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TBR4 contributes to survival and microvessels formation of

endothelial progenitor cells via MAPK/ERK pathway

Xue Xia', Yongsheng He', Zhen Zhou', Hongyin Zhang?, Qianxu Yang' *, Xuemei Chen? "
Abstract

Endothelial progenitor cells (EPCs) are involved in microvessels formation and can be used as a
potential therapeutic option for cardiovascular repair and regeneration. However, the therapeutic
efficiency affected by the survival and microvessels formation capacity of EPCs limits their clinical
application. In this study, we assessed the facilitative effect of Thymosin Beta 4 (Tp4) by examining
the status of EPCs treated with different concentrations of T4, and injected TR4-treated EPCs into
the mouse myocardium to detect their effect. We found that the effect of T4 on EPCs was dose-
dependent and promoted EPCs proliferation, migration and microvessels formation in vitro and in vivo.
Furthermore, the expression of (Mitogen-activated protein kinase, MAPK)/ (Extracellular regulated
protein kinases 1/2, ERK) signaling pathway-related factors was increased after T4 treatment,
whereas the promoting effect of TB4 was attenuated after treatment with a MAPK/ERK pathway
inhibitor (PD98059). This study suggests that T4 promotes survival and microvessels formation of
EPCs via the ERK MAPK pathway, which could help explore therapeutic options for EPCs use in
cardiovascular repair and regeneration.
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Introduction

ardiovascular diseases (CVDs) are the

leading cause of morbidity and mortality

worldwide, such as atherosclerosis (AS)

and myocardial infarction (MI), and
closely associated with endothelial dysfunction [1,
2]. Therapeutic angiogenesis is one promising
approach aimed at forming new blood vessels or
maturing existing vasculature to bypass blocked
arteries and maintain organ perfusion [3], while
microvessels sparse or dysfunction hinders the
treatment of ischemic heart disease by reperfusion.
Promoting microvessels formation (angiogenesis
and arteriogenesis) has the potential to rescue
ischemic myocardium.

Circulating EPCs contribute to microvessels
formation and the maintenance of intravascular
homeostasis [4], and a number of preclinical and
clinical studies targeting the therapeutic potential
of EPCs in ischemic heart diseases have been
performed [5]. For example, in animal models of
limb ischemia and myocardial infarction,
autologous EPCs transplantation and drug
mobilization have been used to promote vascular
repair and neovascularization. EPCs are bone
marrow-derived cells involved in angiogenesis
[6], when blood vessels are damaged, endothelial
cells (ECs) secrete vascular endothelial growth
factor (VEGF) and stromal cell-derived factor-1
(SDF-1) to activate EPCs [7], which are spindle-
shaped and mainly expressed CD34, a highly
glycosylated transmembrane protein, vascular
endothelial growth factor receptor 2 (VEGFR2)
and CDI133, glycosylated transmembrane
peptides binding cholesterol [8, 9]. Proliferation
and differentiation of EPCs directs growth of the
vascular system and repair of injured endothelium
[10]. EPCs has emerged as an important new cell
therapy strategy for CVDs.

Thymosin Beta 4 (T34) is the most expressed
protein of the thymosin family in mammals [11],
which is widely expressed in a variety of tissues
and cells other than red blood cells, and is
abundantly expressed in EPCs [10]. Tp4 is a

pleiotropic factor involved in a variety of
physiological and pathological processes. T4 is
essential for cardiac development and adult heart,
it has anti-inflammatory properties and promotes
endothelial cell differentiation, migration and
angiogenesis [12, 13, 14], thus TP4 has a
protective and repairing effect on myocardial
ischemia or ischemia-reperfusion [15, 16, 17].
Numerous studies have shown that T34 increased
EPCs migration in vitro [18], and Tp4-treated
EPCs transplantation increased capillary density
[19], and that TP4 treatment also led to a
substantial increase in cardiac angiogenesis and
wound healing after MI [20, 21]. TB4 play a
beneficial role in the treatment of heart disease.

This study combines in vitro and in vivo
experiments to explore the signaling pathways by
which Tp4 regulates EPCs survival and
angiogenesis. We believe our findings will
contribute to the development of new EPCs
therapeutic strategies for CVDs.

Materials and Methods

Ethics statement

Adult male C58BL/6 mice (6 weeks age),
weighing 20+£2 g obtained from Charles River
(Beijing, China). Mice were bred and kept in
special-pathogen-free (SPF) condition, with free
access of food and water. All animal experiments
were performed in accordance with institutional
guidelines for animal experiments.

EPCs isolation and culture

The male mice were sacrificed by cervical
dislocation and immersed in 75% alcohol for 8
minutes for sterilization. EPCs were derived from
the bone marrow of mice. Briefly, mononuclear
cells were separated from the tibia and femur of
mouse bone marrow using density gradient
centrifugation. Cells were incubated with EGM-
2MYV (Lonza, Basel, Switzerland) in 37°C and 5%
COs. After 4 days of culture, non-adherent cells
were removed by washing with phosphate-
buffered saline (PBS), and adherent cells continue
incubated in fresh media. Cells of 2-3 weeks were
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used for identification and subsequent

experiments.
EPCs characterization and treatment

The morphology of EPCs was observed by
inverted phase contrast microscope (Leica,
Germany). EPCs were also characterized by EPC
surface markers CD34, CD133 and VEGFR2. The
antibodies used for flow cytometry were
CD34Cy5 (BD Pharminogen, San Diego, CA,
USA), CD133PE (Miltenyi Biotech, China) and
VEGFR2-2CFS (R&D Systems, China) to assess
the expression of CD34, CD133 and VEGFR2. To
explore the impact of T4 on EPCs, different
concentrations of T4 (0, 0.05, 0.1 and 0.2 uM)
were added to the EPC culture medium for 24
hours.

92.29%

prepared and seeded at 1x10* cells per well in 96-
well plates, and cultured for 24 hours. Added
different concentrations of TB4 (0, 0.05, 0.1 and
0.2 pM) into each group, respectively. After
cultured for 2 weeks, the supernatant was
4%
(Beyotime Biotechnology, China) and stained

discarded, fixed in paraformaldehyde
with Giemsa Stain solution (Solarbio, China) for
30 minutes, washed off the stain slowly with
running water and air dry to determine the colony
formation efficacy of cell in the four groups.

Cell migration assay

Transwell chambers (BD Biosciences, China)
without Matrigel were used for the experiment,
according to the manufacturer’s instructions.
Cells migrating to the lower side of the upper

91.78% 92.37%
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Figure 1 Identification of endothelial progenitor cells (EPCs) derived from mouse bone marrow. (A) Typical cell morphology
following 7 days of culture (magnification, x200). (B)The flow cytometry analysis shows that EPCs positively express CD34, CD133,
and VEGFR2.

Cell viability assay

Cell viability was assayed using the CCK-8
(Dojindo Co., Kumamoto, Japan) according to the
manufacturer’s protocol. EPCs were collected and
adjusted to 1x10* cells/well, each well added with
CCK-8 solution (10 uL). After cultured 4 hours in
37°C, optical density (OD) values at 450 nm in
each group were detected using the Multiskan
LUX microplate reader (Thermo Fisher Scientific,
China). The cell proliferation curves of EPCs
were plotted using GraphPad Prism 9 (GraphPad
Software, Inc.).

Plate colony formation assay

Single-cell suspensions of adherent cells were

compartment were stained with 1% crystal violet.
Cells in different regions were photographed
under DM 1000 microscope (Leica, Germany).

TUNEL assay

The TUNEL assay was done using the TUNEL
assay kit obtained from Abcam, Cambridge, UK.
Using 1% paraformaldehyde, the cells were fixed
for 15 minutes, and after fixation the cells were
rinsed with PBS. Then the cells were treated with
70% ethanol and incubated for 30 minutes on ice,
and after incubation the cells were washed with
buffer, and 50 puL of DNA labeling solution was
added to the cells, and incubated for 1 hour at
37°C. The cells were then washed with buffer
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after incubation and suspended again in
propidium iodide (PI) solution (Yeasen Bio-
technology, China) for 30 minutes and incubated
in dark. The cells were then observed under
fluorescent microscope (Olympus Corporation,
Japan).

Tube formation assay

The tube formation assay is a useful indicator of
angiogenesis potential. EPCs were seeded onto a
96-well plate pre-coated with Matrigel (50 pL)
and cultured at 37°C in a 5% CO> incubator. The
formed network of tubes was visualized at x100
magnification by DM1000 microscopy (Leica,
Germany).

Western blot assay

Western blot was performed using routine
protocols. Tissues and cells were lysed in RIPA

buffer (Beyotime, China) supplemented with 0.1%

protease inhibitors, after centrifugation (14, 000
rpm, 30 minutes), the supernatant fraction was
collected and the protein concentration was
quantitated by BCA Protein Assay Kit (Beyotime,
China). Equal amount of protein was separated on
SDS-PAGE gel and electrotransferred to PVDF
membrane, and blocked. The membranes were
incubated overnight at 4°C with following

primary antibodies (1:1000): c-caspase-3 (cat. No.

9661; Cell Signaling Technology, Danvers, MA,
USA), Bax (cat. No. 2772; Cell Signaling
Technology, Danvers, MA, USA), Bcl-2 (cat. No.
3498; Cell Signaling Technology, Danvers, MA,
USA), VEGF (cat. No. 65373; Cell Signaling
Technology, Danvers, MA, USA), p-p38 (cat. No.
4511; Cell Signaling Technology, Danvers, MA,
USA), p38 (cat. No. 8690; Cell Signaling
Technology, Danvers, MA, USA), p-ERK1/2 (cat.
No. 9101; Cell Signaling Technology, Danvers,
MA, USA), ERK1/2 (cat. No. 4695; Cell
Signaling Technology, Danvers, MA, USA) or
GAPDH (cat. No. 5174; Cell Signaling
Technology, Danvers, MA, USA). Then the
appropriated HRP conjugated goat anti-rabbit
secondary antibody (1:3000; cat. No. 7074; Cell
Signaling Technology, Danvers, MA, USA) was

applied. Protein bands were scanned after
luminesced and developed, and their gray values
were analyzed by Image J software v1.53i
(National Institutes of Health) with GAPDH used
as the internal reference.

Animal study

Mice were divided into three groups:
intramyocardial injection of PBS, 4x10°0.2 uM
TPB4-treated EPCs, 4x10% 0.2 uM Tp4-treated
EPCs with PD98059. Mice were euthanized after
3 days, and hearts were rapidly excised after PBS
perfusion. Cardiac tissues of mice were embedded
in OCT (Biosharp Life Sciences, China) for 12
hours at room temperature, then cut into 6-um
sections using CM1950 Frozen Slice (Leica,
Germany) for analysis.

Ki-67 immunohistochemistry

Cell proliferation was assessed by Ki-67
immunohistochemistry. The anti-mouse Ki-67
antibody (cat. No. 9449; Cell Signaling
Technology, Danvers, MA, USA) was 1:500
diluted and immunostaining was done using the
Vectastain ABC kit (Vector Labs, CA, USA) and
the DAB substrate kit (Vector Labs, CA, USA)
according with the manufacturer’s protocol.
Strong brown nuclear immunoreactivity was
considered as positive staining.

Immunofluorescence

Samples were soaked in PBS for 10 minutes to
remove OCT and washed three times in PBS with
0.5% Triton X-100 and incubated in primary
antibodies CD31 (cat. No. 3528; Cell Signaling
Technology, Danvers, MA, USA) and a-SMA (cat.
No. 19245; Cell Signaling Technology, Danvers,
MA, USA) overnight at 4°C. Washed three times
in PBS, and incubated in secondary antibodies
conjugated with Alexa Fluor 594 (cat. No. 75261;
Cell Signaling Technology, Danvers, MA, USA)
and Alexa Fluor-488 (cat. No. 34105; Cell
Signaling Technology, Danvers, MA, USA).
Double positive labeling of CD31 and a-SMA

were examined by laser scanning confocal
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Figure 2 Evaluation of EPCs proliferation, migration, apoptosis and microvessels formation. (A)Cell viability of 0, 0.05, 0.1,
0.2 uM Tp4 treated EPCs tested by CCK-8. (B)Colony formation assay for 0, 0.05, 0.1, 0.2 uM of T4 treated EPCs. (C)Differences
in the effect of different T4 concentrations (0, 0.05, 0.1, 0.2 uM) by transwell assay on the migration capacity of EPCs. (D)Tunel
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assay was used to analysis cell apoptosis for EPCs after stimulation with increasing (0, 0.05, 0.1, 0.2 uM) concentration of T4.
(E)Tube formation assay for 0, 0.05, 0.1, 0.2 uM of Tp4 treated EPCs. (F)-(G)Western blot was used to detected c-caspase3, Bcl-
2, Bax and VEGF expressions after stimulation with increasing (0, 0.05, 0.1, 0.2 uM) concentration of TB4. *P<0.05, **P<0.01,
*¥*%P<0.001, **** P<0.0001.

microscopy (FV300, Olympus, Japan). expression levels of EPC surface markers CD34,
CD133 and VEGFR?2 detected by flow cytometry
were 92.29%, 91.78% and 92.37, respectively

(Figure 1B).

Statistical analysis

Data are expressed as the mean + standard
deviation. Differences between groups were

compared using one-way ANOVA. Statistical
analysis was performed using GraphPad Prism 9
(GraphPad Software, Inc.). Comparisons between
two groups were performed using unpaired two-
tailed Student’s t-test. P < 0.05 was considered to
indicate a statistically significant difference. All
experiments were performed in triplicate.

Results

Identification and characterization of EPCs

EPCs were isolated form mouse bone marrow and
cultured in fibronectin-coated medium, and the
cells were observed to be shuttle-shaped and
covered with protrusions under the microscope
(Figure 1A). Furthermore, greater than 90%

TB4 promotes EPCs proliferation, migration,
microvessels formation and reduces apoptosis
in a dose-dependent manner

After being identified and characterized, EPCs
isolated form mouse bone marrow stimulated with
different concentrations of T4 (0, 0.05, 0.1 and
0.2 uM). CCK-8 assay and plate clone formation
assay were performed to examine cell
proliferation and clone with different TP4
concentrations, respectively (Figure 2A, B). It
demonstrated that cell viability increased with
augmenting TP4 concentration. The Transwell
assay showed an improved mobility of EPCs with
increasing TP4 (Figure 2C). Apoptosis decreased
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/Figure 3 TP4 effected EPCs proliferation, migration, apoptosis and microvessels formation via MAPK/ERK signaling\
pathway. (A)-(B) Western blot assay for p-ERK1/2 and ERK1/2 expression of 0.2 uM Tp4 treated or 0.2 uM Tp4 with
MAPK/ERK pathway inhibitors co-treated EPCs. (C)Cell viability of 0.2 uM Tp4 treated and MAPK/ERK pathway inhibitors
treated after 0.2 uM T4 treated EPCs tested by CCK-8. (D)Colony formation assay for 0.2 pM of Tp4 treated or 0.2 uM Tp4
with MAPK/ERK pathway inhibitors co-treated EPCs. (E)The different effects of 0.2 uM Tp4 and 0.2 uM T4 with MAPK/ERK
pathway inhibitors by transwell assay on the migration capacity of EPCs. (F)Tunel assay was used to analysis cell apoptosis for
EPCs after stimulation with 0.2 uM TB4 or 0.2 uM Tp4 with MAPK/ERK pathway inhibitors. (G)Tube formation assay for 0.2
uM T4 or 0.2 uM T4 with MAPK/ERK pathway inhibitors treated EPCs. (H)-(I) Western blot was used to detected c-caspase3,
Bcl-2, Bax and VEGF expressions after stimulation with 0.2 pM T4 or 0.2 pM T4 with MAPK/ERK pathway inhibitors.
*P<0.05. **P<0.01. ***P<0.001.

as TP4 increased evaluated by TUNEL assay
(Figure 2D). To determine whether T4 could
enhance the microvessels formation behavior of

suggested that T4 can promote EPCs survival

and angiogenesis.

) ) Effect of TP4 on proliferation, migration,

EPCs, a tube formation assay was carried out and . . .
apoptosis and microvessels formation of EPCs

showed that T34 promoted angiogenesis (Figure via MAPK/ERK signaling pathway

2E). Western blot was used to analyze the levels

of apoptosis-related markers (c-caspase3, Bcl-2,
Bax) and vascular endothelial growth factor
VEGEF (Figure 2F, G). The increase of T4 evoked
the upregulation of Bcl-2 (anti-apoptotic protein)
and VEGF, and the downregulation of Bax, c-
caspase3 (pro-apoptotic proteins). These results

The MAPKSs signaling pathway regulates many
cellular activities and is associated with cell
proliferation and angiogenesis [34], we therefore
investigated the effect of T4 treatment on MAPK
expression and activity in EPCs. Cells in the
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Figure 4 TP4 effected EPCs proliferation, migration, apoptosis and microvessels formation via MAPK/ERK signaling
immunohistochemical staining was used to evaluated proliferation.
(B)Immunofluorescence of CD31 and a-SMA. (C)-(D) Western blot for c-caspase3, Bcl-2, Bax and VEGF expressions. (E)-(F)

Western blot for p-ERK1/2 and ERK1/2 expression. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001.

pathway in mouse myocardium. (A) Ki-67

experimental group were treated with T34 (0.2
uM) and with MAPK/ERK pathway inhibitors
PD98059 on the basis of TP4 treatment,
respectively. Western blot analysis showed that
TB4 treatment significantly induced MAPK
expression in protein levels in EPCs (Figure 3A,
B). Phosphorylation of p38 and ERKI1/2 are
increased with TP4 treatment and slightly
inhibited by PD98059. Proliferation tested by
CCK-8 and clone formation assay (Figure 3C, D),
migration detected by Transwell (Figure 3E) and
microvessels formation detected by angiogenesis
experiment (Figure 3G) all showed the same trend,
with Tp4 treatment significantly increasing
and microvessels
formation of EPCs, while T4 treatment followed
by PD98059 treatment attenuated the effect of
TP4. In addition, T4 treatment greatly reduced
the level of apoptosis in EPCs, Figure 3F shows a
decreased in TUNEL positive cell with T4
treatment, furthermore, the expression of pro-

proliferation,  migration

apoptotic protein c-caspase3 and Bax determined
by Western blot showed the same downward trend
(Figure 3H, I). Expression of both the apoptosis

inhibitor Bcl-2 and the vascular endothelial
growth factor VEGF increased significantly with
TP4 treatment, and this increase was attenuated
by the effect of PD98059. This suggested that the
MAPK/ERK pathway is in the
regulation of EPCs by Tp4.

involved

Effect of TP4 on proliferation, migration,
apoptosis and microvessels formation of EPCs
via MAPK/ERK signaling pathway in mouse
myocardium

To investigate whether TPp4 regulation of the
MAPK/ERK signaling pathway has the same
effect in mouse myocardium as in vitro, we
injected TP4-treated (0.2 puM) EPCs and
PD98059-treated EPCs on the basis of Tp4
treatment into mouse myocardium respectively.
Myocardial tissues from each group of mice
injected with different treatments of EPCs for one
week were taken. Ki-67 immunohistochemical
staining showed an increase in positive cells,
indicating high proliferative activity of the Tp4-
treated group (Figure 4A). We provided both
CD31 to label endothelial cells and a-SMA
staining to label vascular muscle (Figure 4B) and
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the results indicating increased microvessels
formation in response to TP4 treatment. In
addition, the WB results also showed an increase
in the expression of the apoptosis inhibitor Bcl-2
and the angiogenic factor VEGF (Figure 4C, D),
while the expression of the pro-apoptotic protein
c-caspase3 and Bax was reduced. These results
indicated that proliferation and microvessels
formation were promoted while apoptosis was
inhibited in myocardial tissues of mice under T34
treatment. These effects of TP4 attenuated by
MAPK/ERK inhibitor PD98059.

We further examined the expression of MAPK/
ERK pathway-related proteins by Western blot,
and the expression of phosphorylated p38 and
ERK1/2 were significantly increased in Tp4-
treated group. The role of TP4 was similarly
diminished by MAPK/ERK inhibitor PD98059.

Discussion

The aim of this study was to investigate the role
of TP4 treatment in promoting survival and
microvessels formation of EPCs. Both in vitro and
in vivo experiments were conducted. For the past
few years, a growing number of studies have
explored endothelial progenitor cells as a possible
therapeutic strategy for cardiovascular repair and
regeneration, and EPCs from bone marrow or
peripheral blood have been used in clinical studies
for the treatment of ischemic heart repair and
regeneration [22, 23, 24]. Intramyocardial
transplantation of EPCs promoted myocardial
infarction neovascularization and improved
cardiac function, labeling of transplanted EPCs
with DILDL-UEA-1 observed that localization of
EPCs mainly in the anterolateral wall of cardiac
tissue of each dog model, although EPCs had
varying degrees of migration [25]. Monsanto MM
et al. improved EPCs colonization and
angiogenesis in the myocardium by using a 3D
microenvironment spontaneously formed by co-
culture with EPCs, mesenchymal stem -cells
(MSCs) and c-Kit" cardiac interstitial cells [26].
In our study, transplantation of Tp4-treated EPCs
was also found to improve angiogenesis in mouse
myocardium, which may contribute to improve-

ment of EPCs angiogenesis in clinical studies.
Furthermore, one of the most important roles of
EPCs appears to depend on paracrine action. Jia Y
et al. found that EPC-Exos stimulated angio-
genesis in bone regeneration in vivo [27], and
EPC-Exos also enhanced the proliferation, migra-
tion and tube formation of endothelial cells in
vitro [28]. Therefore, we conducted a further
study on the mechanism of T4 on EPCs.

Cell morphogenesis and motility depends on
the precise regulation of the dynamics of the actin
cytoskeleton, in which the actin-binding protein
TP4 plays an important role. Many studies have
shown that, TB4 has protective effects for heart
and might be a promising candidate for the
treatment of cardiovascular diseases [13]. There
have been many explorations of the mechanisms
of cardiovascular effects of TP4. Yan B et al.
found that TP4 enhanced cardiomyogenesis by
downregulating PTEN and upregulating Akt [29],
and Ye L et al. demonstrated that T4 increased
the recruitment of endogenous CPCs and thus
improved myocardial repair after MI [30]. Our
experimental study confirmed that Tp4-treated
EPCs promoted proliferation and microvessels
formation of mouse myocardium, which was
agreed with other reports. In addition, studies
shows that the effect of T4 on EPCs related to
Akt/eNOS signaling pathway [31] and JNK
MAPK signaling pathway [32].

The MAPKs cascade pathway plays an
important role in proliferation, differentiation,
apoptosis, stress response and angiogenesis [33],
and mainly includes the extracellular signal-
regulated kinases ERK1/2, c-Jun amino-terminal
kinase/stress-activated protein kinase JNK and
the p38 MAPK signaling pathway [34], of which,
MAPK/ERK signaling has positive effects on
cardiovascular-related diseases [35]. Studies
shows that activation of MAPK/ERK signaling
enhanced zebrafish cardiac regeneration [36], we
therefore explored whether the effect of T34 on
EPCs related to ERK/MAPK pathway. In this
research, we found that treatment with Tp4
enhanced the MAPK/ERK pathway in EPCs,
whereas treatment with MAPK/ERK pathway
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inhibitor weakened the enhancement of T4,
indicating that TB4 regulates the EPCs function
via p38/ERK MAPK pathway.

In conclusion, T34 play a useful role of EPCs
proliferation, migration and microvessels forma-
tion, which may be attributed to the activation of
the MAPK/ERK signaling pathway, and these
findings might warrant EPCs-based cytotherapy
of CVDs. The direct interaction of TP4 in
intracellular signaling pathways and its role in
cellular processes need to be further explored.

Funding

This study was supported by Yunnan Provincial
Department of Science and Technology-Kunming
medical University Joint Research Fund for
Applied Basic Research (No. 2018FE001(-258)).

References

1. Roth, G. A., et al. (2020). Global Burden of
Cardiovascular Diseases and Risk Factors,
1990-2019: Update From the GBD 2019
Study. Journal of the American College of
Cardiology 76(25): 2982-3021.

2. Qiu Y, Zhang C, Zhang G, Tao .
Endothelial progenitor cells in
cardiovascular  diseases. Aging = Med

(Milton). 2018;1(2):204-208. Published
2018 Sep 19. doi:10.1002/agm2.12041

3. Kir D, Schnettler E, Modi S, Ramakrishnan
S. Regulation of angiogenesis by
microRNAs in cardiovascular disea-
ses. Angiogenesis. 2018;21(4):699-710.
doi:10.1007/s10456-018-9632-7

4, Mund JA, Ingram DA, Yoder MC, Case J.
Endothelial ~ progenitor  cells  and

cardiovascular cell-based the-

rapies. Cytotherapy. 2009;11(2):103-113.

doi:10.1080/14653240802714827

5. Bianconi V, Sahebkar A, Kovanen P, et al.

10.

11.

Endothelial and cardiac progenitor cells for
cardiovascular repair: A controversial
paradigm in cell therapy. Pharmacol Ther.
2018; 181: 156-168.
doi:10.1016/j.pharmthera.2017.08.004
Ozkok A, Yildiz A. Endothelial Progenitor
Cells and Kidney Diseases. Kidney Blood
2018;43(3):701-718.
doi:10.1159/000489745

Haybar H, Shahrabi S, Rezaeeyan H,
Shirzad R, Saki N. Endothelial Cells: From

Press Res.

Dysfunction Mechanism to
Pharmacological Effect in Cardiovascular
Disease. Cardiovasc Toxicol. 2019;19
(1):13-22.
doi:10.1007/s12012-018-9493-8
Bachelier K, Bergholz C, Friedrich EB.

Differentiation potential and functional

properties of a CD34-CD133+ sub-
population of endothelial progenitor
cells. Mol Med Rep. 2020;21(1):501-507.
doi:10.3892/mmr.2019.10831

Schultheiss J, Seebach C, Henrich D,
Wilhelm K, Barker JH, Frank J.
Mesenchymal stem cell (MSC) and
endothelial progenitor cell (EPC) growth
and adhesion in six different bone graft
substitutes. Eur J Trauma Emerg Surg.
2011;37(6):635-644. doi:10.1007/s00068-
011-0119-0

Quan Z, Wang QL, Zhou P, Wang GD, Tan
YZ, Wang HJ. Thymosin B4 promotes the
survival and angiogenesis of transplanted
endothelial progenitor cells in the infarcted
myocardium. Int J Mol Med. 2017;39(6):
1347-1356.

doi:10.3892/ijmm.2017.2950

Kim JH, Lim IR, Park CY, et al. Thymosin
B4-Enhancing Therapeutic Efficacy of



~45~

12.

13.

14.

15.

16.

17.

18.

Human Adipose-Derived Stem Cells in
Mouse Ischemic Hindlimb Model. Int J
Mol Sci. 2020;21(6):2166. Published 2020
Mar 21. doi:10.3390/ijms21062166
Lee SI, YiJK, Bae WJ, Lee S, Cha HJ, Kim
EC. Thymosin Beta-4  Suppresses
Osteoclastic Differentiation and
Inflammatory  Responses in Human
Periodontal Ligament Cells. PLoS One.
2016;11(1): e0146708. Published 2016 Jan
20. doi:10.1371/journal.pone.0146708
Hinkel R, Klett K, Béhr A, Kupatt C.
Thymosin B4-mediated protective effects
in the heart. Expert Opin Biol Ther.
2018;18(sup1):121-129.
doi:10.1080/14712598.2018.1490409
Pipes GT, Yang J. Cardioprotection by
Thymosin Beta 4. Vitam Horm. 2016;
102:209-226.
doi:10.1016/bs.vh.2016.04.004

Hao Q, He L, Zhou J, et al. A dimeric
thymosin beta 4 with novel bio-activity
protects post-ischemic cardiac function by
accelerating vascular endothelial cell
proliferation. Int J Cardiol. 2018;261:146-
154.
doi:10.1016/j.ijcard.2018.03.052
Goldstein AL, Kleinman HK. Advances in
the basic and clinical applications of
thymosin (4. Expert Opin Biol Ther.
2015;15 Suppl 1:S139-S145.
doi:10.1517/14712598.2015.1011617
LiY, Zhu X, Liu X, Du A, Yu B. miR-200a
mediates protection of thymosin B-4 in
cardiac microvascular endothelial cells as a
novel mechanism under hypoxia-
reoxygenation injury.J Cell Biochem.
2019;120(11):19098-19106.
doi:10.1002/jcb.29237

Thatcher JE, Welch T, Eberhart RC,

19.

20.

21.

22.

23.

24.

Schelly ZA, DiMaio JM. Thymosin B4
sustained release from poly (lactide-co-
glycolide) micro-spheres: synthesis and
implications for treatment of myocardial
ischemia. Ann N Y  Acad  Sci
2012;1270:112-119.
doi:10.1111/j.1749-6632.2012.06681.x
Poh KK, Lee PSS, Djohan AH, et al.
Transplantation of Endothelial Progenitor
Cells in Obese Diabetic Rats Following
Myocardial Infarction: Role of Thymosin
Beta-4. Cells. 2020;9(4):949. Published
2020 Apr 12. doi:10.3390/cells9040949
Marks ED, Kumar A. Thymosin 4: Roles
in Development, Repair, and Engineering
of the Cardiovascular System. Vitam Horm.
2016;102:227-249.
doi:10.1016/bs.vh.2016.04.010

Zhao Y, Song J, Bi X, et al. Thymosin p4
promotes endothelial progenitor cell
angiogenesis via a vascular endothelial
growth factor-dependent mechanism. Mol
Med Rep. 2018;18(2):2314-2320.
doi:10.3892/mmr.2018.9199

Peters EB. Endothelial Progenitor Cells for
the  Vascularization of Engineered
Tissues. Tissue Eng Part B  Rew.
2018;24(1):1-24.
doi:10.1089/ten.TEB.2017.0127

Yue Y, Wang C, Benedict C, et al.
Interleukin-10

Endothelial

Deficiency Alters
Progenitor  Cell-Derived
Exosome Reparative Effect on Myocardial
Repair  via
Enrichment. Circ Res. 2020;126(3):315-
329.
doi:10.1161/CIRCRESAHA.119.315829

Kawamoto A, Losordo DW. Endothelial

Integrin-Linked  Kinase

progenitor cells for cardiovascular

regeneration. Trends Cardiovasc Med.



~46~

25.

26.

27.

28.

29.

30.

2008;18(1):33-37.
doi:10.1016/j.tcm.2007.11.004

Abd El Aziz MT, Abd El Nabi EA, Abd El
Hamid M, et al. Endothelial progenitor
cells regenerate infracted myocardium with
neovascularisation development. ] Adv
Res. 2015;6(2):133-144.
doi:10.1016/j.jare.2013.12.006

Monsanto MM, Wang BJ, Ehrenberg ZR, et
al. Enhancing myocardial repair with
CardioClusters. Nat Commun.
2020;11(1):3955. Published 2020 Aug 7.
doi:10.1038/541467-020-17742-z

Jia Y, Zhu Y, Qiu S, Xu J, Chai Y.
Exosomes secreted by  endothelial
progenitor cells accelerate bone re-
generation during distraction osteogenesis
by stimulating angiogenesis. Stem Cell Res
Ther. 2019;10(1):12. Published 2019 Jan
11.

doi:10.1186/s13287-018-1115-7

Wu X, Liu Z, Hu L, Gu W, Zhu L.
Exosomes derived from endothelial
progenitor cells ameliorate acute lung
injury by transferring miR-126. Exp Cell
Res. 2018;370(1):13-23.
doi:10.1016/j.yexcr.2018.06.003

Yan B, Singla RD, Abdelli LS, Singal PK,
Singla DK. Regulation of PTEN/Akt
pathway enhances cardiomyogenesis and
attenuates  adverse left  ventricular
remodeling following thymosin 4
Overexpressing embryonic stem cell
transplantation in the infarcted heart. PLoS
One. 2013;8(9): €75580. Published 2013
Sep 24. doi:10.1371/journal.pone.0075580
Ye L, Zhang P, Duval S, Su L, Xiong Q,
Zhang J. Thymosin P4 increases the

potency of transplanted mesenchymal stem

cells for myocardial repair. Circulation.

31.

32.

33.

34.

35.

36.

2013;128(11 Suppl 1):S32-S41.
doi:10.1161/CIRCULATIONAHA.112.00
0025

Qiu F, Song J, Bi X, Wang M, Zhao Y, Fu
G. Thymosin P4 promotes glucose-
impaired endothelial progenitor cell
function via Akt/endothelial nitric oxide
synthesis signaling pathway. Exp Ther
Med. 2018;16(4):3439-3444.
doi:10.3892/etm.2018.6593

ZhaoY, QiuF, Xu S, Yu L, Fu G. Thymosin
B4 activates integrin-linked kinase and
decreases endothelial progenitor cells
apoptosis under serum deprivation. J Cell
Physiol. 2011;226(11):2798-2806.
doi:10.1002/jcp.22624

Burotto M, Chiou VL, Lee JM, Kohn EC.
The MAPK pathway across different
malignancies: a new perspective. Cancer.
2014;120(22):3446-3456.
doi:10.1002/cncr.28864

Guo YJ, Pan WW, Liu SB, Shen ZF, Xu Y,
Hu LL. ERK/MAPK signalling pathway
and tumorigenesis. Exp Ther Med.
2020;19(3):1997-2007.
doi:10.3892/etm.2020.8454

Kojonazarov B, Novoyatleva T, Boehm M,
etal. p38 MAPK Inhibition Improves Heart
Function in Pressure-Loaded Right
Ventricular Hypertrophy. Am J Respir Cell
Mol Biol. 2017;57(5):603-614.
doi:10.1165/rcmb.2016-03740C

Liu P, Zhong TP. MAPK/ERK signalling is
required for zebrafish cardiac
regeneration. Biotechnol Lett. 2017;39(7):
1069-1077.
doi:10.1007/510529-017-2327-0



