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Abstract

Rosiglitazone is an FDA-approved oral antidiabetic agent for the treatment of type 2 diabetes. This
compound improves insulin sensitivity through the activation of the nuclear receptor, peroxisome
proliferator-activated receptor-y (PPAR-y). In addition to sensitizing cells to insulin, the PPAR-y2
isoform appears to be critical for the regulation of osteoblast and adipocyte differentiation from
common mesenchymal bone marrow progenitors. We have demonstrated previously that PPAR-y2
activated with rosiglitazone acts as a dominant inhibitor of osteoblastogenesis in murine bone marrow
in vitro. Here, we show that in vivo, rosiglitazone administration results in significant bone loss.
When rosiglitazone (20 pug/g body weight/d) was given to 6-month-old, nondiabetic C57BL/6 mice
for 7 wk, a significant decrease in total body bone mineral density was observed. Analysis of bone
microarchitecture, using micro-computed tomography, demonstrated a decrease in bone volume,
trabecular width, and trabecular number and an increase in trabecular spacing. Histomorphometric
analysis showed a decrease in bone formation rate, with a simultaneous increase in fat content in the
bone marrow. Changes in bone morphology and structure were accompanied by changes in the
expression of osteoblast- and adipocyte-specific marker genes; the expression of the osteoblast-
specific genes Runx2/Chfal, DIx5, and a1(I)collagen were decreased, whereas the expression of the
adipocyte-specific fatty acid binding protein aP2, was increased. These in vivo data suggest that
rosiglitazone therapy may pose a significant risk of adverse skeletal effects in humans.

Glitazones compose a new class of oral antidiabetic agents (1). Two of them, rosiglitazone and
pioglitazone, are commonly used for the treatment of type 2 diabetes (2). The primary
pharmacological actions of glitazones are an improvement in muscle and adipose insulin
sensitivity and the inhibition of hepatic gluconeogenesis (3). In patients with type 2 diabetes,
rosiglitazone reduces levels of fasting plasma glucose, glycosylated hemoglobin, insulin, and
C-peptide. Moreover, rosiglitazone may potentially sustain and improve B-cell function (1).
Recent studies also indicate that glitazones, including rosiglitazone, may be beneficial for the
treatment of atherosclerosis, cancer, and brain inflammation that accompany Alzheimer’s
disease (4-7).

Rosiglitazone is a high-affinity ligand and activator of the peroxisome proliferator-activated
receptor-y (PPAR-y), and most of its effects are mediated via this transcription factor (8-10).
PPAR-y is a member of the nuclear receptor superfamily of transcription factors, a large and
diverse group of proteins that mediate ligand-dependent transcriptional activation and
repression (10). PPAR-y exists in two isoforms, PPAR-y1 and PPAR-y2, as a result of
alternative promoter usage and alternative splicing (11). The PPAR-y1 isoform is expressed
in many cell types, including adipocytes, osteoblasts, muscle cells, and macrophages, whereas
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PPAR-y2 expression is restricted primarily to adipose cells and is absolutely necessary for fat
development in mice (12).

Osteoblasts, or bone-forming cells, share a common mesenchymal precursor in the bone
marrow with adipocytes (13,14). Osteoblast development is controlled by several phenotype-
specific transcription factors, among them Runx2/Cbfal and DIx5, whereas formation of
terminally differentiated adipocytes in murine marrow requires the activity of PPAR-y2 (15—
19). We demonstrated previously that in the presence of PPAR-y2, rosiglitazone converts cells
of the osteoblast lineage to terminally differentiated adipocytes and simultaneously and
irreversibly suppresses the osteoblast phenotype (17,18). PPAR-y2 inhibited the ability of
osteoblasts to mineralize the extracellular matrix, a hallmark of their activity, and suppressed
the expression of Runx2/Cbfal and other osteoblast-specific genes such as y1(I)collagen,
osteopontin, alkaline phosphatase, and osteocalcin (17).

To date, there are limited reports of the effects of glitazone administration on human bone. An
analysis of the data from the Health, Aging, and Body Composition cohort studies revealed
that intake of glitazones (rosiglitazone or pioglitazone) for longer than 24 months by older (age
70-79 yr) diabetic patients decreased bone mineral density (BMD) in the femoral neck and hip
(20). Although analysis was performed on only a small group of patients, these results suggest
a strong correlation between decreases in BMD, glitazones, and the duration of therapy.

The potential for the broad clinical application of the glitazones for treatment of a variety of
pathologies demands detailed analysis of the possible effects of these compounds on target
organs that are known to express PPAR-y. Given that PPAR-y is expressed in bone, particularly
in mesenchymal stem cells, together with our in vitro evidence that rosiglitazone-activated
PPAR-y2 functions as a dominant negative regulator of osteoblast differentiation (17), we
tested the effect of in vivo administration of rosiglitazone on murine bone.

Materials and Methods

Animals and treatment regime

Nondiabetic 6-month-old male C57BL/6 mice were obtained from the colony maintained by
National Institute of Aging under contractual agreement with Harlan Sprague Dawley, Inc.
(Indianapolis, IN). Animals, identified by clipped toes, were housed (four per cage) with free
access to water and were maintained at a constant temperature on a 12-h light-dark cycle. The
animal treatment and care protocols conformed to National Institutes of Health guidelines and
were performed using a University of Arkansas for Medical Sciences Institutional Animal Care
and Use Committees-approved protocol.

Animals (n = 8 per group) were fed 5 g of food per day with pelleted chow (F05072, Bio-Serv,
Frenchtown, NJ) supplemented with rosiglitazone maleate (Avandia, GlaxoSmithKline, King
of Prussia, PA) at the concentration of 0.14 mg/g of chow. The control group was fed the same
amount of nonsupplemented chow. Animals were fed every other day for 7 wk, and food intake
per cage and body weights of individual animals were monitored. At the end of the experiment
the average intake of rosiglitazone per gram body weight per cage was calculated and resulted
in the dose of 20 pg/g - d. To measure bone formation rates, mice were injected ip with 30
ug/g body weight of tetracycline 7 and 2 d before they were killed.

Blood collection and plasma glucose measurements

Plasma glucose levels were determined for each animal at the beginning and end of the
experiment. Animals were fasted for 18 h before blood (from the tail vein) was collected.
Plasma glucose levels were determined based on the enzymatic reaction of f-D-glucose with
oxygen using Beckman glucose analyzer 2 (Beckman Coulter Inc., Fullerton, CA).
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Liver histology

Livers were collected immediately after the mice were killed, snap-frozen, and sectioned.
Sectioned livers of representative animals were fixed with formalin (37%), stained with Oil
Red O for fat, and counter-stained with methyl green, as described (18).

BMD measurements

BMD was determined using the small-animal dual-energy x-ray absorptiometry (DXA)
instrument Piximus (GE Lunar, Madison, WI) and software version 1.46 (21,22). Mice were
anesthetized and scanned before the onset of rosiglitazone treatment, at 4 wk and after killing
at 7 wk. Total body BMD (g/cm?), excluding the head region, was obtained from each scan.
The percent change in BMD was determined by inserting the values collected for each time
point into the calculation: [(Vpostireatment — Vpretreatment)/Vposttreatment] % 100. Internal
variations of repeated measures of total murine body BMD have been determined to be 1.7—
2.0%.

Micro-computed tomography (micro-CT) analysis

After mice were killed, the right tibia of each animal was dissected and fixed in 4 C Millonig’s
phosphate-buffered 10% formalin, pH 7.4. After 24 h, the tibia was dehydrated successively
in 70%, 95%, and 100% ethanol and then measured without further sample preparation in a
micro-CT 40 (Scanco Medical, Bassersdorf, Switzerland). Micro-CT scans were performed
on 256 successively measured slices (12 um each) to total 3.07 mm of the proximal metaphysis.
The three-dimensional information was obtained by stacking the measured slices on top of
each other. The volume of interest for subsequent morphometric analysis in three dimensions
was the entire secondary spongiosa after extracting automatically the surrounding cortical bone
(length of 3.07 mm of the radial axis) and avoiding inclusion of boundaries of the volume of
interest (23,24). The complete secondary spongiosa of the proximal tibia was evaluated to
avoid sampling errors incurred by random deviations within a single section. Careful
contouring of this region in the secondary spongiosa yields volumetric information of bone
volume (BV), total volume (TV), and calculated ratio of BV/TV, as well as trabecular thickness
(TbTh), trabecular number (TbN), and trabecular spacing (TbSp).

Estimation of the plate-rod characteristics of the specimen was achieved using the structure
model index (SMI). For an ideal plate and rod structure, the SMI values are 0 and 3,
respectively. For a mixed structure, the values are between 0 and 3, depending on the volume
ratio between rods and plates. The geometrical degree of anisotropy (DA) is defined as the
ratio between the maximal and the minimal radius of the mean intercept length ellipsoid. The
connectivity density (ConnD) is calculated using the Euler method. The computation of both
DA and ConnD are described in detail elsewhere (23).

Bone histomorphometry

After micro-CT analysis, undecalcified tibiae were embedded in methyl methacrylate,
sectioned on an automatic, retractable Microtom 355 with a D-profile, tungsten carbide steel
knife at 4 um. Adjacent sections were stained with Masson trichrome, Goldner trichrome, and
Von Kossa, and one was left unstained for tetracycline labeling evaluation (25,26). The
histomorphometric examination was performed using an OsteoMeasure system, which
includes a Nikon microscope with motorized stage, interfaced with a computer and digitizer
tablet (OsteoMetrics Inc., Atlanta, GA). All cancellous measurements were two-dimensional,
confined to the secondary spongiosa, and made using a x 40 objective (numerical aperture
0.75). The terminology and units used were those recommended by the Histomorphometry
Nomenclature Committee of the American Society for Bone and Mineral Research (27). Static
measurements and dynamic lengths of single- and double-labeled bone surfaces were obtained
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as described previously (25,26). Static measurements were performed on six representative
fields per bone sample and included fat volume [fat volume per total volume (BV/TV, percent)]
and adipocyte number per high-power field. Histodynamic parameters of mineralized surface
per bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate per bone
surface (BFR/BS) were measured on the same specimens as above, using six representative
fields per bone sample, in epifluorescent light.

RNA isolation and quantitative real-time RT-PCR analysis

Total RNA was isolated from the left tibia of each animal, and gene expression in each bone
was analyzed using quantitative real-time RT-PCR (28). Immediately after an animal was
killed, the tibia bone was cleaned of any remaining soft tissue, cut into pieces, and homogenized
in the presence of TRIzol reagent followed by RNA isolation as described by the manufacturer
(Invitrogen, Carlsbad, CA). The gene-specific primer sequences were selected using the
TagMan probe and primer design function of the Primer Express version 1.5 software (Applied
Biosystems, Forest City, CA). RT reactions were carried out using 2 ug RNA, subjected
previously to DNase digestion, and a TagMan reverse transcription reagents (Applied
Biosystems), followed by PCR in real time using a SYBR Green PCR master mix (Applied
Biosystems) and an ABI Prism 7700 sequence detection system (Applied Biosystems). The
reactions were performed in the following cycling conditions: 95 C for 10 min and then 40
cycles of 95 C for 15 sec followed by 60 C for 1 min. The optimal concentrations of primers
and templates that were used in each reaction were established based on the standard curve
created before the reaction and corresponded to the nearly 100% efficiency of the reaction.
The results were then normalized to the expression of 18 S rRNA in the same samples. Gene
expression was analyzed using the following pairs of primers: aP2 (forward,
GCGTGGAATTCGAT-GAAATCA,; reverse, CCCGCCATCTAGGG), Runx2/Chfal
(forward, GGGCACAAGTTCTATCTGGAAAA, reverse, CGGTGTCACTGC-GCTGAA),
DIx5 (forward, TGACAGGCGTGTTTGACAGAAGAG,; reverse,
CGGGAACGGAGCTTGGA), osteocalcin (forward, CGGC-CCTGAGTCTGACAAA,;
reverse, GCCGGAGTCTGTTCACTACCTT), al(l)collagen (forward,
ACTGTCCCAACCCCCAAAG,; reverse, CGT-ATTCTTCCGGGCAGAAA), and 18 S
rRNA (forward, TTCGA-ACGTCTGCCCTATCAA,; reverse,
ATGGTAGGCACGGCGACTA).

Statistical analysis

Statistically significant differences between groups were detected using one-way ANOVA
followed by post hoc analysis by Student-Neuman-Keuls within the SigmaStat software (SPSS,
Inc., Chicago, IL) after establishing the homogeneity of variances and normal distribution of
the data. In all cases, P < 0.05 was considered significant.

Results and Discussion

We examined the in vivo effect of rosiglitazone administration on the skeletons of adult (6
months old) male non-diabetic C57BL/6 mice. The dose of daily administration of
rosiglitazone (20 pg/g body weight) was chosen based on previous studies that demonstrated
its effectiveness in lowering blood glucose levels in diabetic KK-AY mice similarly to the
pharmacological doses used in humans (1,29). This dose was also demonstrated to be effective
in prevention of atherosclerotic lesions in low-density lipoprotein receptor-deficient mice (4).
During 7 wk of rosiglitazone administration no differences were observed between groups with
respect to their eating behaviors and animal motor activities. Fasting (18 h) plasma glucose
levels measured at the end of the experiment did not differ between groups (rosiglitazone, 232.7
+ 54.9 mg/dl; control, 246.0 + 34.9 mg/dl), which was consistent with previous reports (4).
Nor did rosiglitazone administration have an effect on animal body weights (Fig. 1A).
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After animals were killed, the wet weights of spleen, liver, and depots of white epididymal
(white adipose tissue, WAT) and brown interscapular (brown adipose tissue, BAT) fat were
measured. Rosiglitazone administration had no effect on spleen weight (not shown) but
increased liver weight compared with control (Fig. 1B). Furthermore, histological examination
revealed that rosiglitazone administration significantly increased fat liver content compared
with the control animals (Fig. 2). Liver steatosis in response to rosiglitazone intake was
previously observed in lipoatrophic, A-ZIP/F-1, and obese diabetic, KK-AY and ob/ob, mice
but not in nondiabetic, lean animals (30-33). C57BL/6 mice are considered a diabetic-prone
strain (34,35); therefore it is possible that their genetic background predisposed them to develop
liver steatosis in response to rosiglitazone treatment.

An analysis of epididymal WAT and interscapular BAT showed inverse changes in the weight
of these tissues in rosiglitazone-fed vs. control animals (Fig. 1C). The weight of epididymal
WAT was decreased by 30%, whereas the weight of interscapular BAT was increased by 25%
in the rosiglitazone-fed group. A stimulatory effect of rosiglitazone on BAT, an adipose tissue
involved in rapid energy dissipation and thermogenesis, and a suppressive effect on WAT, a
tissue that is responsible for energy storage, indicates that rosiglitazone effects fatty acid
metabolism. These data are consistent with previous reports of glitazone effects on murine
adipose tissues (36) and demonstrate the efficacy of our treatment schedule and dose.

DXA analysis of total BMD demonstrated a significant decrease in the BMD of animals fed
for 7 wk rosiglitazone-supplemented diet compared with the control mice (0.0462 + 0.0001
vs. 0.0493 + 0.0016 g/cm?; P < 0.001) (Fig. 3A). No differences in BMD were observed at 4
wk (data not shown). Longitudinal measurements of the same animals, at the beginning and
end of the experiment, demonstrated almost a 10% decrease in BMD of rosiglitazone-fed
animals (P < 0.001) (Fig. 3B).

To determine the effects of rosiglitazone on three-dimensional bone microarchitecture and
morphometry, we performed micro-CT measurements of the proximal tibia. Micro-CT of the
tibia demonstrated a significant loss of bone and changes in several morphometric parameters
of bone microarchitecture in rosiglitazone-treated animals (Fig. 4 and Table 1). Bone content,
as measured by the ratio BV/TV, was decreased by 24.1%. This dramatic decrease was
accompanied by significant decreases in TbN (—11.2%) and ThTh (-10.6%) and an increase
in ThSp (17.4%).

Adipocytes and osteoblasts originate from common mesenchymal progenitor cells (13,14,37,
38). Lineage-specific commitment is preceded by a phase of multilineage activation that is
characterized by their plastic ability to interconvert between phenotypes (13,14,37,38). We
had demonstrated previously in vitro that rosiglitazone activates murine adipocyte
differentiation and inhibits osteoblastic differentiation and that this process occurs only in cells
that express the PPAR-0.2 transcription factor (17). Therefore, we reasoned that in vivo, bone
loss that occurred in response to rosiglitazone administration was due to its action on the
osteoblast progenitors that express PPAR-a2. Thus, activation of PPAR-u2 should result in the
inhibition of osteoblast differentiation and stimulation of adipocyte differentiation in the bone
of treated animals.

Indeed, histomorphometric analysis of the trabecular bone of proximal tibia revealed that
rosiglitazone administration increased both fat content and the number of adipocytes by 3-fold
(Fig. 5A). This was accompanied by a decrease in the osteoblast surface and/or their activity.
The MS/BS (control, 18%; rosiglitazone, 6%) and MAR decreased 3-fold (Fig. 5B), and the
rate of BFR/BS decreased by approximately 10-fold (control, 0.7 um3/um? - d; rosiglitazone,
0.06 pm3/um2 - d).

Endocrinology. Author manuscript; available in PMC 2007 April 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

RZONCA et al.

Page 6

The observed bone loss and changes in the phenotype of bone marrow mesenchymal cells were
reflected by changes in the expression of osteoblast- and adipocyte-specific marker genes
measured in the whole tibia. Treatment with rosiglitazone decreased the abundance of MRNASs
for two osteoblast-specific transcription factors, DIx5 and Runx2/Cbfal, and an osteoblast-
specific marker, a1(l)collagen. In contrast, the abundance of mMRNA for the adipocyte-specific
marker, fatty acids binding protein aP2, was increased (Table 2).

In summary, we have demonstrated that in vivo, rosiglitazone administration to nondiabetic
C57BL/6 mice results in significant bone loss. When considered with our previous in vitro
evidence (17,18), these data suggest that rosiglitazone-induced bone loss may be due to the
suppression of the osteoblast differentiation of multipotential mesenchymal bone marrow
progenitors that express PPAR-02. The observed decrease in bone formation and osteoblast
number correlates with increased fat content and increased adipocyte number. These data
support the hypothesis that an inverse relationship exists between osteoblast and adipocyte
differentiation from a common mesenchymal progenitor (13,14,37,39). Thus, stimulation of
adipocyte formation by rosiglitazone appears to occur at the expense of osteoblast formation.

When considered in light of the recent studies by Tornvig et al. (40) using troglitazone and our
previous in vitro observation (18), the studies presented here suggest that PPAR-y agonists
differentially regulate the reciprocal relationship between osteoblastic and adipocytic cell
differentiation in the bone marrow. Further evaluation of the efficacy and potency of selective
PPAR-y modulators are required to address these important observations.

In conclusion, our results indicate that murine bone marrow is a target for rosiglitazone, an
antidiabetic drug and activator of the PPAR-y 2 adipocyte-specific transcription factor.
Furthermore, these results suggest that longitudinal rosiglitazone therapy may pose a
significant risk to human bone, and provides the rationale for the development of new, selective
and effective antidiabetic PPAR-y agonists with little or no adverse effects on bone.
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Abbreviations
BAT
Brown adipose tissue
BFR/BS
bone formation rate per bone surface
BMD
bone mineral density
BS
bone surface
BV

bone volume
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ConnD
connectivity density
CT
computed tomography
DA
degree of anisotropy
DXA
dual-energy x-ray absorptiometry
FVITV
fat volume per total volume
MAR
mineral apposition rate
MS
mineral surface
PPAR-y
peroxisome proliferator-activated receptor-y
SMI
structure model index
TbN
trabecular number
ThSp
trabecular spacing
TbTh
trabecular thickness
WAT

white adipose tissue
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Body and organ weights of animals fed for 7 wk with either nonsupplemented (gray bar) or
rosiglitazone-supplemented (black bar) diet. Each bar represents a mean weight (+ SD) of
eightanimals or tissues derived from eight animals. *, Significant difference (P <0.05) between
control and rosiglitazone-fed group. A, Body weights; B, wet weight of livers; C, epididymal

WAT and interscapular BAT.

Endocrinology. Author manuscript; available in PMC 2007 April 24.



RZONCA et al. Page 11

contro rosiglitazone

Fig. 2.
Liver histological cross-sections representative for each group. Snap-frozen specimens were
sectioned, fixed with formalin, and stained with Oil Red O for fat and counterstained with

methyl green. Magnification, x40.
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Fig. 3.

DXA of total-body BMD. Values represent a mean of eight animals per group (£SD) *,
Significant differences (P < 0.05) between control (gray bar) and rosiglitazone-fed (black
bar) groups. A, Total BMD, measured at the end of the experiment, of animals fed with either
nonsupplemented or rosiglitazone-supplemented diet. B, Percent change in BMD within
groups based on the measurements at the beginning and end of experiment and calculated as
described in Materials and Methods.
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Fig. 4.
Micro-CT representative renderings of proximal tibia from control and rosiglitazone-treated
animals were generated as described in Materials and Methods.
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Fig. 5.

Representative photomicrographs of cancellous tibia. Numbers represent average of six
representative fields examined from the same bone. A, Bone sections stained with Goldner
trichrome stain. Mineralized bone tissue is stained blue, whereas the unstained area in the bone
marrow represents empty spaces previously occupied by adipocytes. Photomicrographs were
obtained on the Osteometrics system using a x10 objective. B, Tetracycline-labeled section of
the proximal tibia. The distance between two layers of tetracycline labels (arrows) visualized
by epifluorescence represents bone formation that occurred during the 5-d period between
tetracycline injections. Photomicrographs were obtained on the Osteometrics system using a
x40 objective. AD/HFP, Number of adipocytes per high-power field.
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TABLE 1

Page 15

Microtomographic measurements of BV and trabecular architecture in tibia distal metaphysis in control and

rosiglitazone-fed mice

Treatment BV/ TbTh (pm) TbN TbSp (mm) ConnD SMI DA
TV (%) (mm™) (mm™)
Control 154+17 576+14 4.20+0.22 0.23 £ 0.05 55.78 £ 16.98 2.08£0.28 2.05+0.10
Rosiglitazone 11.7+1.62 515+ 3.22 3.73 +0.292 0.27 +0.022 42.21+5.18 2.07+0.36 2.14+0.18
P (rosiglitazone 0.008 0.008 0.02 0.02 NS NS NS
vs. control)

Data are given as mean + SD; n = 5 animals per group.

NS, not significant (P > 0.05);

8p <0.05.
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TABLE 2
Relative expression of phenotype-specific gene markers in the whole tibia normalized to 18 S rRNA

Treatment Runx2/Cbfal DIx5 Osteocalcin al (1) collagen aP2
Control 9.3+18 9.0+19 7637 10.3+0.7 32+0.2
Rosiglitazone 6.4+0.12 6.4+0.72 74£08 55+112 135+1.9%
Ratio (rosiglitazone/ 0.6 0.7 1.0 0.6 34
vehicle)

Data are given as mean = SD; n = 4 animals per group.

aP < 0.05 vs. control.
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