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Abstract: Ischemic stroke is one of the main causes of mortality and disability worldwide. Howev-
er, efficient therapeutic strategies are still lacking. Stem/progenitor cell-based therapy, with its vig-
orous advantages, has emerged as a promising tool for the treatment of ischemic stroke. The mech-
anisms involve new neural cells and neuronal circuitry formation, antioxidation, inflammation alle-
viation, angiogenesis, and neurogenesis promotion. In the past decades, in-depth studies have
suggested that cell therapy could promote vascular stabilization and decrease blood-brain barrier
(BBB) leakage after ischemic stroke. However, the effects and underlying mechanisms on BBB in-
tegrity induced by the engrafted cells in ischemic stroke have not been reviewed yet. Herein, we
will update the progress in research on the effects of cell therapy on BBB integrity after ischemic
DOI: stroke and review the underlying mechanisms. First, we will present an overview of BBB dysfunc-
10.2174/1570159X18666200914162013  tjon under the ischemic condition and cells engraftment for ischemic treatment. Then, we will sum-
marize and discuss the current knowledge about the effects and underlying mechanisms of cell ther-
apy on BBB integrity after ischemic stroke. In particular, we will review the most recent studies in
regard to the relationship between cell therapy and BBB in tissue plasminogen activator (t-PA)-me-
diated therapy and diabetic stroke.
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1. INTRODUCTION

Ischemic stroke is regarded as the most important cause
of death and long-term disability in the modern world. Re-
combinant tissue plasminogen activator (rt-PA) is the only
one treatment approved by the US Food and Drug Adminis-
tration (FDA). Rt-PA mediated thrombolysis is clinically ef-

suggesting that cell therapy can promote vascular stabiliza-
tion and decrease blood-brain barrier (BBB) disruption--two
factors, which are critical to the success of therapy after is-
chemic stroke [3-5]. However, the effects and underlying
mechanisms on BBB by the engrafted cells in ischemic
stroke have not been reviewed yet.

fective after acute ischemic stroke. However, the narrow
therapeutic window and the risk of hemorrhagic transforma-
tion (HT) limit its clinical application. In the past decades,
stem/progenitor cell-based therapy has emerged as a poten-
tial treatment for ischemic stroke. In-depth studies have re-
vealed that cell transplantation can improve stroke outcomes
through new neural cells and neuronal circuitry formation,
inflammation alleviation, angiogenesis and neurogenesis pro-
motion [1, 2]. Furthermore, there are accumulating evidence
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Here, we will provide an overview of current studies on
the application of stem/progenitor cells transplantation after
ischemic stroke. We will focus on the effects on BBB integri-
ty induced by different sources of cells and discuss the
molecular mechanisms underlying these effects. We hope
that our review will advance our knowledge of the clinical
application of cell therapy after ischemic stroke.

2. BLOOD-BRAIN BARRIER DISFUNCTION IN IS-
CHEMIC STROKE

The BBB is a physical and biochemical barrier that se-
parates the central nervous system (CNS) from the systemic
circulation. As the gatekeeper of CNS, it mediates the
exchange of substances between the brain parenchyma and
blood, restricts the influx of potentially toxic metabolites,
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and effectively maintains CNS homeostasis. The primary
structure of BBB consists of microvascular endothelial cells
(ECs), tight junctions (TJs), pericytes, astrocytic endfeet and
extracellular matrix (ECM) components [6]. The ECs act as
the primary unit of vessel walls, pericytes are perivascular
multipotent cells embedded in the vascular basement mem-
brane and astrocytic processes almost completely ensheath
brain capillaries [7]. Unlike the ECs in other tissues, the ECs
in CNS comprise a multiplicity of BBB-specific transporters
and channels that control the exchange of substances across
cells (transcellular transport) and high electrical resistance
TJs to limit movement among adjacent cells (paracellular
transport) [8]. The endothelial TJs are large, multiprotein
complexes that include interacting transmembrane proteins
such as claudins (in particular, claudin-5 and claudin-12), oc-
cludins, and junctional adhesion molecules (JAMs), as well
as auxiliary cytoplasmic proteins such as zonula occludens
(ZO) proteins. The TJs connect extracellular stimuli with in-
tracellular signaling in the ECs to restrain the paracellular
diffusion of metabolites across the BBB [9]. The CNS peri-
cytes have a significantly higher density with an endothelial--
to-pericyte ratio estimated to be 1:1-3:1 [10, 11]. The vast ar-
ray of pericyte function displays, that pericytes have some
properties of stem cells. Furthermore, it is known that peri-
cytes regulate the BBB integrity, regulate CBF and control
inflammation, angio- and neurogenesis [12]. These func-
tions are dependent on appropriate interactions and signaling
between pericytes and other cells at the BBB, especially
ECs and astrocytes. The astrocytes are the most abundant
glial cells with distinctive morphological and functional char-
acteristics that vary within different areas of the brain [13].
Astrocytes maintain BBB properties and homeostatic bal-
ance of the neural microenvironment through modulating sy-
naptic transmission and regulating immune reaction [14].
Due to these functional integrations, the concept of BBB is
broadened to a new structure, the neurovascular unit (NVU).
The NVU comprises BBB-endowed ECs and a perivascular
milieu composed of cells including pericytes, smooth mus-
cle cells, astrocytes, neurons/neuronal endings, perivascular
macrophages/microglia and ECM (Fig. 1). The NVU medi-
ates neurovascular coupling, modulating vessel tone [15,
16]. These intimately and reciprocally linked cells and ma-
trix generate a complex structure that regulates metabolites
exchange between the blood and brain.

BBB is disrupted soon after the onset of ischemia
[17-19]. The experimental study on rats showed that BBB
permeability began to increase at 3 h of reperfusion after
middle cerebral artery occlusion (MCAO), reached a maxi-
mum at 48 h, and decreased from 4 days after stroke [18]. In
patients after acute ischemic stroke, the damage of BBB
could be identified during the first 3 hours after symptom
onset by magnetic resonance imaging (MRI) and associated
with the development of vasogenic edema [19]. Further-
more, there are indications that reperfusion may cause a
biphasic opening of the BBB and initiate secondary injury to
the brain [20]. The initial stage of BBB opening is reversible
and occurs within several hours post-reperfusion. The se-
cond phase of BBB opening can be seen 24 h to 72 h post-
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reperfusion and is irreversible [21, 22]. While the initial
opening is associated with disruption of TJs; the second
BBB opening may be related to inflammatory response and
contribute significantly to neural cell death.

After BBB disruption, chemicals and fluids extravasate
into brain parenchyma across the impaired BBB and lead to
cerebral edema. The circulating leukocytes will be recruited,
roll along and adhere to the endothelial wall, transmigrate
across the BBB, and enter the brain. These infiltrating leuko-
cytes not only release enzymes that degrade the basement
membrane and further increase vascular permeability, but al-
so aggravate cerebral inflammatory responses, which can ex-
acerbate brain injury and induce worse clinical prognosis
[23, 24]. The BBB disruption after ischemic stroke is regulat-
ed by matrix metalloproteinases (MMPs), inflammation,
oxidative pathways, vesicular trafficking, etc [25]. MMPs
are a family of zinc-binding proteolytic enzymes that can
break the TJs and basal lamina protein, aggravate BBB dis-
ruption and in turn facilitate toxic substances transportation
into the ischemic tissue [26, 27]. MMP-2 and -9 are two
prominent proteins that cause BBB disruption in many condi-
tions. In ischemic stroke patients, there is a correlation be-
tween the biphasic opening of the BBB and MMPs levels.
High MMP-2 levels were increased during the early BBB
opening while the increased MMP-9 was associated with the
severe and late opening of the BBB [28]. Given that the
BBB is functionally important to protect against neural dam-
age and maintain CNS homeostasis, preservation of BBB in-
tegrity is an attractive therapeutic strategy for ischemic
stroke.

3. THE OVERVIEW OF CELL THERAPY IN IS-
CHEMIC STROKE

A number of studies have demonstrated that neurogene-
sis occurs throughout life in localized brain regions such as
the subventricular zone (SVZ) of the lateral ventricles, and
the subgranular zone (SGZ) of the dentate gyrus [29-31]. Af-
ter an ischemic injury, the neurogenesis can be activated and
promote neural repair [32, 33]. It has been evidenced that
the stem cell proliferation starts between 2 to 5 days after
stroke and lasts for about 30 days, with a peak on day 7-8
post-ischemia in rats [34, 35]. The post-stroke neurogenesis
was also found in the SVZ of the adult macacque monkeys
after global ischemia [36]. Consistently, the increased neuro-
genesis was proved in human brains by immunostaining on
the brain specimens of stroke patients [37, 38]. However,
this endogenous restorative process is generally insufficient
and thus unable to ameliorate ischemic damage and promote
functional recovery. Supported by solid experimental and
preclinical data, the transplantation of exogenous stem cells
has emerged as a promising tool for the treatment of is-
chemic stroke.

Stem cells are defined as clonogenic cells that own the
capacity to self-renew and differentiate into multiple cell lin-
eages [39]. In the past decades, several types of cells such as
embryonic stem cells (ESCs), mesenchymal stem cells (M-
SCs), neural stem cells (NSCs), induced pluripotent stem
cells (iPSCs), endothelial progenitor cells (EPCs) and some



he Effects and Underlying Mechanisms

Current Neuropharmacology, 2020, Vol. 18, No. 12 1215

Astrocyie end-foot

Microglia
lumen

Luminal plasma
~ membrane

[ Actin

y

Claudin

Tight Junction

Brain capillary

Oecludin

Brain

Junciion

%ﬂ!p{ll’l proteins
* Infiltrated leukocyite

Fig (1). The schematic diagram of the neurovascular unit and tight junctions. (A) The NVU comprises endothelial cells, pericytes, astrocytes
that can interact with neurons, perivascular macrophages/microglia and other brain components to impart specific properties on the BBB. (B)
The endothelial TJs include interacting transmembrane proteins Claudins, Occludins, and JAMs, as well as auxiliary cytoplasmic proteins
Z0 proteins. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

neural stem cell lines, have been assessed as potential cells
therapy for ischemic stroke. The results obtained from these
studies, although conflicting or controversial in some as-
pects, are encouraging. One of the potential mechanisms of
cell therapy against ischemic stroke is to replace the dead or
damaged cells and rebuild the new neuronal circuitry. On
the other side, there are indications that these cells work

through bystander effects, such as providing trophic support
to the injured tissues, fostering both neurogenesis and angio-
genesis to protect brain cells and enhance neuronal regenera-
tion [2, 5]. It means that the engrafted cells can either re-
lease growth and neurotrophic factors by themselves or stim-
ulate host cells to upregulate expression of these factors,
such as transforming growth factor-beta (TGF-B), vascular
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endothelial growth factor (VEGF), brain-derived neurotroph-
ic factor (BDNF), glial cell-derived neurotrophic factor (GD-
NF), nerve growth factor, and epidermal growth factor [1,
40-42]. Indeed, the bystander effect may be equally or more
effective at improving neurological outcome following is-
chemic insult.

Till now, different routes of cell administration have
been used in experimental stroke models and preclinical
studies. The local implantation includes intracerebroventricu-
lar (I.C.V) or intracerebral (cortex or hippocampus) delivery
routes, whereby direct administration of stem/progenitor
cells in the infarct areas achieves more vigorous neuroprotec-
tive effects. However, these invasive operations may ine-
vitably damage normal brain tissues and difficult to translate
into clinical applications [43]. Indirect cell administration,
via systemically intra-arterial or intravenous routes, also pro-
vides positive effects. Intra-arterial administration induces
less injury to the patients than intracerebral implantation, but
it is invasive as well. Intravenous administration is a mini-
mally invasive way and easy to be conducted, but the inject-
ed cells can be trapped in other organs so that only a small
number of cells can reach the brain [44]. As already men-
tioned, the optimal route of cell delivery remains unre-
solved. Considering the invasiveness and convenience, sys-
temic infusion of stem/progenitor cells is the most widely
used method in the ongoing clinical trials. However, the sys-
temically infused cells have to migrate through the BBB and
engraft at ischemic sites to exert their therapeutic effects.
Some prior studies demonstrated that interactions of
chemokines and chemokine receptors partly mediated the mi-
gration of stem/progenitor cells to the lesion site in the brain
[45]. The stromal cell-derived factor-1 (SDF-1)/CXC
chemokine receptor-4 (CXCR4) system assists in the integra-
tion of cells into impaired tissue by promoting the adhesion
of CXCR4-positive cells onto vascular endothelium [46].
The tropism and migration of stem cells towards the brain,
the interactions of stem cells, and BBB in CNS have been re-
viewed before [24]. After transplantation, the engrafted cells
are suggested to have the potential to decrease BBB leakage
and stabilize BBB integrity during ischemic stroke, which
will lessen neurovascular damage and contribute to their
therapeutic efficacy. However, the effects and underlying
mechanisms of cell therapy on the BBB permeability in is-
chemic stroke have not been extensively illustrated.

4. EFFECTS OF CELL THERAPY ON BBB INTEGRI-
TY AFTER ISCHEMIC STROKE

4.1. Embryonic Stem Cells

ESC:s are pluripotent cells having the ability to differenti-
ate into a range of cell types [47], which makes them a com-
pelling source in cell transplantation therapies. The previous
studies have addressed that ESCs graft reduced the infarct
size and improved neurological function in the experimental
stroke models. Human ESCs can survive, migrate, differenti-
ate, and increase endogenous nestin expression and acceler-
ate the remodeling process in adult rat cortical peri-infarc-
tion zone [48]. However, the ethical concerns and risk of tu-
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morgenicity impedes its clinical use and are therefore investi-
gated to a lesser extent. In this regard, there is little direct da-
ta on the effects of ESCs engraftment and BBB integrity af-
ter ischemic stroke. Some studies suggested that intravenous
murine ESCs could increase the number of microvessels at
the border of the lesion site, restored histological and be-
havioral deficits, and reduced infarct size even 15 days after
ischemic stroke, which provided indirect evidence that sys-
temic administration of ESCs might cross BBB and exert
neuroprotective effects [49, 50].

4.2. Mesenchymal Stem Cells

MSCs, of the phenotype SH2+, SH3+, SH4+, CD90+,
CD44+, CD14—, CD34—, and CD45—, can be harvested
from a variety of tissues, such as bone marrow, adipose tis-
sue, umbilical cord blood, and peripheral blood [51]. The
profile of the phenotype is often used to distinguish MSCs
from hematopoietic cells and allows rapid identification of a
cell population. MSCs could also be used both in autologous
and allogeneic transplantation for experimental and preclini-
cal assays, which are shown to facilitate the restoration of
cerebral CBF and BBB and produce functional benefits fol-
lowing ischemic stroke.

4.2.1. Bone Marrow-Derived Mesenchymal Stem Cells
(BMSCs)

BMSCs are the most frequently used MSCs in ischemic
stroke research. They support the crosslinking of peripheral
cells, astrocytes, and endothelial cells, maintain the integrity
of the BBB [52], form a microenvironment supporting neuro-
genesis, and promote the recovery of neurological function
[53]. Infusion of BMSCs in the acute phase of stroke has
been shown to improve BBB integrity and improve therapeu-
tic efficacy in animal studies. Borlonga et al. demonstrated
that intrastriatal transplantation of BMSCs expedited the re-
turn of CBF and BBB to near-normal levels in a dose-depen-
dent manner in MCAO rats, indicating the early restoration
of CBF and BBB following BMSCs engraftment may medi-
ate the functional outcomes of stroke animals [3]. Zacharek
et al. reported that intravenous administration of BMSCs 24
h post-stroke increased angiopoietin-1 (Angl), tyrosine ki-
nase Tie2, and occludin expressions in the ischemic border
compared to the control MCAO rats [4]. Besides, the au-
thors performed an in vitro study in which MSCs were cocul-
tured with astrocytes or mouse brain endothelial cells using
a transwell chamber coculture model. They found that BM-
SCs delivery might promote vascular stabilization and de-
crease BBB leakage, by increasing Angl/Tie2 and VEG-
F/VEGF receptor 2 expressions, and both together enhanced
angiogenesis and vascular maturation after stroke. Ang-1,
produced by pericytes [54], had been proved to signal
through the Tie2 family to promote vascular stabilization
and control BBB permeability after stroke [55]. Tang et al.
showed intracranial transplantation of BMSCs within 20
minutes after reperfusion downregulated aquaporin-4
(AQP4) expression, which consequently attenuated astro-
cyte apoptosis, BBB disruption, and brain edema. Addition-
ally, the upregulation of AQP4 was through p38 but not ex-
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tracellular signal-regulated kinase 1/2 (ERK1/2) or c-Jun N-
terminal kinase (JNK) signaling pathways in response to in-
flammatory cytokines [56]. AQP4, a water channel protein
expressed on the end-feet of astrocytes, has been widely
studied as an inflammatory mediator and a key target in the
induction of BBB disruption [57]. Furthermore, Cheng et al.
discovered intracranial transplantation of BMSCs within 15
min after reperfusion decreased the expressions of MMP-9,
IL-1B, IL-6, and TNF-q, alleviated neutrophil infiltration,
and attenuated BBB breakdown in MCAO mice [58]. These
effects were potentially mediated via an adenosine
monophosphate-activated protein kinase (AMPK)-depen-
dent intercellular adhesion molecule-1 (ICAM-1) downregu-
lation. Recently, Namioka et al. provided evidence that intra-
venous infusion of BMSCs at 8 weeks after MCAO stabil-
ized the BBB, reduced microvascular leakage and improved
behavior function, which indicated that BMSCs could exert
functional benefits even in the chronic phase of ischemic
stroke [59].

To increase stem cell homing capacity, genetic modifica-
tions are often used and various agents are co-administrated
with stem cells. That could facilitate cell entrance of the
brain. Huang et al. genetically changed the corresponding
CC chemokine receptor 2 (CCR2) to the MSCs (referred to
as MSC“™) and delivered modified cells to rats after
MCAO via the caudal vein. They discovered that MSC“*
dramatically mitigated TJ proteins degradation, increased
CD31 expression, and pericyte density in the NVU.
MSC“* engraftment reduced inflammation infiltration and
ROS generation, exhibited significantly enhanced migration
to the ischemic lesions, and improved the neurological out-
comes, which was attributed to the peroxiredoxin4-mediated
BBB preservation. Similar results were also confirmed using
the in vitro BBB model [60]. Administration of hypoxia pre-
conditioning (HP)-treated BMSCs to neonatal stroke of post-
natal day 7 rat pups, increased angiogenesis and neurogene-
sis, improved BBB functions, and CBF in the cerebral cor-
tex, and recovered sensory-motor and olfactory functions
[61]. To this respect, BMSCs are also considered as a regen-
erative therapy for neonatal ischemic stroke. Recently,
Nakazaki et al. revealed that intravenous infusion of BMSCs
activated both TGF-f and Angl signaling pathways to pro-
mote the proliferation and differentiation of both endothelial
cells and pericytes in the stroke-prone spontaneously hyper-
tensive rats (SHRSP), which was used as a cerebral small
vessel disease (CSVD) model [62]. Through remodeling of
microvasculature and restoration of the BBB, BMSCs in-
hibited amyloid-beta (AB) accumulation, ameliorated pro-
gressive brain atrophy, and improved cognitive dysfunction,
implicating BMSCs may represent a novel therapy for
CSVD.

Some previous studies indicated that the neurotrophic
factors help to stabilize the BBB integrity and improve func-
tional recovery in ischemic stroke. Yoo et al. found that in-
tracranial transplantation of BMSCs on day 3 after stroke de-
creased the production of monocyte chemoattractant pro-
tein-1 (MCP-1) and blocked the infiltration of additional im-
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mune cells through the impaired BBB. They also demonstrat-
ed that this effect was depended on the TGF-f secreted by
BMSCs [63]. MCP-1 is expressed in neurons, astrocytes,
and endothelial cells, in cells that regulate cells tropism and
migration towards the brain [64]. It is considered as a major
player in the regulation of the BBB breakdown and subse-
quent secondary brain damage [65]. Interestingly, Borlogan
et al. reported the increased expression of specific neu-
rotrophic factors such as GDNF, activin A, TGF-1, TGF-
B2 assisted in restoring CBF and BBB in the transplanted
stroke brain. They provided a new notion that neuroprotec-
tive effect of stem cell therapy did not require the engrafted
cells to physically pass the BBB and enter the brain [66].
Some studies hypothesized that the combination pharmaco-
logical treatment with stem cell and trophic factors exhibit
stronger protective effects on ischemic injury compared with
stem cell alone. Huang ef al. revealed intravenous transplan-
tation of BMSCs with BDNF 48 h after stroke significantly
mitigated BBB dysfunction, activated the neuron-specific
enolase (NSE) activity, and inhibited neuronal apoptosis in
the ischemic boundary zone on day 14 in MCAO rats [67].

4.2.2. Adipose Tissue-Derived Mesenchymal Stem Cells
(ADMSCs)

ADMSCs are derived from adipose tissue and thus are
abundant, accessible, and easy to obtain, and readily cul-
tured to a sufficient number for autologous transplantation
without ethical issues. Leu et al. discovered that ADMSCs
therapy increased the expressions of SDF-1/CXCR4 system,
enhanced angiogenesis and neurogenesis, attenuated inflam-
matory response and apoptosis on day 21 after ischemic
stroke, contributing to the recovery of neurological func-
tions [68]. Chi et al. showed that intravenous administration
of ADMSCs upregulated the distribution of ZO-1 and Claud-
in-5, alleviated the impairment of BBB in MCAOQO rats,
which was ascribed to the suppression of ischemia-induced
endoplasmic reticulum stress [69]. A recent research further
confirmed the beneficial effects of ADMSCs on BBB integri-
ty in ischemic stroke [70]. In addition, the authors suggested
that the protective effects of ADMSCs were exerted by sup-
pressing miR-21-3p expression, which then upregulated me-
thionine adenosyltransferase 2B (MAT2B) and subsequently
inhibited apoptosis and inflammation in brain tissue. The
miR-21-3p/MAT2B signaling plays a critical role in cell
apoptosis and inflammation, which has been proved to regu-
late BBB permeability after traumatic brain injury as well
[71].

4.2.3. Umbilical Cord-Derived Mesenchymal cells (UCM-
SCs)

The human umbilical cord is a promising source of
MSC:s. Since their collection is non-invasive, painless, and
does not evoke the ethical concerns, umbilical cord blood
cells (UCBCs) have become an attractive option for is-
chemic stroke. There are evidence that human UCBCs
(HUCBCs) can potentially attenuate the dysfunction of
BBB, regulate inflammatory and immune responses, and fa-
cilitate the behavioral recovery after ischemic stroke [72,
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73]. Lind et al. found that UCBCs administration to stroke
animals could restore CBF and BBB integrity, and positive-
ly correlate with behavioral recovery [74]. Zhao et al. discov-
ered intranasal administration of human UCMSCs condition
medium (HUCMSC-CM) starting 24 h post-stroke exhibited
significantly increased expressions of ZO-1, occludin, and
desmin, enhanced BBB integrity and promoted functional
outcome but did not decrease lesion volume in MCAO rats.
Moreover, HUCMSCs-CM significantly decreased the lev-
els of angiopoietin-2 (Ang2) and increased the levels of both
Angl and Tie2 in the ischemic brain [75]. Ang2, an antagon-
ist for Angl, can inhibit Angl-promoted Tie2 signaling and
decrease blood vessel maturation and stabilization [76]. Cui
et al. demonstrated that the combination of sub-therapeutic
doses of simvastatin with HUCBCs treatment increased
Angl/Tie2 and occludin expression in the ischemic brain,
which enhances vascular remodeling and preserves BBB in-
tegrity [77]. In 2019, Shiao ef al. conducted RNA sequenc-
ing to study the brain transcriptome change after the sys-
temic administration of HUCBCs in rats after MCAO [78].
They addressed HUCBCs were able to reduce the upregula-
tion of transcripts associated with BBB permeability, there-
by reducing infiltration and activation of immune cells,
which might be responsible for the downregulation of apop-
totic related genes.

4.2.4. Other Sources of Mesenchymal Stem Cells

Being immunoprivileged and having the immunomodula-
tory ability, the placenta and amniotic fluid are noticeably
practical sources of MSCs, which are reported to be associat-
ed with BBB permeability and integrity in ischemic stroke.
Kholodenko ef al. performed a comparative analysis of the
efficiency of crossing BBB by intravenous infusion of pla-
cental MSC in two MCAO models differing by the severity
of the injury. They indicated that the BBB penetration and
placental MSCs migration into CNS largely depend on the
degree and nature of the injury to the brain [79]. Faezi ef al.
revealed that I.C.V. administration of human amniotic mes-
enchymal stem cells condition medium (HAMSC-CM) 30
minutes after reperfusion reduced infarct volume, brain ede-
ma and BBB leakage by targeting apoptosis [80]. The data
from Nazarinia et al. further support the above foundings.
They discovered intravenous injection of HAMSC-CM im-
mediately after reperfusion improved BBB integrity and
gave rise to neuroprotection against ischemic injury by sup-
pressing autophagy in a mammalian target of rapamycin (m-
TOR) dependent mechanism [81].

4.3. Neural Stem/Progenitor Cells (NSCs/NPCs)

Endogenous NSCs mainly reside in the SVZ of the later-
al ventricles and SGZ of the dentate gyrus [32]. The NSCs
move from the SVZ into the rostral migratory stream and
thence to the olfactory bulb where they differentiate into in-
terneurons in rodents. Several studies indicated that circum-
ventricular organs (CVO) also comprise a midline series of
adult stem cell niches along the third ventricles and fourth
ventricles [82]. The NSCs have the functional properties of
self-renewal and multipotency to differentiate into neurons
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in a regional and developmental stage-appropriate manner
throughout life. After ischemic stroke, the NSCs can engraft
into ischemic brains survived, migrated to the ischemic le-
sion, maturing into neurons to replenish the damaged cells
and promote neural repair [33, 83, 84]. Up to now, transplan-
tation of exogenous NSCs to aid endogenous neural progeni-
tors has been widely studied.

Under ischemic conditions, BBB leakage is increased in
all brain stem cell niches including SVZ, SGZ, CVO, the
third ventricles, and fourth ventricles, which may potentially
increase access to systemic stroke-related factors and induce
endogenous neurogenesis in these niche sites [82]. The ef-
fects of exogenous transplanted NSCs on BBB permeability
following ischemic stroke were further explored. Huang et
al. showed that early transplantation of NSCs helped to pro-
tect against damage to the BBB after ischemic stroke. In-
tracranially injected human NSCs within 24 h post-stroke
significantly inhibited the extravasation of the blood-borne
substance IgG, suppressed MMP-9 activity and prevented
Z0-1 degradation. Moreover, transplantation of human NSC
decreased microglia activation as well as downregulated ex-
pressions of inflammatory factors and adhesion molecules in
mice after ischemic stroke [85]. Similarly, hippocampal tran-
splanted human iPSC-NSCs could rapidly migrate into the
site of stroke injury, ameliorate BBB damage and inflamma-
tory response, thus improving neurological and pathophysio-
logical functions in a rodent MCAO model [86]. In another
study, Zhang et al. showed that pretreatment of NSCs with
adjudin could enhance the viability of NSCs after their trans-
plantation into the stroke-induced infarct area. Transplanta-
tion of adjudin-preconditioned mouse embryonic NSCs into
the ipsilateral striatum at 24 h after MCAO resulted in de-
creased infarct volume and amelioration of BBB disruption
in adult mice [87]. Adjudin, a small molecular derivative of
indazole, has been reported to protect against ischemic in-
jury by inhibition of neuroinflammation and BBB disruption
[88]. Furthermore, Doeppner ef al. found that intravenous
transplantation of adult NPCs at 6 h after stroke has the
unique advantage of stabilizing the BBB via mechanisms in-
volving a reduction of MMP9 expression and ROS when
compared to intracerebral transplantation. They suggested
long-term neuroprotection of NPC in ischemic stroke was
rather a consequence of acute neuroprotection and BBB re-
modeling than a consequence of post-stroke neuroregenera-
tion [89, 90]. In addition, they analyzed the effects of cell de-
livery timing for intravenous transplantation of NPCs and
their underlying mechanisms in MCAO mice [91]. The
NPCs were intravenously grafted on day 0, on day | or on
day 28 after stroke, followed by an observation period of 3
months post-stroke. The results revealed NPC-induced neu-
roprotection after acute cell delivery was due to the stabiliza-
tion of the BBB, reduction in microglial activation and mod-
ulation of immune responses. On the other hand, post-acute
NPC transplantation stimulated post-ischemic regeneration
via enhanced angioneurogenesis and increased axonal plas-
ticity. They concluded post-ischemic functional recovery is
independent of NPC delivery timing, which offered a broad
therapeutic time window for stroke treatment.
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4.4. Endothelial Progenitor Cells (EPCs)

EPCs are precursors for the mature endothelium that
lines the vascular system, which expresses the surface mark-
ers involving CD34 or CD133 and the marker protein VEGF
receptor 2 [92]. They are mainly harvested from the mononu-
clear cell fraction of peripheral blood, leukapheresis prod-
ucts, umbilical cord blood and bone marrow [93]. EPCs ad-
ministration can enhance BBB integrity and improve neuro-
logical function after ischemic stroke [94, 95]. By electron
microscopy, Garbuzova-Davis et al. reported intravenous
transplantation of human bone marrow EPCs into rats at 48
h after MCAO successfully enhanced mitochondrial func-
tion and exerted pinocytotic activity, which might have medi-
ated the restoration of the BBB after ischemic stroke [96].
This BBB repair was observed in the early phase of the
stroke. By bioluminescence imaging and MRI dual-mode
imaging, Ding et al. described that [.C.V. administration of
human umbilical cord blood EPCs reduced the permeability
of BBB, promoted myelin recovery, and enhanced the neuro-
genesis in a photothrombotic stroke model, which was con-
sistent to the histopathological detections [97]. Recently, Sar-
gento-Freitas ef al. conducted a clinical study that delivered
EPCs into the ischemic patients and assessed the permeabili-
ty of BBB by MRI at day 0 and 7 after stroke. They demons-
trated EPCs improved clinical outcome at 3 months in pa-
tients, which was associated with subacute permeability of
BBB and miRNAs related to adherens junction pathway
[98].

4.5. Other Types of Stem Cells

In the last few years, it has been demonstrated that some
novel sources of stem cells such as dental tissue, menstrual
blood, breast milk are able to promote functional recovery in
ischemic stroke [99-101]. The derived stem cells maintain
potency to differentiate into various types of cells forming
nervous tissue histo-architecture and display highly prolifera-
tive capabilities. They exert neuroprotective effects through
secreting neurotrophic factors, modulating the inflammatory
response, and enhancing neurogenesis and angiogenesis.
Sowa et al. provided evidence that intravenous dental pulp
stem cells (DPSC) immediately after MCAO suppressed
proinflammatory cytokine levels and ameliorated the disrup-
tion of BBB by inhibiting the decline of TJ proteins, which
further reduced the level of subsequent ischemia-induced
neuronal damage and promoted angiogenesis after ischemic
injury [102]. Current data on the relationship between breast
milk or menstrual blood-derived stem cells and BBB permea-
bility after ischemic stroke is scarce. In the future, the abun-
dance, frequency, and expansion potential of these stem
cells may provide a good choice for ischemic stroke therapy.

5. EFFECTS OF STEM CELLS ON BBB INTEGRITY
IN RT-PA-MEDIATED THERAPY

Disruption of BBB, damage to microvessels, and the tox-
ic and non-thrombolytic actions of tPA are the mechanisms
underlying delayed rt-PA-induced complications, especially
HT [103]. Cells engraftment is implicated to suppress hemor-
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rhagic events after rt-PA therapy in the acute phase of is-
chemic stroke models. Nakazaki et al. demonstrated that
BMSCs decreased the incidence of hemorrhagic events after
rt-PA therapy in MCAO rats [104]. They found that intrave-
nous infusion of BMSCs 30 minutes post-reperfusion sup-
pressed the activity of MMP-9, inhibited vascular endothe-
lial dysfunction and mitigated BBB disruption. The combina-
tion therapy of BMSCs and rt-PA also facilitated early be-
havioral recovery in rats. Yang et al. revealed intravenous
administration of bone marrow mononuclear cells 2 h after
t-PA therapy did not alter the incidence of HT but decreased
the severity of HT and reduced BBB permeability after
stroke. One possible mechanism could be through the inhibi-
tion of MMP?3 released by astrocytes via Janus kinase/signal
transducer and activator of transcription (JAK/STAT) path-
way [105].

Liu et al. discovered that intracerebral transplanted BM-
SC reduced MMP activation, survived and differentiated in-
to microglia and astrocyte at 14 days, alleviating the damage
to NVU caused by tPA after ischemic stroke. The MMP acti-
vation and BMSC effects were detectable with in vivo and
ex vivo optical imaging [106]. Recently, Boese et al. demons-
trated that transplantation of NSCs into the hippocampus 24
h post-stroke protected the BBB and reduced infarct volume
in aged brains that receive delayed tPA administration.
NSCs could preserve BBB integrity through the downregula-
tion of pro-inflammatory factors, MMP-9, and reducing pro-
teolytic cleavage of ZO-1 [107]. Therefore, the aforemen-
tioned data supports the notion that extending the therapeu-
tic time window and efficacy for rt-PA might be achieved
by combining neuroprotection with stem cells in ischemic
stroke.

6. EFFECTS OF STEM CELLS ON BBB IN DIABETIC
STROKE

Diabetes mellitus (DM) is a significant risk factor for is-
chemic stroke. Diabetic animals are more prone to vascular
injury, arteriosclerosis and have decreased TJ proteins ex-
pression, increased BBB disruption and poor functional out-
comes compared to wild-type ischemic animals [108]. Some
studies explored the effects of stem cell engraftment on
BBB permeability after ischemic stroke in diabetic stroke
models. In 2011, Chen ef al. found that BMSCs therapy in
type 1 diabetic (T1DM) rats failed to improve neurological
function, adversely increased BBB leakage and intracranial
hemorrhage 2 weeks after stroke, which was ascribed to the
increased expression of angiogenin and ED1 (a marker for
macrophages) positive macrophages [109]. However, Yan et
al. discovered that when combining BMSCs with Niaspan, a
drug used to prolong the release of niacin in DM patients,
and attenuated the above adverse side-effects of BMSC in
T1DM rats [110]. The combination treatment substantially
downregulated angiogenin, MMP9, and ED1 expressions
and mitigated BBB leakage and cerebral arteriosclerosis-like
changes in the ischemic brain. In 2006, Hu et al. reported
that intravenous administration of BMSCs starting 24 h after
MCADO in type 2 diabetic (T2DM) rats significantly reduced
the levels of high-mobility group box 1 (HMGB1) and recep-
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tor for advanced glycation endproducts (RAGE), increased
Z0-1 expression, decreased BBB leakage and facilitated the
functional recovery [111]. However, the treatment failed to
decrease the lesion volume. Complementary in vitro data fur-
ther supported that BMSCs transwell culture treatment signi-
ficantly reduced the HMGB1 and RAGE expression in mi-
croglia after oxygen-glucose deprivation (OGD) exposure.
HMGBI1 acts as a danger-associated molecular pattern,
which can mediate cerebral inflammation and participate in
the pathogenesis of ischemic stroke [112]. By interplaying
with its receptor RAGE, HMGB1 may increase vascular
permeability, accelerate BBB breakdown, and amplify the
brain injury after ischemia [113]. Furthermore, they discov-
ered that intravenous injection with BMSCs conditioned
medium at 24 h after stroke in T2DM rats also promoted
functional outcome, reduced BBB leakage, and increased
the levels of Angl and Tie2 in the ischemic brain [114]. In
another research, Yan et al. revealed the BMSCs adminis-
tered at 3 days after MCAO decreased BBB leakage and im-
proved functional outcome as well. Delayed BMSCs promot-
ed neurovascular remodeling and anti-inflammatory M2
macrophage polarization, improved NSC migration, and axo-
nal remodeling in the ischemic border zone. Increasing brain
platelet-derived growth factor expression may contribute to
BMSC-induced neurorestoration [115]. Ding et al. conduct-
ed an MRI research and demonstrated that BMSCs transplan-
tation significantly decreased BBB leakage in T2DM rats
starting at 1 week after stroke by contrast-enhanced T1-
weighted imaging with gadopentetate, and reduced cerebral
hemorrhagic spots starting at 3 weeks post-stroke by sus-
ceptibility-weighted imaging, although BMSC treatment did
not reduce the ischemic lesion volumes as demarcated by T2
maps. These MRI measurements were consistent with histo-
logical data [116].

UCBGC:s transplantation is tested in some diabetic stroke
studies as well. Yan et al. showed HUCBCs delivery at 24 h
after stroke upregulated Ang-1 and concomitantly reduced
RAGE expression in the ischemic brain in T1DM rats. More-
over, HUCBCs increased vascular and arterial density with
larger diameters as well as promoted vascular integrity and
alleviated BBB leakage [117]. Chen et al. discovered de-
layed HUCBCs treatment initiated on day 3 in T2DM-M-
CAO mice that inhibited brain hemorrhage and BBB leak-
age, increased TJ proteins expression and vascular remodel-
ing as well as white matter remodeling in the ischemic brain.
The increasing miR-126 expression may mediate HUCBC-
s-induced neuroprotective effects [118]. However, Yan ef al.
found that HUCBCs transplantation did not reduce BBB
leakage and lesion volume in T2DM rats, but significantly
increased white matter and vascular remodeling as well as
decreased neuroinflammatory response and promoted M2
macrophage polarization, which then improved long-term
functional outcome and attenuated brain hemorrhage [119].
In addition, Geng et al. reported intravenous administration
of EPCs attenuated infarct volume, mitigated BBB leakage,
and improved neurological outcomes following MCAO in
T1DM mice, which was attributed to the upregulation of hy-
poxia-inducible factor-lo (HIF-la) after stroke [120].
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HIF-1a is a critical transcription factor in maintaining oxy-
gen homeostasis under physiological conditions and regulat-
ing the cellular adaptive reaction under hypoxic conditions
[121]. The mechanism by which HIF-1a affects BBB integri-
ty and permeability in acute ischemic stroke warrants further
study.

The discrepancy of these data may be related to the inher-
ent heterogeneity of stem cells combined with variations in
experimental techniques and models. Cautions should be ex-
ercised in translating the therapeutic effects of cell engraft-
ment in nondiabetics to diabetics.

7. CHALLENGES AND CONCERNS FOR CELL
THERAPY IN ISCHEMIC STROKE

Despite promising results of preclinical studies, only a
few clinical trials were able to confirm the beneficial effects
of cell therapy on human patients [122, 123]. Preliminary re-
ports of clinical trials sometimes indicate safety, but not the
efficacy of the existing clinical protocols [124]. That clearly
indicates the urgent need for further investigation which will
be able to close the gap between preclinical and clinical re-
search. In addition to some public concern and ethical
problems in respect of the usage of some type of stem cells,
there are numerous factors, which need to be further ex-
plored. The administration route, cell dosage, optimum tim-
ing of treatment, immunogenicity, tumorigenicity, and over-
all feasibility of use are still in the focus of research. The im-
provement in pharmacological drugs or genome editing tech-
niques may improve the efficacy of cell therapy by promot-
ing proliferation, migration, differentiation, survival of new-
born neuron, and the function connection. Further experi-
mental and clinical studies are necessary to clearly define an
effective, feasible, and safe cell-based therapy, which will in
turn guide future translational strategies for clinical applica-
tions.

CONCLUSION AND PERSPECTIVES

Until now, numerous experimental studies have demons-
trated the promising effects of varied types of stem/progeni-
tor cells in treating ischemic stroke in animal models. The re-
sults of most studies are encouraging and demonstrated that
engrafted cells succeeded in exerting neurofunctional im-
provements. However, the underlying mechanisms have not
been fully elucidated yet. Accumulating evidence suggests
that structurally and functionally restoring the BBB by en-
grafted cells in an acute and sub-acute stroke setting provid-
ed therapeutic benefits. The regeneration and the repair of
the damaged BBB by these cells is critical to the success of
cell therapy after ischemic stroke.

LIST OF ABBREVIATIONS
AP = Amyloid Beta
ADMSCs = Adipose Tissue-Derived Mesenchymal

Stem Cells
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AMPK

Angl
Ang?2
AQP4
BBB
BDNF
BMSCs

BMSCs-CM
CBF
CCR2
CNS
CSVD
CvVoO
CXCR4
DM
DPSC
ECM
ECs
EPCs
ERK1/2

ESCs

FDA

GDNF
HAMSC-CM

HIF-1a
HMGBI
HP

HT

HUCMSC-CM

ICAM-1
IL.C.V
iPSCs
JAK
JAMs
INK
MAT2B

= Adenosine Monophosphate-Activated
Protein Kinase

= Angiopoietin-1

= Angiopoietin-2

Aquaporin-4
= Blood-Brain Barrier
= Brain-Derived Neurotrophic Factor

= Bone Marrow-Derived Mesenchymal
Stem Cells

= BMSCs Conditioned Medium
= cerebral blood flow

= CC Chemokine Receptor 2

= Central Nervous System

= Cerebral Small Vessel Disease
= Circumventricular Organs

= CXC Chemokine Receptor-4
= Diabetes Mellitus

= Dental Pulp Stem Cells

= Extracellular Matrix

= Endothelial Cells

= Endothelial Progenitor Cells

= Extracellular Signal-Regulated Kinase
1/2

= Embryonic Stem Cells

= Food and Drug Administration

= Glial Cell-Derived Neurotrophic Factor

= Human Amniotic Mesenchymal Stem
Cells Condition Medium

= Hypoxia-Inducible Factor-1a

= High-Mobility Group Box 1

= Hypoxia Preconditioning

= Hemorrhagic Transformation

= Human UCMSCs Condition Medium
= Intercellular Adhesion Molecule-1
= Intracerebroventricular

= Induced Pluripotent Stem Cells

= Janus Kinase

= Junctional Adhesion Molecules

= c-Jun N- Terminal Kinase

= Methionine Adenosyltransferase 2B
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MCAO = Middle Cerebral Artery Occlusion

MCP-1 = Monocyte Chemoattractant Protein-1

MMP = Matrix Metalloproteinase

MRI = Magnetic Resonance Imaging

MSCs = Mesenchymal Stem Cells

mTOR = Mammalian Target of Rapamycin

NSC/NPC = Neural Stem/Progenitor Cell

NSE = Neuron-Specific Enolase

NVU = Neurovascular Unit

OGD = Oxygen Glucose Deprivation

RAGE = Receptor for Advanced Glycation End-
products

rt-PA = Recombinant Tissue Plasminogen Acti-
vator

SDF-1 = Stromal Cell Derived Factor-1

SGZ = Subgranular Zone

SHRSP = Stroke Prone Spontaneously Hyperten-
sive Rats

STAT = Signal Transducer and Activator of
Transcription

SvVzZ = Subventricular Zone

T1DM = Type 1 Diabetes Mellitus

T2DM = Type 2 Diabetes Mellitus

TGF-B = Transforming Growth Factor-Beta

TJs = Tight Junctions

UCBCs = Umbilical Cord Blood Cells

UCMSCs = Umbilical Cord-Derived Mesenchymal
Cells

VEGF = Vascular Endothelial Growth Factor

Z0 = Zonula Occluden
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