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Abstract: Mesenchymal stem cells (MSCs) have been proposed in regenerative medicine, especially for angiogenic

purposes, due to their potential to self-renew, differentiate, and regulate the microenvironment. Peripheral vascular

diseases, which are associated with reduced blood supply, have been treated but not cured. An effective therapy is to

recover blood supply via vessel regeneration in the affected area, and MSCs appear to be promising for such

conditions. Several studies aimed to explore the role of MSCs in performing angiogenesis and have revealed

numerous potential methods to enhance MSC capacity in vessel formation. Efforts have been made to modify

standard MSCs to optimize their prospective characteristics. Thus, understanding the mechanism underlying MSC

angiogenic potential, and learning how to control their effect in the in vivo environment is critical for success in

clinical settings. This review covers the angiogenesis process and discusses the role of some of the key angiogenic

regulators. Possible techniques to enhance the angiogenic capacity of MSCs are also mentioned to suggest potential

methods for therapeutic application.

Introduction

The success of regenerative medicine relies on the survival of
the newly formed tissues, which must be able to maintain their
function in the long term. Therefore, it is important to supply
the tissues with sufficient oxygen and nutrients and to remove
waste from functional activities. In other words, newly formed
tissues must be supplied with a vascular system or blood
vessels to survive. The potential to form blood vessels, or so-
called angiogenesis, is not only limited to regenerative
medicine, but is also meaningful in diseases related to the
peripheral vascular system, such as ischemia. In ischemic
conditions, blood flow is blocked or prevented in specific
regions, resulting in restricted blood supply to the following
tissues. In some severe conditions, the restriction of blood
supply can cause tissue dysfunction or even tissue death.
Thus, a therapeutic approach that can enhance angiogenesis
in vivo holds great potential in improving human health.

Angiogenesis is referred to as the formation of new blood
vessels or the enhancement of vascular branching, which
can also be considered as vessel sprouting.

In the search for therapy, mesenchymal stem cells (MSCs)
have been shown to be effective in regulating angiogenesis
[1–3]. Several studies have been conducted in vitro and in
vivo to examine MSCs from different origins and their ability
to enhance blood vessel generation [4–7]. In our previous
review, we addressed key challenges that hindered the success
of cell therapy in the in vivo microenvironment [8]. The
application of MSCs for vascular diseases requires
overcoming such challenges and performing strict regulation
and control over cellular activities, which can be achieved by
improving the understanding of how cell functions in the
microenvironment. This review will focus on current
knowledge of MSC application in angiogenesis and
neovascular generation. Blood vessels are formed by the
construction of endothelial cells (ECs), which are derived
from endothelial precursor cells (EPCs). Phenotypic changes
of ECs are largely supported by the regulatory network,
under the effect of which, ECs arrange and function
distinctively. Those factors that are involved in the regulation
of ECs during angiogenesis are important for the formation
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of a functional vessel when completed. The balance between
different growth factors on the activity of ECs is essential for
controlling the angiogenic process [9]. The role of MSCs in
the formation of blood vessels has been evaluated, which
reveals that MSCs can be used by exploiting various cell
potentials, including differentiation, chemotaxis, proliferation,
and recruitment of ECs to the damaged sites. With the
current knowledge and technology in stem cell application,
the search for MSC populations to be used in forming new
blood vessels appears approachable. Several studies have
shown the potential role of different MSC subpopulations in
vasculogenesis and angiogenesis [10]. However, challenges
are met when MSC transplantation in vivo is limited, with a
low survival rate, acute donor cell death, and low
proliferation of the grafted cells [11]. It is also found that
MSCs hardly differentiate into ECs when injected into a
hypoxic area to perform angiogenesis; however, its role in
supporting angiogenesis has been shown to be sufficient [12].
Although the combination of cells and drugs appears to
increase the effect in treatment, limited information is
available about the types of cells and the dosage of drugs,
posing a gap in therapeutic intervention. Thus, it is critical to
have a better selection of MSCs with a high ability to
perform vessel regeneration. In this review, different types of
MSC subpopulations effective in supporting angiogenesis and
vasculogenesis will be discussed with the regulatory network.
Other efforts put into enhancing the angiogenic potential for
the application of MSCs in vivo will also be mentioned.
Possible incorporation of multi-step preparation of MSCs
will also be suggested for future research.

Endothelial Cells and the Role in Angiogenesis

Endothelial cells
ECs are the main type of cells found in the inside lining
(luminal surface) of blood vessels, lymph vessels, and the
heart. The single layer of ECs is called endothelium. ECs are
derived from mesoderm. Mesodermal stem cells differentiate
into hemangioblast, which then generate hematopoietic stem
cells and angioblast. Angioblast is known as a source of
endothelial progenitor cells, which can differentiate into
blood vessel ECs, depending on the regulation of specific
transcription factors [13,14]. ECs link to each other to form
a barrier between blood and tissues that allows molecules to
exchange selectively. There are three main types of
endothelial intercellular junctions, including tight junctions,
adherent junctions, and gap junctions [15,16]. Tight
junctions are related to paracellular permeability regulation
and cell polarity. The adherent junctions contribute to
controlled cell growth via the contact inhibition mechanism,
and support transendothelial migration of white blood cells
and permeability of plasma protein in inflammation
reaction [17,18]. Gap junctions are described as channel-like
structures, that serve as communication structures, allowing
the movement of small soluble signal molecules, such as
Ca2+ and inositol 1,4,5-trisphosphate, between neighboring
cells [19].

ECs play an important role in blood vessel formation.
During the vessel formation process, ECs change their
morphology and migrate and proliferate to extend or

branch the vascular network. In sprouting angiogenesis,
specific ECs with filopodia called tip cells, work as the
guidance cells, migrating towards vascular endothelial
growth factor A (VEGF-A) gradient and promote the
division of other cells following ECs (stalk cells) [13,20].
The endothelium also secretes platelet-derived growth factor
(PDGF) as a paracrine signal to recruit MSCs and smooth
muscle cell progenitors to the newly formed vessel, which is
necessary for vascular maturation and function [21].

ECs also contribute to vascular tone regulation by
releasing vasodilators and vasoconstrictors, interacting
directly with the underlying vascular smooth muscle cells.
Vasodilators produced by ECs, such as nitric oxide (NO),
prostacyclin, and endothelium-derived hyperpolarizing
factor induce smooth muscle cell relaxation that results in
increasing blood flow. In contrast, the smooth muscle cells
contract under the impact of vasoconstrictive factors such as
thromboxane and endothelin-1, which narrows blood
vessels and raises blood pressure [22,23]. The dysfunction of
these regulatory factors is associated with cardiovascular
diseases such as hypertension, atherosclerosis, heart attack,
and stroke [24]. Transendothelial migration is an initiative
process during an inflammatory response, in which white
blood cells, especially neutrophils and monocytes, migrate
through the vessel wall into the inflamed area. In response
to infection, activated macrophages secrete cytokines such as
tumor necrosis factor-alpha and interleukin 1, which induce
EC to express adhesion molecules such as selectin (the
ligand of integrin), vascular EC adhesion molecule 1, and
produce specific cytokines [25]. White blood cells are
activated by these cytokines before crawling along the
inflammation chemokine gradient based on the interaction
with EC adhesion. White blood cells can utilize two ways to
come out of blood vessels, paracellular and transcellular
routes. The paracellular route refers to the migration of
white blood cells via unstable EC junctions, while the
transcellular route occurs directly through the cell body
[21,25]. These data indicated that ECs play an important
role in angiogenesis and are involved in vessel formation
and vascular function.

Angiogenesis
Angiogenesis is an important biological and physiological
process inside the human body, occurring in embryogenic
development, wound healing, chronic inflammation, and
malignant solid tumor development; this process is also
crucial for both tissue development and regeneration
[26,27]. The formation of new blood vessels occurs in two
different fashions: 1/ the appearance of newly formed vessels
as a requirement for development, and 2/ the branching of
existing vessels. In ischemic conditions, the formation of
new vessels from the pre-existing vessels is important to
replenish the blood supply to the ischemic sites of the
tissues, which, in many cases, may not fulfill the need of
local tissues [28]. During angiogenesis, ECs need to escape
quiescence, then proliferate, migrate, and undergo
tubulogenesis to form functional vessels [29]. Four major
sequential events are involved in a complete angiogenic
process, which includes sprouting, vessel formation,
adaptation to tissue needs, and vascular stabilization [29].
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Tip cells sprouting from the main vessels function as guidance
cells that interact with the environment to recruit Ecs and
mural cells [28]. The angiogenic factors produced from the
sprouting area form active gradients that attract ECs
migrating to the sites of targets to create vessel walls [29].
During the early stage, growth factors including vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) at the target site act to stimulate Ecs to migrate
to the target site and induce the secretion of plasminogen
activators (Pas), collagenase and matrix metalloproteinase
(MMP) to assist Ecs migrating through the existing vessel
wall [30,31]. Once Ecs start sprouting, the production of
αVβ3-integrins supports cell-cell contact, which further
assists the adhesion and migration of Ecs along the new
vessel branch [32,33]. Tube formation follows the migration
of ECs and is stabilized by the presence of angiopoietin 1
(Ang 1) and Tie 2 [34,35]. Pericyte precursors or MSCs
come to the new vessel branch, where they proliferate and
differentiate to form mature pericytes under the trigger of
PDGF expressed by ECs [36]. Finally, the new vessel is
stabilized by the quiescence of ECs, where the cell-cell
contact is strengthened, and the new matrix is formed [37].

Mesenchymal stem cells and the potential in angiogenesis
Being considered endothelial cell precursors, MSCs pose
potential characteristics to support the angiogenic process.
MSCs are multipotent stem cells, which allows the cells to
be infinitely expanded in the culture of selected media, while
maintaining cell stability and the ability to differentiate into
numerous cell types. MSCs can be derived from several
tissues, including adipose tissue, umbilical cord, umbilical
cord blood, placental membrane, dental tissues, and many
more [38]. With different types of tissues, various MSC
derivation methods were optimized and published,
generating vast knowledge to obtain MSCs efficiently. In
addition, the ability to identify and characterize MSCs is
also a major concern. However, the current characterization
method of MSCs is limited and controversial, which mostly
depends on the early published criteria from the
International Society for Cellular Therapy [39]. Depending
on the origins of the tissues, which the cells are derived
from, MSCs are often a mixed population of heterogenous
cells with different capacities due to their distinct
transcriptomic and proteomic profiles [40–42].

Mesenchymal stem cells enhance angiogenesis via paracrine
effects
MSCs have the advantage of immunity modulation, which
proposes them for several applications in research and
treatment [43,44]. Stem cells often repair damaged tissue
primarily through the paracrine mechanism, especially via
the secretion of exosomes [45]. For instance, MSCs derived
from bone marrow-secreted exosomes that enhance MSC
migration and the expression of VEGF, ANG1, and ANG2
genes, are angiogenic-related genes [46]. The ability of
MSCs to enhance vascular regeneration was found to be
related to VEGF [3]. The Sonic hedgehog signal, a
morphogen present in Wharton’s jelly and responsible for
angiogenesis during the postembryonic stage, was found to
support Wharton’s jelly MSCs (WJ-MSCs) to express VEGF

in hypoxic settings in vitro [47]. In WJ-MSCs, the activity of
netrin-1, a ligand related to embryonic development,
contributed to the potential of vascular regeneration by
stimulating EC migration and possibly pro-angiogenic
response [48]. In addition, recent studies that combined
exosomes from MSCs with hydrogel have shown angiogenic
efficacy in treating ischemia via reducing EC apoptosis and
enhancing EC proliferation and pro-angiogenic factors, such
as VEGF, ANG1, ANG2, and eNOS [41,49]. The
combination of human platelet lysate and MSCs has been
shown to increase the effectiveness of ischemic treatment
[50]. Genetic modifications of MSCs were found to increase
the effectiveness of ischemic treatment in mice hind-limb
ischemia by increasing Gremlin1 expression (GREM1),
which increased cell survival rates compared to non-
transgenic MSCs [51]. The potential of MSCs in treating
ischemic diseases has also been evaluated in ischemic stroke
via enhancing angiogenesis in the ischemic boundary area
[52]. In contrast to the ability to stimulate angiogenesis,
MSC exosomes were shown to prevent angiogenesis in
tumors [53]. Even though the precise mechanism of how
MSC exosomes support angiogenesis remains largely
unexplored, these evidences suggest a potential role of MSCs
in treating diseases associated with low blood supply
conditions via their ability to modulate angiogenesis, mostly
through the increased expression of pro-angiogenic factors,
making MSCs a promising cell therapy for such diseases.
The involvement of MSCs in the angiogenic process is
described in Fig. 1.

Subpopulations of mesenchymal stem cells supporting
angiogenesis
Isolation of MSC subpopulations supporting angiogenesis has
been done in various studies, aiming to select suitable
candidates for therapeutic application. In this section, we
highlighted some of the promising MSC subpopulations that
may be effective in enhancing and regulating angiogenesis,
either alone or in combination with other priming methods
(Fig. 2).

CD146+ mesenchymal stem cells CD146 emerged as an
endothelial biomarker and is a target molecule of
angiogenesis-related diseases. CD146 plays a fundamental
role in angiogenesis [54]. CD146 marker has 2 isoforms:
shCD146 and lgCD146. A study of ischemic disease has
shown that shCD146 isoform increased the angiogenic
potential of EPC both in in vitro and in vivo studies [55].
The role in angiogenesis of CD146 was shown by the
knockdown of CD146 via CD146 siRNA, which led to
reduced cell turnover and proliferation of cells [56]. In a
study of pulmonary arterial hypertension (PAH), under
hypoxic conditions, hypoxia inducible factor-1α (HIF-1α)
regulated the expression of CD146 marker, which in turn,
promoted HIF-1α replication via NF-KB, leading to
angiogenesis in pulmonary hypertension [57]. In an
ischemic study, it was shown that stem cell properties of
peripheral blood endothelial progenitor cells stimulated by
soluble CD146 via miRNA-21 improved ischemia in mice
[58]. Another study in mice on hind-limb ischemia disease
showed that sCD146 exhibited angiogenic properties and
promoted angiogenesis [59]. sCD146 also enhanced the
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therapeutic capacity of endothelial progenitor cells and aided
in angiogenesis by activating the proteolytic process of
shCD146 [60]. These findings reinforce the important role
of sCD146 in angiogenesis.

In studying the role of CD146 in vascular regeneration,
MSCs can be considered a promising candidate for research
and treatment because of their superiority. The expression
of CD146 in MSCs has been described in numerous studies
[61,62]. The function of CD146 in MSCs also differs
depending on its high or low expression level. In a study of
human MSCs, an increase in expression of CD146 increased
cellular motility, whereas a decrease in expression of CD146
increased bone regeneration [63]. Another study showed the
role of CD146 MSCs in bone regeneration [64]. In a recent
study, the transplantation of MSCs expressing CD146
significantly increased capillary density in mice with

ischemic limbs when compared with non-transgenic MSCs,
the mechanism of which was related to the stimulation of
VEGF expression in muscles of the affected mice [10].
CD146 is considered to be an important biological marker
in the application of the treatment of several human
conditions [65]. On the other hand, the overlap in the
expression and function of CD146 in each pathology is
different, leading to the adjustment of CD146 capability in
application. For application in therapeutic development,
signaling pathway or factors associated with CD146 needs to
be explored to better understand this particular biomarker.

C-X-C chemokine receptor type 4 (CXCR4+) mesenchymal stem
cells
CXCR4 receptor is a cell surface receptor that plays an
important role in angiogenesis [66]. CXCR4 supports MSCs

FIGURE 2.MSCs support angiogenic process via paracrine effects. Tip cells sprouting from the main vessel mark the formation of new vascular
branch. Tip cells produce growth factors including VEGF, FGF, Pas, MMP to direct the migration of stalk cells and EC cells and mediate stalk cell
proliferation. ANG1 and TIE-2 are secreted at the new site to attract ECs to migrate to the new vessel branch. PDGF is secreted by tip cells to
prevent ECs from forming new tip cells, ECs then produce PDGF to recruit precursor cells or MSCs to form pericytes, stabilising the new vessels.
MSCs produce a variety of pro-angiogenic factors to the microenvironment to regulate vessel formation and ensuring the stabilisation of new
vessels. (VEGF: vascular endothelial growth factor; MSCs: mesenchymal stem cells; FGF: fibroblast growth factor; MMP: matrix
metalloproteinase; ANG-1: angiopoietin 1; TIE-2: tyrosine kinase receptor; ECs: endothelial cells).

FIGURE 1.MSC selection and possible methods for angiogenic purpose. MSCs can be selected and isolated for specific subpopulations. These
subpopulations are then expanded to form pure cell sources. From the available cell sources, other techniques such as pre-treatment, co-
culturing and scaffolds can be implied enhance angiogenic capacity for application (MSC: mesenchymal stem cells).
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to move to the medulla via a homing mechanism [67]. The
stromal cell-derived factor 1α (SDF-1α) and its receptor
CXCR4 signaling pathway is a commonly known pathway
that contributes to vascular regeneration in ischemic
pathologies [68]. The SDF-1α/CXCR4 signaling pathway
was shown to support blood vessel formation in the retina
[69]. An experiment on a rat model of brain damage due to
hypoxia-ischemic brain lesion showed that SDF-1α/CXCR4
axis mediated the movement of MSCs to the wounded
location [70]. The SDF-1α/CXCR4 axis also plays an
important role in promoting HP-MSC (hypoxic) treatment
of renal ischemia/reperfusion injury [71]. There has been
research showing that under hypoxic conditions, CXCR4
expression is increased by activating HIF-1α in MSCs [72].
The movement of MSCs from umbilical cord blood in
humans was found to be related to SDF-1α/CXCR4 axis via
Akt, ERK, and p38 signaling pathways [73]. The presence of
CXCR4 on MSCs increased the ability of MSCs to move to
the site of injury [74]. A study of coronary artery disease
showed that the decrease in expression of CXCR4 led to a
decrease in the ability of new endothelial progenitor cells to
form new blood vessels [75]. G-CFS granulocyte stimulation
factor also supported SDF-1α/CXCR4 axis to mobilize bone
marrow-derived CXCR4+ cells to the site of heart damage
after myocardial infarction [76]. In another study,
overexpression of CXCR4 on MSCs also promoted
angiogenesis to improve ischemic heart damage, most
probably through the paracrine effects, as MSCs with high
levels of CXCR4 showed increased expression of VEGF,
Cyclin A2, and transforming growth factor (TGF)-β2 [4].
The potential of CXCR4+ MSCs has several benefits in
treating ischemic diseases. However, during the expansion
of the MSCs culture, it often happened to have decreased
expression or even loss of expression of CXCR4. Recently, a
research team increased CXCR4 expression in MSCs
through intravenous transfusion and showed an
improvement in injectable muscle infarction through
noninvasive treatment [77]. Recognizing the potential of the
SDF-1α/CXCR4 axis, a research team recently developed a
technique to attach recombinant CXCR4 onto the surface of
MSCs to improve the treatment of ischemic diseases [78].
Although the potential of the SDF-1α/CXCR4 axis in studies
of vascular regeneration or MSCs is promising, many
studies have shown the contribution of the SDF-1α/CXCR4
signaling pathway in metastatic carcinoma [79,80].
Therefore, further study of the CXCR4 receptor and its
signaling pathways is necessary to apply their potential
benefits in the treatment with stem cell therapy.

Stromal cell-derived factor 1α expressing mesenchymal stem
cells
SDF-1 is the chemotactic factor (also known as CXCR-12)
that plays an important role in migration, proliferation, cell
survival, and other specific tissue functioning [81,82]. The
role of SDF-1 in angiogenesis has been indicated both in
vitro and in vivo research [83]. The SDF-1/CXCR4 axis was
found to be involved in the migration and homing of MSCs
to the ischemic or injury site [84,85], and was shown to
promote the secretion of pro-survival and angiogenic factors
in MSCs in response to hypoxic conditions [86]. Data from

these studies proposed a potential use of SDF-1 expressing
MSCs in therapeutic development, which could be achieved
simply by incubating MSCs in hypoxic conditions or pre-
treating the cells with SDF-1 in vitro. MSCs modified with
transfected SDF-1 has been shown to enhance capillary
formation in mouse infarcted heart and improve heart
function in the treated mice [82]. Overexpression of SDF-1
in MSCs was also shown to be effective in promoting ECs in
microvascular regeneration as co-culture of SDF-1-
overexpressed MSCs with ECs showed a significant increase
in tube formation, and SDF-1 content in the exosomes of
these MSCs was suggested to perform similar effects, most
probably via PIK3 pathway [83]. Selection of the MSC
subpopulation with high expression of SDF-1 would be
promising for future application in angiogenesis.

Efforts to Enhance Mesenchymal Stem Cell Potential in
Angiogenesis

Pre-treatment of mesenchymal stem cells
Pre-treatment of MSCs with different chemicals and reagents
is a widely exploited method to push the angiogenic potential
of MSCs. For example, at low concentrations, the application
of Carvacrol, a monoterpene phenol that can be found in
herbs, was shown to enhance the VEGF expression of MSCs
[87]. Particularly, after 48h incubation, MSCs treated with
25 μM Carvacrol showed significantly increased expression
of endothelial factors such as VE-cadherin and vWF, and
enhanced angiogenic paracrine effect when co-cultured with
HUVECs [87]. Apple extract is another plant ingredient that
was found effective in enhancing paracrine effects in MSCs.
When MSCs were treated with 1% apple extract for 3 days,
the expression of VEGF was significantly increased in the
cells, which was correlated with increased mTOR activity
[88]. As mTOR is a major cell signaling responding to
environmental metabolites and connecting cell metabolism
with cell growth [89], this evidence may represent a close
relationship between the paracrine effect and MSC
metabolism. In fact, Deschepper and colleagues showed that
treatment targeting MSC metabolism, such as the use of
glucose, was important for angiogenic potential in MSC
culture in extremely hypoxic or near-anoxic conditions [90].
The addition of glucose over 0.1 g/L could enhance
angiopoietin-2 and VEGF-C expression in MSCs after 3 and
7 days of exposure to near-anoxic conditions, and when
ectopically implanted in a mouse model, MSCs with glucose
treatment showed significant vascularisation on mouse skin
[90].

Pre-treatment of MSCs with different types of hormones
was also sufficient in promoting angiogenic potential [91–93].
Steroid hormones are important for angiogenesis during
pregnancy, which is required to support fetal development
[94–96]. Estrogen, for example, is a sex steroid known to
enhance the proliferation and migration of ECs, which was
shown to stimulate the expression of angiogenic factors and
adhesion molecules in the uterine and vascular tissues, and
triggered the release of NO by the vascular cells [96].
Growth hormones such as angiotensin II, endothelin,
growth hormone-releasing hormone or vasopressin have
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been shown to exert different effects on angiogenesis by
regulating the expression of pro-angiogenic and angiogenic
factors such as PDGF, ANG-2, VEGF, and hepatocyte
growth factor [97]. Therefore, the use of hormones is
expected to stimulate and enhance the angiogenic potential
of MSCs. Mihai and colleagues showed that when MSCs
were cultured with 17β-estradiol (E2) for 4 days, the
expression of angiogenic genes, including VEGF and ANG,
was significantly increased [91]. This was correlated with the
release of NO and enhanced angiogenesis of MSCs in
animal models [91]. Another study reported that the use of
dihydrotestosterone (DHT) significantly induced the
production of NO and the expression of angiogenin and
MMP-9 in MSCs, and DHT-treated MSCs when co-cultured
with cardiac tissue slices showed a significant increase in
VEGF and MMP-2 expression [92]. Ma et al. (2016) used
the growth hormone-releasing hormone agonist, JI34, have
found that MSCs treated with JI34 showed enhanced
migration and paracrine effect on angiogenesis with the
increase in SDF-1 and VEGF-A expression, which was
correlated with the activation of STAT3 [93]. In in vivo
studies, the authors demonstrated that cell therapy using
JI34-treated MSCs improved vascularisation and increased
ECs recruitment to ischemic hind-limbs in mice, which was
also associated with faster recovery and reduced tissue
damage [93]. This evidence suggested that hormones could
be potential candidates for enhancing MSC angiogenic
capacity. However, the precise mechanism of action remains
unresolved, raising questions about the safety of priming
MSCs in sex hormones, as these hormones are regulators of
multiple cell pathways, including the pathogenesis of
cancers [98,99]. Several other types of treatment and
stimulation are used with an effort to enhance the
angiogenic potential of MSCs in culture (Table 1), which
indicates that the selection of the right stimuli may be
important to promote MSCs as a cell therapy for
vascularisation. Further studies may be directed to
understand the mechanism as well as the efficiency and
safety of multiple types of stimulation on different MSC
lines, which will help to select the best combination in
improving MSC angiogenic ability.

Hypoxic culture
Oxygen is an essential supplement to cells, and oxygen
homeostasis plays a key role in cell survival. Oxygen serves
as the last electron acceptor in the electron transport chain,
which occurs in mitochondria to produce energy in
eukaryotic cells. However, oxygen is also a strong oxidant
and can produce harmful reactive oxygen species (ROS) that
could damage nucleic acids and proteins, and lead to cell
death [100]. Two conditions in terms of oxygen
concentration are often used in research: a/ normoxia, the
condition with oxygen tension similar to an air atmosphere,
in which oxygen accounts for approximately 21% of the air,
while b/ hypoxia, which is defined as the continuous or
temporary condition lacking oxygen supply to tissue [101].
Hypoxic conditions could appear as a result of rapid cell
proliferation, as in embryogenesis, tumorigenesis or vascular
network disruption [102].

HIF-1 is an important transcription factor in hypoxic
response. It is a heterodimeric complex, which is composed
of two distinct subunits: a stable and constitutively
expressed β-subunit (HIF-1β), formed by 774 amino acid
residues, and an oxygen-regulated α-subunit (HIF-1α),
which consists of 826 amino acid contributing to oxygen
sensing. The two HIF-1 subunits belong to the basic helix-
loop-helix Per-Arnt-Sim (bHLH-PAS) transcription factor
family. Both HLH motif and PAS domain are necessary for
DNA binding and subunit dimerization [101]. The genes
related to hypoxic response are triggered when the HIF-1
heterodimeric complex binds to hypoxia response elements
(HRE) situated in their promoters. Moreover, the
transcriptional activation of these target genes requires the
interaction of HIF-1α and the coactivators such as CBP,
p300, SRC-1, and TIF2 via the amino-terminal and the
carboxy-terminal transactivation domains (N-TAD and C-
TAD) of HIF-1α [102,103]. The oxygen sensitivity of HIF-
1α is determined by the oxygen-dependent degradation
(ODD) domain. In normoxia, the prolyl residues in the
ODD domain are hydroxylated by prolyl hydroxylases
(PHD 1–3) followed by the binding of HIF-1α to the von
Hippel–Lindau protein (VHL), ubiquitin ligase complex
elongin B/C and recruiting a ubiquitin-conjugating enzyme
which ubiquitinates HIF-1α. As a result, the marked HIF-1α
is degraded by proteasome [101,104].

Angiogenesis could be stimulated by hypoxic conditions
via the HIF-1 pathway. Several studies have demonstrated that
HIF-1 enhanced the expression of several angiogenic genes,
such as VEGF, PDGF, and angiopoietin 1 and 2 (Ang-1 and
-2) [105,106]. Especially in the Matrigel plug assay, the loss
of HIF-1α disrupted the VEGF-dependent migration and
proliferation of murine ECs [107]. Besides, it was shown
that the SDF1/CXCR4 chemotaxis was expressed higher in
hypoxia-preconditioned MSCs and was upregulated in
glioblastoma by HIF-1. Microarray analysis indicated the
transcriptional regulation of hypoxic conditions and HIF-1
on multiple genes involved in the cell cycle, nucleic acid
metabolism, and replication [106].

Hypoxia-induced angiogenesis is a potential approach for
cardiovascular disease treatment, wound healing, and tissue
engineering [108]. Understanding the regulatory mechanism
of hypoxia has raised considerations for two distinct possible
strategies. The first strategy relies on the transplantation of
hypoxia-preconditioned cells, which express significant
factors promoting angiogenesis [108]. In murine models of
hind-limb ischemia, hypoxic preconditioned MSCs (cultured
in 2% O2) exhibited efficient vascular regeneration, which
was illustrated by a significant increase in blood flow
recovery and reduction in necrosis of muscle tissues [109].
At 25 days post-surgery, all normoxia-cultured MSC-treated
mice experienced foot necrosis or toe loss, whereas
approximately 90% of the hypoxia-preconditioned MSC-
treated group were rescued from ischemic limbs [109].
Recent research compared the pro-angiogenic capacity of
exosomes from human adipose-derived MSCs, which were
cultured in normoxia (norADSC-Exo) and in hypoxia
(hypADSC-Exo). HypADSC-Exo significantly improved the
proliferation, migration, and tube-formation ability of
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HUVECs and supported the survival of the subcutaneous fat
grafted in nude mouse models [110].

On the other hand, the second promising strategy for
promoting angiogenesis via a hypoxic-induced pathway
focuses on utilizing gene therapy to overexpress or stabilize
HIF-1 to induce angiogenesis [108]. Researchers have
explored a novel action of hydralazine, a clinically used
vasodilator, in inducing angiogenesis through in vitro and in
vivo examinations. This medicine inhibited HIF degradation

by the prolyl hydroxylase domain enzyme, upregulated HIF-
targeted genes, and promoted vascular formation in
implanted polyether sponges in mouse models [111]. The
injection of BM-MSCs transfected with a vector encoding
overexpressing mutant HIF-1α in an ovine acute myocardial
infarction model was shown to decline infarct size, improve
cardiac function, stimulate angiogenesis and arteriogenesis,
and perform cardioprotection, with the injected cells
remained in sheep for up to 60 days [112].

TABLE 1

Strategies to enhance angiogenic potential from mesenchymal stem cells (MSCs)

Strategy Potential effects on MSCs

Reagents

All-trans retinoic acid Increased expression of hypoxia inducible factor (HIF)-1, C-X-C chemokine
receptor type 4, vascular endothelial growth factor (VEGF), chemokine
receptor 2, and angiopoietin (ANG)-1 and -4 in MSCs [113]

Sevoflurane Increased HIF-1α, HIF-2α, and VEGF expression of MSCs [114]

Insulin-like growth factor 1 (-1 and fibroblast growth factor
-2, followed by hypoxia and high glucose insults

Upregulated VEGF and ANG in diabetic MSCs. Enhanced MSCs migration
towards stromal cell-derived factor 1α (SDF-1α) and increased tube
formation in vitro [115]

Apple extract Increased expression of VEGF and PDGF in MSCs [115]

Platelet rich plasma Enhanced VEGF and SDF-1 expression in human multipotent adipose
derived cells, and improve wound healing [116]

Further increased vascularisation when used as scaffold coating [117]

p38α inhibitor Allowed angiogenic program mediated by transforming growth factor-β of
MSCs [118]

Hormone treatment

17β-estradiol (E2) Increased VEGF-A, VEGFR-2, ANG, and vascular EC adhesion molecule-1
expression, and stimulated the production of nitric oxide (NO) in vitro.
Enhanced capillary formation in vivo [91]

Dihydrotestosterone Stimulation of NO production and the expression of angiogenin and matrix
metalloproteinase (MMP)-9. Increase in VEGF and MMP-2 expression
when co-cultured with cardiac tissue slices [92]

Growth hormone-releasing hormone agonist (JI34) Enhanced VEGF, hepatocyte growth factor, and SDF-1 expression in MSCs.
Enhanced in vivo angiogenesis and EC recruitment [93]

Modified adherent surface

Culture on gelatin methacrylate synthesised hydrogel
matrices with high stiffness

Increase in the secretion of VEGF into the media [119]

Culture on fabricated collagen-pullulan hydrogels High VEGF expression associated with healing potential in in vivo models
[120]

Rolled collagen scaffolds Enhanced VEGF expression in vitro and increased wound healing effect with
high capillary density in vivo [121]

Porous hydroxyapatite scaffolds coated with multilayers of
collagen/heparin loaded with VEGF via incubation

Induction of endothelial cells differentiation in vitro and enhanced
vascularisation with increased vessel in vivo [122]

3D patches of MSCs on collagen matrix Improved angiogenic secretion and enhanced neovessel formation and
preservation [123]

Co-culture with other cell types

Co-culture with endothelial progenitor cells Enhanced platelet-derived growth factor and Notch1 expression, improved
cell survival and proliferation, leading to increase angiogenic capacity [124]

Cocultured with HUVECs Increased gene expression of VEGF, SDF-1 and IL-6 and enhanced
angiogenesis. Higher improvement was achieved under hypoxia [125]

Cocultured with circulating mononuclear cells (MNCs) Promote VEGF and SDF-1 expression and support EC differentiation [126]
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Culturing on hydrogel matrices and scaffolds
Providing a good environment for MSCs before grafting can
have positive effects on cell survival and proliferation. The
survival of MSCs in vivo has been shown to be reduced
partly due to the lack of matrix materials around the cells
[11]. Similar to the culture condition, the adherent surface
for MSC culture is known to have positive effects on the cell
behavior, which could be used to change gene expression
and enhance the cell potential in supporting angiogenesis
(Table 1) [119,120,122,127]. For example, when testing the
stiffness of gelatin methacrylate-synthesized hydrogel surface
on paracrine excretion of MSCs, the expression of VEGF in
MSCs culture was shown to be maximized on hydrogel
matrix of the concentration of 5% and compression of 5
kPa, which provided the best conditioned media for
HUVECs cultured on Matrigel [119]. Surface stiffness was
also found to be responsible for the increased expression of
VEGF-A. In a study, Rustad and colleagues showed that
MSCs cultured on fabricated collagen-pullulan hydrogels
significantly expressed higher VEGF than MSCs cultured on
plates, which was consequently associated with higher
healing potential when administered in animal models
[120]. Similarly, the use of rolled collagen scaffolds as an
adherent surface was found to enhance VEGF expression of
MSCs in vitro and increased wound healing effects with
high capillary density when the MSC-containing scaffolds
were grafted to wounded diabetic mice [121]. In an animal
study, multilayers of MSCs on collagen matrix were shown
to be more effective in neovessel formation and brought
better outcomes to cardiac infarct area when compared to
direct injection of MSCs [123]. These data suggested that
the use of scaffolds from different materials and physical
forms is promising for enhancing the efficiency of MSCs in
application.

The combination of fabricated scaffolds with cytokine
has also been implicated in improving MSC vascularisation
[122]. Accordingly, VEGF was loaded via incubation onto
the porous hydroxyapatite scaffolds coated with multilayers
of collagen/heparin, which was then used for MSC culture
[122]. The study showed that MSCs grown on such
scaffolds were able to induce ECs differentiation in vitro,
and the implantation of the scaffolds into rat models
enhanced vascularisation with increased vessel formation
[122]. The authors suggested that the binding of various
growth factors onto the HEP layers and the slow release of
VEGF into the environment could be responsible for
improving the stable differentiation of MSCs into ECs [122].
However, these conclusions required further validation with
experimental data. In fact, several types of scaffolds have
been examined for enhancing the potential of MSCs in
angiogenesis, which have shown various successes [127].
Together with the given examples, several data have
indicated that not only culture conditions and media affect
the function of MSCs in angiogenesis, but the way of
constructing cells within a culturing scaffold, including 2D
and 3D structures and adherent surface (Table 1), can also
influence the cell potential in supporting vascularisation.

The action around the effects of adherent surface on
MSC secretome has been pointed towards the involvement
of oxygen tension and hypoxic condition, which were

shown to be correlated with HIF-mediated vascularisation
[119–121]. Different materials used in scaffold designs were
suggested to work by inducing ECs migration and
proliferation, as well as the recruitment of mural cells [127].
At the same time, the adherent response to surface stiffness
led to the translocation of surface protein to the nucleus,
which stimulated the expression of angiogenic factors [128].
Several signaling pathways were proposed to be responsible
for the angiogenic effects induced by surface materials,
including ROS-mediated p38-MAPK, phosphatidylinositol
3-kinase/protein kinase B (PI3K/Akt), extracellular regulated
protein kinases (ERK) and HIF-1 [127]. However, the
precise mechanism remains to be resolved. It must be noted
that the transition between the in vitro and in vivo
environment of MSCs may provide variation in the cell
function. Therefore, understanding the precise mechanism
of how culturing scaffolds or surfaces affect MSCs behavior
will be important to unravel the key factors that can be
targeted for supporting angiogenesis in the in vivo
environment.

Application of Mesenchymal Stem Cells in Relation to
Angiogenic Regulatory Network

A complex regulatory network of transcription factors and
signaling pathways are required to ensure the precise and
correct formation of the vascular network [129].
Manipulation of the transcription factor network is often
aimed to enhance angiogenesis in different conditions and
models, which showed effective vessel generation [130–132].
Therefore, the application of MSCs to support angiogenesis
also implied the regulation of angiogenic factors. In this
section, we review some of the key regulators that have been
shown to increase the healing and angiogenic potential of
MSCs in vitro and in vivo (Summarized in Table 2).

P38-Mitogen-Activated Protein Kinase

P38 mitogen-activated protein kinase (P38-MAPK) signaling
is a ubiquitous stress response pathway that is involved in
multiple cellular activities, including cell survival,
proliferation, migration, and other tissue-related processes.
Stress and extracellular stimuli trigger a cascade of GTPases
upstream of MAPK, resulting in the phosphorylation of p38
and signal transition to regulate cell activity [133]. In stem
cell biology, p38-MAPK is also involved in the
differentiation and cell fate decisions that are important for
cell function [134]. P38-MAPK is activated through the
binding of VEGF to VEGFR2 in HUVECs to regulate cell
migration, which is important for vessel formation [135].
The inhibition of p38-MAPK was shown to affect capillary
sprouting and enhance angiogenesis induced by VEGF in
human lung-derived microvascular endothelial cells
(HLMECs) in vitro and in vivo [136], while the activation of
p38 phosphorylation was shown to lead to EC apoptosis
[137]. The inhibition of p38 was also shown to regulate
stress response to remodel actin into stress fibers [138]. In
addition, when p38 activity was blocked by either reagents
or shRNA-p38, chondrogenic differentiation induced by
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TGF-β1 was suppressed in BM-MSCs [139]. Recently, p38
inhibition has been shown to control MSC commitment to
endothelial phenotypes and regulate the angiogenic program
in MSCs via the activity of TGF-β1 [140]. Deletion of p38 in
MSCs also enhanced tumor formation and angiogenesis
when implanted in vivo [140]. Besides, using the p38
inhibitor also promoted MSCs to rejuvenate and acquire the
characteristics of hematopoietic stem cells [134]. These data
suggested a role of p38 inhibition in MSC differentiation
and in angiogenesis, including the recruitment and
commitment of ECs. Employing p38 inhibitors and other
proteins in the p38-MAPK pathway may provide a way to
control angiogenesis when MSCs are used in application.
However, the underlying mechanism of p38 in angiogenesis
remains a critical question to be resolved.

NOTCH
Notch signaling has been shown to be important for the
specification of venous and arterial vessels and the
maintenance of tip/stalk cell ratio [9]. Notch protein works
in a feedback loop with VEGF to promote the stability of
vessel formation by limiting tip-cell phenotypes in ECs and
ensuring the correct sprouting process [141]. Accordingly,
low-Notch activity in ECs is favorable to tip cell acquisition,
while high Notch activity is correlated with stalk cell
phenotypes. Notch secreted from MSCs was shown to be
important for the formation of new vessels in aortic ECs in
vitro and support tube-like formation in the infarcted region
of mouse hearts [142]. It was found that Notch activation of
Jagged-1 protein is involved in the differentiation of the
MSCs into ECs, and the deletion of the Notch gene resulted
in the decrease of Jagged-1 protein and reduced the
expression of genes in ECs [143]. Thus, targeting Notch
protein may be critical to the angiogenic potential of MSCs.

Fibroblast growth factors
(FGF belongs to the family of heparin-binding factors, which
exert their effects through the affinity binding to tyrosine
kinase FGF receptors (FGFRs) [144]. More than 20 genes
encoding FGFs in humans have been identified as forming
either acidic or basic FGFs, and mice deficient for FGFs
were either lethal or had multiple defects [145], indicating
the essential role of FGFs in development. The binding of
FGF/FGFR causes the phosphorylation and activation of
downstream signaling molecules to regulate multiple cell
activities during angiogenesis, including migration,
proliferation, morphogenesis, and vessel formation [144].
Moreover, FGF was also found to involve in variant splicing
of VEGFR1 through SR (serine-rich/arginine) proteins
(SRSFs) 1, 2 and SR phosphorylating kinases (SRSKs) 1, 2,
leading to EC sprouting and neo-vessel outgrowth [146],
suggesting that FGF can also regulate other pro-angiogenic
factors in angiogenesis. FGFs also work in dual action with
PDGFs to increase angiogenesis in vivo [147–149].
Accordingly, transfection of FGF and PDGF plasmids into
rat-infarcted heart muscles improved capillary and arteriolar
density after 24 h of treatment [148]. The combination of
FGF and PDGF proteins was also shown to enhance
PDGFR expression and improve corneal neovascularisation,
hind-limb collateral growth, and blood perfusion in rat and

rabbit models [149]. In MSCs, FGFs are key factors involved
in the regulatory function of the cells, including promoting
vessel formation [150]. Among soluble FGFs in exosome
vesicles secreted by MSCs, basic FGF (bFGF) has been
shown to dominantly exert angiogenic potential [151,152].
MSCs transfected with vector constructed with FGF and
PDGF genes efficiently promote collateral vessel formation
in rat hind-limb ischemic models [153]. Such evidence
suggested that as a key regulator in angiogenesis, implying
FGFs in therapeutic development either with protein
injection or via MSCs transplantation are promising for
vessel-related diseases. Particularly, FGFs appeared as the
master regulator that can be used efficiently in coordination
with other factors to significantly improve angiogenesis, the
confirmation of which warrants a thorough examination.

Vascular endothelial growth factor
VEGF is a heterodimeric glycoprotein, a member of the PDGF/
VEGF growth factor family, produced by different cell types,
including tumor cells, immune cells, platelets, MSCs, and
ECs [154–158]. The VEGF family includes VEGF-A, VEGFB,
VEGF-C, VEGF-D, placental growth factor, VEGF-E (Orf-
VEGF), and Trimeresurus flavoviridis svVEGF. Except for
VEGF-E (Orf-VEGF) and T. flavoviridis svVEGF, which
respectively originate from parapoxvirus and snake venom,
the remaining five members of the VEGF family are encoded
by the mammalian genome [159]. Furthermore, after
transcription, the mRNA alternative splicing process
produces various VEGF isoforms with different biochemical
features [160]. In the VEGF molecular structure, there are
eight conserved cysteine residues, including six residues,
forming three intramolecular bisulfidic bonds to make
three loop structures, and the other two cysteines
contributing to the construction of homodimer by forming
two intermolecular bisulfidic bonds [161].

The VEGF receptor (VEGFR) is a kind of tyrosine kinase
receptor, which has an extracellular domain for ligand
binding, a transmembrane domain, and a cytoplasmic
domain that performs tyrosine kinase activity [162]. There
are three main types of VEGFR, namely VEGFR-1 (Flt-1),
VEGFR2 (Flk-1 or KDR), and VEGFR-3 (Flt-4). Notably,
VEGFR-1 has a soluble form, called sFlt-1. Different VEGF-
VEGFR complexes have a variety of functions. For example,
the interaction between VEGF-A and VEGFR-1/VEGFR-2
forms a crucial regulator in both normal and pathological
angiogenesis, while VEGF-C and VEGF-D with their
receptor VEGFR-3 mainly participate in lymphangiogenesis
[159].

VEGF/VEGFR system can influence multiple steps in
angiogenesis. First, VEGF promotes the differentiation of
endothelial progenitor cells into ECs [163]. During
sprouting angiogenesis, VEGF-A with its receptor VEGF-2
plays a key role in selecting tip cells, and works as
chemokines that direct their migration [164]. VEGF
regulates EC proliferation and survival, and prevents
apoptosis. Also, VEGF is an inducible signal for
tubulogenesis, the process of the formation of vascular tube
[165]. In fact, due to their central role in vessel growth
regulation, it has been shown that abnormalities in VEGF-
VEGFR levels may cause serious disorders. In the research
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using mouse embryos, lacking a single VEGF allele led to
abnormal blood vessel development and even embryonic
death at early stages [166]. The role of VEGF signaling in
vascularization was demonstrated using mutant mouse
embryos, which expressed two- to three-fold VEGF levels.
The result showed that the VEGF overexpression caused
cardiac impairment and lethality in 12.5- to 14-day embryos
[167]. While the gradient of VEGF affects the migration of
tip cells, the concentration of VEGF is important for the
proliferation of stalk cells [168], most probably due to the
fact that VEGF works in response to NOTCH to maintain
the correct selection of tip- and stalk cells to prevent

excessive vessel formation [141]. Furthermore, VEGF, when
secreted and performing action inside ECs, can produce a
survival factor to prevent ECs from apoptosis under general
conditions [169], which is important for the stability of the
functioning vessels. VEGF secreted by MSCs has been
shown to be involved in the modeling of blood vessels of
pancreatic tumors both in vitro and in vivo experiments,
indicating the role of MSCs as an efficient secretor of the
angiogenic pool [12].

Many studies have shown that activation of the VEGF-
VEGFR signaling pathway could stimulate vascular
regeneration in conditions such as myocardial infarction,
cardiovascular ischemia, and hind-limb ischemia [170]. The
combination of VEGF with biomaterials as a VEGF-
releasing system was shown to improve neovascularization
in tissue engineering. Two weeks after implantation into
mouse models, the surface of the human recombinant
VEGF-incorporated scaffold was completely covered by new
blood vessels, which was confirmed by confocal microscopy
and immunohistochemistry analysis [171]. In terms of
cancer therapy, the inhibitors of VEGF-dependent
angiogenesis, particularly in tumors, have emerged as
prospective anti-cancer agents. For example, in 2006, the
FDA approved Bevacizumab (Avastin®), a recombinant
humanized monoclonal antibody against VEGF, in
combination with Carboplatin and Paclitaxel as a treatment
for patients with unresectable, locally advanced, recurrent,
or metastatic, nonsquamous and non-small cell lung cancer
[172]. Additionally, the anti-cancer effect of vialinin A, a
natural compound in mushrooms, was suggested after

researchers explored that it prevented VEGF-induced
proliferation, migration, and tube formation of HUVECs in
vitro and suppressed new blood vessel formation in a
Matrigel plug assay in mice [173]. Eriocalyxin B, isolated
from the plant Isodon eriocalyx var. laxiflora, also inhibits
VEGFR-2 signaling, thus reducing tumor vascularization
and growth in the 4T1 breast tumor model [174]. These
data indicated that VEGF is the key angiogenic factor that
can be employed in combination with MSCs to enhance
vessel formation. However, the level of VEGF-induced
angiogenesis should be thoroughly examined to prevent
excessive vascularisation.

Platelet-derived growth factor/PDGF ligands and their
receptors (PDGF/PDGFR)
PDGF signaling is formed by the binding between PDGFR,
which works via the phosphorylation of tyrosine residues on
the activated molecules, sending signals to mediate cell
response. Several signal transduction molecules are involved
in PDGF activation, including PI3K, AKT, MAP, Src,
phospholipase C-υ (PLC-υ), and Ras GTPase-activating
protein (Ras-GAP) [175,176]. PDGF/PDGFR interaction
forms different types of homodimers and heterodimers,
which mediate cell and tissue activities, including migration
and differentiation, and vasculogenesis and organogenesis
[175]. The recruitment of pericytes to the site of sprouting
is required for the maturation of new vessels and is
regulated by the duet action of PDGF and its receptor
PDGFR, especially PDGF-B/PDGFR-β [177–179]. PDGF is
secreted by tip cells to the neighboring area to stop ECs
from becoming tip cells and recruit pericytes to stabilize the
structure of the new vessels [180]. Any disruption in PDGF/
PDGFR expression has been shown to result in the
malformation of blood vessels, and the knockout of PDGFR
and PDGF-B in mice was shown to be lethal at the early
stage of development [181].

Glicoma-associated MSCs treated with PDGF-BB
showed significantly increased tube formation on Matrigel;
however, depending on the concentration of PDGF in the
treatment, tube stabilization was shown to be affected [182].
In vivo, the inhibition of PDGF-BB was found to reduce
vessel formation by promoting EC migration, proliferation,
and formation [176]. Treatment of PDGF-BB inhibitor also

TABLE 2

Growth factors influencing angiogenic potential in mesenchymal stem cells

Growth factors Influences on angiogenesis

P38-mitogen activated protein
kinase (MAPK)

Inhibition of p38-MAPK initiates capillary sprouting. Mechanism is unknown [140]

Notch Involved in maintaining tip/stalk cell ratio to stabilize vessel formation [142]

Fibroblast growth factor Plays a role in cell migration and proliferation, and is involved in the sprouting of new vessels [146].
Combination with platelet derived growth factor (PDGF) could enhance angiogenesis [147–149]

Vascular endothelial growth
factor (VEGF)

Gradient and concentration of VEGF are important for the migration and proliferation of stalk cells
[165]. Works with Notch to maintain tip-stalk selection [141].

PDGF Plays a role in recruiting pericytes to the site of sprouting and stops endothelial cells from becoming tip
cells to stabilize the formation of new vessels [175]
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decreased the expression of pro-angiogenic factors such as
VEGF-A, MMP-2, MMP-9, and increased the expression
of anti-angiogenic molecules, such as TSP-1, TSP-2,
ADAMTS-1, and ADAMTS-2 in mouse corneas [176].
Condition medium from chronic lymphocytic leukemic cells
(CLL) were shown to contain various levels of PDGF, which
activated PDGFR phosphorylation in MSC culture and
promoted MSCs to produce VEGF via PK3K pathway [183].
The subpopulation of MSCs with high expression of PDGF-
β was shown to express high levels of pro-angiogenic factors
such as VEGF, PDGFA, PDGFB, and bFGF, and enhanced
angiogenic ability [184]. These data suggest the important
roles of the PDGF factor and PDGF/PDGFR signaling in
vessel formation. The implication of the PDGF/PDGFR
pathway in constructing MSCs with thorough examination
is promising for future application in vascular-related
diseases.

Conclusion and Perspective

In this review, we have discussed the potential use of MSCs to
effectively promote and support vasculogenesis and
angiogenesis via various regulatory effects, including
alleviation of cell apoptosis, enhancing pro-angiogenic
factors, and improving EC migration and proliferation, thus
offering opportunities for clinical application. We also point
out that pre-culture and pre-treatment of MSCs are
promising to increase survival, proliferation rate, and precise
homeostasis, and enhance angiogenic potential. However,
from what has been discussed, it is suspected that a single
method to either pre-treat MSCs or select MSC
subpopulations pre-transplantation might be met with low
angiogenic efficacy in vivo. Thus, the combination of
different strategies mentioned in this review may bring
better consequences.

For instance, the integration between MSC
subpopulations, growing platforms, and transcription factors
may result in better outcomes in vascular diseases. Since
angiogenic sprouting and neovascular formation are
comprised of multiple processes, solutions for future cell
therapy may require either multiple steps of treatments or a
combination of multiple cell types and technologies, which
are warranted for future research. In other words, a matrix
combination of MSC subpopulation selection, with key
angiogenic regulators on specific scaffolds may be worth a
go for future intervention direction. Perhaps a serial
treatment method, which targets each of the vessel
formation and maturation processes, may be valuable in
future applications.
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