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ABSTRACT
Stimulation of bone formation by osteoinductive materials is of great clinical importance in spinal fusion surgery, repair of bone fractures,

and in the treatment of osteoporosis. We previously reported that specific naturally occurring oxysterols including 20(S)-hydroxycholesterol

(20S) induce the osteogenic differentiation of pluripotent mesenchymal cells, while inhibiting their adipogenic differentiation. Here we report

the characterization of two structural analogues of 20S, Oxy34 and Oxy49, which induce the osteogenic and inhibit the adipogenic

differentiation of bonemarrow stromal cells (MSC) through activation of Hedgehog (Hh) signaling. Treatment of M2-10B4MSCwith Oxy34 or

Oxy49 induced the expression of osteogenic differentiation markers Runx2, Osterix (Osx), alkaline phosphatase (ALP), bone sialoprotein

(BSP), and osteocalcin (OCN), as well as ALP enzymatic activity and robust mineralization. Treatment with oxysterols together with PPARg

activator, troglitazone (Tro), inhibited mRNA expression for adipogenic genes PPARg, LPL, and aP2, and inhibited the formation of

adipocytes. Efficacy of Oxy34 and Oxy49 in stimulating bone formation in vivo was assessed using the posterolateral intertransverse process

rat spinal fusion model. Rats receiving collagen implants with Oxy 34 or Oxy49 showed comparable osteogenic efficacy to BMP2/collagen

implants as measured by radiography, MicroCT, and manual inspection. Histological analysis showed trabecular and cortical bone formation

by oxysterols and rhBMP2 within the fusion mass, with robust adipogenesis in BMP2-induced bone and significantly less adipocytes

in oxysterol-induced bone. These data suggest that Oxy34 and Oxy49 are effective novel osteoinductive molecules and may be

suitable candidates for further development and use in orthopedic indications requiring local bone formation. J. Cell. Biochem. 112:

1673–1684, 2011. � 2011 Wiley-Liss, Inc.
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R epair of skeletal disorders through localized induction of

bone formation is of major clinical significance in orthopedic

procedures such as spinal fusion and repair of segmental defects and

bone fractures [Johnson and Urist, 2000; Mundy, 2002; Rodan and

Martin, 2002; Yoon and Boden, 2002]. Posterolateral lumbar spinal

fusion, in which new bone formation is induced between two or

more vertebrae, is a common surgical procedure used to manage

back pain associated with disc degeneration, herniated disc, and
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other lower back disorders when conservative measures have failed

or are inappropriate [Lipson, 2004; Hsu and Wang, 2008; Cahill

et al., 2009]. The current gold standard for stimulating bone

formation in spinal fusion is autogenous bone graft [Franceschi,

2005]. About 1.5million bone-grafting surgeries are performed in

the United States annually [Brown et al., 2006]. The use of

autogenous bone grafting is especially attractive since it increases

the rate of fusion and since non-fusion or incomplete fusion can

result in significant pain and a possible need for reoperation.

Although the use of autogenous bone grafting is successful in

increasing the rate of fusion, it is also associated with significant

donor-site morbidity, increased operative times, and blood loss

[Arrington et al., 1996; Vaccaro et al., 2002; Rihn et al., 2010]. In

addition to causing potential complications, the use of autogenous

bone grafting is not a suitable option for all patients, including those

undergoing extensive multilevel surgery in which the amount of

bone collected from a donor site is insufficient. Similarly, the use of

autogenous bone graft may not be effective in patients with medical

conditions that affect bone quality such as osteoporosis, Paget’s

disease, diabetes, and cancer. The prevalence of surgeries in which

bone grafts are used, and the limitations of using autogenous bone

grafts, have led to a significant interest in developing suitable

substitutes that induce bone formation when applied locally to areas

of bone defect [Vaccaro et al., 2002; Franceschi, 2005; Habibovic

and de Groot, 2007; Miyazaki et al., 2009b].

Bone morphogenic proteins (BMPs), members of the transforming

growth factor-beta (TGF-b) superfamily, have received particular

attention due to their potent osteoinductive properties [Zhu et al.,

2004; Bessa et al., 2008; Axelrad and Einhorn, 2009]. Currently,

recombinant human BMP2 (rhBMP2) and rhBMP7, are approved for

orthopedic clinical use in the United States [Gautschi et al., 2007;

Khosla et al., 2008]. Although these proteins have been proven in

clinical trials to significantly increase fusion rates comparable to

autogenous bone graft, their use can be limited by high cost and

potential adverse effects [Hsu and Wang, 2008; Axelrad and

Einhorn, 2009; Cahill et al., 2009; Glassman et al., 2010]. Recent

reports have demonstrated rhBMP2-induced inflammatory reac-

tions that are especially problematic in procedures involving the

cervical spine, with the risk of airway compromise and ectopic bone

formation [Hsu and Wang, 2008; Shahlaie and Kim, 2008; Axelrad

and Einhorn, 2009; Chen et al., 2010; Garrett et al., 2010]. In

addition, concerns about BMPs’ increasing potential risks of

carcinogenicity and teratogenicity have also been noted [Langenfeld

et al., 2003; Bieniasz et al., 2009; Gordon et al., 2009]. These

limitations have prompted the further investigation for safe and

cost-effective osteoinductive compounds to stimulate localized

bone formation in orthopedic procedures.

We previously reported that specific naturally occurring

oxysterols have potent osteoinductive and anti-adipogenic proper-

ties when administered to various multipotent mesenchymal cells

and osteoprogenitors in vitro, and that they modestly induce bone

formation in a rat calvarial defect model in vivo [Kha et al., 2004;

Aghaloo et al., 2007; Dwyer et al., 2007; Kim et al., 2007; Richardson

et al., 2007; Amantea et al., 2008]. Furthermore, we reported that the

osteoinductive and anti-adipogenic effects of these oxysterols are

mediated through activation of the Hedgehog (Hh) signaling

pathway [Dwyer et al., 2007; Kim et al., 2007, 2010b]. Given that

Hh signaling plays an important role in skeletal development and

the maintenance and repair of bone in adult organisms [Ito et al.,

1999; Lum and Beachy, 2004; Varjosalo and Taipale, 2008; Simpson

et al., 2009, Miyaji et al., 2003], we suggested that oxysterols that

activate Hh signaling in osteoprogenitor cells may offer a novel

strategy for localized and/or systemic therapeutic stimulation of

new bone formation [Kha et al., 2004; Kim et al., 2007; Richardson

et al., 2007]. Although the reported naturally occurring oxysterols

had osteoinductive effects in vitro when used at micromolar doses,

they had only modest effects in inducing new bone formation in

vivo [Aghaloo et al., 2007]. Therefore, we aimed at designing new

analogues of the most potent naturally occurring osteoinductive

oxysterol, 20(S)-hydroxycholesterol (20S), with improved in vitro

and in vivo osteoinductive activity. In this article we report on the

synthesis and characterization of two potent structural analogs of

20S, Oxy34 and Oxy49. These molecules robustly induce the

osteogenic differentiation of bone marrow stromal cells (MSC) and

inhibit their adipogenic differentiation in vitro through activation of

Hh signaling. In addition, they effectively stimulate new bone

formation and spinal fusion in vivo when administered locally in a

previously reported clinically relevant rat posterolateral spinal

fusion model [Alanay et al., 2008; Miyazaki et al., 2008, 2009a]. The

bone forming effects of oxysterols in vivo are comparable to that of

rhBMP2, but are not associated with the robust adipogenesis

observed with rhBMP2.

MATERIALS AND METHODS

CELL CULTURE AND REAGENTS

Mouse multipotent bone marrow stromal cell (MSC) line, M2-10B4

(M2), and embryonic fibroblast cells line C3H10T1/2 were purchased

from American Type Culture Collection (Rockville, MD) and

maintained as we have previously described [Kha et al., 2004;

Dwyer et al., 2007; Kim et al., 2007, 2010a; Richardson et al., 2007].

Treatments to induce osteogenic differentiation were performed in

RPMI 1640 medium (Irvine Scientific, Santa Ana, CA) containing

5% heat-inactivated fetal bovine serum (FBS, Hyclone, Logan, UT),

50mg/ml ascorbate, and 3mM b-glycerophosphate (BGP). Adipo-

genic treatments were performed under similar conditions but

without the addition of ascorbate and BGP. Cyclopamine (Cyc) was

purchased from EMD Biosciences, Inc. (La Jolla, CA) and

troglitazone (Tro) from BioMol Research Laboratories (Plymouth

Meeting, PA). For in vivo studies, sterile absorbable collagen

sponges (Helistat, Integra Life Sciences, Plainsboro, NJ) were cut into

pieces measuring 5mm� 5mm� 15mm. Dilutions of oxysterols

were prepared in 100% dimethyl sulfoxide (DMSO) and just prior to

implantation, the prepared collagen sponges were soaked in 50ml of

Oxy34 or Oxy49, while control sponges were soaked in 50ml of

DMSO.

QUANTITATIVE RT-PCR

Total RNAwas extracted using Trizol from Invitrogen (Carlsbad, CA)

according to the manufacturer’s instructions and single stranded

cDNA prepared as we have previously described [Dwyer et al., 2007;
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Kim et al., 2010b,a]. Q-RT-PCR reactions were performed using iQ

SYBR Green Supermix and an iCycler RT-PCR Detection System

(Bio-Rad, Hercules, CA). Primer sequences used were previously

reported [Dwyer et al., 2007; Kim et al., 2007, 2010b,a].

ALKALINE PHOSPHATASE ACTIVITY ASSAY AND OIL

RED O STAINING

Colorimetric alkaline phosphatase (ALP) activity assay on whole cell

extracts was performed as we have previously described [Kha et al.,

2004]. Oil red O staining for detection of adipocytes was performed

as previously described [Kim et al., 2007], and the number of

adipocytes was quantified by counting Oil red O-positive cells in five

separate fields per well, in three wells per experimental condition.

TRANSIENT TRANSFECTION AND GLI-DEPENDENT

REPORTER ASSAY

Cells at 70% confluence in 24-well plates were transiently

transfected with Gli-dependent firefly luciferase and Renilla

luciferase vectors as we have previously described [Dwyer et al.,

2007; Kim et al., 2010a]. Total DNA per well did not exceed 500 ng,

and FuGENE 6 transfection reagent (Roche Applied Science,

Indianapolis, IN) was used at a ratio of 3:1. Cells were treated for

48 h before luciferase activity was assessed using the Dual Luciferase

Reporter Assay System (Promega Corporation, Madison, WI)

according to manufacturer’s instructions.

45CA INCORPORATION ASSAY

Matrix mineralization in cell monolayers was quantified using the
45Ca incorporation assay as previously described [Kha et al., 2004].

SYNTHESIS AND MOLECULAR CHARACTERIZATION OF OXYSTEROLS

Materials were obtained from commercial suppliers and were used

without further purification. Air or moisture sensitive reactions were

conducted under argon atmosphere using oven-dried glassware and

standard syringe/septa techniques. The reactions were monitored

on silica gel TLC plates under UV light (254 nm) followed by

visualization with a p-anisaldehyde or ninhydrin staining solution.

Column chromatography was performed on silica gel 60. 1H NMR

spectra were measured at 400MHz in CDCl3 unless stated otherwise

and data were reported as follows in ppm (d) from the internal

standard (TMS, 0.0 ppm): chemical shift (multiplicity, integration,

coupling constant in Hz). The following is a stepwise description of

the protocols used to synthesize Oxy34 and Oxy49.

3b-((1,1-Dimethylethyl)dimethylsilyloxy)cholest-3-en-20S-ol

(2). To a stirred solution of 20S-hydroxycholesterol 1 (18.0mg,

0.045mmol) and imidazole (9.1mg, 0.134mmol) in DMF (3ml) was

added TBSCl (8.8mg, 0.058mmol) at 08C. The reaction was allowed

to warm to 238C and stirred overnight. The reaction was quenched

with 50%NH4Cl (10ml) and extracted with diethyl ether (15ml). The

combined organic layers were dried over MgSO4, concentrated

under vacuum and purified by column chromatography (33% ethyl

acetate in hexane) to yield 21.3mg (92%) of 2 as a white solid.
1H NMR d 5.31 (m, 1H), 3.48 (m, 1H), 2.31–0.83 (m, 27H), 1.27 (s, 3H),

1.00 (s, 3H), 0.89 (s, 9H), 0.87 (d, 6H, J¼ 6.7 Hz), 0.86 (s, 3H), 0.05

(s, 6H).

3b-((1,1-Dimethylethyl)dimethylsilyloxy)cholestane-6a,20S-

diol (3). To a solution of alcohol 2 (1.4 g, 2.71mmol) in anhydrous

THF (60ml) at 08C was added 1.0M of borane in THF (15ml,

15mmol). The reaction was allowed to warm to 208C over 5 h. A

mixture of 10% NaOH (56ml) and 33% H2O2 (75ml) was added at

08C and warmed to 208C over 4 h. The reaction mixture was

extracted three times with diethyl ether (30ml� 3). The organic

phases were collected, dried over NaSO4 and evaporated in vacuo to

afford an oil as a 10:1 mixture of diastereomers. Purification by

flash column chromatography (silica gel, 1:1 hexane/diethyl ether

v/v) afforded the diol 3 (1.0 g, 69%) as a white solid. 1H NMR d 3.50

(1H, dddd, J¼ 11.2, 11.2, 4.4, 4.4 Hz), 3.40 (1H, ddd, J¼ 10.8, 10.8,

4.4 Hz), 2.03–1.31 (21H, m), 1.23–1.0 (9H, m), 0.87 (9H, s), 0.85 (3H,

s), 0.81 (6H, d, J¼ 8.0 Hz), 0.80 (3H, s), 0.04 (6H, s). 13C NMR (CDCl3,

100MHz) d: 75.2, 72.0, 69.5, 57.6, 56.3, 53.8, 51.8, 44.2, 42.9, 41.4,

40.2, 39.6, 37.4, 36.3, 33.6, 32.6, 31.6, 27.9, 26.4, 25.9, 23.7, 22.7,

22.6, 22.3, 22.1, 21.0, 18.2, 13.9, 13.5, �4.5. FTIR (CHCl3): 3,411,

2,949, 1,245, 1,082 cm�1.

Oxy34. (3S,6S,8R,9S,10R,13S,14S,17S)-17-((S)-2-hydroxy-6-

methylheptan-2-yl)-10,13-dimethylhexadecahydro-1H-

cyclopenta[a]phenanthrene-3,6-diol (cholestan-3b,6a,20S-

triol). To a solution of the silyloxydiol 3 in THF (3.0ml) was

added a 1.0M solution of tetrabutylammonium fluoride in THF

(1.0ml, 1.0mmol). After stirring for 12 h at 208C, the reaction was

treated with water and extracted three times with diethyl ether and

the organic layer was washed with saturated NaCl. The organic

phases were collected, dried over Na2SO4 and concentrated in vacuo

to give an oil. Flash column chromatography of this oil (silica gel,

1:4 hexane/diethyl ether) yielded the desired triol Oxy34 (64mg,

80%) as a white powder. 1H NMR d 3.61–3.53 (1H, dddd, J¼ 11.0,

11.0, 4.8, 4.8 Hz), 3.41 (1H, ddd, J¼ 10.7, 10.7, 4.4 Hz), 2.17–1.40

(18H, m), 1.25 (3H, s), 1.23–1.0 (13H, m), 0.86 (6H, d, J¼ 6.6 Hz),

0.83 (3H, s), 0.81 (3H, s). 13C NMR (CDCl3, 100MHz) d: 75.2, 71.2,

69.5, 57.7, 56.3, 53.7, 51.7, 44.2, 42.9, 41.5, 40.2, 39.6, 37.3, 36.3,

33.6, 32.2, 31.0, 27.9, 26.4, 23.7, 22.7, 22.6, 22.3, 22.0, 21.0,

13.8, 13.5. FTIR (CHCl3): 3,363, 2,929 cm
�1. Melting point: 172–

1748C.
(3S,8S,9S,10R,13S,14S,17S)-10,13-Dimethyl-17-(2-methyl-

1,3-dioxolan-2-yl)-2,3,4,7, 8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl acetate

(4). To a solution of pregnenolone acetate (11.4 g, 32mmol) in

160ml benzene were added pyridinium p-toluenesulfonate (1.61 g,

6.4mmol) and ethylene glycol (5.5ml, 6.12 g, 98.6mmol). The

mixture was refluxed under a Dean-Stark apparatus at 1108C for

12 h. The reaction mixture was diluted with diethyl ether, washed

sequentially with water and satd. NaCl, dried over Na2SO4 and

concentrated in vacuo. Purification of the crude solid by

recrystallization from hot hexane provided the ketal 4 (10 g,

78%) as colorless crystals. 1H NMR (CDCl3, 400MHz) d: 5.37–5.36

(1H, m), 4.59 (1H, dddd, J¼ 12.6, 12.6, 4.4, 4.4 Hz), 4.02–3.82 (4H,

m), 2.32–2.29 (1H, m), 2.02 (3H, s), 1.87–1.43 (16H, m), 1.29 (3H, s),

1.23–1.06 (3H, m), 1.01 (3H, s), 0.77 (3H, s). 13C NMR (CDCl3,

100MHz) d: 170.5, 139.7, 122.5, 112.0, 74.0, 65.2, 63.2, 58.2, 56.5,

50.0, 41.8, 39.4, 38.1, 37.0, 36.6, 31.8, 31.4, 27.8, 24.6, 23.8, 23.0,

21.4, 20.8, 19.3, 12.9. FTIR (CHCl3): 2,940, 1,730, 1,359, 1,255,

1,032 cm�1. Melting point: 110–1128C.
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1-((3S ,5S ,6S ,8R ,9S ,10R ,13S ,14S ,17S)-3,6-Bis-[(1,1-

dimethylethyl)dimethylsilyloxy]-10,13-dimethylhexadecahydro-

1H-cyclopenta[a]phenanthren-17-yl)ethanone (5). To a solution of

the ketal 4 (5.0g, 12mmol) in THF (150ml) cooled to 08C was added

1.0M of borane in THF (40.0ml, 40mmol). The reaction was allowed

to warm to 208C over 5h. A mixture of 150ml of NaOH (10%) and

75ml of H2O2 (33%) was then added at 08C and the mixture was

allowed to warm to 208C over 4 h. The reaction mixture was extracted

with diethyl ether (3� 100ml). The organic phases were collected,

dried over Na2SO4 and evaporated in vacuo to afford an oil. The crude

acetal diols (5.1 g, 13.5mmol) were dissolved in acetone (250ml) and

treated with 1M HCl (50ml, 50mmol). After 30min under reflux, the

resultingmixture was quenchedwith 1MNaOH at 08C and the organic

solvent was evaporated. The aqueous layer was extracted with diethyl

ether (3� 50ml). The organic layer was washed with saturated NaCl,

dried overNa2SO4 and concentrated under reduced pressure. The crude

ketone (4.32 g, 12.9mmol) was dissolved in anhydrous dimethylfor-

mamide (DMF, 50ml) and imidazole (15.0g, 22mmol) was added. The

reaction was allowed to stir for 20min followed by slow addition of

tert-butyldimethylsilyl chloride (9.8 g, 65mmol). After stirring for 12 h

at ambient temperature, the reactionmixture was quenchedwithwater

and extracted three times with diethyl ether (150ml� 3). The organic

layers were washed with 1M NaOH, dried over Na2SO4, and

evaporated in vacuo to give an oil. Purification of this crude residue

by column chromatography (silica gel, 5:1 hexane/diethyl ether v/v)

afforded the bis(tert-butyldimethylsilyloxy) ketone 5 (3.5g, 52% over

three steps) as a white powder. 1H NMR (CDCl3, 400MHz) d: 3.47 (1H,

dddd, J¼ 11.0, 11.0, 4.8, 4.8Hz), 3.36 (1H, ddd, J¼ 10.4, 10.4, 4.4Hz),

2.53 (1H, d, J¼ 8.8, 8.8Hz), 2.20–2.14 (1H, m), 2.10 (3H, s), 2.01–1.97

(1H, m), 1.88–1.82 (1H, m), 1.73–0.89 (17H, m), 0.88 (18H, s), 0.79 (3H,

s), 0.59 (3H, s), 0.043 (3H, s), 0.040 (3H, s), 0.03 (3H, s), 0.02 (3H, s).
13C NMR (CDCl3, 100MHz) d: 209.5, 72.2, 70.1, 63.7, 56.4, 53.7, 51.8,

44.2, 41.9, 38.9, 37.6, 36.3, 34.3, 33.2, 31.7, 31.5, 25.94, 25.92,

24.4, 22.7, 21.1, 18.3, 18.1, 13.5, 13.4, �4.06, �4.61, �4.69, �4.73.

FTIR (CHCl3): 2,929, 1,703, 1,392, 1,082 cm
�1. Melting point: 102–

1048C.
(3S,5S,6S,8R,9S,10R,13S,14S,17S)-Hexadecahydro-17-((S)-2-

hydroxy-6-methylhept-6-en-2-yl)-10,13-dimethyl-1H-

cyclopenta[a]phenanthrene-3,6-diol. To a stirred suspension

of magnesium turnings (80mg, 3.3mmol) in anhydrous diethyl

ether (3.0ml) was added 5-bromo-2-methyl-1-pentene (134mg,

0.82mmol). After stirring under reflux for 30min, the initially

produced Grignard reagent was added to the protected bis(tert-

butyldimethylsilyl) ketone 5 (150mg, 0.27mmol) in anhydrous THF

(2.0ml) and left under reflux for an additional 30min. The mixture

was cooled in an ice bath and quenched with saturated NH4Cl. The

solution was extracted with diethyl ether (15ml� 3). The organic

layers were combined and washed with saturated NaCl, dried

over Na2SO4 and evaporated in vacuo to afford a residue, which was

subjected to column chromatography on silica gel. Elution with

hexane-diethyl ether (4:1 v/v) afforded the bis(tert-butyldimethyl-

silyloxy) alcohol 6 (94.8mg, 55%) as a white powder. This alcohol 6

was dissolved in 6.0ml THF/CH3CN (1:1 v/v) and treated with HF/

pyridine (0.15ml). After stirring for 1 h at 208C, the reaction was

treated with water and extracted three times with diethyl ether

(3� 5ml). The combined organic layers were washed with saturated

NaHCO3 followed by saturated NaCl. The organic phases were

collected, dried over Na2SO4 and concentrated in vacuo to give an

oil. Flash column chromatography of this residue (silica gel, 5%

methanol/95% diethyl ether) yield the desired triol Oxy49 (49mg,

80%). 1H NMR (CDCl3, 500MHz) d: 4.70–4.67 (2H, m), 3.58 (1H,

dddd, J¼ 11.2, 11.2, 4.4, 4.4 Hz), 3.42 (1H, ddd, J¼ 10.8, 10.8,

4.4 Hz), 1.98–1.70 (10H, m), 1.71 (3H, s), 1.45–1.31 (10H, m), 1.25

(3H, s), 1.19–0.88 (10H, m), 0.86 (3H, s), 0.82 (3H, s). 13C NMR (CDCl3,

125MHz) d: 145.7, 109.9, 72.4, 70.9, 57.6, 56.2, 53.5, 48.6, 43.4,

42.9, 40.0, 38.1, 37.4, 37.1, 36.5, 33.4, 32.1, 31.0, 29.6, 26.2, 23.6,

22.3, 22.2, 22.1, 21.2, 13.6, 13.3. FTIR (CHCl3): 3,399, 2,925, 1,372,

739 cm�1.

ANIMALS

Fifty-nine 8-week-old male Lewis rats were purchased from Charles

River Laboratories (Wilmington, MA) and were housed and

maintained at the UCLA vivarium under the care of veterinarians

and according to the regulations set forth by the UCLA Office of

Protection of Research Subjects. All animals were euthanized using

a standard CO2 chamber 9 weeks after the spinal fusion procedure,

and their spines were excised and fixed in buffered formalin for 24 h

before being stored in 40% ethyl alcohol.

SURGICAL PROCEDURES

Animals were anesthetized with 2% isoflurane administered in

oxygen (1 L/min) and the surgical site was shaved and disinfected

with alternative Betadine and 70% ethanol. Animals were

premedicated with 0.15-mg buprenorphine and after surgery

received tapered doses every 12 h for 2 days. The posterolateral

intertransverse process spinal fusion at L4–L5 in the rat is a well

established model [Alanay et al., 2008; Miyazaki et al., 2008, 2009a].

The iliac crest was used as a landmark to locate the body of the L6

vertebra. A 4-cm longitudinal midline incision was made through

the skin and subcutaneous tissue over L4–L5 down to the

lumbodorsal fascia. Then a 2-cm longitudinal paramedial incision

was made in the paraspinal muscles bilaterally. The transverse

processes of L4–L5 were exposed, cleaned of soft tissue, and

decorticated with a high-speed burr. The surgical site was then

irrigated with sterile saline, and 5mm� 5mm� 13mm pieces of

collagen sponge (Helistat, Integra Life Sciences) containing

dimethyl sulfoxide (DMSO) control, rhBMP2, or oxysterol were

placed bilaterally, taking care to apply the implant to fully cover the

transverse processes. The paraspinal muscles were then allowed to

cover the implants and the lumbodorsal fascia and skin were closed

with 4–0 Prolene sutures (Ethicon, Inc., Somerville, NJ). Animals

were allowed to ambulate, eat, and drink ad libitum immediately

after surgery.

RADIOGRAPHIC ANALYSIS

Posteroanterior radiographs were taken on each animal at 4, 6,

and 8 weeks post-surgery using an AMX-3 portable radiograph

instrument (GE Healthcare, Piscataway, NJ). Radiographs were

evaluated blindly by three independent observers employing the

following standardized scale: 0, no fusion; 1, incomplete fusion with

bone formation present; and 2, complete fusion. The scores from the
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observers were added together and a score of 5 or 6 was considered

as complete fusion.

MANUAL ASSESSMENT OF FUSION

Nine weeks after surgery, animals were euthanized and the spines

were surgically removed and evaluated by three blinded indepen-

dent observers for intersegmental motion. Anymotion on either side

between the facets or transverse processes, including unilateral

movement, was considered nonunion (incomplete fusion). The

bilateral absence of movement was considered complete fusion.

Spines were scored as either fused or not fused. Unanimous

agreement was required to consider a spine completely fused.

MICRO-COMPUTED TOMOGRAPHY

The explanted spines were subsequently scanned using high

resolution micro-computed tomography (micro-CT), using a Sky-

Scan 1172 scanner (SkyScan, Belgium) with a voxel isotropic

resolution of 20mm and an X-ray energy of 55 kVp and 167mA to

further assess the fusion rate and observe the fusion mass. Four

hundred fifty projections were acquired over an angular range of

1808 with steps of 0.4 with an exposure time of 205 msec/slice. Ten

frames were averaged at each rotation step to get better signal to

noise ratio. A 0.5mm aluminum filter was used to narrow down the

X-ray beam frequency in order to minimize beam hardening

artifact. Virtual image slices were reconstructed using the cone-

beam reconstruction software version 2.6 based on the Feldkamp

algorithm (SkyScan). These settings produced serial cross-sectional

1024� 1024 pixel images. Sample re-orientation and 2D visualiza-

tion were performed using DataViewer (SkyScan). 3D visualization

was performed using Dolphin Imaging version 11 (Dolphin Imaging

& Management Solutions, Chatsworth, CA). Fusion was defined as

the bilateral presence of bridging bone between the L4 and L5

transverse processes. The reconstructed images were judged to be

fused or not fused by three experienced independent observers and

only a consensus was considered fused.

HISTOLOGY

After the rats were sacrificed, the spines (L3–L5) were surgically

extracted and the specimens were fixed as described earlier. Two

representative specimens from each experimental group were

processed undecalcified by dehydration, clearing in xylene and

embedding in methyl methacrylate as we have previously reported

[Pereira et al., 2007]. Serial coronal sections 5mm thick were cut and

selected slides were stained with toluidine blue pH 6.4. Photo-

micrographs of sections were obtained as previously reported using

a ScanScope XT System (Aperio Technologies, Inc., Vista, CA) at a

magnification of 10� in Figure 7A and 20� in Figure 7B [Magyar

et al., 2008]. Fusion was defined as bony trabeculae bridging from

one transverse process to the next.

STATISTICAL ANALYSIS

Statistical analyses were performed using the StatView 5 program.

All P values were calculated using ANOVA and Fisher’s projected

least significant difference (PLSD) significance test. A value of

P< 0.05 was considered significant.

RESULTS

NOVEL OXYSTEROLS INDUCE OSTEOGENIC DIFFERENTIATION OF

BONE MARROW STROMAL CELLS

To develop a therapeutically useful oxysterol for inducing

osteogenesis, we modified the molecular structure of 20(S)-

hydroxycholesterol (20S), the most potent osteogenic naturally

occurring oxysterol that we had previously identified [Kha et al.,

2004; Kim et al., 2010b]. As we previously reported, the combination

of 20S and 22(S)- or 22(R)-hydroxycholesterol was necessary in

order to achieve robust osteogenic differentiation of pluripotent

mesenchymal cells in vitro as compared to using 20S alone [Kha

et al., 2004]. However, we were interested in creating, if possible, a

molecule(s) that could be used as a single agent to induce the

differentiation of osteoprogenitor cells into mature osteoblastic cells

for future therapeutic development and use in indications that

would benefit from increased bone formation such as local

indications (e.g., spinal fusion and fracture healing) and systemic

indications (e.g., osteoporosis). From a collection of more than 40

oxysterol analogues that were synthesized, two molecules, Oxy34

and Oxy49 (Fig. 1A), were selected for further study based on their

relative potencies in inducing ALP activity in multipotent murine

bone marrow stromal cells (MSC), M2-10B4 (M2). The differences

between the molecular structures of 20S versus Oxy34 and Oxy49

are the addition of a hydroxyl (OH) group to carbon 6 (C6) in both

Oxy34 and Oxy49, and the addition of a double bond between C25

and C27 in Oxy49 (Fig. 1). Oxy34 or Oxy49 treatment for 48 h caused

a dose-dependent induction of the early osteogenic differentiation

marker ALP activity, with an EC50 of approximately 800 nM for

Oxy34 and 900 nM for Oxy49 (Fig. 1B,C). By comparison, the EC50

for 20S was approximately 5mM and in combination with 22S at a

1:1 molar ratio was about 600 nM (data not shown).

Next we examined the ability of Oxy34 and Oxy49 to induce the

expression of Runx2 and its target gene Osterix (Osx), both early

markers and transcriptional regulators of osteogenic differentiation

[Franceschi et al., 2007; Zhou et al., 2010]. Treatment of M2 cells for

48 h with 5mM Oxy34 or Oxy49 induced a small but significant

increase in Runx2 mRNA expression by 1.5- to 2-fold (data not

shown) and a robust induction of Osx expression by more than 8-

fold (Fig. 2A). The small effect of oxysterols on Runx2 mRNA

expression is consistent with our previous finding that the

stimulatory effect of the naturally occurring osteogenic oxysterol

combination 20Sþ 22S on Runx2 is primarily at a post-transcrip-

tional level as suggested by the induced DNA binding activity of

Runx2 in oxysterol-treated cells with minimal effects on Runx2

mRNA or protein levels [Richardson et al., 2007]. Formation of fully

mature osteoblastic cells in M2 cultures treated with Oxy34 and

Oxy49 was further assessed by measuring the mRNA expression of

ALP, as well as the later osteogenic differentiation markers bone

sialoprotein (BSP) and osteocalcin (OCN). The formation of a

mineralized extracellular matrix was measured to assess osteoblast

function. Treatment of M2 cells for 7 days with Oxy34 or Oxy49

caused a significant increase in the expression of ALP, BSP, and OCN

expression (Fig. 2B–D), and treatment for 14 days resulted in robust

mineralization (Fig. 2E). Similar results were found when using

C3H10T1/2 multipotent embryonic fibroblasts (data not shown).
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OXY34 AND OXY49 INDUCE OSTEOGENIC DIFFERENTIATION

THROUGH ACTIVATION OF HEDGEHOG PATHWAY SIGNALING

To determine whether similar to the parent osteogenic oxysterols

[Dwyer et al., 2007], Oxy34 and Oxy49 induce osteogenic

differentiation of MSC through activation of Hh pathway signaling,

we first measured the expression of Hh target genes Patched 1

(Ptch1), Gli1, and Hedgehog-interacting protein (HIP) in response to

Oxy34 and Oxy49. Treatment of M2 cells for 48 h with 5mM Oxy34

or Oxy49 induced the expression of all three Hh target genes which

were blocked by the specific Hh pathway inhibitor, cyclopamine

(Fig. 3A). Activation of the Hh pathway by Oxy34, Oxy49, and the

positive control recombinant human sonic hedgehog (Shh) was

further demonstrated in M2 cells transfected with an 8X-Gli

luciferase reporter (Fig. 3B).

The role of Hh signaling in Oxy34- and Oxy49-induced

osteogenic differentiation of M2 cells was confirmed by the ability

of cyclopamine to completely block the induction of the osteogenic

differentiation markers ALP activity (data not shown) and ALP, BSP,

and OCN mRNA expression by these oxysterols (Fig. 2B–D).

OXY34 AND OXY49 INHIBIT ADIPOGENIC DIFFERENTIATION OF

BONE MARROW STROMAL CELLS

We previously reported that osteogenic oxysterols inhibit adipo-

genic differentiation of multipotent mesenchymal cells and MSC

through Hh signaling-mediated inhibition of the master regulator

of adipogenesis, PPARg. [Kim et al., 2007] To determine whether

Oxy34 and Oxy49 inhibit adipogenic differentiation of MSC, M2

cells were treated with the PPARg ligand troglitazone (Tro), which

induces adipogenesis in M2 cells, in the presence or absence of

Oxy34 or Oxy49. Results showed that both oxysterols completely

inhibited Tro-induced expression of PPARg and the adipogenic

differentiation markers lipoprotein lipase (LPL) and adipocyte fatty

acid binding protein (aP2) (Fig. 4A). Similarly, 10-day cultures

showed robust Tro-induced adipocyte formation as indicated by Oil

Red O staining, which was completely blocked by Oxy34 and Oxy49

(Fig. 4B,C).

OXY34 AND OXY49 STIMULATE BONE FORMATION

AND SPINAL FUSION IN VIVO

Mature Lewis rats at 8 weeks of age (Charles River Laboratories) were

divided into six treatment groups for posterolateral spinal fusion.

Each treatment group received collagen sponge implants containing

different reagents, as follows: Group I—control vehicle only (n¼ 9),

Group II—5mg rhBMP-2 (n¼ 10), Group III—0.2mg Oxy34 (n¼ 10),

Group IV—2mg Oxy34 (n¼ 10), Group V—20mg Oxy34 (n¼ 10),

and Group VI—20mg Oxy49 (n¼ 10). These animals were followed

for 9 weeks post-operatively and then euthanized. Various methods

were used to determine bone formation and spinal fusion, as

described below.

RADIOGRAPHICAL ANALYSIS

Radiographs of the rat spines were obtained at 4, 6, and 8 weeks

postoperatively. At 4 weeks, the spines of rats in Groups II (BMP2),

IV (2mg Oxy34), V (20mg Oxy34), and VI (20mg Oxy49) began to

show evidence of bone formation between the L4 and L5 transverse

processes and bony bridging was detected in some animals in

Groups II, V, and VI. At 6 weeks there was an increase in bone

formation and consolidation of the fusion mass in Groups II, IV, V,

and VI. No bone formation was seen in Groups I (control) and III

(0.2mg Oxy34). At 8 weeks bilateral bridging bone formation and

Fig. 1. Synthetic oxysterol small molecules with osteogenic properties. A: The molecular structures of Oxy34, Oxy49, and 20(S)-hydroxycholesterol (20S) are shown. Oxy34 is

different from 20S in having an extra OH group on C6. Oxy49 has an extra OH group on C6 similar to Oxy34 as well as a double bond between C25 and C27. Synthesis of Oxy34

and Oxy49 are described in the Materials and Methods Section. B: M2-10B cells at confluence were treated with vehicle or 0.25–10mM of Oxy34 or Oxy49. After 4 days,

alkaline phosphatase (ALP) activity was measured in whole cell extracts. Data from a representative of three separate experiments are reported as the mean� SD of triplicate

determinations, normalized to protein concentration (P< 0.01 for cells treated with all concentrations above 0.5mM of Oxy34 and Oxy49 vs. control vehicle treated cells).
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fusion was seen in 8/10 animals in Group II, 3/10 in group IV, 8/10 in

Group V, and 8/10 in Group VI. Additionally unilateral bridging

bone was seen in the two remaining animals in Groups II, IV, and V.

No significant bone formation was seen in Groups I and III at 8

weeks. Representative radiographs from two animals in each group

are shown in Figure 5. It is clear that bone formation and rate of

fusion increased dose-dependently in animals treated with Oxy34.

MANUAL ASSESSMENT AND GROSS EVALUATION

OF BONE FORMATION

Each specimen was evaluated by three independent observers, and

all observers were in agreement on all specimens. All specimens

from Groups I (control) and III (0.2mg Oxy34) had significant

intersegmental movement and were designated as non-fused. All

spines from Groups II (BMP2), V (20mg Oxy34), and VI (20mg

Oxy49) were assessed as fused. In Group IV (2mg Oxy34) 5 out of 10

specimens were fused. The amount of bone mass was less in Group

IV than that seen in Groups II, V, and VI (Fig. 6).

MICRO-COMPUTED TOMOGRAPHY AND

HISTOLOGICAL ASSESSMENT

MicroCT analysis was performed on all excised spines. MicroCT is

the most sensitive method of determining the presence of bone

Fig. 2. Induction of osteogenic differentiation markers by Oxy34 and Oxy49. M2-10B4 cells at confluence were pretreated with control vehicle or 4mM cyclopamine (Cyc) for

2 h. Next, 5mMoxysterol or control vehicle were added to control or Cyc treated cells as shown. A: mRNA expression for Osterix (Osx) after 48 h, and (B–D) mRNA expression for

bone alkaline phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (OCN) after 6 days of treatment with oxysterols were measured using Q-RT-PCR. Results from a

representative experiment are reported as the mean of triplicate determinations� SD (P< 0.001 for control vs. oxysterol treatment and for oxysterol vs. oxysterolþ Cyc

treatment groups for all genes shown). E: 45Ca incorporation assay after 14 days of treatment with oxysterols was performed in order to quantify induction of extracellular

matrix mineralization. Results from a representative experiment are reported as the mean of quadruplicate determinations� SD (P< 0.001 for control vs. all oxysterol treated

conditions).
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bridging the intertransverse process space. Complete fusion was

defined as bridging bone between the transverse processes with no

gap. Multiple cut sections were reconstructed to evaluate the

presence of a bony bridge between the transverse processes. Bone

bridging the transverse processes was observed in all samples graded

as fused. There was no bone formation in the animals from Group I

(Control). Although no fusions occurred in Group III (0.2mg Oxy34)

there were several specimens with some modest bone formation.

Groups II (BMP2), V (20mg Oxy34), and VI (20mg Oxy49) resulted

in 8 bilateral and 2 unilateral fusions in a total of 10 animals. In

Group IV (2mg Oxy34) 3 out of 10 spines exhibited bilateral fusion

and 2 unilateral fusion. Those with unilateral fusions in groups II, V,

and VI also had significant bone formation on the side that was

incompletely fused with only a small gap in between the bridging

bone mass in the intertransverse process space, but since there was

still a gap, it was graded as not fused. This demonstrates the

sensitivity of MicroCT to determine fusion even when there is no

intersegmental motion.

Histological assessment of two specimens from each group

demonstrated the formation of trabecular bone within the fusion

mass and continuous cortical bone connecting the transverse

processes of the fully fused lumbar vertebrae in rats treated with

BMP2 (Group II), or with the 2 or 20mg dose of Oxy34 (Groups IV

and V, respectively) and 20mg of Oxy49 (Group VI) (Fig. 7A). Bone

formation was not present in specimens from control rats (Group I,

Fig. 7) and those treated with 0.2mg of Oxy34 (Group III, data not

shown). Although the relative abundance of trabecular and cortical

bone was similar in rats treated with BMP2 or 20mg of Oxy34 or

Oxy49, visual inspection of the histological specimens indicated

Fig. 3. Activation of Hedgehog pathway signaling by Oxy34 and Oxy49. A:

M2-10B4 cells at confluence were pretreated with control vehicle or 4mM

cyclopamine (Cyc) for 2 h. Next, 5mM oxysterol or control vehicle were added

to control or Cyc treated cells as shown. mRNA expression for Hh pathway

target genes Ptch1, Gli1, and HIP after 48 h of treatment with oxysterols is

shown. Results from a representative experiment are reported as the mean of

triplicate determinations� SD (P< 0.001 for control vs. oxysterol treatment

and for oxysterol vs. oxysterolþ Cyc treatment groups for all genes shown). B:

M2-10B4 cells at 70% confluence were transiently transfected with a Gli1

overexpression vector, a Gli response element reporter construct (pGL3b-

8xGli-Luciferase) or pGL3b-Luciferase plasmid in combination with pTK-

Renilla-Luciferase plasmid. Luciferase activity was measured after 48 h of

treatment with 5mM oxysterols or 400 ng/ml recombinant human Shh, and

normalized for transfection efficiency using the Renilla luciferase activity. Data

are reported as the mean of triplicate determinations� SD (P< 0.001 for

control vs. Oxy34, Oxy49, and Shh for pGL3b-8XGli).

Fig. 4. Inhibition of adipogenesis by Oxy34 and Oxy49. A: M2-10B4 cells

were treated with control vehicle, 10mM Troglitazone (Tro), or 5mM Oxy34 or

Oxy49, alone or in combination as demonstrated. After 72 h, mRNA expression

for PPAR gamma, lipoprotein lipase (LPL), and adipocyte fatty acid binding

protein (aP2) were measured using Q-RT-PCR. Results from a representative

experiment are reported as the mean of triplicate determinations� SD

(P< 0.001 for control vs. Tro and for Tro vs. TroþOxy34 and TroþOxy49

for all genes shown). B: In parallel cultures to those described in (A), after

10 days of treatment adipocyte formation was examined by Oil Red O staining

(Phase contrast 100�), and quantified by light microscopy in triplicate wells

(C). Results from a representative experiment are shown as the mean of five

random fields per triplicate wells per condition� SD (P< 0.001 for control vs.

Tro and for Tro vs. TroþOxy34 and TroþOxy49).
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Fig. 5. Radiographic analysis of the effect of oxysterols and rhBMP2 on spinal fusion. Faxitron images of two animals from the indicated groups at 8 weeks postoperatively are

shown. Group I (Control); arrows demonstrate the intertransverse process space with no bone formation. Group II (BMP2); arrows demonstrate bilateral fusion at L4–L5. Group V

(Oxy34–20mg); arrows demonstrate bridging bone mass and bilateral fusion at L4–L5. Group VI (Oxy49–20mg); arrows demonstrate bridging bone mass and bilateral fusion at

L4–L5.

Fig. 6. MicroCT analysis of the effect of oxysterol and rhBMP on spinal fusion. Micro CTs of two animals from the indicated groups are shown. Group I (Control); arrows

indicate the intertranverse process space with no bone formation. Group II (BMP2); arrows indicate bone mass bridging the intertransverse process space and bilateral fusion at

L4–L5. Group V (Oxy34–20mg); arrows indicate bone mass bridging the intertransvers process space and bilateral fusion at L4–L5. Group VI (Oxy49–20mg); arrows indicate

bone mass bridging the intertransverse process space and bilateral fusion at L4–L5.
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that BMP2 also induced the abundant formation of adipocytes

within the fusion mass, whereas adipocytes within the fusion mass

of oxysterol-treated rats seemed significantly less than that in the

BMP2-treated rats (Fig. 7B).

DISCUSSION

The use of osteoinductive materials to enhance bone healing is of

critical importance for management of patients with orthopedic

injuries. This is especially true in patients undergoing complicated

spinal fusion procedures, fracture non-union revisions (i.e.,

fractures that fail to completely heal after a prior attempt at

inducing fusion and require re-operation), and in patients with co-

morbidities such as diabetes and osteoporosis that impair their

healing potential. Historically this has been achieved through the

use of autogenous bone grafting or by using the potent osteogenic

factors, rhBMP2 and rhBMP7. While these strategies are effective in

stimulating bone formation and inducing spinal fusion, they are also

associated with significant complications and considerable financial

Fig. 7. Histological analysis of the effect of oxysterols on spinal fusion. A: Coronal histological sections of two separate animals from each group are shown (magnification

10�). Group I (Control) has no significant bone formation at the intertransverse process space (arrows). Group II (BMP2) demonstrates bridging bone at L4–L5 (arrows) with

clear evidence of trabecular and cortical bone forming the fusion mass. Group V (Oxy34–20mg) and Group VI (Oxy49–20mg) specimens demonstrate significant bone

formation at the intertransverse process space (arrows) with trabecular and cortical bone formation comparable to that induced by BMP2. B: Coronal histological sections from

two animals each in Groups II (BMP2) and Group VI (Oxy49–20mg) demonstrate significant adipocyte formation in the fusion mass of BMP2 treated animals and substantially

fewer adipocytes in the fusion mass from oxysterol treated animals (arrows, magnification 20�).
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costs that hinder their use. Common complications of BMP use in

bone fusion procedures include ectopic bone formation, inflam-

matory responses, and transient resorption of vertebral bodies

[Langenfeld et al., 2003; Hsu and Wang, 2008; Shahlaie and Kim,

2008; Axelrad and Einhorn, 2009; Bieniasz et al., 2009; Gordon

et al., 2009; Chen et al., 2010; Garrett et al., 2010]. Such limitations

have established the continued need for identification of new

strategies to stimulate bone formation in a safe and cost-effective

manner.

During the past few years, we have identified and characterized

naturally occurring oxysterols that stimulate the osteogenic

differentiation of osteoprogenitor cells and stimulate bone forma-

tion in vivo [Kha et al., 2004; Aghaloo et al., 2007; Richardson et al.,

2007; Amantea et al., 2008]. In this report we present data regarding

two novel small molecule oxysterols, Oxy34 and Oxy49 that were

designed and synthesized by our group, and we demonstrate their

potent osteogenic effects in vitro and in vivo. Similar to their

naturally occurring analogues [Dwyer et al., 2007; Kim et al., 2007],

Oxy34 and Oxy49 mediate osteogenic differentiation of cells

through activation of Hh signaling and inhibit adipogenic

differentiation of progenitor cells. Given that the relative effec-

tiveness of Oxy34 and Oxy49 is comparable to that of rhBMP2, but

the cost of producing them is significantly less, we suggest that small

molecule osteogenic oxysterols may be excellent candidates for

development into the next generation of osteogenic compounds for

stimulation of localized bone formation such as in spinal fusion and

fracture repair. Although the effectiveness of stimulating osteogen-

esis using 20mg of oxysterols in our rat spinal fusion model was

comparable to that induced by 5mg of rhBMP2, it is difficult to

compare the relative doses of these molecules given the fact that the

former are small molecule lipids with molecular weights of 420 and

418 g/mol for Oxy34 and Oxy49 respectively, and the latter is a large

protein that consists of 115 amino acids with an apparent molecular

weight of 26 kDa [Heng et al., 2010]. In future studies we will

determine whether by further increasing the dose of oxysterols, the

relative amount of bone formed and/or the rate of fusion can be

further enhanced.

Although microCT and histological analysis of the fusion masses

induced by rhBMP2 and oxysterols demonstrated quantitatively and

qualitatively comparable bone formation, including the presence of

trabeculae and cortical bone, we recognized an apparent difference

between the relative abundance of adipocytes in the fusion mass

from BMP2 versus oxysterol treated rats even though we did not

statistically quantify the actual number of adipocytes in the fusion

masses due to the limited number of specimens prepared for

histological analysis. In a previous rat spinal fusion study we had

similarly observed a large number of adipocytes forming in the

fusion mass induced by 5mg BMP2 [Parhami and Wang,

unpublished observations]. Consistent with our in vivo findings,

in vitro pro-adipogenic effects of BMP2 have been reported [Chen

et al., 1998; Sottile and Seuwen, 2000; Zehentner et al., 2000]. In

contrast, we previously demonstrated the anti-adipogenic effects of

osteogenic oxysterols that are also mediated through activation of

Hh signaling [Kha et al., 2004; Kim et al., 2007]. Although the

significance of the large numbers of adipocytes in the fusion mass

induced by BMP2 is not known at this time, we speculate that the

presence of fat in the bony tissue may have adverse effects on the

quality and strength of bone that is formed. In addition, since

osteoblasts and adipocytes arise from the same mesenchymal

progenitor cells [Nuttall and Gimble, 2004; Pei and Tontonoz, 2004],

it is plausible that adipocyte formation occurs at the expense of

osteoblasts in the fusion mass. In that case, the apparent lower

prevalence of adipocytes in the fusion mass induced by oxysterols

may allow for a greater number of osteoblasts to form that would

ultimately enhance bone formation and the fusion process.

Moreover, we speculate that co-administration of osteogenic

oxysterols with BMP2 could inhibit the adipogenic effects of

BMP2 and ultimately improve the induction of new bone, possibly at

reduced concentrations of BMP2. Consistent with this possibility, we

have found that osteogenic oxysterols do inhibit BMP2-induced

adipogenesis of multipotent bone marrow stromal cells and enhance

its osteogenic potency in vitro [Parhami et al., unpublished

observations]. These observations further support the continued

investigation of osteogenic oxysterols as potential therapeutic

agents for bone repair.
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