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Co-cultivation of progenitor
cells enhanced osteogenic
gene expression and
angiogenesis potential in vitro
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Abstract

Objectives: The efficiencies of osteogenesis and angiogenesis present challenges that need to be

overcome before bone tissue engineering can be widely applied to clinical uses. We aimed to

optimize an in vitro culture system to enhance osteogenesis and angiogenesis. We investigated if

hematopoietic stem cells (HSCs) promoted osteogenesis in vitro when co-cultured with mesen-

chymal stem cells (MSCs) and endothelial progenitor cells (EPCs).

Methods: MSC/HSC, MSC/EPC/HSC, and MSC/EPC co-cultures were incubated for 21 days.

Alkaline phosphatase (ALP) activity and calcium content were analyzed to assess mineralization.

Expression levels of genes encoding osteogenesis-related proteins (ALP (ALPL), collagen type IA

(COL1A1), osteocalcin (BGLAP), and osteopontin (OSTP)) were also evaluated by measuring

mRNA levels at day 28. Angiogenesis was evaluated by tube-formation assay.

Results: COL1A1, OSTP, ALPL, and BGLAP genes were upregulated in MSC/HSC and MSC/EPC/

HSC co-cultures compared with the MSC/EPC group. Upregulation was strongest in the MSC/

EPC/HSC co-cultures. There were no significant changes in ALP levels and calcium content, but

ALP activity was slightly higher and calcium content was relatively lower in the MSC/EPC and

MSC/EPC/HSC groups.

Conclusions: Co-culture of MSCs with HSCs or EPCs/HSCs upregulated the expression of

osteogenesis-related genes but did not affect the efficiency of osteogenesis.
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Introduction

Osteogenesis has been extensively investi-
gated with the hope of providing a helpful
guide for bone engineering, and numerous
experimental and preclinical reports have
indicated a positive outlook for the practi-
cal application of bone engineering.1–3

Recent advances in seed cells, growth fac-
tors, and scaffolds have become the most
prominent areas of bone tissue engineer-
ing.4 Studies of seed cells have been
extensively documented,5–7 and advanced
techniques for the purification and expan-
sion of seed cells have increased the avail-
able cell numbers. However, bone tissue
engineering practices have not yet been
introduced to the clinic because of several
limitations, such as inefficient osteogenesis,
weakened differentiation, and the tendency
of regenerated bone to support tumor
growth.8,9

Mesenchymal stem cells (MSCs) have
been widely used as seed cells in pre-
clinical studies because of their ability to
differentiate into osteoblasts.10 MSCs are
found in the bone marrow, adipose tissue,
muscle, and peripheral blood in adults,11–13

with bone marrow being the preferred
source of MSCs because of the reduced
risk of disease transmission.14 However,
MSCs represent less than 0.01% of the
nucleated cells in the bone marrow, and
these low numbers adversely affect the effi-
cacy of cell-based therapy. Even after
amplification in culture, the numbers of
MSCs are not sufficient for therapeutic
use. Moreover, a previous study found
that about 50% of MSCs injected in vivo
became inactive within 48 hours as a

result of ischemia and inflammatory reac-

tions.15 Moreover, weakened differentiation

and the tendency to form tumors during the

expansion process further limit the clinical

use of MSCs. Recent studies aimed at

improving in vitro osteogenesis have

focused on the co-culture of MSCs with

endothelial progenitor cells (EPCs),16–18

which can differentiate into endothelial

cells and provide vascular support for

angiogenesis. Both osteogenesis and vascu-

larization were increased in MSC/EPC co-

cultures;16 however, the molecular details of

how these cell types interact are unclear.
Hematopoietic stem cells (HSCs) can dif-

ferentiate into osteoclasts, which play a piv-

otal part in bone regeneration. MSCs,

HSCs, and EPCs coexist in vivo, and their

interactions are thought to affect osteogen-

esis. Co-culturing MSCs and HSCs can

result in their simultaneous differentiation

into osteoblasts and blood cells, respective-

ly.6 HSCs may thus play a pivotal role in

osteogenesis when co-cultured with MSCs

and EPCs.19 Here we evaluated the osteo-

genic and angiogenic potentials of MSC/

EPC/HSC co-culture systems to improve

our understanding and to optimize in vitro

osteogenesis.

Materials and methods

Cells and culture system

MSCs and EPCs were purchased from

Melero-Martin (Boston, MA, USA) and

HSCs from Lonza (Bend, OR, USA).

MSCs were expanded in low-glucose

Dulbecco’s Modified Eagle Medium
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(DMEM) (Thermo Fisher Scientific,

Waltham, MA, USA) supplemented with

10% fetal bovine serum (FBS) (Omega

Scientific, Tarzana, CA, USA) and 1%

penicillin–streptomycin (Thermo Fisher

Scientific). HSCs were expanded in serum-

free hematopoietic progenitor growth

medium (Thermo Fisher Scientific) supple-

mented with 25 ng/mL stem cell factor,

25 ng/mL FMS-like tyrosine 2 ligand,

25 ng/mL thrombopoietin, and 1%

penicillin–streptomycin (Thermo Fisher

Scientific). The medium used for osteogenic

induction was low-glucose DMEM

supplemented with 10% FBS, 1% penicil-

lin–streptomycin, 2mM L-glutamine,

100 nM dexamethasone, 0.2 nM L-ascorbic

acid-2-phosphate, and 10mM b-glycero-
phosphate. All cells were cultured at 37�C
in a 5% CO2, 95% humidity incubator. The

medium was changed every 3 days.
Ethics approval was not required

because no animal or human tissue was

involved in the study.

Co-culture of MSCs, EPCs, and HSCs

Co-culture systems were prepared by com-

bining MSCs, EPCs, and HSCs as follows:

Group 1, MSC:EPC 50:50, 5� 104 cells

each; Group 2, MSC:HSC 50: 50, 5� 104

cells each; and Group 3, MSC:EPC:HSC

50:25:25, 5� 104 MSCs, 2.5� 104 EPCs

and HSCs, each. Group 1 was used as con-

trol. The ratios were based on the literature

and our preliminary experiments.19,20

DNA quantitation assay

The DNA content was measured quantita-

tively using a commercial Quant-iT

Picogreen kit (Thermo Fisher Scientific)

following the manufacturer’s protocol.

After washing the cell layers twice with

phosphate-buffered saline (PBS), 1mL of

MilliQ (Milliporre, Darmstadt, Germany)

was added to each sample. Serial dilutions

of double stranded DNA stock at concen-

trations of 0 to 2000 ng/mL were used as a

standard, and 100 lL of sample or standard

was added to each well followed by 100 lL
working solution. After incubation for 5

minutes at room temperature in the dark,

the fluorescence of the samples was mea-

sured at 450 nm using a microplate reader

(SpectraMax M5; Molecular Devices,

Sunnyvale, CA, USA).

Alkaline phosphatase (ALP) activity assay

ALP activity was measured by determining

the absorbance at 405 nm. First, 80 lL of

sample and 20 lL of buffer solution (0.5

M 2-amino-2-methyl-1-propanol) were

mixed in 96-well plates, followed by the

addition of 100 lL of substrate solution

(5 nM p-nitrophenyl phosphate) and incu-

bation at 37�C, 5% CO2 for 1 hour. The

reaction was stopped by adding 100 lL
stop buffer (0.3M NaOH). Serial dilutions

of 4-nitrophenol were added to a final solu-

tion of 0 to 25 nmol, as standard procedure.

The absorbance of the samples was mea-

sured at 405 nm using a microplate reader.

ALP activity was normalized to DNA

content.

Calcium quantitation assay

Mineralization was evaluated by calcium

assay. Cell layers were washed twice with

PBS followed by the addition of 1mL

0.5M acetic acid to each well. The plates

were incubated on a shaker overnight at

room temperature and the samples were

then stored at �20�C until measurement.

The working solution was prepared using

a mixture of 5mL orthocresolphtalein com-

plexone solution, 5mL 14.8 M ethanol-

amine/boric acid buffer (pH 11), 2mL

8-hydroxyquinoline (1 g in 20mL 95% eth-

anol), and 88mL MilliQ. Serial dilutions of

calcium stock (CaCl2) at final concentra-

tions of 0 to 100 lg/mL were used as
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standards. A total of 10 lL of sample/stan-
dard was added to 300 lL of working solu-
tion in a 96-well plate and incubated at
room temperature for 10 minutes. The
absorbance was read at 570 nm with a
microplate reader.

Real-time polymerase chain
reaction (PCR)

Relative expression levels of the genes
encoding major osteogenic proteins (ALP
(ALPL), collagen type IA (COL1A,
COL1A1), osteocalcin (OCN, BGLAP),
and osteopontin (OPN, OSTP)) were mon-
itored, using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a reference
gene. Total RNA was isolated using
TRIzol (Invitrogen Corp., Carlsbad, CA,
USA). cDNA was synthesized using a
Primescript RT reagent kit (Thermo Fisher
Scientific). Real-time PCR was performed
using SYBR Premix Ex TaqTM II (Bio-
Rad, Hercules, CA, USA). Human-specific
oligonucleotide primers (Table 1) were
designed based on nucleotide sequences
from GenBank. Amplicons were generated
using a two-step protocol (61�C for 30 s
and 95�C for 15 s) for 45 cycles. Relative
gene expression was quantified by applying
the threshold cycle (Ct) and 2�DDCt was ana-
lyzed. Gel electrophoresis of PCR products
was performed to validate the results.

In vitro angiogenesis assay

MSCs were cultured in low-glucose
DMEM, MSCs were cultured in serum-
reduced DMEM supplemented with 40ng/mL

vascular endothelial growth factor (VEGF;
CST, Boston, MA, USA), EPCs were cul-
tured in Endothelial Basal Medium
(EGM2; Lonza, Basel, Switzerland) (con-
trol group) or in serum-reduced EGM2
supplemented with 40 ng/mL VEGF, and
EPCs/MSCs were co-cultured in complete
or serum-reduced osteogenic medium
(Sciencell, Los Angeles, CA, USA).
Fluorescent staining of EPCs and MSCs
was carried out using lipophilic fluorescent
dyes (Vybrant-DiO and DiD; Thermo
Fisher Scientific). Matrigel was added to
the culture media (1:1 dilution) in a 48-
well plate and left to solidify for 1 hour at
37�C. Fluorescently labeled cells were then
trypsinized and seeded at 30,000 cells/well
(15,000 EPCs and 15,000 MSCs in co-
culture). Fluorescent images were taken
after 24, 48, and 72 hours. Tube-like struc-
tures were qualified using Image-Pro Plus
6.0 (Media Cybernetics, GA, USA).

Statistical analysis

Data were analyzed by analysis of variance
(ANOVA) using SPSS Statistics for
Windows Version 25.0 (SPSS Inc.,
Chicago, IL, USA). Differences of
P< 0.05 were considered significant.

Results

Osteogenic activity

DNA content was measured to evaluate cell
numbers and proliferation (Figure 1a).
DNA content increased with time in all
groups. However, the trend was lower in

Table 1. Primer sequences for real-time polymerase chain reaction.

Gene Forward primer Reverse primer

COL1A1 50 TCAACGGTGCTCCTGGTGAAG 30 50 GGACCTTGGCTACCCTGAGAA 30

OSTP 50 ACGCCGACCAAGGAAAACTC 30 50 GTCCATAAACCACACTATCACCTCG 30

ALPL 50 ATGGGATGGGTGTCTCCACA 30 50 CCACGAAGGGGAACTTGTC 30

BGLAP 50 ACAAGTCCCACACAGCAACTC 30 50 CCAGGTCAGAGAGGCAGAAT 30

4 Journal of International Medical Research



the co-culture groups, especially in the
MSC/HSC/EPC group. DNA content was
also used as a standard to normalize the
data (Table 2).

ALP activity was measured after 21 days
of co-culture (Figure 1b). ALP activity in
the MSC/HSC/EPC group (0.074 nmol
4-nonylphenol/hour/ng DNA, 95%

Figure 1. Verification of bone formation after 21 days in culture. For all panels, the 50:50 MSC/EPC group
was used as control. (a) DNA content in each group at day 21. (b) Alkaline phosphatase (ALP) activity in
each group at day 21. ALP activity and mineralization (evaluated by calcium content) were normalized to
DNA content. ALP activity was increased in the 50:50 MSC/HSC and 50:25:25 MSC/HSC/EPC groups
compared with the control group, but the differences were not significant. (c) Mineralization in each group at
day 21. Mineralization was increased in the 50:50 MSC/EPC group and slightly decreased in the 50:25:25
MSC/HSC/EPC group. For all panels, values given as mean and standard deviation (error bars) (n¼ 6).
*P< 0.05.
MSC, mesenchymal stem cell; EPC, endothelial progenitor cell; HSC, hematopoietic stem cell.

Table 2. DNA content in each group at days 7
and 21.

Cell type 7 days (ng/mL) 21 days (ng/mL)

MSC:EPC 233.3� 44.5 2726.3� 375.2

MSC:HSC 256.7� 11.5 3168.3� 375.8

MSC:EPC:HSC 317.3� 67.0 1812.4� 147.3

Values given as mean� standard deviation.
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confidence interval (CI): 0.061–0.087) was
higher than in either the MSC/EPC
(0.046 nmol 4-NP/h/ng DNA; 95% CI:
0.036–0.056) or MSC/HSC group
(0.054 nmol 4-NP/h/ng DNA; 95% CI:
0.007–0.101). However, the differences
were not significant.

Mineralization was evaluated by calcium
content. After 21 days of co-culture, the cal-
cium content was higher in the MSC/HSC
group (9.533 lg/mL) than in the control
group (7.467 lg/mL), but lower in the
MSC/HSC/EPC group (6.267 lg/mL) com-
pared with the other groups (Figure 1c).
Only the difference between the MSC/
HSC and MSC/HSC/EPC groups was sig-
nificant (P< 0.05).

Expression of osteogenesis-related genes

mRNA levels of ALPL, COL1A1, BGLAP,
and OSTP were measured by quantitative

PCR after 28 days of co-culture (Figure 2).
Expression levels of all four genes were
lowest in the control group. ALPL expres-
sion was significantly lower in the control
group than in the other groups (P< 0.05),
but there was no significant difference in
ALPL expression levels between the MSC/
HSC and MSC/HSC/EPC groups. OSTP
expression levels were significantly higher
in the MSC/HSC group compared with
the control group (P< 0.05), and signifi-
cantly lower in both the MSC/EPC
and MSC/HSC groups compared with the
MSC/HSC/EPC group (P< 0.05). COL1A1
and BGLAP expression levels showed simi-
lar trends.

Tube-formation analysis

Angiogenesis was evaluated by tube-
formation assay. In addition to the interac-
tion between stem cells (MSCs and EPCs),

Figure 2. mRNA expression levels of genes associated with osteogenesis. Expression levels of genes
encoding alkaline phosphatase (ALP), collagen type IA (COL1A), osteopontin (OPN), and osteocalcin
(OCN) were measured by real-time quantitative polymerase chain reaction. The 50:50 MSC/EPC group was
used as control. Expression levels of all the measured genes were significantly increased in the 50:50 MSC/
HSC group and especially in the 50:25:25 MSC/HSC/EPC group compared with the control group. Values
given as mean and standard deviation (error bars) (n¼ 3).
*P< 0.05.
MSC, mesenchymal stem cell; EPC, endothelial progenitor cell; HSC, hematopoietic stem cell.
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we also investigated the roles of growth fac-
tors (VEGF) and serum nutrition in angio-
genesis. Stem cells mainly developed into
tube-like structures within 24 hours.
Neither EPCs nor MSCs could form
tube-like structures independently, but
co-culturing EPCs with MSCs increased

their tube-formation abilities. However,
there was no obvious difference between
the groups cultured with different levels of
VEGF and serum (Figure 3). These results
indicated that angiogenesis was mainly
affected by the interaction of EPCs and
MSCs, but not by VEGF or serum.

Figure 3. Effect of co-culture on formation of tube-like structures as indicator of angiogenesis. (a) Tube-
formation assay was conducted after 24 hours of co-culture (15,000 EPCs and 15,000 MSCs). The addition
of vascular endothelial growth factor and serum to the culture medium did not significantly affect angio-
genesis. Angiogenesis was mainly affected by serum and the interaction of MSCs and EPCs. (b) Tube-like
structures were detected using Image-Pro Plus 6.0. MSCs and EPCs were stained with Vybrant-DiO and
DiD, respectively. Scale bar: 100mm.
*P< 0.05.
VEGF, vascular endothelial growth factor; FBS, fetal bovine serum; DMEM, Dulbecco’s Modified Eagle
Medium; EGM2, Endothelial Basal Medium; MSC, mesenchymal stem cell; EPC, endothelial progenitor cell.
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Discussion

Extensive progress in bone tissue engineer-
ing has been achieved in recent decades,
particularly in relation to cell sources,
growth factors, and vascular formation.4

However, despite the initial optimism, lim-
itations and challenges mean that bone
tissue engineering practices have not yet
proceeded to clinical practice. We therefore
aimed to optimize an in vitro system to
enhance osteogenesis and angiogenesis, to
facilitate future clinical studies.

Recent studies on osteogenesis have
focused on the role of stem cells.1,3 For
example, MSCs can differentiate into osteo-
blasts, which secrete osteoid matrix, and
co-culturing of MSCs and EPCs can pro-
mote osteogenesis.3,21 In addition to MSC/
osteoblast combinations, HSCs and osteo-
clasts also contribute to osteogenesis.21,22 In
this study, we co-cultured MSCs with com-
binations of HSCs and EPCs to assess
how the different combinations affected
osteogenesis.

The current results demonstrated that
co-cultures of MSCs/HSCs and MSCs/
EPCs/HSCs had higher expression levels
of the genes encoding COL1A, OPN,
ALP, and OCN compared with the control
group, suggesting higher osteogenic activi-
ty. These findings demonstrated that HSCs
promoted the osteogenic properties of
MSCs, and that this promotion was further
enhanced by co-culture with EPCs. This is
consistent with a synergistic effect on oste-
ogenesis mediated by interactions among
MSCs, EPCs, and HSCs; however, further
studies are required to uncover the exact
molecular details.

Mineralization was evaluated by measur-
ing ALP activity and calcium content.
Although ALP activity was slightly higher
in the MSC/EPC/HSC and MSC/HSC
groups compared with the MSC/EPC
group, there were no significant differences
in ALP activity among the three groups.

However, ALP levels were previously
reported to increase mainly at the beginning
of differentiation from MSCs (fewer than
7 days),23 whereas we measured ALP activ-
ity after 21 days of co-culture, and this
longer culture period may have led to the
small observed differences among the
groups. We also evaluated mineralization
by measuring calcium content. Although
calcium content did not vary significantly
among the groups, it was lower in the
MSC/EPC and MSC/EPC/HSC groups.
However, mineralization in the MSC/
HSC/EPC group at day 21 was lower than
that in the MSC/HSC group, which was in
contrast to the results for ALP activity and
the osteogenic gene expression patterns.
This indicated the existence of a more com-
plex mechanism in the interaction of MSC/
HSC/EPC. HSCs can differentiate into
osteoclasts to reduce mineralization, but
this was not observed in the co-culture
system, indicating that HSCs did not
weaken mineralization. We further
explored this result by examining the
expression levels of several osteogenesis-
related genes (ALPL, COL1A1, BGLAP,
and OSTP) in each co-culture group.
Generally, genes associated with osteogen-
esis had higher expression levels in the
MSC/HSC and MSC/EPC/HSC groups.
We detected the gene expression levels at
28 days post-treatment, during the later
stage of osteogenesis, when OSTP and
BGLAP had higher expression levels than
COL1A1 and ALPL, which mainly func-
tion at the early stage of osteogenesis.

MSCs are negatively affected by ische-
mia. It was reported15 that 50% of MSCs
undergo apoptosis within 48 hours after
injection into patients or mice. However,
recent studies21,22 demonstrated that
co-culturing MSCs and EPCs enhanced
both osteogenesis and angiogenesis. Here,
we co-cultured MSCs and EPCs using two
concentrations of VEGF and serum
concentrations to optimize angiogenesis.
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Stem cells developed into tube-like struc-
tures within 24 hours, which is important
for MSC survival and osteogenesis. We
also showed that tube formation depended
on serum and on the interaction between
MSCs and EPCs, but was unaffected by
VEGF concentration.

This study had some limitations.
Although we showed the upregulation of
genes involved in osteogenesis, more studies
are needed to investigate the process of
osteogenesis.

Collectively, our study provides evidence
that co-culturing MSCs with either HSCs or
EPCs/HSCs upregulates the expression of
genes involved in osteogenesis. However,
despite the changes in gene expression, the
tested co-culture conditions did not signifi-
cantly affect the process of osteogenesis.

Declaration of conflicting interest

The authors declare that there is no conflict of

interest.

Funding

This research received no specific grant from any

funding agency in the public, commercial, or

not-for-profit sectors.

ORCID iD

Ming Gao https://orcid.org/0000-0003-2785-

7437

References

1. Zigdon H and Levin L. Stem cell therapy for

bone regeneration: present and future strat-

egies. Alpha Omegan 2012; 105: 35–38.
2. Nokhbatolfoghahaei H, Rad MR, Khani

MM, et al. Application of bioreactors to

improve functionality of bone tissue engi-

neering constructs: A systematic review.

Curr Stem Cell Res Ther 2017; 12: 564–599.
3. Xue D, Chen E, Zhang W, et al. The role of

hesperetin on osteogenesis of human mesen-

chymal stem cells and its function in bone

regeneration. Oncotarget 2017; 8:

21031–21043.

4. Ji WC, Zhang XW and Qiu YS. Selected

suitable seed cell, scaffold and growth

factor could maximize the repair effect

using tissue engineering method in spinal

cord injury. World J Exp Med 2016; 6:

58–62.
5. Wang T, He J, Zhang Y, et al. A selective

cell population from dermis strengthens

bone regeneration. Stem Cells Transl Med

2017; 6: 306–315.
6. Till JE and McCulloch EA. A direct mea-

surement of the radiation sensitivity of

normal mouse bone marrow cells. Radiat

Res 1961; 14: 213–222.
7. Lei Q, Chen J, Huang W, et al. Proteomic

analysis of the effect of extracellular calcium

ions on human mesenchymal stem cells:

Implications for bone tissue engineering.

Chem Biol Interact 2015; 233: 139–146.
8. Lu Z, Chen Y, Dunstan C, et al. Priming

adipose stem cells with tumor necrosis

factor-alpha preconditioning potentiates

their exosome efficacy for bone regenera-

tion. Tissue Eng Part A 2017; 23: 1212–1220.
9. Ma J, Both SK, Yang F, et al. Concise

review: cell-based strategies in bone tissue

engineering and regenerative medicine.

Stem Cells Transl Med 2014; 3: 98–107.
10. Kwon BK, Hillyer J and Tetzlaff W.

Translational research in spinal cord

injury: a survey of opinion from the SCI

community. J Neurotrauma 2010; 27: 21–33.
11. Gregory CA, Prockop DJ and Spees JL.

Non-hematopoietic bone marrow stem

cells: molecular control of expansion and

differentiation. Exp Cell Res 2005; 306:

330–335.
12. Chong PP, Selvaratnam L, Abbas AA, et al.

Human peripheral blood derived mesenchy-

mal stem cells demonstrate similar charac-

teristics and chondrogenic differentiation

potential to bone marrow derived mesenchy-

mal stem cells. J Orthop Res 2012; 30:

634–642.
13. Hu K, Yu J, Suknuntha K, et al. Efficient

generation of transgene-free induced plurip-

otent stem cells from normal and neoplastic

bone marrow and cord blood mononuclear

cells. Blood 2011; 117: e109–e119.
14. Saleh M, Shamsasanjan K,

Movassaghpourakbari A, et al. The impact

Jia et al. 9

https://orcid.org/0000-0003-2785-7437
https://orcid.org/0000-0003-2785-7437
https://orcid.org/0000-0003-2785-7437


of mesenchymal stem cells on differentiation
of hematopoietic stem cells. Adv Pharm Bull

2015; 5: 299–304.
15. Leibacher J, Dauber K, Ehser S, et al.

Human mesenchymal stromal cells undergo
apoptosis and fragmentation after intrave-
nous application in immune-competent
mice. Cytotherapy 2017; 19: 61–74.

16. Wu L, Zhao X, He B, et al. The possible
roles of biological bone constructed with
peripheral blood derived EPCs and BMSCs
in osteogenesis and angiogenesis. Biomed

Res Int 2016; 2016: 8168943.
17. Liang Y, Wen L, Shang F, et al. Endothelial

progenitors enhanced the osteogenic capaci-
ties of mesenchymal stem cells in vitro and in
a rat alveolar bone defect model. Arch Oral

Biol 2016; 68: 123–130.
18. Seebach C, Heinrich D, Wilhelm K, et al.

Endothelial progenitor cells improve directly
and indirectly early vascularization of mes-
enchymal stem cell- driven bone regenera-
tion in a critical bone defect in rats. Cell

Transplant 2012; 21: 1667–1677.
19. Liao J, Hammerick KE, Challen GA, et al.

Investigating the role of hematopoietic stem
and progenitor cells in regulating the

osteogenic differentiation of mesenchymal
stem cells in vitro. J Orthop Res 2011; 29:
1544–1553.

20. St€ormann P, Kupsch J, Kontradowitz K,
et al. Cultivation of EPC and co-
cultivation with MSC on b-TCP granules
in vitro is feasible without fibronectin coat-
ing but influenced by scaffolds’ design. Eur J
Trauma Emerg Surg 2019; 45: 527–538.

21. Pekozer GG, Kose GT and Hasirci V.
Influence of co-culture on osteogenesis and
angiogenesis of bone marrow mesenchymal
stem cells and aortic endothelial cells.
Microvasc Res 2016; 108: 1–9.

22. Fu W, Xiang Z, Huang F, et al. Coculture of
peripheral blood- derived mesenchymal stem
cells and endothelial progenitor cells on
strontium-doped calcium polyphosphate
scaffolds to generate vascularized engineered
bone. Tissue Eng Part A 2015; 21: 948–959.

23. Weinreb M, Shinar D and Rodan GA.
Different pattern of alkaline phosphatase,
osteopontin, and osteocalcin expression in
developing rat bone visualized by in situ
hybridization. J Bone Miner Res 1990; 5:
831–842.

10 Journal of International Medical Research


	table-fn1-03000605211004024

