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Abstract

Dietary isoflavones including genistein and daidzein have been shown to have favorable bone conserving effects during estrogen deficiency in experimental
animals and humans. We have evaluated osteogenic effect of medicarpin (Med); a phytoalexin that is structurally related to isoflavones and is found in dietary
legumes. Med stimulated osteoblast differentiation and mineralization at as low as 10~ '° M. Studies with signal transduction inhibitors demonstrated
involvement of a p38 mitogen activated protein kinase-ER-bone morphogenic protein-2 pathway in mediating Med action in osteoblasts. Co-activator
interaction studies demonstrated that Med acted as an estrogen receptor (ER) agonist; however, in contrast to 17(3-estradiol, Med had no uterine estrogenicity
and blocked proliferation of MCF-7 cells. Med increased protein levels of ERB in osteoblasts. Selective knockdown of ERa and ER{ in osteoblasts established that
osteogenic action of Med is ERB-dependent. Female Sprague-Dawley (weaning) rats were administered Med at 1.0- and 10.0 mg.kg~' doses by gavage for 30
days along with vehicle control. Med treatment resulted in increased formation of osteoporgenitor cells in the bone marrow and osteoid formation
(mineralization surface, mineral apposition/bone formation rates) compared with vehicle group. In addition, Med increased cortical thickness and bone
biomechanical strength. In pharmacokinetic studies, Med exhibited oral bioavailability of 22.34% and did not produce equol. Together, our results demonstrate
Med stimulates osteoblast differentiation likely via ERB, promotes achievement of peak bone mass, and is devoid of uterine estrogenicity. In addition, given its
excellent oral bioavailability, Med can be potential osteogenic agent.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

The risk of osteoporotic fracture is most importantly dependent on
biomechanical strength of bone [1-5]. Bone mass (a measure of bone
size and its volumetric mineral density) is an established determinant
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of bone strength. Bone mass and strength achieved at the end of the
growth period, commonly designated as peak bone mass (PBM), plays
an important role in the risk of osteoporotic fractures occurring in
adulthood. It is considered that an increase of PBM by one standard
deviation may reduce the fracture risk by 50% [1]. Prevalence of low
PBM in developing countries is often attributed to nutritional
deficiency and significantly contributes to osteoporosis burden in
population [6].

Phytoestrogens, found in many edible plants are diverse groups of
biologically active compounds with structural similarity to estradiol
[7]. The major phytoestrogens include daidzein and genistein that
have been shown to reduce bone loss associated with estrogen
deficiency in animals [8]. Perinatal exposure to phytoestrogens has
been reported to lead to a higher bone mineral density later in life [9],


http://www.sciencedirect.com/science/journal/09552863
http://dx.doi.org/10.1016/j.jnutbio.2010.11.002
http://dx.doi.org/10.1016/j.jnutbio.2010.11.002
http://dx.doi.org/10.1016/j.jnutbio.2010.11.002
mailto:n_chattopadhyay@cdri.res.in
mailto:sanyal@cdri.res.in
http://dx.doi.org/10.1016/j.jnutbio.2010.11.002

28

thus suggesting the potential for nutritional supplement of phytoes-
trogens. However, the effect of phytoestrogens in PBM achievement
has not been investigated in detail.

The possibility of prophylactic as well as therapeutic uses of
phytoestrogens in bone health is under active investigation [10],
particularly in relation to the beneficial effect of consuming soy-rich
food on bone health in Chinese women [11]. However, the
effectiveness of soy isoflavones in skeleton is dependent on the
production of an estrogenic metabolite, equol by a gut microflora,
which is absent in almost 40% humans studied, thereby hindering the
efficacy of soy isoflavones in humans [12-14]. In addition, results of
recent clinical studies on the effect of soy isoflavones in affording
bone conserving effects in postmenopausal osteoporosis was not
convincing [15-17], thereby leaving the scope for identifying more
effective forms of phytoestrogen/s for better bone health.

Although isoflavones are primarily known to signal via estrogen
receptors (ERs), the role of ER subtypes (ERa and ERP) in osteoblast
function is unclear. It is generally thought that the major role of 17(3-
estradiol (E2) is to inhibit bone resorption, in part by stimulating
osteoclast apoptosis [18]. The role of E2 in osteoblast and osteocyte
functions has been demonstrated in mice using ERa knockout model.
Mice lacking ERa have been shown to have defects in bone formation
induced by mechanical stimulation, while, ERP knockout mice did not
show any bone phenotype [19]. However, both ERa and ERB have
been shown to express in osteoblasts and osteocytes [20], indicating
that ER® may have roles in osteoblast function.

Medicarpin (Med), 3-hydroxy-9-methoxypterocarpan, is a pter-
ocarpan-type phytoalexin which is also classified as methoxylated
isoflavonoid and is one of the major constituents of dietary legumes.
Med is present in chickpea (Cicer arietinum) [21-23], peanut (Arachis
hypogaea) [24], alfalfa (Medicago sativa) [25,26], red clover (Trifolium
pratense) [27] and in an Indian medicinal plant Butea monosperma
[28]. Recently, we have shown bone sparing action of Med under
estrogen deficiency, suggesting an estrogen-“like” effect of Med in
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bone. Here, we investigated the effect of Med in rat skeletal growth
(achievement of PBM), osteoblast function and molecular mode of
action, and systemic bioavailability.

2. Materials and methods
2.1. Materials

Medicarpin was synthesized following our previously published protocol [29]. Cell
culture media and supplements were purchased from Invitrogen (Carlsbad, CA, USA).
All fine chemicals and inhibitors (ICI182780, U0126, SB203580, SP600125 and
LY294002) were purchased from Sigma Aldrich (St. Louis, MO, USA). p38 mitogen-
activated protein kinase (MAPK) enzyme-linked immunosorbent assay (ELISA) kit was
purchased from Cell Signaling Technologies, Irvine, CA, USA. ECL kit was purchased
from GE Healthcare Life Sciences, USA. ERa (2Q418): sc-71064 and ERP (H-150): sc-
8974 antibodies were from Santa Cruz Biotechnology, Santa Cruz, CA, USA.
Progesterone receptor was (Santa Cruz), Bone morphogenetic protein-2 (BMP-2)
ELISA (RnD systems, Minneapolis, MN, USA). Nonsilencing control (siC), ERa and ER}
siRNAs and corresponding transfection reagent Dharmafect I were purchased from
Thermo Scientific, Waltham, MA, USA.

2.2. Plasmids

PM (contains yeast Gal4 DBD) and pVP16 (contains simian virus VP16 activation
domain) were from Clontech. VP16-VDR was a kind gift from Dr. Makoto Makishima,
Division of Biochemistry, Nihon University School of Medicine, Chiyoda, Tokyo, Japan.
VP16-PRA and PRB were kind gifts from Dr. Stephen Lye, Departments of Obstetrics and
Gynecology and Physiology, University of Toronto, Ontario, Canada. All other pM and
VP16 constructs used in this study are described elsewhere [30,31]. Estrogen
responsive elements (ERE)-Luc, pcDNAERa and pcDNAER{ were kind gifts from Dr.
Eckardt Treuter, Department of Biosciences at Novum, Karolinska Institutet, Stokholm,
Sweden. BRE-Luc was constructed using oligo cloning where 3xBRE sequence from ID-
1 promoter was cloned into PGL3 promoter vector (Promega).

2.3. Culture of calvarial osteoblasts

Rat calvarial osteoblasts were obtained following our previously published
protocol of sequential digestion [32-36]. Briefly, calvariae from 1-2-day-old Spra-
gue-Dawley rats (both sexes) were pooled. After surgical isolation from the skull and
the removal of sutures and adherent mesenchymal tissues, calvariae were subjected to
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Fig. 1. Med stimulates osteoblast differentiation in vitro. (A) Structure of Med (3-hydroxy-9-methoxypterocarpan;+-cis-medicarpin). (B) RCOs (2x10° cells/well) were seeded in
96-well plates. Cells were treated with various concentrations of Med for 48 h in osteoblast differentiation medium. ALP production was measured using a kit. (C) RCOs (2.5x10°
cells/well) in 12-well plates were treated similarly as described in Panel B. Cultures were continued for 21 d with vehicle or Med and were stained with alizarin red-S. Stain was
extracted and O.D. measured colorimetrically. Data shown as mean4+S.E.M.; n=3; **P<.01, ***P<001 compared with vehicle (V)-treated cells.
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five sequential (10-15 min) digestions at 37°C in a solution containing 0.1% dispase
and 0.1% collagenase P. Cells released from the second to fifth digestions were pooled,
centrifuged, resuspended and plated in T-25cm? flasks in ci-minimal essential medium
(o-MEM) containing 10% fetal calf serum (FCS) and 1% penicillin/streptomycin
(complete growth medium).

2.4. Osteoblast differentiation and mineralization

For determination of alkaline phosphatase (ALP) activity, 2x10° cells per well were
seeded in 96-well plates. Cells were treated with different concentrations of the
compounds for 48 h in a-MEM supplemented with 5% charcoal treated FCS, 10 mM {3-
glycerophosphate, 50 pg/ml ascorbic acid and 1% penicillin/streptomycin (osteoblast
differentiation medium). At the end of incubation period, total ALP activity was
measured using p-nitrophenylphosphate as substrate and quantitated colorimetrically
at 405 nm [32-35]. For mineralization studies, 2x10° cells per well were seeded in six-
well plates in differentiation media with 10% charcoal treated FCS. Cells were cultured
with and without the compound for 21 days at 37°C in a humidified atmosphere of 5%
CO, and 95% air, and the medium was changed every 48 h. After 21 days, the attached
cells were fixed in 4% formaldehyde for 20 min at room temperature and rinsed once in
PBS. After fixation, the specimens were processed for staining with 40 mM alizarin red-
S, which stains areas rich in nascent calcium.

For quantification of alizarin red-S staining, 800 ul of 10% (v/v) acetic acid was
added to each well, and plates were incubated at room temperature for 30 min with
shaking. The monolayer, now loosely attached to the plate, was then scraped with a cell
scraper and transferred with 10% (v/v) acetic acid to a 1.5 ml tube. After vortexing for
30 s, the slurry was overlaid with 500 pl mineral oil (Sigma-Aldrich), heated to exactly
85°C for 10 min, and transferred to ice for 5 min. The slurry was then centrifuged at
20,000xg for 15 min and 500 pl of the supernatant was removed to a new tube. Then
200 pl of 10% (v/v) ammonium hydroxide was added to neutralize the acid. In some
cases, the pH was measured at this point to ensure that it was between 4.1 and 4.5. OD
(405 nm) of 150-pl aliquots of the supernatant were measured in 96-well format using
opaque-walled, transparent-bottomed plates [28,32,33,37]. For studying cell signalling
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events, treatment of inhibitors (ICI182780, U0126, SB203580, SP600125 and
LY294002) was given 30 min prior to the compound treatments.

2.5. Cell lines and reporter assays

COS-7 or HepG2 cells were maintained in Dulbecco's modified Eagle medium
(DMEM) supplemented 10% fetal bovine serum (FBS). Twenty-four hours before
transfection, cells were seeded onto 24-well plates in phenol-red free DMEM
supplemented with 10% charcoal dextral treated FBS. Transfections were performed
with Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. In all
transfections, pEGFPC1 was used as an internal control. Total DNA in all transfections
were kept constant at 700 ng/well using pcDNA3 empty vector. Following indicated
treatments cells were lysed and relative luciferase values were determined using
SteadyGlo kit (promega) in a GloMax luminometer (Promega). GFP expression in each
well was quantitated by a multiplate fluorimeter (Polar Star Galaxy; BMG Labtech).
Luciferase values were then normalized with GFP values and were plotted as fold
activities over untreated controls or as indicated in the figures and legends.

2.6. siRNA transfection

Twenty four hours before transfection rat calvarial osteoblasts (RCOs) were plated
in six-well plates in phenol red free medium supplemented with 10% charcoal dextran
treated FBS. The cells were then transfected with 100 nM siC, siERa or siERP using
Dharmafect I transfection reagent (Dharmacon) following manufacturer's instructions.
For quantitative polymerase chain reaction (qPCR) assays 16 h following transfection
cells were treated with E2 or Med for 24 h followed by lysis in Trizol (Ambion) ,and for
Western blotting, cells were treated with E2 or Med for 48 h, following which they
were lysed in cell Lytic lysis buffer (Sigma).

2.7. RNA isolation and qPCR

Total RNA from each sample was isolated using Trizol (Ambion) according to
manufacturer's instructions. Total RNA (1 pg) from each sample was reverse
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Fig. 2. Stimulation of osteoblast differentiation by Med requires activation of p38 MAPK and secretion of BMP-2. (A) RCOs (2x10° cells/well) were seeded in 96-well plates. Cells were
first treated with 10 uM SB203580 (p38 MAPK inhibitor) for 30 min. Following PBS wash, Med (10 nM), with or without inhibitor was added in osteoblast differentiation medium.
Cultures were continued for 48 h and ALP production measured. (B) RCOs (2x10* cells/well) were seeded in six-well plates and treated with 10 nM Med at different time points. Cell
lysates were used to determine phospho-p38 MAPK and total p38 MAPK using ELISA kit. Phospho-p38 MAPK values are plotted after normalizing with total p38 MAPK. (C) RCOs
(5x10° cells/well) were seeded in 24-well plates. Cells were treated with vehicle or Med (10 nM) or Med (10 nM)~+10 uM SB203589 for 24 h. Supernatants were used for BMP-2 ELISA.
(D) RCOs (2x10° cells/well) were seeded in 96-well plates. Cells were treated for 48 h with Med (10 nM), 100 ng/ml BMP-2 and 50 ng/ml noggin alone or in combination as described
in the figure. ALP was measured. (E) HepG2 cells in 24-well plates were transfected with either 200 ng pcDNA3BMPR-Ia or 200ng of pcDNA3BMPR-II or 200ng BRE-Luc or 100ng
EGFPC1. Sixteen hours following transfection, cells were treated with BMP-2 (100 ng/ml) or Med (10 nM) for 24 h, and then the cells were lysed, and luciferase activity was normalized
against GFP and plotted as fold activity over untreated control. Data represent mean=+S.E. from three independent experiments; **P<.01, ***P<.001, NS, not significant.
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transcribed using RevertAid First Strand cDNA Synthesis kit (Fermentas) according to
manufacturer's instructions. mRNA levels of described genes were determined by SyBr
green chemistry (Light Cycler 480 SyBr green I master; Roche) using a Light Cycler 480
(Roche) according to manufacturer's instructions. The specificity of the PCR product
was documented by LightCycler melting curve analysis and migration on ethidium
bromide-stained agarose gel. The relative quantitation for any given gene was
calculated after determination of the difference between CT of the target gene and
that of the calibrator gene glyceraldehyde-3- phosphate dehydrogenase (GAPDH)
using a ACT method. Primer sequences for ER a (accession number: NM_012689.1)
were 5'-GAT GGG CTT ATT GAC CAA CC-3’ (sense) and 5’-TGG AGA TTC AAG TTC CCA
AA-3' (antisense); for ER 3 (accession number: AB190769.1), 5'-CAA CCA GTG GCT
GGG AGT-3’ (sense) and 5-CAT GGG ACT CAG ATG TAA TGA CTG -3’ (antisense); for
BMP-2 (accession number: NM_017178.1), 5'-CGG ACT GCG GTC TCC TAA-3’ (sense)
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and 5-GGG GAA GCA GCA ACA CTA GA-3’ (antisense) and for GAPDH (accession
number: AB017801.1), 5'-CAG CAA GGA TAC TGA GAG CAA GAG-3’ (sense) and 5'-GGA
TGG AAT TGT GAG GGA GAT G-3’ (antisense).

2.8. Western blotting

Cells were grown to 60-70% confluence following which they were exposed to
compounds for different time periods. The cells were then homogenized with triton
lysis buffer (50 mM Tris-HCl, pH 8 containing 150 mM Nacl, 1% Triton X-100, 0.02%
sodium azide, 10mM EDTA, 10 pg/ml aprotinin and 1 pg/ml aminoethylbenzenesulfo-
nyl fluoride) and total proteins were quantified by Bradford method (Sigma). Thirty
micrograms of total protein/sample was then resolved by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene

ERa ERB C

3 -
- . 3.5 -
£ o] * . E2 an
= T * >
E 5 17 mMED 2
2 2 DV
[e) 154 o —.—MED
S5 35
=N |
9 9
@ 05+ e
0 o 4+——-r—-r——r——r—+—+—1r
ERw ERpB -~ - 2o 9 o - -2 9 9 (nM)
oS -2 8 S -2 8
— —
C D
6 - 0.7 1
y 0.6
0.5
4
0.4
33 =2
o e 0.3 1
2 1 0.2 -
1 0.1 -
O = S = - -_. o
% o E é o g o Y
(=] (=]
pMTIF-2 pMAIB-1
pMTIF-2 pMAIB-1 pMEAB-1
E F
pPMTIF-2 + VP-ER pPMEAB-1 + VP-ER
*
*
207 = * = = &
I T &
1.6 =
= =
= = 1.5
= 1.2- 5 1
g =
- J =2 11
= 8 L
[
0.4 0.5 7
0 v ~ ~ e ~
2 < N &) (&) . O
€ A s v '9&&\ Q’bﬁé\ & Q"\O &
< < 2 N &S
X \&@b & &
< ¥

Fig. 3. Med transactivates ER in an ER negative, Cos-7 cells. (A) Cos-7 cells were transfected with 5x-GAL4-UAS-Luc, pMTIF-2 and VP16 ERa- or -3, and following indicated treatments
(V, DMSO as vehicle; E2, 10 nM; Med, 10 nM), cells were lysed and luciferase assay was performed. (B) Cos-7 cells were transfected with 3xERE-Luc, and indicated ER plasmids,
following treatment with indicated concentrations of E2 or Med. Normalized luciferase activities were plotted as fold activity over vehicle-treated control. Data represent mean4S.E.
from three independent experiments. (C) Cos-7 cells were transfected with VP16 empty vector/VP16-ER{ and pM-RID of TIF-2, AIB-1 or a synthetic ER-interacting peptide EAB-1 and
following indicated treatments (DMSO as vehicle; E2, 10 nM and Med, 10 nM), normalized luciferase activities were plotted as relative light units (RLU). (D) Interactions of ER with
PMTIF-2 and pMAIB-1 from panel C plotted separately. (E and F) Twenty-four hours following transfection of COS-7 cells with either pMTIF-2+VP-ER (E) or pMEAB+VP-ER (F), cells
were treated with either E2 or Med for another 24 h. For ICI-182780 cotreatment, cells were pretreated with 10 nM ICI-182780 for 30 min. Normalized luciferase activity was plotted as
fold activity over vehicle-treated cells. Data represent mean+SE from six independent experiments. *P<.05, **P<.01.
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fluoride (PVDF) membranes (GE Healthcare). The membranes were incubated with
different antibodies mentioned in figure legends followed by incubation with
corresponding horseradish peroxidase-labeled secondary antibodies (Sigma). The
bands were developed using ECL kit (Pierce).

2.9. p-38 MAPK ELISA

For measuring total and phospho-p38 MAPK, osteoblasts (20x10° cells/well) were
seeded in six-well plates. Cells were exposed to Medicarpin for different time intervals
(0, 15, 30, 60, 240 and 1440 min). Cells were lysed and proteins were quantified by
Bradford method (Sigma). Total and phospho-p38 MAPK levels were determined by
ELISA kit (Cell Signaling Technologies) following manufacturer's instruction. Inhibitor
treatments were made as described in the figure legends [32,33].

2.10. In vivo experiments

The study was conducted in accordance with current legislation on animal
experiments (Institutional Animal Ethical Committee) at Cental Drug Reserch Institute
(CDRI). Twenty-four immature (21 days old) female Sprague-Dawley rats were used
for the study [38]. All rats were housed at 21°C, in 12-h light:12-h dark cycles. Normal
chow diet and water were provided ad libitum.

2.11. Assessment of various bone parameters

Rats were treated with 1.0- and 10.0-mg.kg! body weight doses of Med [29] or
vehicle (gum acacia in distilled water) once daily for 30 consecutive days by oral
gavage (eight rats/group). Each animal received intra-peritoneal injection of
fluorochromes tetracycline (20 mg.kg~' body weight dose) and calcein (20 mg.kg ™!
body weight dose) on Days 15 and 28 of treatment, respectively. At autopsy, femora
were dissected and separated from adjacent tissue, cleaned, fixed in 70% ethanol and
stored at 4°C until further use. Initial and final body weight and uterine weight were
recorded. Uteri were carefully excised, gently blotted, weighed and fixed for histology
and histomorphometry as we reported earlier [32,33,35,39].

Bones were embedded in an acrylic material for the determination of bone
formation rate (BFR), mineral appositional rate (MAR) and mineralization surface
(MS). Fifty-micrometer sections were made using Isomet Bone cutter (Buehler, IL,
USA), and photographs were taken under fluorescent microscope aided with
appropriate filters. The calculations were done according to our previous reports
[32,33,39,40].

Micro-computed tomography (UCT) determination of excised bones was carried
out using the Sky Scan 1076 UCT scanner (Aartselaar, Belgium) as described in our
previously published protocols [29,34,39]. Femurs and tibias were dissected from the
animals after they were sacrificed, cleaned of soft tissue and fixed before storage in
alcohol. The samples were scanned in batches of three at a nominal resolution (pixels)
of 18 um. Reconstruction was carried out using a modified Feldkamp algorithm using
the Sky Scan Nrecon software, which facilitates network distributed reconstruction
carried out on four personal computers running simultaneously. The X-ray source was
set at 70 kV and 100 mA, with a pixel size of 18 um. A hundred projections were
acquired over an angular range of 180°. The image slices were reconstructed using the
cone-beam reconstruction software version 2.6 based on the Feldkamp algorithm
(Skyscan). Cortical thickness, cortical area, cortical perimeter, periosteal perimeter,
periosteal perimeter and endosteal perimeter were calculated by 2D analysis of cortical
bones of femur (mid-diaphysis).

After uCT measurements, femurs were subjected to three-point bending with bone
strength tester Model TK 252C (Muromachi Kikai, Tokyo, Japan), according to our
previously published protocols [32,34,35,41]. Biomechanical parameters of femur
including maximum power, stiffness and energy were determined. Taking the mean of
control values we derived individual control value as a ratio of the meanx100 and data
expressed as percentage change over the mean value of sham group for the various
biomechanical parameters.

For mineralization of bone marrow cells (BMCs) we followed our previously
published protocol [32,33]. Briefly, femurs were excised aseptically, cleaned of soft
tissues, and washed three times, 15 min each, in a culture medium containing 10
times the usual concentration of antibiotics as mentioned above. The epiphyses of
femur were cut off and the marrow flushed out in 20 ml of culture medium consisting
of a-MEM, supplemented with 15% charcoal treated FCS, 10~7 M dexamethasone,
50ug/ml ascorbic acid, and 10 mM B-glycerophosphate. Released BMCs were collected
and plated (2x10° cells/well of six-well plate) in the culture medium, consisting of c-
MEM, supplemented with 15% charcoal treated fetal bovine serum, 10~7 M
dexamethazone, 50 pg/ml ascorbic acid, and 10 mM P-glycerophosphate. Cells were
cultured for 21 days at 37°C in a humidified atmosphere of 5% CO, and 95% air, and
the medium was changed every 48 h. After 21 days, the attached cells were fixed in
4% formaldehyde for 20 min at room temperature and rinsed once in PBS. After
fixation, the specimens were processed for staining with 40 mM Alizarin Red-S, which
stains areas rich in nascent calcium. Mineralization was quantified as describe above
in material and method.

2.12. Assessment of uterine estrogenicity

Estrogen agonistic and antagonistic activities were evaluated as reported earlier
from our laboratory [42]. Briefly, uteri were carefully dissected out, gently blotted,
weighed, and fixed in 4% paraformaldehyde for histology, following our previously
published papers [32,34,35,39]. About 5.0 mm pieces from the middle segment of each
uterus were dehydrated in ascending grades of ethanol, cleared in xylene and
embedded in paraffin wax using standard procedures. Representative transverse
sections (5.0 um) were stained with hematoxylin and eosin (H&E). Photomicrographs
of sections were obtained using a Leica DC 300 camera and Leica IM50 Image
Acquisition software fitted to a Leica DMLB microscope. The luminal epithelial height,
luminal area and total uterine area were determined using the program Leica Qwin
software (Leica Microsystems, Wetzlar, Germany).

2.13. Plasma pharmacokinetics

In vivo oral pharmacokinetic study was performed in female Sprague-Dawley rats
(n=3, weight range 200-220 g). Med was administered a 5.0 mg.kg~! bolus dose of
Med by oral gavage. Blood samples were collected from the retro-orbital plexus of rats
into microfuge tubes containing heparin as an anti-coagulant at 0.08, 0.25, 0.50, 1, 2, 4,
6, 8, and 10 h post-dosing. Plasma was harvested by centrifuging the blood at 13000
rpm for 10 min and stored frozen at —70+10°C until analysis. Plasma (100 pl) samples
were spiked with IS (internal standard, 7-hydroxy isoflavone), and processed as
described above. Along with the plasma samples, QC (quality control) samples were
distributed among calibrators and unknown samples and analyzed by liquid
chromatography mass spectrometry (LC MS/MS).

2.14. Statistics

Data are expressed as mean+S.E.M. The data obtained in experiments with
multiple treatments were subjected to one-way analysis of variance followed by post
hoc Tukey test of significance using MINITAB 13.1 software. Student's ¢ test was used to
study statistical significance in experiments with only two treatments.
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Fig. 4. Inhibition of p38 MAPK ameliorates Med and E2-induced ER-coactivator
interaction. Twenty-four hours following transfection of COS-7 cells with either pMTIF-
2+4VP-ER (A) or pMEAB+VP-ER (B), cells were exposed to various treatments as
indicated. For SB (SB203580) cotreatment, cells were pretreated with 10 pM SB203580
for 30 min. Normalized luciferase activity was plotted as fold activity over vehicle-
treated cells. Data represent mean4S.E. from three independent experiments. *P<.05.
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3. Results
3.1. Effects of Med on calvarial osteoblasts

Fig. 1A shows the chemical structure of Med (M.W. 270.2). To
investigate the effect of Med in osteoblasts, RCO at >80% confluence
was treated with Med (107'° to 1078 M), and as shown in Fig. 1B,
Med stimulated ALP activity in osteoblasts, suggesting increased
osteoblast differentiation. Med also stimulated mineralization of RCO
strongly as demonstrated by alizarin red staining (Fig. 1C).

3.2. Effects of Med on p38 MAPK activation and BMP-2 secretion
in osteoblasts

To investigate the mechanism of Med action in osteoblasts, we
screened several signal transduction inhibitors to determine which
inhibitor abolished Med action. We observed that the Med-induced
ALP activity in RCOs was completely inhibited by p38 MAPK inhibitor
SB203580 (Fig. 2A). Inhibitor of either p42/44 MAPK or jun-N-
terminal kinase had no effect on Med-induced ALP production by
osteoblasts (data not shown). Consistent with the observation that
SB203580 blocked Med-induced ALP activity in osteoblasts, Med
stimulated phosphorylation of p38 MAPK at 15 min, attaining peak
phosphorylation at 30 min followed by a decline beyond 1 h (Fig. 2B).
Since the expression of BMP-2, a potent stimulator of osteogenesis
has previously been reported to be regulated by p38 MAPK pathway
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[43], we next investigated BMP-2 secretion in response to Med. As
shown in Fig. 2C, BMP-2 levels in the conditioned medium were
increased by Med treatment of osteoblasts. In addition, SB203580
significantly attenuated the Med-induced increase in BMP-2 secretion
from osteoblasts (Fig. 2C). Further, noggin (an endogenous BMP-2
antagonist), blocked Med-induced ALP activity in RCO (Fig. 2D).

We next investigated if Med directly activated BMP receptor
signaling. To that end, HepG2 cells were transfected with expression
constructs for BMP receptors 1 and 2 and a corresponding BMP-
response element-driven luciferase construct (BRE-Luc). Fig. 2E
shows that although BMP-2 activated BRE-Luc activity in this assay
system, Med failed to do so, indicating that Med is not a BMP receptor
agonist. Together, data presented in Fig. 2 demonstrate that Med
induces BMP-2 secretion via the p38 MAPK pathway in osteoblasts.

3.3. Characterization of ER activation and ER-coactivator interaction
by Med

A previous report has demonstrated that BMP-2 is a transcrip-
tional target for ER [44]. Since Med stimulated BMP-2 secretion via
the activation of p38 MAPK in osteoblasts (Fig. 2), we carried out
detailed investigation on the possible ER transactivation by Med. To
that end, a low throughput screening was performed using a
mammalian two hybrid interaction approach as reported earlier
[30] in ER-negative COS-7 cells. As shown in Fig. 3A, Med specifically
augmented VP16-ERa and -p interactions with yeast Gal4 DNA
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Fig. 5. Med stimulates osteoblast differentiation via ER and p38 MAPK. (A) RCOs were treated with either vehicle (V) or Med (10 nM) in the absence or presence of ICI (10 pM) and ALP
activity was measured (as described in Fig. 1). (B) RCOs were cultured for 48 h in differentiation-inducing condition in 24-well plates. RCOs were exposed to various treatments as
indicated and BMP-2 levels in the conditioned medium were measured by ELISA. (C) RCOs cultured similarly as in (B) and were exposed to various treatments as indicated. qRT PCR for
BMP-2 mRNA was performed. (D) RCOs were exposed to various treatments as indicated for 30 min, following which protein lysate was prepared. Phospho-p38 MAPK was determined
as described in Fig. 2B. Data represent mean+SE from three independent experiments. *P<.05; **P<.01; ***P<.001.


image of Fig. 5

B. Bhargavan et al. / Journal of Nutritional Biochemistry 23 (2012) 27-38

binding domain-fused receptor interaction domain (RID) of coacti-
vator transcriptional intermediary factor-2 (TIF-2) (pMTIF-2),
whereas it had no effect on coactivator interaction properties of a
number of relevant nuclear receptors (supplementary Fig. S1). These
results were also reproduced in HepG2 and Huh7 cell lines (data not
shown). Med also concentration-dependently augmented ER activity
on an ERE-driven luciferase reporter as potently as E2 (Fig. 3B). To
further confirm the ER-modulating property of Med, ER interactions
with yeast Gal4 DNA binding domain-fused RID of coactivator TIF-2,
amplified in breast-1 (AIB-1), and a synthetic peptide that is
reported to show E2-specific ER interaction, namely ER co-activater
peptide (EAB-1) [31,45] were compared. Similar to E2, Med
augmented ER interaction with all the RIDs (Fig. 3C, D). Interestingly,
ER exhibited robust interaction with pMEAB-1 even in the absence of
ER ligand and both E2 and Med further augmented this interaction
(Fig. 3C and D).

Next, the effect of specific antiestrogen, ICI-182780 (ICI; to be used
as ICI henceforth) on Med-induced ER-coactivator interactions in ER-
negative Cos-7 cells transfected with exogenous ER was investigated.
As shown in Fig. 3E, ICI alone had no effect on the basal reporter
activity whilst ER-TIF-2 interaction induced by either E2 or Med was
completely abolished in the presence of ICL. Further, ICI suppressed
the ligand independent interaction between pMEAB-1 and ER, which
Med was able to rescue in a concentration-dependent manner (Fig.
3F). Together, these data confirm transactivation of ER by Med in a
heterologous system.

Since inhibiting p38 MAPK signaling abolished Med action in
osteoblasts (shown in Fig. 2), the effect of SB203580 on Med-induced
ER-coactivator interaction was investigated. In Cos-7 cells, SB203580
inhibited both E2- and Med-dependent ER-TIF-2 interaction (Fig. 4A).
In addition, consistent with the data presented in Fig. 3F, ligand
independent ER-EAB-1 interaction was inhibited by SB203580 and
Med rescued the ER-EAB-1 interaction (Fig. 4B). These results
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demonstrate that Med acts via ER and p38 MAPK plays an integral
role in Med-mediated ER activity.

3.4. Effect of Med in ER-regulated osteoblast functions

We next asked if the ER dependency of Med action in exogenous
expression systems could be translated in osteoblasts. To that end,
RCOs were treated with Med in the presence or absence of ICI. As
shown in Fig. 5A, pretreatment with ICI abolished Med-stimulated
ALP activity in RCOs. Also, ICI attenuated Med-stimulated BMP-2
release significantly from RCOs (Fig. 5B), suggesting ER-mediated
function of Med in BMP-2 release from osteoblasts. We next studied
whether Med has nuclear action in osteoblasts and to that end Med
effect on BMP-2 mRNA levels was investigated in RCOs in the
presence and absence of ICI and SB203580. As shown in Fig. 5C, Med
treatment for 24 h resulted in robust increase in BMP-2 mRNA levels
and the presence of either ICI or SB203580 completely abolished it,
suggesting that the effect was mediated by ER-p38 MAPK pathway.
Further, pretreatment of osteoblasts with ICI completely abolished
stimulation of phosphorylation of p38 MAPK by Med (Fig. 5D).

We then studied the effect of Med and E2 in the expression of ERx
and ERP genes in RCOs. Consistent with previous reports [46], in
RCOs, ERa protein was readily detectable whereas the abundance ERp
protein appeared low (Fig. 6A). Although basal (unstimulated) levels
of ERR protein were low in RCOs, both Med and E2 substantially
increases protein levels of ERP in RCOs but not ERa (Fig. 6A). From
these data, it appears that ERP could be involved in mediating
osteogenic effect of Med.

To test the hypothesis that ERp mediated the osteogenic effect
of Med, we performed selective knockdown of ERa and ER( in
RCOs. Small interfering (si)ERa and siERP reduced mRNA levels of
the respective genes by 70% and 50% (Fig. 6B and C) and also
efficiently reduced their respective protein levels (Fig. 6D). Fig. 6D
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Fig. 6. Med induces osteogenic genes via ERp up-regulation. (A) RCOs were treated with either vehicle (V, DMSO) or 10 nM E2 or 10 nM Med for 24 h. Western blot was performed with
indicated antibodies. One representative result from two experiments with similar outcome is shown. (B and C) RCOs in six-well plates were transfected with 100 nM siC or siRNAs
against ERo (B) and ERp (C), using Dharmafect I transfection reagent according to manufacturer's instruction. Twenty-four hours after transfection, cells were lysed and mRNA levels
of ERa (B) and ERP (C) were determined by qRT-PCR. (D) RCOs were plated in six-well plates in triplicates. Sixteen hours after siRNA transfection, cells were treated with 10 nM E2 or
Med for 48 h and cells were lysed. Lysates from three wells were pulled for each set 30 pg total protein for each set was resolved by 10% SDS-PAGE, followed by Western blot analysis.
One representative blot out of two independent experiments with similar outcome is shown. (E and F) RCOs were plated in 6 well plates in triplicates. Sixteen hours following siRNA
transfection, cells were treated with 10 nM E2 or Med for 48 h, and cells were lysed for extraction of total RNA. qRT-PCR was performed for quantitative determination of BMP-2 (E)
and Type I collagen (COLI). (F) mRNA levels. Data (E,F) represent mean+S.E. from three independent experiments. *P<.05; **P<.01.
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Fig. 7. Med has in vivo osteogenic effect. (A) 2x10° BMCs/well were plated onto 24-well
plates from the V (vehicle control)- and Med-treated rats as described in Materials and
methods. Cells were grown in osteoblast differentiation medium. Cultures were
maintained for 21 d. Calcium deposition was determined by Alizarin Red-S staining of
the cultures at the end of the experiment for all the groups. Top, Representative
photomicrographs showing mineralized nodules in various groups. Bottom, Alizarin
Red-S dye was extracted and quantified spectrophotometrically. Data represented as
mean+S.E. °P<.01, “P<.001. (B) Following sequential tetracycline and calcein injections
as described in materials and methods, rats were sacrificed and 50-pum sections of femur
diaphysis of vehicle, and Med-treated rats were examined under fluorescent
microscope. Representative photomicrographs of tertracyclin (ultraviolet filter) and
calcein (orange filter) labelling are shown. Arrow, tetracycline; arrow head, calcein.
Dynamic histomorphometry parameters calculated from these experiments have been
provided in Table 1.

also demonstrates the selectivity of knockdown by the siRNA
constructs used for silencing of ERa and ERP genes. We then
investigated mRNA levels of BMP-2 (ER target gene and induced by
Med treatment) and collagen Type I (osteoblast differentiation
marker), in the presence of selective ER siRNAs. As expected, Med
strongly induced BMP-2 mRNA and this increase was abrogated in
presence of siERB but not siERa (Fig. 6E). Further, Med modestly
but significantly induced collagen type I mRNA and this effect was
abolished in presence of siERP (Fig. 6F). E2 also exhibited similar
pattern (Fig. 6E and F), thus confirming BMP-2 and collagen Type I
genes are regulated by ERP in osteoblasts. Together, from these

results, it appears that Med stimulates osteoblast function through
activation of ERp.

3.5. Med promotes modeling-directed bone formation

We next assessed whether Med facilitates skeletal growth in rats.
BMCs harvested from the femurs of rats treated with Med (1.0- and
10.0 mg.kg '.day~! doses) or vehicle was induced for osteoblast
mineralization. BMCs harvested from Med-treated rats exhibited
dose-dependent increase in the formation of mineralized nodules ex
vivo compared with vehicle control (Fig. 7A).

Next, dynamic bone formation indices were studied in femur.
Fig. 7B shows representative photomicrograph of fluorochrome
(tetracycline-calcein) labeling in the femurs of vehicle and Med
(10.0 mg.kg~l.day™!) treated rats. As 10.0 mgkg '.day~' dose
resulted in significantly increased formation in the mineralization
nodules from BMCs, we assessed dynamic histomorphometric indices
from this group of rats. Table 1 shows significant increases in dynamic
histomorphometry indices including MS, MAR and BFR, in the femur
diaphysis of Med treated rats compared with vehicle treated rats.

Skeletal growth is accompanied by robust cortical bone gain that
can be quantitatively determined by uCT. 2D pCT data show significant
increases in cortical mean cross-section (B.Ar), periosteal area (T.Ar),
periosteal perimeter (T.Pm) and cortical bone perimeter (B.Pm) in the
femur diaphysis of Med treated rats compared with controls (Table 2).
Increased cortical parameters of femur by Med treatment assessed by
static histomorphometry was in agreement with dynamic histomor-
phometry data.

Biomechanical strength of femur at mid-diaphysis was next
evaluated by three-point bending test. Table 3 shows that Med
treatment dose-dependently increased force and stiffness of femur,
suggesting improved bone quality.

3.6. Assessment of estrogenicity and anti-estrogenicity of Med

Uterine estrogenicity is the major concern for any ER ligand with
a therapeutic potential as an osteogenic agent. Since Med activates
ER in heterologous system with exogenous ER expression and
stimulates osteoblast function via ER, we next examined possible
estrogenic effect of Med in uterus. As shown in Fig. 8A, rats treated
with either 1.0 or 10.0 mgkg '.day~' of Med had histological
features comparable to that of control, whereas those treated with
E2 exhibited characteristic increase in endometrial hypertrophy
with increased cell height. Determination of uterine weight revealed
no change between control and Med treated rats, whereas E2-
treated rats had significantly higher uterine weight (Table 4).
Moreover, ERa (the predominant ER subtype in uterus) [47] is not
activated by Med as it has no effect on the expression of an ERo-
inducible gene, progesterone receptor (PR) in uterus (Fig. 8B).
Interestingly, in MCF-7 (an ER-positive human breast cancer) cells,
Med modestly but significantly inhibited cell viability at 10.0 nM
and 1.0 pM (Supplementary Fig. S2), suggesting anti-estrogenic
effect in breast cancer cells.

Table 1
Dynamic histomorphometric parameters

Bone region Treatment Dose, MS, % MAR, um/day ~ BER, um?/um?
mg/kg per day
Femur diaphysis Vehicle - 91.81+4.51 1.18+0.04 1.08+0.10
Med 10 1343%+657 201%+£0.11  2.69%+037

Values represent mean+S.E.M. of three to five observations from each bone section;

8 rats/group.
* P<.001, versus corresponding vehicle control group.


image of Fig. 7

B. Bhargavan et al. / Journal of Nutritional Biochemistry 23 (2012) 27-38 35

Table 2

2-D uCT of femur diaphysis

Treatments B.Ar. Cs.Th T.Ar. T.Pm. B.Pm.

Vehicle 1.864+0.102 0.2224-0.009 5.51+£0.241 9.33+0.254 16.840.481

Med 2.187+0.018 0.237+0.001 6.59 "+£0.073 10.1%+£0.099 18.4™1+0.181
(10 mg.kg™")

B.Ar, cortical mean cross-section; Cs.Th, cortical thickness, T.Ar, periosteal area; T.Pm, periosteal perimeter; B. Pm, cortical bone perimeter.

* P<.05.
** P<01 compared with vehicle control. Femur from 6 rats/group was used.

3.7. Systemic bioavailability of Med

Since Med promoted PBM achievement in rats, stimulated
osteoblast function via ERP in vitro and did not exhibit uterine
estrogenicity, we thought Med to be worthy of further investigation
for osteogenic therapy. To that end, plasma levels of Med were
determined in female Sprague-Dawley rats after single oral admin-
istration (5.0 mgkg~! dose). By analyzing maximum plasma
concentration (Cpax) and time to achieve maximum plasma concen-
tration (tmax), Med was detected beyond 24 h in plasma (Fig. 9). Area
under curve, elimination half-life (t;,) and mean residence time were
respectively found to be 3954+96 ng.h.ml™!, 5.33 h and 6.959 h. The
absolute bioavailability of Med was found to be 22.34%. The
metabolite corresponding to equol, as observed in cases of daidzein,
was not detected in plasma samples of Med-treated rats.

4. Discussion

The data presented here demonstrate that Med (a methoxylated
isoflavonoid) potently stimulates osteoblast differentiation that
requires increased ERP expression and function, promotes para-
meters of PBM achievement, exhibits good oral bioavailability and is
devoid of uterine estrogenicity.

In vitro, Med stimulates differentiation and mineralization of
osteoblasts at nanomolar concentrations. Soy isoflavonoids including
genistein and daidzein at micromolar concentrations are known to
stimulate osteoblast differentiation [48-50]. Med therefore appears to
be much more potent than the soy isoflavones, which could be
attributed to the presence of methoxy residue in the isoflavonoid ring
of Med. Indeed, the presence of methoxy group in the isoflavonoid
ring robustly increases potency of osteogenic action has been
demonstrated in cases of cajanin (methoxy genistein) and isoformo-
nonetin (methoxy daidzein) compared to genistein and daidzein,
respectively [32].

We next characterized the cellular signalling events being
activated by Med. In ER negative Cos-7 cells with exogenous ER
expression, Med, similar to that of E2, transactivated both ERa and 3
with equal potency. Med also exhibited ER coactivators interaction
that was mediated by p38 MAPK. Previous reports suggest that E2 via
ER rapidly activates p38 MAPK pathway and this activation plays an
integral part in E2-dependent ER-coactivator interactions and related
activation of ER target genes via phosphorylation of ER [51-54].
Med appears to mimic E2 signaling events in heterologous system

Table 3
Effect of Med on femoral biomechanical parameters

Treatment Dose, mg/kg Ultimate force (N) Stiffness (N/mm)
Vehicle - 33.9+1.7 47.8+4.1
Med 1 415+32 788741058

10 485%* 127 94.7*"18.4

Values represent mean=+S.E.M.; n=8.
Crosshead speed for all the tests was 5 mm/min.
* P<.05.

** P<,01 versus corresponding vehicle control group.

as well as in osteoblasts, so as to trigger a rapid nonnuclear ER-p38
MAPK signaling followed by delayed activation of nuclear event
involving ER-BMP-2 pathway, which resulted in the stimulation of
osteoblast differentiation.

Although, Med action in osteoblasts was ER dependent, it had no
estrogen-like effect in uterus and did not affect expression of PR, an
ERa target gene. Interestingly, in osteoclasts (expressing only ERat),
Med induces apoptosis but ICI fails to reverse this effect [29],
suggesting that this effect of Med is ER independent. Therefore, it
appears that Med functions as a “phyto-SERM” having stimulatory
effect in osteoblasts via ER. The selective estrogen receptor modulator
(SERM)-like action of Med gains further credence because of its
significant anti-proliferative effect in MCF-7 cells, suggesting an anti-
estrogenic effect (Supplementary Figure, S2).

Recent evidence suggests that selective activation of the ERP
inhibits breast cancer cell proliferation [55]. As Med increased ERB but
not ERa in osteoblasts, we surmised that Med could mediate its
actions in osteoblasts via ERpP. ERP selectivity of genistein (1.0 M)
has been shown in osteoblast-like U20S (osteosarcoma) cells in
repressing endogenous tumor necrosis factor o (TNFa) gene [29].
Med via ER was found also to inhibit TNFa expression in murine
calvarial osteoblasts [29], and similar to that of E2 and genistein, this
effect of Med could be mediated by ERP. ERP is generally considered
to have anti-inflammatory function as it represses proinflammatory
genes more effectively than ERa [56]. However, our results that
knockdown of ERP but not ERa abrogates Med-induced osteoblast
differentiation genes (BMP-2 and Type I collagen) demonstrate that
ERPB could also promote osteogenic genes and stimulate osteoblast
function. As Med transactivates both ERa and ER with similar
potency (Fig. 3A,B), stimulation of osteoblast function by Med could
be mediated by increasing ERp levels in these cells. Role of ERR in the
regulation of E2-induced osteogenic genes have been reported in
human peridontal ligament cells [57] and MG-63 osteosarcoma cells
[58], although whether E2 increased ER( protein levels in those cells
have not been described. Based on our results, it is reasonable to
assume that E2 or phytoestrogens (such as Med and other
isoflavonoids) stimulate osteoblast function by up-regulating ERP
levels in osteoblasts. Indeed, genistein and daidzein whose affinities
for ERP are greater than that for ERa, have been found to promote
osteogenesis [13,59,60]. However, Med appears to be more potent in
stimulating osteoblast function than other isoflavonoids such as
genistein, daidazein or biochanin-A.

In vivo Med has osteogenic effect in growing rats wherein
modeling-directed bone formation led to higher PBM achievement.
In rats, PBM is attained between 3 and 12 months of postnatal age
[61]. We gave Med treatment for 4 weeks after weaning when final
PBM was yet to be attained. Since isoflavones and their derivatives are
classified as phytoestrogens, it was deemed reasonable to avoid the
introduction of estrogen effect on growing skeleton in rats so that it
did not obscure the effect of Med. “Vaginal opening” marks
commencement of estrogen function in rats, and our study ensured
termination before this event.

Under the circumstance of estrogen-independent skeletal growth,
Med treatment resulted in dose-dependent increase in mineralization
of BMCs in comparison to control, thus suggesting increased
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Fig. 8. Med is devoid of uterine estrogenecity. (A) Uteri were harvested from rats treated with various substances. Cross-sections of uterine tissues were stained with H&E, and sections
were examined for histomorphometry. For additional data, refer to Table 4. (B) Uteri were harvested from rats treated with E2 or Med, and Western blot against PR or [3-actin were
performed, one representative blot is shown in the upper panel. Lower panel shows densitometric analysis of Western blots. Data represent mean=+S.E. from three independent

experiments. *p<.05.

osteogenic differentiation of bone marrow osteoprogenitor cells. An
increased differentiation of BMCs to osteoprogenitor cells is expected
to favor bone formation [29]. Indeed, we observed increased MS (a
function of increased osteoblast differentiation) and MAR and BFR
(resulting from expansion of bone marrow osteoblast pool) in femur
diaphysis of Med treated rats compared with controls by dynamic
histomorphometry. Moreover, in agreement with dynamic histomor-
phometry data, uCT (static histomorphometry) results demonstrated
increased cortical bone gain by Med during the course of skeletal
growth in rats compared with controls. Further, increased femur
periosteal bone deposition by Med had functional consequence in
increasing bone biomechanical strength as Med dose-dependently
increased femoral force and stiffness. Together, our data so far suggest
that Med stimulates osteoblast function in vitro and bone formation
in vivo thus facilitating skeletal growth.

Bioavailability is an important determinant of in vivo efficacy of
any compound. Phytoestrogens in general suffer from poor oral
bioavailability [62]. The oral bioavailability is dependent on

Table 4

Effect of Med on uterine wet weight

Treatments Dose (mg.kg™ 1) Uterine weight (mg) % Gain
Vehicle - 14.7+£2.2 -

E2 0.01 983" +115 568"
Med 1 18.84+2.9 28 (N.S.)
Med 10 20.0+1.6 36 (N.S.)

Values are mean4S.E.M. of eight rats per group.

N.S., not significant.
* P<.001 versus corresponding vehicle control group.

absorption and systemic clearance, which in turn depend on
lipophilicity of the molecules. It is reported that the O-methylation
of free phenolic hydroxyl groups enhances the lipophilicity and
leads to derivatives not susceptible to glucuronic acid or sulfate
conjugation, resulting in increased metabolic stability [63]. Med is
structurally akin to O-methylated isoflavonoid. We observed that
Med has 22.34% oral bioavailability suggesting adequate metabolic
stability. The prolonged systemic exposure of Med and plasma half
life of 5.33 h indicate that once a day dosage regimen is sufficient to
maintain the effective plasma concentration for its osteogenic effect
in vivo. Moreover, Med does not produce equol, a highly estrogenic
metabolite. As the bioactivity of the most abundant soy isoflavonoid,
daidzein is dependent on its intestinal biotransformation to equol
and since 40% humans lack this conversion machinery, the beneficial
skeletal effect of Med is expected to include the so called “equol
nonresponder” group.
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Fig. 9. Plasma concentration-time profile of Med after a single oral dose of 5.0 mg.kg ™!
Med to female Sprague-Dawley rats. Data are described in Section 3.7.
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Collectively, we demonstrate that Med promotes PBM achieve-
ment and likely acts via ERP in osteoblasts. Based on our data,
nutraceutical supplement of Med for optimum skeletal growth is
suggested. In addition, favourable pharmacokinetic profile of Med
suggests its therapeutic potential in postmenopausal osteoporosis
although it requires experimental validation in appropriate animal
model, for example in ovariectomized rats that have developed
osteopenia. Finally, further understanding of the mechanism of ERB
stimulatory action of Med in osteoblasts may lead to development of
safer and more potent SERM having osteogenic effect.
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