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Tissue engineering has recently become available as a treatment procedure for bone augmentation. However,
this procedure has several problems, such as high capital investment and expensive cell culture, complicated
safety and quality management issues regarding cell handling, and patient problems with the invasive proce-
dure of cell collection. Moreover, it was reported that stem cells secrete many growth factors and chemokines
during their cultivation, which could affect cellular characteristics and behavior. This study investigated the
effect of stem-cell-cultured conditioned media on bone regeneration. Cultured conditioned media from human
bone marrow–derived mesenchymal stem cells (MSC-CM) enhanced the migration, proliferation, and expres-
sion of osteogenic marker genes, such as osteocalcin and Runx2, of rat MSCs (rMSCs) in vitro. MSC-CM includes
cytokines such as insulin-like growth factor-1 and vascular endothelial growth factor. In vivo, a prepared bone
defect of a rat calvarial model was implanted in five different rat groups using one of the following graft
materials: human MSCs/agarose (MSCs), MSC-CM/agarose (MSC-CM), Dulbecco’s modified Eagle’s medium
without serum [DMEM( - )]/agarose [DMEM( - )], PBS/agarose (PBS), and defect only (Defect). After 4 and 8
weeks, implant sections were evaluated using microcomputed tomography (micro-CT) and histological analysis.
Micro-CT analysis indicated that the MSC-CM group had a greater area of newly regenerated bone compared
with the other groups ( p < 0.05) and histological analysis at 8 weeks indicated that the newly regenerated bone
bridge almost covered the defect. Interestingly, the effects of MSC-CM were stronger than those of the MSC
group. In vivo imaging and immunohistochemical staining of transgenic rats expressing green fluorescent
protein also showed that migration of rMSCs to the bone defect in the MSC-CM group was greater than in the
other groups. These results demonstrated that MSC-CM can regenerate bone through mobilization of endoge-
nous stem cells. The use of stem-cell-cultured conditioned media for bone regeneration is a unique concept that
utilizes paracrine factors of stem cells without cell transplantation.

Introduction

Reconstruction and replacement of bone loss, atro-
phy, and injury, including fracture, often need a certain

amount of bone or other graft substitutes.
Autogenous bone graft is believed to be an effective

method of bone grafting and is still regarded as the ‘‘gold
standard’’ for bone augmentation procedures because of the
available bone volume, its osteogenic potential, and the fact
that numerous studies of this type of graft have been carried
out. Although this well-studied technique has a good prog-
nosis,1 it requires significant donor-site morbidity.2 These
days, allografts and xenografts are commercially available.3–5

However, in addition to being difficult to shape into the
desired form, these materials have a potential risk of infec-

tion and of inducing an immune response.4,5 Further, even
though biomaterials have the advantage of unlimited avail-
ability, these materials also bring a risk of infection and have
poor osteoinductivity.

On the other hand, the use of growth factors that regulate
cellular chemoattraction, proliferation, and differentiation
has begun to be recognized as a new method for bone re-
generation. Recent studies confirmed that several growth
factors, such as bone morphogenetic proteins (BMPs), insu-
lin-like growth factor (IGF)-1 and - 2, transforming growth
factor-b1, platelet-derived growth factor (PDGF), and fibro-
blast growth factor (FGF)-2, could improve cellular ability to
undergo osteogenesis by stimulating cellular events.6–8 In
particular, BMPs were regarded as effective factors for the
processes of bone healing and have been adopted as graft
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materials in clinical cases of craniofacial bone defects.9,10

However, recent studies in orthopedics indicated unexpected
effects of BMPs on clinical bone regeneration. Further, these
growth factors are expensive and may exaggerate inflam-
matory responses.11,12 In addition, application of a single
growth factor imposes a limitation on the ability to regen-
erate bone. It has therefore been considered that a combi-
nation of a number of different factors will be better for
optimizing bone regeneration, and several studies have in-
vestigated mixtures of two or more types of factors for bone
regeneration.13,14

Langer and Vacanti first established the concept of tissue
engineering15 and regenerative medicine as a tool for a new
clinical platform aimed at treatment of a whole spectrum of
interactive diseases.16,17 This concept involves the regenera-
tion of tissues using stem cells, scaffolds, and growth factors,
on the basis that stem cells play a leading role in tissue re-
generation.

Mesenchymal stem cells (MSCs) were first reported as
fibroblast-like cells elaborated from bone marrow that
attached to tissue culture surfaces.18 MSCs can be easily
obtained from bone marrow or other sites and their plurip-
otent nature allows them to replicate without differentiating,
and confers on them the ability to differentiate into lineages of
mesenchymal tissue, including bone, cartilage, fat, and mus-
cle.19 Bone marrow MSCs have great potential for bone re-
generation and clinical applications of MSCs are under way.
We have previously used a mixture of human MSCs (hMSCs)
from bone marrow and platelet-rich plasma (PRP) (hMSCs/
PRP) for craniofacial reconstruction and dental implants,
which are bone graft materials with predictable grafting
success.20 Bone regeneration using hMSCs/PRP has achieved
a measure of success in clinical cases.21 However, this pro-
cedure suffers from some problems, such as high capital in-
vestment, expensive cell culture, complicated safety and
quality management issues regarding cell handling, and in-
vasiveness of the procedure that is required for the collection
of bone marrow MSCs from the patients. Moreover, recent
studies of MSCs transplantation in spinal cord injury revealed
that the implanted MSCs did not survive for a long time.22

Additionally, it is well established that MSCs secrete a variety
of growth factors and cytokines.23 These findings suggest that
the paracrine effects of growth factors and cytokines secreted
from the implanted MSCs may promote tissue repair and
regeneration and therefore transdifferentiation of the im-
planted MSCs remains controversial. For example, IGF-1,
PDGF, and stromal-cell-derived factor (SDF)-1 are known to
accelerate the migration of hMSCs in in vitro studies.14,24 The
paracrine effects of MSCs have been demonstrated in rodent
models of ischemic limb25 and wound healing.23

The paracrine factors secreted by MSCs can accumulate in
the conditioned media during cell culture. The conditioned
media of MSCs culture (MSC-CM) have been reported to
serve multiple positive functions in tissue regeneration.23,25

MSC-CM may induce not only stem cell homing or mobili-
zation into the injured tissues, but also transdifferentiation
into several lineages of mesenchymal tissue. If these char-
acteristics of endogenous stem cells can be exploited for bone
regenerative medicine, then MSC-CM may provide a sub-
stitute for ex vivo culture and implantation of MSCs. A lack of
requirement for MSCs will help to reduce several of the ex-
isting problems with MSCs culture and implantation.

The purpose of this study was to evaluate the effect of
stem-cell-cultured conditioned media on bone regeneration
in vitro and in vivo, and to establish a novel bone regenerative
medicine that does not require stem cell implantation.

Materials and Methods

The overall experimental design is summarized in Figure 1.

Cell preparation

All animal experiments undertaken in this study were
performed in strict accordance with the protocols approved
by the Institutional Animal Care Committee.

hMSCs were purchased from Lonza, Inc. (Walkersville,
MD) and cultured in MSC basal medium (Lonza, Inc.) con-
taining MSCGM SingleQuots (Lonza, Inc.) at 37�C in 5% CO2/
95% air. After primary culture, the cells were subcultured at a
density of *1 · 104 cells/cm2. hMSCs at the third to the ninth
passages were used for experiments. Subconfluent hMSCs
were trypsinized and used for cell implantation.

Rat MSCs (rMSCs) were isolated from 7-week-old Wistar/
ST rats ( Japan SLC Shizuoka, Japan) as previously re-
ported.26 Briefly, donor rats were sacrificed and the femora
were dissected out. Using sterile conditions, the edge of each
bone was cut, Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Rockville, MD) was injected into the bone marrow
using a 25-gauge syringe, the bone marrow cells were flu-
shed out to the opposite side, and this maneuver was re-
peated several times. The marrow was then seeded into
each tissue culture flask in DMEM containing antibiotic-
antimycotic (100 units/mL penicillin G, 100mg/mL strepto-
mycin, and 0.25 mg/mL amphotericin B; Gibco) and the
medium was supplemented with 10% fetal bovine serum
(FBS). Three days after seeding, floating cells were removed
and the medium was replaced with fresh medium. The ad-
herent, spindle-shaped cells were passaged when the cells
were approaching confluence. Adherent cells were collected
using trypsin/EDTA, resuspended in fresh medium, and
transferred to new flasks at a density of 1 · 104 cells/cm2.
Pluripotency of obtained cells for differentiation into classical
mesenchymal lineage cells, including osteoblasts, adipocytes,
or chondrocytes, was verified by using previously reported
methods. These cells were used as rMSCs in this study (data
not shown).27 The results indicated that these cells had stem
cell characteristics. The rMSCs obtained from cultures at the
second to fourth passages were used for experiments.

Preparation of conditioned media

hMSCs that were 70%–80% confluent were re-fed with
serum-free DMEM containing antibiotic-antimycotic. The
cell-cultured conditioned media were collected after a 48-h
incubation. The collected, cultured conditioned media were
defined as hMSCs-cultured conditioned media (MSC-CM)
and were stored at 4�C or - 80�C before being used for the
following experiments.

Migration and proliferation of rMSCs

Transwell dishes with 8-mm-pore filters (BD BioCoat
Control Inserts; Becton Dickinson and Co., Franklin Lakes,
NJ) were used for migration analysis. The second to fourth
passages of rMSCs (5 · 105 cells/cm2) were seeded into the
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upper chamber, and MSC-CM was added to the lower
chamber. To suppress cell proliferation without inhibiting
cell survival, 0.25% FBS DMEM was placed into the upper
chamber. Cell migration was observed in the presence of 30%
FBS or serum-free DMEM, which served as positive and
negative controls, respectively. After a 48-h incubation at
37�C in 5% CO2/95% air, the upper side of the filters was
carefully rinsed with phosphate-buffered saline (PBS) and
remaining cells on the upper surface of the filters were me-
chanically removed with a cotton wool swab. Transwell fil-
ters were stained with hematoxylin, and then cut with a
scalpel and mounted onto glass slides, with the lower surface
facing upward. The total number of cells that had migrated
was counted using a light microscope (CK40; Olympus,
Tokyo, Japan) at · 200 magnification.

The proliferation rate of 70%–80% confluent rMSCs was
assessed by bromodeoxyuridine (BrdU) incorporation for
24 h using a Zymed BrdU staining kit (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The
number of BrdU-positive cells was counted using a light
microscope.

Enzyme-linked immunosorbent assay analyses

The levels of IGF-1, vascular endothelial growth factor
(VEGF), FGF-2, PDGF-BB, BMP-2, and SDF-1 in MSC-CM
were investigated using enzyme-linked immunosorbent
assay (ELISA). The concentration of these factors was
measured using a Human Quantikine ELISA kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s

FIG. 1. Outline of the
experimental protocol.
MSC-CM was collected after
cultivation of hMSCs for 48 h
in serum-free medium. A rat
calvarial bone defect of 5 mm
in diameter was produced in
each parietal bone. The effect
of MSC-CM on cell migration,
proliferation, and gene
expression in vitro, and of
implanted MSC-CM on bone
regeneration in vivo were then
analyzed as shown. hMSCs,
human mesenchymal stem
cells; CM, conditioned media;
rMSCs, rat MSCs; RT-PCR,
reverse transcriptase-
polymerase chain reaction.
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instructions. Briefly, 200mL of MSC-CM, DMEM-0%FBS, or
DMEM-30%FBS was added to 96-well microplates that were
coated with a monoclonal antibody to the factor of interest
and incubated for 2 h. After washing with PBS, a horseradish
peroxidase-conjugated cytokine or growth-factor-specific
antibody was added to each well, incubated for 2 h, and
washed. Substrate solution was added and incubated for
30 min, and the reaction was terminated by addition of the
stop solution. Cytokine/growth factor levels were deter-
mined by measurement of the optical density at 450 nm
using a microplate spectrophotometer (Benchmark Plus;
Bio-Rad, Hercules, CA).

Real-time reverse transcriptase–polymerase chain
reaction analysis

rMSCs were cultured with MSC-CM or DMEM-10%FBS
(expansion medium [EM]) for 48 h, and total RNA was ex-
tracted using an RNeasy Mini kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s protocol. Real-
time reverse transcriptase–polymerase chain reaction (RT-
PCR) analysis was performed as previously described.28,29

The sequence of the specific primers and probes used for the
real-time RT-PCR analysis of Collagen type I alpha 2 (Col I),
osteocalcin (OCN), Runx2, and GAPDH is listed in Table 1.
RT-PCRs and the resulting relative increase in reporter
fluorescent dye emission were monitored in real time using a
7000 Sequence Detector (Perkin-Elmer, Forster City, CA).
Signals were analyzed using sequence detector software Ver.
1.1 (Perkin-Elmer). The PCR conditions were as follows: 1
cycle at 50�C for 2 min, 1 cycle at 60�C for 30 min, 1 cycle at
95�C for 5 min, 50 cycles at 95�C for 20 s (denaturation), and
then 60�C for 1 min (annealing and extension).

The relative amount of each mRNA in one sample was
obtained by calculation of the respective standard curves.
The standard curves for each mRNA were drawn using
different concentrations (2000, 400, 80, 16, and 3.2 ng) of the
total RNA of rMSCs. The relative expression levels were
normalized to GAPDH expression.

Rat calvarial bone defect model

Ten-week-old male Wistar/ST rats (n = 40) were an-
esthetized by intraperitoneal injection of pentobarbital
(Somnopentyl�; Kyoritsu Seiyaku, Tokyo, Japan) (20 mg/
kg body weight). After shaving the skin, an L-shaped in-
cision was made in the skull, and the periosteum was
opened to expose the surface of the calvarial bones. Two
circular bone defects (full-thickness, 5 mm in diameter)
were made in calvarial bone using a trephine bur and were
irrigated with saline to remove the bone debris. The ex-
perimental materials were then implanted into the defects.
Agarose powder (Nusieve�; Cambrex Bioscience, Rock-
land, ME) (0.27 g) was suspended in 6 mL of PBS, serum-
free DMEM, or MSC-CM, respectively. The suspension
was heated at 37�C to dissolve the agarose, and cooled to
room temperature. hMSCs (1 · 105/defect) were mixed
with PBS/agarose gel.

We defined the following groups based on the implanted
materials: (1) MSC-CM: MSC-CM/agarose gel; (2) DMEM( - ):
serum-free DMEM/agarose gel; (3) PBS: PBS/agarose gel;
(4) Defect: unfilled defect; (5) MSCs: hMSCs/agarose gel.

The rats were sacrificed at 4 or 8 weeks after transplan-
tation (n = 4 per group).

Radiographic and histological analyses

Surgical sites were dissected, fixed in 10% formalin, and
subjected to microcomputed tomography (micro-CT) analy-
sis using a laboratory X-ray CT device (LATheta; Aloka Co.,
Tokyo, Japan). Images were compiled and analyzed to ren-
der 3D images using OsiriX� imaging software (Ver.3.9;
www.osirix-viewer.com/). We then compared the area (mm2)
of newly regenerated bone.

After radiological assessment, explants were decalcified
with K-CX solution (Falma Co., Tokyo, Japan) and were then
dehydrated using graded ethanol, cleared with xylene, and
embedded in paraffin. The specimens were cut in a sagittal
direction to make 3-mm-thick histological sections and were
stained with hematoxylin and eosin. Histological analysis
was performed using a light microscope.

In vivo imaging analysis

rMSCs were harvested and cultured as described pre-
viously and were labeled with the lipophilic tracer 1,1-
dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
(DiR; Molecular Probes, Eugene, OR) for all imaging ex-
periments.30 This fluorophore is excited at 750 nm and has
an emission peak at 782 nm. The cells were incubated with
DiR (3 · 106 cells in 10 mL PBS containing 3.5 mg/mL dye
and 0.5% ethanol) for 30 min at 37�C. The cells were then
washed twice with PBS and injected intravenously into the
caudal vein of Wistar/ST rats with the bone defect de-
scribed previously, which had been implanted with vari-
ous implant materials just before the injection of rMSCs.
The rats were anesthetized by intraperitoneal injection of
Somnopentyl� prior to injection. Xenogen’s IVIS� 200
Series Imaging System (Xenogen, Alameda, CA) was used
to monitor DiR-labeled rMSC localization within live, as
well as sacrificed, animals. Imaging was performed at 1,
24, and 48 h, and at 1 week after injection of DiR-labeled
cells.

Table 1. Primer and Probe Sequences

Used in the Real-Time Polymerase Chain Reaction

Gene Sequence
Accession

no.

Col I
F GACAGTCATTGAATACAAAAC NM_053356
R ACGGAATTCTTGGTTAGTA
Probe TAAGCCATCTCGCCTGCCAT

OCN
F GACTCTGAGTCTGACAAA NM_013414
R AGTCCATTGTTGAGGTAG
Probe CGGAGTCTATTCACCACCTTACTGC

Runx2
F CCTCTTATCTGAGCCAGA NM_053470
R GCAGTGTCATCATCTGAA
Probe CATCCATCCATTCCACCACGC

GAPDH
F GTTCCAGTATGACTCTACC NM_017008
R TCACCCCATTTGATGTTA
Probe TTCAACGGCACAGTCAAGGC

Col I, collagen type I alpha 2; OCN, osteocalcin.
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Immunohistochemical staining of CD44 in transgenic
rats expressing green fluorescent protein

Transgenic Sprague–Dawley rats [SD-Tg(CAG-EGFP)Cz-
004Osb] carrying the enhanced green fluorescent protein
(eGFP) transgene were obtained from Japan SLC, Inc. (Ha-
mamatsu, Japan).31 MSC-CM or PBS with agarose was im-
planted into calvarial bone defects of these transgenic rats
and samples were collected after 4 weeks. Fresh-frozen sec-
tions of these samples were made according to the Kawa-
moto method by using a Multi-Purpose Cryosection
Preparation Kit.32 Cryofilm type 2C was applied to the cut-
ting surface of the completely frozen block and the block was
cut with a tungsten carbide knife at - 25�C in a cryostat
chamber (Leica CM3050S; Leica Microsystems, Wetzlar,
Germany). The section was fixed with 100% ethanol for
10 min and then washed with PBS for 3 min. A mouse
monoclonal anti-CD44 antibody (Cedarlane Laboratories
Ltd., Hornby, Ontario, Canada) was used to detect MSCs.33

An Alexa Fluor 633-conjugated goat anti-mouse IgG (Mole-
cular Probes, Inc.) was used as the secondary antibody. After
DAPI staining, the section was washed with PBS and
mounted between a glass slide and the adhesive film. The
section was enclosed by the mounting resin SCMM R2 on the
glass slide and the resin was hardened with UV ray irradi-
ation for 1 min by using the UV Quick Cryosection Mounter
(ATTO Bio-Instrument, Tokyo, Japan). After fixation, the
specimen was observed by fluorescence microscopy (BZ8000;
Keyence Co., Osaka, Japan).

Statistical analysis

All experiments were conducted in triplicate and repeated
at least twice. Group means and standard deviations were
calculated for each measured parameter. Statistical differ-
ences between two groups were evaluated using the Tukey-
HSD test. Differences were considered statistically significant
when the p-value was < 0.05.

Results

Effect of MSC-CM on rMSC

The effect of MSC-CM on rMSC migration was deter-
mined using a transwell assay. The percentage of rMSCs that
spontaneously migrated in the presence of the negative
control, DMEM( - ), was low (2.70% – 0.9%), but migration
increased in the presence of 30% FBS (47.4% – 7.8%). MSC-
CM significantly increased the migration rate of rMSCs
compared with DMEM( - ) (18.3% – 4.1%). Thus, MSC-CM
increased rMSC migration more than sevenfold compared
with that in DMEM( - ) (Fig. 2A).

The effect of MSC-CM on the proliferation of rMSCs was
evaluated using a BrdU assay. The percentage of BrdU that
was incorporated by rMSCs cultured in DMEM( - ), 30% FBS,
or MSC-CM was 19.94 – 6.29, 44.05 – 12.46, and 30.01 – 5.43
(%), respectively (Fig. 2B). These differences were statistically
significant ( p < 0.05), indicating that MSC-CM also enhanced
rMSC proliferation.

Growth factors present in MSC-CM

The concentration of the growth factors IGF-1, VEGF,
FGF-2, PDGF-BB, BMP-2, and SDF-1, released by hMSCs into

MSC-CM, was quantified using ELISA analysis. Growth
factors were not detected in DMEM-0% and DMEM-30%.
However, MSC-CM contained IGF-1 and VEGF, at a con-
centration of 1386 – 465 and 468.5 – 109 pg/mL, respectively.
The other factors assayed were not detected in MSC-CM
(Table 2).

MSC-CM enhances osteogenic
marker gene expression

The effect of MSC-CM, or control DMEM-10%FBS (EM),
on the relative mRNA expression of the osteogenic markers

FIG. 2. Effect of MSC-CM on the migration and prolifera-
tion of rMSCs. (A) Transwell migration assay. The migration
of rMSCs cultured in MSC-CM was enhanced compared
with that of rMSCs cultured in DMEM( - ). (B) BrdU cell
proliferation assay. Proliferation of rMSCs was determined
as the percentage of cells that incorporated BrdU. The pro-
liferation of rMSCs was also enhanced when cultured with
MSC-CM compared with culture in DMEM( - ). Cells cul-
tured in DMEM-30%FBS were used as a positive control for
both (A) and (B). Asterisks indicate a significant difference
between the indicated groups (*p < 0.05). FBS, fetal bovine
serum; BrdU, bromodeoxyuridine; rMSCs, rat MSCs;
DMEM, Dulbecco’s modified Eagle’s medium.
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Col I, OCN, and Runx2 by rMSCs was measured using real-
time RT-PCR analysis. The levels of expression of the OCN
and the Runx2 genes were significantly upregulated in
rMSCs cultured with MSC-CM compared with rMSCs cul-
tured in EM (Fig. 3).

MSC-CM enhances bone regeneration in vivo

To determine whether MSC-CM could enhance bone re-
generation, we implanted an MSC-CM/agarose composite
gel, or various controls, into a rat calvarial bone defect (Fig.
4A). We then evaluated the area of newly regenerated bone
as a percentage of the total graft area at 4 and 8 weeks after
implantation, using micro-CT scanning (Fig. 4B).

After 2 weeks, areas of newly regenerated bone in the Defect,
PBS, and DMEM( - ) groups were < 10% of the defect area,
whereas the area in the MSC-CM group was over 20% (data not
shown). After 4 weeks, bone defect areas were still seen in all
groups. However, the area of newly regenerated bone in the
MSC-CM group (49.5% – 2.7%) was significantly increased
compared with that in the Defect (23.4% – 4.5%), PBS
(24.9% – 2.2%), and DMEM( - ) (36.9% – 1.8%) groups. This rel-
ative difference between the MSC-CM and the other groups was
even stronger after 8 weeks, at which time the newly re-
generated bone area of the MSC-CM group was very obvious
and had increased to 64.4% – 19.7% of the defect area. Thus,
defect areas were almost filled by newly regenerated bone in the
MSC-CM group 8 weeks after implantation. In contrast, the area
of newly regenerated bone of the other three groups after 8
weeks was < 50% [Defect: 28.6% – 5.3%, PBS: 36.1% – 2.9%, and
DMEM( - ): 44.9% – 2.7%]. Thus, the MSC-CM group showed
higher new bone regeneration in the peripheral area surround-
ing the defect compared with control groups after 2, 4, and 8
weeks. In contrast, bone regeneration of the hMSC-transplanted
group (40.9% – 5.0% at 4 weeks and 51.0% – 3.7% at 8 weeks)
was not as good as that of the MSC-CM group (Fig. 4C).

Histological analysis also showed well-regenerated bone
in the MSC-CM group compared with the other groups. At 8
weeks, the bone bridge had almost covered the defect in the
MSC-CM group and remnants of the agarose gel could not
be observed. Calvarial bone regeneration was observed in
the MSC group. In the PBS and DMEM( - ) groups, some
newly regenerated bone, as well as some remnants of the
agarose gel, were seen, while in the Defect group most of the
defect was filled with connective tissue. Inflammatory re-
sponses were not observed in any of the groups (Fig. 5).

In vivo imaging

Migration of rMSCs to the implants in vivo was analyzed
in rats of the different implantation groups in which DiR-
labeled rMSCs were injected into the caudal vein. Although
it is not possible to detect DiR-labeled cells at a great depth
with the imaging system used, this system can detect DiR-
labeled cells that accumulate on the calvarial bone. The
fluorescent signal in all groups increased immediately after
injection. In the control Defect group, the fluorescent signal
of the labeled rMSCs was only detected in the tail and ab-
dominal region at 1, 24, and 48 h, and at 1 week after injec-
tion. We confirmed that there were no signals at the defect
area in the cranium at any time point. In the PBS group,
fluorescent signals were observed in the tail and in the ab-
dominal area at 24 and 48 h after injection, and very low
signals were observed in the breast and cranial area after 1
week. In the MSC-CM group, a moderate increase in signal
intensity was observed in the area of the tail and the ab-
dominal region during the first 24 h after injection. At 48 h
after injection, signal intensity in the MSC-CM-implanted
area of the parietal bone started to increase. The maximum

Table 2. The Levels of Cytokines Present in MSC-CM

Factors Concentration (pg/mL)

IGF-1 1386 – 465
VEGF 465.8 – 109
FGF-2 ND
PDGF-BB ND
BMP-2 ND
SDF-1 ND

BMP-2, bone morphogenetic protein-2; IGF-1, insulin-like growth
factor-1; VEGF, vascular endothelial growth factor; PDGF, platelet-
derived growth factor; FGF, fibroblast growth factor; SDF-1, stromal-
cell-derived factor-1; ND, not detected.

FIG. 3. Effect of MSC-CM on rMSC gene expression. The
mRNA level of (A) Col I, (B) OCN, and (C) Runx2 genes in
rMSCs cultured in MSC-CM or DMEM-10%FBS (EM) was
assayed using real-time reverse transcriptase–polymerase
chain reaction. Cells were lysed for extraction of total RNA
on day 7 of culture in MSC-CM or EM, and equal amounts of
total RNA (50 ng) were analyzed. The mRNA expression
levels of Col I, OCN, and Runx2 were determined relative to
the level of GAPDH mRNA in each sample and were
quantified by calculation based on their standard curves as
described in the Materials and Methods section. To quanti-
tatively compare the levels of gene expression of the different
samples, the expression coefficient for each mRNA on the
ordinate was calculated by dividing the absolute level of
expression of each mRNA (Col I, OCN, and Runx2) with the
absolute level of expression of GAPDH mRNA in each
sample. Each point represents the mean value calculated
from five independent replicates, in which the difference
was < 10%. An asterisk indicates a significant difference
between the EM and MSC-CM groups for the indicated gene
(*p < 0.05). Col I, collagen type I alpha 2; OCN, osteocalcin;
EM, expansion medium.
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fluorescent signal in the implanted area was observed 1 week
after injection (Fig. 6).

Immunohistochemical staining of cells in regenerated
bone in transgenic rats expressing GFP

To confirm the mobilization of endogenous MSCs to cal-
varial defects by the transplanted MSC-CM, we im-
munohistochemically stained the cells in the regenerated

FIG. 4. Micro-CT analysis of bone regeneration following
implantation of MSC-CM or controls into a bone defect. (A)
Rat calvarial bone defects before implantation of the ma-
terials. A bone defect of 5 mm in diameter was prepared in
each parietal bone. (B) Micro-CT images of the calvaria 4
and 8 weeks after implantation of the indicated materials.
In the PBS, DMEM( - ), MSC-CM, and MSCs groups, the
materials were implanted as a mixture with an agarose gel,
while in the Defect group, the defect was left unfilled. (C)
The area of newly regenerated bone in each defect 4 and 8
weeks after implantation of the materials. The area of the
newly regenerated bone (mm2) was calculated for each of
the experimental groups. The regenerated area is expressed
as a percentage of the entire defect area. There were sta-
tistical differences between the area of the MSC-CM and
that of the other groups both at 4 and 8 weeks except be-
tween the MSC-CM and MSCs groups at 8 weeks ( p < 0.05).
Micro-CT, microcomputed tomography; PBS, phosphate-
buffered saline.

FIG. 5. Histological analysis of newly regenerated bone
after implantation. Newly regenerated bone in the defect
(Defect), PBS/agarose (PBS), DMEM( - )/agarose [DMEM( - )],
MSC-CM/agarose (MSC-CM), and hMSCs/agarose (MSCs)
groups was evaluated histologically. Hematoxylin and eosin
staining of calvarial histological sections was performed 8
weeks after implantation. The arrows indicate the edges of
the host bone and the dotted arrow and dotted line with
asterisks indicate the newly regenerated bone. The bone
bridge almost covered the defect in the MSC-CM group. In
the MSCs group, partial regenerated bone was observed.
Agarose gel remnants were not seen in these two groups. In
the PBS and DMEM( - ) groups, some newly regenerated
bone and remnants of the agarose gel were seen, while in the
Defect group most of the defect was filled with connective
tissue. Inflammatory responses were not observed in any
group. Color images available online at www.liebertonline
.com/tea
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bone of transgenic rats expressing GFP with an anti-CD44
antibody and a fluorescent-labeled second antibody. Cell
nuclei were labeled with DAPI (blue). A number of the cells
in the newly regenerated bone in the MSC-CM group dis-
played both CD44 (red) and GFP (green) expression. In
contrast, there were fewer CD44/GFP double-positive cells
in the PBS group (Fig. 7).

Discussion

The clinical application of MSCs suffers from a number of
problems, including high cost, safety and cell handling is-
sues, and invasive collection procedures. Although bone

marrow MSC implantation has beneficial effects on specific
diseases, the implanted MSCs do not survive for a long time
but disappear 2 to several weeks after transplantation.25 It
has been proposed that paracrine mechanisms triggered by
growth factors and cytokines secreted by the implanted
MSCs may explain the benefit that is observed after MSC
implantation.23,25 Since the paracrine factors secreted by
MSCs can accumulate in the conditioned media,23 we
therefore determined whether MSC-CM contains factors that
regulate cell mobilization and osteogenic differentiation. The
possibility of enhancing new bone regeneration by implan-
tation of MSC-CM rather than of stem cells is a novel concept
in tissue engineering and regenerative medicine. This novel
bone regenerative medicine may also reduce the cost and
shorten the duration of therapy.

FIG. 6. In vivo imaging of injected rMSC migration to im-
plants. In vivo imaging analysis shows that DiR-labeled rMSCs
that were injected into the caudal vein just after implantation
of the materials into the calvarial bone defects started to mi-
grate immediately after injection. At 1 h, 24 h, 48 h, and 1 week
after injection, the signal of the fluorescent-labeled rMSCs was
only detected in the tail and abdominal region in the control
Defect group. We confirmed that there was no signal at the
defect area in the cranium at each time point. In the PBS group,
fluorescent signals were observed in the tail and the abdomi-
nal area at 24 and 48 h after injection, and very low signals
were observed in the breast and the cranial area after 1 week.
In the MSC-CM group, a moderate increase in signal intensity
was observed in the area of the tail and in the abdominal
region during the first 24 h after injection. Forty-eight hours
after injection, the MSC-CM-implanted area of calvarial bone
started to increase in signal intensity, and, 1 week after injec-
tion, the MSC-CM implanted area showed the highest fluo-
rescent signal of the experimental groups. Color images
available online at www.liebertonline.com/tea

FIG. 7. Immunohistochemical staining of newly re-
generated bone after implantation into transgenic rats ex-
pressing GFP. To detect endogenous MSCs in newly
regenerated bone in calvarial bone defects, the calvarial bone
defects of PBS/agarose (PBS) and MSC-CM/agarose (MSC-
CM) groups of transgenic rats that expressed GFP were
collected 4 weeks after implantation, and were immuno-
histochemically stained with anti-CD44 antibodies and Alexa
Fluor 633-conjugated secondary antibodies. Nuclei were
counterstained with DAPI. The arrows indicate CD44-posi-
tive cells (red) and nuclei (blue). In the MSC-CM group, a
number of cells in the newly regenerated bone displayed
both CD44 and GFP staining, whereas in the PBS group there
were fewer CD44-positive cells. GFP, green fluorescent protein.
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Based on the micro-CT analysis and the histological
findings of this study, MSC-CM has dramatic effects on bone
regeneration in vivo. Interestingly, bone regeneration fol-
lowing transplantation of hMSCs/agarose (MSCs group)
was inferior to that following transplantation of MSC-CM.
Further, our in vitro studies suggested that MSC-CM en-
hanced the migration and osteoinductivity of rMSCs. Based
on these results, we hypothesized that MSC-CM stimulated
the migration of endogenous rMSCs and accelerated new
bone regeneration.

To confirm this hypothesis, and to visualize the dynamics
of rMSCs in vivo, we imaged the movement of DiR-labeled
rMSCs following injection into rats using an optical whole-
body imaging technique. DiR was used to safely and directly
label the membrane phospholipids of rMSCs. The proposed
method of cellular staining is rapid (30-min incubation) and
does not harm the cells. The rMSCs that were labeled with
DiR were injected into the caudal vein of rats. The results of
in vivo imaging suggested that rMSCs injected into the cau-
dal vein migrated to the calvarial bone defect, where the
MSC-CM was implanted. DiR fluorescence at the site at
which MSC-CM was implanted continuously increased over
time, suggesting that MSC-CM mobilized rMSCs to migrate
to the implanted site. Although it is difficult to observe DiR-
labeled cells in a deeper position by using the IVIS Imaging
System, this method is useful for observing the behavior of
cells close to, or on, bone surfaces, such as in calvarial bone.
However, this analysis only mimicked endogenous mobili-
zation of MSCs. To confirm that endogenous MSCs migrated
to the site where the MSC-CM was implanted, we im-
munohistochemically stained cells in the bone defects of
transgenic rats expressing GFP with anti-CD44 antibodies.
CD44 is reported to be a specific marker of MSCs.33 A
number of CD44 and GFP double-positive cells were de-
tected in the calvarial bone defects of the MSC-CM group of
rats. On the other hand, there were fewer double-positive
cells in the PBS group. In addition, tubular formations were
seen in the regenerating bone of the MSC-CM group, sug-
gesting the occurrence of angiogenesis in the calvarial bone
defects of this group. This experiment indicated that MSC-
CM has the potential to mobilize endogenous MSCs and to
promote angiogenesis and bone regeneration.

Previous studies23,34 of the factors present in MSC-CM
using cytokine array analysis indicated that several cytokines
and chemokines are present in MSC-CM and that these fac-
tors can influence several different types of cell behavior. In
addition, MSC-CM also contains other factors that are pres-
ent at a low level. We also found, using ELISA analysis,
that IGF-1 and VEGF were present at high concentration in
MSC-CM.

IGF-1 is known to be present in bone tissue and to be
mitogenic for osteoblasts.35 IGF-1 also increases the expres-
sion of CXCR4 and enhances SDF-1-induced MSCs migra-
tion through the PI-3-kinase (PI3K) pathway.36

VEGF is thought to be the main regulator of angiogenesis
and bone marrow stromal cells secrete sufficient quantities of
VEGF to enhance survival and differentiation of endothelial
cells.37 Further, IGF-1 induces VEGF mRNA in osteoblast-
like cells through transcriptional mechanisms involving
hypoxia-inducible factor-2a, and these events occur second-
ary to IGF-1 activation of the PI3K pathway during osteo-
genesis.38,39 Based on this data, we hypothesized that bone

regeneration induced by MSC-CM might be mediated by
cooperative effects between IGF-1 and VEGF on angiogene-
sis and osteogenesis after endogenous cell mobilization.

Growth factors, such as BMP-2, have demonstrated great
osteogenic potential9,10 and are already on the market.
However, unfortunately, application of these growth factors
requires superphysiological doses40 and may induce a severe
inflammatory response.11,41 Although Stephan et al. have
demonstrated that BMP-2/chitosan gel can enhance bone
regeneration in a rat calvarial model, an inflammatory re-
sponse was also observed in histological findings.42 Thus,
although this growth factor can increase bone regeneration, it
may also induce some severe complications. In addition, it
has been considered that a combination of a number of fac-
tors can reduce the dose required and improve therapeutic
effects. Some studies have investigated a mixture of two or
more types of factors for bone regeneration.13,14

In this study, we used hMSCs and their cultured condi-
tioned media for induction of bone regeneration because our
aim was to apply MSC-CM to human patients. Several
groups have recently shown that, although MSCs suppress
T-lymphocyte proliferation, MSC-CM does not have a T-cell
inhibitory effect in vitro.43,44 Le Blanc et al. have reported that
MSCs suppress T-cell proliferation that is induced by both
allogeneic antigens and by mitogens, suggesting that this
suppression is a nonspecific antiproliferative effect.45 There is
also evidence for in vivo immunosuppression by MSCs.
Using a baboon skin graft model, Bartholomew et al. showed
that MSCs appear to suppress alloreactivity in vivo.46 On the
other hand, the result of in vivo imaging and immunohisto-
chemical staining of the present study suggest that MSC-CM
implantation enhances the early mobilization of endogenous
MSCs. Additionally, histological analysis suggested that
strong inflammatory responses did not occur in the MSC-CM
group. These findings can be explained by the fact that
mobilized MSCs suppress T-lymphocyte proliferation, and
therefore no obvious immune rejection reaction in the xe-
nografts was observed throughout this study.

In addition, although our aim was bone regeneration, we
did not use conditioned media derived from osteoblastic-
differentiated hMSCs. Based on our obtained data, we hy-
pothesize that the bone regeneration induced by MSC-CM
might be mediated by cooperative effects between IGF-1 and
VEGF on angiogenesis and osteogenesis after endogenous
cell mobilization. Undifferentiated hMSCs rather than dif-
ferentiated hMSCs have the potential for such cell behavior.
We therefore consider that MSC-CM contains several cyto-
kines and chemokines that regulate several different cell
behaviors that are related to bone regeneration, which re-
quires several steps, such as angiogenesis, cell migration,
proliferation, and differentiation into osteoblasts. It should
also be taken into consideration that not only IGF-1 and
VEGF but also other factors that are present in MSC-CM at
low concentration may contribute to bone regeneration and
that the combination of these several factors can activate a
variety of signaling pathways in order to regenerate bone.
Further investigation will be necessary to explain how MSC-
CM affects bone regeneration.

In this study, we showed that MSC-CM has very high
potential for induction of bone regeneration without the
necessity for stem cell transplantation. This is the first report
of the use of stem-cell-cultured conditioned media for
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induction of bone regeneration in vitro and in vivo. This novel
regenerative medicine is based on a unique concept that
utilizes endogenous stem cells without stem cell transplan-
tation. This regenerative medicine approach will also reduce
several of the problems that are currently encountered in
clinical applications of stem cells, such as problems of ex-
pense, time, and safety.
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