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Umbilical cord blood (UCB) has recently been recognized as a new source of mesenchymal stem cells (MSCs) for
use in stem cell therapy. We studied the effects of systemic injection of human UCB-MSCs and their conditioned
medium (CM) on ovariectomy (OVX)-induced bone loss in nude mice. Ten-week-old female nude mice were
divided into six groups: Sham-operated mice treated with vehicle (Sham-Vehicle), OVX mice subjected to UCB-
MSCs (OVX-MSC), or human dermal fibroblast (OVX-DFB) transplantation, OVX mice treated with UCB-MSC
CM (OVX-CM), zoledronate (OVX-Zol), or vehicle (OVX-Vehicle). Although the OVX-Vehicle group exhibited
significantly less bone mineral density (BMD) gain compared with the Sham-Vehicle group, transplantation of
hUCB-MSCs (OVX-MSC group) has effectively prevented OVX-induced bone mass attenuation. Notably, the
OVX-CM group also showed BMD preservation comparable to the OVX-MSC group. In addition, microcomputed
tomography analysis demonstrated improved trabecular parameters in both the OVX-MSC and OVX-CM groups
compared to the OVX-Vehicle or OVX-DFB group. Histomorphometric analysis showed increased bone formation
parameters, accompanied by increased serum procollagen type-I N-telopeptide levels in OVX-MSC and OVX-CM
mice. However, cell-trafficking analysis failed to demonstrate engraftment of MSCs in bone tissue 48 h after cell
infusion. In vitro, hUCB-MSC CM increased alkaline phosphatase (ALP) activity in human bone marrow-derived
MSCs and mRNA expression of collagen type 1, Runx2, osterix, and ALP in C3H10T1/2 cells. Furthermore, hUCB-
MSC CM significantly increased survival of osteocyte-like MLO-Y4 cells, while it inhibited osteoclastic differen-
tiation. To summarize, transplantation of hUCB-MSCs could effectively prevent OVX-mediated bone loss in nude
mice, which appears to be mediated by a paracrine mechanism rather than direct engraftment of the MSCs.

Introduction

Osteoporosis is characterized by the loss of bone
mass and strength, which leads to fragility fractures,

and has become a worldwide health problem among the
elderly.1 Most current therapies for osteoporosis, including
bisphosphonates, estrogen, and selective estrogen receptor
modulators, are antiresorptive agents that inhibit the bone-
resorbing activity of osteoclasts.2 Although these anti-
resorptive therapies have been shown to increase bone
mineral density (BMD) and reduce the risk of fractures,2

long-term safety and efficacy are ongoing concerns.3,4

Because osteoporosis results primarily from an imbalance
between resorption and formation on endosteal and trabec-
ular bone surfaces, anabolic therapy that directly stimulates

bone formation by enhancing osteoblast activity is an an-
other approach for treating osteoporosis. Teriparatide, the
only currently available anabolic agent, effectively increases
BMD and reduces the risk of fracture through new bone
formation.5,6 However, its use is limited due to its cost and
the need for daily injection.

Stem cell therapy has emerged as a promising treat-
ment modality for the repair and regeneration of dam-
aged tissue in various conditions, including myocardial
ischemia,7,8 stroke,9,10 diabetes,11,12 and cartilage and bone
defects,13–15 owing to their multilineage differentiation
potential. In this regard, systemic transplantation of
mesenchymal stem cells (MSCs), which are precursors of
osteoblasts, may be a reasonable approach for anabolic
therapy for osteoporosis.
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We previously reported the protective effect of systemic
transplantation of syngeneic murine bone marrow-derived
MSCs (BM-MSCs) that were retrovirally transduced with
RANK-Fc16 or RANK-Fc + CXCR417 in ovariectomy (OVX)-
induced bone loss in mice. In these studies, transplantation
of MSCs effectively prevents bone loss despite their poor BM
homing and short-term engraftment, suggesting that these
favorable effects are mediated by secretory factors from
MSCs rather than direct engraftment. Several recent lines of
evidence also support the hypothesis that therapeutic effects
of stem cell transplantation are derived from secretory fac-
tors rather than by direct cell replacement. Indeed, a condi-
tioned medium (CM) from MSCs has been shown to improve
cardiac function after myocardial infarction,18,19 accelerate
wound healing,20,21 and have neuroprotective effects.22

Although BM has been most commonly utilized as a
source of MSCs, the number and multilineage differentiation
capacity decline with the age or health condition of
donors.23–25 Moreover, obtaining BM is an invasive procedure
that can cause complications such as pain, bleeding, and in-
fection. To circumvent these limitations, umbilical cord blood
(UCB) has been recently used as an alternative source of
MSCs. UCB-derived MSCs (UCB-MSCs) have advantages
over other sources of MSCs, including ease of harvesting and
storage, less in vitro preaging, and low immunogenic poten-
tial.26,27 Furthermore, UCB-MSCs may have a stronger ca-
pacity to differentiate into osteoblasts than other sources of
MSCs,28,29 indicating that UCB-MSCs may be a favorable
potential source of stem cells for therapy for osteoporosis.

In our current study, we evaluated the effects of systemic
injection of human UCB-MSCs (hUCB-MSCs) and their CM
on OVX-induced bone loss in nude mice and investigated the
mechanism of these effects in vitro.

Materials and Methods

Isolation and culture of hUCB-MSCs and preparation
of CM

MSCs from hUCB were provided by MEDIPOST Co., Ltd.
(Seoul, Korea). This study was approved by the Institutional
Review Board of the Seoul National University Hospital and
the Institutional Review Board of MEDIPOST Co., Ltd. The
hUCB-MSCs were isolated and maintained as described.30

From passage 4, MSCs were maintained in a MesenPRO RS�

basal medium (Gibco, Grand Island, NY) supplemented with
MesenPRO RS Growth Supplement (Gibco) and 1% l-glu-
tamine (Gibco). MSCs of passages 6–8 from one donor were
used for all experiments.

The multilineage differentiation potential of the hUCB-
MSCs was identified by culturing the cells in the presence of
b-glycerophosphate (10 mM), dexamethasone (0.1 mM), and
l-ascorbate 2-phosphate (50 mM) for osteogenic differentia-
tion, by pellet culture in the presence of transforming
growth factor-beta (TGF-b3; 10 ng/mL), 100 nM dexameth-
asone, 50 mg/mL insulin–transferrin–selenious acid + Premix
(Becton Dickinson, Franklin Lakes, NY), 500 ng/mL bone
morphogenic protein (BMP)-6 (R&D System, Minneapolis,
MN), 100mg/mL sodium pyruvate, 40mg/mL l-proline, and
50 mg/mL l-ascorbate 2-phosphate (Sigma-Aldrich Corp., St.
Louis, MO) for chondrogenic differentiation, and by cultur-
ing in the presence of dexamethasone (1mM), 3-isobutyl-
1-methylxanthine (0.5 mM), and insulin (10 mg/mL) for

adipogenic differentiation. The cells were then stained with
von Kossa, safranin O, and Oil Red O to observe osteogenic,
chondrogenic, and adipogenic differentiation, respectively.

Human dermal fibroblasts (DFBs), isolated from foreskins
of healthy donors aged 20–30 years (a kind gift from Dr. Jin
Ho Chung, Seoul National University, Seoul, Korea), were
cultured as described.31 DFBs of passages 6–8 from one do-
nor were used for all experiments.

Human BM-derived MSCs (hBM-MSCs) were obtained by
aspiration from the iliac crest of subjects (23–78 years) un-
dergoing hip prosthesis surgery due to non-necrotic hip dis-
orders with ethics approval from the Seoul National
University Hospital (Approval No. H-1101-108-353) using a
modification of the procedure described by Pittenger et al.32,33

To prepare the CM from hUCB-MSCs, the cells were de-
tached upon reaching 80% confluency in a 9-cm2 dish and
transferred into an a-minimum essential medium (MEM)
containing 2% fetal bovine serum (FBS). After incubation for
24 h, the supernatant was collected and sterilized by the
passage through a 0.45-mm-pore filter. We refer to the con-
centration of this medium as 1 · .

Immunophenotypic analysis

To characterize cell surface expression of typical marker
proteins, hUCB-MSCs were labeled with the following anti-
human antibodies conjugated with FITC or phycoerythrin
(PE): CD29-PE, CD44-PE, CD73-PE, CD90-PE, and CD166-
PE; CD14-FITC, CD31-FITC, CD34-FITC, and CD45-FITC;
HLA-ABC-FITC and HLA-DR-FITC (BD Biosciences,
San Diego, CA); and CD105-PE (Serotec, Oxford, United
Kingdom). Approximately 10,000 cells were measured using
an FACScan flow cytometer (Becton Dickinson), and the re-
sults were analyzed with CellQuest software (Becton Dick-
inson). Similar results were obtained in three independent
experiments.

Effects of hUCB-MSCs and CM on OVX nude mice

All animal experiments were reviewed and approved by
the Institutional Animal Care and Use Committee of the Seoul
National University (approval number: SNU-100311-1), and
all animals were housed in the Centers for Laboratory Animal
Care at the Seoul National University College of Medicine.

Experimental design. Female Balb/c nude mice aged 10
weeks were purchased from Orient Corporation (Kapyoung,
Korea), and bilateral OVX or sham operation (Sham-op) was
performed by standard methods under general anesthesia
induced by subcutaneous injections of xylazine (2.2 mg/kg;
Rompun; Bayer, Monheim, Germany) and tiletamine/
zolazepam (6.0 mg/kg Zoletil 100; Virbac, Carros Cedex,
France).34 Four weeks after OVX or Sham-op (14 weeks old),
the mice were divided into six groups as follows: (1) Sham-
op mice injected with vehicle (Sham-Vehicle; n = 8), (2) OVX
mice injected with vehicle (OVX-Vehicle; n = 8), (3) OVX mice
injected with hUCB-MSCs (OVX-MSC; n = 8), (4) OVX
mice injected with hUCB-MSC CM (OVX-CM; n = 8), (5)
OVX mice injected with hDFBs (OVX-DFB; n = 8), and (6)
OVX mice injected with zoledronate (OVX-Zol; n = 8).

On study days 1, 2, 8, and 9, 4 · 105 hUCB-MSCs in 100mL
of a-MEM (total of 16 · 105 cells, OVX-MSC group) or 100mL
of CM (total of 400 mL, OVX-CM group) was injected into the
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lateral tail veins of mice. hDFBs were injected as a control, in
the same manner as hUCB-MSCs to the OVX-DFB group. In
the Sham-Vehicle and OVX-Vehicle groups, the culture me-
dium (a-MEM) was injected each time. Zoledronate (100 mg/
kg) was given subcutaneously at days 1 and 8 in the OVX-
Zol group as a positive control.

Bone densitometry. Whole-body BMD and bone mineral
content were measured at 4 weeks prior (before OVX or
Sham-op) and 0 (before treatment), 4, and 8 weeks after
treatment using a PIXImus II densitometer (software version
2.0; GE Lunar, Madison, WI) as described.16

Microcomputed tomography analysis. After 8 weeks of
treatment, all mice were sacrificed, and right tibiae from each
mouse were isolated and fixed in 70% ethanol for micro-
computed tomography (microCT). MicroCT analysis of tib-
iae was obtained with a microCT scanner and software
(model 1172; Skyscan, Antwerp, Belgium). Images were ac-
quired at a voxel size of 9 mm, energy of 35 kV, and intensity
of 220 mA. Two-dimensional images were used to generate
3D reconstructions using 3D Creator software supplied with
the instrument.

Dynamic histomorphometric analysis. Mice were intra-
peritoneally injected with calcein (20 mg/kg body weight;
Sigma-Aldrich Corp.) 2 and 7 days before sacrifice. The spine
was isolated and fixed in 4% paraformaldehyde overnight at
4�C. Next, the undecalcified lumbar vertebrae were dehy-
drated in 70% ethanol followed by embedding in destabi-
lized methylmethacrylate resin.35 Five-micrometer-thick
longitudinal serial sections were cut with an ultramicrotome,
and the Bioquant program (Bio-Quant, Inc., San Diego, CA)
was used for dynamic histomorphometric analysis.

Osteoclasts were enumerated on decalcified femora em-
bedded in paraffin. Serial sections (6-mm thick) were pre-
pared from paraffin blocks, stained for tartrate-resistant
acid phosphatase (TRAP) activity, and counterstained with
Alcian blue.

Biochemical markers of bone turnover. Blood samples
were obtained through cardiac puncture at sacrifice, and sera
were separated and stored at - 70�C until analysis. Serum
procollagen type-I N-terminal propeptide (P1NP) and TRAP
were measured with mouse P1NP and TRAP enzyme-linked
immunosorbent assay (ELISA) kits (IDS, Frankfurt, Ger-
many), respectively, according to the manufacturer’s in-
structions. Samples were measured at least in duplicate.

Cell trafficking analysis after transplantation
of hUCB-MSCs

For in vivo cell trafficking analysis, a parallel experiment
using fluorescent dye-labeled cell injection was performed.
hUCB-MSCs were labeled with 3 mM carboxyfluorescein
diacetate succinimidyl ester (CFDA SE) fluorescent dye
(Vybrant CFDA SE Cell Tracer Kit; Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions for adherent
cells. CFDA SE-labeled cells were counted, and viable cells
were suspended in 100mL culture medium (a-MEM) and
injected into 14-week-old nude mice 4 weeks after OVX or
Sham-op (n = 4, each). Mice were sacrificed at 6, 24, 48, 72 h,

and 1 week after CFDA SE-labeled cell injection, and the BM
cells were analyzed for the presence of CFDA SE-positive
cells (106 cells per sample) with FACSCalibur (Becton Dick-
inson) in the FL 1 channel (absorption at 495 nm and emis-
sion at 519 nm).36 Cells isolated from mice that were injected
with the a-MEM were used as a negative control, and posi-
tive controls were mice that received direct intrafemoral in-
jection of CFDA SE-labeled cells.

Colony-forming unit assay

Female Balb/c nude mice aged 10 weeks underwent OVX
or Sham-op followed by intravenous injection of hUCB-MSC
CM or vehicle. The animals were sacrificed 7 days after in-
jection, and BM cells were flushed from the femurs and tibiae
of mice and plated in triplicate cultures (six-well plates) at a
density of 1.0 · 106 cells/well with DMEM 4500 mg glucose/
L, 10% FBS, 50 mM 2-mercaptoethanol, 100 mg/mL strepto-
mycin, and 100 U/mL penicillin. The formation of colony-
forming unit–fibroblasts (CFU-Fs) was evaluated after 14
days of culture in a humidified 5% CO2/37�C environment.
Cultures were washed with calcium- and magnesium-free
Dulbecco’s phosphate-buffered saline (PBS) twice and then
fixed with cold ethanol. CFU-Fs were stained with Giemsa
stain, and colonies with > 50 cells counted using light mi-
croscopy. For colony-forming unit-osteoblast (CFU-OB), the
cells were maintained in an osteogenic medium containing
10 mM b-glycerophosphate and 50 mg/mL of sodium 2-
phosphate ascorbate. After 14 days, the cultures were ter-
minated by washing with PBS twice and then fixed with cold
ethanol. Formation of osteoblast progenitors was detected
using an alkaline phosphatase (ALP) reagent (86-R; Sigma-
Aldrich Corp.), and ALP-positive colonies were counted.37

In vitro effect of hUCB-MSC CM on ALP activities

The effect of hUCB-MSC CM on osteogenic differentiation
was analyzed using C3H10T1/2 cells, a murine embryonic
mesenchymal cell line, and hBM-MSCs. C3H10T1/2 cells or
hBM-MSCs were seeded into 24-well plates at 50,000 cells/
well and grown to 90% confluence within 2 days. Osteogenic
differentiation was induced with b-glycerophosphate
(10 mM) and l-ascorbic acid (50mM) in the presence or ab-
sence of 1· or 0.5· hUCB-MSC CM. After 7 days of osteo-
genic induction, ALP activities were measured as
described.38

Transient transfection and luciferase assay

The TOPflash reporter construct was kindly provided by
Dr. Roberto Civitelli (Washington University, St. Louis, MO).
BRE-Luc, a BMP-responsive reporter, was from Dr. Jung Tae
Koh (Chonnam National University, Kwangju, Korea).
- 1.3OG2-Luc, a 1.3-kb murine osteocalcin (OC) promoter
that contains one binding site for Runx2, was a kind gift from
Dr. Patricia Ducy (Columbia University, New York, NY).
p3TP-Lux, which contains a TGF-b-response element, was
purchased from Addgene (Cambridge, MA). C3H10T1/2
cells were seeded into 24-well plates at 1.5 · 104 cells/well,
and 12 h later, reporter vectors were transiently transfected
into the cells. Twenty-four hours after transfection, the cells
were treated with hUCB-MSC CM or the control medium for
24 h. As a positive control, Wnt-3A CM (0.5 · ), BMP-2
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(100 ng/mL), or TGF-b (5 nM) was added to cells transfected
with TOPflash, BRE-Luc, or p3TP-Lux, respectively. For the
- 1.3OG2-Luc reporter, 400 ng/well pcDNA3-HA-til (a kind
gift from Dr. Je-Yong Choi, Kyungpook National University,
Deagu, Korea), an expression vector for the type 2 Runx2
isoform, was cotransfected. Cell lysates were collected using
the Dual luciferase assay system (Promega, Madison, WI),
and luciferase activity was measured with a luminometer
(Lumat LB 9507, Berthold, Germany). As the internal stan-
dard, pRL-TK Renilla luciferase control vector (Promega) was
also cotransfected to normalize for transfection efficiency. All
luciferase activity values were normalized to Renilla lucifer-
ase activity and expressed as the fold induction relative to
the basal promoter activity.

Quantitative real-time reverse transcription–
polymerase chain reaction measurements
of gene expression

mRNA expression of osteoblast-specific genes (Runx2, OC,
osterix, collagen type 1 [Col1], and ALP) was determined
with quantitative real-time reverse transcription–polymerase
chain reaction (RT-PCR). cDNA was synthesized with 1mg
total RNA using a Reverse Transcription System kit (Pro-
mega). Quantitative PCR was performed with the real-time
SYBR Green PCR method using the ABI PRISM 7900 HT
sequence detection system (Applied Biosystems, Carlsbad,
CA). The primers used are listed in Supplementary Table S1
(Supplementary Data are available online at www
.liebertpub.com/tea). Amplification was performed in a 20-
mL volume, using 2· Universal SYBR PCR Master Mix
(PerkinElmer, Covina, CA). Thermal cycling conditions were
as follows: 10 s at 95�C, 40 cycles of 30 s at 95�C, 30 s at 52�C,
and 30 s at 72�C. Relative gene expression was calculated by
comparing the cycle threshold (CT) ratios to that of the ref-
erence gene, b-actin. All PCRs were performed at least in
duplicate.

In vitro effect of hUCB-MSC CM
on osteoclastic differentiation

To evaluate the effect of hUCB-MSC CM on osteoclastic
differentiation, bone marrow macrophages (BMMs) were
isolated from 6-week-old C57BL/6 male mice as described.39

Briefly, total BM cells from femora and tibiae were flushed
out using a 27-gauge needle, and the resulting cells were
cultured in an a-MEM supplemented with 10% FBS, 1%
glutamine, and 30 ng/mL macrophage colony-stimulating
factor (M-CSF) for 3 days. To induce osteoclast formation,
BMMs were treated with M-CSF (30 ng/mL) and receptor
activator of nuclear factor kappa-B ligand (RANKL; 50 ng/
mL) in the presence or absence of 0.5· or 1· hUCB-MSC CM
in 96-well culture plates (Corning LifeSciences, Edison, NJ).
Cells were fixed and stained for TRAP according to the
manufacturer’s instructions (Sigma-Aldrich Corp.).

In vitro effect of hUCB-MSC CM on osteocyte
morphology and survival

The osteocyte-like cell line, MLO-Y4, was kindly provided
by Dr. Linda Bonewald (University of Missouri-Kansas City).
To examine the ultrastructural changes of MLO-Y4 cells, the
cells were visualized with electron microscopy after fixation

with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4),
followed by processing for transmission and scanning elec-
tron microscopy (TEM and SEM), as described.38 To measure
the dendrite length, number of mitochondria, and autopha-
gosome to cytoplasmic area, 10 randomly selected fields per
condition were examined with the point counting method by
two independent examiners ( J.A.S. and J.Y.Y.) blinded to the
design.

Osteocyte viability was determined using an MTT [3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] as-
say. MTT was dissolved in PBS (0.5 mg/mL) and sterilized
by passage through a 0.22-mm filter. To induce apoptosis,
MLO-Y4 cells were treated with 10 - 6 M dexamethasone in
the presence or absence of hUBC-MSC CM for 24 h. After
24 h, 30mL MTT stock solution was added to each well. After
incubation for 4 h at 37�C, 30 mL dimethyl sulfoxide was
added to all wells after removing the MTT solution, and
mixed thoroughly to lyse the cells and dissolve the dark blue
crystals. After 5 min, the absorbance was read with an ELISA
reader (ThermoMax; Scientific Surplus, Hillsborough, NJ) at
a wavelength of 540 nm.

Statistical analysis

Statistical significance was analyzed with the nonpara-
metric Mann–Whitney test or Wilcoxon matched-pair test for
group comparison, and p < 0.05 was considered significant.
Data are shown as the means – standard deviation (SD) or
standard error of the mean. SPSS software (version 16.0,
SPSS Inc., Chicago, IL) was used for statistical analyses.

Results

Characterization of hUCB-MSCs

hUCB-MSCs were analyzed by flow cytometry to detect
surface antigens. The hUCB-MSCs were positive for CD29
(b1-integrin), CD44 (hyaluronate receptor), CD73, CD90,
CD105, CD166, and HLA-ABC. This immunophenotype was
very similar to that of BM-derived MSCs. Markers of the
hematopoietic lineage, including CD14, CD31, CD34, CD45,
and HLA-DR, were not expressed (data not shown). The
multilineage differentiation potential of hUCB-MSCs was
confirmed under specific culture conditions for induction of
the respective cell types. The cells showed high osteogenic
and chondrogenic differentiation potential, whereas the ca-
pacity to differentiate into adipocytes was relatively limited
(Supplementary Fig. S1).

Systemic injection of hUCB-MSCs or CM reduces
OVX-induced bone mass attenuation in nude mice

Whole-body BMD measurement with Piximus showed
that OVX groups (OVX-Vehicle, OVX-MSC, OVX-CM, and
OVX-Zol groups together, n = 32) exhibited significantly
less BMD gain compared to the Sham-Vehicle group
(n = 8; + 4.5% – 0.8% vs. + 7.3% – 0.9%, p < 0.001) after OVX, as
expected (Fig. 1A). Of note, mice at this age are still growing,
and all animals actually gained bone mass during the study
period. Transplantation of hUCB-MSCs into OVX mice
(OVX-MSC group) at this point prevented OVX-induced
bone mass attenuation, so that the percent increase of BMD
relative to baseline in the OVX-MSC group was significantly
greater compared with the OVX-Vehicle group (8.4% – 0.7%
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FIG. 1. Bone mineral density (BMD) changes in the animals. Percent changes of BMD relative to baseline of each group (A)
and BMD relative to the ovariectomy (OVX)-Vehicle group (B). Ten-week-old female nude mice were sham-operated (Sham-
op) or OVX and randomized into six groups; Sham-op + Vehicle mice (n = 8), OVX + Zoledronate (Zol) mice (n = 8),
OVX + human umbilical cord blood mesenchymal stem cell (hUCB-MSC)-conditioned medium (OVX + CM) mice (n = 8),
OVX + hUCB-MSCs (n = 8), OVX + human dermal fibroblast (hDFB) (OVX + DFB), or OVX + Vehicle mice (n = 8). The mice
were injected with vehicle, hUCB-MSC CM, hUCB-MSCs, or hDFBs at days 1, 2, 8, and 9, and BMD (g/cm2) was measured
with a PIXImus densitometer at 4-week intervals as indicated. For the OVX-Zol group, zoledronate (100 mg/kg) was given at
days 1 and 8. Data are the means – standard deviation (SD). *p < 0.01 versus OVX-Vehicle at 4 weeks, #p < 0.01 versus OVX-
Vehicle at 8 weeks.

FIG. 2. Bone microstructure changes in the animals. Tibiae of the nude mice were removed and evaluated ex vivo by
microcomputed tomography (microCT) 8 weeks after treatment as in (A). (A) Representative microCT images of the tibiae.
(B) Quantitative changes in trabecular parameters, including trabecular bone volume expressed as percentage of total tissue
volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp). *p < 0.05 versus
OVX-Vehicle. Data are the means – SD.
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vs. 5.8% – 0.7% at 4 weeks, p < 0.01; 8.9% – 1.0% vs.
6.1% – 0.9% at 8 weeks, p < 0.01; Fig. 1A). The BMD gain in
the OVX-MSC group was *80% of that in the OVX-Zol
group. Transplantation of hDFBs into OVX mice (OVX-DFB
group) also slightly prevented OVX-induced bone mass at-
tenuation at 4 weeks; however, it was not maintained to 8
weeks. Notably, treatment with CM alone also significantly
prevented OVX-induced BMD attenuation (8.9 – 0.7 at 4
weeks, 9.3 – 1.0 at 8 weeks, both p < 0.01 compared with the
OVX-Vehicle group), which was comparable to that ob-
served in the OVX-MSC group. Figure 1B showed relative
BMD of each group compared with the OVX-vehicle group.
Consistent with BMD results, ex vivo microCT analysis of
proximal tibiae at 8 weeks after treatment demonstrated a
significant increase in trabecular bone volume, trabecular
thickness, and trabecular number in both the OVX-MSC and
OVX-CM groups compared with the OVX-Vehicle group or
OVX-DFB group, whereas trabecular separation was recip-
rocally reduced (Fig. 2A, B). The cortical phenotype mea-
sured in the mid-diaphysis of tibiae showed no significant

difference between the OVX-MSC or OVX-CM group com-
pared with the OVX-Vehicle group (Supplementary Table
S2). Transplantation of hDFBs into OVX mice (OVX-DFB
group) did not significantly affect either trabecular or cortical
parameters (Fig. 2A and B and Supplementary Table S2).

Dynamic histomorphometric analysis with calcein double
labeling of the lumbar spine also revealed significant in-
creases in the bone formation rate and mineral apposition
rate in the OVX-MSC and OVX-CM groups compared with
the OVX-Vehicle group (Fig. 3). Furthermore, consistent with
these histomorphometric parameters, serum levels of P1NP,
a marker of bone formation and osteoblastic activity, were
significantly higher in the OVX-MSC and OVX-CM groups
compared with the OVX-Vehicle group at 8 weeks (Fig. 4A).
However, osteoclast numbers, bone resorption surface (data
not shown), and serum TRAP levels (Fig. 4B) were not sig-
nificantly different between the OVX-Vehicle group and the
OVX-MSC or OVX-CM groups, suggesting that treatment
with MSCs and CM did not affect bone resorption or oste-
oclastic activities.

FIG. 3. Dynamic
histomorphometric analysis of
the spine in the animals. (A)
Representative fluorescent
images obtained from lumbar
spine after calcein double
labeling. Scale bar = 100 mm.
Dynamic histomorphometric
measurements, including
bone formation rate (B) and
mineral apposition rate (C),
were obtained from the
lumbar spine using Bio-Quant
software. Data are the
means – SD. *p < 0.05 versus
OVX-Vehicle. Color images
available online at
www.liebertpub.com/tea

FIG. 4. Serum levels of
biochemical markers of bone
turnover. Serum levels of
procollagen type-I N-terminal
propeptide (P1NP), a bone
formation marker (A), and
TRAP5b, a bone resorption
marker (B), 8 weeks after
treatment as in Fig. 2. Data are
the means – SD. *p < 0.05
versus OVX-Vehicle.
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Short-term trafficking of hUCB-MSCs
after systemic transplantation

To investigate whether the bone-protective effect of hUCB-
MSCs was due to homing and direct engraftment of the cells
into BM, CFDA SE-labeled MSCs were injected to OVX mice,

and BM cells were analyzed by FACS at 6, 24, 48, 72 h, and 1
week after injection as a parallel experiment. However, as
shown in Table 1, the fraction of CFDA SE-positive cells in BM
of the OVX-MSC group was only 1.05% – 0.09% at 6 h after cell
transplantation, and it gradually decreased over time so that
no CFDA SE-labeled cells were observed after 48 h.

Table 1. Fluorescence-Activated Cell-Sorting Analysis of Carboxyfluorescein Diacetate Succinimidyl

Ester-Labeled Umbilical Cord Blood Mesenchymal Stem Cells from Bone Marrow

0 h 6 h 24 h 48 h 72 h 1 week

Sham-Vehicle(n = 4) 0.10 – 0.03 0.09 – 0.04 0.12 – 0.03 0.10 – 0.04 0.09 – 0.03 0.11 – 0.04
OVX-Vehicle(n = 4) 0.11 – 0.02 0.12 – 0.03 0.10 – 0.04 0.13 – 0.05 0.11 – 0.03 0.10 – 0.04
OVX-MSC(n = 4) 0.12 – 0.03 1.05 – 0.10a 0.62 – 0.11a 0.16 – 0.07 0.12 – 0.04 0.11 – 0.03
OVX-DFB(n = 4) 0.10 – 0.02 0.34 – 0.08a 0.16 – 0.03 0.13 – 0.04 0.11 – 0.04 0.10 – 0.02
OVX-Direct injection(n = 4) 0.11 – 0.04 27.01 – 2.45a 19.90 – 3.41a 7.06 – 1.61a 3.13 – 1.13a 0.73 – 0.11a

Values are forward scatter intensity value.
ap < 0.01 versus 0h.
DFB, dermal fibroblast; MSC, mesenchymal stem cell; OVX, ovariectomy.

FIG. 5. Effects of hUCB-MSC CM on osteoblastic differentiation in vivo and in vitro. (A) Human UCB-MSC CM or vehicle
was injected to 10-week-old female nude mice after Sham-op or OVX. After 7 days, femora and tibiae were harvested, and
mRNA for osteoblast products was determined by real-time quantitative polymerase chain reaction (PCR). Data are the
means – SD. *p < 0.01 versus Sham-op CM ( - ); #p < 0.01 versus OVX CM ( - ). (B, C) Human bone marrow-derived MSCs or
C3H10T1/2 cells were cultured, and osteogenic differentiation was induced with an osteogenic medium (OM) containing b-
glycerophosphate (10 mM) and l-ascorbic acid (50 mM) in the presence or absence of hUCB-MSC CM. Alkaline phosphatase
(ALP) activities were measured after 7 days. Data are the means – SD. *p < 0.01 versus OM - CM 0; #p < 0.01 versus OM + CM
0. (D) Total RNA was extracted from C3H10T1/2 cells grown for 5 days in the presence or absence of 0.5 · or 1 · hUCB-MSC
CM. The amount of mRNA for osteoblast products was determined by real-time quantitative PCR and expressed as the
mRNA abundance relative to vehicle treatment. Data are the means – SD. *p < 0.01 versus CM 0. (E–H) C310T1/2 cells were
transiently transfected with TOPflash, BRE-Luc, p3TP-Lux, or - 1.3OG2-Luc. Cells were then exposed to either vehicle or
hUCB-MSC CM (1 · ). Wnt-3A CM, bone morphogenic protein (BMP)-2, or transforming growth factor (TGF)-b was added as
a positive control for TOPflash, BRE-Luc, or p3TP-Lux, respectively. For - 1.3OG2-Luc, expression vector for til (pcDNA3-til)
was cotransfected as a positive control. Forty-eight hours after transfection, the cells were harvested and used for lumino-
metry. Luciferase activities were normalized for transfection efficiency using Renilla activity, and all values were expressed as
the fold induction relative to basal promoter activity. Data are the means – SD, and the graphical results are representative of
three independent experiments, each performed in triplicate. *p < 0.01 versus control. Color images available online at
www.liebertpub.com/tea
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Effect of CM on bone cells in vivo and in vitro

Because transplanted hUCB-MSCs did not show long-
term engraftment in BM, and the protective effect of CM
from hUCB-MSCs was comparable to that of transplantation
of hUCB-MSCs per se, we postulated that the therapeutic
effect of hUCB-MSCs may originate from secretory factors
from MSCs. We therefore evaluated the effect of CM on bone
cells in vivo and in vitro. First, we investigated the effects of
hUCB-MSC CM on the BM stem cell population in vivo using
female Balb/c nude mice that underwent OVX or Sham-op,
followed by intravenous injection of hUCB-MSC CM or ve-
hicle. However, we were unable to document any significant
difference in the number of CFU-Fs and CFU-OB between
mice injected with hUCB-MSC CM and those treated with
vehicle regardless of the OVX state (data not shown). In
contrast, when we analyzed the mRNA expression of oste-
oblast-specific genes from bone, the mRNA levels of Col1,

ALP, and OC were significantly increased in mice injected
with hUCB-MSC CM compared with those treated with ve-
hicle (Fig. 5A).

We then studied the effect of hUCB-MSC CM on osteo-
blastic differentiation in vitro. As shown in Figure 5B, cul-
turing human BM-derived MSCs in osteogenic medium for 7
days resulted in induction of osteoblastic differentiation as
measured by increased ALP stain and activities. Treatment
with hUCB-MSC CM (0.5 · ) in this context has significantly
increased ALP activity by approximately twofold compared
to vehicle treatment (Fig. 5B). Interestingly, treatment with
CM alone also enhanced ALP activity, up to 1.5-fold, even in
the absence of an osteogenic medium.

Similarly, treatment of the mouse embryonic mesenchy-
mal cell line C3H10T1/2 with hUCB-MSC CM has resulted
in a significant increase in ALP activities in a dose-dependent
manner (Fig. 5C). Furthermore, mRNA expression of the
osteoblast-specific genes, including Col1, ALP, Runx2, and

FIG. 6. Effects of UBC-MSC CM on osteoclastogenesis and MLO-Y4 cells in vitro. Bone marrow macrophages (BMMs) were
isolated from C57BL/6 mice and cultured with macrophage colony-stimulating factor (M-CSF) and receptor activator of
nuclear factor kappa-B ligand (RANKL) in the absence (CM 0) or presence of hUCB-MSC CM (CM 0.5 · and CM 1 · ).
Representative tartrate-resistant acid phosphatase (TRAP)-stained osteoclasts (scale bars, 100mm) (A) and the number of
TRAP-positive multinucleated cells isolated *p < 0.01 versus CM 0. (B). (C) MLO-Y4 cells were observed with a scanning or
transmission electron microscope (SEM or TEM) after treatment with vehicle (CM 0) or 0.5 · hUCB-MSC CM (CM 0.5 · ) for
72 h. Scale bars, SEM = 50 mm, TEM = 1 mm. Average lengths of dendrite (D), ratio of mitochondria (white arrow) to cytosol
area (E), and ratio of autophagosome (black arrow) to cytosol area (F) were calculated. *p < 0.01 versus CM 0. To investigate
the effects of CM on cellular apoptosis of MLO-Y4 cells, the cells (2 · 103 cells/well) were plated and cultured for 24 h in the
presence or absence of dexamethasone and/or hUCB-MSC CM (0.5 · or 1 · ) as indicated. Cell viability was quantified with
the MTT calorimetric assay. Data are the means – SD, and the graphical results are representative of three independent experi-
ments, each performed in triplicate. *p < 0.01 versus Dexa + CM 0 (G). Color images available online at www.liebertpub.com/tea
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osterix, was also significantly increased by treatment with
CM in a dose-dependent manner (Fig. 5D).

We next studied which of the signaling pathways was
activated to enhance osteoblastic differentiation of the mes-
enchymal cells after treatment with the CM. We performed
promoter reporter assays that evaluate the activities of the
Wnt, BMP-2, Runx2, and TGF-b pathways by transient
transfection of the TOPflash, BRE-Luc, - 1.3OG2-Luc, and
p3TP-Lux reporter plasmids into C3H10T1/2 cells, respec-
tively. As shown in Figure 5E, treatment of C3H10T1/2 cells
with hUCB-MSC CM did not activate TOPflash activity,
whereas Wnt-3A CM has robustly upregulated it. However,
hUCB-MSC CM significantly increased BRE-Luc (Fig. 5F)
and p3TP-Lux (Fig. 5G) activity by 5.7-fold and 16.9-fold,
respectively. The luciferase activity from p3TP-Lux was
*90% of that induced with 5 nM TGF-b. In addition, the CM
significantly increased the - 1.3OG2-Luc reporter activity by
fourfold and further enhanced til-mediated activity by 60%
(Fig. 5H).

Next, we evaluated the effects of the CM on osteoclastic
differentiation using BMMs isolated from C57Bl/6 mice.
When the cells were cultured in the presence of M-CSF and
RANKL to induce osteoclastic differentiation, addition of
hUCB-MSC CM significantly reduced the number of TRAP-
positive multinucleated cells in a dose-dependent manner
4–5 days after culture (Fig. 6A, B).

Finally, we examined the effects of CM on cell morphol-
ogy and survival of MLO-Y4 cells, which exhibit character-
istics of osteocytes. SEM examination showed that treatment
of MLO-Y4 cells with CM for 48 h enhanced the extension of
dendritic processes, while the proportion of the cytoplasm
was reciprocally decreased (Fig. 6C SEM and D). We also
observed increased numbers of mitochondria (Fig. 6C TEM
and E) and decreased numbers of autophagosomes (Fig. 6C
TEM and F) in CM-treated MLO-Y4 cells by TEM examina-
tion. Moreover, when cellular apoptosis was induced with
dexamethasone, treatment with the CM significantly en-
hanced cell survival in a dose-dependent manner (Fig. 6G).

Taken together, these results suggest that secretory factors
from hUCB-MSCs enhanced osteoblastic differentiation, os-
teocyte-like morphological changes, and survival of osteo-
cytes, and inhibited osteoclastic differentiation.

Discussion

In our current study, we demonstrated for the first time
that systemic transplantation of hUCB-MSCs, which have
advantages over other sources of MSCs, prevented OVX-
induced bone loss in nude mice. Because transplanted hUCB-
MSCs did not show long-term engraftment to BM over 48 h,
and the protective effects of hUCB-MSC CM were compa-
rable to transplantation of hUCB-MSCs per se, we postulated
that the therapeutic effects of hUCB-MSCs on bone were
derived from secretory factors from MSCs rather than by
direct engraftment of cells. This hypothesis was supported
by the in vitro assays in which the CM enhanced osteoblastic
differentiation and osteocyte survival and inhibited osteo-
clastic differentiation.

Although MSCs isolated from BM have been the mainstay
for use in stem cell therapy, hUCB-MSCs have unique ad-
vantages over BM-MSCs. In addition to the relative ease of
harvesting and storage, hUCB-MSCs do not actively provoke

proliferation and suppress the allogeneic proliferation of re-
sponder lymphocytes, indicating their usefulness in alloge-
neic cell therapies.40

In this study, we found that transplantation of hUCB-
MSCs resulted in clear reversal of the negative impacts of
OVX on bone mass. First, mice injected with hUCB-MSCs
gained an average of *30% more BMD compared to mice
treated with vehicle at 4 and 8 weeks after OVX. Second,
trabecular volume, trabecular number, and trabecular
thickness were all increased, whereas the trabecular separa-
tion was significantly decreased. Third, dynamic histomor-
phometric analysis showed a decreased rate of bone
formation with a concomitant increase in serum P1NP levels
after transplantation of hUCB-MSCs, whereas the TRAP le-
vel was not significantly changed. These results indicate that
the beneficial effects of hUCB-MSC transplantation result
from anabolic effects on trabecular bone. These results are in
good agreement with our recent study that demonstrated
anabolic effects of transplantation of human adipocyte-de-
rived MSCs in nude mice after OVX.41

The major problem in treating osteoporosis with systemic
transplantation of MSCs is their poor BM homing and en-
graftment efficiencies. Indeed, our previous study that
evaluated the effects of syngeneic transplantation of BM-
MSCs with retroviral transduction of RANK-Fc, a soluble
inhibitor of osteoclast differentiation, demonstrated poor
homing of transplanted cells to bone tissue in vivo.16 Fur-
thermore, cotransduction of CXCR4, a chemokine that en-
hances homing to BM spaces across the stromal cell-derived
factor-1 gradient, did not improve engrafting of the trans-
planted BM-MSCs in the long term, although the bone mass
gain was greater compared with that achieved by CXCR4 ( - )
cells.17 Consistent with these studies, the efficiencies of short-
term homing and long-term engraftment of hUCB-MSCs in
this study do not seem to be sufficient for any positive effects
on bone mass. Using adipocyte-derived MSC transplanta-
tion, we found that most transplanted cells are trapped in the
lung 48 h after intravenous injection.41 Cell trafficking anal-
ysis of PKH26 fluorescence demonstrated transient appear-
ance of the injected cells, mostly in the liver, heart, and
spleen. Although a low signal is also detected in bone tissues,
the signal disappears 72 h after injection, indicating that
virtually no cells become engrafted over the long term.41

From these results, the effects of hUCB-MSC cell therapy we
observed in this study may also be due to paracrine or tro-
phic effects of the stem cells maybe from other tissues rather
than direct engraftment of the injected cells to BM. In sup-
port of this notion, we observed that injection of CM from
hUCB-MSCs also resulted in significant protection against
OVX-induced bone loss in these animals. The effect of CM
injection was comparable to that achieved by hUCB-MSC
injection. Our result is analogous to a previous study, which
evaluated the effects of CM in vitro or ex vivo. Indeed, a
recent study by Walter et al. showed that MSC CM signifi-
cantly enhances wound closure rates, whereas CM from
L929 or HaCaT cultures does not, an effect that seems to be a
consequence of accelerated cell migration.21 In addition,
MSC-derived CM promotes proliferation of cardiac progen-
itor cells and inhibits apoptosis induced by hypoxia and
serum starvation.42 More recently, Jung et al. showed that ex
vivo culture of MSCs in the presence of human cord blood
serum results in selective activation of platelet-derived
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growth factor and epidermal growth factor signals in MSCs,
and that the cells exhibit higher self-renewal and enhanced
osteogenic potential.43 All of these studies demonstrated the
beneficial effects of MSC CM or cord blood serum in terms of
cell proliferation or local tissue repair. Now, with the addi-
tion of our new study, it appears that systemic administra-
tion of hUCB-MSC CM also contributes to bone mass sparing
in the OVX model in vivo.

We found that injection of hUCB-MSC CM to nude mice
did not significantly increase the number of CFU-Fs or CFU-
OB. However, the mRNA expression of Col1, ALP, and OC in
bone tissues, the markers of osteoblast differentiation, was
significantly increased by CM injection. These results suggest
that injection of hUCB-MSC CM does not drive the lineage
allocation of BM stem cells, but activates the cells already
committed to the osteoblastic lineage. In vitro, hUCB-MSC
CM also significantly enhanced ALP activities and osteo-
blast-specific gene expression compared with vehicle treat-
ment, suggesting that hUCB-MSC CM has pro-osteogenic
properties. Furthermore, hUCB-MSC CM significantly up-
regulated major signaling pathways involved in osteoblast
differentiation, including the BMP-2, TGF-b, and Runx2
pathways. Although we have not identified the specific
molecules that induce these signaling pathways, our results
suggest that hUCB-MSC CM contains a number of factors
that may cooperatively enhance osteoblastic differentiation
through multiple mechanisms. In support of our notion, Jung
et al. recently demonstrated that MSCs cultivated in cord
blood serum exhibit enhanced basal and Runx2-mediated
transcriptional activation of the OC promoter with prefer-
ential differentiation into osteogenic lineages, whereas adi-
pogenic differentiation is suppressed.43

Using an in vitro BMM culture study, we found that os-
teoclast differentiation from BMMs was also significantly
suppressed by treatment with hUCB-MSC CM, suggesting
that hUCB-MSC CM has both pro-osteogenic and anti-os-
teoclastogenic potential. However, inhibition of osteoclast
formation is not consistent with the absence of bone re-
sorption parameter changes, including osteoclast number,
bone resorption surface, and serum levels of TRAP in mice
that received hUCB-MSC CM. Although the reason for this
apparent discrepancy is not clear, we speculate that unlike
in vitro BMM culture conditions, increased osteoblast differ-
entiation by hUCB-MSC CM may have contributed to oste-
oclast formation, perhaps through the RANKL-RANK
system, thereby offsetting the suppressive effects on osteo-
clast formation we observed in vitro.

Importantly, we also identified beneficial effects of hUCB-
MSC CM on osteocyte survival and activity. Osteocytes were
recently recognized as critical elements in the physiological
status of the bone microenvironment.44 The differentiation of
osteoblasts into osteocytes during bone formation is accom-
panied by a 70% reduction in cell body volume due to the
redistribution of the cytoplasm to dendritic processes, lead-
ing to dendritic enlongation.45 Therefore, in conjunction with
increased numbers of mitochondria and decreased numbers
of autophagosomes, the enhanced dendrite formation we
observed in this study indicates that treatment with CM re-
sulted in enhanced survival and function of osteocytes.
Furthermore, treatment with CM mitigated the cell death
induced by dexamethasone. Because osteocyte cell death can
occur in association with pathologic conditions such as

osteoporosis and osteoarthritis, leading to increased skeletal
fragility,46–48 these results suggest that hUCB-MSC CM may
contribute to bone mass preservation in osteoporosis models.
Taken together, our data indicate that hUCB-MSC CM is pro-
osteogenic, anti-osteoclastogenic, and also enhances osteo-
cyte survival and function, thereby rendering all parameters
of the bone microenvironment in favor of maintaining and
increasing bone mass.

We believe that our results provide the first evidence
suggesting the possibility of using hUCB-MSCs in the treat-
ment or prevention of osteoporosis. Given the relative ease of
procurement of hUCB-MSCs and better immune tolerance of
hUCB-MSCs, our results clearly shed light on the use of stem
cell therapy in the field of metabolic bone diseases.
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