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ARTICLE INFO ABSTRACT

The non-selective phosphodiesterase inhibitor pentoxifylline (PTX) is used for the treatment of intermittent
claudication due to artery occlusion. Previous studies in rodents have reported salutary effects of the in-
traperitoneal administration of PTX in segmental bone defect and fracture healing, as well as stimulation of bone
formation. We determined the effect of orally dosed PTX in skeletally mature ovariectomized (OVX) rabbits with
osteopenia. The half-maximal effective concentration (ECso) of PTX in rabbit bone marrow stromal cells was
3.07 += 1.37 nM. The plasma PTX level was 2.05 + 0.522nM after a single oral dose of 12.5mg/kg, which was
one-sixth of the adult human dose of PTX. Four months of daily oral dosing of PTX at 12.5 mg/kg to osteopenic
rabbits completely restored bone mineral density, bone mineral content (BMC), microarchitecture and bone
strength to the level of the sham-operated (ovary intact) group. The bone strength to BMC relationship between
PTX and sham was similar. The bone restorative effect of PTX was observed in both axial and appendicular
bones. In osteopenic rabbits, PTX increased serum amino-terminal propeptide, mineralized nodule formation by
stromal cells and osteogenic gene expression in bone. PTX reversed decreased calcium weight percentage and
poor crystal packing found in osteopenic rabbits. Furthermore, similar to parathyroid hormone (PTH), PTX had
no effect on bone resorption. Taken together, our data show that PTX completely restored bone mass, bone
strength and bone mineral properties by an anabolic mechanism. PTX has the potential to become an oral
osteogenic drug for the treatment of post-menopausal osteoporosis.
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1. Introduction

Post-menopausal osteoporosis occurs due to increased bone re-
sorption over bone formation, leading to net bone loss and increased
risk of fracture [1,2]. Daily injection of teriparatide, the N-terminal part
of human parathyroid hormone (PTH) and a modified version of
parathyroid hormone-related protein (PTHrP) are clinically used os-
teoanabolic therapies that primarily act by directly stimulating osteo-
blasts in addition to other indirect mechanisms [3]. Orally active os-
teoanabolic therapy is an unmet medical need. A recent study showed
that 67% of patients in the USA discontinue teriparatide by the end of
the first year following initiation [4]. In general, treatment adherence

and persistence are greater with oral over perenteral modes of drug
administration [5]. Consequently an oral osteoanabolic drug is pre-
ferred.

PTH and PTHrP act on osteoblasts by stimulating the parathyroid
hormone 1 receptor (PTH1R), a class B G protein-coupled receptor
(GPCR) to increase levels of intracellular cAMP [6]. This rise in cAMP
then activates the cAMP responsive element binding protein (CREBP) to
upregulate osteogenic transcription factors Runx-2 and osterix. [7].
Elevated cAMP is a required upstream event in the osteogenic cascade
displayed not only by PTH but also by 3-adrenergic agonists [8] as well
as TSH (thyroid stimulating hormone) [9].

Another way to increase intracellular cAMP is to inhibit the
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phosphodiesterases (PDE) responsible for its degradation [10]. As such,
it is reasonable to speculate that increasing cAMP in osteoblasts to le-
vels comparable to stimulation by PTH using PDE inhibition might re-
sult in an osteoanabolic effect similar to PTH. Pentoxifylline (PTX) is a
non-selective PDE inhibitor that is used orally for the treatment of
peripheral arterial occlusive disease [11]. There are reports that in-
traperitoneal injection (IP) of PTX influence fracture healing in some
models. In rats, repair of a critical-sized segmental defect made in the
radius diaphysis was promoted by IP administration of PTX at 25 mg/kg
[12]. PTX given at 100 mg/kg, also by IP administration, showed an
increasing trend in bending stiffness in osteopenic rats with femur os-
teotomy [13]. In growing mice, the daily subcutaneous injections of
PTX (100-200mg/kg) demonstrated increases in both cortical and
trabecular bone mass by promoting bone formation [14]. These studies
suggest an osteogenic potential of PTX, albeit when administered by
parenteral routes. PTX has been used for the past several decades in the
symptomatic management of intermittent claudication thereby at-
testing to its safety [15]. Consequently, evidence of skeletal restoration
by this drug in an osteopenic animal model by an osteogenic me-
chanism would strongly suggest its use in post-menopausal osteoporosis
without the need for a multitude of safety studies in animals and hu-
mans normally required for new chemical entities. Therefore, we set out
to determine the osteogenic effect of PTX in osteopenic rabbits.

In the current study, osteopenic rabbits were used since unlike rats
and mice, rabbits possess active Haversian remodeling and achieve
skeletal maturity quickly [16]. As described herein, we determined the
minimum osteogenic dose by pharmacokinetic studies. Then, in skele-
tally mature rabbits where bone remodeling is the dominant event [17]
[18], we tested the skeletal response of orally administered PTX in an
osteopenic rabbit model by assessing bone mass, microarchitecture,
bone formation, bone turnover, bone strength and bone quality in
comparison with subcutaneously injected PTH (1-34).

2. Materials and methods
2.1. Reagents and chemicals

Cell culture media, collagenase, and all fine chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) while cell culture
supplements including FBS and diaspase were purchased from
Invitrogen (Carlsbad, CA, USA). PTX was purchased from Sigma-
Aldrich and human PTH (1-34) was purchased from Neobiolab
(Cambridge, MA, USA).

2.2. Animals and experimental procedures

All animal experimental procedures were prior approved
(Institutional Animal Ethics Committee approval no. CDRI/IAEC/2015/
132) and conducted as per the guidelines laid by the Committee for the
Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), Ministry of Environment and Forests, Government of India.
New Zealand White (NZW) rabbits used for the study were obtained
from the National Laboratory Animal Centre, CSIR-CDRI. Rabbits (one
per cage) were housed in temperature controlled (22-24°C) rooms
having fresh air supply with 100% exhaust air to the outside and
60-70% relative humidity. Rooms had diffuse lighting in the range of
200-300 Ix and equipped for automatic maintenance of a diurnal 12h
light cycle. Rabbits were fed ad libitum with lucerne grass and main-
tenance diet (Nutrilab, Provimi, Chennai, India) and had free access to
RO water.

For ovariectomy (OVX) and sham surgery, anesthesia was induced
with xylazine (3 mg/kg) and ketamine (20 mg/kg). Post-operatively all
rabbits were administered with antibiotic enrofloxacin (6.5 mg/kg, in-
tramuscular 2x daily) for the first 7 days and analgesic meloxicam
(0.2 mg/kg, intramuscular daily) for the first 3 days.
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2.3. In vitro studies

2.3.1. ALP assay

For osteoblast differentiation of bone marrow stromal cells (BMSC),
bone marrow cells were harvested from the femur of adult female
rabbits and 4 x 10*cells/well were seeded into 24-well plates using
10% FBS containing a-MEM to obtain adherent cells following our
previously published protocol [19]. These cells were treated with PTX
(range, 10~ ' M-10"°M) for 48h in ALP induction medium (a-MEM
supplemented with 10 mM [-glycerophosphate and 50 pug/ml ascorbic
acid). 1,25-(OH), vitamin D3 (10 nM) was used as a positive control.
2 mg/ml para-Nitrophenylphosphate (pNPP) in diethanolamine buffer
(DAE) was used to measure ALP activity calorimetrically at 405 nm.

2.3.2. Mineralization assay

BMSCs were cultured as described above having seeding density of
2 x 10° cells/well in the osteogenic differentiation medium (a-MEM
with 10 mM B-glycerophosphate, 50 ug/ml ascorbic acid, and 100 nM
dexamethasone) with or without PTX (3nM) for 16 days with the
change in medium every 48 h. Mineralized nodules were visualized by
staining the fixed cultures with Alizarin red—S, and the stain was ex-
tracted with 10% cetylpyridinium chloride to quantify mineralization
colorimetrically (OD at 595 nm) [19].

2.3.3. 3’,5’-Cyclic adenosine monophosphate (cAMP) ELISA

BMSCs were seeded into 12-well plates (8 X 10*/well). Cells were
treated with PTH (1-34) (100 nM) or PTX (3 nM), and incubated for 0-,
5-, 15-, 3-, 60- and 90 min. At the end of incubation, culture media was
removed, and cAMP level in the lysates was determined by an ELISA
(Cayman Co., Ann Arbor, MI, USA) following the manufacturer's pro-
tocol. Total protein in each well was determined by Micro-BCA (Pierce,
Rockford, IL, USA) to normalize cAMP data [20].

2.4. In vivo studies

2.4.1. Pharmacokinetics of PTX

The pharmacokinetic study was carried out in virgin adult female
New Zealand rabbits (n = 6 in each group). Animals were acclimatized
for a few days and given ad libitum access to food and water throughout
the experimental period unless stated otherwise. The daily oral dose of
PTX in human is 21 mg/kg/day and when converted based on body
surface area, rabbit dose comes to 75 mg/kg/day [21,22]. Prior PTX
dosing, rabbits were fasted for 12-14 h and the drug was administered
orally at 12.5-, 25- and 75 mg/kg doses as suspension. Blood was drawn
from the marginal ear vein into heparinized microfuge tubes at 0.083-,
0.25-, 0.5-, 1.0-, 1.5-, 2.0-, 4.0-, 6.0-, 8.0-, 10.0 and 24.0 h post-dose.
Plasma was harvested and stored at —70 *= 10 °C until analysis.

100 pl plasma was extracted with ethyl acetate and the supernatant
was separated and dried under N, in TurboVap. The dried extract was
reconstituted in the mobile phase and injected into a column (Bridge
Waters; 5 um, 50 X 4.6 mm id) and analyzed by LC-MS/MS system API
5500 Qtrap (SCIEX, Toronto, Ontario, Canada).

Data acquisition and quantification were performed using Analyst™
(version 1.6.3 software; SCIEX, Toronto, Ontario, Canada) according to
the previously published protocol [23,24]. The concentration-time data
was subjected to noncompartmental analysis using Phoenix WinNonlin
software (version 8.0; Certara Inc., Princeton, NJ, USA) to calculate
different pharmacokinetic parameters including volume of distribution
(Vy), elimination phase half-life (t; »), and area under the curve (AUC).
The observed maximum plasma concentration (Cy,x) and the time to
reach the maximum plasma concentration (T,x) were obtained by
visual inspection of the experimental data. AUC from 0 to Tj,s (AUCq_)
was calculated using the linear trapezoidal rule.

2.4.2. Bone formation in growing rabbits
3-months old (1.5 + 0.2kg) female NZW rabbits were treated with
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PTX (12.5mg/kg p.o. and 25 mg/kg p.o.) for 30 days. Calcein (20 mg/
kg, subcutaneous) was injected 10 days and 24 h before sacrifice. After
that femurs of the treated animals were fixed in 70% isopropanol and
60 um section were made using Isomet-Slow Speed Bone Cutter
(Buehler, Lake Bluff, IL) followed by photography using confocal mi-
croscope (LSM 510 Meta, Carl Zeiss) with appropriate filters by fol-
lowing our previously published protocol with minor modifications
[20]. We measured periosteal perimeters, single-labeled surface (sLS),
double-labeled surface (dLS) and interlabeled thickness (IrLTh), and
these values were used to calculate mineralizing surface/bone surface
(MS/BS), mineral apposition rate (MAR) and bone formation rate BFR
as follows: MS/BS = (1/2 sLS + dLS)/BS(%); MAR = IrLTh/10 days
(um/day); BFR/BS = MAR X MS/BS (um®/um?/day).

2.4.3. Studies in osteopenic rabbits

8-months old (3.5 *+ 0.8kg) female rabbits were bilaterally OVX
and left for 90 days to develop osteopenia as per our previous protocol
[19]. After successful development of osteopenia, rabbits were divided
into the following groups: sham + vehicle (water), Ovx + vehicle,
Ovx + PTX (12.5mg/kg by oral gavage) and Ovx + PTH (20 pg/kgs.c.)
[19] (n = 8/group). For dosing, the required amount of PTX was dis-
solved in 1 ml water and the same volume of water was used as the
vehicle. All treatments were given for four months. Calcein (20 mg/kg,
subcutaneous) was injected twice before sacrificing at 10-days interval
[19].

Blood was collected at the time of recruitment (BL), after the de-
velopment of osteopenia (0 month), mid-point of treatment (2 months),
and end point of treatment (4 months) to assess bone turnover markers.

2.4.4. uCT analysis

Micro-computed tomography (UCT) analysis of excised bones was
carried out using the SkyScan1076 CT scanner (Aartselaar, Belgium).
Rabbit bone scanning was performed at 18 um pixel size, using X-ray
source 86 kV, 110 mA. Reconstruction was carried out on a modified
Feldkamp algorithm using the SkyScan NRecon software. Projections
were obtained over an angular range of 180°. Image slices were re-
constructed using the cone-beam reconstruction software version 2.6
based on the Feldkamp algorithm (SkyScan). All analyses were per-
formed using CTAn software, SkyScan. For femur trabecular analysis,
100 slices were selected, leaving 50 slices from the start of the growth
plate as a reference point. For cortical analysis, 100 slices were selected,
leaving 500 slices from the start of the growth plate as a reference
point. For BMD calculation two different density phantom rods were
used for calibration; a low- and a high-density phantom rod had BMD
values of 0.25 g-hydroxyapatite (HA)/cm® and 0.75 g-HA/cm® respec-
tively. Attenuation coefficient was calculated for each phantom rod
using UCT where low- and high-density phantom rods had attenuation
coefficients of 0.01784 and 0.02438, respectively. Bone mineral content
(BMC) was calculated using the formula BMC = BMD X bone volume
(VOI). Both BMD and VOI were calculated using the CTAn software
[19].

2.4.5. Ex vivo mineralization
At the end of treatments osteoblast differentiation was assessed by
inducing mineralization as described in Section 2.3.2.

2.4.6. Bone turnover markers

Serum cross-linked C-telopeptide of type I collagen (CTX—I) and
serum procollagen type I N-terminal propeptide (PINP) levels were
determined by ELISA (MyBioSource, USA.) following the manufac-
turer's protocols.

2.4.7. qPCR

RNA was extracted from proximal femurs using the trizol extraction
method. ¢cDNA was synthesized with RevertAid cDNA synthesis kit
(Fermentas, Austin, USA) using 2 ug total RNA. SYBR green chemistry
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Table 1
Primer sequences of various genes used for qPCR.

Gene name Primer sequence Accession no.
RunX2 F-GAGAGCTCAGCCGGGAAT NM_017345159.1
R-GAGTGGCTGCAGGCTAGG
Col 1 F-CCTATTGGGAGCCGAGGT NM_001195668.1
R-CAGGTTCACCCTTGTTTCCA
TRAP F-CCGTTCACTCCAGAACGTG NM_001081988.1
R-GTTGCCAATGTGGTCGTG
RANK F-GAGGGACAGCCTCCTCGTAT NM_008261434.2
R-GAAGGCCACCACCAGAAC
OPG F-GAAAGGCATCTTTGCACCAG NM_001099964.2
R-TTCTTCCTGCTGCTCCAACT
RANKL F-TGGAAGGTTCATGGTTCGAT NM_002712966.3
R-GTGCAAAAGGCTGAGTTTCA
HPRT F-GCTTTCCTTGGTCAAGCAGT NM_001105671.1

R-CACTTCGAGGGGTCCTTTTC

was employed to perform to quantify mRNA levels of various genes
using a Light Cycler 480 (Roche Molecular Biochemicals, Indianapolis,
USA) [25]. Table 1 lists all primer pairs used in the study. Hypox-
anthine-guanine phosphoribosyltransferase (HPRT) was used as in-
ternal control.

2.4.8. L5 compression test

We followed a previously described protocol [19] with some mod-
ifications. Briefly, L5 vertebra was isolated, completely cleaned of
muscle and ligament and frozen at -20 °C until the compression test was
performed using a Universal Testing Machine (SSTM-25, United Cali-
bration Corporation, CA, USA). L5 height was 20 mm and displacement
rate was 0.5 mm/min. DATUM Material Testing Software, version 5 was
used for data acquisition and processing. The load-displacement curves
were used to calculate ultimate load (N), energy to fracture (N-mm),
stiffness (N/mm) and Young's modulus (N/mm?) according to the
previously published protocol [19]. Regression analysis was performed
by GraphPad Prism 5 software to determine the correlation between
maximum load and BMC [26].

2.4.9. Histomorphometry of trabecular bone

Femurs were fixed in 70% isopropanol and 60 um sections were
made using Isomet-Slow Speed Bone Cutter (Buehler, Lake Bluff, IL)
followed by photography using a confocal microscope (LSM 510 Meta,
Carl Zeiss, Inc., Thornwood, NY). MS/BS, MAR) and BFR/BS were
calculated as described in Section 2.4.2 [19,27].

2.4.10. Tartrate-resistant acid phosphatase (TRAP) staining

For TRAP histochemistry, decalcified femur metaphyses were fixed
in 4% paraformaldehyde and dehydrated in graded ethanol. Wax blocks
were prepared and bones were sectioned at 6 um thickness. The sections
were stained by pararosaniline chloride and naphthol AS-BI phosphate
according to our previously published protocol [28]. The development
of red color intensity is proportional to TRAP activity. After TRAP
staining, osteoclast number (N.Oc) was calculated using Bioquant Osteo
software and normalized by total bone surface (BS) (Bioquant image
analysis, USA).

2.4.11. Determination of calcium weight in bones

We used a modified protocol of a previously published report for
this determination [29]. We took three reference materials (carbon,
aluminium and hydroxyapatite) on single stub and imaged them in
backscattered (BE) mode in FEI ESEM Quanta 200 in order to set the
contrast and brightness such that the grayscale values of the reference
materials fall near the low and high ends of grey level dynamic range
for calibration. Rabbit femur bones from the metaphysis region were
embedded in plastic resin and 60 um sections were made using Isomet-
Slow Speed Bone Cutter. After optimization of BE grey level values for
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Fig. 1. PTX has an osteogenic effect. (A) Rabbit
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Table 2
Pharmacokinetic parameters of PTX.

Parameters 12.5mg/Kg 25mg/Kg 75mg/Kg
Maximum concentration [Cpay (ng/ml)] 572.33 + 145.31 3413.33 + 1523.95 8043.33 + 1358.84
Maximum concentration [Cpax (nM/ml)] 2.05 + 0.522 12.26 = 5.4 28.89 + 4.87
Time req. for maximum concentration [ty (h)] 1.00 0.83 = 0.29 1.17 = 0.29
Half-life [T, (h)] 3.35 = 0.60 3.31 = 0.26 3.07 = 0.49
Total concentration [AUCy.; (ng h/ml)] 1377.55 + 318.56 6638.94 + 295.04 24,255.81 + 8025.51
Total concentration AUCo... (ng h/ml) 1385.05 + 319.80 6707.70 = 299.29 24,383.68 + 8197.47
Clearance/F (L/h/kg) 9.38 = 2.32 3.73 = 0.16 3.32 £ 1.11

all the reference materials, bone sections were scanned at the same
contrast, brightness, and magnification. The micrographs were acquired
and analyzed for BE grey level value in Image J software by randomly
taking three 1000 X 1000 pm? area from each micrograph to calculate
BE values. Thus obtained BE values were plotted against the atomic
number of the reference materials. For calculating calcium percentage
in bone sections, the equation used was [y = 0.199x — 4.982;
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y = weight of calcium, x = BE grey level value] considering calcium in
HA to be 39.8% and pure carbon to be 0%.

2.4.12. Determination of bone crystallinity

Rabbit femur metaphyses were embedded in plastic resin and 60 um
sections were made using Isomet-Slow Speed Bone Cutter. These sec-
tions were subjected to X-ray diffraction using a PAN analytical X'Pert
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Fig. 2. PTX selectively increases serum osteogenic
marker in osteopenic rabbits. Serum PINP (A) and

160 807 CTX-1 (B) levels were determined by respective
= A = *Ak sk ELISA kits at baseline (before OVX), 0 day (3 months
£ ook E 601 *T* fter OVX and start of the treatments), 2month:
£ 120- 33 after and start of the treatments), 2months
%D £ post-treatment and 4 months post-treatment. Data
: ok $odok — 401 represented as mean = SEM, n = 8/group.
Z. 80- >'< **p < 0.01, ***p < 0.001 compared to respective
[ ) 20 baseline (BL) values.

40 T T T ] O T T T
BL 0 2 4 (Month) BL 0 2 4 (Month)
treatments treatments

Pro X-ray diffractometer (Rigaku Smartlab ® HRXRD). Cu Ka mono-
chromatic radiation was used with operating parameters of 40 kV vol-
tages and 30 mA current. The XRD patterns were recorded between 10°
to 80° (20) in step of 0.010 intervals with 1 s counting time at each step.
The crystal size was calculated by Scherer Equation (nm) measured at
relative intensities (cps) by comparing it with JCPDS- 00-009-432.
FWHM was calculated from the average of three highest XRD peaks in
the region of HA ranging from 23.8 to 59° 6 [19].

2.5. Statistical analyses

Data were expressed as the mean = standard error of the mean
(SEM). Statistical differences among the different treatment groups
were analyzed by one-way ANOVA followed by a post hoc Dunnett's
multiple comparison tests of significance using GraphPad Prism 5. The
levels of statistical significance in comparison to sham (control) group
has been indicated by p values (< 0.05, < 0.01 and < 0.001) in the
figure legend. Data having two groups were assessed by t-test to eval-
uate the statistical difference.

3. Results
3.1. Dose determination of PTX

Rabbit BMSCs were treated with PTX (10 pM-1 uM) and osteoblast
differentiation was assessed by ALP assay. Data showed a significant
increase (p < 0.001) in ALP activity by PTX with an ECsq of
3.07 £ 1.37nM (Fig. 1A). At the ECs, concentration, PTX significantly
enhanced (p < 0.001) mineralized nodule formation in BMSC
(Fig. 1B). At this concentration, PTX also stimulated (p < 0.001) in-
tracellular cAMP in BMSC that was comparable to PTH (Fig. 1C).

We next carried out pharmacokinetic (PK) studies to determine the
minimum oral PTX dose required to achieve the plasma PTX levels to
the range of osteogenic ECso determined in vitro. PK studies were
carried out at three oral doses; 75 mg/kg (equivalent to adult human
dose), 25mg/kg and 12.5mg/kg. Maximum serum concentration
(Cmax) of PTX at 12.5mg/kg dose was 2.05 = 0.522nM which was
close to the osteogenic ECso (Table 2). Furthermore, when growing
rabbits were dosed with 12.5- and 25 mg/kg PTX for 4 wk., the cortical
bone formation parameters (periosteal (p-) mineralizing surface, mi-
neral accrual rate, and bone formation rate) were increased over the
vehicle group (Fig. 1D). Because, PTX at 12.5- and 25mg/kg doses
showed comparable osteogenic effect, the 12.5mg/kg dose was selected
as the minimum effective dose and used in all subsequent studies.

3.2. PTX selectively increases serum osteogenic marker in osteopenic rabbit

Serum bone turnover markers were measured at baseline (at the
time of recruitment), 3 months post-OVX (treatment start point), and 2-
and 4-months after various treatments (Fig. 2). Serum PINP was not
different between sham and OVX + veh at all-time points. PTX and PTH
increased (p < 0.001) serum PINP over sham at 2- and 4 months post
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treatments (Fig. 2).

Post-OVX, serum CTX-1 was robustly increased (p < 0.001) in all
groups compared to sham at all time-points. These data indicated a
selective osteoanabolic effect of PTX similar to PTH (Fig. 2).

3.3. PTX restores femur trabecular and cortical bones in osteopenic rabbits

At the endpoint, significant loss of BMD and deterioration of micro-
architecture were observed in the proximal femur metaphysis of
OVX + veh compared to sham (p < 0.01). PTX completely restored all
the parameters up to the level of the sham. PTH also restored all
parameters to the level of sham, however, Tb.Th was significantly
higher (p < 0.05) than the sham group (Fig. 3A).

All groups had comparable BMD at femur mid-diaphysis. Cs.Th was
significantly decreased (p < 0.05) in OVX + veh compared to sham.
PTX treatment completely restored Cs.Th and this effect was compar-
able with PTH. Endosteal perimeter and cortical porosity were higher
(p < 0.05) in osteopenic animals and PTX treatment failed to restore
these parameters (Fig. 3B).

3.4. PTX restores vertebral trabecular bones and compressive strength in
osteopenic rabbits

Since lumbar vertebrae bear the weight of the upper body and un-
dergo BMD loss in post-menopausal women [30] we took the 5th
lumbar vertebra for our study. At the end point significant loss of BMD
(p < 0.001), BMC (p < 0.01) and deterioration of micro-architecture
were observed in L5 vertebra of OVX + veh compared to sham. Both
PTX and PTH restored all trabecular parameters to the level of sham
(Fig. 4A).

In comparison to the sham group, compressive load bearing capa-
city (p < 0.05), energy to failure (p < 0.05) and stiffness (p < 0.01)
of L5 were reduced in the OVX group, and treatment of OVX rabbits
with PTX or PTH completely restored these parameters to the levels of
the sham group (Fig. 4B). Young's modulus (or modulus of elasticity) is
a measure of the ability of a material/bone to withstand changes in
deformation under compression. In osteopenic rabbits, Young's mod-
ulus of L5 decreased significantly (p < 0.05), and both PTX and PTH
restored it to the sham level thus suggesting restoration of vertebral
elasticity by these treatments (Fig. 4B). There was a strong correlation
between the BMC and maximum load at L5 (r> = 0.8974), and the slope
and intercept of the regression line was similar in all groups (Fig. 4C).

3.5. PTX is osteogenic but not anti-osteoclastogenic

At the end of the treatments, ex vivo nodule formation was studied
using BMSCs harvested from femurs. OVX + Veh group showed re-
duced (p < 0.05) nodule formation compared to sham whereas both
drugs increased (p < 0.001) nodule formation over the sham (Fig. 5A).

At the transcript levels, Runx2 (the osteoblast transcription factor)
was decreased (p < 0.01) in the OVX femurs compared to sham
whereas PTX and PTH increased (p < 0.001) Runx2 expression by > 2-
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Fig. 3. PTX restored both trabecular and cortical
bone mass and microarchitecture in osteopenic OVX
rabbits. (A) Various trabecular parameters at femur
proximal metaphysis were determined by pCT.
Representative uCT images in various groups are
shown in the upper panel and calculated parameters
are shown in the lower panels. BMD, bone mineral
density; BV/TV, bone volume per tissue volume;
Tb.N, trabecular number; Tb.Th, trabecular thick-
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folds. mRNA level of another osteogenic gene, type 1 collagen was
decreased (p < 0.001) in OVX + veh compared to sham and both
drugs restored this transcript to the sham level. On the other hand, the
expression of osteoclastogenic genes including the RANKL/OPG ratio,
TRAP, and RANK was increased (p < 0.001) in OVX + veh compared
to sham and neither drug altered the OVX-induced changes (Fig. 5B).
Consistent with the increased osteoclastogenic genes in OVX bones,
femur sections showed increased (p < 0.001) TRAP stained regions
and the number of osteoclast per bone surface (N.Oc/BS) in the
OVX + veh group compared to sham. PTX or PTH treatment had no
effect on OVX-induced rise in N.Oc (Fig. 5C).

We next confirmed the osteogenic effect of PTX by measuring bone
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surface referent parameters at the trabecular site of femur metaphysis.
OVX + veh group showed decreased MS/BS (p < 0.05), MAR
(p < 0.001) and BFR (p < 0.001) compared to sham. All surface re-
ferent bone formation parameters were comparable between sham, PTX
and PTH groups (Fig. 5D).

3.6. PTX improves bone quality in osteopenic rabbits

Bone crystallinity was assessed by XRD-based FWHM. Higher
FWHM reflects lower crystallinity and thus indicates poor crystal
packing. FWHM values in the femurs of OVX + vehicle group were
significantly higher (p < 0.05) than the sham and both PTX and PTH
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Fig. 4. PTX restored trabecular bone mass, microarchitecture, and strength of L5 vertebra of osteopenic OVX rabbits. (A) Various trabecular parameters at L5 were
determined by pCT. Representative pCT images in various groups are shown in the upper panel and calculated parameters are shown in the lower panels. (B)
Compressive bone strength and elasticity in L5 were determined by the protocols described in the Materials and methods. (C) Linear regression analyses were
performed across various groups between BMC and maximum load at L5. The coefficient of determinant (r?) is indicated on the graph. Data represented as

+

mean

decreased it (Fig. 6A).

Next, we measured calcium weight percentage in the sections of
femur metaphysis by BE mode and found that OVX + veh group has
significantly lesser (p < 0.01) calcium weight than the sham group
(Fig. 6B). Strikingly, both PTX and PTH groups had significantly in-
creased (p < 0.001) tissue calcium weight than sham (Fig. 6B).

4. Discussion

The current study demonstrates a significant bone anabolic effect of
PTX in osteopenic rabbits. PTX at 1/6th of the adult human oral dose
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SE, n = 8/group. *p < 0.05, **p < 0.01 and ***p < 0.001 compared to sham.

given to OVX osteopenic rabbits mimicked all of the skeletal effects of
PTH administration. PTX, at this dose, increased bone mass, micro-
architecture, strength, and quality. There are no oral osteoanabolic
drugs. PTH (1-34) and a PTHrP peptide analog are administered by
daily injection. Alternative delivery of PTH (1-34) by oral, transdermal
or nasally have met with limited success [31]. Long-Term treatment of
osteoporosis with improved patient compliance likely requires oral over
parenteral administration. For example, calcilytics, small molecules
which are oral extracellular calcium-sensing receptor antagonists, cause
a transient increase in PTH secretion but have been found to lack an
osteogenic effect in phase II clinical trials [32,33]. Our current findings
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Fig. 5. PTX promotes bone formation
in OVX osteopenic rabbits without
affecting resorption. (A) BMSC from
rabbits of indicated groups was har-
vested as described in Fig. 1A. Left
panel showing mineralized nodules
and right panel showing quantifica-
tion after dye extraction as described
in the Materials and methods. (B)
Total RNA was isolated from femur
trabecular region devoid of marrow
and qPCR was performed using gene-
specific primers described in Table 1.
Data expressed after normalization
with HPRT mRNA. (C) Left panel
showing TRAP stained images of dif-
ferent treatment groups at 40 X mag-
nification. Right panel showing os-
teoclast number (N.Oc./BS)
determined from the stained images.
(D) Surface referent bone formation at
distal femur metaphysis was de-
termined by time-spaced calcein la-
beling of bones. The upper panel
showing representative micrographs
of bone sections and the lower panel
showing quantification using
Bioquant software. Data represented
as mean * SEM, n = 6/group;
*p < 0.05, **p < 0.01 and

*p < 0.001 compared to sham.
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Fig. 6. PTX treatment favorably alters bone bioma-
terial in OVX osteopenic rabbits. (A) Crystalinity of
powdered bone samples (femur metaphysis) of in-
dicated groups was determined by XRD as described
in the Materials and methods. (B) Back-scattered EM
was used on the sections of femur metaphysis of in-
dicated groups to determine calcium weight. Data
represented as mean * SEM, n=6; *p < 0.05,
**p < 0.01 and ***p < 0.001 compared to sham.
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suggest PTX, at the appropriate oral dose, may be used as an osteoa-
nabolic drug.

The osteogenic concentration of PTX determined from ALP assay on
rabbit BMSC was achieved at a dose of 12.5 mg/kg, which was 1/6th
the dose used clinically [22]. At this dose, PTX enhanced modeling-
directed bone growth in growing animals and completely restored bone
mass, microarchitecture, strength, quality and material property in OVX
rabbits to sham levels. We observed decreased PTX clearance at the
higher doses, suggesting non-linearity in elimination, which is con-
sistent with earlier reports on the oral clearance of PTX [21] and
theophylline (a methylxanthine drug) [34]. The skeletal effect of PTX in
OVX rabbits was comparable to PTH, suggesting to us that PTX mani-
fested a clear osteoanabolic effect. Indeed, PTX mimicked some of the
hallmarks of PTH, including the stimulation of serum PINP without
altering the OVX-induced rise in serum CTX-1. PTX increased surface
referent bone formation parameters, restored both L5 bone mass and
elasticity and increased cortical thickness with no effect on OVX-in-
duced increases in cortical porosity. Increases in the ex vivo nodule
formation of BMSC, tissue osteogenic genes and the RANKL/OPG ratio
by PTX to the levels of the PTH treated group, suggested to us a similar
molecular response by these two drugs.

Restoration of bone mass accounts for only 40% of fracture risk,
whereas microarchitecture and material properties constitute the re-
maining risk [35]. In rabbits, we and others have shown that PTH in-
creases bone mass and strength with an attendant increase in elasticity
and mineral heterogeneity [19,36]. The effects of PTH were replicated
in the current study, and PTX mimicked the effects of PTH to result in
complete restoration of bone mass, architecture, and strength. Material
tensile strain increases FWHM, while the relaxation of tensile strain
decreases it [37]. We observed increased FWHM in OVX compared to
sham animals, which was decreased by PTX treatment. Tissue calcium
levels in both PTX- and PTH-treated rabbits were significantly higher
than the sham values, likely because of the new bone formation induced
by these treatments. The combination of higher tissue calcium and
lower FWHM in PTX- and PTH-treated rabbits appeared to have con-
ferred greater stiffness, an important strength parameter.

Our study addressed for the first time several critical issues per-
taining to the anabolic effect of PTX. Firstly, the effect was achieved by
the oral administration of PTX, which is more widely practiced clini-
cally instead of parenteral routes of administration used in previous
preclinical studies with this drug [12] [14]. Secondly, we determined
the drug dose empirically from oral bioavailability data suggested by
it's in vitro osteogenic ECsy to generate an osteogenic dose in vivo
which was 1/6th of the human oral dose. Such a low dose of PTX af-
fording an osteogenic effect comparable to PTH is likely to be safe for
long-term treatment, as required for post-menopausal osteoporosis.
Thirdly, the anabolic effect was observed in rabbits, a species having
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Haversian remodeling, thus making our findings relevant to the bone
remodeling characteristics of primates as opposed to previous studies in
rats and mice, which have no active Haversian remodeling. Indeed,
commencing PTX treatment after the development of osteopenia
(therapeutic mode) made our observations relevant to the clinical set-
ting. Finally, evidence of bone restoration included not only bone mass
but also strength and material quality. Others have shown PTX dosing
at the human equivalent dose for 8 weeks in OVX osteopenic rats with
femur osteotomy gave a trend of improved femoral bone strength which
was not significant [13]. While we observed PTX significantly enhanced
the serum osteogenic marker PINP at 2months, translating this re-
sponse to enhanced bone strength might require longer drug treatment.
Indeed, treatment with PTX in OVX rats for 3 months generated a sig-
nificant osteogenic effect (S. Pal, N. Chattopadhyay; Unpublished ob-
servations).

The current study does have limitations. The withdrawal of PTH has
been reported to maintain distal femoral bone mass for 8 weeks in OVX
rats [38] and up to 12 months in post-menopausal women, when femur
neck and spine BMD were assessed [39]. We did not investigate the
effect of discontinuation of PTX to determine the time required for
osteopenia to reappear in the OVX animals, so we cannot comment on
whether a substantial drug-free time is possible with PTX. Fracture
healing is impaired in the osteopenic condition, but we have not yet
determined if PTX can enhance fracture healing in this condition. Nor
have we studied cortical bone formation in OVX rabbits at the perios-
teal, intra-cortical and endocortical compartments. Given that mod-
ulation of cAMP and cGMP signaling regulates blood pressure [40] and
blood flow [41] and PTH is a vasodilator which increases bone blood
flow [42] it will be important to determine whether PTX improves bone
perfusion in OVX rabbits. Large variations in lumbar compressive
strength parameters have been reported for adult female NZW rabbits
[26,43,44]. Although the levels of change in these parameters between
the sham and OVX groups of the present study were similar to our
previous report [19] however their absolute values differed con-
siderably between these two studies. Whether variations in tissue pro-
cessing, age at the time of sacrifice and L5 trabecular bone volume
between these two studies (the present and [19]) contributed to such
difference remained unexplained. Other indicators of bone material
properties such as the mineral-to-matrix ratio, phosphate-to-carbonate
substitution and collagen cross-links [45] with respect to bone strength
have not been assessed in the current study.

Nevertheless, the current study clearly demonstrates a significant
bone anabolic effect on PTX in osteopenic rabbits. Discovery and de-
velopment of new drugs take an enormous amount of time, money and
effort, and the effort can be bottlenecked at the clinical trial stage. It is
crucial to find strategies to improve the success rate of getting drugs to
the clinic. Drug repurposing is one such strategy, and generally refers to
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studying a well-characterized drug known to treat one condition or
disease to see if it is safe and effective for treating other diseases which
in this case is post-menopausal osteoporosis [46,47]. We have demon-
strated that PTX at 1/6th of the adult human dose given to OVX os-
teopenic rabbits mimicked all the skeletal effects of PTH including re-
storation of bone mass, microarchitecture, strength, and quality.
Clearly, assessment of the efficacy of PTX in post-menopausal osteo-
porosis as an orally active osteoanabolic drug is warranted.
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