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a b s t r a c t

Adipose-derived stromal cells (ASCs) are increasingly being used for orthopedic-based tissue engineering
approaches due to their ability to readily undergo osteogenic differentiation. In the present study, we
used in vitro and in vivo approaches to evaluate the use of ASCs as a treatment strategy for age-related
osteoporosis. Molecular, histological and micro-computed tomography (micro-CT) based approaches
confirmed that ASCs isolated from 18-week-old osteoporotic senescence-accelerated mice (SAMP6) were
capable of undergoing osteogenesis when cultured in either silk fibroin (SF) scaffolds or scaffold-free
microtissues (ASC-MT). A single intratibial injection of CM-Dil-labeled isogeneic ASCs or ASC-MT into
SAMP6 recipients significantly improved trabecular bone quality after 6 weeks in comparison to un-
treated contralateral bones, as determined by micro-CT. Injected ASCs could be observed in paraffin wax
bone sections at 24 h and 6 weeks post treatment and induced a significant increase in several molecular
markers of bone turnover. Furthermore, a significant improvement in the osteogenic potential of oste-
oporotic patient-derived human bone marrow stromal cells (BMSCs) was observed when differentiated
in conditioned culture media harvested from osteoporotic patient-derived human ASCs. These findings
therefore support the use of ASCs as an autologous cell-based approach for the treatment of osteoporosis.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Osteoporosis is characterized by significant deficits in both bone
mass and bone quality, resulting in low bone strength and a
reduced resistance to fractures [1]. There is nowamounting body of
scientific evidence to suggest that impaired osteogenic differenti-
ation of resident bone marrow stromal cells (BMSCs) may play a
decisive role in mediating osteoporotic bone loss. Deficiencies in
osteogenesis have previously been reported in BMSCs isolated from
osteoporotic patients, where significant decreases in osteoblast-
ich, Winterthurerstrasse 190,
fax: þ41 44 635 6840.
. Richards).
mediated mineral deposition were observed [2e4]. Inadequacies
in the osteogenic capacity of BMSCs have also been linked to
osteoporotic bone phenotypes associated with various animal
models of aging [5e9]. Furthermore, the diminished osteogenic
differentiation potential of BMSCs from osteoporotic patients ap-
pears to be in direct contrast to their ability to form adipocytes,
thereby introducing the concept of fat marrow accretion as a po-
tential confounding factor in the regulation of bone quality
[7,9e11]. Nevertheless, despite these observations, the most widely
prescribed treatments for osteoporosis are focused on inhibiting
bone resorption [12]. The fact that BMSCs represent a critical
component of the homeostatic machinery controlling bone turn-
over [13], alternative therapeutic strategies designed at targeting
the BMSC niche in osteoporotic bone marrow may therefore war-
rant further consideration.
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The use of adipose-derived stromal cells (ASCs) for the purpose
of enhancing orthopedic tissue repair and regeneration is now
widespread in areas of both experimental and clinical research
[14,15]. ASCs have several advantages over other multipotent stem
cell sources in that they are easily accessed non-invasively and have
been shown to maintain both their proliferative [16e18] and
osteogenic [17e19] potential with age. Moreover, we and others
have recently reported that unlike their BMSC counterparts, the
osteogenic differentiation capabilities of ASCs isolated from oste-
oporotic humans and mice remain intact [4,20], thereby high-
lighting their potential as an autologous cell-based therapy for
treating age-related bone loss. Indeed, encouraging results have
already been obtained from several studies investigating the ther-
apeutic effects of systemically and locally administered ASCs on
experimental osteoporosis [21e23]. However, to date, all studies
investigating the therapeutic potential of ASCs in osteoporosis have
focused on the prevention of bone loss in ovariectomized (OVX)
mouse models, and have utilized cells obtained from non-
osteoporotic animals.

In the present study, we hypothesize that ASCs isolated from
osteoporotic SAMP6 mice have the capacity to generate mineral-
ized matrix when induced to undergo osteogenesis in three-
dimensional (3-D) culture systems, and can significantly enhance
various parameters of bone quality in vivo following a single low
dose intratibial injection. We use molecular, biochemical, histo-
logical and micro-CT analyses to evaluate the osteogenic potential
of osteoporotic SAMP6-derived ASCs in 3-D scaffold-based and
scaffold-free systems, and to validate their use as a therapeutic
intervention for treating age-related bone loss in amousemodel for
senile osteoporosis. Furthermore, we assess the capacity of ASCs to
influence the osteogenic differentiation of BMSCs isolated from
aged osteoporotic patients.

2. Materials & methods

2.1. Animals

Experiments were performed using 18-week-old male and female senescence
accelerated mouse prone 6 (SAMP6) mice (Institute for Laboratory Animal Science,
University of Zurich, Switzerland). All animal research procedures were approved by
the Animal Experimentation Committee of the Veterinary Office of the Canton of
Zurich, Switzerland and followed the guidelines of the Swiss Federal Veterinary
Office for the use and care of laboratory animals.

2.2. Human patients

Human ASCs and BMSCs were harvested from a total of n ¼ 6 non-osteoporotic
and n¼ 9 osteoporotic female donors (>65 years of age) undergoing routine surgery.
Osteoporosis was confirmed by dual energy X-ray absorptiometry (DXA; Hologic
QDR 4500) according to WHO guidelines. All procedures were carried out in
accordance with the ethics commission guidelines for InnsbruckMedical University.
Fig. 1. (A) Digital radiograph illustrating an intratibial injection into the left proximal tibia o
of decalcified tibia 1 day after injection. Scale bar ¼ 500 mm. (C) Micro-CT analysis of tibial p
treatment.
2.3. Cell isolation and culture

ASCs isolated from inguinal fat pads of 18-week-old male SAMP6 mice were
purified and characterized according to previously published protocols established in
our laboratory [20,24]. Human BMSCs or ASCs were harvested from the femoral
medullary cavity or subcutaneous adipose tissue respectively, as previously described
[20,24,25]. In all cases, cells weremaintained in normal growthmedium consisting of
Dulbecco's modified eagle medium (DMEM-low glucose, with Glutamax; Life Tech-
nologies, Zug, Switzerland), supplemented with 10% fetal bovine serum (FBS; Life
Technologies) and penicillin (50 units/ml) and streptomycin (50 mg/ml) (Life Tech-
nologies). Cells were used between passage 2 and 4 unless otherwise stated.

2.4. Osteogenesis of SAMP6-derived ASCs in 3-D culture systems

The osteogenic induction of mouse ASCs was performed using protocols pre-
viously established in our laboratory [20,24]. ASC-seeded SF scaffolds were prepared
as previously described [26,27]. Briefly, silk cocoons from Bombyx Mori L. were
cooked twice in sodium carbonate for 1 h to extract sericins. Dried silk was dissolved
in 9M lithium bromide and dialyzed against ultrapure water for 36 h. Frozen, dia-
lyzed silk solution was lyophilized for four days and dissolved in hexa-
fluoroisopropanol (HFIP) at 17% (w/v). Silk solution (1 ml) was pipetted onto 2.5 g
sodium chloride granules of 300e400 mm diameter and left for 3 days until the HFIP
had completely evaporated. Sodium chloride was leached out for 24 h in water and
scaffolds cut into discs of 5 mm in diameter and 2 mm in height. For cell cultivation
on SF scaffolds, 3 � 106 ASCs per scaffold were seeded by pipetting a droplet of 50 ml
of cell suspension on top of each scaffold. Constructs were placed in an incubator at
37 �C, 5% CO2, 100% humidity for 90 min and a drop of culture mediumwas applied
every 20 min to prevent scaffolds from drying out. Five cell seeded constructs were
fixed on the bottom of a bioreactor applicable for micro-CT monitoring. Each
bioreactor was filled with 5ml of osteogenic inductionmedium consisting of normal
growth medium supplemented with 50 mM L-ascorbic acid 2-phosphate sesqui-
magnesium salt hydrate (SigmaeAldrich, Buchs, Switzerland), 10 mM b-glycer-
ophosphate (SigmaeAldrich) and 5 mM retinoic acid (SigmaeAldrich). Medium was
exchanged three times per week for up to 6 weeks. ASC-MT cultures were prepared
as previously described [24,28]. Briefly, 2.5 � 103 ASCs were cultured in 25 ml
hanging drops of osteogenic medium in Terasaki plates (VWR, Switzerland) for up to
6 days. In all cases, osteogenic differentiation was evaluated by Alizarin red (Sig-
maeAldrich) staining of paraffin wax tissue sections and by the analysis of osteo-
genic gene expression using quantitative reverse-transcription polymerase chain
reaction (qRT-PCR). Fully formed ASC-MTwere also cultured in sterile plastic culture
plates under normal growth conditions or in osteogenic medium for up to 14 days,
and the ability of ASCs to migrate out from the microtissues and also induce
mineralization determined by microscopic analysis.

2.5. Osteogenesis of human BMSCs from osteoporotic patients

Age-matched BMSCs harvested from osteoporotic (OP; n ¼ 9) or non-
osteoporotic (non-OP; n ¼ 6) patients were cultured for up to 21 days in osteo-
genic medium (OM) consisting of 50 mM L-ascorbic acid 2-phosphate sesqui-
magnesium salt hydrate, 10 mM b-glycerophosphate and 10 nM dexamethasone
(SigmaeAldrich), and osteogenesis compared at selected time points using the
alkaline phosphatase (ALP) activity assay or by Alizarin red staining as previously
described [25]. For studies investigating the influence of osteoporotic patient-
derived ASCs on the osteogenic potential of osteoporotic patient-derived BMSCs,
cultures of human BMSCs (n ¼ 4) or ASCs (n ¼ 4) isolated from age-matched oste-
oporotic patients were initially used to generate conditioned medium. Supernatants
from cells cultured in normal growth medium (GM) were harvested at 48 h to
generate conditioned medium (CM) designated ASC-CM or BMSC-CM. For osteo-
genic differentiation, human osteoporotic patient-derived BMSCs (n ¼ 4) were
f a SAMP6 mouse. (B) Representative hematoxylin & eosin stained paraffin wax section
lateau from non-injected (upper panel) and injected (lower panel) bones at 24 h post



Table 1
List of TaqMan Gene Expression Assays used in RT-PCR analysis.

Gene symbol Protein product Assay IDa

Alpl Alkaline phosphatase Mm01187117_m1
Col1a2 Collagen type 1A 2 Mm00483888_m1
Ctsk Cathepsin K Mm00484039_m1
Gapdh Glyceraldehyde-3-phosphate dehydrogenase Mm99999915_g1
HtrA1 High temperature requirement protease A1 Mm00479887_m1
Ibsp Integrin binding sialoprotein Mm00492555_m1
Mrps12 Mitochondrial ribosomal protein S12 Mm00488728_m1
Opn Osteopontin Mm01611440_m1
Tnfa Tumor necrosis factor alpha Mm00443258_m1

a TaqMan Expression Assay identity code according to supplier (Life Technologies,
Zug, Switzerland).
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cultured for up to 14 days in OM supplemented with 100% of either ASC-CM or
BMSC-CM in triplicates, and osteoblast formation determined by Alizarin red
staining as previously described [25].

2.6. Intratibial injection

SAMP6 mice were anaesthetized with an i.p. injection of Fentanyl (0.05 mg/kg),
Midazolam (5 mg/kg) and Medetomidin (0.5 mg/kg) in 0.9% NaCl, and the left tibia
injected with either undifferentiated ASCs (n¼ 9), ASCs pre-differentiated for 3 days
in osteogenic medium either as a monolayer (n ¼ 13) or as ASC-MT (n ¼ 13), or PBS/
EDTA (vehicle; n ¼ 9). Prior to implantation, cells were labeled with CM-Dil (Life
Technologies) according to the manufacturer's recommendations. A pre-drilled hole
was created in the left proximal tibia of 18-week-old female SAMP6mice using a 26-
gauge needle. Following brief flushing of the cavity with heparin (10 IE/ml), 10 ml of
cells (15 � 104) or vehicle were injected directly into the medullary canal using a
Hamilton syringe (Fig. 1AeC). The contralateral tibia remained untreated and served
as the control. Tracking of injected CM-Dil-labeled ASCs was performed in dewaxed
DAPI-stained paraffin sections of tibia taken at 24 h and 42 days following injection
and analyzed using the Leica DMI6000B automated inverted research microscope
system (Leica Microsystems, Heerbrugg, Switzerland).

2.7. Micro-CT monitoring of SF scaffolds

Bioreactors containing cell seeded scaffolds (n ¼ 5 per bioreactor) were scanned
weekly for up to 6 weeks on a micro-CT40 (Scanco Medical AG, Brüttisellen,
Fig. 2. (A) Representative micro-CT images of SF scaffolds seeded with ASCs (1 � 106) at s
transverse cross section; bottom panel, longitudinal cross section. (B) Micro-CT analysis of mi
compared to SF scaffolds alone (Control) (n ¼ 5). *p < 0.05, **p < 0.01 as determined by th
stained paraffin wax section of ASC-seeded SF scaffold 42 days after osteogenic induction.
references to colour in this figure legend, the reader is referred to the web version of this
Switzerland). Scans were operated at 45kVp energy level, 177 mA intensity, 200 ms
integration time, 2-fold frame-averaging at high resolution mode leading to an
isotropic resolution of 18 mm. The bioreactors were removed from the incubator for
1 h during the measurement. Greyscale images were filtered by applying a 3-D
Gaussian filter (sigma 1.2, support 1) and a global threshold of 12.8% of the
maximal grey values (corresponding to a density value of 127.59 mg HA/cm3). Un-
connected objects smaller than 50 voxels were not analyzed. Samples were evalu-
ated morphometrically for mineralized tissue volume density (BV/TV).

2.8. Micro-CT analysis of mouse tibia

Tibia were excised and stored in 70% ethanol. Micro-CT40 (Scanco Medical AG,
Brüttisellen, Switzerland) scans were performed with the X-ray tube operating at an
energy of 55 kVp and an intensity of 145 mA. Three-dimensional images with an
isotropic voxel size of 15 mmwere reconstructed from 1000 projection images taken
over 180� and an integration time of 300 ms. A 3-D Gaussian filter (sigma 0.8,
support 1) was then applied to all images, and a global threshold corresponding to
22.4% of the maximum grey values was used to separate bone from marrow and
surrounding soft tissues. Three compartments were selected for the evaluation. Full
bone and cortical bone (5% of bone length located at 50% of length) were determined
by an automated algorithm [29]. A trabecular compartment of 150 slices located
distal of the growth plate was selected by manual contouring. Bone morphometric
parameters were calculated within each compartment as described previously
[30,31].

2.9. qRT-PCR analysis

Total RNA was purified from either mouse ASCs or mouse bone tissue using
TRIzol reagent and treated with TURBO DNase (Life Technologies) as previously
described [20,28]. RNA (0.5 mg) was reverse transcribed to cDNA using superscript II
(Life Technologies) and random hexanucleotide primers (Promega AG, Dübendorf,
Switzerland), and quantification of mRNA expression performed using TaqMan Gene
Expression Assays (Life Technologies) (Table 1). For all in vitro studies, values were
normalized to Mrps12 mRNA levels and presented as fold change according to the
2�DDCT method unless otherwise stated. For the measurement of gene expression
levels in bone tissue, total RNA was harvested from the diaphysis of 5e6 bone
samples and values normalized to Gapdh mRNA levels and presented as 2�DCT. Each
10 ml reaction consisted of 1x TaqMan Fast Universal PCR Master Mix (Life Tech-
nologies), 1x TaqMan Gene Expression Assay and 10 ng cDNA (based upon initial
RNA concentrations). All reactions were performed in triplicate in fast optical 96-
well reaction plates (Life Technologies) at 95 �C for 20 s and 40 cycles of 95 �C for
1 s and 60 �C for 20 s.
elected time points following incubation in osteogenic induction medium. Top panel,
neralized tissue volume density (BV/TV) in ASC-seeded SF scaffolds (Treated) (n ¼ 5) as
e Student's t-test (mean ± S.D.). (C) Representative image of an Alizarin red and DAPI
Scale bar ¼ 25 mm. Red, mineral deposition; blue, cell nuclei. (For interpretation of the
article.)
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2.10. Histology

Paraffin wax sections of ASC microtissue spheroids were incubated with poly-
clonal rabbit anti-HTRA1 (1:50) or rabbit anti-osteocalcin (1:1000) using the con-
ditions previously described [27]. Samples were then washed and incubated with
goat anti-rabbit-Cy3 (1:400) for 1 h and mounted in DAPI containing Mowiol so-
lution and images captured using the Leica DMI6000B system.

2.11. Statistical analysis

All statistical analyses were carried out using SPSS19.0 (SPSS Inc., Chicago, IL).
Parametric analysis of normally distributed data was performed using either the
two-tailed unpaired or paired Student's t-test for comparison of two groups or one-
way analysis of variance (ANOVA) with Tukey's post hoc test for multiple group
comparisons. In all cases, a p-value of <0.05 was considered statistically significant,
and all data were expressed as mean ± standard deviation (S.D).

3. Results

3.1. Osteogenic differentiation of ASCs in 3-D culture systems

The ability of ASCs to grow and differentiate under 3-D culture
conditions was initially evaluated using SF scaffolds. Micro-CT
analysis revealed significant increases in mineralized tissue for-
mation in SF scaffolds seeded with ASCs after 21 days (p < 0.05),
and this continued to increase up until completion of the study at
day 42 (p < 0.01) (Fig. 2A and B). Alizarin red staining of paraffin
sections at day 42 confirmed localization of seeded ASCs in areas
Fig. 3. (A) Undifferentiated ASC-MT after 6 days in hanging drops visualized in situ. Scale b
ASC-MT after 6 days in hanging drops. Scale bar ¼ 100 mm. (CeD) Representative images
medium (C) or osteogenic induction medium (D). Scale bar ¼ 100 mm. (EeH) Representative
growth medium (E, G) or osteogenic induction medium (F, H) and stained with anti-HTRA1
antibody (red). Nuclei were stained with DAPI (blue). Scale bar ¼ 25 mm. (I) qRT-PCR analys
protease A1 (HtrA1) in ASC-MT cultured for 3 days in growth medium (Control) or osteogen
compared to undifferentiated controls determined using the 2�DDCT method (mean ± S.D.).
of mineralized matrix (Fig. 2C). Further analysis of ASC osteo-
genesis was also performed using ASC-MT. ASCs readily formed
spheroid microtissues when cultured in hanging drops (Fig. 3A
and B). Under osteogenic conditions, ASC-MT produced mineral-
ized matrix within 6 days (Fig. 3C and D) and stained positive for
known markers of osteogenic differentiation including HTRA1
(Fig. 3E and F) and osteocalcin (Fig. 3G and H). Furthermore,
several genetic markers of osteogenesis including alkaline phos-
phatase (Alpl) (p < 0.01), osteopontin (Opn) (p < 0.01), and high
temperature requirement serine protease A1 (HtrA1) (p < 0.01)
were significantly upregulated in comparison to undifferentiated
ASC-MT after 3 days in culture (Fig. 3I). Additional studies
revealed that ASCs initially grown as ASC-MT retained both their
proliferative capacity as well as their potential to undergo osteo-
genesis when transferred to tissue culture plates (Fig. 4). Cells
were observed to migrate out from the microtissues and could
induce mineral formation within the 2-D culture system already
after 7 days.

3.2. Tracking of injected ASCs

CM-Dil positive ASCs were easily identified within the bone
marrowof mice 24 h following a single intratibial injection of either
undifferentiated ASCs (Fig. 5A) or pre-differentiated ASC-MT
ar ¼ 100 mm. (B) Hematoxylin & eosin stained paraffin wax section of undifferentiated
of Alizarin red stained paraffin wax sections of ASC-MT cultured for 6 days in growth
immunofluorescence images of paraffin wax sections of ASC-MT cultured for 6 days in
(E, F) or anti-osteocalcin (G, H). Positive staining was detected using an anti-rabbit Cy3
is of alkaline phosphatase (Alpl), osteopontin (Opn) and high temperature requirement
ic induction medium (Ost). Values were normalized to Mrps12 and the fold change as
*p < 0.01 as determined by the Student's t-test.



Fig. 4. Analysis of ASC outgrowth from ASC-MT. Undifferentiated ASCs were cultured in ASC-MT for 4 days, and then transferred to culture plates and incubated for 7 days (A, C, E)
or 14 days (B, D, F) in normal growth medium (A, B) or osteogenic induction medium (CeF). Cells were stained with Alizarin red (AeD) or left unstained and visualized by phase
contrast light microscopy (EeF). AeD, scale bar ¼ 2 mm; EeF, scale bar ¼ 500 mm.
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(Fig. 5B). At 42 days post injection, CM-Dil positive cells were still
evident within all of the treated bones, although to a much lesser
extent than bone sections at 24 h post injection (Fig. 5C and D).
Untreated contralateral bones remained absent of CM-Dil-labeled
cells at all time points.

3.3. Influence of ASCs on bone quality in SAMP6 mice

In order to determine the effects of ASCs on bone quality, micro-
CT was performed on bone samples taken at day 42 following
treatment. Animals injected with undifferentiated ASCs, pre-
Fig. 5. Representative fluorescence images of paraffin wax sections of tibia injected with
treatment. Scale bar ¼ 50 mm. Inset and arrowhead, high magnification images of CM-Dil la
differentiated ASC-MT or PBS/EDTA showed no adverse reactions
and treatments were generally well tolerated. However, intratibial
injections of ASCs that had been pre-differentiated as monolayers
for 3 days prior to implantation resulted in >50% mortality, with
death occurring immediately after the administration of these cells.
As such, we were unable to accurately assess the influence of these
cells on bone quality in SAMP6 mice. Histological analysis revealed
that themost likely cause of death was due to pulmonary embolism
as evidenced by both cartilaginous and fibrous deposits within lung
vacuoles taken from mice that died shortly after receiving an
intratibial injection of pre-differentiatedmouse ASCs (Suppl. Fig. 1).
undifferentiated ASCs (A, C) or ASC-MT (B, D) at 24 h (A, B) and 42 days (C, D) post
beled cells. Scale bar ¼ 25 mm. Red, CM-Dil; blue, DAPI.
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When compared to untreated contralateral tibia, undifferenti-
ated ASC-treated and pre-differentiated ASC-MT-treated tibia
demonstrated significant increases in trabecular bone volume
density (BV/TV) (ASC, p ¼ 0.01; ASC-MT, p ¼ 0.002) and trabecular
number (Tb.N) (ASC, p ¼ 0.01; ASC-MT, p ¼ 0.01), although
trabecular thickness (Tb.Th) (ASC, p¼ 0.3; ASC-MT, p¼ 0.1), was not
significantly affected (Fig. 6A and B). Furthermore, the distance
between trabeculae (Tb.Sp) was significantly reduced in both
treatment groups (ASC, p ¼ 0.01; ASC-MT, p¼ 0.02). By contrast, no
significant changes in BV/TV (p ¼ 0.07), Tb.N (p ¼ 0.89), Tb.Sp
(p ¼ 0.77) or Tb.Th (p ¼ 0.30), were observed in tibia treated with
PBS/EDTAwhen compared to the respective untreated contralateral
tibia. Additionally, no significant changes in cortical bone param-
eters were observed in any of the treatment groups tested (data not
shown).

3.4. Effect of ASCs on gene expression in vivo

RNAwas harvested from the tibia of mice after 14 days following
treatment with either PBS/EDTA or ASCs, and analyzed for various
genetic markers using qRT-PCR. The expression levels of all genetic
markers analyzed were found to be significantly upregulated in
ASC-treated bones as compare to untreated contralateral controls
(Fig. 7). Similarly, with the exception of Tnfa, PBS/EDTA treatment
also induced significant increases in the expression levels of all
gene markers. However, in comparison to PBS/EDTA-treated bones,
ASC-treated bones showed significant increases in genetic markers
associated with osteogenesis, including, Opn (p < 0.01), Ibsp
(p < 0.05), Col1a2 (p < 0.01), HtrA1 (p < 0.01), as well as resorption-
associated markers, Tnfa (p < 0.01) and Ctsk (p < 0.01). No
Fig. 6. (A) Micro-CT analysis of treated and untreated tibia from SAMP6 mice 42 days afte
(n ¼ 9), undifferentiated ASCs (ASC) (n ¼ 9), or pre-differentiated osteogenic ASC-MT (n ¼ 13
BV/TV, trabecular bone volume density; Tb.N, trabecular number; Tb.Sp, trabecular spacing;
as determined by the paired Student's t-test. (B) Representative 3-D micro-CT images of con
ASC-MT-treated tibia (ASC-MT).
significant differences in the expression profiles of any of the genes
tested were observed between the untreated contralateral control
bones of PBS/EDTA- and ASC-treated mice.

3.5. Osteogenic differentiation of human osteoporotic BMSCs

The osteogenic potential of human BMSCs isolated from aged
osteoporotic patients was confirmed as being impaired as
demonstrated by marked reductions in both ALP activity (Fig. 8A)
and Alizarin red staining (Fig. 8B) in comparison to BMSCs from
non-osteoporotic patients. Supplementation of osteogenic medium
(OM) with conditioned medium harvested from osteoporotic
patient-derived ASCs (ASC-CM) cultured under normal growth
conditions, significantly enhanced mineral formation of osteopo-
rotic patient-derived BMSCs after 14 days as compared to cells
cultured in OM alone, or OM supplemented with conditioned
medium from osteoporotic patient-derived BMSCs (BMSC-CM)
(Fig. 8C).

4. Discussion

ASCs represent an easily accessible population of multipotent
stromal cells, and unlike their BMSC counterparts, have the po-
tential to readily undergo osteogenic differentiation independently
of donor age and status of bone quality [18e20]. As such, the use of
ASCs in bone tissue engineering is becoming more commonplace
[32e37] and investigators have now started to recognize their
potential as a therapeutic strategy for the treatment of osteoporosis
[21e23]. Indeed, previous findings from our own studies have
demonstrated that ASCs isolated from osteoporotic SAMP6 mice
r surgical intervention. Tibia were treated (Treated) with either PBS/EDTA (PBS/EDTA)
). In all cases, treatments were compared to the contralateral control tibia (untreated).

Tb.Th, trabecular thickness. All results are expressed as mean ± S.D. *p < 0.05, **p < 0.01
trol tibia (untreated), PBS/EDTA-treated tibia (PBS/EDTA), ASC-treated tibia (ASC) and



Fig. 7. qRT-PCR analysis was performed on mRNA isolated from tibia treated (Treated) with either PBS/EDTA or ASC and the corresponding contralateral control tibia (Untreated) of
SAMP6 mice 14 days after surgical intervention. Values were normalized to Gapdh and presented as 2�DCT (RNA of 5e6 mice pooled, technical triplicates, mean ± S.D.). *p < 0.05,
**p < 0.01, as determined by one-way ANOVA. Opn, osteopontin; Ibsp, Integrin binding sialoprotein; Col1a2, Collagen type 1A2; HtrA1, high temperature requirement protease A1;
Tnfa, tumor necrosis factor alpha; Ctsk, Cathepsin k.
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were able to retain their osteogenic potential under 2-D culture
conditions when compared to ASCs from non-osteoporotic SAMR1
control mice [20]. However, no studies have yet sought to evaluate
the therapeutic potential of isogeneic ASCs on bone quality in this
mouse model for senile osteoporosis.

In the present report, in vitro 3-D culture systems were initially
used to evaluate the osteogenic potential of SAMP6-derived ASCs in
order to simulate a more accurate natural physiological environ-
ment. Preliminary investigations were carried out using a scaffold-
based approach, whereby micro-CT was used to monitor the min-
eral formation in long-term cultures of SAMP6-derived ASCs
seeded on SF scaffolds. A gradual increase in mineralized tissue
formation was observed in ASC-seeded scaffolds over the 42 day
culture period. Additional histological analysis using Alizarin red
and DAPI staining confirmed that cells could still be identified
within the scaffolds after 42 days, being localized to areas of min-
eral deposition. Short-term osteogenic differentiation of ASCs
grown in scaffold-free microtissue spheroids was observed after
only 3 days in osteogenic induction medium as evidenced by sig-
nificant increases in osteogenic markers Alpl, Opn and HtrA1. By day
6, mineral depositionwas apparent in the majority of tissues, along
with the expression of osteogenic proteins HTRA1 and osteocalcin.
Furthermore, cells cultured within spheroid microtissues were
confirmed as being able to retain their proliferative capacity as well
as their osteogenic potential following outgrowth onto a plastic
surface. These preliminary findings therefore confirmed that
SAMP6-derived ASCs were capable of maintaining their functional
capacity for osteogenesis when cultured in 3-D environments and
thus encouraged us to further investigate their capacity to influence
bone formation in vivo.

The underlying premise for using ASCs to treat osteoporotic
bone, stems from the concept that resident BMSCs are defective in
terms of their ability to maintain a normal osteogenic potential and
thus have a reduced tendency to generate bone-forming osteo-
blasts [2,3,7e9]. Supplementation of osteoporotic bone with
competent osteoprogenitor cells may therefore represent a viable
means by which to re-establish normal bone homeostasis and
enhance bone quality. Indeed, this concept has already been tested
by several independent research groups and has been shown to
have significant benefits in terms of preventing bone loss in various
experimental OVX mouse models. Human ASCs demonstrated a
protective effect on OVX-induced bone loss in nude mice when
intravenously injected at the time of surgical intervention [21].
These effects were hypothesized as being mediatedmainly through
paracrine effects of the transplanted ASCs based on the fact that no
cells could be visualized within bone after 48 h post injection.
Similarly, the systemic administration of genetically modified
mouse ASCs restored normal bone parameters in immunocompe-
tent mice after 28 days, although no data was presented to indicate
whether ASCs could be detected within the bones of treated ani-
mals [22]. More recently, it was demonstrated that a single intra-
tibial injection of ASCs into the femur of OVX SAMP8mice, an aging
animal model primarily used in studies of learning and memory,
resulted in significant increases in bone mineral density as



Fig. 8. (AeB) Osteogenic differentiation of human BMSCs isolated from osteoporotic (OP) (n ¼ 5e9) or non-osteoporotic (non-OP) (n ¼ 5e6) patients was compared using the ALP
activity assay (A) and Alizarin red staining (B). *p < 0.05 as determined by Student's t-test. (C) The osteogenic potential of osteoporotic patient-derived BMSCs (n ¼ 4) cultured in
osteogenic medium (OM) or OM supplemented with either conditioned medium from osteoporotic patient-derived ASCs (ASC-CM) or BMSCs (BMSC-CM) was determined by
Alizarin red staining at day 14 after osteogenic induction. Undifferentiated cells cultured in growth medium (GM) served as negative controls. *p < 0.01 as determined by one-way
ANOVA. All experiments were performed in triplicate and results expressed as mean ± S.D.
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compared to control groups, which was evident at 4 months
following the initial treatment [23]. However, these effects
appeared to require the in vitro osteogenic differentiation of ASCs
prior to implantation. In the present study, we observed a signifi-
cant improvement in the trabecular bone quality of SAMP6 mice 42
days following a single intratibial injection of either undifferenti-
ated SAMP6-derived ASCs or pre-differentiated osteogenic ASC-MT
as compared to untreated contralateral bones. Furthermore, CM-Dil
labeled cells could still be detected within the bone marrow of
treated tibia even at this late time point. Attempts were also made
to assess the effects of a single intratibial injection of a cell sus-
pension of pre-differentiated osteogenic ASCs, but unexpectedly,
this resulted in high mortality rates associated with pulmonary
embolism. It remains unclear as to why such adverse events should
have occurred following the use of these cells, especially as other
studies using pre-differentiated mouse ASCs reported no untoward
effects [23]. However, one possible explanation may relate to the
size of cells that were injected into the bone cavity. A recent study
evaluating the therapeutic potential of human placenta-derived
mesenchymal stem cells (hMSCs) in ischemic stroke, demon-
strated high incidences of embolism and neurological abnormal-
ities following the intra-carotid injection of hMSCs previously
cultured as monolayers [38]. By contrast, the injection of hMSC
suspensions derived from 3-D microtissue spheroids, led to a
subsequent improvement in neurological function with no reports
of vascular obstruction. These opposing effects were attributed to
differences in the size of hMSCs produced, with microtissue-
derived hMSCs showing a noticeable decrease in diameter as
compared to hMSCs grown as monolayers. Such alterations in cell
dimension may therefore go someway to explaining why osteo-
genic ASCs cultured as monolayers, but not as ASC-MT, resulted in
embolism. Certainly, this could represent an important point of
concern when considering such an approach in humans and may
therefore warrant further investigation. It would appear therefore
that incorporation of ASCs into microtissue spheroids may repre-
sent one possible means by which to overcome this potentially
detrimental effect of pre-differentiated osteogenic ASCs when
injected directly into the bone marrow cavity.

In addition to improvements being made in trabecular bone, we
also observed significant increases in the gene expression of bone
turnover markers in the tibia of ASC-treated mice as compared to
PBS/EDTA-treated mice. This is in line with previous investigations
in which the beneficial effects of locally administered ASCs on
mouse bone quality have been associated with alterations in ge-
netic markers of osteogenesis [23]. However, it should be
mentioned that in the current study, the majority of genes tested
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were significantly upregulated in both ASC- and PBS/EDTA-treated
mice when compared to untreated contralateral bones, thus indi-
cating that the mere act of injecting into the tibia alone was suffi-
cient to upregulate gene expression.

It is interesting to note, that the capacity of pre-differentiated
osteogenic ASC-MT to enhance trabecular bone quality was com-
parable to undifferentiated ASCs, despite them having already been
induced along the osteogenic lineage. This would therefore imply
that the transplanted ASCs may have mediated their effects
through the stimulation of resident cells, rather than instigating
new bone formation directly. This concept was further tested
in vitro utilizing ASCs and BMSCs isolated from human osteoporotic
patients. Initial observations confirmed that the osteogenic po-
tential of osteoporotic patient-derived BMSCs was significantly
impaired as compared to normal, age-matched non-osteoporotic
control samples. Furthermore, we could demonstrate that condi-
tioned media harvested from osteoporotic patient-derived ASCs
was able to better support osteoporotic patient-derived BMSC
osteogenesis. Although similar findings were reported in studies
utilizing human ASCs with either human BMSCs or mouse osteo-
blastic cell lines [21,39], as far as we are aware, this is the first direct
evidence that human osteoporotic ASCs have the capacity to impart
a pro-osteogenic paracrine effect on human osteoporotic patient-
derived BMSCs in vitro. It is possible therefore, that the increases
in SAMP6 trabecular bone quality following ASC treatment were
due, in part, to the paracrine actions of injected ASCs on resident
BMSC populations.

5. Conclusion

We have demonstrated that ASCs isolated from osteoporotic
SAMP6 mice have the capacity to undergo osteogenic differentia-
tion and induce mineralized tissue formation in short- and long-
term 3-D cultures, and that a single intratibial injection of undif-
ferentiated ASCs or pre-differentiated ASC-MT, significantly
enhanced parameters of bone quality in SAMP6 mice. Furthermore,
in vitro data utilizing human osteoporotic patient-derived BMSCs
and ASCs is provided, which supports the concept of transplanted
ASCs influencing bone formation in a paracrine manner. Our data
therefore highlights the potential benefits of using ASCs as an
autologous cell-based therapeutic strategy to treat osteoporosis.
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