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a b s t r a c t

Objectives: Current treatments for osteoporosis were prevention of progression, yet it has been ques-
tionable in the stimulation of bone growth. The mesenchymal stem cells (MSCs) treatment for osteo-
porosis aims to induce differentiation of bone progenitor cells into bone-forming osteoblasts. We
investigate whether human umbilical cord blood (hUCB)-MSCs transplantation may induce bone
regeneration for osteoporotic rat model induced by ovariectomy.
Methods: The ovariectomized (OVX) group (n¼ 10) and OVX-MSCs group (n¼ 10) underwent bilateral
ovariectomy to induce osteoporosis, while the Sham group (n¼ 10) underwent sham operation at aged
12 weeks. After a femoral defect was made at 9 months, Sham group and OVX group were injected with
Hartmann solution, while the OVX-MSCs group was injected with Hartmann solution containing 1� 107

hUCB-MSCs. The volume of regenerated bone was evaluated using micro-computed tomography at 4 and
8 weeks postoperation.
Results: At 4- and 8-week postoperation, the OVX group (5.0%± 1.5%; 6.1%± 0.7%) had a significantly
lower regenerated bone volume than the Sham group (8.6%± 1.3%; 12.0%± 1.8%, P< 0.01), respectively.
However, there was no significant difference between the OVX-MSCs and Sham groups. The OVX-MSCs
group resulted in about 53% and 65% significantly higher new bone formation than the OVX group
(7.7% ± 1.9%; 10.0%± 2.9%, P< 0.05).
Conclusions: hUCB-MSCs in bone defects may enhance bone regeneration in osteoporotic rat model
similar to nonosteoporotic bone regeneration. hUCB-MSCs may be a promising alternative stem cell
therapy for osteoporosis.
© 2018 The Korean Society of Osteoporosis. Publishing services by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteoporosis is one of the major systemic skeletal diseases
worldwide today and is characterized by compromised bone
strength resulting in bone fragility and heightened risk of bone
fractures [1]. Osteoporotic patients experience low bone mass and
density with microarchitectural deterioration of bone tissue in
which osteoblast function and levels are reduced while osteoclast
bone resorption is augmented [2]. Although no longer regarded as
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age- or sex-dependent, the presence of osteoporosis, specifically
primary osteoporosis, is rapidly rising among the elderly and
postmenopausal women experiencing estrogen deficiency [3].

A wide range of treatment for osteoporosis currently exists,
including antiresorptive or bone regenerating pharmacological
agents and lifestyle changes towards an altered diet and increased
physical activity [4]. Bisphosphonates, the predominant drug-based
therapy that inhibits bone resorption, is commonly prescribed;
however, long-term safety concerns and serious adverse effects,
such as osteonecrosis of the jawand atypical femoral fractures, have
limited its use [5e8]. Moreover, most current drugs have shown to
prevent the progression of osteoporosis yet are questionable in
stimulating bone growth [9]. On the other hand,mesenchymal stem
cells (MSCs) are a primary cell source for induction of bone regen-
eration and bone graft engineering [10]. These stem cells have the
ability to self-renewand differentiate intomultiple lineages, such as
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osteoblasts, chondrocytes, adipocytes and myocytes [11]. Physio-
logically, the occurrence of osteoporosis has been linked to a
decrease in the osteogenic potential of MSCs in the bone marrow
and periosteum [12e14], as shown by their diminished cell count
anddecreased ability to proliferate anddifferentiate into osteoblasts
[13,15e17]. Thus, MSCs-based treatment of osteoporosis aims to
induce differentiation and osteogenesis of bone progenitor cells into
active, bone-forming osteoblasts.

Multiple tissues have been discovered to harborMSCs, including
bone marrow [18], adipose tissue [19], and umbilical cord blood
[20]. Studies have reported encouraging results from MSCs trans-
plantations performed in various osteoporotic models. Wang et al.
[21] showed that bone-marrow derived MSCs transplantation
enhanced trabecular thickness, bone apposition and osteoid for-
mation, thus strengthening bone in ovariectomized (OVX) rabbit
models. Moreover, Ye et al. [22] reported that adipose-derived stem
cell transplantation promoted osteogenesis and inhibited adipo-
genesis of bone marrow mesenchymal stromal cells by activating
bone morphogenic protein 2 and additionally increased local bone
mineral density in OVX rabbit models. MSCs obtained from human
umbilical cord blood (hUCB) were shown to improve trabecular and
bone formation parameters, hence preventing OVX-induced bone
loss in mouse models [23].

MSCs frombonemarrowaspiratesaredeemedtohave thegreatest
multilineage potential, thus is commonly used for tissue engineering
and regenerative medicine [24]. However, MSCs from this origin are
obtained through an invasive, painful procedure andmay decrease in
differentiation potency after cultivation or with the donor's age
[25,26]. Incontrast,hUCBprovidesarichersourceofhumanMSCs[27]
that displays low immunogenic potential [28] and may be harvested
via simpler and noninvasive methods [29]. Moreover, hUCB derived
MSCs are reported to exhibit higher proliferation rates [30] and
greater capacity for osteogenic differentiation compared to other
MSCs thus providing a strong rationale for the use of hUCB-derived
MSCs (hUCB-MSCs) in stem cell regenerative therapy in bone-
related diseases [31e33]. In this study, we aim to investigate
whether hUCB-MSCs transplantation in femoral defects of OVX rats
may help induce bone regeneration in osteoporotic rat models.

2. Methods

2.1. hUCB and mononuclear cell isolation

hUCB was obtained from a cord blood bank (LifeLine, Yongin,
Korea). hUCB was drawn from the umbilical vein of newborns,
collected into cord blood collection bags containing anticoagulant
(Greencross LabCell Corp., Yongin, Korea), and stored at room tem-
perature. Written informed consent was obtained from each parent.
The mononuclear cells from hUCB were obtained by sterile a pyro-
genic Ficoll-paque density gradient centrifugation (1.077 g/cm3, GE
Healthcare, Chicago, IL, USA), according to the manufacturer's in-
structions, andwashedwith phosphate buffered saline, and plated at
1� 106 cells/cm2 in low glucose Dulbecco Modified Eagle Medium
(Gibco, Seoul, Korea) supplemented with 30% fetal bovine serum
(Gibco), 1% antibiotics-antimycotics (Gibco). After 7 days, non-
adherent cells were discarded, and adherent cellswere culturedwith
threemedium replacements per week. The cells were grown at 37 �C
in a humidified atmosphere containing 5% CO2 for 14 days. MSC col-
onieswere translated to anewT75 cultureflask forexpansion culture.

2.2. In vitro expansion culture of cord blood MSCs and hMSCs
preparation

hUCB-MSCs were cultured in Mesenchymal Stem Cell Growth
Medium (MSCsGM; Lonza, Basel, Switzerland), supplemented with
MSCsGM SingleQuots (Lonza), and maintained at 37 �C in a hu-
midified atmosphere containing 5% CO2. Approximately 70% of
confluent cells were detached with 0.05% trypsin ethyl-
enediaminetetraacetic acid (EDTA; Gibco) and replated at a density
of 3� 105 in a T175 culture flask. The hUCB-MSCs were also
expanded in culture by repeated harvesting and replating of cells
every seven days, up to the 10th passage.

For transplantation into animals, 1� 107 cells were collected at
the 6th passage and resuspended in 7.5 mL of Hartmann solution
(JW Pharmaceutical, Seoul, Korea) with 1% albumin (Greencross
LabCell Corp., Yongin, Korea).

2.3. Characterization of hUCB-MSCs

hUCB-MSCs were characterized by the cell surface protein pro-
file and the differentiation capability. The harvested cells were
analyzed for the expression of CD73, CD105, CD29, CD44, HLA-ABC,
CD90, CD13, CD166, CD45, CD34, HLA-DR by flow cytometry with
FACS laser cytometer (Beckman Coulter, Seoul, Korea). Approxi-
mately 0.5e1� 105 cells per tube were used for cell surface antigen
expression studies. To evaluate differentiation capability of hUCB-
MSCs, multi lineage differentiation tests were performed in vitro.
For induction of osteogenic or adipogenic differentiation, 70%
confluent cells were incubated in respective differentiation me-
dium (Lonza). For induction of chondrogenic differentiation, the
hUCB-MSCs pellet was incubated in a polypropylene tube con-
taining commercially available chondrogenic differentiation me-
dium (Lonza).

After 3 weeks, the osteogenic differentiation ability was
assessed by Von Kossa staining. After 4 weeks, adipogenic differ-
entiation was assessed by oil red O staining. After 6 weeks, the
harvested chondrogenic pellets were fixated with 10% formalin and
paraffin embedded for histological processing. 5-mL-thin sections
were stained with safranin O.

2.4. Osteoporotic rat model

All experimental procedures were approved by the Animal
Experimentation Ethics Committee of Chungnam National Uni-
versity Hospital (CNUH-017-A0045). The female Sprague-Dawley
rats aged 12 weeks were purchased from Damuel Science (Dae-
jeon, Korea) and acclimated to conditions 1 week before and
throughout the experimental period. The animals were housed in a
room air-conditioned at 22 �C± 2 �Cwith a 12-hour light/dark cycle
and free access to commercial rodent diet.

OVX rats were used as osteoporotic models in this study [34].
The ovariectomy method utilized was the double dorso-lateral
approach explained by Park et al. [35]. All animals at 12 weeks of
age were randomly distributed into 3 groups: Sham group, OVX
group, and OVX-MSCs group. The Sham group (n¼ 10) underwent
Sham operation while the OVX (n¼ 10) and OVX-MSCs groups
(n¼ 10) underwent bilateral ovariectomy to induce osteoporosis.

2.5. Femoral defect surgical methods

Six month following ovariectomy or sham operations (at 9
months of age), all rats underwent surgery creating a bone defect
on right distal femurs of Sham rats and both left and right distal
femurs on OVX rats. All rats were anaesthetized with isoflurane
(Forane; Abbott Laboratories, North Chicago, IL, USA) at a 1:1 flow
ratio of N2O and O2. Under sterile surgical conditions, linear in-
cisions were made on the skin and subcutaneous tissue to expose
the distal femoral bone. Using a micro motor 207A apparatus (HTY-
M04 Saeshin Strong 207A þ 107L; Henan Hongtaiyang Medical
Apparatus and Instruments Co., Ltd., Henan, China), a defect cavity
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(1.2-mm diameter, 7-mm height) was created into the epiphysis
using a rotary burr (1.2mm diameter, 7-mm height) under contin-
uous saline irrigation to minimize overheating. Right femoral de-
fects of Sham rats and OVX rats were injected with 7.5 mL of
Hartmann solution. The right femoral defect of OVX-MSCs rats was
injected with 7.5 mL of Hartmann solution containing 1� 107 hUCB-
MSCs. The gel-type adhesive (Greenplast Q, Greencross LabCell
Corp., Yongin, Korea) was injected to fill the femoral defect and
prevent leakage of solution. The subcutaneous tissue and muscle
were closed using synthetic resorbable materials (4-0 Vicryl
W9074; Ethicon, Somerville, NJ, USA). Outer skin was sutured with
monofilament materials (2e0 Prolene W8623; Ethicon). Unre-
stricted movement and activity of the rat were observed post-
operatively after recovery from anesthesia. At 4- and 8-week
postoperation, 5 rats per group were euthanized and the left and
right distal femur from each rat was isolated. Prior to micro-
computed tomography (micro-CT) and histological analysis, sam-
ples were fixed in 4% paraformaldehyde solution for approximately
3e5 days.

2.6. Micro-CT analysis

The volume of regenerated bone was evaluated using micro-CT
(Sky-Scan 1172 TM; Skyscan, Kontich, Belgium) scan under an X-ray
voltage of 60 kV and a current of 167 mA using a 0.5-mm aluminum
filter. The scanned data were reconstructed by image analysis
software (CTAnalyzer; Skyscan, Kontich, Belgium). Measurements
of radiopaque regions of interest relative to the entire defect vol-
ume were representative of the percent of bone volume formed.

2.7. Histological evaluation

The distal femoral specimens were decalcified in a 10% EDTA
solution with a pH of 7.4 and dehydrated in a graded series of
Fig. 1. Stem cell properties of human umbilical cord blood-derived mesenchymal stem ce
entiation capacity of hUCB-MSCs at P5 (magnification,� 100), and (C) characterization of CBM
specific surface marker CD73, CD105, CD29, CD90 and negative for hematopoietic cell specifi
the specific marker.
alcohol solutions (80%e100%). The specimenswere then embedded
in paraffin. Using a rotary microtome (HM 325; Microm, Walldorf,
Germany), 5-mm sections of the samples were cut. Each specimen
was stainedwith hematoxylin and eosin and then observed under a
light microscope (DMR; Leica, Nussloch, Germany) equipped with a
digital camera (DFC-480; Leica).

2.8. Statistical analysis

Quantitative measurements of newly formed was analyzed us-
ing IBM SPSS Statistics ver. 22.0 (IBM Co., Armonk, NY, USA).
Because there is a small number of samples that are not normally
distributed, Nonparametric analysis utilizing Kruskal-Wallis test
and post hoc analysis by Mann-Whitney test was performed.
P< 0.05 was considered statistically significant.

3. Results

3.1. Characterization of hUCB-MSCs

The in vitro expansion of hUCB-MSCs was observed under op-
tical microscopy and confirmed the morphology of hUCB-MSCs as
shown in Fig. 1A. The multilineage differentiation ability of hUCB-
MSCs was demonstrated confirmed by positive staining for osteo-
genesis, adipogenesis and chondrogenesis after incubation in the
respective differentiation mediums (Fig. 1B). Flow cytometry ana-
lyses showed that hUCB-MSCs were positive for MSCs-specific
surface antigens CD73, CD105, CD29, CD90 and negative for he-
matopoietic cell-specific marker CD45, CD34, HLA-DR (Fig. 1C).

3.2. Animals

All animals underwent a successful recovery after operation.
Moreover, histopathologic observations did not detect any necrosis
lls (hUCB-MSCs). (A) hUCB-MSCs morphology at P5 (magnification,� 100), (B) differ-
SCs at P5: representative FACS analyses shows that hUCB-MSCs were positive for MSCs
c marker CD45, CD34, HLA-DR. The black line is the isotypic control and the red line is
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in any specimens of this study.

3.3. Micro-CT analysis

Fig. 2A shows the reconstructed 3-dimensional image of the
distal femur at 8-week postoperation as analyzed by micro-CT. The
images show that the Sham group had a denser trabecular bone
density in the epiphyses and metaphysis bone microstructure of
the distal femur in contrast to the OVX group. Bone formation at the
margins of the defect was observed in all experimental and Sham
groups, although with varying degrees. Within the defect, OVX-
MSCs group showed a greater amount of new bone formation in
the central and marginal area of the defect compared to the OVX
group. In contrast, the Sham group resulted with the most active
and dense bone regeneration throughout the defect cavity.
Fig. 2. Micro-computed tomography (micro-CT) evaluation. (A) Three-dimensional reconstr
volume of the newly formed bone calculated from micro-CT data after surgery (n ¼ 5). E
ovariectomized; OVX-MSCs, OVX-mesenchymal stem cells.
Quantitative measurements of newly formed bone was repre-
sented by percent bone volume calculations from micro-CT ana-
lyses as depicted in Fig. 2B. At both 4- and 8-week postoperation,
the OVX group (5.0%± 1.5%) (6.1%± 0.7%) had a significantly lower
percent bone volume than the Sham group, respectively
(8.6%± 1.3%) (12.0%± 1.8%) (P< 0.01). However, there was no sig-
nificant difference in percent bone volume between the OVX-MSCs
and Sham group at all time periods. The OVX-MSCs (7.7%± 1.9%)
resulted with about 53% significantly higher new bone formation
than the OVX (P< 0.05). Likewise, at 8-week postoperation, the
percent bone volume was significantly higher in the OVX-MSCs
group (10.0%± 2.9%) compared with the OVX group by approxi-
mately 65%. These results suggest that the presence of hUCB-MSCs
in bone defects may enhance bone regeneration in osteoporotic
environments to levels similar to that of nonosteoporotic bone
ucted micro-CT image. Scale bar is 1 mm. (B) Quantitative analysis of the percent bone
ach column represents the mean ± standard deviation (*P < 0.05, **P < 0.01). OVX,
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regeneration.

3.4. Histological evaluation

Histologic images with hematoxylin and eosin staining of the
distal femur at 8-week postoperation are depicted in Fig. 3. The
Sham group showed densely formed new trabecular bone within
the defect area. The OVX-MSCs group showed thicker newly formed
bone within the defect cavity as well as in the marginal regions.

4. Discussion

In our study, we demonstrated that local injection of hUCB-
MSCs enhanced the ability of new bone formation in osteoporotic
rats. By establishing an estrogen-deficient OVX rat model, we
compared bone regeneration in femoral defects under both healthy
and osteoporotic conditions. Because local injection of hUCB-MSCs
in OVX models increased bone formation to levels comparable to
nonosteoporotic models, we concluded that the presence of hUCB-
MSCs may be a valuable alternative in stem cell therapy for
osteoporosis.

The pathogenesis of osteoporosis stems from the imbalance in
bone remodeling due to defects in osteoid-secreting osteoblasts and
augmented function of proteolytic osteoclasts. The disease is prev-
alent among estrogen-deficient postmenopausal women who
experience dramatically increased bone turnover rates and corre-
sponding loss of bonemass [36]. Estrogen is an important steroid in
maintaining adequate bone mass and architecture thus withdrawal
may lead to irreversible loss of thin trabecular elements and
heightened incidence of fractures [37]. Therefore, deprivation of
estrogen through ovariectomy procedures has been frequently used
to mimic postmenopausal osteoporosis in experimental animals. In
this study, the OVX group showed distinct osteoporotic features in
the distal epiphyseal andmetaphyseal femur in contrast to the Sham
group (Figs. 2A and 3). Themicro-CT and histological results display
significantly reduced trabecular density with greater porous fea-
tures in the cancellous bone, thus demonstrate the establishment of
osteoporosis in the rat models at 180 days postovariectomy. Like-
wise, previous reports confirm a time period of 180 days or longer
after ovariectomy for cortical bone remodeling to simulate post-
menopausal osteoporosis and result in a significant decrease in
cancellous bone volume of up to 30%e35% in OVX rats [38,39].

MSCs extracted from various sources, including the bone
marrow, adipose tissue, periosteum, and umbilical cord, have been
previously utilized in bone regeneration and stem cell therapy for
osteoporosis [29,40,41]. Diminished function and osteogenic po-
tential of MSCs in the bone marrow and periosteum [12e14],
Fig. 3. Histological observations. Hematoxylin and eosin-stained histological morphology
Ovariectomy. (C) Mesenchymal stem cells injected after ovariectomy. Asterisk, new bone. S
demonstrated by reduced proliferation and osteodifferentiation, is
normally coupled with osteoporosis [13,15e17]. Consequently,
MSCs-based treatment aims to induce differentiation and osteo-
genesis of bone progenitor cells into active, bone-forming osteo-
blasts. Recently, MSCs-based methods have attracted much
attention not only because of the cells’ self-renewal and pluripotent
properties, but also due to their immunosuppressive capacity [42].
Bone marrow mesenchymal stromal cells were initially discovered
to effectively differentiate into osteoblasts; however, the highly
invasive harvesting procedure and the decline in proliferation and
differentiation potential with increasing age have limited its clinical
use [40,43]. On the other hand, hUCB-MSCs are harvested and
stored via simpler methods [29] and have displayed higher osteo-
genicity and proliferation rates compared to other MSCs
[30e32,40]. In addition, hUCB-MSCs were reported to actively
inhibit the allogeneic proliferation of responder lymphocytes [44]
and retain immunosuppressive activity equal to bone marrow- and
adipose-derived MSCs [30].

In this study, OVX rats that received xenograft hUCB-MSCs
developed 53% and 65% more bone volume in the femoral defect
compared to OVX rats treated with saline at 4- and 8-week post-
operation, respectively (Fig. 2). Moreover, there were no significant
differences in the percent bone volume between the OVX-MSCc
and Sham groups. Despite being a xenograft stem cell trans-
plantation, we found no evidence of immunogenic rejection. In fact,
when Oh et al. [44] pretreated hUCB-MSCs with interferon-g and
pro-inflammatory cytokines interleukin (IL)-1b or tumor necrosis
factor-a, there was no inflammatory responses provoked thus
suggesting that hUCB-MSCsmay be transplanted into inflammation
regions without the necessary requirement of long-term immu-
nosuppressive treatment. Furthermore, the secretion of immune
inhibitory cytokines from hUCB-MSCs, including IL-10 and trans-
forming growth factor-b, has also been previously discovered,
hence concluding the mesenchymal content responsible for the
tolerogenic characteristics of cord blood [45,46]. Analogous to these
reports, our study suggests hUCB-MSCs xenotransplantations in
bone defects of osteoporotic conditions may positively enhance
bone regeneration abilities with minimal immunogenic responses.

Recently, there have been a few reports studying osteogenicity
of hUCB-MSCs in vivo. Jo et al. [47] found that hUCB-MSCs attached
on a scaffold in critical-sized femoral defects of rats showed
significantly higher levels of osteogenesis than the scaffold-only
group and the adipose tissue- and umibilical cord-derived MSCs
group. Similar to our study, comparisons were based on total bone
volume percentages, but additionally demonstrated significantly
elevated trabecular numbers and radiologic scores in the hUCB-
MSCs group [47]. Despite the poor engraftment of MSCs in bone
of the entire area of distal femurs 8 weeks after surgery. (A) Sham operation. (B)
cale bar is 1mm. OVX, ovariectomized; OVX-MSCs, OVX-mesenchymal stem cells.
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tissue after systemic administration, this study discovered
increased serum procollagen type-I N-telopeptide levels, elevated
alkaline phosphatase activity, and heightened pro-osteogenic
mRNA expression; thus, they proposed that the prevention of
OVX-mediated bone loss may be attenuated by a paracrine mech-
anism [23]. This mechanism may be a possible explanation behind
the increased bone formation observed in our study after the in-
jection of hUCB-MSCs. In fact, a recent clinical study has demon-
strated significant increases in insulin-like growth factor 1 levels
and beneficial effects on bone mineral density following subcu-
taneous injection of allogenic hUCB mononuclear cells in osteo-
porotic patients [48].

Although hUCB-MSCs have the potential to be differentiated
into multiple cell lineages, studies have reported the relatively
low ability to differentiate towards the adipocyte lineage
compared to bone marrow- and adipose-derived MSCs [40,49].
Moreover, the expression of BMP receptors was discovered pre-
dominantly on hUCB-MSCs and bone marrow MSCs [30]. In
contrast to the paracrine effect, MSCs can also migrate and engraft
into wounded areas and regulate repair via site-specific differ-
entiation and provide a hospitable microenvironment [50,51].
Upon directed injection, MSCs can also attach to the surface of the
trabecular bone [52]. Consequently, our study utilized a direct
injection method into the femoral defect, in which the hUCB-
MSCs may have homed to the trabecular surface thus providing
local, direct osteogenesis.

One limitation to this study is the use of rodents as the animal
model for osteoporosis hence the lack of Haversian systems and
Haversian remodeling in the cortical bone. However, ovariectomy
of all rat models generate cancellous and endocortical bone loss,
which are the dominant causes of postmenopausal osteoporosis,
and ultimately show the same pattern as the estrogen-deficient
human [38]. On the contrary, bone loss induced by intracortical
remodeling in the Haversian system plays a minor role [53].
Therefore, rodents are the most common animal model for osteo-
porosis studies [54].

Another limitation is the restricted area of analysis within the
femoral defect (1.2-mm diameter, 7-mm height) for micro-CT
quantitative measurements to maintain standardization among
each specimen. Osteogenesis in areas outside the defect,
including effects that would improve osteoporotic bone condi-
tions, had to be excluded from the data. The number of speci-
mens per experimental group was relatively small as well. Also,
quantitative immunohistochemistry analysis would have pro-
vided more accurate results, since the osteoblast cells discovered
at the margin of the femoral defect could not be distinguished as
either injected human cells or cells originating from the femur of
the rat.

In summary, our results demonstrate that xenograft trans-
plantation of hUCB-MSCs into femoral defects of OVX rats enhance
bone formation abilities. Considering the relatively immunosup-
pressive properties, the high osteogenic potential, and the simpler
harvesting methods of hUCB-MSCs, our study demonstrates that
hUCB-MSCs may be suitable for bone regenerative medicine and
tissue engineering. Additional information regarding specific
mechanism behind the bone healing process of UCB-MSCs is
required. With the growing incidence of osteoporosis among fe-
male and elderly populations, hUCB-MSCs may be a promising
alternative stem cell for future osteoporotic treatment.
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