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Stem cell therapy, which has become a potential regenerative medical treatment
and a promising approach for treating brain injuries induced by different types of
cerebrovascular disease, has various application methods. Activation of endogenous
neural stem cells (NSCs) can enable infarcted neuron replacement and promote neural
networks’ regeneration without the technical and ethical issues associated with the
transplantation of exogenous stem cells. Thus, NSC activation can be a feasible strategy
to treat central nervous system (CNS) injury. The potential molecular mechanisms of
drug therapy for the activation of endogenous NSCs have gradually been revealed by
researchers. Traditional Chinese medicine monomers (TCMs) are active components
extracted from Chinese herbs, and some of them have demonstrated the potential to
activate proliferation and neurogenesis of NSCs in CNS diseases. Ginsenoside Rg1,
astragaloside IV (AST), icariin (ICA), salvianolic acid B (Sal B), resveratrol (RES), curcumin,
artesunate (ART), and ginkgolide B (GB) have positive effects on NSCs via different
signaling pathways and molecules, such as the Wingless/integrated/β-catenin (Wnt/β-
catenin) signaling pathway, the sonic hedgehog (Shh) signaling pathway, brain-derived
neurotrophic factor (BDNF), nuclear factor erythroid 2-related factor 2 (Nrf2), and heme
oxygenase 1 (HO-1). This article may provide further motivation for researchers to take
advantage of TCMs in studies on CNS injury and stem cell therapy.

Keywords: stroke, neural stem cells, traditional Chinese medicine monomers, neuroregeneration, central
nervous system

Abbreviations: AD, Alzheimer’s disease; ART, artesunate; AST, astragaloside IV; BBB, blood-brain barrier; BDNF,
brain-derived neurotrophic factor; CNS, central nervous system; ERK, extracellular regulated kinases; ESCs, embryonic
stem cells; GB, ginkgolide B; I/R, ischemia/reperfusion; ICA, icariin; IL, interleukin; iPSCs, induced pluripotent stem cells;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MCAO, middle cerebral artery occlusion; MSCs,
mesenchymal stem cells; NGF, nerve growth factor; NSCs, neural stem cells; NSPCs, neural stem/progenitor cells; OGD,
oxygen-glucose deprivation; PI3K, phosphatidylinositide 3 kinase; PNS, panax notoginseng saponins; PSCs, pluripotent
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INTRODUCTION

Almost 15 million people are affected by stroke every year,
and because most are left disabled, stroke is a leading cause of
disease burden worldwide (Johnston et al., 2009). Stroke, which
is a sudden interruption of the blood supply to the brain, leads
to neurological deficits, and the most effective treatments can
only be applied in fewer than 20% of patients (Ojaghihaghighi
et al., 2017). A series of pathophysiological changes appear
after blood supply interruption, including local oxygen free
radical and reactive oxygen species generation, cerebral edema,
neuroinflammation, local inflammatory cell infiltration, and
blood-brain barrier (BBB) destruction, resulting in irreparable
neural disruption (Khoshnam et al., 2017; Datta et al., 2020).
Neural stem cells (NSCs) can be activated, differentiate into
different cell types, and migrate to ischemic lesions to promote
postinjury repair through nutritional support, inflammatory
response regulation, and functional restoration, indicating that
NSCs are prime candidates for use in regenerative medicine
(Grochowski et al., 2018). In the basic and clinical stroke
research fields, stem cell therapy is considered to be a promising
regenerative medical treatment and a promising approach for
stroke (Sarmah et al., 2018). Among all the different methods
of stem cell therapy, transplantation of exogenous stem cells and
activation of endogenous or dormant stem cells are the primary
safe and effective candidate strategies for stroke treatment
(Yasuhara et al., 2020).

A variety of transplantable cell types, including embryonic
stem cells (ESCs), adult tissue-derived stem cells, gene-edited
stem cells, and induced pluripotent stem cells (iPSCs), have
been used to generate both protective and regenerative effects
in the stroke brain in laboratory studies. Tornero et al.
(2017) transplanted iPSCs into stroke-injured adult rat cortices
and observed improvements in neurological deficits and
enhancement of the morphological development of both afferent
and efferent nerves as well as their functional connections with
host cortical neurons (Oki et al., 2012). Furthermore, grafted
neurons can integrate into adult host neural networks and
even into the brain’s neural circuitry (Grønning Hansen et al.,
2020; Palma-Tortosa et al., 2020). Researchers have adapted
intravenous (IV) administration of autologous mesenchymal
stem cells (MSCs), which has been studied extensively in animal
models, for use in patients with ischemic stroke, and positive
clinical outcomes have been achieved after stroke onset (Díez-
Tejedor et al., 2014). However, successful transplantation of
exogenous stem cells is still hindered by several technical and
logistical problems. The specific cell type used is the principal
concern due to ethical issues, and researchers must also consider
the source as well as the location, dosage, route, and timing
of administration (Fernández-Susavila et al., 2019; Kawabori
et al., 2020). A series of conditions following a stroke, including
neuroinflammation, and immune response activation not only
seriously affect the survival of grafted NSCs but also facilitate
their differentiation into glial cells; the potential tumorigenicity
of transplanted cells is also a concern (Ideguchi et al., 2008; Datta
et al., 2020). Microglia in the proinflammatory state may restrain
phagocytes from clearing toxic debris and secreting tissue-

repairing neurotrophic factors while contributing to neuronal
cell death or further BBB disruption or impairing axonal
regeneration (Lyu et al., 2020). Besides, it would be costly and
labor-intensive to generate autologous iPSCs for personalized
medicine in practice, and such a strategy would introduce the
possibility of genetic defects that would reduce the therapeutic
efficacy (Bang and Kim, 2019).

Therefore, activation of endogenous NSCs, with benefits
including improvements in proliferation, directional migration,
and differentiation, could be a more practical therapeutic
approach to decrease stroke damage without the above
disadvantages. The therapeutic effects of this approach can
be achieved through nutritional support, regulation of the
inflammatory response, directional replacement of neurons,
reconstruction of neural circuits, restoration of neural function,
and paracrine signaling involving nerve growth factor (NGF;
Bain et al., 2013; Yu et al., 2016). Endogenous NSCs, which
are abundant in the subgranular zone of the hippocampus
and the subventricular zone of the germinal region of the
brain, can differentiate into various types of cells to promote
structural and functional repair of the brain and spinal cord
tissue (Daynac et al., 2016; Song et al., 2018). However, the
disastrous changes in the cellular microenvironment after stroke
due to BBB damage, excitatory toxicity and neuroinflammation
impact the survival, neurogenesis, and differentiation of NSCs
(Zhong et al., 2021). The endogenous NSCs tend to differentiate
into gliocytes rather than neurons, and the majority of them
fail to reach the lesioned cortex. Therefore, developing an
efficient and safe strategy to activate the transformation of
endogenous NSCs into newborn neurons seems to be significant
(Parent et al., 2002; Kreuzberg et al., 2010).

The use of traditional Chinese medicines, whether in the
form of herbs, formulas, or monomers, to prevent and treat
diseases of the central nervous system (CNS) has been a
popular research topic for decades and has shown significant
curative effects in many cases. A recent meta-analysis analyzed
67 randomized controlled trials and indicated that treatment
with traditional Chinese medicines can enhance the clinical
rehabilitation of stroke patients and significantly improve the
recovery of neurological function to improve patient quality of
life (Zhang et al., 2020). The relationship between traditional
Chinese medicine treatments and stem cell therapy after stroke
has also been investigated, and published studies have shown
that these treatments benefit neural regeneration by promoting
the proliferation and differentiation of NSCs (Li et al., 2015; Gao
et al., 2017). Traditional Chinese medicine monomers (TCMs)
are essential drugs that promote activation of endogenous NSCs
after stroke. An increasing number of studies have explored the
effects of TCMs on stroke. In this review article, we summarized
the efficacy and mechanisms of TCMs that have been reported to
activate NSCs in stroke (Table 1).

GLYCOSIDES

Ginsenoside Rg1
Ginsenoside Rg1 is the most abundant component isolated
from Panax notoginseng saponins (PNS), the major bioactive
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TABLE 1 | Effect of different traditional Chinese medicine monomers (TCM) on neural stem cells (NSCs) after stroke in vitro and in vivo.

Types Sources Components Dose Model Objects Pathways Mechanisms Stroke outcomes References

Glycosides Panax notoginseng
(Burk) F. H. Chen

Ginsenoside Rg1 0.32 µg/ml OGD In vitro None Proliferation ↑

Differentiation ↑

NA Gao et al. (2017)

10, 20 µM/L OGD In vitro Caspase 3 and
Bax ↓

Bcl-2 ↑

P38 and
JNK2 phosphorylation ↓

Apoptosis ↓

Oxidative stress ↓

NA Li et al. (2017)

Astragalus
membranaceous
(Fisch.) Bge. var.
mongholicus (Bge.)
Hsiao

Astragaloside IV 40 mg/4 ml once
daily for 14 days

MCAO Rat BDNF-TrkB
signaling pathway ↑

Proliferation ↑

Migration↑
Differentiation ↑

Maturation↑

Neurological
behavioral deficits ↓

Infarction volume ↓

Ni et al. (2020)

200 mg/kg in vivo
20 µM, in vitro

MCAO/Primary cell In vitro/ Mouse PI3K/Akt pathway↑
Wnt/β-catenin
pathway ↑

IL-7 ↓

Apoptosis ↓

Proliferation ↑

Differentiation ↑

Anxiety-like
behavior ↓

Sun et al. (2020)

Polyphenols Epimedium
brevicornu Maxim

Icariin 100 nM/L None In vitro ERK Proliferation ↑ NA Huang et al. (2014)

50, 100 µM/L None In vitro Cyclin D1 and
p21 ↑

Proliferation ↑ NA Fu et al. (2018)

Salvia miltiorrhiza
Bunge (Lamiaceae)

Salvianolic acid B 50 µM/L once daily
for 2 weeks

None In vitro PI3K/Akt signal
pathway

Proliferation ↑ NA Zhuang et al. (2012)

Extract of Veratrum
grandiflorum

Resveratrol 5 µmol/L OGD In vitro SOD, Nrf2, HO-1,
and NQO1↑

Apoptosis ↓

Oxidative stress ↓

Proliferation ↑

NA Shen et al. (2016)

5 µmol/L OGD In vitro Shh signaling
pathway ↑

Proliferation NA Cheng et al. (2015)

Extract of Curcuma
longa L

Curcumin 20 mg/kg, in vivo
0.5 µM, in vitro

None In vitro/Rat Wnt/β-Catenin
Signaling
pathway ↑

Proliferation ↑

Differentiation ↑

NA Tiwari et al. (2014)

1, 5 mg/ml ICH Rat None Oxidative stress ↓ Neurological
behavioral deficits ↓

Hematoma size ↓

Marques et al. (2020)

Terpenoids Extrcat of
Artemesia annua

Artesunate 150 mg/kg, in vivo
0.8 µmol/L, In vitro

OGD/MCAO In vitro/ Mouse PI3K/Akt/FOXO-
3a/p27Kip1 signaling
pathway

Proliferation ↑ Neurological
behavioral deficits ↓

Infarction volume ↓

Zhang et al. (2020)

Ginkgo biloba L Ginkgolide B 20 mg/kg, in vivo
40 and 60 mg/L,
in vitro

MCAO Rat BDNF↑ Proliferation ↑

Differentiation ↑

Neurological
behavioral deficits ↓

Zheng et al. (2018)

↑, up-regulation; ↓, down-regulation.
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components extracted from the root of Panax notoginseng
(Burk) F. H. Chen, can significantly reduce infarction
volume and alleviate neurological deficits caused by cerebral
ischemia/reperfusion (I/R; Zeng et al., 2014). Yang et al. (2020)
speculated that the mechanisms of their neuroprotective
effects could be related to anti-oxidative stress effects,
anti-inflammatory and anti-apoptotic effects, promotion of
BBB repair, and prevention of calcium overload. Furthermore,
PNS are the primary ingredients of PNS tablet, Xuesaitong
Soft Capsule, Xuesaitong Injection, and Xueshuantong
Injection, all of which have been used in the treatment of
acute ischemic stroke for many years in China (Yao et al.,
2011; Yang et al., 2013; Li et al., 2018). Clinical research
has suggested that Xuesaitong Soft Capsule relieves unstable
angina with few side-effects (Yang et al., 2013). Li et al. (2012)
included 30,884 cases in a new systematic post-marketing
safety surveillance study to re-evaluate Xuesaitong Injection
and found that it is safe for clinical use. Also, this medicine
upregulates the expression of brain-derived neurotrophic
factor (BDNF), a critical factor that promotes the repair and
reconstruction of neurons associated with learning and memory
and inhibits Tau protein phosphorylation in Alzheimer’s disease
(AD; Li et al., 2012). BDNF and its receptor tyrosine kinase
receptor B (Trk B), have been proven to be closely related to
the regulation of hippocampal neuron survival, nerve repair,
and regeneration. Some studies have drawn attention to the
association between serum BDNF and functional outcomes
after stroke, but there seems to be little related evidence
(Luo et al., 2019).

The effects of ginsenoside Rg1 in stem cells have been
demonstrated. Ginsenoside Rg1 can dose-dependently promote
the expression of neural cell adhesion molecule (NCAM)
and synapsin-1 (SYN-1) to improve the cell proliferation
and neural phenotype differentiation of both human and
mouse adipose-derived stem cells (Xu et al., 2014; Dong
et al., 2017). Rg1 has positive effects on the proliferation
and differentiation of endogenous NSCs in AD rats and
promotes the functional expression and maturation of human
NSCs (Jiang et al., 2012; Zhao et al., 2018). Extracellular
regulated kinases 1 and 2 (ERK1 and ERK2), which mediate
neuroinflammation, may be vital molecular targets involved in
Rg1-induced NSCs differentiation, and the effects of Rg1 on
NSCs proliferation are most closely related to mechanisms
involving the Hes1, cyclic adenosine monophosphate (CAMP)-
protein kinase A (PKA) and phosphatidylinositol 3 kinase
(PI3K)-AKT signal transduction pathways (Zhuang et al.,
2009; Li et al., 2012; Zhao et al., 2012). As an effector
of Notch signaling, which can improve the maintenance of
NSCs during development, Hes 1 plays an important role in
NSCs proliferation besides its role in astrogenesis (Kageyama
et al., 2020). Metabolic abnormalities increase the risk of
stroke, and reduce recanalization rates and increase the risk
of hemorrhage, making tissue-type plasminogen activator (tPA)
treatment potentially hazardous for stroke patients with diabetes
mellitus or poststroke hyperglycemia (Jiang et al., 2020; Zhou
et al., 2020). In mice subjected to middle cerebral artery
occlusion (MCAO), administration of ginsenoside Rg1 was

found to attenuate energy undersupply and amino acid and lipid
metabolic disturbances and thereby to ameliorate neurological
deficits and cerebral infarcts; however, slight differences were
found between ginsenoside Rg1 treatment alone and combined
NSCs transplantation and ginsenoside Rg1 treatment (Gao
et al., 2020). Grafted ginsenoside Rg1-induced NSCs improved
the learning and memory behavior in rat neonatal hypoxic-
ischemic encephalopathy models. However, the isolated effects
of ginsenoside Rg 1 on activating NSCs after stroke were
unclear (Li et al., 2015). Increasing evidence has indicated the
positive impact of Rg1 on NSC proliferation after oxygen-
glucose deprivation (OGD), and glial-like directed differentiation
is another effect of Rg1 on NSCs (Gao et al., 2017).
Rg1 (10–20 µM) protects NSCs from OGD-induced cell
death via apoptotic signaling and inhibits p38 and c-Jun
N-terminal kinase2 (JNK2) phosphorylation to protect NSCs
against oxidative stress (Li et al., 2017). The ginsenoside
metabolite 20(S)-protopanaxadiol promotes the transition of
NSCs from a state of proliferation to differentiation via
induction of autophagy and cell cycle arrest, indicating
that the process of ginsenoside metabolism may be directly
involved in the activation of endogenous NSCs after stroke
(Chen et al., 2020).

Astragaloside IV
Astragaloside IV (AST) is purified from the root of Astragalus
membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao
and has been widely used in China for the treatment of
hepatic, cardiovascular, and renal disorders (Fu et al., 2014).
A systematic review performed to elucidate the relationships
between AST and neurological disorders has revealed that
the positive effects of AST on neurological disorders are due
mainly to its anti-edema effect, which reduces lymphocyte
infiltration and the numbers of dopaminergic neurons (Costa
et al., 2019). Wang et al. (2017) searched eight databases
to assess the function and possible mechanisms of AST in
experimental stroke. Their investigation demonstrated that AST
improves neurological deficits and reduces infarct volumes
and BBB permeability and its antioxidant, anti-inflammatory
and antiapoptotic properties provided neuroprotection during
cerebral I/R injury (Wang et al., 2017).

The possible mechanisms of AST related to the proliferation
of NSCs have been gradually revealed. Low-dose (10−6/10−7

M) AST increases NSCs proliferation, high-dose (10−5 M)
AST has no effects on cells, and low-dose of AST promotes
NSCs differentiation partly through the Notch signaling pathway
in vitro (Haiyan et al., 2016). Observed increases in the numbers
of BrdU-positive and DCX-positive cells have proven that AST
promotes adult neurogenesis in the mouse hippocampal dentate
gyrus by regulating signal transduction through the chemokine
(chemotactic cytokine)-family protein ligands CXCL1/CXCR
in vivo (Huang et al., 2018). Chemokines and their receptors
are widely expressed in the CNS, and CXCL 2 can enhance the
viability of hippocampal neurons. Gao et al. (2018) confirmed
that AST can induce the differentiation of NSCs into midbrain
dopamine (DA) neurons, possibly through upregulation of sonic
hedgehog (Shh), orphan nuclear hormone (Nurr1), and pituitary
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homeobox 3 (Ptx3), in Parkinson’s disease (PD). Wang et al.
(2009) proposed that upregulation of the expression of NGF in
the adult hippocampus, which is crucial for the survival and
maintenance of neurons after stroke, is related to AST-induced
proliferation and the neuronal differentiation of endogenous
NSCs after transient forebrain ischemia. In a study conducted
by Ni et al. (2020) after MCAO, Sprague–Dawley rats were
intragastrically administered AST (40 mg/4 ml/kg, once daily)
for 14 days to investigate the effect of AST after stroke. The
results showed that AST treatment reduced the infarct volume,
improved behavior, increased body weight, and promoted
proliferation, migration, differentiation, and maturation of NSCs
in the hippocampus by enhancing the BDNF-TrkB signaling
pathway (Ni et al., 2020). Sun et al. (2020) discovered that
interleukin (IL)-17, a proinflammatory cytokine, is a key effector
of AST that regulates NSCs apoptosis and proliferation by
upregulating the Wnt/β-catenin and Akt/GSK-3β pathways after
the administration of 200 mg/kg AST via the tail vein for three
consecutive days in MCAOmodel.

POLYPHENOLS

Flavonoids
Epimedium brevicornu Maxim, a traditional Chinese herb, is
usually used to treat impotence, numbness, and osteoporosis (Pei
et al., 2008). Icariin (ICA), the principal representative flavonoid
of this herb, has shown potential preventive and therapeutic
effects in nervous system diseases. ICA treatment accelerates
locomotor function recovery, decreases the expression of
inflammatory molecules, and enhances the expression of anti-
inflammatory proteins after spinal cord injury (SCI), which
proves that its protective effects may be induced by its
antiapoptotic, antioxidant, and anti-inflammatory bioactivities
(Jia et al., 2019). The results of a Morris water-maze test have
indicated that ICA attenuates cognitive functional deficits in
aging rats (Wu et al., 2012). Xiong et al. (2016) found that
pretreatment with ICA reduces neurological deficit scores and
infarct volumes through inhibition of inflammatory responses
mediated by nuclear factor κB (NF-κB) and the peroxisome
proliferator-activated receptor (PPAR) isotypes PPARα and
PPARγ. Another PPAR isotype plays essential roles in cell
proliferation and differentiation, lipid and glucose metabolism
regulation, and inflammatory and oxidative responses. The
anti-autophagic and anti-apoptotic properties of ICA protect
mouse MSCs from OGD damage (Liu et al., 2020).

After the isolation and characterization of NSCs derived from
16 to 20-week-old human fetuses, Yang et al. (2016) found that
low doses (0.1 and 1 µM) of ICA had a minimal effect on
the proliferation of NSCs; conversely, a high dose (10 µM)
markedly promoted proliferation and regulated related gene
expression in human NSCs in vitro. Huang et al. (2014) found
that treatment with 100 nmol/L ICA promoted the proliferation
and neurosphere formation of mouse NSCs induced by ERK
but had no effect on the differentiation of NSCs. Also, ICA
can cause upregulation of the cell cycle genes cyclin D1 and
p21 to affect the growth and proliferation of NSCs (Fu et al.,
2018). ICA is also capable of activating quiescent NSCs in the

hippocampi of aging (18- to 21-month-old) rats (Wu et al.,
2012; Liu et al., 2020). The results of a study by Liu et al.
(2018) show that after transient MCAO, combined ICA and
MSCs treatment decreases the brain infarct volume, improved
neurological motor deficits, and increases the expression of
VEGF and BDNF to maximum levels in the hippocampus
and frontal cortex through the phosphatidylinositide 3 kinase
(PI3K)/ERK1/2 pathway. VEGF can promote endothelial cell
regeneration and new blood vessel formation to protect learning
and memory. ICA promotes the proliferation and differentiation
of β-amyloid protein (Aβ25–35)-treated hippocampal NSCs via
the BDNF-TrkB-ERK/Akt signaling pathway, indicating that
ICA has a positive effect on NSCs in CNS diseases (Quan et al.,
2020). A growing number of researchers have paid attention
to the applications of ICA in stem cell therapy because of the
beneficial effects of this compound.

Phenolic Acids
Salvianolic acid B (Sal B) is a water-soluble product of
Salvia miltiorrhiza Bunge (Lamiaceae) known as a treatment
for cardiovascular and cerebrovascular diseases (Zhou et al.,
2005). It is an ingredient in many formulas for stroke, such
as Salvianolate Lyophilized Injection, Naoxintong, and Salviae
miltiorrliza-borneol Jun-Shi coupled-herbs (Chen et al., 2016;
Xue et al., 2016; Duan et al., 2019). Sal B reduces the memory
impairments induced by cholinergic dysfunction and Aβ25–35,
and the protective mechanisms may be associated with its
antioxidant and anti-inflammatory properties (Kim et al., 2011).
In a microglia-neuron coculture system, Sal B was found to
inhibit activation of microglia, and low production of nitric
oxide (NO), tumor necrosis factor-α (TNF-α), IL-1β, and reactive
oxygen species in hippocampal neurons indicated that it had
a neuroprotective effect (Wang et al., 2010). Sal B treatment
has been proven to be effective in stroke and to attenuate
brain injury by reducing infarct volume and brain edema and
increasing neurological scores; those effects are accompanied by
inhibition of apoptosis and inflammation via activation of silent
information regulator 1 (SIRT1) signaling, and has been proven
to be effective in stroke (Lv et al., 2015). Delayed postischemic
treatment with Sal B improves cognitive impairment after stroke
in rats (Zhuang et al., 2012).

Multiple studies have focused on the effect of Sal B in stem
cells. Sal B (1µM) induces human ESCs to differentiate into
hepatocytes, and the activation of the Wnt/β-catenin signaling
pathway and the inhibition of the Notch pathway are involved
in this process (Chen et al., 2018). Guo et al. (2010) found
that Sal B treatment results in a substantial increase in stem
cell proliferation, differentiation into neurons, and self-renewal
in vitro. A study by Zhuang et al. (2012) reached the same
conclusion and showed that the PI3K/Akt signaling pathway
might be induced. A series of studies by Shu et al. (2015, 2018)
have demonstrated that Sal B can potently not only potently
promote iPSC proliferation and differentiation into neurons
but also markedly attenuate the apoptotic ratio of iPSC-derived
NSCs, possibly through the PI3K/AKT/glycogen synthase kinase
3β/β-catenin (PI3K/AKT/GSK3β/β-catenin) pathway. Thus, Sal
B may be useful as an alternative treatment for the activation
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of endogenous NSCs. Yan et al. (2020) found that combined
application of Sal B and transplantation ofMSCs is more effective
in degenerated intervertebral disc repair than Sal B treatment or
MSCs transplantation alone. However, as mentioned before, the
effect is dose-dependent, and the cost is high.

Others
Resveratrol
Since it was first isolated from Veratrum grandiflorum in
1940, resveratrol (RES or 3,5,4′-trihydroxystilbene) has been
reported to be an effective extract of many foods and Chinese
herbs (Gambini et al., 2015). RES, a nonflavonoid polyphenol
phytoalexin, has been used in medicinal preparations, such as
munakka or darakchasava, for more than 2,000 years (Paul
et al., 1999). It has been reported that RES reverses multidrug
resistance in cancer cells and sensitizes cancer cells to standard
chemotherapeutic agents when combined with clinically used
drugs (Ko et al., 2017). A randomized, double-blind placebo-
controlled phase II trial of RES in patients with mild to
moderate AD including a total of 104 participants clearly
showed that RES was detectable at a safe and well-tolerated
concentration in the cerebrospinal fluid, indicating the feasibility
of using RES to treat neurodegenerative diseases. Furthermore,
RES modulates the CNS immune response by facilitating
the activation of microglia/macrophages (Sawda et al., 2017).
Besides, RES has been shown to have a positive effect
against stroke by upregulating the antioxidative stress molecule
Nrf2, proving the antioxidative activity of this compound
(Shen et al., 2016).

Consistent with the multiple effects of RES, researchers
have found that different RES working concentrations and
treatment times can lead to the opposite effects in pluripotent
stem cells (PSCs). Li et al. (2017) found that 50 or 500 nM
RES maintained the pluripotent state of mouse ESCs after
cell differentiation and that the kinase/signal transducers and
activators of transcription 3 (JAK/STAT3) signaling pathway
were activated, whereas the mammalian target of rapamycin
(mTOR) signaling pathway was suppressed, to reinforce the
self-renewal of mouse ESCs. However, Park et al. (2012) reported
that when 20 and 50 µM RES were added to the stem cell
culture medium, the proliferation of neural stem progenitor cells
(NSPCs) was inhibited, and the proliferation of self-renewing
cells in the hippocampus was reduced. Treatment with 10
µM RES delays entry into the S phase of the cell cycle and
affects the mitochondrial metabolism of mouse ESCs, and
adenosine monophosphate-activated protein kinase, and Unc-
51-like autophagy activating kinase 1 (AMPK/ULk1)-dependent
autophagy enhance the pluripotency of ESCs (Suvorova et al.,
2019). RES (10 mM) maintains the stemness characteristics
of human ESCs and promotes their proliferation through
SIRT1/ERK signaling but did not influence the apoptotic rate
of the cells (Safaeinejad et al., 2017). RES also promotes
the long-term survival and neuronal differentiation of human
NPCs in the rat brain (Yao et al., 2020). In one study,
various concentrations of RES (1–100 µmol/L) were added to
the culture medium, and the finding that there were more
BrdU-positive cells in the 5 µmol/L group than in the OGD

group demonstrated that RES increased the proliferation of NSCs
after OGD.

Further research by Cheng et al. (2015) has suggested that
the Shh signaling pathway mediates this renewal process. An
experiment with a similar experimental design and dose was
performed by Shen et al. (2016) but the researchers selected
antioxidative stress-related signaling as an interventional target.
The results proved that RES protected NSCs from apoptosis,
increased the proportions of NSCs in the S and G2/M phases,
and significantly upregulated the expression levels of Nrf2, heme
oxygenase 1 (HO-1), and NAD(P)H: quinone oxidoreductase 1
(NQO1) after ODG, indicating that RES is capable of positively
regulating NSCs in stroke (Shen et al., 2016).

Curcumin
Curcumin is the most abundant phytoconstituent among the
curcuminoids and is extracted from the powdered rhizomes of
Curcuma longa L (Priyadarsini, 2014). Curcumin is well known
for its anti-inflammatory, anti-mutagenic, anti-carcinogenic,
antimicrobial, antifibrotic, and antioxidant actions and has
several effects on the CNS. The antitumor effect of curcumin
is due to its inhibition of the growth, cell cycle progression,
migration, and invasion of glioma cells, and most of these
effects are remarkably dependent on mTOR-dependent ATG
induction (Ryskalin et al., 2020). Curcumin has been reported
to inhibit most activities of Aβ, including aggregation and
Aβ-induced inflammation, in vitro, and oral administration
of curcumin can improve behavioral impairments, inhibit Aβ

oligomerization and deposition, and inhibit tau phosphorylation
in the brains of AD animal models (Hamaguchi et al.,
2010). Curcumin exerts protective effects against I/R
injury by inducing the oxidative stress response, leukocyte
infiltration, complement activation, and mitochondria-
mediated mechanisms and protecting the BBB against disruption
(Bavarsad et al., 2019).

It has been proven that neurogenesis in the context of
stem cell therapy is another critical area in which curcumin
functions. Kim et al. (2008) found that administration of
0.1 and 0.5 µM curcumin via direct dilution into the culture
medium of hippocampal NSCs promoted NSC proliferation,
whereas 10 µM curcumin had the opposite effect, indicating
that the dose of curcumin is a crucial factor affecting
the proliferation of NSCs. Also, Son et al. (2014) cultured
spinal cord NSPCs with curcumin and reached the same
conclusions regarding the dose of curcumin and the MAPK
signaling pathway-mediated proliferation of NSCs. However,
curcumin has some shortcomings, such as low absorption and
metabolism, low water solubility, and rapid excretion from
the blood circulation. Tiwari et al. (2014) applied curcumin-
encapsulated PLGA nanoparticles (Cur-PLGA-NPs) to prove
the positive influence of curcumin on adult neurogenesis. The
results showed that even as little as 0.001 µM bulk curcumin
promoted NSCs proliferation in vitro and that activation of
the canonical Wnt/β-catenin pathway was involved in this
process (Tiwari et al., 2014). Nanoemulsified curcumin could
improve neurological behavioral deficits, decrease the size of
hematoma and elicit antioxidant responses without exhibiting
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cytotoxicity in the liver and kidney after stroke (Marques
et al., 2020). The water-insolubility and low bioavailability of
curcumin may impose restrictions on its passage through the
BBB, but biocompatible formulations of organic substances
and novel metal and oxide nanoparticles can be developed
to increase its ability to pass through the BBB. Curcumin
has the potential to play a more practical role in stem
cell therapy after stroke due to its effects on other nervous
system diseases.

TERPENOIDS

Artesunate
Artemisinin is a sesquiterpene lactone peroxide isolated from
the leaves of the shrub Artemesia annua that is usually applied
as an anti-malaria drug (Mohammadi et al., 2020). Artesunate
(ART), also known as dihydroartemisinin-12-α-succinate, is a
semisynthetic antimalarial compound derived from artemisinin
that has high efficacy, solubility, and bioavailability and can be
administered in many ways, including via the IV, intramuscular
(IM), oral and rectal routes (Morris et al., 2011). Because of
the superior qualities of ART, many of its effects have been
investigated. ART can significantly induce cancer cell apoptosis,
inhibit glioma cell growth and migration, and influence glioma
cell metabolism (Wei et al., 2020). Gugliandolo et al. (2018)
proved that ART can ameliorate traumatic brain injury (TBI)-
induced lesions through its anti-inflammatory activity, and
its protective effects are mediated through modulation of
neurotrophic factors that play crucial roles in neuronal survival.
Treatment with 200 mg/kg ART has been found to improve
the modified Garcia score and decreased the brain water
content in an animal model of subarachnoid hemorrhage (SAH).
Moreover, ART treatment protects the BBB through activation
of sphingosine-1-phosphate receptor-1 (S1P1), enhancement of
PI3K activation, and stabilization of β-catenin in SAH mice
(Zuo et al., 2017). Via immunofluorescence staining, Zhang
et al. (2020) found remarkably enhanced numbers of cells in
the G2/S phase and proliferation among NSPCs treated with
0.8 µmol/L ART. Also, PI3K/Akt/FOXO-3a/p27/Kip1 signaling
is involved in the effects of ART after OGD in vitro and
MCAO in vivo, and motor function recovery data indicate that
ART may be a potential therapeutic agent for ischemic stroke
treatment (Zhang et al., 2020). The inhibitory effect of ART on
the proliferation of tumor cells is noticeable; however, a specific
dose of ART is capable of promoting cell cycle progression
in NSCs. Numerous studies have proven the protective effect
of ART so that we can anticipate its therapeutic influence in
the context of transplantation of NSCs after stroke. We will
carry out further work in animal models and clinical trials to
investigate and verify the direct effects of ART on NSCs after
a stroke.

Ginkgolide B
Ginkgo biloba extracts (GBE), a classic popular herbal product
isolated from Ginkgo biloba L., has been reported to have
neuroprotective and antioxidant effects in cognitive disorders
and AD (Singh et al., 2019). Ginkgolide B (GB) is a terpene

lactone component of GBE that shares its characteristics.
GB exhibits beneficial antiosteoporotic effects on osteoblasts
throughout the differentiation process via activation of the
Wnt/β-catenin signaling pathway (Zhu et al., 2019). In a
focal I/R model, IV administration of GB (20 and 40 mg/kg)
has been demonstrated to cause marked reductions in infarct
volumes, brain edema, and neurological deficits; furthermore,
it inhibits I/R-induced NF-κB and microglia activation and
proinflammatory cytokine production, which demonstrates the
anti-inflammatory and antiapoptotic activities of GB (Gu et al.,
2012). Due to the brain-protective effect of GB, Fang et al. (2010)
suggested that the most appropriate therapeutic window for GB
was within 4 h in a rat MCAO model; also, their data suggested
that the BBB permeability of GB was increased after I/R given
to its elevated concentration. Intraperitoneal injection of GB
(20 mg/kg) decreased the neurological deficit score after MCAO
(Zheng et al., 2018).

In addition to the neuroprotective effects of GB against CNS
damage, it is essential to reveal the underlying mechanisms of
its effects related to stem cell therapy. Zhu et al. (2019) found
that 20 µM GB did not activate the proliferation of rat bone
MSCs, however, the promotion of differentiation was positively
correlated with the dose of GB. Research has also demonstrated
that culturing normalmouse ESCs with GB induces cell apoptosis
by influencing reactive oxygen species generation, activating JNK
and caspase-3, decreasing mitochondrial membrane potential
(MMP), and inhibiting cell proliferation. Furthermore, treatment
with 10 mM GB causes the resorption of blastocysts after
implantation and leads to decreased fetal weight (Chan, 2006).
On the other hand, GB (20 nM) inhibits the proliferation of
mouse NSCs derived from the postnatal subventricular zone
but promotes NSCs differentiation into neurons through the
Wnt/β-catenin pathway (Li et al., 2018). In another study, an
NSCs cell line was treated with 40 and 60 mg/L GB, and a
shortened cell growth cycle was observed. Mice treated with
GB (20 mg/kg) once daily after MCAO exhibited increased
proportions of nestin-positive, NSE-positive, GFAP-positive,
and BrdU-positive cells, and the mRNA expression of BDNF
and epidermal growth factor indicated that GB promoted
the proliferation and differentiation of NSCs after MCAO
(Zheng et al., 2018).

SUMMARY

Currently, the TCMs research literature includes only a small
number of high-quality studies, most of which are necessary
studies, and a few clinical articles. However, TCMs could be
effective tools to promote the neuroprotection, antiapoptotic
differentiation, and proliferation of NSCs after stroke and their
clinical safety has been validated by years of study. Different
doses of TCMs can lead to opposing effects that may be
caused by natural shortcomings such as water insolubility and
low bioavailability. Nose-to-brain drug delivery (NBDD) vastly
improves the efficacy of TCMs treatments by increasing their
bioavailability and absorption rates and avoiding drug-induced
gastrointestinal tract irritation. Additionally, biocompatible
organic substance formulations and novel metal and oxide
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nanoparticles can change medication profiles and reduce the
required dose and side effects.

Classical pathways are involved in the effects of TCMs on the
proliferation and differentiation of NSCs, including the Notch,
PI3K/Akt, Wnt/β-catenin, and MAPK pathways. Molecules,
including inflammatory factors, apoptosis factors, BDNF, and
NGF are also involved. Studies have proven that almost all of
these pathways/molecules mediate the process of CNS damage or
support brain homeostasis maintenance. Ginsenoside Rg1 could
promote the proliferation, differentiation, and maturity of
NSCs through ERK1/2, Hes1 PI3K-AKT pathway, and p38 and
JNK2 phosphorylation were under control after the admission of
it in stroke models. Notch pathway was involved in AST induced
differentiation of NSCs, NGF, IL-7, and BDNF-TrkB pathway
took part in proliferation and the neuronal differentiation of
NSCs after stroke in vivo. ICA promoted the proliferation and
neurosphere formation of mouse NSCs induced by ERK but
did not affect the differentiation of NSCs. The effect of AST
and curcumin on NSCs after stroke was related to the Wnt/β-
catenin pathway. PI3K/AKT/GSK3β/β-catenin was involved in
the improvement of proliferation and differentiation of Sal
B induced NSCs. PI3K/Akt/FOXO-3a/p27/Kip1 signaling was
involved in the effects of ART after OGD in vitro and MCAO
in vivo. The effects of TCMs on NSCs are regulated by multiple
overlapping and interrelated signaling pathways that jointly
constitute a regulatory network affecting neural regeneration.
This kind of complex situation is probably related to drastic
changes in physiology after lesion development. The interactions
of TCMs and signaling pathways regulating the proliferation
and differentiation of NSCs need to be further elucidated to
clarify the multitarget and multi-pathway mechanisms and the
comprehensive regulatory effects.

Large-scale clinical trials have led to a transformation
in the clinical use of TCMs. However, issues remain. First,
the ability of TCMs to cross the BBB and especially the

enrichment rates in NSC pools in the subependymal region
after infarction need to be determined quantitatively using
high-performance liquid chromatography (HPLC), mass
spectrometry, gas chromatography-mass spectrometry (GC-
MS), or liquid chromatography-mass spectrometry (LC-MS).
Second, specific molecular targets need to be identified. We
need to return to the cellular level of stem research to explore
the molecular mechanisms of TCMs because of the complexity
of their systemic effects and because their neuroprotective
effects may originate from sources other than the CNS. Also,
studies on TCMs treatment combined with exogenous stem
cell implantation are needed to determine whether TCMs can
improve the microenvironment of stem cell proliferation after
infarction. Such studies may provide new ideas for stem cell
transformation therapies.

AUTHOR CONTRIBUTIONS

JW, XZC, and XJL reviewed the databases and analyzed
information on subjects. HF, LT, and FW designed this review
and worked on the manuscript revision. JW wrote the draft and
modified this article. JH revised this article and replied to the
reviewers in the modification phase. All authors contributed to
the article and approved the submitted version.

FUNDING

This research was supported by the Macau Young Scholars
Program (AM201918), the Chongqing Natural Science
Foundation (cstc2019jcyj-msxmX0458) of China, and the
Science and Technology Development Fund, Macau SAR (Grant
no. 0045/2019/AFJ). The funders had no role in the study design,
data collection, or interpretation and had no role in the decision
to submit the work for publication.

REFERENCES

Bain, J. M., Moore, L., Ren, Z., Simonishvili, S., and Levison, S.W. (2013). Vascular
endothelial growth factors A and C are induced in the SVZ following neonatal
hypoxia-ischemia and exert different effects on neonatal glial progenitors.
Transl. Stroke Res. 4, 158–170. doi: 10.1007/s12975-012-0213-6

Bang, O. Y., and Kim, E. H. (2019). Mesenchymal stem cell-derived extracellular
vesicle therapy for stroke: challenges and progress. Front. Neurol. 10:211.
doi: 10.3389/fneur.2019.00211

Bavarsad, K., Barreto, G. E., Hadjzadeh, M. A. R., and Sahebkar, A. (2019).
Protective effects of curcumin against ischemia-reperfusion injury in the
nervous system. Mol. Neurobiol. 56, 1391–1404. doi: 10.1007/s12035-018
-1169-7

Chan, W. H. (2006). Ginkgolide B induces apoptosis and developmental injury
in mouse embryonic stem cells and blastocysts. Hum. Reprod. 21, 2985–2995.
doi: 10.1093/humrep/del255

Chen, S., He, J., Qin, X., Luo, T., Pandey, A., Li, J., et al. (2020). Ginsenoside
metabolite 20(S)-protopanaxadiol promotes neural stem cell transition from
a state of proliferation to differentiation by inducing autophagy and cell cycle
arrest.Mol. Med. Rep. 22, 353–361. doi: 10.3892/mmr.2020.11081

Chen, X., Guo, Y., Hu, Y., Yu, B., and Qi, J. (2016). Quantitative analysis of
highly similar salvianolic acids with 1H qNMR for quality control of traditional
353–363 medicinal preparation Salvianolate Lyophilized Injection. J. Pharm.
Biomed. Anal. 124, 281–287. doi: 10.1016/j.jpba.2016.02.016

Chen, J., Tschudy-Seney, B., Ma, X., Zern, M. A., Liu, P., and Duan, Y. (2018).
Salvianolic acid B enhances hepatic differentiation of human embryonic stem
cells through upregulation of WNT pathway and inhibition of Notch pathway.
Stem Cells Dev. 27, 252–261. doi: 10.1089/scd.2017.0168

Cheng, W., Yu, P., Wang, L., Shen, C., Song, X., Chen, J., et al. (2015). Sonic
hedgehog signaling mediates resveratrol to increase proliferation of neural
stem cells after oxygen-glucose deprivation/reoxygenation injury in vitro. Cell.
Physiol. Biochem. 35, 2019–2032. doi: 10.1159/000374009

Costa, I. M., Lima, F. O. V., Fernandes, L. C. B., Norrara, B., Neta, F. I.,
Alves, R. D., et al. (2019). Astragaloside IV supplementation promotes
a neuroprotective effect in experimental models of neurological
disorders: a systematic review. Curr. Neuropharmacol. 17, 648–665.
doi: 10.2174/1570159X16666180911123341

Datta, A., Sarmah, D., Mounica, L., Kaur, H., Kesharwani, R., Verma, G., et al.
(2020). Cell death pathways in ischemic stroke and targeted pharmacotherapy.
Transl. Stroke Res. 11, 1185–1202. doi: 10.1007/s12975-020-00806-z

Daynac, M., Morizur, L., Chicheportiche, A., Mouthon, M. A., and Boussin, F. D.
(2016). Age-related neurogenesis decline in the subventricular zone is
associated with specific cell cycle regulation changes in activated neural stem
cells. Sci. Rep. 6:21505. doi: 10.1038/srep21505

Díez-Tejedor, E., Gutiérrez-Fernández, M., Martínez-Sánchez, P., Rodríguez
Frutos, B., Ruiz-Ares, G., Lara, M. L., et al. (2014). Reparative therapy for acute
ischemic stroke with allogeneic mesenchymal stem cells from adipose tissue:
a safety assessment: a phase II randomized, double-blind, placebo-controlled,

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 February 2021 | Volume 15 | Article 628115

https://doi.org/10.1007/s12975-012-0213-6
https://doi.org/10.3389/fneur.2019.00211
https://doi.org/10.1007/s12035-018-1169-7
https://doi.org/10.1007/s12035-018-1169-7
https://doi.org/10.1093/humrep/del255
https://doi.org/10.3892/mmr.2020.11081
https://doi.org/10.1016/j.jpba.2016.02.016
https://doi.org/10.1089/scd.2017.0168
https://doi.org/10.1159/000374009
https://doi.org/10.2174/1570159X16666180911123341
https://doi.org/10.1007/s12975-020-00806-z
https://doi.org/10.1038/srep21505
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Wang et al. TCMs Activate NSCs After Stroke

single-center, pilot clinical trial. J. Stroke Cerebrovasc. Dis. 23, 2694–2700.
doi: 10.1016/j.jstrokecerebrovasdis.2014.06.011

Dong, J., Zhu, G., Wang, T. C., and Shi, F. S. (2017). Ginsenoside Rg1 promotes
neural differentiation of mouse adipose-derived stem cells via the miRNA-124
signaling pathway. J. Zhejiang Univ. Sci. B. 18, 445–448. doi: 10.1631/jzus.
B1600355

Duan, W., Wang, L., Lv, J., Gao, K., Lu, Y., Qin, S., et al. (2019). Metabolomics
study on the effects of salvianolic acid B and borneol for treating cerebral
ischemia in rats by ultra-performance liquid chromatography quadrupole time-
of-flight mass spectrometry. Rejuvenation Res. 22, 313–324. doi: 10.1089/rej.
2018.2099

Fang, W., Deng, Y., Li, Y., Shang, E., Fang, F., Lv, P., et al. (2010). Blood brain
barrier permeability and therapeutic time window of ginkgolide B in ischemia-
reperfusion injury. Eur. J. Pharm. Sci. 39, 8–14. doi: 10.1016/j.ejps.2009.10.002

Fernández-Susavila, H., Bugallo-Casal, A., Castillo, J., and Campos, F. (2019).
Adult stem cells and induced pluripotent stem cells for stroke treatment. Front.
Neurol. 10:908. doi: 10.3389/fneur.2019.00908

Fu, X., Li, S., Zhou, S., Wu, Q., Jin, F., and Shi, J. (2018). Stimulatory effect of
icariin on the proliferation of neural stem cells from rat hippocampus. BMC
Complement. Altern. Med. 18:34. doi: 10.1186/s12906-018-2095-y

Fu, J., Wang, Z., Huang, L., Zheng, S., Wang, D., Chen, S., et al. (2014). Review of
the botanical characteristics, phytochemistry, and pharmacology of Astragalus
membranaceus (Huangqi). Phytother. Res. 28, 1275–1283. doi: 10.1002/
ptr.5188

Gambini, J., Inglés, M., Olaso, G., Lopez-Grueso, R., Bonet-Costa, V., Gimeno-
Mallench, L., et al. (2015). Properties of resveratrol: in vitro and in vivo studies
about metabolism, bioavailability, and biological effects in animal models and
humans. Oxid. Med. Cell. Longev. 2015:837042. doi: 10.1155/2015/837042

Gao, J., Bai, P., Li, Y., Li, J., Jia, C., Wang, T., et al. (2020). Metabolomic profiling
of the synergistic effects of ginsenoside Rg1 in combination with neural stem
cell transplantation in ischemic stroke rats. J. Proteome Res. 19, 2676–2688.
doi: 10.1021/acs.jproteome.9b00639

Gao, H., Dou, L., Shan, L., Sun, Y., and Li, W. (2018). Proliferation and
committed differentiation into dopamine neurons of neural stem cells
induced by the active ingredients of radix astragali. NeuroReport 29, 577–582.
doi: 10.1097/WNR.0000000000000997

Gao, J., Wan, F., Tian, M., Li, Y., Li, Y., Li, Q., et al. (2017). Effects of
ginsenoside-Rg1 on the proliferation and glial-like directed differentiation of
embryonic rat cortical neural stem cells in vitro.Mol. Med. Rep. 16, 8875–8881.
doi: 10.3892/mmr.2017.7737

Grochowski, C., Radzikowska, E., and Maciejewski, R. (2018). Neural stem
cell therapy-brief review. Clin. Neurol. Neurosurg. 173, 8–14. doi: 10.1016/j.
clineuro.2018.07.013

Grønning Hansen, M., Laterza, C., Palma-Tortosa, S., Kvist, G., Monni, E.,
Tsupykov, O., et al. (2020). Grafted human pluripotent stem cell-derived
cortical neurons integrate into adult human cortical neural circuitry. Stem Cells
Transl. Med. 9, 1365–1377. doi: 10.1002/sctm.20-0134

Gu, J.-H., Ge, J.-B., Li, M., Wu, F., Zhang, W., and Qin, Z.-H. (2012). Inhibition
of NF-κB activation is associated with anti-inflammatory and anti-apoptotic
effects of ginkgolide B in a mouse model of cerebral ischemia/reperfusion
injury. Eur. J. Pharm. Sci. 47, 652–660. doi: 10.1016/j.ejps.2012.
07.016

Gugliandolo, E., D’Amico, R., Cordaro, M., Fusco, R., Siracusa, R., Crupi, R., et al.
(2018). Neuroprotective effect of artesunate in experimentalmodel of traumatic
brain injury. Front. Neurol. 9:590. doi: 10.3389/fneur.2018.00590

Guo, G., Li, B., Wang, Y., Shan, A., Shen, W., Yuan, L., et al. (2010). Effects of
salvianolic acid B on proliferation, neurite outgrowth and differentiation of
neural stem cells derived from the cerebral cortex of embryonicmice. Sci. China
Life Sci. 53, 653–662. doi: 10.1007/s11427-010-3106-5

Haiyan, H., Rensong, Y., Guoqin, J., Xueli, Z., Huaying, X., and Yanwu, X. (2016).
Effect of astragaloside IV on neural stem cell transplantation in Alzheimer’s
disease rat models. Evid. Based Complement. Alternat. Med. 2016:3106980.
doi: 10.1155/2016/3106980

Hamaguchi, T., Ono, K., and Yamada, M. (2010). Review: curcumin and
Alzheimer’s disease. CNS Neurosci. Ther. 16, 285–297. doi: 10.1111/j.1755-
5949.2010.00147.x

Huang, J.-H., Cai, W.-J., Zhang, X.-M., and Shen, Z.-Y. (2014). Icariin
promotes self-renewal of neural stem cells: an involvement of extracellular

regulated kinase signaling pathway. Chin. J. Integr. Med. 20, 107–115.
doi: 10.1007/s11655-013-1583-7

Huang, F., Lan, Y., Qin, L., Dong, H., Shi, H.,Wu,H., et al. (2018). Astragaloside IV
promotes adult neurogenesis in hippocampal dentate gyrus of mouse through
CXCL1/CXCR2 signaling.Molecules 23:2178. doi: 10.3390/molecules23092178

Ideguchi, M., Shinoyama, M., Gomi, M., Hayashi, H., Hashimoto, N., and
Takahashi, J. (2008). Immune or inflammatory response by the host brain
suppresses neuronal differentiation of transplanted ES cell-derived neural
precursor cells. J. Neurosci. Res. 86, 1936–1943. doi: 10.1002/jnr.21652

Jia, G., Zhang, Y., Li, W., and Dai, H. (2019). Neuroprotective role of icariin in
experimental spinal cord injury via its antioxidant, anti neuroinflammatory
and antiapoptotic properties.Mol. Med. Rep. 20, 3433–3439. doi: 10.3892/mmr.
2019.10537

Jiang, Y., Liu, N., Han, J., Li, Y., Spencer, P., Vodovoz, S. J., et al. (2020). Diabetes
mellitus/poststroke hyperglycemia: a detrimental factor for tPA thrombolytic
stroke therapy. Transl. Stroke Res. doi: 10.1007/s12975-020-00872-3 [Epub
ahead of print].

Jiang, Y.-H., Li, Y.-B., Zhao, X.-Q., Chen, D., Jiang, R., and Wang, S.-L. (2012).
Effect of ginsenoside Rg1 on functional expression of human neural stem cells:
a patch clamp study. Zhongguo Zhong Yao Za Zhi 37, 3477–3480.

Johnston, S. C., Mendis, S., and Mathers, C. D. (2009). Global variation in stroke
burden and mortality: estimates frommonitoring, surveillance, and modelling.
Lancet Neurol. 8, 345–354. doi: 10.1016/S1474-4422(09)70023-7

Kageyama, R., Ochi, S., Sueda, R., and Shimojo, H. (2020). The significance of gene
expression dynamics in neural stem cell regulation. Proc. Jpn. Acad. Ser. B Phys.
Biol. Sci. 96, 351–363. doi: 10.2183/pjab.96.026

Kawabori, M., Shichinohe, H., Kuroda, S., and Houkin, K. (2020). Clinical trials
of stem cell therapy for cerebral ischemic stroke. Int. J. Mol. Sci. 21:7380.
doi: 10.3390/ijms21197380

Khoshnam, S. E., Winlow, W., Farzaneh, M., Farbood, Y., and Moghaddam, H. F.
(2017). Pathogenic mechanisms following ischemic stroke. Neurol. Sci. 38,
1167–1186. doi: 10.1007/s10072-017-2938-1

Kim, D. H., Park, S. J., Kim, J. M., Jeon, S. J., Kim, D. H., Cho, Y. W., et al.
(2011). Cognitive dysfunctions induced by a cholinergic blockade and Aβ

25–35 peptide are attenuated by salvianolic acid B. Neuropharmacology 61,
1432–1440. doi: 10.1016/j.neuropharm.2011.08.038

Kim, S. J., Son, T. G., Park, H. R., Park, M., Kim, M. S., Kim, H. S., et al.
(2008). Curcumin stimulates proliferation of embryonic neural progenitor cells
and neurogenesis in the adult hippocampus. J. Biol. Chem. 283, 14497–14505.
doi: 10.1074/jbc.M708373200

Ko, J.-H., Sethi, G., Um, J.-Y., Shanmugam, M. K., Arfuso, F., Kumar, A. P.,
et al. (2017). The role of resveratrol in cancer therapy. Int. J. Mol. Sci. 18:2589.
doi: 10.3390/ijms18122589

Kreuzberg, M., Kanov, E., Timofeev, O., Schwaninger, M., Monyer, H.,
and Khodosevich, K. (2010). Increased subventricular zone-derived cortical
neurogenesis after ischemic lesion. Exp. Neurol. 226, 90–99. doi: 10.1016/j.
expneurol.2010.08.006

Li, M.-Y., Chang, C.-T., Han, Y.-T., Liao, C.-P., Yu, J.-Y., andWang, T.-W. (2018).
Ginkgolide B promotes neuronal differentiation through the Wnt/β-catenin
pathway in neural stem cells of the postnatal mammalian subventricular zone.
Sci. Rep. 8:14947. doi: 10.1038/s41598-018-32960-8

Li, N., Du, Z., Shen, Q., Lei, Q., Zhang, Y., Zhang, M., et al. (2017). Resveratrol
enhances self-renewal of mouse embryonic stem cells. J. Cell. Biochem. 118,
1928–1935. doi: 10.1002/jcb.25942

Li, X., Li, M., Li, Y., Quan, Q., and Wang, J. (2012). Cellular and molecular
mechanisms underlying the action of ginsenoside Rg1 against Alzheimer’s
disease. Neural Regen. Res. 7, 2860–2866. doi: 10.3969/j.issn.1673-5374.2012.
36.002

Li, Y., Suo, L., Liu, Y., Li, H., and Xue, W. (2017). Protective effects of ginsenoside
Rg1 against oxygen-glucose-deprivation-induced apoptosis in neural stem
cells. J. Neurol. Sci. 373, 107–112. doi: 10.1016/j.jns.2016.12.036

Li, Y., Tu, L., Chen, D., Jiang, R., Wang, Y., and Wang, S. (2012). Study on
functional recovery of hypoxic-ischemic brain injury by Rg1-induced NSCs.
Zhongguo Zhong Yao Za Zhi 37, 509–514.

Li, Y.-B., Wang, Y., Tang, J.-P., Chen, D., andWang, S.-L. (2015). Neuroprotective
effects of ginsenoside Rg1-induced neural stem cell transplantation on hypoxic-
ischemic encephalopathy. Neural Regen. Res. 10, 753–759. doi: 10.4103/1673-
5374.156971

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 February 2021 | Volume 15 | Article 628115

https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.06.011
https://doi.org/10.1631/jzus.B1600355
https://doi.org/10.1631/jzus.B1600355
https://doi.org/10.1089/rej.2018.2099
https://doi.org/10.1089/rej.2018.2099
https://doi.org/10.1016/j.ejps.2009.10.002
https://doi.org/10.3389/fneur.2019.00908
https://doi.org/10.1186/s12906-018-2095-y
https://doi.org/10.1002/ptr.5188
https://doi.org/10.1002/ptr.5188
https://doi.org/10.1155/2015/837042
https://doi.org/10.1021/acs.jproteome.9b00639
https://doi.org/10.1097/WNR.0000000000000997
https://doi.org/10.3892/mmr.2017.7737
https://doi.org/10.1016/j.clineuro.2018.07.013
https://doi.org/10.1016/j.clineuro.2018.07.013
https://doi.org/10.1002/sctm.20-0134
https://doi.org/10.1016/j.ejps.2012.07.016
https://doi.org/10.1016/j.ejps.2012.07.016
https://doi.org/10.3389/fneur.2018.00590
https://doi.org/10.1007/s11427-010-3106-5
https://doi.org/10.1155/2016/3106980
https://doi.org/10.1111/j.1755-5949.2010.00147.x
https://doi.org/10.1111/j.1755-5949.2010.00147.x
https://doi.org/10.1007/s11655-013-1583-7
https://doi.org/10.3390/molecules23092178
https://doi.org/10.1002/jnr.21652
https://doi.org/10.3892/mmr.2019.10537
https://doi.org/10.3892/mmr.2019.10537
https://doi.org/10.1007/s12975-020-00872-3
https://doi.org/10.1016/S1474-4422(09)70023-7
https://doi.org/10.2183/pjab.96.026
https://doi.org/10.3390/ijms21197380
https://doi.org/10.1007/s10072-017-2938-1
https://doi.org/10.1016/j.neuropharm.2011.08.038
https://doi.org/10.1074/jbc.M708373200
https://doi.org/10.3390/ijms18122589
https://doi.org/10.1016/j.expneurol.2010.08.006
https://doi.org/10.1016/j.expneurol.2010.08.006
https://doi.org/10.1038/s41598-018-32960-8
https://doi.org/10.1002/jcb.25942
https://doi.org/10.3969/j.issn.1673-5374.2012.36.002
https://doi.org/10.3969/j.issn.1673-5374.2012.36.002
https://doi.org/10.1016/j.jns.2016.12.036
https://doi.org/10.4103/1673-5374.156971
https://doi.org/10.4103/1673-5374.156971
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Wang et al. TCMs Activate NSCs After Stroke

Li, C., Xu, T., Zhou, P., Zhang, J., Guan, G., Zhang, H., et al. (2018). Post-
marketing safety surveillance and re-evaluation of Xueshuantong injection.
BMC Complement. Altern. Med. 18:277. doi: 10.1186/s12906-018-2329-z

Liu, D., Tang, W., Zhang, H., Huang, H., Zhang, Z., Tang, D., et al. (2020).
Icariin protects rabbit BMSCs against OGD-induced apoptosis by inhibiting
ERs-mediated autophagy via MAPK signaling pathway. Life Sci. 253:117730.
doi: 10.1016/j.lfs.2020.117730

Liu, D., Ye, Y., Xu, L., Yuan, W., and Zhang, Q. (2018). Icariin and mesenchymal
stem cells synergistically promote angiogenesis and neurogenesis after cerebral
ischemia via PI3K and ERK1/2 pathways. Biomed. Pharmacother. 108, 663–669.
doi: 10.1016/j.biopha.2018.09.071

Luo, W., Liu, T., Li, S., Wen, H., Zhou, F., Zafonte, R., et al. (2019). The
serum BDNF level offers minimum predictive value for motor function
recovery after stroke. Transl. Stroke Res. 10, 342–351. doi: 10.1007/s12975-018-
0648-5

Lv, H.,Wang, L., Shen, J., Hao, S., Ming, A.,Wang, X., et al. (2015). Salvianolic acid
B attenuates apoptosis and inflammation via SIRT1 activation in experimental
stroke rats. Brain Res. Bull. 115, 30–36. doi: 10.1016/j.brainresbull.2015.
05.002

Lyu, J., Jiang, X., Leak, R. K., Shi, Y., Hu, X., and Chen, J. (2020).
Microglial responses to brain injury and disease: functional diversity and
new opportunities. Transl. Stroke Res. doi: 10.1007/s12975-020-00857-2 [Epub
ahead of print].

Marques, M., Cordeiro, M. F., Marinho, M. A. G., Vian, C. O., Vaz, G. R.,
Alves, B. S., et al. (2020). Curcumin-loaded nanoemulsion improves
haemorrhagic stroke recovery in wistar rats. Brain Res. 1746:147007.
doi: 10.1016/j.brainres.2020.147007

Mohammadi, S., Jafari, B., Asgharian, P., Martorell, M., and Sharifi-Rad, J. (2020).
Medicinal plants used in the treatment of Malaria: a key emphasis to artemisia,
cinchona, cryptolepis, and tabebuia genera. Phytother. Res. 34, 1556–1569.
doi: 10.1002/ptr.6628

Morris, C. A., Duparc, S., Borghini-Fuhrer, I., Jung, D., Shin, C. S.,
and Fleckenstein, L. (2011). Review of the clinical pharmacokinetics
of artesunate and its active metabolite dihydroartemisinin following
intravenous, intramuscular, oral or rectal administration. Malaria J. 10:263.
doi: 10.1186/1475-2875-10-263

Ni, G.-X., Liang, C., Wang, J., Duan, C.-Q., Wang, P., and Wang, Y. L.
(2020). Astragaloside IV improves neurobehavior and promotes hippocampal
neurogenesis in MCAO rats though BDNF-TrkB signaling pathway. Biomed.
Pharmacother. 130:110353. doi: 10.1016/j.biopha.2020.110353

Ojaghihaghighi, S., Vahdati, S. S., Mikaeilpour, A., and Ramouz, A. (2017).
Comparison of neurological clinical manifestation in patients with
hemorrhagic and ischemic stroke. World J. Emerg. Med. 8, 34–38.
doi: 10.5847/wjem.j.1920-8642.2017.01.006

Oki, K., Tatarishvili, J., Wood, J., Koch, P., Wattananit, S., Mine, Y., et al. (2012).
Human-induced pluripotent stem cells form functional neurons and improve
recovery after grafting in stroke-damaged brain. Stem Cells 30, 1120–1133.
doi: 10.1002/stem.1104

Palma-Tortosa, S., Tornero, D., Grønning Hansen, M., Monni, E., Hajy, M.,
Kartsivadze, S., et al. (2020). Activity in grafted human iPS cell-derived cortical
neurons integrated in stroke-injured rat brain regulates motor behavior. Proc.
Natl. Acad. Sci. U S A 117, 9094–9100. doi: 10.1073/pnas.2000690117

Parent, J. M., Vexler, Z. S., Gong, C., Derugin, N., and Ferriero, D. M. (2002). Rat
forebrain neurogenesis and striatal neuron replacement after focal stroke. Ann.
Neurol. 52, 802–813. doi: 10.1002/ana.10393

Park, H. R., Kong, K. H., Yu, B. P., Mattson, M. P., and Lee, J. (2012). Resveratrol
inhibits the proliferation of neural progenitor cells and hippocampal
neurogenesis. J. Biol. Chem. 287, 42588–42600. doi: 10.1074/jbc.M112.406413

Paul, B., Masih, I., Deopujari, J., and Charpentier, C. (1999). Occurrence of
resveratrol and pterostilbene in age-old darakchasava, an ayurvedic medicine
from India. J. Ethnopharmacol. 68, 71–76. doi: 10.1016/s0378-8741(99)
00044-6

Pei, L.-K., Guo, B.-L., Sun, S.-Q., and Huang, W.-H. (2008). Study on the
identification of some species of Herba Epimedii with FTIR. Guang Pu Xue
Yu Guang Pu Fen Xi 28, 55–60.

Priyadarsini, K. I. (2014). The chemistry of curcumin: from extraction
to therapeutic agent. Molecules 19, 20091–20112. doi: 10.3390/
molecules191220091

Quan, L., Zhu, H., Liu, X., and Tang, C. (2020). Icariin sustains the proliferation
and differentiation of Aβ25–35-treated hippocampal neural stem cells via
the BDNF-TrkB-ERK/Akt signaling pathway. Neurol. Res. 42, 936–945.
doi: 10.1080/01616412.2020.1792701

Ryskalin, L., Biagioni, F., Busceti, C. L., Lazzeri, G., Frati, A., and Fornai, F.
(2020). The multi-faceted effect of curcumin in glioblastoma from
rescuing cell clearance to autophagy-independent effects. Molecules 25:4839.
doi: 10.3390/molecules25204839

Safaeinejad, Z., Nabiuni, M., Peymani, M., Ghaedi, K., Nasr-Esfahani, M. H.,
and Baharvand, H. (2017). Resveratrol promotes human embryonic stem cells
self-renewal by targeting SIRT1-ERK signaling pathway. Eur. J. Cell Biol. 96,
665–672. doi: 10.1016/j.ejcb.2017.08.002

Sarmah, D., Kaur, H., Saraf, J., Pravalika, K., Goswami, A., Kalia, K., et al.
(2018). Getting closer to an effective intervention of ischemic stroke: the big
promise of stem cell. Transl. Stroke Res. 9, 356–374. doi: 10.1007/s12975-017
-0580-0

Sawda, C., Moussa, C., and Turner, R. S. (2017). Resveratrol for Alzheimer’s
disease. Ann. N Y Acad. Sci. 1403, 142–149. doi: 10.1111/nyas.
13431

Shen, C., Cheng, W., Yu, P., Wang, L., Zhou, L., Zeng, L., et al. (2016). Resveratrol
pretreatment attenuates injury and promotes proliferation of neural stem
cells following oxygen-glucose deprivation/reoxygenation by upregulating the
expression of Nrf2, HO-1 and NQO1 in vitro. Mol. Med. Rep. 14, 3646–3654.
doi: 10.3892/mmr.2016.5670

Shu, T., Liu, C., Pang, M., He, L., Yang, B., Fan, L., et al. (2018). Salvianolic
acid B promotes neural differentiation of induced pluripotent stem cells
via PI3K/AKT/GSK3β/β-catenin pathway. Neurosci. Lett. 671, 154–160.
doi: 10.1016/j.neulet.2018.02.007

Shu, T., Pang, M., Rong, L., Liu, C., Wang, J., Zhou, W., et al. (2015). Protective
effects and mechanisms of salvianolic acid B against H2O2-induced injury in
induced pluripotent stem cell-derived neural stem cells. Neurochem. Res. 40,
1133–1143. doi: 10.1007/s11064-015-1573-6

Singh, S. K., Srivastav, S., Castellani, R. J., Plascencia-Villa, G., and Perry, G.
(2019). Neuroprotective and antioxidant effect of Ginkgo biloba extract
against AD and other neurological disorders. Neurotherapeutics 16, 666–674.
doi: 10.1007/s13311-019-00767-8

Son, S., Kim, K. T., Cho, D.-C., Kim, H. J., Sung, J.-K., and Bae, J. S. (2014).
Curcumin stimulates proliferation of spinal cord neural progenitor cells via a
mitogen-activated protein kinase signaling pathway. J. Korean Neurosurg. Soc.
56, 1–4. doi: 10.3340/jkns.2014.56.1.1

Song, P., Xia, X., Han, T., Fang, H., Wang, Y., Dong, F., et al. (2018). BMSCs
promote the differentiation of NSCs into oligodendrocytes via mediating
Id2 and Olig expression through BMP/Smad signaling pathway. Biosci. Rep.
38:BSR20180303. doi: 10.1042/BSR20180303

Sun, L., Zhang, H., Wang, W., Chen, Z., Wang, S., Li, J., et al. (2020). Astragaloside
IV exerts cognitive benefits and promotes hippocampal neurogenesis in stroke
mice by downregulating interleukin-17 expression via Wnt pathway. Front.
Pharmacol. 11:421. doi: 10.3389/fphar.2020.00421

Suvorova, I. I., Knyazeva, A. R., Petukhov, A. V., Aksenov, N. D., and
Pospelov, V. A. (2019). Resveratrol enhances pluripotency of mouse embryonic
stem cells by activating AMPK/Ulk1 pathway. Cell Death Discov. 5:61.
doi: 10.1038/s41420-019-0137-y

Tiwari, S. K., Agarwal, S., Seth, B., Yadav, A., Nair, S., Bhatnagar, P.,
et al. (2014). Curcumin-loaded nanoparticles potently induce adult
neurogenesis and reverse cognitive deficits in Alzheimer’s disease model
via canonical Wnt/β-catenin pathway. ACS Nano 8, 76–103. doi: 10.1021/nn4
05077y

Tornero, D., Tsupykov, O., Granmo, M., Rodriguez, C., Grønning-Hansen, M.,
Thelin, J., et al. (2017). Synaptic inputs from stroke-injured brain to grafted
human stem cell-derived neurons activated by sensory stimuli. Brain 140,
692–706. doi: 10.1093/brain/aww347

Wang, C., Zhang, Y. J., Feng, Y., Zhuang, P. W., Wang, J., Liu, H., et al. (2009).
Effect of astragaloside IV on neurogenesis in adult hippocampus of rats after
transient forebrain ischemia. Chin. Tradit. Herbal Drugs 40, 754–758.

Wang, H.-L., Zhou, Q.-H., Xu, M.-B., Zhou, X.-L., and Zheng, G.-Q.
(2017). Astragaloside IV for experimental focal cerebral ischemia: preclinical
evidence and possible mechanisms. Oxid. Med. Cell. Longev. 2017:8424326.
doi: 10.1155/2017/8424326

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 February 2021 | Volume 15 | Article 628115

https://doi.org/10.1186/s12906-018-2329-z
https://doi.org/10.1016/j.lfs.2020.117730
https://doi.org/10.1016/j.biopha.2018.09.071
https://doi.org/10.1007/s12975-018-0648-5
https://doi.org/10.1007/s12975-018-0648-5
https://doi.org/10.1016/j.brainresbull.2015.05.002
https://doi.org/10.1016/j.brainresbull.2015.05.002
https://doi.org/10.1007/s12975-020-00857-2
https://doi.org/10.1016/j.brainres.2020.147007
https://doi.org/10.1002/ptr.6628
https://doi.org/10.1186/1475-2875-10-263
https://doi.org/10.1016/j.biopha.2020.110353
https://doi.org/10.5847/wjem.j.1920-8642.2017.01.006
https://doi.org/10.1002/stem.1104
https://doi.org/10.1073/pnas.2000690117
https://doi.org/10.1002/ana.10393
https://doi.org/10.1074/jbc.M112.406413
https://doi.org/10.1016/s0378-8741(99)00044-6
https://doi.org/10.1016/s0378-8741(99)00044-6
https://doi.org/10.3390/molecules191220091
https://doi.org/10.3390/molecules191220091
https://doi.org/10.1080/01616412.2020.1792701
https://doi.org/10.3390/molecules25204839
https://doi.org/10.1016/j.ejcb.2017.08.002
https://doi.org/10.1007/s12975-017-0580-0
https://doi.org/10.1007/s12975-017-0580-0
https://doi.org/10.1111/nyas.13431
https://doi.org/10.1111/nyas.13431
https://doi.org/10.3892/mmr.2016.5670
https://doi.org/10.1016/j.neulet.2018.02.007
https://doi.org/10.1007/s11064-015-1573-6
https://doi.org/10.1007/s13311-019-00767-8
https://doi.org/10.3340/jkns.2014.56.1.1
https://doi.org/10.1042/BSR20180303
https://doi.org/10.3389/fphar.2020.00421
https://doi.org/10.1038/s41420-019-0137-y
https://doi.org/10.1021/nn405077y
https://doi.org/10.1021/nn405077y
https://doi.org/10.1093/brain/aww347
https://doi.org/10.1155/2017/8424326
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Wang et al. TCMs Activate NSCs After Stroke

Wang, S.-X., Hu, L.-M., Gao, X.-M., Guo, H., and Fan, G.-W. (2010). Anti-
inflammatory activity of salvianolic acid B in microglia contributes to its
neuroprotective effect. Neurochem. Res. 35, 1029–1037. doi: 10.1007/s11064-
010-0151-1

Wei, S., Liu, L., Chen, Z., Yin, W., Liu, Y., Ouyang, Q., et al. (2020). Artesunate
inhibits the mevalonate pathway and promotes glioma cell senescence. J. Cell.
Mol. Med. 24, 276–284. doi: 10.1111/jcmm.14717

Wu, B., Chen, Y., Huang, J. H., Ning, Y., Bian, Q., Shan, Y., et al. (2012). Icariin
improves cognitive deficits and activates quiescent neural stem cells in aging
rats. J. Ethnopharmacol. 142, 746–753. doi: 10.1016/j.jep.2012.05.056

Xiong, D., Deng, Y., Huang, B., Yin, C., Liu, B., Shi, J., et al. (2016).
Icariin attenuates cerebral ischemia-reperfusion injury through inhibition of
inflammatory response mediated by NF-κB, PPARα, and PPARγ in rats. Int.
Immunopharmacol. 30, 157–162. doi: 10.1016/j.intimp.2015.11.035

Xu, F.-T., Li, H.-M., Yin, Q.-S., Cui, S.-E., Liu, D.-L., Nan, H., et al. (2014). Effect
of ginsenoside Rg1 on proliferation and neural phenotype differentiation of
human adipose-derived stem cells in vitro. Can. J. Physiol. Pharmacol. 92,
467–475. doi: 10.1139/cjpp-2013-0377

Xue, J., Zhang, X., Zhang, C., Kang, N., Liu, X., Yu, J., et al. (2016). Protective
effect of Naoxintong against cerebral ischemia reperfusion injury in mice.
J. Ethnopharmacol. 182, 181–189. doi: 10.1016/j.jep.2016.02.022

Yan, H.-S., Hang, C., Chen, S.-W., Wang, K.-K., and Bo, P. (2020). Salvianolic
acid B combined with mesenchymal stem cells contributes to nucleus pulposus
regeneration. Connect. Tissue Res. 61, 435–444. doi: 10.1080/03008207.2019.
1611794

Yang, P., Guan, Y.-Q., Li, Y.-L., Zhang, L., Zhang, L., and Li, L. (2016). Icariin
promotes cell proliferation and regulates gene expression in human neural stem
cells in vitro.Mol. Med. Rep. 14, 1316–1322. doi: 10.3892/mmr.2016.5377

Yang, F., Ma, Q., Matsabisa, M. G., Chabalala, H., Braga, F. C., and Tang, M.
(2020). Panax notoginseng for cerebral ischemia: a systematic review. Am.
J. Chin. Med. 48, 1331–1351. doi: 10.1142/S0192415X20500652

Yang, X., Xiong, X., Wang, H., Yang, G., and Wang, J. (2013). Xuesaitong soft
capsule (chinese patent medicine) for the treatment of unstable angina pectoris:
a meta-analysis and systematic review. Evid. Based Complement. Alternat. Med.
2013:948319. doi: 10.1155/2013/948319

Yao, H., Shi, P., Shao, Q., and Fan, X. (2011). Chemical fingerprinting and
quantitative analysis of a panax notoginseng preparation using HPLC-UV and
HPLC-MS. Chin. Med. 6:9. doi: 10.1186/1749-8546-6-9

Yao, Y., Zhou, R., Bai, R., Wang, J., Tu, M., Shi, J., et al. (2020). Resveratrol
promotes the survival and neuronal differentiation of hypoxia-conditioned
neuronal progenitor cells in rats with cerebral ischemia. Front. Med.
doi: 10.1007/s11684-021-0832-y [Epub ahead of print].

Yasuhara, T., Kawauchi, S., Kin, K., Morimoto, J., Kameda, M., Sasaki, T., et al.
(2020). Cell therapy for central nervous system disorders: current obstacles to
progress. CNS Neurosci. Ther. 26, 595–602. doi: 10.1111/cns.13247

Yu, J. H., Seo, J. H., Lee, J. Y., Lee, M. Y., and Cho, S. R. (2016). Induction of
neurorestoration from endogenous stem cells. Cell Transplant. 25, 863–882.
doi: 10.3727/096368916X690511

Zeng, X.-S., Zhou, X.-S., Luo, F.-C., Jia, J.-J., Qi, L., Yang, Z.-X., et al. (2014).
Comparative analysis of the neuroprotective effects of ginsenosides Rg1 and
Rb1 extracted from Panax notoginseng against cerebral ischemia. Can.
J. Physiol. Pharmacol. 92, 102–108. doi: 10.1139/cjpp-2013-0274

Zhang, K., Yang, Y., Ge, H., Wang, J., Chen, X., Lei, X., et al. (2020). Artesunate
promotes the proliferation of neural stem/progenitor cells and alleviates

Ischemia-reperfusion Injury through PI3K/Akt/FOXO-3a/p27(kip1) signaling
pathway. Aging 12, 8029–8048. doi: 10.18632/aging.103121

Zhang, X., Zhang, X.-F., Wang, L., Guo, D.-Y., Zhang, J.-M., Chen, Y. G.,
et al. (2020). Analysis of clinical efficacy of traditional chinese medicine in
recovery stage of stroke: a systematic review and meta-analysis. Cardiovasc.
Ther. 2020:7172052. doi: 10.1155/2020/7172052

Zhao, X., Li, Y., Jiang, Y., Chen, D., Jiang, R., and Wang, S. (2012).
Study on mechanism of ginsenoside Rg1-induced human neural stem cells
differentiation by genechip. Zhongguo Zhong Yao Za Zhi 37, 515–519.

Zhao, J., Lu, S., Yu, H., Duan, S., and Zhao, J. (2018). Baicalin and ginsenoside
Rb1 promote the proliferation and differentiation of neural stem cells in
Alzheimer’s disease model rats. Brain Res. 1678, 187–194. doi: 10.1016/j.
brainres.2017.10.003

Zheng, P.-D., Mungur, R., Zhou, H.-J., Hassan, M., Jiang, S.-N., and Zheng, J.-S.
(2018). Ginkgolide B promotes the proliferation and differentiation of neural
stem cells following cerebral ischemia/reperfusion injury, both in vivo and
in vitro. Neural Regen. Res. 13, 1204–1211. doi: 10.4103/1673-5374.232476

Zhong, J., Li, R.-W., Wang, J., Wang, Y., Wang, Y., Ge, H.-F., et al. (2021).
Neuroprotection by cattle encephalon glycoside and ignotin beyond the time
window of thrombolysis in ischemic stroke. Neural Regen. Res. 16, 312–318.
doi: 10.4103/1673-5374.290899

Zhou, L., Zuo, Z., and Chow, M. S. (2005). Danshen: an overview of its chemistry,
pharmacology, pharmacokinetics, and clinical use. J. Clin. Pharmacol. 45,
1345–1359. doi: 10.1177/0091270005282630

Zhou, Y., Zhang, X., Zhang, L., Li, Z., Wu, Q., Jin, Z., et al. (2020). Increased
stroke risk in metabolically abnormal normal weight: a 10-year follow-up of
102,037 participants in China. Transl. Stroke Res. doi: 10.1007/s12975-020-
00866-1 [Epub ahead of print].

Zhu, B., Xue, F., Zhang, C., and Li, G. (2019). Ginkgolide B promotes osteoblast
differentiation via activation of canonical Wnt signalling and alleviates
osteoporosis through a bone anabolic way. J. Cell. Mol. Med. 23, 5782–5793.
doi: 10.1111/jcmm.14503

Zhuang, P., Zhang, Y., Cui, G., Bian, Y., Zhang, M., Zhang, J., et al. (2012). Direct
stimulation of adult neural stem/progenitor cells in vitro and neurogenesis
in vivo by salvianolic acid B. PLoS One 7:e35636. doi: 10.1371/journal.pone.
0035636

Zhuang, P., Zhang, Y., and Pang, T. (2009). Proliferation effect of neural stem cell
of ginsenoside Rg1 in vitro. Zhongguo Zhong Yao Za Zhi 34, 443–446.

Zuo, S., Ge, H., Li, Q., Zhang, X., Hu, R., Hu, S., et al. (2017). Artesunate
protected blood-brain barrier via sphingosine 1 phosphate receptor
1/phosphatidylinositol 3 kinase pathway after subarachnoid hemorrhage
in rats.Mol. Neurobiol. 54, 1213–1228. doi: 10.1007/s12035-016-9732-6

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Hu, Chen, Lei, Feng, Wan and Tan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 February 2021 | Volume 15 | Article 628115

https://doi.org/10.1007/s11064-010-0151-1
https://doi.org/10.1007/s11064-010-0151-1
https://doi.org/10.1111/jcmm.14717
https://doi.org/10.1016/j.jep.2012.05.056
https://doi.org/10.1016/j.intimp.2015.11.035
https://doi.org/10.1139/cjpp-2013-0377
https://doi.org/10.1016/j.jep.2016.02.022
https://doi.org/10.1080/03008207.2019.1611794
https://doi.org/10.1080/03008207.2019.1611794
https://doi.org/10.3892/mmr.2016.5377
https://doi.org/10.1142/S0192415X20500652
https://doi.org/10.1155/2013/948319
https://doi.org/10.1186/1749-8546-6-9
https://doi.org/10.1007/s11684-021-0832-y
https://doi.org/10.1111/cns.13247
https://doi.org/10.3727/096368916X690511
https://doi.org/10.1139/cjpp-2013-0274
https://doi.org/10.18632/aging.103121
https://doi.org/10.1155/2020/7172052
https://doi.org/10.1016/j.brainres.2017.10.003
https://doi.org/10.1016/j.brainres.2017.10.003
https://doi.org/10.4103/1673-5374.232476
https://doi.org/10.4103/1673-5374.290899
https://doi.org/10.1177/0091270005282630
https://doi.org/10.1007/s12975-020-00866-1
https://doi.org/10.1007/s12975-020-00866-1
https://doi.org/10.1111/jcmm.14503
https://doi.org/10.1371/journal.pone.0035636
https://doi.org/10.1371/journal.pone.0035636
https://doi.org/10.1007/s12035-016-9732-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Traditional Chinese Medicine Monomers: Novel Strategy for Endogenous Neural Stem Cells Activation After Stroke
	INTRODUCTION
	GLYCOSIDES
	Ginsenoside Rg1
	Astragaloside IV

	POLYPHENOLS
	Flavonoids
	Phenolic Acids
	Others
	Resveratrol
	Curcumin


	TERPENOIDS
	Artesunate
	Ginkgolide B

	SUMMARY
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


