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Abstract The aim of this study was to compare transcriptional regulation in vivo during anabolic bone formation
induced by either estradiol (E2) treatment or intermittent parathyroid hormone[1-34] (PTH) therapy. We utilized an
ovariectomized (OVX) mouse model of osteoporosis and transcriptional profiling to identify genes upregulated by either
high-dose E2 or PTH. Five weeks post-OVX, the mice were administered either E2 and/or PTH, or vehicle for 4 weeks.
Femoral bones were analyzed by microCT and histomorphometry to confirm the anabolic effect of each treatment. OVX
vehicle-treated control mice lost metaphyseal trabecular bone, with significant decrease in trabecular number, thickness,
and connectivity. Both E2 and PTH treatments increased trabecular and cortical bone indices above the level of the sham
operated controls, fully restoring both bone volume and bone mineral density (BMD). Moreover, PTH/E2 combination
treatment led to significantly greater increase in cancellous bone and BMD than would be expected from the additive
effects of the separate treatments. To determine whether PTH and E2 treatments were stimulating similar bone anabolic
mechanisms, or were activating distinct signaling pathways, we compared patterns of gene expression using transcri-
ptional profiling after either E2 or PTH treatment. After 4, 11, and 24 days of treatment, total RNA was collected from both
the distal femoral metaphysis and diaphysis. Transcriptional profiling was performed using Affymetrix GeneChip probe
arrays, comprised of approximately 36,000 full-length mouse genes and EST clusters from the UniGene database. Several
markers of osteoblast activity, including c-fos, RANKL, PHEX, and PTHR1, were consistently upregulated by PTH in both
skeletal sites. PTH treatment also increased expression of Cathespin K, consistent with the predicted increase in osteoclast
activity. E2 treatment upregulated a largely distinct set of genes, including TGFb3, and BMP1, as well as several genes
critical for cell cycle control, including Cyclin D1 and CDK inhibitor 1A. Overall, comparison of transcriptional profiles
suggest that anabolic responses in bone to PTH and high-dose E2 treatment after OVX-induced osteoporosis involve
largely distinct patterns of gene regulation, each resulting in restoration of bone mass. J. Cell. Biochem. 93: 476–490,
2004. � 2004 Wiley-Liss, Inc.
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Osteoporosis is considered a global health
problem due to the morbidity and mortality
associated with fracture [Manolagas and Jilka,
1995; Melton, 1997; Walker-Bone et al., 2001].
Currently approved treatments of osteoporosis
act by reducing osteoclast-mediated bone resor-
ption [Greenspan et al., 2000; Lane et al., 2000;
Rosen and Bilezikian, 2001]. However, the
initial gain in bone mineral density (BMD)
associated with these anti-resorptive thera-
pies is due to filling of the remaining re-
modeling space, rather than actual ‘anabolic’
bone reconstruction.
In aiming to further improve osteoporosis

treatments,much attention has been focused on
parathyroid hormone (PTH), which enhances
bone formation directly, and has been shown to
restore bone mass to normal levels in animal
models [Neer et al., 2001]. Several groups have
shown the beneficial effect of intermittent PTH
administration on both cortical and cancellous
bone content [Slovik et al., 1981;Hodsmanetal.,
1991; Dempster et al., 1993; Baumann and
Wronski, 1995; Ejersted et al., 1995; Jerome
et al., 1999; Alexander et al., 2001]. Further-
more, the biomechanical strength of femurs and
vertebrae assessed by three-point bending and
compression tests in PTH-treated animals
increased significantly after 8 weeks of treat-
ment [Ejersted et al., 1994, 1995; Hodsman
et al., 1997].
Several studies have demonstrated that high

dose E2 is anabolic in mice [Bain et al., 1993;
Samuels et al., 1999]. When ovariectomized
(OVX) Swiss-Webster mice are given lower
doses of E2 (more consistent with conventional
HRT levels of E2), treatment merely preserves
BMD without initiating intermedullary bone
formation [Bain et al., 1993]. However, at
higher E2 doses, E2 is obviously anabolic and
builds bone chiefly by thickening existing trabe-
cular structures in the metaphysis and endo-
steal cortical thickness at the diaphysis. One of
the goals of this study was to utilize large-scale
transcriptional profiling to provide insight into
gene regulation in response to high doseE2, and
themolecularmechanisms that differentiate its
effects from those seen with intermittent PTH.
With current osteoporotic treatment regi-

mens preventing only 40–60% of osteoporotic
fractures in high-risk patients, the search for
novel potent anabolic agents or the combination
of both anti-resorptive and anabolic agents to
further increase bone mass is ongoing [Cosman

et al., 2001]. Combining an anabolic agent like
PTH with anti-resorptive agents such as estro-
gen or bisphosphonates may augment bone
mass via divergent mechanisms. However, co-
administration of PTH with other agents such
as calcitonin [Flicker et al., 1997] or tiludronate
[Hodsman et al., 1997] has not always been
found to be beneficial in bone mass restoration.

In this study, we carried out transcriptional
profiling to explore to what degree there are
unique intracellular signaling pathways for E2-
and PTH-regulated bone growth, or whether
these two treatments activate common anabolic
signaling pathways in bone. We utilized micro-
array RNA profiling to acquire detailed profiles
of transcriptional regulation at several time-
points and at both the femoral metaphysis and
the diaphysis during the various phases of PTH
and E2 anabolic action in bone. The goal of this
studywas to determine the effects of a combina-
tion treatment of 17 beta-estradiol (E2) and
PTH (1-34) on the microarchitecture of bone in
OVX Swiss-Webster mice, and to identify
transcriptional responses during enhancement
of bone formation by either agent.

MATERIALS AND METHODS

Animals

Eleven-week-old OVX- or Sham-operated fe-
male Swiss-Webster mice were purchased from
Taconic Farms (Germantown, NY) and main-
tained at the animal research facility at the
Beth Israel DeaconessMedical Center. Animals
were fed Purina Formulab Diet containing 1%
Ca (Formulab, Richmond, IN) and water ad
libitum throughout the experiment. Mice were
sacrificed by CO2 inhalation.

Experimental Protocol

The experimental protocol was approved by
the Institutional Animal Care and Use Com-
mittee of the Beth Israel Deaconess Medical
Center. The study design is illustrated schema-
tically in Figure 1. The mice were randomly
subdivided into six groups of bilaterally OVX
and three groups of Sham OVX animals, with
10 animals in each group. A group of each of
OVX and Sham animals was sacrificed 1 week
postoperatively (T1/OVX and T1/Sham, respec-
tively) and served as baseline controls. Four
additional weeks elapsed before initiation of
treatment in the remaining groups in order to
permit significant bone loss to occur in the OVX
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animals. At this time, one group of OVX (T5/
OVX) and one group of Sham OVX mice (T5/
Sham) were sacrificed to evaluate pre-treat-
ment bone loss.

A 4-week daily treatment (5 days a week,
Monday–Friday) consisting of s.c. injections of
either 80 mg/kg/d of hPTH-(1-34) (Advanced
ChemTech, Louisville, KY) and/or 17 beta-
estradiol (E2) 500 mg/week (Sigma, St. Louis,
MO) or vehicle (sesame oil, Sigma) only was
then administered to the respective T9/OVX/
PTHandT9/OVX/VEHgroups. At the end of the
treatment period the animals were sacrificed,
together with a 9-week postoperative Sham
OVX group (T9/Sham). To label mineralization
fronts, all T9 groups were given subcutaneous
injections of calcein (15 mg/kg) in 2% sodium
bicarbonate solution 3 and 1 day prior to
sacrifice. At sacrifice, the femoral bones were
separated, cleaned of soft tissues, fixed in 10%
phosphate buffered formalin (pH 7.2) for 48 h,
and then kept in 70% ethanol until further use.

Micro-Computed Tomography Analysis

For a detailed qualitative and quantitative
3-D evaluation, whole femoral bones were
examined by a desktop micro-computed tomo-
graphy system (mCT 20, Scanco Medical AG,
Bassersdorf, Switzerland) equipped with a
10 mm focal spot microfocus X-ray tube as the
source [Rüegsegger et al., 1996]. To scan the
entire femoral width (3.4–5.1 mm), including
the femoral head, a total of 100–150 micro-
tomographic slices were acquired at a 34 mm
slice increment. Morphometric parameters
were determined using a direct 3-D approach
in three different pre-selected analysis regions:

whole bone (including the articular ends),
secondary spongiosa in the distal metaphysis,
and diaphyseal cortical bone [Müller et al.,
1998; Hildebrand et al., 1999; Alexander et al.,
2001].

Histomorphometric Analysis

Following mCT image acquisition, the speci-
mens were dehydrated in progressive con-
centrations of ethanol, cleared in xylene, and
embedded with identical orientation in methyl-
methacrylate. Longitudinal 5 mM sections from
the center of each bone were deplasticized
and left unstained for dynamic measurements.
To identify osteoclasts, adjacent sections
were deplasticized and stained with modified
Masson–Goldner Trichrome with Bierbrich
Scarlet (Sigma). Histomorphometric analysis
was performed using the BioQuant image ana-
lysis system (R &M Biometrics, Nashville, TN)
with units and measurements according to sta-
ndardized nomenclature [Parfitt et al., 1987].

Osteocalcin Assay

Blood was sampled prior to sacrifice to
determine serum levels of osteocalcin (OC).
Serum intact OC was measured by a two-site
immunoradiometric assay (IRMA kit, Immuto-
pics, Inc., San Clemente, CA) against the mid-
region C-terminal and amino- terminal position
of mouse OC with a known sensitivity of 0.1 ng/
ml. Intra- and interassay CVs were 2.3 and
4.4%, respectively.

Statistical Analysis

In planning the experiment, a power analysis
was performed in order to determine the

Fig. 1. Schematic representation of experimental design.
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sufficient sample size. A total of 90 animals
(10 per treatment condition) was required to
achieve 90% power (a¼ 0.05, b¼ 0.10, effect
size¼ 1.0) to detect significant treatment differ-
ences in bone parameters. All continuous vari-
ables were checked for normality (Gaussian
distribution) using the Kolmogorov–Smirnov
test and no skewness was found [Conover,
1999]. Therefore, differences in bone para-
meters obtained by mCT and histology were
evaluated using analysis of variance (ANOVA)
with pairwise comparisons tested by the post-
hoc Fisher least significant difference (LSD)
method. A factorial design (fixed-effects model)
was used to test the synergistic effects of the
combination treatment. Synergy of the PTH
and E2 combination treatment was evaluated
using two-way ANOVA and the F-test for
comparing slopes. Interaction plots illustrate
these relationships [Montgomery, 2001]. Each
plot contains two lines: one corresponding to the
presence of estrogen (solid line) and the other to
no estrogen (dashed line). Presence or absence
of PTH is given on the x-axis. A significant F-
test indicates a lack of parallelism of the two
lines (different slopes) and represents synergy.
Data are reported as mean� standard devia-
tion (SD). Statistical significance was estab-
lished for two-tailed values of P< 0.05.

RNA Isolation From Bone

Swiss-Webster mice used for transcriptional
profiling underwent OVX at 11 weeks of age,
followed by a 5-week period of osteopenia before
beginning either PTH or E2 treatment as
described above. At treatment days 4, 11, and
24, femurs were excised from vehicle- E2- or
PTH-treated animals (n¼ 4, per RNA prepara-
tion), and separated into metaphyseal and
diaphyseal compartments. Bone marrow cells
were removed from the diaphysis by flushing
with cold PBS. All samples were then immedi-
ately snap-frozen in liquid nitrogen. RNA was
subsequently extracted from bone samples by
homogenization in TRIzol reagent (Life Tech-
nologies, Inc., Rockville, MD) according to
manufacturer’s instructions.

Transcriptional Profiling

Gene expression profiling was performed
using Affymetrix GeneChip arrays, essentially
as described by the manufacturer (GeneChip
Expression Analysis Technical Manual, Affy-
metrix, Santa Clara, CA). Briefly, first and

second strand cDNA were synthesized from
10 mg of total RNA with the SuperScript double
stranded cDNA synthesis kit (Life Technolo-
gies, Inc.) using poly(T) nucleotide primers.
This double stranded cDNA was subsequently
used as a template to generate biotinylated
cRNA using the BioArray High-Yield T7 RNA
transcript labelingkit (EnzoDiagnostics, Farm-
ingdale, NY). Biotin tagged cRNAwas fragmen-
ted and hybridized for 16 h at 458C to mouse
genome U74v2 oligonucleotide array chips
(Affymetrix). The U74v2 set consists of three
GeneChip probe arrays, comprised of probe sets
from approximately 36,000 full-length mouse
genes and EST clusters from the UniGene
database. After hybridization the gene chips
were washed and stained with streptavidin-
phycoerythrin using a GeneChip fluidics
workstation 400 (Affymetrix). Affymetrix
Microarray Suite 5.0 was used to scan each
gene chip and analyze the relative abundance of
each gene from the average difference in signal
intensities. Quantitative RT-PCR was used to
confirm microarray data for selected genes.
Genes were annotated using the unchip pro-
gram (www.unchip.org:8080) and sorted ac-
cording to function. The rainbow excel macro
(Charles Bailey and Towia Libermann) was
used to convert numbers into log2 scaled colors.

Real-Time Quantitative RT-PCR

Gene expression was measured by TaqMan
real-time PCR according to the manufacturer’s
protocols (AppliedBiosystems,FosterCity,CA).
For each gene of interest, a set of primers and
corresponding internal probe (FAM labeled)
were designed using sequences obtained from
GenBank and amplicons of 50–70 bp with TM

between 58 and 608Cwere selected. Primer and
probe (VIC labeled) sets for a reference gene,
mouse 18S, were purchased from Applied
Biosystems Prior to cDNA synthesis, 2 mg of
total RNA was DNase I (Qiagen, Valencia, CA)
treated for 15min at 378C, afterwhichRNAwas
reverse-transcribed from random hexamer pri-
mers using the Multiscribe Reverse Transcrip-
tion Kit (Applied Biosystems). PCR reactions
were performed using 200 nM of forward and
reverse primers together with 100 nM of corre-
sponding probe for both 18S and the target gene
of interest on an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems) using
the following conditions: 2 min at 508C, 10 min
at 958C, followed by 40 cycles of 958C for 15 s
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and 608C for 60 s. The number of PCR cycles
needed for FAM and VIC fluorescence to cross
a threshold of a statistically significant in-
crease in fluorescence (Ct¼ threshold cycle)
was measured using Applied Biosystems soft-
ware. Relative target gene expression was
determined using the formula: Relative Ex-
pression¼ 2� (CT) where CT¼ (Cttarget gene�
Ctreference gene in bone cDNA sample)� (Cttarget
gene�Ctreference gene in mock reverse tran-
scribed RNA sample).

RESULTS

Effects of OVX on Bone Loss

Consistent with the findings in our previous
study [Alexander et al., 2001], mCT and histo-
morphometric analyses of femoral trabecular
and cortical bone showed little change over the
duration of the study in any of the structural
variables for sham-operated normal Swiss-
Webster mice (groups T1/Sham, T5/Sham, T9/
Sham). OVX mice demonstrated significantly
lower trabecular bone volume density (BV/TV)
compared to Sham controls at 1 week (9� 4%
vs. 19� 10%, P< 0.01), 5 weeks (5� 3% vs.
21� 11%, P< 0.001), and 9 weeks (4� 1% vs.
22� 10%, P< 0.001). In addition, trabecular
thickness, spacing, and number were signifi-
cantly different in OVXmice compared to Sham
controls at 1, 5, and 9 weeks (all P< 0.05).
However, cortical parameters including total
volume, marrow volume/total volume, and
thickness were not significantly different
between OVX and Sham controls throughout
the 9-week study course (allP> 0.20). TheOVX-
induced bone loss was associated with 1.4- and

1.6-fold increases in osteoclast number (N.Oc/
BS), quantitated histomorphometrically and
observed 1 (T1/OVX) and 5 (T5/OVX) weeks
post-OVX (Fig. 3).

Effect of PTH Treatment

At 9 weeks, trabecular bone volume density
(BV/TV) in mice treated with PTH alone (T9/
OVX/PTH) was 3.5-fold higher than vehicle-
treated animals (T9/OVX/VEH) (Table I and
Fig. 4). PTH treatment was associated with
significant increases in Tb.Th and Tb.N as well
as an expected decrease in Tb.Sp. In addition,
significant decreases in cortical %MV/TV and
increased cortical wall thickness (Ct.Th) were
observed at 9 weeks (P< 0.05, Table I).

WhileN.Oc/BS for T9/OVX/VEH (0.86� 0.31)
and T9/OVX/Sham (0.92� 0.39) groups were
comparable in magnitude, The number of
osteoclasts after 4 weeks of intermittent PTH
treatment was slightly elevated (1.19� 0.24),
but not significantly different compared to T9
OVX and Sham animals (Fig. 3). Trabecular
osteoblast and osteoclast surfaces are shown in
Table II. Both osteoblast and osteoclast surfaces
were significantly higher in T9/OVX/PTH ani-
mals compared to T9/Sham and T9/OVX/VEH.
No differences were detected between T9/Sham
and T9/OVX/VEH regarding observed changes
in osteoclast surface.

Mean serum osteocalcin of Sham and OVX
treated animals did not change significantly
when compared at 1, 5, and 9 weeks, all
>0.05. PTH treated mice, however revealed an
increase of (231� 76 ng/ml) over T9/OVX/
VEH animals (137� 31 ng/ml, P< 0.01,
Table II). Serum calcium levels in PTH-treated

TABLE I. Effects of PTH, Estrogen (E2), and Combination of PTHþE2
on Mouse Femurs at 9 Weeks as Determined by mCTa

Parameter OVX PTH E2 PTHþE2
PTH vs.

OVX P-value
E2 vs. OVX
P-value

PTHþE2 vs.
OVX P-value

AVD (%) 66� 2 74�3 77� 4 85�3 <0.001 <0.001 <0.001
Tb.BV/TV (%) 4�1 14�8 34� 17 65� 16 <0.01 <0.001 <0.001
Tb.Th (mm) 0.06�0.01 0.08� 0.01 0.13� 0.04 0.22� 0.07 <0.05 <0.01 <0.001
Tb.Sp (mm) 0.77�0.20 0.40� 0.13 0.29� 0.09 0.20� 0.08 <0.05 <0.001 <0.001
Tb.N (1/mm) 1.4�0.4 2.8� 0.8 3.6� 0.8 4.1� 0.5 <0.01 <0.001 <0.001
Ct.TV (mm3) 1.9�0.2 2.0� 0.2 1.9� 0.2 2.2� 0.1 NS NS <0.01
Ct.MV/TV (%) 53� 6 45�3 48� 4 47�7 <0.01 <0.05 <0.05
Ct.Th (mm) 0.25�0.03 0.29� 0.01 0.28� 0.03 0.36� 0.05 <0.01 NS <0.001

NS, not significant; AVD, (whole femur) apparent volume density; Tb. BV/TV, trabecular bone volume density; Tb.Th, trabecular
thickness; Tb.Sp, trabecular spacing; Tb.N, trabecular number; Ct.TV, cortical total volume; Ct.MV/TV, cortical marrow volume
density; Ct.Th, cortical thickness.
aAll Groups were n¼ 10 Swiss-Webster mice; Data are presented as mean� standard error. Groups were compared by ANOVA with
post-hoc Fisher least significant difference (LSD) method. All P-values are two-tailed.
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mice (9.37� 0.27 mg/dl) were slightly elevated,
but not significantly different than Sham
animals (9.12� 0.31 mg/dl) after 4 weeks of
treatment.

Effect of Estrogen Treatment

Trabecular BV/TV after 4 weeks of 500 mg/
week high-dose E2 (T9/OVX/E2) was increased
8.5-fold over levels in vehicle-treated animals
(T9/OVX/VEH) (Table I and Fig. 4). E2 treat-
ment significantly reversed changes in meta-
physealTb.Th,Tb.SpandTb.N,when compared
to T9/OVX/VEH animals, (all P< 0.01, Table I).
While E2 treatment significantly reduced the
medullary cavity volume %MV/TV (P< 0.05) in
comparison to T9/OVX/VEH, it did not produce
a significant increase in Ct.Th, suggesting little
if any cortical endosteal thickening as seen in
PTH-treated mice. Whole bone volume density
(AVD) for E2-treated animals was significantly
elevated compared to T9/OVX/VEH levels (E2:
77� 4% to OVX/VEH: 66� 2%, P< 0.001) and
slightly higher than that seen after PTH
treatment alone (PTH: 74� 3%, Table I).
N.Oc/BS of E2 treated animals did not exhibit

significant changes compared to the levels of
Sham control and OVX treated animals at
9 weeks postoperatively (groups T9/OVX/VEH,
T9/Sham and T9/OVX/E2, Fig. 3). Changes in
osteoclast surface between, T9/OVX/VEH and
T9/OVX/E2 were not significantly different.
However, osteoblast surface was significantly
higher in T9/OVX/E2 than in T9/Sham, but not
in comparison to T9/OVX/VEH.
Mean serum osteocalcin levels in E2 treated

animals (110� 26 ng/ml) did not show signifi-
cant differences compared to OVX (137� 31 ng/
ml) and Sham control animals (114� 17 ng/ml)
at 9 weeks (all P> 0.05, Table II).

Effects of PTHþ E2 Combination Treatment

The combination treatment of PTHþE2 (T9/
OVX/PTHþE2) demonstrated a 16-fold in-
crease over vehicle-treated animals (T9/OVX/
VEH) for trabecular BV/TV after 4 weeks
(Table I and Fig. 4). PTHþE2 treatment
significantly reversed the findings for Tb.Th,
Tb.Sp and Tb.N when compared to T9/OVX/
VEH (all P< 0.001, Table I).

Cortical parameters revealed a significant
increase for Ct.TV and Ct.Th over T9/OVX/
VEH, as well as a significant reduction of the
medullary cavity volume %MV after PTHþE2
treatment (all P< 0.05, Table I).

Whole bone parameters (AVD) in animals
treated with PTHþE2 revealed a significant
increase in volume density, not only compared
to the OVX group (85� 3% vs. 66� 2%, P<
0.001), but also compared to PTH (74� 3%) and
E2 (77� 4%) individual treatments (Table I).

In the PTHþE2 treatment group (group T9/
OVX/PTHþE2, Fig. 3), the N.Oc/BS decreased
by nearly 50% when compared to Sham control
levels at 9 weeks postoperatively. Osteoclast
surface was significantly lower in T9/OVX/
PTHþE2 compared to T9/Sham (P< 0.05,
Table II). In contrast, Ob.S/BS was similar in
T9/Sham control compared to the T9/OVX/
PTHþE2 treatment group. However, in OVX
mice, T9/OVX/PTH and T9/OVX/E2 signifi-
cantly increase % Ob.S/BS (Table II).

Mean serum osteocalcin levels after PTHþ
E2 treatment (172� 36 ng/ml) were signifi-
cantly higher than OVX (P< 0.05), and Sham
control animals (P< 0.001) at 9 weeks. In
addition, the osteocalcin levels in the combined
PTHþE2 treatment was significantly higher
than the mean serum level after E2 treatment

TABLE II. Osteoblast and Osteoclast Surfaces and Osteocalcin Data at 9 Weeks (T9)a

Parameter T9/SHAM T9/OVX/VEH T9/OVX/PTH T9/OVX/E2 T9/OVX/PTH&E2

Ob.S/BS (%) 15.5� 4.7 19.6�7.7 41.9� 6.8* 27.9� 11.3*** 17.1� 6.8
Oc.S/BS (%) 3.6� 0.9 3.0� 2.1 6.7�4.4** 4.9� 2.8 1.6�1.0****
Osteocalcin (ng/ml) 114� 17 137�31 231� 76 110� 26 172� 36

aOb.S/BS (%), osteoblast surface/bone surface; Oc.S/BS (%), osteoclast surface/bone surface. Osteoblast (Ob.S/BS) and osteoclast (Oc.S/
BS) surfaces (%) in distal femoral metaphyseal trabecular bone as well as osteocalcin data (ng/ml) of 9-week sham OVX (T9/SHAM),
OVX-vehicle treated (T9/OVX/VEH),OVXPTH-treated (T9/OVX/PTH),OVXE2-treated (T9/OVX/E2), andOVXPTHþE2-treated (T9/
OVX/PTHþE2) Swiss-Webster mice. Plus-minus values represent themean� standard deviation. Groups were compared by ANOVA
with post-hoc Fisher least significant difference (LSD) method. All P-values are two-tailed.
*P<0.001 versus T9/SHAM and T9/OVX/PTH.
**P<0.001 versus T9/OVX/VEH and T9/OVX/PTH.
***P<0.05 versus T9/SHAM and T9/OVX/E2.
****P<0.05 versus T9/SHAM and T9/OVX/PTHþE2.
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(P< 0.001) and significantly lower than after
PTH treatment (P< 0.01, Table II).

Synergistic Effects
of the Combination Treatment

As in many experiments involving 2�
2 factorial designs, we examined themagnitude
and direction for individual and combined
treatment effects of PTH and E2 on trabecular
bone obtained by mCT measurements. Com-
pared to OVXmice, BV/TV was increased 3-fold
by PTH treatment and 8-fold by E2 treatment.
The combination treatment of PTHþE2 pro-
duced an increase in BV/TV of greater than
16-fold. This is illustrated by the interaction
plot in Figure 2A, where the significant F-test
(P< 0.01) signifies nonparallel lines. As evident
by the empirical data shown in this figure, OVX-
vehicle animals had a mean BV/TV level of 4%,
whereas those treated with PTH had 14%
(dashed line). Estrogen treatment alone was
associated with a BV/TV level of 34%, whereas
animals that received the PTHþE2 combina-
tion exhibited a mean level of 65% (solid line).

Tb.Th increased 1.3-fold by PTH treatment
and 2.2-fold by E2 treatment. The combination
treatment of PTHþE2 produced an increase in
Tb.Th of 3.7-fold. The F-test (P¼ 0.015) in
Figure 2B represents a significant difference
in slopes (lack of parallelism). In the case of
Tb.Sp, PTH treatment showed a decrease of 1.5-
fold, whereas E2 showed a decrease of 1.6-fold.
The combination treatment of PTHþE2 pro-
duced a decrease of 1.8 fold. Unlike in the
previous interaction plots, the solid line repre-
senting estrogen is at the bottom, whereas the
dashed line representing no estrogen is at the
top. Thehighly significantF-test (P< 0.001) can
be appreciated by the nonparallel slopes of the
two lines (Fig. 2C).

Although the differences in magnitude for
Tb.N among the different treatments is subtler
than the effects on other trabecular parameters,
the combination therapy still reached synergy
(F-test,P¼ 0.02). PTH treatment alone doubled
the mean level for Tb.N (2.8 mm�1) compared
to the Tb.N in OVX-vehicle treated mice
(1.4mm�1, dashed line).E2 treatment increased
the mean level of Tb.N 2.6-fold (3.6 mm�1), and
the combined treatment of PTHþE2 (solid line)
increased it bynearly 3-fold (4.1mm�1, Fig. 2D).

Genes Regulated by PTH or E2
Treatment in Bone

For PTH or E2 transcriptional profiling
studies, Swiss-Webster mice underwent the
same OVX protocol described in Figure 1.
Femurs were excised from experimental ani-
mals after 4, 11, or 24days ofPTH(80mg/kg/day)

Fig. 2. Interaction plots presenting the empirical data for
individual and combined treatments of PTH and estrogen on
trabecular bone. Effects are shown for (A) trabecular bone
volume density (BV/TV), (B) trabecular thickness, (C) trabecular
spacing, and (D) trabecular number. Each plot contains two lines:
one corresponding to the presence of estrogen (solid line) and the
other to no estrogen (dashed line). Presence or absence of PTH is
given on the x-axis. The symbols at the end of each line denote
means. As shown by the non parallel lines in each plot, synergy
was achieved for all the illustrated outcome parameters.

Fig. 3. Oc.N/BS in femoral distal metaphyseal trabecular bone
of Swiss-Webster mice. Groups were compared by ANOVA with
post-hoc Fisher least significant difference (LSD) method. All P-
values for all 9-week control and treatment groups are two-tailed.
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or E2 (500 mg/week) treatment, and separated
into metaphyseal and diaphyseal compart-
ments. For this initial analysis of microarray
data, we employed strict criteria for inclusion in
this candidate gene list, which were as follows:
(1) all candidates had an absolute signal
intensity >0.5 (where 1.0 is the median signal
intensity on the chip); this criterion excludes
low intensity gene signals that may exhibit
large changes in regulation due to low baseline
signal/noise values, (2) all candidate geneswere
required to exhibit at least a 2-fold upregulation
at all timepoints and at both the femoral
metaphysis and diaphysis bone sites; this
additional criterion excludes gene candidates
that may only be upregulated in either the
metaphysis or diaphysis at a specific time-
point—thus our analysis may have dropped
several important early-intermediate regulated
genes, but also excludes false positives that
were not found to be regulated atmore than one
bone site or experimental timepoint. Figures 5
and 6 show a partial list of regulated genes of
interest for PTH and E2, respectively. Among
the PTH-regulated genes listed are vitamin D
receptor, Rank ligand, and Cathepsin K. For E2
regulated genes, several intriguing candidates
were consistently upregulated at all timepoints
and in both metaphysis and diaphysis, includ-
ing Bcl2-associated Bag3 (an anti-apoptotic
protein), BMP1 and BMP8a, cyclin D1, PTHR1,
and cathepsin L.

In order to verify the results obtained from
this iterative microarray analysis, the mRNA
levels of four regulated genes were analyzed
using real-time PCRandRNA from either PTH-
or E2-treated metaphysis at 4, 11, and 24 days.
Gene expression was measured by TaqMan
real-time PCR. Figures 5 and 6 show Taqman
results from PTH and E2 treated metaphyseal
RNA, respectively. Metaphyseal RNA samples
from PTH-treated mice consistently showed
elevated RNA levels of Rank ligand (RankL)
and vitamin D receptor (VDR) at all three
timepoints tested by real time Taqman PCR,
while PTHR1 and Rank RNAs showed no
altered expression as a result of PTH treatment
(Fig. 5). Metaphyseal RNA samples from E2-
treatedmice consistently showed elevated RNA
levels ofPTHR1at all three timepoints tested by
real time Taqman PCR, while RankL, VDR and
Rank RNAs showed no altered expression as a
result of E2 treatment (Fig. 6).

We next examined a subset of common genes
that were upregulated in response to either
PTH or E2 treatment in the distal metaphysis
(Fig. 7). Criteria for inclusion in this list of
common genes were identical to that listed
above. Microarray data from metaphyseal bone
RNAafter E2 treatment indicated that a total of
816 genes were significantly upregulated at all
three timepoints examined, while PTH treat-
ment increased gene expression of 440 genes.
Of these, 65 genes were upregulated by both

Fig. 4. 3-D mCT images (top, bar¼1 mm) and photomicrographs (bottom, Mason–Goldner Trichrome
and Bierbrich Scarlet) of equivalent regions of distal femoral metaphyseal trabecular bone of 9 week Sham,
OVX-VEH-treated, OVX PTH treated, OVX E2 treated, and OVX PTH & E2 treated Swiss-Webster mice.
Photomicrographs were taken in the same region below the epiphysial growth plate (bottom). Images
were obtained from animals with median cancellous BV/TV values. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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treatments, 20 of them of unknowns or of un-
known function. These common genes repre-
sent a small fraction of the total genes
upregulated by E2 (15%) or PTH (8%). We
hypothesized that many of these loci will
represent bone matrix structural proteins that
make up nascent osteoid, and other functional
proteins critical for newbone formation, regard-
less of the anabolic treatment. Figure 7 displays
these data—categorized by cellular location—
aswell as a list of known structure proteins that
are found to be commonly upregulated by either
PTH or supraphysiologic E2 administration.

DISCUSSION

The aim of this study was to investigate the
effects of a PTH and E2 combination treatment
in OVX Swiss-Webster mice compared to either
of the treatment regimes alone, and to docu-
ment changes in gene expression bymicroarray
analysis after PTH or E2 administration. The
most important findings of this study revealed,

(1) a combination treatment resulted in a
marked overall increase of cancellous bone and
(2) this treatment regimen exhibited synergistic
effects, indicating that the combination therapy
produced a significantly greater result than
would be expected from adding together their
separate effects.

Weselected theSwiss-Webster outbred strain
over other strains for its substantial amount of
trabecular bone in its femoralmetaphyses and a
quantifiable loss of both cancellous and cortical
bone within 4–5 weeks following OVX [Bain
et al., 1993]. Using this model, we have consi-
stently observed bone loss associated with
increased osteoclast numbers within 1-week
post-OVX. This increase in osteoclast activity
results in the marked bone loss observed at
5 weeks. Osteoclast numbers decline to Sham-
OVX control levels by 9 weeks postoperatively,
when further bone loss is minimal, and are
unaffected by the intermittent PTH treatment.
The changes in osteoclast numbers and bone
loss are similar to results found in post-OVX

Fig. 5. Microarray data and real-time Taqman PCR of specific
gene targets from PTH-treated metaphysis. Based on microarray
results shown above, RANKL and VDR were predicted to be
upregulated by PTH, a finding confirmed by Taqman PCR.
PTHR1 and RANK were also examined by Taqman as controls,
because there was no evidence of regulation of either gene in

microarrays, a finding also confirmed by PCR.Taqman results
are expressed as relative expression intensity. Dashed lines
represent QPCR data from vehicle-treated animals, while solid
lines represent E2-treated animals. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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follow-up in rats [Li et al., 1997; Baldock et al.,
1998].
Overall, the Swiss-Webster mouse model is

consistent with results obtained from studies in
other rodents and humans [Dempster et al.,
1993; Lindsay et al., 1997; Shen et al., 2000]. In
this study, we show that the increase in
trabecular bone volume density in this model
after combination therapy consists of both, a
doubling of Tb.N (�100%) and to a lesser degree
an increase of Tb.Th (�33%). The increases in
Tb.Th and Tb.N suggest that the anabolic effect
of PTH is brought about by both thickening and
further tunneling of existing trabeculae and the
resultingamplification of the trabecular density

appears to occur consequent to large increases
in osteoblast number and activity. Reported
findings in humans also revealed a similar
increase in Tb.N, however, no change or even
a small decrease in Tb.Th [Reeve et al., 1980;
Hodsman et al., 2000]. These results are in
contrast to the rescue of trabecular bone volume
density in rats, where it is mainly attributable
to an increase in Tb.Th (�100% reversal) [Meng
et al., 1996]. Another important feature of this
mouse model is the effect of PTH action on
cortical bone, again providing striking simila-
rities between this animal model and findings
in humans [Cann et al., 1999]. We observed a
decrease ofCt.%MV inT9/OVX/PTHmicewhen

Fig. 6. Microarray data and real time Taqman PCR of specific
gene targets from E2-treated Metaphysis. Based on microarray
results, PTHR1, RANKL, VDR, and RANK were examined by
Taqman. RANKL, VDR, and RANK were used as controls, and
were examined by Taqman because there was no consistent
regulation of either gene in microarrays in all timepoints
examined, a finding also confirmed by PCR. However, note the
upregulation of both RankL and VDR at 24 days E2 treatment.

This finding is consistent with microarray results, which showed
increases in gene expression of both genes only at 24 days (data
not shown). Taqman results are expressed as relative expression
intensity. Dashed lines represent QPCR data from vehicle-treated
animals, while solid lines represent E2-treated animals. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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compared toT9/OVX/VEHanimals, while at the
same time cortical thickness and overall cortical
volume increased by the same magnitude.
Taken together, the Swiss-Webster mouse
model employed in this study closely resembles
the findings in humans. Nevertheless, neither
the rat or mouse models display cortical haver-
sian remodeling as it is seen in humans.

The unique effect of supraphysiologic estro-
gen treatment on long bones in mice, leading to
an osteosclerosis-like appearance of the medul-
lary cavity, has been described in several stu-
dies [Bain et al., 1993; Samuels et al., 1999].
Suchadegree of cancellous bone formation after
estrogen administration in mammals has only
been observed in mice [Simmons, 1966], and
then only when the dose of E2 administered
exceeds physiological relevant levels by more
than a factor of 100. The effect of estrogen on
bone in rats is limited to cancellous bone, occurs
at much lower doses and decreases with age in
contrast to the effect of estrogen inmice [Turner
et al., 1999]. The dose of 500 mg/week E2 in this
study was based on previous studies of Swiss-
Webster mice reporting maximal stimulation of
bone formationwith this dose [Bain et al., 1993],

with the hypothesis that such a supraphysiolo-
gic dosewould causemaximal stimulation ofE2-
regulated gene expression. At the same time, by
employing such a treatment the rate of bone
resorption in OVX animals decreased and the
rate of bone formation increased to a level
equivalent of that seen in Sham-operated
animals. The findings in our study are in good
agreement with results reported by Bain et al.
[1993] where all parameters of full and cancel-
lous bone in the E2-treated animals reached or
even surpassed the level of Shamcontrols,while
the cortical parameterswere almost identical in
these two groups.

The mechanisms responsible for the remark-
able effects of estrogen on bone in some animal
models have been a matter of intense debate.
One issue has been whether the anti-resorptive
activity of estrogen can be considered a major
factor in the estrogen induced bone formation in
growing mice, [Simmons, 1966]. In contrast to
studies in rats [Westerlind et al., 1993; Sims
et al., 1996], we found a significant effect of
estrogen on osteoblast perimeter (80% increase
of Ob.S/BS in E2-treated compared to Sham-
treated animals), a doubling in BFR (data not

Fig. 7. Comparison of gene expressionpatterns at the distal femoral metaphysis for both PTH and E2-treated
mice reveals a distinct subset of genes upregulated by both anabolic treatments.P is the probability index that
such an overlapping pattern would occur randomly. A list of 35 known genes included in the common loci
are listed on the right.

486 von Stechow et al.



shown) and a small, nonsignificant decrease in
serum osteocalcin (P> 0.05). However, target
cells and the role of estrogen in mediating the
induction of bone formation in mice was not
determined.
While physiologic serum levels of E2 clearly

impact bone homeostasis by inhibiting bone
resorption,much of itsmode of action is likely to
be receptor-mediated locally in osteoblast and
stromal cell types. Estrogen has been shown to
downregulate programmed apoptosis in osteo-
blasts at least in part by preventing the down-
regulation of bcl-2 levels seen after OVX [Gohel
et al., 1999]. One model of E2þPTH anabolic
action hypothesizes that E2 prolongs the cellu-
lar half-life of osteoblasts that are then further
stimulated by intermittent PTH treatment. The
majority of this regulation is presumed to be
mediated via two intracellular estrogen recep-
tors, ERa and ERb, both members of the steroid
receptor superfamily, which are encoded by
separate genes located on different chromo-
somes. The expression of each ER isoform
appears to be differently regulated during
osteoblast differentiation [Bland, 2000]. Ishiba-
shi et al. [1998] reported decreases of ERb
mRNA expression in MC3T3-E1 cells during
osteoblast maturation, while ERa is correlated
with increasing osteoblast differentiation in rat
calvarial cells [Bodine et al., 1998]. The findings
in human SV-HFO cells differ in that higher
expression of ERb is seen with increased
differentiation, with mRNA levels of ERa
remaining relatively constant [Arts et al., 1997].
In the combination PTHþE2 treated ani-

mals, the augmentation of trabecular bone was
due to an overall increase in BV/TV, almost
doubling the effect of E2 and increasing nearly
6-fold compared to PTH treatment. These mice
exhibited enhanced Tb.Th as well as TbN, of
which the latter is not seen in rats. In addition,
the combination treatment caused a significant
increase in Ct.Th. This finding differs from
reported rat data, where Ct.Th is increased at
the expense of an �15-fold increase of cortical
porosity when compared to OVX vehicle treated
animals [Zhou et al., 2001]. There is some
evidence in the literature that an interaction
between PTH and estrogen exists in osteoblasts
[Rao et al., 1994; Kudo et al., 1995], however the
underlying mechanism has not been defined.
For example Nasu et al. [2000] have demon-
strated that PTH stimulates alkaline phospha-
tase (ALP) activity and collagen synthesis

by osteoblasts only after pretreatment with
E2. The synergistic effects of the PTHþE2
combination treatment in this study indicate
that this could be a promising modality for
future treatments of osteoporosis. Clearly how-
ever, this treatment regimen requires further
investigation.

In this study, transcriptional profiling has
identified a short list of important regulatory
proteins, and real-time PCR is in agreement
with microarray analysis. Among the PTH-
regulated genes listed are c-fos, vitamin D
receptor, Phex, Rank ligand, and Cathepsin K
[Müller et al., 1998; Balto et al., 2000]. The
protooncogene c-fos and other activating pro-
tein 1 family members are critical transcrip-
tional mediators in bone, and knockout mice
(c-fos �/�) fail to respond to intermittent PTH
[Fujita et al., 2002]. There is also ample in vitro
evidence that PTH increases expression of VDR
andRANKL[Hueninget al., 2002;Locklin et al.,
2003]. For E2 regulated genes, several intri-
guing candidates were consistently upregu-
lated at all timepoints and in both metaphysis
and diaphysis, including Bcl2-associated Bag3
(an anti-apoptotic protein) [Gohel et al., 1999],
BMP1 and 8a, cyclin D1, PTHR1, and cathepsin
L. In primary OBs derived from transgenic rats
harboring a dominant negative ER mutant,
cyclin D1 and D2 mRNAs are downregulated
when compared with wildtype littermates,
suggesting a role for E2 in regulating cyclins,
and potentially OB proliferative rates [Fujita
et al., 2002].

Taking into account the mouse-specific
response to estrogen and the fact that the OVX
rat animal model traditionally has been the
most commonly used in vivo model for evaluat-
ing anti-osteoporotic activity of both anabolic
and anti-resorptive agents, questions regarding
the relevance of an OVX mouse model arise.
Although thenumber of studies in the literature
involving OVX mice is still rather small, they
consistently report bone loss and an increase in
bone resorption following OVX, similar to the
bone loss seen in estrogen-depleted women.
Furthermore, in contrast to the rat model, the
availability of numerous outbred mouse strains
with differences in peak bone mass and their
susceptibility to bone loss following OVX, offer
unique opportunities to study the polygenic
nature of osteoporosis. In addition, genemanip-
ulation and homologous recombination (knock-
out) technologies have beenused extensively for
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the study of genes involved in the pathogenesis
of, and potential therapies for, osteoporosis
[Kong et al., 1999; Ducy et al., 2000; Montero
et al., 2000]. This OVX Swiss-Webster mouse
model offers an opportunity to introduce genetic
modifications into a valid animal model for
osteoporosis, thus enabling investigation of
possible molecular mechanisms involved in the
effect of anabolic and anti-resorptive agents on
the osteoporotic skeleton.

By examining site-specific transcriptional
regulation at several timepoints over the course
of PTH or E2 treatment, we have begun to
catalog a more complete description of critical
genes regulated during osteoblast and osteo-
clast differentiation, with the ultimate goal of
identifying novel osteoblast-specific genes and
critical regulators of the observed anabolic
growth of bone. Our profiling results thus far
confirm that important bone regulatory mole-
cules, such as vitamin D receptor (VDR),
RANKL, PTHR1, AP-1 and cathespinK, exhibit
upregulation in vivo in response to these
treatments. These findings have been confirm-
ed for a subset of identified genes by subsequent
real-time PCR. These data increase our con-
fidence that such a strategy can be used to build
a physiologically relevant picture of the multi-
tude of regulatory pathways involved in ana-
bolic bone growth.
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