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Daidzein analog 2| enhances osteogenic
differentiation of BMSCs and ASCs
seeded on PLGA scaffolds and heals

critical size calvarial defects
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Repair of craniomaxillofacial defects continues to present a significant challenge due to the limited amount of
autogenous and allogeneic bone for reconstruction. Significant advances in the development of biodegradable
polymeric material and the understanding of adult stem cells will yield new tissue engineering approaches to
reduce the burden of craniomaxillofacial defects. Tissue engineering approaches have utilized biodegradable
scaffolds in combination with bone marrow-derived mesenchymal stem cells (BMSCs) or adipose-derived stro-
mal/stem cells (ASCs) and growth factors to augment the healing process. While this approach is promising,
identification of additional factors that play a role in bone healing may further accelerate the bone regener-
ation process. The osteoinductive properties of daidzein analogs in monolayer adherent cultures have previ-
ously been demonstrated. In the current study, BMSCs and ASCs were seeded on poly lactic-co-glycolic acid
scaffolds and treated with daidzein analogs in vitro. Scaffolds seeded with BMSCs and ASCs and treated with
daidzein analogs demonstrated enhanced osteogenic differentiation in vitro. Additional in vivo analysis of the
daidzein analog was conducted in the critical size calvarial defect model. Calvarial defects treated with scaf-
folds seeded with BMSCs or ASCs and exposed to the daidzein analog 2| also demonstrated enhanced osteo-
genesis. Histological analysis of the liver and kidney demonstrated no pathological findings. Collectively, these
results suggest that daidzein analogs utilized in combination with biodegradable scaffolds and adult stem cells
may be a safe and efficacious combination to promote the regeneration of bone and thus reduce the burden of
craniomaxillofacial defects.
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Craniomaxillofacial defects sec-

ondary to trauma, tumor resec-
tion or congenital malformations
remain a challenge to treat due
to inherent limitations, such as

donor-site morbidity, graft resorp-
tion and infection [1]. Traditional-
ly, reconstructive options included
autogenous grafts; however, au-
togenous bone grafts derived from

the patient are limited in availabil-
ity and create a secondary defor-
mity. Furthermore, in the osteopo-
rotic patient, these bone grafts are
likely to be osteoporotic as well,
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limiting their ability to heal frac-
ture sites. Significant strides have
recently been made in the field by
combining  osteoinductive scaf-
folds with cellular components and
growth factors in a tissue engineer-
ing approach [2,3]. Recently, stud-
ies have utilized tissue engineering
approaches to reduce the burden
of craniomaxillofacial defects [4,5].
During the past two decades, signif-
icant advances have been made in
the development of biodegradable
polymeric material for bone tissue
engineering. Degradable polymer-
ic biomaterials are preferred can-
didates for the development of 3D
porous structures such as scaffolds
for tissue engineering [6,7]. Sever-
al of the biodegradable constructs
have been FDA approved in recent
years, resulting in the increased use
of these scaffolds both for research
purposes and in the clinical setting.

Several studies have demonstrat-
ed the osteoinductive effects of adult
stem cells seeded on scaffolds and
the potential of this method to en-
hance bone regeneration or repair.
Adult stem cells are the preferred
first choice in bone tissue engineer-
ing due to their ability to self-renew
and their capacity to undergo osteo-
genic differentiation. While bone
marrow-derived mesenchymal stem
cells (BMSCs) were the first to be
characterized, adipose-derived stro-
mal/stem cells (ASCs) have gained
significant attention due to the ease
of isolation, larger quantities of
cells obtained per weight of tissue
and similar differentiation capac-
ity to their BMSC counterparts
[8-10]. Nevertheless, studies inves-
tigating the therapeutic efhicacy of
BMSCs and ASCs have shown that
both cell types are effective against
a wide range of diseases and have
regenerative properties [11]. While
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the capacity to differentiate into
adipogenic, osteogenic and chon-
drogenic lineage cells explains part
of their regenerative potential,
studies have also shown that these
cells secrete an abundance of cyto-
kines and chemokines that mediate
the inflammatory process and assist
in revascularization of the tissue
[12,13].

Recently, the addition of
growth factors to osteoinductive
scaffolds containing adult stem
cells have been shown to provide
a microenvironment that enhanc-
es the growth and differentiation
of cells. Cytokines and osteoin-
ductive growth factors play a
major role in the recruitment of
osteogenic progenitors to the site
of bone formation. These factors
further promote the differentia-
tion of these cells into osteogenic
lineage cells. Of these molecules,
bone morphogenetic proteins
(BMPs) have been the most exten-
sively studied, as they are potent
stimulators of osteogenesis. Stud-
ies have shown that BMPs induce
the mitogenesis of BMSCs, ASCs
and other osteoprogenitors, and
enhance their differentiation into
osteoblasts [14-17]. Recent clin-
ical studies have also attempted
to augment the osteogenic micro-
environment of scaffolds through
the incorporation of recombinant
BMP ligands. However, the re-
sults from these studies have been
inconclusive due to the fact that
BMP ligands can have a catabol-
ic effect on bone through expres-
sion of the receptor activator of
nuclear factor kappa B (RANK)
ligand—osteoprotegerin  pathway.
Therefore, the development of al-
ternative compounds that can be
incorporated into a bone tissue
engineering approach is necessary.




Rather than the recombinant
protein-based strategies, we have
begun to focus on plant-derived
hormones or phytoestrogens due to
their potential beneficial role in pre-
venting and treating osteoporosis
[18,19].
have gained significant attention

Recently, phytoestrogens

due to their structural similarity
to estradiol and capacity to bind
to estrogen receptors. The most
commonly studied phytoestrogens
include genistein, daidzein and
glycitein, and the mechanism of ac-
tion of these compounds has been
shown to involve RUNX2, through
binding and/or phosphorylation of
these genes, resulting in the com-
mitment of osteoprogenitor cells to
the osteoblastic lineage [20]. While
these compounds have osteoinduc-
tive effects on BMSCs and ASCs,
previous studies have synthesized
analogs to these compounds to
further increase their osteogenic ef-
fects [21-23]. Stem cells and osteo-
progenitor cells treated with these
daidzein analogs demonstrated en-
hanced osteogenic differentiation
and upregulation of osteogenic
genes in monolayer culture [21-23].
These daidzein analogs may also
improve osteogenic differentiation
of BMSCs and ASCs seeded on
scaffolds.

Therefore, in the current study,
a bone tissue engineering approach
was utilized, whereby critical size
calvarial defects were treated with
BMSC- or ASC-seeded poly lac-
tic-co-glycolic acid (PLGA) scaf-
folds that were treated with daidze-
in analogs. We previously designed
daidzein analog 2g and 2I, and
demonstrated the effects of these
analogs on enhancing osteogenic
differentiation [22]. Daidzein ana-
logs 2g and 2l have a modification
of the 7-OH with a cyclopentyl

and an allyl, respectively [22]. Both
compounds were found to enhance
osteogenic differentiation and en-
hance the transcription of key os-
teogenic genes [23]. In the current
study, the exposure to the daidzein
analog 21 improved bone formation
in the calvarial defect, regardless
of the cell type. To determine the
safety of the daidzein analog 21, or-
gans were assessed for malignancy.
No abnormal pathological findings
were observed in mice receiving
daidzein analogs. Collectively, this
study illustrates the safety and efh-
cacy of daidzein analogs to enhance
osteogenic differentiation in a cal-
varial defect model.

MATERIALS & METHODS
Chemicals

Type 1 collagenase, bovine serum
albumin (BSA, fraction V), calcium
chloride, dexamethasone, isobuy-
tlmethylxanthine, indomethacin,
ascorbate 2-phosphate, B-glycerol
phosphate, Alizarin Red S, cetylpyr-
idinium chloride (CPC), estradiol,
daidzein, poly lactic-co-glycolic
acid (PLGA), Aniline Blue, and
Permount mounting medium were
purchased from Sigma-Aldrich (St
Louis, MO, USA). Hematoxylin
and Eosin were purchased from
Richard-Allan Scientific (Thermo
Fisher Scientific; Waltham, MA,
USA) and Movat’s Pentachrome
solutions were purchased from Elec-
tron Microscopy Sciences (Hatfield,
PA, USA). Daidzein analogs (i.c.,
2g and 2l) were synthesized in our
lab as described previously [24,25].

Human subjects

Primary human BMSCs were ob-
tained from six healthy consenting
Caucasian female donors under a
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protocol approved by the Tulane
University  Institutional ~ Review
Board. The cells were prepared
from bone marrow aspirates taken
from the iliac crest of six individ-
uals. Nucleated cells were isolated
using Ficoll-Paque density gradient
(Amersham Pharmacia Biotech;
Milwaukee, WI, USA) and resus-
pended in complete culture media
(CCM), which consisted of a-Min-
imal Essential Medium (Gibco;
Grand Island, NY, USA), 20% fetal
bovine serum (FBS; Atlanta Biolog-
icals, Lawrenceville, GA, USA), 100
units per ml penicillin/100 pg/mL
streptomycin (P/S; Gibco), and 2
mM L-glutamine (Gibco). The cells
were then seeded on a 150-cm2
culture dish (Nunc; Rochester, NY,
USA) and maintained in a humid-
ified 5% CO, incubator at 37°C.
Medium was changed every 3-4
days. When the cultures reached
70% confluence, the cells were har-
vested with 0.25% trypsin/ImM
EDTA (Gibco) and cryopreserved
prior to experimental use.

Primary human ASCs were ob-
tained from six healthy consenting
Caucasian female donors undergo-
ing elective liposuction procedures
under a protocol approved by the
Pennington Biomedical Research
Center Institutional Review Board.
ASCs were isolated from processed
lipoaspirates from the subcutane-
ous adipose tissue of subjects. Li-
poaspirates were purified in 0.1%
type I collagenase and 1% bovine
serum albumin (BSA) dissolved in
100ml of phosphate buffered saline
(PBS, Invitrogen, Grand Island,
NY, USA) supplemented with 2
mM calcium chloride. The mixture
was placed in a 37°C shaking wa-
ter bath at 75 rpm for 60 min and
then centrifuged to remove oil, fat,
primary adipocytes and collagenase
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solution, leaving behind a pellet of
cells. Cells were resuspended in
CCM, plated on 150 cm? culture
dishes, and maintained in a hu-
midified 5% CO, incubator. Fresh
medium was added every 2-3 days
until cells achieved 80-90% con-
fluence and were harvested with
0.25% trypsin/IlmM EDTA and
cryopreserved prior to experimen-
tal use.

All donors were characterized by
our group for differentiation po-
tential, self-renewal capacity, cell
surface antigen expression and mor-
phological appearance, as previous-
ly described [23].

PLGA scaffold preparation

PLGA scaffolds were fabricated
from 85/15 PLGA by solvent casting
and lyophilization process, as previ-
ously described [26]. The mixture
was poured into a polydimethylsi-
loxane mold (Dow Corning; Mid-
land, MI, USA) to generate 4-mm
diameter scaffolds and immediately
transferred to a -20°C freezer. Once
the solution solidified, the samples
were immediately freeze-dried for 4
hours and sterilized in 70% ethanol
prior to experimentation.

Cell culture

Frozen vials of BMSCs and ASCs
were separately thawed and cultured
on 150 cm2 culture dishes (Nunc,
Rochester, NY, USA) in 25 ml CCM
and incubated at 37°C with 5% hu-
midified CO,. After 24 hours, via-
ble cells were harvested with 0.25%
trypsin/lmM EDTA and replated
at 100 cells/cm? in CCM. Medium
was changed every 2-3 days. For
all experiments, sub-confluent cells
(£70% confluent) between passag-
es 2—6 were used. Where indicat-
ed, CCM was made with charcoal
dextran stripped FBS (CDS-CCM;




Atlanta Biologicals, Lawrenceville,
GA) in order to deplete the medium
of growth factors and hormones.

Cell seeding on PLGA
scaffolds

All scaffolds were soaked in PBS
for 1 hour prior to cell seeding to
remove residual ethanol during the
sterilization process. Equal number
of BMSC:s from all BMSC donors
(n = 6) or equal number of ASCs
from all ASC donors (n = 6) were
pooled and directly loaded onto
a single face of each 4 mm PLGA
scaffold at a concentration of 6,000
cells per pi for a total volume of
25 pl for 30 minutes. The scaffolds
were subsequently submerged in
100 pl of growth medium overnight
at 37°C with 5% humidified CO,,.

Osteogenic differentiation
& staining of PLGA scaffolds

To assess osteogenic differentia-
tion of cell seeded scaffolds, PLGA
scaffolds were cultured for 7 or 14
days in CDS-CCM or osteogen-
ic differentiation medium (CDS-
ODM), which consisted of CDS-
CCM supplemented with 50 uM
10 mM
B-glycerol phosphate and 10 nM

ascorbate 2-phosphate,

dexamethasone. Where indicated,
medium was supplemented with
vehicle (PBS), estradiol (10 nM), 2g
(1 uM) or 21 (1 uM) and changed
every 2-3 days (Table 1). After 7 or
14 days, scaffolds were rinsed with
PBS, fixed in 70% ethanol for 30
minutes at room temperature and
stained with 40 mM Alizarin Red
(pH 4.1) for 1 hour to visualize cal-
cium deposition in the cell seeded
scaffolds. For quantification, Aliza-
rin Red was eluted from each scaf-
fold with 10% CPC and read at
584 nm (FLUOstar optima; BMG
Labtech, Cary, NC, USA).

Critical size calvarial defect
model

All procedures involving animals
were conducted in compliance with
State and Federal law, standards of
the US Department of Health and
Human Services and guidelines es-
tablished by the Tulane University
Institutional Animal Care and Use
Committee (IACUC). All protocols
were approved by the Tulane Uni-
versity IACUC. Male Crl:NU-Fox-
nlnu CD-1 nude mice (60 days
old) were obtained from Harlan
Laboratories  (Indianapolis, IN,
USA). Briefly, critical size (4 mm)
calvarial defects were created in the
right parietal bone of adult male
mice. After anesthesia, the surgical
site. was cleaned with povidone/
iodine solution (Ricca Chemical;
Thermo Fisher Scientific), and an
incision was made just off the sag-
ittal midline. A unilateral 4 mm full
thickness defect was created using
diamond-coated trephine bits in the
nonsuture-associated portion of the
right parietal bone, taking extreme
care to avoid dural injury.

Mice were divided into ten treat-
mentgroups (n =3 per group): no scaf-
fold (empty); scaffold alone; scaffold
and estradiol; scaffold and 2I; BM-
SC-seeded scaffold; BMSC-seeded
scaffold and estradiol; BMSC-seeded
scaffold and 2l; ASC-seeded scaffold;
ASC-seeded scaffold and estradiol;
or ASC-seeded scaffold and 21 (Table
1). In preparation for implantation,
scaffolds were pre-treated with estra-
diol or 2 on the day of cell seeding,.
The rationale for pre-treatment is to
reduce the number of post-operative
treatments, thereby increasing the ease
of clinical translation of this therapy.
Following implantation, the skin was
sutured and animals were monitored
per established post-operative proto-
cols. Mice in the treatment groups
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In vitro
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9
Group 10

Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
Group 7
Group 8
Group 9
Group 10

—» TABLE1

Experimental Groups
Treatment groups

Scaffold Treatment

PLGA
PLGA
PLGA
PLGA
PLGA
PLGA
PLGA
PLGA
PLGA
PLGA

In vivo

PLGA
PLGA
PLGA
PLGA
PLGA
PLGA
PLGA
PLGA

PLGA

BMSCs =

ASCs -
BMSCs Estradiol
ASCs Estradiol
BMSCs Daidzein
ASCs Daidzein
BMSCs 2g

ASCs 2g
BMSCs 2l

ASCs 2|

BMSCs -
ASCs =
- Estradiol
BMSCs Estradiol
ASCs Estradiol
- 2l
BMSCs 2l
ASCs 2|

PLGA: Polylactic-co-glycolic acid; 2g: Daidzein analog 2g; 2I: Daidzein analog 2l.
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were delivered 10 nM of estradiol or
1uM of 2l in a final volume of 10 pl
resuspended in PBS on post-operative
days 3 and 7. The skin overlying the
scaffold was minimally displaced su-
periorly to allow for the subcutaneous
delivery of the compounds directly
over the scaffold through a 25-mm
gauge needle. Care was taken not to
puncture the scaffold and the under-
lying dura and brain matter. After 8
weeks, animals were euthanized by
cervical dislocation after exposure to
CO,. Organs were removed and fixed
in 10% neutral buffered formalin for
additional analyses.

Micro-computed
tomography

Micro-computed tomography (mi-
croCT) was performed ex vivo 8
and 16 weeks after surgery. The
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craniums were dissected free from
soft tissue and fixed in 10% NBE.
The dorsal half of the cranium was
scanned in a dorsal plane (Scanco
model 40; Scanco Medical AG, Bas-
serdorf, Switzerland) in fluid (70%
ethanol) at 55kV, 0.3-second inte-
gration time, with a 15-um? voxel
size and 15-um slice thickness. The
region of interest was defined as a
4-mm diameter core including the
defect from dorsal to ventral. Bone
Hounsfield units were standardized
based on a phantom. Bone volume
relative to total volume for each
group was analyzed and normalized
to the control group.

Histological analysis

Calvaria were harvested, formalin
fixed, decalcified in 10% EDTA
(Sigma-Aldrich), parafhn embed-
ded and sectioned at 5-um thick-
ness. Kidney and liver sections
were harvested, fixed in formalin,
paraffin embedded and sectioned
at 5-pm thickness. Tissue sections
were deparafhnized, rehydrated in
Sub-X and graded solutions of eth-
anol. The kidney and liver sections
were stained with Hematoxylin and
Eosin, while calvarial sections were
stained with Aniline Blue. After
staining, slides were dehydrated
in graded solutions of ethanol and
Sub-X in the final step, and sealed
with Permount Mounting Medi-
um. Images were acquired with the
ScanScope CS2 (Aperio, Vista, CA)

running Image Scope (Aperio).

Statistical analysis

All values are presented as means +
standard error of the means as in-
dicated in the figure legends. The
statistical differences between three
or more groups were determined
by a one-way analysis of variance

(ANOVA), followed by post-hoc




Tukey multiple comparison tests.
Statistical significant was set at p <
0.05. Analysis was performed using
Prism (Graphpad Software, San Di-
ego, CA, USA).

RESULTS

Daidzein analogs & estradiol
enhance osteogenic
differentiation of seeded
PLGA scaffolds

BMSCs and ASCs were seeded
within PLGA scaffolds and ex-
posed to CDS-ODM supplement-
ed with vehicle, estradiol, daidzein,
2g or 2. After 1 week, BMSCs ex-
posed to estradiol and 21 demon-
strated enhanced osteogenesis to
4.9-fold and 2.0-fold, respectively,
compared to vehicle-treated BM-
SCs (Figure 1A-B). BMSCs exposed
to daidzein and daidzein analog
2g demonstrated no significant
increase in osteogenic differentia-
tion compared to BMSCs treated
with vehicle (Figure 1A-B). ASCs
exposed to 2l demonstrated en-
hanced osteogenic differentiation
to 3.1-fold (Figure 1A-B). No sig-
nificant increase in osteogenic dif-
ferentiation was observed in ASCs
exposed to estradiol, daidzein or
daidzein analog 2g (Figure 1A-B).
After 2 weeks, both BMSCs and
ASC:s treated with estradiol demon-
strated robust induction of osteo-
genic differentiation by 8.9-fold
and 4.9-fold, respectively (Figure
1C-D). 2l induced osteogenic dif-
ferentiation in BMSCs (6.0-fold)
and ASCs (6.6-fold; Figure 1C-D).
Although daidzein induced osteo-
genesis, the levels of induction in
BMSCs and ASCs were significant-
ly lower than those observed in es-
tradiol and 21 (Figure 1C-D). 2g had
no osteogenic effects on BMSCs or

ASCs seeded on scaffolds (Figure
1C-D).

Daidzein analog 2I
demonstrates enhanced
osteogenic potential in vivo

To assess the effects of daidzein
analogs in vivo, scaffolds were left
unseeded or seeded with BMSCs
and ASCs and pretreated with one
dose of vehicle, estradiol or 2I.
Critical size calvarial defects were
generated and seeded scaffolds
were applied. Due to the poor os-
teogenic response displayed with
daidzein and 2g, additional in vive
experiments only examined the
therapeutic efficacy of estradiol
and 2. After 8 weeks, the addition
of estradiol and 2l to empty scaf-
folds enhanced osteogenesis by
5.2-fold and 3.5-fold, respective-
ly, compared to mice treated with
vehicle (2.0-fold; Figure 2). The
addition of BMSCs to scaffolds
enhanced osteogenesis in calvarial
defects by 5.5-fold, and calvarial
defects treated with BMSC-seed-
ed scaffolds and both estradiol
and 2l enhanced osteogenesis to
10.6-fold and 15.1-fold, respec-
tively (Figure 2). Addition of ASCs
to scaffolds similarly enhanced os-
teogenesis by 4.4-fold; however,
only 2l treatment of ASC-seeded
scaffolds enhanced osteogenesis
further to 13.9-fold. Estradiol
treatment of ASC-seeded scaffolds
did not enhance bone formation
(4.0-fold; Figure 2). Histological
analysis of the calvarial defects by
aniline blue staining demonstrat-
ed enhanced collagen deposition
following treatment with cells and
estradiol or 2l (Figure 3). BMSC-
and ASC-seeded scaffolds treat-
ed with estradiol formed islands
of bone with collagen deposition
within the scaffold. By contrast,
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FIGURE 1

Estradiol and 2| enhance osteogenic differentiation of BMSCs and ASCs on PLGA scaffolds.

BMSCs ASCs

Vehicle

Estradiol

Daidzein

2g

2l

BMSCs ASCs

Vehicle

Estradiol

Daidzein

2g

2l

Daidzein analog 2g; 2I: Daidzein analog 2I.

Relative bone difference (-fold)

Relative bone difference (-fold)

PLGA scaffolds seeded with BMSCs (n = 6 donors) or ASCs (n = 6 donors) were treated with vehicle, 10 nM E2, 1 uM daidzein, or 1 uM
daidzein analog 2g or 2l. (A) After 7 days and (C) 14 days, scaffolds were stained with Alizarin Red and representative scaffolds are
shown. (B & D) Alizarin Red stain was eluted from scaffolds with CPC and optical density was read. Bar + SEM.
**p < 0.01 compared to vehicle-treated scaffolds.
###p < 0.001 compared to estradiol-treated scaffolds. eeep < 0.001 compared to daidzein-treated scaffolds.
ASC: Adipose-derived stromal/stem cell; BMSC: Bone marrow-derived mesenchymal stem cell; PLGA: Poly lactic-co-glycolic acid; 2g:

ok ok

p < 0.001 compared to vehicle-treated scaffolds.

Relative bone difference (-fold)

Relative bone difference (-fold)
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scaffolds seeded with BMSCs and
ASCs treated with 21 demonstrat-
ed uniform collagen deposition
throughout the scaffold (Figure 3).
These results indicate that while
estradiol and 2l both enhance os-
teogenesis, these two compounds
utilize different mechanisms, lead-
ing to differences in the deposi-
tion of collagen.
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Daidzein analog 2| does not
induce cytotoxicity in
secondary organs

While it is unlikely that daidzein
analog 2l treatment would be tox-
ic to secondary organs, histologi-
cal analysis of the kidney and liver
was performed 8 weeks after de-
livery of the compounds. Delivery




of 21 to BMSC-seeded scaffolds or
ASC-seeded scaffolds to calvarial
defects did not result in patholog-
ical findings in the kidney and liv-
er (Figure 4). The kidneys revealed
no abnormal findings, with good
structural integrity throughout the
organ (Figure 4A). Liver sections re-
vealed histologically normal tissue,
with the connective tissue capsule
extending into the liver as highly
branched septae (Figure 4B). He-
patic lobules were intact (Figure
4B). No tissue necrosis or abnormal
masses or cysts were found within
any of the tissue sections (Figure
4). Additionally, no wound healing
complications were present along
the incision.

DISCUSSION

BMSCs and ASCs were seeded on
PLGA scaffolds and treated with
estradiol or daidzein analog 2L
Compared to the respective vehi-
cle-treated groups, estradiol and
daidzein enhanced the osteogenic
differentiation of BMSCs and ASCs
on PLGA scaffolds i vitro. Further-
more, 7 vivo animal experiments
confirmed the therapeutic efficacy
of the daidzein analog 21 to enhance
the therapeutic efficacy of stem
cell- and scaffold-based tissue en-
gineering approaches. These results
are consistent with Liu ez 2/ who
demonstrated enhanced osteogen-
ic differentiation of pre-osteoblasts
seeded in hyaluronic acid-modified
chitosan/collagen/nano-hydroxyap-
atite composite scaffolds and treat-
ed with the phytoestrogen o-zear-
alanol [27]. Osteogenic phenotype
was increased and maintained with
enhanced collagen type Ia and en-
hanced alkaline phosphatase activity
[27]. Similarly, Wang and colleagues

demonstrated that treatment with
the phytoestrogen icaritin promot-
ed new bone formation within the
bone defect and neovascularization
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FIGURE 2

Estradiol and 2l aid BMSCs and ASCs in healing critical size calvarial
defects.

BMSCs

Estradiol

BN
wu O

M Vehicle
Estradiol

o 2

w

Relative bone
formation (-fold)
=
o

Critical size defects were produced in the right parietal bone of mice and were left
untreated or treated with scaffolds loaded with or without BMSCs or ASCs (n = 3 mice/
time point). Defects were pretreated prior to implantation of scaffolds and treated
subcutaneously with estradiol or daidzein analog 2| on post-operative day 3 and 7.
(A) 3D reconstructions of uCT scans of defect sites 8 weeks post-operation. Scale bar
represents 1 mm. (B) Healing was quantified post-operatively by relative area healed
defined as bone volume divided by total volume, normalized to defects without scaffold
or cell treatment set to 1.0. Bone Hounsfield units were normalized based on a phantom.
Bar + SEM.

*p < 0.05.

***p < 0.001 relative to the respective vehicle treatment.

oop < 0.01

@eop < 0.001 between estradiol and 2| treatment.

ASC: Adipose-derived stromal/stem cell; BMSC: Bone marrow-derived mesenchymal
stem cell; 2I: Daidzein analog 2l.
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FIGURE 3

Estradiol and daidzein analog 2| enhance collagen deposition.
No cells BMSCs

Vehicle

Estradiol

BMSCs and ASCs were seeded onto PLGA scaffolds and were implanted into critical
size calvarial defects created in the right parietal bone. After 8 weeks, calvaria were
collected and analyzed histologically with aniline blue staining. Representative images
are shown. Scale bars represent 1 mm.

ASC: Adipose-derived stromal/stem cell; BMSC: Bone marrow-derived mesenchymal
stem cell; PLGA: Poly lactic-co-glycolic acid ; 2I: Daidzein analog 2l.

of the surrounding tissue [28]. Col-
lectively, these studies suggest that
while scaffold-based tissue engi-
neering approaches supplemented
with stem cells may enhance osteo-
genesis [29,30], the addition of phy-
toestrogens may further promote
new bone formation.

In the present study, we observed
differential responses of BMSCs
and ASCs to estradiol, while the
response to the daidzein analog 21
was consistent in both BMSCs and
ASCs in vivo. Estradiol promoted
new bone formation in calvarial
defects treated with BMSC-seeded
scaffolds, whereas estradiol did not
enhance osteogenic differentiation
within the calvarial defects im-
planted with ASC-seeded scaffolds.
In contrast to the iz vivo findings,
the in vitro findings demonstrated
similar trends between BMSC- and
ASC-seeded  scaffolds. Previous
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studies have shown that BMSCs
and ASCs treated with estradiol
responded similarly to the external
stimuli [31,32]. Thus, the difference
in response is likely associated with
other cell types found within the
microenvironment of the calvarial
defects treated with BMSC-seeded
scaffolds, compared to ASC-seeded
scaffolds. In contrast, the daidzein
analog 2l promoted osteogenesis of
BMSCs and ASCs seeded on scaf-
folds both 77 vitro and in vive. These
results suggest that the daidzein an-
alog may be a more robust stimula-
tor of osteogenesis.

Interestingly, daidzein analog 21
demonstrated enhanced osteogenic
differentiation compared to estradi-
ol in vivo, whereas estradiol demon-
strated enhanced osteogenic differ-
entiation compared daidzein analog
2l in vitro. The interplay between
additional cell types in wvivo may
explain the differences observed be-
tween the i7 vitro and in vivo effects
of estradiol and daidzein. It is likely
that daidzein analog 2l is interact-
ing with immune cells, osteoblast
or osteoclast to enhance osteogen-
esis and reduce osteoclastogenesis.
Studies performed by Rassi e al.
and Ohtomo ez al. demonstrated a
significant inhibition of osteoclast
formation induced by 1a,25-dihy-
droxyvitamin D3 following treat-
ment with daidzein in a dose-de-
pendent manner, supporting the
potential influence of daidzein and
potentially daidzein analogs on oth-
er cellular lineages [33,34].

Previous studies have also shown
that PLGA scaffolds seeded with
BMSCs and ASCs produce signifi-
cant intramembranous bone forma-
tion within 2 weeks, and complete
closure have been observed by 8
weeks [35,36]. It should be noted
that the scaffolds used in these other




studies were coated with hydroxy-
apatite, which has been shown to
enhance osteogenic differentiation
of stem cells and osteoprogenitor
cells [37-39]. In the current study,
hydroxyapatite was not included in
the makeup of the scaffolds in order
to assess the direct efficacy of our
novel therapeutics. Additionally,
hydroxyapatite can cause uncon-
trolled, prolonged inflammation,
which may limit its clinical use [40].
Future studies investigating the os-
teoinductive effects of daidzein an-
alog 21 treatment of BMSC-seeded
or ASC-seeded scaffolds composed
of PLGA and hydroxyapatite will
determine whether daidzein analog
2] can work synergistically with the
scaffold and cells to promote new
bone formation. Additional studies
utilizing nanoparticles to load daid-
zein analog 21 onto the scaffold may
prove to be an extended, slow re-
lease mechanism to enhance osteo-
genesis. Nevertheless, the current
study provides insight into the use
of phytoestrogens to enhance osteo-
genesis of BMSC- or ASC-seeded
scaffolds for bone tissue engineering
approaches.

Due to the structural similarity
between estradiol and daidzein an-
alog 21 and the increased incidence
of breast and endometrial cancer as-
sociated with hormone replacement
therapy with estradiol, the safety of
daidzein analog 2l is of particular
interest. With regards to the safety
of phytoestrogens, the secondary
organs were examined with his-
tology. Consistent with previously
published studies, no abnormalities
were observed at the incision site or
within the organs of mice treated
with daidzein analog 21 [41]. Previ-
ous studies investigating the safety
of phytoestrogens have shown these
compounds to have antioxidative

and anti-angiogenic properties [42-
45]. Additional studies have shown
that phytoestrogens act on neoplas-
tic cells by inhibiting genes associ-
ated with cell cycle progression and
enhancing genes involved in pro-
grammed cell death [46,47]. These
results suggest that phytoestrogens
do not have the cancer promoting
effects of estrogens. However, ad-
ditional long-term animal studies
and clinical trials are necessary to
determine the safety of the daidzein
analog 21.

RESEARCH ARTICLE

FIGURE 4

No pathological findings were noted in 2| treated mice.

Vehicle

represents 20 um.

BMSCs and ASCs were seeded on PLGA scaffolds and were implanted into critical size
calvarial defects formed in the right parietal bone. After 8 weeks, organs were collected
and analyzed histologically with H&E staining. Representative images of (A) kidney
sections and (B) liver sections are shown. Scale bars represent 200 um. Inset scale bar

ASC: Adipose-derived stromal/stem cell; BMSC: Bone marrow-derived mesenchymal
stem cell; PLGA: Poly lactic-co-glycolic acid ; 2I: Daidzein analog 2I.
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Collectively, these results suggest
that this daidzein analog may be a
suitable molecule to enhance osteo-
genic differentiation of BMSC- or
ASC-seeded scaffolds. The daidzein
analog 21, used in combination with
other bone stimulating factors, may
lead to the development of healthy
and physiologically normal bone
and thus aid in reducing the burden
of craniomaxillofacial defects.
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