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Abstract

Stem cells have shown great potential in vascular repair. Numerous evidence
indicates that mechanical forces such as shear stress and cyclic strain can regulate
the adhesion, proliferation, migration, and differentiation of stem cells via serious
signaling pathways. The enrichment and differentiation of stem cells play an
important role in the angiogenesis and maintenance of vascular homeostasis. In
normal tissues, blood flow directly affects the microenvironment of vascular
endothelial cells (ECs); in pathological status, the abnormal interactions between
blood flow and vessels contribute to the injury of vessels. Next, the altered
mechanical forces are transduced into cells by mechanosensors to trigger the
reformation of vessels. This process occurs when signaling pathways related to
EC differentiation are initiated. Hence, a deep understanding of the responses of
stem cells to mechanical stresses and the underlying mechanisms involved in this
process is essential for clinical translation. In this the review, we provide an
overview of the role of stem cells in vascular repair, outline the performance of
stem cells under the mechanical stress stimulation, and describe the related
signaling pathways.

Key words: Stem cells; Shear stress; Strain stress; Vascular repair

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Stem cells and biomechanical stresses are very important for the success of
stem cell-based therapy. In this review paper, we first summarize the application of stem
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cells for vascular repair, then discuss the response of stem cells to the biomechanical
stresses in blood vessels, and finally describe the underlying mechanisms. This paper
should be very beneficial to researchers in this field, as it provides a deeper
understanding of the interactions between stem cells and biomechanical stresses for
vascular repair.
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DOI: https://dx.doi.org/10.4252/wjsc.v11.i12.1104

INTRODUCTION

Adult stem cells derived from the same precursors have potential functions for tissue
development and regeneration including bone regeneration, wound healing, and
vessel repair!'l. Traditionally, the damaged endothelium in vessel wall was thought
to be replaced by nearby endothelial cell (EC) replication. However, recent findings
challenge this notion and point out that stem cells also participate in the process of
vascular repair. In fact, the promising role of stem cells in vascular repair has been
well determined by numerous studies in vitro and in vivo experimental settings'™.

The repair processes includes relative signaling pathway activation, gene
expression, oxidative balance and alignment of cytoskeletal filaments”). Based on
these scientific outcomes, it is feasible for scientists to use stem/progenitor cells with
or without scaffolds to create bioengineered vessels in vitro that are suitable for
grafting clinically”. However, the key factors influencing the successful utilization of
bioengineered vessel is the replication of different physical forces generated by blood
flow during the cardiac cycle and the understanding of how these physical forces
affect the biological behaviors of the grafted and resident stem cells”..

The biomechanical patterns of blood flow in vessels are very complex!’. Among
these types of biomechanical stress, shear stress and strain stress are the major
components’l. Many studies have determined that these two stresses contribute to the
repair of vessel lesion, as well as vessel injury and remodeling!"*'"l. Importantly, they
are involved in the process of rearrangement of vascular ECs and smooth muscle cells
(SMCs), and they also regulate the differentiation of several types of stem cells,
including resident or circulating progenitor cells!'”! and stem cells derived from other
sources!'”l. To more deeply understand the response of stem cells to biomechanical
stress and the underlying mechanisms, in this review paper, we summarize the use of
stem cells for vascular repair, outline the role of biomechanical stress for vascular
injury and repair, and emphasize how shear stress and strain stress regulate the
behavior of stem cells for vascular repair. Furthermore, the transduction of
biomechanical signals into stem cells are discussed.

STEM CELLS FOR VASCULAR REPAIR

In the formation of blood vessels of angioblasts during embryogenesis, the peripheral
endothelial progenitor cells (EPCs) and inner hematopoietic stem cells (HSCs) form
blood islands and they participate in vascular repair!"*. In the process of vascular
repair, quiescent stem cells such as HSCs and mesenchymal stem cells (MSCs)
mobilize from bone marrow into the circulation, differentiate into EPCs (as circulating
EPCs), and are home to the area of lesion (where they can contact and sense the blood
flow) to participate in neovessel formation!"”! (Figure 1). This phenomenon indicates
that neovascular formation in adults may be the result of proliferation, migration, and
remodeling of stem cells.

Several studies have shown that CD34*CD133* EPCs can differentiate into ECs and
enhance angiogenesis in injury vessels, as well as grafted vessels!"*'l. Endothelial
colony-forming cells as a rare population of ECs, can be isolated from peripheral
blood mononuclear cells and share characteristics with EPCs, including expression of
the endothelial marker and vessel regeneration ability!".. In addition, MSCs derived
from bone marrow can differentiate into a variety of cell types and contribute to
vascular reconstruction”. Beyond that, MSCs derived from umbilical cord, adipose
tissue, dental pulp, and hair follicle also have the potential to differentiate into EPCs
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Figure 1 In pathological status, several types of stem cells contribute to the process of vascular repair. Stem cells such as hemopoietic stem cells, MSCs,
circulating EPCs (derived from bone marrow), and resident EPCs are able to sense the activation signals (such as altered shear stress, acute ischemic, and anoxic
injury). Then they move to the sites of lesion, differentiate into ECs, produce paracrine signals such as VEGF, PDGF, and SCDF; these actions take part in the vessel
regeneration. Importantly, the resident ECs can be activated to proliferation types with a high turnover rate. HSCs: Hemopoietic stem cells; MSCs: Mesenchymal stem
cells; EPCs: Endothelial stem cells; ECs: Endothelial cells; VEGF: Vascular endothelial growth factor; PDGF: Platelet-derived growth factor; SCDF: Stromal cell-
derived factor.

in injury conditions!"**.

At the beginning of vessel repair, a part of EPCs directly incorporate into vessel
intima and differentiate into ECs with active angiogenesis, while the other part of
EPCs display a proliferative potential®]. The mechanism of EPCs promoting the
angiogenesis varies greatly, including the direct formation of neovessels and the
production of paracrine signals such as vascular endothelial growth factor (VEGEF),
stromal cell-derived factor, and platelet-derived growth factor (PDGF), which further
activate the proliferation and vascular repair of ECs*; this process depends on the
recognition of markers on the cell surface. These findings suggest that vascular repair
is probably induced by the interaction between stem cells and the certain
microenvironment of injured vessels such as biomechanical stresses. Recently, stem
cells combined with mechanical forces have been used in research and the clinic. For
instance, the functional vessels constructed with scaffold and stem cells have the
potential to promote stem cell differentiation into ECs during vessel grafting or
damagel®l. In vitro experiments have found that the decellularized vessel scaffold
surrounded by stem cells on both inner surface and the adventitial side can sense
biomechanical forces under the pressure-driven perfusion with medium. Then these
cells differentiate into both ECs and SMCs, which are induced by shear stress and
strain stress respectively, in the bioengineered vessels!**’l. A study reported that
vascular grafts via EPCs seeding and maturation can rely on a controllable flow
formed by bioreactor”; this strategy may be beneficial for utilizing EPCs in vascular
repair.

BIOMECHANICAL STRESS FOR VASCULAR INJURY AND
REPAIR

Studies on biomechanical forces have focused on their role in balancing the
microenvironment of vessel, which is closely related to the vascular injury and
repair”l. Blood flow consists of two types: laminar and turbulent flows. There are
three types of laminar flow, namely steady flow, pulsatile flow, and oscillatory flow.
Among them, steady flow does not occur in arteries, while pulsatile and oscillatory
flows are unsteady. In straight arterial areas, ECs are exposed to pulsatile shear stress
generally between 10-20 and 40 dynes/cm? as maximum®l. In branch points,
bifurcations, and curvatures, ECs are exposed to oscillatory shear stress of + 4
dynes/cm? where they easily develop atherosclerosis®*! (Figure 2). In physiological
conditions, vessel intima is subjected to a fluid shear stress (average 10-20 dynes/cm?)
caused by blood flowing™.

The ECs display a fast turnover rate in certain regions such as bifurcations, branch
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Figure 2 Different patterns of blood flow in vessels. Arterial flow patterns are exquisitely sensitive to vessel
geometry including branching, bifurcation, and curvature. The ECs are exposed to turbulent flow or disturbed shear in
the branch points where the atherosclerosis easily developed.

points, and curved regions, while overall rates of cell turnover in the artery are very
low because ECs experience various flow patternst™!. Indeed, areas of low shear stress
in human arteries have a relatively high rate of endothelial death, supporting the
statement that high turnover rate of ECs is crucial to maintain vessel homeostasis!™l.
Low and oscillatory shear stress is thought to play a causative role in endothelial
dysfunction™. It is generally believed that endothelial dysfunction/loss is a common
characteristic of vascular injury, which may cause severe cardiovascular disease such
as atherosclerosis, hypertension, thrombosis, and ischemia/reperfusion injury™*.

ECs with a variety of receptors can sense the altered flow and transmit mechanical
signals through mechanosensitive signaling pathways, then activating a series of
signaling cascades and cell events. Several potential mechanosensors including ion
channels, cell surface or cytoplasmic receptors, integrins, kinases, and extracellular
matrix components have been well determined™ .. When the blood flow changes, the
mechanosensors quickly sense the signal, transduce to the downstream, and activate a
series of cascades, finally triggering the physiological response including
atherosclerosis, proliferation, angiogenesis, and inflammation*‘l. Recently, the
influence of biomechanical stresses in EPCs, MSCs, and other types of stem cells has
been investigated. Mechanical stresses have been shown to increase the proliferation,
differentiation, motivation, and recruitment of EPCs in the process of vascular
repairt”! (Figure 3). In addition, cell functions are influenced by biomechanical stress
including the activation of flow-sensitive ion channels, increased cell membrane
permeability, release of several types of agonists (adenosine triphosphate,
acetylcholine, and nitrous oxide), and mobilization of intracellular calcium (Ca?"),
which keep the homeostasis of vascular system*’l. Subsequently, the following
responses are triggered: increased cyclic guanosine monophosphate levels,
cytoskeletal deformation, activation of mitogen-activated protein (MAP) kinase
signaling cascades, transcription factors nuclear factor-kappa B (NF-xB) and nuclear
factor activator protein-1*"l. Meanwhile, mechanical stresses regulate the expression of
critical vasoactive and growth factors such as endothelin-1, nitric oxide synthase,
PDGF A and B chains (PDGF-A and PDGF-B), and transforming growth factor 1,
which have protective roles against atherosclerosis!*!l.

THE RESPONSE OF STEM CELLS TO SHEAR STRESS

Over the past several years, it has been suggested that EPCs and other types of stem
cells are home to the area of vascular damage to re-establish an intact endothelial
layer after endothelium injury or damagel*). Among various mechanical stimuli, shear
stress is a critical factor to stimulate stem cells and activate downstream signaling. As
a physical stimulus, shear stress plays a crucial role in signal transduction at focal
adhesions, where the cell-extracellular matrix contacts!*’l. In recent decades,
researchers have explored the potential signaling pathways, but the precise
mechanism is still unclear.

Once cells are stimulated by shear stress, at the early stage of response to the shear
stress, several kinds of cells transform it to biochemical signals, and transmit into the
nucleus to tune their physiological response. Several mechanosensitive molecules
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Figure 3 Biomechanical stress stimulates the mechanosensitive molecules on the EPC surface, and then induces cytoskeleton rearrangement and
activates series of downstream signaling pathway. The following cascades lead to change of gene expression, ultimately influencing the cell fundamental activities
including cell proliferation, differentiation, recruitment, and motivation, depending upon the need of vessel repair. EPCs: Endothelial progenitor cells; ECs: Endothelial
cells; SMCs: Smooth muscle cells. The black arrow points out the direction of stress.

and/or compounds serve as “gatekeepers” in the whole process. The overall
mechanosensors and the downstream are descripted in Figure 4.

Integrin has been verified to work as a mechanosensor!*l. It can be activated by
shear stress and it accumulates at the vascular peripheral areas and is located along
the stress fibers. Integrin and the associated RhoA small GTPase have been confirmed
to participate in the process of sensing the shear stress and converting it to cascades of
molecular signaling, which modulate gene expression*l. These changes are involved
in the process of anti-apoptosis, arrest of cell cycle, and morphological remodeling!*l.
Inhibition of integrin B1 suppresses the formation of focal adhesions, which reversely
verifies its role in vascular repair™*1. As one of the small G proteins, Ras is the earliest
link between mechanical perception and transduction; Ras affects the downstream
signal transduction cascades, which can be activated by integrin fl-related signals*l.
Then the above process is mediated by G protein-dependent activation of extracellular
signal-regulated kinase (ERK) and JNKM . It has been demonstrated that Rho, Cdc42,
and Rac (belonging to the Ras super-family of proteins) can modulate cytoskeletal
rearrangement, EPC differentiation, and permeability of the endothelium after shear
stress is applied™.

Junctional adhesion receptors also play important roles in mechanoresponses!*>l.
VEGF receptor-2 (VEGFR-2) is required for the activation of most biomechanical
stress-dependent signaling pathways"*3. VEGFR-2 can be activated by shear stress in
a ligand-independent manner without the involvement of VEGF via two distinct
signaling pathways in ECs: the phosphoinositide 3-kinase (PI3K)-Akt pathway and
the protein kinase C-mitogen-activated protein kinase-ERK (PKC-MAPK-ERK). The
PI3K-Akt pathway is a key regulator in shear stress-induced endothelial
differentiation of EPCsl*. In addition, suppression of the shear stress-induced
phosphorylation of VEGFR2 by the VEGFR kinase inhibitor SU1498 abolishes the
induction of EPC differentiation into vascular ECs; the inhibitor SU1498 blocks the
shear stress-induced Notch cleavage in EPCs and suppresses expression of ephrinB2,
which exerts a functional role in vascular repair®. It has also been reported that VE-
cadherin works as an adapter, which is polarized activation of Racl in response to
shear stressl’l. These results indicate the ability to repair damage vessels of EPCs by
differentiation, and this ability has been verified using animal models®l.

PKC-MAPK-ERK is regulated by glycocalyx, which works as soon as the blood
flow is initiated, and this signal activation is required for normal vascular
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Figure 4 Transduction patterns of mechanical signals into the biological signals, when the shear stress is applied to the cellular surface. This figure
describes how the mechanosensitive molecules such as integrins, VEGFR, RTKs, and GPCRs sense the shear stress, induce cytoskeleton reorganization, and
activate various signaling pathways including Ras-PI3K-Akt, Ras-JNK, and PKC/PKA-MAPK-Akt. These signaling cascades influence the gene expression of EPC,
ultimately regulating vessel maintenance and reformation. VEGFR: Vascular endothelial growth factor receptor; GPCR: G protein-coupled receptor; RTKs: Receptor
tyrosine kinases; PKC: Protein kinase C; MAPK: Mitogen-activated protein kinase; ERK: Extracellular signal-regulated kinase.

development!””. Previous studies have shown that in arteries, glycocalyx components
are synthesized much more quickly under high shear stress than under low shear
stressP"1. In a model of three-dimensional collagen-1 gel culture of SMCs, the flow-
induced mechanotransduction could be sensed by glycocalyx biosynthesis, and then
activated FAK-ERK1/2-C-Jun signaling pathway, leading to the up-regulation of
MMP expression, cell migration and motility!.

G protein-coupled receptors (GPCRs) show the ability to sense fluid shear stress,
and the precise molecular mechanisms of mechanotransduction has been extensively
studied**?. Several GPCRs such as angiotensin II receptor typel and bradykinin
receptor B2 work as mechanosensors in vascular physiology!®’l. It has been
demonstrated that acute shear stresses induce various downstream signaling
pathways such as phospholipase C, which further increases the intracellular Ca*
concentration!*'l.

Endothelial injury is associated with activation of the coagulation system and
recruitment of platelets!®!. The areas abundant with platelets promote recruitment and
homing of EPCs which further lead to vessel formation!®!. Platelet EC adhesion
molecule contains an immunoreceptor tyrosine-based inhibitory motif, which
becomes the phosphorylated form when responding to shear stress, and directly
induces the activation of ERK!’. It was found that shear stress regulates the
expression of endothelial markers von Willebrand factor and platelet EC adhesion
molecule 1 in late EPCs, resulting in cytoskeletal arrangement, cell differentiation, and
the activation of various mechanosensitive molecules including integrin p1, Ras,
ERK1/2, paxillin, and FAKI"**’l. Mechanosensitive PPAP2B, an integral membrane
protein involved in maintaining vascular integrity and EC rearrangement, is reduced
as the result of low shear stress caused by vessel plaques!”.

Except EPCs, there are other types of stem cells involved in the process of vascular
repair, for instance MSCs and EPCs derived from adipose!"®, liver’”! and musclel. It
was found that when exposed to laminar shear stress at 0.5 dynes/cm? with 30 min,
MSCs contribute to the lack of polarity and upregulation of B-catenin downstream
proteins, which are associated with cardiovascular development, EC protection, and
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angiogenesis”l. When vascular injury occurs, MSCs resident in the medial intima of a
healthy vessel can migrate to damaged areas and differentiate into SMCsl'?l.
Additionally, ECFCs isolated from the white adipose possess large expansion
potential, stable differentiation, and robust in vivo vessel-forming capacity!“.

THE RESPONSE OF STEM CELLS TO STRAIN STRESS

The vascular wall is subject to cyclic stretch of about 100-150 kPa, which is generated
by the pulsatile blood pressurel’’. The excessive and pathological mechanical stretch
occurring during hypertension is harmful as these high magnitude strain stress
perturbs the vascular tone and causes improper cellular response of vascular wall,
leading to cardiovascular diseases™.

Venous bypass grafting is one of the most commonly used surgery for
atherosclerosis patients; the insertion of a grafted vein into the arterial system
probably exposes the vascular wall to the new hemodynamic environment, which has
been considered to be a critical stimulus for vascular remodeling!”*l. Cyclic strain
stress generated after venous bypass grafting have been reported to regulate and
change the functions of vascular smooth muscle cells (VSMCs) such as excessive
proliferation, differentiation, and apoptosis”!.

The cyclic strain is generated by the pulsatile of flow blood throughout one cardiac
cycle to ensure SMCs within the wall maintain an active and contractile status!”’l.
Several membrane proteins or compounds have been found to be mechanosensitive to
stretch, consisting of integrins, G-proteins, receptor tyrosine kinases (RTKs), and ion
channels!”l. The overall signaling pathway is described in Figure 5.

Similarly, under the condition of shear stress, integrin molecules are involved in the
pathway of extracellular matrix-integrin-cytoskeleton!”l. Normally, the strain stress
applied to focal adhesion activates integrins and its downstream cascades including
the focal adhesion kinase, G-proteins, Rho, and various signaling pathways related to
stem cell differentiation””). A previous study showed that strain stress could induce
stem cell-derived Sca-1* progenitors to differentiate into SMCs via collagen IV-
integrin-FAK-PI3-kinase-MAP kinase and PDGF receptor-beta signaling pathways!*.

G-proteins are another type of important mechanosensors in response to
biomechanical stresses. Strain stress on cells allows structure changes in the G-
proteins receptors, transducing mechanosignal into chemical signal and activating
further signaling cascades!”. These alternations may be related to iron channels and
RTKs, which are considered to be the regulators for the development of stem cells.
Thompson et al®'! found a novel mechanical target-mTORC?2, which is critical for the
proliferation, adipogenic, and cytoskeletal architecture of MSCs. Activation of
mTORC2 requires focal adhesions and the binding of Fyn and FAK in vascular repair
through the similar signaling pathway!*!l.

Ion channels also regulate the transduction of cyclically mechanical strain. As a
ubiquitous secondary messenger, Ca** connects the inside and outside of cell, to
maintain the homeostasis of cellular microenvironment. A study reported that VEGF-
induced Ca* oscillations promote EPC growth and tubulogenesis by activating NF-
kBI*#1 It has been revealed that the ion channels stimulated by stretch induce Ca*
influx in VSMCs and active the PKC signaling pathway, enhancing VSMC migration
to lesion areas and accelerating the wound closure!*l. Interactions are present between
these mechanosensors to strengthen the impacts of strain stress on activating the stem
cells. TPRV4 ion channels can be activated by cyclic stretch, leading to cytoskeletal
remodeling and cell reorientation via integrin-PI3K signaling!™!. Thus, strain stress can
stimulate several types of mechanosensors, transmit biomechanical signaling into the
nucleus, and regulate the related gene expression.

SUMMARY AND PERSPECTIVES

In this review, we first summarized the role of stem cells in vascular repair and then
discussed the responses of stem cells to biomechanical stress and the underlying
mechanisms. As the direct stimuli of vessel walls, mechanical forces play a crucial role
in vascular injury and repair, which can directly activate the mechanosensing
molecules. Mechanosensors of stem cells such as integrins, ion channels, GPCRs,
RTKs, and VEGEFR are able to sense the mechanical stresses and then are involved in
the cytoskeleton rearrangement and finally regeneration of the endothelium.
Manipulation of stem cells’ mechanosensors should be beneficial for vascular repair in
clinics and the development of new therapeutic strategies. Therefore, identification of
the mechanosensors and a full understanding of the molecular mechanism are
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Figure 5 Transduction patterns of mechanical signals into the biological signals, when the strain stress is applied onto the cellular surface. This figure
describes how the mechanosensitive molecules such as integrins, GPCRs, and ion channels sense the strain stress and trigger downstream signaling cascades, then
initiate transcription and translation of various genes for cell events in the process of vessel repair. GPCR: G protein-coupled receptor; RTKs: Receptor tyrosine
kinases; PKC: Protein kinase C; MAPK: Mitogen-activated protein kinase; ERK: Extracellular signal-regulated kinase.

essential to design effective treatments.

Many authors have proposed that increasing the number of stem cells is necessary
to achieve sufficient vascular recovery and regeneration; hence, the safe and effective
strategies to obtain enough number of stem cells which maintain the mechanical
sensing potential are still a major challenge for the basic scientists and surgeons. Stem
cells represent a promising tool for mechanical stresses sensing in the vasculature, but
the methods to activate the resident and circulating stem cells and the underlying
mechanisms for vascular repair remain unclear. The deeper understanding of how
stem cells respond to mechanical forces should open a new dimension for the
treatment of vascular disease, and enhance the clinical translation of stem cell-based
strategy.
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