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Abstract The hypoxia-inducible factor-1a (HIF-1a)/

vascular endothelial growth factor (VEGF) pathway is

involved in skeletal development, bone repair, and post-

menopausal osteoporosis. Inhibitors of prolyl hydroxylases

(PHD) enhance vascularity, increase callus formation in a

stabilized fracture model, and activate the HIF-1a/VEGF

pathway. This study examined the effects of estrogen on

the HIF-1a/VEGF pathway in osteoblasts and whether

PHD inhibitors can protect from bone loss in postmeno-

pausal osteoporosis. Osteoblasts were treated with estro-

gen, and expressions of HIF-1a and VEGF were measured

at mRNA (qPCR) and protein (Western blot) levels. Fur-

ther, osteoblasts were treated with inhibitors of the phos-

phatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)

pathway, and levels of VEGF mRNA and protein expres-

sion were detected. In addition, ovariectomized rats were

treated with PHD inhibitors, and bone microarchitecture

and bone mechanical strength were assessed using micro-

CT and biomechanical analyses (lower ultimate stress,

modulus, and stiffness). Blood vessel formation was mea-

sured with India Ink Perfusion and immunohistochemistry.

Estrogen, in a dose- and time-dependent manner, induced

VEGF expression at both mRNA and protein levels and

enhanced HIF-1a protein stability. Further, the estrogen-

induced VEGF expression in osteoblasts involved the

PI3K/Akt pathway. PHD inhibitors increased bone mineral

density, bone microarchitecture and bone mechanical

strength, and promoted blood vessel formation in ovari-

ectomized rats. In conclusion, estrogen and PHD inhibitors

activate the HIF-1a/VEGF pathway in osteoblasts. PHD

inhibitors can be utilized to protect bone loss in postmen-

opausal osteoporosis by improving bone vascularity and

angiogenesis in bone marrow.
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Introduction

Osteoporosis is characterized by an imbalance between

bone resorption and bone formation, both occurring in bone

multicellular units (BMU) [1, 2]. In each BMU, blood

supply and bone vascularity play an important role for bone

metabolism. Decreased bone formation and bone mass are

associated with insufficient or inappropriate blood vessels

in and around the bone [3]. New vessels are involved in

osteogenesis, and intramembranous and endochondral bone

formation process [4]. Postmenopausal and senile osteo-

poroses are associated with decreased skeletal blood flow

[5], reduced capillary networks [6] and impaired endothe-

lial function of the vessels in bone [7].

The hypoxia-inducible factor-1 (HIF-1) is a heterodi-

meric transcription factor consisting of inducible a and

constitutively expressed b subunits. This transcription

factor is best known for regulating the expression of vascular

endothelial growth factor (VEGF) and a wide range of other

genes in response to hypoxia [8]. The HIF-1a/VEGF
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pathway can induce osteogenesis and angiogenesis during

skeletal development [9] and increase bone vascularity and

regeneration during bone repair [10]. Activation of the

HIF-1a/VEGF signaling pathway in osteoblasts may pre-

vent the bone loss and decrease of blood vessels in bone

marrow induced by estrogen deficiency [11]. Therefore, the

HIF-1a/VEGF pathway is not only involved in skeletal

development and bone repair, but also in postmenopausal

osteoporosis.

HIF-1a is rapidly degraded under normoxic conditions.

This degradation is biochemically defined by hydroxyl-

ation of proline residue by one of three HIF prolyl

hydroxylases (PHD), the process requiring oxygen, iron,

and 2-oxyglutarate as cofactors [12]. Small molecule

inhibitors of PHD can be used to block HIF-1a degradation

and thereby activate the pathway. In general, these mole-

cules interfere with the required cofactors for PHD as

either iron chelators (e.g., desferrioxamine, DFO) or

2-oxyglutarate analogues (e.g., dimethyloxalylglycine,

DMOG), L-mimosine (L-mim) [13–15]. PHD inhibitors

enhance vascularity, increase callus formation in a stabi-

lized fracture model, and increase HIF-1a and VEGF

activation in vitro [16]. In the present study, we examined

whether PHD inhibitors can also increase vascularity and

protect from bone loss caused by estrogen deficiency in

ovariectomized rats.

Estrogen activates the phosphatidylinositol 3-kinase

(PI3K)/protein kinase B (Akt) pathway in target cell. Inhi-

bition of either PI3K/Akt activity or p130 Cas expression

blocks the estrogen-induced cyclin D1 expression in breast

cancer cells [17, 18]. Estrogen activation of the PI3K/Akt

pathway has also been shown to protect cultured neurons

from glutamate-induced apoptosis [19]. Osteoblasts are one

of the target cells for estrogen, as estrogen can modulate

osteoblast activity in vitro by direct receptor-mediated

mechanism [20]. In addition to the afore-mentioned study

objective, we examined whether estrogen can also activate

the PI3K/Akt signaling pathway in osteoblasts, and how the

HIF-1a/VEGF and PI3K/Akt pathways are involved in

VEGF expression modulated by estrogen.

Materials and Methods

Osteoblast Culture

Osteoblasts were isolated from calvarias of newborn

Sprague–Dawley rats obtained from Laboratory Animal

Center, Si Lai Ke Co., Ltd. (Shanghai, China) by serial

digestion in 0.2 mg/ml collagenase type I (Worthington,

Lakewood, LA, USA). Digestions 3–5 containing the

osteoblasts were centrifuged, washed with a-minimal

essential medium (a-MEM; Mediatech, Herndon, VA,

USA) containing 10 % fetal bovine serum and 1 % peni-

cillin/streptomycin, and cultured for 48 h at 37� C. All

procedures involving mice were approved by the Institu-

tional Animal Experiment Committee of Shanghai Jiaotong

University School of Medicine.

E2 Treatment

Primary osteoblasts from rat calvarias were cultured under

21 % O2 to 80–90 % confluence and treated with estradiol

(E2) at different concentrations (0, 10-9, 10-7, or 10-5 M).

After 24 h of treatment, total RNA was extracted using

Trizol (Invitrogen, Carlsbad, CA, USA).

Expression of HIF-1a and VEGF mRNAs was quanti-

fied by qPCR as described below. Protein was extracted

using the NE-PER kit (Pierce, Rockford, IL, USA)

according to the manufacturer’s instructions. The HIF-1a
and VEGF protein expression were detected using Western

blot, as described below.

Osteoblasts were also treated with E2 at 10-7 M for 0, 6,

12, or 24 h to examine time-dependent changes of the

effect of E2 on HIF-1a, VEGF mRNA, and protein

expressions. To study the involvement of the PI3K/Akt

pathway in the E2-induced VEGF expression, osteoblasts

were treated with E2 (10-7 M) in the presence or absence

of signaling inhibitors (25 lM LY294002 or 20 lM

wortmannin, both from Sigma-Aldrich, St. Louis, MO,

USA), and VEGF mRNA and protein expression were

quantified with, respectively, qPCR and Western blot.

qPCR

The SuperScript first-strand synthesis Reverse Transcrip-

tion (RT) kit (Invitrogen) was used to synthesize cDNA,

which was subsequently amplified by qPCR. Primers were

designed to yield 150–250 bp sequences within the coding

sequences of VEGF and b-actin. The primer sequences

were as follows: HIF-1a forward 50-GAAGACAACGCGG

GCACCGA-30, reverse 50-TGCTTCGCCGAGATCTTGC

TGC-30, VEGF forward 50-CCCGGGCCTCGGTTCCAG-30,
reverse 50-GTCGTGGGTGCAGCCTGGG-30, and b-actin

forward 50-TTCGTTGCCGGTCCACACCC-30, reverse 50-G
CTTTGCACATGCCGGAGCC-30. For qPCR, we utilized

SYBR Green kit (Applied Biosystems, Hercules, CA, USA)

and RG-3000 qPCR machine (Corbett Research, Cambridge,

UK). Reaction conditions were optimized for each of the

genes by varying the annealing temperature (50–55 �C) and

cDNA load (1–5 ng/reaction).

Western Blot Analysis

Protein concentrations were determined using BCA assay

kit (Pierce). Primary monoclonal antibodies against HIF-1a
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(Novus Biologicals, Inc, Littleton, CO, USA), VEGF

(R&D Systems, Minneapolis, MN, USA), and b-actin

(Abcam, Cambridge, UK) were used in conjunction with

secondary fluorescence-conjugated goat anti-mouse IgG

antibodies (Cell Signaling Technologies, Boston, MA,

USA). Equal amounts of protein (20 lg) were resolved on

10 % SDS-PAGE and transferred onto a PVDF membrane.

Blots were incubated in blocking buffer (TBST with 10 %

nonfat milk) for 3 h at room temperature with agitation,

followed by the addition of the primary antibody diluted in

blocking buffer as recommended by the manufacturer. The

blot was incubated overnight at 4 �C with agitation. The

Odyssey fluorescent scanning system (Odyssey LI-COR

Inc., Lincoln, OR, USA) was used to visualize the bands.

Rats and Treatments

Three-month-old female rats were divided randomly into

three groups: saline group (bilaterally ovariectomized and

supplemented with saline; n = 24), DFO group (bilater-

ally ovariectomized and supplemented with DFO,

n = 24), and DMOG group (bilaterally ovariectomized

and supplemented with DMOG, n = 24). For interven-

tions, rats were intraperitoneally injected with, respec-

tively, 20 lL of saline, DFO (200 lM), or DMOG

(500 lM) [16]. The injections were carried out for

5 days/week. After 12 weeks of treatment, the rats were

euthanized by overdose with pentobarbital sodium. After

that, the femur and tibiae were isolated for subsequent

studies.

Micro-computed Tomography (Micro-CT)

Micro-CT analysis was performed on the distal femur [21]

using Lotus SP imager (GE Medical System, London, UK)

with an X-ray tube voltage of 70 kV and a current of

100 A, with a 1 mm aluminum filter. Fixed right femurs

were located in cylindrical sample tubes and scanned with

micro-CT. Three-dimensional analyses were carried out.

For each sample, bone mineral density (BMD) as well as

trabecular structural parameters, such as bone volume per

total volume (BV/TV), trabecular thickness (Tb.Th), tra-

becular number (Tb.N), and trabecular separation (Tb.Sp),

were measured within a region of 100 scan slices

(3,200 lm) proximal to the growth plate at the distal ends

of the femur.

Immunohistochemistry

Tibiae sections were quenched with 3 % hydrogen per-

oxide for 15 min to reduce endogenous peroxide activity

and blocked with 3 % normal goat serum in Tris-buf-

fered saline. The sections were then incubated with

rabbit anti-rat CD31 polyclonal antibodies (Santa Cruz

Biotechnology, Dallas, TX, USA) at 4 �C overnight,

followed by biotinylated secondary antibodies and the

peroxidase-labeled streptavidin–biotin staining kit (DAB

kit, Invitrogen). The slides that were not incubated with

secondary antibody were used as negative controls. The

number of CD31 positive cells within four visual fields

of each slice of tissue under light microscope was

counted with LEICA QWIN Software by a systematic

random-sampling [22].

India Ink Perfusion of Bone

To quantify the vessel numbers in metaphyseal zone, we

perfused rats with India ink as previously described [23]. In

brief, rats were anesthetized with 2.5 % pentobarbital

sodium and placed supine on a dissecting stage. Blood was

cleared by inserting a catheter into the left ventricle and

washed with heparinized saline followed by India ink

perfusion (Speedball 3398, Hunt Manufacturing, States-

ville, NC, USA). All perfusions were performed at a

pressure of 90–100 mmHg and continued until all rat tis-

sues appeared dark. The tissues were then infused with a

4 % paraformaldehyde solution (20 mL) to fix the vascu-

lature. Following perfusion, the distal femurs were resected

and fixed in 10 % buffered formalin for 48 h, decalcified in

10 % EDTA (pH 7.0) for 20 days, and embedded in par-

affin. The 5-lm thick cross sections of the femur metaph-

ysis zone were obtained for eosin staining. The blood

vessel numbers in the metaphysis zone were quantified in a

blinded manner according to established methods descri-

bed previously [24].

Biomechanical Analyses

Femurs were thawed at room temperature, and three-point

bending of the right femora was carried out by an Instron

5569 materials testing machine (Instron, Norwood, OH,

USA). The femur was placed with the posterior side

facing down between two supports that were 6 mm apart.

The load was applied at the mid-span which caused

bending to occur near the anteroposterior axis. Load–

displacement curves were recorded at a crosshead speed

of 1 mm/s.

Statistical Analysis

All values are expressed as mean ± SD. The Graphpad

PRISM version 4.0 (GraphPad Software, Lo Jolla, CA,

USA) was used for analyses, and intergroup variance was

evaluated by one-way ANOVA. Differences with the

p value of less than 0.05 were considered statistically

significant.
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Results

E2 Induces HIF-1a and VEGF Expression

in Osteoblasts in a Dose- and Time-Dependent Manner

To explore possible relationship between estrogen and the

HIF-1a/VEGF pathway, osteoblasts were cultured and

treated with increasing E2 concentrations (0–10-5 M) for

24 h, or with a fixed concentration (10-7 M) for different

periods of time (0–24 h). Results showed that E2 increased

HIF-1a protein stability and VEGF protein expression in a

dose- (Fig. 1a) and time-dependent (Fig. 1c) manner. With

regard to mRNA level, E2 was able to also increase VEGF

mRNA expression in a dose- and time-dependent manner,

while HIF-1a mRNA expression was not changed (Fig. 1b

and d). This meant that E2 acts by inhibiting HIF-1a protein

degradation rather via induction of expression of its mRNA.

The E2-Induced VEGF Expression in Osteoblasts is

Mediated by PI3K/Akt Pathway

After we observed that E2-induced VEGF expression in

osteoblasts in a dose- and time-dependent manner, we

further studied whether this involved the PI3K/Akt path-

way. As shown in Fig. 2, VEGF mRNA and protein levels

were significant up-regulated after E2 treatment. Inhibition

of the PI3K/Akt pathway via pre-treatment of osteoblasts

with inhibitor LY294002 significantly decreased VEGF

mRNA and protein expression levels. Similar to

LY294002, wortmannin also blocked the E2-induced

VEGF expression. These results demonstrated that the

PI3K/Akt pathway is involved in the E2-induced VEGF

expression. Further, blocking of the PI3K/Akt pathway

with LY294002 and wortmannin was capable of inhibiting

the E2-induced VEGF expression in osteoblasts.

PHD Inhibitors Protect from the Ovariectomy-Induced

Bone Loss

To examine bone mass and trabecular architecture, the

femurs of all groups were compared by three-dimensional

measurement using micro-CT. We observed that the bone

mass and architecture in the saline group deteriorated after

12 weeks, while these indices were better in the DFO and

DMOG groups (Fig. 3a). BMD, an important indicator of

bone mass and architecture, was significantly (p \ 0.05)

Fig. 1 E2 induces HIF-1a and VEGF protein expression in a dose-

and time-dependent manner. Primary osteoblasts from rat calvarias

were cultured and treated with different concentrations of E2.

a Western blot analysis demonstrates that E2 induces HIF-1a protein

stability and VEGF protein expression in a dose-dependent manner.

b Real-time PCR analysis demonstrates that VEGF mRNA expression

was changed in a dose-dependent manner after the 24 h treatment

with increasing E2 concentrations (0–10-5 M). However, HIF-1a
mRNA expression did not change. filled square VEGF, filled diamond

HIF-1a, *p \ 0.05 versus 0 M. c Western blot analysis demonstrates

that E2 induces HIF-1a protein stability and VEGF protein expression

in a time-dependent manner after treatment with 10-7 M for 0, 6, 12,

24 h. d Real-time PCR shows that VEGF mRNA expression is up-

regulated in a time-dependent manner after treatment with E2

(10-7 M). However, HIF-1a mRNA expression did not change. filled

square VEGF, filled diamond HIF-1a, *p \ 0.05 versus E2 treatment

at 0 h. Data are shown either as representative images or mean ± SD

of three independent experiments
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increased in both DFO and DMOG groups compared with

saline group (Fig. 3b). Consistent with these findings, tra-

becular BV/TV, Tb.Th, and Tb.N of the distal femur were

significantly (p \ 0.05) increased, whereas Tb.Sp was

significantly (p \ 0.05) decreased in the DFO and DMOG

group compared with the saline group (Fig. 3c–f).

PHD Inhibitors Induce CD31 Protein Expression

in Bone Marrow and Increase Bone Vascularity

Immunohistochemistry of sections of proximal tibia indi-

cated that CD31 protein expression in bone marrow was

markedly higher in the DFO and DMOG groups than in

saline group, where it was expressed at a relatively low

level (Fig. 4a). The quantitation further verified that the

observed differences in the number of CD31 positive cells

between the DFO and DMOG groups and saline group

were statistically different (p \ 0.05; Fig. 4c).

We further used India ink perfusion to assess the dif-

ference of bone vascularity in study groups. The blood

vessel number was increased in DFO and DMOG groups

(Fig. 4b); quantitation of blood vessels in metaphysis zone

of the femur further confirmed a significant increase in both

DFO and DMOG groups compared with saline group

(p \ 0.05; Fig. 4d).

PHD Inhibitors Protect from the Ovariectomy-Induced

Decrease in Mechanical Strength

The femoral mechanical properties were evaluated by the

three-point bending test after 12 weeks of treatment. All

femora displayed a load–displacement curve typical for a

long bone. As expected, saline group displayed weaker

mechanical properties of femurs reflected by lower ulti-

mate stress, modulus, and stiffness. By contrast, DFO and

DMOG treatments were effective in increasing the femoral

mechanical properties compared with saline group (Fig. 5).

Discussion

The skeleton is a dynamic organ in which mineralized bone

is continuously resorbed by osteoclasts and a new bone is

formed by osteoblasts. Osteoporosis is characterized by an

imbalance between bone resorption and bone formation,

which takes place in BMU [1, 2]. In this anatomically

discrete compartment, new osteoblasts appear only at sites

recently vacated by osteoclasts, a phenomenon called

‘‘coupling’’ [4]. The presence of vessels in the center of the

BMU is strategically well-suited for participation in cou-

pling. There is an increasing body of evidence implicating

the vasculature in the mechanism of coupling [25, 26]. In

postmenopausal women, histological analyses made on

osteoporotic bone of patients with primary osteoporosis

showed decreased numbers of arterial capillaries and

sinuses per unit area [3]. Moreover, expression of VEGF, a

major angiogenic stimulator, was found to be significantly

reduced in the bones of ovariectomized mice [27]. Several

risk factors for vascular diseases, such as hypertension,

diabetes, smoking, and alcoholism, are also associated with

osteoporosis suggesting that vascular component plays

a vital role in the pathogenesis of osteoporosis. Mice

with activated HIF-1a signaling pathway in osteoblasts

showed increased angiogenesis and osteogenesis and were

Fig. 2 The E2-induced VEGF

expression is mediated by the

PI3K/Akt pathway. Primary

osteoblasts from rat calvarias

were treated with PI3K inhibitor

(a, b: 25 lM LY294002, LY; c,

d: 20 lM wortmannin, Wort)

for 1 h before treatment with E2

(10-7 M) for further 24 h.

VEGF protein expression was

analyzed by Western blot

analysis (a and c), while VEGF

mRNA expression levels were

analyzed by real-time PCR

(b and d). Data in b are

presented as mean ± SD of

three independent experiments.

*p \ 0.05, **p \ 0.01. Data in

d are presented as mean ± SD

of three independent

experiments. *p \ 0.05,

**p \ 0.01
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protected from the ovariectomy-induced bone loss indi-

cating that activation of the HIF-1a signaling pathway in

osteoblasts prevented the estrogen deficiency-induced bone

loss and decrease in blood vessels in bone marrow [11].

DFO and DMOG are the inhibitors of the PHD and can be

used to block HIF-1a degradation and thereby activate the

HIF-1a pathway [13, 14]. DFO and DMOG induce

expression of VEGF mRNA in marrow mesenchymal

stromal cells (MSCs) in vitro and increase capillary

sprouting in a stabilized fracture model in vivo. This sug-

gests that DFO and DMOG may increase vascularity and

bone formation following skeletal trauma [16]. In this

paper, we explored the effect of DFO and DMOG on

ovariectomized rats.

Our studies demonstrated that E2 induce VEGF mRNA

and protein expression and also increases the HIF-1a
protein stability in a dose- and time-dependent manner,

thus implicating estrogen as a key modulator of angio-

genesis. Estrogen exerts a significant protective effect on

the skeleton, and the loss of estrogen predisposes to the

development of postmenopausal osteoporosis [28]. Post-

menopausal and senile osteoporoses are associated with

decreased skeletal blood flow [5], reduced capillary net-

works [6], and impaired endothelial function of the vessels

in bone [7]. Estrogens stimulate VEGF expression in renal

tubular cells [29] and stromal endometrial cells [30].

Chromatin immunoprecipitation analysis demonstrated that

estrogen regulation of VEGF expression in the rat uterus

Fig. 3 PHD inhibitors protect from the ovariectomy-induced bone

loss. a Reconstructed 3D images in all groups of the trabecular bone

at the femur show that treatment with DFO and DMOG provided

better bone mass and trabecular architecture than treatment with

saline. b BMD in the DFO and DMOG groups was significantly

higher than in the saline group (*p \ 0.05). c–e Ratios of bone

volume per total volume (BV/TV), trabecular thickness (Tb.Th), and

trabecular number (Tb.N) in the DFO and DMOG groups were

significantly higher than in the saline group (*p \ 0.05). f Trabecular

separation (Tb.Sp) was significantly lower in the DFO and DMOG

groups compared with saline group (*p \ 0.05)
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involves rapid recruitment of both estrogen receptor-alpha

(ER-a) and HIF-1a to the VEGF promoter [31, 32]. In

ovariectomized Gottingen miniature pig model, VEGF

expression in trabecular is reduced and VEGF in the

supernatant of osteoblasts after incubation with estrogen is

increased [33].

Our study results also confirmed that the E2-induced

VEGF expression in osteoblasts was mediated by PI3K/Akt

pathway. Estrogen can activate the PI3K/Akt signaling

pathway in target cell, i.e., primary rodent neurons [19, 34]

and ER-positive human breast cancer cells [17, 19, 32–35].

In the uterus, estrogen can induce the activation of HIF-1a

Fig. 4 PHD inhibitors induce

CD31 protein expression in

bone marrow and increase bone

vascularity. a CD31 protein

expression in bone marrow was

higher in DFO and DMOG

groups compared with saline

group (immunohistochemistry

of sections of proximal tibia).

b Vascular numbers were

increased in the DFO and

DMOG groups as shown by

India ink perfusion of the

metaphysis zone of the femur.

c The number of CD31 positive

cells in the DFO and DMOG

groups were significantly

(*p \ 0.05) higher than in

saline group. d The number of

blood vessels in the DFO and

DMOG groups was significantly

(*p \ 0.05) higher than in

saline group

Fig. 5 PHD inhibitors protected from the ovariectomy-induced

decrease in mechanical strength. The femoral mechanical properties

were evaluated by the three-point bending test after 12 weeks of

treatment. Treatment with DFO or DMOG was significantly

(*p \ 0.05) more effective in increasing mechanical properties of

femoral modulus, stiffness, and ultimate stress compared with saline

group
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and up-regulate VEGF expression, as demonstrated by the

PI3K/Akt chromatin immunoprecipitation analysis [31,

32]. Estrogen activation of PI3K/Akt is also observed in the

rat and mouse endometrium, specifically, in the epithelial

cells in vivo [36]. Phospho-Akt levels are also the highest

in human endometrial glandular epithelial cells during the

late proliferative phase, when estrogen levels are the

highest [37]. Osteoblast is one of the target cells for

estrogen; our results further reveal that estrogen can also

activate the PI3K/Akt pathway.

We used ovariectomized rats to study effects of DFO

and DMOG on bone quality in a postmenopausal osteo-

porosis state. Ovariectomy was shown to successfully

induce menopause-like osteoporosis in female rats, and this

osteoporosis was characterized by rapid trabecular bone

loss [38]. The micro-CT results showed that DFO and

DMOG groups significantly increase BMD and bone

structural parameters at the distal metaphysic of femur.

Furthermore, mechanical quality of the bone was also

increased in DFO and DMOG groups. These experimental

results verified that PHD inhibitors can prevent the bone

loss in ovariectomy rats.

The expression of CD31, the endothelial cell marker,

was used to evaluate the angiogenesis in bone marrow [39].

Our results demonstrate that DFO and DMOG treatment

could increase the angiogenesis in bone marrow in ovari-

ectomy rats. Our findings also suggested that DFO and

DMOG treatment induce bone vascularity in ovariectomy

rats. A tentative mechanism of PHD inhibitors is linked to

their facilitation of bone vascularity and angiogenesis in

bone marrow.

Finally, our findings suggest that estrogen is associated

with the HIF-1a/VEGF pathway in osteoblasts and that

small molecule inhibitors of PHD can be utilized in pro-

tecting from the bone loss induced by estrogen deficiency

in postmenopausal osteoporosis. Our studies further high-

light the use of these compounds in postmenopausal oste-

oporosis as well as bone injury for which bone vascularity

is critical.
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