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Erythropoietin has been researched for its neuroprotective
effects in ischemic stroke for over 30 years. Although ery-
thropoietin can cause side effects that need to be con-
trolled, it has been suggested to be effective in enhanc-
ing the prognosis of patients who are out of the therapeu-
tic time window and have not received recombinant tissue
plasminogen activator therapy. Studies on the mechanism
of the function of erythropoietin have shown that it has var-
ious protective effects in ischemic brain injury after stroke,
including promoting neurogenesis. In this review, we dis-
cuss the effects of erythropoietin on neurogenesis after is-
chemic brain injury and provide references for effective
treatments for ischemic stroke, which is one of the leading
causes of death worldwide.
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1. Introduction
Ischemic stroke, due to its suddenness and complexity of symp-

toms, is a great challenge worldwide. A full understanding of the
pathology and recovery process of ischemia/reperfusion (I/R) is
still lacking, and this has inspired scientists to develop new ther-
apies. Since the discovery of neurogenesis in the central nervous
system of the adult mammalian brain and because neurogenesis af-
ter I/R is involved in recovery after ischemic injury, neurogenesis-
related therapies have become new possibilities for stroke treat-
ment, for example, intrinsic neurogenesis-promoting factors, such
as brain-derived neurotrophic factor (BDNF), nerve growth factor
(NGF) and insulin-like growth factor 1 (IGF-1) (Luft et al., 2008;
Pin-Barre and Laurin, 2015). Until now, due to the difficulty in
translating dosing and targets from animal models to humans, most
of those growth factors are not used as therapeutic agents (Chan et
al., 2017b).

Erythropoietin (EPO), which is a hematopoietic factor that is
mainly secreted by peritubular capillary bed of the kidneys (Fisher
et al., 1996) in the renal cortex as part of the intrinsic response to
hypoxia, is also produced by several other tissues, including the

brain (Anagnostou et al., 1994; Nagai et al., 2001; Wright et al.,
2004), and has become one of the most notable potential neuro-
protective treatments since the in vivo experiments conducted by
Sakanaka et al. (1998) demonstrated for the first time that EPO has
a neuroprotective effect in ischemic brain injury.

EPO can reduce ischemic injury in more diverse ways than
other promising neuroprotective treatments, such as N-Methyl-
D-aspartic acid (NMDA) antagonists, gamma-aminobutyric acid
(GABA) agonists, free radical scavengers and antiapoptotic drugs
(Tuttolomondo et al., 2015), including by reducing intracellular cal-
cium accumulation and excitatory neural toxicity (Sakanaka et al.,
1998), relieving oxidative stress (Ostrowski and Heinrich, 2018),
decreasing apoptosis (Zhao et al., 2015), inhibiting the inflam-
matory response (Villa et al., 2003), and reducing damage to the
blood-brain barrier (Chi et al., 2008). As a variety of intercon-
nected pathways mediates ischemic brain damage, agents such as
EPO,which can regulatemultiple pathways, aremore effective than
those that can only target a single pathway. Ehrenreich et al. (2002)
showed very early, and for the first time that EPO therapy for stroke
is safe and beneficial in human patients.

Moreover, recent additional studies on EPO have suggested that
EPO and EPO receptor (EPOR) are necessary for early embryonic
neural development (Alnaeeli et al., 2012) and that EPOR con-
tributes to the migration of newly generated neurons during adult
neurogenesis (Tsai et al., 2006), which suggests the potential effect
of EPO on post-stroke neurogenesis. As mentioned above, endoge-
nous neurogenesis has been regarded as a novel therapeutic method
for ischemic stroke. The promoting effect of EPO on neurogenesis
endows it with therapeutic capability during both the acute stage
and in the long term. In this review, we discuss the role of EPO in
the regulation of neurogenesis after ischemic stroke and its possible
mechanism.

2. EPO and its downstream pathways
EPO is a 30.4-kDa glycoprotein named for its role in promoting

mature erythrocyte production. Studies have identified neurogenic
and fibrosis features of those cells (Frede et al., 2011). In normal
human bodies, EPO is maintained at a low level to produce new
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mature erythrocytes to replace aging erythrocytes. During severe
bleeding, anemia, and hypoxia and under other pathological condi-
tions, a decrease in the blood oxygen concentration, which can be
sensed by kidney peritubular interstitial cells, occurs and causes an
increase in EPO production mediated by hypoxia-inducible factor-
2 (HIF-2) (Haase, 2013). Also, the kidneys can respond to hypoxia
by increasing the number of EPO-producing cells (Koury et al.,
1989). EPO can enter the bone marrow and act on colony-forming
units (CFU-Es) in erythroid progenitor cells to promote their dif-
ferentiation into mature erythrocytes by binding with EPOR. Also,
it can act on burst forming units (BFU-Es) to promote their prolif-
eration. Studies have shown that one of the primary mechanisms
by which EPO promotes the generation of mature erythrocytes is
through inhibition of the apoptosis of its precursor cells during pro-
liferation and differentiation (De Maria et al., 1999; Suzuki et al.,
2003).

EPOR is a member of the type I cytokine receptor superfamily.
When bound to EPO, it exists as a dimer, forming a "pocket" with
the ligand-binding site at the center. The intracellular region of
the receptor can recruit, bind and activate Janus Kinase 2 (JAK-2),
which is a member of the nonreceptor tyrosine kinase superfamily,
further leading to the phosphorylation of eight tyrosine residues
in the cytoplasmic region of EPOR. These phosphorylated tyro-
sine residues recruit a variety of Src homology-2 (SH2) domain-
containing proteins that initiate various signaling pathways, such
as PI3K/AKT,MAPK/MEK/ERK1/2, STAT1, STAT3, and STAT5
pathways (Rossert and Eckardt, 2005).

PI3K, an intracellular phosphatidylinositol kinase, is one of the
signaling molecules involved in intracellular signal transduction.
Upon binding to its receptor, PI3K is activated and phosphory-
lates its downstream molecule AKT, which further phosphorylates
GATA binding protein-1 (GATA-1). GATA-1 is a key transcrip-
tion factor of hematopoietic-specific genes. It can identify almost
all erythrocyte-related genes, such as bead protein and hemoglobin
synthase. In erythroid progenitor cells, GATA-1 can also promote
the expression of the anti-apoptotic protein bcl-xl, thereby reduc-
ing apoptosis of hematopoietic progenitor cells and maintaining
their viability. Phosphorylation of GATA-1 by AKT enhances its
role in promoting hematopoiesis (Chateauvieux et al., 2011; Zhao
et al., 2006b). AKT also phosphorylates and inhibits the activ-
ity of the transcription factor Foxo3A, thereby downregulating the
expression of Foxo3A target genes, such as cyclin-dependent ki-
nase inhibitors and the bcl-2 family member BIM (Bakker et al.,
2004). The MAPK/MEK/ERK1/2 pathway can repress the expres-
sion of caspase-3 and thus reduce cell apoptosis (Kolbus et al.,
2002). The JAK2/STAT5 pathway, a classical pathway activated
by phosphorylation of JAK-2, can induce the expression of bcl-xl
and thus reduce apoptosis of erythroid precursor cells (Socolovsky
et al., 2001). Briefly, the pathways targeted by EPO include many
cell survival and apoptosis pathways, such as those involving bcl-
xl, bcl-2, and caspase-3, which are commonly expressed in many
other systems in addition to the hematopoietic system.

While the EPOR homodimer mediates erythropoiesis, the
tissue-protective effects of EPO have also been proposed to be me-
diated partly by a common β receptor (βCR), which is shared by
a granulocyte-macrophage colony-stimulating factor (GM-CSF),
interleukin-3 (IL-3) and interleukin-5 (IL-5). It can bind with
EPOR to form the heterodimer EPOR/βCR (Brines and Cerami,

2006). Knockout of the βCR gene thoroughly represses the tissue-
protective capacity of EPO in cardiomyocytes and spinal cord in-
jury models (Brines et al., 2004), demonstrating that βCR is essen-
tial for the tissue-protective effects of EPO.

3. EPO in embryonic neurodevelopment
Marti et al. (1997) showed that, in addition to being produced by

the kidneys and liver, EPO is also expressed in the mouse, primate,
and human brains. Both neurons and glia produce EPO in the cen-
tral nervous system (Bernaudin et al., 2000). EPO and EPOR begin
to be expressed in the embryonic brain, with the highest expression
in the second trimester and a significant decrease in expression af-
ter birth (Knabe et al., 2004; Liu et al., 1997, 1996, 1994). Tsai
et al. (2006) have shown that EPO and EPOR play an important
role in embryonic neural development and that EPOR is involved in
adult neurogenesis after injury. EpoR knockout mice have a normal
hematopoietic system due to an endogenous hematopoietic system-
specific EPO enhancer. Still, apoptosis of neural precursor cells in
the embryonic brain is increased, and neurogenesis in the subven-
tricular zone (SVZ) in adult mice is decreased. Also, compared
with those extracted from normal mice, neurons extracted from fe-
tal EPOR knockout mice are more susceptible to hypoxia and glu-
tamate neurotoxicity (Chen et al., 2007). Several experiments have
shown that EPO can promote proliferation (Chen et al., 2007; Yu
et al., 2002) and neuronal differentiation (Shingo et al., 2001) of
neural precursor cells in vitro.

Epigenetic studies have shown that EPO treatment can induce
a series of changes in the epigenome and the transcription of neu-
ral precursor cells, thus regulating the neural development process
(Sollinger et al., 2017). By analyzing the distribution of EPOR in
specific brainstem nuclei of P25 rats, researchers have found that
EPO-EPOR signaling may play an important role in the neural con-
trol of ventilation during neural development (Schneider Gasser et
al., 2019). Also, EPO treatment enhances neurogenesis and oligo-
dendrogliomas in the SVZ, thus promoting recovery after neona-
tal stroke (Gonzalez et al., 2013; Iwai et al., 2010; Osredkar et
al., 2010). In phase II double-blind, placebo-controlled trial, EPO
combined with hypothermia for perinatal hypoxic-ischemic en-
cephalopathy (HIE) improved early developmental outcomes (Wu
et al., 2016). In summary, abundant studies have proven that EPO
plays an essential regulatory role in embryonic neurogenesis and
can exert a protective effect on embryonic neurogenesis in the con-
text of ischemic damage.

4. Adult neurogenesis during physiological
conditions and after ischemic stroke
Until the 1960s, it was believed that the adult brain is a stable

structure and that neurons can only be generated during develop-
ment. This view was challenged by studies indicating the existence
of newly born neurons in the adult brain (Altman and Das, 1965).
The SVZ of the adult brain, which contains radial glial cells (type B
cells), transient amplifying intermediate progenitors (type C cells)
and migrating neuroblasts (type A cells), can generate new neu-
rons, which further results in neuronal replacement in the olfactory
bulb (OB) (Alvarez-Buylla et al., 2000; Calzolari et al., 2015; Fu-
rutachi et al., 2015). Thousands of young neurons (type A cells)
migrate into the OB in adult mice every day (Lois and Alvarez-
Buylla, 1994). Still, only a fraction of these cells survive to differ-
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entiate and incorporate into the local circuit.

In addition to new neurons, oligodendrocyte progenitor cells
(OPCs) that differentiate into oligodendrocytes, which are respon-
sible for myelin formation, can also be generated from type B cells
and a small subpopulation of actively dividing type C cells. This
OPCs originate from SVZ neural progenitor cells and can migrate
into the corpus callosum, the striatum, and the cortex, contributing
to the maintenance of axonal integrity, neural plasticity, and cir-
cuitry function (McTigue and Tripathi, 2008; Menn et al., 2006).
As axon elongation is required for proper integration of newly
formed neurons into the adult central nervous system (Davies et al.,
1997), synaptic development in addition to cell proliferation, dif-
ferentiation, and migration and incorporation of neural stem and
progenitor cells must be included in the process of neurogenesis.

Another canonical region where adult neurogenesis takes place
in the normal brain is the subgranular zone (SGZ) of the hippocam-
pal dentate gyrus. Type 1 cells, the neural stem cells in the SGZ,
can generate type 2 cells (intermediate progenitor cells) that ini-
tially are similar to glial cells (type 2a cells) but are later converted
to more neuronal-like cells (type 2b cells), which express DCX.
Type 2b cells further differentiate into neuroblasts (type 3 cells).
After undergoing morphological, electrophysiological, and gene
expression changes (Danzer et al., 2008), type 3 cells extend their
dendrites toward the molecular layer and project axons through the
hilus toward the CA3 region (Zhao et al., 2006a). Neurogenesis
in the SGZ contributes to the regulation of emotion and other lim-
bic functions (Bettio et al., 2016; Zhao et al., 2006a). According to
recent research, throughout the life of a mouse, cell proliferation
within the SGZ continues to decline, which impairs learning and
memory (Smith and Semenov, 2019; Takei, 2019).

The adult brain has been found to contain several noncanonical
neurogenesis regions in addition to the SVZ and SGZ, such as the
neocortex, striatum, piriform cortex, and hypothalamus (Dayer et
al., 2005; Luzzati et al., 2014; Rotheneichner et al., 2018). Also,
Hassouna et al. (2016) presented a novel hypothesis that neurons
can be generated from inconspicuous local precursors without en-
tering S-phase in some 'nonclassical' neurogenesis areas. However,
neurogenesis in some of the above areas may occur at a very low
rate (Nato et al., 2015); this needs further verification and evalua-
tion.

Human studies of adult neurogenesis have reached different
conclusions about whether human adult neurogenesis can be ob-
served; for example, Sorrells et al. (2018) indicated that human
adult neurogenesis is extremely rare and can rarely be observed in
the dentate gyrus (DG), while Boldrini et al. (2018) suggested that
healthy older individuals show a similar capability for producing
newly born neurons in the DG as younger individuals. Thus, in the
future, more research is required to better understand whether adult
neurogenesis is conserved across species.

After the occurrence of transient or permanent ischemic stroke,
a variety of changes occur within the neurogenic niche. According
to animal studies, neurogenesis is increased in the SVZ beginning
2 days following focal ischemia, peaks at 1 week, and returns to the
sham level after 2 weeks (Zhang et al., 2008). Several growth fac-
tors, such as epidermal growth factor (EGF), fibroblast growth fac-
tor (FGF), and insulin-like growth factor 1 (IGF-1), are released by
the vasculature and surrounding niche cells (Wiltrout et al., 2007).
After an ischemic injury, the neonatal SVZ shows increased EGF

receptor (EGFR) expression on both neural stem cells and progeni-
tors. As EGFR mediates the signaling of EGF, an increase in these
proteins indicates enhanced entry of quiescent cells into the cell
cycle (Alagappan et al., 2009). According to another study, after
ischemic stroke, the percentage of dividing neural progenitor cells
in the nonischemic V/SVZ transiently increases from 15 to 21% to
31% (Zhang et al., 2006).

In contrast, the cell cycle of those proliferating cells decreases
from 19 h to 15.3 h (Zhang et al., 2006). These newly generated
neuroblasts migrate in chains toward the ischemic striatum and dif-
ferentiate into mature striatal neurons. These newborn neurons can
functionally integrate into the adult brain after ischemic stroke and
contribute to the amelioration of neurological deficits (Nakatomi et
al., 2002); however, the functional significance of neurogenesis af-
ter stroke remains unclear, as less than 0.2% of damaged neurons in
the infarcted striatum are replaced, and almost no mature neurons
are originating from these migrated cells in the cortex at later time
points (Arvidsson et al., 2002; Parent et al., 2002). In summary, rel-
evant studies have proven that ischemic stroke can stimulate adult
neurogenesis. However, the increased number of newborn neural
cells is far from sufficient to restore impaired neurological func-
tion.

5. EPO in adult neurogenesis after ischemic
stroke

EPO, as one aspect of the intrinsic response to hypoxia-induced
by hypoxia inducing factor (HIF), is increased in the cerebrum for 4
h after exposure to hypoxia (Chikuma et al., 2000). EPO can exert
various cytoprotective effects after I/R, including reducing intra-
cellular calcium accumulation and excitatory amino acid toxicity,
inhibiting oxidative stress after stroke, decreasing apoptosis, and
relieving blood-brain barrier damage after ischemic stroke. The ex-
pression of EPOR has been demonstrated to be induced after brain
injury (Ott et al., 2015). Transgenic mice with constitutively active
EPOR isoforms in pyramidal neurons of the cortex and hippocam-
pus show superior cognitive performance, suggesting that active
EPOR can strengthen neuronal plasticity (Sargin et al., 2011). Fur-
thermore, EPO has also been proven to promote neurogenesis after
ischemic brain injury. We will review the current research results
regarding the effect of EPO on neurogenesis.

5.1 Neural stem and progenitor cell apoptosis
As mentioned above, adult neural stem cells persist in produc-

ing neuroblasts, which can only replace a small portion of neurons
because of their high rate of apoptosis. It is known that one of
the mechanisms by which EPO promotes the generation of mature
erythrocytes is through the stimulation of cell survival by activat-
ing the PI3K signaling pathway (Richmond et al., 2005) or via the
Bcl-2 family (Motoyama et al., 1995; Wagner et al., 2000). Us-
ing the ReNcell VM neural progenitor cell (NPC) line, researchers
have identified stable expression of EPOR and HIF-1α in NPCs
and found that EPO/EPOR signaling can decrease the apoptosis
of hNPCs (Giese et al., 2010). The embryonic brain of EpoR-null
mice exhibited increased neural cell apoptosis (Chen et al., 2007).
After EPO administration, the anti-apoptotic factors mcl-1 and bcl-
2 are significantly increased by twofold in neural progenitor cells
(Wang et al., 2010), suggesting that in addition to protecting in-
jured neurons, EPO can also decrease neural stem and progenitor
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cell apoptosis and increase the number of newborn neurons after
ischemic brain injury.

5.2 Neural progenitor cell migration

NPCmigration may be affected by the release of autocrine EPO
(Merino et al., 2015). In a hypoxia/ischemic (H/I) rat model, EPO
treatment enhances the migration of neuronal progenitors into the
ischemic cortex and striatum (Iwai et al., 2007). Using a co-culture
system of mouse brain endothelial cells (BECs) and neural progen-
itor cells derived from the SVZ of the adult mouse, it was found
that rhEPO treatment can enhance neural progenitor cell migration
by promoting the secretion of MMP2 and MMP9 by endothelial
cells via the PI3K/Akt and ERK1/2 signaling pathways (Wang et
al., 2006), which indicates that in addition to directly acting on neu-
ral progenitor cells, EPO can also exert indirect effects via neigh-
boring cells; this is also discussed below.

5.3 Neural progenitor cell proliferation

With neural progenitor cell proliferation, different studies have
reported different results. One study showed that the administra-
tion of EPO increases the proliferation of human neural progenitor
cells within 4 days after application by affecting the G2 phase of the
cell cycle (Pavlica et al., 2012). Mice were given EPO (5 U/g) for
7 days, and BrdU analysis showed that the number of actively pro-
liferating cells in the SGZ was significantly elevated compared to
that in the control group, indicating that EPO treatment enhanced
the proliferation of neural progenitor cells in the SGZ (Oh et al.,
2012). Compared to vehicle infusion, exogenous EPO treatment
significantly increases the number of Brdu+cells in the ipsilateral
SVZ of an H/I rat model, demonstrating that EPO can stimulate
the proliferation of neuronal progenitors in the H/I brain (Iwai et
al., 2007). Furthermore, in a neonatal rat stroke model, there is
also a significant increase in Ki67+ proliferating cells in the stria-
tum in EPO-treated middle cerebral artery occlusion animals com-
paredwith vehicle-treatedmiddle cerebral artery occlusion animals
(Gonzalez et al., 2013). The effect of EPO on cell cycle progression
was also examined in another kind of neural progenitor cell derived
from the spinal cord; it was found that EPO significantly enhances
the proliferation of these cells. Cell cycle analysis of EPO-treated
neural progenitor cells indicated a reduced percentage of cells in the
G0/G1 phase but an increase in the cell proliferation index (S phase
plus G2/M phase) (Wang et al., 2010). However, in another study,
after 7 days of EPO administration, no increase in the proliferation
of neural stem cells was observed (Zhang et al., 2018). A study by
Hassouna et al. (2016) proved that EPO reduces the proliferating
neurosphere diameter and the number of neural stem cells. These
seemingly contradictory results might be caused by diverse exper-
imental conditions, such as different sources of neural stem and
progenitor cells and different detection times; this requires further
verification.

5.4 Differentiation towards neurons

Shingo et al. (2001) found that the hypoxia-induced increase
in neurogenesis by neural stem cells is mediated by autocrine-
paracrine EPO and exogenous that rhEPO infusion into the lateral
ventricle can promote the transformation of multiple neural stem
cells into neuronal progenitor cells, suggesting that EPO enhances
neuronal differentiation. In an experiment using postmortem neu-
ral precursors (PM-NPCs), researchers found that the superior abil-

ity of isolated PM-NPCs to achieve a neural phenotype is mediated
by the activation of HIF-1 and EPO signaling (Marfia et al., 2011).
In another study, the systemic administration of EPO for 3 weeks
was found to increase the number of CA1/CA3 neurons by enhanc-
ing adult neurogenesis without entering the cell cycle (Hassouna et
al., 2016). Furthermore, EPO facilitates neurodifferentiation while
reducing cell proliferation and neurosphere formation induced by
mouse induced pluripotent stem (iPS) cell-induced panneural pro-
genitor cells (Offen et al., 2013). Therefore, EPO treatment can
increase the generation of newborn neuronal cells partly by elevat-
ing differentiation into neurons.

5.5 Oligodendrogenesis and remyelination

In addition to its role in neurogenesis, the effect of EPO on
oligodendrocyte regeneration, both during development and after
injury, has been proven by many studies (Hassouna et al., 2016;
O'Gorman et al., 2015; Sugawa et al., 2002). Early recombinant
human EPO administration can improve white matter development
in preterm infants (O'Gorman et al., 2015). EpoR expression can be
detected in O4-positive immature oligodendrocytes, and different
doses of EPO can promote the maturation of immature late-stage
oligodendrocytes (Sugawa et al., 2002). Regarding stroke, Has-
souna et al. (2016) proved that EPO treatment could significantly
increase the differentiation of neural stem cells into both neurons
and oligodendrocytes, suggesting that EPO has a role in the rela-
tively rapid repair that occurs after ischemic injury by promoting
remyelination as well as through other mechanisms. Another study
in which I/R and control rats were administered either vehicle or
EPO also revealed an increase in both neurogenesis and oligoden-
drogenesis at both early and late time points (Gonzalez et al., 2013).
In a focal ischemic stroke rat model, the intraperitoneal administra-
tion of rhEPO for 4 days after I/R was shown to increase the prolif-
eration of oligodendroglial cells (Kim and Jung, 2010). In a similar
model of focal ischemic stroke, 7 days of EPO treatment was shown
to augment actively proliferating OPCs; 28 and 42 days after stroke,
rhEPO was found to significantly increase myelinating oligoden-
drocytes and myelinated axons within the peri-infarct white matter
(Zhang et al., 2010). In vitro, rhEPO was shown to increase the
differentiation of adult SVZ neural progenitor cells into oligoden-
drocytes (Zhang et al., 2010). EPO/EPOR and downstream signal-
ing pathways can induce the expression of myelin-related genes in
oligodendrocytes (Cervellini et al., 2013). Kato et al. (2011) have
proven that astrocytes can prevent hypoxic/reoxygenation damage
to OPCs via EPO/EPOR signaling. Jantzie et al. (2013) have also
found that recombinant EPO (rEPO) treatment can enhance the sur-
vival, maturation, andmyelination of oligodendroglial lineage cells
after prenatal transient systemic hypoxia-ischemia injury and thus
promote neurological functional recovery. Delayed administration
(48 h after H/I) of EPO promotes oligodendrogenesis and attenu-
ates white matter injury (Iwai et al., 2010). Finally, Gyetvai et al.
(2017) have suggested that EPO might increase the remyelination
of oligodendrocytes by inducing insulin-like growth factors and in-
creasing lipid metabolism. In summary, EPO can enhance oligo-
dendrogenesis and remyelination after ischemic brain injury, thus
promoting neurological function recovery.

5.6 Astrocyte and microglial regeneration
In addition to oligodendrocytes, astrocytes and microglia are

the two other main types of glial cells in the central nervous sys-
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tem. Microglia are the primary residential inflammatory cells in
the brain parenchyma, and astrocytes can also respond to tissue
damage by undergoing rapid hypertrophy and hyperplasia. A pre-
vious study by our group proved that EPO could reduce the gener-
ation of new microglia and astrocytes in the brain parenchyma 14
days following cerebral ischemia (Wang et al., 2017; Zhang et al.,
2019). Also, Gonzalez et al. (2007) have identified its inhibitory
role in decreasing newly generated astrocytes following brain in-
jury (Gonzalez et al., 2007). EPO can reduce the lesion-induced in-
crease in the number of microglia (Sargin et al., 2009) and strongly
attenuate injury-inducedmicroglial motility in the brain (Mitkovski
et al., 2015). However, both cell types can play contradictory roles
in their interactionswith neurons, as theymay have either detrimen-
tal or beneficial effects depending on their mechanism of action and
on the circumstances under which they are triggered. Thus, the ef-
fect of glial inhibition of erythropoietin on nerve repair still needs
further confirmation.

5.7 Angiogenesis and vascular protection
The cerebral vasculature system has been proven to be important

for neurogenesis after ischemic stroke. The endothelial cell layer
of the cerebral vasculature constitutes the main component of the
blood-brain barrier (BBB). Vascular endothelial cells can enhance
the proliferation of neural progenitor cells by releasing extracellu-
lar signals, such as vascular endothelial growth factor (VEGF) and
FGF-2 (Ruan et al., 2015).

Furthermore, microvessels supply oxygen and nutrients for neu-
ral stem cell migration, and BDNF derived from endothelial cells
promotes vascular-guided neural stem cell migration (Grade et
al., 2013). Newly formed blood vessels also have a role in the
guidance of sprouting axons by VEGF and laminin/β1-integrin
signaling (Jin et al., 2006; Lei et al., 2012). According to Ki-
makova et al. (2017), EPOR is expressed in vascular endothelial
cells (ECs), and EPO can exert a substantial effect on angiogen-
esis after ischemic stroke (Kimakova et al., 2017). Treatment of
MCAO mice with EPO enhances EPOR expression in vascular en-
dothelial cells. It increases angiogenesis by upregulating the ex-
pression of long-term angiogenesis-related factors, thus restoring
local cerebral blood flow (Li et al., 2007). Yan et al. (2016) have
proven that EPO treatment can also increase VEGF expression and
activate the VEGF/VEGFR-2 signaling pathway in an anoxic rat
model. The effect of EPO on angiogenesis has also been demon-
strated in other tissues and tumors (Annese et al., 2019; Hamed et
al., 2010). Also, EPO treatment has been found to suppress apop-
tosis of vascular endothelial cells after ischemic injury through the
direct modulation of Akt1 phosphorylation, mitochondrial mem-
brane potential, and cysteine protease activity (Chong et al., 2002).
EPO can also relieve BBB injury by suppressing the expression of
matrix metalloproteinases (MMPs) (Wang et al., 2015) and upreg-
ulating aquaporin-4 (AQP4) (Chu et al., 2014). In summary, all of
the above results suggest that EPO can indirectly promote neuroge-
nesis after ischemic injury by promoting angiogenesis or enhancing
endothelial cell survival.

6. Prospects of clinical transformation

Based on the above discussion, we can conclude that EPO can
promote neurological function recovery by enhancing neurogene-
sis after ischemic stroke. However, issues concerning the safety

and effectiveness of the administration of EPO as a neurotrophic
and neuroprotective factor remain. Many clinical trials have been
conducted, and some of them have obtained positive results, con-
firming the clinical translation potential of EPO (Ehrenreich et al.,
2002; Tsai et al., 2015). EPO has also shown potential in alleviat-
ing cerebral palsy (CP) (Lee et al., 2014; Min et al., 2013), which
is a common sequela of ischemic stroke. However, Ehrenreich et
al. (2009) found that EPO combinedwith thrombolytic therapymay
increase the risk of severe side effects such as cerebral hemorrhage,
thrombosis, and edema. Of note, it was proposed that the inclusion
of patients receiving tPA caused the poorer outcomes observed in
this study compared to those observed in previous positive trials.

Further animal experiments revealed that tPA-EPO interactions
are related to excessive matrix metalloproteinase activation, pro-
motion of vascular permeability, and upregulation of NF-kappaB
and interleukin-1 receptor-associated kinase-1 (Jia et al., 2010;
Zechariah et al., 2010) thus increase edema. Previous studies have
shown that in addition to causing cerebral hemorrhage, thrombo-
sis, and edema, EPO has various other adverse effects; for example,
some studies have suggested that EPO has the tumor-promoting
ability (Liu et al., 2020). Hypertension is a significant adverse
effect of EPO treatment that is associated with NO, endothelins,
and the sympathoadrenal and renin-angiotensin pathways (Agar-
wal, 2018). Therefore, further research is needed to increase the
safety and effectiveness of EPO administration in clinical applica-
tions.

6.1 Combination of EPO with other agents
Multiple interconnected pathways mediate cerebral injury af-

ter ischemic stroke. When one pathway is suppressed, other path-
ways continue to mediate cell damage. Therefore, a single drug
targeting one or several pathways is unlikely to be effective after
ischemic injury. The combination of complementary treatments is
a more meaningful strategy for future therapy. According to the
results of a recent study, the composite-mediated, sequential de-
livery of pegylated EGF and EPO minimizes damage in a mouse
strokemodel (Wang et al., 2013). The results of another experimen-
tal study by Liu et al. (2010) showed a significantly greater number
of proliferating neural progenitor cells and newborn mature neu-
ral cells in EPO + G-CSF-treated rats than in EPO-, G-CSF-, or
saline-treated rats. In a rat stroke model, researchers compared the
effects of the sequential administration of EPO and human chori-
onic gonadotropin (hCG) with the effects of either of these two
compounds alone (Belayev et al., 2009). The results proved that
the two growth factors together are more effective than one drug in
restoring neurological function (Belayev et al., 2009). In summary,
considering EPO as a supplementary therapy and investigating its
effect and safety when combined with other potential agents may
increase the potential for its future clinical translation. Considering
the above-mentioned severe side effects caused by the combination
of tPA-EPO, potential interactions between different agentsmust be
considered.

6.2 Development of EPO derivatives
As a consequence of the low rate at which EPO crosses the

brain-blood barrier (Banks et al., 2004), it must be administered at
large doses to achieve an effective blood concentration. Although
a single administration of a high dose of does not lead to increased
viscosity, repeated administration of large doses of EPO can stim-
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ulate the production of mature erythrocytes and platelets, which
increases blood viscosity and leads to thrombosis and other severe
complications (McDonald et al., 1992). To avoid these side effects
of EPO, researchers have developed several derivates of EPO and
explored their effects in ischemic stroke as follows.

Carbamylated EPO (CEPO) is a derivative of EPO that can-
not promote the generation of mature erythrocytes. Leist et al.
(2004) have shown that CEPO retains the tissue-protective function
of EPO. CEPO has been proven to promote the neural differentia-
tion of neural stem cells and neurite outgrowth. The activation of
Stat3, Stat5, and Akt might be involved in these processes (Fu et al.,
2010). Oh et al. (2012) also proved that the length of neurites and
spine density of MAP-2-positive cells in the SGZ is significantly
increased by CEPO treatment. CEPO-induced gene expression and
signaling cascades in the rat dentate gyrus have been indicated to
be involved in neurogenesis and memory formation (Tiwari et al.,
2019). In an in vivo study by Choi et al. (2014), the treatment of
cells with CEPO was shown to markedly enhance neuronal differ-
entiation and spine formation via the acetylation of transcription
factors and subsequent transactivation of target genes. Treatment of
healthy adult mice with CEPO and EPO for seven days can promote
hippocampal neurogenesis and neuronal differentiation (Leconte et
al., 2011; Oh et al., 2012).

Furthermore, the ability of CEPO to promote neurogenesis
was also proven in a traumatic brain injury (TBI) model in rats
(Xiong et al., 2011). A newly developed carbamylated EPO-
FC fusion protein (cEPO-FC) was also proven to restore motor
evoked potentials (MEPs) in both pig and rabbit models of ischemic
spinal cord dysfunction and neuronal damage (Simon et al., 2011,
2016). The Shh/Mash1 signaling pathway has been proven to me-
diate CEPO-enhanced neurogenesis by regulating neuronal differ-
entiation (Wang et al., 2007). Another EPO derivative, asialo-
erythropoietin (AEPO), which is generated by the total enzymatic
desialylation of rhEPO, has been demonstrated to promote the mat-
uration of V-SVZ-originated OPCs in the injured white matter
of neonatal mice without affecting hematopoiesis (Kaneko et al.,
2013). Treatment with asialo-erythropoietin in another perinatal
HI mouse model was proven to promote the differentiation of SVZ-
originated OPCs and thus enhance neurological function recovery
without causing erythropoiesis (Kako et al., 2012). Until now, there
have been no complicated human clinical trials on the neuroprotec-
tive effect of EPO derivatives.

7. Conclusions
In conclusion, as adult neurogenesis is a complex physiological

process, current studies are not sufficient to reach a consensus on
which step EPO acts. Therefore, mechanistic studies are needed.
As mentioned above, the effectiveness of EPO is insufficient for
clinical transformation. In terms of safety, EPOR has been identi-
fied to be expressed in many cancer cells in addition to thrombosis
and cerebral hemorrhage and has been proven to be related to the
occurrence and development of tumors (Cevik et al., 2018; Chan
et al., 2017a; Zsokova et al., 2019). Thus, more studies are needed
on how to avoid the side effects of EPO and improve its positive
effects. Furthermore, human neurogenesis, which has also been
demonstrated in studies involving comprehensive assessments of
14C content, has been proven to substantially differ from neuroge-
nesis in rodents (Spalding et al., 2013). Clarifying these differences

is necessary for future clinical translation.

Despite the emerging problems and controversies after 30 years
of research on the effect of EPO in ischemic stroke, basic research
on its neuroprotective and neurogenic effects is still important be-
cause of its multiple protective effects on stroke, especially the
long-term effect of its application after the acute phase. With more
research proving the therapeutic effect of EPO derivatives, mutant
EPO may be a future direction of the clinical translation of EPO.
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