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Despite the remarkable regenerative capacity of bone, the
regeneration of large bone defects and the repair of nonunion
bone fractures remain a major challenge in orthopaedic
surgeries. Bone is the second most commonly transplanted
tissue with over 1.5 million bone graft surgeries being performed annually in the United States [1]. However, the major
limitations confronted with conventional bone grafts include
limited availability and donor site morbidity for autografts
and the risk of pathogen transmission for allografts [2, 3].
Given these limitations, there is a great need for developing
novel and effective approaches for the regeneration of large
bone defects and the repair of nonunion bone fracture.
Stem cell-based bone tissue engineering offers a promising approach for regenerating critical sized bone defects or
repairing nonunion bone fracture. Understanding and recreating a signalling environment to control the differentiation
of stem cells into the bone lineage would be of great importance. The components in bone microenvironment, which
include a mineral phase (hydroxyapatite nanocrystals), an
organic phase (composed of 90% collagen type I), a cellular
phase (osteoblasts, osteoclasts, and osteocytes), and a soluble
factor phase (growth factors and/or cytokines), provide a specific and balanced signalling network, which contribute to the
innate bone metabolic and anabolic activities and maintain
the structure and functions of the bone. Substantial efforts,
therefore, have been made to mimic the bone tissue microenvironmental components for controlling the commitment of

stem cells into osteogenic lineage cells for bone tissue regeneration. For example, by mimicking the bone nanostructure
to engineering bone-related biomaterials, researchers have
incorporated nanocrystals into biomaterials and demonstrated that they are effective in regulating various cellular
functions including cell adhesion, proliferation, and differentiation [4, 5]; in addition, mimicking the signals provided by
bone cellular phase (e.g., osteoblasts) has also been shown as
a feasible approach to control stem cell fate into osteogenic
lineage [5, 6]. Moreover, the cytokines and/or growth factors
within bone microenvironment play a key role as well in the
bone remodeling process, and mimicking their signals has
been proven to be very successful in steering MSCs into bone
lineage. Recently, inflammatory factors, transiently expressed
by macrophages upon tissue injury, have increasingly been
appreciated for their role in tissue repair and regeneration [7–
9].
In this special issue, some cutting-edge original researches as well as review articles related to priming stem cell
fate into the osteogenic lineage via mimicking the bone
components (e.g., bone extracellular matrix, cells, and growth
factors) were introduced and provided the readers with the
updated knowledge and progression in the topic of bone
microenvironment, stem cells, and bone tissue regeneration.
ZuFu Lu
Jenneke Kleine-Nulend
Bin Li
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Osteopontin (OPN) is a multifunctional protein mainly associated with bone metabolism and remodeling. Besides its physiological
functions, OPN is implicated in the pathogenesis of a variety of disease states, such as obesity and osteoporosis. Importantly, during
the last decades obesity and osteoporosis have become among the main threats to health worldwide. Because OPN is a protein
principally expressed in cells with multifaceted effects on bone morphogenesis and remodeling and because it seems to be one of
the most overexpressed genes in the adipose tissue of the obese contributing to osteoporosis, this mini review will highlight recent
insights about relation between adipose tissue and bone homeostasis.

1. Introduction
Osteopontin (OPN), also defined as secreted phosphoprotein-1 [1] (SPP1), sialoprotein-1 [1, 2], or early T lymphocyte
activation 1 (Eta-1) [3] belongs to the small integrin-binding
ligand N-linked glycoprotein (SIBLING) family [4]. SIBLING
family consists of noncollagenous proteins (NCPs), primarily
involved in bone metabolism and mainly located within
the mineralized tissue such as bone and dentin, which
also includes bone sialoprotein (BSP (IBSP)), dentin matrix
protein 1 (DMP1), dentin sialophosphoprotein (DSPP), and
matrix extracellular phosphoglycoprotein (MEPE) [5, 6].
These soluble secreted glycoproteins undergo posttranslational modifications. They are extensively and heterogeneously spliced, translated, phosphorylated, glycosylated,
and proteolysed. These modifications give them bioactive
properties [7]. SIBLING proteins exert biological roles in
both paracrine and autocrine manner and through multiple
functional domains may bind to cell surface integrins [7].
Originally described by Senger in 1979 as a secreted, 60-kDa

transformation-specific phosphoprotein [8], human OPN
is the most studied component of SIBLING family. It is
a Arg-Gly-Asp (RGD) containing multifunctional soluble
extracellular matrix-associated glycoprotein of 34 kDa [8]
(apparent MW up to 75 kDa) [5, 6]. OPN has a gly-arg-glyasp-ser (GRGDS) [9] cell binding domain with ∼314 amino
acid residues that can regulate cell activities through integrin
receptors.
It is encoded by the SPP1 gene, which maps to the long
arm of chromosome 4 [6] as a tandem array and generates
three splice variants of mRNA, including the isoforms OPNA, OPN-B, and OPN-C. OPN-A constitutes the full-length
variant [2], whereas isoforms B (missing exon 5) and C (missing exon 4) are the splice variants [1, 2]. These different forms
can display specific expression and have distinct biological
roles in different cell contexts. The name “osteopontin” was
chosen by Heinegard’s group that cloned the protein from
the rat osteosarcoma. OPN is produced by cells located in
the osteoid matrix, and its name “osteopontin” denotes the
property of acting as a bridge (“pons” in Latin) between cells
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and hydroxyapatite of bone [2, 6]. OPN exists as a secreted
(sOPN) and intracellular form (iOPN) [2], being translated
from different start codon in the single OPN mRNA.
Intracellular OPN was initially described by Sodek’s
group in rat calvarial cells [2, 3].
Although OPN exists intracellularly as a regulator of
cytoskeleton dynamics and gene expression, most studies
have focused on the secreted form.

2. Osteopontin Functions
OPN is a multifunctional protein widely distributed in many
tissues and body fluids, such as plasma, urine, milk, and
bile [10, 11]. It is produced by several cell types, including
immune cells like activated macrophages and T cells, cells
of brain and kidney, vascular smooth muscle cells, bone
marrow myoblasts, dendritic cells, hepatocytes, and neural
cells [2, 6, 9]. Furthermore, OPN is produced by cells involved
in bone morphogenesis such as osteoblasts and osteoclasts.
OPN regulates various biological activities including matrix
remodeling and tissue calcification, monocytes/macrophages
migration and chemiotaxis, production of a variety of proinflammatory cytokines and chemokines, and inhibition of
apoptosis activities [6]. Furthermore, it is involved in pathophysiological processes as malignancy, insulin resistance
and type 2 diabetes, autoimmune disorders, atherosclerosis,
steatotic hepatitis, end-stage kidney failure, response to
stress, obesity-induced inflammation, and osteoporosis [3, 8].
Recently, numerous researches have examined whether there
is a relationship between obesity and osteoporosis. Obesity
and osteoporosis are two related polygenic disorders of body
composition and represent a major health threat worldwide,
with high impact on both morbidity and mortality [12,
13]. Interestingly, an increase of OPN levels in serum and
cerebrospinal fluid was found in Alzheimer’s disease (AD)
patients [14]. AD is a chronic neurodegenerative disease and
is the cause of 60% to 70% of cases of dementia [15–18].
Conversely, a decrease of OPN levels was associated with the
improvement of cognitive functions [19, 20].
At bone level, OPN has multifaceted effects on morphogenesis and remodeling [3, 6, 13, 14], being associated with
bone turnover and bone mineral density (BMD). Experimental evidence suggests that the gene of OPN is one of the most
overexpressed genes in the adipose tissue of obese patients
[1, 8].

3. Fat-Bone Relation
The relationship between obesity and skeleton is complex and
not yet fully understood. Body mass index (BMI) is generally
recognized to have a good positive correlation with bone
mineral density (BMD) as measured by central Dual-Energy
X-Ray Absorptiometry (DXA) [21]. For a long time it has
been thought that obesity was apparently beneficial for bone
metabolism [22, 23], particularly in women after menopause,
playing a protective effect against the development of bone
loss and osteoporosis. Adiposity might ensure bone health
probably for the relative hyperestrogenism produced by
adipocytes from androgen precursor in postmenopausal
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women [24–26]. Also the well-established positive effect of
mechanical loading (muscle contraction and gravitational
loading) related to body weight might positively influence
BMD, by decreasing apoptosis and facilitating osteogenic
differentiation through the activation of Wnt/b-catenin signaling pathway [27–31]. However, in last decades the view
that obesity has an protective effect against osteoporosis has
been questioned [32, 33]. Some reports have shown that
excessive visceral fat and fat mass have negative effects on
bone health, being associated with low total bone mineral
density and content [34–36]. According to these results,
another study conducted in healthy premenopausal women
demonstrated that central adiposity was associated with low
bone quality [37]. Furthermore, it has been suggested that
in men and pre- and postmenopausal women fat mass
plays a key role in bone health, representing the significant
determinant of BMD at the lumbar spine and proximal femur
[19, 22]. Similarly, Greco et al. [38], in a cross-sectional
study, evaluated 340 obese women and showed that trunk fat
negatively correlated with BMD playing a detrimental role in
skeletal metabolism in terms of low BMD, bone markers, and
systemic factors influencing bone tissue.
Interestingly, Papakitsou et al. [39] found in obese women
a lower rate of bone formation as measured by the serum
concentration of type I collagen propeptide, suggesting that
obesity can inhibit the production of new collagen. Finally,
recent in vitro data supported the hypothesis of decreased
osteoblast activity in subjects with increase of trunk mass
because of alterations of the Wnt/𝛽-catenin pathway [40].
Therefore, obesity and fat accumulation might be detrimental
to bone health. However, further investigations are required
to better understand the complex pathophysiological relationship between body weight and BMD. Different theories
have been proposed to explain the complex interplay between
adipose tissue and bone [16, 17]. It has been proposed
that the pathophysiological relevance of adipose tissue in
bone turnover resides in the participation of three possible
mechanisms. (1) There is an intimate link between adipocytes
and osteoblasts related to their common origin from a
progenitor cell, the pluripotential mesenchymal stem cell
(MSCs) that resides in a specialized bone niche [41–43]. As
a common precursor, the controlled lineage commitment
of MSCs plays an important role in the maintenance of
skeleton homeostasis. Osteoblast/adipocyte differentiation,
although not mutually exclusive, is intertwined and highly
regulated by several cell-derived transcription factors [44]
and has been implicated in modification of bone remodeling.
For example, recently Yeung et al. [45] have demonstrated
that postmenopausal women have more than twice bone
marrow fat compared with premenopausal women. (2)
Adipose tissue is not only a passive energy reservoir but
also an active, complex endocrine organ [16, 17] that plays
an important role in regulating whole body homeostasis.
Adipose tissue secretes various signaling molecules and
bioactive compounds, named adipokines (leptin, resistin,
IL6, osteopontin, etc.). Adipokines influence bone remodeling (obesity of bone) through upregulated proinflammatory cytokine production and exert an indirect effect on
the sympathetic tone via hypothalamic nuclei. Expression
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array studies on human adipose tissue have pointed out an
activation of several inflammatory pathways in obesity [46].
In fact, chronic low-grade inflammation is associated with
adipose tissue expansion in obesity and it is determined
by increased systemic concentrations of proinflammatory
endocrine cytokines, such as TNF-alfa [47], and osteopontin
[1, 33] in patients and animal models of obesity. These
cytokines may uncouple bone remodeling by stimulating
osteoclast activity or inhibiting bone formation modifying
the receptor activator [16]. Thus, all these mechanisms may
represent a crosstalk between adipose tissue and skeleton,
detrimental for bone health. The exact nature of factor that
triggers this mechanisms is unknown.
Osteocalcin is a 49-amino acid bone matrix noncollagen protein produced by osteoblasts, which is involved in
bone deposition and calcium homeostasis. Studies show that
osteocalcin also has an important role in energy homeostasis
and glucose metabolism: in cross-sectional and prospective
epidemiological studies, circulating osteocalcin levels are
inversely associated with the risk of type 2 diabetes [48, 49],
metabolic syndrome [50, 51], overall/abdominal adiposity
and insulin resistance [52], and reduced BMD [38].
Furthermore, OC levels were positively associated with
cognitive performance in older nondemented women [53–
56]. Genetic osteocalcin deletion induced glucose intolerance, increased fat mass, insulin resistance, decreased expression of insulin target genes in liver and muscle, and decreased
adiponectin gene expression in adipose tissue. In contrast,
recombinant osteocalcin administration improved insulin
secretion and sensitivity and prevented high-fat-induced
obesity and diabetes.
In addition to improving pancreatic insulin secretion,
experimental models show that osteocalcin can protect
against high-fat-induced obesity, insulin resistance, and nonalcoholic fatty liver disease (NAFLD) [57, 58]. Epidemiological studies are sometimes conflicting and require further validation [59]. Currently the osteocalcin is emerging as an important modulator of energy homeostasis and
the metabolism of glucose in various tissues, raising the
possibility that this bone-derived hormone may become a
new treatment for obesity-related disorders, a hypothesis
currently being tested.

4. Dysregulation of Osteopontin
In mouse models and obese humans, OPN is one of many
inflammatory molecules overexpressed in adipose tissue [60,
61]. Besides, its levels showed a great difference in adipose
tissue between monozygotic twins discordant for obesity
condition [62]. Its overexpression in obese adipose tissue
is mainly attributable to accumulation of the macrophages
[1] and other inflammatory cells, stromal vascular cells,
and adipocytes. Nomiyama et al. [63] suggested that OPN
might be involved in linking obesity-induced inflammatory
processes and metabolic changes in adipose tissue. Similarly,
it has described a high level of OPN RNA expression in
adipose tissue of obese insulin resistant rats and humans [8].
Kiefer and colleagues [1] showed that obesity is associated
with a striking increase of OPN expression selectively within
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adipose tissue. Adipose tissues are the major source of
OPN and also of its obesity-induced upregulation. These
data point toward a specific pathophysiological role of OPN
in obesity. Therefore, OPN could be a key regulator of
inflammatory processes linked to obesity-induced adipose
tissue inflammation and become a major target for treatment
of adipose tissue inflammation-related disorders. Recently, it
has been shown that genetic OPN deficiency and antibodymediated neutralisation in mice improve inflammation and
protect from obesity and insulin resistance induced by a highfat diet [46]. OPN would act as proinflammatory cytokine
and have pleiotropic function in inflammation. The primary
role of OPN seems to facilitate recovery of the organism
after injury or infection [38]. However, several studies have
highlighted the critical role of OPN in regulating not only
adipose tissue inflammation, but also insulin resistance and
diabetes mellitus [64, 65].
Recently, an alteration of adipose tissue function has
been related to various human metabolism disorders such
as osteoporosis [66]. It has been suggested that OPN influences adipogenic process, in bone marrow of obese women,
contributing to the development of osteoporosis. An imbalance has been described between normal adipogenesis and
osteogenesis of MSCs, prevailing adipocyte differentiation on
osteoblast differentiation [67]. MSCs isolated from bone marrow in postmenopausal patients with osteoporosis express
more adipocytic differentiation markers than those in women
with normal bone mass [68]. Meunier et al. [69] analyzed
81 iliac crest biopsies from elderly women and observed a
considerable amount of fat in bone marrow of women with
osteoporosis, relative to levels of fat in healthy young women.
This observation was confirmed in subsequent studies [70–
72]. An increment of marrow adipocytes was observed also
by Schellinger et al. [73]. After oophorectomy, rats showed
an increase in the amount of fat in the bone marrow
[17]. Fat infiltration might considerate a typical example of
lipotoxicity. Triggiani and colleagues [30], too, have observed
similar results.
Many researchers considered osteoporosis as a faultiness
of bone marrow MSCs [74] in differentiating into other
cell lineages, with adipogenesis being enhanced compared
to osteoblastogenesis. Molecular mechanisms of adipocyte
differentiation have been studied using both in vitro and
in vivo models but the cellular and molecular mechanisms
mediating the pathological switch in fat remain to be determined [39]. What is the player of the fat-bone axis in
the bone marrow? Because OPN−/− mice could be due to
changes in the balance between osteogenic and adipogenic
differentiation by MSCs [3], we want to know the role of OPN
in MSCs differentiation. Further studies are needed to define
the precise relationship between obesity and osteoporosis.
Previous studies have shown that, in overweight and obese
humans, the dysregulation of circulating signaling factors,
such as inflammatory cytokines, might play an important role
in changes of MSC differentiation [75–78]. Among cytokines,
OPN may represent a multifaceted regulator between fat and
bone on bone remodeling and contribute to the development
of osteoporosis [3]. In the study conducted by Inoue and Shinohara [3] on the effects of secreted OPN in regulating MSC
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differentiation, the authors revealed an important role of
OPN-integrin 𝛼V/𝛽1 in regulating adipogenic and osteogenic
differentiation. Di Bernardo et al. [78] in their study in vitro
observed that the incubation of MSCs with the sera of overweight individuals promoted a bias in differentiating MSCs
in adipogenic line, probably for a modification of circulating
cytokines. OPN by itself induces expression of a variety
of proinflammatory cytokines and chemokines being an
important regulator for initiating adipose tissue macrophage
and macrophage-like cells infiltration, triggering a vicious
circle in which inflammatory cytokines play important roles
in MSC differentiation. Moreover, other studies are required
to elucidate the precise role of OPN in the pathophysiology
of osteoporosis and as a possible crucial link of bone-adipose
axis.

5. Conclusion
OPN was identified in 1980; it is a key regulator of many
metabolic and inflammatory diseases, such as diabetes, cardiovascular disease, and obesity. Some studies have shown
that OPN is causally involved in the pathogenesis of insulin
resistance and type 2 diabetes, while other studies have
shown that OPN is a protective islet protein preserving
insulin secretion. In addition, experimental and epidemiological evidence emerging disclosed complex cytokine and
hormonal crosstalk between bone cells, liver, and adipose
tissue, which adjusts coordinated bone remodeling, energy
metabolism, and glucose homeostasis; changes in this network may contribute to the pathogenesis of obesity and
related disorders [58], but some key questions have not yet
been resolved. Therefore, further research will clarify the
clinical significance of these changes that cause metabolic
and inflammatory diseases, and they will identify individuals
at higher risk for developing such complications and for
therapeutic purposes.
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Adipose-derived mesenchymal stem cells (ADMSCs) are inducible to an osteogenic phenotype by the bone morphogenetic proteins
(BMPs). This facilitates the generation of implants for bone tissue regeneration. This study evaluated the in vitro osteogenic
differentiation of ADMSCs transduced individually and in combination with adenoviral vectors expressing BMP2 and BMP7.
Moreover, the effectiveness of the implant containing ADMSCs transduced with the adenoviral vectors AdBMP2/AdBMP7 and
embedded in demineralized bone matrix (DBM) was tested in a model of tibial fracture in sheep. This graft was compared to
ewes implanted with untransduced ADMSCs embedded in the same matrix and with injured but untreated animals. In vivo results
showed accelerated osteogenesis in the group treated with the AdBMP2/AdBMP7 transduced ADMSC graft, which also showed
improved restoration of the normal bone morphology.

1. Introduction
Mesenchymal stem cells (MSCs) are adult cells with fibroblastoid morphology and ability to differentiate into multiple
tissues including bone, fat, muscle, and cartilage [1]. MSCs are
identified by the positive expression of CD13, CD73, CD90,
and CD105 genes, whereas they are negative for expression of
hematopoietic markers such as CD34 and CD45 [2–4].
MSCs from adipose tissue are easily accessible and yield
up to 5,000 fibroblast forming units (CFU-F) per gram of

adipose tissue, in comparison to around 100–1000 CFU-F
per milliliter from bone marrow [5, 6]. Its high proliferation
rate facilitates expanding ADMSCs in the laboratory for
therapeutic purposes. Furthermore, it has been shown that
these cells have four properties that could be useful in cell
therapy: angiogenicity, osteogenicity, immunomodulation,
and promotion of tissue remodeling [7].
ADMSCs of different species can be induced to
osteogenic differentiation by stimulation with some members
of the bone morphogenetic protein family (BMPs) [8–10].
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Although the mechanism is still unclear, multiple BMPs
promote osteogenic differentiation of ADMSCs, mostly
through the SMAD and the noncanonical Wnt mediated
Wnt5a signaling pathways [11]. This osteogenic differentiation
can be achieved by stimulation with homodimeric or
heterodimeric combinations of BMP ligands. Some reports
suggest that BMP2/BMP7 or BMP2/BMP9 combinations are
more effective in inducing osteogenesis in MSCs [12–14].
Most preclinical trials for osteogenic induction using
MSCs and BMPs have been tested in rodents and other
small animals [15–18]. Preclinical trials in large animals are
necessary to obtain morphological and biomechanical information of implants based on MSCs that try to repair bone
defects in large mammals, particularly in bones supporting
body weight such as leg bones [19–21]. In addition, some
reports reveal differences in osteogenic potential between
species [22]. Although preclinical data of implants for bone
regeneration employing MSCs are increasing, data generated
from large mammals, such as sheep, are needed for scaling
and translating technologies for clinical trials.
Our team previously generated an implant for bone
regeneration in a canine mandibular distraction model. The
implant was constituted by bone marrow MSCs transduced
with BMP2 and embedded in DBM [23]. For the present
report, the challenge was to repair a major lesion in the tibia
of a sheep model. This bone is involved in supporting body
weight at rest and during the movement of this large mammal.
To assess the quality of newly formed bone, physical and histological evaluations were performed to test this implant, by
studying the speed of the osteogenic regeneration, the quality
of the healed tissues, and the morphology of the regenerated
bones. The study group treated with BMP2/BMP7 transduced
ADMSCs was compared with controls including a group
treated with an implant of nontransduced ADMSCs and with
a group of injured but untreated sheep.

2. Materials and Methods
This study was approved by the Ethics Committee of the
University Hospital of the Universidad Autonoma de Nuevo
Leon (UANL) with approval number BI12-003. Care of the
animal used during experimental protocols was conducted
according to the Mexican Official Standard for the handling
of laboratory animals (NOM-062-ZOO-1999) within the
premises of the School of Veterinary Medicine of the UANL.
2.1. Generation of Adenoviral Vectors. Adenoviral vectors
AdBMP7 and AdBMP9 were constructed using the AdEasy
vector system (Agilent Technologies, Santa Clara, CA)
according to the methodology by Luo et al. [24]. AdBMP7
and AdBMP9 are first generation serotype 5 adenoviruses
(ΔE1, ΔE3) that are transgene carriers of the human
BMP7 and BMP9 proteins, respectively, directed by the
cytomegalovirus (CMV) early promoter. AdBMP2 is a previously described [25] adenoviral vector carrying the BMP2
protein, kindly donated by Dr. Cristopher Evans. Recombinant adenoviruses were amplified in HEK293 cells, purified
with cesium chloride gradients and dialyzed in buffer consisting of 10 mM Tris-HCl (pH 8.0), 140 mM NaCl, 1 mM
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MgCl2 , and 10% glycerol. Viral titration was performed by
determining the optical density at 260 nm and by lytic plaques
forming units according to the AdEasy vector system manual
(Agilent Technologies).
2.2. Isolation and Characterization of Adipose Tissue ADMSCs. ADMSCs were isolated from biopsies of approximately
4 grams of sternal adipose tissue from sheep with a weight of
20 kg. Biopsies were transported at 4∘ C in phosphate buffer
(PBS) supplemented with antibiotic/antimycotic and processed within the first 2 hours after lipectomy. Adipose tissue
was excised and digested with type I collagenase 0.1% for
30 minutes at 37∘ C under constant stirring. After enzymatic
digestion, it was centrifuged at 1,000 ×g for 5 minutes to form
a cell pellet. The supernatant was discarded and 3 washes with
PBS were performed to remove the fat phase and tissue debris.
The cell pellet was resuspended in Dulbecco’s Modified
Eagle’s medium (DMEM) (Invitrogen) supplemented with 1x
glutamine (Invitrogen), 10% fetal bovine serum (FBS) (Invitrogen), and 1x antibiotic/antimycotic (GIBCO). Cells were
incubated at 37∘ C with 5% CO2 for 3 days. Nonadherent cells
were removed with the spent medium and medium changes
were performed periodically until an 80% confluence.
For immunophenotyping 106 cells per animal were
used using anti-CD271-PE (Miltenyi Biotec), anti-MSCA1 (W8B2)-APC (Miltenyi Biotec), and anti-CD45-FITC
(Beckman Coulter) antibodies. CyAn ADP Analyzer (Beckman Coulter) cytometry was used for measurements. In
addition to immunophenotyping, expression of the markers
CD34, CD45, CD116, CD73, and GAPDH was determined
by qPCR (quantitative real-time PCR) as an internal control
using the primers listed in Supplementary Table S1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2016/7403890. For this, RNA extraction of total
ADMSCs third passage with TRIzol (Invitrogen) was performed following the manufacturer’s instructions and cDNA
was synthesized using SuperScript III First-Strand Synthesis SuperMix (Invitrogen), SYBR GreenER qPCR SuperMix (Invitrogen), and they were analyzed by the 2−ΔΔCt
method. cDNA, 100 ng, was used for each reaction.
2.3. Differentiation of ADMSCs In Vitro. We seeded 90,000
cells/well in 6-well plaques and incubated these overnight
at 37∘ C with 5% CO2 . Afterwards, ADMSCs were transduced with AdBMP2, AdBMP7, AdBMP9 (MOI = 100) and
AdBMP2/AdBMP7 and AdBMP2/AdBMP9 (MOI = 50/50)
combinations for 3 hours; subsequently 3 washes with PBS
were performed. A positive control in which cells were
stimulated with osteogenic medium (Advanced DMEM 10%
FBS, 50 𝜇M ascorbic acid, 10 mM 𝛽-glycerophosphate, and
100 mM dexamethasone) and a negative control of unstimulated cells were included. All experiments were performed
in triplicate.
2.4. qPCR to Assess Osteogenic Differentiation. Osteogenic
differentiation was assessed by osteocalcin (OC) and collagen
type I (Col I) expression on days 8, 16, and 32 after induction
using qPCR with the primers listed in Supplementary Table
S1. Expression of the GAPDH gene was measured as a
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gene normalizer. The reactions were performed as described
above. The values registered for the unstimulated cells group
(negative control) were considered baseline levels of expression and these were subtracted from the values of the other
two groups.
2.5. Histological Staining. Histological analyses were performed on days 1 and 32 after induction of ADMSCs transduced with individual and combined adenoviral vectors and
positive and negative controls as mentioned above. Masson’s
trichrome stain was used to observe cell morphology and
collagen deposits, and von Kossa staining was used to observe
calcium deposits. The production of type I and type II
collagen was evaluated by immunohistochemistry (IHC).
Slides were observed under a Nikon Model E600 microscope.
2.6. ELISA. Production of BMP2 and BMP7 proteins was
verified by ELISA in ADMSCs transduced with AdBMP2,
AdBMP7, the combination AdBMP2/AdBMP7, and the positive and negative controls on days 8, 16, and 32 after induction,
using the commercial kits Quantikine-ELISA Human BMP2
and Quantikine-ELISA Human BMP7 (R&D Systems).
2.7. Obtaining Demineralized Bone Matrix (DBM). The DBM
was obtained from sheep cancellous bone. The bones were
ground in a special mill for bone. Traces of blood and fat
were completely eliminated with a solution of 3% H2 O2 and
distilled, hot, sterile water. Subsequently, demineralization
of the bone was conducted with 0.6 N HCl solution for 24
hours. Washes with distilled and sterile water were performed
and the solution neutralized with a phosphate buffer at pH
7.0. The ground and demineralized bone was lyophilized
to −0.070 mbar at −45∘ C for 24 hours and subsequently
sterilized with gamma radiation.
2.8. Bone Regeneration Assays In Vivo. Twenty-one Pelibuey
ewes of approximately 6 months of age and approximately
20 kg were used. Sheep were randomly assigned to three
experimental groups made up of seven sheep each: Group
I, control without an implant; Group II, implant with a
DBM seeded with ADMSCs without transduction; Group
III, implant with a DBM and ADMSCs transduced with
AdBMP2/AdBMP7. The sheep were subjected to a first
surgery to obtain adipose tissue, which was processed for the
isolation of ADMSCs by enzymatic digestion with collagenase I, as described above. ADMSCs were grown to 106 cells
per animal.
2.8.1. Generation and Grafting of Implants. Ten million
ADMSCs obtained from adipose tissue for the generation
of the implants were used; these were embedded in 1 cm3
of DBM in 24-well plates. For Group III, ADMSCs were
previously transduced with the vectors AdBMP2/AdBMP7
for 3 hours and then 3 washes with PBS were performed as
described for the differentiation in vitro. The implants were
transported on ice under sterile conditions immediately to
the School of Veterinary Medicine and Animal Husbandry
where the surgical procedure was performed. Surgery consisted of a distraction of the tibia under general anesthesia

3
with a first step of sedation with ketamine (1 mL/10 kg of
weight) and xylazine (0.5 mL/kg of weight). Later, the anesthetic 5% isoflurane was administered via an intratracheal
tube and administration of the anesthetic was continued at 12% throughout the surgery with oxygen. Aseptically and with
the animal in lateral decubitus, the medial side of the posterior tibial shaft was approached. The periosteum in the same
area was removed, the center of the tibial shaft was identified,
and a block of bone of 1 cm3 was removed with the aid of
a hand saw. One 3.5 mm dynamic compression plate (DCP)
was placed, and a bone distraction of 10 mm was verified. The
3.5 mm DCP was fixed with 4 proximal and 4 distal osteotomy
screws. Closure was performed with continuous 2-0 vicryl
suture. Postoperative recovery was carried out in individual
metabolic cages. During the next 7 days postsurgically, 12 mL/40 kg/24 h of Ceftiofur sodium (40 mg/mL) and 12 mL/50 kg/24 h of Flunixin (50 mg/mL) were administered
intramuscularly; also, daily cleaning of the wound was carried
out until healing with an antiseptic povidone-iodine solution
and 10% Aluspray (Vetoquinol, France).
2.8.2. Radiographic Analysis and 3D Tomography. Immediately postoperative, anteroposterior, and lateral X-rays were
performed to confirm the space between the proximal and
distal ends of the tibia. Each experimental group was given
radiographic followup at weeks 4, 7, and 10. Five radiographic images of each animal at different observation times
were obtained. 3D computerized tomography (CT) scan was
performed in postmortem specimens of the injured bones
from each animal. The bone segments were arrayed in the
experimental groups abs immobilized in vertical position on
a cardboard surface and were analyzed with a General Electric Light Speed VCT system using the following protocol:
100.0 kV, 100 mA, and 0.6 mm. This study was performed
to study bone shapes, transversal structure and density, and
bone regeneration.
2.8.3. Specimen Collection and Evaluation of Osteogenesis.
Ten weeks after surgery, the sheep were euthanized with
an intravenous overdose of phenobarbital-KCl and implants
were retrieved for a postmortem neoformed bone assessment
with histological staining of the fragment of the injured area
of the sheep from each group. Before fixation, bone specimens
were analyzed by CT scan as described before. For histological staining, implant areas were removed and fixed with
formalin and glutaraldehyde for 7 days and decalcified with
formic acid 10% for two weeks and 2 N HCl for 24 h. They
were then dehydrated in alcohol and included in paraffin.
Five-micron thick sections were made for staining with H&E
and Masson’s trichrome to observe morphology/cell repopulation and bone matrix synthesis, respectively. IHC was also
performed for detection of collagen type I, collagen type II,
and collagen type X, for which a pretreatment in buffer citrate
pH = 6.0 was done, which consisted of preheating at 65∘ C
and then incubation at 85∘ C for 20 minutes. Anti-collagen
type I (rabbit polyclonal, dilution 1 : 300, cat. # ab34710),
anti-collagen type II (rabbit polyclonal, dilution 1 : 500, cat.
# ab34712), and anti-collagen type X (rabbit polyclonal,
dilution 1 : 500, cat. # ab58632) antibodies from Abcam were
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Figure 1: Relative expression analysis of (a) osteocalcin and (b) type I collagen by qPCR of MSCs transduced with AdBMP-2, AdBMP7,
AdBMP9, and the combinations AdBMP2/AdBMP7 and AdBMP2/AdBMP9 on days 8, 16, and 32 after induction. The combination
AdBMP2/AdBMP7 shows higher levels of osteocalcin and osteopontin and these were maintained for 32 days. ∗∗∗ significance level 𝑃 < 0.05.

used. Sections were incubated with antibodies for 15 mins at
room temperature and detected using the Mouse & Rabbit
Specific HRP/DAB Detection IHC Kit, also from Abcam.
Sections were counterstained with hematoxylin.
2.8.4. Biosafety and Toxicity Studies. Biosafety tests were
conducted to evaluate the possible effect of adenoviral vectors
on animals (particularly, inflammatory liver injury). Liver
function tests and a blood count of each animal was performed one day before taking adipose tissue and 20 days after
implant surgery. For each of the sheep, two blood samples
from the jugular vein before and after the procedure were
drawn.
2.9. Statistical Analysis. Expression data were analyzed to
find statistically significant differences between the values of
each experimental group using Student’s 𝑡-test. SigmaPlot v11
(Systat Software) was used. The data are presented as mean ±
standard deviation. The data obtained from ELISA tests were
analyzed by the ANOVA test. A 𝑃 value < 0.05 was considered
significant.

3. Results
3.1. Characterization of ADMSCs. The cells isolated from
adipose tissue showed fibroblastoid morphology and the
mesenchymal phenotype was confirmed by positivity for
the surface markers CD271 and MSCA-1 (85% of the cell
population for both markers) and negative for CD45. qPCR
demonstrated expression of CD166 and CD73 characteristic
of ADMSCs and absence of CD45 and CD34, characteristic
markers of hematopoietic cell lines.
3.2. In Vitro Differentiation Assays. Relative expression analysis of osteocalcin I and type I collagen mRNA was measured
at different days of observation (days 8, 16, and 32) in the
following groups: a positive control of ADMSCs cultured

in osteogenic medium, ADMSCs singled transduced with
AdBMP2, AdBMP7, AdBMP9, and combined transductions
with AdBMP2/AdBMP7 and AdBMP2/AdBMP9. This study
showed significantly increased levels of tested messengers in
the group treated with the AdBMP2/AdBMP7 combination
(Figures 1(a) and 1(b)). The effect in the group treated with
AdBMP2 also showed a sustained, but less intense effect, similar to that observed in the control group for osteocalcin, and
low levels of transcripts for collagen I. Although ADMSCs
transduced with AdBMP7 had the highest expression levels
of osteocalcin I and collagen type I, these were not sustained
until day 32, as what also occurred with AdBMP9 and the
AdBMP2/AdBMP9 combination. Additionally, cell death was
observed in the cultures treated with AdBMP9 alone and
in combination at day 32 of incubation. For this reason it
was not possible to determine the production of proteins in
subsequent assays.
Special stains, Masson’s trichrome and von Kossa, were
used to identify collagen and calcium deposits, respectively,
in the experimental groups. Masson’s trichrome showed the
presence of collagen matrix on day 32 in ADMSCs transduced
with the AdBMP2/AdBMP7 combination with a discrete blue
staining of collagen mesh. However, the AdBMP2/AdBMP9
combination showed a higher proportion of collagen, resembling the staining of the positive control group (Figure 2(a)).
The von Kossa stain identified scattered calcium deposits on
the slides at day 1 after induction. The deposits at day 32
were mostly concentrated in a colocalization with the cell
population; more deposits were observed with the combinations AdBMP2/AdBMP7 and AdBMP2/AdBMP9, with the
combination AdBMP2/AdBMP7 being most similar to the
positive control in cell organization and intensity of staining
(Figure 2(b)). The presence of type I collagen by IHC was well
established in the AdBMP2, AdBMP9 groups and with the
combination AdBMP2/AdBMP7, with the latter group presenting a more uniform distribution of collagen type I fibers
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Figure 2: Histological staining at days 1 and 32 of culture. Masson’s trichrome for the identification of collagen and amorphous material; (b)
von Kossa for the identification of calcifications; (c) IHC for collagen I; (d) IHC for collagen II. PC: positive control; NC: negative control.
Micrographs with 10x amplification.
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Figure 3: ELISA. (a) Analysis of the protein BMP2 and (b) BMP7 by ELISA of MSCs transduced with the vectors AdBMP2, AdBMP7, the
combination AdBMP2/AdBMP7, and the positive (OSTEO) and negative (DMEM) controls on days 8, 16, and 32 after induction.

between cells (Figure 2(c)). Collagen type II was detected
slightly in most cells at day 1 of culture and was absent in
all groups at day 32, except for the combination AdBMP2/
AdBMP7 (Figure 2(d)).
Levels of BMP2 and BMP7 proteins measured by ELISA
showed that expression of BMP2 was sustained up to day
32 in the group transduced with the combination AdBMP2/
AdBMP7, with this expression being different from the rest
of the groups in the same observation period (𝑃 < 0.05)
(Figure 3(a)). Conversely, expression of BMP7 at day 32 was
higher in the positive control; however, at days 8 and 16, the
expression of BMP7 in the ADMSCs groups transduced with
AdBMP7 and the AdBMP2/AdBMP7 combination showed
greater expression with their levels being maintained up
to day 32 (Figure 3(b)). Different statistical differences
were established for the BMP2 and BMP7 expression levels
between groups in each of the observation points (ANOVA
𝑃 < 0.05).
3.3. Bone Regeneration Assays In Vivo. Radiographic followup at 10 weeks showed a faster closure of the lesions in
Group III (Figure 4). The lesion in this group was completely
filled at week 7 after implant. In contrast, bone distractions
in the Groups I and II were not fully filled at week 10
of followup. Radiographic images also showed that bone
formation in control groups was altered, causing a bone
deformation in the area of the lesion, while in Group III, the
X-ray showed that the lesion was uniformly filled, resulting in
a bone appearance and consistency similar to that of a healthy
bone.
Postmortem H&E histological comparisons among the
groups, including healthy tibia as a positive control (PC),
showed that bones in Group III have preserved periosteum
and the cortex showed a compact and uniform bone matrix,
consisting of osteocollagen, with immersed gaps of bone
cells (osteocytes) and blood vessels in the lamellar bone

architecture. In Group I, periosteal thickening was seen, and
areas of dense fibrous tissue were observed in cortical and
trabecular bone. In the medullary cavity, extended fibrosis
with scarce cancellous bone, lack of hyaline cartilage, and
abundant amorphous and fibrillar material was observed.
Furthermore, lymphocyte, plasma cells, and macrophages
infiltrates were also observed. Group II showed thickening
of periosteum, while the bone cortex showed formation of
highly vascularized fibrocollagenous zones. Small areas of
hypertrophic hyaline cartilage were present in the medullary
cavity of the lesion with large areas of fibrous tissue. In
Group III, the periosteum appeared thin and slightly fibrous,
with abundant stellate and fusiform differentiating cells. Bone
cortex showed abundant cancellous tissue constituted by a
uniform and compact matrix without cartilaginous tissue.
The proportion of compact bone tissue was greater than in
groups I and II (Figure 5(a)).
The blue coloring of the collagen matrix by Masson’s
trichrome demonstrated that production of collagen matrix
in Group III was higher when compared to the other groups,
which showed fibrous tissue and amorphous material. The
compact and uniform collagen matrix of Group III resembled
the matrix of healthy tibia (Figure 5(b)). IHC studies showed
type I collagen in all three groups (Figure 6(a)). Focal areas
of hyaline cartilage showed weak staining for type II collagen
in Group I (Figure 6(b)). Type X collagen was present in
trabecular bone in all groups (Figure 6(c)).
3.4. 3D CT-Scan Analysis. Sagittal sections of the treated
tibia from each sheep per group were performed and noninjured tibias were used as healthy controls (Figure 7).
In Groups I and II, bones were totally deformed by the
formation of calluses in the area of the lesion without defining
the cortex and medulla, while in Group III images that more
closely resembled a healthy tibia they were seen. In Figure 8
the lesion area of each sheep is shown and it can be seen that,
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Figure 4: Radiographic followup at 0 to 10 weeks of treatment groups: Group I, control without an implant; Group II, implant with a DBM
seeded with MSCs without transduction; and Group III, implant with a DBM and MSCs transduced with AdBMP2/AdBMP7. Scale bar: 1 cm.

in Group III, bones are more uniform in appearance, size, and
cortical density, similar to the control tibias.

inflammatory processes or alterations in liver function tests
demonstrate any adverse effects.

3.5. Biosafety and Toxicity Studies. Table 1 shows the laboratory tests that were performed before and 20 days after
surgery to assess the overall toxicity of adenoviral vectors
used in Group III. It can be seen that the results were within
normal values reported for this species, showing that no

4. Discussion
This study analyzed the in vitro osteogenic potential of
ovine ADMSCs transduced with AdBMP2, AdBMP7, and
AdBMP9 alone and in the combinations AdBMP2/AdBMP7

8

Stem Cells International
Group I

Group II

Group III

H&E

PC

T. Masson

(a)

(b)

Figure 5: Postmortem histological staining. (a) H&E; (b) Masson’s trichrome. PC: positive control. Micrographs with 10x amplification.
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Figure 6: Postmortem IHC. (a) IHC for collagen I; (b) IHC for collagen II and (c) IHC for collagen X. Micrographs with 10x amplification.
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Table 1: Toxicity studies related to the use of adenoviral vectors.

Analytical parameter

Reference range

Group I

Group II

Group III

Pre S

Post S

Pre S

Post S

Pre S

Post S

4000–12000

5507.5 ± 0.3

11086 ± 0.3

9748.3 ± 0.3

8375 ± 0.2

11251.7 ± 0.5

8758.3 ± 0.3

9–15

11.9 ± 0.2

9.72 ± 0.1

10.2 ± 0.2

10.3 ± 0.1

10.7 ± 0.1

10.1 ± 0.1

220–680

376.2 ± 0.5

832.2 ± 0.3

470.3 ± 0.2

779.3 ± 0.4

684.1 ± 0.4

720.8 ± 0.5

PT (g/dL)

6.0–7.9

6.36 ± 0.1

6.68 ± 0.1

6.1 ± 0.0

7.1 ± 0.1

6.8 ± 0.1

6.8 ± 0.1

Albumin (g/dL)

2.4–3.0

3.46 ± 0.1

2.9 ± 0.1

3.1 ± 0.1

3.1 ± 0.1

3.1 ± 0.1

3.2 ± 0.1

Globulin (g/dL)

3.5–5.7

2.86 ± 0.1

3.76 ± 0.2

3.05 ± 0.1

4.2 ± 0.3

3.7 ± 0.2

3.5 ± 0.2

AST (IU/L)

66–194

146.4 ± 0.4

174.6 ± 0.3

131.5 ± 0.3

140.3 ± 0.6

112.1 ± 0.1

104.3 ± 0.2

ALT (IU/L)

12–37

17.8 ± 0.3

27 ± 0.9

19 ± 0.5

16.7 ± 0.3

15 ± 0.6

16.5 ± 0.4

Leukocytes (𝜇L)
Hemoglobin (g/dL)
Platelets
(thousands/𝜇L)

Total bilirubin
(mg/dL)
Total bilirubin
(mg/dL)
Indirect bilirubin
(mg/dL)

0.0–1.0

0.108 ± 0.4

0.032 ± 0.4

0.1 ± 0.6

0.04 ± 1.1

0.06 ± 0.6

0.04 ± 0.8

0.0–0.2

0.03 ± 0.2

0.03 ± 0.4

0.1 ± 0.8

0.1 ± 1.2

0.04 ± 1.0

0.1 ± 0.7

0.0–1.0

0.076 ± 0.6

0.03 ± 0.4

0.1 ± 0.8

0.1 ± 1.2

0.04 ± 1.0

0.1 ± 0.7

Alkaline phosphatase
(IU/L)

68–387

305.8 ± 0.5

134.4 ± 0.2

167.5 ± 0.6

188.5 ± 0.3

198 ± 0.4

211.3 ± 0.3

GGT (IU/L)

36–102

53.8 ± 0.2

51.8 ± 0.1

68.2 ± 0.3

73.7 ± 0.3

49.07 ± 0.2

58.0 ± 0.4

Pre S: presurgery; Post S: postsurgery.

Group III

Group II
Group I
Control

Figure 7: 3D computerized tomography of a sagittal slice of sheep
bones 10 weeks after surgery (postmortem) represented by group.

and AdBMP2/AdBMP9. The aim was to determine the optimum components for the design of an implant for bone
regeneration preclinical trials in a mammal model for a major
bone lesion that allows thinking about future translation of
this therapy into clinical trials.
In vitro gene expression studies demonstrated that
the combination AdBMP2/AdBMP7 stimulates sustained
expression of osteogenic markers until day 32 of observation.
Histology of this group shows a production of a collagen
matrix and suitable mineralization. IHC showed that collagen
type I is the predominant protein in the collagen matrix
formed by the ADMSCs stimulated with AdBMP2/AdBMP7.
Although AdBMP7 alone stimulates increased expression of
both osteogenic markers by day 16, these levels fall at day

32 in in vitro assays. Nonsustained expression of osteogenic
markers in this group and the loss of adherence to the culture
dish may suggest an altered osteogenic differentiation.
Zhu et al. evaluated the expression of osteogenic markers
in cells A549, C2C12, and MC3T3-E1 transduced with the
adenoviral vectors carrying BMP7, BMP2, and an adenovirus
without transgene, alone and in combination. They found
that, after 12 days of transduction, the combination BMP2 and
BMP7 overexpressed alkaline phosphatase and osteocalcin 6
to 40 times more than treatment with BMP2 and BMP7 alone
[26]. In addition, this combination significantly increased the
rate of bone formation and spinal fusions in a mouse model
[26, 27].
This study also demonstrates that BMP2 and BMP7
proteins are produced at high concentrations. BMP2 was
expressed higher and more consistently, particularly in cells
transduced with the combination Ad-BMP2/AdBMP7 at day
32 of incubation. Koh and colleagues, who used transduced
fibroblasts with adenovirus carrying the genes of the BMP2
and BMP7 to regenerate craniofacial bone, reported similar results. These researchers also observed high alkaline
phosphatase production with this combination [28]. Qing
et al. studied bone regeneration using stem cells derived
from rat adipose tissue transduced with lentivirus carriers
of the BMP2 and BMP7 genes. They observed high alkaline
phosphatase activity, calcium deposits, and high expression of
the osteogenic markers osteocalcin and osteopontin after 14
days of incubation [29]. Currently, the recombinant proteins
rhBMP2 and rhBMP7 have already been approved by the
Food and Drug Administration (FDA) to be used in clinical
trials [30]. Some reports of the use of rhBMP2 and rhBMP7
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Figure 8: 3D computerized tomography of the area of a lesion in each sheep by group 10 weeks after surgery (postmortem).

in bone regeneration trials in rodents show promising results
that demonstrate ossification between weeks 6 and 8 after
treatment [26, 27, 31–33].
In an ovine model of bone distraction, the osteogenic
potential of rhBMP2 at a dose of 4 mg/day on days 3, 10, and 17
after distraction of the tibia was evaluated and it was observed
that 3 days of treatment were sufficient to regenerate normal
trabecular microarchitecture [34]. However, the production
of recombinant proteins is still a costly process and treatment
requires repeated applications, which increases the cost of
therapy. Recently, a slow release method for rhBMP2 and
rhBMP7 was tested in a fibrin hydrogel of hyaluronic acid for
regeneration of spinal disc in goats in a period of 12 weeks;
but no disc regeneration was observed in any of the study
groups. The authors postulate that this could occur due to the
low doses of BMPs, a short followup time, and/or insufficient
release of the heterodimers rhBMP2/rhBMP7 [20].
Alternative techniques based on gene transduction using
naked DNA or viral vectors for the expression of BMPs can be
option for the development of self-stimulated implants that
steadily express growth factors at the site of the lesion, in large
and small mammals [29, 35–37]. However, the injection of
AdBMP2 and Ad-BMP7 in the site of an osteotomy in 450 kg
equines to induce osteogenesis after a 16-week evaluation did
not show differences between the control and the transduced
groups [38].
In vivo analysis of this study showed a satisfactory
recovery of sheep in Group III. Radiologic studies showed
that complete bone healing in this group was achieved in less
time (7–10 weeks) unlike other experimental groups where
consolidation was not achieved and bone deformation was
observed. In the 3D CT scan, it was observed that, in Group
III, shape, size, structure, and cortical density were more
similar to the control group than to Groups I and II. Also, no
liver or inflammatory disorders due to the use of adenoviral

vectors were found. Dong and colleagues reported that
complete bone healing was achieved using MSCs transduced
with a recombinant adenovirus AdCbfa1a at 12 weeks after
a lesion to the right radius in the front leg in rabbits [39]. In
the canine model where the implant with MSCs transduced
with AdBMP2/AdBMP7 was previously tested, radiographic
followup showed complete healing in the treated jaw at
week 6 after distraction [23]. These data indicate a marked
reduction in bone healing time when genetically modified
MSCs are used.
In summary, the discussed reports illustrate the technical
difficulties that persist for the development of a promising
implant, but the results of the present study support the generation of an optimal implant for bone regeneration in sheep.
4.1. Conclusions. The present study demonstrates the
enhanced and sustained effect of the transduction of ovine
ADMSCs with a combination of BMP2 and BMP7 that
is suitable for the development of a bone regeneration
implant to be tested in a sheep model with the purpose of
advancing preclinical analyses for future clinical trials of
bone regeneration.
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Research on mesenchymal stem cells (MSCs) continues to progress rapidly. Nevertheless, the field faces several challenges, such as
inherent cell heterogeneity and the absence of unique MSCs markers. Due to MSCs’ ability to differentiate into multiple tissues,
these cells represent a promising tool for new cell-based therapies. However, for tissue engineering applications, it is critical to start
with a well-defined cell population. Additionally, evidence that MSCs subpopulations may also feature distinct characteristics and
regeneration potential has arisen. In this report, we present an overview of the identification of MSCs based on the expression
of several surface markers and their current tissue sources. We review the use of MSCs subpopulations in recent years and the
main methodologies that have addressed their isolation, and we emphasize the most-used surface markers for selection, isolation,
and characterization. Next, we discuss the osteogenic and chondrogenic differentiation from MSCs subpopulations. We conclude
that MSCs subpopulation selection is not a minor concern because each subpopulation has particular potential for promoting the
differentiation into osteoblasts and chondrocytes. The accurate selection of the subpopulation advances possibilities suitable for
preclinical and clinical studies and determines the safest and most efficacious regeneration process.

1. Introduction
Stem cells are well defined by their ability to self-renew and to
differentiate into a range of cell types. In the adult organism,
these cells are responsible for maintaining the homeostasis
of their respective tissues. The maintenance of stemness and
pluripotency of stem cells proceeds in the stem cell niche,
where stem cells receive adequate signals from the stroma
and other cell types either via receptors or by secreted soluble
factors within this microenvironmental niche [1].
Mesenchymal stem cells (MSCs) were generally defined
based on their capacity to self-renew and on their phenotype.
The International Society for Cellular Therapy (ISCT) has
proposed the following minimum criteria for the definition
of the MSCs: (I) adherence to plastic surfaces under standard
cell culture conditions; (II) the expression of cell surface

markers, such as CD90, CD73, and CD105, and the lack of
expression of CD14, CD34, CD45, CD79, or CD19 and HLADR, and (III) the capability to differentiate into chondrocytes,
osteoblasts, and adipocytes [2].
Considerable effort has been expended to identify specific
surface markers that characterize MSCs, yet disagreement in
the literature has prevented the creation of definitive standards. In this regard, additional studies have also associated
other markers with MSCs, such as CD271, Stro-1, vascular cell
adhesion molecule-1 (VCAM-1), and CD146 [3–5].
The current review highlights recent findings in the
identification and isolation of MSCs subpopulations, which
could improve expansion strategies in the near future and
the clinical use of MSCs differentiated into osteogenic and
chondrogenic lineages.
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MSCs subpopulations from several sources in conjunction with specific growth factors and/or scaffold are potentially useful for a variety of clinical orthopedic conditions
involving bone and cartilage. There are several clinical
trials using MSCs subpopulations to repair critical-sized
injuries caused by trauma or infection, aside from replacing
chronically degenerated tissue, such as articular cartilage.
We recognize that variability in MSC-based clinical trial
outcomes is likely due not only to differences amongst various
MSCs sources but also to cell heterogeneity and inadequate
selection of the subpopulation.

2. Sources of Mesenchymal Stem Cells
MSCs were first depicted by Friedenstein et al. in 1968 as
adherent fibroblast-like cells with multipotent differentiation abilities. This study indicated that clonal populations
belonging to the colony forming unit-fibroblastoids (CFUFs) result in osteoblasts, chondrocytes, and hematopoietic
supportive cells in vivo [6]. MSCs were initially isolated from
bone marrow (BM), and, in recent years, the isolation of
adult mesenchymal stem cells from different sources has been
reported. The comparative quality, character, and differentiation potential of MSCs from each of these sources differ and
are still debated. MSCs have been isolated from multiple adult
human tissues, such as adipose tissue [7, 8], articular cartilage
[9], brain [10], endometrium [11], menstrual blood [12],
peripheral blood [13], skin and foreskin [14, 15], and synovial
fluid [16]. Additionally, perinatal organs and tissues that are
normally discarded after delivery, namely, amniotic fluid [17],
amniotic membrane [18, 19], full placenta and fetal membrane
[20], subamniotic umbilical cord lining membrane [21, 22],
and Wharton’s jelly [23], have been shown to be rich sources
of proliferative MSCs. Other sources include dental tissue,
such as the pulp tissue of permanent human dental pulp
stem cells (DPSCs) [24], stem cells from human exfoliated
deciduous teeth (SHED) [25], periodontal ligament progenitor cells (PDLPs), and PDL stem cells (PDLSCs) [26]. Satellite
cells in muscle and pericytes around blood vessels also share
multipotent characteristics to differentiate into connective
tissue phenotypes under specific conditions [27, 28].
Interestingly, in recent years, the use of bone marrow as a
source of MSCs has decreased. A strong trend is observed in
the use of various postfetal tissues besides adipose tissue as a
major source for isolation.

3. Mesenchymal Stem Cell Subpopulations
MSCs were first identified in the bone marrow as an
adherent population of nonhematopoietic stem cells with
the capability of differentiating into different cell types of
predominantly mesodermal origin. Cultures of MSCs show
high heterogeneity, and the application of MSCs cultures in
tissue regeneration depends mainly on their differentiation
potential. Consequently, researchers are actively attempting
to preselect cell subpopulations with higher osteochondrogenic potential in order to achieve a thorough translation of
MSC-based therapies for orthopedic applications. Research
over the last years has demonstrated that the use of a specific
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MSCs subpopulation ensures successful differentiation into a
particular cell line.
MSCs are classically selected on the basis of their adherence to plastic, which however results in a heterogeneous
population of cells. Prospective identification of the antigenic
profile of the MSCs population (subpopulations) by FACSbased (fluorescence-activated cell sorting) approaches gives
rise to cells with MSCs activity in vitro and would allow for
the isolation of very pure populations of MSCs for research
or clinical use [29, 30].
Several markers have been proposed to enrich these
subpopulations, but the majority of these markers are defined
for BM. In addition to a phenotypic variation depending
on the MSCs source, the surface markers of freshly isolated
MSCs may also differ from those of cultured MSCs. Although
there have been attempts to increase MSCs purity by physical
means, positive selection based on a specific MSCs marker
offers a better alternative. Amongst a number of positive
markers proposed in the past, CD271, CD105, CD44, CD90,
and CD117 seem to offer adequate selectivity. Moreover, the
isolation of homogeneous MSCs is best achieved by cell
sorting with a combination of positive and negative markers.
Blood vessels within skeletal muscle anchor several
precursor populations. It is reported that pericytes, which
surround endothelial cells of capillaries and venules, possess multipotent differentiation potential [28, 31]. In 2012,
Corselli et al. reported that, in addition to MSCs being
derived from pericytes, adventitial cells could also give rise
to MSCs [32]. In a recent article by Zhao et al., it was
demonstrated that, during incisor trauma, pericytes and
adventitial cells (perivascular stem cells, PSC) are recruited
to modulate hemostasis and repair. Further, in vitro, these
PSC were shown to exhibit typical MSCs features. Sorting pericytes (CD45− /CD146+ /CD34− ) and adventitial cells
(CD45− /CD146− /CD34+ ) by FACS is a process that requires
a few hours [33–35] (Figure 1). This isolation method allows
simultaneous purification of three multipotent cell populations, from three structural layers of blood vessels: pericytes
from media, adventitial cells from adventitia, and myogenic
endothelial cells from intima [36]. More recently, König et al.
enriched a CD146+ subpopulation (CD146+ /NG2+ /CD45− )
of pericytes from an isolated stromal vascular fraction of
mouse fat tissue and demonstrated its efficient osteoblasts
differentiation in vitro and ability to colonize cancellous
bone scaffolds and regenerate large bone defects in vivo
[37].
In a study conducted by Busser et al. (2015), immunomagnetic selections with 5 single surface markers were performed
to isolate MSCs subpopulations from BM and adipose tissue
(AT): CD271, SUSD2, MSCA-1, CD44, and CD34. Compared
to the whole population of unselected ADSCs, the authors
observed that CD271 selection can define AT cell population
with higher multipotency and a higher proliferative capability
[38].
Cuthbert et al. used FACS for the isolation of the
subpopulation CD45low /CD73+ /CD271+ from BM phenotype
in order to enrich MSCs fractions. CD271+ immunomagnetic selection resulted in a substantial increase in MSCs
purity and high expression of bone-related transcripts and
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Figure 1: Pericytes and adventitial cells associated with skeletal
muscle microvessels. A scheme showing the MSC subpopulations
present in the three structural layers of blood vessels: pericytes
(green) from media, adventitial cells (yellow) from adventitia, and
myogenic endothelial cells from intima. Illustration of the phenotype of the corresponding cells: pericytes (CD45− /CD146+ /CD34− )
and adventitial cells (CD45− /CD146− /CD34+ ).

vascularization, such as BMP-2, COL1A2, VEGFC, and
SPARC transcripts [39].
Clearly, the use of strategies based on the coexpression
of more than one surface marker improves the purity of the
isolated MSCs population.
Mabuchi et al. (2013) reported in fresh human BM an
improved clonal isolation technique and demonstrated that
the combination of three cell surface markers (LNGFR, THY1, and VCAM-1) allows the selection of highly enriched
clonogenic cells. The marker combination LNGFR+ /THY1+ /VCAM-1+ (LTV) represents a valuable strategy for the
isolation of MSCs with broad potentiality features that are
genetically more stable [40].
Likewise, based on the simultaneous use of three stem
cell markers, Leyva-Leyva et al. (2013) selected and sorted
by FACS two homogeneous subpopulations of hMSCs
which coexpress the CD73+ /CD44+ /CD105+ (6%–12%) or
CD73+ /CD44+ /CD105− (80%–88%) antigens. This systematic method for the isolation of hMSCs generated homogeneous cultures for osteoblast differentiation with an enhanced
ability to mineralize [18].
3.1. Osteogenic Differentiation from Mesenchymal Stem Cell
Subpopulations. Unlike many other tissues, bone is an exceptional tissue that regenerates completely in the absence of
scar tissue [41]. The bone healing process has three stages:
inflammation, bone generation, and bone remodeling. When
the bones fracture, bleeding occurs in the area resulting
in inflammation and blood clotting at the fracture site.
These events provide the primary structural stability and
support for the production of new bone. Following an
inflammatory stage, there is mesenchymal and angiogenic

activation. Blood vessels and MSCs are recruited to the injury
site and proliferate. Afterward, MSCs differentiate into either
chondrocytes or osteoblasts. Mesenchymal cells differentiate
into osteoprogenitors and then proliferate and differentiate
into osteoblasts beginning the production and also secretion
of osteoid, followed by mineralization, a process termed
intramembranous ossification. On the other hand, chondrocytes proliferate and mineralize, and next bone tissue is
deposited on the cartilage matrix through a process termed
endochondral ossification. Both processes are completed by
remodeling the bone to restore normal shape and function.
Most of the approaches of bone tissue engineering use
bone marrow-derived cells that are easily accessible, can
differentiate into chondrocytes and osteoblasts in vitro, and
seem to be an ideal autologous cell type [41–44]. Other
autologous cell types such as adipose-derived cells, which are
also very accessible and possess osteogenic and chondrogenic
potential in vitro, represent lately a very attractive source.
Adipose-derived stromal cells (ADSCs) are a very useful
stem cell population, as they are abundant and can be easily
acquired and isolated. However, at the clonal level, only
21% of the population of plastic-adherent ADSCs clones are
determined to be tripotent with an additional 31% and 29%
exhibiting bipotent and unipotent features, respectively [45].
Interestingly, only 48% of the clones are osteogenic, which
means that the surface marker prognostic for osteogenic
potency would improve the efficacy of these cells for bone
tissue engineering.
Stem cell-based bone tissue engineering with ADSCs has
shown great promise for the treatment of large bone deficits.
By FACS, a CD105low cells subpopulation with enhanced
osteogenic differentiation has been identified. Using singlecell transcriptional analysis, it was found that expression
patterns of the cell surface receptor endoglin (CD105) were
closely associated with the osteogenic potential of ADSCs
(Table 1). By combining microfluidic analysis with FACS,
compared with CD105high and unsorted cells, CD105low
ADSCs were found to be capable of enhanced osteogenic
differentiation [46]. The isolation of ADSCs negative for
CD105 was required to form an osteogenic population. This
approach was based on previous studies which demonstrated that CD105− ADSCs possess enhanced adipogenic
and osteogenic potential, probably due to the reduced TGF𝛽/SMAD2 signaling [46, 47].
Additionally, Leyva-Leyva et al. (2013) positively selected
the surface markers CD73, CD44, and CD105 from human
amniotic membrane by FACS [18]. Two subpopulations with
dissimilar osteoblastic differentiation potential were isolated: CD44+ /CD73+ /CD105+ (CD105+ ) and CD44+ /CD73+ /
CD105− (CD105− ). Using in vitro analysis, it was found
that the CD105− MSCs subpopulation was associated with
more effective calcium deposition. Furthermore, through
in vivo trials, it was demonstrated that grafts containing
CD105− promoted adequate graft integration, improved host
vascular infiltration, and showed efficient repair through
intramembranous ossification (Table 1). By contrast, grafts
containing CD105+ showed abundant fibrocartilaginous tissue and deficient endochondral ossification [48].
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Table 1: MSC subpopulations with enhanced osteogenic differentiation.

Subpopulation markers
CD105low
CD44+ /CD73+ /CD105−
CD105−

Isolation method
FACS
FACS
Microbeads

Source
hADSCs
AM-hMSCs
mADSCs

CD105+

Microbeads

BM hMSCs

CD90high

FACS
FACS
FACS
Magnetic beads

Rat dental pulp cells
hADSCs
mADSCs
hADSCs

+

CD90

SSEA-4+

CD105+ and CD105− represent independent subpopulations that maintain their properties upon several passages. In
addition to the enhanced osteogenic differentiation potential
of the CD105− subpopulation, Anderson et al. reported
advantageous immunomodulatory properties. Interestingly,
compared to CD105+ , CD105− murine-derived MSCs suppress the proliferation of CD4+ T cells more efficiently [49].
Meanwhile, in humans, the analysis for HLA system profile
revealed that the CD105− subpopulation lacked HLA-ABC
and HLA-DR (61.65%), which classifies them as nonimmunogenically active [18].
It seems that the surface marker CD105 might predict
weak osteogenesis when the source of the isolation is adipose
tissue or amniotic membrane [46, 48, 50]; however, when the
source is bone marrow, conflicting data have been reported
[51].
Aslan et al. found that, in bone marrow, CD105+ cells
displayed enhanced in vitro osteogenic differentiation [52].
Likewise, Jarocha et al. reported that expanded CD105+
populations possess higher expression levels for RUNX2 and
OCN (early and late osteogenic molecular markers, resp.)
[53].
Dennis et al. found that there was good correlation
between in vitro mineralization and in vivo osteogenesis of
CD105+ cells [54]. Interestingly, these authors also observed
a correlation between in vivo bone scores with the presence of
CD105+ cell, suggesting that specific subpopulation seems to
be a key aspect in predicting the osteogenic potential of cells
A second cell surface receptor was also found to correlate
with the expression of osteogenic markers independent
of CD105. CD90 (Thy-1) was originally discovered as a
thymocyte antigen, which could be useful to identify and
isolate ADSCs subpopulations. CD90high ADSCs had greater
reprogramming capacity than CD90low ADSCs, suggesting
that ADSCs have heterogeneous subpopulations [55]. Moreover, Hosoya et al. evaluated the capacity of rat CD90high
and CD90low subodontoblastic dental pulp stem cells to
differentiate into hard tissue-forming cells in response to
bone morphogenetic protein-2 stimulation and observed that
CD90high had accelerated ability to mineralize in vitro and in
vivo (Table 1) [56].

Reference
Levi et al. 2011 [46]
Leyva-Leyva et al. 2015 [48]
Anderson et al. 2013 [49]
Aslan et al. 2006 [52]
Dennis et al. 2007 [54]
Jarocha et al. 2008 [53]
Hosoya et al. 2012 [56]
Chung et al. 2013 [58]
Yamamoto et al. 2014 [50]
Mihaila et al. 2013 [59]

CD90 and CD105 have been identified as early MSCs
markers present on both BM-MSCs and ADSCs. Chung et
al. demonstrated that, compared with CD90− or unsorted
cells, CD90+ subpopulation isolated from human adipose
tissue has enhanced osteogenic potential in vitro and in
vivo; in fact, the authors proposed CD90 as a better surface
marker to isolate cells with osteogenic potential [57, 58].
Murine-derived ADSCs were sorted for the expression of
the surface markers CD90 and CD105 using flow cytometry. ADSCs were sorted into four groups: CD90+ /CD105− ,
CD90+ /CD105+ , CD90− /CD105+ , and CD90− /CD105− , in
which CD90+ /CD105− and CD90+ /CD105+ cells had robust
osteogenic potential and displayed mineralized nodules,
whereas strong expression of CD105 might predict weak
osteogenesis [50].
Consistent findings indicate that the absence of CD105
and the expression of CD90 surface markers characterize
subpopulations with increased efficiency of differentiation
into osteogenic lineage.
It has been advised not to discard the possibility of
including other markers as part of an osteogenic profile
analysis. Recently, the expression of the human embryonic
stem cells marker SSEA-4 in a subpopulation of human
adipose tissue (SSEA-4+ hASCs) has been reported. The
subpopulation has the ability to differentiate into osteogenic
lineages but also into endothelial lineages, which represents a
useful approach to obtain these two cell types from the source
and consequently is relevant for bone tissue engineering
applications (Table 1) [59, 60].
3.2. Chondrogenic Differentiation from Mesenchymal Stem
Cell Subpopulations. For clinical success, MSCs must be
held in the area of injury and produce extracellular matrix
in a physiological context, where low nutrient conditions
produced by avascularity, nutrition, and waste production are
prevalent. Certain MSCs subpopulations are more resilient to
metabolic challenge than others.
Chondrogenic differentiation of BM-MSCs has been
extensively studied in vitro in micromass pellet, which
promotes cell condensation, aside from cell-cell and cellextracellular matrix (ECM) connections [61, 62]. Consequently, cells progress into a highly proliferative stage to
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Table 2: MSC subpopulations with enhanced chondrogenic differentiation.

Subpopulation markers
CD9+ /CD90+ /CD166+
CD271+
CD73+ CD39+
CD105+
CD105−
CD146+

Isolation method
FACS
FACS
Magnetic beads
FACS
Magnetic beads
FACS
FACS
Magnetic beads

produce typical components of the cartilaginous matrix
(collagen type 2, collagen type 9, aggrecan, and cartilage
oligomeric matrix protein). Lastly, cells become round and
then go through hypertrophy expressing collagen type X and
MMP13 [63–67].
Cartilage is susceptible to damage and has a reduced
capacity for regeneration. Procedures committed to recruit
stem cells from BM by penetration to the subchondral bone
have been commonly used to treat localized cartilage defects
[68]. More recently, autologous chondrocyte implantation
has been introduced [69]. Research on cartilage tissue engineering in recent years has focused on the use of adult MSCs
as an alternative source of autologous chondrocytes [70].
MSCs can differentiate into chondrocytes and fibrochondrocytes, resulting in a combination of cartilaginous fibrous
and hypertrophic tissues, whereby the clinical success lasted
for a short time because these cells do not possess functional
mechanical properties [71]. Conversely, compared to MSCs
derived from BM, MSCs from synovial tissue have been
revealed to enhance chondrogenic potential and diminish the
hypertrophic differentiation [72, 73].
Fickert et al. sorted a triplicate positive subpopulation from the synovial membrane (SM) of patients with
osteoarthritis (CD9+ /CD90+ /CD166+ ). In the micromass of
sorted cell cultures, Col2 was located predominantly in the
inner areas, indicating that the subpopulation of SM-derived
cells has the capacity to differentiate efficiently towards the
chondrogenic lineage (Table 2). However, no major differences between sorted and unsorted SM cells were evidenced
[74, 75].
In 2010, Arufe et al. analyzed the chondrogenic potential of subpopulations of human synovial membrane MSCs
sorted for CD73, CD106, and CD271 markers. Compared with
CD106+ and CD271+ subpopulations, CD73+ cells evidenced
the highest expression of SOX9 (a key transcription factor
that is necessary for early chondrogenesis), aggrecan, and
COL2A1 at day 46 of chondrogenic induction. However,
the CD73+ cells also showed the expression of COL10A1,
indicating the presence of hypertrophy during differentiation
[76].
More recently, in 2013, it was reported that the isolation of
a different SM subpopulation based on surface markers CD73
and CD39 displayed consistent dynamics over passaging. The
CD73+ CD39+ cell subpopulation displayed higher expression

Source
SM
SM
SM
SM
SM
mTPCs
BM
HU-MSCs

Reference
Fickert et al. 2003 [74]
Arufe et al. 2010 [76]
Hermida-Gómez et al. 2010 [78]
Gullo and De Bari 2013 [77]
Arufe et al. 2009 [79]
Asai et al. 2014 [80]
Hagmann et al. 2013 [84]
Wu et al. 2016 [86]

levels of SOX9 and a significantly greater chondrogenic
potency than the CD73+ CD39− cell subpopulation (Table 2)
[77].
Regarding the CD271 surface marker, compared to the
other subpopulations, the CD271+ subpopulation expressed
the highest levels of COL2 staining. Spheroids formed from
CD271+ and CD73+ subpopulations from normal human
synovial membranes that imitate the native cartilage extracellular matrix more closely than CD106+ MSCs, with the result
that both are excellent candidates to use in cartilage tissue
engineering [76].
Hermida-Gómez et al. strengthened this finding, showing that, during spontaneous cartilage repair, CD271+ provides higher quality chondral repair than the CD271− subpopulation. The implantation of MSCs CD271+ provided such
benefits as greater filling of the chondral defect and improved
integration between the repair tissue and native cartilage
(Table 2) [78].
Meanwhile, Arufe et al. reported the isolation by a
magnetic separator of a CD105+ subpopulation from human
synovial membrane. These researchers evidenced a homogeneous cellular culture, which expressed Sox9 and had the
ability to develop spheroids after 7 days in the presence
of chondrogenic medium (Table 2). Interestingly, the extracellular matrix produced is rich in Col2 and showed no
evidence of fibrocartilage tissue. The analysis of the CD105−
subpopulation was not reported [79].
Tendon-derived progenitor cells (TPCs) from mice contained two subpopulations: one positive and one negative
for CD105. Compared to the in vitro case with CD105+ , the
CD105− negative cells showed superior chondrogenic potential, and it was proposed that differences in the capability
of chondrogenic differentiation are due to different modes
of smad1/5 and smad2/3 signaling activation as a result of
TGF𝛽s (Table 2) [80].
Various parameters have been considered in hMSCs’
chondrogenic differentiation. In particular, it has been evidenced that hMSCs’ expansion in vitro required FGF-2 and
IGF-1 to enhance the proliferative and chondrogenic potential [81–83]. A highly efficient strategy is based on the preselection during the expansion phase of the MSCs by adding
growth factors. In 2013, Hagmann et al. reported that FGF2 suppressed CD146 expression and significantly improved
chondrogenic differentiation [84]. Despite the observations
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from the preselection with FGF-2 and resulting suppression
of CD146, in 2014, these researchers demonstrated that,
compared to control MSCs, CD146+ FACS-sorted cells
showed significantly increased GAG/DNA content after
chondrogenic differentiation [85]. It should be noted that
subpopulations, such as CD146+ from human umbilical
cords, not only provide more efficient cartilage regeneration
process but also provide an anti-inflammatory protective
microenvironment resulting from decreased expression of
IL-6 (Table 2) [86].

4. Conclusions
The current review highlights recent findings in the isolation and characterization of MSCs subpopulations and
the potential applications for osteogenic or chondrogenic
differentiation.
It was evident that the source of the MSCs subpopulation
had an effect on the differentiation potential, and certainly
the use of strategies based on the coexpression of more than
one surface marker improves the purity of the isolated MSCs
population.
These findings indicate that the absence of the CD105
surface marker characterizes subpopulations with improved
osteogenesis when the source of isolation is adipose tissue or
amniotic membrane. Furthermore, subpopulations expressing CD271 or CD146 markers appear to provide higher quality
for chondral repair.
An accurate selection of the subpopulation puts forward
possibilities suitable for preclinical and clinical studies and
determines the safest and most efficacious regeneration
process.
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Bone tissue engineering technique is a promising strategy to repair large-volume bone defects. In this study, we developed a 3dimensional construct by combining icariin (a small-molecule Chinese medicine), allogeneic bone marrow-derived mesenchymal
stem cells (BMSCs), and a siliceous mesostructured cellular foams-poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (SMCPHBHHx) composite scaffold. We hypothesized that the slowly released icariin could significantly promote the efficacy of SMCPHBHHx/allogeneic BMSCs for repairing critical-size bone defects in rats. In in vitro cellular experiments, icariin at optimal
concentration (10−6 mol/L) could significantly upregulate the osteogenesis- and angiogenesis-related genes and proteins, such as
Runx2, ALP, osteocalcin, vascular endothelial growth factors, and fibroblast growth factors, as well as the mineralization of BMSCs.
Icariin that was adsorbed onto the SMC-PHBHHx scaffold showed a slow release profile within a 2-week monitoring span. Eight
weeks after implantation in calvarial critical-size bone defects, the constructs with icariin were associated with significantly higher
bone volume density, trabecular thickness, trabecular number, and significantly lower trabecular separation than the constructs
without icariin. Histomorphometric analysis showed that icariin was also associated with a significantly higher density of newly
formed blood vessels. These data suggested a promising application potential of the icariin/SMC-PHBHHx/allogeneic BMSCs
constructs for repairing large-volume bone defects in clinic.

1. Introduction
Large-volume bone defects may result from congenital nonunion, trauma, inflammation, and clinical treatments such as
osteosarcoma-resection. The osseous repair of large-volume
bone defects is still a challenge in the fields of orthopedics,
maxillofacial surgery, and dental implantology. Although
autologous bone grafts are routinely adopted to treat largevolume bone defects, the disadvantages of these grafts (e.g.,
limited quantity, donor site morbidity) have engendered
tremendous efforts to develop alternatives [1], among which

bone tissue engineering technique is highly promising [2, 3].
Bone tissue engineering technique is an interdisciplinary
science that applies the principles of biology and engineering
to develop viable substitutes for restoring, maintaining, or
improving the function of bone tissue. A good combination of
osteogenic cells, osteopromotive drugs, and osteoconductive
biomaterials is critical for the success of this technique.
The accumulation, proliferation, and osteogenic differentiation of multipotent mesenchymal stem cells (MSCs)
are indispensable for a proper fracture healing [4]. Thereby,
bone marrow-derived MSCs- (BMSCs-) based strategies are
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introduced to promote the healing of bone fractures and
other bone metabolic diseases in clinics [5]. Their ability to
modulate immune responses enables the application of allogeneic BMSCs without a substantial risk of immune rejection
[5]. Continuous attempts have already been performed in
preclinical models to apply allogeneic BMSCs in promoting
the repair of bone defects [6]. In segmental critical-size bone
defects, allogeneic BMSCs could significantly promote bone
regeneration in a comparable level with autologous BMSCs
[7]. The application of allogeneic BMSCs is also advantageous
over autologous BMSCs due to their timeliness and sufficient
availability [8].
Growth factors can be frequently adopted to further
enhance and accelerate bone healing process. In the field
of bone regeneration, bone morphogenetic proteins (BMPs)
are the most important growth factors. Recombinant human
BMP-2 and BMP-7 have been proved to significantly promote
bone formation both in animal models and in clinical trials
[9–11]. However, the effective doses of BMPs for current
clinical use are always too high [12, 13], which results in
a substantial economic burden to patients and healthcare
system. Furthermore, the transiently high dosage may also
lead to a series of potential side effects, such as the overstimulation of osteoclastic bone resorption [14], which may
compromise its therapeutic effect. For promoting bone repair,
one of the viable alternatives can be Chinese medicine, such
as icariin. Icariin, a small-molecule drug extracted from a
Chinese traditional medicine Herba Epimedii [15], shows a
very promising potential. Icariin has been shown to enhance
in vitro osteoblastogenesis [16, 17] through the induction
of endogenous BMP-2 and nitric oxide (NO) [18, 19]. On
the other hand, icariin is also able to reduce osteoclastogenesis through suppressing the signaling of MAPKs/NF𝜅B (mitogen-activated protein kinase/nuclear factor kappalight-chain-enhancer of activated B cells) [20] and enhancing
the ratio of OPG/RANKL [21]. In addition, icariin can
promote angiogenesis, which may further facilitate the repair
of large-volume bone defects. In comparison with BMPs,
icariin, as a small-molecule drug, can also be easily synthesized, presenting an inexpensive drug to promote bone
regeneration.
In the field of bone tissue engineering, an ideal scaffold
should have a proper biodegradability and a good biocompatibility to accommodate osteogenic cells. Furthermore, a
good slow-delivery capacity is also critical for prolonging the
release profile of bioactive agents, thereby maximizing their
biological effects. In this study, we adopted a novel composite SMC-PHBHHx (20 : 80) that incorporates biocompatible
siliceous mesostructured cellular foams (SMC) [22] into
high-toughness and easily moldable poly(3-hydroxybutyrateco-3-hydroxyhexanoate) (PHBHHx) [23] using a solvent
casting and salt-leaching method [24]. The highly porous and
well-interconnected structure conferred excellent physicochemical, biological, and drug-release properties on this
novel composite scaffold.
Hitherto, it remains unclear whether icariin can promote
the efficacy of allogeneic BMSCs-based tissue engineering
technique in repairing large-volume bone defects. In this
study, we first selected the best concentration of icariin by
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assessing its effect on promoting the proliferation and early
differentiation of allogenic BMSCs. Thereafter, we evaluated
the promoting effect of icariin on the osteogenesis- and
angiogenesis-related genes and proteins. Finally, we evaluated
the efficacy of slowly delivered icariin from the novel SMCPHBHHx scaffold to treat in vivo calvarial critical-size bone
defects in rats through radiographic and histomorphometric
analysis. We hypothesized that the slowly released icariin
could significantly promote the efficacy of SMC-PHBHHx/
allogeneic BMSCs for repairing critical-size bone defects.

2. Materials and Methods
2.1. In Vitro Cellular Evaluation
2.1.1. Culture of BMSCs. BMSCs in passage 1 were purchased
from ATCC and cultured with DMEM (Dulbecco’s Modified
Eagle Medium, Cyagen, Guangzhou, China) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 mg/mL streptomycin at 37∘ C under the atmosphere of 5%
CO2 and 100% relative humidity. The passage was carried out
when the cells were confluent to 80%. The cells of passage 4
were used in the following studies.
2.1.2. Multiple Differentiation. To identify the multipotency,
the allogeneic BMSCs were induced to osteogenic, chondrogenic, and adipogenic differentiation using osteogenic
medium, adipogenic medium, and chondrogenic medium
(Cyagen, Guangzhou, China), respectively. The medium was
replaced every 3 days. The osteogenic, chondrogenic, and adipogenic differentiation were examined at 14 days, 21 days, and
22 days, respectively. The staining was done using an alizarin
red staining solution and oil red staining solution (Cyagen,
Guangzhou, China) to check osteogenesis and adipogenesis,
respectively. In order to check chondrogenesis, the chondrogenic cell pellets were fixed, embedded in paraffin, sectioned,
and stained with alcian blue staining solution (Cyagen,
Guangzhou, China) to detect the glycosaminoglycans. The
images of various differentiations were captured using light
microscope (Eclipse Ti-U, Nikon, Tokyo, Japan).
2.1.3. Concentration Selection Test. To identify the optimal
concentration of icariin, cell proliferation assay and alkaline
phosphatase (ALP) activities were performed with a timecourse and dose-dependent setup. Cell proliferation was
assessed using the cell counting kit-8 (CCK-8) (Yeasen,
Shanghai, China). 2000 BMSCs per well were seeded in 96well plates. After refreshing the medium 24 h after seeding,
100 𝜇L of culture medium with different concentrations (0,
10−9 , 10−8 , 10−7 , 10−6 , 10−5 , and 10−4 Mol/L) of icariin (Tauto
Biotech, Shanghai, China) was added to each well. Six
wells per group were measured. The treatment medium was
refreshed every 3 days. After 1-, 3-, 5-, and 7-day incubation,
the treatment medium was replaced with 100 𝜇L CCK-8
working solution according to the manufacture’s instruction.
After a 40 min incubation, the OD (optical density) values
were measured at 450 nm. ALP activity and total protein content were measured after the treatment for 1 day, 3 days, 5 days,
and 7 days. ALP activity was determined using LabAssay ALP
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Table 1: Primer sequences for real-time quantitative polymerase
chain reaction analysis of the expression of osteogenic genes
(Runx2, alkaline phosphatase (ALP), and osteocalcin (OCN)) and
angiogenic genes (vascular endothelial growth factor (VEGF) and
fibroblast growth factors (FGF)).
Gene
ALP
OCN
Runx2
VEGF
FGF
GAPDH

Primers (F = forward; R = reverse)
F: 5 -GTC CCA CAA GAG CCC ACA AT-3 ;
R: 5 -CAA CGG CAG AGC CAG GAA T-3
F: 5 -CAG TAA GGT GGT GAA TAG ACT CCG-3 ;
R: 5 -GGT GCC ATA GAT GCG CTT G-3
F: 5 -TCT TCC CAA AGC CAG AGC G-3 ;
R: 5 -TGC CAT TCG AGG TGG TCG-3
F: 5 -CTT GAG TTG GGA GGA GGA TG-3 ;
R: 5 -TGG CAG GCA AAC AGA CTT C-3
F: 5 -CTC TGT CTC CCG CAC CCT AT-3 ;
R: 5 -CCT TCC ACC CAA AGC AGT AG-3
F: 5 -GGC AAG TTC AAC GGC ACA GT-3 ;
R: 5 -GCC AGT AGA CTC CAC GAC AT-3

colorimetric assay kit (Wako Pure Chemicals, Osaka, Japan).
The total protein content was measured at 570 nm using
a commercial BCA Protein Assay kit (Beyotime, Shanghai,
China) to normalize the ALP activity.
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2.1.4. The Expression of Osteogenesis and Angiogenesis-Related
Genes and Proteins. To identify the effect of icariin on
osteogenesis-related genes and proteins, BMSCs were cultured in an osteogenic medium as described above. For the
angiogenesis-related genes and proteins, BMSCs were cultured in full culture medium without extra inductive agents.
The effects of icariin on stimulating the expression of
osteogenic and angiogenic genes were examined by quantitative RT-PCR 3 days, 5 days, 7 days, and 14 days after
treatment. Total RNA was extracted from the cells using a
Trizol Kit (Invitrogen, USA). The cDNA was synthesized
from total RNA with a Primescrip RT Reagent Kit (Takara
Biotechnology, Dalian, China). Real-time polymerase chain
reaction (PCR) was performed using 1 𝜇L of cDNA product
in a 25 𝜇L reaction volume with Mastercycler ep realplex
Real-Time PCR System (Eppendorf, Germany). In each PCR
reaction, SYBR Premix Ex Taq II (Takara Biotechnology),
specific primers (Table 1), and 1 𝜇L of cDNA were used
according to the manufacturer’s instructions. GAPDH was
used as housekeeping gene. We calculated the folds of
upregulation for each gene of interest using the following
formula:

2−[(CT gene of interest − CT internal control) sample − (CT gene of

Western blot analysis was used to assess the expression
level of osteogenesis- and angiogenesis-related proteins such
as ALP, osteocalcin (OCN), runt-related transcription factor
2 (Runx2), vascular endothelial growth factor (VEGF), and
fibroblast growth factors (FGF). After 3 days, 5 days, 7 days,
and 14 days, cells lysis was made using M-PER Mammalian
Protein Extraction Reagent (ThermoFisher, USA) with a
protease and phosphatase inhibitor cocktail (Sigma, USA).
Anti-rat primary antibodies were used to detect osteogenesisand angiogenesis-related proteins ALP, OCN, Runx2, FGF,
and VEGF. Horseradish peroxidase-labeled secondary antibodies were then used to label detect the primary antibodies.
Images were acquired using darkroom development techniques for chemiluminescence. Image-Pro Plus 6.0 software
was adopted to analyze the Integral Optical Density (IOD).
2.1.5. Cell Matrix Mineralization. The effect of 10−6 mol/L
icariin on the matrix mineralization of BMSCs was examined
in osteogenic medium as described in Multilineage Differentiation of Allogeneic BMSCs with DMSO as control. After 14and 21-day treatments, mineralized nodules were determined
by alizarin red staining. Culture plates were photographed
using NISElementsF2.20 (Eclipse 80i, Nikon, Tokyo, Japan),
and the calcified area was quantified using Image-Pro Plus 6.0
software.
2.2. In Vivo Study
2.2.1. Preparation of SMC-PHBHHx Composite. The SMCPHBHHx composite was fabricated as previously reported

interest − CT internal control) control]

.

(1)

[24]. Briefly, to prepare SMC, 1.6 M HCl solution containing
0.53 mM Pluronic P123 (BASF, Frankfurt, Germany) and
0.23 M 1,3,5-triethylbenzene was stirred and kept in 40∘ C for
60 minutes. Thereafter, tetraethyl orthosilicate was added to
reach the final concentration of 0.28 M and reacted for 20
hours at 40∘ C. The mixture was then subjected to an autoclave
at 100∘ C for 24 hours under static conditions. After cooling
at room temperature, the white precipitate was collected,
dried, and calcined at 550∘ C for 6 hours to produce the SMC
materials. To prepare SMC/PHBHHx composite, SMC was
added to the chloroform containing PHBHHx (20 wt%) to a
final concentration of 5 wt% with stirring for 24 hours. After
adding NaCl particles with diameters ranging from 300 to
500 𝜇m, the mixture was cast into cylindrical PTFE molds.
The samples were then air-dried under flowing air for 24
hours and subsequently vacuum-dried at 40∘ C for 48 hours.
The NaCl particles were then removed by immersing in
deionized water for 72 hours with the water replaced every 6
hours. Thereafter, the samples were air-dried for 24 hours and
vacuum-dried overnight to obtain the sponge-like scaffolds.
2.2.2. Preparing the Constructs of Icariin/SMC-PHBHHx/
Allogeneic BMSCs. To prepare icariin/SMC-PHBHHx composite, we adopted SMC-PHBHHx (20 : 80) discs (5 mm in
diameter and 1.5 mm in thickness) and 10−6 mol/L icariin
suspension in DMEM. 200 𝜇L of either icariin-containing or
non-icariin-containing suspension was then adsorbed onto
each SMC-PHBHHx disc with a mild shaking for 72 hours.
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The icariin/SMC-PHBHHx discs were then freeze-dried
under sterile condition for 48 hours. The discs were thereafter
stored in 4∘ C for later use. Allogeneic BMSCs were seeded
onto either icariin-containing or non-icariin-containing
SMC-PHBHHx discs with a mild shaking for 72 hours at 37∘ C
under 5% CO2 before implantation.
2.2.3. Characterization of Icariin/SMC-PHBHHx Constructs
(1) Scanning Electronic Microscope. Scanning electron microscope (Phenom Pro, Eindhoven, The Netherlands) was
adopted to reveal the influence of icariin adsorption on
the surface morphologies of SMC-PHBHHx composite and
BMSCs. For this purpose, either icariin-containing or nonicariin-containing SMC-PHBHHx discs with or without
allogeneic BMSCs were mounted on aluminium stubs and
sputtered with gold particles.
(2) Release Kinetics of BSA In Vitro. The release kinetics of
icariin was monitored over a 15-day period in vitro using a
high-performance liquid chromatography (BAS PM-80, West
Lafayette, IN). Each sample (𝑛 = 6) was introduced into a
1.5 mL Eppendorf tube containing 1 mL of DMEM. The tubes
were incubated for up to 14 days in a shaking water bath (60
agitations/minute), which was maintained at 37∘ C. Triplicate
200 𝜇L aliquots of the medium (containing released FITCBSA) were withdrawn for analysis after 12 hours, 1 day, 2 days,
3 days, 4 days, 5 days, 6 days, 8 days, 10 days, 12 days, and
14 days. The temporal release of icariin was expressed as a
percentage of the total amount of adsorbed icariin.
2.2.4. Surgery. The calvarial critical-size bone defects in
rats were established as previously described [25]. Briefly, 6
male Sprague-Dawley rats (5-week-old and weighing 180–
220 g) were randomly assigned into 2 groups: either icariincontaining or non-icariin-containing SMC-PHBHHx/allogeneic BMSCs constructs. The animal care was performed
in accordance with the guidelines of the Ethical Committee
of Shanghai East Hospital Affiliated with Tongji University,
Shanghai, China. All animal experiments were carried out
according to the ethic laws and regulations of China. Criticalsized cranial defects (5 mm in diameter) were created in these
rats. Briefly, the rats were anaesthetized with an intraperitoneal injection of pentobarbital (Nembutal 3.5 mg/100 g). A
subcutaneous injection of 0.5 mL of 1% lidocaine as a local
anesthetic was given along the sagittal midline of the skull. A
sagittal incision was made over the scalp from the nasal bone
to the middle sagittal crest and the periosteum was dissected.
The 5 mm defects were created using a dental surgical drill
with a trephine with a constant cooling rinse. Subsequently,
the calvarial disk was carefully removed to avoid tearing the
dura. After rinsing with physiological saline to wash out any
bone fragments, samples from various groups were implanted
randomly into these defects. Afterwards, the periosteum and
the scalp were closed in layers with interrupted 4-0 Vicryl
resorbable sutures.
2.2.5. Radiographic Evaluation. Eight weeks after operation,
the rats were sacrificed by intramuscular injection of overdose of Sumianxin II. All the 6 calvarial blocks of the
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sacrificed animals were harvested and immediately immersed
into the 10% neutrally buffered formalin for fixation. Radiographic analysis of bone regeneration within the defects was
performed using an X-ray unit (VarioDG , Sirona), with the
exposure time set at 0.03 seconds. After a 2-day fixation, the
specimens were scanned along the sagittal direction though
by micro-CT (Inveon, Siemens) with a resolution of 18 𝜇m
followed by an off-line reconstruction. After scanning, the
selection of the area of interest was performed manually.
Our preliminary study showed that the grey value of SMCPHBHHx material was around −217, which was lower than
water. The thresholding of mineralized bone was set at 500.
The following morphometric parameters obtained in
direct mode were adopted to estimate the bone regeneration
within the defects using software Siemens Inveon:
(1) Relative bone volume (bone volume/tissue volume,
BV/TV: %)
(2) Trabecular number (Tb.N: 1/mm)
(3) Trabecular separation (Tb.Sp: mm)
(4) Trabecular thickness (Tb.Th: mm).
2.2.6. Histomorphometric Analysis. The samples were then
decalcified in 4.18% EDTA + 0.8% formalin at pH 7.2 for four
weeks at 4∘ C, rinsed with phosphate buffer, and embedded
in paraffin. Serial 6 𝜇m thickness sections were stained with
hematoxylin-eosin (HE). The numbers of blood vessels were
evaluated under light microscopy. The final magnification
was ×50.
2.3. Statistical Analysis. We first used both KolmogorovSmirnov test and D’Agostino and Pearson omnibus normality
test to comprehensively check the normality of the data of
each group. According to the results, we selected either parametric tests or nonparametric tests to analyze the data. The
data in concentration selection test were statically analyzed
using two-way ANOVA. For the other data, we used either
unpaired t-test or Man–Whitney test to compare the effect of
icariin with the corresponding control (no icariin). The level
of significance was set at 𝑝 < 0.05. SPSS software (version
20) for a Windows computer system was employed for the
statistical analysis.

3. Results
3.1. Multilineage Differentiation of Allogeneic BMSCs. Multilineage differentiation assay showed that the allogeneic
BMSCs could differentiate into osteogenesis, chondrogenesis,
and adipogenesis (Figure 1). For the osteogenic differentiation, the mineralized nodules in cell matrix—the final
osteogenic differentiation marker—were stained red (indicated by black arrows in Figure 1(a)). The chondrogenic
differentiation was approved by the abundant presence of
glycosaminoglycans that were a typical chondrogenic differentiation marker and were stained blue in the cell pellet
by alcian blue (indicated by black arrows in Figure 1(b)).
The adipogenic differentiation was characterized by the oil
droplets within the cells that were stained red (indicated by
black arrows in Figure 1(c)).
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(a)

(b)

(c)

Figure 1: Light micrographs depicting the (a) osteogenic, (b) chondrogenic, and (c) adipogenic differentiation of multipotent BMSCs. The
black arrows indicated the red-stained mineralized nodules in (a), blue-stained chondrogenic cell pellet in (b), and red-stained lipid droplets
in cells in (c). Bar = 100 𝜇m.
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Figure 2: Time-course and dose-dependent tests to select the optimal concentration of icariin for inducing the osteogenic differentiation of
BMSCs. Icariin of 0, 10−9 , 10−8 , 10−7 , 10−6 , 10−5 , or 10−4 mol/L was used to treat preosteoblasts for 1 day, 3 days, 5 days, and 7 days. (a) Cell
proliferation assays; (b) alkaline phosphatase (ALP) activity assays. All data are presented as mean values together with the standard deviation
(SD). ∗ 𝑝 < 0.05; & 𝑝 < 0.01; # 𝑝 < 0.001 indicating the statistical difference between the indicated group and the control group (blank) at the
same time point.

3.2. Concentration Selection through Cell Proliferation
and ALP Activity Assays. Icariin at only 10−5 mol/L and
10−6 mol/L resulted in significantly higher OD value
(indicator for cell proliferation) than the blank control after
a 3-day treatment. On the 5th day, icariin at 10−5 mol/L,
10−6 mol/L, and 10−7 mol/L was associated with significantly
higher OD value than the blank control. The average OD
value under the induction of 10−6 mol/L icariin was the
highest on all the selected time points (Figure 2(a)). Icariin at
10−5 mol/L and 10−6 mol/L resulted in a significantly higher
ALP activity than the control after a 5-day treatment. Icariin
ranging from 10−8 mol/L to 10−4 mol/L was associated with
significantly higher OD value than the blank control on the

7th day. The value of ALP activity induced by 10−6 mol/L
was the highest and second highest on the 5th day and 7th
day, respectively (Figure 2(b)). Consequently, we selected
10−6 mol/L as the optimal concentration for icariin in the
following tests.
3.3. Expression of Osteogenesis- and Angiogenesis-Related
Genes. In comparison with the control (no icariin),
10−6 mol/L icariin could induce significantly higher expression of osteogenesis-related genes, such as Runx2 mRNA
(at 3 days, 7 days, and 14 days) (Figure 3(a)), ALP mRNA
(at 7 days and 14 days) (Figure 3(b)), and OCN mRNA (at
14 days) (Figure 3(c)), as well as angiogenesis-related genes,
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Figure 3: Graphs depicting the fold changes of the expression of osteogenesis-related and angiogenesis-related mRNA in BMSCs under the
stimulation of icariin for 3 days, 5 days, 7 days, and 14 days. (a) Runx2, (b) alkaline phosphatase (ALP), (c) osteocalcin (OCN), (d) fibroblast
growth factors (FGF), and (e) vascular endothelial growth factor (VEGF). All data are presented as mean values together with the standard
deviation (SD). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01 indicating the statistical difference between the experimental group (with icariin) and the control
group (no icariin) at the same time point.

Stem Cells International

7
0.8
∗∗

0.4

∗∗

0.3
∗∗

0.2
0.1

∗

Relative IOD of ALP

5

7

0.4
∗∗

0.2
0.0

0.0
3

∗∗

0.6

3

14

No icariin
With icariin

No icariin
With icariin
(a)

0.8
∗∗

∗∗

∗∗

0.02
0.01
0.00

Relative IOD of FGF

∗∗
0.6
0.4
∗∗

0.2
0.0

7

14

3

5

(Days)

∗∗

∗∗

0.01

No icariin

∗∗

With icariin

(d)

With icariin

(c)

No icariin

No icariin
With icariin

Osteogenic

0.02

No icariin
With icariin

14

Runx2
ALP
OCN
GAPDH

0.00
3

5

7
(Days)

No icariin
With icariin

14

Angiogenic

Relative IOD of VEGF

0.03

7
(Days)

With icariin

5

No icariin

3

With icariin

Relative IOD of OCN

(b)

∗∗

0.03

14

(Days)

(Days)

0.04

7

5

No icariin

Relative IOD of Runx2

0.5

(e)

VEGF
FGF
GAPDH
3 days

5 days

7 days

14 days

(f)

Figure 4: Graphs depicting the fold changes of the expression of osteogenesis-related and angiogenesis-related proteins in BMSCs under the
stimulation of 10−6 mol/L icariin for 3 days, 5 days, 7 days, and 14 days. (a) Runx2, (b) alkaline phosphatase (ALP), (c) osteocalcin (OCN),
(d) fibroblast growth factors (FGF), (e) vascular endothelial growth factor (VEGF), and (f) photographs of western blot analysis from a
representative experiment. All data are presented as mean values together with the standard deviation (SD). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01 indicating
the statistical difference between the experimental group (with icariin) and the control group (no icariin) at the same time point.

such as FGF mRNA (at 3 days and 5 days) (Figure 3(d)) and
VEGF mRNA (at 3 days and 5 days) (Figure 3(e)), than the
corresponding no-icariin treatments.
3.4. Expression of Osteogenesis- and Angiogenesis-Related Proteins. Western blot analysis showed that 10−6 mol/L icariin

could induce significantly higher expression of osteogenesisrelated proteins, such as Runx2 (at all the time points)
(Figure 4(a)), ALP (at 7 days and 14 days) (Figure 4(b)),
and OCN (at all the time points) (Figure 4(c)), as well as
angiogenesis-related genes, such as FGF (at 3 days, 5 days,
and 14 days) (Figure 4(d)) and VEGF (at 3 days and 7 days)
(Figure 4(e)), than the corresponding no-icariin treatments.
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3.5. In Vitro Mineralization of Allogeneic BMSCs Induced by
Icariin. The mineralization area in the group either with
or without 10−6 mol/L icariin increased with time. On both
the 14th day and the 21st day, 10−6 mol/L icariin resulted in
significantly higher mineralization area than the control (no
icariin) (Figure 5).
3.6. SEM Characterization of Icariin Adsorption and Cell
Adhesion. The SMC-PHBHHx composite scaffolds showed
an interconnected porous structure (Figures 6(a) and 6(b)).
The adsorption of icariin onto the scaffolds did not significantly change the structure and topography of the scaffold
(Figures 6(c) and 6(d)). Qualitative observation showed
that more BMSCs could be found on icariin-containing
SMC-PHBHHx composite scaffolds than on non-icariincontaining ones (Figures 6(c) and 6(f)).
3.7. Release Kinetics of Icariin. The release kinetics of the
adsorbed icariin from the SMC-PHBHHx composite followed a biphasic course: an initial (5 days) rapid phase and
a subsequent slower phase (Figure 7). The adsorbed icariin
showed a slow release profile with nearly 10% per day within
the first 5 days. During the subsequent slower phase (days 5–
14), the adsorbed icariin was released 2.2% per day with 70%
depleted by the end of 14 days.
3.8. Micro-CT Analysis and Histological Observation of Newly
Formed Bone Tissue. Micro-CT analysis showed that the
constructs with icariin resulted in significantly higher BV/TV
(Figure 8(a)), Tb.Th (Figure 8(b)), and Tb.N (Figure 8(c)) and
significantly lower Tb.Sp (Figure 8(d)) than the constructs
with no icariin. Histological observations showed significantly less new bone formation within the defects treated
with SMC-PHBHHx/allogeneic BMSCs with no icariin (Figure 9(a)) than that with icariin (Figure 9(b)).

3.9. Histomorphometric Analysis of Blood Vessels. Histomorphometric analysis indicated that the numbers of blood
vessels within the defects treated with SMC-PHBHHx with
icariin were significantly higher than those within the defects
treated with SMC-PHBHHx without icariin (Figure 9(c)).

4. Discussion
Critical-size bone defects, a standard experimental model for
large-volume bone defects, are commonly used to evaluate
the treatment efficacy of novel biomaterials. The lack of
osteogenic cells, osteoinductive growth factors, and osteoconductive scaffolds always leads to a nonosseous repair in
a critical-size bone defect. Bone tissue engineering is a technique to integrate various knowledge in osteogenic stem cells,
osteoconductive scaffolds, and osteoinductive growth factors
with an aim of significantly accelerating and promoting bone
regeneration. In this study, we, for the first time, showed that
the slowly released icariin could significantly promote the
efficacy of SMC-PHBHHx/allogeneic BMSCs for repairing
critical-size bone defects.
The selection of bioactive agents is critical for the effect of
a tissue engineering technique. BMPs are still the most potent
growth factors for bone tissue engineering. BMPs can bind
their transmembrane serine/threonine kinase receptors [26]
and trigger two main downstream signaling pathways: Smaddependent and Smad-independent signaling pathways [27].
Activated BMP receptors phosphorylate Smad1/5/8, which
assembles into a complex with Smad4 and translocates to
the nucleus, regulating the transcription of target genes, such
as Runx2 [26]. In addition to Smad-dependent signaling, a
series of Smad-independent downstream signaling pathways,
including MAPK pathways, such as p38, c-Jun N-terminal
kinase (JNK), and extracellular signal-related kinase (ERK),
are also activated [28]. Stimulating the expression of endogenous BMPs is the pathway to exert osteoinductive effects of
many drugs, such as icariin [29]. Icariin could enhance the
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expression of endogenous BMPs and subsequent osteogenic
signaling pathways, such as Smad4, Runx2, and OPG [18, 29].
The induction of endogenous BMP-2 by icariin was, at least
partially, mediated by the Wnt/𝛽-Catenin-BMP signaling
pathway [30]. Ohba et al. suggested two possible mechanisms
for the involvement of BMP signaling in the effects of icariin
[31]: (1) icariin indirectly activated BMP signaling through
extracellular BMPs; (2) icariin directly activated BMP signaling by interacting with Smads via unknown mechanisms. The
indispensability of endogenous BMPs for the effect of icariin
was proved by the fact that noggin, an extracellular BMP
antagonist, could diminish the icariin-induced enhancement
of osteogenic differentiation (such as ALP, OCN, and mineralization) in osteogenic cells [18]. Consistently, the specific
inhibitor for the Smad-independent ERK, JNK, and p38
MAPK signaling pathways could dramatically attenuate the
promoting effect of icariin on the osteogenesis of BMSCs
[32]. In addition to the BMP-associated signaling pathways,
icariin could also stimulate the osteogenic differentiation
of rat bone marrow stromal cells via activating the PI3KAKT-eNOS-NO-cGMP-PKG [33]. More importantly, icariin
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could induce the osteogenic differentiation of BMSCs in
many pathological conditions, such as osteoporosis [34, 35]
and osteonecrosis [36]. Interestingly, icariin could activate
different molecular cascades on BMSCs in corticosterone
and ovariectomy induced osteoporotic rats [35]. Estrogen
and epigenetic modulation were the newly found targets of
icariin for its beneficial effect on osteogenesis in pathological
conditions [34, 36]. In addition to the promoting effect
on osteoblastic differentiation, icariin could also suppress
osteoclastic activity, which was different from BMPs. Icariin
inhibited osteoclastic differentiation in both its coculture
with osteoblasts and single culture [21]. This effect was,
at least partially, mediated by icariin-induced increase of
OPG/RANKL expression ratios [37]. Consequently, although

the potency of icariin in inducing bone formation is less
than that of BMP-2, icariin is advantageous in balancing
the osteoblastic and osteoclastic activity. This is especially
important for the patients with osteoporosis. All these properties confer a very promising clinical application potential
on icariin.
Although most of the previous reports indicated the promoting effect of icariin on osteogenesis of BMSCs, whether
icariin can promote the repairing efficacy of allogeneic
BMSCs in vivo is, hitherto, not known. In this study, we
hypothesized that the slowly released icariin could significantly promote the efficacy of SMC-PHBHHx composite and
allogeneic BMSCs for repairing critical-size bone defects. We
tried to answer this question in a step-forward way. Firstly, we

Stem Cells International

11

Con
NB

Con
Con
NB
Con
NB
200µm

NB

(a)

(b)

30

Number of blood vessels

∗∗

20

10

0
With icariin

No icariin
(c)

Figure 9: Light micrographs depicting the new bone formation within the calvarial critical-size bone defects that were treated with SMCPHBHHx/allogeneic BMSCs either (a) without or (b) with icariin. Bar = 200 𝜇m. Then all data are presented as mean values together with
the standard deviation (SD). NB: new bone; Con: connective tissue; black arrow: blood vessels. (c) Graph depicting the number of vessels per
section. All data are presented as mean values together with the standard deviation (SD). ∗∗ 𝑝 < 0.01.

showed the multipotency (Figure 1) of the purchased BMSCs
using well-established assays. Thereafter, we determined the
optimal concentration of icariin at 10−6 mol/L in the timecourse and dose-dependent proliferation assays (Figure 2(a))
and ALP assays (Figure 2(b)). The following RT-PCR and
western blot analyses corroborated that icariin was associated with either equivalent or significantly higher level of
osteogenesis-related genes and proteins, such as Runx2, ALP,
and OCN (Figures 3 and 4) during the monitoring span
(3–14 days). Interestingly, the icariin-induced upregulation
magnitude of Runx2 and OCN proteins was much more
significant than their genes on the 3rd, 5th, and 7th day,
while the upregulation fold of OCN protein was much lower
than OCN gene. These phenomena suggested a posttranscriptional modulation might also be involved in icariinrelated effects. In the mineralization assay, we showed that
10−6 mol/L icariin could significantly promote the calcium
nodule formation on both 14th day and 21st day (Figure 5).
A suitable scaffold is indispensable for the application of
allogeneic BMSCs. In previous studies, SMC-PHBHHx composite materials showed good biocompatibility, proper stiffness, and, more importantly, the ability to carry and control
release of bioactive agents [24]. Moreover, the radiolucency of

this material is highly suitable for radiographic examination
of new bone formation in clinic. In this study, we tried to
functionalize SMC-PHBHHx with icariin in order to achieve
enhanced efficacy in bone regeneration. Our data showed
that the adsorbed icariin did not significantly influence the
morphology of SMC-PHBHHx scaffold (Figures 6(a), 6(b),
6(d), and 6(e)). The adsorbed icariin showed a controlled slow
release profile with 30% left by the end of 14 days in the in vitro
condition (Figure 7). Moreover, qualitative scanning electron
microscope observation showed that more BMSCs could
be found on icariin-containing SMC-PHBHHx composite
scaffolds than on non-icariin-containing ones (Figures 6(c)
and 6(f)). These results indicated the feasibility to construct icariin/SMC-PHBHHx/allogeneic BMSCs constructs
for bone tissue engineering.
Subsequently, we tested the effect of icariin on the efficacy
of SMC-PHBHHx/allogeneic BMSCs in a calvarial criticalsize bone defect. Eight weeks after implantation, microCT evaluation showed that the BV/TV, Tb.Th, and Tb.N of
the new bone regenerated in the SMC-PHBHHx/allogeneic
BMSCs with icariin were 4.2 times, 1.8 times, and 2.0 times
higher than those in the SMC-PHBHHx/allogeneic BMSCs
without icariin, respectively (Figures 8(a), 8(b), and 8(c)). The
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presence of icariin was also associated with a significantly
lower Tb.Sp (Figure 8(d)). Consistent with the radiographic
analysis, histological observation also indicated the significantly promoting effect of icariin on bone regeneration
(Figures 9(a) and 9(b)). These results clearly indicated that
the slowly delivered icariin could promote bone regeneration
of SMC-PHBHHx/allogeneic BMSCs in critical-size bone
defects.
In addition to the direct promoting effect, icariin may also
benefit bone regeneration through enhancing angiogenesis.
Vascularization is a crucial step in bone regeneration, which
brings mesenchymal stem cells and nutrition to wounds
[38]. Icariin could promote not only in vitro endothelial
tubulogenesis assay but also in vivo angiogenesis [39],
possibly through activating EGF-EGFR pathway and thereafter endothelial NO synthase [40]. Moreover, icariin could
directly stimulate angiogenesis through activating a series
of angiogenic signals, such as ERK, PI3K, and Akt [41]. In
our in vitro cellular experiments, icariin could significantly
promote the angiogenesis-related genes and proteins, such as
VEGF and FGF (Figures 3 and 4). Accordingly, our histomorphometric analysis indicated that the slowly released icariin
resulted in significantly higher number of blood vessels
(Figure 9(c)).
This study bears also some limitations, such as the limited
group setup in the animal studies and no in vivo tracking
of allogeneic BMSCs. Consequently, the contribution of
allogeneic and autologous BMSCs could not be precisely
determined. However, our findings clearly showed that the
slowly delivered icariin could promote the efficacy of SMCPHBHHx/allogeneic BMSCs for healing the critical-bone
defects in rats. Such an effect may be mediated by icariininduced upregulation of osteogenesis and angiogenesis. With
the indication of the current study, we are trying to further
explore these factors.

Stem Cells International

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]
[11]

[12]

Competing Interests
[13]

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
This work was supported by the grants from Shanghai Science
and Technology Committee (14411963500), Shanghai East
Hospital (DFZY-9), and National Natural Science Foundation of China (Grants nos. 81400475 and 81470724). The
authors sincerely thank Professor Hailiang Ge for providing
the lab facility. They also thank Professor Changsheng Liu
and Professor Jing Wang for providing the SMC-PHBHHx
material.

[14]

[15]

[16]

References
[1] J. S. Carson and M. P. G. Bostrom, “Synthetic bone scaffolds and
fracture repair,” Injury, vol. 38, no. 1, pp. S33–S37, 2007.
[2] J. D. Haman, R. N. Scripa, J. M. Rigsbee, and L. C. Lucas,
“Production of thin calcium phosphate coatings from glass

[17]

source materials,” Journal of Materials Science: Materials in
Medicine, vol. 13, no. 2, pp. 175–184, 2002.
N. Saito and K. Takaoka, “New synthetic biodegradable polymers as BMP carriers for bone tissue engineering,” Biomaterials,
vol. 24, no. 13, pp. 2287–2293, 2003.
S. S. Tseng, M. A. Lee, and A. H. Reddi, “Nonunions and the
potential of stem cells in fracture-healing,” The Journal of Bone
& Joint Surgery—American Volume, vol. 90, supplement 1, pp.
92–98, 2008.
A. H. Undale, J. J. Westendorf, M. J. Yaszemski, and S. Khosla,
“Mesenchymal stem cells for bone repair and metabolic bone
diseases,” Mayo Clinic Proceedings, vol. 84, no. 10, pp. 893–902,
2009.
S. Huang, L. Xu, Y. Zhang, Y. Sun, and G. Li, “Systemic and
local administration of allogeneic bone marrow-derived mesenchymal stem cells promotes fracture healing in rats,” Cell
Transplantation, vol. 24, no. 12, pp. 2643–2655, 2015.
A. Berner, J. C. Reichert, M. A. Woodruff et al., “Autologous vs.
allogenic mesenchymal progenitor cells for the reconstruction
of critical sized segmental tibial bone defects in aged sheep,”
Acta Biomaterialia, vol. 9, no. 8, pp. 7874–7884, 2013.
L. Watson, S. J. Elliman, and C. M. Coleman, “From isolation to
implantation: a concise review of mesenchymal stem cell therapy in bone fracture repair,” Stem Cell Research & Therapy, vol.
5, article 51, 2014.
M. R. Urist and B. S. Strates, “Bone morphogenetic protein,”
Journal of Dental Research, vol. 50, no. 6, pp. 1392–1406, 1971.
D. Chen, M. Zhao, and G. R. Mundy, “Bone morphogenetic
proteins,” Growth Factors, vol. 22, no. 4, pp. 233–241, 2004.
H. Cheng, W. Jiang, F. M. Phillips et al., “Osteogenic activity
of the fourteen types of human bone morphogenetic proteins
(BMPs),” The Journal of Bone & Joint Surgery, vol. 85-A, no. 8,
pp. 1544–1552, 2003.
S. D. Boden, J. Kang, H. Sandhu, and J. G. Heller, “Use of recombinant human bone morphogenetic protein-2 to achieve posterolateral lumbar spine fusion in humans: a prospective,
randomized clinical pilot trial 2002 volvo award in clinical
studies,” Spine, vol. 27, no. 23, pp. 2662–2673, 2002.
S. Govender, C. Csimma, H. K. Genant et al., “Recombinant
human bone morphogenetic protein-2 for treatment of open
tibial fractures a prospective, controlled, randomized study of
four hundred and fifty patients,” The Journal of Bone & Joint
Surgery—American Volume, vol. 84, no. 12, pp. 2123–2134, 2002.
J. M. Toth, S. D. Boden, J. K. Burkus, J. M. Badura, S. M. Peckham, and W. F. McKay, “Short-term osteoclastic activity induced
by locally high concentrations of recombinant human bone
morphogenetic protein-2 in a cancellous bone environment,”
Spine, vol. 34, no. 6, pp. 539–550, 2009.
X. Zhang, T. Liu, Y. Huang, D. Wismeijer, and Y. Liu, “Icariin:
does it have an osteoinductive potential for bone tissue engineering?” Phytotherapy Research, vol. 28, no. 4, pp. 498–509,
2014.
H.-P. Ma, L.-G. Ming, B.-F. Ge et al., “Icariin is more potent
than genistein in promoting osteoblast differentiation and
mineralization in vitro,” Journal of Cellular Biochemistry, vol.
112, no. 3, pp. 916–923, 2011.
H. Cao, Y. Ke, Y. Zhang, C.-J. Zhang, W. Qian, and G.-L. Zhang,
“Icariin stimulates MC3T3-E1 cell proliferation and differentiation through up-regulation of bone morphogenetic protein-2,”
International Journal of Molecular Medicine, vol. 29, no. 3, pp.
435–439, 2012.

Stem Cells International
[18] T.-P. Hsieh, S.-Y. Sheu, J.-S. Sun, M.-H. Chen, and M.-H.
Liu, “Icariin isolated from Epimedium pubescens regulates
osteoblasts anabolism through BMP-2, SMAD4, and Cbfa1
expression,” Phytomedicine, vol. 17, no. 6, pp. 414–423, 2010.
[19] H. J. Seeherman, K. Azari, S. Bidic et al., “rhBMP-2 delivered in a
calcium phosphate cement accelerates bridging of critical-sized
defects in rabbit radii,” The Journal of Bone & Joint Surgery—
American Volume, vol. 88, no. 7, pp. 1553–1565, 2006.
[20] T.-P. Hsieh, S.-Y. Sheu, J.-S. Sun, and M.-H. Chen, “Icariin
inhibits osteoclast differentiation and bone resorption by suppression of MAPKs/NF-𝜅B regulated HIF-1𝛼 and PGE2 synthesis,” Phytomedicine, vol. 18, no. 2-3, pp. 176–185, 2011.
[21] J. Huang, L. Yuan, X. Wang, T.-L. Zhang, and K. Wang,
“Icaritin and its glycosides enhance osteoblastic, but suppress
osteoclastic, differentiation and activity in vitro,” Life Sciences,
vol. 81, no. 10, pp. 832–840, 2007.
[22] D. Arcos and M. Vallet-Regı́, “Sol-gel silica-based biomaterials
and bone tissue regeneration,” Acta Biomaterialia, vol. 6, no. 8,
pp. 2874–2888, 2010.
[23] H. Wang, Y. Li, Y. Zuo, J. Li, S. Ma, and L. Cheng, “Biocompatibility and osteogenesis of biomimetic nano-hydroxyapatite/
polyamide composite scaffolds for bone tissue engineering,”
Biomaterials, vol. 28, no. 22, pp. 3338–3348, 2007.
[24] S. Yang, S. Xu, P. Zhou et al., “Siliceous mesostructured cellular
foams/poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) composite biomaterials for bone regeneration,” International Journal
of Nanomedicine, vol. 9, pp. 4795–4807, 2014.
[25] N. Mardas, A. Stavropoulos, and T. Karring, “Calvarial bone
regeneration by a combination of natural anorganic bovinederived hydroxyapatite matrix coupled with a synthetic cellbinding peptide (PepGen): an experimental study in rats,”
Clinical Oral Implants Research, vol. 19, no. 10, pp. 1010–1015,
2008.
[26] J. Guo and G. Wu, “The signaling and functions of heterodimeric bone morphogenetic proteins,” Cytokine and Growth Factor
Reviews, vol. 23, no. 1-2, pp. 61–67, 2012.
[27] R. Derynck and Y. E. Zhang, “Smad-dependent and Smadindependent pathways in TGF-𝛽 family signalling,” Nature, vol.
425, no. 6958, pp. 577–584, 2003.
[28] J. Wang, J. Guo, J. Liu, L. Wei, and G. Wu, “BMP-functionalised
coatings to promote osteogenesis for orthopaedic implants,”
International Journal of Molecular Sciences, vol. 15, no. 6, pp.
10150–10168, 2014.
[29] W. N. Liang, M. N. Lin, X. H. Li et al., “Icariin promotes bone
formation via the BMP-2/Smad4 signal transduction pathway
in the hFOB 1.19 human osteoblastic cell line,” International
Journal of Molecular Medicine, vol. 30, no. 4, pp. 889–895, 2012.
[30] X.-F. Li, H. Xu, Y.-J. Zhao et al., “Icariin augments bone
formation and reverses the phenotypes of osteoprotegerindeficient mice through the activation of WNT/ 𝛽-CateninBMP Signaling,” Evidence-Based Complementary and Alternative Medicine, vol. 2013, Article ID 652317, 13 pages, 2013.
[31] S. Ohba, K. Nakajima, Y. Komiyama et al., “A novel osteogenic
helioxanthin-derivative acts in a BMP-dependent manner,”
Biochemical and Biophysical Research Communications, vol. 357,
no. 4, pp. 854–860, 2007.
[32] Y. Wu, L. Xia, Y. Zhou, Y. Xu, and X. Jiang, “Icariin induces
osteogenic differentiation of bone mesenchymal stem cells in a
MAPK-dependent manner,” Cell Proliferation, vol. 48, no. 3, pp.
375–384, 2015.
[33] Y.-K. Zhai, X.-Y. Guo, B.-F. Ge et al., “Icariin stimulates the
osteogenic differentiation of rat bone marrow stromal cells via

13

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

activating the PI3K-AKT-eNOS-NO-cGMP-PKG,” Bone, vol.
66, pp. 189–198, 2014.
Z. Luo, M. Liu, L. Sun, and F. Rui, “Icariin recovers the
osteogenic differentiation and bone formation of bone marrow
stromal cells from a rat model of estrogen deficiency-induced
osteoporosis,” Molecular Medicine Reports, vol. 12, no. 1, pp. 382–
388, 2015.
Q. Bian, J. H. Huang, S. F. Liu et al., “Different molecular targets
of Icariin on bMSCs in CORT and OVX-rats,” Frontiers in
Bioscience, vol. 4, pp. 1224–1236, 2012.
Z.-B. Sun, J.-W. Wang, H. Xiao et al., “Icariin may benefit
the mesenchymal stem cells of patients with steroid-associated
osteonecrosis by ABCB1-promoter demethylation: a preliminary study,” Osteoporosis International, vol. 26, no. 1, pp. 187–197,
2015.
F. Wang, Z. Liu, S. Lin, H. Lu, and J. Xu, “Icariin enhances the
healing of rapid palatal expansion induced root resorption in
rats,” Phytomedicine, vol. 19, no. 11, pp. 1035–1041, 2012.
E. Wernike, M.-O. Montjovent, Y. Liu et al., “Vegf incorporated
into calcium phosphate ceramics promotes vascularisation and
bone formation in vivo,” European Cells and Materials, vol. 19,
pp. 30–40, 2010.
B. H. Chung, J. D. Kim, C. K. Kim et al., “Icariin stimulates
angiogenesis by activating the MEK/ERK- and PI3K/Akt/
eNOS-dependent signal pathways in human endothelial cells,”
Biochemical and Biophysical Research Communications, vol. 376,
no. 2, pp. 404–408, 2008.
T. Liu, X.-C. Qin, W.-R. Li et al., “Effects of icariin and icariside
II on eNOS expression and NOS activity in porcine aorta
endothelial cells,” Beijing Da Xue Xue Bao, vol. 43, no. 4, pp.
500–504, 2011.
H.-B. Xu and Z.-Q. Huang, “Icariin enhances endothelial nitricoxide synthase expression on human endothelial cells in vitro,”
Vascular Pharmacology, vol. 47, no. 1, pp. 18–24, 2007.

Hindawi Publishing Corporation
Stem Cells International
Volume 2016, Article ID 1318256, 9 pages
http://dx.doi.org/10.1155/2016/1318256

Research Article
Cytokines TNF-𝛼, IL-6, IL-17F, and IL-4 Differentially Affect
Osteogenic Differentiation of Human Adipose Stem Cells
Angela P. Bastidas-Coral,1 Astrid D. Bakker,1
Behrouz Zandieh-Doulabi,1 Cornelis J. Kleverlaan,2 Nathalie Bravenboer,3
Tim Forouzanfar,4 and Jenneke Klein-Nulend1
1

Department of Oral Cell Biology, Academic Centre for Dentistry Amsterdam (ACTA), University of Amsterdam and
Vrije Universiteit Amsterdam, MOVE Research Institute Amsterdam, Amsterdam, Netherlands
2
Department of Dental Materials Science, Academic Centre for Dentistry Amsterdam (ACTA),
University of Amsterdam and Vrije Universiteit Amsterdam, MOVE Research Institute Amsterdam, Amsterdam, Netherlands
3
Department of Clinical Chemistry, VU University Medical Center, MOVE Research Institute Amsterdam, Amsterdam, Netherlands
4
Department of Oral and Maxillofacial Surgery, VU University Medical Center, MOVE Research Institute Amsterdam,
Amsterdam, Netherlands
Correspondence should be addressed to Jenneke Klein-Nulend; j.kleinnulend@acta.nl
Received 29 April 2016; Revised 9 August 2016; Accepted 16 August 2016
Academic Editor: Yang D. Teng
Copyright © 2016 Angela P. Bastidas-Coral et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
During the initial stages of bone repair, proinflammatory cytokines are released within the injury site, quickly followed by a shift
to anti-inflammatory cytokines. The effect of pro- and anti-inflammatory cytokines on osteogenic differentiation of mesenchymal
stem cells is controversial. Here, we investigated the effect of the proinflammatory cytokines TNF-𝛼, IL-6, IL-8, and IL-17F and
the anti-inflammatory cytokine IL-4 on proliferation and osteogenic differentiation of human adipose stem cells (hASCs). hASCs
were treated with TNF-𝛼, IL-6, IL-8, IL-17F, or IL-4 (10 ng/mL) for 72 h mimicking bone repair. TNF-𝛼 reduced collagen type I
gene expression but increased hASC proliferation and ALP activity. IL-6 also strongly enhanced ALP activity (18-fold), as well
as bone nodule formation by hASCs. IL-8 did not affect proliferation or osteogenic gene expression but reduced bone nodule
formation. IL-17F decreased hASC proliferation but enhanced ALP activity. IL-4 enhanced osteocalcin gene expression and ALP
activity but reduced RUNX2 gene expression and bone nodule formation. In conclusion, all cytokines studied have both enhancing
and reducing effects on osteogenic differentiation of hASCs, even when applied for 72 h only. Some cytokines, specifically IL-6, may
be suitable to induce osteogenic differentiation of mesenchymal stem cells as a strategy for enhancing bone repair.

1. Introduction
The treatment of critical-size cranial defects is still a significant challenge. These defects can result from craniectomy
due to trauma and tumors. Despite complications related
to the harvesting procedure, such as haemorrhage, nerve
and vascular lesions, and prolonged or chronic postoperative
pain, bone grafts are still considered the gold standard in the
reconstruction of craniomaxillofacial skeletal defects [1, 2].
Yet, bone tissue engineering techniques, including the use
of mesenchymal stem cells (MSCs), scaffolds, and inductive
factors such as cytokines, can also be used as a strategy to
repair critical-size cranial defects [3].

The physiological process of bone repair implicates the
formation of a haematoma followed by an inflammatory
response, which has been demonstrated to play a crucial role
in early fracture repair [4, 5]. During the inflammatory phase,
different cytokines are released at the injury site to aid the
recruitment of mesenchymal progenitor cells, followed by
replacement of the haematoma with granulation tissue [6].
Known proinflammatory cytokines, such as tumor necrosis
factor-𝛼 (TNF-𝛼), interleukin-6 (IL-6), and interleukin-8 (IL8), can be detected in an early stage of fracture healing.
High levels of TNF-𝛼 have been detected within the first
24 hours after bone injury in a mouse tibia fracture model
[7]. In patients with hip fractures, expression of IL-6 and
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IL-8 has been shown to be elevated within the first 24 to 72
hours after bone injury [8, 9]. TNF-𝛼 and IL-6 are secreted
by macrophages and T-cells, and IL-6 is also secreted by
osteoblasts [10]. TNF-𝛼 is known to promote the recruitment
of MSCs and osteoblasts [7]. IL-6 has been shown to stimulate
osteoblast differentiation [10]. In addition, IL-6 positively
influences the mitogen-activated protein kinase signaling
cascade, which is essential for bone formation in human
bone marrow MSCs (BMSCs) [11]. The hypoxia-regulated
cytokine IL-8 is upregulated during haematoma formation
[9]. Interleukin-17F (IL-17F), a cytokine secreted by T-helper
cell 17 (Th17) subset, has been shown to be expressed
during the early phase of fracture healing, that is, 72 hours
after fracture in mice, using immunohistochemistry [12].
Moreover, IL-17F stimulates osteoblast maturation in vitro
[12, 13]. Recently, IL-17F has been shown to strongly induce
osteogenic differentiation of MSCs [14].
Following the initial inflammatory response, a shift from
proinflammatory to anti-inflammatory cytokines occurs,
which is crucial for the repair process [15]. The T-helper 2
(Th2) cytokines IL-4, IL-10, and IL-13 belong to the family
of anti-inflammatory cytokines that play an important role in
inflammatory and immune responses [16, 17]. In particular,
IL-4 inhibits bone resorption [18, 19], and its depletion can
lead to a reduction in cortical bone mass in adult male mice
[20]. In addition, IL-4 enhances osteogenesis by cocultures
of proinflammatory M1 macrophages with preosteoblastic
MC3T3 cells by modulating the M1 macrophage phenotype
towards M2 [21].
Cytokines may affect the osteogenic differentiation of
MSCs, besides their role in the immune response initiated
upon injury. Both positive and negative effects of cytokines on
osteogenic differentiation of MSCs have been reported, which
might be related to the kinetics of their application [22, 23].
Whether IL-4, TNF-𝛼, IL-6, IL-8, and/or IL-17F application
for a duration of 72 hours, mimicking the in vivo situation,
affects proliferation and osteogenic differentiation of MSCs
is still unclear. A better understanding of the inflammatory
phase during bone repair is crucial to exploit the regenerative
potential of MSCs. Therefore, the aim of this study was to
investigate whether a short exposure to proinflammatory and
anti-inflammatory cytokines, known to be released during
bone fracture, modulates proliferation and/or osteogenic
differentiation of MSCs. We stimulated human adipose stem
cells (hASCs) with the proinflammatory cytokines TNF-𝛼,
IL-6, IL-8, and IL-17F and the anti-inflammatory cytokine
IL-4 for 72 hours. Proliferation was assessed by KI67 gene
expression and DNA quantification. Osteogenic differentiation of hASCs was studied by analysis of gene expression of
RUNX2, collagen type 1 (COL1), and osteocalcin (OC), as
well as alkaline phosphatase (ALP) activity and bone nodule
formation.

2. Materials and Methods
2.1. Adipose Tissue Donors. Subcutaneous adipose tissue
samples were harvested from abdominal wall resections of
five healthy female donors (age range: 33–54 years, mean:
47 years), who underwent elective plastic surgery at the
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Tergooi Hospital Hilversum and a clinic in Bilthoven, The
Netherlands. The Ethical Review Board of the VU Medical
Center, Amsterdam, The Netherlands, approved the protocol
(number 2016/105) and informed consent was obtained from
all patients.
2.2. Isolation and Culture of hASCs. Isolation, characterization, and osteogenic differentiation capacity of hASCs have
been reported previously by our group [24]. For the isolation
of hASCs, adipose tissue was cut into small pieces and
enzymatically digested with 0.1% collagenase A (Roche Diagnostics GmbH, Mannheim, Germany) in phosphate-buffered
saline (PBS) containing 1% bovine serum albumin (Roche
Diagnostics GmbH) under continuous shaking conditions
for 45 min at 37∘ C. Next a Ficoll density-centrifugation step
(Lymphoprep; 1,000 g, 20 min, 𝜌 = 1.077 g/mL Ficoll,
osmolarity 280 ± 15 mOsm; Axis-Shield, Oslo, Norway) was
performed, and the cell-containing interface was harvested
and resuspended in Dulbecco’s modified Eagle’s medium
(Life Technologies Europe BV, Bleiswijk, The Netherlands).
hASCs were counted and stored in liquid nitrogen. Cryopreserved hASCs from the different donors were pooled
and cultured in 𝛼-Minimum Essential Medium (𝛼-MEM;
Gibco, Life Technologies, Waltham, MA, USA) with 1%
penicillin, streptomycin, and fungizone (PSF; Sigma, St.
Louis, MO, USA), 10 IU/mL heparin (LEO Pharma A/S,
Ballerup, Denmark), and 2% human platelet lysate, at 37∘ C
in 5% CO2 in air. The medium was refreshed every 3 days.
When near confluent (90%), hASCs were harvested by adding
0.25% trypsin (Gibco, Invitrogen, Waltham, MA, USA) and
0.1% ethylenediaminetetraacetic acid (Merck, Darmstadt,
Germany) in PBS at 37∘ C. ASCs were stored in liquid nitrogen
until further use. For experiments, hASCs were thawed and
seeded at 0.5 × 106 cells in T-175 cm2 culture flasks (Greiner
Bio-One, Kremsmünster, Austria) in 𝛼-MEM containing 1%
PSF, 10 IU/mL heparin, and 2% human platelet lysate, at 37∘ C
in 5% CO2 in air. In all experiments, hASCs at passage 2 (P2)
were used. Medium was changed every 3 days.
2.3. Platelet Lysate. Pooled platelet products from five donors
were obtained from the Bloodbank Sanquin (Sanquin, Amsterdam, The Netherlands) and contained approximately 1 ×
109 platelets per mL [25]. Platelet lysate was obtained by lysing
the platelets through temperature shock at −80∘ C. For usage,
platelet lysate was thawed and centrifuged at 600 g for 10 min
to eliminate remaining platelet fragments. The supernatant
was added at 2% (v/v) to the medium or stored at 4∘ C until
usage within 1 week.
2.4. Stimulation of hASCs with Proinflammatory and AntiInflammatory Cytokines. hASCs (1 × 104 cells/cm2 ) were
seeded in 24-well plates and cultured in 𝛼-MEM containing
1% PSF, 10 IU/mL heparin, and 2% human platelet lysate, at
37∘ C in 5% CO2 in air. hASCs were allowed to attach for
24 h before stimulation with cytokines. After cytokine stimulation, the medium was replaced with osteogenic medium
(OM), consisting of 𝛼-MEM containing 1% PSF, 10 IU/mL
heparin, 2% human platelet lysate, 50 𝜇M ascorbic acid-2phosphate (vitamin C; Sigma, St. Louis, MO, USA), 5 mM
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Table 1: Primer sequences for determination of proliferation and osteogenic differentiation of hASCs through PCR. YWHAZ: tyrosine 3monooxygenase/tryptophan 5-monooxygenase activation protein, zeta; UBC: ubiquitin C; KI67: proliferation marker; RUNX2: runt-related
transcription factor-2; COL1: collagen type 1; Osteocalcin.
Target gene (human)
YWHAZ
UBC
KI67
RUNX2
COL1
Osteocalcin

Oligonucleotide sequences
Forward
Reverse
5 GATGAAGCCATTGCTGAACTTG 3
5 CTATTTGTGGGACAGCATGGA 3
5 GCGGTGAACGCCGATGATTAT 3
5 TTTGCCTTGACATTCTCGATGG 3


5 CCCTCAGCAAGCCTGAGAA 3
5 AGAGGCGTATTAGGAGGCAAG 3


5 ATGCTTCATTCGCCTCAC 3
5 ACTGCTTGCAGCCTTAAAT 3


5 TCCGGCTCCTGCTCCTCTTA 3
5 GGCCAGTGTCTCCCTTG 3



5 AGCCACCGAGACACCATGAGA 3
5 CTCCTGAAAGCCGATGTGGTC 3

𝛽-glycerophosphate (𝛽GP; Sigma), and 10 nM 1,25-(OH)2
vitamin D3 (Sigma). Recombinant human TNF-𝛼 (R&D
Systems, Minneapolis, MN, USA), recombinant human IL4 (R&D Systems), recombinant human IL-6 (R&D Systems),
recombinant human IL-6R𝛼 (R&D Systems), recombinant
human IL-8 (R&D Systems), and recombinant human IL17F (R&D Systems) were added to the OM at 10 ng/mL and
incubated for 72 h at 37∘ C in 5% CO2 in air. Then, the medium
was changed to OM without cytokines and was replaced every
3 days. hASCs were harvested at 6 and 48 h (early time points)
and at 4, 7, and 14 days (late time points) to assess proliferation
and osteogenic differentiation of hASCs.
2.5. Cell Proliferation. hASCs cultured for 48 h, 4 days,
and 7 days with proinflammatory and anti-inflammatory
cytokines were washed with PBS, and CyQuant lysis buffer
was added. DNA content, as a measure for cell number, was
determined using the CyQuant Cell Proliferation Assay Kit
(Molecular Probes, Leiden, The Netherlands). Absorption
was read at 485 nm excitation and 528 nm emission in a
microplate reader (Synergy HT spectrophotometer; BioTek
Instruments Inc., Highland Park, Winooski, VT, USA).
2.6. RNA Isolation and Real-Time RT-PCR. Total RNA was
isolated from hASCs using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instructions. Total RNA concentration and quality were determined using a Synergy HT spectrophotometer. RNA was
reverse-transcribed to cDNA using a RevertAid First Strand
cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany)
according to the manufacturer’s instructions. Real-time PCR
was performed using SYBR Green I Mastermix (Roche
Diagnostics, Mannheim, Germany) in a LightCycler 480
(Roche Diagnostics, Basel, Switzerland). Every PCR reaction
was prepared with 3 𝜇L PCR-H2O, 0.5 𝜇L forward primer
(1 𝜇M), 0.5 𝜇L reverse primer (1 𝜇M), 5 𝜇L LightCycler 480
SYBR Green I Mastermix (Roche Diagnostics, Mannheim,
Germany), and 1 𝜇L cDNA in a final volume of 10 𝜇L. Based
on BestKeeper [26], the values obtained were normalized
to YWHAZ and UBC housekeeping genes. Real-time PCR
was used to assess expression of the following genes: KI67,
RUNX2, COL1, and osteocalcin. All primers used were
from Life Technologies. The primer sequences are listed in
Table 1. mRNA preparations from human bone were used as
a reference and internal control in each assay.

2.7. Alkaline Phosphatase Activity. hASCs cultured for
48 h, 4 days, and 7 days with proinflammatory and antiinflammatory cytokines were lysed with CyQuant lysis
buffer. ALP activity was measured in the cell lysate using
4-nitrophenyl phosphate disodium salt (Merck, Darmstadt,
Germany) at pH 10.3 as a substrate for ALP, according to
the method described by Lowry [27]. The absorbance was
read at 405 nm with a Synergy HT spectrophotometer. ALP
activity was expressed as 𝜇M per ng DNA.
2.8. Mineralization. Matrix mineralization was analyzed by
alizarin red staining after incubation of hASCs with proinflammatory and anti-inflammatory cytokines at day 14 by
using 1% Alizarin Red S (pH 4.1; Sigma-Aldrich, St. Louis,
MO, USA) in water as described earlier [28]. Briefly, hASCs
were fixed with 10% formaldehyde for 15 min and rinsed
with deionized water before adding 350 mL of 1% Alizarin
Red S solution per well. After incubation for 15 min at room
temperature, the cells were washed with deionized water.
Cells differentiating into osteoblasts show mineralized matrix
deposition, producing bright red nodules.
2.9. Statistical Analysis. Values are provided as mean ± SD.
Differences between two groups were tested for statistical significance using paired t-test. Analysis of variance (ANOVA)
was used to compare data between three or more groups,
with application of Dunnett’s multiple comparison test to
compare with untreated controls. A 𝑝 value < 0.05 was
considered significant. Statistical analysis was performed
using GraphPad Prism 5.4 (GraphPad Software, San Diego,
CA, USA).

3. Results
3.1. TNF-𝛼, but Not IL-6, IL-8, IL-17F, or IL-4, Stimulates
hASCs DNA Content. DNA content and gene expression
of the proliferation marker KI67 were analyzed to assess
whether proinflammatory and anti-inflammatory cytokines
affect hASCs proliferation. All cytokines did not affect KI67
gene expression compared with untreated cultures at 48 h,
day 4, or day 7 (Figure 1(a)). TNF-𝛼 significantly decreased
DNA content by 1.1-fold at 48 h, but it increased DNA content
by 1.1-fold at days 4 and 7 compared to untreated controls
(Figure 1(b)). IL-17F decreased DNA content by 1.2-fold at
day 4 (Figure 1(b)). All other cytokines did not affect DNA
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Figure 1: Comparative analysis of the effect of pro- and anti-inflammatory cytokines on hASC proliferation. ASCs were stimulated for 72 h
with proinflammatory cytokines TNF-𝛼, IL-6, IL-8, and IL-17F and the anti-inflammatory cytokine IL-4 (10 ng/mL). (a) Gene expression of
proliferation marker KI67 at 6 h, 48 h, and days 4 and 7. No significant effects of cytokines on KI67 expression were found, 𝑛 = 7. (b) DNA
content at 48 h, day 4, and day 7. TNF-𝛼 decreased DNA content at 48 h but increased DNA content at days 4 and 7. IL-17F decreased DNA
content at day 4. 𝑛 = 3, results are mean ± SD. ∗ Significant effect of cytokine treatment, 𝑝 < 0.05.

content compared with untreated cultures at 48 h, day 4, or
day 7 (Figure 1(b)).
3.2. Cytokines Exerted Various Effects on Gene Expression of
Osteogenic Markers in hASCs. The effect of treatment with
the proinflammatory cytokines TNF-𝛼, IL-6, IL-8, and IL-17F
and the anti-inflammatory cytokine IL-4 (concentration of
all cytokines tested 10 ng/mL) on osteogenic differentiation
of hASCs was assessed. IL-4 significantly decreased RUNX2
gene expression by 4.7–5.0-fold at days 4 and 7 compared to
untreated hASCs (Figure 2(a)).
COL1 gene expression was decreased by the proinflammatory cytokines TNF-𝛼 (4-fold decrease, day 4) and IL6 (2.2-fold decrease, 48 h; Figure 2(b)). The other cytokines
tested did not affect COL1 expression. IL-4 significantly
increased the expression of the mature bone marker osteocalcin by 7.4-fold at day 4 and by 7.2-fold at day 7, compared
to untreated controls (Figure 2(c)). The other cytokines tested
did not significantly affect osteocalcin expression.
3.3. Pro- and Anti-Inflammatory Cytokines Enhanced ALP
Activity and Mineralization of hASCs. The proinflammatory cytokines significantly increased ALP activity. TNF-𝛼
increased ALP activity by 9-fold and IL-6 by 18-fold at day
7. IL-17F increased ALP activity by 2.3–2.6-fold at 48 h and

at day 4 (Figure 3(a)). IL-8 did not affect ALP activity at any
of the time points measured. The proinflammatory cytokine
IL-4 enhanced ALP activity by 1.5-fold at day 4 (Figure 3(a)).
IL-6 enhanced mineralization of hASCs at day 14 compared to the untreated controls. In contrast, TNF-𝛼 and IL17F decreased mineralization of hASCs at day 14 compared to
the untreated controls. Treatment with IL-8 and IL-4 resulted
in low mineralization compared to untreated controls as well
as compared to the other cytokines (Figure 3(b)).

4. Discussion
Understanding the mechanism of fracture repair, especially
the inflammatory response, is relevant in the search for new
strategies or treatments to optimize bone repair, which may
have implications for the treatment of critical-size cranial
defects. We added pro- and anti-inflammatory cytokines for
72 hours, which simulates the kinetics of their expression
during early stages of fracture repair in vivo, and investigated
their effects on the proliferation and osteogenic differentiation of hASCs.
The proliferative capacity of mesenchymal precursors is
highly relevant for tissue repair [29]. Cytokines are known to
affect proliferation of different cell types [22, 30]. Therefore,
we first analyzed the effect of the different cytokines on
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Figure 2: Comparative analysis of the effect of pro- and anti-inflammatory cytokines on osteogenic differentiation of hASCs. ASCs were
stimulated for 72 h with proinflammatory cytokines TNF-𝛼, IL-6, IL-8, and IL-17F and the anti-inflammatory cytokine IL-4 (10 ng/mL). (a)
IL-4 decreased RUNX2 gene expression at days 4 and 7, 𝑛 = 7. (b) TNF-𝛼 and IL-6 decreased gene expression of COL1 at day 4 and 48 h,
𝑛 = 7. (c) Only IL-4, but not the other cytokines tested, increased osteocalcin gene expression at days 4 and 7. Results are mean ± SD, 𝑛 = 7.
∗
Significant effect of cytokine treatment, 𝑝 < 0.05.

the proliferation of hASCs. This study demonstrated that
10 ng/mL TNF-𝛼 increased DNA content of hASCs at 7 days.
However, IL-4, IL-6, IL-8, and IL-17F (10 ng/mL) did not
affect DNA content or expression of KI67. Thus, TNF-𝛼
may be more important than the other cytokines to induce
MSCs proliferation during bone tissue repair. Interestingly, it
has been reported that TNF-𝛼 at 50 ng/mL for 7 days does
not affect MSC proliferation, while TNF-𝛼 at only 5 ng/mL
significantly stimulates MSC proliferation by 2-fold [31]. We
also showed that TNF-𝛼 at a relatively low concentration of
10 ng/mL increases hASC proliferation after 7 days of culture.
It is thus possible that the observed effect of cytokines on

indicators of stem cell proliferation, or lack thereof, is strongly
dose-dependent.
Proinflammatory and anti-inflammatory cytokines differentially affected osteogenic differentiation of hASCs. TNF𝛼 and IL-6 affected osteogenic differentiation of hASCs by
decreasing COL1 gene expression, followed at a later stage by
enhancing ALP activity. IL-6 also induced mineralization as
shown by alizarin red staining of the cultures. Our findings
confirm findings by others showing that IL-6 enhances
osteogenic differentiation of MSCs [10, 32, 33]. Moreover, IL6 at 100 ng/mL accelerates mineralization as well as RUNX2
gene expression in hASCs [28]. In our study, we used only

ALP activity (𝜇mol/ng DNA)
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Figure 3: Comparative analysis of the effect of pro- and anti-inflammatory cytokines on osteogenic differentiation of hASCs. ASCs were
stimulated for 72 h with proinflammatory cytokines TNF-𝛼, IL-6, IL-8, and IL-17F and the anti-inflammatory cytokine IL-4 (10 ng/mL). (a)
TNF-𝛼 and IL-6 increased ALP activity at 7 days and IL-17F at 48 h and day 7. IL-4 increased ALP activity at day 4. Results are mean ± SD,
𝑛 = 3. ∗ Significant effect of cytokine treatment, 𝑝 < 0.05. (b) ASCs showed enhanced mineralization using alizarin red staining after IL-6
treatment at day 14 compared to untreated controls. TNF-𝛼, IL-8, IL-17F, and IL-4 decreased mineralization of hASCs at day 14 compared to
untreated controls.

10 ng/mL IL-6 to treat hASCs, which might explain the
lack of effect of IL-6 on RUNX2 expression. IL-6 has been
shown to stimulate osteoblast differentiation [10]. A femoral
fracture model in IL-6 knockout mice showed delayed callus
remodeling and mineralization [32]. Therefore, IL-6 may play
a crucial role in osteogenic differentiation of MSCs and might
be used to enhance mineralization during fracture healing.
In the present study, 10 ng/mL IL-17F enhanced ALP
activity by hASCs. In addition, the proinflammatory cytokine
IL-17F stimulates osteoblast maturation and activation allowing bone synthesis [12, 14]. Four days of stimulation with
IL-17F increases gene expression of COL1 and osteocalcin in
MC3T3-E1 preosteoblasts and mouse primary mesenchymal
stromal cells [12]. The difference between these data and
our data might be related to differences in cell type and
cytokine concentration, since we added IL-17F at 10 ng/mL
to hASCs, while others added 20 ng/mL IL-17F to MC3T3-E1

preosteoblasts and mouse primary mesenchymal stromal
cells [12].
Since our data showed that proinflammatory cytokines
TNF-𝛼, IL-6, and IL-17F affected the expression of proliferation and osteogenic differentiation markers by hASCs, we
expected to also see an effect by IL-8 treatment. However,
10 ng/mL IL-8 did not affect proliferation or osteogenic
differentiation of hASCs, suggesting that IL-8 does not likely
play an important role in these processes during early stages
of fracture repair. IL-8 is mostly known as an enhancer of cell
migration, more than differentiation, and might thus still play
a positive role in bone repair in vivo. In vivo studies are needed
to unravel the role of IL-8 and the implications of its effects
during the early stages of bone healing.
During fracture repair, the proinflammatory response
switches to an anti-inflammatory response, where IL-4 may
play an important role. Expression of the genes for T-cell
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effector cytokines such as IL-4 is significantly elevated in
the fracture callus [34]. To our knowledge, this is the
first study reporting on the effect of IL-4 on osteogenic
differentiation of hASCs, although other cell types have
been investigated [35–37]. A recent study has reported that
bone marrow mesenchymal stem cells (BMMSCs) from
FBN1-deficient (Fbn1+/− ) mice exhibit decreased osteogenic
differentiation and that this lineage alteration is regulated
by IL4/IL4R𝛼-mediated activation of mTOR signaling to
downregulate RUNX2 [38]. So, this study provides relevant information that IL-4 is involved during osteogenic
differentiation. In our study, we demonstrated that IL-4 at
10 ng/mL decreased gene expression of the early osteogenic
marker RUNX2 but increased expression of the marker of
later osteogenic differentiation osteocalcin in hASCs at days
4 and 7. IL-4 also increased ALP activity in hASCs. This
is in agreement with findings by others showing that IL4 stimulates ALP activity in a dose-dependent manner in
cultured human osteoblasts and in the human osteosarcoma
cell line MG63 [35–37]. On the other hand, we observed
decreased mineralization in hASCs treated with 10 ng/mL
IL-4, while others showed that M1 macrophages cocultured
with preosteoblastic MC3T3 cells treated with IL-4 for 72
hours enhance osteogenic differentiation and mineralization
[21]. MC3T3 monocultures treated with IL-4 for 72 hours did
not reveal significant differences in mineralization compared
with untreated MC3T3 cells [21]. This indicates that specific
conditions within the inflammatory environment such as the
presence of inflammatory cells, that is, macrophages, may
influence the effects of IL-4 during fracture repair and then
enhance the osteogenic differentiation of MSCs.
To obtain an optimal effect of cytokines in an in vivo
critical-size cranial defect model is a significant challenge,
since different concentrations of cytokines are produced,
or different cytokine expression occurs by MSCs during
their differentiation to osteoblasts [39]. The synergistic and
antagonistic effects of different cytokines combined, as this
occurs within the fracture site in vivo, are important, since
the effect of combined cytokines might be different from the
observed effect of individual cytokines on bone formation.
We have focused on whether each cytokine will enhance
or decrease the osteogenic potential of hASCs and on the
time point that markers of bone formation are significantly
expressed. A previous study from our group has also shown
that the combination of cytokines present in the circulation
of patients with active rheumatoid arthritis might contribute
to generalized bone loss by directly inhibiting osteoblast
proliferation and differentiation [40].
Exposure duration is also a critical element in determining cytokine effects on bone regeneration [41]. We showed
that cytokines present during the inflammatory response
may play an important role in the osteogenic differentiation
of progenitor cells. Moreover, the coordinated interactions
with cytokines, cells, and extracellular matrix have been
documented to define a local biochemical and mechanical
niche [42]. So, additional studies assessing the effect of
proinflammatory and anti-inflammatory cytokines under
conditions that better simulate the environment of the
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inflammatory response, such as hypoxia and the presence
of inflammatory cells in a 3D environment, may provide
additional information that might be useful when using
MSCs and cytokines for bone tissue engineering purposes.
In summary, our data show that hASCs respond to the
different cytokines by changes in osteogenic differentiation.
Each cytokine analyzed had a specific effect in a specific
time frame, which in combination with each other may
enable successful bone repair. The stimulatory effects of IL6 on ALP activity and mineralization in hASCs suggest
that this cytokine may enhance osteogenic differentiation of
MSCs and therefore could be used to optimize strategies
focused on the treatment of critical-size cranial defects in
vivo. In conclusion, all cytokines investigated seemed to
exert both enhancing and reducing effects on osteogenic
differentiation of hASCs. Specifically IL-6 may be suitable to
induce osteogenic differentiation of MSCs as a strategy for
enhancing bone repair.
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[20] C.-J. Silfverswärd, S. Larsson, C. Ohlsson, A. Frost, and O.
Nilsson, “Reduced cortical bone mass in mice with inactivation
of interleukin-4 and interleukin-13,” Journal of Orthopaedic
Research, vol. 25, no. 6, pp. 725–731, 2007.
[21] F. Loi, L. A. Córdova, R. Zhang et al., “The effects of
immunomodulation by macrophage subsets on osteogenesis in
vitro,” Stem Cell Research & Therapy, vol. 7, no. 1, pp. 1–15, 2016.
[22] D. C. Lacey, P. J. Simmons, S. E. Graves, and J. A. Hamilton,
“Proinflammatory cytokines inhibit osteogenic differentiation
from stem cells: implications for bone repair during inflammation,” Osteoarthritis and Cartilage, vol. 17, no. 6, pp. 735–742,
2009.
[23] S. Deshpande, A. W. James, J. Blough et al., “Reconciling
the effects of inflammatory cytokines on mesenchymal cell

Stem Cells International
osteogenic differentiation,” Journal of Surgical Research, vol. 185,
no. 1, pp. 278–285, 2013.
[24] M. J. O. Varma, R. G. M. Breuls, T. E. Schouten et al., “Phenotypical and functional characterization of freshly isolated adipose
tissue-derived stem cells,” Stem Cells and Development, vol. 16,
no. 1, pp. 91–104, 2007.
[25] H.-J. Prins, H. Rozemuller, S. Vonk-Griffioen et al., “Boneforming capacity of mesenchymal stromal cells when cultured
in the presence of human platelet lysate as substitute for fetal
bovine serum,” Tissue Engineering A, vol. 15, no. 12, pp. 3741–
3751, 2009.
[26] M. W. Pfaffl, A. Tichopad, C. Prgomet, and T. P. Neuvians,
“Determination of stable housekeeping genes, differentially
regulated target genes and sample integrity: BestKeeper—excelbased tool using pair-wise correlations,” Biotechnology Letters,
vol. 26, no. 6, pp. 509–515, 2004.
[27] O. H. Lowry, “Micromethods for the assay of enzymes,” Methods
in Enzymology, vol. 4, pp. 366–381, 1957.
[28] S. Fukuyo, K. Yamaoka, K. Sonomoto et al., “IL-6-accelerated
calcification by induction of ROR2 in human adipose tissuederived mesenchymal stem cells is STAT3 dependent,” Rheumatology, vol. 53, no. 7, Article ID ket496, pp. 1282–1290, 2014.
[29] V. Feisst, S. Meidinger, and M. B. Locke, “From bench to
bedside: Use of human adipose-derived stem cells,” Stem Cells
and Cloning: Advances and Applications, vol. 8, pp. 149–162,
2015.
[30] D. M. Butler, D. S. Piccoli, P. H. Hart, and J. A. Hamilton,
“Stimulation of human synovial fibroblast DNA synthesis by
recombinant human cytokines,” Journal of Rheumatology, vol.
15, no. 10, pp. 1463–1470, 1988.
[31] V. Egea, L. von Baumgarten, C. Schichor et al., “TNF-𝛼
respecifies human mesenchymal stem cells to a neural fate and
promotes migration toward experimental glioma,” Cell Death &
Differentiation, vol. 18, no. 5, pp. 853–863, 2011.
[32] X. Yang, B. F. Ricciardi, A. Hernandez-Soria, Y. Shi, N. Pleshko
Camacho, and M. P. G. Bostrom, “Callus mineralization and
maturation are delayed during fracture healing in interleukin-6
knockout mice,” Bone, vol. 41, no. 6, pp. 928–936, 2007.
[33] K. Hess, A. Ushmorov, J. Fiedler, R. E. Brenner, and T. Wirth,
“TNF𝛼 promotes osteogenic differentiation of human mesenchymal stem cells by triggering the NF-𝜅B signaling pathway,”
Bone, vol. 45, no. 2, pp. 367–376, 2009.
[34] T. A. Einhorn, R. J. Majeska, E. B. Rush, P. M. Levine, and M.
C. Horowitz, “The expression of cytokine activity by fracture
callus,” Journal of Bone and Mineral Research, vol. 10, no. 8, pp.
1272–1281, 1995.
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For bone tissue engineering synthetic biphasic calcium phosphate (BCP) with a hydroxyapatite/𝛽-tricalcium phosphate (HA/𝛽TCP) ratio of 60/40 (BCP60/40) is successfully clinically applied, but the high percentage of HA may hamper efficient scaffold
remodelling. Whether BCP with a lower HA/𝛽-TCP ratio (BCP20/80) is more desirable is still unclear. Vascular development is
needed before osteogenesis can occur. We aimed to test the osteogenic and/or vasculogenic differentiation potential as well as
degradation of composites consisting of human adipose stem cells (ASCs) seeded on BCP60/40 or BCP20/80 incorporated in
fibrin gels that trigger neovascularization for bone regeneration. ASC attachment to BCP60/40 and BCP20/80 within 30 min was
similar (>93%). After 11 days of culture BCP20/80-based composites showed increased alkaline phosphatase activity and DMP1 gene
expression, but not RUNX2 and osteonectin expression, compared to BCP60/40-based composites. BCP20/80-based composites
also showed enhanced expression of the vasculogenic markers CD31 and VEGF189, but not VEGF165 and endothelin-1. Collagen-1
and collagen-3 expression was similar in both composites. Fibrin degradation was increased in BCP20/80-based composites at day
7. In conclusion, BCP20/80-based composites showed enhanced osteogenic and vasculogenic differentiation potential compared
to BCP60/40-based composites in vitro, suggesting that BCP20/80-based composites might be more promising for in vivo bone
augmentation than BCP60/40-based composites.

1. Introduction
Bone tissue engineering has become a promising alternative for bone reconstruction. It is based on combinations
of scaffolds, (stem) cells, and mechanical and/or chemical
stimuli [1]. Autologous bone is the golden standard for
clinical bone augmentation, for example, maxillary sinus
floor elevation (MSFE) [2]. An alternative to the golden
standard is biphasic calcium phosphate (BCP). BCPs are
used as bone substitute materials for dental and orthopaedic
applications. Ellinger et al. (1986) were the first to use the term
BCP to describe bioceramics composed of hydroxyapatite

(HA) and 𝛽-tricalcium phosphate (𝛽-TCP) [3]. The chemical
composition of BCP resembles the inorganic part of the
natural bone matrix [4]. LeGeros and Daculsi reported in
1986 the first basic studies on the preparation of BCP and its
in vitro properties [5, 6]. Thereafter, there was a significant
increase in manufacture and use of commercial BCP as bone
substitute. HA is rigid, brittle, and hardly resorbed after
application in, for example, MSFE, while 𝛽-TCP degrades
faster and has a different resorption pattern [7]. For efficient
scaffold remodelling, a BCP with an optimum ratio of HA
and 𝛽-TCP is desired. BCP with a HA/𝛽-TCP ratio of 60/40
(BCP60/40) is successfully applied clinically [4, 8, 9], but
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the high percentage of HA may hamper efficient scaffold
remodelling. Whether BCP with a HA/𝛽-TCP ratio of 20/80
(BCP20/80) is more desirable compared to BCP60/40 is still
unclear.
BCP supports attachment, proliferation, and osteogenic
differentiation of progenitor cells, and can be combined with
regeneration-competent stem cells, such as adipose stem cells
(ASCs), to introduce osteogenic bioactivity [10, 11]. Clinically
relevant stem cell numbers with a high proliferative capacity
can be easily extracted from human adipose tissue [12, 13].
ASCs have multilineage potential including the osteogenic
lineage [14], and probably the endothelial lineage [15]. In the
field of bone tissue engineering, ASCs have been successfully
used for bone augmentation in MSFE [16].
Adequate vascularization is pivotal for cell survival of
transplanted regeneration-competent stem cells in cell-based
bone constructs. Osteogenesis and vasculogenesis are tightly
coupled processes, and vascular development needs to be
induced before osteogenesis can take place. This complexity
has been a major challenge for engineering viable and functional bone grafts [17, 18]. Bioscaffolds, like natural humanderived extracellular matrix scaffolds, enhance vascular
development [19]. Another bioscaffold is fibrin, an insoluble,
elastic protein playing a crucial role in blood clotting and
wound healing. Cell-based bone constructs might be combined with bioscaffolds to induce vascular development.
BCP combined with bioscaffolds, like fibrin, has demonstrated its ability to fill bone defects and promote bone healing
in animal and clinical studies [20–23]. Fibrin gel provides a
biocompatible carrier for cellular function, survival, proliferation, and differentiation [24]. Enhanced bone formation
has been shown after injection of mesenchymal stem cell(MSC-) seeded 𝛽-TCP in fibrin glue admixtures into the
subcutaneous space on rat dorsa [24]. MSCs in fibrin gel used
as a cell delivery system in vivo migrate out of the gel and
invade ceramic scaffold [25].
A comparative study of BCP with different HA/TCP
ratios in mandibular bone defects in minipigs showed that
BCP20/80 results in similar bone formation as autologous
bone after 52 weeks [26]. BCP scaffolds with a HA/𝛽TCP ratio of 60/40, a total porosity of 70% of which 50%
were macropores (diameter 300–600 𝜇m) and 30% were
micropores (diameter < 10 𝜇m) combined with fibrin sealant
stimulated bone formation in animals and humans [20–
23]. A pore size of 300–400 𝜇m enhances bone formation
and promotes neovascularization which is crucial before
osteogenesis can take place in rats [27]. Therefore, in this
study BCP biomaterials were used with a porosity of 90%,
and a pore size of 500–1000 𝜇m. Human MSCs seeded on
BCP60/40 or BCP20/80 incorporated subcutaneously in the
back of immunodeficient mice showed the highest amount
of bone filling in the pore space and even distribution
throughout the entire porous structure of the implant in
BCP20/80-loaded composites [28].
Since both osteogenic and vasculogenic differentiation potential of regeneration-competent ASCs seeded on
BCP60/40 or BCP20/80 incorporated in fibrin gels is crucial
for bone formation in cell-based bone constructs, we aimed
to test the osteogenic and/or vasculogenic differentiation
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potential as well as degradation of composites consisting of
human ASCs seeded on BCP60/40 or BCP20/80 incorporated in fibrin gels for bone regeneration. We hypothesized
that BCP60/40- and BCP20/80-based composites would
enhance osteogenic and vasculogenic differentiation potential of ASCs. We expected that ASCs in BCP20/80-based
composites would result in earlier osteogenic differentiation
compared to ASCs in BCP60/40-based composites since
degradation rate of BCP20/80-based composites is expected
to be higher. ASCs were seeded on BCP60/40 or BCP20/80,
with similar pore size and porosity, and then incorporated in
fibrin gels or directly incorporated in fibrin gels, and cultured
for 11 days. Cell attachment to both BCPs was assessed 30 min
after cell seeding, and cell proliferation, osteogenic and
vasculogenic differentiation potential, and fibrin degradation
were assessed up to 11 days of culture.

2. Materials and Methods
2.1. Biphasic Calcium Phosphate Scaffolds. Two different calcium phosphate scaffolds were used: (1) Straumann BoneCeramic 60/40 (Institut Straumann AG, Basel, Switzerland),
a porous BCP scaffold composed of 60% HA and 40% 𝛽TCP (BCP60/40), and (2) Straumann BoneCeramic 20/80
(Institut Straumann AG, Basel, Switzerland), a porous BCP
scaffold composed of 20% HA and 80% 𝛽-TCP (BCP20/80).
To avoid differences in osteogenic and vasculogenic differentiation potential of ASCs seeded on BCP60/40 or
BCP20/80 incorporated in fibrin gels caused by the BCP
fabrication process, the two different BCPs were produced
by the same company, and had similar pore size and porosity
(Table 1).
2.2. Donors. Subcutaneous adipose tissue was harvested
from residues of abdominal wall resections of five healthy
female donors (aged 33, 40, 47, 50, and 54), who underwent
elective abdominal wall correction at the Tergooi Hospital
Hilversum and a clinic in Bilthoven, Netherlands. The Ethical Review Board of the VU Medical Center, Amsterdam,
Netherlands, approved the protocol. Informed consent was
obtained from all patients.
2.3. Isolation and Culture of Human ASCs. ASCs were isolated from the resection material as described with minor
modifications [12]. In brief, adipose tissue was cut into
small pieces and enzymatically digested with 0.1% collagenase
A (Roche Diagnostics GmbH, Mannheim, Germany) for
45 min at 37∘ C in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (Roche Diagnostics GmbH)
under continuous stirring. Ficoll density-centrifugation
step (Lymphoprep; Axis-Shield, Oslo, Norway; 1000 ×g for
20 min, 𝜌 = 1.077 g/mL Ficoll, osmolarity 280 ± 15 mOsm)
was performed to remove remaining erythrocytes from the
stromal vascular fraction. After centrifugation, the resulting stromal vascular fraction pellet containing ASCs was
resuspended in Dulbecco’s modified Eagle’s medium (Life
Technologies Europe BV, Bleiswijk, Netherlands), counted,
frozen, and stored in liquid nitrogen until further use.
Heterogeneity studies including cell characterization and

Straumann
BoneCeramic
BCP20/80

50x

20% HA
80% 𝛽-TCP

60% HA
40% 𝛽-TCP

Straumann
BoneCeramic
BCP60/40

50x

Composition

Scaffold

5000x

5000x

500–1000

Particle size
(𝜇m)
500–1000

1.0–6.0

Crystal size
(𝜇m)
0.6–6.0

90

90

Porosity (%)

100–500

Interconnected
pores (𝜇m)
100–500

9.5

SSA
(10−3 m2 /g)
6.9

2.0

Microporosity
(%)
2.0

Table 1: Characteristics of the different BCPs used. Composition, particle size, porosity, and pore width of Straumann BoneCeramic 60/40 and Straumann BoneCeramic 20/80. HA:
hydroxyapatite; 𝛽-TCP: 𝛽-tricalcium phosphate; BCP: biphasic calcium phosphate; SSA: specific surface area. Magnification 50x and 5000x.
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(a)

(b)

Figure 1: BCP-based composite consisting of ASCs seeded on BCP scaffold incorporated in fibrin gel immediately after preparation. (a)
BCP60/40 particles in fibrin gel visualized by light microcopy. Yellow arrows, BCP; white arrows, fibrin gel. (b) ASCs visualized by fluorescence
(green) on the same BCP60/40 particles in fibrin gel. White arrows: ASCs. Magnification 40x.

multipotent differentiation potential of these cells have been
reported previously by our group [12].
Cryopreserved stromal vascular fraction-containing cell
suspensions of the abovementioned donors were pooled
and cultured in 𝛼-Minimum Essential medium (𝛼-MEM;
Gibco, Life Technologies, Waltham, MA, USA) with 5%
platelet lysate (see below), 100 U/mL penicillin (SigmaAldrich, Hamburg, Germany), 100 𝜇g/mL streptomycin sulfate (Sigma-Aldrich), and 10 IU/mL heparin (LEO Pharma
A/S, Ballerup, Denmark) to prevent coagulation at 37∘ C
in a humidified atmosphere with 5% CO2 . The medium
was refreshed three times a week. After reaching confluency, cells were harvested by incubation with 0.25% trypsin
(Gibco, Invitrogen, Waltham, MA, USA) and 0.1% ethylenediaminetetraacetic acid (Merck, Darmstadt, Germany) in
PBS at 37∘ C, replated, cultured until passage 2 (P2), and stored
in liquid nitrogen until further use. Cryopreserved pooled
ASCs-containing cell suspensions were thawed and seeded
at 0.5 × 105 cells per T-225 culture flask (Greiner Bio-One,
Kremsmuenster, Austria) in 𝛼-MEM with 2% platelet lysate,
antibiotics, and 10 IU/mL heparin. Cells were cultured until
P3-P4, and used for preparation of composites (see below).
2.4. Platelet Lysate. Pooled platelet products from five donors
were obtained from the Bloodbank Sanquin (Sanquin, Amsterdam, The Netherlands). Platelet lysate was obtained by
lysing the platelets through temperature-shock by freezing at
−80∘ C, thawing, and centrifugation at 600 ×g for 10 min to
eliminate remaining platelet fragments. The supernatant was
added at 2% (v/v) to the medium.
2.5. Fibrin Gel. Human fibrinogen plasminogen-depleted
protein (Enzyme Research Laboratories, South Bend, IN,
USA) was dissolved in Medium 199 (M199; Gibco, Life
Technologies) with antibiotics at 37∘ C for 1 h. Solubilized
fibrinogen was filtered through a 0.2 𝜇m filter (Millipore,
Amsterdam, Netherlands), and the concentration measured
with a Synergy HT spectrophotometer (BioTek Instruments
Inc., Winooski, VT, USA). To prepare fibrin gel, 2 mg/mL

fibrinogen solution was polymerized with 1.0 IU/mL bovine
𝛼-thrombin (Enzyme Research Laboratories, South Bend, IA,
USA) in a buffer containing 50 mM sodium citrate, 0.2 M
sodium chloride, and 0.1% polyethylene glycol-8000, for 1 h
at room temperature followed by 1 h at 37∘ C, and used for
fibrin coating of polystyrene 48-well culture plates (Cellstar, Greiner Bio-One International GmbH, Frickenhausen,
Germany), as well as for preparation of BCP60/40- and
BCP20/80-based composites, and ASCs in gels (see below).
2.6. Preparation and Culture of Composites. Cultured ASCs
were washed three times with PBS to remove platelet lysate,
and seeded on either BCP60/40 or BCP20/80 and then incorporated in fibrin gels to prepare BCP60/40- and BCP20/80based composites, or directly incorporated in fibrin gels.
Twenty-five to 30 mg BCP60/40 or BCP20/80 was hydrated
in PBS for 30 min. After PBS removal, 1 × 105 ASCs in
100 𝜇L 𝛼-MEM were allowed to attach for 30 min at room
temperature. Unattached cells were counted using a counting
chamber (Optik Labor, Lancing, UK). Cell-seeded BCP scaffolds were embedded in fibrin gel and placed on fibrin-coated
plates. Immediately after preparation, some composites were
used for light microscopy to show the BCP particles in fibrin
gel (Figure 1(a)), and to visualize ASCs on these particles
in gel by cytotracker green (Invitrogen) according to the
manufacturer’s instructions (Figure 1(b)). As a control, 1 × 105
ASCs were embedded in fibrin and placed on fibrin-coated
plates.
BCP60/40- and BCP20/80-based composites, and ASCs
in gels were cultured in 𝛼-MEM without phenol red
(Gibco, Life Technologies, Waltham, MA, USA) with 2%
platelet lysate, antibiotics, 50 𝜇g/mL 2-phospho-L-ascorbic
acid trisodium salt (Sigma-Aldrich, Steinheim, Germany),
and 10 IU/mL heparin for 11 days at 37∘ C in a humidified
atmosphere with 5% CO2 . Medium was refreshed after 7 days.
2.7. Human ASC Proliferation in Composites and Fibrin Gels.
Proliferation was assessed by determining cell number in
BCP60/40- and BCP20/80-based composites and fibrin gels
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at days 1 and 11 by using alamarBlue fluorescent assay
(Invitrogen, Frederick, MD, USA), according to the manufacturer’s instructions. We found a linear relationship between
alamarBlue fluorescence and cell number (data not shown).
Fluorescence was read in medium samples at 530 nm with a
Synergy HT spectrophotometer.

transcription factor-2 (RUNX2), osteonectin (ON), dentin
matrix acidic phosphoprotein-1 (DMP1), collagen-1 (COL1),
collagen-3 (COL3), cluster of differentiation-31 (CD31), vascular endothelial growth factor-165 (VEGF165), vascular
endothelial growth factor-189 (VEGF189), and endothlin-1
(EDN1). Primer sequences used for qPCR are listed in Table 2.

2.8. Alkaline Phosphatase Activity. Alkaline phosphatase
(ALP) activity was measured to assess the osteoblastic phenotype of ASCs in BCP60/40- and BCP20/80-based composites
and fibrin gels after 1 and 11 days of culture. Both composites
and fibrin gels were transferred to 24-well culture plates
(Cellstar), washed with PBS, crushed in 300 𝜇L Milli-Q water,
and stored at −20∘ C prior to further use. ALP activity was
measured in the cell lysate using 4-nitrophenyl phosphate
disodium salt (Merck, Darmstadt, Germany) as a substrate
at pH 10.3, according to the method described by Lowry
[29]. The absorbance was read at 405 nm with a Synergy HT
spectrophotometer. ALP activity was expressed as 𝜇M per ng
DNA.

2.10. Fibrin Degradation. Fibrin degradation products were
quantified using an enzyme-linked immunosorbent assay
as described [30]. Briefly, the antibody fibrin degradation
products-14 (FDP-14; TNO, Quality of Life, Leiden, Netherlands) recognizing different epitopes of fibrin degradation
products was used as catching antibody. Fibrin degradation
product concentrations in the medium of BCP60/40- and
BCP20/80-based composites and fibrin gels were investigated
after 1, 4, 7, and 11 days of culture, and Biopool standard
(Trinity Biotech, Wicklow, Ireland) was used as a reference.
Finally, monoclonal antibody D-dimer-13 (DD-13; TNO)
labeled with horseradish peroxidase was used as tagging antibody. The coloring reaction was performed using 3,3 ,5,5 tetramethybenzidine (Sigma-Aldrich, St. Louis, MO, USA)
and stopped with 1 M H2 SO4 . The optical density was read
at 450 nm with Synergy HT spectrophotometer.

2.9. Analysis of Gene Expression. At days 1, 7, and 11 of culture,
BCP60/40- and BCP20/80-based composites and fibrin gels
were transferred to 24-well culture plates, washed with
PBS, crushed in 750 𝜇L TRIzol reagent (Life Technologies,
Waltham, MA, USA), and stored at −20∘ C until further use.
Total RNA was isolated using RNeasy Mini Spin Columns
(Qiagen Sciences, Gaithersburg, MD, USA) according to the
manufacturer’s instructions, and stored at −20∘ C until further
use. Complementary DNA (cDNA) synthesis was performed
using SuperScript VILO cDNA Synthesis kit (Invitrogen,
Life Technologies, Carlsbad, CA, USA), with 10.5 𝜇L total
RNA in a 15 𝜇L reaction mix containing 3 𝜇L VILO Reaction
Mix and 1.5 𝜇L SuperScript Enzyme Mix in a thermocycler
GeneAmp PCR System 9700 PE (Applied Biosystems, Foster
City, CA, USA). cDNA was stored at −20∘ C prior to quantitative real-time PCR (qPCR) analysis, and diluted 5x for
gene expression analysis. qPCR reactions were performed
using 2 𝜇L cDNA per reaction (10 𝜇L total reaction volume
containing 10 pmol of each primer) and LightCycler 480
SYBR Green I Mastermix (Roche Diagnostics, Mannheim,
Germany) in a LightCycler 480 (Roche Diagnostics). qPCR
conditions for all genes were as follows: 10 min preincubation
at 95∘ C, followed by 35 cycles of amplification at 95∘ C for 2 s,
56∘ C for 8 s, 72∘ C for 10 s, and 82∘ C for 5 s, after which melting
curve analysis was performed. With Light Cycler software
(version 1.2), crossing points were assessed and plotted
versus the serial dilution of known concentrations of the
standard (human primary bone: 2.5–0.004 ng/𝜇L). A human
trabecular bone sample (surgical waste) was taken from the
femoral head, immediately (within 1 h) after hip surgery for
cox-arthrosis, and used as positive control. The protocol was
approved by the Ethical Review Board of the VU University
Medical Center. PCR efficiency (𝐸) was obtained by using
the formula 𝐸 = 10−1/slope . Data were used only if 𝐸 = 1.85–
2.0. For gene expression analysis, the values of target gene
expression were normalized to YWHAZ housekeeping gene
expression to obtain relative gene expression. qPCR was used
to assess expression of the following genes: KI67, runt-related

2.11. Statistical Analysis. Data were obtained from quadruple
cultures of three independent experiments for BCP60/40based composites and fibrin gels, and two independent
experiments for BCP20/80-based composites. Data are presented as mean ± SEM. Two-tailed unpaired 𝑡-test was used
to compare cell attachment to BCP60/40 and BCP20/80.
Differences in alamarBlue fluorescence, ALP activity, and
gene expression between BCP60/40- and BCP20/80-based
composites and fibrin gels were tested with one-way variance
of analysis (ANOVA). To compare fibrin degradation, oneway repeated measures ANOVA was performed. Differences
were considered significant if 𝑝 < 0.05. Statistical analysis was
performed using IBM SPSS Statistics version 21 software
package (SPSS Inc., Chicago, IL, USA) and GraphPad Prism
5.0 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results
3.1. Cell Attachment to BCP60/40 and BCP20/80. Cell attachment to BCP60/40 and BCP20/80 was similar (BCP60/40:
92730 ± 640, mean cell number ± SEM, 𝑛 = 60 samples;
BCP20/80: 98100 ± 350, 𝑛 = 30 samples). After incorporation
of cell-seeded BCP in fibrin gel, microscopic observations
showed migration of cells towards the fibrin gel in both
composites at day 1 (data not shown). The exact number of
migrated cells could not be determined with the currently
available assays. Future studies have to reveal the precise
contribution of cells on BCP and migrated cells to the
osteogenic and vasculogenic differentiation potential of both
composites.
3.2. Increased Cell Proliferation and ALP Activity in BCP60/
40- and BCP20/80-Based Composites. Cell proliferation in
BCP60/40- and BCP20/80-based composites was similar, and
1.4–1.5-fold higher compared to fibrin gels (Figure 2(a)).
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Table 2: Primer sequences for determination of osteogenic and vasculogenic differentiation potential through PCR. YWHAZ: tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta; KI67: proliferation marker; RUNX2: runt-related transcription
factor-2; ON: osteonectin; DMP1: dentin matrix acidic phosphoprotein-1; COL1: collagen-1; COL3: collagen-3; CD31: cluster of differentiation31; VEGF165: vascular endothelial growth factor-165; VEGF189: vascular endothelial growth factor-189; EDN1: endothlin-1; bp: base pairs.
Target gene

Oligonucleotide sequence
5 gATgAAgCCATTgCTGAACTTg 3
5 CTATTTgTgggACAgCATggA 3
5 CCCTCAgCAAgCCTgAgAA 3
5 AgAggCgTATTAggAggCAAg 3
5 ATgCTTCATTCgCCTCAC 3
5 ACTgCTTgCAgCCTTAAAT 3
5 CTgTCCAggTggAAgTAgg 3
5 gTggCAggAAgAgTCgAAg 3
5 TAggCTAgCTggTggCTTCT 3
5 AACTCggAgCCgTCTCCAT 3
5 TCCggCTCCTgCTCCTCTTA 3
5 ggCCAgTgTCTCCCTTg 3

5 gATCCgTTCTCTgCgATgAC 3
5 AgTTCTgAggACCAgTAggg 3

5 AACAggAgggAgAgTATTACTg 3
5 TggTACTgCTggCCTggA 3

5 ATCTTCAAgCCATCCTgTgTgC 3
5 CAAggCCCACAgggATTTTC 3
5 ATCTTCAAgCCATCCTgTgTgC 3
5 CACAgggAACgCTCCAggAC 3
5 gTTTgTggCTTgCCAAggA 3
5 ACgTgCTCgggAgTgTTgA 3

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

YWHAZ
KI67
RUNX2
ON
DMP1
COL1
COL3
CD31
VEGF165
VEGF189
EDN1

300

Annealing temperature (∘ C)
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800
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Figure 2: ASC proliferation and osteogenic differentiation in BCP60/40- and BCP20/80-based composites and fibrin gels at day 1 and 11 of
culture. (a) Total DNA content in BCP60/40- and BCP20/80-based composites and fibrin gels. The increase in total DNA content from day 1
to day 11 was significantly higher in BCP60/40- and BCP20/80-based composites compared to fibrin gels, indicating similar proliferation in
both composites, but increased proliferation in both composites compared to fibrin gels. (b) ALP activity in BCP60/40- and BCP20/80-based
composites and fibrin gels. BCP20/80-based composites showed higher ALP activity compared to BCP60/40-based composites at day 11.
ALP activity of both BCP60/40- and BCP20/80-based composites was higher compared to fibrin gels at days 1 and 11. Values are mean ± SEM
(𝑛 = 8–12). ∗ Significant effect of BCP60/40- or BCP20/80-based composites compared to fibrin gels, 𝑝 < 0.05. # Significantly different from
BCP60/40-based composites, 𝑝 < 0.05. BCP, biphasic calcium phosphate; ALP, alkaline phosphatase.
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BCP20/80-based composites showed a 1.5-fold increased
ALP activity compared to BCP60/40-based composites at day
11 (Figure 2(b)). ALP activity in both composites was higher
compared to fibrin gels at days 1 (4.6–5.0-fold) and 11 (3.1–
4.6-fold; Figure 2(b)).
3.3. Enhanced Osteogenic Differentiation Potential of
BCP20/80-Based Composites. No differences were observed
in gene expression of the proliferation marker KI67 in both
composites at all time points. KI67 gene expression was
increased in BCP60/40- (3.0-fold) as well as BCP20/80based composites (4.0-fold) compared to fibrin gels at day 11
(Figure 3(a)). Gene expression of the early osteogenic differentiation marker RUNX2 in both composites was similar as
well as compared to fibrin gels at all time points (Figure 3(b)).
Expression of the early-to-late osteogenic differentiation
marker ON in both composites was also similar at all time
points (Figure 3(c)). BCP60/40-based composites resulted
in decreased ON gene expression compared to fibrin gels at
days 1 (0.2-fold) and 7 (0.1-fold). ON expression in BCP20/
80-based composites was also decreased compared to fibrin
gels at day 7 (0.2-fold; Figure 3(c)). Gene expression of the
late osteogenic differentiation marker DMP1 in BCP20/
80-based composites was increased compared to BCP60/40based composites at days 1 (2.1-fold) and 11 (9.2-fold).
DMP1 expression in BCP20/80-based was also increased
compared to fibrin gels at days 1 (6.8-fold) and 11 (10.4-fold;
Figure 3(d)). The extracellular matrix proteins COL1 and
COL3 are expressed in osteogenesis and vasculogenesis.
COL1 gene expression was similar in both composites as well
as compared to fibrin gels at all time points (Figure 3(e)).
BCP60/40- and BCP20/80-based composites showed no
significant differences in COL3 gene expression at all time
points (Figure 3(f)). COL3 gene expression in BCP60/40based composites was decreased compared to fibrin gels at
day 7 (0.2-fold; Figure 3(f)).
3.4. Enhanced Vasculogenic Differentiation Potential of
BCP20/80-Based Composites. BCP20/80-based composites
showed increased CD31 gene expression compared to
BCP60/40-based composites at day 11 (2.8-fold), as well as
compared to fibrin gels (6.2-fold; Figure 4(a)). CD31 gene
expression in both composites was decreased (2.3–2.8fold) compared to fibrin gels at day 1 (Figure 4(a)). Gene
expression of VEGF165 in both composites was similar, as
well as compared to fibrin gels at all time points (Figure 4(b)).
BCP20/80-based composites showed increased VEGF189
gene expression at days 1 (3.6-fold) and 7 (2.6-fold) compared
to BCP60/40-based composites, as well as compared to fibrin
gels at day 11 (5.5-fold; Figure 4(c)). Gene expression of
EDN1 in both composites showed no significant differences
at all time points (Figure 4(d)). BCP60/40-based composites
resulted in decreased EDN1 gene expression compared to
fibrin gels at day 7 (0.2-fold; Figure 4(d)).
3.5. Differences in Fibrin Degradation between Composites.
A decreased concentration of fibrin degradation products
in the medium of BCP20/80-based composites compared
to fibrin gels was observed at day 1 (0.02-fold; Figure 5).
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The degradation products concentration was increased in
BCP20/80-based composites compared to BCP60/40-based
composites (1.7-fold) and fibrin gels at day 7 (1.8-fold), but
reached similar levels at day 11.

4. Discussion
This study aimed to test the osteogenic and/or vasculogenic
differentiation potential as well as degradation of composites consisting of human ASCs seeded on BCP60/40 or
BCP20/80 incorporated in fibrin gels for bone regeneration. We found that (i) ASC attachment to both BCPs
was similar; (ii) proliferation in BCP60/40- and BCP20/80based composites was similar, but higher compared to fibrin
gels; (iii) BCP20/80-based composites showed higher ALP
activity compared to BCP60/40-based composites; (iv) gene
expression of the late osteogenic marker DMP1 in BCP20/80based composites was increased compared to BCP60/40based composites as well as to fibrin gels; (v) higher gene
expression of the vasculogenic markers CD31 and VEGF189
was seen in BCP20/80-based composites compared to both
BCP60/40-based composites and fibrin gels. Therefore, our
results showed enhanced osteogenic and vasculogenic differentiation potential in BCP20/80-based composites compared
to BCP60/40-based composites in vitro, suggesting that
BCP20/80-based composites might be more promising for
in vivo bone augmentation than BCP60/40-based composites.
We found that ASC attachment to both BCPs was similar,
as shown earlier [31], indicating that different HA/𝛽-TCP
ratios of BCP did not affect ASC attachment. To ensure
cell survival, proliferation, and differentiation of transplanted
cell-seeded scaffolds after implantation, adequate nutrient
and oxygen supply is crucial. A composite will easily become
hypoxic after implantation in the body. ASCs cultured on
fibrin gel-coated plates show enhanced proliferation under
severe hypoxic conditions (1% oxygen) compared to conventional oxygen conditions (20% oxygen) [32]. Therefore, enhanced proliferation in both composites might be
explained by a stimulatory effect of the BCP scaffold [33],
and/or a hypoxic microenvironment, which likely also occurs
after in vivo implantation.
The concept that degradation by-products can influence
stem cell function, including cell fate decisions, is emerging
[34]. TCP supports cell ingrowth and promotes osteogenic
differentiation of osteoprogenitor cells [35]. The extent of
dissolution of BCP depends on the HA/𝛽-TCP ratio; the
lower the ratio, the more the dissolution [36]. We found
higher ALP activity, indicating enhanced osteogenic differentiation in BCP20/80-based composites compared to
BCP60/40-based composites. This can be explained by the
low HA/𝛽-TCP ratio in BCP20/80 compared to BCP60/40,
indicating higher Ca2+ ion release in BCP20/80-based composites which is crucial for bone formation. Degradation of
surrounding material, that is, fibrin gel, can lead to celltraction forces, which are crucial for osteogenic differentiation of human MSCs in a three-dimensional context and
might explain the acceleration in osteogenic differentiation
in both composites and fibrin gels [37]. This speculation is
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Figure 3: Gene expression of the proliferation marker KI67 and osteogenic differentiation markers RUNX2, ON, DMP1, COL1, and COL3 in
BCP60/40- and BCP20/80-based composites and fibrin gels at days 1, 7, and 11 of culture. (a) BCP60/40- and BCP20/80-based composites
showed increased KI67 gene expression compared to fibrin gels at day 11. (b) RUNX2 gene expression was similar for BCP60/40- and
BCP20/80-based composites and fibrin gels at all time points. (c) BCP60/40- and BCP20/80-based composites showed similar ON gene
expression at all time points. (d) BCP20/80-based composites showed increased DMP1 gene expression compared to BCP60/40-based
composites, as well as to fibrin gels at days 1 and 11. (e, f) Gene expression of COL1 and COL3 in BCP60/40- and BCP20/80-based composites
was similar at all time points. Values are mean ± SEM (𝑛 = 7–12). ∗ Significant effect of BCP60/40- or BCP20/80-based composites compared
to fibrin gels, 𝑝 < 0.05. # Significantly different from BCP60/40-based composites, 𝑝 < 0.05. BCP, biphasic calcium phosphate; KI67,
proliferation marker; RUNX2, runt-related transcription factor-2; ON, osteonectin; DMP1, dentin matrix acidic phosphoprotein-1; COL1,
collagen-1; COL3, collagen-3.
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Figure 4: Gene expression of the vasculogenic differentiation markers CD31, VEGF165 and VEGF189, and EDN1 in BCP60/40- and BCP20/80based composites, and fibrin gels at days 1, 7, and 11 of culture. (a) BCP20/80-based composites showed increased CD31 gene expression
compared to BCP60/40-based composites at day 11, as well as to fibrin gels. (b) BCP60/40- and BCP20/80-based composites demonstrated
similar VEGF165 gene expression at all time points. (c) BCP20/80-based composites showed increased VEGF189 gene expression compared
to BCP60/40-based composites at days 1 and 7. (d) BCP60/40- and BCP20/80-based composites showed similar EDN1 gene expression at
all time points. Values are mean ± SEM (𝑛 = 5–12). ∗ Significant effect of BCP60/40- or BCP20/80-based composites compared to fibrin
gels, 𝑝 < 0.05. # Significantly different from BCP60/40-based composites, 𝑝 < 0.05. BCP, biphasic calcium phosphate; CD31, cluster of
differentiation-31; VEGF165, vascular endothelial growth factor-165; VEGF189, vascular endothelial growth factor-189; EDN1, endothelin-1.

consistent with our fibrin degradation products data showing
increased fibrin degradation in BCP20/80-based composites
compared to BCP60/40-based composites at day 7. We found
higher expression of the late stage osteogenic differentiation
marker DMP1, but similar expression of early and early-tolate osteogenic differentiation markers in BCP20/80-based
composites compared to BCP60/40-based composites, suggesting that BCP20/80-based composites were in a later stage
of osteogenic commitment compared to BCP60/40-based
composites as well as to fibrin gels. Therefore, BCP20/80based composites seem promising for implantation in vivo for
enhanced bone formation.
Vascular development needs to be induced prior to osteogenesis. CD31 is expressed on the cell surface of endothelial and hematopoietic cells. BCP20/80-based composites

showed increased CD31 expression compared to BCP60/40based composites indicating higher vessel-forming potency.
During culture, CD31 expression decreased, while VEGF165,
VEGF189, and EDN1 expression increased over time in both
composites. The high expression of these vasculogenic genes
indicates increased vasculogenic differentiation potential
of both composites, although CD31 expression decreased,
which suggests that the number of endothelial progenitor
cells had decreased over time. VEGF probably functions
as a hypoxia-inducible angiogenic factor [38]. We found
increased expression of the vasculogenic marker VEGF189
in BCP20/80-based composites compared to fibrin gels.
Therefore, BCP20/80-based composites might offer a hypoxic
microenvironment for the ASCs, resulting in increased VEGF
expression. Endothelin-1 is a potent vasoconstrictor and
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Figure 5: Differences in fibrin degradation of BCP60/40- and
BCP20/80-based composites and fibrin gels. BCP60/40- and
BCP20/80-based composites degradation was similar at day 11.
BCP20/80-based composites resulted in increased concentration of
fibrin degradation products compared to BCP60/40-based composites at day 7 of culture, as well as to fibrin gels. Values are mean ±
SEM (𝑛 = 8–12). ∗ Significant effect of BCP60/40- or BCP20/80based composites compared to fibrin gels, 𝑝 < 0.05. # Significantly
different from BCP60/40-based composites, 𝑝 < 0.05. BCP, biphasic
calcium phosphate; cum, cumulative; fib, fibrin; deg, degradation.

has been identified originally in vascular endothelial cells.
In osteoblasts, it stimulates inorganic phosphate transport,
which is important for bone matrix calcification [39]. EDN1
expression was increased during culture in both BCP60/40and BCP20/80-based composites, which indicates enhanced
vasculogenic and osteogenic differentiation potential. Future
studies are needed to verify possible differences in blood
vessel and bone formation using composites with ASCs, BCPs
with different HA/𝛽-TCP ratios, and fibrin gels in vivo.
The stem cell-matrix interface is a complex, dynamic
microenvironment in which the cell and the material cooperatively dictate one another’s fate and regulate stem cell
differentiation [37]. Changes in fibrin composition will create different matrix stiffness and architectural properties,
which will have impact on cellular response. Stem cells
are extremely sensitive to elasticity of their surrounding
matrix, through mechanosensitive ion channels, focal adhesions, cell surface receptors, actin cytoskeleton, and cellcell adhesions, and they respond dramatically in lineage to
the matrix presented [40]. Understanding the mechanisms
of cellular sensory capabilities of ASCs will be relevant for
application of our composites in tissue engineering. Fibrin
remodelling was increased in BCP20/80-based composites
compared to BCP60/40-based composites, but reached a
similar level at the end of culture. The difference in fibrin remodelling possibly results in differences in cellular
behaviour. The increase in fibrin degradation products during
culture suggests dissolution of fibrin. After implantation of
BCP60/40- and BCP20/80-based composites in the body,
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Figure 6: Development of BCP60/40-based composites and
BCP20/80-based composites. Human adipose stem cells were
seeded on BCP60/40 or BCP20/80 and incorporated in fibrin
gels. BCP20/80-based composites showed enhanced osteogenic
differentiation and vasculogenic potential compared to BCP60/40based composites in vitro. =, similar in both composites; <, higher
in BCP20/80-based composites compared to BCP60/40-based composites; HA, hydroxyapatite; 𝛽-TCP, 𝛽-tricalcium phosphate; KI67,
proliferation marker; RUNX2, runt-related transcription factor-2;
ON, osteonectin; DMP1, dentin matrix acidic phosphoprotein-1;
COL1, collagen-1; COL3, collagen-3; CD31, cluster of differentiation31; VEGF165, vascular endothelial growth factor-165; VEGF189,
vascular endothelial growth factor-189; EDN1, endothelin-1.

dissolution of the three-dimensional biological matrix fibrin
will occur. As in fracture healing, cells migrate through the
three-dimensional biological matrix and might be directly
or indirectly directed through cytokines or growth factors
released [41]. We observed migration of ASCs from BCP
into the fibrin gel, which likely also occurs after implantation
of composites in vivo. Later, fibrous tissue will be formed
replacing fibrin, thereby holding cell-seeded BCP in place.
Thus, our composites seem promising candidates for bone
augmentation in vivo.
BCP-based composites might fit in a one-step surgical
procedure. We used an expanded stem cell pool consisting
of a homogeneous mixture of cells. However, only a freshly
isolated stromal vascular fraction will fit in a one-step surgical procedure [42]. Stromal vascular fraction consists of a
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heterogeneous mixture of cells including endothelial cells and
lineage-committed progenitor cells and is not characterized
while our stem cell pool was characterized [14, 43]. To
determine whether freshly isolated stromal vascular fraction
gives similar results in BCP-fibrin composites, it is necessary
to test the osteogenic and/or vasculogenic differentiation
potential of composites with freshly isolated stromal vascular
fraction seeded on BCPs with different HA/𝛽-TCP ratios
incorporated in fibrin gels.
In summary, BCP20/80-based composites showed
increased ALP activity as well as DMP1, CD31, and VEGF189
gene expression compared to BCP60/40-based composites
(Figure 6). In addition, BCP20/80-based composites showed
increased fibrin degradation. Therefore, we conclude that
BCP20/80-based composites showed enhanced osteogenic
and vasculogenic differentiation potential compared to
BCP60/40-based composites in vitro, suggesting that BCP20/
80-based composites might be more promising for in vivo
bone augmentation than BCP60/40-based composites.
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Designing and providing a scaffold are very important for the cells in tissue engineering. Polybutylene succinate (PBS) has high
potential as a scaffold for bone regeneration due to its capacity in cell proliferation and differentiation. Also, stem cells from 3rd
molar tooth germs were favoured in this study due to their developmentally and replicatively immature nature. In this study, porcine
dental germ stem cells (pDGSCs) seeded PBS scaffolds were used to investigate the effects of surface modification with fibronectin
or laminin on these scaffolds to improve cell attachment, proliferation, and osteogenic differentiation for tissue engineering
applications. The osteogenic potentials of pDGSCs on these modified and unmodified foams were examined to heal bone defects
and the effects of fibronectin or laminin modified PBS scaffolds on pDGSC differentiation into bone were compared for the first
time. For this study, MTS assay was used to assess the cytotoxic effects of modified and unmodified surfaces. For the characterization
of pDGSCs, flow cytometry analysis was carried out. Besides, alkaline phosphatase (ALP) assay, von Kossa staining, real-time PCR,
CM-Dil, and immunostaining were applied to analyze osteogenic potentials of pDGSCs. The results of these studies demonstrated
that pDGSCs were differentiated into osteogenic cells on fibronectin modified PBS foams better than those on unmodified and
laminin modified PBS foams.

1. Introduction
Bone tissue engineering research focuses on differentiation
of different sources of stem cells into bone cells on novel
biocompatible biomaterials [1]. Also cell, scaffold, and biosignaling molecules with biomaterials have been used to form
suitable cellular environments for tissue regeneration [2].
Scaffolds are the nonliving component of tissue engineering. Polybutylene succinate (PBS) is a novel biodegradable
aliphatic polyester and can be used in bone tissue engineering applications because of its good mechanical properties,
adjustable degradation rate, and nontoxic degradation products for the healing of bone defects. In addition to that,
the use of PBS as a scaffolding material for bone repair is
advantageous due to its processability. However, the surface
modification is still required for the improvement of the
biocompatibility and bioactivity of PBS scaffolds [3].

Surface modification by surface coating provides a way
to conserve the mechanical properties of materials and to
improve the surface biocompatibility of scaffolds. Most of
the extracellular matrix (ECM) proteins, such as fibronectin,
laminin, vitronectin, and collagen, have a sequence of amino
acids like arginine–glycine–aspartic acid (RGD) which can
be recognized by cells. Integrin-mediated binding of cells to
those bioactive surfaces supports cell attachment, proliferation, and differentiation. Integrin-binding mechanism supplies communication of cells with noncellular surroundings.
Besides, prolonged proliferation and survival can be observed
by the coating of the surface of the scaffold with protein
molecule. Particularly, either fibronectin or collagen type I
treated surfaces exhibit both mineralization and the presence
of bone formation better than laminin treated surfaces [4, 5].
In the bone tissue engineering field, bone marrow is the
most widely used source of mesenchymal stem cells (MSCs)
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[6]. However, bone marrow collection from a patient is an
invasive procedure. Thus, scientists focused on finding new
sources of mesenchymal stem cells which require minimally
invasive collection procedures. Since the first isolation and
characterization of stem cells from dental pulp in 2000 [7],
dental tissues gained attention as rich mesenchymal stem cell
sources due to accessibility and multilineage differentiation
capacity [8].
Dental stem cells (DSCs) that are an attractive alternative
source of MSCs easily differentiated into osteo-, adipo-, and
neurogenic cells [9] are comprised of dental pulp stem cells
(DPSCs), dental follicle stem cells (DFSCs), stem cells from
exfoliated deciduous teeth (SHED), periodontal ligament
stem cells (PDLSCs), stem cells from immature dental tissues
such as apical papilla (SCAP), and dental germs which
contain follicle and surrounding tissues (DGSCs) [10]. They
are derived from neural crest and contain both ectodermal
and mesenchymal components. Isolation of dental germ
stem cells (DGSCs) from immature teeth such as third
molars (wisdom teeth) has a definite advantage because of
their ability to come from an organ. They are known as a
source of more developmentally immature stem cells that
have increased proliferation and differentiation potentials
[9].
Domestic pig is preferred as an experimental model
to isolate DGSCs due to its anatomical, physiological, and
metabolic similarities with humans. Also, the diphyodont
and heterodont dentition of the pig resemble that of humans
which makes it a good candidate to study tooth morphogenesis and dental stem cell-mediated tissue engineering. In this
study, bone regeneration potential of DGSCs on unmodified
and fibronectin and laminin modified PBS scaffolds was
investigated for the first time in the literature to treat the
critical size bone defects.

2. Materials and Methods
2.1. Preparation of Poly(1,4-butylene succinate) Scaffolds.
Poly(1,4-butylene succinate), extended with 1,6-diisocyanatohexane (𝑀𝑛 = 5.0 × 105 , 𝑀𝑤 /𝑀𝑛 = 2.7) (SigmaAldrich Corporation, Germany) solution (4%), was prepared
by using chloroform (Sigma-Aldrich Corporation, Germany)
as a solvent. This solution was sonicated on ice for 2 h and
then transferred into an Erlenmeyer flask. PBS scaffolds were
prepared by solvent casting/particulate leaching technique
using 300–500 𝜇m salt particles for the leaching. In order
to obtain a porous scaffold, salt was removed by leaving
the scaffold overnight in distilled water and changing the
distilled water 3 times until all the salt was removed. Porous
polymers were then frozen at 80∘ C and freeze-dried for 48 h.
Scaffolds were prepared by cutting into circular pieces of 1 ×
1 cm2 .
2.2. Characterization of PBS Scaffolds by Scanning Electron
Microscopy. PBS scaffolds were coated with gold by Sputter
Coater (BAL-TEC SCD 005, Germany) and samples were
analyzed with Scanning Electron Microscope (Carl Zeiss
EVO, Germany).
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2.3. Degradation of PBS Scaffolds. For this study, PBS scaffolds that were weighed were put into 20 mL of 0.09% sodium
azide in physiological isotonic saline solution (0.0095 M PO4 ,
pH: 7.32) in the sterile centrifuge tubes and they were placed
into the shaking water bath at 37∘C. After 7th, 15th, 30th, 60th,
and 120th days, pH of physiological isotonic saline solution
was measured to observe the decrease of pH values due to the
degradation of PBS scaffolds. After that, PBS scaffolds were
lyophilized and their weights were measured. According to
that, the rate of degradation of PBS scaffolds was analyzed.
2.4. Surface Modification of PBS Scaffolds with Adhesion
Proteins. PBS foams were placed into the 24-well cell culture
plates and sterilized in 70% ethanol for 2 h at 4∘ C. After they
were washed with physiological saline solution, the foams
were dried under the laminar flow cabinet (Telstar, Bio-IIA, Spain). PBS foams were coated with either fibronectin
or laminin solution (50 𝜇g/mL, 500 𝜇L) (Roche, USA) by
incubating them in CO2 incubator (37∘ C, 5% CO2 ) (Thermo
Scientific, USA) for 2 h. When the incubation was completed,
foams were washed with physiological saline solution to
remove excess protein. Unmodified foams were used as
control.
2.5. In Vitro Cell Culture Studies
2.5.1. Isolation and Culturing of pDGSCs. The cells were
isolated by explant culture of tooth germs excised from
6-month-old domestic pigs under anesthesia and aseptic
conditions approved by Yeditepe University Animal Research
Local Ethics Committee (YÜDHEK). Tooth germ tissues
were minced with a sterile scalpel and allowed cells to migrate
from the tissue and adhere to tissue culture plate. When the
cells reached confluency after 1 week, they were frozen for
further use. For this study, cells that were previously frozen
and kept in liquid nitrogen were thawed and expanded in an
incubator at 37∘ C, in 5% CO2 and 90% humidity. The medium
was changed every other day until confluency was reached.
2.5.2. Characterization of pDGSCs by Flow Cytometry.
pDGSCs (P1) were trypsinized and counted with hemacytometer (Hausser Bright-Line, USA). Cells (5 × 105 ) for
each antibody and negative control were taken into FACS
tubes. They were incubated with the antibodies for CD34
(BD Pharmingen, Philippines), CD45 (BD Pharmingen,
Philippines), CD105 (Abcam, USA), CD90 (BD Pharmingen,
Philippines), and CD44 (Abcam, USA) cell surface markers at room temperature for 1 h. Cells were washed with
physiological saline solution and centrifuged at 2,200 rpm
for 5 min to remove excess antibodies. After centrifugation,
they were resuspended in 400 𝜇L physiological saline solution
and samples were analyzed in flow cytometer (FACSCalibur,
Becton Dickinson, USA).
2.5.3. Cell Seeding. Cells (30,000/foam) were seeded
onto the sterilized unmodified, fibronectin modified, and
laminin modified PBS foams. Cell seeded foams were
incubated in a CO2 incubator at 37∘ C, in 5% CO2 and 90%
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humidity throughout 20 days. At day 3, osteogenic medium
(Dulbecco’s Modified Eagle Medium (DMEM: 4.5 g/liter
glucose)) (Gibco Invitrogen, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco-Invitrogen, USA),
100 units/mL Penicillin-Streptomycin-Amphotericin (PSA)
(Lonza, Switzerland), 50 𝜇M ascorbic acid (AppliChem,
Germany), 100 nM dexamethasone (AppliChem, Germany),
and 10 mM 𝛽-glycerophosphate (AppliChem, Germany) was
added into the wells and it was changed twice a week. All
tests were carried out in triplicate throughout the whole
study.
2.5.4. Determination of Cell Viability on Modified and Unmodified PBS Scaffolds by MTS Assay. The CellTiter 96 Aqueous
One Solution Cell Proliferation Assay (MTS) (Promega,
USA) was applied to the cell seeded modified and unmodified
foams at 3, 4, and 10 days of incubation.
For this assay, first of all, cell seeded PBS foams were
transferred to new 24-well plate and washed with physiological saline solution to remove media which were left overnight
before. MTS working solution (MTS: media mixture (1 : 5),
500 𝜇L) was added onto each cell seeded foam in 24-well plate
and incubated for 2 h at 37∘ C in a CO2 incubator. After the
incubation, 200 𝜇L of solution from each well was transferred
into a 96-well plate. Absorbances were measured at 490 nm by
using Elisa Plate Reader (Bio-Tek, Elx800, USA). Absorbance
values were then converted to cell numbers according to a
calibration curve that was constructed by using known cell
numbers.
2.5.5. Alkaline Phosphatase Assay. Alkaline phosphatase
(ALP) (Randox, UK) assay was applied to pDGSCs on
modified and unmodified PBS scaffolds at 4, 10, and 20 days
of incubation. In this assay, the absorbance was measured
at 405 nm for time points of 0, 2, 4, 6, 8, 10, 12, and 14 min
by Elisa Plate Reader. After the measurement of absorbance
values, the slope of the absorbance versus time plot was used
to calculate the alkaline phosphatase activity per min.
After the measurement of absorbance values, DNA was
isolated from each sample and their DNA concentrations
were measured using NanoDrop (Implen NanoPhotometer
P-Class, USA). To get normalized values, absorbance values
were divided into DNA concentrations of each sample and
the normalized ALP graph was constructed.
2.5.6. Determination of Mineralization by von Kossa Staining.
von Kossa staining (Sigma-Aldrich Corporation, Germany)
procedure was used to determine the extent of minerals deposited on PBS scaffolds. Mineralization of pDGSCs
seeded on unmodified and fibronectin and laminin modified
PBS scaffolds and TCP at the end of 10 and 20 days of
incubation was evaluated. In this method, silver nitrate
solution (500 𝜇L) (Sigma-Aldrich Corporation, Germany)
was added onto PBS scaffolds and the plate was exposed
to ultraviolet light for 30 min. Positively charged silver ions
reacted with negatively charged phosphates and carbonates
in calcium deposits and were then reduced to black metallic
silver by UV light. After that, the scaffolds were washed
with physiological saline solution and the reaction was
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stopped with the addition of 500 𝜇L of 5% sodium thiosulfate
(Sigma-Aldrich Corporation, Germany). After scaffolds were
washed with physiological saline solution, their images were
obtained by inverted microscope (Nikon Eclipse TC 100,
USA). Ultimately, cells were stained with nuclear fast red
to label the nucleus and cytoplasm of cells to make cells
apparently visible for brightfield microscopy.
2.5.7. Immunostaining of PBS Scaffolds. Cells on the scaffolds
were fixed using 3.7% formalin containing 0.001% Tween
20 (AppliChem, Germany) for 30 min at room temperature
after 10 and 20 days of incubation. After fixation, samples
were incubated with 3% FBS in physiological saline solution
at room temperature for 10 min to prevent unspecific binding
of the dyes used for confocal microscopy study.
Alexa Fluor 546 Phalloidin (Molecular Probes, Invitrogen, USA) dye was mixed with 1.5% FBS in physiological
saline solution with a ratio of 2 : 100, and this mixture was
added onto each sample. Scaffolds were incubated with Phalloidin solution for 1 h at 37∘ C and washed with physiological
saline solution to remove excess Phalloidin.
For collagen type I staining (Millipore, USA), the primary
antibody of collagen type I was mixed with 1.5% FBS in
physiological saline solution with a ratio of 1 : 100. Solution of
collagen type I primary antibody was added onto the foams
and the samples were incubated at 37∘ C for 1 h. Then, samples
were washed with physiological saline solution. Secondary
antibody of collagen type I was mixed with physiological
saline solution with a ratio of 1 : 100 and added onto the
samples. Samples were incubated at 37∘ C for 1 h. After the
incubation, samples were washed with physiological saline
solution.
After the staining of the samples with Phalloidin or
collagen type I, all samples were double stained with TO-PRO
solution. For that purpose, TO-PRO-3 Iodide (Molecular
Probes, Invitrogen, USA) dye was diluted with a ratio of
2 : 100 using 1.5% FBS in PBS solution. TO-PRO dye was
added to the wells and samples were incubated at 37∘ C for
15 min. After the incubation, TO-PRO dye was removed,
and samples were washed with physiological saline solution.
Finally, all samples were cured with Prolong Gold antifade
reagent (Invitrogen, USA) at 4∘ C overnight. The foams were
observed using confocal microscope (Leica, Germany).
2.5.8. CellTracker CM-Dil Staining of PBS Scaffolds. CM-Dil
stock solution (1 mg/mL) (Invitrogen, USA) was prepared
from 50 𝜇g CM-Dil powder. CM-Dil solution was used at
2 𝜇M concentration to stain the cells at 37∘ C for 10 min.
Cells were washed and then seeded onto the unmodified,
fibronectin modified, and laminin modified PBS scaffolds. As
a control, cells were also seeded onto the surface of tissue
culture plates.
2.5.9. Real-Time PCR Analysis. Expressions of bone-specific
genes such as osteopontin, osteocalcin, ALP, Runx2, and
type I collagen were determined by real-time PCR analysis.
Briefly, after 10 and 20 days of incubation period, total RNA
was extracted from the cells on the scaffolds using RNA
extraction kit (Thermo Scientific, USA). Total mRNA was
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Table 1: Sequences of the primers used for the real-time PCR.

ALP
Runx2
Osteopontin
Osteocalcin
Collagen type I
Beta-actin

F: CGACAACTACCAGGCACAGT
R: GCCCTCAGAACAAGATGCCT
F: ACTGAACCCCACGCTTGTTC
R: AGTCACCTCCGCTTTCAAGG
F: AGTCCAACGAAAGCCCTGAG
R: GCTTCGGATCTGCGGAACTT
F: CCTAGTGGTGCGGATTCTGG
R: GCTGCGAGGTCTAGGCTATG
F: GACATCCCACCAGTCACCTG
R: CTCCCGTGGTTTCCTGGTC
F: GACTTCGAGCAGGAGATGG
R: GCACCGTGTTGGCGTAGAG

reverse-transcribed into cDNA using the Sensiscript RT Kit
(Qiagen, Germany). Real-time PCR analysis was performed
using Maxima SYBR Green Master Mix (Thermo Scientific,
USA) and the reaction was carried out in Bio-Rad CFX96
Touch Real-Time PCR Detection System for cDNAs of
osteogenic genes and beta-actin (𝛽-actin) as housekeeping
gene. 𝛽-Actin mRNA was used as an internal control for
normalization. Sequences of primers for both osteogenic and
housekeeping mRNAs are listed in Table 1.

3. Statistical Analysis
Statistical significance was assessed using two-tailed 𝑡-test on
Excel. Differences were considered as statistically significant
when 𝑝 ≤ 0.05 and 𝑝 ≤ 0.1.

4. Results
4.1. Characterization of Scaffolds by Scanning Electron
Microscopy. PBS scaffolds were prepared by salt leaching
technique and observed by SEM to investigate the surface
characteristics and porosity. In Figure 1, the structural details
were observed and the pore sizes were measured by Scion
Image Analyzer. The average pore size was found around
100 𝜇m. Appropriate pore size provides an advantage for cells
to penetrate inside the scaffolds to support cell growth and
development homogeneously throughout the scaffold. Also,
porosity and pore size are important for nutrient and oxygen
diffusion to the deep inside the scaffolds. According to the
SEM images, the surfaces of PBS scaffolds were rough and
provided cell attachment (Figure 1).
4.2. Degradation of PBS Scaffolds. In the first part of the
experiment, the changes of pH values of PBS scaffolds were
obtained on 7th, 15th, 30th, 60th, and 120th days of incubation (Figure 2). The pH level increased slightly during the first
30 days. After 30 days, decrease in pH level was observed.
The changes in the pH were statistically not significant. It was
observed that throughout 120 days of incubation there was
no drastic change in the pH of the environment which might
harm the cells.
In the second part of degradation experiment, % weight
loss of PBS scaffolds throughout 120 days of incubation was

Tm: 57∘ C

Product length: 248

Tm: 59∘ C

Product length: 253

Tm: 57∘ C

Product length: 292

Tm: 55∘ C

Product length: 241

Tm: 58∘ C

Product length: 229

Tm: 56∘ C

Product length: 233

Table 2: Cell surface antigen expression of pDGSCs.
Surface antigen
pDGSCs (only cells)
CD105
CD90
CD44
CD45
CD34

Percentage of positively
marked pDGSCs
1.27
88.71
99.04
98.23
3.44
1.18

investigated. It was observed that after 15 days % weight loss
was approximately 11.2, and then it reached 69.93 after 30
days of incubation. At the end of 120 days of incubation, PBS
scaffolds completely degraded (Figure 3).
4.3. Characterization of pDGSCs by Flow Cytometry Analysis.
The mesenchymal stem cell properties of pDGSCs were investigated by tagging mesenchymal stem cell related (CD105,
CD90, and CD44) and hematopoietic stem cell (CD45 and
CD34) related cell surface markers. Cells were negative
for CD45 and CD34 hematopoietic stem cell markers and
positive for CD105, CD90, and CD44 mesenchymal stem
cell markers (Figure 4). Percentage of positively marked cells
for each antibody is listed in Table 2. Cell surface marker
expression shows that isolated cells were mesenchymal stem
cells.
4.4. Cell Viability on PBS Scaffolds. The effect of fibronectin
and laminin modification of PBS scaffolds on the proliferation of pDGSCs was investigated by MTS cell proliferation
assay after 3, 4, and 10 days of incubation. Figure 5 showed
that cell numbers increased in both modified and unmodified
scaffolds through 10 days of incubation.
The highest cell number at all time points was found
on TCP. However, at the end of 10-day incubation period,
decrease in cell number was observed on TCP due to the cell
death related to lack of available space. At the end of 3 days
of incubation period, cell numbers were found as 1.5 × 104 on
fibronectin modified scaffold, 1.3 × 104 on laminin modified
scaffold, and 1.2 × 104 on unmodified scaffold. After 10 days of
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Figure 1: SEM images of PBS scaffolds: (a) 59x, (b) 200x, (c) 500x, and (d) 1,000x objectives.
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Figure 2: Degradation of PBS scaffolds with respect to pH throughout 120 days of incubation.

incubation, cell number on fibronectin modified scaffold (3.5
× 104 cells/foam) was significantly (𝑝 ≤ 0.05) higher than the
cell numbers on both laminin modified (1.4 × 104 cells/foam)
and unmodified scaffolds (2.1 × 104 cells/foam).
4.5. Alkaline Phosphatase Assay. Alkaline phosphatase activity of pDGSCs on PBS foams was investigated at 4, 10, and
20 days. Alkaline phosphatase assay was used to measure the
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Figure 3: Degradation of PBS scaffolds with respect to weight
during 120 days of incubation.

conversion of p-nitrophenyl phosphate to p-nitrophenol in
the presence of alkaline phosphatase at 405 nm.
It was observed from Figure 6 that in all samples ALP
expression was similar during early stage (day 4) of differentiation. At 10 days of incubation, approximately 1.3-fold difference in the ALP activity was observed when unmodified and
fibronectin modified scaffolds were compared. ALP level was
significantly (𝑝 ≤ 0.1) higher in fibronectin modified samples
than that in unmodified and laminin modified ones. It was
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Figure 4: Flow cytometry histogram of pDGSCs with a label by FACSCalibur: (a) only cells without antibody, (b) CD105, (c) CD90, (d)
CD44, (e) CD45, and (f) CD34.
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Figure 5: Cell proliferation on surface modified and unmodified foams after 3, 4, and 10 days of incubation. Initial cell seeding was 3 × 104
cells/sample (∗∗ 𝑝 ≤ 0.05). Indent on the top right corner shows the cell proliferation on tissue culture plate.
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Figure 6: Normalized ALP activity of pDGSCs on modified and
unmodified scaffolds throughout 20 days of incubation (∗ 𝑝 ≤ 0.1
and ∗∗ 𝑝 ≤ 0.05). Indent on the top right corner shows ALP activity
of cells seeded on tissue culture plate.

demonstrated that the differentiation of pDGSCs was higher
on fibronectin modified samples than the others. Then, 12fold significant decrease of alkaline phosphatase activity was
seen from 10 to 20 days of incubation in unmodified scaffolds.
Also, significant (35-fold) decrease from day 10 to day 20 was
seen in modified scaffolds (𝑝 ≤ 0.1 and 𝑝 ≤ 0.05).
4.6. von Kossa Staining. von Kossa staining was used for
the observation of mineralization on unmodified, fibronectin
modified, and laminin modified PBS scaffolds after 10 and
20 days of incubation. Mineralization of pDGSCs seeded on

TCP was observed at the end of 10 and 20 days of incubation
(Figures 7(c) and 7(d)). The brown regions demonstrated the
presence of mineralized nodules on TCP. After 10 days of
incubation, red regions that were the indication of the presence of cells appeared more than brown regions. However, red
areas reduced at the end of 20 days of incubation.
Mineralization is known as a late marker of osteoblast
differentiation. In this study, mineralization was observed at
high levels on unmodified foams at the end of 10 days of
incubation period compared to either laminin or fibronectin
modified PBS scaffolds (Figure 7(a)). At this time point, the
extent of mineralization was not too much on fibronectin
modified scaffold whereas more mineralization was observed
on the laminin modified scaffold. However, after 20 days
of incubation, mineralization on the fibronectin modified
scaffold was found to be higher than the others (Figure 7(b)).
4.7. Immunostaining with Confocal Microscopy. Immunostaining with confocal microscopy studies was conducted
for the investigation of the cell-to-cell and cell-to-scaffold
relation after 10 and 20 days of incubation periods. Alexa
Fluor 546 Phalloidin and TO-PRO-3 Iodide were used to
stain the cells.
When the microscope images of cells stained with Phalloidin were analyzed, the attachment of cells onto the surface
of scaffolds was observed (Figure 8). At 10 days of incubation,
cell-to-cell interaction on the unmodified and fibronectin
and laminin modified PBS scaffolds was observed (Figures
8(a), 8(c), and 8(e)). It was also observed that cells mostly
attached and proliferated around the pores of the foam where
nutrient and oxygen diffusion is easier. Cell morphology
and organization of actin filaments were investigated more
clearly on TCP (Figures 8(g) and 8(h)). The amount of
cell proliferation decreased from day 10 to day 20 on both
TCP (Figure 8(h)) and PBS scaffolds (Figures 8(b), 8(d), and
8(f)).
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Figure 7: Mineralization of pDGSCs seeded on (a, b) unmodified and fibronectin and laminin modified PBS scaffolds; (c, d) TCP (10x) at
the end of (a, c) 10 and (b, d) 20 days of incubation. Arrows indicate mineralized nodules.

In order to observe ECM synthesis by the cells seeded
on modified and unmodified foams and on glass slides, type
I collagen fibers were tagged with primary and secondary
antibodies. Collagen type I fibers are the most important
component of the organic matrix, as well as an important
determinant of bone differentiation. When the images of
cell seeded unmodified, fibronectin modified, and laminin
modified scaffolds that were stained with collagen type I were
observed (Figures 9(a) and 9(e)), the increase in the intensity
of the green staining showing the synthesis of collagen could
be seen from 10 to 20 days of incubation period, especially
in fibronectin modified PBS scaffolds (Figures 9(c) and 9(d)).
These images show induced bone differentiation, especially
on fibronectin modified samples at 20 days of incubation.
Also, throughout 20 days of incubation on TCP, the increase
in collagen type I was observed around the cells (Figures 9(g)
and 9(h)).
4.8. CellTracker CM-Dil Staining. CM-Dil is a fluorescent
dye that has a thiol-reactive chloromethyl moiety which
can bind to cellular thiols. By using this technique, viable

cells can be stained without any fixation step, unlike other
fluorescent dyes. In this way, the migration of viable cells
and the increase of their cell number can be observed easily
under the fluorescent microscope. The images showed that
cells seeded on TCP, modified, and unmodified scaffolds still
maintained their viability (Figure 10).
When the images were investigated, high amount of
viable cells was seen on the unmodified PBS scaffolds at the
end of 1 day of incubation (Figure 10(a)). Throughout 7 days
of incubation, the increase in cell number was observed on
the same unmodified PBS scaffold (Figure 10(b)). However,
on either fibronectin or laminin modified scaffold, once cells
were attached onto the surfaces, they migrate inside the
pores and proliferate there from 1 to 7 days of incubation,
especially on fibronectin modified scaffold (Figures 10(c)
and 10(d)). Also, the cells were found around the pores,
especially on fibronectin modified scaffolds. On TCP flasks,
the highest cell number was observed throughout 7 days of
incubation (Figures 10(g) and 10(h)). However, after 7 days of
incubation period (data not shown), decrease in cell number
was observed on TCP as it was expected due to the lack of
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Figure 8: Confocal microscopy images of cells seeded on (a, b) unmodified; (c, d) fibronectin modified; and (e, f) laminin modified PBS
scaffolds; (g, h) TCP after (a, c, e, g) 10 days and (b, d, f, h) 20 days of incubation. Red stains show actin filaments in the cytoskeleton of the
cells stained with Alexa Fluor 546 Phalloidin and blue stains show the nucleus of the cells stained with TO-PRO-3 Iodide. Scale bars (a)
194 𝜇m, (b) 70 𝜇m, (c) 133 𝜇m, (d) 106 𝜇m, (e) 170 𝜇m, (f) 97 𝜇m, (g) 69 𝜇m, and (h) 186 𝜇m.
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Figure 9: Confocal microscopy images of cells seeded on (a, b) unmodified; (c, d) fibronectin modified; and (e, f) laminin modified PBS
scaffolds; (g, h) TCP after (a, c, e, g) 10 days and (b, d, f, h) 20 days of incubation. Green stains show the synthesis of collagen in the cytoskeleton
of the cells stained with collagen type I and blue stains show the nucleus of the cells stained with TO-PRO-3 Iodide. Scale bars (a, b, c, d, e, f)
194 𝜇m, (g) 85 𝜇m, and (h) 41 𝜇m.
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Figure 10: The images of viable cells stained with CellTracker CM-Dil on (a, b) unmodified; (c, d) fibronectin modified; and (e, f) laminin
modified PBS scaffolds; (g, h) TCP after 1 day (a, c, e, g) and 7 days (b, d, f, h) of incubation. Scale bars show 100 𝜇m. Arrows indicate viable
cells.

12

Stem Cells International

Relative Runx2 expression

∗∗

16
14
12
10
8
6
4
2

8
∗

7
6
5
4
3
2
1

(a)
∗

OC
Day 20

Lam.
Day 20

(b)

∗

∗∗

14

140

Relative OPN expression

120
100
80
60
40
20

∗∗

12
10
8
6
4
2

Samples

OC
Day 20

Lam.
Day 20

Fib.
Day 20

Unmod.
Day 20

OC
Day 10

Unmod.
Day 10

OC
Day 20

Lam.
Day 20

Fib.
Day 20

Unmod.
Day 20

OC
Day 10

Lam.
Day 10

Fib.
Day 10

Unmod.
Day 10

Lam.
Day 10

0

0

Fib.
Day 10

Relative Col I expression

Fib.
Day 20

Samples

Samples

160

Unmod.
Day 20

OC
Day 10

Unmod.
Day 10

OC
Day 20

Lam.
Day 20

Fib.
Day 20

Unmod.
Day 20

OC
Day 10

Lam.
Day 10

Fib.
Day 10

Unmod.
Day 10

Lam.
Day 10

0

0

Fib.
Day 10

Relative ALP expression

9

∗

18

Samples

(c)

(d)
∗

Relative OCN expression

3.5
∗

3
∗

2.5
2
1.5
1
0.5

OC
Day 20

Lam.
Day 20

Fib.
Day 20

Unmod.
Day 20

OC
Day 10

Lam.
Day 10

Fib.
Day 10

Unmod.
Day 10

0

Samples
(e)

Figure 11: Expression levels of (a) alkaline phosphatase (ALP), (b) Runx2, (c) collagen type I (Col I), (d) osteopontin (OPN), and (e)
osteocalcin (OCN) on fibronectin (fib.) or laminin (lam.) modified scaffolds, unmodified (unmod.) scaffolds, and TCP (OC refers to “only
cell,” i.e., cells seeded on TCP) throughout 20 days of incubation (∗ 𝑝 ≤ 0.1 and ∗∗ 𝑝 ≤ 0.05).

available space for cells to grow more and the detachment of
cells from the surface of TCP was seen.
4.9. Real-Time PCR. Real-time PCR was performed to determine the expression levels of bone-specific genes: alkaline phosphatase (ALP), Runx2, collagen type I (Col I),

osteopontin (OPN), and osteocalcin (OCN) (Figure 11). The
PCR results were normalized using the housekeeping gene,
beta-actin.
According to the results, the highest ALP production was
significantly observed on the fibronectin modified scaffold
at day 10 whereas laminin modified scaffold showed lower
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expression level of ALP (∗∗ 𝑝 ≤ 0.05). As expected, significant
decrease of the level of ALP expression on fibronectin
modified scaffold was observed at day 20 (∗ 𝑝 ≤ 0.1).
Moreover, expression of Runx2 was significantly decreased
from day 10 to day 20 on fibronectin modified scaffold
(∗ 𝑝 ≤ 0.1). However, on laminin modified scaffold, increase
of the expression of Runx2 was observed throughout 20
days of incubation. Besides, collagen type I expression was
significantly the highest on fibronectin and the lowest on
laminin modified scaffolds at day 10. In fibronectin modified
samples, at day 20, significant decrease in collagen type I
level was observed (∗ 𝑝 ≤ 0.1). Furthermore, although the
expression level of osteopontin was similar on fibronectin
and laminin modified scaffolds at day 10, it was significantly
increased on fibronectin modified scaffold from day 10 to
day 20 (∗∗ 𝑝 ≤ 0.05) whereas decrease of osteopontin
level was seen on laminin modified scaffold (∗∗ 𝑝 ≤ 0.05).
Finally, osteocalcin expression was observed to be significantly higher on fibronectin modified scaffold than on
laminin modified scaffold at day 10. Throughout 20 days
of incubation, the expression of osteocalcin decreased on
fibronectin modified scaffold (∗ 𝑝 ≤ 0.1).

5. Discussion
Designing a scaffold is an important part of tissue engineering
and it requires a good knowledge of biomaterials and cellsurface interactions. A scaffold that is used in tissue engineering must be compatible with the selected cell type. Cell
adherence to the substrate should be strong and maintained
until the healthy tissue formation is observed.
In this study, polybutylene succinate (PBS) was used for
the production of scaffolds by salt leaching technique due to
good scaffolding properties of PBS, such as biocompatibility,
biodegradability, nontoxicity, and porosity [2].
Pore size is a very important issue since pores are required
for efficient flow of O2 and nutrients, cellular penetration,
production of extracellular matrix, and neovascularization of
the scaffold to achieve bone formation. It is well accepted
that for bone tissue engineering purposes pore size should be
within a range of 100–900 𝜇m [6]. In the present study, pore
sizes of PBS scaffolds were measured as approximately 100 𝜇m
which is within the accepted range.
In one of the studies, biodegradable textile-based structures were used for tissue engineering applications. For that
purpose, silk fibroin (SF) filaments and polybutylene succinate (PBS) scaffolds were chosen. Although SF is a preferable
scaffold for bone tissue engineering, SF matrices have low
porosity because of their compact structures. To get the SF
matrices with higher porosity and 100% interconnectivity,
it can be used with PBS. PBS/SF construction can help us
to observe porosity in desired ranges and get the minimal
pore size (∼75–100 𝜇m) required for bone tissue engineering
studies. This study also proved that PBS scaffolds are suitable
and usable to get desirable porosity of constructs [11].
The degradation behaviour of PBS scaffolds was also
investigated in this study since it affects cell behaviour and
tissue regeneration. The degradation rate is a balance between
scaffold degradation and tissue regeneration [12]. For that
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reason, pH was measured at the end of 7, 15, 30, 60, and
120 days of incubation since the degradation products of
PBS are butyric acid and succinic acid which could make
the environment acidic enough to disturb the cells seeded
on the scaffolds. During 120 days of incubation, pH was
generally stable and its decrease was not in a level that would
disturb the cells since the cells were not exposed to too much
acidic environment by the degradation products of PBS and
increase of cell proliferation was observed throughout 10 days
of incubation in MTS assay. Wuertz et al. also studied the
effect of pH on MSC proliferation. They showed that cell
viability decreased with acidity [13]. The degradation of PBS
scaffolds was also studied with respect to weight loss during
120 days of incubation. According to the results, weight loss
started after 7 days of incubation and polymer was completely
degraded after 120 days of incubation.
Although PBS is biocompatible enough, either surface
modification of scaffolds with extracellular matrix proteins
or blending of scaffolds with some biomaterials can also be
applied in order to improve bioactivity of scaffolds. Both of
them are recommended to observe increase in bioactivity.
In one study, bioactivity of PBS scaffolds was improved by
blending PBS with chitosan to obtain better cell attachment
and viability [14]. Similarly in our study, we also aimed
to increase the bioactivity of the scaffolds by the surface
modification with fibronectin or laminin.
Fibronectin and laminin that have a sequence of amino
acid, arginine–glycine–aspartic acid (RGD), are some of the
ECM proteins. Cells can bind easily to RGD sequence of
fibronectin due to their surface receptors called integrin. The
surface of scaffolds can be modified with these materials to
support cell attachment, growth, and differentiation onto the
surface of the scaffolds [15, 16].
In addition, laminin modified surfaces are generally
preferred to be used for neuron cell attachment and neuronal
differentiation [17, 18]. In our study, the usage of laminin
modified surfaces was preferred to seed pDGSCs since these
cells are known as cells of neural crest origin. Thus, it
was thought that pDGSCs might preferably attach onto the
laminin modified surface.
Dental germs are preferable cell source since they contain
MSCs which have the ability to be isolated, expanded, and
cryopreserved easily. These cells maintain their properties
after long-term cryopreservation. Also, dental germ stem
cells (DGSCs) have the ability to differentiate into osteo-,
adipo-, and neurogenic cells, easily [9]. Domestic pigs were
used as an experimental model in the present study. Thus,
DGSCs were isolated from the domestic pigs instead of
human because they have the anatomical, physiological, and
metabolic similarities with humans.
In this study, after cell seeding of unmodified and
fibronectin and laminin modified scaffolds, cell proliferation
was investigated throughout 10 days of incubation. Cell
proliferation rate was the highest on fibronectin modified
scaffolds and the lowest on laminin modified scaffolds. It
was found out that increase in cell number on fibronectin
modified scaffolds was much better than the others. In one
of the studies, cell attachment on fibronectin modified PVDF
surface and the application of PVDF as biomaterial in bone
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contact were studied. This study showed improvement in
osteoblast adhesion on fibronectin modified PVDF surfaces
[4]. This study supports our findings and showed the increase
in cell proliferation due to fibronectin coating. It was also
reported that cells proliferate readily on surfaces coated with
fibronectin but poorly on surfaces coated with laminin [19].
Our MTS result also supported this finding. In another study
it was demonstrated that human osteoblasts prefer to adhere
to fibronectin compared to collagen types I and IV and
vitronectin. In contrast, they adhere weakly to laminin and
collagen type V and do not adhere to collagen type III at all
[20].
In order to observe cell differentiation onto modified
and unmodified scaffolds, some experiments such as ALP,
immunocytochemistry, von Kossa staining, CM-Dil staining,
and real-time PCR were carried out. Alkaline phosphatase
is an early marker that shows beginning of the osteoblastic
activity of the cell during the bone formation. Besides, it is
an enzyme that plays an important role in mineralization.
In the alkaline phosphatase activity assay, intracellular ALP
was exposed by bursting pDGSCs seeded on PBS scaffolds.
It was found from this assay that the expression of ALP was
increased in all samples throughout 10 days of incubation.
Then, it was decreased from mid stage (day 10) to late stage
(day 20) in all scaffolds. This trend was expected since ALP
is an early marker of osteoblast differentiation. It was shown
before that ALP activity decreases when mineralization starts
[21]. One of the studies showed that either collagen type
I or fibronectin treated surfaces demonstrated early onset
of mineralization and the enhancement of bone matrix
secretion. Unlike fibronectin treated surfaces, laminin treated
surfaces exhibited the failure of both mineralization and the
presence of bone formation [21]. Mathews et al.’s study also
supported our findings.
In von Kossa study, when unmodified and modified
scaffolds were compared, mineralization was found to be
the highest on the fibronectin modified scaffolds throughout 20 days of incubation. This and previous experiments
showed that pDGSCs adhered and proliferated on fibronectin
modified scaffolds more than the others and then they
committed differentiation into bone tissue through 20 days of
incubation and bone minerals were observed on the surface.
According to one of the studies, the von Kossa staining
revealed high calcium deposits on fibronectin treated surfaces
[21]. Laminin modified surfaces showed the lowest staining
on day 21 of osteogenic induction. These findings also support
our results.
When the cell seeded unmodified and modified samples were observed under the confocal microscope, it was
observed that the cells that were attached and dispersed onto
the surface of the unmodified and fibronectin and laminin
modified foams showed decrease in their proliferation rate
throughout 20 days of incubation due to differentiation,
especially in fibronectin modified scaffolds. After the cells
stained with Phalloidin and TO-PRO on PBS scaffolds, it was
observed that the cell attachment and proliferation occurred
especially around the pores of the foam. This might be due to
the accessibility of oxygen and nutrients. Cell seeded modified and unmodified foams were also stained with collagen
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type I. It was observed that cells on all scaffolds synthesized
collagen type I. This indicates the differentiation of cells to
bone and the secretion of extracellular matrix demonstrated
the initialization of tissue formation. Throughout 20 days of
incubation, the amount of synthesized collagen was increased
and found to be the highest, especially on the fibronectin
modified scaffolds. It also proved that cell differentiation was
better on fibronectin modified scaffolds compared to the
others.
In one of the experiments, it was showed that the usage
of fibronectin generally supplies benefits for cell attachment
and spreading even if different techniques are applied for the
attachment of fibronectin onto the surfaces [22]. According
to the study, fibronectin was conjugated onto highly porous
3D poly(carbonate) urethane scaffolds to distribute cells
rapidly throughout the scaffold. In another study, MSCs were
seeded on modified poly(HEMA/MA) hydrogel surfaces and
cultivated for 4 days. They were stained with Phalloidin and
their fluorescence microscopy images were taken. According
to the results of this experiment, cells adhered poorly and did
not proliferate on unmodified poly(HEMA/MA) hydrogel.
Cell growth increased after collagen I coating of hydrogel
surface. However, cell growth significantly increased by the
attachment of fibronectin and laminin on the collagen layer,
especially with fibronectin attachment [23].
Cell-to-cell and cell-to-matrix interaction were also
determined by CM-Dil staining in our study. Cellular spreading could be observed because of the binding of a thiolreactive chloromethyl moiety in the structure of CM-Dil dye
to cellular thiols. According to results, increase in cell number
was observed on unmodified PBS scaffold throughout 7 days
of incubation. On the other hand, cell number was decreased
on fibronectin or laminin modified scaffolds after 7 days of
incubation. It might be due to cell differentiation on modified
PBS scaffolds. This data also supports confocal microscopy
results.
Finally, the expression of bone-specific genes which were
ALP, Runx2, collagen type I, osteopontin, and osteocalcin
was analyzed by real-time PCR. According to the results,
the highest ALP expression was observed on fibronectin
modified scaffolds at day 10. Then, there was a decrease
in ALP expression at day 20. However, ALP expression on
laminin modified scaffold was increased throughout 20 days
of incubation period. This result was expected due to the
increase of ALP enzyme activity in the early stages of the cell
culture and this elevated ALP activity was assumed to show
the number of osteogenic committed progenitor cells in the
culture [24].
During bone formation, lots of transcription factors
are needed for the activation of osteoblast differentiation.
One of them is Runx2 that is expressed at early stages of
differentiation [25]. In our results, decrease of the expression
of Runx2 was observed throughout 20 days of incubation
on fibronectin modified scaffold since it was induced at
early stages whereas Runx2 expression on laminin modified
scaffold was increased throughout 20 days of incubation
period. Additionally, the direction of preosteoblast cells into
immature osteoblasts can be provided by Runx2 which
then binds to promoter regions of bone-specific genes such
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as collagen type I (Col I), alkaline phosphatase (ALP),
osteocalcin (OCN), and osteopontin (OPN) and activates
their expression. However, expression levels of these genes
can differ according to the osteoblast maturation stages.
The expression of Col I and OPN proteins is provided
by immature osteoblasts, while OCN protein is strongly
expressed by early and late mature osteoblasts. Although bone
matrix proteins are expressed by immature osteoblasts, the
cells are unable to induce bone mineralization [26].
According to the results, the expression of collagen type
I that was the major part of the organic extracellular matrix
was supplied by immature osteoblasts as the highest one
at day 10 on fibronectin modified scaffold. It showed that
rapid bone formation was more on fibronectin modified
scaffold than on laminin modified and unmodified scaffold
since the organic matrix of bone was comprised of collagen
which was synthesized by osteoblasts. At day 20, decrease in
expression level of collagen was observed due to the bone
remodeling cycle where the osteoblast recruitment potential
of the collagen is demineralized by the osteoclast. After that,
it triggers bone matrix formation through the osteoblasts that
subsequently become mineralized [27, 28].
At the initial stage of bone formation, the production of
ALP and Col I is observed by osteoblasts [29]. These proteins
supply extracellular matrices suitable enough for mineral
deposition. After that, the expressions of osteopontin and
osteocalcin proteins are seen. These are also related to bonemineral deposition.
Additionally, expressions of osteopontin and osteocalcin
were analyzed. Osteopontin was a multifunctional phosphorylated glycoprotein secreted by osteoblasts [30]. The
increase of the osteopontin expression was seen from day
10 to day 20 on fibronectin modified scaffold since through
the mineralization phase osteopontin expression could be
seen at maximum level [29]. It showed that bone formation
occurred during 20 days of incubation. However, decrease
of the osteopontin expression was observed through the
mineralization phase on laminin modified scaffold. Also,
osteocalcin was highly expressed on fibronectin modified
scaffold at day 10 compared to laminin modified scaffold whereas decrease of their expression was observed on
fibronectin modified scaffold at day 20. Osteocalcin could
be expressed by early and late mature osteoblasts [26] and
the secretion of bone matrix protein “osteocalcin” could be
seen at maximum level through the mineralization phase,
like osteopontin [29]. Therefore, our results could be due to
the presence of mineralized bone matrix that was obtained
on fibronectin modified scaffold at day 10. It also showed
that the mesenchymal stem cells differentiated into mature
osteoblasts on fibronectin modified scaffold more than the
others.

6. Conclusion
This study aimed to observe the effect of fibronectin or
laminin modified polybutylene succinate (PBS) scaffolds on
porcine dental germ stem cell (pDGSC) differentiation into
bone for the treatment of injuries of the critical size bone
defects.
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PBS scaffolds were preferred due to their appropriate
properties for cell attachment, alignment, and differentiation.
Surface modification of PBS scaffolds was made by using
either fibronectin or laminin to provide better cell proliferation and to develop surface biocompatibility. According
to the results, the surface modification of PBS scaffolds
with fibronectin modification can be preferable for pDGSCs,
compared to the surface modification with laminin.
In conclusion, all tests showed the positive effects of
fibronectin and laminin modifications on PBS scaffolds for
proliferation and differentiation of pDGSC into bone. PBS
scaffold has a good potential for the healing of critical size
bone defect. Besides, pDGSCs have a great potential for bone
tissue engineering studies. In vivo experimentation should be
carried out to show the success of this material for bone tissue
engineering studies.
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Periodontal bone defects occur in a wide variety of clinical situations. Adult stem cell- and biomaterial-based bone tissue
regeneration are a promising alternative to natural bone grafts. Recent evidence has demonstrated that two populations of adult
bone marrow mesenchymal stromal cells (BMSCs) can be distinguished based on their embryonic origins. These BMSCs are not
interchangeable, as bones preferentially heal using cells that share the same embryonic origin. However, the feasibility of tissue
engineering using human craniofacial BMSCs was unclear. The goal of this study was to explore human craniofacial BMSC-based
therapy for the treatment of localized mandibular defects using a standardized, minimally invasive procedure. The BMSCs’ identity
was confirmed. Scanning electron microscopy, a cell proliferation assay, and supernatant detection indicated that the nHAC/PLA
provided a suitable environment for aBMSCs. Real-time PCR and electrochemiluminescence immunoassays demonstrated that
osteogenic markers were upregulated by osteogenic preinduction. Moreover, in a rabbit critical-size mandibular bone defect model,
total bone formation in the nHAC/PLA + aBMSCs group was significantly higher than in the nHAC/PLA group but significantly
lower than in the nHAC/PLA + preinduced aBMSCs. These findings demonstrate that this engineered bone is a valid alternative
for the correction of mandibular bone defects.

1. Introduction
Periodontal bone defects caused by periodontal disease,
trauma, surgery, or tumor resection are very common and
thus consume a large amount of medical resources annually.
Autogenous bone (AB) grafting is the gold standard to
reconstruct these defects, but sources of donor tissue are
limited. Allografts have not been extensively applied in
clinical practice due to the associated risks of antigenicity
and cross-infection [1]. Synthetic materials have been studied
extensively as potential bone substitutes, but, due to a lack
of inherent osteogenic cells and osteoinductivity, limited
formation of new bone occurs after osteoconduction is
achieved [2].

As one approach to overcome these problems, biomaterial- and autologous stem cell-based tissue engineering has
attracted much attention as a promising alternative to natural
bone grafts. Among adult stem cells, mesenchymal stromal
cells (MSCs) are favorite candidate seed cells for bone tissue
regeneration because of their multipotency, immunomodulatory properties, and ability to release trophic factors [3, 4].
Although various adult tissue sources of MSCs, such as bone
marrow, fat, muscle, dermis, and dental tissues, have been
discovered, iliac bone marrow aspirates remain the principal
source for bone regeneration [5, 6].
In preclinical and clinical studies, iliac-derived bone marrow mesenchymal stromal cells (BMSCs) have demonstrated
promise for restoring bone defects and healing nonunion
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fractures [7, 8]. However, in clinical treatment, fear of pain
and postoperative iliac complications has precluded the
routine therapeutic use of BMSCs, particularly in dental
patients who require alveolar bone augmentation. This issue
suggests the need for the development of a more usable and
minimally invasive procedure to isolate BMSCs [9, 10].
Recent evidence has suggested that at least two populations of adult skeletal progenitor cells can be distinguished
based on their embryonic origins. Craniofacial bone arises
from neural crest cells and ossifies via intramembranous
ossification, whereas the appendicular skeleton arises from
mesenchymal condensations of the mesoderm, which then
undergoes perichondral ossification [11, 12]. Bridging craniofacial defects with grafts obtained from a craniofacial donor
site is usually more successful than doing so with grafts
from appendicular sites, indicating that skeletal site-specific
differences affect graft integration [13, 14]. Furthermore,
a selective recruitment mechanism through which adult
skeletal defects heal, involving recruitment of progenitor cells
of the same origin, has been demonstrated, indicating that
BMSCs from the craniofacial and appendicular skeletons
are not interchangeable [15]. The presence of two distinct
populations of BMSCs in the adult might have clinical implications because if bones preferentially heal using cells that
share the same embryonic origin, then reparative strategies
may have to take this variable into account to be maximally
effective. However, before the present investigation, the feasibility and effectiveness of tissue engineering using human
craniofacial BMSCs to restore mandibular bone defects were
unclear.
The goal of this study was to explore human craniofacial BMSC-based tissue engineering for the treatment of
localized mandibular defects using a standardized, minimally invasive procedure. For this purpose, human alveolar
BMSCs (aBMSCs) were isolated painlessly during conventional dental implant surgery, and the characteristics of
the aBMSCs were analyzed in 2-dimensional cultures and
on a porous nanohydroxyapatite/collagen/poly(L-lactide)
(nHAC/PLA) scaffold. The osteogenic capability, biocompatibility, and biological safety of the constructs were also
evaluated both in vitro and in vivo.

2. Materials and Methods
2.1. Isolation and Culture of aBMSCs. Human alveolar bone
marrow specimens were obtained from 52 patients during
dental implant surgery following Chinese PLA General Hospital Review Board approval. In particular, after informed
consent was obtained, we administered local anesthesia and
removed the gingival flap and bone cortex at the implant
sites using a flapless surgical procedure. Next, we gradually
drilled into the cancellous bone at 50 rpm without irrigation
until the desired diameter and length for the implant were
obtained. Bone marrow scraped from the bone core that
was harvested from the pilot drill was immediately placed
in sterile tubes containing minimum essential alpha medium
(𝛼MEM; Gibco, Carlsbad, CA, USA) (Figure 1). Before
dental implant placement, a 22.5-gauge needle connected to
a heparinized syringe was inserted into the drill holes to
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obtain the marrow aspirate [16]. Both the collected debris and
the aspirate were immediately transported to the laboratory
for aBMSC isolation. The samples in 𝛼MEM medium were
then centrifuged at 500 g for 5 minutes. The supernatant
was removed, and the cell pellets were transferred to 25 cm2
culture flasks and resuspended in 5 mL of basic medium,
consisting of 𝛼MEM supplemented with 15% fetal bovine
serum (FBS; Gibco). The culture flasks were then incubated
undisturbed, without medium changes, for 5 days in a 37∘ C
humidified tissue culture incubator at 5% CO2 . Once the
cell density reached approximately 80% confluence, the cells
were detached using trypsin/ethylenediaminetetraacetic acid
(EDTA; Sigma, St. Louis, MO, USA) treatment and were
passaged or used for subsequent analysis. Not all specimens
could be included in every experiment because of the surgical
schedule and the number of cells needed for each assay.
In each experiment, cells obtained from different subjects
were stored for analysis at the same time to avoid technical
differences between assays.
2.2. Flow Cytometric Analysis. aBMSCs at passage 3 were
trypsinized, washed, and resuspended in phosphate-buffered
saline (PBS; Gibco) at a concentration of 1 × 105 cells/mL.
The cells were subsequently immunolabeled with mouse
monoclonal anti-human antibodies specific for the following:
CD14, CD34, CD44, CD90, CD106, and HLA-DR (Abcam,
Cambridge, MA, USA). Mouse isotype antibodies served as
controls. The cells were then washed again with PBS and fixed
in 2% paraformaldehyde, after which the immunolabeled
cells were detected by flow cytometry (BD Biosciences, NJ,
USA).
2.3. Immunofluorescence. aBMSCs at passage 3 were
detached using solution of versene (EDTA/PBS) and were
subcultured on 12-chamber slides for 24 hours. The samples
were then fixed in 2% paraformaldehyde for 15 minutes,
followed by incubation with anti-STRO-1 antibody (1 : 200;
R&D Systems Inc., Minneapolis, MN, USA) for 3 hours.
The cells were subsequently incubated with anti-mouse
IgG TRITC (1 : 50; Santa Cruz Biotechnology, Inc., USA)
for 1 hour and stained with 4 ,6-diamidino-2-phenylindole
(DAPI; 2 𝜇g/mL; Sigma).
2.4. Multilineage Differentiation. aBMSCs at passage 3 were
cultured on six-well culture plates at a density of 2 × 105
cells/cm2 in induction medium. For osteogenic differentiation, the osteogenic induction medium consisted of 𝛼MEM,
15% FBS, 10 nM dexamethasone, 100 mM glycerophosphate,
and 50 𝜇g/mL ascorbic acid [17]. The medium was renewed
two times each week. At day 21, the cells were stained with
Alizarin red.
For adipogenic differentiation, the induction medium
consisted of 200 𝜇M indomethacin, 1 𝜇M dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine, and 100 nM insulin.
The medium was renewed two times each week. At day 21, the
cells were fixed and stained with fresh Oil red O solution. As
a control, the same batch of aBMSCs was cultured in 𝛼MEM
containing 15% FBS and stained at day 21.
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Figure 1: Clinical techniques for harvesting alveolar bone marrow. (a) The cancellous bone was drilled at 50 rpm until achieving the desired
diameter and length for the implant site. (b) Before dental implant placement, bone marrow was harvested using a flapless, minimally invasive
surgical procedure. (c, d) Bone marrow scraped from the pilot drill was immediately placed in sterile tubes and transported to the laboratory.
(e) Confirmation of the initial stability of the dental implant by cone-beam CT. (f) Photomicrograph of aBMSCs 7–10 days following initial
plating, revealing a fibroblastic, spindle shaped morphology similar to that of stem cells from other cell sources. Magnification: ×400.

2.5. Biometric Preparation and Seeding of nHAC/PLA Scaffolds. The features of the nHAC/PLA porous scaffold (Allgens, Beijing, China) were similar to that of natural bone: a
porosity of 70–90% and a pore size of 300–400 ± 150 𝜇m [18].
aBMSCs at passage 3 were seeded into nHAC/PLA materials
that had been cut into 10 × 5 × 3 mm blocks. The nHAC/PLA
+ aBMSCs constructs were then incubated in basic medium
in a 24-well plate for 24 hours at 37∘ C. After the aBMSCs had
adhered to the nHAC/PLA, the constructs were cultured in
basic medium or osteogenic induction medium for in vitro
characterization and in vivo implantation.
2.6. MTS Assay. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt (MTS; Promega), was used as an indicator of cell
viability. In preparation, aBMSCs at passage 3 were seeded
onto nHAC/PLA discs in 96-well culture plates at density of
1.5 × 104 cells/cm2 . After culture for 24 hours, the cells were
serum starved overnight in 𝛼MEM with 1% FBS and then
cultured in basic medium (nHAC/PLA + aBMSCs group)
or osteogenic induction medium (nHAC/PLA + preinduced
aBMSCs group) for another 7 days. On days 1, 3, 5, and
7 during this period, 20 𝜇L of MTS was added, and the
samples were incubated for 2 hours at 37∘ C. Subsequently,

the absorbance of each well was measured at 490 nm using
an ELx800 UV reader (Bio-Tek Instruments, Winooski, VT,
USA).
2.7. Scanning Electron Microscopy (SEM). aBMSCs were cultured on nHAC/PLA scaffolds in basic medium or osteogenic
induction medium at 1 × 105 cells/cm2 for 7 days, after
which the samples were washed with PBS and fixed in
2.5% glutaraldehyde. The samples were then coated with
several nanometer-thick layers of gold. The adhesion and
morphology of the aBMSCs on the surface of the nHAC/PLA
composite were observed using a variable-pressure scanning
electron microscope (S-3400N, Hitachi, Japan) with beam
energies of 6–25 kV.
2.8. Osteogenic Gene. aBMSCs on nHAC/PLA scaffolds were
cultured in osteogenic induction medium or basic medium
for 7 days. Total RNA was subsequently extracted using
TRIzol (Invitrogen, Grand Island, NY, USA), and first-strand
complementary DNA (cDNA) was synthesized using a cDNA
synthesis kit (Promega, Madison, WI, USA). Quantitative
real-time PCR was then performed using human osteocalcin
(OCN), Runx2, Osterix, and 𝛽-actin primers and Fast
SYBR Green MasterMix in a StepOnePlus Real-Time
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PCR System (Applied Biosystems, Carlsbad, CA, USA). The
following primer sets were used: Runx2, GenBank Accession
number 860, F5 -CGGAATGCCTCTGCTGTTATGAA-3 ,
R5 -AGGATTTGTGAAGACGGTTATGG-3 ; Osterix,
number 121340, F5 -CTCCTCCTGCGACTGCCCTAAT3 , R5 -AGGTG CGAAGCCTTG CCATACA-3 ; OCN,
number 632, F5 -GGAGGGCAGCGAGGTAGTGAAG3 , R5 -GATGTGGTCA GCCAACTCGTCA-3 ; actin,
number 60, F5 -TGCCCATCTA CGAGGGGTATG-3 , R5 TCCTTAAT GTCACGCACGATTTC-3 . The expressions
of the genes were normalized to the internal control b-actin
mRNA levels. Data were analyzed using the comparison Ct
(2−ΔΔCt ) method. The specificity of single-target amplification
by each primer pair was confirmed by melting curve analysis.
2.9. Alkaline Phosphatase (ALP), OCN, Calcium, and Phosphonium Content Assays. aBMSCs on nHAC/PLA scaffolds
were cultured for 21 days in basic medium or osteogenic
induction medium at 1.5 × 104 /cm2 cells per graft. The
supernatants were collected at 3 time points: days 7, 14, and
21. The ALP activity in the medium was assayed using Roche
Diagnostics ALP kits on the cobas e602 platform (Roche
Diagnostics, Mannheim, Germany), and calcium content and
phosphonium content were assayed using Roche Diagnostics
Ca/P kits. OCN activity was assayed using N-MID osteocalcin kits, based on electrochemiluminescence immunoassay
techniques. All data were measured and analyzed on the
cobas 8000 platform (Roche Diagnostics).
2.10. Genetic Stability Assay. Reverse transcription PCR was
performed to examine the gene expression of tumor suppressors and protooncogenes. For this purpose, RNA was isolated
from aBMSCs cultured on flasks at passages 1 and 2 and from
aBMSCs cultured on nHAC/PLA scaffolds in basic medium
or osteogenic induction medium at passage 3. The primer
sequences were as follows: p53, F5 -CCTCACCATCATCACA CTGG-3 , R5 -TTATGGCGGGAGGTAGACTG-3 ;
c-myc, F5 -CTCCTGGCAAAAGGTCAG AG-3 , R5 -GGCCTTTTCATTGTTTTCCA-3 ; ARF, F5 -TGGGTCCCAGTCTGCA GTTA-3 , R5 -CTGCCCATCATCATGACCT3 ; GAPDH, F5 -ACAGTCAGCC GCATCTTCTT-3 , R5 ACGACCAAAT CCGTTGACTC-3 .
At the end of culture, aBMSCs from three different patient
samples at passage 4 were subjected to karyotyping analysis.
These aBMSCs were cultured on nHAC/PLA scaffolds in
osteogenic induction medium, followed by treatment with
60 ng/mL colcemid (Sigma) and harvesting with 0.25%
trypsin/EDTA. The cells were then collected by centrifugation, and karyotyping analysis was performed using Gbanding techniques in a clinical laboratory at the Chinese
PLA General Hospital.
2.11. Bone Regeneration in the Mandibular Defect Model. The
bone-forming capacity of 20 different aBMSCs populations
was evaluated qualitatively in a New Zealand white rabbit
segmental critical-size mandibular defect model [18, 19]. For
this purpose, 30 female rabbits were housed in the laboratory
animal center at the Chinese PLA General Hospital. The
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rabbits had weights of 2.50–3.00 kg. All surgical procedures
and care followed Chinese PLA General Hospital Review
Board approval. The rabbits were first intravenously anesthetized with 2% pentobarbital sodium (30 mg/kg). The hair
on the right of the rabbit mandible was then depilated. Under
aseptic conditions, a 10 mm incision was made along the
upper edge of the rabbit mandible, and the right buccal was
exposed. A segmental defect (10 × 5 × 3 mm) was prepared in
the alveolar bone of all rabbits using a surgical oscillating saw
and sterile saline irrigation. nHAC/PLA blocks with/without
5 × 106 aBMSCs were implanted in the segmental defect,
and the rabbits were assigned to five groups: mandibular
defects were treated with nHAC/PLA, nHAC/PLA + aBMSCs, or nHAC/PLA + preinduced aBMSCs (preinduced in
osteogenic induction medium for 7 days) or with AB from
the iliac bone as a positive control or untreated defect as a
negative control.
After eight weeks, the samples were surgically removed
and fixed. Goldner’s trichrome staining was used to examine
bone regeneration at the defects. All samples were analyzed
by morphometric analysis using the Leica-Q Win 3.2 image
analysis system. Five sequential sections per implant were
selected, and the type of tissue (mature bone-like or osteoidlike) was identified by an independent observer. The extent
of newly formed bone was indicated by the percentage of the
newly formed bone areas within a section. An average value
was then calculated for each implant, and data were averaged
across all implants within each group.
2.12. Assessment of Bone Regeneration by Micro-CT. The bone
volume and trabecular microarchitecture were monitored
using a Quantum FX micro-CT Imaging System (Caliper,
USA) at 70 kV and 114 mA. A total of 512 binary images were
obtained with a wide field of view (FOV), with scanning at
36 mm and a 4.5 𝜇m voxel size resolution. The thresholds
were set at 1300, which was adequate to separate bone and
nHAC using discrimination analysis. The calculated bone
volume density (bone volume/total volume) in this area is
presented as the percentage regeneration of the defect.
2.13. Statistical Analysis. All data are presented as the mean
± standard deviation. Statistical analyses of the results were
performed using SPSS 16.0 software. Student’s 𝑡-test was used
to study significant differences in the MTS, PCR, SEM, ALP,
OCN, and calcium and phosphonium content results. Oneway ANOVA and an unpaired 𝑡-test were used to study
significant differences in the bone volume density and the
percentage of bone formation area between study groups. The
significance threshold was set at 𝑝 < 0.05.

3. Results
3.1. Isolation and Characterization of aBMSCs. We collected
alveolar bone marrow samples from 52 patients undergoing
dental implant surgery. Every dental implant was initially
stable (final torque > 35 Ncm), and no complications after
bone marrow collection were reported. Postoperative 1- to 3month cone-beam CT results revealed closely aligned dental
implants and bone (Figure 1(e)).
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Figure 2: Characterization of human aBMSCs. (a) The aBMSCs expressed STRO-1, a mesenchymal stromal cell marker. Positive staining
of the cells with Alizarin red (b) or Oil red O (c) demonstrated the osteogenic and adipogenic differentiation potential of the aBMSCs.
Magnification: ×400. (d) The aBMSCs were positive for MSC markers, including CD44, CD90, and CD106, and negative for hematopoietic
and endothelial markers, including CD14, CD34, and HLA-DR.

The aBMSCs in 37 samples adhered to the culture surface
and proliferated in vitro. The isolated aBMSCs formed singlecell-derived colonies, and most of the cells retained their
fibroblastic spindle shape (Figure 1(f)). The aBMSCs were
expanded in culture, followed by characterization of cell
surface markers by flow cytometry and immunofluorescence.
Immunofluorescence analysis demonstrated that the cells

were STRO-1 positive (Figure 2(a)). To evaluate the in
vitro differentiation potential of the aBMSCs, the cells were
induced to differentiate along osteogenic and adipogenic
lineages under specific culture conditions, as revealed by
Alizarin red (Figure 2(b)) and Oil red O (Figure 2(c))
staining. Flow cytometry revealed that the cultured cells
were homogenously positive for CD44, CD90, and CD106
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Figure 3: Proliferation and osteogenic differentiation potential of aBMSCs on nHAC/PLA. (a) SEM analysis showed that nHAC/PLA was
similar to natural bone in terms of microstructure. (b) After 3 days of culture, the aBMSCs adhered to, extended, and connected with each
other and produced ECM on the nHAC/PLA surface. The aBMSCs (c–f) were spindle, triangle, or cube shaped, with developed cytoplasmic
extensions attached to the scaffold. (g) The MTS results demonstrated that the aBMSCs were proliferative on days 1, 3, 5, and 7 after seeding
onto nHAC/PLA (𝑛 = 6, mean ± SD). (h) Real-time PCR revealed that osteogenic induction for 7 days promoted aBMSC expression of OCN,
Runx2, and Osterix (𝑛 = 6, mean ± SD). ∗ Compared with nHAC/PLA + aBMSCs. Differences are significant at 𝑝 < 0.05. Magnification: (a,
b) ×100 SE; (c) ×500 SE; (d) ×1.50 k SE; (e) ×5.00 k SE; (f) ×10.0 k SE.

and negative for hematopoietic and endothelial cell surface
markers, including CD14, CD34, and HLA-DR (Figure 2(d)).
3.2. Biocompatibility between aBMSCs and nHAC/PLA. The
adherence and morphology of aBMSCs on nHAC/PLA were
observed by SEM, which revealed that the nHAC/PLA
blocks without cells exhibited a hierarchical microstructure (Figure 3(a)). After 3 days of culture, the aBMSCs
adhered to, extended, and connected with each other and

produced extracellular matrix (ECM) on the nHAC/PLA
surface (Figure 3(b)). The aBMSCs were spindle, triangle, or
cube shaped, with developed cytoplasmic extensions attached
to the scaffold (Figures 3(c)–3(f)).
The proliferation of aBMSCs on nHAC/PLA was evaluated using the MTS method on days 1, 3, 5, and 7 (Figure 3(g)).
Throughout the 7 days of culture, the cell numbers increased,
indicating that the nHAC/PLA had no negative effect on
proliferation. Compared with cells cultured in basic medium
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Figure 4: Effect of osteogenic induction on the ALP activity (a), OCN content (b), calcium content (c), and phosphonium content (d) of
aBMSCs cultured on nHAC/PLA (𝑛 = 6, mean ± SD). ∗ Compared with nHAC/PLA + aBMSCs. Differences are significant at 𝑝 < 0.05.

(nHAC/PLA + aBMSCs group), the number of aBMSCs
on nHAC/PLA decreased in the nHAC/PLA + preinduced
aBMSCs group, but the difference was not significant (𝑝 >
0.05).
3.3. Osteogenic Capability of aBMSCs on nHAC/PLA. To confirm their osteogenic potential, aBMSCs on nHAC/PLA were
cultured in basic medium or osteogenic induction medium
for 7 days, followed by the evaluation of osteogenesisrelated genes by quantitative real-time PCR. The PCR results
demonstrated that osteogenic inductive treatment promoted
expression of the osteogenesis-related genes OCN, Runx2,
and Osterix in the BMSCs (Figure 3(h)).
To investigate the osteogenic capability of aBMSCs on
nHAC/PLA, the ALP activity, calcium and phosphonium
content, and OCN content in the culture supernatant were
assayed at days 7, 14, and 21. The aBMSCs and nHAC/PLA
constructs were cultured in basic medium or osteogenic

induction medium for this purpose. During the 28 days
of culture, the ALP activity and OCN and phosphonium
content in both groups increased with culture time, but the
calcium content decreased. However, the ALP activity and
OCN and phosphonium content were significantly higher
in the nHAC/PLA + preinduced aBMSCs group than in
nHAC/PLA + aBMSCs group at day 21 (Figure 4). Although
the calcium content in both groups declined, the content
in the nHAC/PLA + preinduced aBMSCs group was always
significantly lower.
3.4. Genetic Stability Assessment. To evaluate transformational alterations in gene expression, the levels of the tumor
suppressor genes p53 and ARF and the protooncogene c-myc
were measured (𝑛 = 6). However, no significant changes
were observed over time or upon osteogenic induction
(Figure 5(a)).

8

Stem Cells International

Passage 1

Passage 2

Passage 3

Induced

2

1

3

4

5

p53

c-myc

6

7

8

ARF

13

14

19

9

10

11

12

15

16

17

18

20

21

22

X

Y

GAPDH

(a)

(b)

Figure 5: Genetic stability evaluation. (a) The expression levels of p53, ARF, and c-myc in aBMSCs were unchanged over time and under
osteogenic induction. (The term “induced” denotes aBMSCs at passage 3 that were cultured on nHAC/PLA scaffolds in osteogenic induction
medium.) (b) aBMSCs at passage 4 that were cultured on nHAC/PLA in osteogenic induction medium exhibited a normal karyotype.

After culture on nHAC/PLA scaffolds in osteogenic
induction medium for 21 days, aBMSCs at passage 4 exhibited
a normal diploid karyotype (𝑛 = 6). Chromosome structural
abnormalities such as inversion, deletion, translocation, and
rings were not observed by karyotyping analysis of Gbanding (Figure 5(b)).
3.5. Bone Regeneration in a Mandibular Defect Model. In the
critical-size mandibular defect rabbit model, the mandible
was harvested for histological analyses at 8 weeks. In the
nHAC/PLA and the nHAC/PLA + aBMSCs groups, the
mandibular defects were filled with abundant red-stained
osteoid tissue and some green-stained newly formed bone
(Figures 6(a) and 6(b)), and many osteoclasts were observed
in the newly formed osteoid tissue. Meanwhile, the defects in
the nHAC/PLA + preinduced aBMSCs group were filled with
a large amount of mature thickened bone (Figure 6(c)), and
osteoblasts lined the surface of the newly formed bone. In the
AB group, there were areas of autogenous grafted bone as well
as areas of new bone regeneration (Figure 6(d)). In different
maturation stages, the autologous bone and newly formed
bone exhibited different trabecular arrangements. Little bone
regeneration was observed in the untreated defect group,
which served as the negative control.
A total of 68 slides from the different groups were
quantified by morphological analysis. The extent of newly
formed mature bone and osteoid tissue was indicated by the
percentage of total bone formation area within the section;
this percentage was averaged across all slides within each
group. The percentages of the osteoid tissue formation area
in the nHAC/PLA, nHAC/PLA + aBMSCs, nHAC/PLA +
preinduced aBMSCs, and AB groups were 23.5 ± 3.3, 15.6 ±
1.2, 7.9 ± 1.9, and 9.2 ± 1.1, respectively. The percentages of
mature bone formation area in the nHAC/PLA, nHAC/PLA +
aBMSCs, nHAC/PLA + preinduced aBMSCs, and AB groups

were 3.2 ± 1.2, 19.2 ± 1.3, 41.2 ± 2.4, and 43.2 ± 2.7,
respectively. The percentages of total bone formation area
in the nHAC/PLA, nHAC/PLA + aBMSCs, nHAC/PLA +
preinduced aBMSCs, and AB groups were 26.7±4.5, 34.8±2.5,
49.1 ± 4.3, and 52.2 ± 3.8, respectively.
Histomorphometric measurements revealed significant
differences in bone formation (Figure 7(F)). The nHAC/PLA
group had the lowest percentage of total bone formation area
of the five implanted groups and differed significantly from
the other groups (𝑝 < 0.05). Total bone formation in the
nHAC/PLA + aBMSCs group was significantly higher than in
the nHAC/PLA group (𝑝 < 0.05) but significantly lower than
in the nHAC/PLA + preinduced aBMSCs and the AB groups
(𝑝 < 0.05). The maximal percentage of total bone formation
area was observed in the AB group. However, there were no
significant differences between the nHAC/PLA + preinduced
aBMSCs and the AB groups (𝑝 > 0.05).
Regeneration of the mandibular defects was evaluated
using micro-CT. In the 3-dimensional volume reconstruction
of the images, the bone defect in the untreated defect
group was unfilled (Figure 7(A)). For defects filled with
an nHAC/PLA scaffold, new bone formation in the open
scaffold pores, with incomplete healing of the defect, was
observed (Figure 7(B)). For defects filled with nHAC/PLA +
aBMSCs, the defect surface was healed with a thin cortical
shell bridge (Figure 7(C)). For defects filled with nHAC/PLA
+ preinduced aBMSCs, the defect surface was also completely
healed with a thick cortical shell bridge (Figure 7(D)). In the
AB group, the defects healed well, and the iliac graft block and
mandibular bone could not be distinguished (Figure 7(E)).
To quantify new bone formation, the bone volume density
in the defect is presented as the percentage regeneration of
the defect. The bone volume densities in the nHAC/PLA,
nHAC/PLA + aBMSCs, nHAC/PLA + preinduced aBMSCs,
and AB groups and the untreated defect group were 25.1 ±
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Figure 6: Bone regeneration in a rabbit critical-size mandibular defect model stained with Goldner’s trichrome. (a) The defects in the
nHAC/PLA group were filled with abundant red-stained osteoid tissue and some green-stained newly formed bone. (b) The defects in the
nHAC/PLA + aBMSCs group were filled with more newly formed trabeculae. (c) The defects in the nHAC/PLA + preinduced aBMSCs group
were filled with a large amount of mature thickened bone. (d) The AB group exhibited areas of newly formed bone, osteoid tissue, osteoblastic
seams, and residual bone graft. Magnification: ×400. NB: new mature bone; AB: autogenous bone; OS: osteoid tissue.

4.5, 33.2 ± 3.4, 47.8 ± 4.2, 55.4 ± 3.9, and 58.5 ± 3.8,
respectively (Figure 7(G)). The bone volume density in the
nHAC/PLA + aBMSCs group was significantly higher than in
the nHAC/PLA group (𝑝 < 0.05) but significantly lower than
in the nHAC/PLA + preinduced aBMSCs and the AB groups
(𝑝 < 0.05). There were no significant differences between the
nHAC/PLA + preinduced aBMSCs and the AB groups (𝑝 >
0.05), indicating that new bone formation was significantly
improved by the nHAC/PLA + preinduced aBMSCs.

4. Discussion
As a promising alternative approach for the treatment of
bone defects, bone tissue engineering creates a bone grafting
material with osteogenic, osteoinductive, and osteoconductive properties. These events are also essential for optimal
bone healing when a combination of BMSCs and biomaterials
is to be used to treat periodontal bone defects. In vitro
studies of BMSCs often involve cells derived from the tibia
of animals, including mice and rats. When human skeletal
progenitor cells are studied, most bone grafting procedures
performed for craniofacial applications use cells derived from
the mesodermal lineage (e.g., the fibula, iliac crest, and
ribs). Recently, several scholars have described the isolation
of BMSCs from the marrow of maxillofacial bones and
demonstrated that these cells share the basic characteristics of
MSCs [10, 16]. In the same individuals, maxillofacial-derived
BMSCs were found to have greater osteogenic potentials
than iliac crest-derived BMSCs [20]. In previous studies,

we also found that osteogenic differentiation capacity of
alveolar BMSCs was higher than that of femoral BMSCs in the
middle-aged and old group [21]. These reports indicate the
BMSCs from maxillofacial bones with some characteristics
that may be beneficial for treating maxillofacial bone defects.
Nevertheless, in most published studies, alveolar BMSCs have
not been used in critical-size mandibular bone defect model.
In this study, we describe a convenient and minimally
invasive process for craniofacial BMSC isolation and further
demonstrate that a combination of aBMSCs after osteogenic
induction and nHAC/PLA could effectively restore mandibular defects. It would be an advantage to use aBMSCs via this
process, thereby reducing donor-site morbidity and residual
pain related to bone harvesting from, for example, the iliac
crest.
At the histological level, defect repair in the craniofacial
skeleton is indistinguishable from appendicular bone repair:
both defect sites are vascularized following trauma, both
become populated by osteoblast progenitor cells, and both
undergo bony matrix remodeling within a similar time
frame. However, cellular and molecular analyses belie this
histological equivalency. In particular, Hox expression status
as well as embryonic origin has an influence on the fate of
skeletal progenitor cells in the regenerative context. Leucht
et al. found that, initially, mandibular skeletal progenitor
cells are Hox negative but that they adopt a Hoxa11-positive
profile when transplanted into a tibial defect. Conversely,
tibial skeletal progenitor cells are Hox positive and maintain
this Hox status even when transplanted into a Hox-negative

10

Stem Cells International

A

E

(A)

(B)

(C)

(D)

(E)

(a)

(b)

(c)

(d)

(e)










40











∗


∗
∗

20


∗
∗
∗

∗
∗
∗

80
∗
Bone volume density (%)

60

∗
∗

40
20

Autogenous bone

HAC/PLA +
preinduced aBMSC

HAC/PLA +
aBMSC

Autogenous bone

HAC/PLA +
preinduced aBMSC

HAC/PLA +
aBMSC

HAC/PLA

Untreated group

HAC/PLA

0

0

Untreated group

Bone formation area (%)

60

Osteoid
New mature bones
Total bone
(F)

(G)

Figure 7: Micro-CT images of the mandibular defects at 8 weeks after implantation. (A, a) The critical-size bone defect in the untreated
group was unfilled. (B, b) For defects filled with an nHAC/PLA scaffold, new bone formation in the open scaffold pores, with incomplete
healing on the surface of the defect, was observed. (C, c) The defect surface was healed with a thin cortical shell bridge in the nHAC/PLA +
aBMSCs group. (D, d) The defect surface was completely healed with a thick cortical shell bridge in the nHAC/PLA + preinduced aBMSCs
group. (E, e) In the AB group, the defect healed well, and the iliac graft block and mandibular bone could not be distinguished. (The red
boxes represent the defect area in the mandible, and the blue arrow indicates an incomplete cortical shell.) (F) The percentages of osteoid
tissue formation, mature bone formation, and total bone formation were determined by histomorphometric measurements. Differences are
significant at 𝑝 < 0.05. Groups with the same symbol (∗, , ) were not significantly different. (G) The bone volume density in micro-CT is
presented as the percentage regeneration of the defect. Differences are significant at 𝑝 < 0.05.

mandibular defect [15]. This mismatch between the Hox gene
expression statuses of host and donor cells is correlated with a
disruption in bone regeneration, such that the grafted cells fail
to differentiate into osteoblasts [22]. When iliac crest-derived
BMSCs are placed in a mandibular defect, these mesodermderived progenitor cells differentiate into chondrocytes [23].

Conversely, craniofacial bone-derived BMSCs can integrate
into and contribute to bony regeneration in a mandibular
defect.
In the present study, we isolated and characterized aBMSCs, which fulfill the criteria of the International Society
for Cellular Therapy, including fibroblast-like morphology,
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expression of surface markers, and a capacity for multilineage
differentiation [24]. Although the maintenance of stemness
is difficult to achieve in ex vivo culture, this profile suggests
that cells collected from alveolar bone resemble immature
mesenchymal cells. We also determined that the aBMSCs
were STRO-1 positive. STRO-1, which recognizes only clonogenic and highly osteogenic progenitors, is expressed by
stromal elements in the bone marrow [25]. Additionally, we
evaluated the osteogenic potential of the aBMSCs. Runx2
and Osterix are essential transcription factors for osteoblastic
differentiation and skeletal morphogenesis, and OCN is a
major noncollagenous protein specific to bone and the most
recently identified osteogenic expression marker.
The cellular state under 2D and 3D cell culture conditions may vary considerably [26]. Accordingly, the proliferation and osteogenic capabilities of the aBMSCs on the
3D porous nHAC/PLA scaffold were further evaluated. The
nHAC/PLA scaffold was formed from new mineralized collagen consisting of a combination of collagen fibrils and PLA
attached to nanohydroxyapatite by a self-assembly method.
The microstructure of this composite was a mineralized
collagen fiber bundle, similar to the hierarchical structure of
natural bone [27]. We have previously demonstrated that this
composite has good biocompatibility and osteoconductivity,
suggesting its potential for hard tissue repair [18]. The results
of the current study further confirmed that nHAC/PLA provides a suitable environment for aBMSC adhesion, proliferation, and differentiation. The upregulation of both osteogenic
gene expression and protein expression suggests that the
osteogenic potential of aBMSCs on nHAC/PLA was activated
by the osteogenic induction medium.
In this study, a localized mandibular defect model was
used to characterize the osteogenic differentiation of the
nHAC/PLA + aBMSCs construct in vivo. Micro-CT and
histomorphometric analyses further confirmed the capability
of this method to repair bone defects. In the rabbit mandible,
a defect diameter greater than 5 mm has been reported to be
a critical size that prevents spontaneous healing [19]. In the
present study, after 8 weeks of implantation, histological analysis demonstrated that the untreated group exhibited no bone
formation and that the nHAC/PLA group had abundant engineered osteoid tissue and some newly formed bone. These
results indicated that a critical-size defect was successfully
established and that nHAC/PLA can be used as a potential
scaffold for mandibular bone regeneration. Furthermore, the
nHAC/PLA + aBMSCs group had significantly greater bone
formation than the nHAC/PLA group did. These results once
again confirmed that the structure and composition of the
nHAC/PLA had good biocompatibility and promoted cell
proliferation and osteogenic differentiation. The ECM and
other factors in the bone defect environment played a key role
in this osteogenic differentiation of the aBMSCs. Specifically,
for defects filled with nHAC/PLA + preinduced aBMSCs,
a large amount of mature thickened bone was observed in
the morphometric analysis, and the defect surface exhibited
complete healing, with a thick cortical shell bridge in CT
images. These results demonstrated that the nHAC/PLA +
aBMSCs preinduced in osteogenic induction medium did
indeed exhibit enhanced initial bone formation in vivo. These
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results also indicated that factors from defects are insufficient
to stimulate aBMSCs to undergo osteogenic differentiation. To achieve improved therapeutic effects, regulating the
degree of aBMSCs’ osteogenic differentiation is desirable. The
selected inducer may include osteoblasts that have undergone
osteogenic preinduction in vitro. Osteoblast-secreted factors
can promote the proliferation and osteogenic differentiation
of BMSCs via the VEGF/heme-oxygenase-1 pathway [28].
To verify that the tissue-engineered bone generated from
nHAC/PLA + preinduced aBMSCs is a valid alternative for
the reconstruction of mandibular bone defects, a positivecontrol, gold-standard fresh autogenous iliac bone graft was
also tested in this study. Quantitative histomorphometric and
micro-CT analyses demonstrated that the tissue-engineered
bone was similar to that derived from the gold-standard
method.
The effects of the nHAC/PLA + preinduced aBMSCs
method on bone defect repair are similar to those of the
autologous bone method, but with less trauma. Therefore,
the method presented here needs to be considered carefully
for clinical applications. Cone-beam CT also confirmed that
the method does not affect the osseointegration of dental
implants. From a purely technical perspective, aBMSC collection offers advantages over collection from other sites because
the cells are passed through the mucous membrane, without
damaging the skin, which avoids the need for general anesthesia and effectively reduces patient discomfort. Moreover,
the cells can be easily obtained during routine dental surgery,
such as dental implant surgery, wisdom tooth extraction,
and tooth crown-lengthening measures. The selection of
surgical methods depends on the surgeon’s familiarity with
the anatomic region, but most maxillofacial surgeons and
dentists feel confident about extracting bone marrow from
alveolar bones.
It is noteworthy that although complete absence of
teratoma formation was observed in this study, it is only
a speculation whether some aBMSCs still survive in vivo
or are killed in xenogeneic hosts. Several studies have
suggested that the stem cells could suppress immune
responses through immune-privileged, immunosuppressive,
or tolerance-inducing methods [29, 30]. Others have suggested that the functional improvements after implantation
of xenogeneic stem cells are only caused by paracrine effects
rather than by engraftment [31]. Thus, further studies about
immune mechanisms will be necessary to correctly interpret
the results of animal models and for future translation into
clinical practice.
Another safety consideration for tissue engineering
strategies is genetic stability in ex vivo cell culture. In
the present study, aBMSCs were expanded, passaged, and
osteogenically induced. Following long-term cell culture, the
results of karyotyping, tumor suppressor, and protooncogene
analyses were unchanged. These results are in agreement
with those of Poloni et al., who observed that human
adipocytes dedifferentiated into endothelial cells and did
not undergo transformational changes [32]. Our results thus
demonstrated that genetic instability does not occur among
aBMSCs cultured on nHAC/PLA in osteogenic induction
medium.

12

5. Conclusion
The key parameter of bone reconstruction in bone tissue
engineering is the selection of favorable seed cells, biomaterials, and an osteogenic inducer; changes in any of
these three factors will affect osteogenesis. The present study
overcame the difficulties of isolating human craniofacial
BMSCs and demonstrated the bone regeneration potential
of an innovative seed cell type, namely, aBMSCs, without
viral gene delivery. These findings also demonstrated that this
method of applying nHAC/PLA + aBMSCs with osteogenic
preinduction is a valid alternative for the correction of
mandibular bone defects. This study is an important step
in the clinical application of human craniofacial BMSCs,
although additional studies will be necessary to determine
the effects of immunity on human autologous aBMSCs after
preinduction in vitro.
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Naringin is a major flavonoid found in grapefruit and is an active compound extracted from the Chinese herbal medicine
Rhizoma Drynariae. Naringin is a potent stimulator of osteogenic differentiation and has potential application in preventing
bone loss. However, the signaling pathway underlying its osteogenic effect remains unclear. We hypothesized that the osteogenic
activity of naringin involves the Notch signaling pathway. Rat bone marrow stromal cells (BMSCs) were cultured in osteogenic
medium containing-naringin, with or without DAPT (an inhibitor of Notch signaling), the effects on ALP activity, calcium
deposits, osteogenic genes (ALP, BSP, and cbfa1), adipogenic maker gene PPAR𝛾2 levels, and Notch expression were examined.
We found that naringin dose-dependently increased ALP activity and Alizarin red S staining, and treatment at the optimal
concentration (50 𝜇g/mL) increased mRNA levels of osteogenic genes and Notch1 expression, while decreasing PPAR𝛾2 mRNA
levels. Furthermore, treatment with DAPT partly reversed effects of naringin on BMSCs, as judged by decreases in naringin-induced
ALP activity, calcium deposits, and osteogenic genes expression, as well as upregulation of PPAR𝛾2 mRNA levels. These results
suggest that the osteogenic effect of naringin partly involves the Notch signaling pathway.

1. Introduction
Osteoporosis is becoming increasingly prevalent due to
demographic changes and longer life expectancies. In particular, postmenopausal osteoporosis is the most widespread
form of osteoporosis, affecting one in two women over the
age of sixty. Although hormone replacement therapy has
been the most commonly used therapeutic for the prevention
and treatment of postmenopausal osteoporosis, the Women’s
Health Initiative reported that the health risks of hormone
replacement therapy exceed its benefits [1]. The use of bisphosphonates has also been used to treat osteoporosis [2]. However, the potential bone-forming agents in bisphosphonates
can have serious side-effects and may not yield the expected
improvements in the bone quality and bone union ratio [3],

and the cost effectiveness of their widespread or long-term
use has been questioned. In addition, despite the availability
of an armamentarium of agents, finding the optimal agent
remains a challenge [4]. Therefore, more and more people
have turned to, or are searching for, alternative or natural
therapies for osteoporosis [5].
Naringin is a major flavonoid found in grapefruit and
an active compound extracted from the Chinese herbal
medicine Rhizoma Drynariae [6]. Studies have shown that
naringin possesses many beneficial pharmacological properties, such as anti-inflammatory, antioxidant, antiapoptotic,
and anticancer activities in various animal disease models [7],
estrogen-like activities in rat UMR-106 osteoblast-like cells
[8], and in particular improves the bone mass of retinoic
acid-induced [9] or ovariectomy-induced osteoporosisin rats
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[10, 11]. In addition, naringin increases proliferation and
osteogenic differentiation of the MC3T3-E1 osteogenic precursor cell line [12] and inhibits osteoclast formation and
bone resorption, suggesting that naringin offers a beneficial
alternative for the prevention and treatment of osteoporosis
[13, 14]. Furthermore, a number of studies have shown
naringin plays a significant role in proliferation and differentiation of BMSCs [11, 15], which can differentiate into
osteoblasts. In human mesenchymal stem cells, naringin
promotes osteogenic differentiation through miR-20a and
PPAR𝛾 [16]. However, the mechanism of naringin on the proliferation and osteogenic differentiation of BMSCs remains
unknown.
Notch receptors, a family of transmembrane proteins,
control various cell functions, including proliferation, differentiation, and cell-fate decisions [17]. The activation of
Notch receptors, following cognate interaction with jagged,
delta-like family ligands, are cleaved by membrane-bound 𝛾secretase, followed by nuclear entry of the Notch intracellular
domain. This in turn activates transcription of target genes,
such as hairy enhancer of split (HES) and Hes family-related
genes [18]. Although Notch signaling was first identified
in fly neurogenesis [17], additional evidence highlights the
importance of Notch signaling in other systems, including
tumor formation, glucose metabolism, and bone formation [19]. The Notch signaling pathway is activated during
osteogenic differentiation of dental follicle cells and regulates
BMP2/DLX3-directed differentiation of dental follicle cells
via a negative feedback loop [20]. Here, we hypothesize
that the osteogenic effects of naringin are related to the
Notch signaling pathway. In the current study, we found that
naringin stimulates osteogenic differentiation of rat BMSCs
via activation of the Notch signaling pathway.

2. Materials and Methods
2.1. Animals. Four-week-old female Sprague-Dawley rats
were purchased from the Experimental Animal Center of
Shantou University Medical College, Shantou, China, and
were housed under environmentally controlled conditions
(22∘ C, a 12-h light/dark cycle with a light cycle from 6:00
to 18:00 hours and a dark cycle from 18:00 to 6:00 hours)
with ad libitum access to standard laboratory chow. The
local Institution Review Board approved the study protocol,
and all animal experiments were performed according to
the guidelines of the Institutional Animal Care and Use
Committee of Shantou University Medical College.
2.2. Chemicals and Reagents. Naringin (from citrus fruit,
chemical purity ≥ 98.0%) was purchased from SigmaAldrich (St. Louis, MO) and was dissolved in dimethyl
sulfoxide (DMSO). Culture media (DMEM/F12) and fetal
bovine serum (FBS) were purchased from Invitrogen (Grand
Island, NY, USA). Penicillin and streptomycin were obtained
from Gibco BRL (Gaithersburg, MD, USA). A majority of
the drugs were purchased from Sigma (Steinheim, Germany), including cetylpyridinium chloride (CPC), Alizarin
red S, dexamethasone, 𝛽-glycerophosphate, and ascorbic acid
phosphate. Kits for measurement of alkaline phosphatase
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were purchased from Nanjing Jiancheng Company (Nanjing,
China). The CCK-8 cell counting kit was purchased from
Xingzhi Biotechnology Co., Ltd. (Guangdong, China).
2.3. Cell Culture and Treatments. Primary culture of BMSCs,
obtained from three random four-week-old female SpragueDawley rats, was established as described previously [21].
Briefly, tibias and femurs were immediately removed from
euthanized rats, and the attached muscles and tissues were
removed using aseptic technique. The ends of the bones were
removed, and marrow plugs were flushed out by injecting
basal medium (as control: DMEM/F12 medium containing
10% heat-inactivated FBS, 1% penicillin, and streptomycin).
A suspension of single bone marrow cells from the tibias and
femurs was obtained by gentle pipetting in a 10 cm petri dish.
Cells were then counted with a hemacytometer and 15 mL,
of a 1 × 106 cells/mL cell suspension, was inoculated into a
culture flask. Cells were maintained in a humidified incubator
with 5% CO2 and 95% air at 37∘ C. Cells were detached using
1 mM EDTA and 0.25% trypsin at 80% confluence and then
subcultured. Cells (passages 3–6) were subcultured or plated
for subsequent experiments.
2.4. Osteogenic Differentiation Protocol and Differentiation
Assays. For osteogenic differentiation, BMSCs were inoculated at approximately 1 × 104 cells/cm2 on culture dishes and
induced in osteogenic induction medium (OIM: DMEM/F12,
0.1 𝜇M dexamethasone, 50 𝜇M ascorbic acid, and 10 mM
sodium 𝛽-glycerophosphate) with or without naringin (final
concentration at 1, 10, and 50 𝜇g/mL). To examine the
involvement of the Notch signaling pathway in naringin
action, BMSCs under OIM were stimulated to differentiate
by addition of 50 𝜇g/mL naringin in the presence or absence
of 10 𝜇M DAPT, a Notch inhibitor. DAPT was dissolved in
DMSO and was freshly diluted to the desired concentration
with culture medium. The final concentration of DMSO was
0.05% (v/v). Differentiation was evaluated by measuring ALP
activity and mineralization.
2.5. Assessment of Proliferation by CCK-8 Assay. Cells (1 ×
104 per well) were plated in a 96-well plate and cultured in
basal medium for 24 h. Then cells were treated with basal
medium or basal medium containing-naringin at a concentration of 1, 10, 50, or 100 𝜇g/mL, and cell proliferation
was determined after 12–96 hours using the Cell Counting
Kit-8 (CCK-8) assay as instructed by the manufacturer.
Absorbance was measured at 450 nm using a microplate
reader (Thermo Scientific, Beijing, China). Cell proliferation
was expressed as the optical density (OD) value.
2.6. Alkaline Phosphatase (ALP) Assay. ALP activity is an
early phase marker of bone formation. BMSCs were cultured
in basal medium or osteogenesis was induced by culture in
OIM, with or without naringin for 1, 3, 5, 7, and 9 days;
then ALP activity was determined as previously described
[22]. Cells were lysed by sonication in 0.5 mL of 10 nM
Tris-HCl (pH 7.5) containing 0.1% Triton X-100. Absorbance
was measured at 520 nm using a microtiter plate reader
(KHB Labsystems Wellscan K3, Finland). Total protein
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Table 1: PCR primer sequences and cycling conditions.
Gene and GenBank accession number
ALP (J03572)
BSP (NM 012587)
Cbfa1 (AF053950)
PPAR𝛾2 (NM 013124)
𝛽-actin (NM 031144)

Primer sequence (forward/reverse)
5 -TCCGTGGGTCGGATTCCT-3
5 -GCCGGCCCAAGAGAGAA-3
5 -GCTATGAAGGCTACGAGGGTCAGGATTAT-3
5 -GGGTATGTTAGGGTGGTTAGCAATGGTGT-3
5 -CCTCACAAACAACCACAGAAC CA-3
5 -AACTGA AAATACAAA CCATACCC-3
5 -ATCCCGTTCACAAGAGCTGA-3
5 -GCAGGCTCTACTTTGATCGC-3
5 -ATCGTGGGCCGCCCTAGGCA-3
5 -TGGCCTTAGGGTTCAGAGGGG-3

Temperature (∘ C)

Product size (bp)

58.0

280

59.1

386

60

325

54.8

177

61.0

260

Note: ALP, alkaline phosphatase; BSP, bone sialoprotein; Cbfa1, core-binding factor a1; PPAR𝛾2, peroxisome proliferator-activated receptor gamma 2; 𝛽-actin.

concentrations were determined by the Bradford protein
assay method and ALP activity was normalized to total
protein.

Blotting Kit (Pierce, Rockford, IL). Densitometric analysis
was performed using Quantity One Software v4.62 (Bio-Rad,
Hercules, CA). 𝛽-actin was used as a loading control.

2.7. Calcium Deposit Analysis. On day 21, medium was
removed and the cells were fixed with 70% ice-cold ethanol
(v/v) for 10 min and rinsed thoroughly with distilled water.
Cultures were then stained with 40 mM Alizarin red S in
deionized water (pH 4.2) for 10 min at room temperature.
After removing Alizarin red S solution by aspiration, cells
were rinsed with fresh PBS and dried at room temperature.
Calcium deposits were evaluated using the cetylpyridinium
chloride (CPC) method. Alizarin red S concentrations were
calculated by comparison with an Alizarin red S dye standard
curve and expressed as nmol/mL [22].

2.10. Statistical Analyses. All experiments were performed
at least in triplicate, and one representative set was chosen
to be shown. All data are presented as mean ± standard
deviation (SD) and analyzed using SPSS 17.0 software (SPSS
Inc., Chicago, IL). One-way analysis of variance (ANOVA)
followed by the Student-Newman-Keuls’s test was performed
to reveal differences among groups. A probability (𝑃) value
less than 0.05 was considered to be statistically significant.

2.8. Real-Time Quantitative PCR. BMSCs were cultured for
14 days and then washed with PBS. Total RNA was extracted
using Trizol reagent (Dongsheng Biotechnology Co., Ltd.,
Guangdong, China) according to the protocol from the
supplier. First-strand cDNA synthesis was carried out using
a High Capacity cDNA Reverse Transcription Kit (TaKaRa).
Real-time quantitative PCR was then performed using SYBR
PreMix Ex TaqTM (TaKaRa) and a CFX96TM Real-time PCR
Detection System (Applied Biosystems). PCR conditions and
the sequences of primers are listed in Table 1 for the genes
encoding the following proteins: alkaline phosphatase (ALP),
bone sialoprotein (BSP), core-binding factor a1 (cbfa1), peroxisome proliferator-activated receptor gamma 2 (PPAR𝛾2),
and 𝛽-actin. Gene expression was calculated using 2−ΔΔCt
method and normalized against 𝛽-actin. PCR was performed
at 95∘ C for 30 s, followed by 40 cycles of 5 s at 95∘ C and 30 s
at 56∘ C. PCR was run in triplicate, and at least three times
independently.
2.9. Western Blotting Assays. Total cellular lysates were
prepared using RIPA lysis buffer (Boster, Wuhan, China)
following the manufacturer’s instructions. Immunoblotting
was carried out as previously described [23], and antiNotch1 antibodies were used for the procedure (Abcam, UK).
Protein bands were visualized using a SuperSignal Western

3. Results
3.1. Naringin Enhances BMSCs Proliferation. CCK-8 assays
were performed on BMSCs, cultured under basal medium or
basal medium with or without naringin at a series of concentrations, to determine whether naringin can affect proliferation. Naringin at 1, 10, and 50 𝜇g/mL caused a dose and timedependent increase in the proliferation of BMSCs. Naringin
at 50 𝜇g/mL caused a statistically significant increase in the
growth of BMSCs at hours 24 to 72, as compared to controls
(𝑃 < 0.01 or 0.05). Naringin at a higher dose (100 𝜇g/mL),
by contrast, markedly depressed the proliferation of BMSCs
(Figure 1(a)). The proliferation of the cells treated with
100 𝜇g/mL naringin was decreased compared with control.
Thus, naringin concentrations did not exceed 50 𝜇g/mL for
the remaining experiments.
3.2. Naringin Enhances Osteogenic Differentiation in a DoseDependent Manner. Prior to investigating the signaling
pathways involved in naringin-mediated enhancement of
osteogenic differentiation, the optimal concentration of
naringin on osteogenic activity was determined. ALP activity
and Alizarin red S staining were increased by being treated
with naringin in a dose-dependent manner, with significant
enhancement at 1 𝜇g/mL, and maximal enhancement at
50 𝜇g/mL. (Figures 1(b), 1(c), and 1(d)).
We further investigated the expression of genes involved
in osteogenesis in BMSCs under OIM with or without
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Figure 1: Naringin potentiates proliferation and osteogenic differentiation of BMSCs. (a) BMSCs were cultured in basal medium with or
without various doses of naringin (1, 10, 50, and 100 𝜇g/mL) for 12–96 hours, and the proliferation rate was assessed by CCK-8 assay. Cell
proliferation of BMSCs was enhanced by naringin treatment. Naringin showed the most prominent stimulatory effect on proliferation at
50 𝜇g/mL. Data is expressed as mean ± SD. Experiments were done in quadruplicate (𝑛 = 4). ∗ 𝑃 < 0.01 versus the control group; # 𝑃 < 0.05
versus the control group at same time point. (b) BMSCs were cultured in basal medium with or without various doses of naringin (1, 10, 50,
and 100 𝜇g/mL) for 1, 3, 5, 7, and 9 days. Data represent the mean ± SD (𝑛 = 4). ALP activity was measured by the manufacturer’s instructions.
a
b
c
𝑃 < 0.05 versus the control group at the same time point; 𝑃 < 0.01 versus the OIM group at the same time point; 𝑃 < 0.05 versus the
1 𝜇g/mL group at the same time point; d 𝑃 < 0.01 versus the 10 𝜇g/mL group at the same time point. (c) BMSCs were cultured in basal medium
and OIM with or without various doses of naringin (1, 10, and 50 𝜇g/mL) for 21 days; then calcium deposits were stained with Alizarin red S
solution. For quantitative analysis, the stained samples underwent cetylpyridinium chloride (CPC) extraction (10% CPC) and extracts were
measured by spectrophotometry. Data represent the mean ± SD (𝑛 = 5). ∗ 𝑃 < 0.01 versus the OIM group; ∗∗ 𝑃 < 0.05 versus the 1 𝜇g/mL
group; ∗∗∗ 𝑃 < 0.01 versus the 10 𝜇g/mL group. (e) BMSCs were cultured in basal medium, OIM, or OIM with 1 𝜇g/mL, 10 𝜇g/mL, or 50 𝜇g/mL
naringin for 14 days, and then ALP, BSP, Cbfa1, and PPAR𝛾2 mRNA levels were measured by RT-PCR. Data represent the mean ± SD (𝑛 = 5).
a
b
c
d
𝑃 < 0.05 versus the control group; 𝑃 < 0.05 versus the OIM group; 𝑃 < 0.01 versus the 1 𝜇g/mL group; 𝑃 < 0.01 versus the 10 𝜇g/mL
group.
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naringin for 14 days. Real-time PCR assays showed that
osteogenic genes (ALP, BSP, and core-binding factor a1) in
BMSCs were significantly upregulated (𝑃 < 0.01) by naringin
treatment. On the other hand, naringin caused a reduction in
the PPAR𝛾2 mRNA transcript levels (Figure 1(e)).
3.3. Naringin Enhances Osteogenesis of BMSCs by Activating
the Notch Pathway. To further examine the mechanisms
whereby naringin potentiated the osteogenesis of BMSCs, we
treated cells with the Notch inhibitor, DAPT, to investigate
if the Notch pathway is associated with the enhancement
of osteogenesis by naringin. We found that, compared with
OIM alone, 50 𝜇g/mL naringin in OIM markedly increases
ALP activity, calcium deposits, and osteogenesis-related gene
transcript levels and conversely inhibited PPAR𝛾2 gene
expression. On the other hand, DAPT treatment markedly
attenuated the biological effects of naringin on BMSCs (Figures 2(a), 2(b), 2(c), and 2(d)). These findings suggest that the
Notch signaling pathway could play a critical role in naringinenhanced osteogenic differentiation of BMSCs by modulating
the expression of multiple genes involved in osteogenesis. To
further investigate whether naringin potentiated osteogenesis
of BMSCs via the Notch signaling pathway, we examined
Notch1 protein levels by western blot analysis using antibodies against Notch1. Notch1 became activated in BMSCs
under osteogenic induction, which was further enhanced by
naringin, as evidenced by increased levels of Notch1. DAPT
could markedly attenuate naringin-enhanced Notch1 expression (Figures 2(e) and 2(f)). Taken together, these results suggest that naringin-potentiated osteogenesis involves enhancing the expressing of Notch signaling pathways.

4. Discussion
Osteoporosis is a common disease characterized by reduced
bone formation due to impaired osteoblastic differentiation
and increased in bone resorption by elevated osteoclast
function [23]. It is well established that BMSCs differentiate
into a variety of cell types, including osteoblasts, adipocytes,
chondrocytes, neurons, and myoblasts [24, 25]. BMSCs from
osteoporotic women have a low growth rate and exhibit
reduced differentiation into the osteogenic linage, as evidenced by the ALP activity and calcium phosphate deposition
[26]. Therefore, enhancement of BMSC osteogenesis is an
excellent strategy for osteoporosis [27].
Previous studies have demonstrated naringin administration is able to reduce bone resorption [13, 28, 29], can prevent
bone loss, and promotes osteoclast apoptosis in rat osteoporosis models [11, 15, 28]. Naringin exerting needless estrogenic effects, since the uterine weight in ovariectomized rats is
not obviously changed by naringin treatment [11, 13]. Recent
studies have shown that naringin, as a phytoestrogen, shows
estrogenic activities, at low concentrations, and antiestrogenic activities at high concentrations [30]. Naringin exerts
estrogen-like activities to strengthen bone mass of ovariectomized mice [8, 31] and has lower toxicity and fewer negative
side effects than other drugs used to treat osteoporosis [10].
Naringin also has been shown to be a potent stimulator
of osteogenic differentiation of BMSCs in vitro [11, 15].

5
In the present study, we show that naringin dose-dependently
promotes proliferation and potentiates the osteogenesis of
BMSCs. Thus naringin is a promising candidate for osteoporosis treatment.
The mechanisms whereby naringin promotes osteogenesis of BMSCs have remained undefined. BMSCs are considered as the most suitable cell source for osteoblasts due
to their superior osteogenic potential [32]. In this study,
naringin increases both ALP activity and the expression of
osteoblast-related gene markers in a dose-dependent manner.
Furthermore, the formation of calcified nodules, another
specific characteristic of osteoblastic differentiation, is also
increased by naringin treatment. Our results are consistent with a prior report, by Fan et al., who reported that
naringin decreases protein expression levels of PPAR𝛾 and
promotes differentiation of BMSCs [16]. PPAR𝛾 is a member
of the nuclear receptor superfamily known for its antiinflammatory and macrophage-differentiating effects, as well
as an ability to promote fat cell differentiation, reduce insulin
resistance, and contribute to glucose homeostasis [33, 34].
High glucose levels induce osteoblast apoptosis, by activating
the p38MAPK/AP-1 signaling pathway, and inhibit osteogenic differentiation of BMSCs [35, 36]. Although our study
does not investigate glucose metabolism, our study indicates
that suppression of PPAR𝛾2 activity, in response to enhanced
osteogenesis, can be associated with lowered glucose levels.
Our demonstration that naringin promotes osteogenic
differentiation of BMSCs via enhancing Notch signal pathway
activation is consistent with a previous study showing that
Notch family members positively regulate the differentiation
of osteoblasts, and that Notch could be an interesting target
molecule for the treatment of osteoporosis [37]. However,
others have shown contradictory observations regarding
Notch signaling and osteogenic differentiation [28, 38–40].
The effect of Notch signaling on osteogenic gene induction
appears to be dependent upon the cell line studied and the cell
culture conditions used [19]. DAPT, as a 𝛾-secretase inhibitor,
prevents the cleavage of the Notch receptor and blocks
the Notch signaling pathway [41, 42]. In the present study,
we show that naringin also enhances the expression level
of Notch1. Conversely, treatment with the Notch inhibitor,
DAPT, caused partial reduction of naringin-induced expression level of Notch1. Similarly, the naringin-mediated upregulation of ALP activity, calcium deposits, and osteogenesis
gene mRNA transcript levels, as well as downregulation of
PPAR𝛾2 mRNA, was blocked by DAPT. Our results together
suggest that naringin promotes osteogenic differentiation of
BMSCs through activation of the Notch signaling pathway.

5. Conclusions
In summary, our study shows that naringin potentiates
the osteogenic differentiation of rat BMSCs, as reflected by
increased ALP activity, enhanced mineralization, upregulated osteogenesis gene mRNAs, and downregulated PPAR𝛾2
gene mRNA transcript levels. We further demonstrate that
naringin enhanced Notch1 in BMSCs under osteogenic
induction. Our findings shed light on the mechanisms of how
naringin potentiates the osteogenesis of rat BMSCs.
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Figure 2: Involvement of Notch signaling in naringin-enhanced osteogenesis of BMSCs. (a) Effects of naringin on ALP activity of BMSCs
cultured in OIM or OIM containing 50 𝜇g/mL naringin with or without 10 𝜇M DAPT, for 1–9 days. Data represent the mean ± SD (𝑛 = 4).
a
b
𝑃 < 0.01 versus the OIM group; 𝑃 < 0.01 versus the 50 𝜇g/mL naringin group at the same time point. (b) Alizarin red S staining shows that
DAPT inhibited naringin-enhanced mineralization of BMSCs. (c) Quantification and statistical analysis of calcium deposits. Data represent
the mean ± SD (𝑛 = 5). ∗ 𝑃 < 0.01 versus the OIM group; ∗∗ 𝑃 < 0.01 versus the 50 𝜇g/mL group. (d) BMSCs were cultured in OIM or OIM
containing 50 𝜇g/mL naringin with or without 10 𝜇M DAPT, for 14 days. Expression levels of osteogenesis-related genes and PPAR𝛾2 were
measured by RT-PCR. Data represent the mean ± SD (𝑛 = 5). a 𝑃 < 0.01 versus the OIM group; b 𝑃 < 0.05 versus the 50 𝜇g/mL group. (e)
Western blot analysis of Notch1. BMSCs were cultured in OIM or OIM containing 50 𝜇g/mL naringin with or without 10 𝜇M DAPT for 14
days. (f) Band density in the western blots was quantified by densitometry. Data represent the mean ± SD (𝑛 = 4). ∗ 𝑃 < 0.01 versus the OIM
group; # 𝑃 < 0.05 versus the 50 𝜇g/mL naringin group.
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