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ABSTRACT
Neuron loss is the cardinal characteristic of neurodegenerative diseases. Regulation of adult 
neurogenesis, especially the induction of neuronal differentiation, is important in developing 
therapies to promote neuronal regeneration from nerve injury or neurological disorders. 
Neuronal differentiation is extremely complicated because it can occur in different cell types 
and be caused by a variety of inducers. In recent years, medicinal plant-derived natural 
compounds have received extensive attention as major sources of new therapeutic agents for 
treating neurological disorders and they exert their effects by promoting adult neurogenesis. 
In this study, we summarized the detailed research progress on the active natural compounds 
with potential neuroprotective effects and their molecular mechanisms on inducing neuronal 
differentiation and morphogenesis in NS/PCs, MSCs, PC12 cells and neuroblastoma cells. 
The active ingredients derived from natural plants that efficacious in promoting neuronal 
differentiation and neurite outgrowth include phenolics, flavonoids, alkaloids, coumarins, 
terpenes, quinines, glycosides, iridoids, volatile oils and others (xanthone, isothiocyanate). 
Studies have shown that above natural products exert the promotion effects via regulating 
many factors involve in the process of neurogenesis, including specific proteins (DCX, β III-
tubulin, MAP-2, NSE, Tau, Nestin, GAP-43, Neurofilaments, GFAP), related genes and proteins 
(Stat3, Hes1, Mash1, NeuroD1, SIRT1, Hsp70, Reggie-1, Cyclin D1), transcription factors (CREB, 
Nkx-2.5, Ngn1), neurotrophins (BDNF, NGF, NT-3) and signaling pathways (JAK/STAT, Wnt/β-
catenin, MEK-ERK1/2, PI3K/Akt, Akt/GSK-3β/β-catenin, PKA/GSK3β/β-catenin, Notch, BMP, 
Ca2+/CaMKII/ATF1, Nrf2/HO-1). The development of neuro-modulating natural products is of 
great value for the prevention or treatment of neurodegenerative diseases and for neuronal 
regenerative medicine.
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controlled by appropriate regulation of 
extrinsic signaling factors and intrinsic cell-
specific genes, is relevant to a wide range of 
biological events in the CNS, including neural 
development, neurological damage and repair, 
neurodegenerative disorders, and the formation 
and treatment of nervous system neoplasms [5]. 

Neuronal differentiation is extremely 
complicated because it can occur in different 
cell types and be caused by a variety of inducers 
[6]. In recent years, considerable attention 
has been paid to the identification of new 
differentiation-related genes, proteins and 
signaling pathways to gain insights into the 
mechanisms involved in differentiation and 
possible treatments of neurobiological disorders 
[7]. A wide variety of compounds derived from 
natural sources exhibit potent bioactivities on 
neuronal differentiation and morphogenesis [8]. 
Natural compounds that can protect neurons or 
increase adult neurogenesis, both in vitro and in 
vivo, hold promise for the treatment of nervous 
system disorders. Currently, numerous natural 
compounds have been shown to play a role in the 
biological processes of neuronal differentiation, 
and that raises the possibility of curing neuron 
injury and/or neurodegenerative diseases. 

In this paper, we summarized the detailed research 
progress on the active natural compounds with 
potential neuroprotective effects and their 
molecular mechanisms on inducing neuronal 
differentiation and morphogenesis in NS/PCs, 
MSCs, PC12 cells and neuroblastoma cells.

 � Modulatory effects of natural 
compounds on neurogenesis of NS/PCs

 � Neurogenesis and NS/PCs

Neurogenesis is a natural process, comprising 
cellular proliferation, differentiation, and 
migration and is responsible for brain 
regeneration [9]. Adult-born neurons in specific 
brain areas, such as the subgranular zone (SGZ) 
of the hippocampal dentate gyrus (DG) and the 
subventricular zone (SVZ) of the lateral ventricles, 
also experience differentiation processes which, 
in many levels, resemble embryonic neuronal 
differentiation [10]. In particular, neural stem/
progenitor cells (NS/PCs) at the SGZ are the 
main source of adult-born excitatory granule 
neurons in the DG. Under intrinsic control or 
external stimuli, NS/PCs undergo multi-lineage 
differentiation and give rise to new neurons, 
which continue to mature and integrate to the 
local neural circuits. The persistence of adult 
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Introduction

Human neurodegenerative disorders, such as 
stroke and Parkinson’s and Alzheimer’s diseases, 
are all characterized by neuronal cell loss and 
associated with corresponding loss of function 
and disabilities [1]. Neurogenesis, a process 
of generating new neurons, is responsible for 
neuronal regeneration and occurs throughout 
life in the mammalian central nervous system 
(CNS) [2]. Developing therapeutic approaches 
that target on neuronal differentiation and adult 
neurogenesis will be greatly beneficial for the 
regeneration of neurons or reconstruction of 
synaptic networks in neurological diseases such 
as neurodegenerative diseases, brain injuries and 
mood disorders [3]. 

Neuronal differentiation in the early development 
involves neuronal fate determination and a 
series of morphological changes of the newborn 
neurons, including neurite initiation, extension, 
and maturation of axons and dendrites [4]. 
Precise regulation of these developmental 
processes determines accurate formation of 
synaptic connections and thus the functioning 
of neuronal network. Neural differentiation, 
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neurogenesis raises the possibility that the 
resident or transplanted NSCs could replace the 
neurons lost in brain injury or neurodegenerative 
disease [3]. 

Neural stem cells (NSCs) are a unique popu-
lation of cells that exhibit stem cell properties, 
including self-renewal, multipotency, and differ-
entiation of the progeny into the three primary 
CNS phenotypes: neurons, astrocytes, and oli-
godendrocytes [11]. Recent studies have shown 
that NSCs are present in the SVZ of the lateral 
ventricles and the SGZ of the hippocampal DG 
in the adult mouse, rat, nonhuman primate, and 
human brain. Newly generated cells in the SGZ 
can differentiate into mature, functional neu-
rons and integrate into the DG as granule cells 
involved in memory formation. NSCs have been 
isolated from the SVZ of mammalian CNS and 
can be maintained in vitro for extended periods 
of time without loss of their proliferation or dif-
ferentiation potential [12]. 

Because of the ability to support neurogenesis 
throughout adulthood and exert immunomodu-
latory properties, NSCs have been evaluated as a 
renewable source of neural precursors for regen-
erative transplantation in various CNS diseases, 
including degenerative disorders, injury, and 
cancers [13,14]. Previous studies have suggested 
that the proliferation and differentiation of NS/
PCs can be influenced by the effects of extrinsic 
and intrinsic signals coming from medium com-
ponents such as growth factors, cytokines and 
teratogens, leading to alteration of the cell-fate 
choice that determines cell division, survival and 
cell cycle exit [15]. The factors maintaining the 
self-renewal capacity of NSCs have been wide-
ly studied. The Notch signaling pathway plays a 
pivotal role in maintaining the NSC pool [16]. 
Bone morphogenetic proteins (BMPs) [17] and 
inhibitory basic helix loop helix (bHLH) tran-
scription factors [18] also contribute to the regu-
lation of self-renewal of NSCs. The neurotroph-
in factor family members are important inducers 
of NSC differentiation [19]. Other factors in-
cluding sonic hedgehog (Shh) [20], retinoic acid 
(RA) [21], and neuropathiazol [22] also signifi-
cantly increase neuronal differentiation of NSCs 
in vitro. As for the differentiation of NSCs into 
astrocytes, these factors include leukemia inhibi-
tory factor (LIF), neuropoietin (NP), ciliary neu-
rotrophic factor (CNTF), endothelial growth 
factor (EGF), and some members of the BMP 
family [23-25]. Although great advances have 
been made in elucidating the molecular basis for 
NSC functions, few drugs have been developed 

that control NSC fate. Recently, there has been 
considerable interest in designing new stem cell 
therapy strategies for promoting brain recovery 
and repair, that several natural compounds have 
been proposed [26]. 

 � Natural compounds that benefit for 
neurogenesis of NS/NPs

The plant-derived natural compounds that 
are efficacious in promoting the neuronal 
differentiation of NS/PCs include protocatechuic 
acid, wogonin, tenuigenin, salvianolic acid B, 
baicalin, oleanolic acid, osthole, sulforaphane, 
claulansine F, tetramethylpyrazine, tanshinone 
IIA, garcinol, kuwanon V, garcinone D, ferulic 
acid, quercetin-3-O-glucuronide, epigallo-
catechin-3-gallate, curcumin and ginsenoside 
Rg1 (Table 1).

Protocatechuic acid (PCA) is a phenolic 
compound isolated from the kernels of Alpinia 
(A.) oxyphylla. Guan’s study demonstrated that 
PCA promoted the neuronal differentiation and 
facilitated survival of phenotypes differentiated 
from cultured NS/PCs. Moreover, PCA was able 
to induce neuronal maturation and efficiently 
promote neurite outgrowth [27]. Wogonin is a 
flavonoid isolated from Scutellaria baicalensis 
root. Wogonin induced differentiation and 
neurite outgrowth of neural precursor cells 
(NPCs) [28]. Tenuigenin is an aglycone of 
Polygala tenuifolia Willd. Chen’s results showed 
that addition of tenuigenin to the NSCs medium 
increased the number of newly formed 
neurospheres. More neurons were also obtained 
when tenuigenin was added in the differentiation 
medium. Tenuigenin was involved in regulating 
the proliferation and differentiation of 
hippocampal NSCs [29]. Salvianolic acid B 
(SalB) is a potent aqueous phenolic acids of 
Salvia miltiorrhiza. Guo’s study indicated that 
SalB is capable of promoting proliferation of 
neurospheres and differentiation towards the 
neuronal lineage in vitro. SalB may act in the 
proliferation of NSCs, and promote NSCs 
differentiation into neuronal cells. The mRNA 
for tau, glial fibrillary acidic portein (GFAP) and 
nestin were presented in differentiating 
neurospheres induced by SalB. However, high-
level expression of tau mRNA and low-level 
expression of GFAP mRNA was detected in 
differentiated cells [30]. Brain derived 
neurotrophic factor (BDNF) is an important 
neurotrophic factor that possessed ability to 
promote neural protection, plasticity, and 
regeneration in a variety of conditions, such as 
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Table 1: The category, source, structure, dose, cell lines and mechanism of 22 natural compounds that benefit for neuronal 
differentiation of NS/PCs.

Natural compound Category Source Structure Dose Cell lines Effect and 
Mechanism References

Protocatechuic acid phenolic acids Alpinia (A.) 
oxyphylla 0.06 mM NS/PCs

promote neuronal 
differentiation, 
neuronal 
maturation, neurite 
outgrowth, survival 
of phenotypes 
differentiation
(Mechanism: not 
provided)

[27]

Wogonin flavonoid Scutellaria 
baicalensis 0.7 μg/mL NPCs

induce differentiation 
and neurite 
outgrowth (↑ 
neurofilaments, 
presynaptic protein, 
synapsin I and 
postsynaptic protein)
(Mechanism: not 
provided)

[28]

Tenuigenin saponins Polygala 
tenuifolia Willd 1,2,4 μg/mL hippocampal NSCs

increased the number 
of proliferating 
spheres of cultured 
hippocampal stem 
cells and increased 
the differentiation of 
NSCs (↑β III-tubulin, 
↓GFAP)
(Mechanism: not 
provided)

[29]

Salvianolic acid B phenolic acids Salvia 
miltiorrhiza

5,20,40 μg/mL NSCs

promote proliferation 
of neurospheres 
and differentiation 
towards the neuronal 
lineage (↑ tau, nestin; 
↓GFAP)
(Mechanism: not 
provided)

[30]

5,20,40 μg/mL BM-NSCs

promoted nestin+ BM-
NSCs differentiated 
into NF-M+ 
neurons and NG2+ 
oligodendrocyte 
precursors; induced 
BDNF production)
(Mechanism: not 
provided)

[31]

Baicalin flavonoid Scutellaria 
baicalensis G 2,20 μM NS/PCs

promote neural 
differentiation (↑ 
MAP-2, ↓ GFAP) by 
modulating stat3 
and bHLH genes (↑ 
NeuroD1, Mash1; ↓ 
p-stat3, Hes1)

[32]
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Oleanolic acid triterpenoid Ligustrum 
lucidum

1, 10, 50 nM

NSCs

induce differentiation 
of NSCs to neurons by 
Nkx-2.5-dependent 
mechanism (↑ 
tubulin-𝛽III, Mash1; ↓ 
GFAP)

[33]

0.01, 0.1, 1 μM

inhibit differentiation 
into astrocyte by 
down-regulating 
JAK/STAT signaling 
pathway (↑Ngn1, 
↓p-STAT3/STAT3)

[34]

Osthole coumarin Cnidium 
monnieri (L.) 100 μM NSCs

promote neuronal 
differentiation and 
inhibit apoptosis via 
activation of Wnt/β-
catenin signaling (↓ 
GSK-3β)

[35]

Sulforaphane isothiocyanate Brassica 
vegetables

0.25, 0.5, 1, 5 
μM NSC

promote NSC 
proliferation 
and neuronal 
differentiation 
(↑β-tubulin III) via 
the Wnt signaling 
pathway (↑ β-catenin, 
cyclin D1)

[36]

Claulansine F carbazole 
alkaloid

Rutaceae 
Clausena 
lansium (Lour.) 
Skeels

1 μM NS/PCs

↑ Akt/GSK-3β/β-
catenin signaling 
pathway (↑β-III-
tubulin, MAP-2)

[37]

Tetramethylpyrazine alkaloid
Ligusticum 
wallichii 
Franch

30 μg/mL
NSCs from rat 
brain in hypoxic 
condition

promote proliferation 
and differentiation 
of NSCs via MAPK 
(ERK, p38) pathway 
(↑β-III-tubulin, nestin; 
↓GFAP)

[38]

Tanshinone IIA diterpene 
quinine

Salvia 
miltiorrhiza 
Bunge

1 μM
NSCs, PC12 
pheochrom
ocytoma cells

promote neuronal 
differentiation 
partially through 
MAPK42/44/CREB 
mediated BDNF 
and NGF signals in a 
caveolae-dependent 
manner

[39]

Garcinol polyisoprene 
benzophenone Garcinia indica 5 μM cortical progenitor 

cells

promote neurite 
outgrowth (↑MAP-2, 
GFAP, NF-H); reduce 
cell death and nuclear 
import of C/EBPβ 
levels; modulate the 
ERK pathway

[40]

Kuwanon V
chalcone-
derivative 
phenolic

mulberry 
tree (Morus 
bombycis) root

2.5 μM rat fetal NSCs

inhibit proliferation, 
promote cell survival 
and neurogenesis (↓ 
phosphorylation of 
ERK1/2; ↓ notch1 and 
hes1 transcription; ↑ 
p21; ↑ miR-9, miR-29a 
and miR-181a)

[41]

Garcinone D xanthone
Garcinia 
mangostana L. 
(Mangosteen)

3, 5, 10 μM C17.2 NPCs

promote proliferation 
(STAT3/Cyclin D1 
pathway and Nrf2/
HO-1 pathway)

[43]
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CNS injury, cerebral ischemia, and electrical 
stimulation. Zhang’s study suggested that SalB 
promoted bone marrow-derived NSCs (BM-
NSCs) proliferation and differentiation towards 
neuronal lineage (promoted nestin+ BM-NSCs 
differentiated into greater numbers of NF-M+ 
neurons and NG2+ oligodendrocyte precursors), 
protected BM-NSCs from H2O2-induced 
oxidative stress damage, and induced BDNF 
production by BM-NSCs, thus offered a possible 
approach of acilitate the cells survival and 
differentiation in unfavorable environment [31]. 
Signal transducer and activator of transcription 3 
(stat3) and basic helix-loop-helix (bHLH) gene 
family are important cellular signal molecules for 
the regulation of cell fate decision and neuronal 
differentiation of NS/PCs. Baicalin is a flavonoid 
isolated from the root of Scutellaria baicalensis G. 
Baicalin promoted neuronal differentiation of 
NS/PCs through modulating p-stat3 and bHLH 
family protein (Hes1, Mash1 and NeuroD1) 
expression. Baicalin treatment increased the 

percentages of MAP-2 (microtubule associated 
protein, mature neuronal marker) positive 
staining cells and decreased GFAP (glial fibrillary 
acidic protein, glial marker) staining cells. 
Meanwhile, baicalin treatment down-regulated 
the expression of p-stat3 and Hes1, but up-
regulated the expressions of NeuroD1 and 
Mash1 [32]. Oleanolic acid (OA) is a naturally 
occurring triterpenoid found in Ligustrum 
lucidum. OA significantly inhibited neurosphere 
formation in a dose-dependent manner and 
inhibited NSC proliferation. And further study 
indicated that OA is an effective inducer for 
NSCs differentiation into neurons by Nkx-2.5-
dependent mechanism [33]. The aggregation of 
β-amyloid (Aβ) into toxic oligomers in the brain 
is a major pathogenic hallmark of Alzheimer’s 
disease (AD). Astrocytes, activated by Aβ, appear 
early in the clinical progression of AD and are 
especially conspicuous in later disease stages. 
NSCs can potentially differentiate into astrocytes. 
The process of NSC differentiation is co-

Ferulic acid phenolic acids
Radix 
Angelicae 
Sinensis

10 μg/mL NSC/NPCs

increased the 
proliferation and the 
number and size of 
neurospheres
(Mechanism: not 
provided)

[44]

Tetramethylpyrazine alkaloid
Ligusticum 
wallichii 
Franch

2, 10, 50 μg/mL NPC
promote NPC 
migration via the PI3K 
pathway (↑SDF-1)

[46]

Quercetin-3-O-
glucuronide glucuronide grapes, apples 

and berries 20, 40, 60 μM NSC

increase NSC 
proliferation via 
the Akt/cyclin D1 
and BDNF signaling 
pathway and 
promote migration 
(↑CXCR4)

[47]

Epigallo-catechin-3-
gallate flavonoid

Camellia 
sinensis (green 
tea)

0.001, 0.01, 0.1, 
1, 10 μM hippocampal NPC

↑ hippocampal 
neurogenesis (PI3K/
Akt signaling)

[49]

Curcumin phenolic

the rhizomes 
of Curcuma 
longa Linn 
(turmeric)

500 nM C17.2 NPC

↑ hippocampal 
neurogenesis 
(activate ERKs and 
p38 kinases)

[50]

Ginsenoside Rg1 steroidal 
saponin ginseng 10 μM

mouse embryonic 
stem
(ES) cells

GR-MEK-ERK1/2-PI3K-
Akt signaling pathway 
(↑ NF-M, β-tubulin 
III, GR)

[53]
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regulated by the Notch, BMP, and JAK/STAT 
signaling pathways. In particular, the JAK/STAT 
pathway plays a key role in the transduction of 
extracellular signals into the nucleus. 
Furthermore, only once the JAK/ STAT pathway 
has been activated, can the other two pathways 
affect the differentiation process. Thus, the JAK/
STAT pathway is the most critical system to 
regulate the differentiation of NSCs. OA 
effectively inhibited the Aβ25-35-induced 
activation of JAK/STAT signaling, with a 
significant increase in Ngn1 expression and a 
significant decrease in p-STAT3/STAT3. The 
results indicated that OA could inhibit the 
excessive differentiation of NSCs into astrocytes 
by down-regulating JAK/STAT signaling which 
might retard the progress of AD [34]. AD is 
characterized by the deposition of Aβ peptides, 
which are cleaved from amyloid precursor 
protein (APP) by β- and γ-secretase. Wnt/β-
catenin signaling is implicated in neuronal 
proliferation, differentiation, and apoptosis. 
Glycogen synthase kinase (GSK)-3β is a negative 
modulator of the Wnt signal transduction 
pathway, contributes to the pathogenesis of AD. 
Osthole is a coumarin derivative isolated from 
Cnidium monnieri (L.). Osthole protected APP-
expressing NSCs by suppressing the expression 
of GSK-3β, increasing β-catenin level, and 
inhibiting neuronal apoptosis. The results 
demonstrated that osthole enhanced NSC 
proliferation and differentiation via activation of 
the Wnt/β-catenin pathway [35]. Sulforaphane 
(SFN) is a natural organosulfur compound 
derived from the hydrolysis of the glucosinolate 
glucoraphanin found in Brassica vegetables. SFN 
of low concentrations stimulated cell proliferation 
and prominently increased neurosphere 
formation and NSC differentiation to neurons. 
These protective effects were mediated by Wnt 
signaling pathway, as revealed by the up-
regulation of β-catenin and cyclin D1 expressions 
[36]. GSK-3β is also a component of 
phosphatidylinositol 3-kinase (PI3K)/Akt 
signaling pathways, which indicates that the 
phosphorylation of GSK-3β on Ser9 through 
phosphorylation of Akt could also exert an effect 
on the stabilization of β-catenin. Claulansine F 
(Clau F) is a kind of carbazole alkaloid isolated 
from the stem of Rutaceae Clausena lansium 
(Lour.) Skeels. Huang’s study suggested that 
Clau F promoted the neuronal differentiation of 
NS/PCs through Akt/GSK-3β/β-catenin 
pathway. Clau F initiated neuronal differentiation 
with a significant increase of β III-tubulin (TuJ-

1)-positive cells and TuJ-1 protein levels. Clau F 
promoted the maturity and sustainability of 
neurons by increasing MAP2-positive cells and 
MAP2 protein levels [37]. The members of the 
mitogen-activated protein (MAP) kinase family, 
c-Jun NH2-termianl kinases (JNKs), extracellular 
signal-related protein kinases (ERKs) and p38 
MAP kinases, play an important role in 
development and differentiation of CNS. 
Tetramethylpyrazine (TMP) is a biologically 
active alkaloid isolated from the traditional 
herbal medicine Ligusticum wallichii Franch. 
Tian’s study demonstrated that TMP enhanced 
the proliferation and differentiation of NSCs of 
rat after hypoxia in vitro, in which the 
phosphorylation of ERK and p38 was involved 
[38]. Caveolin-1 (CAV-1), the major functional 
protein of membrane caveolae, plays critical roles 
in the endocytosis of exogenous materials. 
Studies have also found that neurotrophins of 
nerve growth factor (NGF) and BDNF are 
important regulators of neuronal survival, 
differentiation and function. When NGF and 
BDNF bind to their tyrosine kinase receptor A 
and B (TrkA and TrkB), they lead to activation 
of downstream differentiation cascades. 
Sustained activation of the MAPK (also termed 
as ERK) and its downstream transcription factors 
such as cAMP response element-binding protein 
(CREB) and E-26-like protein 1 (Elk-1) play 
critical roles in the process of neuronal 
differentiation. Tanshinone IIA (TIIA) is a major 
lipophilic diterpene quinone component isolated 
from Salvia miltiorrhiza Bunge. TIIA activated 
MAPK42/44 and CREB. TIIA also up-regulated 
the expressions of BDNF and NGF. CAV-1, 
which was activated by TIIA, might help TIIA 
transport across cell membrane to initiate its 
differentiation effects. In conclusion, TIIA 
promoted neuronal differentiation partially 
through MAPK42/44 mediated BDNF and 
NGF signals in a caveolae-dependent manner 
[39]. Neurotrophic factors activate the Ras-Raf-
MEK [MAPK/ERKK] pathway and, through 
this pathway, produce cellular neurotrophic 
actions, including neurite outgrowth, 
regeneration, and neurogenesis. C/EBPβ, the 
full-length subtype of C/EBPs, belongs to the 
basic region in the leucine zipper class of DNA-
binding proteins. Pharmacological stimulation 
of the N-methyl-D-aspartate (NMDA) subtype 
of the glutamate receptor also leads to the 
activation of ERK2 in both cortical and 
hippocampal neurons in culture. NMDA 
receptor-mediated influx rapidly increases 
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nuclear C/EBPβ and induces excitotoxic death 
via activation of the calcium-dependent 
phosphatase, calcineurin. Garcinol is a 
polyisoprenylated benzophenone derivative 
found in Garcinia indica fruit rind. Garcinol 
induced neurite outgrowth in early developing 
EGF-treated neurospheres and significantly 
enhanced the expression of MAP-2 and GFAP. 
Furthermore, the neuronal marker 
neurofilaments (NF-H) was highly expressed 
after 5 μM garcinol treatment in NPCs. Garcinol 
treatment reduced growth factor deprivation-
mediated cell death and nuclear import of C/
EBPβ levels. Noteworthy, garcinol promoted 
neurite outgrowth in EGF-responsive NPCs and 
modulated the ERK pathway in the enhancement 
of neuronal survival [40]. The mitogens EGF 
and FGF2, as well as notch activation, play an 
important role in the maintenance of NSCs by 
increasing proliferation and inhibiting neuronal 
differentiation. MicroRNAs (miRNAs) are short 
noncoding RNAs that simultaneously silence 
hundreds of target genes. miRNAs are recently 
discovered to control cell fate determination. 
Kuwanon V (KWV) is a chalcone-derivative 
phenolic compound isolated from the root of 
Morus bombycis. KWV inhibited proliferation, 
protected and increased neuronal differentiation 
in rat fetal NSCs, even in the presence of EGF 
and FGF2. KWV treatment reduced the 
phosphorylation of extracellular signal-regulated 
kinase 1/2 (ERK1/2), increased mRNA 
expression levels of the cyclin-dependent kinase 
inhibitor p21, reduced notch1 and hes1 
transcription and up-regulated the miRNAs 
including miR-9, miR-29a and miR-181a. The 
findings indicated that KWV is able to modulate 
NSC fate into neurons [41]. STAT3, an 
important transcription factor, is known to be 
activated through phosphorylation in response 
to various cytokines and growth factors, and is 
reported to play important roles in early 
embryonic development, cell proliferation, 
apoptosis and inflammation. It was reported that 
STAT3 can directly regulate the transcription of 
Cyclin D1 gene due to STAT binding 
recognition sites in its promoter, thus STAT3 
activation results in increased protein expression 
of Cyclin D1. Nrf2 is a master regulator of 
cellular redox homeostasis and belongs to the 
subfamily of basic leucine zipper transcription 
factors. However, increasing studies have shown 
the vital effects of Nrf2 on stem cell proliferation 
and differentiation [42]. Garcinon D is a natural 
xanthone isolated from Garcinia mangostana L. 

Garcinone D can promote the proliferation of 
C17.2 neural progenitor cells and enhance the 
percentage of cells in S phase, which may be due 
to the involvement of STAT3/Cyclin D1 
pathway and Nrf2/HO-1 pathway [43]. Ferulaic 
acid (FA) is a major component of traditional 
Chinese herbal medicine for activating blood 
circulation and relieving stagnation, such as 
Radix Angelicae Sinensis, Rhizoma Chuanxiong. 
FA significantly increased the proliferation of 
NSC/NPCs cultured from the telencephalon of 
embryonic day-14 rats, and increased the 
number and size of secondary formed 
neurospheres. An in vitro differentiation assay 
showed that FA did not affect the percentage of 
either Tuj-1-positive cells or GFAP-positive cells 
in the total cell population [44]. During 
neurogenesis, NSCs or NPCs that generate 
neurons and glia migrate from germinal zones 
where they are born to their final destination to 
differentiate and ultimately be integrated into 
neuronal circuits. Stromal cell-derived factor 1 
(SDF-1) and chemokine (C-XC motif) receptor 
4 (CXCR4) are the most widely expressed during 
the development of the embryo and essential for 
the migration of a variety of neuronal cell 
populations in the rodent brain [45]. 
Tetramethylpyrazine (TMP) promoted NPC 
migration both in vitro and in vivo through 
increasing the expression and secretion of SDF-
1, a chemokine that direct NPC cell trafficking. 
It might be associated with the activation of the 
PI3K pathways. And the role of TMP in NPC 
migration could be inhibited by AMD3100, 
CXCR4 antagonist [46]. Quercetin is a widely 
distributed natural flavonoid found in many 
vegetables and fruits including grapes, apples and 
berries. Quercetin-3-O-glucuronide (Q3GA) is 
one of the major metabolites. Baral’s study 
demonstrated that Q3GA increased NSC 
proliferation via the Akt/cyclin D1 and BDNF 
signaling pathway and promoted migration 
(increased mRNA expression of CXCR4) in 
vitro and in vivo. In contrast, quercetin induced 
apoptosis of NSCs, along with Akt 
dephosphorylation [47]. Preclinical studies 
suggest that natural compounds modulate 
neuroplasticity. A particular example of 
neuroplasticity is the generation of new neurons 
in the hippocampus (adult hippocampal 
neurogenesis) and a growing number of studies 
have begun to address the question of how 
nutrition and natural compounds might affect 
adult neurogenesis [48]. Epigallo-catechin-3-
gallate (EGCG) is a flavonoid found in the leaves 
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of Camellia sinensis (green tea). EGCG increased 
neuronal survival in adult hippocampal 
neurogenesis in vivo and in vitro [49]. Curcumin 
is a natural phenolic component isolated from 
the rhizomes of the plant Curcuma longa Linn 
(turmeric). Curcumin stimulated the 
proliferation of embryonic cortical neural stem 
cells and neurogenesis in the adult hippocampus 
via the ERK- and p38 MAP kinase pathways 
[50]. Embryonic stem (ES) cells, characterized 
by self-renewal, immortality and pluripotency, 
are one of the major sources of stem cells [51]. 
Glucocorticoid receptor (GR) expresses in 
almost every cell in the body and regulates genes 
controlling the development, metabolism, and 
immune response [52]. MAPK signaling 
pathways have been associated with the 
regulation of neuronal cell proliferation, 
differentiation and neurite outgrowth. On the 
other side, PI3K-Akt pathway is reported to be 
indispensable in moto-neuron specification from 
human NSCs, and in some cases, this pathway 
may have some interaction with MAPK 
signaling. Ginsenoside Rg1 is a steroidal saponin 
of ginseng. Wu’s study showed that more than 
80% of Rg1-treated embryoid bodies (EBs) 
differentiated into neuron-like cells and the 
protein expression of neurofilament and 
β-tubulin III was gradually increased. Rg1 
possessed the effects on inducing differentiation 
of ES cells into neurons in vitro via the GR-
MEK-ERK1/2-PI3K-Akt signaling pathway 
[53].

 � Modulatory effects of natural products 
on neuronal differentiation of MSCs

 � Neuronal differentiation of MSCs

Mesenchymal stem cells (MSCs) are classically 
defined as multipotent cells, which can 
differentiate into diverse cell types, including 
bone, cartilage, fat, tendon, muscle, and marrow 
stroma [54], and can be obtained from many 
sources, such as bone, tendon, skin, adipose 
tissue, umbilical cord, blood, and amnion [55]. 
In addition, MSCs are poorly immunogenic 
[56]. MSCs should be plastic adherent, have 
fibroblast-like morphology, express stromal 
markers CD73, CD90, and CD105, and be 
negative for the hematopoietic markers CD14, 
CD34, and CD45 [57]. 

Each specific differentiation type of MSC-
derived cell types is dynamically controlled by 
several specific signal transductions conveyed 
by cytokines, growth factors, and extracellular 
matrix molecules [58]. Different transcription 

factors can regulate differentiation into 
multiple lineages. Some studies have explored 
the integration of transcription factors into 
the differentiation of MSCs, including Run 
related transcription factor (Runx)2 and SRY-
related high mobility group-box gene 9 (Sox9) 
for osteogenic and chondrocyte differentiation, 
and peroxisome proliferators activated receptor 
(PPAR)γ for adipocyte differentiation [59]. 

Recent studies have shown that MSCs can also 
differentiate into neuron-like cells [60]. There 
is an increasing interest in the use of MSCs in 
regenerative medicine for neurodegenerative 
diseases [61]. However, most of the engrafted 
cells die within a week after transplantation and 
only a few cells successfully differentiate into 
neurons and are engrafted into injured tissues, 
which severely limits the efficacy of the therapy 
[62]. Thus, the rate of differentiation prior to 
application in cell therapy needs to be improved. 

Methods for obtaining neuronal cells from 
MSCs involved culture with factors specifically 
involved in neural development, including 
growth factors, neurotrophins and cytokines or 
specific chemical compounds such as retinoic 
acid (RA), β-mercaptoethanol, dimethyl 
sulfoxide and butylated hydroxyanizole [63]. 
Chemical induction has two advantages over 
factor induction: chemically induced BMSCs 
more quickly acquire morphological features and 
express specific markers of mature neuronal cells, 
and the process produces a larger amount of 
differentiated neuronal cells [64]. Despite much 
progress in identifying factors and mechanisms 
that direct and control neuronal differentiation 
of MSCs, the therapeutic potential of MSCs 
is still limited by the lack of effective ways to 
accurately control MSCs to differentiate into 
neuronal cells both in vitro and in vivo due to the 
ambiguity of the mechanisms underneath. Thus, 
finding more factors for chemical induction 
is important for investigating the mechanisms 
of neuronal differentiation and for methods of 
clinical therapy. 

 � Natural compounds that benefit for 
neuronal differentiation of MSCs

The plant-derived natural compounds that 
benefit for inducing neuronal differentiation 
of MSCs include salidroside, resveratrol, 
tetramethylpyrazine, safrole oxide and sodium 
ferulate (Table 2).

BMP signaling pathway plays an important role 
in the regulation of stem cell behavior [65]. The 
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Table 2: The category, source, structure, dose, cell lines and mechanism of 6 natural compounds that benefit for neuronal 
differentiation of MSCs.
Natural compound Category Source Structure Dose Cell lines Mechanism References

Salidroside phenylpropanoid 
glycoside

Rhodiola 
rosea L

100 μg/mL mouse MSC 
D1 cell

induce neuronal 
differentiation by ↓Notch 
and ↑BMP signaling (↑NSE, 
MAP-2, β-tubulin III, Smad 
1/5/8; ↓ Notch1, Hes1)

[67]

100 μg/mL MSCs

induce differentiate into 
dopaminergic neurons (↑ 
DBH, DDC,TH ↑ BDNF, NT-
3, NGF mRNAs)

[68]

Resveratrol polyphenol

grapes, 
peanuts, pine 
trees, and 
cassia

1 μM hBM-MSCs

induce SIRT1 activation (↑ 
Nestin, Musashi, CD133, 
GFAP, NF-M, MAP-2, 
KCNH1)

[70]

Trans-Resveratrol polyphenol grapes and 
red wine 10 μM hCBMSCs

PKA-GSK3β and 
β-catenin signaling (CREB 
phosphorylation and 
pERK1/2 induction)

[71]

Tetramethylpyrazine alkaloid
Ligusticum 
wallichii 
Franch

4.67, 2.34, 1.17 
mg/mL hUMSCs

induce differentiate into 
neuron-like cells (↑ NSE, 
NF-H; ↓ GFAP)

[76]

Safrole oxide piperonyl and 
epoxy structures sassafras oil 5, 10, 15 μg/

mL BMSC ↑ Hsp70 (↑ NSE, NF-L) [78]

Sodium Ferulate phenolic acid salt ferulic acid 1 mg/mL hMSCs

induce hMSCs to 
differentiate into neural-
like cells (nestin, NSE, 
GFAP)

[79]

activation of Notch signaling pathway in neural 
crest cells induced the irreversible switches 
from neuro to glio-genesis [66]. Salidroside 
(p-hydroxyphenethyl-β-D-glucoside, SAL) 
is a phenylpropanoid glycoside isolated from 
Rhodiola rosea L. SAL inhibited the proliferation, 
induced neuronal phenotypes, and upregulated 
the expressions of neuronal-specific marker 
molecules, such as neuronal enolase 2 (Eno2/
NSE), MAP-2, and beta 3 class III tubulin 
(Tubb3/β-tubulin III) in mouse MSCs D1 cells. 
SAL not only downregulated the expressions 
of Notch1 and hairy enhancer of split 1 
(Drosophila) (Hes1) but also upregulated the 
expression of Smad1/5/8 and its phosphorylation 
(p-Smad 1/5/8). Therefore, the neuronal 
differentiation effects of SAL on D1 cells were 
mediated by down-regulation of Notch signaling 
and up-regulation of BMP signaling pathways 
[67]. In addition, Zhao’s study demonstrated 
that SAL can induce rMSCs to differentiate 
into dopaminergic neurons. The expression of 
dopamine neurons markers, such as dopamine-
beta-hydroxy (DBH), dopa decarboxylase (DDC) 
and tyrosine hydroxylase (TH), was significantly 
upregulated after treatment with SAL for 1-12 

days. It also increased the expression of BDNF, 
neurotrophin-3 (NT-3) and NGF mRNAs, and 
promoted the secretion of these growth factors 
[68]. Sirtuin 1 (SIRT1) activation plays a pivotal 
role in neurodegenerative diseases and brain 
senescence because its neuroprotective effects 
correlated with its functions in metabolism, 
stress resistance, and genomic stability [69]. 
Resveratrol (RSV) is a natural non-flavonoid 
polyphenol compound obtained from various 
plants, including grapes, peanuts, pine trees, 
and cassia. Resveratrol treatment, along with 
the use of neuronal induction media, effectively 
stimulated neuronal cell differentiation of human 
bone marrow mesenchymal stem cells (hBM-
MSCs). The number and neurite length of RSV-
dMSCs were significantly increased compared 
to differentiated MSCs (dMSCs). The RSV-
dMSCs and dMSCs had significantly increased 
expression of the neuronal-specific marker genes 
Nestin, Musashi, CD133, GFAP, NF-M, MAP-
2, and KCNH1. And this effect was abolished by 
the treatment of SIRT1 inhibitor EX527. Thus 
resveratrol-induced SIRT1 activation promoted 
neuronal differentiation of hBM-MSCs [70]. 
Furthermore, S Jahan’s study reported that 
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protein kinase A (PKA)-GSK3β and β-catenin 
signaling played a critical role in trans-resveratrol 
mediated neuronal differentiation in human 
cord blood stem cells (hCBMSCs) [71]. It 
was reported that Wnt signaling is the leading 
pathway for neuronal induction in MSCs [72] 
and stem cells generally follow the Wnt signaling 
pathway for cell growth, development, and 
survival. In Wnt signaling, β-catenin plays a 
significant role in the induction of neuronal 
differentiation [73]. β-catenin is regulated by 
upstream molecules like glycogen synthase 
kinase 3 beta (GSK3β). GSK3β phosphorylates 
β-catenin thus directing β-catenin towards 
ubiquitination and subsequently inhibiting 
neuronal differentiation [74]. cAMP is a 
secondary messenger which modulates the 
function of PKA. cAMP-dependent PKA 
activation leads to growth of neuronal extensions 
and creates new synaptic connections [75]. PKA 
further regulates the downstream molecules 
for progressive neurogenesis. The present 
study with pharmacological inhibitors also 
confirmed that PKA significantly induces 
β-catenin expression via GSK3β induction 
and stimulates CREB phosphorylation 
and pERK1/2 induction. Nan’s results 
demonstrated that TMP induced human 
umbilical cord-derived mesenchymal stem cells 
(hUMSCs) to differentiate into neuron-like 
cells effectively with the optimal concentration 
of 4.67 mg/mL. After induction, the NSE and 
NF-H of the neuron-like cells were positive, 
but the GFAP-2 was negative [76]. Heat shock 
protein 70 (Hsp70) is an important factor in 
neuronal differentiation [77]. Safrole oxide 
(SFO) could effectively induce BMSC neural 
differentiation in the presence of serum and 
fibroblast growth factor 2 (FGF 2) and did 
not affect cell viability at low concentrations. 
The levels of neuron-specific enolase (NSE) 
and neurofilament-L (NF-L) were increased 
greatly with SFO treatment. Furthermore, 
SFO increased the level of Hsp70. Knockdown 
of Hsp70 by its small interfering RNA blocked 
SFO-induced BMSC differentiation. Thus, 
SFO induced neuronal differentiation of 
rBMSC by elevating Hsp70 [78]. Sodium 
ferulate (SF) exhibits a variety of biological 
functions, including clearing free radicals, 
anti-lipid oxidation, anti-platelet aggregation. 
Studies had suggested that SF can induce 
human marrow stromal cells (hMSCs) to 
differentiate into neural-like cells in vitro. The 
cells express neural proteins, such as nestin, 
NSE and GFAP [79]. 

Modulatory effects of natural products on 
neuronal differentiation of PC12 cells and 
neuroblastoma cell lines

 � Neurite outgrowth and neurotrophic 
factors

Neurite outgrowth is an indispensable step 
for functional networks of neurons during 
their differentiation; and is thus, known to be 
a typical marker of neuronal differentiation. 
The functional neurites are generated through 
a complex process involving three stages: (1) 
initiation of neurite formation; (2) elongation of 
neurites to meet the appropriate targets; and (3) 
synapse formation and functional maturation of 
the newly formed neuronal networks [80]. Many 
structural and signaling proteins are involved 
in modulating such a complex differentiation 
process. Regulation of neurite outgrowth is 
important in developing therapies to promote 
neuronal regeneration from nerve injury or 
neurological disorders [81]. Thus, drug discovery 
and development with neurite outgrowth 
promoting activity and understanding of 
molecular mechanisms for the regulation of 
neurite outgrowth will make possible for the 
development of effective treatments for axonal 
and synaptic damages [82,83].

Neurotrophic factors, such as NGF, BDNF and 
neurotrophins, are a family of secreted proteins 
that play vital roles in promoting neural growth 
and survival during development, and are 
crucial for maintaining the integrity of neurons 
throughout an individual’s entire lifetime 
[84]. Neurotrophins including NGF regulate 
neuronal survival, growth and differentiation 
through multiple mechanisms, especially, Raf/
MEK/ERK and PI3K/Akt pathways [85]. 
Sustained activation of ERK1/2 is essential to 
support the actions of NGF on neurite extension 
[86]. It is now known that the ERK1/2 pathway 
governs two dispensable processes: transcription-
involving latency process and neurite extension 
process [87]. In the transcription-involving 
latency process, neurotrophic factors activate 
ERK1/2 pathway and modulate the transcription 
of various genes for the initiation and elongation 
of neurites. On the other hand, in the neurite 
extension process, the activation of ERK1/2 
and PI3K/Akt pathways triggers the extension 
of neurites, whereas gene transcription is no 
longer required for neurite outgrowth. However, 
therapeutic application of neurotrophic factors is 
severely restricted by their poor penetration of 
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the blood-brain barrier (BBB) and undesirable 
apoptotic effect through interaction with the 
p75NTR receptor [88]. Thus, there remains 
the need for identification of small molecules 
that are safe, nontoxic, and can mimic the 
neurotrophic action as an alternative therapy 
approach. Encouragingly, many small molecules 
are known to induce the activation of ERK1/2 
and PI3K/Akt pathways and promote neurite 
outgrowth [89]. And many natural products are 
highly active neuroprotective and neuritogenic 
agents for promoting neuronal differentiation 
and maturation or potentiating the actions of 
NGF with low cost and few side effects [90].

 � Natural compounds that benefit for 
neurite outgrowth of PC12 cells and 
neuroblastoma cell lines

The medical plant-derived natural compounds, 
including Cpd 1, emodin, lactucopicrin, 
puerarin, asarone, curcuminoids, claulansine F, 
lindersin B, geniposide and tetramethylpyrazine, 
exert neurotrophic effects by inducing neuronal 
differentiation and promoting neurite outgrowth 
of PC12 cells, Neuro2a cells and SH-SY5Y cells 
(Table 3).

Neuro2a cell is a mouse neural crest-derived cell 
line that has been extensively used to study 
neuronal differentiation and neurite growth 
[91]. Both MEK-ERK and PI3K-Akt pathways 
play crucial roles in neuronal differentiation and 
neurite outgrowth of embryonic and adult 
progenitor cells. 7-(4-hydroxyphenyl)-1-phenyl-
4E-hepten-3-one (Cpd 1) is a diarylheptanoid 
isolated from the rhizomes of Alpinia (A.) 
officinarum.. Cpd 1 induced differentiation of 
neuroblastoma Neuro-2a cells into a neuron-like 
morphology, and accelerated the establishment 
of axon-dendrite polarization of cultured 
hippocampal neurons. Cpd 1 also promoted 
neurite extension in both Neuro-2a cells and 
neurons. And further study showed that the 
effects of Cpd 1 on neuronal differentiation and 
neurite growth were specifically dependent on 
the activation of ERKs and PI3K-Akt signaling 
pathways [92]. GSK-3β, a key downstream 
effector of Akt in neurite development, plays a 
critical role in establishing neuronal polarity into 
axons and dendrites during neuronal 
differentiation [93]. And it is well established 
that the CREB plays crucial roles in neuronal 
differentiation and development and is involved 
in neurite outgrowth [94]. Emodin is an 
anthraquinones compound isolated from the 
root of P. multiflorum Thunb. Park’s study 

showed that Emodin-induced neurite outgrowth 
is associated with PI3K/Akt/GSK-3β signaling 
pathway in Neuro2a cells. Emodin also promoted 
PI3K/Akt-dependent CREB phosphorylation 
[95]. Lactucopicrin is a sesquiterpene lactone 
constitute found in Cichorium intybus L. 
Lactucopicrin increased intracellular Ca2+ levels 
with a substantial rise in CHRM1 expression in 
Neuro2a cells. Moreover, lactucopicrin actively 
promoted neurite outgrowth via Ca2+-mediated 
activation of Ca2+/CaMKII. It further activated 
ATF1 along with modulating the levels of TrkA, 
ERK 1/2, AKT, and synaptophysin 1 in Neuro2a 
cells. Therefore, Lactucopicrin potentiated 
neuritogenesis and neurotrophic effects by 
regulating Ca2+/CaMKII/ATF1 signaling 
pathway [96]. The rat adrenal pheochromocytoma 
PC12 cells are widely used as a model neuronal 
cell line for the study of neurodegenerative 
diseases, because the behaviors of the cells are 
similar to neural progenitor cells. Moreover, 
PC12 cells have many advantages over primary 
cultured neuronal cells, such as the cell 
population has good homology and can be 
obtained easily [97]. Puerarin is a C-glucosylated 
isoflavone derived from the dried root of Pueraria 
lobata (Wild.) Ohwi. Zhao’s study demonstrated 
that puerarin potentiated the effect of NGF on 
neuritogenesis in PC12 cells by >10-fold. And 
puerarin effectively coordinated with NGF to 
stimulate neuritogenesis via activating ERK1/2 
and PI3K/Akt pathways in neurite extension 
process. Moreover, the activation of ERK1/2 
and PI3K/Akt pathways induced the nuclear 
translocation of transcriptional factor Nrf2 and 
subsequent HO-1 expression [98]. NGF is one 
of the key modulators of neurite outgrowth 
during development, and indeed many 
neurodegenerative diseases are associated with 
NGF insufficiency [99]. NGF achieves its 
function by binding and activating tyrosine 
kinase A (TrkA) receptor on neuronal cells. The 
NGF-activated TrkA stimulates downstream 
signaling pathways, which results in neuronal 
differentiation and promoting cell survival [100]. 
The major active components of Acori 
Tatarinowii Rhizoma (ATR) are volatile oils, 
and indeed α-asarone and β-asarone are 
accounting about 95% of total ATR oil. 
Application of α-asarone or β-asarone, 
potentiated NGF-induced neurite outgrowth 
and stimulated the expression of neurofilaments 
in PC12 cells. In addition, α-asarone and 
β-asarone showed synergistic effects in the 
potentiation of NGF-induced neuronal 
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Table 3. The category, source, structure, dose, cell lines and mechanism of 11 natural compounds that benefit for neuronal 
differentiation of PC12 cells and neuroblastoma cell lines
Natural compound Category Source Structure Dose Cell lines Mechanism References

7-(4-hydroxyphenyl)-1-
phenyl-4E-hepten-3-one 
(Cpd 1)

diarylheptanoid Alpinia 
officinarum 2, 4 μM Neuro-2a cells

induce neuronal 
differentiation and neurite 
extension through activation 
of MEK-ERK and PI3K-Akt 
pathways

[92]

Emodin anthraquinones Polygonum 
multiflorum 30 μM Neuro2a cells

PI3K/Akt/GSK-3β pathway 
(↑ tubulinβ III, CREB 
phosphorylation)

[95]

Lactucopicrin sesquiterpene 
lactone

Cichorium 
intybus

0.25, 0.5, 
1 μM Neuro2a cells

activate Ca2+/CaMKII/ATF1 
signaling pathway (Ca2+, 
CHRM1, CaMKII, ATF1, 
TrkA, ERK 1 and 2, AKT, 
synaptophysin 1)

[96]

Puerarin isoflavone Pueraria lobata 
(Wild.) Ohwi 50 μM PC12 cells

coordinate with NGF to 
stimulate neuritogenesis via 
activating ERK1/2, PI3K/Akt 
and Nrf2/HO-1 pathways in 
neurite extension process (↑ 
MAP-2 and βIII-tubulin)

[98]

Asarone volatile oils Acori Tatarinowii 
Rhizoma 30 μg/mL PC12 cells

potentiate NGF-induced 
neurite outgrowth and 
neurofilament expression by 
a cAMP-PKA signaling

[101]

Curcuminoids 
(Curcumin, 
Demethoxycurcumin, 
Bisdemethoxycurcumin)

polyphenolic Curcuma longa 
Linn

10, 20 
μM PC12 cells

↑ neurite outgrowth (MAPK/
ERK- and PKC-dependent 
pathways)

[104]

Claulansine F carbazole alkaloid
Clausena 
lansium (Lour) 
Skeels,

10 μM PC12 cells
increase neuritogenesis 
and GAP-43 expression; ERK 
signaling pathway

[108]

Lindersin B cucurbitane 
triterpenoid

Lindernia 
crustacean 1 μM PC12 cells activate TrkA/PI3K/ERK 

signaling pathway [109]

Curcumin polyphenolic Curcuma longa 
Linn

5, 10, 20 
μM

cortical 
neurons

↑ neurite outgrowth 
(reggie-1 and ERK1/2 
pathway)

[111]

Geniposide iridoids Gardenia 
jasminoides 50 mg/L PC12 cells activate GLP-1 receptor, 

↑GAP-43; MAPK signaling [112]

Tetramethylpyrazine alkaloid Ligusticum 
wallichii Franch 80 μM

SH-SY5Y 
neuroblastoma 
cell

induce neuronal 
differentiation through 
activation of PI3K/Akt/Sp1/
TopoIIβ pathway (↑ tubulinβ 
III, MAP-2)

[117, 118]

differentiation, which was mediated by a cAMP-
PKA signaling [101]. It has been reported that 
NGF interacts with TrkA and leads to neurite 
outgrowth and neuronal differentiation through 
phosphorylation of ERKs in PC12 cells. Several 

signaling pathways, including ERK and protein 
kinase C (PKC), have been associated with 
regulation of denovo protein synthesis in the 
context of LTP (long-term, synaptic plasticity 
and memory) and converge on the 
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phosphorylation of CREB at Ser133. 
Phosphorylated CREB protein recruits the 
transcriptional activator CREB binding protein 
(CBP) to stimulate transcription of CRE-
regulated genes involved in the neurogenesis, 
neuritogenesis, and cognition function [102]. 
Growth-associated protein-43 (GAP-43) and 
neurofilament-L (NF-L) are neuron-specific 
proteins which exhibit elevated synthesis and 
axonal fast-transport during nerve regeneration 
and serve as useful indicators of PC12 cell 
differentiation [103]. Curcuminoids, the 
predominant polyphenolic compounds in the 
rhizome of Curcuma longa Linn., consist of 
curcumin, demethoxycurcumin (DMC), and 
bisdemethoxycurcumin (BDMC). Liao’s study 
demonstrated that curcumin, DMC, and 
BDMC promoted neurite outgrowth in PC12 
cells through MAPK/ERK- and PKC-dependent 
pathways. They increased GAP-43 and NF-L 
expression, moreover, activation of CREB 
coupling with CRE-dependent gene transcription 
may play a vital role for curcumin- or DMC-
induced PC12 differentiation [104]. The binding 
of NGF to high-affinity TrkA receptors mainly 
triggers two cellular signaling cascades: the 
MAPK-ERK and PI3K-AKT pathways [105]. 
After binding to phosphotyrosine-containing 
recognition elements of TrkA receptors, signal 
molecules of the MAPK and PI3K pathways are 
phosphorylated and thus activated. The 
activation of PI3K pathways thus triggers gene 
transcription and regulation of the cytoskeletal 
machinery. In these differentiation conditions, 
sustained activation of the MAPK-ERK pathway 
and its downstream transcription factor CREB 
has an essential role in cellular transduction 
[106]. Moreover, the acetylation of p53, which is 
triggered by PI3K-AKT, has also been implicated 
in the regulation of axonal outgrowth [107]. 
Claulansine F (Clau F) is a carbazole alkaloid 
isolated from the stem of Clausena lansium 
(Lour) Skeels. Clau F exerted a neurotrophin-
like effect. Clau F significantly increased 
neuritogenesis and GAP-43 expression in PC12 
cells specifically via activation of the ERK 
signaling pathway [108]. Lindersin B is a new 
cucurbitane triterpenoid compound isolated 
from Lindernia crustacean. Lindersin B induced 
neurite outgrowth in PC12 cells by activation of 
TrkA/PI3K/ERK signaling pathway [109]. The 
reggie proteins were described to function as 
vital regulators of the cell-intrinsic program 
which was associated with axon growth and 
regeneration of neurons [110]. Lu’s study also 
demonstrated that curcumin promoted neurite 

outgrowth via reggie-1 and ERK1/2 pathway in 
cortical neurons [111]. Geniposide is an iridoid 
compound isolated from Gardenia jasminoides. 
Geniposide, an agonist for glucagon-like peptide-
1(GLP-1) receptor, induced neuronal 
differentiation of PC12 cells accompanied with 
neurite outgrowth and increased the expression 
of GAP-43 [112]. Topoisomerase IIβ (TopoIIβ) 
is a nuclear enzyme with an essential role in 
neuronal development and axon guidance [113]. 
The transcription of the TopoIIβ gene is 
regulated mainly by a region between −553 and 
−481 relative to the transcription start site, with 
binding sites for specificity protein 1 (Sp1) and 
nuclear factor Y (NF-Y) on the gene promoter 
[114]. Sp1 and NF-Y have been identified as an 
important downstream mediator in the ERK 1/2 
and Akt-dependent signaling cascades that 
contribute to regulate certain cellular gene 
[115,116]. Tetramethylpyrazine (TMP) is a 
biologically active alkaloid isolated from 
Ligusticum wallichii Franch. SH-SY5Y cells 
treated with TMP (80 μM) terminally 
differentiated into neurons, characterized by 
increased neuronal markers (tubulin β III, 
MAP2), and increased neurite outgrowth. 
Further study showed that TMP induced SH-
SY5Y cell differentiation toward the neuronal 
phenotype as a result of up-regulation of TopoIIβ 
via the PI3K/Akt/Sp1 pathway [117, 118].

Conclusions and Future Prospects

The phenomenon of adult neurogenesis provides 
a light for the nervous system injuries. Agents 
that can protect neurons or increase neurogen-
esis, both in vitro and in vivo, hold promise for 
the treatment of nervous system disorders. Nat-
ural compounds and their potential effect on 
neuroprotection and neuroplasticity are of great 
interest to both the general public and scien-
tists. A growing number of studies have begun 
to address the question of how nutrition and 
natural compounds might affect adult neurogen-
esis. Currently, numerous naturally occurring 
compounds have been shown to play a role in 
the biological processes of neuronal differentia-
tion and neurite outgrowth, and that raises the 
possibility of regeneration of neurons or recon-
struction of synaptic networks in neurological 
disorders. Neuronal differentiation is a complex 
process because it can occur in different cell types 
and be caused by a variety of inducers and in-
volving the coordinated activity of numerous 
signaling pathways. In this study (Figure 1), we 
summarized the detailed research progress on the 
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Figure 1: Graphical abstract.

natural active compounds with potential neuro-
trophic effects and their molecular mechanisms 
on inducing neuronal differentiation in NS/PCs, 
MSCs, PC12 cells and neuroblastoma cells. The 
natural plant active component include pheno-
lics, flavonoids, alkaloids, coumarins, terpenes, 
quinines, glycosides, iridoids, volatile oils and 
others (xanthone, isothiocyanate). And the above 
natural products exert their promotion effects via 
regulating many factors involve in the process 
of neurogenesis, including specific proteins (β 
III-tubulin, MAP-2, NSE, tau, nestin, GAP-43, 
neurofilaments, GFAP), related genes and pro-
teins (Stat3, Hes1, Mash1, NeuroD1, SIRT1, 
Hsp70, Reggie-1, Cyclin D1), transcription 
factors (CREB, Nkx-2.5, Ngn1), neurotrophins 
(BDNF, NGF, NT-3) and signaling pathways 
(JAK/STAT, Wnt/β-catenin, MEK-ERK1/2, 
PI3K/Akt, Akt/GSK-3β/β-catenin, PKA/
GSK3β/β-catenin, Notch, BMP, Ca2+/CaMKII/
ATF1, Nrf2/HO-1). According to the literatures 
we’ve retrieved, the natural compounds claulan-
sine F, tetramethylpyrazine and curcumin that 
work in more than one cell model (NSCs, MSCs 

or neural cell lines). Among them, claulansine 
F works in NS/PCs and PC12 cells, tetrameth-
ylpyrazine works in NS/PCs, hUMSCs, and SH-
SY5Y neuroblastoma cells, curcumin works in 
C17.2 NPC and PC12 cells. 

The development of neuro-modulating natural 
products is of great value for the prevention or 
treatment of nervous system diseases and for 
neuronal regenerative medicine. With more and 
more attention focused on the disease-modify-
ing natural compounds, the neurogenesis and 
neuroprotective effects of natural products have 
become increasingly prominent. However, the 
efficient delivery of compounds to the brain 
remains a major challenge in the discovery and 
development of new drugs for the treatment of 
CNS diseases [119]. The blood brain barrier 
(BBB) is the major barrier to restrict the delivery 
of compounds into the CNS [120]. The BBB is 
the network of capillaries that controls the pas-
sage of substances from the blood into the brain 
and other parts of the CNS. Compared with pe-
ripheral capillaries that are permeable to small 
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molecules (sometimes even to large molecules, 
such as proteins), the BBB more strictly limits 
the penetration of nearly all exogenous chemicals 
into the brain by physical and metabolic mech-
anisms [121]. It has been reported that almost 
all macromolecule drugs and over 98% of small 
molecule drugs could not pass the BBB [122]. As 
this barrier is the major obstacle for drug delivery 
into CNS, a credible BBB model is very necessary 
to assess the BBB permeability of novel neuroac-
tive compounds including bioactive compounds 
which have been extracted from medicinal plants 
and have the potential for the treatment of CNS 
diseases. BBB permeability should be taken as 
a key factor in neuroprotective drug discovery 
[123]. And new developments will be achieved 
in the fields of natural products on modulating 

neurogenesis by combining the research of 
neuronal differentiation-related genes, pro-
teins and signaling pathways. It is desirable to 
have more beneficial natural products with the 
effects of neuroplasticity and neuroprotection, 
which would create a new alternative for pre-
vention and treatment neurobiological disor-
ders.
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