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Stem cell research has been a popular topic in the past few decades. This review aims to discuss factors that help
regulate, induce, and enhance mesenchymal stem cell (MSC) differentiation into osteoblasts for bone regeneration.
The factors analyzed include bone morphogenic protein (BMP), transforming growth factor β (TGF-β), stromal cell-
derived factor 1 (SDF-1), insulin-like growth factor type 1 (IGF-1), histone demethylase JMJD3, cyclin dependent kinase
1 (CDK1), fucoidan, Runx2 transcription factor, and TAZ transcriptional coactivator. Methods promoting bone healing
are also evaluated in this review that have shown promise in previous studies. Methods tested using animal models
include low intensity pulsed ultrasound (LIPUS) with MSC, micro motion, AMD3100 injections, BMP delivery, MSC
transplantation, tissue engineering utilizing scaffolds, anti-IL-20 monoclonal antibody, low dose photodynamic therapy,
and bone marrow stromal cell transplants. Human clinical trial methods analyzed include osteoblast injections, bone
marrow grafts, bone marrow and platelet rich plasma transplantation, tissue engineering using scaffolds, and recombi-
nant human BMP-2. These methods have been shown to promote and accelerate new bone formation. These various
methods for enhanced bone regeneration have the potential to be used, following further research, in clinical practice.

Key words: Animal trials; Bone regeneration; Clinical trials; Mesenchymal stem cells; Osteoblasts; Related factors

Introduction

Mesenchymal stem cells (MSC) are involved in bone
regeneration after injury. These are pluripotent cells

that have the potential to differentiate into a limited number
of cell types, including adipocytes, osteoblasts, chondrocytes,
and debatably endothelial cells1,2. Divergent differentiation
of MSC toward each individual cell type is dependent on the
effects of several different growth factors3. MSC that are
found in bone marrow, periosteum, vessel walls, muscle, cir-
culation, and other tissues migrate to the site of bone injury4.
Chemokines play a critical role in recruiting MSC; however,
the mechanism of recruitment remains unclear. Recruiting
MSC from surrounding tissues could be a beneficial way of
inducing or supporting bone regeneration5.

Mesenchymal stem cells have been shown to enhance
bone regeneration and treat critical sized defects. Enhancing
fracture healing can be critical for recovery as the healing
process can take several weeks to complete and can result in
complications such as delayed unions and non-unions in
10%–20% of cases6. New methods to accelerate recovery can
help combat the increasing rate of patients with bone

fractures, shortages of bone matrixes, and higher percentages
of osteoporosis due to aging7. MSC bone regeneration in past
experimental and clinical studies has been hindered by possi-
ble vulnerability to infection, variable differentiation of MSC
in different in vivo situations, uncertain compatibly of MSC,
high cost of ex vivo handling, limited number of obtainable
cells, and possible malignant transformation during ex vivo
cell expansion5,8,9.

Mesenchymal stem cells play a pivotal role in the ini-
tial formation and maintenance of bone. Endochondral ossi-
fication, a type of bone healing mechanism, involves MSC
differentiating into chondrocytes to lay down cartilage,
which is calcified, and then remodeled into bone10. Intra-
membranous ossification, another type of bone healing
mechanism, involves MSC or undifferentiated bone-forming
cells directly differentiating into osteoblasts11. Osteoblasts are
of particular importance in the initial formation of bone, for
maintaining bone ossification, and for fracture repair12.
Osteoblasts are involved in repairing the constant micro frac-
tures that occur from daily use and contribute to the
dynamic property of bone13. The wide range of bioactive
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molecules secreted by MSC also help in creating an optimal
regenerative microenvironment14. This field is rapidly pro-
gressing, with the potential to be used in clinical application.
This updated prospective review article aims to identify
methods used to differentiate MSC into osteoblasts and com-
pare current proposed methods for fracture repair. Benefits
will be highlighted in this review to compare the potential of
the various proposed methods to enhance bone regeneration.
This review aims to bring together past studies in this field
to provide a useful update on new discoveries and
advancements.

Factors in Mesenchymal Stem Cell Differentiation
and Migration

Methods to induce bone proliferation at the fracture site
include increasing the number of MSC or increasing

differentiation factors at the site to induce differentiation of
MSC into osteoblasts. MSC differentiation into osteoblasts
involves a complex interaction between many paracrine and
autocrine signals that initiate molecular mechanisms allow-
ing full osteogenic differentiation15.

Normal Fracture Healing with Bone Morphogenic
Protein and Transforming Growth Factor β
Bone morphogenic protein (BMP) is involved in the differ-
entiation of undifferentiated mesenchymal cells into chon-
drocytes and osteoblasts as well as osteoprogenitors into
osteoblasts. BMP arise from osteoprogenitor cells, mesenchy-
mal cells, osteoblasts, and chondrocytes, and mainly reside in
the bone extracellular matrix. They target mesenchymal cells,
osteoprogenitor cells, and osteoblasts. BMP heterodimers,
including BMP-4/-7 and BMP-2/-7, more efficiently regulate
the differentiation and proliferation of MSC into osteoblasts
in vitro and in vivo, thus enhancing the osteoinductive activ-
ity10. Another study identified BMP-2/-6/-9 as the most
potent factors to induce MSC differentiation into osteoblasts
based on a comprehensive analysis of the 14 types of BMP
molecules. BMP-2 is expressed on Day 1 of fracture healing
to stimulate MSC differentiation. BMP-6 and -9 are
expressed at later stages in the animal model16. BMP induce
a cascade resulting in chemotaxis, mesenchymal and osteo-
progenitor cell proliferation and differentiation, angiogenesis,
and controlled synthesis of extracellular matrix17. Low levels
of BMP will, in turn, promote differentiation of MSC into
adipocytes. BMP play other roles in the healing process, such
as stimulating the synthesis and secretion of other bone and
angiogenic growth factors, directly activing endothelial cells
for angiogenesis, and regulating callus formation10.

Transforming growth factor β (TGF-β) is a potent che-
motactic stimulator of MSC, enhancing proliferation of
MSC, pre-osteoblasts, chondrocytes, and osteoblasts. TGF-β
initiates signaling for BMP synthesis in osteoprogenitor cells
and inhibits osteoclast activation and stimulates osteoclast
apoptosis. TGF-β and PDGF that are released by activated
platelets in early stages of fracture healing induce MSC
migration, activation, and proliferation along with

angiogenesis and inflammatory reactions. TGF-β’s osteoin-
ductive potential, however, is limited and has shown various
side effects, thus limiting its clinical use for bone regenera-
tion aside from enhancing proliferation10,18.

Transforming growth factor β and BMP2 are required
for normal fracture healing. Without these factors, MSC do
not differentiate toward the osteogenic lineage, inhibiting
healing (Fig. 1)19. Studies have shown that TGF-β and BMP
receptors increase early in the repair process but decrease as
the callus cells differentiate and bone formation starts20.

Transcriptional Regulation of Bone Formation
Histone demethylase JMJD3 positively regulates MSC differ-
entiation into osteoblasts in both intramembranous and
endochondral bone formation. JMJD3, which is expressed in
osteoblasts, directly promotes Runx2 transcription and inter-
acts with Runx2 to form new bone and increase osteoblast
differentiation. This enzyme is required for intramembra-
nous ossification in vivo. JMJD3 is also involved in chondro-
cyte proliferation and hypertrophy, macrophage
differentiation, lung development, and neurogenesis in vivo.
Homozygous deletion of JMJD3 severely delayed osteoblast
differentiation and bone ossification in mice21,22.

Insulin-like growth factor type 1 (IGF-1), which is
released from bone matrix, is also crucial for terminal osteo-
blast differentiation of MSC. IGF-1 plays a part in regulating
early differentiation of MSC into osteoblasts23. IGF-1 is also
positively associated with maintenance of bone mineral den-
sity and acquisition of a higher peak bone mass (PBM),
which reduces subsequent fracture risk24. Xian et al. report
that IGF-1 secreted by bone matrix specifically activates
mammalian target of rapamycin (mTOR) during the bone
remodeling process to stimulate osteoblastic differentiation
of MSC25. Impaired IGF-1 signaling in MSC has been shown
to impair bone mass acquisition. Knockout of IGF-1 in MSC
of mice impaired osteoblast differentiation and decreased
trabecular bone formation24.

Fig. 1 Effects of different factors on mesenchymal stem cell

differentiation.
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Cyclin dependent kinase 1 (CDK1) promotes osteo-
genic differentiation of human mesenchymal stem cells by
phosphorylating Enhancer of zeste homologue 2 (EZH2),
which regulates stem cell differentiation. EZH2 catalyzes the
trimethylation of histone H3 on H3K27, repressing gene
transcription. Knockdown of CDK1 by three different
shRNAs blocked osteogenic differentiation. The knockdown
led to decreased EZH2 phosphorylation, increased H3K27
trimethylation, and repression of osteogenic markers, includ-
ing Runx2 and osteopontin. Thus, CDK1 inhibition of EZH2
methyltransferase activity promotes MSC differentiation into
osteoblasts26.

Fucoidan, a polysaccharide, induces MSC proliferation
and promotes osteoblast differentiation via a JNK- and ERK-
dependent BMP2-Smad 1/5/8 signaling in hMSC. Fucoidan
significantly increased ALP activity and levels of osteocalcin
and BMP-2 related to bone mineralization27. It facilitated
calcium accumulation and upregulation of osteoblast specific
genes, including ALP, Runx2, type I collagen-α 1, and osteo-
calcin. Fucoidan also induced BMP2 expression and stimu-
lated activation of extracellular signal-related kinase (ERK),
c-Jun N-terminal kinase (JNK), and Smad 1/5/8 by increas-
ing phosphorylation. Phosphorylation of Smad 1/5/8 and
BMP2 mRNA expression was markedly increased by fucoi-
dan. Smad signaling is known to mediate the effects of BMP,
which are involved in bone formation signaling pathways.
The effect of fucoidan on osteogenic differentiation was
inhibited by BMP2 knockdown and by ERK and JNK inhibi-
tors, indicating that fucoidan influences differentiation
through the BMP2-Smad 1/5/8 signaling pathway by activat-
ing ERK and JNK28.

Stromal cell-derived factor 1 (SDF-1) has been shown
to enhance MSC differentiation into osteoblasts, which is
mediated by the BMP signaling pathway. Cells cultured in
SDF-1 and osteoinductive medium showed higher ALP activ-
ity than cells cultured in osteoinductive medium alone, sup-
porting its role in enhancing osteogenic differentiation5. In
addition, disrupting SDF-1 signaling-impaired bone nodule
mineralization and inhibited BMP-2-induced early expres-
sion of Runx2 and osterix (Osx) which are regulators of oste-
ogenesis. Blocking the SDF-1/CXCR4 axis or adding SDF-1
significantly affected BMP-2-induced ALP activity and osteo-
calcin synthesis, markers of preosteoblasts and mature osteo-
blasts, respectively29. SDF-1 is also upregulated at sites of
injury, specifically the periosteum, and activates the CXCR4
receptor on MSC aiding in regeneration5. This factor binds
to the CXCR4 (C-X-C chemokine receptor type 4) receptor,
forming a complex that promotes proliferation and increased
metabolic activity of cells at the injury site30. Using a mouse
model, Granero-Molto et al. determined that MSC migration
to fracture sites was time-dependent and dose-dependent,
and exclusively CXCR4-dependent31. SDF-1 is also a potent
chemoattractant for MSC migration to the site of injury32. In
the Ho et al. study, SDF-1 was transfected into MSC. MSC
with this SDF-1 gene secreted increased levels of SDF-1,
leading to increased MSC migration20. Transplanting these

MSC cells into the fracture site enhanced fracture healing in
the rat model by increasing new bone formation and bone
mineral content and density.

Runt-related transcription factor 2 (Runx2) is a key
transcription factor involved in regulating MSC differentia-
tion into osteoblasts. Expression of Runx2 increases gene
expression of osteoblast-specific genes and initiates minerali-
zation33,34. Cfba1 knockout mice lack expression of the
Cfba1/Runx2 transcription factor, resulting in a diminished
number of functional differentiated osteoblasts and lacking
mineralized bone35. Runx2 also plays a role in regulating
chondrocyte hypertrophy, bone formation, and angiogenesis.
Kang et al. transduced the gene Runx2 into human MSC
using a lentiviral vector and transplanted them into mice.
Superior bone healing was demonstrated in mice with modi-
fied hMSC containing Runx2 compared to controls with
unmodified hMSC. Transplanted cells migrated to the frac-
ture site and differentiated into osteoblasts to form new
bone. Runx2 can, therefore, increase the efficiency of bone
healing, which may be clinically applicable, but overexpres-
sion of Runx2 has been linked to human malignancies in
various cancers, demonstrating the need for caution21.

TAZ is a Runx2 transcriptional coactivator for the
osteocalcin gene in MSC and represses PPAR γ-dependent
gene transcription. TAZ promotes MSC differentiation into
osteoblasts, and inhibits PRARγ from facilitating MSC differ-
entiation into adipocytes36. TAZ co-activates Runx2 in cells,
which is critical to osteoblast differentiation. Stimuli promot-
ing bone formation upregulates TAZ and Runx2 concur-
rently. Hong et al. experiments showed that MSC
differentiation into osteoblasts is dependent on Runx2 and
TAZ. Zebrafish without TAZ showed defective bone forma-
tion37. When the murine cells with upregulated TAZ expres-
sion were exposed to BMP-2, a protein naturally present at
bone fracture sites, there was a 400-fold increase in the
osteocalcin gene expression. The osteocalcin gene is a maker
of osteoblast development, and upregulation of this marker
is hypothesized to correlate to higher osteoblast proliferation.
Upregulating TAZ and Runx2 may be a future avenue for
bone formation.

Animal Trials: Accelerating Recovery

Ultrasound Stimulation
Fracture healing can be enhanced by combining MSC with
low intensity pulsed ultrasound (LIPUS) which provides
local acoustic mechanical stimulation. This combination
enhanced callus formation, new bone formation, and acceler-
ated bone remodeling in a rat model. This can be used as a
potential interventional approach for delayed union or non-
union fractures, accelerating proper fracture healing in both
animal models and randomized clinical trials38. Individually,
MSC and LIPUS have shown to help with bone healing.
Transplanting MSC enhanced callus volume, new bone vol-
ume, hydroxyapatite content and biomechanical properties
in mice. However, treating with MSC alone enhances

15
ORTHOPAEDIC SURGERY

VOLUME 9 • NUMBER 1 • FEBRUARY, 2017
MESENCHYMAL STEM CELLS DIFFERENTIATION



fracture repair to a lesser extent than using a combination of
MSC and LIPUS. LIPUS has shown to accelerate healing by
about 30% in many clinical trials. The effects of LIPUS can
be explained by its ability to enhance cell proliferation and
differentiation of periosteal cells into an osteogenic lineage.
LIPUS has also been proven to induce production of cyto-
kines that enhance fracture healing, increase blood flow at
the fracture site, and help with MSC migration6. LIPUS
upregulates SDF-1 and CXCR4 expression levels in MSC.
Increased SDF-1 protein levels from LIPUS promotes MSC
migration to the fracture site, improving callus microarchi-
tecture and mechanical properties. Blocking SDF-1 signaling
with AMD3100 reduced the healing effects of LIPUS39.

Micro Motion Stimulation
In secondary fractures, micro motion is necessary for fracture
healing because it induces the electric polarization necessary
for bone healing. Up to a certain threshold micro motion has
positive effects on bone ossification, and above it deleterious
effects begin to occur40. Micro motion mechanical stimulation
showed increased mineralization and almost no traces of car-
tilage in a rat model when applied 10 days post fracture. Ten
days was determined to be the optimal time to start stimula-
tion to increase bone formation. However, micro motion
decreased mineralization and mechanical properties if stimu-
lated during the initial response to the fracture possibly due to
motion induced rupture of newly forming blood vessels.
Delaying treatment after the inflammatory phase can give
time for new vessels and soft tissue to form41.

Stem Cell Therapy
Mobilizing endogenous stem cells may provide an alternative
strategy to enhance bone regeneration. Toupadakis et al.
injected mice with AMD3100 that is an antagonist of the
chemokine receptor 4 (CXCR4) that has been shown to
mobilize stem cells from the blood. Injected mice displayed
higher numbers of circulating MSC, hematopoietic stem cells
and progenitor cells, and endothelial progenitor cells42. The
fracture callus was significantly larger at day 21 and signifi-
cantly smaller at day 84 due to remodeling compared to
saline injected mice. AMD3100 injected mice also showed
significantly higher bone mineral density. However,
AMD3100 may disrupt stem cell homing to the site of injury
by interfering with the CXCR4/SDF-1 pathway. AMD3100
disrupts the anchoring of CXCR4+ cells in SDF-1 rich bone
marrow for cell mobilization. The periosteum expresses
SDF-1 during injury which has been proven to be a pivotal
molecule for bone formation and chemo-attraction of stem
cells to the site of injury. Administering injections three
times during the first 3 days of healing showed benefits in
this study but continuing injections for the remainder of the
healing process impaired recovery43.

Recombinant Bone Morphogenetic Proteins (BMP), an
osteoinductive signal, are FDA approved to help with spine
fusions but require large doses to be effective when collagen
carriers are used as the delivery mechanism. Adipose tissue

contains large numbers of MSC and does not decrease with
age unlike bone marrow derived MSC. Adipose derived MSC
can only treat a bone defect if they are genetically modified
by adenoviral gene transfer to overexpress BMP-2 as shown
in a rat model by Peterson et al. These cells can potentially
be used to treat delayed unions or nonunions44. Hashimoto
et al. showed that administration of recombinant human
BMP-2 (rhBMP-2) stimulated ectopic ossification in rabbit
tendons45. Although the osteogenic potential of recombinant
BMP has been shown, further research is needed to optimize
the delivery method for BMP and determine the best source
of MSC for ex vivo gene transfer strategies.

Transplanting MSC in mice at the fracture site improved
the biomechanical properties of the fracture callus site, the cal-
lus size and morphology, and made the callus less brittle. Sig-
nificant increases were shown in new bone, soft tissue, callus
volume and callus mineralization content compared to the
control group12. Dreger et al. systemically transplanted human
bone marrow derived MSC into the tail vein of mice 1 and
3 days after fracture46. Significantly more MSC at the fracture
site from the day 1 injection as compared to the day 3 injection
was found and lasted at least 7 days. While both fractures
healed by 3 weeks, the optimal time for intravenous injections
of MSC was determined to be around 24 h post fracture in
mice. Another study transfected MSC with IGF-I, transplanted
them into mice with fractured femurs, and traced their migra-
tion to the fracture site. These mice had greater matrix miner-
alization and osseous progression within the callus47.

Tissue engineering involving a coral scaffold infused
with rhBMP-2 and MSC in the rabbit model showed greater
bone formation than the coral scaffold and rhBMP-2 alone
as shown in Hou et al. The coral-MSC-rhBMP-2 engineered
bone showed comparable results to the auto-bone-graft for
repairing critical-sized bone defects, demonstrating a possible
alternative to autologous bone grafts48.

Nair et al. tested the uses of a triphasic ceramic-coated
hydroxypatite (HASi) scaffold loaded with MSC for bone
fracture healing in a goat model49. The seeded scaffold was
treated to induce MSC osteoblast differentiation, trans-
planted into the 2 cm femoral fracture and evaluated at
4 months. Good osteoinduction and integration were present
in the MSC HASi when compared to the unseeded HASi
group. Furthermore, it was determined the MSC HASi group
had faster healing based on evidence of lamellar bone in the
scaffold at 4 months. The unseeded scaffold still had imma-
ture woven bone present and less of the scaffold was
degraded. The seeded HASi scaffold shows promise as a
method for treating bone defects in long bones.

Mankani et al. used autologous bone marrow stromal
cell-hydroxyapatite/tricalcium phosphate transplants to treat
critical sized calvarial defects in dogs50. Each dog also
received a hydroxyapaptite/tricalcium phosphate (HA/TCP)
transplant without bone marrow stromal cells (BMSC) in an
identical contralateral calvarial defect. BMSC containing
transplants formed bone faster and more extensively than
transplants without BMSC. This study showed that
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autologous cultured bone marrow stromal cell transplanta-
tion is a possible therapy for bone defects.

Antibody Therapy
Anti-IL-20 monoclonal antibody 7E in a mouse model
increased bone formation at the fracture site, displaying its
potential to be a therapeutic agent for bone fractures. IL-20 is
involved in inhibiting osteoblast differentiation and maturation
and increasing osteoclast differentiation. In vitro, IL-20 upregu-
lated sclerostin and downregulated osterix (OSX), Runx2, and
osteoprotegerin (OPG) thus inhibiting osteoblast formation. A
deficiency in IL-20 decreased fracture healing time by limiting
the inhibitory effects of IL-20 on osteoblast differentiation from
MSC and osteoprogenitor cells. IL-20 has shown a significant
correlation with sclerostin in patients with bone fractures and
osteoporosis. Sclerostin also inhibits osteoblast differentiation,
proliferation, and function. Overexpression of sclerostin
showed an osteoporotic phenotype in mice. An anti-sclerostin
antibody was shown in reverse bone loss due to estrogen defi-
ciency by increasing bone formation in a rat model51.

Phototherapy
Low dose Photodynamic therapy (PDT) accelerates osteo-
blast differentiation by activating activator protein-1 (AP-1)
in mouse osteoblast precursor cells and rat primary MSC.
This involves injection of a photosensitizing compound sys-
temically or at the site of injury, light irradiation that acti-
vates the photosensitizing compound, and generation of
reactive oxygen species (ROS) photochemically. ROS are
involved in signaling pathways and act as second messengers
in proliferation or differentiation of bone marrow derived
stem cells. AP-1 is a transcription factor that mediates induc-
tion of osteoblast differentiation after upregulation of its
activity by ROS from low dose PDT. Although low dose
PDT did not produce significant cytotoxicity in this study,
the cytotoxic effects of high levels of ROS should be consid-
ered if PDT is used clinically to aid with fracture healing52.

Blue laser irradiation promotes extracellular calcification
of MSC matrix by facilitating the translocation of the circadian
rhythm protein cryptochrome 1 (CRY1) from the cytoplasm to
the nucleus. The CRY1 protein likely has a regulatory role in
the balance between bone formation and resorption. Immer-
sion of murine MSC in blue laser light induced transcription of
CRY1, disrupting the normal homeostatic sequence and pro-
moting matrix mineralization. This control over MSC fate
could lead to beneficial treatment options53.

Somatic Cell Nuclear Transfer
The use of somatic cell nuclear transfer (SCNT) is a contro-
versial but potentially promising method for the treatment
of a variety of defects. Unlike previous methods, this one
does not use mesenchymal stem cells. Instead it combines
the isolated nucleus of a somatic cell with a de-nucleated
embryonic stem cell. This modified cell retains the cellular
identity of the nuclear donor and has the capability to
develop into any cell type with proper stimulation and

guidance (Fig. 2). One drawback to this treatment is its lack
of efficiency; many of the modified cells are not viable, and
those that are have limited proliferation. Yet SCNT meth-
ods are being constantly refined, and could provide many
benefits for bone regeneration. Aside from mitochondria,
the modified cells would be identical to those of their
nuclear donor. This would eliminate worries about rejection
in the patients, assuming they are the nuclear donor54.
Additionally, somatic cells are much easier than MSC to
obtain from patients. This would result in much less pain
and other complications during the cellular harvesting proc-
ess55. Interestingly, several studies concluded that MSC
nuclear donors provide better success rates in SCNT than
somatic cells. These studies found that in pigs, using nuclei
from the less differentiated MSC produced better survival
outcomes for the modified cells during both pre-
implantation and post-implantation development56,57.
Paired with a reliable method for harvesting circulating
MSC, this technique could provide useful strategies for
therapeutic treatment in humans.

Clinical Trials

Injection of Autologous Osteoblasts and Bone Marrow
Grafts
Autologous cultured osteoblast injections have shown success
in treating long-bone fractures in a study conducted by Kim
et al.58. Thirty-one patients that were given the treatment
showed statistically significant healing acceleration. Bone
marrow was aspirated from the iliac spine and treated with
L-ascorbic acid and dexamethasone to facilitate osteoblast
differentiation. Cultured osteoblasts were mixed with fibrin
at a 1:1 ratio and injected into the non-union site. At 1 and

Egg cell Somatic cell
or osteoblast

NucleusDe-nucleated
egg cell

Modified cell

Various
factors

Bone cells Cartilage cells Fat cells

Fig. 2 Process of somatic nuclear cell transfer, with ability to

differentiate into multiple different cell types.
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2 months post injection the experimental patient group
experienced more callus formation than the control group
but the difference was only significant at 2 months. The
injection accelerated the healing process and created no spe-
cific patient complications. Less pain was experienced com-
pared to a bone transplant and patients were less likely to
need follow-up surgery with the osteoblast injections.

Percutaneous autologous concentrated bone marrow
grafts (PABMB) enabled healing in non-union fractures in two
out of the three cases studied in Gross et al. Bone marrow was
harvested from the iliac crest, concentrated, and injected into
the non-union site in 45 non-union long bone cases. An aver-
age of 62% of patients experienced union, 18 of the 28 tibia
(69%), and 10 of the 16 femurs (63%), but none of the humeri
non-unions healed. Factors such as smoking, diabetes, and his-
tory of infection at the non-union site are thought to be major
contributors to the failed cases. The procedure was deemed
invasive yet promising and safe. It resulted in less morbidity
than standard non-union procedures59. Hernigou et al. saw
similar results when using PABMB to treat non-union frac-
tures. Bone marrow from the iliac crest was injected into
60 patients with tibial non-union. Bone union was successfully
obtained in 53 of these patients (88%), showing the clinical
benefit of this treatment method60.

Transplantation of Bone Marrow
Culture expanded bone marrow cells and platelet rich plasma
(PRP) transplantation during limb lengthening increased
bone healing as transplanted bone marrow cells differen-
tiated into osteoblasts as shown in Kitoh et al. Limb length-
ening treatment is used to treat bone loss after trauma,
congenital deficiencies, or tumor resection to lengthen limbs
and correct angular/rotational deformities61. These trans-
plantations helped accelerate callus formation in patients,
preventing complications from the typically long treatment
periods. Treating bone marrow derived MSC with dexameth-
asone can commit MSC to the osteogenic lineage ex vivo.
PRP also contains osteoinductive growth factors that acceler-
ate bone regeneration pathways. This method of cell therapy
showed faster femoral than tibial lengthening, possibly due
to differences in the microenvironment and local blood sup-
ply at transplanted sites. Favorable results are seen when
transplanted areas have sufficient blood supply and soft tis-
sue. These transplantations have also been shown to improve
bone repair by accelerating vascular invasion, stimulating

osteoprogenitor cells in surrounding soft tissue, and promot-
ing osteogenesis at the transplant site.

Marcacci et al. used tissue engineering to treat four
patients with large bone diaphysis defects62. Cells were iso-
lated from the patient’s bone marrow stroma, expanded, and
seeded into porous hydroxyapatite ceramic scaffolds. These
were surgically inserted into areas of bone loss. Complete
fusion between the implant and the patient’s bone happened
about 5–7 months after surgery with no complications.
Implants were still well integrated 6–7 years post-surgery
and had no signs of reabsorption. The presence of MSC/pro-
genitor cells in the implant helped vascularize the implant
which is needed for its survival. Using these porous biocera-
mics along with culture expanded osteoprogenitor cells can
be a potential method to treat critical-sized long bone
defects. Other types of scaffolds should be investigated in
which initial support is provided for cells followed by slow
reabsorption of the scaffold.

Allografts with rhBMP-2
The use of recombinant BMP-2 has shown some promise in
humans. The widely accepted method of autogenous bone
grafting for treatment of some fractures often comes with a
high morbidity rate. It was shown that compared to this
method, cancellous allograft with recombinant human BMP-2
(rhBMP-2) is just as safe and more practical in treatment of tib-
ial fractures. This treatment resulted in better healing and
improvement in skeletal function without need for secondary
intervention63. Govender et al. looked at the efficacy of using
rhBMP-2 for treatment of open tibial fractures in 421 patients64.
This study found that 44% of patients receiving this treatment
experienced a reduction in the risk of failure and need for sec-
ondary interventions, as well as faster fracture healing.

Conclusions

Many factors play a role in promoting or regulating
MSC differentiation into osteoblasts for new bone for-

mation, such as, BMP, TGF-β, SDF-1, IGF-1, Histone
demethylase JMJD3, CDK1, Fucoidan, Runx2, TAZ, etc. Tar-
geting these factors to accelerate bone healing via osteoblast
formation may be a method to treat complex fractures and
minimize consequences of a prolonged nonunion. This pro-
spective study reviewed the potential use of bone regenera-
tion therapies in clinical practice. Further research, however,
is needed to compare them for efficacy.
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