osteoclast
number (Fig. 6G) and eroded bone surface (Fig. 6H)
were not different between vehicle-treated sham and
OVX animals. Taken together with the data for osteo-
blast number, this suggests that bone turnover was not
increased anymore at this late stage of estrogen defi-
ciency. However, both parameters were still significantly
increased in the estrogen-deficient animals receiving the
TZD (+27% osteoclast number, Fig. 6G; +30% eroded
surface, Fig. 6H).

Discussion

Treatment of intact adult rats with the TZD BRL49653
did not lead to increased fat cell differentiation in the
bone marrow, and no adverse effects on bone status
could be measured. However, lowered plasma triglyc-
eride levels in treated animals demonstrated that the
treatment was effective. Likewise, increased in vitro
adipogenic differentiation of first-passage bone marrow
mesenchymal cell cultures established from TZD-treated
animals confirmed that the TZD was active.
Our observations contradict the results of a compa-

rable study published in abstract form, where a 4-week
administration of pioglitzone had led to a significant
loss of bone mineral density [14]. Also, our results ap-
pear in conflict with a dog study that reported an in-
creased fat content in bones following TZD treatment
[18]. Recently, the effects of treating apolipoprotein E
(apoE)-deficient mice with troglitazone for a prolonged
time (10 months) were reported [15]. At the end of the
treatment these animals showed strongly increased adi-
pose tissue volume in the proximal tibia compared to
control animals; however, no change of bone volume per
total volume was observed in histomorphometric
experiments. These data led the authors to conclude that
adipogenesis and osteogenesis are regulated indepen-
dently in the bone marrow. This study is in good
agreement with our results with intact rats regarding
overall bone status. The increased marrow fat content
may be attributed to the very long treatment phase
(almost lifelong). Unfortunately, the deficiency in apoE
of the animals employed makes a direct comparison
with our data difficult, especially as apoE may be in-
volved in the regulation of bone mineral density [19].
No data were previously available regarding TZD

effects on bone in estrogen-deficient animals. In agree-
ment with earlier descriptions of long-term OVX rat
models [20, 21], substantial bone loss occurred in our
study during the 3-month period following estrogen
deprivation. In the cited detailed studies, indices of
cancellous bone turnover, such as osteoclast and
osteoblast surfaces, were found markedly increased in
OVX rats at 30 days but declined toward control levels

Fig. 7. Secondary spongiosa and bone marrow on a Giemsa-
stained section from a vehicle-treated sham animal (A), vehi-
cle-treated OVX animal (B), and BRL49653 (10 mg/kg)-trea-
ted OVX animal (C). Note the increasing volume of mature
adipocytes from A to C (green arrows).
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by 90 days. The latter notion is in line with our obser-
vation that cancellous bone turnover was comparable to
control levels 90 days postovariectomy. The structural
changes detected in cancellous bone in the present study,
namely, a predominant loss of trabecular number, are in
agreement with published data [22]. In line with previous
reports [23], OVX-induced deterioration of cancellous
bone was associated with an increase of bone marrow
fat volume.
We observed that treatment of ovariectomized rats

with BRL49653 significantly enhanced bone loss and
bone marrow fat content. Given the results described
above for intact animals, these results were unexpected;
however, recent data indicating enhanced PPARgamma
transcriptional activity and effects on adipogenic dif-
ferentiation [11–13] in the absence of estrogen appear in
line with our observations. Interestingly, the increased
marrow fat content was not paralleled by a decrease in
osteoblast number as determined by histomorphometry,
which is in line with the conclusion drawn by Tornvig et
al. [15]. It indicates that despite increased adipogenic
differentiation, the stem cell pool available for osteo-
blastic differentiation in the marrow is not critically
depleted.
Rather, the increased bone loss observed in ovariec-

tomized animals treated with BRL49653 is associated
with increased and/or prolonged bone resorption. Thus,
osteoclast number and eroded surface per bone surface
were significantly increased in the TZD-treated group,
and the fact that both parameters showed a roughly
proportional variation indicates that increased osteo-
clast number, rather than activity, explains our obser-
vations. At first sight this result is again unexpected,
as several recent reports demonstrated inhibition of
osteoclast differentiation by PPARgamma agonists in
vitro [24–26]. However, the in vivo context may be per-
missive for other types of regulation. It should also be
noted that relatively high concentrations of TZDs
(>3 lM) were required in the cited in vitro studies to
induce inhibition of osteoclast differentiation, whereas
effects on PPARgamma transcriptional regulation are
generally observed already in the nanomolar range [3–5].
It appears possible that targets other than PPARgamma
come into play at micromolar concentrations of TZDs.
A specific mechanistic explanation for the increased
osteoclast recruitment observed in BRL49653-treated
OVX animals is lacking at present.
In summary, our data indicate that PPARgamma

activators can stimulate bone resorption in estrogen-
deprived animals. The effect is modest, however, as loss
of estrogen is known to result in marked marrow adi-
pogenesis, it is likely that increased signaling of
PPARgamma occurs normally in bone marrow under
this condition, and plays an active role in osteoclast
recruitment and stimulation of bone resorption. Recent
observations of cross-talk between estrogen receptor

and PPARgamma-controled signaling events [11–13, 27]
are in agreement with this hypothesis. Specific antago-
nists of PPARgamma may help to evaluate the relevance
of this pathway in bone resorption stimulated by
estrogen deficiency.
While this article was under review, Rzonca et al. [28]

published a study demonstrating significant adverse ef-
fects of chronic treatment with BRL49653 (20 lg/kg) on
the skeleton of adult mice, which are attributed to re-
duced osteoblastic activity. In contrast, our experiments
in rats yielded no evidence for effects of the drug on
bone formation.
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